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“Since time immemorial, human beings have been fascinated, amazed, 

intrigued, and captivated by ants. And yet, at first glance, there is nothing 

particularly attractive about the tiny creatures. Unlike butterflies, they 

don't have wings with vivid colour patterns; they cannot boast the 

iridescent wing-cases seen on many beetles. Nor do they produce things 

which human beings like to eat or wear, such as honey or silk. They don't 

even chirp or sing like crickets or cicadas; and, unlike bees, they never go 

in for dancing. They do, however, have other characteristics which, in their 

way, are much more remarkable. For one thing, their social arrangements 

are quite extraordinary, almost unique among living creatures, and have 

often been compared to human society.” - LAURENT KELLER & 

ELISABETH GORDON (The Lives of Ants 2009) 
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Summary 
 

An adequate task allocation among colony members is of particular importance in large 

insect societies. Some species exhibit distinct polymorphic worker classes which are 

responsible for a specific range of tasks. However, much more often the behavior of 

the workers is related to the age of the individual. Ants of the genus Cataglyphis 

(Foerster 1850) undergo a marked age-related polyethism with three distinct 

behavioral stages. Newly emerged ants (callows) remain more or less motionless in the 

nest for the first day. The ants subsequently fulfill different tasks inside the darkness 

of the nest for up to four weeks (interior workers) before they finally leave the nest to 

collect food for the colony (foragers). 

This thesis focuses on the neuronal substrate underlying the temporal polyethism in 

Cataglyphis nodus ants by addressing following major objectives: 

(1) Investigating the structures and neuronal circuitries of the Cataglyphis brain to 

understand potential effects of neuromodulators in specific brain neuropils.  

(2) Identification and localization of neuropeptides in the Cataglyphis brain.  

(3) Examining the expression of suitable neuropeptide candidates during 

behavioral maturation of Cataglyphis workers. 

The brain provides the fundament for the control of the behavioral output of an insect. 

Although the importance of the central nervous system is known beyond doubt, the 

functional significance of large areas of the insect brain are not completely understood. 

In Cataglyphis ants, previous studies focused almost exclusively on major neuropils 

while large proportions of the central protocerebrum have been often disregarded due 

to the lack of clear boundaries. Therefore, I reconstructed a three-dimensional 

Cataglyphis brain employing confocal laser scanning microscopy. To visualize synapsin-

rich neuropils and fiber tracts, a combination of fluorescently labeled antibodies, 

phalloidin (a cyclic peptide binding to filamentous actin) and anterograde tracers was 



Summary 
__________________________________________________________________________________ 

II 
 

used. Based on the unified nomenclature for insect brains, I defined traceable criteria 

for the demarcation of individual neuropils. The resulting three-dimensional brain atlas 

provides information about 33 distinct synapse-rich neuropils and 30 fiber tracts, 

including a comprehensive description of the olfactory and visual tracts in the 

Cataglyphis brain. This three-dimensional brain atlas further allows to assign present 

neuromodulators to individual brain neuropils.  

Neuropeptides represent the largest group of neuromodulators in the central nervous 

system of insects. They regulate important physiological and behavioral processes and 

have therefore recently been associated with the regulation of the temporal 

polyethism in social insects. To date, the knowledge of neuropeptides in Cataglyphis 

ants has been mainly derived from neuropeptidomic data of Camponotus floridanus 

ants and only a few neuropeptides have been characterized in Cataglyphis. Therefore, 

I performed a comprehensive transcriptome analysis in Cataglyphis nodus ants and 

identified peptides by using Q-Exactive Orbitrap mass spectrometry (MS) and matrix-

assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS. This resulted in the 

characterization of 71 peptides encoded on 49 prepropeptide genes, including a novel 

neuropeptide-like gene (fliktin). In addition, high-resolution MALDI-TOF MS imaging 

(MALDI-MSI) was applied for the first time in an ant brain to localize peptides on thin 

brain cryosections. Employing MALDI-MSI, I was able to visualize the spatial 

distribution of 35 peptides encoded on 16 genes.  

To investigate the role of neuropeptides during behavioral maturation, I selected 

suitable neuropeptide candidates and analyzed their spatial distributions and 

expression levels following major behavioral transitions. Based on recent studies, I 

suggested the neuropeptides allatostatin-A (Ast-A), corazonin (Crz) and tachykinin (TK) 

as potential regulators of the temporal polyethism. The peptidergic neurons were 

visualized in the brain of C. nodus ants using immunohistochemistry. Independent of 

the behavioral stages, numerous Ast-A- and TK-immunoreactive (-ir) neurons innervate 

important high-order integration centers and sensory input regions with cell bodies 

dispersed all across the cell body rind. In contrast, only four corazonergic neurons per 
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hemisphere were found in the Cataglyphis brain. Their somata are localized in the pars 

lateralis with axons projecting to the medial protocerebrum and the retrocerebral 

complex. Number and branching patterns of the Crz-ir neurons were similar across 

behavioral stages, however, the volume of the cell bodies was significantly larger in 

foragers than in the preceding behavioral stages. In addition, quantitative PCR analyses 

displayed increased Crz and Ast-A mRNA levels in foragers, suggesting a concomitant 

increase of the peptide levels. The task-specific expression of Crz and Ast-A along with 

the presence in important sensory input regions, high-order integration center, and 

the neurohormonal organs indicate a sustaining role of the neuropeptides during 

behavioral maturation of Cataglyphis workers. 

The present thesis contains a comprehensive reference work for the brain anatomy 

and the neuropeptidome of Cataglyphis ants. I further demonstrated that 

neuropeptides are suitable modulators for the temporal polyethism of Cataglyphis 

workers. The complete dataset provides a solid framework for future neuroethological 

studies in Cataglyphis ants as well as for comparative studies on insects. This may help 

to improve our understanding of the functionality of individual brain neuropils and the 

role of neuropeptides, particularly during behavioral maturation in social insects.  
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Zusammenfassung 
 

Eine adäquate Aufgabenverteilung unter den Koloniemitgliedern ist in großen 

Insektengesellschaften von besonderer Bedeutung. Einige Arten weisen polymorphe 

Arbeiterklassen auf, die jeweils für einen bestimmten Aufgabenbereich zuständig sind. 

Viel häufiger jedoch steht das Verhalten der Arbeiterinnen im Zusammenhang mit dem 

Alter der Individuen. Ameisen der Gattung Cataglyphis (Foerster 1850) weisen einen 

ausgeprägten alterskorrelierten Polyethismus auf, der sich durch drei unterschiedliche 

Verhaltensstadien kennzeichnet. Neu geschlüpfte Ameisen (Callows) verharren den 

ersten Tag mehr oder weniger bewegungslos im Nest. Anschließend erfüllen die 

Ameisen in der Dunkelheit des Nestes bis zu vier Wochen lang verschiedene Aufgaben 

(Interior), bevor sie schließlich das Nest verlassen, um Nahrung für die Kolonie zu 

sammeln (Forager). 

Diese Arbeit konzentriert sich auf die neuronalen Grundlagen, die dem 

alterskorrelierten Polyethismus bei Cataglyphis nodus Ameisen zugrunde liegt, indem 

folgende Hauptziele verfolgt werden: 

(1) Untersuchung der Strukturen und der neuronalen Schaltkreise des Cataglyphis-

Gehirns, um mögliche Effekte von Neuromodulatoren in spezifischen 

Hirnneuropilen besser zu verstehen.  

(2)  Identifizierung und Lokalisierung von Neuropeptiden im Gehirn von Cataglyphis 

Ameisen.  

(3) Untersuchung der Expression geeigneter Neuropeptid-Kandidaten im Zuge der 

Verhaltensreifung von Cataglyphis Arbeitern. 

Das Gehirn bildet die Grundlage für die Steuerung des Verhaltens von Insekten. 

Obwohl die tragende Rolle des zentralen Nervensystems für das Verhalten zweifelsfrei 

bekannt ist, sind die funktionellen Aufgaben großer Bereiche des Insektengehirns nicht 

vollständig erforscht. Bei Cataglyphis Ameisen konzentrierten sich vorangegangene 
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Studien fast ausschließlich auf die Hauptneuropile, während große Teile des zentralen 

Protocerebrums mangels klarer Abgrenzungen weitgehend unberücksichtigt geblieben 

sind. Daher habe ich ein dreidimensionales Cataglyphis-Gehirn mit Hilfe der 

konfokalen Laser-Scanning-Mikroskopie rekonstruiert. Um die synapsinreichen 

Neuropile und Nerventrakte zu visualisieren, wurde eine Kombination aus 

fluoreszenzgekoppelten Antikörpern, Phalloidin (ein zyklisches Peptid, das an 

filamentöses Aktin bindet) und anterograden Tracern verwendet. Basierend auf der 

einheitlichen Nomenklatur für Insektengehirne definierte ich nachvollziehbare 

Kriterien für die Abgrenzung der einzelnen Neuropile. Die resultierende 

dreidimensionale neuronale Karte liefert Informationen über 33 verschiedene 

synapsinreiche Neuropile und 30 Nerventrakte, einschließlich einer umfassenden 

Beschreibung der olfaktorischen und visuellen Trakte im Cataglyphis-Gehirn. Dieser 

dreidimensionale Hirnatlas erlaubt es darüber hinaus, die vorhandenen 

Neuromodulatoren einzelnen Neuropilen des Gehirns zuzuordnen.  

Neuropeptide stellen die umfangreichste Gruppe an Neuromodulatoren im zentralen 

Nervensystem von Insekten dar. Sie regulieren wichtige physiologische Prozesse und 

Verhaltensweisen und wurden deshalb in jüngerer Vergangenheit mit der Regulation 

des alterskorrelierenden Polyethismus bei sozialen Insekten in Verbindung gebracht. 

Bislang wurde das Wissen über Neuropeptide bei Cataglyphis Ameisen hauptsächlich 

aus neuropeptidomischen Daten von Camponotus floridanus Ameisen abgeleitet und 

nur wenige Neuropeptide wurden bei Cataglyphis charakterisiert. Daher führte ich 

eine umfassende Transkriptomanalyse bei Cataglyphis nodus Ameisen durch und 

identifizierte Peptide mit Hilfe der Q-Exactive Orbitrap Massenspektrometrie (MS) und 

der Matrix-assistierte Laser Desorption-Ionisierung Time-of-Flight (MALDI-TOF) MS. 

