
The olfactory system of the red flour beetle

Tribolium castaneum, Herbst:

morphology, development, and plasticty

Dissertation

zur Erlangung des Grades eines
Doktor der Naturwissenschaften

(Dr. rer. nat.)
des Fachbereichs Biologie

der Philipps-Universität Marburg

vorgelegt von
Björn Trebels, M.Sc.

aus Iserlohn

Marburg, Dezember 2021



Die Untersuchungen zu dieser Dissertation wurde zwischen August 2014 und Februar 2020 in
der Arbeitsgruppe von Prof. Dr. Joachim Schachtner, Tierphysiologie - Neurobiologie/Ethologie
am Fachbereich Biologie durchgeführt.

Vom Fachbereich Biologie der Philipps-Universität Marburg (Hochschulkennziffer 1180)
als Dissertation angenommen am 3. März 2022.

Erstgutachter: Prof. Dr. Joachim Schachtner
Zweitgutachter: Prof. Dr. Uwe Homberg

Tag der Disputation: 1. April 2022



It is the struggle itself that is most important.
We must strive to be more than we are.

It does not matter that we will not reach our ultimate goal.
The effort itself yields its own reward.

- Gene Roddenberry -
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Aim of the study

For insects, as for every other animal, orientation in and interaction with the environment is
crucial for their survival. To achieve those tasks, many insects rely heavily on the chemical
senses, namely their gustatory and olfactory systems. These systems are precisely tuned and
need to be able to adapt to changing environmental conditions and living parameters. This
adaption might be due to various processes, including the remodeling of existing synaptic
networks, but also neurogenesis.

Based on Tribolium castaneum as a model, this study aimed to provide more insight into
1) adult plasticity of the insect brain, 2) metamorphic development of the olfactory system, and
3) anatomy of the palpal olfactory pathway. These goals are addressed in the three subprojects
(chapters 3 to 5) of this thesis:

1. Prior to this thesis, it was already known that intrinsic cells of the mushroom bodies
retain their potential to undergo mitotic divisions in the adult. This sub-project aimed to
provide an in-depth analysis of the ongoing neurogenesis and its possible causes.

2. The adult olfactory system was already well described. This subproject aimed to describe
the transition of the larval olfactory system into the adult one. Further, the role of Orco
on the development of the adult olfactory system should be investigated.

3. The third subprojects scope was an in-depth description of the recently discovered
pathway for palpal derived olfactory information.

This should be achieved via:

• (immuno-)histochemical staining

• reporter expression analysis

• neurogenesis detection

• manipulations of the olfactory system, including odor stimulation and deprivation, as
well as an RNAi-mediated knock-down of the odorant receptor co-receptor (Orco)
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Summary

Chapter 3: Adult neurogenesis in the mushroom bodies

The ground pattern of the central nervous system is genetically encoded. However, following
development, when the first sensory contact with environmental stimuli occurs, adaptation to
actual conditions and stimuli is essential for survival. Therefore, the genetically predetermined
neuronal wiring scheme must be adaptable. This adaptability is also called plasticity and is
typically limited to specific time windows of increased receptivity to sensory stimuli, called
critical periods or sensitive phases. Primarily, plasticity is achieved by changes in the synaptic
connections of existing neurons, biochemical changes at synapses, and the addition and removal
of neurons.

Research on critical periods has long focused on vertebrates, where such occur during the
postnatal development of the visual system or during song learning in birds. However, several
studies have shown the existence of critical phases in insects as well - primarily in the olfactory
system.

The sense of smell is used by insects for a variety of tasks, such as finding food sources,
reproductive partners, or suitable habitats. In holometabolous insects, like Tribolium castaneum,
the first contact of the adult olfactory system with the environment occurs following the
pupal phase at the time of adult eclosion. Based on the already known existence of adult
neurogenesis in the mushroom bodies of T. castaneum, this subproject investigates to what
extent this depends on olfactory input during the first days as an imago and whether there is a
time limit.

Reliable labeling of the newborn daughter cells of the mushroom body neuroblasts in the
adult animal provided the basis for the study and allowed the determination of the number of
newborn Kenyon cells under different olfactory conditions.

Within the first week after adult eclosion, the emergence of new Kenyon cells can be divided
into at least two phases. In the first three days, the genesis of Kenyon cells is not dependent
on olfactory stimuli and is therefore probably due to genetic programming and represents a
continuation of the developmental processes from metamorphosis (nature). Directly afterward,
however, the genesis of Kenyon cells probably mainly depends on the olfactory environment
(nurture).

Given the role of the mushroom bodies as centers for learning and memory, neurogenesis
is most likely an important component in remodeling the neuronal network, ultimately leading
to environmental adaptation and behavioral optimization.
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Chapter 4: Metamorphic development of the olfactory system

For insects, the olfactory sense is essential for survival. Olfactory signals are processed and
ultimately translated into behavior by a rather complex system. The nervous system - and thus
the olfactory system - of holometabolous insects, like Tribolium castaneum, is typically subject
to major remodeling during metamorphosis. These changes are necessary because the lifestyle
of imagines of holometabolous insects is typically very different from that of their larvae.

Larvae of holometabolous insects already possess olfactory processing centers and sensory
appendages, although their complexity differs among species. In T. castaneum, as well as its
close relative Tenebrio molitor, already the larvae possess an elaborate antenna consisting of
three distinguishable segments (scape, pedicel, flagellum). The larval antenna of the tobacco
hawkmoth Manduca sexta has a similar structure, while flies have only functionally equivalent
dorsal organs. The current scientific picture sees the larval and adult antennae/olfactory
sensory appendages as independent structures. The primary processing centers are already
glomerularly organized in the mealworm beetle T. molitor and in Drosophila melanogaster, while
this is not the case, for example, in the tobacco hawkmoth M. sexta or the western honeybee
Apis mellifera.

Previous studies suggest that olfactory sensory neurons are necessary for the correct
formation of glomeruli in adult antennal lobes. De-antennation in M. sexta leads to non-
glomerular antennal lobes and in the ant Ooceraea biroi to a reduction in the number of
glomeruli. In the ant, the same effect could also be achieved by knocking out the co-receptor
Orco, which forms a functional unit together with a specific odorant receptor. However, it
should be noted that the authors of the study attributed this to the resulting absence of olfactory
sensory neurons. Furthermore, studies in D. melanogaster could detect Orco only after the
formation of the glomeruli. Thus, in the fly, Orco cannot affect glomeruli formation.

In this subproject, the metamorphic development of the olfactory system of the beetle T.
castaneum was studied. It could be shown that for the adult antenna, structures of the larval
antennae are reused. This contradicts the previous scientific picture that they are independent
structures. The same is true for the larval antennal lobes as primary olfactory processing
centers, which are transformed into their adult counterparts during metamorphosis. This is
supported by the fact that olfactory sensory neurons can be detected in the antennal structures
and the antennal lobes throughout metamorphosis. Furthermore, it could be shown that the
co-receptor Orco is not necessary for the initial formation of the glomerular structure of the
antennal lobes - but is necessary for the later differentiation of the glomeruli in the early
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imagines. The formation of the glomeruli of the antennal lobes occurs about midway through
metamorphosis, as in all holometabolous insects studied to date. The same is true for the
glomeruli of the gnathal olfactory center first described in T. castaneum.

Chapter 5: The palpal olfactory pathway

In the current scientific picture of the olfactory system of holometabolous insects, the paired
antennal lobes are the sole primary processing centers. Accordingly, these receive input from
the sensory neurons of the antennae and mouthparts. In hemimetabolous insects, however, the
olfactory signals, which are received by the sensory neurons of the mouthparts, are processed
separately. This is also true for the holometabolous beetle Tribolium castaneum, where the
signals from the mouthparts are processed in the glomerular lobes (LG), previously known
only from hemimetabolous insects, and the gnathal olfactory center (GOC), first described in
the beetle.

This subproject focuses on a detailed description of the GOC, LGs, and their sensory inputs.
Using scanning electron microscopy and comparison with confocal microscopy images of the
mouthparts in a transgenic line labeling the olfactory sensory neurons, the olfactory sensilla
on the mouthparts containing the dendrites of the olfactory sensory neurons innervating the
GOC and LGs were identified. This revealed that at least two of the three sensilla types have
an olfactory identity, which contrasts previous findings from Drosophila melanogaster, where
only one sensilla type on the mouthparts is olfactory.

Using 3D reconstructions based on various histological stains, the anatomical description
of the GOC was made more precise. The GOC consists of approximately 30 glomeruli. Thus,
the number of glomeruli is at the lower end of the previously suspected range. This number of
glomeruli also matches the 28 specific odorant receptors that are significantly enriched in the
mouthparts compared to the body, as determined by RNA sequencing.

For the first time, the neuromediators repertoire of the GOC and LGs is investigated. For
this purpose, ones that are also found in the antennal lobes were exemplarily investigated. Un-
derlining the role of the GOC and LGs as primary olfactory processing centers, all investigated
neuromediators were also found in the GOC and LGs, albeit with differences in the pattern
of innervation. Therefore, it might be concluded that the neuromediator repertoire is rather
not correlated with the complexity of the processing centers, but rather a necessity to ensure
fine-tuning and initial evaluation of incoming signals.
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Zusammenfassung

Chapter 3: Adult neurogenesis in the mushroom bodies

Kapitel 3: Adultneurogenese in den den Pilzkörpern

Die Grundstruktur des zentralen Nervensystems ist genetisch kodiert. Im Anschluss an die
vorprogrammierte Entwicklung, wenn der erste sensorische Kontakt mit Umweltreizen statt-
findet, ist die Anpassung an die aktuellen Bedingungen und Reize jedoch überlebenswichtig.
Daher muss das genetisch vorgegebene neuronale Verschaltungsmuster anpassbar sein. Die-
se Anpassungsfähigkeit wird auch als Plastizität bezeichnet und wird in erster Linie durch
Veränderungen der synaptischen Verbindungen bestehender Neuronen, durch biochemische
Veränderungen an den Synapsen und durch das Hinzufügen und Entfernen von Neuronen
erreicht. Sie ist oft auf bestimmte Zeitfenster mit erhöhter Empfänglichkeit für externe Reize
beschränkt, die als kritische Perioden oder sensible Phasen bezeichnet werden. Die Erforschung
kritischer Perioden hat sich lange Zeit auf Wirbeltiere konzentriert. Bei diesen wurde, kritische
Perioden in der postnatalen Entwicklung des visuellen Systems oder beim Gesangslernen bei
Vögeln nachgewiesen. Mehrere Studien haben jedoch gezeigt, dass kritische Perioden auch bei
Insekten existieren. Bisher scheint dies vor allem im Geruchssystem der Fall zu sein.

Der Geruchssinn wird von Insekten für vielfältige Aufgaben, wie z.B. Auffindung von Nah-
rungsquellen, Fortpflanzungspartnern oder geeigneten Lebensräumen, genutzt. Bei holometa-
bolen Insekten, wie Tribolium castaneum findet der erste Kontakt des adulten Geruchssystems
mit der Umwelt im Anschluss an die Puppenphase zum Zeitpunkt des Schlüpfens aus der Puppe
statt. Dieses Teilprojekt untersucht, ausgehend von der bereits bekannten Existenz der adulten
Neurogenese in den Pilzkörpern von T. castaneum, inwieweit diese in den ersten Tagen als
Imago von olfaktorischem Input abhängt und ob es eine zeitliche Begrenzung gibt.

Die zuverlässige Markierung der neugeborenen Tochterzellen der Pilzkörper-Neuroblasten
im erwachsenen Tier bildete die Grundlage für die Studie und ermöglichte die Bestimmung
der Anzahl der neugeborenen Kenyon-Zellen unter verschiedenen Geruchsbedingungen. Es
wurde festgestellt, dass sich die Entstehung neuer Kenyon-Zellen innerhalb der ersten Woche
nach dem Schlüpfen der erwachsenen Tiere in mindestens zwei Phasen unterteilen lässt. In
den ersten drei Tagen ist die Entstehung von Kenyon-Zellen nicht von olfaktorischen Reizen
abhängig und ist daher wahrscheinlich auf eine genetische Programmierung zurückzuführen
und stellt eine Fortsetzung der Entwicklung aus der Metamorphose dar. Unmittelbar danach ist
die Entstehung der Kenyon-Zellen jedoch wahrscheinlich hauptsächlich von der olfaktorischen
Umgebung abhängig.

xii



Zusammenfassung

Angesichts der Rolle der Pilzkörper als Lern- und Gedächtniszentren ist die Neurogenese
höchstwahrscheinlich eine wichtige Komponente bei der Neumodellierung des neuronalen
Netzwerks, die letztlich zur Anpassung an die Umwelt und zur Optimierung des Verhaltens
führt.

Chapter 4: Metamorphic development of the olfactory system

Kapitel 4: Metamorphe Entwicklung des olfaktorischen Systems

Für Insekten ist der olfaktorische Sinn überlebenswichtig. Die Geruchssignale werden durch ein
komplexes System verarbeitet und ultimativ in Verhalten übersetzt. Das Nervensystem - und
damit auch das Geruchssystem - holometaboler Insekten, wie Tribolium castaneum, ist während
der Metamorphose typischerweise starken Veränderungen unterworfen. Diese Veränderungen
sind notwendig, da sich die Lebensweise der Imagines holometaboler Insekten typischerweise
stark von der der Larven unterscheidet.

Bereits die Larven der holometabolen Insekten besitzen olfaktorische Verarbeitungszentren
und Sinnesanhänge, wobei sich die Komplexität zwischen den einzelnen Spezies unterscheidet.
Für T. castaneum, wie auch seinem nahen Verwandten Tenebrio molitor gilt, dass bereits die
Larven eine ausgefeilte Antenne aus drei unterscheidbaren Segmenten (Scapus, Pedicellus,
Flagellum) besitzen. Eine ähnliche Struktur hat auch die larvale Antenne des Tabakschwär-
mers Manduca sexta, während Fliegen nur funktional äquivalente Dorsalorgane besitzen. Das
bisherige Bild der Wissenschaft sieht die larvalen und adulten Antennen/olfaktorischen Sinnes-
anhänge als unabhängigen Strukturen. Die primären Verarbeitungszentren, sind im Mehlkäfer
T. molitor und in Drosophila melanogaster bereits glomerulär organisiert, während dies bei-
spielsweise im Tabakschwärmer M. sexta oder der westlichen Honigbiene Apis mellifera nicht
der Fall ist.

Bisherige Studien legen Nahe das die olfaktorischen sensorischen Neurone für die korrekte
Ausbildung der Glomeruli in den adulten Antennalloben notwendig sind. So führt ein Kappen
der Antennen in M. sexta zu a-glomerulären Antennalloben und in der Ameise Ooceraea biroi
zu einer Reduktion in der Glomerulianzahl. In der Ameise konnte der gleiche Effekt auch durch
Ausschalten des Co-Rezeptors Orco, der zusammen mit einem spezifischen Odorantrezeptor
eine funktionale Einheit bildet, erreicht werden. Zu beachten ist jedoch, dass die Autoren der
Studie dies auf das resultierende Fehlen der olfaktorischen sensorischen Neurone zurückführen.
Weiterhin konnten Studien inD.melanogaster Orco erst nach Bildung der Glomeruli nachweisen.
Hier kann Orco also keinen Einfluss auf die Glomerulibildung haben.

In diesem Teilprojekt wurde die metamorphe Entwicklung des olfaktorischen Systems
des Käfers T. castaneum untersucht. Es konnte gezeigt werden, dass für die adulte Antenne,
Strukturen der larvalen Antennen wiederverwendet werden. Dies widerspricht dem bisherigen
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wissenschaftlichem Bild, dass es sich um unabhängige Strukturen handelt. Das Gleiche gilt für
die larvalen Antennalloben als primäre Geruchsverarbeitungszentren, die während der Meta-
morphose in ihre adulten Gegenstücke umgewandelt werden. Beides wird durch die Tatsache
gestützt, dass olfaktorische sensorische Neurone in den Antennenstrukturen und Antennallo-
ben während der gesamten Metamorphose nachgewiesen werden können. Weiterhin konnte
gezeigt werden, der Co-Rezeptor Orco für die anfängliche Bildung der glomerulären Struktur
der Antennalloben nicht notwendig ist - wohl für die spätere Differenzierung der Glomeruli
in den frühen Imagines notwendig ist. Die Bildung der Glomeruli der Antennalloben findet
wie in allen bisher untersuchten holometabolen Insekten etwa in der Mitte der Metamorphose
statt. Gleiches gilt für das in T. castaneum erstbeschriebene gnathale olfaktorische Zentrum.

Chapter 5: The palpal olfactory pathway

Kapitel 5: Die palpale Riechbahn

Im aktuellen Bild der Wissenschaft des olfaktorischen Systems der holometabolen Insekten
sind die paarigen Antennalloben die alleinigen primärem Verarbeitungszentren. Diese erhalten
demnach Eingang von den sensorischen Neuronen der Antennen und Mundwerkzeuge. In
holometabolen Insekten hingegen werden die olfaktorischen Signale, welche über die sensori-
schen Neurone der Mundwerkzeuge aufgenommen werden, separat verarbeitet. Dies gilt auch
für den holometabolen Käfer Tribolium castaneum, bei dem die Signale der Mundwerkzeuge in
den bisher nur von hemimetabolen Insekten bekannten glomerulären Loben (LG), sowie dem
im Käfer erstbeschriebenen gnathalen olfaktorischem Zentrum (GOC) erstverarbeitet werden.

Dieses Teilprojekt konzentriert sich auf eine detaillierte Beschreibung des GOC, der LGs
und deren sensorischen Inputs. Durch rasterelektronenmikroskopische Untersuchungen und
Vergleiche mit konfokalmikroskopischen Aufnahmen an den Mundwerkzeugen einer, die
olfaktorischen sensorischen Neurone markierenden transgenen Linie, wurden die Geruchssen-
sillen an den Mundwerkzeugen identifiziert, welche die Dendriten der sensorischen Neurone
enthalten die GOC und LGs innervieren. Dabei stellte sich heraus das mindestens 2 der 3
Sensillentypen eine olfaktorische Identität besitzen, was im Gegensatz zu bisherigen Erkennt-
nissen aus Drosophila melanogaster steht, wo nur ein Sensillentyp auf den Mundwerkzeugen
olfaktorisch ist.

Mit 3D-Rekonstruktionen, die auf verschiedenen histologischen Färbungen basieren, wur-
de die anatomische Beschreibung des GOC präzisiert. Demnach besteht das GOC aus etwa
30 Glomeruli. Die Glomerulianzahl liegt damit am unteren Ende des bisher vermuteten Be-
reichs. Diese Anzahl an Glomeruli passt auch zu den 28 Duftstoffrezeptoren, die, wie durch
RNA-Sequenzierung ermittelt, in den Mundwerkzeugen im Vergleich zum Körper signifikant
angereichert sind.

xiv



Zusammenfassung

Erstmals untersucht wird das Repertoire von GOC und LGs an Neuromediatoren. Dazu wur-
den exemplarisch solche untersucht, die auch in den Antennalloben vorgefunden werden. Die
Rolle von GOC und LGs als primäre olfaktorische Verarbeitungszentren unterstreichend, wur-
den alle untersuchten Neuromediatoren, wenn auch mit Unterschieden im Innervationsmuster
auch in GOC und LGs gefunden. Daraus lässt sich folgern, dass das Neuromediatorreper-
toire eher nicht mit der Komplexität der Verarbeitungszentren korreliert, sondern eher eine
Notwendigkeit darstellt, um Feineinstellung und initiale Evaluation der eingehenden Signale
sicherzustellen.
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General Introduction
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1 | Insects

Insects are an astonishing group of animals, residing on earth for at least 400 million years.
With about one million described species, insects are by far the largest and most species-
rich as well as the most successful animal class [1] (Fig. 1.1A). They adapted to nearly all
terrestrial ecological niches [2]. However, their economic, as well as ecological impact is often
underestimated, while they indeed play a crucial role as pollinators or destruents, but also as the
base of most terrestrial food chains [3, 4]. Further, many insects are harmful pests and disease
vectors [5, 6]. Of all those described insect species Coleopterans represent about one-third and
therefore are by far the largest and most species-rich insect order [2, 7, 8] (Fig. 1.1B).

A B

Fig. 1.1: A Insects are by far the most species rich class in the animal kingdom [2]. B Beetles account for about one third of insect species [2].

1.1 The red flour beetle Tribolium castaneum
The red flour beetle Tribolium castaneum Herbst (Fig. 1.2) is the main model used in this thesis.
It is a representative of the largest insect order of Coleoptera (beetles) and therein belongs to
the family of Tenebrionidae (darkling beetles). Together with its close relative T. confusum,
it is today likely the most common global secondary pest for stored agricultural products [9,
10]. While its origins are uncertain, field observations indicate living under the bark of trees,
in deadwood, or hymenopteran hives ad natural habitats [11]. Further, African origins are
suggested based on archeological records from Egyptian tombs [12].
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1 | Insects The red flour beetle Tribolium castaneum

A B

Fig. 1.2: Colorized scanning electron micrographs image of a female T. castaneum (A) dorsal and (B) ventral view. Scale bars 500 µm.)

The genome sequence of the red flour beetle is now well-annotated [13–17] and the genetic
toolbox is since expanding [18–20], among others including strong systemic RNA interference
(RNAi) [21–23].

Being easy to maintain in the lab, with low food and space requirements, as well as its short
generation time of about one month and its relative longevity of about two years [24, 25] T.
castaneum, which was first used to study population genetics in the second half of the last
century, has emerged as a popular insect model organism in neurobiological research and is
considered the current best-established coleopteran model organism [9].
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2 | Olfaction in insects

For insects, as for every other animal, orientation in and interaction with the environment is
crucial for their survival. Insects are found in most ecological niches with some environmental
cues being more important than others.

To find hosts, conspecifics and mates, oviposition sites, and food sources, as wells as to
avoid predators, toxins, and parasites, and also for intra- and interspecies communication,
insects most often depend on their precisely tuned olfactory sense [26–37].

2.1 Perception and primary olfactory processing

Peripheral perception

The perception of olfactory stimuli occurs within the chemosensory sensilla of the antennae
and mouthparts [13, 38, 39]. Filled with aqueous sensilla lymph, the sensilla house the dendrites
of the olfactory sensory neurons (OSNs), which themselves present the olfactory receptors on
their membrane. The receptors can be classified into two categories: the odorant receptors
(ORs) and the ionotropic glutamate-like receptors (IRs) [13, 40–44]. The OSNs then relay the
olfactory signals via their axons into the respective primary processing centers.

Primary processing

For the antennal OSNs, primary processing takes place in the antennal lobes (AL), while
processing of information by the palpal OSNs differs among species. In hemimetabolous
insects, olfactory information of the palpal OSNs is processed in the glomerular lobes (LGs)
[45]. In holometabolous insects, where the LGs are thought to be fused into the ALs, the palpal
signals are also processed in the ALs [46–50] This is not the case for T. castaneum. In the beetle
the palpal OSNs project into the paired LGs and the unpaired gnathal olfactory center (GOC),
which is a glomerularly organized neuropil within the gnathal ganglion [13].

The AL typically consist of somewhat spherical substructures called olfactory glomeruli,
whose counts differ among insect species [45] - reaching from about 40 to 90, like in the ensiferan
Orthoptera, Coleoptera, Diptera, and Lepidoptera [13, 51–55], but as in some Hymenopterans
and especially in some ant species may rise to about 500 [45, 56, 57]. Furthermore, the ALs of
the caeliferan Orthoptera consist of about 2000 to 3000 microglomeruli [58], while members of
some other insect orders like Odonata and Ephemeroptera, but also single beetle species lack a
glomerular organized AL [45].

The ALs receive input from the OSNs, with axons of OSNs expressing the same specific OR
typically converging in the same glomerulus [50].
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2 | Olfaction in insects Higher integration

Within the AL, local neurons (LNs) connecting two or more glomeruli provide a first
processing and integration layer [45, 59–63]. Most LNs use the inhibitory transmitter GABA
[64]. In addition, they contain various neuropeptides [65–67].

Projection neurons (PNs) then further relay the olfactory information to higher integration
centers [13, 68–70]. In holometabolous insects, the PNs typically form three distinct fiber
bundles, the antennal lobe tracts, connecting the ALs with the mushroom bodies and lateral
horns [13, 69]. Based on their innervation pattern within the ALs, the PNs may be divided
into two classes: uniglomerular and multiglomerular PNs. While the uniglomerular PNs often
send excitatory (cholinergic) signals into the mushroom bodies, the multiglomerular PNs relay
inhibitory (GABAergic) signals exclusively into the lateral horns. [68].

2.2 Higher integration

Mushroom body

The paired mushroom bodies are formed by their intrinsic neurons (Kenyon cells). They consist
of a dendritic input region called calyx and the peduncle and lobes, which are both formed
by the Kenyon cells axon bundles (Fig. 2). Within the lobes, afferent input is conveyed from
extrinsic neurons to Kenyon cells, and efferent output is conveyed from Kenyon cells to extrinsic
neurons [7, 71].

adult neuroblasts
adult born Kenyon cells

Kenyon cell bodies

calyx

γ-subdivision

γ-subdivision

vertical lobe

α‘-subdivision

medial lobe

α-subdivision

pedunculus

β-subdivision
spur

β‘-subdivision

Fig. 2.1: Schematic drawing of a T. castaneum mushroom body (modified from [72])
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2 | Olfaction in insects Development and plasticity of the olfactory system

The insect mushroom bodies serve asmultimodal integration centers for olfactory, gustatory,
visual, and mechanosensory input [73–77]. Further, they are involved in learning and memory
[61, 78–80]. In the context of olfaction, they are responsible for odor discrimination [76, 81] as
wells as for associative olfactory learning and memory [82, 83].

