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panarthropods
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Abstract

Background: The evolution of the brain and its major neuropils in Panarthropoda (comprising Arthropoda,
Tardigrada and Onychophora) remains enigmatic. As one of the closest relatives of arthropods, onychophorans are
regarded as indispensable for a broad understanding of the evolution of panarthropod organ systems, including
the brain, whose anatomical and functional organisation is often used to gain insights into evolutionary relations.
However, while numerous recent studies have clarified the organisation of many arthropod nervous systems, a
detailed investigation of the onychophoran brain with current state-of-the-art approaches is lacking, and further
inconsistencies in nomenclature and interpretation hamper its understanding. To clarify the origins and homology
of cerebral structures across panarthropods, we analysed the brain architecture in the onychophoran Euperipatoides
rowelli by combining X-ray micro-computed tomography, histology, immunohistochemistry, confocal microscopy,
and three-dimensional reconstruction.

Results: Here, we use this detailed information to generate a consistent glossary for neuroanatomical studies of
Onychophora. In addition, we report novel cerebral structures, provide novel details on previously known brain
areas, and characterise further structures and neuropils in order to improve the reproducibility of neuroanatomical
observations. Our findings support homology of mushroom bodies and central bodies in onychophorans and
arthropods. Their antennal nerve cords and olfactory lobes most likely evolved independently. In contrast to
previous reports, we found no evidence for second-order visual neuropils, or a frontal ganglion in the velvet worm
brain.

Conclusion: We imaged the velvet worm nervous system at an unprecedented level of detail and compiled a
comprehensive glossary of known and previously uncharacterised neuroanatomical structures to provide an in-
depth characterisation of the onychophoran brain architecture. We expect that our data will improve the
reproducibility and comparability of future neuroanatomical studies.
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Background

Onychophorans (velvet worms) constitute together with
tardigrades (water bears) and arthropods (chelicerates,
myriapods, crustaceans and hexapods) the Panarthro-
poda, with onychophorans being sister to either arthro-
pods or arthropods plus tardigrades ([1-6]; see [7] for
review of ecdysozoan relationships and additional phylo-
genetic hypotheses). Velvet worms are believed to have
remained largely unchanged and inhabited terrestrial en-
vironments for over 300 million years [1, 8, 9]. Given
their key phylogenetic position as one of the closest rela-
tives to arthropods (sometimes referred to as Euarthro-
poda senmsu Lankester [10]; discussed in Ortega-
Hernéndez [11]), and their conserved morphology, ony-
chophorans are widely regarded as indispensable for un-
derstanding the evolution of panarthropod organ
systems (e.g. [12-19]).

Studies of the nervous system are often conducted to
gain insights into evolutionary events [20—24]. For most
major arthropod groups, in-depth investigations in re-
cent times have led to a clear picture of the anatomical
and functional organisation of their nervous systems.
The nervous systems of onychophorans, in contrast,
were studied mainly at the end of the nineteenth (e.g.
[25, 26]) and beginning of the twentieth centuries (e.g.
[27-31]), with only few recent exceptions (e.g. [13, 15,
32, 33]). Accordingly, the range of techniques used to in-
vestigate the onychophoran nervous system is largely
limited to classical methods. Furthermore, most studies
have focussed on specific aspects of the nervous system,
such as neurogenesis and neural development [13, 15,
34-37] or on the localisation of specific structures and
neurons using selective markers [14, 18, 33, 38-42].
Thus, a comprehensive overall picture is still lacking, es-
pecially in the light of the array of new methods cur-
rently available.

Unfortunately, further research on the onychophoran
nervous system is currently hampered by inconsistencies
in nomenclature and interpretations between different
authors. A review of the literature reveals cases where a
single structure is given different names by various au-
thors. For example, the same part of the brain referred
to as “arcuate body” by Strausfeld et al. [42] is named
“central body” by Schiirmann [32], “Zentralkorper” by
Hanstrom [31], “corpus striatum” by Holmgren [27], and
“bourrelet dorsal” by Saint-Remy [26]. In addition, the
same term is sometimes applied to different structures,
e.g. the term “pedunculus” to either a connection be-
tween mushroom body and central body [32], or a struc-
ture anterior to the mushroom body lobes [33], or even
the mushroom body lobes themselves [43].

Similarly, there are numerous inconsistencies in de-
scriptions of specific traits of the onychophoran brain.
For example, the pathway of optic tracts and the number
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of optic neuropils as reported by Strausfeld et al. [33]
and by Mayer [44]. In other cases, contradictions are evi-
dent even within a single study (e.g. “bridge” in [32]), or
questionable characters are used to claim homology of
structures with those in other animal groups (e.g.
“frontal ganglion” in Cong et al. [45, 46], but see Mayer
et al. [47] for an opposing view).

Finally, previous investigations of the onychophoran
brain suggest that various structures remain to be de-
scribed and characterised (e.g. an “anterior neuropil” re-
ferred to in [38, 48]), and emphasises that current
understanding of the onychophoran brain is far from
complete. Furthermore, the hitherto known architecture
of the onychophoran brain has not been critically reap-
praised, although some features have already been ques-
tioned (e.g. the number of mushroom body lobes in
[32]), while other features have been reported, but as yet
not analysed in detail. For example, the onychophoran
central body has been described to be stratified [26, 27,
42, 48], but the number and architecture of strata have
not been addressed. Therefore, a revision of the ony-
chophoran brain followed by a uniform designation of
its components is needed in order to bring consensus to
its anatomy and to clarify unresolved controversies.

In the current study, we report new insights into the
structural organisation of the brain of the onychophoran
Euperipatoides rowelli (Peripatopsidae), gained from
using a range of specific markers against acetylated a-
tubulin and the presynaptic protein synapsin in conjunc-
tion with high-resolution confocal microscopy. We then
used the data from immunolabelled whole-mount prepa-
rations of the brain to three-dimensionally reconstruct
its architecture and visualise previously unknown volu-
metric and spatial relationships among neurite regions.
We supplement our data with three-dimensional (3D)
reconstructions based on Azan-stained histological serial
sections and X-ray micro-computed tomography (uCT).
These analyses allowed us to gain an in-depth under-
standing of the onychophoran brain anatomy, revealing
all major neuropil regions and allowing for their detailed
characterisation. Together with neuroanatomical infor-
mation available in the literature for the onychophoran
nervous system, we compiled a glossary with proposed
standardised terms and synonyms in order to bring
consistency for future studies.

The multi-methodological approach enabled us to
characterise in greater detail known neuropil regions
and tracts and describe neuropil regions that were previ-
ously unknown. This in turn allows for a more compre-
hensive comparison of onychophoran brain structures to
corresponding features in arthropods. Finally, we inter-
pret our results to address several controversies sur-
rounding the onychophoran brain. This reappraisal of
the onychophoran nervous system should facilitate
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future comparative studies, and thereby shed light on
the evolution of the nervous system in Panarthropoda
and the brain structure in their last common ancestor.

Results

We used a multiscale approach to gain a broader and
detailed picture of the brain structure in the onychoph-
oran E. rowelli (Figs. 1, 2, 3, 4, 5, 6,7, 8, 9, 10, 11, 12
and Additional file 1: Fig. S1, Additional file 2: Fig. S2,
Additional file 3: Fig. S3, Additional file 4: Fig. S4, Add-
itional file 5: Fig. S5, Additional file 6: data S1, Add-
itional file 7: Data S2, Additional file 8: Data S3,
Additional file 9: Data S4, Additional file 10: Data S5,
Additional file 11: Data S6). X-ray uCT scans of speci-
mens contrasted with osmium tetroxide and ruthenium
red proved useful for visualising the overall shape of the
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onychophoran central nervous system within the whole
animal. In addition, histological sections of entire heads
in conjunction with Azan staining provided detailed
structural information on the central nervous system
with its individual neuropil areas without dissection arte-
facts. Finally, an in-depth picture of brain architecture
was provided by synapsin immunolabelling of dissected
brains to reveal synaptic terminals and, hence, details of
neuropil areas, while acetylated a-tubulin immunolabel-
ling showed pathways traversed by fibres of the nervous
system.

Neuroanatomical terms suggested herein as a standard
nomenclature for studies of the onychophoran nervous
system are preceded by an arrow (—). The correspond-
ing explanations, definitions and synonyms are compiled
in a glossary (Table 1). Whenever possible, the
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Fig. 1 Organisation of the central nervous system of £. rowelli. 3D renderings based on SRuUCT (a, b) and Azan staining (¢, d). Dorsal is up in all
images. a Overview. b Detail of suprarectal commissure. Asterisk indicates passage of genital duct under ventral nerve cord. ¢, d Frontal and
lateral views of anterior part of nervous system. Cell body rind (blue) partly covers neuropils, fibre tracts, commissures and peripheral nerves
(light-brown). ', ¢” Selected frontal slices from (c) at the level of the brain (c') and ventral nerve cord (c”). ANC, antennal nerve cord; BR, brain;
CNC, circumpharyngeal nerve cord; DC, dorsal commissures; EY, eye; HO, hypocerebral organ; JAN, jaw nerve; LEN, leg nerve; LE, leg; LIN 1, LIN 2,
lip nervel and 2; PHN 1, pharyngeal nerve 1; SP, slime papilla; SPN, slime papilla nerves; SRC, suprarectal commissure; VC, ventral commissure;




Martin et al. BMC Biology (2022) 20:26 Page 4 of 51

Azan staining acetylated a-tubulin synapsin

ANP ANPY%.
e =

e

dorsal

brain com-
missures 1-3

central
- body

mushroom
B odies

olfactory
fascicles

olfactory
glomeruli

AN =

optic

(| :
neuropil

glomeruli

Fig. 2 Architecture of cerebral structures in £. rowelli based on different labelling techniques. Three-dimensional reconstructions using a series of
Azan-stained sections, anti-acetylated a-tubulin and anti-synapsin immunolabelling of entire brains in dorsal (top row) and ventral views (bottom
row). Anterior is up in all images. Corresponding neuropil regions and fibre tracts are shown in same colours. Other protocerebral neuropil areas
are displayed in grey. Inset (synapsin labelling in ventral view) shows magnified details of microglomeruli. Note that Azan staining was performed
on the entire head, whereas anti-acetylated a-tubulin and anti-synapsin immunolabelling was carried out on dissected brains, resulting in slightly
differing shapes of neuroanatomical structures. Not all structures were reconstructed using Azan-stained sections, such as the frontal body and
small tracts and neuropils. ANP, antennal neuropil; BRC 1, BRC 2, BRC 3, brain commissure 1 to 3; CB, central body; CBA, anterior division of central
body; CB-IL, inner lamina of central body; CB-OL, outer lamina of central body; CBP, posterior division of central body; CNC, circumpharyngeal
nerve cord; FB, frontal body; JAN, jaw nerve; FGC, fascicles of globuli cells; LIN 1, LIN 2, lip nerve 1 and 2; LO, lobes of mushroom body; OLF,
olfactory fascicle; OLG, olfactory glomeruli; OLL, olfactory lobe; ONP, optic neuropil; PDN, posterior dorsal neuropil; PHN 1, pharyngeal nerves 1;
PVN, posterior ventral neuropil; PNT, ponticulus; SPC, subpharyngeal commissure

nomenclature follows the terms and definitions sug-
gested by Ito et al. [49] for insects and Richter et al. [20]
for invertebrates in general. Note that corresponding
terms do not necessarily imply homology with hom-
onymous (i.e. like-named) structures in arthropods and
other animals.

and Additional file 1: Fig. Sla—c). The brain is associated
ventrally with a pair of —hypocerebral organs (Fig. 1c).
The ventral nerve cords run along each side of the body
and are connected with each other via a posterior
—suprarectal commissure looping above the hindgut
(Fig. 1a, b). In addition, the nerve cords are linked along
the body’s length by two types of serially arranged com-

General features of the nervous system

The central nervous system of E. rowelli consists of an
anterodorsal —brain composed of a —protocerebrum
and a —deutocerebrum, a pair of —circumpharyngeal
nerve cords and the —ventral nerve cords (Fig. 1a, ¢, d

missures: the —ventral commissures and the —dorsal
commissures (Fig. 1c, d). The ventral commissures con-
nect the two ventral nerve cords across the ventral mid-
line, whereas the dorsal commissures project laterally,
then cross one of the two —dorsolateral trunk nerves
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Fig. 3 Comparison of individual commissures, tracts, lobes and neuropils in the brain of E. rowelli. Three-dimensional reconstructions in dorsal
(left halves) and ventral views (right halves). Anterior is up in all images. Arrowheads indicate position of microglomeruli. BRC 1, BRC 2, BRC 3,
brain commissure 1 to 3; FGC, fascicles of globuli cells; CB, central body; CBA, anterior division of central body; CB-AN, auxiliary neuropil of central
body; CB-IL, inner lamina of central body; CB-OL, outer lamina of central body; CBP, posterior division of central body; CNC, circumpharyngeal
nerve cord; E-ONP, extracerebral part of optic neuropil; FB, frontal body; I-ONP, intracerebral part of optic neuropil; A, lateral or A-lobe; LO, lobes of
mushroom body; MG, macroglomerulus; p, median or p-lobe; v, ventral or v-lobe; OLF 1, OLF 2, OLF 3, OLF 4, olfactory fascicles 1 to 4; OLG,
olfactory glomeruli; ONP, optic neuropil; PED, pedunculus; PNT, ponticulus

and finally connect the ventral nerve cords along the instead a pair of segmental —leg nerves emanates from
dorsal midline above the —heart nerve (cf. [14]). The the ventral nerve cords on each body side (Fig. 1c, d).
dorsal commissures are missing in pedal regions, where  Each leg is supplied by an anterior and a posterior leg
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Fig. 4 Organisation of brain neuropils in E. rowelli revealed by anti-synapsin immunolabelling. Confocal laser scanning micrographs of frontal
vibratome sections. Dorsal is up in all images. Anti-synapsin immunoreactivity (glow) and DNA labelling (blue) in anterior (a), median (b), and
posterior sections (c) through the left brain hemisphere. Note strong immunoreactivity in the ponticulus in a and near lack thereof in b. Also
note strongest immunoreactivity in p-lobe as opposed to weakest immunoreactivity in &-lobe (c) of mushroom body. Arrowheads (b) point to
discontinuous row of somata between mushroom body lobes. ANP, antennal neuropil; CB, central body; CB-IL, inner lamina of central body; CB-
OL, outer lamina of central body; CBR, cell body rind; &, dorsal or &-lobe of mushroom body; E-ONP, extracerebral part of optic neuropil; FB,
frontal body; HO, hypocerebral organ; A, lateral or A-lobe of mushroom body; u, median lobe or p-lobe of mushroom body; MG,
macroglomerulus; OLF 4, olfactory fascicle 4; OLG, olfactory glomeruli; PDN, posterior dorsal neuropil; PNT, ponticulus; SAN, subantennal neuropil;
v, ventral or v-lobe of mushroom body; VH, ventral horn; PVN, posterior ventral neuropil. Scale bars: 50 um
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Fig. 5 Organisation of the central body and frontal body in E. rowelli. Three-dimensional reconstructions based on anti-acetylated a-tubulin
immunolabelling (a) and horizontal optical sections of confocal micrographs of a brain stained with an antibody against synapsin (b-e). Anterior
is up in all images. Arrow (a) indicates additional posterior stratum of posterior division and arrowheads point to auxiliary neuropils. Rectangles in
(a) indicate planes of sections in (b—e). b, ¢ Dorsal part of central body showing anterior and posterior divisions. Asterisk in ¢ indicates additional
stratum of posterior division. d, e Ventral part of central body illustrating inner lamina enclosing paired auxiliary neuropils (arrowheads) and outer
lamina with additional strata on its ventral side (asterisks). Note frontal body with a posterior, dorsal stratum (arrows in ¢) and an anterior, ventral
stratum (arrows in e). a, anterior; ANP, antennal neuropil; CBA, anterior division of central body; CB-IL, inner lamina of central body; CB-OL, outer
lamina of central body; CBP, posterior division of central body; CBR, cell body rind; CN, central neuropil; d, dorsal; FB, frontal body; p, posterior;
PDN, posterior dorsal neuropil; v, ventral. Scale bar: 50 um

nerve. The same holds true for the slime papillae—spe-  preceded by the —lip nerve 3 and succeeded by the
cialised limbs of the third body segment—that are inner-  —salivary gland nerve (cf. [13]). The circumpharyngeal
vated by an anterior and a posterior —slime papilla nerve cords differ from the ventral nerve cords in that
nerve (Fig. 1d). The two slime papilla nerves are they are oriented dorsoventrally rather than
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Fig. 6 Organisation of mushroom body in E. rowelli. Three-dimensional reconstruction based on anti-acetylated a-tubulin immunolabelling (a)

and horizontal optical sections from stacks of confocal micrographs of brains stained against acetylated a-tubulin (b) and synapsin (c). Anterior is
up and median is left in all images. a Volume rendering of mushroom body in ventral view. Note connection with central body via ponticulus. b
Detail of fascicles of globuli cells with two main branches (dotted line) giving rise to four digitiform branches (arrows). ¢ Detail of the four lobes,
all of which are sectioned in inset. Note strongest synapsin immunoreactivity along p-lobe. ANP, antennal neuropil; CB, central body; &, dorsal or
O-lobe; FGC, fascicles of globuli cells; A, lateral or A-lobe; p, median or p-lobe; OLL, olfactory lobe; PED, pedunculus; PNT, ponticulus; v, ventral or v-

lobe. Scale bars: 50 um

anteroposteriorly and are not associated with commis-
sures, except for a single, prominent —subpharyngeal
commissure (Fig. 1a and Additional file 1: Fig. S1a, c).

Volume measurements reveal that the central nervous
system of E. rowelli occupies ~ 3% of the total body vol-
ume, of which the brain constitutes only ~0.7% and the
ventral nerve cords together with the circumpharyngeal
nerve cords ~2.3% (Table 2). The central nervous sys-
tem exhibits a clear subdivision into central neuropil
and a peripheral cell body rind. Most somata are located
in a ventral cell body rind and are largely lacking in most
dorsal areas of the central nervous system, particularly
in the ventral nerve cords (Fig. 1c, d and Additional file
1: Fig S1b, ¢ and Additional file 6: Data S1, Additional
file 7: Data S2).

The brain consists of two ovoid, bilateral brain hemi-
spheres fused along the midline (Fig. 1a, ¢ and Add-
itional file 1: Fig. S1b). Besides the posterior

circumpharyngeal nerve cords, the most prominent bun-
dles of neurites leaving the brain are the bilateral, anter-
ior neuropils extending into the antennae, ie. the
—antennal nerve cords (Fig. 1a, ¢ and Table 1). Among
additional structures associated with the brain are a pair
of anterolateral —optic neuropils supplying the eyes, a
pair of ventral —tongue nerves projecting into the
tongue (cf. [13]), and two pairs of lip nerves supplying
the mouth (the mediodorsal —lip nerves 1 (Fig. 1c, d)
and the posterolateral —lip nerves 2 (Fig. 12a—c)),
whereas the lip nerves 3 are associated with the circum-
pharyngeal nerve cords (Fig. 12¢; cf. [40]). In addition,
the brain is associated with a pair of lateral —jaw nerves
extending ventrally into the jaw musculature, and a pair
of posterior pharyngeal nerves (—pharyngeal nerves 1)
emerging at the indentation between the two brain
hemispheres and entering the dorsolateral wall of the
pharynx (Figs. 1c and 12 a, b). A second pair
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Fig. 7 Organisation of brain commissures in E. rowelli. Three-dimensional reconstructions based on anti-acetylated a-tubulin immunolabelling (a-
c) and horizontal optical sections of confocal micrographs of brains stained for acetylated a-tubulin (a'-c'). Anterior is up in (a, a', b, b’ and c'),
top right corner in ¢ and dorsal is up in ¢. Reconstructed brain commissures are depicted in green and shown in spatial relation to mushroom
body (grey in a, b and ). Brain commissures 1 (a; ventral view) and 2 (b; dorsal view) originate from antennal neuropil and proceed adjacent to
mushroom body lobes, whereas brain commissure 3 (c; posterolateral view) proceeds dorsal to mushroom body lobes. Arrowheads point to
corresponding commissures. ANP, antennal neuropil; BRC 1, BRC 2, BRC 3, brain commissure 1 to 3; CBR, cell body rind; &, dorsal or &-lobe of
mushroom body; FGC, fascicles of globuli cells; A, lateral or A-lobe of mushroom body; y, median or p-lobe of mushroom body; PED, pedunculus;
PNT, ponticulus; PVN, posterior ventral neuropil; v, ventral or v-lobe of mushroom body. Scale bars: 50 um

brain commissure 2
b

(—pharyngeal nerves 2) is associated with the circum-
pharyngeal nerve cords and enters the pharynx laterally
(Table 1; cf. [39]).

Organisation of the brain and associated structures

The brain of E. rowelli is comprised of an outer cell body
rind and an inner neuropil region (Fig. 1c, d). The
neuropil region constitutes 40-48% of the total brain
volume, depending on the method used for fixation and
further specimen treatment (Table 3). It is organised
into distinct tracts, layers and neuropils (Figs. 2, 3, 4, 5,
6, 7, 8, 10, 11, 12 and Additional file 8: Data S3, Add-
itional file 9: Data S4, Additional file 10: Data S5, Add-
itional file 11: Data S6), which are characterised in the
following.