Hierdurch konnten insgesamt 71 Peptide charakterisiert werden, die auf 49 

Präpropeptid-Genen kodiert sind, einschließlich eines neuartigen Neuropeptid-

ähnlichen Gens (Fliktin). Darüber hinaus wurde das hochauflösende MALDI-TOF MS-

Imaging (MALDI-MSI) zum ersten Mal in einem Ameisenhirn angewandt, um Peptide 
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auf dünnen Hirnkryoschnitten zu lokalisieren. Mittels MALDI-MSI konnte ich die 

räumliche Verteilung von 35 Peptiden sichtbar machen, die auf 16 Genen kodiert sind.  

Um die Rolle der Neuropeptide während der Verhaltensreifung zu untersuchen, wählte 

ich geeignete Neuropeptid-Kandidaten aus und analysierte deren räumliche Verteilung 

und Expressionsniveaus im Zuge wichtiger Verhaltensübergänge. Basierend auf 

aktuellen Studien schlug ich die Neuropeptide Allatostatin-A (Ast-A), Corazonin (Crz) 

und Tachykinin (TK) als mögliche Regulatoren des alterskorrelierenden Polyethismus 

vor. Die peptidergen Neurone wurden im Gehirn von C. nodus Ameisen mittels 

Immunhistochemie sichtbar gemacht. Unabhängig von den Verhaltensstadien 

innervieren die zahlreichen Ast-A- und TK-immunreaktiven (-ir) Neuronen wichtige 

Integrationszentren höherer Ordnung sowie sensorische Eingangsregionen, während 

ihre Zellkörper über die gesamte Zellkörperschicht verteilt sind. Im Gegensatz dazu 

wurden im Cataglyphis-Gehirn nur vier corazonerge Neuronen pro Hemisphäre 

gefunden. Ihre Somata sind in der Pars lateralis lokalisiert, deren Axone in das mediale 

Protocerebrum und den retrozerebralen Komplex projizieren. Anzahl und 

Verzweigungsmuster der Crz-ir Neuronen waren in allen Verhaltensstadien ähnlich, 

jedoch war das Volumen der Zellkörper bei Foragern signifikant größer als in den 

vorangegangenen Verhaltensstadien. Darüber hinaus zeigten quantitative PCR 

Analysen erhöhte Crz- und Ast-A mRNA-Level in Foragern, was auf einen gleichzeitigen 

Anstieg der Peptidspiegel schließen lässt. Die aufgabenspezifische Expression von Crz 

und Ast-A sowie deren Präsenz in wichtigen sensorischen Eingangsbereichen, 

Integrationszentren höherer Ordnung und den neurohormonellen Organen weisen auf 

eine tragende Rolle der Neuropeptide während der Verhaltensreifung von Cataglyphis 

Arbeiterinnen hin. 

Die vorliegende Arbeit beinhaltet ein umfassendes Nachschlagewerk für die 

Hirnanatomie und das Neuropeptidom von Cataglyphis Ameisen. Zudem konnte ich 

demonstrieren, dass Neuropeptide geeignete Modulatoren für den 

alterskorrelierenden Polyethismus von Cataglyphis Arbeitern sind. Der komplette 

Datensatz bietet eine solide Grundlage für zukünftige, neuroethologische Studien an 
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Cataglyphis Ameisen sowie vergleichenden Studien in Insekten. Hierdurch kann unser 

Verständnis über die Funktionalität einzelner Hirnneuropile und die Rolle von 

Neuropeptiden, insbesondere während der Verhaltensreifung sozialer Insekten, in 

Zukunft verbessert werden.  
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1 Introduction 
 

1.1 General introduction 
 

There are not many creatures in the world that seem so inconspicuous at first glance 

and simultaneously receive that much attention from scientists from all over the world 

than ants. Despite their tiny brains, thousands or even millions of individuals manage 

to interact as a cohesive unit within a colony [Hölldobler and Wilson, 1990; 2009]. The 

cooperation of a large number of individuals builds the fundament of their enormous 

ecological success. Nowadays ants are resident almost all over the globe. They live in 

all kinds of habitats from the cold steppes of the tundra to the inhospitable deserts of 

Africa [Hölldobler and Wilson, 2009; Bolton, 2020]. In some of the most biodiverse 

neotropical rainforests, ants together with termites make up to 30 % of the animal 

biomass [Fittkau and Klinge, 1973]. On a global scale, it is estimated that ants alone 

account for approximately 15-20 % of the world's animal biomass [Schultz, 2000]. The 

sheer number of more than 300 known genera and over 11,000 species further 

illustrates the global ecological success of ants [Bolton, 2020]. 

Key to a successful cooperation of large numbers of individuals is an efficient task 

allocation. The individual subordinates itself to maximize the benefit for the colony. In 

eusocial insects such as social bees, termites, and ants, this led to the emergence of 

reproductive and non-reproductive castes. Here, only few reproductive animals focus 

on producing offspring while the majority of individuals in an insect society represent 

non-reproductive workers [Hölldobler and Wilson, 1990; 2009]. All workers act 

together as a collective to feed and defend themselves or to build a suitable nest for 

the colony. In this process, each worker needs to know what task it has to perform at 

any given time. In some ant species, fixed worker castes have evolved. In those species, 

workers are responsible for a specific range of tasks and differ not only in behavior but 

also in their morphology [Hölldobler and Wilson, 2009]. Well-known examples for this 
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are major and minor workers in leaf-cutting ants. Whereas major workers are 

responsible for foraging or the defense of the colony, minors are concerned with tasks 

inside of the nest, such as growing the symbiotic fungus [Wilson, 1980; 1984; Hughes 

et al., 2003]. However, in most ant species, task-specific polymorphic worker castes are 

absent [Hölldobler and Wilson, 2009]. To nevertheless cover the diversity of 

requirements of an insect society, workers exhibit different response thresholds to 

distinct stimuli. These differences modify the individual tendency to perform a certain 

task, resulting in a specific behavioral phenotype [Bonabeau et al., 1998; Theraulaz et 

al., 1998; Pankiw and Page Jr, 2000; Duarte et al., 2012]. A flexible behavior depending 

on incoming stimuli allows them to respond appropriately to changing external factors 

such as the climatic conditions, food availability, or predation pressure [Robinson, 

1992]. Although individuals thereby maintain a high degree of behavioral plasticity 

over their lifetimes, they still often follow an innate sequence of ethocaste stages 

whereby the behavioral phenotype correlates with the age of the individuals (temporal 

polyethism). Younger individuals usually fulfill duties inside a nest while older 

conspecifics leave the nest to forage or defend the colony [Robinson, 1992; Hölldobler 

and Wilson, 2009]. Leaving the nest and entering a completely foreign environment is 

probably the greatest challenge in the life of an insect. This drastic behavioral transition 

is accompanied by diverse changes of neuronal circuits in the brain [e.g., Rössler and 

Groh, 2012; Fahrbach and Van Nest, 2016; Rössler, 2019]. To preserve the equilibrium 

within a colony, the correct timing of behavioral transitions plays a crucial role. But 

what mechanisms orchestrate the age-related behavioral changes in social insects? 

Many studies have already addressed this question and associated various 

neuromodulators, such as biogenic amines, hormones, and more recently, also 

neuropeptides with the modulation of the temporal polyethism in social insects 

[reviewed by: Hamilton et al., 2017]. Even though the phenomenon is known in many 

species, the underlying mechanisms are not yet completely understood. Ants of the 

genus Cataglyphis (Foerster 1850) exhibit distinct behavioral stages which are 

accompanied by remarkable neuronal changes in their brain [reviewed by: Rössler, 
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2019]. Therefore, Cataglyphis ants are favorable experimental models to address the 

intrinsic mechanisms underlying the temporal polyethism. 

1.2 Cataglyphis desert ants 
 

Around 100 different Cataglyphis species have been described worldwide [Agosti, 

1990; Knaden et al., 2012; Bolton, 2020]. Their natural habitats extend over large parts 

of the Palearctic and predominantly comprise deserts, steppes, scrublands, and 

Mediterranean landscapes [Agosti, 1990]. Cataglyphis ants are perfectly adapted to 

hot and dry conditions. Due to long legs, their bodies are further above the ground and 

thus protected from hot surface temperatures of up to more than 60 degrees [Wehner 

and Wehner, 2011; Sommer and Wehner, 2012]. In addition, the long legs allow faster 

locomotion speeds and thus more efficient foraging [Hurlbert et al., 2008]. Species of 

the bicolor and albicans groups additionally exhibit an upward oriented gaster. This 

protects the internal organs from the hot ground surface and contributes to better 

maneuverability [Cerdá, 2001; McMeeking et al., 2012; Boulay et al., 2017]. Moreover, 

heat shock proteins prevent protein denaturation, allowing the animals to be exposed 

to greater heat for longer periods without dying [Gehring and Wehner, 1995; Willot et 

al., 2017]. 

In addition to morphology and physiology, the behavior of Cataglyphis ants has also 

adapted to the specific conditions of their habitat [reviewed by: Boulay et al., 2017]. In 

particular during very hot summer days, Cataglyphis avoid the midday heat and shift 

their foraging activities to cooler times of the day [Wehner and Wehner, 2011]. 

Cataglyphis feed mainly on dead arthropods whereby they benefit from the harsh 

circumstances of the habitat [Wehner et al., 1983]. Due to high temperature and 

scattered food sources, Cataglyphis forage solitarily and do not use trail pheromones 

to recruit conspecifics [Ruano et al., 2000]. To find their way back to the nest over long 

distances of up to more than 350 meters [Ronacher, 2008; Buehlmann et al., 2014], 

the ants employ a remarkable navigational toolkit. Path integration is considered as 

one of the most important components for their navigation. When searching for food, 
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direction and distance of the covered path are integrated and a home vector is 

calculated continuously. The directional information is derived from celestial cues, e.g., 

the polarization pattern, the position of the sun or the spectral gradient [Wehner, 

1997; Wehner and Müller, 2006; Lebhardt and Ronacher, 2014; 2015], whereas 

information about the distance is obtained by integrating steps and the optical flow 

[Wittlinger et al., 2006; Pfeffer and Wittlinger, 2016; Wolf et al., 2018]. Together, this 

information allows foragers to return to their nest in an almost straight line even 

without further landmarks in the landscape [reviewed by: Ronacher, 2008]. As the 

computation of a long-distance home vector is vulnerable to cumulative errors 

[Knaden and Wehner, 2006], Cataglyphis ants can additionally use a variety of other 

stimuli guiding them back to their nest. If available, panoramic features of the 

environment serve as landmarks for the animals [Wehner and Räber, 1979; 

Fleischmann et al., 2016]. In addition, olfactory signals, magnetic fields, vibrational 

signals, and wind can be used for navigation [Müller and Wehner, 2007; Steck et al., 

2009; Buehlmann et al., 2012; Buehlmann et al., 2015]. 