Lateral horn

Like the mushroom bodies, the lateral horn is a paired neuropil, which locates lateral within
the protocerebrum. As it is not always clearly morphologically distinguishable it is often
called “lateral protocerebrum”. It is largely responsible for decoding the odor quality, as well as
concentration, and translates the information into innate behavior by integrating the signals of
the inhibitory and excitatory projection neurons of the AL [84].

2.3 Development and plasticity of the olfactory system

Metamorphic development

In holometabolous insects like beetles, the lifestyle of adult insects is often more complex
compared to larvae. Consequently, the olfactory system is remodeled during metamorphosis
and adopted to the new challenges. While already the larvae of holometabolous insects have
olfactory appendages and processing centers, these structures are typically less complex than
the adult structures.

The current picture sees the adult antennae as a separate structure that develops from
imaginal discs [85–91], while the antennae of hemimetabolous insects develop gradually
through molds until the adult stage [91, 92]. However, the assumption of being separate
structures derives from only a few species in essentially the two orders of Diptera (mainly
Drosophila melanogaster [87–89] and Lepidoptera (Pieris brassicae [85, 86], Manduca sexta [90,
93] and Bombyx mori [94]– with detailed studies of the antennal development in Antheraea
polyphemus [95–100]. In general, the development of adult structures from imaginal discs or
cells in holometabolous insects is strongly derived. In the more ancestral state, it is believed
that cells of the larval appendages are used to build their adult equivalents [91].

Focusing on the development of the ALs as olfactory primary processing centers, there are
fundamental differences among investigated holometabolous species. In the lepidopteran M.
sexta, as well as in the hymenopteran Apis mellifera, the larval AL is not glomerular organized
[101, 102], whereas the larval AL of D. melanogaster shows a glomerular organization [103]
but with a lower number of glomeruli and a one to one wiring between receptor neurons
and glomeruli. The larval ALs of the hemimetabolic insect Periplaneta americana display a
comparable number of glomeruli as the adult AL [104].
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2 | Olfaction in insects Development and plasticity of the olfactory system

Postmetamorphic and adult plasticity

The ground pattern of the central nervous system, and therefore also the olfactory system
is genetically encoded. Following the development, when the nervous system first encoun-
ters environmental sensory input, it is crucial for the survival of an animal to adapt to the
actual conditions and cues. Therefore, the genetically encoded wiring scheme of the nervous
system must be altered. This plasticity typically occurs in special time windows of elevated
susceptibility to sensory input (critical periods or sensitive phases) [105].

In general, the necessary plasticity can occur on the morphological level via the creation
and refinement of synaptic connections [106] and proliferation or apoptosis of neurons and glial
cells [107–113] but may also occur on the biochemical level with existing neurons changing
their transmitter identity [114].

While research on critical periods mainly focused on vertebrates, where they were among
others found during the postnatal development of the visual system [115–123] and song learning
in birds [124–126], several studies also demonstrated the existence of critical periods in insects
[127–131] with many focusing on the plasticity of the olfactory system in the vinegar fly D.
melanogaster [128–134]. The results of those studies further suggest that the plasticity in the
ALs is synaptic plasticity.

Considering that the mushroom bodies are linked to olfactory learning and memory [135],
it is not surprising that many studies describe a high amount of plasticity within the mushroom
bodies. For example, studies on several holometabolous insects, including A. mellifera and D.
melanogaster, describe massive synaptic plasticity [136–144]. Further, despite being absent in
A. mellifera and D. melanogaster [145, 146], neurogenesis is also part of that game.

Since first described in the hemimetabolous house cricket Acheta domestica [108, 147], it
has also been found in holometabolous insects, such as the noctuid moth Agrotis ipsilon [109],
as well as several beetle species [107] including the red flour beetle T. castaneum [148].
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Adult neurogenesis in the 
mushroom bodies of red flour 
beetles (Tribolium castaneum, 
Herbst) is influenced by the 
olfactory environment
Björn trebels  1, Stefan Dippel 1, Magdalina Schaaf1, Karthi Balakrishnan2, 
ernst A. Wimmer  3 & Joachim Schachtner  1,4*

Several studies showed adult persisting neurogenesis in insects, including the red flour beetle Tribolium 
castaneum, while it is absent in honeybees, carpenter ants, and vinegar flies. In our study, we focus on 
cell proliferation in the adult mushroom bodies of T. castaneum. We reliably labelled the progenies of 
the adult persisting mushroom body neuroblasts and determined the proliferation rate under several 
olfactory conditions within the first week after adult eclosion. We found at least two phases of Kenyon 
cell proliferation in the early adult beetle. Our results suggest that the generation of Kenyon cells 
during the first three days after adult eclosion is mainly genetically predetermined and a continuation 
of the developmental processes (nature), whereas from day four on proliferation seems to be mainly 
dependent on the odour environment (nurture). Considering that the mushroom bodies are linked to 
learning and memory, neurogenesis in the mushroom bodies is part of the remodelling of neuronal 
circuits leading to the adaption to the environment and optimization of behaviour.

The ground pattern of the central nervous system is genetically encoded. Following development, when the nerv-
ous system first encounters environmental sensory input, it is crucial for the survival of an animal to adapt to 
the actual conditions and cues. Therefore, the genetically encoded wiring scheme of the nervous system must be 
altered. This plasticity typically occurs in special time windows of elevated susceptibility to sensory input (critical 
periods or sensitive phases)1.

The research on critical periods has mainly focused on vertebrates, where critical periods were among others 
found during the postnatal development of the visual system2–10 and song learning in birds11–13. However, several 
studies demonstrated the existence of critical periods also in insects14–19, with many focusing on the plasticity of 
the olfactory system in the vinegar fly Drosophila melanogaster15,17–22.

Many insects rely on their olfactory systems to accomplish various tasks, such as the localization of food 
sources, mating partners, and suitable habitats. The adult olfactory system of holometabolous insects is first con-
fronted with environmental cues upon adult eclosion. These olfactory cues are mainly detected by the olfactory 
sensory neurons (OSN) housed in the chemosensory sensilla of the antennae and palps23–26. From there the infor-
mation is relayed into the primary olfactory processing centres27–29 and further projected to the mushroom bodies 
(MB) and the lateral horn26,28–30, with the former being linked to olfactory learning and memory31–45.

Studies in adult holometabolous insects, including Apis mellifera and D. melanogaster, described synap-
tic plasticity, but no neurogenesis, in the mushroom bodies36,46–55. Since adult neurogenesis in the mushroom 
bodies was first described in the hemimetabolous house cricket Acheta domestica56,57, it has also been found in 
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holometabolous insects, such as the noctuid moth Agrotis ipsilon58, as well as several beetle species59 including the 
red flour beetle Tribolium castaneum60.

T. castaneum is a member of the largest insect order (Coleoptera)61,62 and a major pest of stored cereal prod-
ucts61,63,64. With its annotated genome sequence26,65–67, an expanding genetic toolbox68–70 including strong sys-
temic RNA interference (RNAi)71–73, and its relative longevity of up to two years74, T. castaneum represents an 
eligible beetle model for studying adult plasticity.

We concentrated on olfaction which is supposed to be a main input into the mushroom bodies of T. cas-
taneum26, to answer whether the adult persisting neurogenesis is genetically predetermined and continuation of 
developmental processes or if it is activity-dependent.

Results
Identification of newly born cells. To label adult-born cells, we used the 5-ethynyl-2′-desoxyuridine 
(EdU) method75,76. With this method, we reliably and exclusively labelled the mushroom body neuroblasts and 
their progeny, while neurogenesis is not present in other areas of the cerebral ganglion of the red flour beetle 
(Fig. 1A). The neuroblasts were distinguished from their progeny based on their larger size (Fig. 1B).

We confirmed that in T. castaneum, adult-born Kenyon cells usually derive from two neuroblasts (NB) per 
hemisphere and send their axons into the core of the mushroom body peduncle (PED) and lobes as shown by 
Zhao and colleagues60 (Fig. 1C).

The neuronal identity of the EdU labelled cells was verified by demonstrating co-localization with the reporter 
signal (Fig. 1D-D”) in the neuron labelling EF1-B-DsRed line77, as well as immunohistochemical staining against 
the glia cell marker reversed polarity78 resulting in no co-localization (Fig. 1E-E”).

Environmental conditions influence adult neurogenesis. The proliferation rates of the mushroom 
body neuroblasts during the first week after adult eclosion were analysed on a day-to-day basis (Fig. 2). A sta-
tistical comparison using Kruskal-Wallis test between both sexes showed no major intersexual difference in 
the number of newly born Kenyon cells, deriving from a single neuroblast (Supplemental Table 1). Thus, for 
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Figure 1. Localization and identification of the adult-born cells as Kenyon cells. (A) Volume rendering of 
an exemplary wholemount preparation showing the location of the adult-born neurons. Nuclei visualized 
with DAPI are depicted in blue, while the neuroblasts (NB) and their progeny marked by EdU are depicted in 
magenta. OL: optic lobes; AL: antennal lobe; KCB: cell bodies of Kenyon cells; n-a: neural axis anterior; n-p: 
neural axis posterior (B) Single confocal section showing an MB neuroblast (NB), which can be identified by 
its larger diameter compared to the surrounding Kenyon cells (KCB). The f-actin of the cytoskeleton is marked 
by phalloidin (green) and cell nuclei by DAPI (blue). (C) Schematic of the adult-born Kenyon cells and their 
integration into the mushroom bodies. They derive from usually two distinct neuroblasts per hemisphere and 
send their axons into the core of the mushroom body lobes as shown by Zhao and colleagues60.(D-D”) Single 
confocal slice showing colocalization between the EdU marked cells (neuroblasts [NB] and their progeny) and 
the DsRed reporter signal in the neuron marking transgenic EF1-B-DsRed line77. (E-E”) Single confocal slice 
showing EdU marked cells (neuroblasts [NB] and their progeny) and immunohistochemistry against the glia 
cell marker reversed polarity (anti-repo)78 in the San Bernadino wildtype strain. A colocalization cannot be 
identified.
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Figure 2. Kenyon cell proliferation in adult beetles under different conditions. Median numbers of EdU 
positive (adult-born) Kenyon cells per neuroblasts within 24 hours after EdU injection. Sample sizes for each 
group (analysed neuroblasts [N] and animals[n]) are given in the respective column of the plot. The circles 
represent the median, while the error bars represent the 95% confidence interval of the median equivalent to the 
standard error calculated by bootstrap analysis. Kruskal Wallis test with posthoc analysis using Dunns’ multiple 
comparison test was used to compare the cell number over the different injection times within one experimental 
group. The results of the Kruskal Wallis test [test statistics corrected for ties (H), p-value (p)] for each condition 
is given in the figure. Same capital letters indicate groups with no significant difference to each other as obtained 
by Dunn’s posthoc analysis (p > 0.05, Holm-corrected). The actual p-values of the post-hoc test are listed in 
Supplementary Table S2. Original photo of the beetle by Peggy Greb, USDA Agricultural Research Service (ID: 
D268-1).
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all further analysis, both sexes were pooled. Testing for no variation between conditions and ages by means of 
Scheirer-Ray-Hare test resulted in rejection of the null hypothesis (olfactory conditions: H = 114.899, p = 0.0; 
ages; H = 655.154, p = 0.0; overall: H = 231.580, p = 0.0). Further, per condition Kruskal-Wallis analysis between 
ages showed significant differences between cell numbers at different days, which were further analysed by 
post-hoc analysis using Dunn’s multiple comparison test (Fig. 2).

For enrichment of the olfactory environment we chose the beetles’ aggregation pheromone 
4,8-dimethyldecanal (DMD)79 and the food-related green-leaf volatile cis-3-hexenol as both are known to elicit 
antennal responses in EAG recordings80 and at least DMD causing a clear OR/Orco (TcOR1) dependent behav-
ioural response81.

The mushroom body neuroblasts of beetles reared in mixed-sex groups of 20 individuals generate new Kenyon 
cells within the first four days after adult eclosion. During the first three days of the proliferation phase, the 
median daily proliferation rate of each neuroblast is 10 to 15 cells, with a reduction on day four (Figs. 2, S1). At 
day 5 the proliferation rate drops significantly and afterwards no neurogenesis is detectable.

Isolating beetles as pupae lead to a proliferation phase lasting three days after adult eclosion. During this pro-
liferation phase, each neuroblast gives rise to about 10 to 20 cells per day, decreasing on day three and significantly 
dropping at day four before from day five onwards no neurogenesis is detectable.

Enriching the environment of group-reared beetles with DMD leads to a prolonged proliferation phase of five 
days. During the first three days of the proliferation phase, the median daily proliferation rate of each neuroblast 
equals to about 15 to 20 cells, with slight decrease on days four and five. At day 6 the proliferation rate drops sig-
nificantly and afterwards no neurogenesis is detectable.

Stimulating olfactory-deprived (pupal dsRNAorco injection) group-reared beetles with DMD leads to a pro-
liferation phase lasting four days after adult eclosion. During the first four days each neuroblast’s median daily 
proliferation rate is 10 to 15 cells, with a high variation on day four (Figs. 2, S1). At day 5 the proliferation rate 
drops significantly and afterwards no neurogenesis is detectable.

Stimulation of group-reared beetles with cis-3-hexenol results in mushroom body neuroblasts generating new 
Kenyon cells during the first six days after adult eclosion with a median rate of 10 to 15 cells per day, decreasing 
to about 5 cells at day 8.

Stimulating olfactory-deprived (pupal dsRNAorco injection) group-reared beetles with cis-3-hexenol leads to 
a proliferation phase lasting four days after adult eclosion. During the first three days of the proliferation phase, 
the daily proliferation rate per is 10 to about 15 cells, with a significant reduction on day four (Figs. 2, S1) before 
dropping to zero at day 6.

Antennal responses to cis-3-hexenol and 4,8-dimethyldecanal. Electroantennographical record-
ings (EAG) were used to demonstrate that beetles with an RNAi-mediated systemic knockdown of Orco (dsR-
NAorco, test group) differ in their response to the tested odours, compared to beetles injected with sham (DsRed) 
dsRNA (dsRNAsham, control group).

Stimulation with the three lowest tested concentrations (10−8 − 10−6) of the beetle’s aggregation pheromone 
DMD leads to no obvious reaction of the antennae (Fig. 3, 4,8-dimethyldecanal; Supplemental Figs. S2 and S3). 
Starting with a dilution of 10−5, a dose-dependent reaction of the antennae is visible in dsRNAsham injected bee-
tles, but not in beetles injected with dsRNAorco.

Stimulation with the five lowest tested concentrations (10−8 − 10−4) of the food volatile cis-3-hexenol leads 
to no obvious responses. Stimulating with a dilution of 10−3 causes a slight response in the control group only. 
Whereas, at the highest tested concentration (10−2) both groups respond (Fig. 3, cis-3-hexenol; Supplemental 
Figs. S2 and S3), but the peak response of the control group is significantly higher compared to the test group 
(Fig. 3, cis-3-hexenol). Furthermore, the response onset in the orco knock-down is delayed (Supplemental 
Fig. S2).

Discussion
Neurogenesis in adult brains is present to varying extents throughout invertebrates and vertebrates57,82–89. Several 
studies showed adult neurogenesis in the mushroom bodies of hemimetabolous and ametabolous insects such as 
crickets56, cockroaches90, and firebrats91,92. In holometabolous insects persisting adult neurogenesis in the mush-
room bodies was described in the black cutworm Agrotis ipsilon58 and several beetles, including the red flour 
beetle T. castaneum59,60, while it is absent in the mushroom bodies of the honeybee A. mellifera54, the carpenter 
ant Camponotus floridanus34, and the vinegar fly D. melanogaster55.

Localization of adult neurogenesis in the mushroom bodies using 5-bromo-2′-deoxyuridine (BrdU) as pub-
lished for the red flour beetle by Zhao and colleagues60 gave no reliable results in our hands and was not useful for 
the comparison of larger experimental groups needed for the current study. Instead, we successfully and reliably 
labelled mushroom body neuroblasts and their progeny using the EdU method75,76. Like BrdU, EdU is a thymi-
dine analogue that is incorporated into the DNA during replication. The major advantage compared to BrdU is 
the labelling procedure. While BrdU is localized via immunohistochemistry and therefore requiring the DNA 
to be denaturized to allow binding of the antibody, EdU is labelled by selective direct chemical coupling with an 
azide-fluorochrome. Avoiding denaturation of the DNA with HCl provides improved overall tissue preservation. 
By using this reliable labelling method for newly born neurons and their neuroblasts (Fig. 1) we studied the 
generation of new Kenyon cells in the early adulthood of the red flour beetle T. castaneum under different condi-
tions (Figs. 2, S1) to answer whether this adult neurogenesis depends on olfactory input and if there is a critical 
period. The activity-dependent remodelling of neuronal circuits during critical periods leads to the adaption to 
the environment and optimization of behaviour93. Previous studies in A. mellifera and D. melanogaster showed 
that critical periods during which the mushroom body circuitry is remodelled exist in holometabolous insects 
and that the underlying mechanisms are the refinement of old as well as the growth of new synapses48–52,54, but 
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not neurogenesis54,55. The adult olfactory system of the beetle is first confronted with odour cues directly after 
adult eclosion.

Rearing beetles in groups of 20 animals of both sexes leads to the generation of new Kenyon cells during 
the first four days after adult eclosion. This phase is shortened in isolated beetles by one day and prolonged by 
additional olfactory stimulation. Enriching the olfactory environment of group-reared beetles with the beetles’ 
aggregation pheromone DMD79 prolongs the proliferation phase by one day, while stimulation with the food 
odour cis-3-hexenol leads to a prolongation of the proliferation phase for at least four days. This prolonging effect 
is mostly inhibited in beetles with a significantly reduced perception of the tested odorants (Fig. 3, dsRNAorco), 
generated by RNAi mediated knockdown of orco.

A study in crickets already demonstrated that sensory deprivation by isolation results in significantly less neu-
rogenesis among the Kenyon cells of young females, compared to group-reared females82. A second study based 
on these results asked what proportion of neurogenesis is caused by visual and olfactory stimuli83 and demon-
strated that olfactory and visual deprivation is sufficient to decrease neurogenesis in adult crickets, regardless 
whether reared in groups or isolation. This clearly showed a link between sensory input and adult neurogenesis.

In our study, we used a day-to-day analysis of adult neurogenesis together with the specific manipulation of 
the Orco dependent olfactory sensory neurons. This allowed us to temporally dissect adult neurogenesis into 
distinct phases and link them to olfactory activity.

Similarly to the results from crickets82, our data suggest that isolation reduces adult neurogenesis. We were 
able to demonstrate that this reduction is based on a shortened proliferation phase rather than an altered prolif-
eration rate.

It seems that the generation of Kenyon cells during the first three days after adult eclosion is mainly genetically 
predetermined and a continuation of developmental processes rather than depending on sensory activity.

The shorter proliferation phase in isolated beetles compared to group-reared beetles suggest an influence 
of social interactions. This is supported by the fact that the proliferation phase after orco knock-down in odour 
stimulated beetles is still longer than in isolated beetles. Since the beetles were kept under constant darkness, 
visual stimulation can be excluded, making tactile and gustatory cues the most likely triggers. This is partially in 
accordance with findings in crickets, were unilateral removal of the antennae, causing the loss of chemosensory 
as well as mechanosensory antennal input in the ipsilateral hemisphere, lead to less adult neurogenesis in the 
ipsilateral hemisphere83.
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Figure 3. Peak amplitude EAG responses to 4,8-dimethyldecanal and cis-3-hexenol. Box plots with whiskers 
representing the 5–95% percentile of the peak amplitude EAG response after robust LOESS smoothing and 
normalization (subtraction of the response to silicone oil, which was used as solvent) to 4,8-dimethyldecanal 
(DMD) and cis-3-hexenol. Sample sizes are given in the respective subplots. [N] represents the number of 
animals, while [n] represents the number of replicates per animal. Notches indicate the 95% confidence interval 
of the median. The bar represents the 25–75 percentile, the line represents the median and the diamonds 
represent data points outside the 5–95% range. Statistical analysis between dsRNAsham and dsRNAorco was 
performed per odour dilution by Kruskal Wallis test. Statistical significance levels of difference in median are 
represented by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).
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The significant differences in the proliferation rate within the first three days might indicate an influence of 
odour stimulation. However, as the results for DMD and cis-3-hexenol are contradicting, we conclude that these 
differences are very likely artificial.

However, the main and most striking effect of DMD stimulation is the prolongation of the proliferation phase 
compared to group-reared beetles, which is not present in dsRNAorco injected beetles. Since after a RNAi mediated 
knockdown of orco the EAG response towards DMD is significantly reduced (Fig. 3) and no longer measurable 
(Supplemental Fig. S2) and the behavioural response towards DMD is abolished81, the prolongation is olfactory 
induced and driven via activity of the OR/Orco complex.

Interestingly, the potential for a longer capacity of the MB system to produce new Kenyon cells seems to 
depend on the odour, as the stimulation with the food-related odour cis-3-hexenol leads to a longer proliferation 
phase when compared to DMD stimulation, with cis-3-hexenol causing an increased proliferation rate even at 
day eight. This seems to contradict the EAG data that suggest a higher sensitivity towards DMD. However, the 
lack of responses to cis-3-hexenol at lower concentrations does not necessarily mean that it is not perceived, as the 
recorded response likely depends on the localisation of the OSNs relative to the recording electrode94.

This longer proliferation phase is massively shortened in dsRNAorco injected beetles, clearly demonstrating 
that this effect is most likely olfactory but not solely driven via the activity of the OR/Orco complex. While after 
knockdown of orco, the EAG responses to DMD are fully abolished, the EAG responses to cis-3-hexenol show a 
significantly lower, but still exiting reaction (Fig. 3) with a delayed response onset (Supplemental Fig. S2), which 
suggests the involvement of another receptor type. As Getahun and colleagues95 already described in D. melano-
gaster the best candidates with slower responses are the ionotropic glutamate-like receptors (IR)26.

The different effects of DMD and cis-3-hexenol on the duration of the proliferation phase (five vs. eight days) 
might be explained already on the receptor level, as IRs, unlike ORs, do not exhibit adaptation to longer stimu-
lations95. This could mean that continued exposure to high DMD concentration leads to a desensitisation of the 
OR/Orco complex, causing the shorter proliferation phase. Whereas, the response to cis-3-hexenol seemingly also 
perceived by IRs persists longer. Furthermore, there is the possibility of different pheromone vs. normal odour 
processing networks in the antennal lobes that provide the input to the MB as shown among others in Manduca 
sexta96, D. melanogaster97, and A. mellifera98. However, so far, such separate olfactory processing networks were 
not described in the red flour beetle and it remains unclear whether they exist.

The EAG responses showed that the reaction of both odorants is significantly reduced in adult female beetles 
seven days after dsRNAorco injection, corresponding roughly to A4. Besides, we performed immunohistochemical 
staining against Orco in freshly eclosed (A0) and seven days old beetles (A7) using the cross-reactive Moth-R2 
antiserum26. This resulted in no immunoreactivity after pupal injection of dsRNAorco (Supplemental Fig. S4) 
demonstrating the effectivity of the RNAi within the studied ages. Furthermore, the RNAi effect in T. castaneum 
has already been published to last from weeks to months99.

T. castaneum has a life span of up to two years74 and studies on the origin of the beetle63 together with a large 
variety of odorant receptors26,81 suggest a broad spectrum of potential food sources, which may change over time. 
Adapting the MB neuronal network via newly born cells could be part of the strategy to cope with ongoing envi-
ronmental changes. The process might be triggered by changes in the OR repertoire in response to the environ-
mental changes, as speculated by Dippel and colleagues26. This could explain why Zhao et al.60. occasionally found 
neurogenesis in 88 days old beetles without stimulation. The involvement of adult proliferation in behavioural 
adaption to the changing odorant environment has already been suggested in crickets82,83. In analogy, a study on 
the mouse hippocampus demonstrated that adult neurogenesis is not triggered by continued long-term exposure 
to enriched environments, but by novel complex stimuli100.

Considering that the mushroom bodies are linked to learning and memory39, adult neurogenesis might con-
tribute to the formation of new odorant memories. As Zhao and colleagues demonstrated, the adult-born Keyon 
cells send their axons into the core of the mushroom bodies60, which were shown to be involved in differential 
olfactory learning in D. melanogaster101,102. Suppression of adult neurogenesis in crickets leads to a significant 
impairment in olfactory learning and memory44, undermining the role of adult-born neurons in learning and 
memory. Furthermore, studies in vertebrates show that olfactory enrichment leads to increased neurogenesis in 
the hippocampus and plays a role in olfactory learning103–106.

Methods
Animals. Red flour beetles (Tribolium castaneum, Herbst 1797; Insecta, Coleoptera) of the wild-type strains 
“San Bernadino”107 and “black”108, as well as the neuron labelling26,77 transgenic line EF1-B-DsRed (elongation 
factor1-alpha regulatory region-DsRedExpress; kindly provided by Michalis Averof, Institut de Génomique 
Fonctionnelle de Lyon, France) were used. The beetles were bred under constant darkness at about 28 °C and 
40–50% relative humidity on organic whole grain wheat flour supplemented with 5% dried yeast powder and 
0.05% Fumagilin-B (Medivet Pharmaceuticals Ltd., High River, Alberta, Canada) to prevent sporozoan infec-
tions109. For age determination, freshly eclosed beetles (A0) were collected and kept in mixed-sex groups of 20 in 
68 ml Drosophila vials on about 20 g substrate.

For isolation experiments, individuals were separated as pupae into 5 ml glass vials on about 2 g substrate.

