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In his treatise on arthropod brains, Hans von Alten (1910) focuses on a specific functional group of insects—the flying

Hymenoptera—which exhibit a spectrum of lifestyles ranging from solitary to social. His work presents a distinctive com-

parative neuro-anatomical approach rooted in an eco-evolutionary and eco-behavioral background. We regard his publi-

cation as an exceptionally valuable source of information and seek to inspire the research community dedicated to the

study of the insect brain to explore its insights further, even after more than 110 years. We have translated and annotated

his work, expecting it to engage researchers not just with its remarkable drawings but also with its substantive content and

exemplary research strategy. The present text is designed to complement von Alten’s publication, situating it within the

temporal context of nineteenth-century and early twentieth-century studies, and to draw connections to contemporary

perspectives, especially concerning a central brain structure: the mushroom body.

Understanding the brain’s architecture is paramount for grasping
its phylogenetic and ontogenetic development, elucidating its in-
tricate cellular and molecular components, deciphering its func-
tion as a driver of behavior and cognition, and unraveling the
emergent properties that give rise to advanced cognitive abilities,
self-awareness, and consciousness. This insight has driven neuro-
science over the centuries, from the earliest fine-preparative and
microscopic studies of Vesalius (1543) (see also Giménez-Roldán
2020), Harvey (1628), and Swammerdam (1737–1738) to the
electron microscopic analyses used to study the connectomes of
small brains (Caenorhabditis elegans [White et al. 1986]; Drosophila
[Scheffer et al. 2020;Gruber et al. 2023]; zebrafish [Hildebrand et al.
2017]), as well as the digital brain atlases of invertebrates and ver-
tebrates, which exist at different grades of resolution in mice and
humans (e.g., https://alleninstitute.org/; https://www.frontiersin
.org/research-topics/23/digital-brain-atlases). All these anatomical
studies of the brain have been motivated by efforts to explore fun-
damental issues in the life sciences, including the phylogenetic
history both of closely related species and across large phylogenetic
scales, ontogenetic development, and the correlation between
structure and function. The intricate complexity and considerable
size of mammalian and human brains have spurred long-standing
investigations into the brains of smaller animals, particularly social
insects such as bees, wasps, and ants. These insects captivate re-
searchers because of their impressive behavior. How is it possible
for such small brains to accomplish extraordinary feats such as
multiple forms of learning; the extraction of rules from sequential
learning, counting, and number recognition; social communica-
tion, including symbolic coding and decoding (in the case of the
honeybee); navigation; and lifelong memory? What evolutionary
paths have led to these abilities and the underlying brain struc-
tures? Further, is it possible to derive phylogenetic relationships
from comparative approaches at both the anatomical and the func-
tional (behavioral) levels?

Historical background

In the seventeenth century, Swammerdam (1737–1738) was al-
ready posing these questions with his meticulous microscopic
studies of entire brains. This was then echoed by numerous schol-
ars in the eighteenth and nineteenth centuries, particularly in the
context of social insects such as ants, wasps, and bees and using a
comparative approach as the method of choice. The study by von
Alten in 1910 provides an excellent culmination of this research
over the eighteenth and nineteenth centuries and brings it into
context within early twentieth-century thought.

These studies were incorporated into comparative ap-
proaches within the Darwin–Wallace theory of descent. Although
nineteenth-century naturalists interested in insects were excellent
observers (e.g., Fabre 1879), they were criticized for two inexcusable
failures: reporting only single-case events and using unjustified an-
thropomorphic terminology. Indeed, repetitions under strict exper-
imental control were rarely performed and, when they were, the
conditions were not reported. Anthropomorphic terminology was
not considered misleading or dangerous, because Darwin’s gradual-
ism guided the comparative approach in behavioral studies as in
comparative morphology. Reading this literature gives the strong
impression that authors such as Romanes (1883), Forel (1910), and
Buttel-Reepen (1900), as well as Maeterlinck (1901) with his roman-
tic style in praise of the honeybee, did not mean mental operations
of a human kindwhen they used terms such as intelligence or men-
tal power, but rather species-specific forms of such operations, al-
though all these authors kept their meaning vague. Even so, the
motivation arising from these approaches was highly productive
in the striving to uncover the working of the brain.