 

Figure 1: Temporal polyethism in Cataglyphis ants. Cataglyphis worker undergo several interior 
stages (callows, interior I, interior II) before they leave the dark nest after approximately 4 weeks. 
After performing learning walks for up to 3 days, the ants go on long-ranged foraging trips until they 
die after ~ 7 more days. During learning walks the ants calibrate their navigational toolkit (e.g., solar 
ephemeris, landmark positions). Adapted from Rössler (2019). 
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Before Cataglyphis workers become excellent navigators and start to forage, they go 

through several age-related behavioral stages inside of the nest [Schmid-Hempel and 

Schmid-Hempel, 1984; Figure 1]. Freshly eclosed Cataglyphis (callows) are 

morphologically already fully grown ants. Callows remain largely motionless in the nest 

and are easily recognizable by a pale pigmentation of their cuticle. After approximately 

24 hours, Cataglyphis workers serve as repletes (interior I) for the colony. In this period 

shortly after hatching, the membrane of the cuticle is more elastic and allows to store 

larger amounts of food. Since interior I workers do not perform any other tasks and 

their mobility is limited by the swollen gaster, they remain mostly inactive for up to 

two weeks. Subsequently, workers (interior II) become more active and perform all 

kinds of indoor duties, such as brood care or nest maintenance [Schmid-Hempel and 

Schmid-Hempel, 1984; for reviews see: Wehner and Rössler, 2013; Rössler, 2019]. 

Often before the interior-forager transition occurs, the ants leave the nest for the first 

time for digging or waste disposal walks. During these short walks, Interior II workers 

deposit soil or waste particles only a few centimeters out of the nest and immediately 

return to the secure nest entrance [Fleischmann et al., 2017]. Around four weeks after 

hatching, naïve ants perform a sequence of learning walks on 2-3 consecutive days 

before they finally start to forage [Fleischmann et al., 2016; Fleischmann et al., 2017; 

Figure 1]. Learning walks are typically arranged in circular arcs with ascending radius 

around the nest entrance. They are important to acquire non-inheritable information 

about the environment and conditions outside of the nest [Fleischmann et al., 2016; 

Grob et al., 2017; for reviews see: Collett and Zeil, 2018; Rössler, 2019]. During learning 

walks, the ants turn back towards the inconspicuous nest entrance using a 

geomagnetic compass [Fleischmann et al., 2018]. This allows to store the visual 

information of the panoramic scenery from different heading directions towards their 

nest. Concomitantly, the learning walks are used to calibrate the daily and seasonally 

changing course of the sun [reviewed by: Collett and Zeil, 2018; Rössler, 2019; Figure 

1]. These adaptations to the new habitat are accompanied by several neuronal 

modifications in the Cataglyphis brain [Stieb et al., 2010; Stieb et al., 2012; Schmitt et 

al., 2016; Grob et al., 2017]. Once the ants have adjusted their navigational toolkit, they 
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start foraging. After interior-forager transition, they have a life expectancy of about 

seven more days [Schmid-Hempel and Schmid-Hempel, 1984]. Despite the extensive 

neuroethological knowledge, the intrinsic mechanisms underlying the temporal 

polyethism are still largely unexplored in Cataglyphis. 

 

1.3 The Cataglyphis brain 
 

The behavior of insects is controlled by the central nervous system [Matthews and 

Matthews, 2009]. To understand physiological and behavioral processes, it is therefore 

necessary to know the neuronal substrate underlying these processes. Similar to other 

observations across species, the requirements of specific habitats and behaviors are 

reflected in the size and structure of the associated brain neuropils in ants [Gronenberg 

and Hölldobler, 1999; Gronenberg, 2008]. The ant brain is subdivided into various 

neuropils that differ in form and functionality (see Figure 2 for an overview of the 

Cataglyphis brain). Essentially, sensory input regions as well as high-order processing 

and integration sites can be distinguished [reviewed by: Gronenberg, 2008]. The first 

visual integration center in the ant brain, the optic lobe (OL), consists of lamina, 

medulla, and lobula. In Cataglyphis, the processing of visual stimuli, such as sky 

polarization patterns or visual landmarks, is of particular importance for navigation [for 

reviews see: Wehner, 2003; Wehner and Rössler, 2013]. Therefore, the OLs are 

proportionally larger in the Cataglyphis brain than in many other ant species 

[Gronenberg and Hölldobler, 1999]. Since large parts of intraspecific communication 

occurs by pheromones in ants, the processing of olfactory information plays a crucial 

role in most species [Hölldobler, 1999; Jackson and Ratnieks, 2006]. Olfactory stimuli 

are transmitted from receptors on the antenna via receptor neurons to the glomeruli 

of the antennal lobe (AL). The AL is the primary olfactory input region and 

simultaneously the first important odor processing center in the ant brain [Zube et al., 

2008; Rössler and Zube, 2011]. Gustatory cues are perceived by chemosensory 

receptors which are present in several parts of the insect body including the tarsi, the 

mouth parts, and the antenna [for reviews see: Mitchell et al., 1999; Dahanukar et al., 
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2005]. In addition to olfactory and gustatory receptors, the antenna also houses 

mechanosensory receptors. The latter are located in the Johnston`s organ, an 

important chordotonal organ of insects. The Johnston`s organ plays a crucial role in the 

perception of wind, vibration, and gravity [Field and Matheson, 1998; Yack, 2004]. In 

Cataglyphis ants, the Johnston`s organ has additionally been suggested as a potential 

site for magnetoreception [Fleischmann et al., 2018; Grob et al., 2021]. All non-

olfactory receptor neurons of the antenna project to the antennal mechanosensory 

and motor center (AMMC) and other sensory input regions of the central adjoining 

neuropils (CANP) [Grob et al., 2021]. 

 

 

Figure 2: Schematic frontal overview of the Cataglyphis brain. The first sensory processing center for 
visual information are the optic lobes (OL). The OLs comprise three neuropils: the lamina (LA), the 
medulla (ME), and the lobula (LO). The antennal lobes (AL) receive primary olfactory input from the 
antenna. Mushroom body (MB) and central complex (CX) are high-order processing and integration 
sites. The CX consists of an upper (CBU) and lower unit of the central body (CBL), the protocerebral 
bridge and the noduli (both not shown in the Figure). The MB is subdivided into the calyces, the 
pedunculus (PED), the vertical - (VL), and the medial lobe (ML). The calyces receive olfactory (lip, LI) 
and visual information (collar, CO) from the primary sensory processing neuropils. The intrinsic MB 
neurons (Kenyon cells) innervate the PED and project into the VL and the ML. Protocerebral neuropils 
which lack clear demarcations are termed central adjoining neuropils (CANP). 
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After the sensory stimuli are processed in the primary input neuropils, they are 

transmitted to high-order integration centers of the brain. An important integration 

center is the mushroom body (MB). The MB consists of medial and lateral calyces, the 

pedunculus (PED), the vertical-, and the medial lobe. The calyx is a major input region 

of the MB and can be further subdivided into lip (LI) and collar (CO) in ants. The LI 

receives olfactory information from the AL, the CO visual information from afferent 

projections of the OL. The PED mainly houses the many neurites of Kenyon cells, and 

the lobes are considered as the primary output region of the MB [Gronenberg, 1999; 

2001]. In Hymenoptera, the MB is associated with learning and memorizing olfactory 

and visual information and occupies large proportions of the brain [e.g., Menzel, 1999; 

2001; Szyszka et al., 2008; Farris, 2013; 2016]. The function of the MB, as an important 

learning and memory center, requires a substantial degree of neuronal plasticity. In 

Cataglyphis, structural modifications as well as volume increases could be related to 

the interior-forager transition [Kühn-Bühlmann and Wehner, 2006; Stieb et al., 2010; 

Stieb et al., 2012; Grob et al., 2017]. The number of synapses in the calyx increases 

significantly after learning walks under the full light spectrum from previously naïve 

workers [Grob et al., 2017]. The MB is therefore proposed as the substrate for learning 

and memorizing the visual features of the panoramic scenery in Cataglyphis.  

The central complex (CX) is an unpaired high-order processing and integration center 

in the middle of the brain and, similar to the MB, of great importance to understand 

insect behavior [Pfeiffer and Homberg, 2014; Honkanen et al., 2019]. The CX comprises 

the upper and lower unit of the central body, the protocerebral bridge and the paired 

noduli. It is regarded as the neuronal substrate of insect navigation and associated with 

the integration of terrestrial and celestial information, the orientation in space, and 

motor output [for reviews see: Turner-Evans and Jayaraman, 2016; Honkanen et al., 

2019]. Since optical flow information and sky polarization pattern are integrated in the 

CX, the CX is thought to play a decisive role in path integration [Collett and Collett, 

2017; Stone et al., 2017]. Sky compass information is transmitted from the ME via the 

anterior optic tubercle (AOTU) to the bulbs of the lateral complex (LX) before they are 
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finally forwarded by GABAergic projections of tangential neurons to the lower unit of 

the central body [Homberg et al., 2011; el Jundi et al., 2014; Pfeiffer and Homberg, 

2014]. In Cataglyphis ants, CX and giant synapses within the LX bulbs undergo 

structural modifications during the interior-forager transition. An increase in the 

number of giant synapses in the LX bulbs was detected after first light exposure, 

especially to UV light, and an increase of the CX volume was found after the completion 

of learning walks [Schmitt et al., 2016; Grob et al., 2017]. These findings support the 

postulated relevance of both neuropils for celestial navigation in Cataglyphis ants 

reflected by their neuronal plasticity during the interior-exterior transition. 

Neuronal studies in Cataglyphis are mostly restricted to the well-defined brain regions 

while other neuropils of the central protocerebrum received less attention in the past. 