Frontal body

The —frontal body is a prominent anteriormost proto-
cerebral midline neuropil occupying 3 to 4% of the total
volume of the brain (Figs. 2, 3 and 5 c—e; Table 3). It
borders anteriorly and dorsally the cell body rind and
posteriorly the —central body but fuses laterally with
the —antennal neuropil and ventrally with the —median
lobes and —ventral horns (Figs. 4a, ¢, 11 and 12 and
Additional file 8: Data S3, Additional file 9: Data S4,
Additional file 10: Data S5, Additional file 11: Data S6).
Parallel running fibres (or neurites) traversing the cen-
tral body, connect the —ventral neuropil with the
frontal body (Additional file 8: Data S3 and Additional
files 9: Data S4). Anti-tubulin immunolabelling revealed
an additional anteroventral connection to a branch
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Fig. 8 Organisation of olfactory and glomerular structures in E. rowelli. Three-dimensional reconstruction based on anti-synapsin immunolabelling (a)
and horizontal optical sections of confocal micrographs of brains stained for synapsin (b) and acetylated a-tubulin (c—f). Anterior is up in all images. a,
b Olfactory fascicles 1-3 adjacent to mushroom body’s lobes. Olfactory fascicle 4 connects to v- and &-lobe (see Additional file 10: Data S5 and
Additional file 11: Data S6). a-d Size and arrangement of olfactory glomeruli (@ and c). Note their similar size and presence of a macroglomerulus. e, f
Cap-like arrangement of microglomeruli anterior to olfactory glomeruli. ANP, antennal neuropil; CBR, cell body rind; &, dorsal or &-lobe of mushroom
body; FB, frontal body; A, lateral or A-lobe of mushroom body; LO, lobes of mushroom body; MG, macroglomerulus; MIG, microglomeruli; p, median or
p-lobe of mushroom body; OLF 1, OLF 2, OLF 3, OLF 4, olfactory fascicle 1 to 4; OLG, olfactory glomerulus; OLL, olfactory lobe; ONP, optic neuropil; v,
ventral or v-lobe of mushroom body. Scale bars: 50 um (b and ¢) and 20 um (d-f)
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Fig. 9 Diameter range of glomeruli in E. rowelli. The diameters of 65
out of a total of ~80 glomeruli of one brain hemisphere were
measured. Dashed red line indicates average diameter of glomeruli;
dashed blue line demarcates diameter of macroglomerulus

associated with the antennal neuropil (Additional file 8:
Data S3 and Additional files 9: Data S4). Although a
histological subdivision of the frontal body into distinct
layers is not evident, anti-synapsin labelling reveals
highly immunoreactive strata in its posterodorsal and
anteroventral regions (Fig. 5¢, e; Table 1).

Central body

The —central body is the dorsalmost protocerebral mid-
line neuropil occupying 2.4 to 3.0% of the total volume
of the brain (Figs. 2, 3, and 5a—e; Table 3). It is an arcu-
ate (lateral sides bent anteriorly), stratified structure situ-
ated posterior to the —frontal body. The central body
can be subdivided into an —anterior division and a
—posterior division. Anti-tubulin and anti-synapsin
immunolabelling shows that both the anterior and pos-
terior divisions are further stratified into an —inner lam-
ina and an —outer lamina. Inner and outer laminae of
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Fig. 10 Visual pathways in E. rowelli. Horizontal optical sections of confocal micrographs of brains immunolabelled for synapsin. Anterior is up in
all images. a Spatial relationship between optic neuropils (glow) and central body (grey). These structures were manually segmented in Amira
and extracted from original image stack using Fiji (“lmage calculator” with “AND" as operational mode). Unmodified dataset is provided in
Additional file 11: Data S6. Dotted line (a and b) indicates outline of brain. Coloured arrowheads point to corresponding positions in (b-d). b—d
Details of optic neuropil in ventral (b) to dorsal (d) series of sections. Bottleneck-shaped extracerebral part of optic neuropil connects to brain
(arrow in b). Note bifurcations of intracerebral part of optic neuropil in its distal and proximal regions. Note also input into additional posterior
stratum of posterior division of central body (e). Dotted line indicates lateral border of central body in e. ANP, antennal neuropil; CB, central body;
E-ONP, extracerebral part of optic neuropil; FB, frontal body; I-ONP, intracerebral part of optic neuropil. Scale bars: 50 um (a-d) and 10 um (e)

both divisions are fused with each other at the lateral
ends of the central body and therefore show an inverted
anteroposterior arrangement in the anterior and poster-
ior divisions (Fig. 5c—e). An additional posterior stratum
is associated with the posterior division (Fig. 5c), from
which it is delimited by a discontinuous layer of somata.
Two relatively small, bilaterally symmetric, cylindrical
—auxiliary neuropils are embedded ventrally into the
inner lamina of the central body (Fig. 5a, d and e). Each
auxiliary neuropil is linked via a bundle of neurites with
the —antennal neuropil of the ipsilateral brain hemi-
sphere (Additional file 8: Data S3 and Additional files 9:
Data S4).

Mushroom bodies

The —mushroom body is a bilaterally paired neuropil
located lateroventrally in the —protocerebrum (Figs. 2, 3
and 6 a—c). With 4.2-5.3% of the total brain volume, the
mushroom bodies together constitute the largest individ-
ual neuropils of the brain (Table 3). They are embedded
in the cell body rind of each brain hemisphere and ad-
join dorsally the —subantennal neuropils (Fig. 4b). Each
mushroom body is composed of three major subunits in-
cluding (i) the —fascicles of globuli cells, (ii) the —ped-
unculus, and (iii) the four —lobes (Fig. 6a—c). The
fascicle region comprises the anteriormost part of the
mushroom body and lacks the presence of anti-synapsin
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Fig. 11 Organisation and characterisation of brain neuropils in E. rowelli. Horizontal optical sections of confocal micrographs of brains
immunolabelled for acetylated a-tubulin. Anterior is up in all images. Coloured brain areas of largely fused neuropils and lobes (right) from dorsal
(a) to ventral (d) series of sections. ANC, antennal nerve cord; ANP, antennal neuropil; BRC 1 and 2, brain commissure 1 and 2; CB, central body;
CBR, cell body rind; CN, central neuropil; CNC, circumpharyngeal nerve cord; DN, deutocerebral neuropil; FB, frontal body; FGC, fascicles of globuli
cells; ML, median lobe; OLG, olfactory glomeruli; OLL, olfactory lobe; PHN 1, pharyngeal nerves 1; PDN, posterior dorsal neuropil; PVN, posterior
ventral neuropil; SAN, subantennal neuropil; VH, ventral horn. Scale bars: 100 um

labelled synaptic terminals (Fig. 2; Additional file 10:
Data S5, Additional file 11: Data S6). It receives axon fi-
bres from the —globuli cells located in the anterior cell
body rind that converge to numerous digitiform
branches. These smaller branches, in turn, anastomose
to four larger branches that join the pedunculus (Fig.
6a—c and Additional file 2: Fig. S2a—c). The pedunculus
gives rise posteriorly to four lobes that are sickle-shaped,
laterally convex structures. Based on their position, we
distinguish a dorsal (5-lobe), lateral (A-lobe), medial (p-
lobe) and a ventral lobe (v-lobe; Fig. 6a, c¢). While the 6-
lobe and the v-lobe are stacked on top of each other, the
p-lobe and the A-lobe encompass them medially and lat-
erally, respectively. All four lobes are separated from
each other by thin, discontinuous layers of somata (Fig.
4b, ¢). We were unable to determine whether these be-
long to glial cells. Immunoreactivity against synapsin is
consistently stronger in the p-lobe and weaker in the 8-
lobe than in the v-lobe and the A-lobe (Fig. 4b, c).

Ponticulus

The —ponticulus extends from the —pedunculus of the
—mushroom body to the —outer lamina of the —cen-
tral body (Fig. 6a). The ponticulus shows a mixed tract-
like/neuropil-like organisation, as the anti-synapsin sig-
nal is high near the pedunculus but progressively de-
creases and finally disappears towards the central body
(Fig. 4a, b), whereas acetylated a-tubulin is distributed
along its entire length (Figs. 2, 3; Additional file 8: Data
S3 and Additional file 9: Data S4). Moreover, synapsin is
not distributed evenly but shows a granular arrangement
(Fig. 4a). The ponticuli of both brain hemispheres con-
stitute ~ 0.1% of the total brain volume (Table 3).

Brain commissures 1-3

The brain of E. rowelli exhibits three, individually identi-
fiable branched commissures, identified by Azan-labelled
sections and anti-tubulin immunostaining: the —brain
commissures 1-3 (numbered from posterior to anterior),
formed by contralaterally projecting bundles of axon fi-
bres crossing the —protocerebrum (Figs. 2, 3 and 7a—c;
Additional file 2: Fig. S2a—c). These prominent commis-
sures occupy together ~ 0.6% of the total volume of the
brain (Table 3). Two of them, the brain commissures 1
and 2, crosslink the —antennal neuropils of each brain
hemisphere, whereas the brain commissure 3 connects

the —subantennal neuropils of both brain hemispheres
(Fig. 7a—c). None of these commissures are directly asso-
ciated with the —mushroom bodies, from which they
are spatially separated by fibres belonging to the —pos-
terior ventral neuropil and subantennal neuropil (Fig.
7a—c and Additional file 3: Fig. S3a—f). The brain com-
missure 1 originates from the antennal neuropil, then
passes through the space between the —pedunculus and
the —ponticulus and follows the p-lobe of the mush-
room body to finally cross the midline of the brain (Fig.
7a). The brain commissure 2 fasciculates immediately
after leaving the antennal neuropil into three branches
(Fig. 7b). All three branches flank the posterior margin
of the pedunculus and proceed further posteriorly above
the —lobes of the mushroom body. At this point, the
lateral branch terminates, whereas the other two
branches merge and continue as a single commissure to-
wards the contralateral brain hemisphere. The brain
commissure 3 is situated anterior to the brain commis-
sure 2 and connects the contralateral subantennal neu-
ropils (Fig. 7c and Additional file 8: Data S3 and
Additional files 9: Data S4). After leaving the subanten-
nal neuropil, this commissure passes dorsal to the p-
lobe of the mushroom body and then splits into two
branches that finally cross the posterior ventral neuropil
to the contralateral side.

Antennal pathways

The —antennal nerve cords, which are associated with
the protocerebral antennae [13, 15], enter the brain
frontally and continue without any recognisable neuro-
anatomical border into the two —antennal neuropils
(Fig. 11a, b) and the —olfactory lobes (Figs. 2, 3 and 8a—
d; cf. [15]). Together with the —mushroom bodies, the
olfactory lobes represent the ventralmost neuropils of
the brain. Each olfactory lobe is an elongated, irregular
assemblage of ~ 80 subunits, the —olfactory glomeruli,
which are largely, albeit not exclusively, located in the
periphery of the lobe (Fig. 8a—d). The olfactory glom-
eruli from both olfactory lobes constitute together
~0.5% of the total brain volume (Table 3). Each olfac-
tory glomerulus represents a synaptic complex with nu-
merous synaptic sites (Additional file 4: Fig. S4a, b). The
olfactory glomeruli appear spherical, ellipsoid or ovoid
in shape (Fig. 8a—d). They also vary in size, ranging in
diameter from ~9 to 40 pm (average diameter 19 pum),
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Fig. 12 Organisation and characterisation of brain neuropils in E. rowelli. Three-dimensional reconstruction based on anti-acetylated a-tubulin
immunolabelling. a Brain in dorsal (left) and ventral views (right) illustrating largely fused neuropils and lobes (bluish grey). For clarity the
mushroom bodies, olfactory lobes, frontal neuropil, visual pathways and central body are collectively shown in semi-transparent light grey. b
Colour-coded brain areas in dorsal (left) and ventral views (right). ¢ Same as b in anterolateral view. ANC, antennal nerve cord; ANP, antennal
neuropil; CBR, cell body rind; CN, central neuropil; CNC, circumpharyngeal nerve cord; DN, deutocerebral neuropil; EY, eye; JAN, jaw nerve; LIN 2,
LIN 3, lip nerves 2 and 3; ML, median lobe; ONP, optic neuropil; PHN 1, pharyngeal nerves 1; PDN, posterior dorsal neuropil; PVN, posterior ventral
neuropil; SAN, subantennal neuropil; SPC, subpharyngeal commissure; SPN, slime papilla nerve; VH, ventral horn

with most glomeruli falling into the range of 10-25 um
(Fig. 9). The median posterior half of each olfactory lobe
harbours a single, particularly large glomerulus, which
measures 40 pm in diameter and is therefore referred to
as the —macroglomerulus (Figs. 8a, ¢ and 9). Volume
measurements reveal that the macroglomerulus is ~7
times larger than a medium sized olfactory glomerulus
(Table 4). Synapsin immunolabelling further revealed
four —olfactory fascicles (1-4) associated with each ol-
factory lobe, three of which (1-3) are thinner (diameter
5.5 um) than the fourth one (diameter 20.3 um; Fig. 8a
and b). While the olfactory fascicles 1-3 are associated
with the anterior part of the olfactory lobe and join the
ipsilateral —median lobe of the —brain (Additional file
10: Data S5 and Additional file 11: Data S6), the olfac-
tory fascicle 4 originates further posteriorly and fuses
with the v-lobe and the §-lobe of the mushroom body
(Fig. 8a, b and Additional file 10: Data S5 and Additional
file 11: Data S6).

Microglomeruli

We further identified microglomerular complexes in the
anterolateral part of each brain hemisphere, where they
are embedded in the —subantennal neuropil. Each com-
plex consists of ~40 units, the —microglomeruli, which
show a cup-shaped arrangement anterior to the —olfac-
tory lobes and are revealed by both, anti-synapsin and
anti-acetylated a-tubulin immunolabelling (Figs. 2, 3 and
8 a, b, e, f; Table 1). Each microglomerulus is spherical
in shape and represents a complex of numerous, prom-
inent synaptic sites, as revealed by anti-synapsin immu-
nolabelling (Additional file 4: Fig. S4c and d). A single
microglomerulus measures 4.5-6.5 pm in diameter and
comprises only one-twentieth the volume of a mid-sized
—olfactory glomerulus; all microglomeruli together con-
stitute only 0.01-0.02% of the total brain volume (Tables
3 and 4 and Additional file 4: Fig. S4c and d).

Visual pathways

The —optic neuropil is comprised of extra- and intrace-
rebral parts that label consistently with anti-synapsin
(Fig. 10a). The extracerebral part appears as a cup-
shaped structure within each of the two eyes and con-
tinues via a short, bottleneck-shaped connection into the
brain (Figs. 2, 3 and 10 a and b). The intracerebral part

of the optic neuropil then splits into an anterior and a
posterior branch (Fig. 10a, b). The anterior branch pro-
jects anteromedially between the —antennal neuropil
and the —subantennal neuropil, but could not be traced
further in our datasets (Additional file 8: Data S3, Add-
itional file 9: Data S4, Additional file 10: Data S5, Add-
itional file 11: Data S6). The posterior branch crosses
the —antennal neuropil and passes dorsally towards the
—central body (Fig. 10a, d). It then splits into an anter-
ior and a posterior bundle of fibres (Fig. 10a, €). The an-
terior bundle runs towards the —anterior division of the
central body, passing it ventrally without entering before
disappearing in the fibre meshwork of the —-central
neuropil (Fig. 10a, c). The posterior bundle proceeds to-
wards the —posterior division of the central body and
enters the associated posterior stratum, after which the
anti-synapsin signal vanishes (Fig. 10a, e). The optic
neuropil constitutes only ~0.2% of the total brain vol-
ume (Table 3).

Other brain regions

Although our methods allow for a clear distinction of
various tracts, layers and neuropils in the —brain of E.
rowelli, some large brain areas are difficult to character-
ise because of their comparatively homogenous appear-
ance. These areas occupy about two-thirds of the entire
brain neuropil and one-third of the total brain volume
and appear as a relatively homogeneous and complex
meshwork of fibres (Fig. 11a—d; Table 3). For descriptive
purposes, we subdivided and colour-coded these brain
neuropils into defined regions (Figs. 11a—d and 12b, c).
We distinguish bilateral midline-spanning —central
neuropil, —posterior dorsal neuropil, —posterior ventral
neuropil and —deutocerebral neuropil as well as paired,
separate —antennal neuropils, —subantennal neuropils,
—median lobes and —ventral horns (Figs. 11a—d, 12a—c;
Table 1).

The —antennal neuropil receives input from the —an-
tennal nerve cord and is ventrally adjacent to the —sub-
antennal neuropil (Figs. 12b, c). Posteriorly, it fuses with
the —posterior dorsal neuropil, which occupies the pos-
terodorsal region of the —protocerebrum. The suban-
tennal neuropils give rise to a pair of horn-like median
lobes and merge with the posterior ventral neuropil. The
posterior ventral neuropil forms an arcuate structure,
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Suggested term  Reference(s) for
for suggested

Abbreviation Figures Description Synonyms (plural and Reference(s)

singular forms were for

neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
Antennal nerve [33] ANC 1a,¢ 11a, ¢ 12a-c, Prominent neuropil Antennalnerv [German] [27,28, 31,
cord 13 and Additional file and bundle of fibres 50-53]
1: Fig. S1a-c and supplying each
Additional file 5: Fig.  antenna; it begins in Antennal nerve 15,32, 34,
) 40, 43, 48,
S5a-d antennal tip, traverses 54.68]
antennal shaft and a
continues as Antennal neuropil (571
—antennal neuropil
in —brain; it is true Antennal tract [18, 32, 38,
neuropil, as it contains 39,43, 47,48,
synapses revealed by 69-72]
transmission electron  Antennalstrang [German]  [27, 28, 30,
microscopy [32] and 31, 51]
anti-synapsin immuno-
labelling (this study), Antennary nerve [25, 73-76]
and shows medullary  antennennerv [German] (73, 74]
organisation, as it is
accompanied by Anterior appendage tract [13]
S(.)ma.ta [13]; this oM~ porsolateral lobe/horn [25]
bination of neuropil
and medullary organ-  Frontal appendage nerve [45]
isation speaks against
designation of this Eronélal appendage nerve [75]
structure as nerve but undie
rather as nerve cord Fuhlernerv [German] [76]
lobe antennaire [French] [26]
Lobus antennalis + Tractus  [27]]
antennalis [Latin]
nerf antennaire [French] [26, 771
Nerve strand of the antenna [65]
nervo antenna [Portuguese] [78]
Nervus antennalis [Latin] [30, 53, 79]
Tentakelnerv [German] [80]
Antennal neuropil  [57] ANP 2, 4a—¢, 5b, 6b, 7a', Dorsolateral neuropil Antennalfaserstrang [51]
b', 83, d, 10b—e, 1a-d, in —brain, part of [German]
12a-¢, 13 and each brain
Additional file 1: hemisphere; it is Antennal lobe £133214374’4389’54
Sla-c, Additional file  continuation of 56’ 65’ 69j '
2: Fig. S2b and —antennal nerve s
Additional file 5: Fig.  cord within brain; it is  Antennal nerve [15, 34, 40,
S5a, b, d fused ventrally with 48, 55, 57-59,
—subantennal 66-68]
neuropil and
posteriorly with Antennal nerve cord (33]
—posterior dorsal  Antennalstrang [German] 27, 28, 30,
neuropil and sends 31, 51]
off fibres to
—auxiliary neuropil ~ Antennal tract (18, 34, 38,
of —central body 39, 43,47, 56,
59, 69-72]
Antennennerv [German] [52]

Anterior appendage tract

(13]
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for insects and Richter et al. [20] for invertebrates in general (Continued)

Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
créte dorso-laterale [French] [26]
Dorsolateral lobe/horn [25, 81]
Frontal appendage [45, 75]
ganglion
Lateral brain neuropil [17, 48, 69]
lobe antennaire [French] [26]
Lobus antennalis + Tractus  [27]
antennalis [Latin]
Nerve cord of pre-ocular [45]
frontal appendage
Postglomerular lateral 3]
neuropil
Ventrolateral horn [25]
Anterior division [38] CBA 2,3,53 band 13 Anterior subunit of Anterior lamina [17, 48, 69]
(of central body) v—v>hc\§? t;ng?riy’ Lame antérieure du [26]
looping neurites bourrelet dorsal [French]
forming —outer lamina anterior [Latin] (32, 54, 65]
lamina and —inner ) )
lamina; fuses laterally Lamina anterior des [31]
with —posterior Zentralkorpers [Latin +
division at ventral part German]
of central body vordere Lamelle des [28]
gestreiften Korpers
[German]
vorderer Zentralkorperteil 271
[German]
Auxiliary neuropil* - CB-AN 3, 13 and arrowheads Small cylindrical - -
in5a d e neuropil located on
ventral side of
—central body and
enclosed by —inner
lamina; it receives
fibres from
—antennal neuropil
Brain [13,17,25,32-34, BR 1a and Additional Anterodorsal part of Bilobed cephalic ganglion [99]
37-40, 42, 43, 45, files 1: Fig. S1a—c central nervous system Bilobed ) h | [63]
47,48, 54-57, 59, consisting of left and ~ °"° ‘f supra-oesophagea
61-63, 65-72, 75, right brain ganglia
81-98] hemispheres, including  Cephalic ganglia [100]
cell body rind and . . )
brain neuropils; it is Cephalic ganglia [Russian: [101]
composite, bipartite ronogHble y3/ibl]
structure (= Cerebral ganglion (102
syncerebrum sensu
[20]) composed of cerebro [Portuguese] [78]
—>prot9cerebrum cerveau [French] [26, 103, 104]
(belonging to 1st body
segment) and ganglion céphalique [101, 102]