The scientific context of the Hans von Alten study

Unlike most researchers into insect brains in the eighteenth and
nineteenth centuries, Hans von Alten was a highly trained
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zoologist who worked in a famous research laboratory under the
guidance of August Weismann (1834–1914), an eminent evolu-
tionary biologist and head of the Zoology Institute at the
University of Freiburg. In the second half of the nineteenth
century, evolutionary biology in Germany had shifted from a
Lamarckian view to Darwin–Wallace theory in a series of steps in-
volving intense scientific battles. When Weismann became direc-
tor of the Freiburg Zoology chair (1873), he studied freshwater
and marine zooplankton and initially defended Lamarck’s thesis
of individual adaptation driven by external factors. When he shift-
ed his research focus to ontogenetic development, he found no ev-
idence for individual adaptation, and although he noticed that the
evolutionary process as Darwin described it cannot be proven in
laboratory experiments but only falsified, he became an enthusias-
tic defender of Darwin’s theses. His Aufsätze über Vererbung und ver-
wandte biologische Fragen, published in 1892 (Weismann 1892),
provides an excellent record of the thought that led him to postu-
late the “germ plasm theory” and what was later called the
“Weismann barrier” (for review, see Sabour and Schöler 2012).
Following Hertwig (1895), the discoverer of meiosis in the sea ur-
chin egg, he proposed that only changes in the germline would
lead to evolutionary adaptations. He interpreted the germline as
present only in egg and sperm cells, not somatic cells, and thus ar-
gued that only changes in these cells, but not the body cells, would
contribute to the evolutionary process, precluding Lamarckian ad-
aptation. Although this viewwas to bemodified by the discoveryof
the identity of chromosomes in both germ cells and somatic cells,
the idea of graded phylogenetic connections between anatomical-
ly and ecologically related species has provided and still provides
the conceptual frame for comparative studies.

Brain structure and phylogeny

Given this scientific context, it is not surprising that von Alten’s
comparative anatomical studies tempted him to build bridges to
the study both of phylogenetic relationships and of behaviorally
graded cognitive faculties. Fortunately, he turned to a rather closely
related group of insects, the flying Hymenoptera. The lifestyle of
these insects ranging from solitary to social bees and wasps pro-
vides an intuitive scale of graded behavioral complexity that he
felt should be reflected in their corresponding brain structures. In
Weismann’s thinking, the somatic structure (here the brain) is a
stable structure within each species, here prompting questions
such as how brains differ between the sexes of the same species,
how brains differ between the reproductive queens and sterile
workers in the social Hymenoptera, and how brains vary according
to the evolutionary adaptations that have led to different levels of
performance (e.g., solitary and social lifestyle). The resulting ap-
proaches require (1) the selection of brain structures regarded as re-
lated to higher forms of behavior rather than basic sensory-motor
performance, and the quantification of structural differences by
absolute and relative measures, and (2) measures of graded com-
plexity in behavior. von Alten solved the first problem by estab-
lishing distance values in selected sections of the brain (see his
tables II–IV) that he considered representative of volume quantifi-
cation. And he focused on distinct structures, predominantly the
mushroom bodies (MBs), a paired brain structure that had been
linked with more complex forms of behavior since Dujardin
(1850), Kenyon (1896), and others (see below).

Using his measures of brain structures together with multiple
qualitative estimates of brain structures available to him from ear-
lier studies, he constructed a tree of phylogenetic relationships that
is quite consistent with modern schemes of evolutionary related-
ness in flying Hymenoptera (Fig. 1). An exception is the separa-
tion of Vespidae from Apoidea among the aculeate (stinging)

Hymenoptera, and the introduction of hypothetical profossial
groups, which was already a matter of controversy among con-
temporary authors (e.g., Armbruster 1919). Modern phylogenetic
analyses position Vespidae together with social bees (and ants) as
monophyletic groups. The cynipids, as well as parasitoid groups
of ichneumonids and braconids, belong to the apocritan
Hymenoptera (Peters et al. 2017).