These neuropils, termed CANP, are not demarcated from each other by prominent glial 

borders and thus, a clear assignment of individual neuropils is challenging. The CANP 

surround the MB and represent a significant proportion of the insect’s brain volume 

[e.g., Brandt et al., 2005; Ito et al., 2014; Immonen et al., 2017]. Due to their size and 

input from various sensory information into these regions, the CANPs are thought play 

important roles in processing and integrating different sensory modalities up to the 

generation of an adequate behavioral output [e.g., Heinze and Reppert, 2012; Ito et 

al., 2014; Immonen et al., 2017; von Hadeln et al., 2018; Grob et al., 2021]. To 

understand the behavior of Cataglyphis ants on a neuronal level, it is therefore 

important to identify and localize the individual regions of CANP and the underlying 

neuronal circuitry in the brain. This will open up a differentiated insight into the 

participation of the CANP in physiological processes and behavior and therefore, the 

potential function of neuromodulators in this brain region. 
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1.4 Regulation of the temporal polyethism 
 

The regulation of temporal polyethism is a major interest in social insect research. 

Since diverse internal and external factors orchestrate the behavioral output of social 

insects, the generation of a certain behavioral stage is a highly complex process (see 

Figure 3 for an overview). Environmental factors, such as food availability, climate, 

colony size or demography may influence the timing and quality of behavioral 

transitions [Robinson, 1992; Yang, 2006; Mersch, 2016]. Although the role of these 

factors is undisputed, they are not very promising candidates for mediating a particular 

sequence of behavioral stages. In search for possible mechanisms, several studies 

linked nutrition and the associated metabolic system with temporal polyethism 

[reviewed by: Hamilton et al., 2017]. It has been shown that strong nutrient 

deprivations accelerate the onset of foraging in honey bees [Schulz et al., 1998]. 

Moreover, the lipid loss in fat bodies is associated with the interior-exterior transition 

[Toth et al., 2005; Toth and Robinson, 2005]. Due to the close physiological connection 

with nutrition [Okamoto and Yamanaka, 2015; Lin and Smagghe, 2019], insulin also 

receives attention in this context. This assumption is supported by studies showing that 

the gene expression of insulin is related to different behavioral stages of honey bee 

workers [Whitfield et al., 2003; Ament et al., 2011]. However, the typical correlation 

between nutrition and insulin signaling is no longer present in adult honey bee 

workers. Whereas the stable lipid loss shortly before the animals leave the nest is still 

related to insulin, nutrition and diets only play subordinate roles. Instead, the insulin 

release of old honey bee worker is controlled by other factors, such as the egg yolk 

precursor protein vitellogenin (VG) [Ament et al., 2011; Wheeler et al., 2015]. Recent 

studies, therefore, have suggested that neuromodulators and hormones, such as 

biogenic amines, neuropeptides, juvenile hormone (JH), and VG are more likely to 

control behavioral transitions in social insects than insulin or their nutritional 

physiology [reviewed by: Hamilton et al., 2017].  
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Figure 3: Schematic model describing the emergence of a behavior in social insects. Behavioral output 
is influenced by various internal and external factors, preserving a high degree of behavioral plasticity. 
External sensory input (e.g., visual- or olfactory cues) can lead to response threshold overshoots and 
thus to behavioral changes. External stimuli such as light exposure can further induce sustained 
neuronal modifications in the brain. The internal state (e.g., saturation, motivation) depends on 
diverse factors, such as previous experiences, nutrition, or metabolic factors. Both internal state and 
neuromodulators (e.g., neuropeptides, biogenic amines, hormones) have mutual relationships with 
neuronal processes in the brain. The interplay of all components results in individual response 
thresholds and behavioral decisions. Response thresholds and behavioral decisions may differ widely 
among age-related behavioral stages, resulting in different behavioral phenotypes. 

 

In particular, the role of a dynamic relationship between JH and VG on the onset of 

foraging has been a target of numerous studies. JH is produced in the corpora allata 

and serves as a general pacemaker during behavioral maturation [Robinson et al., 

1989; Robinson and Vargo, 1997]. Treatments with JH or JH analogues lead to 

precocious foraging in the honey bee, Apis mellifera [Robinson, 1985; Jassim et al., 

2000] and wasps [Giray et al., 2005; Shorter and Tibbetts, 2009], and induce premature 

forager-like behavior in the leaf-cutting ant, Acromyrmex octospinosus [Norman and 

Hughes, 2016]. On the contrary, VG acts as a natural repressor of JH in honey bees. 

Here, VG suppresses the biosynthesis of JH and thus, might indirectly delay the onset 

of foraging [Guidugli et al., 2005; reviewed by: Harwood et al., 2017]. Although it is 

known that JH accelerates the interior-forager transition, JH is not essential for the 
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behavioral changes [reviewed by: Hamilton et al., 2017]. Honey bees , for example, also 

forage during winter, when their JH level is very low [Huang and Robinson, 1995]. 

Moreover, even in the absence of JH (after extraction of the corpora allata) honey bee 

workers are able to develop into regular foragers [Sullivan et al., 2000]. Therefore, it 

remains unclear how diverse behavioral programs are regulated during the behavioral 

transitions. 

Given the complexity of behavioral control and the variety of altered behaviors 

associated with behavioral transitions in social insects, a crosstalk of different 

neuromodulators seems obvious. Neuropeptides represent the largest and most 

diverse group of messenger molecules. Due to their importance in a variety of 

physiological and behavioral processes [Nässel, 2000; Nässel and Winther, 2010; 

Kastin, 2013; Nässel and Zandawala, 2019], neuropeptides are highly promising 

candidates for orchestrating behavioral transitions in social insects. Mature 

neuropeptides are bioactive cell-cell signaling molecules that can act as 

neuromodulators at a local level or as neurohormones at a more global level. They are 

processed from larger precursor proteins (preproproteins) at specific cleavage sites 

and after further post-translational modification they obtain their bioactive relevance 

[for reviews see: Fricker, 2012; Nässel and Zandawala, 2019]. As a result of their 

participation in behaviors that change during behavioral maturation (e.g., locomotion, 

metabolism, feeding behavior), several neuropeptides have come into focus as 

potential regulators for the temporal polyethism of social Hymenoptera, such as honey 

bees or ants [e.g., Pratavieira et al., 2014; Gospocic et al., 2017; Schmitt et al., 2017; 

Han et al., 2021]. These studies identified three promising neuropeptide candidates in 

particular: allatostatin-A (Ast-A), corazonin (Crz), and tachykinin (TK). Most functional 

studies on these neuropeptides have been performed on Drosophila melanogaster. 

There, Ast-A is known for having regulatory functions in sleep, metabolism, feeding, 

and foraging behavior [Hergarden et al., 2012; Wang et al., 2012; Hentze et al., 2015; 

Chen et al., 2016]. Additionally, it was shown that Ast-A controls the release of 

prothoracicotropic hormones (PTTH) and insulin-like peptides. Via these pathways, it 



Introduction 
__________________________________________________________________________________ 

13 
 

has an indirect impact on growth and maturation of the fruit fly [Deveci et al., 2019]. 

In some insects, Ast-A is capable to serve as an inhibitor of JH biosynthesis [for reviews 

see: Weaver and Audsley, 2009; Verlinden et al., 2015; Bendena et al., 2020]. However, 

the putative allatoregulatory role of Ast-A depends on the species and has not yet been 

verified for ants. Across species, Ast-A has been found in the AL and is thought to 

modulate olfactory processes [e.g., Carlsson et al., 2010; Kreissl et al., 2010; Neupert 

et al., 2012; Christ et al., 2017]. Ast-A was also found in the AL of Cataglyphis fortis ants 

[Schmitt et al., 2017]. The potential function of Ast-A appears to be rather diverse in 

the honey bee. When injecting Ast-A into the hemolymph of honey bees, this induces 

aggressive behavior [Pratavieira et al., 2018], leads to impairments in appetitive 

olfactory learning [Urlacher et al., 2016], and modulates stress reactivity [Urlacher et 

al., 2019]. TK was shown to be present in various brain neuropils of C. fortis [Schmitt 

et al., 2017]. Functional studies in Drosophila melanogaster have demonstrated 

multiple roles of TK [reviewed by: Nässel et al., 2019b]. For instance, TK is involved in 

the modulation of nociception [Im et al., 2015], olfactory processes [Winther et al., 

2006; Jung et al., 2013; Ko et al., 2015; Gui et al., 2017], lipid metabolism [Song et al., 

2014], locomotion, and foraging [Winther et al., 2006; Kahsai et al., 2010] of the fruit 

fly. In honey bees, TK injections promote aggression [Pratavieira et al., 2018] and 

decrease the responsiveness of the proboscis extension response (PER) in a task-

specific manner [Han et al., 2021]. Recent studies associated Crz with the task 

specialization in the ponerine ant Harpegnathos saltator [Gospocic et al., 2017]. 

Originally, it was proven that Crz has a cardiostimulatory effect on cockroaches 

[Veenstra, 1989]. Crz is a highly conserved neuropeptide in insects [Predel et al., 2007]. 

Unlike Ast-A and TK, only a few corazonergic neurons are found in insect brains studied 

so far [e.g., Veenstra and Davis, 1993; Roller et al., 2003; Verleyen et al., 2006; Predel 

et al., 2007; Závodská et al., 2009]. Their somata are typically located in the pars 

lateralis and project to the medial protocerebrum and the retrocerebral complex 

(RCC). In ants, however, the distribution of corazonergic neurons has not yet been 

shown. Because of its participation in metabolic [e.g., Kapan et al., 2012; Kubrak et al., 

2016] and developmental processes [e.g., Tanaka et al., 2002b; Kim et al., 2004], Crz 
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may play a crucial role in insect maturation. This has been extensively investigated in 

locusts. Here, task-related morphological changes could be induced by Crz [Tawfik et 

al., 1999; Tanaka et al., 2002a; Maeno et al., 2004; Sugahara et al., 2018].   