EdU injections. Cold anaesthetized beetles were mounted ventral-up on microscope slides using 
double-faced adhesive tape and were subsequently injected with about 1 µl 5-ethynyl-2′-desoxyuridine (EdU) 
solution (100 µM EdU in injection buffer: 1.4 mM NaCl, 0.07 mM Na2HPO4, 0.03 mM KH2PO4, 4 mM KCL, 
and 5% phenol red). Injection was performed with glass micropipettes made from thin-walled glass capillar-
ies (TW150-4, World Precision Instruments, Sarasota, FL, USA; micropipette puller: Sutter Model P-30, Sutter 
Instrument, Novato, CA, USA) attached to a pressure ejection system (PDES-02T; npi electronics, Tamm, 
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Germany). After injection, the beetles were transferred into a para-film sealed petri dish and incubated at 28 °C 
for 24 hours.

Immunohistochemistry and EdU detection. The brains of cold anaesthetized beetles were dissected 
in PBS (phosphate-buffered saline, 0.01 M, pH 7.4) and fixed in 0.01 M PBS containing 4% paraformaldehyde 
for 1–2 hours at room temperature or at 4 °C overnight. Fixation was stopped by rinsing 4 × 10 min in PBS sup-
plemented with 0.3% Triton X-100 (PBS-TrX). Afterwards, the brains were transferred into a blocking solution 
(5% normal goat serum (NGS, Dianova, Hamburg, Germany) in PBS-TrX) and incubated for 3–4 hours at room 
temperature or overnight at 4 °C. The brains were then incubated with primary antibody solution (PBS-TrX, 
2% NGS, concentrations and details see Table 1). After 2–3 days at 4 °C, the antibodies were removed by rinsing 
5 × 10 minutes in PBS-TrX. Subsequently, the brains were incubated for 2–3 days at 4 °C in constant darkness with 
secondary antisera and fluorescent markers (for details see Table 1). Afterwards, the brains were rinsed 5 times 
in PBS-TrX for 10 min and 2 times in 0,1 M TRIS buffer (pH 8,5; Tris-Base, HCL) and the incorporated EdU was 
detected using copper-catalysed click-chemistry76. Therefore, the brains were incubated for 1 to 2 hours at room 
temperature in constant darkness in freshly prepared reaction solution (4 mM CuSO4, 10 μM azide-fluorochrome 
(see Table 1), and 500 mM ascorbic acid in 0.1 M TRIS buffer pH 8.5). Afterwards, the brains were embedded in 
a mixture of glycerol and PBS (80% glycerol, 20% PBS) or Mowiol110 between two coverslips using a layer of two 
reinforcing rings as spacers.

Name Abbreviation
Host 
species Dilution Used to label

Vendor/Donor
(catalogue #, batch 
#, RRID/CAS #)

References/
Specificity

4′,6-diamidin-2-phenylindol DAPI 1:20,000 Cell nuclei (DNA)
Sigma Aldrich, 
Steinheim, Germany
(D9542, n/a, 28718-
90-3)

120

5-ethynyl-2′-desoxyuridine EdU 100 µM newly born cells
(newly synthesized DNA)

Thermo Fischer 
Scientific, Rockford, 
IL, USA
(A10044; 1259424; 
61135-33-9)

75,76

Alexa Flour 488
coupled phalloidine Phalloidin 1:200 Ubiquitous neuroanatomy

(F-Actin)

Thermo Fischer 
Scientific, Rockford, 
IL, USA
(A12379; n/a; n/a)

121

Alexa Flour 488 Azide 488-azide 1 µM 5-ethynyl-2′-desoxuridine

Thermo Fischer 
Scientific, Rockford, 
IL, USA
(A10260; 1320994; 
n/a)

Anti-Drosophila melanogaster
reversed polarity (4α3) anti-repo Rabbit 1:5,000 Glia cells

B. Altenhain, 
University of Mainz, 
Germany
(n/a; n/a; n/a)

78,122

Anti-Red fluorescent protein RFP Chicken 1:3,000 DsRed

Rockland 
Immunochemicals 
INC, Limerick, PA, 
USA
(600-901-379, 26274, 
AB_10704808)

Cy3 coupled goat anti-chicken GACh-Cy3 Goat 1:300 Primary antibodies raised 
in chicken

Jackson 
ImmunoResearch; 
Westgrove, PA, USA
(103-165-155, 93117, 
AB_2337386)

Cy3 coupled goat anti-rabbit GAR-Cy3 Goat 1:300 Primary antibodies raised 
in rabbit

Jackson 
ImmunoResearch; 
Westgrove, PA, USA
(111-165-144, n/a, 
AB_2338006)

Cy5 Azide Cy5-azide 1 µM 5-ethynyl-2′-desoxuridine
Jena Bioscience, Jena, 
Germany
(CLK-CCA-9295-1; 
Kli008-078; n/a)

Cy5-Sulfo Azide 1 µM 5-ethynyl-2′-desoxuridine
Jena Bioscience, Jena, 
Germany
(CLK-AZ118-1; 
Kli009-030; n/a)

Moth-R2, Orco antiserum Moth-R2 Rabbit 1:5,000 Olfactory sensory neurons
J. Krieger, University 
Halle-Wittenberg, 
Germany
(n/a; n/a; n/a)

26

Table 1. Overview of used antibodies and markers.
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Olfactory stimulation. For enhanced olfactory stimulation we reared 20 freshly eclosed adults in mixed-sex 
groups in para-film sealed 68 ml Drosophila vials on about 20 g substrate, supplemented with 1 µl pure green-leaf 
alcohol (cis-3-hexen-1-ol; Sigma-Aldrich) or 1 µl of the beetles aggregation pheromone 4,8-dimethyldecanal79 in 
a dilution of 1:1000 in silicone oil (4,8-dimethyldecanal; Trécé Inc., Adair, OK, USA; Silicone oil M 10, Carl Roth, 
Karlsruhe, Germany), on filter paper (1 cm²).

Orco-knockdown. Orco dsRNA (dsRNAorco) and DsRed dsRNA (dsRNAsham) used as a control were syn-
thesized as previously published26. Both dsRNAs were injected into pupae at about 30%–40% of total metamor-
phosis. The Orco knockdown was verified by immunohistochemistry against Orco (Moth-R2, kindly provided 
by J. Krieger, University of Hohenheim, Germany) on cryo-sections of antennae as previously published26 
(Supplemental Fig. S4).

Image acquisition and processing. Fluorescent preparations were imaged using a widefield microscope 
setup (Axio Observer Z1; Carl Zeiss Microscopy, Jena, Germany) and a confocal laser scanning microscope (TCS 
SP5, Leica Microsystems, Wetzlar, Germany). Confocal image stacks were analysed with Amira 6 graphics soft-
ware (FEI Visualization Sciences Group, Mérignac Cedex, France).

For further processing, snapshots of single sections and projections generated in Amira were processed (global 
level adjustments, contrast and brightness optimization) in Adobe Photoshop CC (Adobe Systems, San Jose, CA, 
USA). Final figure arrangements were performed in Adobe Illustrator CC.

EAG recordings. For electronantennographical recordings, we followed a previously published protocol80. 
The tests were performed using five female beetles aged seven days after dsRNA injection, corresponding to 
about A4, with three repeated measurements per animal. The antennal response was recorded at 25 Hz via a 
custom-build amplifier attached to a data acquisition controller (IDAC-4 A/D converter, Syntech, Hilversum, The 
Netherlands) using EAG 2000 software (Syntech). During the EAG recordings, the antennae were exposed to a 
constant flow (~3 l/min) of filtered and humidified air. The green leaf volatile cis-3-hexenol and the beetle’s aggre-
gation pheromone DMD111 were used as test odours. They were presented as 1 s pulse via a stimulus controller 
(CS-02, Syntech) that looped in the odour diluted in silicone oil from a filter paper impregnated with 20 µl odour 
sample. Measurements were performed in minute-long intervals with increasing concentrations (10−8–10−2). 
Each repeat was preceded by the measurement of the reaction to DMD (positive control) and silicone oil, which 
was used as solvent)

Data analysis and plotting. Analysis of cell numbers and EAG responses including statistical compar-
ison and plotting was performed using Python (version 3.7.3, Python Software Foundation, www.python.org) 
based custom scripts. Those scripts utilize the SciPy ecosystems (www.scipy.org) modules SciPy (version 1.2.1)112, 
Numpy (version 1.16.2)113, Matplotlib (version 3.0.3)114, and Pandas (version 0.24.2)115, as well as the additional 
modules scikit-posthocs (version 0.5.1, https://github.com/maximtrp/scikit-posthocs)116, Seaborn (version 
0.9.0)117, and localreg (version 0.2.1, https://github.com/sigvaldm/localreg).

To test for significant differences between experimental groups, Scheirer-Ray-Hare118 test (https://github.com/
jpinzonc/Scheirer-Ray-Hare-Test), Kruskal-Wallis test from SciPy and posthoc analysis by Dunn’s multiple com-
parison from scikit-posthocs with p-value correction using the Holm method119 were used.

Raw EAG voltage trains exported from EAG 2000 were initially smoothed using robust LOESS (local regres-
sion) method from localreg to account for local spikes and subsequently normalized by subtracting the corre-
sponding responses to silicone oil which was used as the solvent to dilute the test odours.

Figures were plotted as vector graphics and final figure arrangements were performed in Adobe Illustrator CC.

Ethics approval and consent to participate. All experiments involving animals were performed in com-
pliance with the guidelines of the European Union (Directive 2010/63/EU). As all experiments were on insects an 
approval of the study by an ethics committee was unnecessary.

Data availability
Except for the original microscope images/stacks, all data generated or analysed during this study and all analysis 
scripts are included in this published article [and its Supplemental Information]. The confocal image stacks are 
available from the corresponding author upon request.
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Abstract

Background: Insects depend on their olfactory sense as a vital system. Olfactory cues are processed by a rather
complex system and translated into various types of behavior. In holometabolous insects like the red flour beetle
Tribolium castaneum, the nervous system typically undergoes considerable remodeling during metamorphosis. This
process includes the integration of new neurons, as well as remodeling and elimination of larval neurons.

Results: We find that the sensory neurons of the larval antennae are reused in the adult antennae. Further, the
larval antennal lobe gets transformed into its adult version. The beetle’s larval antennal lobe is already glomerularly
structured, but its glomeruli dissolve in the last larval stage. However, the axons of the olfactory sensory neurons
remain within the antennal lobe volume. The glomeruli of the adult antennal lobe then form from mid-
metamorphosis independently of the presence of a functional OR/Orco complex but mature dependent on the
latter during a postmetamorphic phase.

Conclusions: We provide insights into the metamorphic development of the red flour beetle’s olfactory system
and compared it to data on Drosophila melanogaster, Manduca sexta, and Apis mellifera. The comparison revealed
that some aspects, such as the formation of the antennal lobe’s adult glomeruli at mid-metamorphosis, are
common, while others like the development of sensory appendages or the role of Orco seemingly differ.

Keywords: Tribolium castaneum, Olfaction, Insect, Metamorphic development, Antennae, Antennal lobe, Gnathal
olfactory center, Neuroanatomy

Background
In insects, olfactory perception usually starts at the che-
mosensory sensilla of the antennae and palps. The sen-
silla house the chemosensory neurons (CSNs). CSNs
divide into olfactory sensory neurons (OSNs) and gusta-
tory sensory neurons (GSNs). The OSNs present the
olfactory receptors, either odorant receptors (ORs) or
ionotropic glutamate-like receptors (IRs), in their

membranes [1–5]. Notably, most sensory information
received by the OSNs of insects stems from a functional
heteromer of specific odorant receptors (ORs) and the
odorant receptor co-receptor (Orco) [6]. Thus, elimin-
ation of Orco typically leads to a loss of most olfactory
transduction [7–12].
The OSNs then relay the olfactory information via

their axons to the respective primary processing centers.
For the antennal OSNs, these centers are the antennal
lobes, while those of the palpal OSNs differ among spe-
cies. In hemimetabolous insects, the signal from palpal
OSNs gets processed in the glomerular lobes (LGs) [13].
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The current picture of olfaction in holometabolous in-
sects states that the palpal signals are also processed in
the ALs [14–18]. However, at least in the red flour bee-
tle, the palpal OSNs do not project into the ALs but into
the paired LGs and the unpaired gnathal olfactory center
(GOC), which is a glomerularly organized neuropil
within the gnathal ganglion [5].
In holometabolous insects, the lifestyle of imagines

and larvae typically differs. Consequently, during meta-
morphosis, the olfactory system’s morphology is remod-
eled to reflect the new challenges. Already the larvae of
holometabolous insects possess olfactory appendages,
while the complexity of the primary processing centers
differs among species. The larvae of Tribolium casta-
neum possess elaborate antennae with three distin-
guishable segments (scape, pedicel, flagellum) [19, 20],
which is also described for the red flour beetle’s close
relative Tenebrio molitor [21] and some other beetles
[22–24]. The larval antennae of the hawkmoth Man-
duca sexta are similar in structure [25, 26], whereas
the larvae of flies only possess functional equivalent
dorsal organs [27, 28].
The adult antennae of the vinegar fly Drosophila mela-

nogaster [29, 30] and the hawkmoth Manduca sexta [31]
are built from imaginal disks during the pupal stage,
whereas the antennae of the hemimetabolous American
cockroach Periplaneta americana grow gradually with
every molt [32, 33]. Previous studies on appendage de-
velopment in holometabolous insects focused on species
with imaginal discs or cells. However, it is discussed that
reusing larval appendages to build their adult equivalents
is the more ancestral state [34]. This mechanism is
found during the development of the adult legs of the
red flour beetle [35], of which the antennae are serial ho-
mologs [36]. We used transgenic lines labeling CSNs
and OSNs, in combination with cell birth detection, to
visualize and follow the sensory neurons of the antennae
throughout pupal formation and metamorphosis to in-
vestigate the origin of the beetle’s adult antennae.
Previous studies showed that the organization of the lar-

val antennal lobes (ALs) differs between holometabolous
insect species. In the lepidopteran M. sexta and the hy-
menopteran Apis mellifera, the larval ALs are not glomer-
ularly organized [37, 38], whereas the larval ALs of the
mealworm beetle Tenebrio molitor are glomerularly orga-
nized [39]. Further, the larval ALs of D. melanogaster pos-
sess glomeruli but with a lower count and one-to-one
wiring between receptor neurons and glomeruli [40]. Be-
sides, in the hemimetabolous American cockroach Peri-
planeta americana, the ALs show similar numbers of
glomeruli in nymphs (larvae) and adults [41].
So far, studies indicate that OSNs are required for the

proper formation of the adult AL glomeruli. In M. sexta,
de-antennation leads to non-glomerular ALs [42].

Further, in the clonal raider ant Ooceraea biroi, de-
antennation leads to a heavily reduced glomeruli number
[43]. In the ant, the same result was achieved in Orco
knock-out experiments [44, 45]. The authors suggest
that the effect is more likely due to the loss of the major-
ity of OSNs caused by the knock-out. Knock-out studies
on the metamorphic development of the ALs of D. mel-
anogaster indicate that activity of the OR/Orco complex
is not necessary for the formation of AL glomeruli [7,
46, 47], which is also reported for the malaria mosquito
Anopheles gambiae [48].
In our study, we used (immuno)-histochemistry to

visualize the formation of the adult glomeruli of the ALs
and the GOC of the red flour beetle. We took advantage
of the strong dsRNA injection-induced systemic RNA
interference [49–51] to effectively knockdown Orco just
before the pupal formation to study the role of Orco on
the formation of the AL glomeruli in T. castaneum.
Within the ALs, the olfactory information perceived

by the OSNs is processed by a network of glomeruli
connecting local interneurons (LNs). Olfactory represen-
tations, shaped by the LNs, are mainly due to the inhibi-
tory transmitter gamma amino-butyric acid (GABA), the
excitatory transmitter acetylcholine [52–65], and numer-
ous neuropeptides [13, 66–68]. As evident from D. mela-
nogaster [60] and many other insects [13, 69], the vast
majority of LNs use the inhibitory transmitter GABA,
therefore providing a good estimate for LN numbers.
Insight into the LN development in beetles is pro-

vided for T. molitor, a close relative of T. castaneum.
In T. molitor, GABA expressing LNs (somata in the
cluster “CL7”) are present in larvae, remain present
with similar numbers with the onset of metamor-
phosis, and eventually rise in numbers throughout
metamorphosis [39]. To study the development of the
AL LNs in the red flour beetle, we labeled GABAer-
gic neurons by immunohistochemistry against glu-
tamic acid decarboxylase (GAD), which catalyzes the
decarboxylation of glutamate to GABA. We deter-
mined the number of GAD immunoreactive cells in a
lateral cluster comparable to the cluster “CL7” in T.
molitor and used reliable neurogenesis detection with
EdU [10] to determine their origins.

Results
Antennae, sensory neurons, and antennal lobe glomeruli
The T. castaneum larvae possess a pair of three-
parted antennae, each consisting of scape, pedicel,
and a reduced flagellum (Fig. 1) [19, 20]. The distal
trichoid sensillum (sTri) and the placoid sensillum or
plate organ (sPla) of the larval antenna are both la-
beled in the CSN-labeling EF-1-B-DsRed line (Fig. 2),
as well as in the OSN-labeling partial Orco-
Gal4xUAS-DsRed line (Fig. 3A).
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Late during the last larval instar and within the first
few hours of the prepupal stage, the CSNs retract their
dendrites. Further, their somata relocate into the head
capsule, where they are detectable in later prepupal
stages (Figs. 2B, C; 3B; 4). At this time, the gross morph-
ology of the adult antenna is already found beneath the
larval cuticle (Fig. 4; Additional file 1: Figure S1 A, B)—
with the labeled CSNs (Additional file 1: Figure S1 A’,
C) and OSNs (Additional file 1: Figure S1 D) located in
its tip (Fig. 4, Additional file 1: Figure S1 A’). As the par-
tial Orco-Gal4xUAS-DsRed line labels fewer neurons,
which results in a much weaker signal, and as imaging
requires scanning through two cuticles (larval and
pupal), we were not able to acquire confocal stacks of

the OSNs in prepupae suitable for volume rendering as
provided for the CSNs.
Simultaneously, OSN axons are found within the an-

tennal lobe (Fig. 4; Additional file 2: Figure S2). During
the last hours of pupal stage P0%, the gross distribution
of OSNs in the last three segments of the flagellum be-
comes readily visible (Figs. 2d and 3D, Additional file 3:
Video S1 and Additional file 4: Video S2). During the
following stages, the OSN number rises (Figs. 2E, F and
3E, F; Additional file 3: Video S1 and Additional file 4:
Video S2) and mostly resembles the adult distribution
(Figs. 2G and 3G) at about P50% (Fig. 2F). EdU injec-
tions into the prepupa with subsequent dissection at
P0% revealed that the CSNs found in the antennae of

reduced
flagellum

distal sTri

sPla

sSty

sCoe
pedicel

scape

reduced
flagellum

pedicel

scape
cuticular AF

EF1B

Fig. 1 Structure of the larval antenna. Volume rendering of a confocal image stack. Depicted in gray the cuticular autofluorescence and orange
the reporter signal in the EF-1-B-DsRed line representing CSNs. sTri – trichoid sensilla, sSty – styloconic sensilla, sPla – placoid sensilla, sCoe –
coeloconic sensilla. Scale bar 50 μm

EF1B EF1B EF1B EF1B EF1B EF1B EF1B

P20%fresh P0%late PPearly PPlate LL P50%A B C D E F adultG

Fig. 2 Development of the antennal chemosensory neurons (CSNs). Volume rendering of the reporter signal in the antenna at different
developmental stages in the EF-1-B-DsRed line. A The dashed line depicts the outline of the antenna based on the autofluorescence of the
cuticula. In the last larval instar (LL), CSNs innervate the placoid and the distal trichoid sensillum. B, C The neurons retract from the larval antenna
during the prepupa (PP), and the somas relocate into the head capsule. D With the onset of metamorphosis, CSNs are found at the distal end of
the adult antennae. E–G Their number rises until stage P50% when their gross distribution already resembles that of the adult antenna. Scale bars
A–C 25 μm; D–G 100 μm
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fresh pupae are born before pupation (Fig. 5A, B), while
EdU injections at P0% and detection at A0 revealed that
the majority of adult CSNs are born during metamor-
phosis (Fig. 5C).
In the early phase of the last instar larvae, the about

45 AL glomeruli (mean = 44.75, SD = 3.42; NALs = 12)
are defined in the f-actin and synapsin labeling (Fig. 6A-
A’’). The glomerular organization vanishes during the

late phase of last instar larvae in the f-actin and synapsin
labeling (Fig. 6B-B’’). In the prepupa up to pupal stage
P30%, a glomerular organization within the antennal
lobe is absent (Fig. 6C-C’’, D-D’’). At pupal stage P40%
(Fig. 6E-E’’), glomerulization becomes visible in the f-
actin staining, with incipient glomerulization visible in
the synapsin staining. At mid-metamorphosis (P50%;
Fig. 6F-F’’), glomerulization is obvious in the f-actin

Orco Orco Orco Orco Orco Orco Orco

fresh P0% P20%late LLBmid LLA C late P0D E F GP30% adult

Orco Orco Orco Orco Orco Orco Orco

fresh P0% P20%late LLBmid LLA C late P0D E F GP30% adult

Fig. 3 Development of the antennal olfactory sensory neurons (OSNs). Volume renderings from confocal image stacks of the reporter signal in
the antenna at different developmental stages within the Orco-GAL4xUAS-DsRed line. The dashed lines depict the outline of the antenna based
on the autofluorescence of the cuticula. A, B In the last larval instar (LL), OSNs innervate the placoid and the distal trichoid sensillum. C The OSNs
retract from the larval antenna during the prepupa (PP) and are with the onset of metamorphosis found at the distal end of the adult antenna.
E–G Their number rises until P50% when their distribution already resembles the adult antenna. Scale bars A, B 25 μm; C–G 100 μm. Two time-
lapse videos of approx. the first 30 h of OSN-development are available as Additional file 3: Video S1 and Additional file 4: Video S2

Fig. 4 Metamorphic development of the T. castaneum antennae and antennal lobes. The upper row visualizes the location of the OSNs
(magenta) within the antennae and head capsule, while the lower row displays the OSN axons and their arborizations within the ALs, as well as
the state of AL glomerulization. LL - last larval instar, PP - prepupa

Trebels et al. BMC Biology          (2021) 19:155 Page 4 of 18

4 | Metamorphic development of the olfactory system Results

34
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PP > P0A A‘
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Fig. 5 Genesis of the antennal CSNs. Antennal maximum projections of the reporter signal in the EF-1-B-DsRed line (magenta), as well as EdU-
labeled cells (green). A-A’’, B-B’’ After EdU injection in the prepupa (PP), none of the CSNs in the antenna at P0% is labeled with EdU. C-C’’ After
EdU injection at P0%, a large amount of CSNs in the adult antenna at A0 is labeled. Scale bars A-A’’, C-C’’ 50 μm, B-B’’ 25 μm
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merge merge merge merge merge merge

synapsin synapsin synapsin synapsin synapsin synapsin

phalloidin phalloidin phalloidin phalloidin phalloidin phalloidin

LL (late) PP P30% P40% P50%

A‘

A‘‘

B

B‘

B‘‘

C

C‘

C‘‘

D

D‘

D‘‘

E

E‘

E‘‘

F

F‘

F‘‘

Fig. 6 Development of the adult antennal lobe glomeruli. Representative optical slices of the antennal lobes of the red flour beetle T. castaneum
at different developmental stages (LL - last larval instar, PP - prepupa, P - pupal stages), visualized by synapsin (magenta) and phalloidin (green)
staining. Scale bars 10 μm
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staining. In the synapsin staining, weak yet distinct glo-
merulization is visible. At this stage, the antennal lobes
consist of about 70 (mean = 68.44, SD = 1.89; NALs = 9)
glomeruli, which is also the number found in freshly
eclosed (A0) beetles [70].

Role of Orco during the formation of the antennal lobe
glomerular map
We find Orco-expression in pupae already before
glomerulization of the adult ALs starts (Fig. 3, Add-
itional file 5: Figure S3). In experiments using
dsRNA-injection-induced systemic RNA interference
(RNAi) against Orco and thereby effectively blocking
OR/Orco driven olfactory transduction [10], we find
that a knockdown of Orco induced in late larvae
seemingly does not block the formation of the olfac-
tory glomeruli. The AL glomeruli are still easily
distinguishable in freshly eclosed (A0) knockdown
beetles (n = 8; Fig. 7A) as they are in wildtype bee-
tles (n = 7; Fig. 7B; compare also [70]). Further, the
same experiments showed that in 7-day-old (A7)
beetles, glomerulization is heavily reduced in knock-
down beetles (n = 7; Fig. 7C), while they are clearly
visible in the wildtype (n = 7; Fig. 7D; compare also
[5, 67]). However, even in 7-day-old knockdown

beetles, the OSNs still locate in the antennae, with
their dendrites within the olfactory sensilla (Fig. 8B).

Local neurons of the antennal lobe (AL)
In D. melanogaster [60] and many other insects [13, 69],
the vast majority of the AL LNs use the inhibitory trans-
mitter GABA, which is synthesized by GAD. We used
immunohistochemistry against GAD (pupae: GADr;
adults: GADs) to follow the development of the AL LNs.
From at least P30%, the antennal lobes are innervated by
GAD immunoreactive fibers, while a distinct glomerular
pattern in the GAD immunostaining is first visible in
adult stage A7 (Fig. 9). The number of GAD immunore-
active somata rises during metamorphosis. At pupal
stages P30% and P40%, about 65 (P30%: mean = 64.00,
SD = 5.72; NALs = 7; P40%: mean = 65.75, SD = 1.71,
NALs = 4) immunoreactive cells locate in the lateral clus-
ter of each antennal lobe. At pupal stage P50%, the clus-
ters consist of about 70 cells each but display a high
variation (mean = 70.40, SD = 49.30, NALs = 5). At P70%
about 130 cells (mean = 130.83, SD = 4.96, NALs = 6)
and at P90% about 155 cells (mean = 154.5, SD = 11.79,
NALs = 4) are found in each lateral cluster. The number
then rises to about 165 cells in 7-day-old adult beetles
(A7; mean = 164.3, SD = 23.46, NALs = 10).