—deutocerebrum

[French]
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)

(belonging to 2nd ganglions céphaliques [26]

body segment); it [French]

accordingly innervates
two pairs of cephalic
appendages, including

ganglions sus- [105]
cesophagiennes [French]

antennae (via — ganglions cérébroides [106]
antennal nerve [French]
cords), and jaws (via o i
5 jaw nerves); it is ganglllos cerebroides [107]
associated posteriorly  [oPanish]
with Gehirn [German] (27, 28, 30,
—circumpharyngeal 31,51-53, 73,
nerve cords 79, 108=111]
Kopfganglion [German] 2]
Oberschlundganglion [51]
[German]
Oberschlundganglionmasse  [29]
[German]
paarige Gehirnganglien [76]
[German]
paarige [50]
Oberschlundganglien
[German]

paarige Schlundganglien [76]
[German]

paire de gros ganglions sus- [77]
cesophagiens [French]

paired cerebral masses [100]
Schlundganglion [German]  [113]
supra-oesophageal ganglia  [82, 114]
supra-cesophageal ganglia  [25, 81, 115]

supra-oesophageal ganglion [63]

Brain commissures  — BRC 1-3 2,3,7a-¢, 11¢, d, 13 Bundles of Accessory lobes [32, 33, 48,
1-3* and arrowheads and  contralateral fibres 69]
arrows in Additional  crossing
file 3: Fig. S3a—f —protocerebrum; Accessory stalks 32,54, 65]
brain commissures 1 Heterolateral commissures  [33, 42]
and 2 link both
—antennal neuropils; Heterolateral mushroom [33]
they, circumvent body lobes

—pedunculus and Nebentrabekel [German] [30]
follow —lobes of

—mushroom body
to —brain midline
where they cross to
contralateral brain
hemisphere; brain
commissure 3 is
situated anterior to
brain commissures 1
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
and 2 and links both
—subantennal
neuropils; it then
splits in two branches
before proceeding to
contralateral brain
hemisphere
Central body [17,32,38-40,48, (B 2, 3, 4b, 5a-e, 63, Dorsalmost, midline Arcuate body [33,42, 57,
54, 56, 62, 65, 67— 103, d, e, 11a, band  neuropil located 84, 96]
69, 84, 86] 13 Ezsdt;nﬁristc;;z]rg\itnal bourrelet dorsal [French] [26]
shape and consists of  Central complex [75]
—outer lamina and
—sinner lamina, corpo central [Portuguese] [78]
resulting in stratified  corpo estriado [Portuguese]  [78]
appearance; inner
lamina corpus centrale [Latin] [43]
encloses_—>auxﬂ|ar¥ corpus striatum [Latin] [32, 54, 56]
neuropils; —anterior
division and Corpus striatum [Latin] [27, 28, 30]
—posterior division dorsal cap [90]
fuse at ventral part of
central body; posterior ~ gestreifter Korper [German]  [27, 28, 30]
Sg;ig%:lsyaj\j?ﬁ lated Posterodorsal lobe [25]
additional posterior Zentralkorper [German] [27, 30, 31,
stratum, which 52,53, 110,
receives fibres from 111]
—optic neuropil
Central neuropil [13,17,32,34,37, CN 5e, 11b, 12a-c and Midline-spanning Central brain neuropil [15, 48, 55,
38, 47, 48, 55, 56, Additional file 5: Fig.  neurite region, which 59, 70]
59, 65, 69, 70, 86, S5a is located anterior to )
o8] “»posterior dorsal Central fibrous mass [56]
neuropil and Central lobe [25, 81, 82]
—posterior ventral )
neuropil and receives Median lobe (25]
fibres from Zentralfasermasse [German]  [51]
—antennal neuropil
Circumpharyngeal - CNC 13, 2, 11a-d, 12a-c, Dorsoventral Circumoesophageal 13,32, 34,
nerve cord* 13 and Additional file  medullary nerve cord  connective 56, 66, 91, 97]
1: Fig. S1a, c and connecting brain )
Additional file 5: Fig.  hemispheres with Clrcumpharyngeal (2]
S5a—d —ventral nerve connective
cords; it entirely lacks Circumpharyngeal [68]
—dorsal medullary connective
commissures and is ) )
medially associated commissure cesophagienne  [26]
only with (French]
—subpharyngeal Connecting cord (38, 39, 55,
commissure; it 69, 86)
laterally gives rise to
—sslime papilla Connecting piece [40, 48, 72]
nerves that lie X Connective of the brain [93]
posterior to —lip
nerve 3, and anterior ~ Connective to the ventral [65]

to —salivary gland

nerve cord
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
nerve; Hinterschlundkommissur [31]
circumpharyngeal [German]
nerve cord consists of )
outer cell body rind go;lnelzjt\vstralqg der [27]
and inner neuropil chlundganglien [German]
longitudenal connective [66]
Oesophageal commissure [25, 81]
Oesophageal commissure [114]
Schenkel des Mundringes/  [76]
Nervenringes [German]
Schlundkommissur [27]
[German]
Schlundkonnektiv [German]  [28-31, 53,
74, 110]
Stomodeal connective [43]
Deutocerebral - DN 11a, b, 12a-¢c, 13 and  Midline-spanning - -
neuropil* Additional file 5: Fig.  neurite region, which
S5b is located posterior to
—posterior dorsal
neuropil and appears
as bump-like structure
on posterior surface of
brain neuropils; it is
assigned to —deuto-
cerebrum, as it re-
ceives fibres from
neurons associated
with —jaw nerves
[15]
Deutocerebrum see eg. [15, 30,48, DE 13 and Additional file Part of —brain Frequently used term; -
69] 1: Fig. S1b, ¢ associated with —jaw  synonyms not listed, as
nerves and belonging deutocerebral borders are
to second head ambiguous and inconsistent
segment; it consists of  throughout the literature
cell body rind and
neuropil and is located
posterior to
—protocerebrum; it
contains
—deutocerebral
neuropil as its only
neuropil region
Dorsal - DC 1d Serially repeated Dorsal nerv [43]
commissures* bundles of neurites |
connecting —ventral nterpedalnerv [German] [51]
nerve cords; each Interpedal nerve [43]
dorsal commissure
projects laterally and Interpedalnerv + [29, 31, 51]
proceeds dorsally, Postpedalnerv +
where they connect Prépedalnerv [German]
ventral nerve cords of  |nterpedal nerve + [56]

both hemispheres;

postpedal nerve + prepedal
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
dorsal commissures nerve
link —dorsolateral )
trunk nerves and Lateral commissure [90]
—heart nerve Lateral nerve [82]
Laterodorsal nerve [95]
motorischer Randnerv + [28]
Ringenerv + Postpedaler
Nerv 1 und 2 [German]
Nerve to segment [91]
Peripheral nerve (41]
Ring commissures [14, 17-19,
37-40, 48, 68,
69, 116]
Ringkommissur [German] [111]
Dorsolateral trunk - DTN - Anteroposterior axon Dorsolateral bundle [65]
nerve g;ﬂ? ldeofsrg;ggrg "™ Dorsolateral nerve [37, 48, 69]
region of trunk; it is Dorsolateralnerv [German] [111]
crossed by and
probably associated L.ateral bundle of nerve N7
with numerous fibres
—dorsal
commissures; its
anterior and posterior
extents are unknown
Fascicles of globuli - FBC 2,3,6a, 7a—¢, 11a, ¢,  Fascicle-like, Calyx (17,32, 33,
cells* d, 13; arrows in 6a anteriormost neurite 42,48, 54]
and Additional file 5:  subunit of Qo
Fig. S5b; arrows in —mushroom body Globulibtindel [German] [27]
Fig. S2b receiving fibres from  Neurite der Globulizellen 31]
Hglobuli cells; [German]
digitiform branches ) )
converge to four masse médullaire [French]  [26]
major branches, which  st3|ks 32
then join
—spedunculus; we Stiele [German] [51]
refrain from using the  giale der Globulizellen 31]
term calyx because [German]
mushroom body
fascicles of Stielkomplex [German] [30]
onychophorans
apparently lack
synaptic terminals and
differ substantially in
their morphology from
calyces described for
insects [118, 119]
Frontal body* - FB 2,3,4a,5¢c-¢, 11a, b, Peanut shaped, Anterior brain neuropil [48, 69]
13 and Additional file anteriormost midline ) )
5: Fig. S5a, b neuropil located Anterior neuropil [38)
anterodorsally within - Bridge [32, 54, 62,
—protocerebrum 65]
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
anterior to —central  bourrelet médullaire [26]
body; it contains antérieur [French]
prominent anterior .
and posterior strata Dortsa\ su%emor 33]
with relatively high protocerebrum
numbers of synapses Frontal brain neuropil [55]
Frontal brain neuropil (171
Protocerebralbricke [30, 53]
[German]
Globuli cells [33, 42, 48] GC arrowheads in Dense accumulation of Anterior cell masses [56]
Additional file 2: S2a, somata within anterior Clobul I 32]
c cell body rind at obule cells
anterior border of Globuli [43, 56]
—brain; their axons )
innervate Globuli [German] [28, 50, 51,
corresponding 53,110]
—fascicles of globuli  Globuligruppen [German] (31]
cells of »>mushroom
body Globulipartie [German] [27]
Globulizellen [German] [30]
masse ganglionnaire [26]
antérieur [French]
Heart nerve (14,17, 37, 38,68, HAN - Anteroposterior, Dorsal bundle of nerve n7
69] dorsomedian axon fibres
bundle associated with
dorsal wall of heart Dorsal nerve [48)
within trunk; it is Dorsal nerve bundle [65]
linked with ) .
_.dorsolateral trunk  Median cardiac nerve [120]
nerves and —ventral  Herznery [German] (111
nerve cords via —
dorsal commissures;
its anterior and
posterior extents are
unknown
Hypocerebral [15, 34, 38-40,48, HO 1¢, 4c and Additional  Vesicle-like structure Anhang des Kopfganglions  [112]
organ 57,61, 69-71, 97, file 1: Fig. S1a attached to ventral [German]
1211 surfa'ce of e§§h brain Appendage of the ventral [25]
hemisphere; its £ ¢ the brai
function is unknown, suriace o the brain
although it has been  Brain appendage [60]
suggested to play
endocrine role (e.g. Cerebral grooves [123]
[97, 104, 122]) Hypocerebral gland (98]
Hypocerebralorgan [50, 79, 111]
[German]
Infracerebral organ [34, 56, 63,
124-126]
Infracerebral vesicle [126]
Infracerebral organ [Russian:  [127]

nHdpPa-LepedpanbHblii
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
opraH]
Infracerebralorgan [German] [28, 50, 53]
Infrazerebralorgan [German] [51]
kleiner Korper [German] [76]
organe ventral [French] [26]
organ ventraux du cerveau  [128]
+ ganglion intermediare
[French]
organe infracérébral [104, 122,
[French] 129]
organe infra-cérébral [130]
[French]
pear-shaped body [43]
spherule inférieure [771
spherule infra-cervicale [131]
[French]
Ventral appendage [25, 81, 82]
Ventral appendage of the [28]
brain
Ventral body [114]
ventraler Gehirnanhang [91]
[German]
Ventral lobe [13, 34, 56]
Ventral organ [34, 43, 60]
Ventralorgan [German] [30, 52, 53,
73, 80, 108,
110, 132]
Ventral protuberance of [25, 81]
brain
Inner lamina* - CB-IL 2,3,4¢, 53, c—e and  Neurite network in - -
13 central part of
—central body
surrounded by
—outer lamina; it
shows inverted
anteroposterior
arrangement in
—anterior division
and —posterior
division and encloses
ventrally —auxiliary
neuropils
Jaw nerve [15, 39, 40, 48, 67— JAN 1d, 2, 12a-¢, 13 and  Axon bundle Jaw retractor muscle nerve  [95]
69] Additional file 5: Fig.  innervating each jaw )
S5a—-d (i.e. specialised limb of Kiefernerv [German] [28]
2nd head segment) Mandibelnerv [German] [27,31, 53,
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
and associated with 74, 110]
—deutocerebrum; it )
projects laterally at Mandibularnerv [German] [28, 51]
transition between Mandibular nerve (56]
—brain and
—scircumpharyngeal nerf des muscles (771
nerve cord, then mandibulaires [French]
finally bifurcates and  nerf mandibulaire [French]  [26]
runs ventrally to enter
jaw Nerve 11 [13]
Nerve of feeding claw [61]
Nerve of the jaw [25, 43, 81,
82, 126]
Nerve to jaw [25, 81, 82,
114]
Nerve to jaw muscle [91]
Nervus mandibulairs [Latin] ~ [31, 53, 79]
Leg nerves [3,14,17-19,37—- LEN Tcand d Axon bundles Extremitdtennerv [German]  [53, 79]
39, 41, 48, 68, 69, innervating trunk
116, 133, 134] limbs; each leg is Funerv [German] 52385’]29’ o
supplied by anterior
and posterior leg nerf de patte [French] [77]
nerves that originate )
laterally from Nerve of walking leg [40]
—ventral nerve cord  Nerve to feet 25,81, 114,
and are segmental 115]
structures; associated
somata are located on  Pedal nerve [25, 43, 56,
opposite side of nerve 82]
cord to bases of leg Pedalnerv [German] 29, 31]
nerves [18]
Lip nerve 1* - LIN 1 1c,d and 2 Axon bundle Anterior labial nerve [56]
innervating one of two  _. ) ) )
anteriormost lip First pair of lip papillae [48]
papillae; it originates nerve
at dorsal side of hinterer Nerv des [28, 51]
—brain, proceeds Mandibularsomits [German]
anteriorly, bends
ventrally anterior to Lateral dorsal nerve [43]
brain and finally Lip papillae nerve 1 (39, 40, 48,
innervates lip papilla; 69]
its associated somata
are located within nerf sympathique allant au  [77]
posterior papille du plafond buccal
—protocerebrum [French]
(401 nerve 7 [13]
Nervus labialis anterior (30, 53]
[Latin]
oral nerve [38]
Lip nerve 2* - LIN 2 1d, 2, 12a-¢c, 13 and  Axon bundle Labialnerv [German] [28, 51]

Additional file 5: Fig.
S5¢

innervating lateral lip
papillae; it originates

Labralnerv + oraler Ringnerv  [74]
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
ventrolaterally from [German]
—protocerebrum )
and proceeds ventrally Labral nerve + oral ring [91]
to innervate lip nerve
papillae 2-5 of Lateral labial nerve [56]
corresponding ) )
hemisphere (in £, Lip papillae nerve 2 [39, 40, 48,
rowelli); it is exclusively 69]
sensory [40] Lippennerv [German] [28]
Mundlippennerv [German] [27,31,110]
nerf labial [French] [771]
Nerve 8 [13]
Nerve to circumoral fold [43]
Nervus labialis lateralis (30, 53]
[Latin]
Oral nerve [38]
Second pair of lip papillae  [48]
nerve
Lip nerve 3* - LIN 3 12c and 13 Axon bundle Lip papillae nerve 3 [39, 40, 48,
innervating posterior 69]
lip papillae; it BN
originates from FFerf di]par0|s périlabiales [77]
—circumpharyngeal renc
nerve cord anterior to  Nerve 12 [13]
—slime papilla )
nerves, proceeds Nerve leading tot o the [68]
anterior and innervates Mouth lips
lip papillae 2-8 8" is  Oral nerve [38]
unpaired in E. rowelli); ) ) ) )
its associated somata  1hird pair of lip papillae (48]
are located in nerve
—deutocerebrum
and along
circumpharyngeal
nerve cord [40]
Lobes (of the [17,33,38,42,48, LO 2,3,4b, ¢, 63, ¢, 8a, Stipe of —mushroom Columns [32]
mushroom body)  86] 13 and Additional file  body associated with :
3: Fig. S3a —pedunculus; lobes Gehirntrabekel [German] [3217} 28, 30,
are composed of four
subcompartments Gehim-Trabekel [German] [51]
including &-lobe, -
lobe, p-lobe, and v- lames ventrales [French] [26]
lobe Peduncle [43]
Stalk [32, 54, 65]
Trabeculae [Latin] [53, 110]
Trabekel [German] [28]
ventral lamellae [90]
Macroglomerulus* - MG 43, 83, cand 13 Largest spherical Large glomerulus (32]

subunit of —olfactory
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Suggested term
for
neuroanatomical
structure (of one
brain
hemisphere or
body side)

Reference(s) for
suggested
neuroanatomical
term

Abbreviation Figures

Description

Synonyms (plural and

singular forms were

adapted to terminology

used herein)

Reference(s)
for
synonyms

Median lobe*

Microglomeruli*;
singular:
microglomerulus

Mushroom body

Nephridial nerves

- MIG

[13,17,32,33,38 MB
39, 45, 48, 54, 55,
57,68-70, 108,

111, 112]

[14, 48, 69] NEN

11d, 12a, ¢ and
Additional file 5: Fig.
S5a-d

2,3,8a b, e f 13

and Additional file 4:

Fig. S4c, d

2, 3,4b, ¢, 6a-c and
13

lobe; it is medianmost
—olfactory
glomerulus located in
posterior part of
olfactory lobe

Neuropil in the
anterior ventral
median brain; it
emanates from
—subantennal
neuropil as a
protrusion with
tapered tip and
receives fibres from
—olfactory fascicles
1-3

Diminutive, point-like
accumulations of neur-
ite terminals situated
anterior to —olfactory
lobes; they are em-
bedded within —sub-
antennal neuropil;
synapsin staining re-
veals presence of mul-
tiple synaptic sites in
each microglomerulus

Ventralmost neuropil
of —brain associated
with —subantennal
neuropil and
consisting of
—fascicles of globuli
cells, —»pedunculus
and four —lobes;
fascicles receives fibres
from —globuli cells;
it is linked via —
ponticulus to
—central body

Axon bundle
innervating nephridia;
it arises from
—ventral nerve cord,
follows proximally
specific —ventral
commissure, and
finally turns back
distally to pass
beneath ventral nerve
cord and to join
nephridial duct;
nephridial nerves
show bilateral and
segmental

corpus pedunculatum
[Latin]

Pilzkdrper [German]

[30-32, 43,
56, 65, 68, 96]

[111]
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
arrangement [14]
Olfactory fascicles - OLF 2,3,4a,8a band 13 Neurite bundles faisceau de fibrilles [French]  [26]
1-4* emanating from S
—olfactory lobes, Fasciluli [Latin] [110]
olfactory fascicles 1-3  fasciculi glomeruli [Latin] 27]
circumvent — . )
—mushroom body Fasciculi glomeruli [Latin] (28]
and join —median Projections (33]
lobe of brain neuropil
region of ipsilateral Verbindungen [German] (31,53, 110]

brain hemisphere,
whereas olfactory
fascicle 4 connects to
v-lobe and &-lobe of
mushroom body