Despite the importance of neuropeptides in controlling behavior, research on 

neuropeptides in Cataglyphis ants is still in its infancy. Initial studies have already tried 

to link neuropeptides to behavioral transitions in Cataglyphis workers [Schmitt et al., 

2017], but were restricted to a limited number of known neuropeptides in the 

Cataglyphis brain. Comprehensive peptidomic studies as well as brain localization, 

quantification, and manipulation studies are therefore necessary to determine the 

precise role of neuropeptides in the ants’ behavior. 
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2 Thesis outline 
 

Cataglyphis desert ants offer ideal experimental access to study temporal polyethism 

in an insect society. Their ecology [Schmid-Hempel and Schmid-Hempel, 1984; 

reviewed by: Wehner and Rössler, 2013] and the accompanying neuronal 

modifications in the brain [Stieb et al., 2010; Stieb et al., 2012; Schmitt et al., 2016; 

Grob et al., 2017; reviewed by: Rössler, 2019] have been the target of numerous 

studies. The present thesis aims to investigate the neuronal basis of temporal 

polyethism in Cataglyphis workers and the role of neuropeptides in this context. In 

particular, this thesis is focused on the following main questions: 

• How is the brain of Cataglyphis ants organized in distinct synaptic neuropils? 

• How are the brain neuropils interconnected by neuronal tracts? What is the 

precise organization of visual and olfactory input tracts? 

• Which neuropeptides exist in the Cataglyphis brain and in which brain neuropils 

are individual neuropeptides localized? 

• Do expression and spatial distribution of the neuropeptides Ast-A, Crz, and TK 

differ between behavioral stages suggesting a potential role in the regulation of 

behavioral transitions? 

In this thesis these questions will be addressed in following three main chapters: 

1. Neuronal organization of the Cataglyphis brain  

In the first part of my thesis, the neuronal organization of the brain of C. nodus 

ants was investigated and a detailed three-dimensional atlas was created using 

immunohistochemistry, tracing techniques, confocal imaging, and computer-

guided 3D reconstruction. Brain neuropils and boundaries were defined based 

on traceable and reproducible criteria, e.g., by using prominent fiber tracts as 

fixed landmarks. To improve our understanding of the interplay between 

numerous brain neuropils, the brain fiber bundles system was examined. This 

includes a comprehensive analysis of the three-dimensional organization of 
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primary olfactory and visual fibers. The three-dimensional brain atlas provides 

the basis to assign neuropeptides to individual brain neuropils in the subsequent 

parts of this thesis. 

2. Neuropeptides in the Cataglyphis brain  

To explore the role of individual neuropeptides in behavior, it is important to 

get an overview of the existing neuropeptides and their localization in the ants’ 

brain. The second part of the study was aiming at creating a comprehensive 

neuropeptidomic dataset in C. nodus ants. To achieve this, a transcriptome 

analysis was performed, and the neuropeptides were identified by mass 

spectrometrical approaches in the ant brain. Additionally, the spatial 

distribution of neuropeptides was analyzed by performing mass spectrometry 

imaging (MSI) in 14 µm thin brain cryosections. 

3. Are Ast-A, Crz, and TK regulators of the temporal polyethism in Cataglyphis? 

In the third section, the three selected candidate neuropeptide modulators Ast-

A, Crz and TK were examined at different age-related behavioral stages in C. 

nodus ants. Immunostainings were used to localize peptidergic neurons in the 

brain and to highlight differences between individual behavioral stages. Further, 

the mRNA level of the three neuropeptides following the behavioral transitions 

was quantified by using quantitative real-time polymerase chain reaction (qPCR) 

analyses. Based on these findings and taking other social insects into 

consideration, the putative participation of the neuropeptides in the behavioral 

maturation of Cataglyphis worker is discussed. 
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Manuscript I 

 

The brain of Cataglyphis ants: Neuronal organization and visual projections 

Jens Habenstein, Emad Amini, Kornelia Grübel, Basil el Jundi, Wolfgang Rössler 

Journal of Comparative Neurology (2020) 528(18):3479-506. 

 

Abstract: 

Cataglyphis ants are known for their outstanding navigational abilities. They return to 

their inconspicuous nest after far-reaching foraging trips using path integration, and 

whenever available, learn and memorize visual features of panoramic sceneries. To 

achieve this, the ants combine directional visual information from celestial cues and 

panoramic scenes with distance information from an intrinsic odometer. The largely 

vision-based navigation in Cataglyphis requires sophisticated neuronal networks to 

process the broad repertoire of visual stimuli. Although Cataglyphis ants have been 

subjected to many neuroethological studies, little is known about the general neuronal 

organization of their central brain and the visual pathways beyond major circuits. Here, 

we provide a comprehensive, three-dimensional brain atlas of synapse-rich neuropils 

in the brain of Cataglyphis nodus including major connecting fiber systems. In addition, 

we examined neuronal tracts underlying the processing of visual information in more 

detail. This study revealed a total of 33 brain neuropils and 30 neuronal fiber tracts 

including six distinct tracts between the optic lobes and the cerebrum. We also discuss 

the importance of comparative studies on insect brain architecture for a profound 

understanding of neuronal networks and their function. 
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Manuscript II 

 

Transcriptomic, peptidomic, and mass spectrometry imaging analysis of the brain in 

the ant Cataglyphis nodus 

Jens Habenstein, Franziska Schmitt, Sander Liessem, Alice Ly, Dennis Trede, Christian 

Wegener, Reinhard Predel, Wolfgang Rössler, Susanne Neupert 

Journal of Neurochemistry (2021) 158(2):391-412 

 

Abstract: 

Behavioral flexibility is an important cornerstone for the ecological success of animals. 

Social Cataglyphis nodus ants with their age-related polyethism characterized by age-

related behavioral phenotypes represent a prime example for behavioral flexibility. We 

propose neuropeptides as powerful candidates for the flexible modulation of age-

related behavioral transitions in individual ants. As the neuropeptidome of C. nodus 

was unknown, we collected a comprehensive peptidomic data set obtained by 

transcriptome analysis of the ants’ central nervous system combined with brain extract 

analysis by Q-Exactive Orbitrap mass spectrometry (MS) and direct tissue profiling of 

different regions of the brain by matrix-assisted laser desorption/ionization time-of-

flight (MALDI-TOF) MS. In total, we identified 71 peptides with likely bioactive function, 

encoded on 49 neuropeptide-, neuropeptide-like, and protein hormone prepropeptide 

genes, including a novel neuropeptide-like gene (fliktin). We next characterized the 

spatial distribution of a subset of peptides encoded on 16 precursor proteins with high 

resolution by MALDI MS imaging (MALDI MSI) on 14 μm brain sections. The accuracy 

of our MSI data were confirmed by matching the immunostaining patterns for 

tachykinins with MSI ion images from consecutive brain sections. Our data provide a 

solid framework for future research into spatially resolved qualitative and quantitative 

peptidomic changes associated with stage-specific behavioral transitions and the 

functional role of neuropeptides in Cataglyphis ants. 



Thesis outline 
__________________________________________________________________________________ 

19 
 

Manuscript III 

 

Neuropeptides as potential modulators of behavioral transitions in the ant 

Cataglyphis nodus 

Jens Habenstein, Markus Thamm, Wolfgang Rössler 

Journal of Comparative Neurology (2021) 529(12):3155-3170. 

 

Abstract: 

Age-related behavioral plasticity is a major prerequisite for the ecological success of 

insect societies. Although ecological aspects of behavioral flexibility have been 

targeted in many studies, the underlying intrinsic mechanisms controlling the diverse 

changes in behavior along the individual life history of social insects are not completely 

understood. Recently, the neuropeptides allatostatin-A, corazonin and tachykinin have 

been associated with the regulation of behavioral transitions in social insects. Here, we 

investigated changes in brain localization and expression of these neuropeptides 

following major behavioral transitions in Cataglyphis nodus ants. Our 

immunohistochemical analyses in the brain revealed that the overall branching pattern 

of neurons immunoreactive (ir) for the three neuropeptides is largely independent of 

the behavioral stages. Numerous allatostatin-A- and tachykinin-ir neurons innervate 

primary sensory neuropils and high-order integration centers of the brain. In contrast, 

the number of corazonergic neurons is restricted to only four neurons per brain 

hemisphere with cell bodies located in the pars lateralis and axons extending to the 

medial protocerebrum and the retrocerebral complex. Most interestingly, the cell-

body volumes of these neurons are significantly increased in foragers compared to 

freshly eclosed ants and interior workers. Quantification of mRNA expression levels 

revealed a stage-related change in the expression of allatostatin-A and corazonin 

mRNA in the brain. Given the presence of the neuropeptides in major control centers 

of the brain and the neurohemal organs, these mRNA-changes strongly suggest an 
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important modulatory role of both neuropeptides in the behavioral maturation of 

Cataglyphis ants. 
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3 Manuscript I: The brain of Cataglyphis ants: Neuronal 

organization and visual projections 
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4 Manuscript II: Transcriptomic, peptidomic and mass 

spectrometry imaging analysis of the brain in the ant 

Cataglyphis nodus 
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6 Discussion 
 

6.1 General discussion 
 

Cataglyphis desert ants have been a target of neuroethological studies for several 

decades [Wehner, 2019]. Thanks to meticulous work, much is known about the 

behavior and navigational skills of the thermophilic desert ants. Cataglyphis workers 

have a behavioral ontogeny with a marked sequence of age-related behaviors [Schmid-

Hempel and Schmid-Hempel, 1984; reviewed by: Rössler, 2019]. In the present thesis, 

I wanted to elaborate the neuronal basis of behavioral changes in these charismatic 

ants, especially with respect to the temporal polyethism of the worker caste. Despite 

many studies on Cataglyphis ants, the structure and function of major brain regions 

are still unknown. Therefore, the thesis aimed to create a three-dimensional brain atlas 

including a detailed description of previously undescribed brain regions of the central 

protocerebrum. Applying immunohistochemistry and tracing with different 

fluorescent markers, a total of 33 synapsin-rich brain neuropils and 30 fiber bundles 

could be identified in the brain. Traceable boundaries allow a precise assignment of 

these neuropils. This can be used in the future to study their neurochemistry, 

physiology (e.g., by live-imaging techniques), and development in more detail.  

My thesis focuses on investigating the potential role of neuropeptides in controlling 

the behavioral maturation. The three-dimensional brain atlas offers the possibility to 

allocate the neuropeptides to individual neuropils, including previously unknown 

neuropils in the central brain. However, this requires prior knowledge of which 

neuropeptides are present in the brain. In the second part of this thesis, I therefore did 

a comprehensive analysis using state of the art techniques to detect and map the 

complement of neuropeptides in the Cataglyphis brain. So far, a comprehensive 

neuropeptidome only existed for a single ant species, the carpenter ant Camponotus 

floridanus [Schmitt et al., 2015]. In Cataglyphis, only a few neuropeptides had been 

identified in the work of Schmitt et al. (2017). Therefore, transcriptome analyses were 
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performed to predict and subsequently characterize peptides in the brain of 

Cataglyphis nodus ants by using mass spectrometrical approaches. This resulted in the 

most comprehensive neuropeptidome of a hymenopteran species so far. In a further 

step, the spatial distribution of a total of 35 peptides was visualized by high-resolution 

MALDI-MSI on thin brain cryosections. The novel combination of MALDI-MSI data and 

the three-dimensional Cataglyphis brain atlas provides a unique tool for studying 

neuropeptides in insect brains at a high spatial resolution. 