Phallodin
3xP3-eGFP
Phallodin
3xP3-eGFP

A EF-1-B
A0

SynapsinSynapsinSynapsinSynapsin

A‘

Phallodin
3xP3-eGFP
Phallodin
3xP3-eGFP 20 µm

BEF-1-B
A0 dsRNAOrco

B‘

PhallodinPhallodin

C Orco-Gal4
A7

SynapsinSynapsin

C‘

PhallodinPhallodin

DOrco-Gal4
A7 RNAiOrco

SynapsinSynapsin

D‘

Fig. 7 Antennal lobe (AL) glomeruli after larval RNAiOrco. Representative single optical slices of the AL of freshly eclosed (A0) beetles of the EF-1-B
line (A, A’, B, B’) and 7-day-old beetles (A7) of the Orco-GAL4 line (C, C’, D, D’) after dsRNAOrco injection in late larvae with comparison to
wildtype beetles visualized by phalloidin (A–D; green) and synapsin (A’–D’; magenta). A, B In freshly eclosed beetles, the AL glomeruli are clearly
visible in the phalloidin and synapsin staining under both conditions. c, d At A7 glomeruli are clearly visible in both stainings in untreated
beetles, while glomeruli in knockdown beetles are hardly visible in the phalloidin staining, and only vague glomeruli are visible in the synapsin
staining. Scale bars 20 μm
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Injection of EdU at P0% with dissection at A0 and EdU
injection at different metamorphic stages (P20%, P50%,
P70%, P80%) with subsequent dissection after 24 h did not
result in labeled neurons within the AL, while in the same
specimen labeled cells and thus presumably newborn neu-
rons are found in the mushroom bodies and optic lobes
(data not shown).

Glomeruli of the gnathal olfactory center (GOC)
In the red flour beetle, palpal olfactory input is not
processed within the AL as in D. melanogaster but in
the LGs and the GOC [5]. The GOC is already present
as glomerularly organized neuropil in the first larval
stage (L1) (Fig. 10A). The glomeruli vanish during the
last larval stage (Fig. 10B) and are no longer distinguish-
able in the early pupae (P10%; Fig. 10C). At pupal stage
P30%, a non-glomerular GOC is clearly distinguishable
in the phalloidin staining (Fig. 10D). At about mid-
metamorphosis (P50%), incipient glomerulization be-
comes visible in the phalloidin staining (Fig. 10E). About
30 h later, at stage P70% (Fig. 10F), the glomerulization
becomes more clearly visible in the f-actin staining (Fig.

10F). Glomerulization is clearly visible another 35 h later
at P95% (Fig. 10G).

Apis mellifera AL LNs
In adult honeybees, all AST-A immunoreactive neurons
are co-labeled with an anti-GABA antiserum. They are a
subpopulation of the inhibitory GABA local neuron net-
work in the ALs [71]. We used immunohistochemical la-
beling of AST-A expressing neurons to follow the
development of the AL LN subpopulation.
In pupal stage P1 (P10%), first, stained fibers are visible

in the AL (Additional file 7: Figure S5 A). First somata be-
come visible at stage P2 (P20%; Additional file 7: Figure S5
B, C), and their number rises after glomeruli formation.
Incipient glomeruli formation becomes first visible in the
AST-A staining at P4 (P40%; Additional file 7: Figure S5
D). At P50%, glomerulization is obvious (Additional file 7:
Figure S5 E). Innervation of the olfactory glomeruli then
increases throughout metamorphosis (Additional file 7:
Figure S5 F, G) and eventually reaches the adult pattern
(Additional file 7: Figure S5 H).

Orco-Gal4
A7 RNAiSham

A A‘

A‘‘

Orco
DsRed
Orco
DsRed

Orco-Gal4
A7 RNAiOrco

B B‘

B‘‘

Orco
DsRed
Orco
DsRed

Fig. 8 Olfactory sensory neurons and Orco immunoreactivity in the antennae after larval RNAi induction. Representative maximum
projections of 50 μm cryo-section of antennae of seven days old beetles (A7) in the Orco-GAL4 line after dsRNASham (A-A’’) and dsRNAOrco

(B-B’’) injection in late larvae. The reporter signal of the transgenic line is depicted in green, while the Orco immunostaining is depicted
in magenta. Scale bars 20 μm
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Discussion
The anatomy of the adult olfactory system of the red
flour beetle T. castaneum is well described [5]. To date,
information about the metamorphic development and
the origin of the structures of the olfactory system in T.
castaneum is not and in beetles generally rarely available
[39, 72]. In the current developmental study, we asked at
which stage of metamorphosis the structures of the ol-
factory system form and aimed to reveal the origins of
OSNs and LNs. To accomplish this, we used a combin-
ation of immunohistochemical staining, reporter expres-
sion in the CSN-labeling EF-1-B-DsRed [73], and the
OSN-labeling partial Orco-GAL4xUAS-DsRed [5] line,

as well as neurogenesis detection with EdU [10] and sys-
temic RNAi against Orco. An overview of the develop-
mental events including an interspecies comparison is
given in Fig. 11.

Development of the antennae and their sensory neurons
Starting at the periphery, we find a segmented larval an-
tenna consisting of scape, pedicel, and a reduced flagel-
lum (Fig. 1), as already described earlier [19, 20].
Analysis of the reporter signal in the transgenic lines
showed that the distal large trichoid sensillum functions
in chemosensation. This result fits previous studies that
supposed a function in contact chemoreception [19].

A P30% B P40%

C P50% D P70%

E P90% F A7

Fig. 9 GAD immunostaining in the developing AL. Representative single optical slices of the antennal lobes stained against GAD (pupae: GADr;
adults: GADs) at different time points during metamorphosis (P30%, P50%, P70%, P90%) and adult stage A7. Scale bars 20 μm
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Trichoid sensilla, in general, might also act in mechano-
reception and/or airborne chemoreception [74, 75]. As
the distal large trichoid sensillum was not only labeled
in the CSN-labeling EF-1-B DsRed line but also the
OSN-labeling Orco-Gal4xUAS-DsRed line, we further
suggest an olfactory function (Fig. 3A). This corresponds
to the fact that also the adult antennae possess olfactory
trichoid sensilla [5]. However, the main olfactory func-
tion of the larval antennae is provided via the placoid
sensillum (Fig. 3A). It is considered a fusion of several
basiconic sensilla [20], which again corresponds with the
olfactory function of the basiconic sensilla on the bee-
tle’s adult antenna [5].
The gross structure of the larval antennae, with three

distinguishable segments, is also described in the red
flour beetle’s close relative T. molitor [21] and other bee-
tles [22–24]. It is similar to the structure of the larval
antennae of M. sexta [25, 26], whereas flies possess func-
tionally but not serially homolog appendages (dorsal or-
gans) [27, 28]. Interestingly, lepidopterans and dipterans
are phylogenetic sister groups [76]. Therefore, the pres-
ence of an elaborate larval antenna seems to be the more
ancestral form. The current scientific picture sees the
adult antennae of holometabolous insects as separate
structures that develop from imaginal discs [29–31, 77–
80], while the antennae of hemimetabolous insects de-
velop gradually through larval molts until the adult stage
[80, 81]. However, this derives from only a few species
in essentially two orders: Diptera [29, 30, 79] and Lepi-
doptera [31, 77, 78, 82–89]. Both belong to the same

phylogenetic branch, which is the sister branch to that
including the Coleoptera [76].
In general, the development of adult structures from im-

aginal discs or cells in holometabolous insects is highly de-
rived. In the more ancestral state, it is discussed that cells
of the larval appendages are used to build their adult
equivalents [34]. In the red flour beetle, this ancestral state
is found during the development of the adult legs, which
are built from reused polymorphic larval cells, while the
legs of D. melanogaster are built from imaginal discs and
those of M. sexta employing a mixture of reused larval
cells and imaginal cells [35]. Consequently, it is concluded
that the red flour beetle also lacks antennal imaginal discs
from which the antenna may arise [36]. Our results indeed
support the conclusion that the adult antennae of T. cas-
taneum are not formed de novo from imaginal cells/discs
but by reuse of polymorphic larval cells. We observed that
during the last larval instar, the CSNs retract from the
larval antennae and relocate into the head capsule, ra-
ther than dissolve as described in D. melanogaster
[90, 91]. In the prepupal stage, they are then found in
the tip of the freshly formed adult antennae (Fig. 4)—
by this point still within the larval head cuticle (Add-
itional file 1: Figure S1).
At pupal stage P0%, CSNs (Fig. 2) including OSNs

(Fig. 3) are already located in the three distal segments
of the flagellum, as they are in the adult beetle [5]. This
finding is a major difference to results in D. melanoga-
ster, where OSNs are not found in the antennae of fresh
pupae but first at about 15% of metamorphosis [90]. The
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Fig. 10 Glomeruli formation within the gnathal olfactory center. Representative optical slices of the GOC at different developmental stages (L1 -
first larval instar, LL - last larval instar, P - pupal stages, A0 - freshly eclosed), visualized by A, B phalloidin in the SB line and C–H phalloidin plus
3xP3-eGFP in the EF-1-B-DsRed line. Scale bars 10 μm
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OSN number then obviously rises until pupal stage
P50%, when the gross distribution is akin to the adult
one. We found that, in all pupal stages, the antennal
nerves are present and already or still at P0% axonal ter-
minals of the OSNs are found in the AL and remain de-
tectable in all further pupal stages. This again contrasts

results in D. melanogaster, where OSNs first reach and
enter the AL at about P20% [90, 92], which is also found
in M. sexta [93, 94], while they reach the AL at about
P10% in A. mellifera [95].
This persistence of the OSN axons in the ALs, as well

as in the GOC and LGs (Additional file 2: Figure S2)
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leads us to the assumption that those neurons might
serve as guidance for the newly born sensory neurons.

Formation of the olfactory glomeruli
Direct comparison of the f-actin staining via phalloidin
and the immunostaining against synapsin showed that
during most metamorphic stages, the AL glomeruli were
more readily visible in the f-actin staining. For the ana-
lysis of the GOCs development, we therefore only used
phalloidin staining of f-actin.
In general, f-actin seems to be heavily aggregated in

olfactory glomeruli [96]. The same study showed that
while f-actin in vertebrates is mostly located on the
postsynaptic site, this is not true for insects. Examples
from M. sexta and A. mellifera clearly show that the
OSNs are labeled by phalloidin. They further showed
that projection neurons do not contribute to the
phalloidin staining within the glomeruli. Besides, f-
actin serves a key role in neuronal growth and regula-
tion of synaptic vesicle dynamics [97, 98]. Transfer-
ring these findings to the beetle, we conclude that the
OSNs are in the first place responsible for the forma-
tion of glomeruli. This conclusion is supported by re-
sults from M. sexta, where de-antennation, and
therefore lack of OSNs, prevents the formation of the
olfactory glomeruli [42]. Further, results from ants
clearly show that, without OSNs, the ALs are heavily
reduced [43–45].
Unlike M. sexta [99] and A. mellifera [38], but similar

to D. melanogaster [100], the larvae of T. castaneum
possess glomerular organized ALs (Fig. 6A). Like the
ALs, also the GOC in larvae is glomerularly organized
(Fig. 10A). The larval ALs glomeruli dissolve before pu-
pation, and as in other insects, e.g., M. sexta [101–104],
A. mellifera [95, 105], or D. melanogaster [106, 107], the
adult AL glomeruli form in the middle of metamor-
phosis (Fig. 11). Similarly, the adult glomeruli in the
GOC form during metamorphosis (Fig. 10).
The glomeruli of the ALs and GOC become first

visible in the f-actin staining at 40% of metamor-
phosis. Considering the functions of f-actin in neur-
onal growth and regulating synaptic vesicle dynamics
[97, 98], at this time, the cytoskeleton of the synaptic
structures within the ALs is likely formed. Since the
AL glomeruli are first visible in the synapsin staining
at P50%, it seems convincing, that only then, synaptic
vesicles are recruited, and the first functional synapses
are formed.
In M. sexta, the process of glomeruli formation was

shown to be triggered by a rising 20E titer in the
hemolymph [108]. This rise is also present in pupae of
T. castaneum. In the beetle, a sharp titer increase occurs
between P40% and P50% [109]. With roughly 70, the
number of glomeruli found at P50% resembles the

number found in freshly eclosed beetles [70], increasing
to about 90 glomeruli in 7-day-old beetles [5]. Therefore,
a basic set of AL glomeruli seems to be genetically
encoded and built during metamorphosis. However,
after adult eclosion, modifications seemingly occur.
We find Orco expression in the OSNs during all meta-

morphic stages, which is similar to results in the lepi-
dopteran Spodoptera litura (cotton leafworm) [110] and
the hymenopteran Ooceraea biroi (clonal raider ant)
[43]. In contrast, in the dipteran D. melanogaster, Orco
vanishes before pupation and becomes first detectable
again after the formation of the AL glomeruli at about
P80% [7] (Fig. 11). This led to the conclusion that Orco,
and therefore functional olfactory receptors, are not ne-
cessary for the formation of AL glomeruli [7, 46, 47]. In
ants, the lack of Orco leads to heavily reduced glomeruli
numbers in the AL and total numbers of OSNs [44, 45].
Therefore, the authors conclude that the reduced ALs
are an effect of the missing OSNs rather than a direct ef-
fect of Orco lacking, which is also supported by a more
recent study [43].
To learn about the role of Orco during the meta-

morphic development in the red flour beetle, we used
RNAi interference (RNAi). This results in a nearly
complete knockdown of Orco, which results in a massive
reduction of Orco-dependent odor responses [10]. Con-
trasting a knock-out, which is generally present from
embryogenesis onwards, the RNAi-mediated knock-
down, induced by dsRNA injection [5, 10, 111], has the
advantage to be induced at any time. For example, as we
did, just before pupation in late larvae. We find that at
A0, glomerulization is still clearly visible in knockdown
beetles (Fig. 7A), while a heavily reduced glomerulization
could be observed at A7 (Fig. 7C). Notably, at both ages,
the OSNs still locate normally in the antennae (Fig. 8A;
Additional file 6: Figure S4 A). Therefore, we suggest
that Orco is not necessary for the initial formation of ol-
factory glomeruli and their maturation during metamor-
phosis. However, OR/Orco driven olfactory activity
seems to be necessary during the differentiation and
adaption of the olfactory system after adult eclosion.

Origin and metamorphosis of the AL local neurons (LNs)
The vast majority of the AL LNs are GABAergic [13,
37, 60, 69] but also express various neuropeptides,
which may also provide an estimate for LN numbers
[13, 66, 67, 71, 112, 113].
In the red flour beetle, we identified GABAergic neu-

rons by immunohistochemical staining of GAD. Labeled
LNs locate in a cluster lateral to the AL, which is com-
parable to the “antero-dorsal DC cluster” (CL7) de-
scribed in Tenebrio molitor [39]. In the first half of
metamorphosis, the number of labeled neurons is
relatively stable. It is first, after glomeruli formation, at
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mid-metamorphosis, that their number rises. We used
neurogenesis detection via the EdU technique [10] to re-
veal the origin of the rising LN numbers and did not
find evidence for newly born neurons. Thus, we
conclude that all AL LNs in the red flour beetle are of
larval or embryonic origin and gain transmitter identity
during metamorphosis. Further, the majority of LNs
being recruited coinciding with glomeruli formation
might be a common feature, as also most LNs of M.
sexta ALs seem to be recruited just after the onset of
glomeruli formation [112–114].
Similar to GABA immunostaining in T. molitor [39],

we could first observe a glomerular pattern in the GAD
staining in adult T. castaneum. Nevertheless, immunore-
active fibers were already visible within the AL volume
at stage P30% (Fig. 9A), which corresponds to results
from M. sexta, where GABAergic fibers are present in
the AL at P20% [115]. In M. sexta, AST-A immunoreac-
tive fibers occur at stage P10% [112]—just when the LNs
start innervating the AL [93]. Similarly, in the honey-
bee’s ALs, AST-A immunoreactive fibers are found at
stage P10% (Additional file 7: Figure S5 A). In M. sexta
both, GABA and AST-A fibers enter the forming glom-
eruli at P35% [112, 115]. The same is true for AST-A
immunoreactive fibers in the honey bee, which enter the
forming glomeruli around P40% (Additional file 7: Fig-
ure S5 D). Thus, the LN fibers entering the ALs before
glomeruli formation seem to be a common feature.

Conclusions
In our study, we provide evidence that the adult anten-
nae of the red flour beetle are built from reused poly-
morphic larval cells, that the CSNs of the beetle’s larval
antennae are reused in the adult antennae, and that the
larval antennal lobe gets transformed into its adult ver-
sion. OSN axons are present in the ALs during the
whole process. Further, we find that Orco is seemingly
not necessary during the initial formation of the AL
glomeruli, while the activity of Orco expressing OSNs
seems to be required during differentiation after adult
eclosion. Comparing our results from the beetle to other
model insects, it seems that some features, such as the
timepoint of adult glomeruli formation or ingrowth of
the AL LNs, are common among insects, while others,
e.g., development of sensory appendages or the role of
Orco seem to differ. These differences among species
should be a reminder to be careful on using generaliza-
tions derived from results in a specific insect.

Methods
Animals
Experiments were performed using red flour beetles (Tri-
bolium castaneum, HERBST 1797; Insecta, Coleoptera) of
the wild-type strain “San Bernadino” [116], the transgenic

EF1-B-DsRed line (elongation factor1-alpha regulatory
region-DsRedExpress; kindly provided by Michalis Averof,
Institut de Génomique Fonctionnelle de Lyon, France) [5,
73], or the partial Orco-Gal4 line [5].
The beetles were bred under constant darkness at

about 30°C (wildtype) or 28°C (transgenes) and 40–50%
relative humidity on organic whole grain wheat flour
supplemented with 5% dried yeast powder and 0.05%
Fumagilin-B (Medivet Pharmaceuticals Ltd., High River,
Alberta, Canada) to prevent sporozoan infections [117].
Pupae of the San Bernadino wildtype were staged

using external markers, like eye development and
sclerotization of elytra and appendages using a refined
version (Additional file 8: Figure S6) of a previously pub-
lished staging scheme [118, 119]. Due to missing eye
color, transgenic beetles were collected at P0% and
reared to the desired ages according to a conversion
table based upon data collected by time-lapse recordings
of total metamorphosis at 28°C.
For the Orco-knockdown experiments, injected indi-

viduals were separated as pupae into 5-ml glass vials
containing about a 2-g substrate and reared to the de-
sired age.
For the bee experiments, we used the western honey-

bees (Apis mellifera). Honeybee breeding combs (kindly
provided by Stefan Berg and Ralph Buechler, Bienenin-
stitut Kirchhain, Landesbetrieb Landwirtschaft Hessen,
Kirchhain, Germany; and Wolfgang Roessler; University
of Wuerzburg, Wuerzburg, Germany) were kept under
constant darkness at about 34°C, and individual pupae
were removed from their comb and staged against a pre-
viously published scheme [105].

EdU injections
5-Ethynyl-2′-desoxuridine (EdU) injections followed a
previously published protocol [10]. Cold anesthetized
larvae and pupae of different ages were placed in a
chilled metal block. Injection of a 100-μM EdU-solution
was performed using glass micropipettes made from
thin-walled glass capillaries (TW150-4, World Precision
Instruments, Sarasota, FL, USA; micropipette puller:
Sutter Model P-30, Sutter Instrument, Novato, CA,
USA) attached to a pressure ejection system (PDES-02T;
npi electronics, Tamm, Germany) until individuals were
slightly inflated. After injection, the beetles were trans-
ferred into a para-film sealed Petri dish and incubated at
28°C.

Immunohistochemistry and EdU detection
EdU detections, as well as immunohistochemistry,
followed previously published protocols (T. castaneum
[10, 70]; A. mellifera [120]).
For histochemical analysis, dissected ganglia were fixed

in either 4% paraformaldehyde or 4% formaldehyde. Due
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to their larger size, after fixation, honeybee brains were
embedded into a gelatin/albumin medium which was
hardened overnight in 4 or 8% formaldehyde in PBS at
4°C. Afterward, blocks were cut into 40-μm sections
using a vibratome (VT1000S, Leica Biosystems, Nus-
sloch, Germany).
Blocking was performed either in 5% normal goat

serum (NGS; Jackson ImmunoResearch, Westgrove, PA,
USA) or normal donkey serum (NDS; Jackson Immu-
noResearch) based on the primary antisera (for concen-
trations and details see Table 1).
Wholemounts of ganglia were mounted either aqueous

in the Mowiol [121] or after dehydration in an ascending
ethanol series and clearing with methyl salicylate (Merck
KGaA, Darmstadt, Germany) in Permount mounting
medium (Fisher Scientific, Pittsburgh, PA) between two
coverslips using reinforcing rings as spacers to prevent
squeezing. Vibratome sections were dehydrated in an as-
cending ethanol series and cleared in xylol, before being

mounted in Entellan (Merck) between a microscope
slide and a coverslip.

Western blotting
To demonstrate the specificity of the used anti-GAD
antibodies in T. castaneum, western blot analysis was
performed as previously described [113]. Twenty brains
were dissected and homogenized in 20 μl reducing sam-
ple buffer and boiled for 5 min. A 10 μl of the sample
was loaded and run on a discontinuous 10% SDS poly-
acrylamide gel and blotted onto Optitran BA-S 83 nitro-
cellulose membranes (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany). After blocking, the membrane was
incubated with the GAD antisera (1:10,000) overnight at
4°C, washed, and incubated with HRP conjugated anti-
sheep/rabbit secondary antibody (1:1,000; see Table 1)
for 2 h at room temperature. Finally, the blot was incu-
bated with chemiluminescent substrate (SuperSignal™
West Pico, Thermo Fischer Scientific, Rockford, IL,

Table 1 Overview of used antibodies and markers
Name Abbreviation Host

species
Dilution Vendor/donor (catalogue #, batch #, RRID/CAS #) References Specificity

5-Ethynyl-2′-desoxuridine EdU 100 μM Thermo Fischer Scientific, Rockford, IL, USA
(A10044; 1259424; 61135-33-9)

[122, 123]

Alexa Fluor 488-coupled
phalloidin

Phalloidin 1:200 Thermo Fischer Scientific, Rockford, IL, USA
(A12379; n/a; n/a)

[124]

Alexa Fluor 488 Azide 488-azide 1 μM Thermo Fischer Scientific, Rockford, IL, USA
(A10260; 1320994; n/a)

Cy2-coupled donkey anti-sheep DAS-Cy2 Donkey 1:300 Jackson ImmunoResearch; Westgrove, PA, USA
(713-225-147, n/a, AB_2340735)

Cy3-coupled goat anti-chicken GACh-Cy3 Goat 1:300 Jackson ImmunoResearch; Westgrove, PA, USA
(103-165-155, 93117 / 139580, AB_2337386)

Cy3-coupled goat anti-rabbit GAR-Cy3 Goat 1:300 Jackson ImmunoResearch; Westgrove, PA, USA
(111-165-144, n/a, AB_2338006)

Cy5-coupled donkey anti-mouse DAS-Cy5 Donkey 1:300 Jackson ImmunoResearch; Westgrove, PA, USA
(715-005-150,132236, RB_2340758)

Cy5-coupled goat anti-mouse GAM-Cy5 Goat 1:300 Jackson ImmunoResearch; Westgrove, PA, USA
(115-175-146, n/a, AB_2338713)

Cy5-Sulfo Azide Cy5-azide 1 μM Jena Bioscience, Jena, Germany
(CLK-AZ118-1; Kli009-030; n/a)

Diploptera punctata
Allatostatin I

Dip-AST Rabbit 1:20,000 H.J. Agricola (Friedrich Schiller University, Jena, Germany)
(n/a, n/a, AB_2314318)

[125] Ame: [71]

Drosophila melanogaster
Synapsin I (SYNORF1)

Synapsin Mouse 1:50 E. Bucher, University of Würzburg, Germany
(n/a, n/a, AB_2313617)

[126] Ame: [127]
Tcas: [113]

HRP-coupled donkey anti-sheep DAS-HRP Donkey 1:1,000 Jackson ImmunoResearch; Westgrove, PA, USA
(713-035-147, 69205, AB_2340710)

HRP-coupled goat anti-rabbit GAR-HRP Goat 1:1,000 Jackson ImmunoResearch; Westgrove, PA, USA
(111-035-003, 130223, AB_2313567)

Moth-R2, Orco antiserum Moth-R2 Rabbit 1:5,000 J. Krieger, University Halle-Wittenberg, Germany
(n/a; n/a; n/a)

[5] Tcas: [5]

Rattus norvegicus glutamate
decarboxylase (rabbit)

GADr Rabbit 1:1,000 Sigma-Aldrich; now Merck KGaA, Darmstadt, Germany
(G5163; 113M4772; AB_477019)

Tcas: This study by
Western blot

Rattus norvegicus glutamate
decarboxylase (sheep)

GADs Sheep 1:5,000 W. Oertel, Laboratory of Clinical Science, Mansfield, MA,
USA
(n/a; n/a; AB_2314497)

[128] Tcas: This study by
Western blot

Red fluorescent protein RFP Chicken 1:3,000 Rockland Immunochemicals INC, Limerick, PA, USA
(600-901-379, 26274, AB_10704808)
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USA) and either exposed to Amersham Hyperfilm ECL
(GE Healthcare Europe GmbH, Freiburg, Germany) and
digitized with a flatbed scanner (9900F Mark II, Canon
Inc, Tokyo, Japan) or imaged using a CCD image system
(Image Station 440CF, Kodak Digital Science, Rochester,
NY, USA). A single band at about 55 kDa was recog-
nized for the sheep antibody, as well as for the rabbit
antibody matching to the predicted size of Tcas-GAD
(UniProt ID: D6WRJ1) of about 58 kDa (Additional file
9: Figure S7).