Histological methods available to von Alten

The work of von Alten was based on the contemporary state of the
art and on the development of histological methods in neurosci-
ence in general (for review, see Javaeed et al. 2021). In 1873,
Camillo Golgi discovered the “black reaction,” and in 1877 Paul
Ehrlich had for the first time applied methylene blue staining to
neuron morphology and putative connectivity, two methods still
in use until recent times. Advances in histology in von Alten’s
time included the use of eosin for the staining of connective tissue
and cytoplasm, and hematoxylin for cell nuclei. These techniques
spurred advances in knowledge of the neuronal architecture of in-
sects, exemplified by the work of Kenyon (1896) and Jonescu
(1909), and provided an important backbone for von Alten’s ac-
count of hymenopteran MBs and optic lobes.

The strength of vonAlten, however, lay in his comparative ap-
proach, which focused on the group Hymenoptera using basic,
though superbly implemented, histology. He was also one of the
first (see, e.g., Flögel 1878) to apply features of the brain to phylo-
genetic arguments. Initiated by von Alten and continued by
Holmgren (1916) and in more modern times by Howse (1974),
this line of research thus laid the foundations for neuro-
phylogeny, a term coined to refer to a field that has been reinvent-
ed today (e.g., Hanström 1928; Strausfeld and Meinertzhagen
1998; Harzsch 2006; Richter et al. 2010). Hanström (1928), for

Figure 1. Phylogenetic tree proposed by von Alten based on his
comparative brain studies of flying Hymenoptera (see his text, and
Text Figure 19). Tenthrediniden= sawflies, Uroceriden =wood wasps,
Cynipiden =gall wasps, Profosseriden =hypothetical group of ancestral
forms leading to wasps, Ichneumoniden=parasitoid ichneumon wasps,
Braconiden =parasitoid braconid wasps, Fossorien = sphecoid wasps,
Archiapiden= e.g., Colletes and Halictus species, Gastrilegiden= e.g., meg-
achilid bees, Podilegiden= e.g., Andrena and Anthophora species,
Eumeniden =Vespoidea, Wespen=wasps, soziale Apiden = social bees
(Apis, Bombus). Key evolutionary events such as the wasp waist and the
stinger led to a strong radiation in the major lineages Apocrita and
Aculeata, respectively.
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example, provided a rich data set of comparative data in a large
number of different hexapod species using volumetric measures.
He confirmed the picture already developed by Flögel (1878) and
von Alten (1910), concluding that MB size correlates with the
number of connections to all the sensory centers (see below).
Apidae and Formicidae were discovered to possess the largest and
most intricately structured MBs, suggesting that these structures
not only facilitate sensory integration but also function as associa-
tion centers, controlling complex behaviors (see below). Hanström
(1928) and laterHowse (1974) quantified the observationsmade by
nineteenth-century insect anatomists with respect to the central
complex, which they found to be relatively uniform in structure
across insect orders.

Focus on the mushroom body

The question of the brain–behavior relationship has deep roots in
philosophical argument. How can the unity of perception, memo-
ry, and feeling emerge from symmetrical brains composed of two
seemingly identical structures (e.g., the cerebral lobes in humans)?
The arguments go in two directions, from brain to behavior, and
from behavior to brain. In the first case, early speculations on
unique brain structures for higher forms of cognition focused on
an unpaired brain structure. In the thinking of Descartes (1662; re-
publication 1969), the epiphysis cerebri or pineal gland, which lies
on the midline of the otherwise symmetrically organized human
brain, appeared as a unique meeting point of the two epistemic
worlds: the soul and the brain as a machine. The body is bilaterally
symmetrical, so the brain is too. Lower forms of cognition (sensory
andmotor functions) are, therefore, bilaterally organized. Unique,
undivided thoughts and memories may thus have to come from
unpaired parts of the brain.

The epistemological dimension of these arguments applies to
all animals with a centralized brain, naturally in graded fashion.
The uniqueness of perception and cognition as the essential mech-
anisms controlling the animal’s own body requires neural process-
es that create a unity of central command. The arthropod brain
houses only one unpaired, centrally located structure, the central
complex. The nineteenth-century anatomists interested in the
brain–behavior relationship of arthropods noticed one fact that
must have surprised them and that was also confirmed by von
Alten. The central complex is the most stable structure across
species and environmental adaptations (Hanström 1928; Howse
1974). The central complex was, therefore, dismissed by
nineteenth-century anatomists as a candidate for higher brain
function. Given these conditions, it was obvious for them to
look both for brain structures that were structurally impressive
and variable in size and for subcompartments indicating struc-
ture–function relationships that reflected ecological adaptations
along with graded phylogenetic relationships. Because only paired
structures were available for consideration, other arguments need-
ed to be incorporated.