In the third part of this thesis, the expression of Ast-A, Crz, and TK during the behavioral 

maturation of Cataglyphis workers was studied. These neuropeptides were selected 

based on some knowledge of their function in other insects including social 

Hymenoptera. By applying immunohistochemistry and qPCR analyses, I characterized 

the neuropeptide distribution patterns and mRNA expression levels in callows, interior 

workers, and foragers. I revealed task related Ast-A and Crz mRNA levels and a 

substantial enlargement of the corazonergic cell bodies during the interior-forager 

transition. Compared with similar findings in other social insects, these results suggest 

a modulatory role of these neuropeptides in the temporal polyethism of Cataglyphis 

ants. The results of my thesis further demonstrate that Cataglyphis is an excellent 

experimental model to study the intrinsic mechanisms underlying the dynamic 

behavioral phenotypes of social insects. 

 

6.2 The Cataglyphis brain 
 

6.2.1 Brain structure 
 

For a long time, insect research mainly focused on major brain neuropils such as the 

MB, the CX, the AL, and the OL. Due to new functional insights, a greater awareness of 

the importance of CANP emerged. Simultaneously, the introduction of a systematic 

nomenclature for insect brains has defined precise criteria that allow the mapping of 

the CANP across species [Ito et al., 2014]. Nevertheless, detailed three-dimensional 
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brain atlases of the CANP only exist in the fruit fly Drosophila melanogaster [Ito et al., 

2014], the monarch butterfly Danaus plexippus [Heinze and Reppert, 2012], the dung 

beetle Scarabaeus lamarcki [Immonen et al., 2017], the ant Cardiocondyla obscurior 

[Bressan et al., 2015], and the desert locust Schistocerca gregaria [von Hadeln et al., 

2018]. These neuronal atlases provide the basis for a cross-species understanding of 

insects’ brain structure, its development, and its functionality. Here, the brain of C. 

nodus ants was reconstructed and reproducible boundaries within CANP were defined 

(see Manuscript I). To allow comparisons with other insects, three-dimensional data of 

the Cataglyphis brain are available online at the Insect Brain Database website 

(https://www.insectbraindb.org/). The general structure and overall layout of the 

Cataglyphis brain is similar compared to that of other Hymenoptera [e.g., Brandt et al., 

2005; Ribi et al., 2008; Bressan et al., 2015; Groothuis et al., 2019]. The enlarged MB is 

a typical feature of hymenopteran brains  [Brandt et al., 2005; Farris, 2013; Bressan et 

al., 2015; Farris, 2016] which is also reflected in the brain of C. nodus. As in other 

hymenopteran species [e.g., Brandt et al., 2005; Bressan et al., 2015; Groothuis et al., 

2019], the orientation of the Cataglyphis brain is rotated by 90 degrees relative to its 

body axis compared to other insects such as dipterans, lepidopterans, and 

coleopterans [e.g., el Jundi et al., 2009; Huetteroth et al., 2010; Heinze and Reppert, 

2012; Ito et al., 2014; Immonen et al., 2017]. Apart from that and different size ratios 

of individual neuropils, many similarities to other insect brains can be found in 

Cataglyphis. In all species studied so far, the CANP can be subdivided into superior 

neuropils, inferior neuropils, ventromedial neuropils (VMNP), ventrolateral neuropils 

(VLNP), and the periesophageal neuropils. Additionally, the lateral complex, the lateral 

horn (LH), and the AOTU are present in the investigated insect brains [Heinze and 

Reppert, 2012; Ito et al., 2014; Immonen et al., 2017; von Hadeln et al., 2018]. Only in 

a few brain regions, the Cataglyphis brain differs from that of the fruit flies Drosophila 

melanogaster [Ito et al., 2014]. For instance, wedge and posterior optic tubercle could 

not be found in Cataglyphis. Furthermore, the ventral complex and the clamp could 

not be further divided into their subneuropils. However, this could also be attributable 

to the different methods and genetic tools that were used in Drosophila research. 

https://www.insectbraindb.org/
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Future studies should therefore investigate these brain neuropils in more detail. Due 

to the high resolution of the protocerebral neuropils, new anatomical [Grob et al., 

2021] and neuropeptidomic studies [Habenstein et al., 2021] could already use the 

brain atlas very efficiently. 

 

6.2.2 Sensory pathways 
 

Olfactory pathways have been described in detail for various insect species [reviewed 

by: Galizia and Rössler, 2010]. After olfactory information is received by the AL, it is 

transmitted via projection neurons to higher processing centers of the brain. These 

projection neurons extend their neurites along a set of antennal lobe tracts (ALT), with 

the number of ALTs differing across insect species. In C. nodus, five ALTs exist: the 

medial (m-ALT), the lateral, and three thinner mediolateral ALTs (ml-ALT). The ml-ALTs 

project to the superior intermediate protocerebrum, the VLNP, and the LH. The l-ALT 

and m-ALT run in opposite directions and exhibit arborizations into the MB calyx lip 

and the LH. This assembly of five ALTs and a dual olfactory pathway to the MBs seems 

to be conserved across hymenopteran species [Kirschner et al., 2006; Zube et al., 2008; 

Galizia and Rössler, 2010; Brill et al., 2015]. The dual olfactory system allows for parallel 

transmission of different odor properties including parallel processing and temporal 

(coincidence) coding of different odor attributes [Brill et al., 2013; Brill et al., 2015]. At 

the same time, the parallel pathway may play a crucial role in olfactory learning and 

memory processing. Studies suggest that one pathway might be responsible for 

experience-independent learning and one for experience-dependent learning [Peele 

et al., 2006; reviewed by: Galizia and Rössler, 2010; Rössler and Brill, 2013]. The 

advantages of a dual olfactory pathway might be beneficial for the specifically high 

demands on sophisticated olfactory processing in a social insect’s life. Living in large 

insect societies, colony members have to recognize their nestmates by complex 

patterns of cuticular hydrocarbon cues [Hölldobler and Wilson, 1990]. In addition, 

Cataglyphis foragers use olfactory cues to locate their prey [Steck et al., 2011; 
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Buehlmann et al., 2014] and pinpoint their way back to their nest [Steck et al., 2009]. 

During their foraging runs, the ants can learn and discriminate a variety of odors and 

are able to store them in a lifelong memory [Huber and Knaden, 2018]. 

In contrast to the olfactory pathways, a comprehensive and detailed overview of all 

visual tracts is only described in a few insect species, such as bees [Hertel et al., 1987; 

Paulk and Gronenberg, 2008; Paulk et al., 2009] and the cockroach Leucophaea 

maderae [Reischig and Stengl, 2002]. In Cataglyphis, previous studies exclusively 

focused on two major visual tracts - the anterior superior optic tract (ASOT) and the 

anterior optic tract (AOT) [Grob et al., 2017; Rössler, 2019]. The ASOT has been 

described only in bees [Mobbs, 1984; Hertel et al., 1987; Ehmer and Gronenberg, 2002] 

and ants [Gronenberg, 1999; Ehmer and Gronenberg, 2004; Yilmaz et al., 2016; Grob 

et al., 2017]. In Cataglyphis, the ASOT is suggested to transmit visual information from 

the panoramic scenery to the ipsilateral and contralateral MB collar [Rössler, 2019]. 

This assumption is consistent with functional studies on other ant species, showing 

that lesions of MB calyces and vertical lobes impair the visual memory in navigational 

tasks [Buehlmann et al., 2020; Kamhi et al., 2020]. The AOT is a highly conserved visual 

tract across insects and relays celestial information, such as polarization patterns or 

chromatic cues, to the AOTU [e.g., Homberg et al., 2011; Pfeiffer and Kinoshita, 2012; 

Held et al., 2016; el Jundi et al., 2018; Sancer et al., 2019]. In the present thesis, I 

described the posterior optic commissure (POC), the inferior optic commissure (IOC), 

and the serpentine optic commissure in Cataglyphis for the first time. These visual 

pathways are very similar to those identified in honey bee brains [Hertel and Maronde, 

1987; Hertel et al., 1987]. Moreover, I localized a previously unknown tract in the 

anterior region of the Cataglyphis brain – the optical calycal tract (OCT). The OCT forms 

a direct connection between the OL and the ipsilateral CO of the MB calyx. However, 

which visual information the tract transmits and if the tract is also present in other ant 

species still needs to be investigated. In this study, anterograde tracing of the visual 

tracts was combined with the generation of a three-dimensional brain atlas (see 

above). Using this new methodological approach, the projections of the visual 
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pathways could be assigned to individual brain neuropils. This was especially beneficial 

to assign the POC and IOC neurons, as the commissures exhibit many thin ramifications 

into the posterior central protocerebrum. POC and IOC extensively innervate the VLNP 

and VMNP (for more details see Manuscript I) as shown analogously in bumblebees 

[Paulk et al., 2008; Paulk et al., 2009] and the honey bee Apis mellifera [Hertel and 

Maronde, 1987; Hertel et al., 1987; Maronde, 1991]. In both bee species, VLNP and 

VMNP receive diverse visual information, ranging from chromatic cues up to detection 

of movement [Hertel et al., 1987; Maronde, 1991; Paulk et al., 2009]. The high 

similarities of the visual circuitry in C. nodus brains suggests that this is also likely to be 

the case in Cataglyphis ants. Recent studies additionally assigned antennal 

mechanosensory input to the AMMC, VLNP, and VMNP in Cataglyphis by using this 

elaborated three-dimensional Cataglyphis brain atlas [Grob et al., 2021]. This result 

further emphasizes the importance of the CANPs as multimodal sensory processing 

centers in Cataglyphis and illustrates the possibilities in the application of the neuronal 

atlas. The three-dimensional atlas also helps to understand the potential role of 

neuropeptides in the CANP (see discussion in chapter 6.3.2 and Manuscript III) and 

allows to compare the situation with that of other insects. 