Olfactory [33, 38, 42] OLG 2,3,4a, 5a-d, f, 13 Synaptic complexes, Antennal glomeruli (15,17, 32,
glomeruli; singular: and Additional file 4:  ball- or knot-like sub- 34, 40, 42, 43,
olfactory Fig. S4a, b units of —olfactory 48, 54, 65, 66,
glomerulus lobe containing termi- 68, 69]

nals of olfactory recep-

tors with numerous Antennalglomeruli [German] [30, 31, 50,

other synaptic sites; 53,110, 111]
most olfactory glom- Anterior appendage [13]
eruli are of similar size  glomeruli
except for i )
— macroglomerulus glomérules olfactifs [French] [26]
Glomeruli [33,42,51]
Glomeruli [German] [27, 28, 51]
Glomeruli of the anterior 3]
appendage
Olfactory lobe [33, 38,42, 48,57, OLL 2,6b, 8d, 11c and Entirety of —olfactory antennal lobe [17, 48]
69, 71, 72, 96] Additional file 2: S2b  glomeruli of one al | biet [G 1 Bo
and Additional file 3:  brain hemisphere omerulargebiet [serman
S3a located anterolateral Glomerulipartie [German] [28]
within —brain and ) )
embedded in Glomeruli-Partie [German] [51]
—antennal neuropil  Glomeruli-Teil [German] [51]
and —subantennal
neuropil; it is Glomerulusteil [German] [27]
connected with lobe olfactif [French] [26]
—median lobe of
brain neuropils via —  Olfactory neuropil [57]

olfactory fascicles 1-
3 and with &-lobe and
v-lobe of —mush-
room body via — ol-
factory fascicle 4

optic neuropil [17, 38, 48, 55, 68] ONP 2, 3, 4¢, 10a—e and Neuropil associated Augennerv [German] [28, 51]
13 with eye and
consisting of cup- Augen-Nerv [German] [51]
shaped extracerebral  Eye nerve [Russian: Heps (101

part and tract-like in- rnasaj
tracerebral part, both

of which consistently lobe optique [French] (26}
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
exhibit anti-synapsin nerf optique [French] [26, 99, 101,
immunoreactivity; it bi- 102, 109]
furcates into anterior
and posterior Nerve 5 [13]
branches; while anter-  nervus opticus [Latinised (30, 31, 73]
ior branch passes be-  from Greek]
tween —antennal .
neuropil and —sub- Optic nerve [25, 33, 40,
antennal neuropil to 60, 81-83]
anteromedian position  Opticus [Greek] [27,53,110]
and vanishes in anti- ) )
acetylated a-tubulin -~ Optic ganglion [25, 32, 65,
and anti-synapsin 81, 83]
stained braing (present Optic lobe [43]
study), posterior part
passes through anten-  Optic neuropils 1 and 2 [33, 42, 45,
nal neuropil and fuses 75]
Wf'th postterlgr stc;gtum Optic tract (17,32, 33,
9.""’?5 e"°'t ';" 38, 45, 47, 48,
::":j“ of —centra 54, 65, 69, 75,
ody 136]
pédicule optique [French] [26]
Sehmasse [German] [30, 31]
Sehnerv [German] [31, 73]
Tractus opticus [Latinised [30, 31, 52,
from Greek] 53, 79]
Visual neuropil [69]
Visual neuropils 1 and 2 (33]
Quter lamina* - CB-OL 2,3, 4¢, 53, c—e and  Neurite network and - -
13 peripheral part of
—central body
surrounding —inner
lamina; it shows
inverted
anteroposterior
arrangement in
—anterior division
and —posterior
division
Pedunculus; plural:  [33] PED 3, 4a, 5a, 7a-¢, 13 Subunit of - -
pedunculi and Additional file 22 —mushroom body
Fig. S2b connecting
—fascicles of globuli
cells and —lobes; it
gives rise to
—ponticulus from its
dorsomedian side
Pharyngeal nerve  [39, 69] PHN 1 1,2, 11a-d, 12a, b, 13 Axon bundle Eingeweidenerv [German] [31]
1* and Additional file 5:  associated with r | (56, 91]
Fig. S5¢ —deutocerebrum renal nerve '
and innervating Frenalnerv [German) [74]

pharynx; it emerges
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Description Synonyms (plural and Reference(s)

singular forms were for

Suggested term  Reference(s) for
for suggested

Abbreviation Figures

neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
posteriorly at nerf viscerale [French] [26]
indentation/fusion
point of both brain Nerve (3]
hemispheres; it first Nervus recurrens [Latin] 28, 51-53]
proceeds anteriorly, ‘
then turns posteriorly Nervus stomodeales [Latin]  [53]
and joins dorsolateral  Nervus stomodealis [Latin] ~ [31]
wall of pharynx; it
extends to posterior Paired stomodeal nerve [56]
end of pharynx, where Pharyngeal loop nerve [48, 69]
pharyngeal nerves of
both sides merge, Stomatogastricus [Latin] [27,53, 110]
fo”“'T‘g loop; they are Stomodaeal nerve [43, 56]
supplied by somata of
serotonergic neurons Sympathetic nerve [25, 81, 82,
distributed along 114]
pharyngeal wall [85]
and are thus medullary
structures
Pharyngeal nerve  [39, 69] PHN 2 Diminutive axon hinterer Nerv des [28]

2% bundle innervating Mandilbularsomits [German]
pharynx; it originates
from median part of
—circumpharyngeal
nerve cord anterior to
—subpharyngeal
commissure and
innervates
lateroventral wall of
pharynx; most somata
associated with this
nerve are located in
—deutocerebrum
and only few in
circumpharyngeal
nerve cord [39]

Stomodealnerv [German] [74]

Stomodeal nerve [91]

Ponticulus®; plural - PNT 2,3, 4a, b, 6a, 7a-c From Latin pontis (= Briicke [German] 271
ponticuli and 13 Eggrg]eeé,tfontlculus pédoncule [French] 6]
—pedunculus of Peduncle [90]
—mushroom body .
with —outer lamina Pedunculus [Latin] [27, 28, 30,
of —central body; it 31,51, 53,
shows neuropil-like or- 10]
ganisation (with synap- pedunculus (32, 48, 54,
ses) near pedunculus, 65, 69]
but progressively turns
into tract (without
synapses) towards cen-
tral body
Posterior division  [38] CBP 2,3, 53 band 13 Posterior subunit of hintere Lamelle des [28]
(of central body) —central body, gestreiften Korpers
which contains [German]
Lgfr?wlirr}\g n_e’irl'ltfesr hinterer Zentralkorperteil [27]
[German]

lamina and —inner
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
lamina; —anterior lame postérieure du [26]
division and bourrelet dorsal [French]
—posterior division ) ' .
fuse laterally at dorsal Lamina posterior [Latin] [32, 54, 65]
part of central body;  Lamina posterior des [125]
posterior division is Zentralkorpers [Latin +
associated with German]
additional posterior . )
stratum, from which it Posterior lamina [17, 48, 69]
is separated by a
discontinuous layer of
somata and which is
connected to posterior
branches of —optic
neuropils
Posterior dorsal - PDN 2,4b, ¢, Sb—e, 113, b, Midline-spanning Antennalkommissur [53, 110]
neuropil* 12a-¢, 13 and neurite region, which  [German]
Additional file 5: Fig. s part of brain )
S5b neuropils; it is located Antennal commissure [62]
in posterodorsal part  Central brain neuropil (15,17, 37,
of —protocerebrum 48, 55, 59, 69,
posterior to —central 70, 72, 98]
body and anterior to )
_deutocerebral Central commissural mass [32, 54]
neuropil; it merges  Central fibrous mass [56]
ventrally with
—sposterior ventral Central lobe [25, 81]
neuropil Central neuropil (13,17, 32,
34, 38,47, 48,
56, 59, 65, 69,
86]
Central protocerebral [57]
commissure
kommissurale dorsale [27]
Fasermasse [German]
Median lobe [25]
obere Schlundkommissur [108]
[German]
protocerebral commissure [57]
Zentralfasermasse [German]  [51]
zentrale Kommissuren- [51]
Masse [German]
Posterior ventral - PVN 2,4b, 7d', ', 11¢, d, Midline-spanning Central brain neuropil [15, 48, 55,
neuropil* 12a-¢, 13 and neuropil of brain 59, 70]
Additional file 3: Fig.  neuropil; it is located )
S3d and Additional  posteroventrally within Central fibrous mass (56l
file 5: Fig. S5¢ —protocerebrum Central lobe [25, 81, 82]
dorsal to )
—mushroom body Central neuropil (13,17, 32,
and consists of neurite 34,37, 38, 48,
fibres emanating from 55,56, 59, 65,
69, 70, 86, 98]

—subantennal
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for insects and Richter et al. [20] for invertebrates in general (Continued)

Suggested term
for suggested
neuroanatomical
structure (of one
brain
hemisphere or
body side)

term

Reference(s) for

neuroanatomical

Abbreviation Figures

Description

Synonyms (plural and
singular forms were
adapted to terminology
used herein)

Reference(s)
for
synonyms

Protocerebrum [15, 30, 48, 69]

Salivary gland -
nerve*

Slime papilla nerve [15, 38-40, 48, 59,

66, 68, 69]

PR

SGN

SPN

13 and Additional file
1: Fig. S1b

neuropil

Part of —brain
associated with
—antennal nerve
cord and belonging to
first head segment; it
is located anterior to
—deutocerebrum
and consists of cell
body rind and
following neuropils:
—frontal body,
—central body,
—mushroom bodies,
—olfactory lobes,
—optic neuropils, —
microglomeruli and
large unitary neuropil
complex comprised of
—antennal neuropils,
—subantennal
neuropils, »median
lobes, —central
neuropil, —posterior
dorsal neuropil,
—posterior ventral
neuropil and
—ventral horns

Axon bundle
supplying salivary
gland; it emanates
from —ventral nerve
cord posterior to
—slime papilla
nerve, then turns
posteriorly and
innervates salivary
gland [13]

Paired axon bundle
innervating each slime
papilla (i.e. specialised
limb of 3rd head
segment); anterior and
posterior slime papilla
nerves emanate
between —lip nerve
3 and —salivary
gland nerve at
junction of
—circumpharyngeal
nerve cord and
—ventral nerve cord
and then turn
anteriorly to enter

Median lobe
Zentralfasermasse [German]

Frequently used term;
synonyms not listed, as
protocerebral borders are
ambiguous and inconsistent
throughout the literature

Nerve 12

nerf de tentacule buccal
[French]

Nerve 12
Nerve of oral papilla

Nerve to oral papilla

Nervus papillaris [Latin]
Papillar nerve
Papillarnerv [German]
Papillennerv [German]

Stomodeal commissure

(25]
[51]

(77]

[13]
[43, 82]

[25, 81, 114,
115]

(79]
[61]
[28, 51]
(74]
[91]
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
slime papilla;
associated somata are
located within nerve
cord opposite to bases
of anterior and
posterior slime papilla
nerves [15]
Subantennal - SAN 4a-c, 11b, ¢, 12a-, Neuropil, which créte dorso-laterale [French] [26]
neuropil* 13 and Additional file situated laterally in . )
5: Fig. S5a, ¢, d each brain Lateral brain neuropil [17, 48, 69]
hemisphere; it is Postglomerular lateral [13]
located ventral to neuropil
—antennal neuropil
and fuses posteriorly Subantennalstrang [31, 51,53,
with —posterior [German] 10
ventral neuropil; it subantennal lobe [13, 32, 33,
encompasses 54,56, 62, 65]
—microglomeruli,
part of —mushroom Subantennal tract [32, 56]
bodies and Subantennaltrakt [German]  [27]
—olfactory lobes and
gives rise to —brain  Subantennary tract [56]
commissure 3 Tractus subantennalis [Latin] [27, 30, 31]
Ventro-lateral horn [25, 81]
Subpharyngeal - SPC 2, 12a—¢, 13 and Neurite bundle, which 1. Kommissur [German] [52]
commissure* Additional file 1: Fig.  is anteriormost C . | cord [99]
S1a, ¢ and Additional —ventral ommissural cor
file 5: Fig. S5a, ¢, d commissure; sole Commissure 1 [25, 82]
commissure associated )
with commissure sous- [771
_circumpharyngeal cesophagienne [French]
nerve cords First ventral commissure [43]
Kommissur des [28, 51]
Mandibularsomits [German]
Postoral commissure 1 [39]
premiere commissure [102]
anterieure [French]
Schlundkommissur [73]
[German]
Sub-oesophageal [60]
commissure
Tritocerebralkommissur [74]
[German]
untere Schlundkommissur [80]
[German]
Suprarectal - SRC 1a, b Posteriormost Anal commissure [82]
commissure* commissure linking ) )
_ventral nerve Posterior dorsal commissure  [25, 81]
cords from both sides  Posterior-most commissure  [48]

and forming loop
above hindgut
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Suggested term  Reference(s) for  Abbreviation Figures Description Synonyms (plural and Reference(s)
for suggested singular forms were for
neuroanatomical neuroanatomical adapted to terminology  synonyms
structure (of one term used herein)
brain
hemisphere or
body side)
Tongue nerve [38] TON Axon bundle Nerve 6 [13]
innervating tongue; it
originates medial to
—hypocerebral
organ and proceeds
into tongue [13]
Ventral [43, 63] VC 1c, d, 13 and Serially repeated Commissur [German] [31, 73, 76]
commissure Additional file 1: Fig.  median bundle of ) 78]
S1b and Additional  neurites connecting E())rqmlssura}transversae
file 5: Fig. S5b —ventral nerve ortuguese
cords from both body  Commissural axons [66]
sides; anteriormost )
ventral commissure, Commissure 25, 33, 60,
which links 81, 82,102,
—circumpharyngeal 105,114, 115]
nerve cords, is commissure [Russian: [101]
specified as KOMMICCYPb]
—subpharyngeal
commissure commissure ventral [French] [77]
Communcationsnerven [76]
[German]
Cross commissure [90]
Kommissur [German] [27, 29, 50,
74, 79]
Median commissure [3, 14, 17-19,
37,39, 41, 48,
68, 69, 116,
121]
Nerve commissure [43]
Postoral commissure [39, 69]
Tract-like commissure [134]
Transversal commissure [100]
Transverse commissure [89]
Transverse cord [115]
Quercommissur [German] [112]
Querkommissuren [German]  [28]
Quernerven [German] [76]
Ventral horn* - VH 4¢, 11¢, d and 12a-c¢  Cone-shaped neuropil; - -
it emanates medially
from —posterior
ventral neuropil and
extends anterior to
level of —median
lobes
Ventral nerve cord  [3, 13-15,17-19,  VNC Ta—d, 13 and Ventrolateral medullary Bauchkette [German] [28, 29]
25, 32, 34, 38-43, Additional file 1: Fig.  nerve cord of trunk,
48, 54, 56, 59, 61— Sic which consists of Bauchmark [German] 55]20']53' &
63, 65, 67-72, 82, peripheral cell body
83, 86, 90, 91, 93— rind and central Bauchner\/enstrang [73]
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Suggested term  Reference(s) for  Abbreviation Figures
for suggested

neuroanatomical neuroanatomical

structure (of one term

brain

hemisphere or

body side)

Description Synonyms (plural and Reference(s)
singular forms were for
adapted to terminology  synonyms
used herein)

96, 98, 100, 115,
116, 121,137, 138]

neuropil and anteriorly  [German]
joins

—»circumpharyngeal Bauchstrang [German] [31, 51,76,
nerve; ventral nerve 13l

cords of both sides are cadeia nervosa ventral (78]
connected medially [Portuguese]

via — ventral .

commissures, laterally chaine ventrale [French] [104]

via — dorsal Connective (33]
commissures and

posteriorly via — cordon nerveux [French] [77,103]
suprarectal Langsnervenstrang (51, 80]
commissure; each [German]

ventral nerve cord

gives rise to lateral Langsnervenstamm [28, 73, 80,
segmental —leg [German] 109]
nerves at basis of longitudinal connective [66]

each leg and to
median segmental Markstamm [German] [139]
—nephridial nerves

Markstrang [German] [111]
Nervenstamm [German] [29]
Nervenstrang [German] [76, 135, 140]
Nerve-cord [25, 60, 81,
99, 114, 141]
Nerve-strand [32, 54, 60]
Nerve trunk (89]
Seitennerv [German] 1121
tronc ventral/nerveux [102]
[French]
Ventral cord (14, 25, 114]
Ventral cord [Russian: [101]

6pioWwHON CTBON]

Ventral nervous system [33]

Table 2 Volumes of brain and central nervous system in E.
rowelli relative to total body volume based on SRUCT dataset

Structure Relative volume
(%)

Total body volume 100.00

Central nervous system 302

Brain 0.69

Vendtral nerve cords and circumpharyngeal nerve 233

cords

which gives rise to a pair of elongated, cone-shaped ven-
tral horns that project anteriorly and align with the anter-
ior border of the median lobes (Figs. 11b, ¢ and 12¢, d). A
small, unitary central neuropil is located anterior to the
posterior ventral neuropil and the posterior dorsal neuro-
pil, beneath the central body (Figs. 11b and 12b, c).

The posterior dorsal neuropil is succeeded posteriorly
by the deutocerebral neuropil, apparent as a bump-like
structure in the posterior region of the brain (Figs. 11a
and 12a, b). We assign this region to the —deutocereb-
rum (Table 1) because it receives fibres from neurons
supplying the jaws that are specialised limbs of the sec-
ond cephalic segment (cf. [15]).
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Table 3 Volumes of cerebral structures in E. rowelli relative to total brain volume (TBV) based on SRUCT (entire head scan), and light
(LM; serial sections of entire head) and confocal microscopy (CLSM; whole-mount preparations of brains)

Structure Relative volume' (%)

Ruthenium Red Azan Synapsin Acetylated a-tubulin

(SRuCT) (LM) (CLSM) (CLSM)
Brain (total) 100.00 100.00 100.00 100.00
Cell body rind 5552 52.51 59.11 5947
Brain neuropils 4448 4749 40.89 40.53
Brain commissures 1-3 - - - 0.60
Central body - 3.02 2447 250
Frontal body - - 3277 413
Microglomeruli - - 0.027 0.01
Mushroom bodies - 526 259° 423
Olfactory glomeruli - - 0.567 051
Olfactory fascicles - - 1.187 -
Optic neuropils - 0.18 0.187 0.22
Ponticulus - 0.11 - 0.09
Other brain neuropils - 3583 30.64 2824

'Total volumes of structures from both brain hemispheres were estimated using corresponding numbers of voxels

2Excluding mushroom body’s fascicles of globuli cells

The posterior dorsal and posterior ventral neuropils,
which comprise the largest accumulations of fibres link-
ing both brain hemispheres, finally continue posteriorly
into the neuropils of the two —circumpharyngeal nerve
cords, again without any visible neuroanatomical transi-
tion (Figs. 11a, b, 12a—c). The neuropils of the above de-
scribed, unitary fibre meshwork give rise to all nerves
associated with the brain. While the —lip nerves 1, the
—lip nerves 2 and the —tongue nerves arise from the
protocerebral part, the —pharyngeal nerves 1 and the
—jaw nerves are associated with the deutocerebral
neuropil.

Discussion

Our multiscale approach unveiled the organisation of
the onychophoran brain at different hierarchical levels of
detail (Fig. 13). While the analysis of SRuCT data and
Azan-stained sections of entire heads did not require
brain dissection and, thus, revealed the least distorted
shape of the individual structures, anti-acetylated o-
tubulin and anti-synapsin immunolabelling of dissected

Table 4 Relative volumes of three glomerular neuropils in the
brain of E. rowelli based on anti-acetylated a-tubulin
immunolabelling

Structure Relative volume (%)
Macroglomerulus 100.00
Microglomerulus 0.69
Olfactory glomerulus (medium sized) 14.34

brains were most informative for demonstrating the in-
tracerebral elements and their components. We used
this information for reconstructing the architecture of
the brain in E. rowelli and refining the neuroanatomical
terminology for Onychophora (Table 1). The results help
to clarify persisting controversies surrounding the iden-
tity and homology of specific structures and regions in
the onychophoran brain.

Anatomy and homology of mushroom bodies

Volume measurements revealed that the mushroom
bodies are the largest individually identifiable cerebral
neuropils in E. rowelli. Homonymous structures have
been reported from other protostomes, including arthro-
pods and some lophotrochozoans [142-150]. Despite
the proposed common ancestry across protostomes (dis-
cussed in [53, 55]) and hypothesised homology with the
vertebrate pallium [151], the homology of mushroom
bodies has not been entirely settled even across arthro-
pods [84].

This uncertainty might be due to considerable vari-
ation across arthropods. For example, the calyx is lack-
ing in myriapods [147], paleopteran and some neopteran
insects [118], and partially also in stomatopod crusta-
ceans [152]. Moreover, a structure called the hemiellip-
soid body—a potential homologue of the mushroom
body calyces (Bellonci 1982 apud [153, 154]) or the
mushroom body itself [155, 156]—has so far been identi-
fied in only three crustacean clades: Malacostraca [152,
157-160], and Remipedia [161], which both lack the
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mushroom body pedunculi and lobes, as well as Cepha-
locarida [162]. This suggests either an independent ori-
gin in these clades or an evolutionary loss in other
crustaceans. In a study using an antibody (anti-DCO)
against the catalytic subunit of protein kinase A [163,
164], which selectively labels the columnar neuropils in
the mushroom bodies of insects (e.g. [165, 166]) and
other arthropods [147, 152, 158, 159], Strausfeld et al.
[148] provided evidence that the mushroom bodies, or
at least the mushroom body calyces, generally occur in
crustaceans. This suggests that these structures are hom-
ologous at least across arthropods [147].

Hence, the question arises whether mushroom bodies
were present in the last common ancestor of panarthro-
pods. While comparable structures have not been identi-
fied yet in tardigrades (e.g. [85, 167]), mushroom bodies
(corpora pedunculata) were recognised early in ony-
chophorans [27, 28, 30, 31]. As in arthropods, they are
located in the protocerebrum, a homologous brain re-
gion in the two clades [15, 33, 42, 48, 54, 69, 168]. More-
over, they show a subdivision into a fascicle region, a
pedunculus and four lobes (Fig. 13; see also [33]). The
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fascicle region is associated with characteristic globuli
cells, which most likely correspond to the globuli cells
that give rise to processes within the calyces of arthro-
pods [23, 143].