TheMBs drew the attention of the first anatomist intrigued by
the arthropod brain, as is evident in the work of Dujardin (1850).
He called them lobes à convolutions by analogy with the folded na-
ture of themammalian cortex. From the very discoveryof these im-
pressive, paired structures in a few species of Hymenoptera and
Orthoptera, the MBs were thus linked to insect intelligence. In a
sense, the erroneous description of its structure (lobes à convolu-
tions) and the incorrect comparison with what was believed to be
the site of mammalian intelligence (cortical convolutions) laid
the foundation for the ideas about the relationship between the
MB and hexapod intelligence. Even after the sectioning of the
brain by late-nineteenth-century anatomists verified that MBs are
not “convolute” but rather compact structures, the idea of graded

structural complexity related to graded cognitive faculties in in-
sects was retained. Relevant here are the studies by Leydig (1864)
(studying ants, bees, and wasps), who called them gestielte Körper,
by Rabl-Rückhard (1875) (Gryllus, Locusta,Dycticus), who corrected
the term “convolutions” and called them cups (ingförmige Körper),
and by Dietl (1876), who coined the term pilzhutförmiger Körper
(mushroom body). Although Dietl described them as more com-
plex in Hymenoptera than in Orthoptera, he hesitated to associate
them with cognitive functions (for citations, see Strausfeld and
Meinertzhagen 1998). Kenyon (1896), who provided the most in-
formative structural analysis of the brain before vonAlten, summa-
rized the most up-to-date arguments in terms of a relationship
between structural complexity and cognitive faculties. We thus
want to cite two paragraphs, one from Kenyon (1896) and one
from von Alten, which reflect most distinctively the kind of think-
ing on the MB that existed at the turn of the twentieth century:

Kenyon (1896), p. 644: “As to the intellectual function of the
bodies, not all of the early writers supported Dujardin’s inference.
Theywere supposed to be connectedwith sight; but Rabl-Rückhard
(1875) showed that they are fully developed in a blind African ant
(Typhlopone). Dietl (1876) was loth to acknowledge an intellectual
function, even thoughhe found the organsmore highly developed
in Hymenoptera than in Orthoptera. But Forel (1874) adhered to
Dujardin’s supposition, and showed that among Hymenoptera
even of the same species the bodies are most prominent where
one usually recognizes most intelligence, as in the worker bees
and ants, while they are small in the females (queens) and the
males. Brandt (1876), two years later in a note on the brain of
Hymenoptera makes the same observations as to the differences
in the same species, while Berger (1878) considered the structures
as ‘organs of projection of the first order.’”

von Alten (1910), p. 516: “On the basis of these physiological
and comparative anatomical, as well as on the basis of the follow-
ing findings, as I would like to note right here, one will probably
not to go too far if one addresses theMBs as themain reflex and as-
sociation centers of the hymenopteran brain. They could also be
described as ‘organs of intelligence’ if one assumes that bees pos-
sess psychic abilities in the sense of Bethe (1897) (sentience, ability
to form new associations on the basis of memory and experience),
which is as vividly disputed (Bethe 1897) on the one hand as it is
claimed on the other (Buttel-Reepen 1900; Romanes 1883; Forel
1874; Wasmann 1905, 1909).”

So which cognitive functions are served by theMBs? In flying
Hymenoptera, graded behavioral performances appear intuitively
rather obviously given the existing solitary and social lifestyles.
The intuition was, and to some extent still is, that social life is
more complex and thus may require larger brains in an absolute
or allometric sense, dedicated brain structures, and possibly unique
neurons (intellective cells). These differences should be expressed
particularly in those brain parts that correlate with more complex
behavior. Indeed, the phylogenetic tree that von Alten derives
from his anatomical measures (Fig. 1) roughly reflects a hierarchy
that has the social Hymenoptera (social bees, wasps) on top, the
solitary, nest-dwelling bees in themiddle (gastrilegids and podileg-
ids), and solitary Hymenoptera (Symphyta) without brood care at
the bottom.