 

6.3 Neuropeptides in the brain of Cataglyphis 
 

6.3.1 The neuropeptidome of Cataglyphis nodus 
 

Recent advances in research have shown how neuropeptides control the behavioral 

output of insects [Fricker, 2012; Kastin, 2013; Nässel and Zandawala, 2019]. Until 

today, new neuropeptides are continuously being discovered and novel signaling 

pathways described. This highlights the need for ongoing research to unravel the 

neuromodulatory effects of various neuropeptides. To reach a deeper understanding 

of the physiological functionality of numerous neuropeptides on insect behavior, an 

overview of all neuropeptides in the central nervous system and their structural 
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assembly by amino acid sequences is necessary. In Hymenoptera, detailed 

neuropeptidomic studies have been performed only in the honey bee Apis mellifera 

[Hummon et al., 2006], the parasitic wasp Nasonia vitripennis [Hauser et al., 2010], and 

the carpenter ant Camponotus floridanus [Schmitt et al., 2015]. The present thesis 

aimed to obtain a comprehensive neuropeptidome in C. nodus ants. Combining Q-

Exactive Orbitrap MS with direct tissue profiling by MALDI-TOF MS, I identified 71 

peptides encoded on 49 neuropeptide-, neuropeptide-like-, and protein hormone 

prepropeptide genes in C. nodus ants (see Manuscript II). The neuropeptidome 

revealed many parallels to other hymenopteran species. For example, peptides of the 

families Ast-A, Ast-C, calcitonin-like diuretic hormone-31, Crz, myosuppressin, 

orcokinin, SIFamide, short neuropeptide F, and TK are present in the brain of all studied 

hymenopteran species [Hummon et al., 2006; Hauser et al., 2010; Schmitt et al., 2015]. 

Comparing exclusively the ants C. nodus with C. floridanus, the list of matches becomes 

even longer. This indicates that the prepropeptide genes of these two ant species are 

conserved to a large extend. However, some neuropeptides were identified in C. nodus 

which are not present in the C. floridanus neuropeptidome. Adipokinetic hormone, 

agatoxin-like-peptide, crustacean cardioactive peptide, elevenin, fliktin, inotocin, 

insulin-like peptide, Ion transport peptide-like, NVP-like peptides, pyrokinin, sulfakinin, 

and trissin are prominent neuropeptides identified exclusively in the C. nodus brain. 

On the other hand, HUGIN/PBAN pyrokinins are only present in C. floridanus and not 

in C. nodus. The higher number of identified neuropeptides in C. nodus can probably 

be related to the increasing capacities of modern MS analyzers and software tools/data 

bases to predict the prepropeptide genes rather than to large deviations in the ant 

genomes. Although the total number of peptides characterized is somewhat higher 

than in other hymenopteran species, it is likely that still not all neuropeptides were 

identified in the Cataglyphis brain. For instance, the brain was analyzed only in the 

range of 600 - 10,000 Da in the experiments. Neuropeptides with an ion mass below 

or above that range are therefore not included in the neuropeptidome. In addition, the 

transcription of some neuropeptides depends on the developmental stage of an insect, 

e.g., as it is known for the eclosion hormone [Truman, 1992]. To encounter stage-
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related neuropeptides in the brain, neuropeptidomic studies have to be performed at 

all developmental stages. 

By using direct tissue profiling and MSI, numerous peptides encoded on a total of 41 

genes have been spatially assigned in the brain of Cataglyphis. Hereby, the coexistence 

of peptides that derived from up to 27 different genes was demonstrated within single 

brain regions or neuropils (see Manuscript II). This illustrates the complex local 

interaction of a multitude of neuromodulators, whose influence on the central nervous 

system is in many cases still unknown. To disentangle the interplay between 

neuropeptides with respect to behavioral and physiological processes, comprehensive 

studies on individual neuropeptides will be necessary in the future. The increasing 

number of sequenced ant genomes [e.g., Nygaard et al., 2011; Smith et al., 2011a; 

Smith et al., 2011b; Wurm et al., 2011; Oxley et al., 2014; Bohn et al., 2021] and 

neuropeptidome datasets available online could be a first step towards generating new 

genomic approaches to properly address this issue in the future. 

 

6.3.2 Distribution of allatostatin-A, corazonin and tachykinin in the brain  
 

A crucial question of the present thesis was whether the neuropeptide candidates Ast-

A, Crz, and TK are localized in areas of the Cataglyphis brain in which neuromodulation 

could induce relevant behavioral changes. MSI provides information about the spatial 

distribution of neuropeptides with high resolution on thin brain sections. In 

Cataglyphis, it enabled the simultaneous localization of up to 32 peptides on a single 

brain slice. Since the method works independently of antibodies, it is particularly 

valuable for peptides where no antibody exists. However, appropriate neuronal 

markers are needed to assign the ion signals to individual brain neuropils which are not 

separated by prominent glial borders. The staining of filamentous actin was only 

possible on consecutive cryosections (see Manuscript II), making MSI an unsuitable 

tool for high spatial resolution studies of neuropeptides within individual neuropils 
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belonging to the CANP group. Therefore, Ast-A, Crz, and TK were instead localized by 

immunohistochemistry (see Manuscript III).  

The neuronal composition of corazonergic neurons in the brain is largely conserved 

across insects [Predel et al., 2007]. Four Crz-immunoreactive (-ir) cell bodies per 

hemisphere are found in the pars lateralis of the Cataglyphis brain, with axons 

branching into the medial protocerebrum and the RCC. This is identical to findings in 

the closely related honey bee Apis mellifera [Verleyen et al., 2006]. My newly 

developed three-dimensional brain atlas allowed an even more precise assignment of 

the Crz-ir branching in the CANP in Cataglyphis. Here, the staining revealed that 

superior medial protocerebrum and flange are innervated by Crz-ir neurons. However, 

the relevance of these neuropils in the insect brain is still unclear. This once again 

exemplifies the gaps in our current knowledge about the CANPs, which needs to be 

addressed in the future. Of particular interest for the present research question are the 

conserved projections of corazonergic neurons into the RCC. Important hormones such 

as JH and PTTH are synthesized and released in the RCC [Agui et al., 1980; Nijhout, 

1998; Noriega, 2014]. The connection from the central brain to the neurohemal organs 

could be an important element in controlling behavior. Previous studies already 

associated neurosecretory cells with JH release and linked them to the behavioral 

maturation of honey bees [Wheeler et al., 2015]. Whether Crz is involved in JH 

synthesis has not yet been sufficiently investigated across insects, but has recently 

been speculated [Johnson, 2017]. In Harpegnathos saltator, an antagonistic 

relationship between Crz and VG was demonstrated [Gospocic et al., 2017]. Given the 

complex mutual interaction of VG and JH in social Hymenoptera [e.g., Robinson and 

Vargo, 1997; Amsalem et al., 2014; Azevedo et al., 2016; Harwood et al., 2017], this 

could indicate an indirect effect of Crz on JH. Innervation of the RCC by corazonergic 

neurons would allow involvement in hormone release in Cataglyphis ants, but whether 

Crz affects the synthesis of VG or JH in Cataglyphis needs to be shown in future 

manipulation experiments. 
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Ast-A and TK neurons are virtually omnipresent in the Cataglyphis brain. Both 

neuropeptides were found at different extents in all important high order processing 

centers, sensory input regions as well as in the CANP (for a detailed discussion see 

Manuscript III). Their presence in a variety of neuropils suggests a multifunctionality of 

these neuropeptides in Cataglyphis. This would be consistent with the pleiotropic 

actions of TK and Ast-A shown in other insects [for reviews see: Bendena et al., 1999; 

Nässel et al., 2019a; Nässel et al., 2019b]. However, functional studies with TK and Ast-

A in ants are missing. Therefore, the role of neuropeptides can only be speculated 

based on findings in other insects. For instance, the presence of neuropeptides in the 

CX might suggest a modulation on locomotor output. This is consistent with studies in 

Drosophila melanogaster, demonstrating a modulatory role of CX TK neurons on 

locomotor behavior [Kahsai et al., 2010]. Neuropeptides could also modulate 

behavioral output in a more indirect way. Neuromodulation of sensory input and its 

integration within the MB, AMMC, VLNP, or the VMNP could alter the sensitivity to a 

given stimulus. TK, for example, has been shown to regulate the PER response in a task-

specific manner in honey bees [Han et al., 2021]. Unfortunately, the study does not 

answer the question if this change is a result of an altered sensitivity to the gustatory 

stimuli or if it occurs more downstream in the motor control centers. It is therefore 

important to find out what role Ast-A and TK play in the brain of Cataglyphis. Future 

studies need to show if neuropeptides might alter the sensitivity to important olfactory 

cues (e.g., signaling pheromones) or modulate behavioral decisions in important motor 

control centers and thus, contribute significantly to behavioral transitions in 

Cataglyphis.  