Orco-knockdown
Tcas-orco-5′ (1067 bp) dsRNA (RNAiOrco) and Cmor-
MIP2 dsRNA (RNAiSham) were synthesized from PCR
templates following a previously published protocol [5],
using the HiScribe T7 High Yield RNA Synthesis Kit
(New England Biolabs, Ipswich, MA, ISA). Both dsRNAs
(about 0.3 to 0.5 μg/μl in injection buffer) were injected
with the same setup as used for EdU injection into last-
stage larvae (LL) until individuals were slightly stretched.
The Orco knockdown was verified by immunohisto-
chemistry against Orco (Moth-R2, kindly provided by J.
Krieger, University of Hohenheim, Germany) on cryo-
sections of antennae (Additional file 6: Figure S4) as pre-
viously published [5, 10].

Image acquisition and analysis
Fluorescent preparations were imaged using a confocal
laser scanning microscope (TCS SP2 or TCS SP5, Leica
Microsystems, Wetzlar, Germany) and analyzed with
Amira 6.5 graphics software (FEI SAS a part of Thermo
Fisher Scientific, Mérignac Cedex, France). In Amira, AL
glomeruli numbers were acquired through manual 3D
reconstruction and LN cell bodies were manually
counted using the “landmark” tool.
Images of larvae and pupae were acquired in Progress

Capture Pro 2.10 (Jenoptik, Jena, Germany) using a CCD
camera (Progress C4 or C12plus, Jenoptik) attached to a
(fluorescence) stereomicroscope (Stereo Lumar.V12,
Carl Zeiss Microscopy, Jena Germany; Wild M3,
Herbrugg, CH).
Further image processing (global level adjustments,

contrast, and brightness optimization) was performed in
Photoshop CC (Adobe Systems, San Jose, CA, USA),
while final figure arrangements were made in Illustrator
CC (Adobe Systems).
For basic statistics (arithmetic mean and standard de-

viation) on the number of immunoreactive local neu-
rons, we used Excel 2019 (Microsoft Corporation,
Redmond, WA, USA).

Time-lapse series
Time-lapse series images were acquired as stated
above for larvae and pupae, but in a temperature-

controlled environment at about 30°C. Afterward,
images were further processed (cropping, global level
adjustments; contrast, and brightness optimization)
in Photoshop CC. Graphical annotations were pre-
pared in Illustrator CC and final video assembly, and
annotations were performed using Premiere CC
(Adobe Systems).

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12915-021-01055-8.

Additional file 1: Figure S1. Localization of the adult appendages and
sensory neurons in the head capsule of the prepupa. (A-A') Stereo
microscopic image in ventral view of a prepupa with the opened larval
head capsule, showing the location of the adult appendages within the
prepupal head capsule, as well as the location of the CSNs in the adult
antennae. (B) Schematic drawing of the location of the adult head within
the prepupal head capsule in dorsal view. (C, D) Confocal image of the
DsRed reporter signal (magenta) of the EF-1-B-line (C) and Orco-
Gal4xUAS-DsRed-line (D), showing the position of the CSNs / OSNs cell
cluster in the intact head capsule of prepupae. Scale bars 50 μm.

Additional file 2: Figure S2. OSNs in primary processing centers at
P0%. Representative optical slices showing the DsRed reporter signal
(magenta) of the Orco-GAL4 line, indicating OSNs, counterstained with
phalloidin (green) to visualize the general neuroarchitecture. Scale bars
10 μm.

Additional file 3: Video S1. Timelapse of OSN development (whole
head capsule). Visualized by the fluorescent reporter in the Orco-Gal4 x
UAS-DsRed line covering approximately the first 30 hours of
metamorphosis.

Additional file 4: Video S2. Timelapse of antennal OSN development
(single antenna). Visualized by the fluorescent reporter in the Orco-Gal4 x
UAS-DsRed line covering approximately the first 30 hours of
metamorphosis.

Additional file 5: Figure S3. Orco in the antennae before glomeruli
formation. Confocal maximum projection of 50μm slice a P10% antenna
showing OSNs labeled by immunohistochemistry using the crossreactive
Moth-R2 antiserum. Scale bars 50μm.

Additional file 6: Figure S4. Immunohistochemical Orco knock-down
verification. Representative maximum projections of 50 μm cry-sections
of the antennae of freshly eclosed (A0) beetles of the CSN-labeling EF-1-
B-DsRed line after (A) RNAiOrco and (B) RNAiSham injection. (A – A’’, B – B’’)
The DsRed reporter signal is depicted in green, while Orco immunostain-
ing is depicted in magenta. This channel also includes the autofluores-
cence of the antennal cuticle. In both treatment groups, the gross CSN
distribution is very similar, while Orco cannot be detected in the RNAiOrco

group (A). Scale bars 20 μm.

Additional file 7: Figure S5. Development of AST-A immunoreactivity
in the AL of Apis mellifera. Representative optical slices of AST-A immuno-
reactivity in the AL of A. mellifera workers at different developmental
stages. (A) In the AL of P10% pupae, AST-A fibers are restricted to the lat-
eral portion of the AL. (B, C) At P20% AST-A fibers penetrate the AL. (D)
At P40% immunoreactive fibers locate in most of the forming glomeruli.
(E-H) From P50% AST-A immunoreactivity shows clearly distinguishable
glomeruli, which grow until adult eclosion. Scale bars 40μm.

Additional file 8: Figure S6. Staging of wild-type beetles during meta-
morphosis. The comparison of time-lapse recordings of nine pupae led
to an averaged time for the metamorphosis of 126 h (5,25 d) at 30°C with
a deviation of 5,3 h. The development of the eyes [118, 119], as well as
the sclerotization of mandibles, elytra, and legs, served as external
markers, in a time-dependent context. The fresh eclosed pupae are
brighter and glossy with a maximum of three rows of ommatidia. After
about 20% (25 h after pupa formation (APF)), about six rows of omma-
tidia are visible and form a kidney-shaped eye. At 30% (40 h APF) the
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formation of the seventh row is in progress and the distance between
the ommatidia shrinks. At about 50% all ommatidia are visible and out-
growth to the sides of the antennal pocket, thus the eyes look
horseshoe-shaped. After 68% (86 h APF; SD 2,6 h) the outlines of omma-
tidia are resolved and the eye appears homogeneous. Besides the eye, at
76% (96 h APF, SD 3,6 h) the majority of mandibles are amber followed
by the coloration of the elytra at 85% (106 h APF, SD 2,9 h) and
sclerotization of the legs and antennae at 91% (114 h APF, SD 3.3). Finally,
the imago eclosed after 126 h (SD 5.3 h).

Additional file 9: Figure S7. Specificity of the used antisera against
GAD. Western blot analysis on Tribolium castaneum brain tissue shows a
single band of about 55 kDa for both antibodies which corresponds to
the predicted size of Tcas-GAD (UniProt ID: D6WRJ1) of about 58 kDa.
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5.1 Abstract

Background: The current picture of the olfactory pathway in holometabolous insects declares
the paired antennal lobes as the sole primary processing centers, which receive input from the
olfactory sensory neurons of the antennae and palps. In hemimetabolous insects, on the other
hand, olfactory cues of the antennae and palps are processed separately. Recent findings in
Tribolium castaneum showed that the beetle’s olfactory system is organized differently. Primary
processing of the palpal and antennal olfactory input occurs separately from each other. While
the antennal olfactory sensory neurons project into the antennal lobes, those of the palps
project into the paired glomerular lobes and the unpaired gnathal olfactory center.
Results: The current study, provides an update on the palpal olfactory pathway by combining
scanning electron micrographs with confocal imaging of immunohistochemical staining and
reporter expression in the EF-1-B-dsRed and Orco-Gal4 lines. We identified the sensilla types
housing the dendrites of the palpal olfactory sensory neurons and extend the anatomical
characterization of the gnathal olfactory center by 3D reconstructions. Further, we exemplary
investigated the distribution of several neuromediators in the gnathal olfactory center and the
glomerular lobes that are commonly identified in the antennal lobes.
Conclusions: Our analysis expands the picture of the palpal olfactory pathway in T. castaneum.
The similarities in the neuromediator repertoire between antennal lobes, glomerular lobes, and
gnathal olfactory center underline the role of the latter two as primary olfactory processing
centers and suggest that the repertoire of neuromediators does not correlate with the complexity
of the processing centers, rather might be a requirement for finetuning, processing, and primary
evaluation of incoming information.
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5.2 Background

To find hosts, conspecifics and mates, oviposition sites, and food sources insects, often depend
on their chemical senses [1–12]. The olfactory and gustatory systems are precisely tuned to
discriminate between chemical cues. They translate perceived information based on composi-
tion, concentration, and spatial and temporal distribution, into innate and learned behavior.
Chemosensation starts with the perception of the semiochemicals at the chemosensory sensilla
of the antennae and palps. The sensilla house the chemosensory neurons (CSNs) that divide
into olfactory sensory neurons (OSNs) and gustatory sensory neurons (GSNs).
TheOSNs present the olfactory receptors, either odorant receptors (ORs) or ionotropic glutamate-
like receptors (IRs), on their membranes [13–17]. Via their axons, the OSNs relay the perceived
olfactory information to the respective primary processing centers. The antennal OSNs project
into the antennal lobes, while the destination of the palpal OSNs differs among species. In
hemimetabolous insects, the palpal OSNs project into the glomerular lobes (LGs) [18]. The
current picture of olfaction in holometabolous insects declares the ALs as primary processing
centers for antennal and palpal olfactory input [19–23]. However, at least in the red flour
beetle, the palpal OSNs do not project into the ALs but into the paired LGs and the unpaired,
glomerularly organized gnathal olfactory center (GOC; Fig. 5.1).
Within the ALs, the olfactory information perceived by the OSNs is processed by a network of
local interneurons (LNs) that interconnect the olfactory glomeruli. Olfactory representations
by the LNs are mainly shaped by the inhibitory transmitter gamma amino-butyric acid (GABA)
or the excitatory transmitter acetylcholine [24–37], but also by numerous neuropeptides [18,
38–40].
Based on the available data on the anatomy of T. castaneum’s olfactory system [14] and the
transmitter repertoire of the ALs [38], the current study provides insight into the separate
palpal olfactory pathway. It especially focuses on the anatomical and biochemical charac-
terization of the unpaired GOC, but also the paired LGs. We utilized confocal imaging of
transgenic lines labeling CSNs and OSNs in combination with (immuno)-histochemistry to
visualize the chemosensory neurons within the palps, as wells their central projections. Further,
we employed scanning electron microscopy to visualize and identify the chemosensory sensilla
of the palps.

51



5 | The palpal olfactory pathway Results

GOC

LG

AL

maxillary nerve

labial nerve

antennal nerve

labial
palp

antenna

maxillary
palp

A C

B

Orco-Gal4

Orco-Gal4

AL

GOC

maxillary nerve

labial nerve

LG

Fig. 5.1: Primary olfactory pathways in the red flour beetle Tribolium castaneum.
Volume Rendering of the reporter signal in the OSN-labeling partial Orco-GAL4 line A of the glomerular lobes (LG), antennal lobes (AL),
and B the gnathal olfactory center (GOC) with its sensory inputs. C Schematic of the primary processing centers and their sensory inputs.
Antennal OSNs (blue) project into the ALs, while the palpal OSNs (magenta) project into the GOC and LGs. Scale bars 20 µm (A), 10µm (B).

5.3 Results

The labial and maxillary palps and their olfactory sensory neurons

In T. castaneum, the labial and maxillary palps are olfactory sensory appendages. Their sensory
input is processed in the paired LGs and the unpaired GOC (Fig. 5.1; see also [14]). In both, the
maxillary and labial palps, soma, dendrites, and axons of the OSN are labeled in the Orco-GAL4
line (Fig. 5.2 A, D). The OSN dendrites innervate sensilla at the palpal tips. We approved the
presence of ORCO by specific antibody staining against Orco in the CSN labeling EF-1-B-DsRed
line (Fig. 5.2 B-B’, E-E’). Scanning electron microscopy was used to determine the sensilla
types on the palpal tips. On both palp types, the maxillary and labial palps, (Fig. 5.2 C, F),
we found the same three types of sensilla and classified them according to [41] as basiconic
sensilla (magenta), blunt basiconic sensilla (green), and styloconic sensilla (yellow). Based on
exemplary manual counting in SEM images, we estimate that the tip of the maxillary palp
houses roughly 90 sensilla divided into about 20 (n = 2; #1: 22, #2: 16) basiconic, 60 (n = 2; #1:
63, #2: 57) blunt basiconic, and 10 (n = 2; #1: 13, #2: 8) styloconic sensilla. The labial palp’s tip
houses roughly 85 sensilla divided into about 25 (n = 2; #1: 26, #2: 21) basiconic, 50 (n = 2; #1:
58, #2: 42) blunt basiconic, and 10 (n = 2; #1: 9, #2: 11) styloconic sensilla.

High-resolution confocal images of the maxillary and labial palps in the Orco-GAL4 line
were used to determine which sensilla type house OSN dendrites. We find that the styloconic
(sSty; Supplemental Figure S1 A-A’). Further, the basiconic (sBas) and/or blunt basiconic (sBBas)
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sensilla also house OSN dendrites (Supplemental Figure S1 B-B’). A differentiation between
basiconic and blunt basiconic sensilla in the confocal images was not possible due to resolution
limits in imaging the cuticular autofluorescence.

A B B‘Orco-Gal4 Orco-Gal4EF1B-DsRed
MothR2

MothR2 EF1B-DsRed
MothR2

MothR2

C

D E E‘

F

LbP tipMxP tip

MxP

MxP LbP

LbP

Fig. 5.2: OSNs of the maxillary and labial palps
A, D Volume rendering of the reporter signal in the Orco-GAL4xUAS-DsRed line in maxillary palps (MxP) and labial palps (LbP). B, E Orco
immunostaining (magenta) and reporter signal (green) on palpal cryosections in the CSN-labeling EF-1-B-DsRed line within the maxillary
(MxP) and labial palps (LbP). C, F Scanning electron micrographs of the tips of the maxillary (MxP) and labial (LbP) palps and their sensilla:
basiconic sensilla (sBas) – magenta, blunt basiconic sensilla (sBBas) – green, and styloconic sensilla (sSty) – yellow. Scale bars 20µm (A, D),
10µm (B-B’, E-E’), 5µm (C, F).

Anatomy of the gnathal olfactory center

Manual 3D-reconstructions of the GOC (Fig. 5.3 A) based on the fluorescent reporter signal
in the EF-1-B-DsRed line and fluorescent staining of f-actin and synapsin (Fig. 5.3 C) were
used to analyze the glomerular organization of the GOC. On average, we identified about 30
glomeruli (mean = 30.33, SD = 4.72, n = 9) of varying shape and size, which was confirmed by
two exemplary 3D reconstructions after applying the expansion microscopy (ExM) protocol
[42]. In both cases, 31 glomeruli could be identified.

While most glomeruli cannot be correlated between specimens, we usually find about 4
stacked and easily identifiable wedge-like glomeruli in comparable positions across specimens
(Fig. 5.3 B).

Local neurons as revealed by GAD immunostaining

In Drosophila melanogaster [26] and other insects [18, 43], the vast majority of the local neurons
(LN) of the AL use the inhibitory transmitter GABA, which is synthesized by the glutamic acid
decarboxylase (GAD). As previously published, GAD immunostaining revealed that the AL LNs
located in a cluster lateral to the ALs (Fig. 5.4 A; see also [44]), which compares to cluster CL7
in Tenebrio molitor [45]. Although the glomerular lobes display faint GAD immunoreactivity,

53



5 | The palpal olfactory pathway Results

A B C

nanv
ri

Fig. 5.3: GOC anatamoy
A Representative 3D-reconstruction of the GOC B Wedge-like glomeruli (magenta) in the same GOC shown in (A). These glomeruli are
recognizable across specimens. C Single optical slice of the phalloidin staining of the GOC reconstructed in (A) and (B). Scale bars 10 µm.

we did not detect corresponding somas in the near vicinity (Fig. 5.4 B). Within the GOC, we
find GAD immunoreactive fibers throughout the neuropil volume (Fig. 5.4 C). N-anterior to
the GOC, we identified six nearby GAD immunoreactive somas (Fig. 5.4 Ca, Cb, Cc marked
with asterisks), of which four (n = 2) could be confirmed to extend their neurites into the GOC
(Fig. 5.4 Cb, Cc).

Neuropeptides

Several neuropeptides have been identified in the AL of the red flour beetle [38]. We exem-
plarily compared the distribution of allatotropin (AT), tachykinin-related peptides (TKRP), and
myoinhibitory peptides (MIPs) across the three primary olfactory processing centers.

Similar to the AL (Fig. 5.5 A; see also [38]) immunohistochemical staining of AT revealed
a sparkly pattern within the LG (Fig. 5.5 B). In contrast, immunostaining of AT in the GOC
revealed a denser pattern with visible glomerular substructures in its n-anterior part (Fig. 5.5
C). In all three neuropils, staining is distributed over the total neuropil volume.

The general distribution of TKRP as visualized by the Lom-TK-II antiserum in the AL (Fig.
5.5; see also [38]), and the GOC (Fig. 5.5 F) revealed distinguishable glomeruli. While the
staining is distributed within the whole AL, within the GOC, a portion at the n-posterior end is
not stained (Fig. 5.5 F”). Within the LG (Fig. 5.5 E), dense spots are distinguishable all over the
neuropil volume. Similar to TKRPs, MIPs are found broadly distributed all over the AL volume
(Fig. 5.5 G; see also [38]). Within the GOC, only a few glomeruli across the neuropil volume are
labeled (Fig. 5.5 I). In the LG (Fig. 5.5 H), dense spots are distinguishable all over the neuropil
volume.
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Fig. 5.4: GAD immunoreactivity in the primary olfactory processing centers.
Representative optical slices displaying GAD immunostaining (magenta) in the A AL, B LG, and C GOC. A GAD immunoreactive somas are
located lateral to the glomeruli and enter the neuropile via a single tract. B GAD-ir fibers are distributed within the whole volume of the
LG, while somas could not be detected in the near vicinity C GAD-ir fibers cover the complete GOC. Ca, Cb, Cc GAD-ir soma (asterisks)
n-anterior near the GOC. Of those, at least 4 (Cb, Cc) extend fibers into the GOC volume. Scale bars 10 µm. In (A) the staining was obtained
using the GADsheep antisera in (B and C) using the GADrabbit antisera. The general neuroanatomy is depicted in green. In (A, B) via synapsin
immunostaining and in (C - Cc) via phalloidin staining and 3XP3-eGFP reporter signal in the EF-1-B-DsRed line.
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Fig. 5.5: Neuropeptides in the primary olfactory processing centers.
Representative optical slices displaying neuropeptide immunostaining (magenta) in the antennal lobes (AL), glomerular lobes (LG), and gnathal
olfactory center (GOC). A-C Allatotropin [AT] immunostaining shows a sparkly pattern in the AL and LGs (A, B) and a denser pattern in the
GOC (C). D-F Immunostaining of Tachykinin related peptides [TKRP] reveals identifiable glomeruli in the complete AL and the n-anterior
portion GOC (D, F), and dense spots, likely resembling microglomeruli in the LGs (E) G-I While immunostaining against Myoinhibitory
peptides [MIP] visualizes identifiable glomeruli in the total AL (G) and dense spots across the complete LG (H), only a few glomeruli of the
GOC are stained (I). Scale bars 10µm. The general neuroanatomy (green) is visualized via synapsin immunostaining.
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Serotonin

Each AL is innervated by a neuron expressing the biogenic amine serotonin (5-HT), whose soma
is located lateral to the respective AL (Fig. 5.6 A, D). These neurons share the gross morphology
with similar neurons found in other insects [45–48]. Within the ALs, the innervation covers
most glomeruli with varicose ramifications, except for a few glomeruli located n-anterolateral
(Fig. 5.6 A, asterisks).

Within the LG, 5-HT immunoreactivity is found laterally in the n-posterior portion of
the neuropil, where varicose ramifications can be observed, while the n-anterior half is not
innervated (Fig. 5.6 B asterisk). The GOC is presumably innervated by two neurons, located
in the n-anterior cell cluster. Their neurites extend towards the GOC and unfortunately, the
staining faded in all preparations so that we could not confirm them entering the GOC. The
overall innervation pattern of the GOC glomeruli is similar to the AL, as the glomeruli are
encapsulated by Serotonin immunoreactive fibers. As in the AL, we find that few n-anterior
located glomeruli are not innervated (Fig. 5.6 C asterisk).

5.4 Discussion

In the red flour beetle T. castaneum, the antennae and palps are major olfactory sensory organs
[14]. The antennal olfactory pathway and the transmitter repertoire of the antennal lobe were
already described [14, 38, 49]. In the current study, we extended the few available data on the
palpal olfactory pathway and the corresponding primary processing centers. [14].

The palps as olfactory sensory organs

The maxillary and labial palps of T. castaneum both house a reasonable number of OSNs and
thus are major olfactory appendages [14]. The OSN somas are located within the distal segment
of the maxillary and labial palps, while their dendrites project into the sensilla of the palpal
tips. Based on SEM, we identified the same three sensilla types at the tips of the maxillary and
labial palps: basiconic, blunt basiconic, and styloconic sensilla. High-resolution confocal stacks
of the reporter signal in the Orco-Gal4 line and immunohistochemical staining against Orco
revealed that the styloconic sensilla, as well as the basiconic sensilla and/or blunt basiconic
house OSN dendrites. This contrasts findings in the vinegar fly D. melanogaster where the
basiconic sensilla are the sole olfactory sensilla type [50].

The semiochemicals detected by the palpal OSNs of T. castaneum remain unknown. However,
given the exposed position of the sensilla, those OSNs are most likely involved in short-range
attraction as the palpal OSNs in flies [51] or food evaluation like the proboscis OSNs inManduca
sexta [52]. This also fits the palpation behavior preceding food uptake observed in Locusta
migratoria [53].
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Fig. 5.6: Serotonin (5-HT) immunoreactivity.
Representative optical slices displaying Serotonin (5-HT) immunostaining in the antennal lobes (AL), glomerular lobes (LG), and the gnathal
olfactory center (GOC) A In the AL immunoreactive fibers cover most but not all glomeruli; asterisks indicate non-innervated glomeruli, B
Also in the LGs immunoreactive fibers cover only part of the neuropil; asterisk indicates the position of the non-innervated area. C As in AL
and LG, the GOC is only partially innervated by immunoreactive fibers; asterisk indicates the position of non-innervated glomeruli. D Single
Serotonin-immunoreactive neuron innervating the ipsilateral AL. E Serotonin immunoreactive neurons innervate the GOC. Scale bars 10 µm.
The general neuroanatomy (green) is either depicted via synapsin immunostaining (A, E) or phalloidin staining (B-D).
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Anatomy of the gnathal olfactory center

We tested several ubiquitous neuronal markers to provide a clear picture of the anatomy:
reporter expression in the neuron labeling EF 1 B DsRed line, synapsin immunohistochemistry,
and f-actin staining using phalloidin. While all three techniques were suitable to visualize
the gross anatomy of the GOC, none was sufficient alone to determine the boundaries of all
glomeruli. The best results were accomplished by using the phalloidin staining in combination
with one of the other two, with the transgenic line providing better results compared to
the synapsin staining. Based on these combinations, we performed exemplary manual 3D-
reconstructions from confocal image stacks to visualize the number, shape, and position of the
GOC glomeruli. Due to the small size of the GOC and typically hard to define borders between
single glomeruli, we also used the technique of expansion microscopy (ExM) [42] to obtain
higher spatial resolutions and to emphasize the glomeruli borders (Supplemental Fig. S2). As
many fluorochromes used in immunohistochemistry are not suitable for ExM [54–56] and, like
most proteins, phalloidin is degraded through the process, we could only rely on the DsRed
reporter signal of the EF-1-B-DsRed line. However, even with the improvement of the spatial
resolution, we did get more obviously pronounced glomeruli boundaries.

Our results show that with about 30, the glomeruli number is at the lower margin of the
previously suggested range of 30 to 40 glomeruli [14]. The number of identified GOC glomeruli
corresponds well with the 28 ORs found to be significantly enriched in themouthparts compared
to the body - as identified by RNA sequencing [14].

Neuromediator repertoires

TheAL, LG, andGOC are all considered primary olfactory processing centers [14]. We, therefore,
asked whether we find a similar set of neuromediators and similar distribution patterns within
the neuropils of the different primary olfactory processing centers. The neuronal network
of the ALs deploys a variety of neuromediators that are used during the processing of odor
information [57]. This includes classical transmitters like GABA, neuropeptides, such as AT,
TKRPs, MIPs, but also biogenic amines like serotonin, which we selected for an exemplary
comparison between the three olfactory processing centers of the red flour beetle.

GABA has been described as the major inhibitory transmitter of the AL local neurons [26,
45, 58–62]. Neuropeptides are frequently considered to be co-transmitters at synaptic sites [63].
In vertebrates, they are mainly believed to function as neuromodulators [63]. In the ALs of T.
castaneum and many other insect species neuropeptides are predominantly localized in LN and
the number of identified neuropeptides in ALs of different insect species via mass spectrometry
ranges between 20 and about 40 [38–40]. These include Allatotropin (AT), Tachykine related
peptides (TKRPs), and Myoinhibitory peptides (MIPs).
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Serotonin is generally assumed to play a modulatory function in various contexts [64–66]
and in the AL, Serotonin immunoreactive fibers form a conserved pattern across insect species
[48, 67–73].