However, as opposed to most insects and crustaceans,
the globuli cells in onychophorans do not contribute to
a cup-like structure called calyx [119]. As in calyx-less
insects [118, 119], the globuli cells of onychophorans in-
stead contribute to fibre fascicle that converge to the
pedunculus. This resembles also the situation in the
calyx-less mushroom bodies of myriapods, paleopterans
and some neopterans, where globuli cells form neurite
bundles that extend into the pedunculus [118, 147]. It is
largely accepted, however, that lack of calyces has oc-
curred independently in paleopterans and some neopter-
ans within the Hexapoda lineage [118]. In chelicerates,
mushroom bodies including calyces (or mushroom body
heads) have been described for several species (e.g. [150,
169-172]). However, the structure of their calyces is
substantially different from the typical insect/crustacean
calyces [e.g. 169]. Considering that the mushroom body
calyces, as defined for insects [119] and crustaceans, are

dorsal

protocerebrum

Fig. 13 Simplified diagram illustrating major commissures, tracts, lobes and neuropils in the brain of E. rowelli. Characterised neuropils are

ventral

wnugaJlasojoud

depicted in colour; other brain neuropils are indicated in dark grey, cell body rind in light grey. Subregions of largely fused other brain neuropils,
including deutocerebral neuropil, not shown. Arrowheads point to microglomeruli. ANC, antennal nerve cord; ANP, antennal neuropil; BRC 1, BRC
2, BRC 3, brain commissures 1 to 3; CBA, anterior division of central body; CB-AN, auxiliary neuropil; CB-IL, inner lamina of central body; CB-OL,
outer lamina of central body; CBP, posterior division of central body; CBR, cell body rind; CNC, circumpharyngeal nerve cord; 6, dorsal or 6-lobe of
mushroom body; DE, deutocerebrum; DN, deutocerebral neuropil; E-ONP, extracerebral part of optic neuropil; EY, eye; FB, frontal body; FGC,
Fascicles of globuli cells; IFONP, intracerebral part of optic neuropil; JAN, jaw nerve; A, lateral or A-lobe of mushroom body; LIN 2, LIN 3, lip nerves
2 and 3; y, median or p-lobe of mushroom body; OLF, olfactory fascicle; OLG, olfactory glomeruli; ONP, optic neuropil; PDN, posterior dorsal
neuropil; PED, pedunculus; PHN 1, pharyngeal nerves 1; PNT, ponticulus; PVN, posterior ventral neuropil; SAN, subantennal neuropil; SGN, salivary
gland nerve; SPC, subpharyngeal commissure; SPN, slime papilla nerves; v, ventral or v-lobe of mushroom body; VC,

ventral commissure; VNC, ventral nerve cord
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absent in chelicerates, myriapods and onychophorans,
one may conclude that this structure first emerged in
the pancrustacean lineage [118] and that onychophoran
mushroom bodies most likely resemble the ancestral
condition within Panarthropoda.

Accordingly, positional and structural similarities cur-
rently speak in favour of the proposed homology of
mushroom bodies in onychophorans and arthropods
[32, 42, 54]. Even so, analysing the expression patterns
of genes that are involved in learning [147] might assist
in substantiating this hypothesis. Localising anti-DCO-
immunoreactive centres in the onychophoran brain
might further help to identify homologous regions, as
shown in numerous comparative studies across pancrus-
taceans (e.g. [148]) and other arthropods [147].

Besides these similarities, our study also revealed dif-
ferences and previously unnoticed details in the organ-
isation of mushroom bodies in velvet worms. One of
these details concerns the number of mushroom body
lobes. While only three of them were reported previously
([26, 27, 31, 33, 42, 48, 80]; but see 32 for suggested ex-
istence of additional compartments), we identified four
lobes (8, A\, p and v) in each mushroom body of E.
rowelli with three independent methods: Azan staining,
anti-synapsin and anti-tubulin immunolabelling. Not-
ably, while the p-lobe exhibits the strongest anti-
synapsin immunoreactivity, suggesting dense synaptic
connectivity, the signal is nearly undetectable in the &-
lobe. Interestingly, the p-lobe of E. rowelli also expresses
high levels of arthropsin, an opsin (G protein-coupled
receptor) with unknown function [86]. Immunolocalisa-
tion of pigment-dispersing factor neuropeptides, Er-
PDF-I and Er-PDF-II, revealed a similar conspicuous
pattern, with most fibres occurring in the p-lobe [38].
This hints at a functional specialisation of the individual
lobes of the mushroom body, which remains to be clari-
fied, e.g. by gene knockouts combined with behavioural
assays or electrophysiological recordings (cf. [55]).

Such experiments might also help to clarify the role of
the onychophoran mushroom body as a whole, which is
still unknown. Does this neuropil serve as an integrative
centre for olfactory, visual and place learning and mem-
ory, with the additional role as a general behavioural
control centre, as in insects [173-179]? Answers may
emerge from expression studies of specific proteins, such
as Leo and pCaMKI], that are present in paired lobed
centres in the brain of representatives of all four major
arthropod groups [147] and are required for learning
and memory in the fruit fly Drosophila melanogaster
[164, 180, 181].

Another contentious issue concerns the identity of the
“accessory lobes”, also referred to as “accessory stalks” or
“Nebentrabekel”, that have been repeatedly alleged to be
associated with onychophoran mushroom bodies [30, 32,
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33, 42, 48, 54, 69]. As in chelicerates, but in contrast to
other arthropods, these structures are believed to link
the mushroom body of both brain hemispheres across
the midline. This feature has also been used to unite on-
ychophorans with chelicerates, which exhibit a similar
connection [42]. However, our 3D reconstructions
clearly show that the corresponding heterolateral con-
nections are associated with the antennal and subanten-
nal neuropils (Fig. 13), but not with the mushroom
bodies directly. We refer to these connections as brain
commissures 1-3 (Table 1), as they do not seem to con-
tain many synaptic sites and were only discernible with
anti-acetylated a-tubulin immunolabelling. Since these
commissures are not part of the onychophoran mush-
room bodies, they cannot be used for justifying the sister
group relationship of onychophorans and chelicerates
[42, 182]. The connection between the mushroom bod-
ies of both brain hemispheres in chelicerates might in-
stead have evolved independently within their lineage.

Controversies surrounding the frontal body
The frontal body comprises the second largest individu-
ally identifiable cerebral neuropil in E. rowelli, but has
rarely been noted in onychophorans. Saint-Remy [26]
initially described this midline neuropil in the brain of
Peripatopsis capensis as “bourrelet médullaire antérieur”
(i.e. anterior medullary ridge). Almost five decades later,
Hanstrom [30] rediscovered it in P. capensis, Kumbad-
jena occidentalis and Ooperipatellus insignis and homo-
logised it with the protocerebral bridge of crustaceans
and insects. However, his descriptions are inconsistent,
as differing regions are labelled as “Protocerebralbriicke”
in his illustrations (cf. figs. 12 and 13 in [30]). Likewise,
Schirmann [32, 54] identified a V-shaped midline
neuropil anterior to the central body as “bridge” in E.
leuckartii, a species closely related to E. rowelli, but at
the same time he assigned the two divisions of the cen-
tral body to it (cf. fig. 8.2C in Schiirmann [32]). It is
worth mentioning that Strausfeld et al. [33] recognised
the corresponding region as “dorsal heterolateral neuro-
pil” and “dorsal superior protocerebrum”, whereas
Mayer [48] and Martin et al. [38] referred to it as “anter-
ior neuropil”, although none of these studies provided a
detailed description. Beyond this, we know of no further
reference to the frontal body in onychophorans. This is
astonishing, given its considerable size and conspicuous
shape and position in the onychophoran brain (Fig. 13).
Our 3D reconstructions of the frontal body in E.
rowelli match superficially Schiirmann’s [32, 54] illustra-
tions of the “bridge”. Although his schematised “bridge”
is considerably smaller and widely separated from the
central body, Schirmann [32, 54] correctly depicted its
shape and superficial, anterior position relative to other
brain neuropils. The issue of whether the frontal body of
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onychophorans is homologous with the protocerebral
bridge of crustaceans and insects, as suggested by Han-
strom [30], is currently difficult to address due to limited
information on its internal organisation. We have shown
here that synaptic proteins are mostly accumulated in
the anterior and posterior regions of the frontal body,
indicating at least some degree of regionalisation and
layering. Contrary to onychophorans, the protocerebral
bridge of insects and certain crustaceans shows a clear
subdivision into distinct columns, slices or glomeruli
[183-187] that do not seem to correspond to the trans-
verse layers found in E. rowelli. Furthermore, the ony-
chophoran frontal body lacks a connection to the central
body, which differs from the situation in insects, where
the protocerebral bridge is clearly associated with the
central body [183]. Although differences per se do not
invalidate homology, given the lack of compelling evi-
dence and the absence of the corresponding neuropil in
chelicerates and myriapods, we regard the proposed
homology [31, 32] of the frontal body of onychophorans
with the protocerebral bridge of pancrustaceans as
unlikely.

Organisation of the central body revisited

The central body is the third largest individually identifi-
able neuropil in the brain of E. rowelli (Fig. 13). Our 3D
reconstructions correspond well to previous descriptions
of this midline neuropil [26, 27, 32, 33, 42, 48, 56, 69],
except that we identified a lateral fusion of the bilobed
structure at the ventral part of the central body. Anti-
acetylated o-tubulin and anti-synapsin immunolabelling
further revealed two prominent strata—the inner and
the outer laminae—which show an inverted anteropos-
terior arrangement in the two divisions. The two lam-
inae most likely correspond to the successive strata of
looped axons and tangential fibres described by Straus-
feld et al. [42], suggesting a complex wiring. We further
detected a posterior stratum associated with the poster-
ior division, which receives fibres from the optic neuro-
pil, as well as a pair of auxiliary neuropils linked to the
antennal neuropils. This indicates processing of visual
input (from the eyes) and olfactory and/or mechanosen-
sory information (from the antennae) in the central
body.

Besides bilateral input from the optic neuropils, our
findings confirm the existence of a thick fibrous connec-
tion, the ponticulus, which links each mushroom body
to the central body in E. rowelli. This connection was
first described as “pédoncule” by Saint-Remy [26] and
since then is assumed to be associated with either the
anterior division or the posterior division of the central
body [26-28, 30-32, 54]. Our 3D reconstructions re-
vealed a specific connection of each ponticulus to the
posterior region of outer lamina of the central body.
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Interestingly, while the ventral part of the ponticulus
contains numerous granular synaptic complexes, these
are completely lacking in its dorsal part. The progressive
dorsoventral increase of synaptic sites suggests a com-
bined tract-like/neuropil-like organisation. Similar distri-
butions of synapsin have been observed in the olfactory
globular tract of crustaceans toward the olfactory globu-
lar tract neuropil [188-190] and along the mushroom
body pedunculus of insects and spiders [191-193].
Nonetheless, the ponticuli, which directly link the mush-
room bodies and central body, appear to be a unique
feature of Onychophora. While direct connections be-
tween the mushroom bodies and central complex are
conspicuously absent in insects [194, 195], recent con-
nectome data from Drosophila revealed multiple indirect
connections from mushroom body output neurons pri-
marily to the fan-shaped body of the central complex
[178, 179], a centre proposed to serve a role in spatial
orientation and navigation [196—198]. The central body
of insects is generally believed to be an integrating
centre that processes information from both brain hemi-
spheres and, together with the protocerebral bridge and
noduli, controls goal-directed locomotion, including dir-
ectional control of walking and flight, spatial visual
memory, place learning, sky compass orientation and
path integration (e.g. [183, 199, 200]). Behavioural ex-
periments have demonstrated that velvet worms avoid
light and are instead attracted by darkness [55, 201].
Given the complexity of their locomotor behaviour
[202, 203], myoanatomy [19] and neuronal supply to
individual legs [3, 18], it is conceivable that the cen-
tral body of onychophorans might integrate visual and
antennal information related to locomotion. A pos-
sible function in directional control of locomotion
might explain the relatively large size of this midline
brain neuropil (Fig. 13).

The central body of onychophorans has been homolo-
gised with that of arthropods [30, 149]. This was, how-
ever, not always the case, due to dissenting opinions on
the homology of the arcuate body of chelicerates with
the central body of other arthropods ([42]; discussed in
[204]). Similarities in the organisation into multiple
layers as well as its superficial position within the brain
and direct connection to the visual system might indeed
support homology of the onychophoran central body
with the arcuate body of chelicerates [42]. Myriapods
might play a key role in elucidating the evolution of
midline neuropils across arthropods, as they show simi-
larities to both chelicerates and pancrustaceans [84,
204-206]. While the central body of myriapods on the
one hand shares to some extent a layered organisation
with the arcuate body of chelicerates [205, 207], it is on
the other hand embedded deeper within the protocereb-
ral neuropil, as in pancrustaceans [161, 184, 186, 208].
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Furthermore, to our knowledge, nothing is known about
a potentially corresponding lobular midline neuropil in
tardigrades (but see, e.g. [85, 167, 209] for an uncharac-
terised “central brain neuropil”). Taking all available in-
formation into account, we propose that the Ilast
common ancestor of Onychophora + Arthropoda most
likely possessed a transverse, arcuate midline neuropil,
which was composed of successive strata and had a
superficial position in the protocerebrum (i.e. abutting
the other protocerebral neuropils), since these features
are found in both onychophorans and chelicerates [42].
Whether the individual strata in chelicerates correspond
to the inner and outer laminae in onychophorans might
be clarified by specific labelling using antisera against
neurotransmitters and neuropeptides (e.g. [152, 207,
210, 211]).

Novel microglomerular neuropils with uncertain role
Anti-acetylated «-tubulin and anti-synapsin immunola-
belling of E. rowelli revealed miniscule cerebral com-
plexes, the microglomeruli, that occupy only about
0.01% of the total brain volume and consist of ~ 40 indi-
vidual nodules (Fig. 13). Microglomerular neuropils have
been reported from different brain regions of distantly
related arthropods (e.g. [193, 212—214]). In some insects,
microglomeruli play a role in visual pathways associated
with sky compasses [213, 215, 216]. Furthermore, micro-
glomerular neuropils are associated with cells in the
mushroom body calyces [212, 217-221] that are referred
to as Kenyon cells [208]. A similar arrangement was
found in crustaceans, in which microglomeruli are asso-
ciated with the hemiellipsoid body [222-225], the poten-
tial homologue of the mushroom body [152, 225]. In
chelicerates, microglomeruli might play a role as
second-order visual neuropils, as they are associated
with the secondary eyes in spiders [193, 226].

The association of microglomeruli with olfactory lobes
has also been described for the accessory lobes of deca-
pod crustaceans [190, 223] and the antennal lobes of dis-
tinct insect groups, including orthopterans and
coleopterans [214, 227, 228]. The accessory lobes of
decapods are second-order association centres located in
the deutocerebrum and always occur in close proximity
to the olfactory lobes. Within decapods, accessory lobes
most likely evolved in the reptantian lineage [229].
Amongst others, these higher-order neuropils receive ol-
factory information from the olfactory lobes via inter-
neurons [230, 231]. Similarly, microglomeruli are
present in the antennal lobes of two distantly related
representatives of coleopterans, the diving beetles and
lady bugs [228]. Several coleopteran sub-groups also
show a microglomerular compartmentation of glomeruli,
as revealed by either immunolabelling for synapsin and/
or tachykinin-related peptides [228].
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We have shown here that microglomeruli are closely
associated with olfactory lobes and antennal neuropils in
the brain of E. rowelli, suggesting that they might be
connected with olfactory pathways, as for certain micro-
glomeruli of insects [214]. Despite the close association
with the olfactory glomeruli, a potential role of micro-
glomeruli in olfaction requires further exploration. An
involvement in visual pathways, as described from sev-
eral arthropod groups [193, 213, 215, 216, 232], seems
unlikely, as we did not find signs of any connection to
the visual system.

Olfactory glomeruli: a remarkable case of homoplasy
across panarthropods

Olfactory glomeruli are defined as dense neuropils, in
which the olfactory receptor neurons terminate and
form the first synapses of the olfactory pathway [20].
They occur in various metazoans and have been exten-
sively studied in arthropods (e.g. [206, 227, 233, 234]).
To our knowledge, comparable structures have not been
recorded in tardigrades. As in arthropods, the olfactory
glomeruli of onychophorans are arranged in clusters re-
ferred to as olfactory lobes [33, 42, 48, 57, 69]. They
most likely represent the primary processing centres of
olfactory stimuli, as they are supplied by neurites associ-
ated with the antennae [15, 124, 168]. While the olfac-
tory lobes of onychophorans are located in the
protocerebrum [31, 32], those of arthropods are situated
either in the deutocerebrum, as in most mandibulates
[206, 233], or exhibit great variability with respect to
segmental identity, as in chelicerates [42]. For example,
in solifuges, scorpions, amblypygids and pycnogonids,
the olfactory lobes are associated with post-cerebral
locomotory appendages that serve as tactile organs
[235-237]. Solifuges possess in addition a glomerular
neuropil in the tritocerebral brain segment connected to
the pedipalps [42] and a further set of olfactory glom-
eruli occur in close proximity to the mushroom body ca-
lyces, at least in solifuges and amblypygids [150, 235].
Taken together, the variable position and different seg-
mental identity do not support homology of olfactory
lobes across panarthropods. The similar organisation of
olfactory neuropils in distantly related groups might ra-
ther be due to functional constraints associated with ol-
factory processing [238, 239].

Although a recent study revealed that onychophorans
might have lost some chemosensory gene families found
in protostomes including arthropods [240], the prominent
size of olfactory lobes in E. rowelli indicates that olfaction
nevertheless plays an important role in these animals.
While each olfactory lobe of different onychophoran spe-
cies, including our study species, was previously thought
to contain only about 30 glomeruli arranged in two clus-
ters [31-33], our 3D reconstructions revealed that each
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lobe of E. rowelli constitutes a single, elongated cluster of
~ 80 glomeruli that differ in size and exhibit a stereotypic
arrangement (Fig. 13). The high number of ~ 80 olfactory
glomeruli per body side of different sizes and shapes in E.
rowelli imply a prominent role of olfactory processing in
onychophorans, which might be correlated with predatory
behaviour and nocturnal lifestyle combined with low-
resolution vision and chemical communication in these
animals [70, 201, 241, 242].

We have shown here that each olfactory lobe of E.
rowelli contains a median macroglomerulus (@ 40 um),
whereas most other glomeruli do not exceed half this
diameter. This variation in size, already pointed out by
Schiirmann [32], might indicate functional specialisation
of the individual glomeruli. Similar macroglomerular
complexes occur in various insects, in which they
process pheromone signals, including those from trail
pheromones [243-245]. The single macroglomerulus in
each brain hemisphere of E. rowelli might have a similar
function, as trail pheromones have been proposed to
play a role in colonising new habitats in this species
[241], although the responsible molecules have not been
identified yet. Since we only analysed males, a study of
both sexes in this and other species would help to clarify
whether the composition of olfactory lobes exhibits sex-
ual dimorphism and interspecific variation among velvet
worms.

In arthropods, olfactory information is processed in
the olfactory lobes and forwarded via projection neurons
to mushroom body calyces and a neuropil called lateral
horn [246-249]. A connection between olfactory lobes
and mushroom bodies has also been reported in ony-
chophorans [27, 31-33], albeit previous studies de-
scribed an association with the calyces, which we did not
detect. Instead, each olfactory lobe of E. rowelli is associ-
ated with four fascicles, only the thickest of which—the
olfactory fascicle 4—is connected to the lobes of the
mushroom body, whereas the olfactory fascicles 1-3 ex-
tend towards the median part of the brain (Fig. 13). This
suggests that, as in insects, olfactory information passes
to at least two higher-order processing centres, but the
organisation of these connections bears only sparse re-
semblance to the situation in insects. As proposed for
insects [250], the presence of multiple olfactory centres
in the onychophoran brain might be related to the need
for processing memory-related and memory-unrelated
olfaction. This hypothesis remains to be substantiated by
physiological and behavioural experiments.

Potential homologues of onychophoran antennae across
panarthropods

The segmental identity of the anteriormost appendages
of onychophorans (“primary antennae” semsu Scholtz
and Edgecombe [251]) and their potential homologues
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in other panarthropods have been subject to controversy
(e.g. [13, 31, 34, 45, 47, 58, 75, 79, 252-261]). In the last
two decades, considerable progress has been made on
two issues related to this controversy:

(1) It is likely that the onychophoran antennae are
serially homologous with trunk limbs. This is
suggested in onychophorans by the occurrence of a
transitory nephridial anlage at the antennal basis,
similar to the segmental nephridia in the leg-
bearing body regions [124, 262], as well as corre-
sponding expression patterns of appendage pattern-
ing genes in the antennae and other limbs [263].

(2) Head development [34], neuronal tracing [15] and
gene expression data [16, 116, 168, 263] revealed
that the onychophoran antennae belong to the
anteriormost (ocular or protocerebral) segment.
This corroborates the hypothesis that the
onychophoran antennae are not homologous with
the first antennae of mandibulates (“secondary
antennae” sensu Scholtz and Edgecombe [251, 255])
or the chelicerae of chelicerates, which are both
innervated by the deutocerebrum and instead
correspond to the onychophoran jaws [15, 168].