The revealed innervation by Ast-A, Crz, and TK neurons in the central brain of 

Cataglyphis renders these neuropeptides as suitable candidates for such 

neuromodulations. 
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6.4 Neuropeptides are potential regulators of the temporal polyethism  
 

Behavioral stage transitions of social insects are accompanied by far-reaching changes 

on neuronal, physiological, and behavioral levels. In particular, the transition from 

indoor to outdoor duties requires a completely different behavioral repertoire. This 

includes not only the core tasks (e.g., nursing or foraging) but also significantly affects 

locomotor activity [e.g., Ben-Shahar, 2005; Stieb et al., 2012], response sensitivity to a 

specific stimuli [e.g., Robinson, 1987a; Muscedere et al., 2012], phototaxis [e.g., 

Wehner et al., 1972; Menzel and Greggers, 1985; Southwick and Moritz, 1987], 

aggression levels [e.g., Robinson, 1987a; Nowbahari and Lenoir, 1989; Pearce et al., 

2001; Rittschof et al., 2018], or the circadian rhythm [e.g., Bloch, 2010; Mildner and 

Roces, 2017; Beer and Bloch, 2020]. It is therefore not surprising that the control of 

temporal polyethism is a highly complex process involving diverse neuromodulators 

[reviewed by: Hamilton et al., 2017]. Whereas the role of JH has been extensively 

studied for several decades [for reviews see: Robinson, 1987b; Fahrbach, 1997; 

Hamilton et al., 2017], neuropeptides only recently came into focus. The three 

neuropeptides Ast-A, Crz, and TK have emerged as suitable candidates for modulating 

temporal polyethism [e.g., Pratavieira et al., 2014; Gospocic et al., 2017; Schmitt et al., 

2017; Han et al., 2021]. In this thesis, I demonstrated that these neuropeptides are 

present in brain regions of C. nodus that potentially modulate physiological processes 

underlying task specific behaviors (see discussion 6.3.2 and Manuscript III). Employing 

immunohistochemistry and qPCR analyses, I further screened the brains of callows, 

interior workers, and foragers in search for any qualitative or quantitative stage-

specific changes. For TK, no differences were found between the three major 

behavioral stages of Cataglyphis workers. In contrast, Ast-A and Crz mRNA expression 

levels are related to the task of the individual. Here, increased Crz and Ast-A mRNA 

levels in foragers hint towards higher translation rates of bioactive neuropeptides than 

in interior workers. In case of Crz, a significant enlargement of the cell bodies after the 

interior-forager transition additionally supports this assumption. A putative behavioral 

stage-related release of neuropeptides would suggest a concomitant neuromodulation 
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in a task-specific manner by the neuropeptides in the brain. However, evidence on the 

quantity of the respective neuropeptides at different behavioral stages remains to be 

provided in the future. In the same line, it should be noted that the mRNA 

quantifications were performed on whole brains, which could mask local changes in 

individual neurons or neuropils. In C. fortis ants, a modified innervation pattern by TK-

ir neurons in the brain of 7- and 14-day-old workers was detected in certain subunits 

of the CX [Schmitt et al., 2017]. This example illustrates, that changes can occur in 

sensitive developmental phases at the level of brain neuropils or even individual 

neurons, which are not fully covered by the methodological approaches of the present 

study (for a more detailed discussion see Manuscript III). 

The challenge for future studies is therefore to reproduce the changes of Crz and Ast-

A in individual neuropils or neurons and to investigate their causal effects on the 

behavior at a high temporal resolution. Nowadays, diverse quantitative techniques 

(e.g., mass spectrometry) allow comparison of signal molecules down to the level of 

single cells [DeLaney et al., 2018; Diesner and Neupert, 2018] and could therefore 

provide an appropriate tool to investigate the neuropeptide expression in the 

Cataglyphis brain in more detail. Many further questions need to be addressed in the 

future in order to better understand the role of neuropeptides in behavioral 

transitions. This could for example be achieved by future local injections of 

neuropeptides, RNAi knockdowns, or gene editing approaches like CRISPR-Cas9 

mediated knockouts. By using these methods, the effect of the neuropeptides on 

certain behaviors as well as on the biosynthesis of other neuromodulators can be 

tested. For instance, manipulation experiments in Harpegnathos ants and honey bees 

have demonstrated that the injection of neuropeptides or interfering RNAs is a suitable 

tool to address the causal impact of neuropeptides on behavior or the titer of VG 

[Gospocic et al., 2017; Pratavieira et al., 2018; Han et al., 2021]. These results highlight 

the potential of neuropeptides to act on behavioral traits associated with temporal 

polyethism. Considering the findings from this thesis, Ast-A and Crz are highly 
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promising candidates that should be further investigated in careful manipulation 

experiments in Cataglyphis. 

 

6.5 Conclusion and Outlook 
 

Over the last decades, Cataglyphis desert ants have been established as an important 

experimental model for studying behavior in insects [for reviews see: Wehner and 

Rössler, 2013; Wehner, 2019]. Besides their stunning navigational abilities, the task 

allocation among Cataglyphis workers has become a focus of research. The 

combination of behavioral and neuroanatomical studies has yielded unique insights 

into the behavioral maturation and the accompanying neuronal changes in the brain 

of the social insects [reviewed by: Rössler, 2019]. In this study, I investigated the 

neuronal basis of temporal polyethism in C. nodus ants. By providing an extensive 

neuropeptidomic data set and a three-dimensional brain atlas, I have established an 

unprecedented framework for in-depth studies of neuropeptides in a hymenopteran 

species. This opens up new possibilities for a better understanding of the behavior and 

the underlying physiological processes in Cataglyphis ants. In addition, my anatomical 

studies are raising awareness of the importance of previously disregarded brain 

regions. For instance, the complex sensory neurocircuitry in the Cataglyphis brain 

highlights the role of some CANPs as important multimodal convergence and 

integration centers. This should serve as an incentive to study the functioning of 

individual neuropils more thoroughly. Calcium imaging or genomic tools such as the 

expression of immediate early genes can be used to screen neuronal activity in 

individual brain neuropils [Gobel and Helmchen, 2007; Sommerlandt et al., 2019]. This 

could help to map brain areas involved in a particular behavioral output or processing 

specific sensory stimuli. The largely conserved general layout of insect brains suggests 

similar neuronal properties of individual brain neuropils. Comparative studies across 

species might therefore additionally help to improve our understanding of distinct 

quantitative and qualitative differences in the neuronal architecture and participation 
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of specific neuropils in neuronal processes. The neuroanatomical mapping and tracing 

of sensory input tracts together with mapping neuropeptides greatly helps for a 

general understanding of the input and its potential modulation in previously unknown 

brain areas. However, for a general understanding of functional aspects of these less 

well-known neuropils, functional studies are necessary in the future to also understand 

the mechanisms of modulation by neuropeptides.  

The presence of more than 50 bioactive neuropeptides distributed across a small brain 

illustrates the complexity of neuromodulation of physiological and behavioral 

processes. What role do all these neuropeptides have in controlling individual 

behavior, physiology, and development? How do different neuromodulators such as 

biogenic amines, JH, and neuropeptides interact with each other? What is the influence 

of age, nutrition, or metabolism on modulatory systems in social insects? To 

disentangle these different parameters, innovative studies using integrative research 

approaches are necessary. This includes localizing the peptidergic neurons and their 

release sites, elaborating quantitative differences in age- or stage-specific features of 

the peptidergic signaling pathways, revealing mutual correlations with other 

neuromodulators, and finally, finding out their direct influence on behavior by careful 

manipulation experiments in combination with appropriate behavioral assays. The 

latter can be realized via injections of the neuropeptides or interfering RNAs into the 

hemolymph, as it has already been shown in bees and ants [Gospocic et al., 2017; 

Pratavieira et al., 2018; Han et al., 2021]. Although the application of CRISPR-Cas9 is 

still very difficult and very inefficient in most social insects due to complex 

reproduction cycles, it might be a promising tool for the future. Here, one could 

alternatively use clonal ants such as Cataglyphis cursor [Lenoir et al., 1988] or ponerine 

ants with substitute queens [Peeters et al., 2000]. For example, knockouts of the orco 

gene have already been performed in the clonal ants Ooceraea biroi [Trible et al., 2017] 

and Harpegnathos saltator ants [Yan et al., 2017]. However, it remains problematic 

that knockouts in embryos already influence the early development of the animals, 

which could lead to undesirable side effects. Therefore, a conditional knockout would 
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be more advantageous, but so far this is only feasible in ants with an injection of 

mRNAi. Such manipulation experiments can be applied to investigate the effect on the 

biosynthesis of important neuromodulators of the temporal polyethism (e.g., JH and 

VG) and the behavior of the animals. If a neuropeptide is involved in the interior-

forager transition, a manipulation of the peptide titer should induce changes of the 

behavioral output of the individuals. For example, locomotion [Ben-Shahar, 2005; Stieb 

et al., 2012], aggression [Nowbahari and Lenoir, 1989; Pearce et al., 2001; Rittschof et 

al., 2018], or phototaxis [Wehner et al., 1972; Southwick and Moritz, 1987] are 

increased in exterior workers compared to interior workers in social insects. Neuronal 

activity in the brain could also change significantly when neuropeptide concentrations 

are up- or down-regulated. So far, manipulation experiments have focused mainly on 

behavioral effects and have not yet identified the underlying physiological changes in 

the brain [Gospocic et al., 2017; Pratavieira et al., 2018; Han et al., 2021]. 

Electrophysiological recordings could be used to detect modifications even in single 

neurons [Scanziani and Häusser, 2009]. In vivo calcium imaging, on the other hand, 

allows to examine whole brain regions for changes in neuronal activity patterns [Gobel 

and Helmchen, 2007; Grewe et al., 2010].  

My thesis revealed a most comprehensive account of neuropeptides in an ant brain, 

their structural composition, and their distribution. Furthermore, from the multitude 

of neuropeptides in the Cataglyphis brain, Ast-A, Crz, and TK were identified as 

candidates, potentially involved in temporal polyethism. For Ast-A and Crz, stage-

specific mRNA expression levels were detected for the first time in Cataglyphis. In 

addition, I provided new insights into a task-related neuroplasticity of individual 

neurons in the case of corazonergic neurons. It is now necessary to investigate the 

effect of the neuropeptides on behavior and physiological processes using the above-

mentioned methodology approaches. In the view of my results, Crz and Ast-A are 

promising candidates that could play specific roles in the modulation of temporal 

polyethism. 
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Abbreviations 
 

AL   antennal lobe 

ALT   antennal lobe tract 

AMMC  antennal mechanosensory and motor center 

AOT   anterior optic tract 

AOTU   anterior optic tubercle 

ASOT   anterior superior optic tract 

Ast-A   allatostatin-A  

CANP   central adjoining neuropils 

CBU/CBL  upper/lower unit of the central body 

CO   collar 

Crz   corazonin 

CX   central complex 

IOC   inferior optic commissure 

Ir   immunoreactive 

JH   juvenile hormone 

LA    lamina 

LH   lateral horn 

LI   lip 

LO   lobula 

LX   lateral complex 

MALDI-TOF  matrix-assisted laser desorption/ionization time-of-flight 

MB   mushroom body 

ME   medulla 

ML    medial lobe 
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MS   mass spectrometry 

MSI   mass spectrometry imaging 

PED   pedunculus 

PER   proboscis extension response 

POC   posterior optic commissure 

PTTH   prothoracicotropic hormone 

OCT   optical calycal tract 

OL   optic lobe 

qPCR   quantitative real-time polymerase chain reaction 

RCC   retrocerebral complex 

TK   tachykinin 

VG   vitellogenin 

VL   vertical lobe 

VLNP   ventrolateral neuropils 

VMNP   ventromedial neuropils 
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