In short, we found all tested neuromediators in the ALs, LGs, and GOC with different
distribution patterns (Fig. 5.4, Fig. 5.5, Fig. 5.6, Fig. 5.7).

GAD AT TKRP MIP Serotonin

Aggregated immunoreactive fibers or 
varicosities throughout the neuropil or  
it appears homogeneously stained.

CRG

GNG

Aggregated immunoreactive fibers or 
varicosities are confined to specific 
regions within the neuropil. 

Scattered immunoreactive fibers or 
varicosities form (micro-)glomerular 
structures distributed throughout the 
neuropil.

Scattered immunoreactive fibers or 
varicosities form (micro-)glomerular 
structures that are confined to specific 
regions within the neuropil. 

Scattered immunoreactive fibers or 
varicosities are evenly distributed 
throughout the neuropil.

Scattered immunoreactive fibers or 
varicosities are confined to specific 
regions within the neuropil. 

LG

AL

GOC

Fig. 5.7: Distribution of the tested neuromediators GAD, AT, TKRP, MIP, and Serotonin within the primary olfactory processing centers of T.
castaneum.

GAD

The distribution of GAD immunoreactivity in the ALs resembles the findings of GABA im-
munoreactivity in other hemi- and holometabolous insect species [45, 58–61], with GABA
containing fibers of AL local neurons innervating all glomeruli (Fig. 5.4 A, Fig. 5.7; see also
[44]). The antennal lobe of T. castaneum is innervated by about 165 GAD-ir LNs [44], which
is considerably more than the about 100 local neurons found in the lateral AL cluster in D.
melanogaster [24] and more than the about 125 GABA-ir neurons found in the cluster CL7 in T.
castaneum’s close relative T. molitor [45].
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GABA is considered the major transmitter of local interneurons in the ALs [18]. Therefore,
we expected suchlike for the LGs and the GOC and indeed both neuropils showed homogeneous
innervation by GAD immunoreactive fibers (Fig. 5.4 B, C; Fig. 5.7) – indicating that GABA is
also a major transmitter in the LGs and the GOC.

For the GOC, the source of the GAD-ir fibers is provided via at least four GAD-ir cell bodies
in the near vicinity (Fig. 5.4 Cb, Cc). For the LG, we could not detect the somas responsible
for the innervating GAD-ir fibers in the near vicinity. As the used antiserum typically nicely
stains cell bodies, the innervation very likely stems from other brain areas.

Neuropeptides

The distribution of the three neuropeptide families investigated in this study in the ALs of T.
castaneum has been described earlier and serves as a reference [38]. Naively and given the fact
that the LGs and the GOC are primary olfactory processing centers, like the ALs, one could
expect a similar distribution of the three analyzed neuropeptide families. While that is indeed
true for the sole deployment of the investigated neuropeptides in the LGs and the GOC, their
distribution patterns are different.

For MIP and TKRP, a clear glomerular pattern is visible in the GOC, as evident in the ALs,
and, in both cases, dense spots were revealed in the LGs. Those might resemble microglomerular
structures. However, in both cases only a part of the GOC and with TKRP also only a part
of the LGs is innervated by respectively immunoreactive fibers. In the case of AT, a sparkly
distribution, very similar to that in the ALs, is found in the LGs. In the GOC that staining
pattern appears denser with visible glomerulization. The fact that portions of the LGs and the
GOC are note marked in immunostaining against TKRPs and MIPs could mean are not subject
to local modulation by those two neuropeptides.

The occurrence of all three neuropeptide families in the LGs and the GOC despite their
presumably less complex network is somehow remarkable. It seems as if the repertoire does
not correlate with complexity, but that the diverse repertoire might be involved in finetuning,
processing, and primary evaluation of incoming information. LGs are not described in other
holometabolous insect species as they are supposed to be fused with the ALs [19] and therefore
no data about neuropeptide localization is available. Further, only a few, superficial data from
hemimetabolous insects concerning neuropeptides in the LGs exist. As in the red flour beetle,
AT is distributed over the total volume of the LG in Schistocerca gregaria [74]. MIPs in turn
are described to be present in LGs of the madeira cockroach Rhyparobia maderae [75], as are
TKRPs [76].

Only a few studies on the role of neuropeptides in olfactory signaling are available. For
example, small neuropeptide F (sNPF) in the ALs is involved in increasing food searching
behavior in hungry D. melanogaster [30], while MIPs in the AL are involved in the same
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behavior in mated female flies [77]. Further, studies in the fly showed that TKRPs in the ALs
can modify odor sensitivity [78, 79] and seemingly play a role in regulating food attraction [80].
Given the potential role of MIPs and TRKPs in food searching behavior, it is not surprising to
find them in the primary processing center for palpal olfaction – with palpal OSNs likely being
involved in short-range attraction and food evaluation as laid out above.

Serotonin

The staining pattern of the serotonin-ir fibers in the ALs of T. castaneum arises from one neuron
per hemisphere, located lateral to the ALs. These neurons share their gross morphology with
specific serotonin-immunoreactive neurons described in various other insect species, while
their arborization patterns show a high variability [18, 45–48]. In the ALs of T. castaneum, the
innervation pattern resembles a meshwork of varicosities distributed over the boundaries of
most, but not all, glomeruli. The partial innervation of the GOC is presumably provided via two
serotonin-ir cell bodies in the near vicinity. For the LGs, we did not detect a serotonin-positive
cell body as a source of the partial innervation. Like our findings for GABA, we suggest that
the source of the serotonin-ir fibers in the LG stems from other brain areas.

As not all glomeruli of the ALs and the GOC are covered by serotonin-ir varicosities, this
suggests that certain glomeruli and the corresponding odor processing are not subject to
serotonin modulation, which seemingly also applies to the AL glomeruli in D. melanogaster
[46, 81].

The role of Serotonin in the olfactory system seems to be heterogeneous but in general,
modulates odor-evoked responsiveness and/or sensitivity [82]. For example, Serotonin was
shown to increase the responsiveness to olfactory signals inM. sexta [83–85] andD.melanogaster
[86, 87].

5.5 Materials and Methods

Animals

All experiments were performed using red flour beetles (Tribolium castaneum, Herbst 1797;
Insecta, Coleoptera) of the wild-type strain “San Bernadino” [88], the transgenic CSN-labeling
EF1-B-DsRed line (elongation factor1-alpha regulatory region-DsRedExpress; kindly provided
by Michalis Averof, Institut de Genomique Fonctionnelle de Lyon, France) [14, 89], or the
OSN-labeling partial Orco-Gal4 line [14]. The beetles were bred under constant darkness at
about 30°C (wildtype) or 28°C (transgenes) and 40-50% relative humidity on organic whole
grain wheat flour supplemented with 5% dried yeast powder and 0.05% Fumagilin-B (Medivet
Pharmaceuticals Ltd., High River, Alberta, Canada) to prevent sporozoan infections [90].

62



5 | The palpal olfactory pathway Materials and Methods

Histochemical staining

Dissection and staining were performed as previously published [14, 38]. Blocking was per-
formed in either 5% normal goat serum or normal donkey Serum (both Jackson Immuno
Research, Westgrove, PA, USA). For concentrations and details on markers and antibodies see
Table 5.1. Following staining ganglia were mounted either aqueous in the Mowiol [91] or after
dehydration in an ascending ethanol series (50%, 70%, 90%, 95%, 100%, 100%; 3 minutes each) and
cleared with methyl salicylate (Merck, Gernsheim, Germany) in Permount mounting medium
(Fisher Scientific, Pittsburgh, PA) between two coverslips using a layer of two reinforcing rings
as spacers to prevent squeezing.

Tab. 5.1: Overview of used antibodies and markers

Name Abbreviation Host species Dilution

Vendor/Donor

(catalog #, batch #, RRID #)
Reference

Specificity

in T. castaneum

Drosophila melanogaster
Synapsin I (SYNORF1) Synapsin Mouse 1:50 E. Bucher, University of Würzburg, Germany

(n/a, n/a, AB_2313617) [92] [93]

Locusta migratoria
Tachykinin II TKRP 1:20,000 Jena Bioscience, Jena, Germany

(CLK-AZ118-1; Kli009-030; n/a) [94] [38]

Rattus norvegicusglutamate
decarboxylase (sheep) GADsheep Sheep 1:5,000 W. Oertel, Laboratory of Clinical Science, Mansfield, MA, USA

(n/a; n/a;n/a) [95] [44]

Rattus norvegicusglutamate
decarboxylase (rabbit) GADrabbit Rabbit 1:1,000 Sigma-Adrich; now Merck KGaA, Darmstadt, Germany

(G5163; 113M4772; AB_477019) [44]

Periplaneta americana
myoinhibitory peptide I MIP Rabbit 1:5,000 M. Eckert, University of Jena, Germany

(#; #; AB_2314803) [96] [38]

Manduca sexta
allatotropin AT Rabbit 1:5,000 J. Veenstra, University of Bordeaux, France

(#; #; AB_2313973) [97] [38]

5-Hydroxy-Tryptamine (serotonin) 5-HT Rabbit 1:20,000 Immunostar
(200800; 924005; AB_572263)

Red fluorescent protein DsRed Chicken 1:3,000 Rockland Immunochemicals INC, Limerick, PA, USA
(600-901-379, 26274, AB_10704808)

Cy3 coupled goat anti-chicken GACh-Cy3 Goat 1:300 Jackson ImmunoResearch; Westgrove, PA, USA
(103-165-155, 93117, AB_2337386)

Cy3 coupled goat anti-rabbit GAR-Cy3 Goat 1:300 Jackson ImmunoResearch; Westgrove, PA, USA
(111-165-144, n/a, AB_2338006)

Cy5 coupled goat anti-mouse GAM-Cy5 Goat 1:300 Jackson ImmunoResearch; Westgrove, PA, USA
(115-175-146, n/a, AB_2338713)

Cy2 coupled donkey anti-sheep DAS-Cy2 Donkey 1:300 Jackson ImmunoResearch; Westgrove, PA, USA
(713-225-147, n/a, AB_2340735)

4’,6-diamidin-2-phenylindol DAPI 1:20,000 Sigma Aldrich, Steinheim, Germany
(D9542, n/a, 28718-90-3) [98]

Alexa Flour 488 coupled phalloidine Phalloidin 1:200 Thermo Fischer Scientific, Rockford, IL, USA
(A12379; n/a; n/a) [99]

Alexa Flour 405 coupled phalloidine Phalloidin 1:500 Abcam, Cambridge, UK
(ab176752; n/a; n/a) [99]

Expansion microscopy (ExM)

For ExM we adapted the protocol for intact thick tissues [42]. Following incubation with the
secondary antisera ganglia were equilibrated in 2-(N-morpholino)ethanesulfonic acid buffered
saline [42] for 30 min. Afterward, ganglia were treated according to the protocol. Gelation
chambers were build using cover glasses.

Image acquisition and analysis

Fluorescent preparations were imaged utilizing a confocal laser scanning microscope (TCS
SP2 or TCS SP5, Leica Microsystems, Wetzlar, Germany) and analyzed with Amira graphics
software (FEI SAS a part of Thermo Fisher Scientific, Merignac Cedex, France). Further image
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processing (global level adjustments, contrast, and brightness optimization) was performed
in Photoshop CC (Adobe Systems, San Jose, CA, USA), while final figure arrangements were
made in Illustrator CC (Adobe Systems).

Scanning electron microscopy

Cold anesthetized adult beetles were decapitated and the heads were fixed overnight in 4%
formaldehyde in 0.01M PBS at 4°C and afterward washed in PBS. Washed samples were then
dehydrated in an ascending acetone series (30, 50, 3x 100%). Finally, acetone was allowed to
evaporate overnight. After being sputtered with gold (Balzers Union Sputter Coater, Balzers,
Lichtenstein; Quorum Technologies Ltd, Ringmer, UK), specimens were examined using an
SEM (S-530, Hitachi High-Technologies Europe GmbH, Krefeld, Germany). Micrographs were
taken using a digital image acquisition unit (DISS 5, point electronic, Halle Germany).
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A | Supplemental information

The following pages contain the supplemental figures, tables, and methods of chapter 3. The
original supplemental information is available online at https://www.nature.com/articles/
s41598-020-57639-x).
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Fig. S1: Number of adult born Kenyon cells under different conditions. Box plots with whiskers representing the 5-95% percentile of new-born
cells per neuroblast within 24 hours after EdU injection during the first week after adult eclosion based on [N] analysed neuroblasts originating
from [n] beetles. Notches indicate the 95% confidence interval of the median. The bar represents the 25-75 percentile, the line the median,
and the diamonds data points outside the 5-95% range. Horizontal lines at 0 indicate presence of neuroblasts, but no occurring neurogenesis.
asterisks: statistical significance levels (Holm-corrected) of difference in median as calculated by Dunn’s multiple comparison test (* pcorr<0.05,
** pcorr<0.01, *** pcorr<0.001).
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Fig. S2: EAG responses to 4,8-dimethyldecanal and cis-3-hexenol. Line plots of the mean EAG response after robust LOESS smoothing and
normilization (substraction of the response to silicone oil, which was used as solvent) to 4,8-dimethyldecanal (DMD) and cis-3-hexenol. Sample
sizes are given in the respective subplots. [N] represents the number of animals, while [n] represents the number of replicated per animal.
Corespondigly colored shaded areas represent he confidence interval of the mean equivalent to the standard error calculated by bootstrap
analysis. Odour stimuli were present for 1 s (grey box) and stimulus onset was set to t = 0.

73



Supplemental information

N = 4
n = 3

N = 4
n = 3

m
ea

n 
pe

ak
 E

A
G

 re
sp

on
se

 [m
V]

m
ea

n 
pe

ak
 E

A
G

 re
sp

on
se

 [m
V]

N = 4
n = 3

N = 4
n = 3

m
ea

n 
pe

ak
 E

A
G

 re
sp

on
se

 [m
V]

m
ea

n 
pe

ak
 E

A
G

 re
sp

on
se

 [m
V]

10-8 10-7 10-6 10-5 10-4 10-3 10-2

10-8 10-7 10-6 10-5 10-4 10-3 10-2

10-8 10-7 10-6 10-5 10-4 10-3 10-2

10-8 10-7 10-6 10-5 10-4 10-3 10-2

4,8-dimethyldecanal - dsRNAorco

cis-3-hexenol - dsRNAorco

4,8-dimethyldecanal - dsRNADsRed

cis-3-hexenol - dsRNADsRed

***
****

***
***

*
*****

*

*
***

**
**

*

**
*

***
***

0.6

0.5

0.4

0.3

0.2

0.1

0

-0.1

0.6

0.5

0.4

0.3

0.2

0.1

0

-0.1

0.6

0.5

0.4

0.3

0.2

0.1

0

-0.1

0.6

0.5

0.4

0.3

0.2

0.1

0

-0.1

Fig. S3: Peak EAG responses to 4,8-dimethyldecanal and cis-3-hexenol. Box plots with whiskers representing the 5-95% percentile of the
peak EAG response after robust LOESS smoothing and normalization (subtraction of the response to silicone oil, which was used as solvent)
to 4,8-dimethyldecanal (DMD) and cis-3-hexenol. Sample sizes are given in the respective subplots. [N] represents the number of animals,
while [n] represents the number of replicated per animal. Notches indicate the 95% confidence interval of the median. The bar represents the
25-75 percentile, the line represents the median and the diamonds represent data points outside the 5-95% range. Statistical analysis between
the different odour dilutions per dsRNA and odour was performed by Kruskal Wallis test followed by posthocanalysis with Dunn’s multiple
comparison test. asterisks: statistical significance levels (Holm-corrected) of difference in median (* pcorr<0.05, ** pcorr<0.01, *** pcorr<0.001).
Note: This figure shows the same data as the figure in the original supplements to the publication, but has been rearranged for layout reasons.
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Fig. S4: Verification of the Orco knockdown. Representative optical sections from antennal cryo-sections of freshly eclosed (A0) and seven
days old (A7) beetles of the San Bernadino strain after dsRNAOrco or of the black strain after dsRNASham treatment respectively. Depicted in
blue cell nuclei stained with DAPI and in magenta Orco expressing OSNs with the Moth-R2 antiserum. There is no detectable staining in the
antenna after Orco knockdown, whereas in the antenna of the sham treated beetles, the odorant receptor neurons (OSNs) are clearly labelled
by the antiserum. Scalebars 20µm.
Note: This figure shows the same data as the figure in the original supplements to the publication, but has been rearranged for layout reasons.
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Tab. S1: Comparison of cell numbers per age between of both sexes. The number of neuroblasts “N” originating from “n” animals is given for
both sexes for each age of EdU injection (A0 – A7) and experimental groups. Numbers of newborn cells per neuroplasts in males and females
were compared by Kruskal-Wallis test. Rounded test results (p-values) are given for each age and experimental group if data from both sexes
was obtained.

A0 | day 1 A1 | day 2 A2 | day 3 A3 | day 4 A4 | day 5 A5 | day 6 A6 | day 7 A7 | day 8

group-reared

nanimals-male 7 3 3 3 10 3 2 3
Nneuroblasts-male 20 10 11 7 36 10 8 10
nanimals-female 6 2 2 2 4 5 1 4

Nneuroblasts-female 22 6 8 5 16 15 3 14
p 0.3063 0.7000 0.1038 0.8059 0.2309 10.000 10.000 10.000

isolated

nanimals-male 5 3 5 6 6 6 5 1
Nneuroblasts-male 16 12 17 22 18 21 20 2
nanimals-female 3 1 5 4 5 6 4 5

Nneuroblasts-female 12 4 19 14 18 22 16 12
p 0.4980 0.1450 0.0004 0.2526 10.000 10.000 10.000 10.000

cis-3-hexenol enriched

nanimals-male 9 5 4 1 0 2 0 5
Nneuroblasts-male 35 20 13 4 0 8 0 15
nanimals-female 12 3 4 0 0 0 0 3

Nneuroblasts-female 43 12 13 0 0 0 0 10
p 0.4682 0.2903 0.0925 # # # # 0.2701

cis-3-hexenol enriched

+ dsRNA
Orco

nanimals-male 1 3 2 4 4 1 0 0
Nneuroblasts-male 4 12 5 9 11 2 0 0
nanimals-female 1 2 2 10 1 1 0 0

Nneuroblasts-female 2 5 3 31 4 4 0 0
p 0.2333 0.0801 0.3682 0.2599 0.0024 1.000 # #

4,8-dimethyldecanal enriched

nanimals-male 5 5 5 4 2 6 8 4
Nneuroblasts-male 19 19 16 7 6 21 25 11
nanimals-female 7 2 7 2 4 0 6 3

Nneuroblasts-female 26 5 19 6 11 0 14 8
p 0.0951 0.4750 0.5694 0.0698 0.5767 # 1.000 1.000

4,8-dimethyldecanal enriched

+ dsRNA
Orco

nanimals-male 0 0 2 0 1 3 3 3
Nneuroblasts-male 0 0 5 0 3 6 8 10
nanimals-female 3 3 4 2 3 1 3 4

Nneuroblasts-female 8 12 9 7 10 4 11 14
p # # 0.7862 # 10.000 10.000 10.000 10.000
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Tab. S2: Comparison of the different experimental group within one age. Numbers of newborn cells per neuroplasts over the different
injection times (A0 to A7) within one experimental group were compared by Kruskal Wallis test with posthoc analysis using Dunns’ multiple
comparison test. Rounded test results (p-values) are given for each age and experimental group. The results were used to indicate significances
in Supplemental Fig. S1.

A0 | day 1 A1 | day 2 A2 | day 3 A3 | day 4 A4 | day 5 A5 | day 6 A6 | day 7 A7 | day 8

isolated

A0 | day 1 -1 1 1 4.84E-17 3.23E-18 1.38E-19 3.23E-18 4.67E-11
A1 | day 2 1 -1 1 3.38E-11 5.73E-12 1.45E-12 5.73E-12 3.18E-08
A2 | day 3 1 1 -1 8.67E-13 7.15E-14 4.55E-15 7.15E-14 5.04E-08
A3 | day 4 4.84E-17 3.38E-11 8.67E-13 -1 1 1 1 1
A4 | day 5 3.23E-18 5.73E-12 7.15E-14 1 -1 1 1 1
A5 | day 6 1.38E-19 1.45E-12 4.55E-15 1 1 -1 1 1
A6 | day 7 3.23E-18 5.73E-12 7.15E-14 1 1 1 -1 1
A7 | day 8 4.67E-11 3.18E-08 5.04E-08 1 1 1 1 -1

group-reared

A0 | day 1 -1 1 1 0.612922288 8.36E-18 2.47E-13 1.42E-07 5.18E-13
A1 | day 2 1 -1 1 0.754034011 4.93E-10 7.16E-09 4.84E-06 9.47E-09
A2 | day 3 1 1 -1 1 1.34E-09 2.35E-08 1.68E-05 3.13E-08
A3 | day 4 0.612922288 0.754034011 1 -1 0.002167139 0.002585399 0.020484094 0.00266697
A4 | day 5 8.36E-18 4.93E-10 1.34E-09 0.002167139 -1 1 1 1
A5 | day 6 2.47E-13 7.16E-09 2.35E-08 0.002585399 1 -1 1 1
A6 | day 7 1.42E-07 4.84E-06 1.68E-05 0.020484094 1 1 -1 1
A7 | day 8 5.18E-13 9.47E-09 3.13E-08 0.00266697 1 1 1 -1

4,8-dimethyldecanal enriched

A0 | day 1 -1 0.358547436 1 0.138862716 0.01976019 4.03E-14 1.66E-20 3.37E-13
A1 | day 2 0.358547436 -1 1 1 1 2.77E-06 2.69E-08 5.67E-06
A2 | day 3 1 1 -1 0.493493138 0.147034108 5.61E-11 2.51E-15 2.53E-10
A3 | day 4 0.138862716 1 0.493493138 -1 1 0.003417715 0.000754315 0.004009721
A4 | day 5 0.01976019 1 0.147034108 1 -1 0.003568221 0.000648657 0.004329133
A5 | day 6 4.03E-14 2.77E-06 5.61E-11 0.003417715 0.003568221 -1 1 1
A6 | day 7 1.66E-20 2.69E-08 2.51E-15 0.000754315 0.000648657 1 -1 1
A7 | day 8 3.37E-13 5.67E-06 2.53E-10 0.004009721 0.004329133 1 1 -1