The question of whether or not there are protocereb-
ral homologues of the onychophoran antennae in living
arthropods is difficult to address. The prevalent hypoth-
esis considers the labrum of arthropods as the most
likely candidate ([168, 259, 261]; Fig. 14b), as evidenced
by its paired, appendicular origin in the protocerebral
segment [267-273]. An alternative hypothesis homolo-
gises the onychophoran antennae with the frontal fila-
ments of crustaceans [58, 257]. Although it seems
plausible that frontal filaments are homologous across
crustaceans [274], the appendicular nature of these
structures is still questionable and casts doubt on their
status as putative homologues to the onychophoran an-
tennae [259, 261].

Given their corresponding position in the ocular/proto-
cerebral segment, the onychophoran antennae might in
fact be homologous with the anteriormost appendages of
Cambrian stem-lineage onychophorans or (pan)arthro-
pods, such as tAysheaia pedunculata [265], tOnychodict-
yon ferox [256] and tAntennacanthopodia gracilis ([275];
Fig. 14a) as well as the onychophoran-like ti/lyodes inopi-
nata [276, 277] and tAntennipatus montceauensis [9]
from the Carboniferous. The same holds true for their po-
tential homology with the stylets of extant tardigrades,
which might represent internalised limbs of the protocer-
ebral segment [85, 256, 278, 279]; Fig. 14b).

The frontalmost limbs of various stem-group arthro-
pods called great appendages or frontal appendages have
also been homologised with the onychophoran antennae
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(e.g. [45, 256, 259-261]). However, their homology is
uncertain even across arthropods, with divergent views
regarding their correspondence to either primary [280,
281] or secondary antennae [261, 282-284]. An alterna-
tive recent hypothesis [255, 259, 260, 285] suggests that
the frontal appendages of early-branching, stem-lineage
arthropods, including representatives of tKerygmachela,
t+Opabinia and tRadiodonta, might have been protocer-
ebral structures homologous with the onychophoran an-
tennae (Fig. 14a) and the labrum of arthropods, whereas
the short great appendages of tDeuteropoda might have
been associated with the deutocerebrum and are thus
homologous with the chelicera/first antenna of
arthropods.

A particular case is represented by the frontal append-
age of the radiodont tLyrarapax unguispinus. It has been
interpreted as a pre-protocerebral structure associated
with a pre-protocerebral ganglion rather than with the
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brain itself [45, 75]. The authors also reported a similar
arrangement in the onychophoran E. rowelli, concluding
that the antennal nerve cords (“frontal appendage nerve”
sensu Cong et al. [45]) are associated with pre-
protocerebral ganglia. The complete reconstructions of
brain neuropils presented herein revealed no evidence
for such ganglia in E. rowelli, as also demonstrated by
previous immunolabelling and dye fill data [15]. Irre-
spective of whether the frontal appendages of tL. unguis-
pinus are pre-protocerebral [45] or protocerebral, as in
other radiodonts [260, 285], we conclude that frontal
ganglia cannot be used to homologise the antennae of
tL. unguispinus and E. rowelli.

Open questions regarding the organisation of visual
neuropils

The optic tracts (sensu [15, 32, 33]) or optic neuropils
(this study) have been subject of ongoing debates

antennae stylets

a Embryo of 1 Onychodictyon tAysheaia tAnomalocaris
Euperipatoides ferox pedunculata spp.
rowelli 3
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Sapiia - lop
Onychophora Tardigrada Chelicerata Myriapoda Pancrustacea
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Fig. 14 Alignment of cephalic segments and appendages across panarthropods. a Homology of anterior appendages in onychophorans and
Cambrian lobopodians as proposed by Ou et al. [256] and Legg and Vannier [264]. Diagrams of 1O. ferox TA. pedunculata and tAnomalocaris spp.
after [256], [265], and [264, 266, respectively. Anterior end of stage IV embryo of E. rowelli redrawn from [59] to illustrate the position of
developing limbs prior to their reorganisation and incorporation into the head. b Alignment of anterior segments with corresponding
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appendages in onychophorans, tardigrades and arthropods. Combined after [15, 59, 85, 251, 255, 259, 260]. Note that the condition illustrated for
myriapods is also found in hexapodes within Pancrustacea. DE, deutocerebrum; IC, intercalary segment (without appendages); PR, protocerebrum;
TG1, TG2, TG3, trunk ganglia 1 to 3; TR, tritocerebrum
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regarding homology and evolution of visual organs and
their associated brain centres across panarthropods [33,
42, 44, 69]. The presence of second-order visual neuro-
pils flanking the central body as well as a connection of
the optic neuropil to the mushroom body has led to the
assumption that the nervous system of onychophorans
might be more similar to that of chelicerates than other
arthropods [42]. Our datasets did not reveal a connec-
tion with the mushroom bodies, suggesting this is an
autapomorphy of chelicerates rather than a synapo-
morphy of chelicerates and onychophorans. While our
results confirm connectivity between the optic neuropil
and the central body [30-32, 54], we found no evidence
of a “second optic neuropil” in E. rowelli [42], in which
optic fibres would terminate. The optic neuropil with all
its branches instead represents a unitary structure, which
connects to the posterior division of the central body
(Fig. 13), suggesting that visual signals are directly
relayed by first-order interneurons into this higher-order
processing centre. This again contrasts with the situation
in arthropods, in which both median ocelli and com-
pound eyes are associated with a second-order visual
neuropil [169, 172, 286, 287]. The absence of second-
order neuropils may indicate that these were either lost
in Onychophora, assuming that they were already
present in the last common ancestor of Panarthropoda,
or that they first arose in the arthropod lineage. Recon-
structing the visual system [288] and, in particular, the
optic connectivity in tardigrades could help to clarify
this issue.

The proposed connection of the optic neuropil to the
mushroom body in E. rowelli [33] still requires corrobor-
ation, as we were unable to reconstruct all branches of
the visual pathway in this species. A similar connection
has been reported from the secondary eyes (i.e. deriva-
tives of compound eyes) of spiders [33 83, 143, 149].
This would suggest homology of the onychophoran eyes
with the compound eyes [33] rather than the median
ocelli of arthropods [44]. The use of more specific
methods, such as neuronal tracing [39, 40], in conjunc-
tion with 3D reconstruction might help to demonstrate
the connectivity of the visual system in onychophorans
and clarify the homology of visual organs and their neu-
ropils across panarthropods.

Conclusions

The present multiscale approach comprising 3D recon-
struction revealed unprecedented details of the ony-
chophoran brain, including the shape, position, spatial
relationship and relative volume and size of individual
tracts, lobes and neuropils. We have shown here that
each mushroom body of E. rowelli is comprised of four
rather than three lobes and that the accessory stalks [32]
are not part of the mushroom bodies, but rather
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independent commissures associated with the antennal
and subantennal neuropils. Despite detailed analyses
using multiple methods, we were unable to endorse the
existence of a frontal ganglion in the brain of E. rowelli
[45], further questioning its proposed presence in ony-
chophorans [47].

Our data further revealed a higher complexity of
the onychophoran central body than previously re-
ported, as this midline neuropil not only comprises
anterior and posterior divisions (occurring only dor-
sally) but is additionally stratified into an inner and
an outer lamina exhibiting an inverted arrangement
in the two divisions and surrounding a pair of cylin-
drical auxiliary neuropils. Using 3D reconstruction,
we characterised in detail the olfactory lobes and the
individual glomeruli and, in addition, identified novel
microglomerular structures, the function of which re-
mains unknown. Most importantly, we identified a
largely neglected anterior neuropil called the frontal
body, which is one of the most prominent structures
of the onychophoran brain. The previously suggested
homology of the frontal body (“bridge” semsu [32])
with the protocerebral bridge of pancrustaceans is not
well substantiated and therefore doubtful.

In summary, the present study improves our under-
standing of the anatomy and evolution of the ony-
chophoran brain. It also clarifies several controversies
surrounding the existence and composition of specific
cerebral structures and their connectivity, thus shed-
ding light on their evolutionary origins and hom-
ology. Our improved, refined and expanded
nomenclature of neuroanatomical terms (Table 1)
may serve as a basis for future studies of onychoph-
oran neuroanatomy.

Methods

Collection and maintenance of specimens

Specimens of Euperipatoides rowelli Reid, 1996 were ob-
tained from decaying logs and leaf litter in the Talla-
ganda State Forest (New South Wales, Australia; 35° 30"
31" S, 149° 36" 14" E, 934 m) in October 2016. They
were collected under the permit number SPPR0008 is-
sued by the Forestry Commission of New South Wales
and exported under the permit number WT2012-8163
provided by the Department of Sustainability, Environ-
ment, Water, Population and Communities. The animals
were maintained in culture as described elsewhere [289].
Only male specimens were used for the present study.

Synchrotron radiation-based X-ray micro-computed
tomography

For synchrotron radiation-based X-ray micro-computed
tomography (SRUCT), two specimens were prepared fol-
lowing the protocol of Jahn et al. [87]. The first
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specimen, used for reconstructing the brain and the
nerve cords, was anaesthetised in chloroform vapour
for 10s, fixed overnight in glutaraldehyde (2.5 % in
0.1 M sodium cacodylate buffer), washed several times
in cacodylate buffer and stained overnight in 2% os-
mium tetroxide (OsQO, 4 %, Carl Roth, Karlsruhe,
Germany). For the second specimen, used for recon-
structing the anterior neuropils, ruthenium red (RR)
was used as a staining agent, as it has proven useful
for visualising the nervous system of onychophorans
using SRUCT [87]. The specimen was first fixed and
stained for 2 h in a solution containing 4% parafor-
maldehyde (PFA) and 0.3% RR (Carl Roth) in
phosphate-buffered saline (PBS) and then decapitated,
after which the head was left in the same solution for
5 days. Both specimens were washed several times in
the corresponding buffers. Thereafter, the RR-stained
specimen was kept in buffer, whereas the OsOy-
stained specimen was dehydrated through an ascend-
ing acetone series (30, 50, 70, 90, 95, 3 x 100% in
H,0O; 15min each) and embedded in Araldite®
(Huntsman Advanced Materials, Salt Lake City, UT,
USA). For SRuCT analyses, the Araldite®-block con-
taining the OsOy-stained specimen was glued onto a
standardised sample holder (HZG, Geesthacht,
Germany), whereas the RR-stained head was scanned
in a small container, which was filled with PBS and
then glued onto a sample holder. Specimens for
SRUCT were scanned at the beamline P05 of the stor-
age ring PETRA III (Deutsches Elektronen-
Synchrotron — DESY, Hamburg, Germany) operated
by the Helmholtz-Zentrum hereon [290, 291] as de-
scribed by Jahn et al. [87] with the following modifi-
cation: the RR-stained specimen was scanned using
inline grating differential phase-contrast (=PBCC) with
a photon energy of 20keV. We have applied a trans-
port of intensities (TIE) phase retrieval approach to
the recorded projections prior to the tomographic re-
construction in a custom-implemented reconstruction
pipeline [292] using Matlab (Math-Works) and the
ASTRA toolbox [293-295]. For the processing, raw
projections were binned two times, which resulted in
an effective voxel size in the final tomographic recon-
structed volume of 2.4 um for the RR-stained speci-
men, and 4.92 pm for the OsO, stained specimen.

Histology and light microscopy

For histology, specimens were anaesthetised in chloro-
form vapour, fixed in alcoholic Bouin’s fluid (Dubosq-
Brasil; see [296]) for 2 days and washed in 70% ethanol.
After dehydration through an ascending ethanol series
(70%, 80%, 90%, 95%, 2 x 100%; 2 h each), specimens
were incubated for 18 h in methyl benzoate and 24 h in
1-butanol and then embedded in Paraplast Plus’
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(Sherwood Medical Company, St. Louis, MO, USA)
through a series of 1-butanol:Paraplast Plus® mixtures (2:
1, 1:2 and then pure Paraplast Plus®) for 24 h each at
60 °C. A complete series of 5-pm sections was generated
using a Leitz 1516 microtome (Ernst Leitz, Wetzlar,
Germany). The obtained sections were stained with Hei-
denhain’s Azan staining method ([297]; modified by Gei-
dies [298]) and analysed under an Axio Imager M2 light
microscope (Carl Zeiss Microscopy, Jena, Germany)
equipped with an Axiocam 503 colour digital camera
(Carl Zeiss Microscopy).

Immunohistochemistry and confocal laser scanning
microscopy

To obtain details of individual tracts and neuropils,
neural markers against acetylated a-tubulin and synapsin
were used in conjunction with confocal laser scanning
microscopy (CLSM). Synapsin occurring in synaptic ter-
minals was labelled using the monoclonal anti-synapsin
serum (Developmental Studies Hybridoma Bank, Iowa
City, 1A, USA; DSHB Product 3C11 [antiSYNORF1])
raised in mouse against a fusion protein consisting of
glutathione-S-transferase and the SYN1 protein of Dros-
ophila melanogaster [299]. Acetylated a-tubulin was tar-
geted using a monoclonal antibody (Sigma-Aldrich, St.
Louis, MO, USA, cat. nr. T7451) raised in mouse against
acetylated a-tubulin from the outer arm of the sea ur-
chin Strongylocentrotus purpuratus. The antibodies
against synapsin and acetylated «-tubulin have both
been shown to recognise neuropil and neurite regions in
the nervous systems of various invertebrates, including
onychophorans, tardigrades and non-insect arthropods
(e.g. [3, 15, 18, 69, 167, 169, 235, 300]). The staining
protocol was based on the technique developed by Ott
[301].

For whole-mount labelling of brains, specimens were
anaesthetised in chloroform vapour and dissected in
HEPES-buffered saline (HBS). Subsequently, the dis-
sected brains were fixed overnight in zinc formaldehyde
(ZnFA: 18.4 mM ZnCl,, 135 mM NaCl, 35 mM sucrose,
1% formaldehyde), briefly washed in HBS, and treated
with a mixture of collagenase/dispase (RocheDiagnostics,
Mannheim, Germany; 1 mg/mL each) and hyaluronidase
(Sigma-Aldrich; 1 mg/mL) in Tris-buffered saline (TBS;
50 mM Tris, 150 mM NaCl, pH 7.4) for 40 min at 37 °C.
After several rinses in TBS, the samples were incubated
in a solution containing 80% methanol and 20% di-
methyl sulfoxide (DMSO) for 1.5 h, followed by an incu-
bation in 100% methanol. The samples were then
rehydrated through a descending methanol series (90%,
70%, 50%, 30% in TBS; 10 min each) and blocked in 5%
normal goat serum (NGS; Sigma-Aldrich) in TBS con-
taining 1% DMSO (TBS-D) for 1h. Thereafter, the
brains were incubated with the primary synapsin and
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acetylated o-tubulin antisera (1:50 and 1:500, respect-
ively; in TBS-D, 1% NGS) for 14 days at 4 °C. After sev-
eral washes in TBS-D, the samples were incubated for
10 days with the secondary antibody (goat anti-mouse,
Alexa Fluor® 488; Thermo Fischer Scientific, Waltham,
MA, USA; 1:500 in TBS-D, 1% NGS). To control for
non-selective staining due to the secondary antibody, we
ran another protocol omitting the primary antibody,
which resulted in no signal. After several washes in TBS-
D and then TBS, the brains were counterstained with
4’,6-diamidino-2-phenylindole (DAPIL; Carl Roth; 1ng/
mL in TBS) for 1h, rinsed several times in TBS, dehy-
drated through an ascending ethanol series (70%, 90%,
95%, 100%, 100%, in TBS; 10min each), and finally
cleared and mounted between two coverslips in methyl
salicylate using a carbon fibre reinforced polymer slide
as spacer.

Additional anti-synapsin labelling was conducted on
vibratome sections. For this, specimens were anaesthe-
tised in chloroform vapour and fixed in ZnFA overnight.
After several rinses in HBS, specimens were cut in halves
and embedded in a solution containing 3.75 g albumin
from chicken egg (Sigma-Aldrich) and 0.5g gelatine
from porcine skin (Type A; Sigma-Aldrich) in 12 mL dis-
tilled water. Albumin-gelatine blocks were fixed in 10%
PFA overnight and cut in 100-um-thick sections using a
vibratome (MICROM 650 V, Microm International, part
of Thermo Fisher Scientific, Walldorf, Germany). Ob-
tained sections were subsequently labelled as for whole-
mount samples with the following modifications: (i) de-
hydration and rehydration steps were omitted, and (ii)
the sections were mounted between two coverslips in
ProLong Gold™ Antifade Mountant (Invitrogen, Carls-
bad, CA, USA).

Both whole-mount preparations and vibratome sec-
tions were analysed using a confocal laser scanning
microscope (Zeiss LSM 880; Carl Zeiss Microscopy)
equipped with an Airyscan module. Images were ac-
quired using the ZEN 2 (black edition) imaging software
(Carl Zeiss Microscopy). The images were taken using
488 nm (for the secondary antibody) and 405 nm lasers
(for DAPI) with the emission wavelengths of 516 nm and
450 nm, respectively.

Data and image processing

Three-dimensional reconstructions were conducted
using the following five datasets. Stacks of SRuCT im-
ages were used for reconstructing (i) the overall struc-
ture of the central nervous system as well as (ii) its
anterior part subdivided in perikaryal and neuropil re-
gions. After manual segmentation of structures of inter-
est using Amira 6.0.1 (FEI Visualization Sciences Group,
Burlington, MA, USA), label fields were separated using
Fiji v.1.52 [302, 303]. (iii) Series of histological
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micrographs were used for reconstructing the anterior
nervous system. For this, digitised images were aligned
and target structures segmented and reconstructed using
Amira 6.0.1. Finally, CLSM stacks of entire brains la-
belled with DAPI and antibodies against (iv) synapsin
and (v) acetylated a-tubulin were used for reconstructing
individual tracts, cell layers and neuropils. Raw Airyscan
datasets were processed using the ZEN 2 software (black
edition) and handled further with Amira 6.0.1 as for the
other datasets. Three-dimensional volume and surface
renderings of SRUCT, histological and CLSM data were
carried out with VGStudio MAX 3.0 (Volume Graphics,
Heidelberg, Germany).

Relative volume estimates of brain neuropils were con-
ducted taking into account the number of voxels in each
segmented structure relative to the number of voxels in
the entire brain. Potential shrinkage artefacts (e.g. [304,
305]) were not considered, as we expect that the struc-
tures (i.e. nervous tissue) shrink relative to each other,
resulting in similar or even the equal volume ratios.
Prior to the relative volume estimates, the brain was seg-
regated from the remaining parts of the central nervous
system, such as the antennal nerve cords, circumpharyn-
geal nerve cords and ventral nerve cord, using the Re-
gions of Interest function (ROI) in VGStudio MAX 3.0.
Raw datasets were processed (Airyscan mode: Superre-
solution) using the ZEN 2 software (black edition). Se-
lected substacks of entire brains and vibratome sections
were adjusted for optimal brightness and contrast in Fiji
v.1.52. Final panels and diagrams were compiled with
Adobe Illustrator CS5.1 (Adobe Systems, San Jose, CA,
USA).
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a: Anterior; ANC: Antennal nerve cord; ANP: Antennal neuropil; BR: Brain;
BRC 1, BRC 2, BRC 3: Brain commissure 1 to 3; CB: Central body;

CBA: Anterior division of central body; CB-AN: Auxiliary neuropil of
central body; CB-IL: Inner lamina of central body; CB-OL: Outer lamina of
central body; CBP: Posterior division of central body; CBR: Cell body rind;
CN: Central neuropil; CNC: Circumpharyngeal nerve cord; d: Dorsal;

DC: Dorsal commissures; DE: Deutocerebrum; DN: Deutocerebral neuropil;
O: Dorsal or 6-lobe of mushroom body; E-ONP: Extracerebral part of
optic neuropil; EY: Eye; FB: Frontal body; FGC: Fascicles of globuli cells;
HO: Hypocerebral organ; IC: Intercalary segment (without appendages); I-
ONP: Intracerebral part of optic neuropil; JAN: Jaw nerve; A: Lateral or A-
lobe of mushroom body; LE: Leg; LEN: Leg nerve; LIN 1, LIN 2, LIN 3: Lip
nerve 1 to 3; LO: Lobes of mushroom body; MG: Macroglomerulus;

MIG: Microglomeruli; ML: Median lobe; p: Median lobe or p-lobe of
mushroom body; OFG: Olfactory glomeruli; OLF 1, OLF 2, OLF 3, OLF

4: Olfactory fascicle 1 to 4; OLF: Olfactory lobe; OLG: Olfactory glomeruli;
OLG: Olfactory glomeruli; OLL: Olfactory lobe; ONP: Optic neuropil;

p: Posterior; PDN: Posterior dorsal neuropil; PED: Pedunculus; PHN 1,
PHN 2: Pharyngeal nerves 1 and 2; PNT: Ponticulus; PR: Protocerebrum;
PVN: Posterior ventral neuropil; SAN: Subantennal neuropil; SGN: Salivary
gland nerve; SP: Slime papilla; SPC: Subpharyngeal commissure;