However, von Alten did not distinguish between reflexes and
learned behavior, suggesting that both innate behavioral routines
and experience-dependent behavior reflect graded behavioral com-
plexity. Social life in insects—the lifestyle inside the colony—is
in general mostly controlled by stereotypical and innate
sensory-response routines that depend predominantly on periph-
eral specializations both at the sensory and motor level rather
than on central processing in the brain. Exceptions exist (e.g.,
the waggle dance in honeybees), but the rule appears to apply
well at least for hymenopteran species, including ants.

Insights from the past: von Alten (1910) brain Hymenoptera
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Interestingly, no correlation has so far been found in ants between
the complexity of their social life and measures of the MBs. It is
thus likely that life outside the nest is more closely related to MB
size and structure.

MB-related studies over the last 50 years

Eco-evolutionary and neurobiological approaches over the last 50
years have shifted the focus to learning, memory formation, and
neural processes possibly involved in foraging at the food site, at
the nest site, and during navigation (Howse 1975; Giurfa 2003;
Menzel 2012, 2014; Farris 2016).

Here is a short overview.
Learning: Elementary forms of olfactory learning are unaffect-

ed if partial lesions or anesthetic treatments are performed on the
MB, but complex olfactory learning tasks require both functional
MBs and their interactions (Malun et al. 2002; Komischke et al.
2005; Devaud et al. 2007; for review, see Menzel et al. 2007). If
an olfactory stimulus is trained only via one antenna the memory
can also be recalled via the other antenna, indicating information
transfer between the two sides,most likely at the level of theMB. If,
however, the two input sides are specifically trained to different ol-
factory tasks, thememory recall is side-specific (Sandoz andMenzel
2001). A preference for one side of olfactory input over the other
may exist in the honeybee, but not in the solitary bee Osmia
(Frasnelli et al. 2012). However, it is not known whether this is a
property of the MB or the peripheral olfactory pathway.

Memory: Local cooling of the MB on one side during one-trial
olfactory conditioning via the antenna on the same side uncovered
the role of theMB in turning an erasable short-termmemory into a
stable long-termmemory (Erber et al. 1980). The temporal dynam-
ic of this consolidation process is completed after 5 min, whereas a
sensory memory can be blocked in the olfactory lobe on the same
side only within the first minute after a single learning trial.
Structural correlates of long-termolfactorymemory have been doc-
umented for the microglomeruli in the MB calyx (Hourcade et al.
2010).

Navigation: Solitary flying hymenopterans build nests to
which, like social hymenopterans, they have to return from their
foraging flights. The foraging flights of solitary bees are usually
more stereotypical, particularly when pollen is collected. In con-
trast, they are highly variable in social bees, which live as a biolog-
ical unit over different yearly seasons and in much more variable
habitats, forcing the individual animals continuously to learn
both the nest site and food sources anew. Intuitively, more special-
ist solitary hymenopterans (e.g., oligolectic species) would be ex-
pected to express less complex behavioral performances and have
smaller/less complex MBs, but systematic studies are lacking. The
search for neural correlates has focused on the volume and struc-
ture of the MB calyx during the transition between nest duties
and foraging. Total volume was found to depend on age and envi-
ronment (not only inside the nest, in isolation, but also outside the
nest, foraging) both in worker bees (Maleszka et al. 2009) and
drones (Fahrbach et al. 1997). Age- and experience-dependent
structural changes were located in the microglomerular complexes
(Krofczik et al. 2008; Rybak 2013), and the dendritic branches of
the MB intrinsic neurons, the Kenyon cells (Farris et al. 2001). In
the study by Krofczik et al. (2008), the number of microglomerular
complexes and the bouton volumes increased during maturation,
independent of environmental conditions. In contrast, manipula-
tions of behavior and sensory experience caused a decrease in the
number of microglomerular complexes, but an increase in bouton
volume. In the study by Farris et al. (2001), the branching and
length of dendrites were strongly correlated with worker age, but
when age-matched bees were directly compared, those with forag-

ing experience had longer, more branched dendrites than those
that had foraged less or not at all. The density of Kenyon cell den-
dritic spines remained constant regardless of age or behavioral
state. Older andmore experienced foragers, therefore, have a great-
er total number of dendritic spines in theMB neuropil, corroborat-
ing the findings mentioned above on the structural correlates of
olfactory memory (Hourcade et al. 2010).