4,8-dimethyldecanal enriched

+ dsRNA
orco

A0 | day 1 -1 1 1 1 5.84E-05 0.000160087 1.42E-05 6.34E-06
A1 | day 2 1 -1 1 1 1.66E-05 7.10E-05 2.04E-06 5.73E-07
A2 | day 3 1 1 -1 1 2.01E-05 9.28E-05 2.10E-06 5.59E-07
A3 | day 4 1 1 1 -1 0.046742403 0.068143552 0.027902765 0.021774952
A4 | day 5 5.84E-05 1.66E-05 2.01E-05 0.046742403 -1 1 1 1
A5 | day 6 0.000160087 7.10E-05 9.28E-05 0.068143552 1 -1 1 1
A6 | day 7 1.42E-05 2.04E-06 2.10E-06 0.027902765 1 1 -1 1
A7 | day 8 6.34E-06 5.73E-07 5.59E-07 0.021774952 1 1 1 -1

group cis-3-hexenol enriched

A0 | day 1 -1 1 1 1 1 1 0.001154556
A1 | day 2 1 -1 1 1 1 1 0.052875925
A2 | day 3 1 1 -1 1 1 1 0.011720653
A3 | day 4 1 1 1 -1 1 1 1
A4 | day 5 1 1 1 1 -1 1 1
A5 | day 6 1 1 1 1 1 -1 0.19770883
A7 | day 8 0.001154556 0.052875925 0.011720653 1 1 0.19770883 -1

cis-3-hexenol enriched

+ dsRNA
orco

A0 | day 1 -1 1 1 0.320239746 0.20983734 0.016002824
A1 | day 2 1 -1 1 0.004877305 0.006037926 0.000309038
A2 | day 3 1 1 -1 0.047997981 0.034154525 0.001755258
A3 | day 4 0.320239746 0.004877305 0.047997981 -1 1 0.187388262
A4 | day 5 0.20983734 0.006037926 0.034154525 1 -1 0.510586405
A5 | day 6 0.016002824 0.000309038 0.001755258 0.187388262 0.510586405 -1
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Tab. S3: Comparison of the different ages within one experimental group. Numbers of newborn cells per neuroplasts within one experimental
group over the different injection times (A0 to A7) were compared by Kruskal Wallis test with posthoc analysis using Dunns’ multiple
comparison test. Rounded test results (p-values) are given for each age and experimental group. The results were used to indicate signifacances
in Fig. 1
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A0 | day 1

group-reared -1 0.117102147 0.000138692 1 0.590386995 1
isolated 0.117102147 -1 1 1 1 0.316598998
4,8-dimethyldecanal enriched 0.000138692 1 -1 0.590386995 6.36E-11 0.036444773
4,8-dimethyldecanal enriched + dsRNA

orco 1 1 0.590386995 -1 0.699818698 1
cis-3-hexenol enriched 0.590386995 0.000133143 6.36E-11 0.699818698 -1 1
cis-3-hexenol enriched + dsRNA

orco 1 0.316598998 0.036444773 1 1 -1

A1 | day 2

group-reared -1 1 1 1 0.841516063 1
isolated 1 -1 1 1 0.020427712 1
4,8-dimethyldecanal enriched 1 1 -1 1 0.023768744 1
4,8-dimethyldecanal enriched + dsRNA

orco 1 1 1 -1 0.326369485 1
cis-3-hexenol enriched 0.841516063 0.020427712 0.023768744 0.326369485 -1 0.841516063
cis-3-hexenol enriched + dsRNA

orco 1 1 1 1 0.841516063 -1

A2 | day 3

group-reared -1 1 0.000115535 1 1 1
isolated 1 -1 2.24E-07 1 1 1
4,8-dimethyldecanal enriched 0.000115535 2.24E-07 -1 0.042322766 2.62E-05 0.334101551
4,8-dimethyldecanal enriched + dsRNA

orco 1 1 0.042322766 -1 1 1
cis-3-hexenol enriched 1 1 2.62E-05 1 -1 1
cis-3-hexenol enriched + dsRNA

orco 1 1 0.334101551 1 1 -1

A3 | day 4

group-reared -1 0.00113321 0.650642434 1 1 1
isolated 0.00113321 -1 5.57E-09 0.008941583 0.031009534 4.13E-05
4,8-dimethyldecanal enriched 0.650642434 5.57E-09 -1 1 1 0.031009534
4,8-dimethyldecanal enriched + dsRNA

orco 1 0.008941583 1 -1 1 1
cis-3-hexenol enriched 1 0.031009534 1 1 -1 1
cis-3-hexenol enriched + dsRNA

orco 1 4.13E-05 0.031009534 1 1 -1

A4 | day 5

group-reared -1 1 8.44E-16 1 0.000970773
isolated 1 -1 5.94E-16 1 0.000355396
4,8-dimethyldecanal enriched 8.44E-16 5.94E-16 -1 1.88E-10 0.002964403
4,8-dimethyldecanal enriched + dsRNA

orco 1 1 1.88E-10 -1 0.004061159
cis-3-hexenol enriched + dsRNA

orco 0.000970773 0.000355396 0.002964403 0.004061159 -1

A5 | day 6

group-reared -1 1 1 1 1.85E-20 1
isolated 1 -1 1 1 1.10E-22 1
4,8-dimethyldecanal enriched 1 1 -1 1 1.32E-19 1
4,8-dimethyldecanal enriched + dsRNA

orco 1 1 1 -1 3.51E-15 1
cis-3-hexenol enriched 1.85E-20 1.10E-22 1.32E-19 1.32E-19 -1 7.59E-12
cis-3-hexenol enriched + dsRNA

orco 1 1 1 1 7.59E-12 -1

A6 | day 7

group-reared -1 1 1 1
isolated 1 -1 1 1
4,8-dimethyldecanal enriched 1 1 -1 1
4,8-dimethyldecanal enriched + dsRNA

orco 1 1 1 -1

A7 | day 8

group-reared -1 9.38E-08
isolated -1 6.20E-06
4,8-dimethyldecanal enriched -1 5.60E-07
4,8-dimethyldecanal enriched + dsRNA

orco -1 9.38E-08
cis-3-hexenol enriched 9.38E-08 6.20E-06 5.60E-07 9.38E-08 -1

77



Supplemental information

Supplemetary method S1: Python script for cell number analysis

1 # l o a d modu le s
import pandas as pd

3 import ma t p l o t l i b . pyp l o t as p l t
import seaborn as sns

5 import s c i p y . s t a t s as s s
import s c i k i t _ p o s t h o c s as sp

7
# g l o b a l v a r i a b l e s

9 groups = [ ’ group r e a r e d ’ , ’ i s o l a t e d ’ , ’ 4 ,8 − d ime thy l d e c ana l en r i c h ed ’ , ’ 4 ,8 −
d ime thy l d e c ana l en r i c h ed + dsRNA[ Orco ] ’ , ’ c i s −3− hexeno l en r i c h ed ’ , ’
c i s −3− hexeno l en r i c h ed + dsRNA[ Orco ] ’ ]

g r o u p _ l a b e l s = [ ’ group r e a r e d ’ , ’ i s o l a t e d ’ , ’DMD en r i ch ed ’ , ’DMD en r i ch ed +
dsRNA$ ^ { Orco } $ ’ , ’ c i s −3− hexeno l en r i c h ed ’ , ’ c i s −3− hexeno l en r i c h ed +

dsRNA$ ^ { Orco } $ ’ ]
11 ages = [ ’A0 ’ , ’A1 ’ , ’A2 ’ , ’A3 ’ , ’A4 ’ , ’A5 ’ , ’A6 ’ , ’A7 ’ ]

a g e _ l a b e l s = [ ’A0 \ nday 1 ’ , ’A1 \ nday 2 ’ , ’A2 \ nday 3 ’ , ’A3 \ nday 4 ’ , ’A4 \ nday
5 ’ , ’A5 \ nday 6 ’ , ’A6 \ nday 7 ’ , ’A7 \ nday 8 ’ ]

13 s e x e s = [ ’ male ’ , ’ f ema l e ’ ]

15
# open d a t a f i l e

17 print ( ’−−−−−−−−−−−−−−−−−−− ’ )
print ( ’ Loading da t a ’ )

19 da t a = pd . r e a d _ e x c e l ( ’ d a t a . x l s x ’ , n a_va lue s =[ ’NA ’ ] )

21 # f i l t e r rows wi th m i s s i n g / unu s ab l e n e u r o b l a s t s
da t a = da t a [ da t a [ ’ NB_s ta te ’ ]== ’ p r e s e n t ’ ] . copy ( )

23
# s e p a r a t e e x p e r im e n t a l g r oup s

25 da t a_g roups = { }
for i in groups :

27 da t a_g roups [ i ] = da t a [ da t a [ ’ group ’ ]== i ] . copy ( )
print ( ’ Done ’ )

29 print ( ’−−−−−−−−−−−−−−−−−−− ’ )

31 # g e t o b e r s e r v a t i o n s
print ( ’−−−−−−−−−−−−−−−−−−− ’ )

33 print ( ’ g e t o b s e r v a t i o n s ’ )
for i in groups :

35 d a t a _ l = da t a_g roups [ i ] . copy ( )
N_animals = d a t a _ l . groupby ( ’ age ’ ) [ ’ spec imen ’ ] . nunique ( )

37 n _n eu r o b l a s t s = d a t a _ l . groupby ( ’ age ’ ) [ ’ spec imen ’ ] . count ( )
ou tpu t _a s = " s t a t i s t i c s / o b s e r v a t i o n s _ " + i + ’ . x l s x ’

39 with pd . Ex c e lWr i t e r ( ou tpu t _a s ) as w r i t e r :
N_animals . t o _ e x c e l ( wr i t e r , sheet_name= ’ an ima l s ’ )

41 n _n eu r o b l a s t s . t o _ e x c e l ( wr i t e r , sheet_name= ’ n e u r o b l a s t s ’ )

43 print ( ’ Done ’ )
print ( ’−−−−−−−−−−−−−−−−−−− ’ )

45
# do s t a t i s t i c s

47 print ( ’−−−−−−−−−−−−−−−−−−− ’ )
print ( ’ Pe r fo rming s t a t i s t i c a l t e s t s ’ )

49 # p e r group
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print ( ’− per group ’ )
51 for i in da t a_g roups :

# s e l e c t da ta
53 da ta_group = da t a_g roups [ i ]

# do s t a t i s t i c s
55 data_kw = [ da ta_group . l o c [ i d s , ’ c e l l s ’ ] . v a l u e s for i d s in da ta_group .

groupby ( ’ age ’ ) . groups . v a l u e s ( ) ]
check = da ta_group . c e l l s . nunique ( )

57 i f check > 1 :
H, p = s s . k r u s k a l ( ∗ data_kw )

59 outputkw = pd . DataFrame ( da t a = { ’ type ’ : [ ’ t e s t s t a t i s t i c s (H) ’ , ’ p−
Value ’ ] , ’ v a l u e ’ : [H, p ] } )

i f p < 0 . 0 5 :
61 ou tpu t = sp . posthoc_dunn ( data_group , v a l _ c o l = ’ c e l l s ’ , g roup_co l

= ’ age ’ , p _ a d j u s t = ’ holm ’ )
ou tpu t _a s = " s t a t i s t i c s / per_group_ " + i + ’ . x l s x ’

63 with pd . Ex c e lWr i t e r ( ou tpu t _a s ) as w r i t e r :
outputkw . t o _ e x c e l ( wr i t e r , sheet_name= ’ K ru ska l s Wal i s ’ )

65 i f p < 0 . 0 5 :
ou tpu t . t o _ e x c e l ( wr i t e r , sheet_name= ’Dunn \ ’ s Pos thoc ’ )

67 # do s t a t i s t i c s p e r age
print ( ’− per age ’ )

69 for i in range ( len ( ages ) ) :
d a t a _ ag e s = da t a [ da t a [ ’ age ’ ]== ages [ i ] ]

71 # do s t a t i s t i c s
data_kw = [ da t a _ age s . l o c [ i d s , ’ c e l l s ’ ] . v a l u e s for i d s in da t a _ ag e s .
groupby ( ’ group ’ ) . groups . v a l u e s ( ) ]

73 check = da t a _ age s . c e l l s . nunique ( )
i f check > 1 :

75 H, p = s s . k r u s k a l ( ∗ data_kw )
outputkw = pd . DataFrame ( da t a = { ’ type ’ : [ ’ t e s t s t a t i s t i c s (H) ’ , ’ p−

Value ’ ] , ’ v a l u e ’ : [H, p ] } )
77 i f p < 0 . 0 5 :

ou tpu t = sp . posthoc_dunn ( da ta_ages , v a l _ c o l = ’ c e l l s ’ , g roup_co l =
’ group ’ , p _ a d j u s t = ’ holm ’ )

79 ou tpu t _a s = " s t a t i s t i c s / per_age_ " + ages [ i ] + ’ . x l s x ’
with pd . Ex c e lWr i t e r ( ou tpu t _a s ) as w r i t e r :

81 outputkw . t o _ e x c e l ( wr i t e r , sheet_name= ’ K ru ska l s Wal i s ’ )
i f p < 0 . 0 5 :

83 ou tpu t . t o _ e x c e l ( wr i t e r , sheet_name= ’Dunn \ ’ s Pos thoc ’ )

85
# o v e r a l l

87 print ( ’− o v e r a l l ’ )

89 data_combined = da t a . copy ( )
da ta_combined [ ’ a l l _ s t a t _ g r o u p s ’ ] = data_combined [ ’ age ’ ] + ’ _ ’ +

data_combined [ ’ group ’ ]
91 # do s t a t i s t i c s

data_kw = [ data_combined . l o c [ i d s , ’ c e l l s ’ ] . v a l u e s for i d s in data_combined .
groupby ( ’ a l l _ s t a t _ g r o u p s ’ ) . groups . v a l u e s ( ) ]

93 check = data_combined . c e l l s . nunique ( )
i f check > 1 :

95 H, p = s s . k r u s k a l ( ∗ data_kw )
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outputkw = pd . DataFrame ( da t a = { ’ type ’ : [ ’ t e s t s t a t i s t i c s (H) ’ , ’ p−Value ’
] , ’ v a l u e ’ : [H, p ] } )

97 i f p < 0 . 0 5 :
ou tpu t = sp . posthoc_dunn ( data_combined , v a l _ c o l = ’ c e l l s ’ , g roup_co l =

’ a l l _ s t a t _ g r o u p s ’ , p _ a d j u s t = ’ holm ’ )
99 ou tpu t _a s = " s t a t i s t i c s / o v e r a l l . x l s x "

with pd . Ex c e lWr i t e r ( ou tpu t _a s ) as w r i t e r :
101 outputkw . t o _ e x c e l ( wr i t e r , sheet_name= ’ K ru ska l s Wal i s ’ )

i f p < 0 . 0 5 :
103 ou tpu t . t o _ e x c e l ( wr i t e r , sheet_name= ’Dunn \ ’ s Pos thoc ’ )

105 print ( ’ Done ’ )
print ( ’−−−−−−−−−−−−−−−−−−− ’ )

107
print ( ’−−−−−−−−−−−−−−−−−−− ’ )

109 print ( ’ S t a r t p l o t t i n g da t a ’ )

111 #make p o i n t p l o t
print ( ’− p o i n t p l o t ’ )

113 sns . s e t _ s t y l e ( ’ wh i t e g r i d ’ )
f i g , axes = p l t . s u b p l o t s ( 6 , 1 , f i g s i z e = ( 1 0 , 1 5 ) , dp i =300 , sha r ex = Fa l s e ,

sha rey=True )
115 p l t . s u b p l o t s _ a d j u s t ( l e f t = 0 . 0 8 , r i g h t = 0 . 9 9 , bottom = 0 . 0 5 , top =

0 . 9 5 , hspace = 0 . 5 5 , wspace = 0 )
for i in range ( len ( groups ) ) :

117 data_group_name = groups [ i ]
print ( ’ −− ’ + data_group_name )

119 da ta_group = da t a_g roups [ data_group_name ] . copy ( )
sns . p o i n t p l o t ( d a t a =data_group , x= ’ age ’ , y= ’ c e l l s ’ , j o i n = Fa l s e ,
l i n e s t y l e s =[ " −− " ] , c a p s i z e = . 1 , e r rw id th = . 5 , s c a l e = 0 . 9 , c o l o r = " b l a c k " ,
ax= axes [ i ] )

121 axes [ i ] . s e t _ t i t l e ( g r o u p _ l a b e l s [ i ] , weight= ’ bo ld ’ , s i z e = ’ l a r g e r ’ )
f i g . s a v e f i g ( ’ f i g u r e s / p o i n t p l o t . png ’ )

123 f i g . s a v e f i g ( ’ f i g u r e s / p o i n t p l o t . pd f ’ )
p l t . c l o s e ( )

125

127 print ( ’− boxp l o t ages ’ )
my_pal = { ’ group r e a r e d ’ : " #0173 b2 " , ’ i s o l a t e d ’ : " # de8 f 0 5 " , ’ c i s −3− hexeno l

en r i c h ed ’ : " #029 e73 " , ’ c i s −3− hexeno l en r i c h ed + dsRNA[ Orco ] ’ : " # d55e00 " ,
’ 4 ,8 − d ime thy l d e c ana l en r i c h ed ’ : " # c c78bc " , ’ 4 ,8 − d ime thy l d e c ana l

en r i c h ed + dsRNA[ Orco ] ’ : " # ca9161 " } # c o l o r b l i n d
129 f i g , axes = p l t . s u b p l o t s ( 1 , len ( ages ) , sha rey=True , f i g s i z e = ( 1 5 , 1 0 ) , dp i

=300 )
p l t . s u b p l o t s _ a d j u s t ( l e f t = 0 . 0 5 , r i g h t = 0 . 9 9 , bottom = 0 . 3 , top = 0 . 9 5 ,

hspace = 0 . 2 , wspace = 0 . 0 2 )
131 for i in range ( len ( ages ) ) :

axes [ i ] . s e t _ y l im ( − 4 . 9 9 , 4 2 . 9 9 )
133 print ( ’ −− ’ + ages [ i ] )

d a t a _ ag e s = da t a [ da t a [ ’ age ’ ]== ages [ i ] ]
135 sns . b oxp l o t ( d a t a = da ta_ages , x= ’ group ’ , y= ’ c e l l s ’ , ax= axes [ i ] , notch=

True , p a l e t t e =my_pal , o rde r =groups )
i f i == 0 :

137 axes [ i ] . s e t _ y l a b e l ( ’ a d u l t born Kenyon c e l l s per n e u r o b l a s t \ nwi th in
24 hours a f t e r EdU i n j e c t i o n ’ , weight= ’ bo ld ’ , s i z e = ’medium ’ )
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e l se :
139 axes [ i ] . s e t _ y l a b e l ( ’ ’ )

axes [ i ] . s e t _ t i t l e ( a g e _ l a b e l s [ i ] , weight= ’ bo ld ’ , s i z e = ’medium ’ )
141 x l a b e l s = axes [ i ] . g e t _ x t i c k l a b e l s ( )

axes [ i ] . s e t _ x t i c k l a b e l s ( g r oup_ l a b e l s , r o t a t i o n = ’ v e r t i c a l ’ )
143 axes [ i ] . s e t _ x l a b e l ( ’ ’ )

145 f i g . s a v e f i g ( ’ f i g u r e s / b oxp l o t _ ag e s . png ’ )
f i g . s a v e f i g ( ’ f i g u r e s / b oxp l o t _ ag e s . pdf ’ )

147 p l t . c l o s e ( )

149 # S c h e i r e r −Ray−Hare − T e s t ( Imp l emen t a t i o n from j p i n z o n c on gu i t hub )
da t a [ ’ rank ’ ] = da t a . c e l l s . s o r t _ v a l u e s ( ) . rank ( numer ic_on ly = f l o a t )

151

153 rows = da t a . groupby ( [ ’ group ’ ] , a s _ i ndex = F a l s e ) . agg ( { ’ rank ’ : [ ’ count ’ , ’
mean ’ , ’ var ’ ] } ) . rename ( columns = { ’ rank ’ : ’ row ’ } )

rows . columns = [ ’ _ ’ . j o i n ( c o l ) for c o l in rows . columns ]
155 rows . columns = rows . columns . s t r . r e p l a c e ( r ’ _$ ’ , " " )

rows [ ’ row_mean_rows ’ ] = rows . row_mean . mean ( )
157 rows [ ’ sqdev ’ ] = ( rows . row_mean − rows . row_mean_rows ) ∗ ∗ 2

159 c o l s = da t a . groupby ( [ ’ age ’ ] , a s _ i ndex = F a l s e ) . agg ( { ’ rank ’ : [ ’ count ’ , ’mean ’
, ’ var ’ ] } ) . rename ( columns = { ’ rank ’ : ’ c o l ’ } )

c o l s . columns = [ ’ _ ’ . j o i n ( c o l ) for c o l in c o l s . columns ]
161 c o l s . columns = c o l s . columns . s t r . r e p l a c e ( r ’ _$ ’ , " " )

c o l s [ ’ co l _mean_co l s ’ ] = c o l s . col_mean . mean ( )
163 c o l s [ ’ sqdev ’ ] = ( c o l s . col_mean − c o l s . co l _mean_co l s ) ∗ ∗ 2

165 data_sum = da t a . groupby ( [ ’ group ’ , ’ age ’ ] , a s _ index = F a l s e ) . agg ( { ’ rank ’ : [ ’
count ’ , ’mean ’ , ’ var ’ ] } )

data_sum . columns = [ ’ _ ’ . j o i n ( c o l ) for c o l in data_sum . columns ]
167 data_sum . columns = data_sum . columns . s t r . r e p l a c e ( r ’ _$ ’ , " " )

169 nobs_row = rows . row_count . mean ( )
n o b s _ t o t a l = rows . row_count . sum ( )

171 nobs_co l = c o l s . c o l _ coun t . mean ( )

173 Columns_SS = c o l s . sqdev . sum ( ) ∗ nobs_co l
Rows_SS = rows . sqdev . sum ( ) ∗ nobs_row

175 Within_SS = data_sum . rank_var . sum ( ) ∗ ( data_sum . rank_count .min ( ) −1)
MS = da t a [ ’ rank ’ ] . var ( )

177 TOTAL_SS = MS ∗ ( n o b s _ t o t a l −1 )
I n t e r _ S S = TOTAL_SS − Within_SS − Rows_SS − Columns_SS

179
H_rows = Rows_SS /MS

181 H_co ls = Columns_SS /MS
H_int = I n t e r _ S S /MS

183
df_rows = len ( rows ) −1

185 d f _ c o l s = len ( c o l s ) −1
d f _ i n t = df_rows ∗ d f _ c o l s

187 d f _ t o t a l = len ( d a t a ) −1
d f _w i t h i n = d f _ t o t a l − d f _ i n t − d f _ c o l s − df_rows

189
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p_rows = round (1 − s s . c h i 2 . c d f ( H_rows , df_rows ) , 4 )
191 p_ c o l s = round (1 − s s . c h i 2 . c d f ( H_cols , d f _ c o l s ) , 4 )

p _ i n t e r = round (1 − s s . c h i 2 . c d f ( H_int , d f _ i n t ) , 4 )
193

195 r e s u l t s = pd . DataFrame ( columns =[ ’ var ’ , ’ d f ’ , ’H ’ , ’ p ’ ] )
r e s u l t s = r e s u l t s . append ( [ { ’ var ’ : ’ Group ’ , ’ d f ’ : df_rows , ’H ’ : H_rows , ’ p ’ : p_rows

} ] , i gno r e _ i nd ex =True , s o r t = F a l s e )
197 r e s u l t s = r e s u l t s . append ( [ { ’ var ’ : ’ Age ’ , ’ d f ’ : d f _ c o l s , ’H ’ : H_cols , ’ p ’ : p _ c o l s

} ] , i g no r e _ i nd ex =True , s o r t = F a l s e )
r e s u l t s = r e s u l t s . append ( [ { ’ var ’ : ’ Group : Age ’ , ’ d f ’ : d f _ i n t , ’H ’ : H_int , ’ p ’ :

p _ i n t e r } ] , i g no r e _ i nd ex =True , s o r t = F a l s e )
199

print ( r e s u l t s )
201

print ( ’ Done ’ )
203 print ( ’−−−−−−−−−−−−−−−−−−− ’ )

Supplemetary method S2: Python script for EAG analysis

1 # l o a d modu le s
import numpy as np

3 import pandas as pd
import ma t p l o t l i b . pyp l o t as p l t

5 import seaborn as sns
import ma t p l o t l i b

7 import ma t p l o t l i b . p a t ch e s as pa t che s
from ma t p l o t l i b . t i c k e r import ( Mu l t i p l e Lo c a t o r , Fo rma tS t r Fo rma t t e r ,

AutoMinorLocator )
9 import os

import s c i p y . s t a t s as s s
11 import s c i k i t _ p o s t h o c s as sp

from l o c a l r e g import ∗
13 # impo r t da ta from s t r u c t u r e d e x c e l s h e e t s ( x l s x on l y ) [mv ] : [ s t imu l u s ] [

s u b s e s s i o n s ] ; r e p l i c a t e s a s s h e e t s ; one f i l e p e r animal
# i n p u t e x c e l − f i l e s must be p l a c e d i n t h e f o l d e r " e x c e l _ d a t a " and have t h e

f o l l o w i n g f i l e n ame s t r u c t u r e : " d sRNA_odorant_an imal " and t h e s h e e t s must
have f o l l o w i n g names f o r t h e 3 r e p l i c a t e s : a , b , c ( s e e example . x l s x )

15
# g l o b a l v a r i a b l e s t o be e d i t e d t o r e l f e c t t h e da ta

17 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
dsRNAs = [ ’ dsRed ’ , ’ o rco ’ ] # o r d e r i s a l s o u s ed f o r b o x p l p l o t s o f peak

r e s p o n s e s
19 dsRNA_names = [ ’ dsRNA$ ^ { DsRed } $ ’ , ’ dsRNA$ ^ { Orco } $ ’ ] # n e e d s o t be i n t h e

same o r d e r a s dsRNAs
odo ran t s = [ ’dmd ’ , ’ hexeno l ’ ]

21 an ima l s = [ ’ f ema le_1 ’ , ’ f ema l e_2 ’ , ’ f ema l e_3 ’ , ’ f ema l e_3 ’ , ’ f ema l e_4 ’ , ’
f ema l e_5 ’ ]

r e p l i c a t e s = [ ’ a ’ , ’ b ’ , ’ c ’ ]
23 s u b s e s s i o n s = [ ’DMD’ , ’ s i l i c o n e o i l ’ , ’ 10^−8 ’ , ’ 10^−7 ’ , ’ 10^−6 ’ , ’ 10^−5 ’ , ’ 10^−4

’ , ’ 10^−3 ’ , ’ 10^−2 ’ ]
s u b s e s s i o n s _ t o _ p l o t = [ ’ 10^−8 ’ , ’ 10^−7 ’ , ’ 10^−6 ’ , ’ 10^−5 ’ , ’ 10^−4 ’ , ’ 10^−3 ’ , ’

10^−2 ’ ]
25 s ub s e s s i on s _ t o _p l o t _n ame s = [ ’ 10 $ ^ { −8 } $ ’ , ’ 10 $ ^ { −7 } $ ’ , ’ 10 $ ^ { −6 } $ ’ , ’ 10 $ ^ { −5 } $

’ , ’ 10 $ ^ { −4 } $ ’ , ’ 10 $ ^ { −3 } $ ’ , ’ 10 $ ^ { −2 } $ ’ ] # n i c e names f o r p l o t t i n g , need
t o be i n t h e same o r d e r a s s u b s e s s i o n s _ t o _ p l o t
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odorant_names = [ ’ 4 ,8 − d ime thy l d e c ana l ’ , ’ c i s −3− hexeno l ’ ] # n e e d s o t be i n
t h e same o r d e r a s o d o r a n t s

27 ex c l ude = [ ’ dsRed_dmd_female_2 ’ , ’ d sRed_hexeno l_ f ema le_2 ’ , ’
orco_dmd_female_1 ’ , ’ o r co_hexeno l _ f ema l e_1 ’ ] # e n t e r f i l e n ame ( w i t h ou t
e x t e n s i o n ) o f an ima l s d a t a s e t s t o e x c l u d e

d a t a p o i n t s _ t o _ u s e = 300 # e q u a l s t o samp l ing f r e q u e n c e x d e s i r e d t ime i n
s e c a f t e r s t imu l u s o n s e t + 50 <−− 2 s e c o n d s b e f o r e s t imu l u s o n s e t

29
# do no t change from h e r e

31 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
# ch e c k i f a l l n e c e s s a r y ou t pu t f o l d e r s e x i s t and c r e a t e them i f no t

33 i f not os . pa th . e x i s t s ( ’ c sv ’ ) :
os . maked i r s ( ’ c sv ’ )

35 i f not os . pa th . e x i s t s ( ’ c sv_g ’ ) :
os . maked i r s ( ’ c sv_g ’ )

37 i f not os . pa th . e x i s t s ( ’ f i g u r e s ’ ) :
os . maked i r s ( ’ f i g u r e s ’ )