SPN: Anterior and posterior slime papilla nerves; SRC: Suprarectal
commissure; TG1, TG2, TG3: Trunk ganglia 1 to 3; TR: Tritocerebrum;

v: Ventral; v: Ventral or v-lobe of mushroom body; VC: Ventral
commissure; VH: Ventral horn; VNC: Ventral nerve cord
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Additional file 1: Figure S1. General organisation and position of the
brain in E. rowelli. Three-dimensional reconstruction based on SRuUCT
dataset in anterolateral (@) dorsal (b) and posterior views (c). Dorsal is up
in (@ and ), anterior is up in (b). A cell body rind (blue) partly covers the
neuropils (light-brown). Arrows point to somata-free regions. ANC, anten-
nal nerve cord; CNC, circumpharyngeal nerve cord; DE, deutocerebrum;
EY, eye; HO, hypocerebral organ; PR, protocerebrum; SPC, subpharyngeal
commissure; VC, ventral commissure; VNG, ventral nerve cord

Additional file 2: Figure S2. Organisation of fascicles of mushroom
body in E. rowelli. Horizontal optical sections from CLSM stack of brain.
Anterior is up in all images. a DNA staining, b anti-acetylated a-tubulin
immunoreactivity, and € merged. Note that fascicles (dotted line) are as-
sociated with dense accumulation of small somata (arrowheads) of glo-
buli cells and contains four major, branched fascicles (arrows). ANP,
antennal neuropil; CBR, cell body rind; OLF, olfactory lobe; PED, peduncu-
lus. Scale bar: 100 um

Additional file 3: Figure S3. Organisation and position of brain
commissures 1 and 2 in E. rowelli. Greyscale light micrographs of
selected series of Azan-stained histological sections through the head
(from ventral to dorsal). Anterior is up in all images. a—f Pathway of
brain commissures 1 (arrowheads) and 2 (arrows). Asterisks indicate
anterior parts of four mushroom body lobes. LO, lobes of the mush-
room body; OLF, olfactory lobe; PVN, posterior ventral neuropil. Scale
bars: 200 um

Additional file 4: Figure S4. Details of olfactory glomeruli and
microglomeruli in E. rowelli. Optical sections of confocal micrographs
from anti-synapsin immunolabelled vibratome cross sections. a Overview
of single glomerulus from olfactory lobe. b Detail from (a) illustrating
synapsin-immunoreactive sites. ¢ Overview of single microglomerulus. d
Higher magnification of (€) exhibiting synapsin-immunoreactive sites.
Note numerous synaptic terminals in both, glomerulus and microglomer-
ulus. (@ and ¢) and (b and d) are to scale. Scale bars: 5 um (a and ¢) and
Tum (b and d)

Additional file 5: Figure S5. Organisation and characterisation of
brain neuropils in E. rowelli. Three-dimensional reconstruction based
on anti-acetylated a-tubulin immunolabelling. Brain in frontal (a and
d), anterodorsal (b), and posteroventral views (c) illustrating largely
fused neuropils and lobes (bluish grey). a and b For clarity the
mushroom bodies, olfactory lobes, frontal neuropil, visual pathways,
and central body are collectively shown in semi-transparent light
grey. ANC, antennal nerve cord; ANP, antennal neuropil; CNC, circum-
pharyngeal nerve cord; CN, central neuropil; DN, deutocerebral neuro-
pil; FB, frontal body; FGC, fascicles of globuli cells; JAN, jaw nerve;
LIN 2, lip nerve 2; ML, median lobe; OFG, olfactory glomeruli; ONP,
optic neuropil; PDN, posterior dorsal neuropil; PHN 1 pharyngeal
nerves 1; PVN, posterior ventral neuropil; SAN, subantennal neuropil;
SPC, subpharyngeal commissure; SPN, anterior and posterior slime pa-
pilla nerves; VC, ventral commissures; VH, ventral horn

Additional file 6: Data S1. Image stack showing SRuUCT scan of E.
rowelli head used for segmentation

Additional file 7: Data S2. Image stack showing aligned greyscale light
micrographs of Azan-stained sections of E. rowelli head used for
segmentation

Additional file 8: Data S3. CLSM stack of £. rowelli brain labelled
against acetylated a-tubulin, scanned from ventral side and used for
segmentation

Additional file 9: Data S4. CLSM stack of £. rowelli brain labelled
against acetylated a-tubulin, scanned from dorsal side and used for
segmentation

Additional file 10: Data S5. CLSM stack of £. rowelli brain labelled
against synapsin, scanned from ventral side and used for segmentation
Additional file 11: Data S6. CLSM stack of £ rowelli brain labelled
against synapsin, scanned from dorsal side and used for segmentation

Page 45 of 51

Acknowledgements

We are thankful to Noel N. Tait and Dave M. Rowell for their help with
permits and to the members of the Mayer laboratory for their assistance
with animal husbandry. Benjamin Tepper carried out histological sectioning
and Azan staining. Ivo de Sena Oliveira and Vladimir Gross kindly assisted
with SRUCT analyses and 3D reconstruction and provided helpful comments
on the manuscript. The staff of the Forestry Commission of New South
Wales and the Department of Sustainability, Environment, Water, Population
and Communities are gratefully acknowledged for providing collecting and
export permits.

Authors’ contributions

CM and GM designed the research. CM, HJ, MK and JUH conducted the
experiments. CM, HJ, MK, PAS, UH and GM analysed the data. CM and GM
drafted the manuscript. UH and PAS edited and commented on the first
draft. All authors revised and approved the final manuscript.

Funding

This study was supported by grants from the Deutsches Elektronen-
Synchrotron (DESY: 1-20140177 and 1-20150213) to GM and JUH and the Ger-
man Research Foundation (DFG: Ma 4147/10-1) to GM. Open Access funding
enabled and organized by Projekt DEAL.

Availability of data and materials

All data generated or analysed during this study are included in this
published article, its supplementary information files and publicly available
within the figshare repository: 10.6084/m9.figshare.14899185.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Zoology, Institute of Biology, University of Kassel, 34132
Kassel, Germany. “Institute of Materials Physics, Helmholtz-Zentrum hereon,
21502 Geesthacht, Germany. *Physiology of Animals and Behaviour, Institute
of Biology, University of Leipzig, 04103 Leipzig, Germany. “Department of
Biology, Animal Physiology, Philipps-Universitat Marburg, 35043 Marburg,
Germany. *Center for Mind, Brain and Behavior (CMBB), University of Marburg
and Justus Liebig University Giessen, 35032 Marburg, Germany.

Received: 11 December 2020 Accepted: 16 November 2021
Published online: 25 January 2022

References

1. Rota-Stabelli O, Daley AC, Pisani D. Molecular timetrees reveal a Cambrian
colonization of land and a new scenario for ecdysozoan evolution. Curr Biol.
2013;23:1-7.

2. Rota-Stabelli O, Campbell L, Brinkmann H, Edgecombe GD, Longhorn SJ,
Peterson KJ, et al. A congruent solution to arthropod phylogeny:
phylogenomics, microRNAs and morphology support monophyletic
Mandibulata. Proc R Soc B Biol Sci. 2011,278:298-306.

3. Mayer G, Martin C, Rudiger J, Kauschke S, Stevenson PA, Poprawa |, et al.
Selective neuronal staining in tardigrades and onychophorans provides
insights into the evolution of segmental ganglia in panarthropods. BMC
Evol Biol. 2013;13:230.

4. Dunn CW, Hejnol A, Matus DQ, Pang K, Browne WE, Smith SA, et al. Broad
phylogenomic sampling improves resolution of the animal tree of life.
Nature. 2008;452:745-9.

5. Hejnol A, Obst M, Stamatakis A, Ott M, Rouse GW, Edgecombe GD, et al.
Assessing the root of bilaterian animals with scalable phylogenomic
methods. Proc R Soc B Biol Sci. 2009,276:4261-70.


https://doi.org/10.1186/s12915-021-01196-w
https://doi.org/10.1186/s12915-021-01196-w

Martin et al. BMC Biology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2022) 20:26

Rehm P, Borner J, Meusemann K, von Reumont BM, Simon S, Hadrys H,

et al. Dating the arthropod tree based on large-scale transcriptome data.
Mol Phylogenet Evol. 2011;61:380-7.

Giribet G, Edgecombe GD. Current understanding of Ecdysozoa and its
internal phylogenetic relationships. Integr Comp Biol. 2017,57:455-66.
Murienne J, Daniels SR, Buckley TR, Mayer G, Giribet G. A living fossil tale of
Pangean biogeography. Proc R Soc B Biol Sci. 2014,281:1471-2954.
Garwood RJ, Edgecombe GD, Charbonnier S, Chabard D, Sotty D, Giribet G.
Carboniferous Onychophora from Montceau-les-Mines, France, and
onychophoran terrestrialization. Invertebr Biol. 2016;135:179-90.

Lankester ER. The structure and classification of the Arthropoda. Q J Microsc
Sci. 1904;47:523-82.

Sigwart JD, Sumner-Rooney LH, Mollusca: Caudofoveata, Monoplacophora,
Polyplacophora, Scaphopoda, And Solenogastres. In: Schmidt-Rhaesa A,
Harzsch S, Purschke G, editors. Structure and Evolution of Invertebrate
Nervous Systems. Oxford: Oxford University Press; 2016. p. 172-89.

Manton SM. The evolution of arthropodan locomotory mechanisms. — Part
I. The locomotion of Peripatus. J Linn Soc Lond Zool. 1950;41:529-70.
Eriksson BJ, Budd GE. Onychophoran cephalic nerves and their bearing on
our understanding of head segmentation and stem-group evolution of
Arthropoda. Arthropod Struct Dev. 2000;29:197-209.

Mayer G, Harzsch S. Distribution of serotonin in the trunk of Metaperipatus
blainvillei (Onychophora, Peripatopsidae): implications for the evolution of
the nervous system in Arthropoda. J Comp Neurol. 2008;507:1196-208.
Mayer G, Whitington PM, Sunnucks P, Pfliiger H-J. A revision of brain
composition in Onychophora (velvet worms) suggests that the
tritocerebrum evolved in arthropods. BMC Evol Biol. 2010;10:255.

Janssen R, Eriksson BJ, Tait NN, Budd GE. Onychophoran Hox genes and the
evolution of arthropod Hox gene expression. Front Zool. 2014;11:22.

Mayer G, Hering L, Stosch JM, Stevenson PA, Dircksen H. Evolution of
pigment-dispersing factor neuropeptides in Panarthropoda: insights from
Onychophora (velvet worms) and Tardigrada (water bears). J Comp Neurol.
2015;523:1865-85.

Martin C, Gross V, Pfluger H-J, Stevenson PA, Mayer G. Assessing segmental
versus non-segmental features in the ventral nervous system of
onychophorans (velvet worms). BMC Evol Biol. 2017;17:3.

Oliveira IS, Kumerics A, Jahn H, Maller M, Pfeiffer F, Mayer G. Functional
morphology of a lobopod: case study of an onychophoran leg. Roy Soc
Open Sci. 2019;6:191200.

Richter S, Loesel R, Purschke G, Schmidt-Rhaesa A, Scholtz G, Stach T, et al.
Invertebrate neurophylogeny: suggested terms and definitions for a
neuroanatomical glossary. Front Zool. 2010;7:29.

Hejnol A, Lowe CJ. Embracing the comparative approach: how robust
phylogenies and broader developmental sampling impacts the
understanding of nervous system evolution. Philos Trans R Soc Lond B Biol
Sci. 2015;370:20150045.

Harzsch S. Neurophylogeny: architecture of the nervous system and a fresh
view on arthropod phyologeny. Integr Comp Biol. 2006;46:162-94.

Loesel R, Wolf H, Kenning M, Harzsch S, Sombke A, Architectural principles
and evolution of the arthropod central nervous system. In: Minelli A,
Boxshall G, Fusco G, editors. Arthropod Biology and Evolution — Molecules,
Development, Morphology. Berlin, Heidelberg: Springer; 2013. p. 299-342.
Schmidt-Rhaesa A, Harzsch S, Purschke G. Structure and Evolution of
Invertebrate Nervous Systems. Oxford: Oxford University Press; 2016.
Balfour FM. The anatomy and development of Peripatus capensis. Q J
Microsc Sci. 1883,23:213-59.

Saint-Remy G. Contribution a I'¢tude du cerveau chez les arthropodes
trachéates. Arch Zool Exp Gen. 1887:1-274.

Holmgren NF. Zur vergleichenden Anatomie des Gehirns von Polychaeten,
Onychophoren, Xiphosuren, Arachniden, Crustaceen, Myriapoden, und
Insekten. Vorstudien zu einer Phylogenie der Arthropoden. Kungl Svenska
Vet Handl [Ser 2]. 1916;56:1-303.

Fedorow B. Zur Anatomie des Nervensystems von Peripatus. Il. Das
Nervensystem des vorderen Kdrperendes und seine Metamerie. Zool Jahrb
Abt Anat Ontog Tiere. 1929,50:279-332.

Fedorow B. Zur Anatomie des Nervensystems von Peripatus. |. Das
Neurosomit von Peripatus tholloni. Zool Jahrb Abt Anat Ontog Tiere. 1926;
48:273-310.

Hanstrém B. Bemerkungen tber das Gehirn und die Sinnesorgane der
Onychophoren. Lunds Univ. Arsskr. 1935;31:1-37.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Page 46 of 51

Hanstrom B. Onychophora. In: Hanstréom B, editor. Vergleichende Anatomie
des Nervensystems der wirbellosen Tiere unter Berlicksichtigung seiner
Funktion. Berlin: Springer; 1928. p. 341-51.

Schiirmann F-W, Histology and ultrastructure of the onychophoran brain. In:
Gupta AP, editor. Arthropod brain: its evolution, development, structure,
and functions. New York: John Wiley & Sons; 1987. p. 159-80.

Strausfeld NJ, Strausfeld C, Stowe S, Rowell D, Loesel R. The organization
and evolutionary implications of neuropils and their neurons in the brain of
the onychophoran Euperipatoides rowelli. Arthropod Struct Dev. 2006;35:
169-96.

Eriksson BJ, Tait NN, Budd GE. Head development in the onychophoran
Euperipatoides kanangrensis with particular reference to the central nervous
system. J Morphol. 2003;255:1-23.

Eriksson BJ, Stollewerk A. Expression patterns of neural genes in
Euperipatoides kanangrensis suggest divergent evolution of onychophoran
and euarthropod neurogenesis. Proc Natl Acad Sci USA. 2010;107:22576-81.
Janssen R, Budd GE. Oscillating waves of Fox, Cyclin and CDK gene
expression indicate unique spatiotemporal control of cell cycling during
nervous system development in onychophorans. Arthropod Struct Dev.
2021,62:101042.

Mayer G, Whitington PM. Neural development in Onychophora (velvet
worms) suggests a step-wise evolution of segmentation in the nervous
system of Panarthropoda. Dev Biol. 2009;335:263-75.

Martin C, Hering L, Metzendorf N, Hormann S, Kasten S, Fuhrmann S, et al.
Analysis of pigment-dispersing factor neuropeptides and their receptor in a
velvet worm. Front Endocrinol. 2020;11:273.

Martin C, Mayer G. Insights into the segmental identity of post-oral
commissures and pharyngeal nerves in Onychophora based on retrograde
fills. BMC Neurosci. 2015;16:53.

Martin C, Mayer G. Neuronal tracing of oral nerves in a velvet
worm—implications for the evolution of the ecdysozoan brain. Front
Neuroanat. 2014;8(7):1-13.

Mayer G, Harzsch S. Immunolocalization of serotonin in Onychophora
argues against segmental ganglia being an ancestral feature of arthropods.
BMC Evol Biol. 2007;7:118.

Strausfeld NJ, Strausfeld CM, Loesel R, Rowell D, Stowe S. Arthropod
phylogeny: onychophoran brain organization suggests an archaic
relationship with a chelicerate stem lineage. Proc R Soc B Biol Sci. 2006;273:
1857-66.

Snodgrass RE. Evolution of the Annelida. Onychophora and Arthropoda.
Smith Misc Coll. 1938,97:1-159.

Mayer G. Structure and development of onychophoran eyes—what is the
ancestral visual organ in arthropods. Arthropod Struct Dev. 2006;35:231-45.
Cong P, Ma X, Hou X, Edgecombe GD, Strausfeld NJ. Brain structure resolves
the segmental affinity of anomalocaridid appendages. Nature. 2014;513:
538-42.

Strausfeld NJ. Palaeontology: clearing the heads of Cambrian arthropods.
Curr Biol. 2015;25:R616-8.

Mayer G, Martin C, Oliveira IS, Franke FA, Gross V. Latest anomalocaridid
affinities challenged. Nature. 2014;516:E1-2.

Mayer G, Onychophora. In: Schmidt-Rhaesa A, Harzsch S, Purschke G,
editors. Structure and evolution of invertebrate nervous systems. Oxford:
Oxford University Press; 2016. p. 390-401.

lto K, Shinomiya K, Ito M, Armstrong JD, Boyan G, Hartenstein V, et al. A
systematic nomenclature for the insect brain. Neuron. 2014;81:755-65.
Moritz M, Onychophora. In: Kaestner A, Gruner HE, editors. Lehrbuch der
Speziellen Zoologie, Band I: Wirbellose, Tiere, 3.Teil. Jena, Germany: Gustav
Fischer Verlag; 1982. p. 470-96.

Zacher F. Onychophora. In: Krumbach T, editor. Handbuch der Zoologie. vol.
3. Berlin and Leipzig: De Gruyter & Co.; 1933. 78-138.

Pflugfelder O, Onychophora. In: Pflugfelder O, editor. Lehrbuch der
Entwicklungsgeschichte und Entwicklungsphysiologie der Tiere Jena: Gustav
Fischer; 1970. p. 165-73.

Pflugfelder O. Onychophora. In: Czihak G, editor. Grosses Zoologisches
Praktikum. 13a. Stuttgart: Gustav Fischer; 1968. 1-42.

Schirmann F-W, Common and special features of the nervous system of
Onychophora: a comparison with Arthropoda, Annelida and some other
invertebrates. In: Breidbach O, Kutsch W, editors. The Nervous System of
Invertebrates: An Evolutionary and Comparative Approach. Basel: Birkhduser;
1995. p. 139-58.



Martin et al. BMC Biology

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.
75.
76.
77.

78.

(2022) 20:26

Beckmann H, Hering L, Henze MJ, Kelber A, Stevenson PA, Mayer G. Spectral
sensitivity in Onychophora (velvet worms) revealed by electroretinograms,
phototactic behaviour and opsin gene expression. J Exp Biol. 2015,218:915-
22.

Horridge GA, Onychophora. In: Bullock TH, Horridge GA, editors. Structure
and function in the nervous systems of invertebrates, Volume I. San
Francisco, California: W.H. Freeman Company; 1965. p. 791-8.

Eriksson BJ, Stollewerk A. The morphological and molecular processes of
onychophoran brain development show unique features that are neither
comparable to insects nor to chelicerates. Arthropod Struct Dev. 2010;39:
478-90.

Frase T, Richter S. The fate of the onychophoran antenna. Dev Genes Evol.
2013;223:247-51.

Mayer G, Franke FA, Treffkorn S, Gross V, IdS O, Onychophora. In: Wanninger
A, editor. Evolutionary Developmental Biology of Invertebrates 3: Ecdysozoa
I: Non-Tetraconata. Berlin: Springer; 2015. p. 53-98.

Korschelt E, Heider K, Onychophora (Peripatus). In: Korschelt E, Heider K,
editors. Text-Book of the Embryology of Invertebrates, Volume Ill. Arachnida,
Pentastomidae, Pantopoda, Tardigrada, Onychophora, Myriopoda, Insecta,
vol. 3. London: Swan Sonnenschein and Co,, Ltd,; 1899. p. 164-217.

Butt FH. The structure and some aspects of development of the
onychophoran head. Smith Misc Coll. 1959;137:43-60.

Eriksson BJ, Larson ET, Thorngvist P-O, Tait NN, Budd GE. Expression of
engrailed in the developing brain and appendages of the onychophoran
Euperipatoides kanangrensis (Reid). J Exp Zool Part B Mol Dev Evol. 2005;
304B:1-9.

Lane NJ, Campiglia SS. The lack of a structured blood-brain barrier in the
onychophoran Peripatus acacioi. J Neurocytol. 1987;16:93-104.

Pass G. Antennal circulatory organs in Onychophora, Myriapoda and
Hexapoda: functional morphology and evolutionary implications.
Zoomorphology. 1991;110:145-64.

Storch V, Ruhberg H, Onychophora. In: Harrison FW, Rice ME, editors.
Microscopic Anatomy of Invertebrates, vol. 12. New York: Wiley-Liss; 1993. p.
11-56.

Whitington PM, The evolution of arthropod nervous systems: insights from
neural development in the Onychophora and Myriapoda. In: Striedter GF,
Rubenstein JLR, editors. Theories, Development, Invertebrates, vol. 1. Oxford:
Academic Press; 2007. p. 317-36.

Eriksson BJ, Tait NN, Budd GE, Akam M. The involvement of engrailed and
wingless during segmentation in the onychophoran Euperipatoides
kanangrensis (Peripatopsidae: Onychophora) (Reid 1996). Dev Genes Evol.
2009;219:249-64.