Evolutionary driving forces of brain structure

in hymenopteran insects

The intuitive theoryof the relationshipbetweenbrain structure and
sociality in Hymenoptera has been termed the “social brain hy-
pothesis,” a concept originally developed for primates (Dunbar
1998). The essence of this hypothesis is that social behavior re-
quires more sophisticated neural processing, particularly in those
brain centers that deal with cognitive processes. As we have seen,
nineteenth- and twentieth-century research on the MB substan-
tially supported the idea that flying Hymenoptera with a social
lifestyle (bees and wasps) have a larger and more structured MB.
However, we have argued above that social life inside the colony
is predominantly organized via innate and rather stereotypical
processes, leading to the proposal that social life is controlled
by sensory-motor routines independent of higher-order neural
mechanisms.

Farris and Schulmeister (2011) offer an interesting alternative
view based on comparisons of MB structure and volume across
Hymenoptera, including solitary parasitoid wasps (Orussoidea/
Apocrita). These species appear to have developed large and high-
ly structured MBs as early as 90 Myr before the development
of sociality in Aculeata. Elaborate MBs with distinct morpho-
logical subcompartments were thus evolved at the base of
Euhymenoptera, together with the acquisition of parasitoid
behavioral ecology. This discovery implies that the neural require-
ments involved in consistently tracking and relocating prey over
substantial distances serve as preadaptations for central-place for-
aging. The wiring of the MB and its intrinsic structure provide the
essential anatomical and functional conditions for navigation
over greater distances. The MB receives highly preprocessed sen-
sory input of all modalities, preserves aminergic neurons from
evaluating circuits, sends feedback neurons to the sensory neuro-
pils, and feeds into premotor centers (Hammer 1993; Rybak and
Menzel 1993; Grünewald 1999; Abel et al. 2001; Gronenberg
2001; Strausfeld 2002; Menzel 2012; Devaud et al. 2015). These
conditions allow for flexible and adaptive processing, learning,
and memory, as has been well documented for highly evolved fly-
ing Hymenoptera but also at a lower level of complexity for other
insects.

Molecular studies of the hymenopteran MB

von Alten found the concurrent elaboration of theMB calyces with
distinct subcompartments throughout the evolution of the acule-
ate Hymenoptera, leading to the differentiation and diversity of
the Kenyon cells. These observations are corroborated by recent
molecular studies that have uncovered distinctive genetic profiles
of Kenyon cell types. von Alten documented the evolution from
the chalice typus of Tenthredinidae (sawflies) to the cup type of
aculeate species (Bombus/Apis). He also showed that Kenyon cells
are structurally diverse. Specifically, he identified medial large
Kenyon cells (LKCs) as the typical Kenyon cells of the aculeate hy-
menopteran species.

Molecular genetic studies targeting MB-connected genes pro-
vide valuable information on the differentiation of Kenyon cells
across the lineage of hymenopteran species. Such studies are still
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rather rare. Oya et al. (2017) identified the gene of a tachykinin-
related peptide that is differentially expressed in Kenyon cell types,
applying in situ hybridization experiments with MB tissue from
four species (as a reference they used the known cell types in Apis
mellifera: three type K-I, and one type K-II): the eusocialVespa man-
darinia (Vespidae) and the solitary scoliid flower waspCampsomeris
prismatica (both: Aculeata, Apocrita), the solitary parasitic wasp
Ascogaster reticulatus (Braconidae, Ichneumonidae, Apocrita), and
the ancestral hymenopteran the phytophagous sawfly Arge similis
(Tenthredinidae). They found three K-I cell types in both aculeate
wasp species (as in honeybees), only two K-I subtypes in the para-
sitic braconid wasp, and only one K-I type in the sawfly
(Tenthredinidae). They interpret their findings as indicative of vi-
sual input primarily to the MB calyces exclusively in apocritan
Hymenoptera, specifically for the purpose of host finding among
parasitoid wasps (see also Ehmer and Gronenberg 2002; Farris
and Schulmeister 2011). This interpretation potentially lends sup-
port to the hypothesis of the role of central-place foraging in the
evolutionary development of the MB, which serves as a preadapta-
tion for eusociality.