39 i f not os . pa th . e x i s t s ( ’ s t a t i s t i c s ’ ) :
os . maked i r s ( ’ s t a t i s t i c s ’ )

41
# l o a d da ta from e x c e l f i l e s ( f i l t e r f o r f i l e s t o e x c l u d e ) i n t o da ta f r ame

l i s t and s av e t h e s u b e s s i o n s t o c s v
43 s e s s i o n s = { }

print ( ’ S t a r t impor t i ng da t a from e x c e l ’ )
45 print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )

for i in dsRNAs :
47 for j in odo ran t s :

for k in an ima l s :
49 for l in r e p l i c a t e s :

for m in s u b s e s s i o n s :
51 f i l e n ame = i + ’ _ ’ + j + ’ _ ’ + k

sess ion_name = i + ’ _ ’ + j + ’ _ ’ + k + ’ _ ’ + l + ’ _ ’ +
m

53 print ( ’ Cur ren t f i l e i s : ’ + f i l e n ame + ’ . x l s x ’ )
i f ( f i l e n ame in ex c l ude ) :

55 print ( ’ e x c luded from a n a l y s i s due to bad raw da t a ’ )
e l se :

57 print ( ’ Cur ren t s h e e t i s : ’ + l )
print ( ’ Cur ren t t e s t odoran t i s : ’ + j )

59 print ( ’ Cur ren t s u b s e s s i o n i s : ’ + m)
print ( ’ l o a d i n g da t a ’ )

61 d a t a _ i n = pd . r e a d _ e x c e l ( ’ e x c e l _ d a t a / ’ + f i l e n ame +
’ . x l s x ’ , i n d e x _ c o l =None , na_va lue s =[ ’NA ’ ] , sheet_name= l )

d a t a _ i n . dropna ( i n p l a c e =True )
63 d a t a _ i n = d a t a _ i n . head ( d a t a p o i n t s _ t o _ u s e )

# s e l e c t on l y t ime , s t imu l u s and s u b s e s s i o n column
65 e x c o l = [ ’ t ’ , ’ s t imu l u s ’ , m]

d a t a _ i n = d a t a _ i n . f i l t e r ( i t ems = ex co l )
67 d a t a _ i n . rename ( columns = {m: ’mV ’ } , i n p l a c e =True )

# add dsRNA , animal , odo ran t , r e p l i c a t and
s u b s e s s i o n

69 d a t a _ i n [ ’ dsRNA ’ ] = i
d a t a _ i n [ ’ an imal ’ ] = k

71 d a t a _ i n [ ’ odor ’ ] = j
d a t a _ i n [ ’ r e p l i c a t ’ ] = l

83



Supplemental information

73 d a t a _ i n [ ’ s u b s e s s i o n ’ ] = m
da t a _ i n [ " s t imu l u s " ] = pd . to_numer ic ( d a t a _ i n [ "

s t imu l u s " ] , downcast= ’ i n t e g e r ’ )
75 # i n v e r t mV f o r n i c e r d i s p l a y

d a t a _ i n [ ’mV ’ ] = d a t a _ i n [ ’mV ’ ] ∗ ( −1 )
77 s e s s i o n s [ sess ion_name ] = d a t a _ i n . copy ( )

print ( ’ w r i t i n g csv ’ )
79 s e s s i o n s [ sess ion_name ] . t o _ c s v ( ’ c sv / ’ + sess ion_name

+ ’ . c sv ’ , sep= ’ ; ’ , i ndex=None , header=True , dec ima l = ’ . ’ ) # c s v wi th " . "
a s d e c ima l s e p r a t o r

s e s s i o n s [ sess ion_name ] . t o _ c s v ( ’ c sv_g / ’ +
sess ion_name + ’ . c sv ’ , sep= ’ ; ’ , i ndex=None , header=True , de c ima l = ’ , ’ ) #
c s v wi th " , " a s d e c ima l s e p r a t o r

81 print ( ’ done ’ )
print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )

83
# c r e a t e new f i l e f o r s u pp l emen t s c o n t a i n i n g e v e r t h i n g

85 print ( ’ combine d a t a s e t s o f the same c o n d i t i o n s f o r supp lements ’ )
print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )

87 s e s s i on s_comb ined = pd . DataFrame ( )
for i in s e s s i o n s :

89 print ( ’ Cur ren t s e s s i o n i s : ’ + i )
s e s s i on s_ comb ined = se s s i on s_ comb ined . append ( s e s s i o n s [ i ] )

91 # s a v e t o c s v
s e s s i on s_ comb ined . t o _ c s v ( ’ c sv / EAG_data_analyzed_raw . csv ’ , sep= ’ ; ’ , i ndex=

None , header=True , dec ima l = ’ . ’ ) # c s v wi th " . " a s d e c ima l s e p r a t o r
93 s e s s i on s_comb ined . t o _ c s v ( ’ c sv_g / EAG_data_analyzed_raw . csv ’ , sep= ’ ; ’ , i ndex=

None , header=True , dec ima l = ’ , ’ ) # c s v wi th " , " a s d e c ima l s e p r a t o r
print ( ’ done ’ )

95 print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )

97 # smooth t h e raw da ta u s i n g r o b u s t LOESS method t o c oun t f o r unwanted s p i k e s
i n t h e t r a n s i e n t v o l t a g e t r a i n

print ( ’ Smooth the da t a ’ )
99 print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )

s e s s i on s_ smoo thed = { }
101 for i in s e s s i o n s :

print ( ’ Cur ren t smoothing : ’ + i )
103 s e s s i o n _ l = s e s s i o n s [ i ] . copy ( )

x = s e s s i o n _ l [ ’ t ’ ] . to_numpy ( )
105 y = s e s s i o n _ l [ ’mV ’ ] . to_numpy ( )

smoothed = l o c a l r e g ( x , y , deg ree =2 , k e r n e l = t r i c u b e , width = 0 . 3 )
107 s e s s i o n _ l [ ’mV ’ ] = smoothed

s e s s i on s_ smoo thed [ i ] = s e s s i o n _ l
109 print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )

111 # n o rma l i z e t h e smoothed da ta by s u b s t r a c t i n g t h e r e s p o n s e t o s i l i c o n e o i l
print ( ’ Normal i ze the da t a ’ )

113 print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )
s e s s i o n s _ n o rma l i z e d = { }

115 for i in dsRNAs :
for j in odo ran t s :

117 for k in an ima l s :
for l in r e p l i c a t e s :

119 for m in s u b s e s s i o n s :

84



Supplemental information

f i l e n ame = i + ’ _ ’ + j + ’ _ ’ + k
121 i f ( f i l e n ame in ex c l ude ) :

print ( f i l e n ame + ’ . x l s x was exc luded from a n a l y s i s
due to bad raw da t a ’ )

123 e l se :
s e s s ion_name = i + ’ _ ’ + j + ’ _ ’ + k + ’ _ ’ + l + ’ _

’ + m
125 ref_name = i + ’ _ ’ + j + ’ _ ’ + k + ’ _ ’ + l + ’

_ s i l i c o n e o i l ’
print ( ’ Cur ren t s e s s i o n i s : ’ + sess ion_name )

127 s e s s i o n _ l o c a l = s e s s i on s_ smoo thed [ sess ion_name ] .
copy ( )

s e s s i o n _ l o c a l _ r e f = s e s s i on s_ smoo thed [ ref_name ]
129 s e s s i o n _ l o c a l [ ’mV ’ ] = s e s s i o n _ l o c a l [ ’mV ’ ] −

s e s s i o n _ l o c a l _ r e f [ ’mV ’ ]
s e s s i o n s _ n o rma l i z e d [ sess ion_name ] = s e s s i o n _ l o c a l .

copy ( )
131 print ( ’ done ’ )

print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )
133

# combine d a t a s e t s o f t h e same c o n d i t i o n s f o r p l o t t i n g
135 print ( ’ combine smoothed and nomr l a i z ed d a t a s e t s o f the same c o n d i t i o n s ’ )

print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )
137 s e s s i on s_no rma l i z ed_ comb ined = pd . DataFrame ( )

for i in s e s s i o n s _ n o rma l i z e d :
139 print ( ’ Cur ren t s e s s i o n i s : ’ + i )

s e s s i on s_no rma l i z ed_ comb ined = s e s s i on s_no rma l i z ed_ comb ined . append (
s e s s i o n s _ n o rma l i z e d [ i ] )

141 print ( ’ done ’ )
print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )

143
# p l o t l i n e g raph s wi th e r r o r b a r s f o r a l l d e s i r e d s u b s e s s i o n s

145 print ( ’ p l o t l i n e g r a p h s o f the mean eag r e s pon s e s over t ime ’ )
print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )

147 f i g _ rows = len ( s u b s e s s i o n s _ t o _ p l o t )
f i g _ c o l s = len ( odo r an t s )

149 sns . s e t _ s t y l e ( ’ whi te ’ , r c = { " l i n e s . l i n ew i d t h " : 0 . 7 } )
f i g , axes = p l t . s u b p l o t s ( f i g_rows , f i g _ c o l s , f i g s i z e = ( 1 0 , 1 5 ) , dp i =300 ,

sha r ex = Fa l s e , sha rey= F a l s e )
151 p l t . s u b p l o t s _ a d j u s t ( top = 0 . 9 5 , bottom =0 . 0 5 , l e f t = 0 . 1 , r i g h t = 0 . 9 5 , hspace

= 0 . 5 , wspace = 0 . 2 )
for i in range ( len ( odo r an t s ) ) :

153 d a t a _odo r an t s = s e s s i on s_no rma l i z ed_ comb ined [
s e s s i on s_no rma l i z ed_ comb ined [ ’ odor ’ ]== odo ran t s [ i ] ]
print ( ’ Cur ren t odor i s : ’ + odo r an t s [ i ] )

155 for j in range ( len ( s u b s e s s i o n s _ t o _ p l o t ) ) :
print ( ’now p l o t t i n g : ’ + s u b s e s s i o n s _ t o _ p l o t [ j ] )

157 d a t a _ p l o t = d a t a _odo r an t s [ d a t a _odo r an t s [ ’ s u b s e s s i o n ’ ]==
s u b s e s s i o n s _ t o _ p l o t [ j ] ]

d a t a _ p l o t = d a t a _ p l o t [ d a t a _ p l o t [ ’ t ’ ] <=5]
159 sns . l i n e p l o t ( d a t a = d a t a _p l o t , x= ’ t ’ , y= ’mV ’ , hue= ’dsRNA ’ , ax= axes [ j ,

i ] , p a l e t t e = ’ c o l o r b l i n d ’ )
# p l o t . d e s p i n e ( )

161 hand les , l a b e l s = axes [ j , i ] . g e t _ l e g e n d _ h a n d l e s _ l a b e l s ( )
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axes [ j , i ] . l egend ( hand l e s = hand l e s [ 1 : ] , l a b e l s =dsRNA_names ,
co lumnspac ing =1 , t i t l e = " " , l o c = " upper l e f t " , n co l =2 , frameon=True ,
f o n t s i z e = ’ sma l l e r ’ )

163 axes [ j , i ] . s e t _ x l im ( [ − 2 , + 5 ] )
axes [ j , i ] . s e t _ y l im ( [ − 0 . 5 8 , 0 . 5 8 ] )

165 axes [ j , i ] . s e t _ t i t l e ( odorant_names [ i ] + ’ ’ +
s u b s e s s i o n s _ t o _p l o t _n ame s [ j ] , weight= ’ bo ld ’ , s i z e = ’medium ’ )

axes [ j , i ] . s e t _ x l a b e l ( ’ t ime [ s ] ’ , weight= ’ bo ld ’ , s i z e = ’ sma l l ’ )
167 axes [ j , i ] . s e t _ y l a b e l ( ’mean EAG re sponse [mV] ’ , weight= ’ bo ld ’ , s i z e =

’ sma l l ’ )
axes [ j , i ] . t i c k_pa r ams ( l a b e l s i z e = ’ x− sma l l ’ )

169 axes [ j , i ] . m ino r t i c k s_on ( )
# Cus t omiz e t h e major g r i d

171 axes [ j , i ] . g r i d ( which= ’ major ’ , l i n e s t y l e = ’− ’ , l i n ew i d t h = ’ 0 . 5 ’ , c o l o r
= ’ b l a c k ’ )

# Cus t omiz e t h e minor g r i d
173 axes [ j , i ] . g r i d ( which= ’ minor ’ , l i n e s t y l e = ’ : ’ , l i n ew i d t h = ’ 0 . 5 ’ , c o l o r

= ’ grey ’ )
a =[0 , −1 ]

175 b = [ 0 , 1 ]
c =[1 , −1 ]

177 d = [ 1 , 1 ]
width = c [ 0 ] − a [ 0 ]

179 h e i gh t = d [ 1 ] − a [ 1 ]
axes [ j , i ] . add_patch ( p a t ch e s . R e c t ang l e ( ( 0 , −1) , width , he igh t ,

f a c e c o l o r = " s i l v e r " , z o r d e r =0 ) )
181 # s a v e f i g u r e a s png f o r qu i c k e v a l u a t i o n and pd f f o r f u r t h e r e x t e r n a l

p r o c e s s i n g
f i g . s a v e f i g ( ’ f i g u r e s / l i n e p l o t . png ’ )

183 f i g . s a v e f i g ( ’ f i g u r e s / l i n e p l o t . pd f ’ )
p l t . c l o s e ( )

185 print ( ’ done ’ )
print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )

187
# g e t t h e peak r e s p o n s e d du r i n g s t imu l u s p r e s e n t a t i o n from th e smoothed

n o rm l i z e d da ta
189 print ( ’ g e t peak r e s pon s e s dur ing s t imu l u s p r e s e n t a t i o n ’ )

print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )
191 max_mVs = pd . DataFrame ( )

for i in s e s s i o n s _ n o rma l i z e d :
193 d a t a _ l = s e s s i o n s _ no rma l i z e d [ i ] . copy ( )

# f i l t e r v a l u e s du r i n g s t imu l u s p r e s e n t a t i o n
195 d a t a _ l = d a t a _ l [ d a t a _ l [ ’ s t imu l u s ’ ] == 1 ]

peak = d a t a _ l . l o c [ d a t a _ l [ ’mV ’ ] . idxmax ( ) ]
197 # copy da ta

max_mVs = max_mVs . append ( peak )
199 # s a v e t o c s v

max_mVs . t o _ c s v ( ’ c sv /max_mVs . c sv ’ , sep= ’ ; ’ , i ndex=None , header=True , dec ima l
= ’ . ’ ) # c s v wi th " . " a s d e c ima l s e p r a t o r

201 max_mVs . t o _ c s v ( ’ c sv_g /max_mVs . c sv ’ , sep= ’ ; ’ , i ndex=None , header=True ,
dec ima l = ’ , ’ ) # c s v wi th " , " a s d e c ima l s e p r a t o r

print ( ’ done ’ )
203 print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )

205 #make b o x p l o t s o f peak r e s p o n s e s
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print ( ’ p l o t b o xp l o t s o f the peak eag re spondes dur ing s t imu l u s p r e s e n t a t i o n
’ )

207 print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )
sns . s e t _ s t y l e ( ’ wh i t e g r i d ’ )

209 f i g _ c o l s = len ( s u b s e s s i o n s _ t o _ p l o t )
f i g _ rows = len ( odo r an t s )

211 f i g , axes = p l t . s u b p l o t s ( f i g_rows , f i g _ c o l s , f i g s i z e = ( 1 5 , 1 0 ) , dp i =300 ,
sha r ex = Fa l s e , sha rey=True )

p l t . s u b p l o t s _ a d j u s t ( l e f t = 0 . 0 6 , r i g h t = 0 . 9 9 , bottom = 0 . 0 5 , top = 0 . 9 ,
hspace = 0 . 2 , wspace = 0 )

213 for i in range ( len ( odo r an t s ) ) :
d a t a _odo r an t s = max_mVs [max_mVs [ ’ odor ’ ]== odo ran t s [ i ] ]

215 print ( ’ Cur ren t odor i s : ’ + odo r an t s [ i ] )
for j in range ( len ( s u b s e s s i o n s _ t o _ p l o t ) ) :

217 print ( ’now p l o t t i n g : ’ + s u b s e s s i o n s _ t o _ p l o t [ j ] )
d a t a _ p l o t = d a t a _odo r an t s [ d a t a _odo r an t s [ ’ s u b s e s s i o n ’ ]==

s u b s e s s i o n s _ t o _ p l o t [ j ] ]
219 sns . b oxp l o t ( d a t a = d a t a _p l o t , x= ’dsRNA ’ , y= ’mV ’ , ax= axes [ i , j ] , notch=

True , p a l e t t e = ’ c o l o r b l i n d ’ , o rde r =dsRNAs )
axes [ i , j ] . s e t _ y l im ( − 0 . 1 2 , 0 . 7 )

221 axes [ i , j ] . s e t _ y l a b e l ( ’ ’ )
axes [ i , 0 ] . s e t _ y l a b e l ( ’ peak EAG re sponse [mV] to \ n ’ + odorant_names

[ i ] , weight= ’ bo ld ’ , s i z e = ’ l a r g e ’ )
223 axes [ i , j ] . s e t _ x t i c k l a b e l s ( dsRNA_names )

axes [ i , j ] . s e t _ x l a b e l ( ’ ’ )
225 axes [ i , j ] . s e t _ t i t l e ( s u b s e s s i o n s _ t o _p l o t _n ame s [ j ] , weight= ’ bo ld ’ ,

s i z e = ’ l a r g e ’ )
# s a v e f i g u r e a s png f o r qu i c k e v a l u a t i o n and pd f f o r f u r t h e r e x t e r n a l

p r o c e s s i n g
227 f i g . s a v e f i g ( ’ f i g u r e s / boxp l o t . png ’ )

f i g . s a v e f i g ( ’ f i g u r e s / boxp l o t . pd f ’ )
229 p l t . c l o s e ( )

print ( ’ done ’ )
231 print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )

233 # compare t h e peak EAG r e s p o n s e s o f t h e dsRNA t r e a tm e n t s w i t h i n t h e odo r /
s u b s e s s i o n g r oup s

print ( ’ compare the peak eag r e s pon s e s dur ing s t imu l u s p r e s e n t a t i o n between
dsRNAs f o r the c o n c e n t r a t i o n s ’ )

235 print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )
for i in range ( len ( odo r an t s ) ) :

237 d a t a _odo r an t s = max_mVs [max_mVs [ ’ odor ’ ]== odo ran t s [ i ] ]
print ( ’ Cur ren t odor i s : ’ + odo r an t s [ i ] )

239 for j in range ( len ( s u b s e s s i o n s _ t o _ p l o t ) ) :
print ( ’now comapring : ’ + s u b s e s s i o n s _ t o _ p l o t [ j ] )

241 d a t a _ s e s s i o n = da t a _odo r an t s [ d a t a _odo r an t s [ ’ s u b s e s s i o n ’ ]==
s u b s e s s i o n s _ t o _ p l o t [ j ] ]

data_kw = [ d a t a _ s e s s i o n . l o c [ i d s , ’mV ’ ] . v a l u e s for i d s in

d a t a _ s e s s i o n . groupby ( ’ dsRNA ’ ) . groups . v a l u e s ( ) ]
243 H, p = s s . k r u s k a l ( ∗ data_kw )

outputkw = pd . DataFrame ( da t a = { ’ type ’ : [ ’ t e s t s t a t i s t i c s (H) ’ , ’ p−
Value ’ ] , ’ v a l u e ’ : [H, p ] } )

245 i f p < 0 . 0 5 :
ou tpu t = sp . posthoc_dunn ( d a t a _ s e s s i o n , v a l _ c o l = ’mV ’ , g roup_co l =

’ dsRNA ’ , p _ a d j u s t = ’ holm ’ , s o r t = ’ t r u e ’ )
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247 with pd . Ex c e lWr i t e r ( ’ s t a t i s t i c s / peak_responses_between_dsRNAs_ ’ +
odo r an t s [ i ] + ’ _ ’ + s u b s e s s i o n s _ t o _ p l o t [ j ] + ’ . x l s x ’ ) a s w r i t e r :

outputkw . t o _ e x c e l ( wr i t e r , sheet_name= ’ K ru ska l s Wal i s ’ )
249 i f p < 0 . 0 5 :

ou tpu t . t o _ e x c e l ( wr i t e r , sheet_name= ’Dunn \ ’ s Pos thoc ’ )
251 print ( ’ done ’ )

print ( ’−−−−−−−−−−−−−−−−−−−−−− ’ )
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A.1 Metamorphic development of the olfactory system in

the red flour beetle (Tribolium castaneum, Herbst)

The following pages contain the supplemental figures and tables of chapter 4. The original
supplemental files (including the videos S3 and S4) are availabe online at https://bmcbiol.
biomedcentral.com/articles/10.1186/s12915-021-01055-8).
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50 µm

Brightfield
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D Orco-Gal4

50 µm

Fig. S1: Localization of the adult appendages and sensory neurons in the head capsule of the prepupa.

(A-A’) Stereo microscopic image in ventral view of a prepupa with the opened larval head capsule, showing the location of the adult appendages
within the prepupal head capsule, as well as the location of the CSNs in the adult antennae. (B) Schematic drawing of the location of the adult
head within the prepupal head capsule in dorsal view. (C, D) Confocal image of the DsRed reporter signal (magenta) of the EF-1-B-line (C) and
Orco-Gal4xUAS-DsRed-line (D), showing the position of the CSNs / OSNs cell cluster in the intact head capsule of prepupae. Scale bars 50 µm.
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Fig. S2: OSN in primary processing centers at P0%.

Representative optical slices showing the DsRed reporter signal (magenta) of the Orco-GAL4 line, indicating OSN, counterstained with
phalloidin (green) to visualize the general neuroarchitecture. All scale bars 10 µm.
Note: This figure shows the same data as the figure in the original supplements to the publication, but has been rearranged for layout reasons.
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Fig. S5: Orco in the antennae before glomeruli formation.

Confocal maximum projection of 50µm slice a P10% antenna showing OSNs labeled by immunohistochemistry using the crossreactive Moth-R2
antiserum. Scale bars 50µm
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Fig. S6: Immunohistochemical Orco knock-down verification.

Representative maximum projections of 50 µm cry-sections of the antennae of freshly eclosed (A0) beetles of the CSN-labeling EF-1-B-DsRed
line after (A) RNAiOrco and (B) RNAiSham injection. (A – A”, B – B”) The DsRed reporter signal is depicted in green, while Orco immunostaining
is depicted in magenta. This channel also includes the autofluorescence of the antennal cuticle. In both treatment groups, the gross CSN
distribution is very similar, while Orco cannot be detected in the RNAiOrco group (A). Scale bars 20 µm.
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Fig. S7: Development of AST-A immunoreactivity in the AL of Apis mellifera.
Representative optical slices of AST-A immunoreactivity in the AL of A. mellifera workers at different developmental stages. (A) In the
AL of P10% pupae, AST-A fibers are restricted to the lateral portion of the AL. (B, C) At P20% AST-A fibers penetrate the AL. (D) At P40%
immunoreactive fibers locate in most of the forming glomeruli. (E-H) From P50% AST-A immunoreactivity shows clearly distinguishable
glomeruli, which grow until adult eclosion. Scale bars 40µm.
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Fig. S8: Staging of wild-type beetles during metamorphosis.

The comparison of time-lapse recordings of nine pupae led to an averaged time for the metamorphosis of 126 h (5,25 d) at 30°C with a deviation
of 5,3 h. The development of the eyes [118,119], as well as the sclerotization of mandibles, elytra, and legs, served as external markers, in a
time-dependent context. The fresh eclosed pupae are brighter and glossy with a maximum of three rows of ommatidia. After about 20% (25 h
after pupa formation (APF)), about six rows of ommatidia are visible and form a kidney-shaped eye. At 30% (40 h APF) the formation of the
seventh row is in progress and the distance between the ommatidia shrinks. At about 50% all ommatidia are visible and outgrowth to the sides
of the antennal pocket, thus the eyes look horseshoe-shaped. After 68% (86 h APF; SD 2,6 h) the outlines of ommatidia are resolved and the
eye appears homogeneous. Besides the eye, at 76% (96 h APF, SD 3,6 h) the majority of mandibles are amber followed by the coloration of the
elytra at 85% (106 h APF, SD 2,9 h) and sclerotization of the legs and antennae at 91% (114 h APF, SD 3.3). Finally, the imago eclosed after 126 h
(SD 5.3 h).
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Fig. S9: Specificity of the used antisera against GAD.

Western blot analysis on Tribolium castaneum brain tissue shows a single band of about 55 kDa for both antibodies which corresponds to the
predicted size of Tcas-GAD (UniProt ID: D6WRJ1) of about 58 kDa.
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Supplemental information Palpal olfaction in red flour beetles

A.2 An update on the palpal olfactory pathway of the red

flour beetle Tribolium castaneum, Herbst

This page contains the supplemental figures of chapter 5.

A DsRed
AF

AF B DsRed
AF

AFB‘A‘

Fig. S1: Optical slices from confocal image stacks of the DsRed reporter signal and cuticular autofluorescence (AF) in the Orco-Gal4xUAS-DsRed
line showing A-A‘ styloconic sensilla and B-B‘ basiconic/blunt basiconic sensilla (differentiation not possible due to resolution limits in
imaging cuticular autofluorescence). All scale bars 2µm.

BA DsRed
ExM

DsRed
no ExM

Fig. S2: Comparison of an unexpanded and an expanded GOC.
A Single optical slice of the n-dorsal part of a representative GOC as depicted by the DsRed reporter signal in the neuron labeling EF-1-B-DsRed
line B Single optical slice of the n-dorsal part of a representative GOC as depicted by the DsRed reporter signal in the neuron labeling
EF-1-B-DsRed line after application of the ExM protocol. Scale bars 10µm.
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