In a recent extension of these studies, the same research
group, Kuwabara et al. (2023), performed comparative transcrip-
tome analyses on Kenyon cell types in the honeybee and the tur-
nip sawfly (Athalia rosae, Tenthredinidae), a primitive flying
Hymenoptera without central-place foraging habits. These analy-
ses revealed both similar and different gene expression between
these two species. Unique gene expression profiles were found
both in different honeybee Kenyon cell types and in that of the
sawfly. The sawfly contains only one Kenyon cell type, which
shares some of the gene expression profile of the different
Kenyon cell types found in the honeybee. Furthermore, specific
gene expression profiles in each of the honeybee Kenyon cell types
were not found in the Kenyon cells in the sawfly. In particular,
LKCs of type I known to be involved in learning and memory,
probably acquired by specific gene expression and subsequent
functional diversification, increased learning and memory abili-
ties.Most interestingly, two specific sawfly genes appear to be relat-
ed to learning and memory, and elementary forms of learning are
documented in the study of Kuwabara et al. (2023).

Several immediate early genes (IEGs) have been identified as
specifically expressed in Kenyon cells under behavioral conditions
that simulate learning in navigational tasks. Ugajin et al. (2018)
identified three genes, the Src homology 3 (SH3) domain-binding ki-
nase (Sbk), the family with sequence similarity 46 (Fam46), and
GB47136, as novel neural IEGs in the honeybee. Foragers and/or
orientating bees, which fly around their hives to memorize posi-
tional information, showed induced expression of these IEGs in
the MB, indicating a possible role for the novel IEGs in foraging-
related learning and memory processes in the honeybee. Geng
et al. (2022) focused on three IEGs (kakusei, Hr38, and Egr1) that
are known to be related to foraging and orientation, and compared
their relative expression in the calyces of the MB, the optic lobes,
and the rest of the brain after color discrimination learning.
Successful learners exhibited an Egr1 up-regulation only in the ca-
lyces of the MB.

The study of IEGs in Hymenoptera will be particularly infor-
mative if combined with developmental studies comparable to
those on the expansion of the neocortex in mammals in an evolu-
tionary context. Heide et al. (2020) had previously examined the
effect of overexpression of the cortical human-specific gene
ARHGAP11B in developing mouse and ferret neocortex. They
found that ARHGAP11B expressed in the fetal neocortex of the
marmoset under the control of the human gene promoter enlarged
the neocortex and induced its folding. It will be exciting to see
whether any of the identified hymenopteran IEGs play a compara-
ble role in theMB and drive changes in its development across oth-

er flying hymenopteran species, and whether overexpression has
functional consequences.

Conclusion

von Alten’s (1910) publication constitutes a highly valuable
resource for studying brain architecture across a diverse and exten-
sive collection of hymenopteran species. It particularly emphasizes
theMB in the context of eco-evolutionary and eco-behavioral con-
siderations. von Alten provides an enlightening summary of the
literature of the nineteenth century and imparts information
that remains highly significant even after more than 110 years.
The research strategy applied by vonAlten is exemplary, particular-
lywith respect to his focus on theflyingHymenoptera, and, if com-
bined with the methods now available to us, will lead to great
insights. Today it is possible to establish volumetric brain atlases
that allow for sophisticated quantitative comparison (e.g., https://
insectbraindb.org/app/). Currently, phylogenetic relationships be-
tween species can be established at a much higher level of sophis-
tication, crucially allowing researchers to test the value of
comparative studies on the level of brain structures, ecological ad-
aptation, and behavioral performance. Quantifications of behavior
under laboratory and natural conditions are now possible that will
lead to a deeper understanding of ecological adaptations. The ex-
tensive array of molecular tools at our disposal will enable us to
conduct more rigorous testing than has been undertaken thus
far, especially when integrated with comparative developmental
studies.

We have taken on the task of translating and annotating the
original publicationby vonAlten, in the anticipation that it will in-
spire researchers focusing on the insect brain to undertake a thor-
ough exploration of structure–function relationships and their
evolutionary roots.
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