Whitington P, Mayer G. The origins of the arthropod nervous system:
insights from the Onychophora. Arthropod Struct Dev. 2011;40:193-209.
Martin C, Gross V, Hering L, Tepper B, Jahn H, Oliveira IS, et al. The nervous
and visual systems of onychophorans and tardigrades: learning about
arthropod evolution from their closest relatives. J Comp Physiol A. 2017;203:
565-90.

Mayer G, Oliveira IS, Baer A, Hammel JU, Gallant J, Hochberg R. Capture of
prey, feeding, and functional anatomy of the jaws in velvet worms
(Onychophora). Integr Comp Biol. 2015;55:2217-27.

Treffkorn S, Mayer G. Expression of NK genes that are not part of the NK
cluster in the onychophoran Euperipatoides rowelli (Peripatopsidae). BMC
Dev Biol. 2019;19:7.

Treffkorn S, Kahnke L, Hering L, Mayer G. Expression of NK cluster genes in
the onychophoran Euperipatoides rowelli: implications for the evolution of
NK family genes in nephrozoans. EvoDevo. 2018,9:17.

Korschelt E, Heider K, Onychophoren (Peripatus). In: Korschelt E, Heider K,
editors. Lehrbuch der Vergleichenden Entwicklungsgeschichte der
wirbellosen Thiere. Specieller Theil, vol. 2. Gustav Fischer: Jena, Germany;
1891. p. 677-723.

Weber H. Morphologie, Histologie und Entwicklungsgeschichte der
Articulaten. Fortschr Zool. 1952:9:18-231.

Cong P, Ma X, Hou X, Edgecombe GD, Strausfeld NJ, Cong, et al. reply.
Nature. 2014;516:E3-4.

Grube E. Uber den Bau von Peripatus edwardsii. Miiller's Arch Anat Physiol.
1853:322-60.

Bouvier EL. Monographie des Onychophores. Ann. Sci. Nat. Zool. Biol. Anim.
[9e Sér]. 1905;2:1-383.

Marcus E. Sobre os Onychophores. Arq Inst Biol [Sdo Paulo]. 1937,8:255-66.

79.

80.

82.
83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

107.

108.

Page 47 of 51

Pflugfelder O. Entwicklung von Paraperipatus amboinensis n. sp. Zool Jahrb
Abt Anat Ontog Tiere. 1948,69:443-92.

von Kennel J. Entwicklungsgeschichte von Peripatus edwardsii Blanch. und
Peripatus torquatus n.sp. |. Theil. Arb. Zool-Zootom. Inst. Wiirzburg. 1885;7:
95-229.

Foster M, Sedgwick A. The works of Francis Maitland Balfour, vol. 4. London:
Macmillan; 1885.

Minot CS. Balfour's last researches on Peripatus. Science. 1883;2:306-9.
Kemp S. Onychophora. Rec Indian Museum. 1914;8:471-92.

Strausfeld NJ, The divergent evolution of arthropod brains: ground pattern
organization and stability through geological time. In: Byrne JH, editor. The
Oxford Handbook of Invertebrate Neurobiology. New York: Oxford
University Press; 2019. p. 31-69.

Mayer G, Kauschke S, Rudiger J, Stevenson PA. Neural markers reveal a one-
segmented head in tardigrades (water bears). PLoS ONE. 2013;8:259090.
Schumann |, Hering L, Mayer G. Immunolocalization of arthropsin in the
onychophoran Euperipatoides rowelli (Peripatopsidae). Front Neuroanat.
2016;10:1-12.

Jahn H, Oliveira IS, Gross V, Martin C, Hipp A, Mayer G, et al. Evaluation of
contrasting techniques for X-ray imaging of velvet worms (Onychophora). J.
Microsc. 2018;270:343-58.

Hall BK. Francis Maitland Balfour (1851-1882): a founder of evolutionary
embryology. J Exp Zool Part B Mol Dev Evol. 2003;299:3-8.

Lang A. Chapter VI: Second Division of the Arthropoda. In. Text-Book of
Comparative Anatomy. London: Macmillan; 1891. 178-508.

Hilton WA. Nervous system and sense organs. XXXI. Onychophora. J
Entomol Zool. 1928,20:45-9.

Henry LM. The nervous system and the segmentation of the head in the
Annulata. Microentomology. 1948;13:27-48.

Anderson DT. Embryology and Phylogeny in Annelids and Arthropods.
Oxford: Pergamon Press; 1973.

Schirmann F-W, Sandeman DC. Giant fibres in the ventral nerve cord of
Peripatoides leuckarti (Onychophora). Naturwissenschaften. 1976,63:580-1.
Hoyle G, Williams M. The musculature of Peripatus and its innervation. Philos
Trans R Soc Lond B Biol Sci. 1980,288:481-510.

Hoyle G, del Castillo J. Neuromuscular transmission in Peripatus. J Exp Biol.
1979;83:13-29.

Loesel R, Strausfeld NJ. Common design in brains of velvet worms and
chelicerates and their phylogenetic relationships. In: Elsner N, Zimmermann
H, editors. The Neurosciences from Basic Research to Therapy. Stuttgart:
Thieme Verlag; 2003. 677.

Eriksson BJ, Tait NN, Norman JM, Budd GE. An ultrastructural investigation of
the hypocerebral organ of the adult Euperipatoides kanangrensis
(Onychophora, Peripatopsidae). Arthropod Struct Dev. 2005;34:407-18.
Mayer G, Whitington PM. Velvet worm development links myriapods with
chelicerates. Proc R Soc B Biol Sci. 2009;276:3571-9.

Hutton FW. On Peripatus novae-zealandiee. Ann Mag Nat Hist [Series 4]. 1876;
18:361-369.

Pefa-Contreras Z, Mendoza-Bricefio RV, Miranda-Contreras L, Palacios-Pri
EL. Synaptic dimorphism in onychophoran cephalic ganglia. Rev Biol Trop.
2007,55:261-7.

. Sanger N. Peripatus capensis Gr. and Peripatus leuckartii n. sp. In: Proceedings

of the Second Congress of Russian Natural Scientists. Moscow: University
Publisher; 1871. p. 239-62.

. Anonymous. Peripatus capensis Sr. et Peripatus leuckartii, n. sp. Bull Soc

philomath Paris [Serie 9], vol. 3; 1900. p. 9-36.

. Milne-Edwards H. Note sur le Peripate juliforme. Ann Sci Nat [2e Série]. 1842;

18:126-128.

. Sanchez S. Cellules neurosécrétrices et organes infracérébraux de

Peripatopsis moseleyi Wood (Onychophores) et neurosécrétion chez
Nymphon gracile Leach (Pycnogonides). Arch. Zool. Exp. Gen. [Notes Rev.].
1958,96:57-62.

. Balfour FM. Sur certains points de I'anatomie du Peripatus capensis. Arch

Zool Exp. 18798:XIlI-XV.

. Blanchard E. Recherches sur I'organisation des Vers. Ann. Sci. Nat. [3e Sérl].

1847,8:119-149.

Gay C. Malacopodes. In: Gay C, editor. Historia Fisica y Politica de Chile, vol.
3. Paris: En el Museo de Historia Naturale de Santiago; 1849. p. 57-60.

von Kennel J. Entwicklungsgeschichte von Peripatus edwardsii Blanch. und

Peripatus torquatus n. sp. II. Theil. Arb. Zool-Zootom. Inst, vol. 8. Wiirzburg;

1888. p. 1-93.



Martin et al. BMC Biology

109.
110.

111,

114.

115.

116.

17.

118.

119.

125.

126.

127.

128.

129.

130.

134.

(2022) 20:26

Zacher F, Onychophora. In: Korschelt E, editor. Handwérterbuch der
Naturwissenschaften, vol. 7. Jena: Gustav Fischer; 1912. p. 300-7.
Onychophora PO. In: Seidel F, editor. Morphogenese der Tiere. vol. 1. Reihe,
Lieferung 4:)-1. Jena: Gustav Fischer; 1980. p. 13-76.

Ruhberg H, Mayer G, Onychophora, Stummelfi3er. In: Westheide W, Rieger
G, editors. Spezielle Zoologie Teil 1: Einzeller und Wirbellose Tiere. Berlin:
Springer-Verlag; 2013. p. 457-64.

. Leuckart R. Bericht tber die Leistungen der Naturgeschichte der niederen

Thiere wahrend der Jahre 1868-1869. Arch. Naturgesch. 1869;35:207-344.

. Schmarda LK, Ordnung |, Malacopoda Blainville. Onychophora. Grube. In:

Schmarda LK, editor. Zoologie, vol. 2. 2nd ed. Wilhelm Braunmdiller: Wien;
1878. p. 74-7.

Sedgwick A, Peripatus. In: Harmer SF, Shipley AE, editors. Peripatus,
Myriapods and Insects, part |, vol. 5. London: MacMillan & Co.; 1895. p. 3-26.
Balfour FM. On certain points in the anatomy of Peripatus capensis. Q J
Microsc Sci. 1879;19:431-3.

Franke FA, Mayer G. Controversies surrounding segments and parasegments
in Onychophora: insights from the expression patterns of four “segment
polarity genes” in the peripatopsid Euperipatoides rowelli. PLoS ONE. 2014;9:
e114383.

Nylund A, Ruhberg H, Tjonneland A, Meidell B. Heart ultrastructure in four
species of Onychophora (Peripatopsidae and Peripatidae) and phylogenetic
implications. Zool Beitr. 1988;32:17-30.

Strausfeld NJ, Sinakevitch I, Brown SM, Farris SM. Ground plan of the insect
mushroom body: functional and evolutionary implications. J Comp Neurol.
2009;513:265-91.

Flégel J. Uber den einheitlichen Bau des Gehims in den verschiedenen
Insektenordnungen. Z Wiss Zool. 1878;30:556-92.

. Rosenberg J, Seifert G. Feinstruktur der Innervierung des Dorsalgefaes von

Peripatoides leuckarti (Saenger 1869) (Onychophora; Peripatopsidae). Zool
Anz. 1978;201:21-30.

. Oliveira IS, Tait NN, Stribing I, Mayer G. The role of ventral and preventral

organs as attachment sites for segmental limb muscles in Onychophora.
Front Zool. 2013;10:73.

. Cuénot L, Les Onychophores. In: Grassé P-P, editor. Traité de Zoologie, vol.

6. Paris: Masson et Cie Editeurs; 1949, p. 1-37.

. Sedgwick A. The development of the Cape species of Peripatus. Part Ill. On

the changes from stage A to stage F. Q J Microsc Sci. 1887,27:467-550.

. Mayer G, Koch M. Ultrastructure and fate of the nephridial anlagen in the

antennal segment of Epiperipatus biolleyi (Onychophora,
Peripatidae)—evidence for the onychophoran antennae being modified
legs. Arthropod Struct Dev. 2005;34:471-80.

Bern HA, Hagadorn IR, Neurosecretion. In: Bullock TH, Horridge GA, editors.
Structure and function in the nervous systems of invertebrates, Volume I.
San Francisco, California: W.H. Freeman Company; 1965. p. 353-429.

Dakin WJ. The infra-cerebral organs of Peripatus. Q J Microsc Sci. 1922,66:
409-17.

Fedorov BG. On the morphology of the brain of Peripatus. In: Sewertzoff AN,
Matveiev BS, editors. Proceedings of the Second Congress of Zoologists,
Anatomists, and Histologists of USSR: Moscow 4-10 May 1925. Moscow: Izd.
"Glavnauka'; 1927. 92-94.

Duboscq O. Notes sur Opisthopatus cinctipes Purc. I. Sur les poils des
papilles primaires et leur développement. — II. Les organes ventraux du
cerveau. Arch Zool Exp. 1920;59:21-7.

Badonnel A. Sur quelques particularités anatomiques des organs
infracérébraux de péripates caraibes (Onychophores). B Mus Natl Hist Nat.
1963;35:275-90.

Gabe M. Sur l'existence de cellules neuro-sécrétrices chez quelques
Onychophores. C R Hebd Seances Acad Sci. 1954,238:272-4.

. Bouvier EL. A propos d'un travail de H. Sanger sur les Péripates. Bull Soc

philomath Paris [Serie 9]. 1900;3:5-8.

. Heymons R. Die Entwicklungsgeschichte der Scolopender. Zoologica. 1901;

33:1-244.

. Stern M, Bicker G. Mixed cholinergic/glutamatergic neuromuscular

innervation of Onychophora: a combined histochemical/
electrophysiological study. Cell Tissue Res. 2008;333:333-8.

Schirmann F-W. A note on the structure of synapses in the ventral nerve
cord of the onychophoran Peripatoides leuckarti. Cell Tissue Res. 1978;186:
527-34.

. Gaffron E. Beitrdge zur Anatomie und Histologie von Peripatus. Zool Beitr.

1885;1:33-60.

136.
137.

139.

145.

147.

148.

149.

150.

152.

153.

155.

157.

158.

161.

Page 48 of 51

Dakin WJ. The eye of Peripatus. Q J Microsc Sci. 1921,65:163-72.
Gardner CR, Robson EA, Stanford C. The presence of monoamines in the
nervous system of Peripatopsis (Onychophora). Experientia. 1978;34:1577-8.

. Gardner CR, Walker RJ. The roles of putative neurotransmitters and

neuromodulators in annelids and related invertebrates. Prog Neurobiol.
1982;18:81-120.

Schneider KC, Arthropoda X, Protracheata A. In: Schneider KC, editor.
Lehrbuch der Vergleichenden Histologie der Tiere. Jena, Germany: Gustav
Fischer; 1902. p. 443-57.

. Gaffron E. Beitrdge zur Anatomie und Histologie von Peripatus. Il Theil. Zool

Beitr. 1885;1:145-63.

. Moseley HN. On the structure and development of Peripatus capensis. Philos

Trans R Soc Lond B Biol Sci. 1874;164:757-82.

. Strausfeld NJ, Buschbeck EK, Gomez RS, The arthropod mushroom body: Its

functional roles, evolutionary enigmas and mistaken identities. In: Breidbach
O, Kutsch W, editors. The nervous system of invertebrates: an evolutionary
and comparative approach. Basel: Birkhduser Verlag; 1995. p. 349-81.

. Strausfeld NJ, Hansen L, Li Y, Gomez RS, Ito K. Evolution, discovery, and

interpretations of arthropod mushroom bodies. Learn Mem. 1998;5:11-37.

. Heuer CM, Mller CHG, Todt C, Loesel R. Comparative neuroanatomy

suggests repeated reduction of neuroarchitectural complexity in Annelida.
Front Zool. 2010;7:13.

Loesel R, Heuer CM. The mushroom bodies—prominent brain centres of
arthropods and annelids with enigmatic evolutionary origin. Acta Zool.
2010,91:29-34.

. Heuer CM, Loesel R. Three-dimensional reconstruction of mushroom body

neuropils in the polychaete species Nereis diversicolor and Harmothoe
areolata (Phyllodocida, Annelida). Zoomorphology. 2009;128:219-26.

Wolff GH, Strausfeld NJ. Genealogical correspondence of mushroom bodies
across invertebrate phyla. Curr Biol. 2015;25:38-44.

Strausfeld NJ, Wolff GH, Sayre ME. Mushroom body evolution demonstrates
homology and divergence across Pancrustacea. elife. 2020,9:e52411.
Doeffinger C, Hartenstein V, Stollewerk A. Compartmentalisation of the
precheliceral neuroectoderm in the spider Cupiennius salei: development of
the arcuate body, the optic ganglia and the mushroom body. J Comp
Neurol. 2010;518:2612-32.

Sinakevitch |, Long SM, Gronenberg W. The central nervous system of whip
spiders (Amblypygi): large mushroom bodies receive olfactory and visual
input. J Comp Neurol. 2021;529:1642-58.

. Tomer R, Denes AS, Tessmar-Raible K, Arendt D. Profiling by image

registration reveals common origin of annelid mushroom bodies and
vertebrate pallium. Cell. 2010;142:800-9.

Wolff GH, Thoen HH, Marshall J, Sayre ME, Strausfeld NJ. An insect-like
mushroom body in a crustacean brain. eLife. 2017,6.

Strausfeld NJ. Mushroom bodies and reniform bodies coexisting in crabs
cannot both be homologs of the insect mushroom body. J Comp Neurol.
2021;529:3265-71.

. Strausfeld NJ. Nomen est omen, cognitive dissonance, and homology of

memory centers in crustaceans and insects. J Comp Neurol. 2020;528:2595-
601.

Stemme T, lliffe TM, Bicker G. Olfactory pathway in Xibalbanus tulumensis:
remipedian hemiellipsoid body as homologue of hexapod mushroom body.
Cell Tissue Res. 2016;363:635-48.

. Maza FJ, Sztarker J, Cozzarin ME, Lepore MG, Delorenzi A. A crabs' high-

order brain center resolved as a mushroom body-like structure. J Comp
Neurol. 2021;529:501-23.

Maza FJ, Sztarker J, Shkedy A, Peszano VN, Locatelli FF, Delorenzi A. Context-
dependent memory traces in the crab’s mushroom bodies: functional
support for a common origin of high-order memory centers. Proc Natl Acad
Sci USA. 2016;113:E7957-65.

Sayre ME, Strausfeld NJ. Mushroom bodies in crustaceans: insect-like
organization in the caridid shrimp Lebbeus groenlandicus. J Comp Neurol.
2019;,527:2371-87.

. Strausfeld NJ, Sayre ME. Mushroom bodies in Reptantia reflect a major

transition in crustacean brain evolution. J Comp Neurol. 2019.

. Machon J, Krieger J, Meth R, Zbinden M, Ravaux J, Montagné N, et al.

Neuroanatomy of a hydrothermal vent shrimp provides insights into the
evolution of crustacean integrative brain centers. eLife. 2019;8:247550.
Fanenbruck M, Harzsch S, Wéagele JW. The brain of the Remipedia
(Crustacea) and an alternative hypothesis on their phylogenetic
relationships. Proc Natl Acad Sci USA. 2004;101:3868-73.



Martin et al. BMC Biology

162.

163.

164.

165.

166.

169.

170.

171.

172.

173.

178.

180.

181.

182.

183.

184.

185.

186.

188.

(2022) 20:26

Stegner ME, Brenneis G, Richter S. The ventral nerve cord in Cephalocarida
(Crustacea): new insights into the ground pattern of Tetraconata. J Morphol.
2014;,275:269-94.

Kalderon D, Rubin GM. Isolation and characterization of Drosophila cAMP-
dependent protein kinase genes. Genes Dev. 1988;2:1539-56.

Skoulakis EM, Kalderon D, Davis RL. Preferential expression in mushroom
bodies of the catalytic subunit of protein kinase A and its role in learning
and memory. Neuron. 1993;11:197-208.

Heuer CM, Kollmann M, Binzer M, Schachtner J. Neuropeptides in insect
mushroom bodies. Arthropod Struct Dev. 2012;41:199-226.

Farris SM, Sinakevitch I. Development and evolution of the insect
mushroom bodies: towards the understanding of conserved developmental

mechanisms in a higher brain center. Arthropod Struct Dev. 2003;32:79-101.
. Gross V, Epple L, Mayer G. Organization of the central nervous system and

innervation of cephalic sensory structures in the water bear Echiniscus
testudo (Tardigrada: Heterotardigrada) revisited. J Morphol. 2021,282:1298-
312.

. Eriksson BJ, Tait NN, Budd GE, Janssen R, Akam M. Head patterning and Hox

gene expression in an onychophoran and its implications for the arthropod
head problem. Dev Genes Evol. 2010,220:117-22.

Steinhoff POM, Uhl G, Harzsch S, Sombke A. Visual pathways in the brain of
the jumping spider Marpissa muscosa. J Comp Neurol. 2020;528.

Long SM. Variations on a theme: morphological variation in the secondary
eye visual pathway across the order of Araneae. J Comp Neurol. 2021;529:
259-80.

Lehmann T, Melzer RR. Also looking like Limulus?—Retinula axons and
visual neuropils of Amblypygi (whip spiders). Front Zool. 2018;15:52.
Lehmann T, Melzer RR. Looking like Limulus?-Retinula axons and visual
neuropils of the median and lateral eyes of scorpions. Front Zool. 2013;10:
40.

Heisenberg M. Mushroom body memoir: from maps to models. Nat Rev
Neurosci. 2003;4:266-75.

. Menzel R. The insect mushroom body, an experience-dependent recoding

device. J Physiol Paris. 2014;108:84-95.

. Guven-Ozkan T, Davis RL. Functional neuroanatomy of Drosophila olfactory

memory formation. Learn Mem. 2014;21:519-26.

. Stopfer M. Central processing in the mushroom bodies. Curr Opin Insect Sci.

2014;6:99-103.

. Owald D, Waddell S. Olfactory learning skews mushroom body output

pathways to steer behavioral choice in Drosophila. Curr Opin Neurobiol.
2015;35:178-84.

Li F, Lindsey JW, Marin EC, Otto N, Dreher M, Dempsey G, et al. The
connectome of the adult Drosophila mushroom body provides insights into
function. elLife. 2020,9:62576.

. Scaplen KM, Talay M, Fisher JD, Cohn R, Sorkag A, Aso Y, et al. Transsynaptic

mapping of Drosophila mushroom body output neurons. eLife. 2021;10:
€63379.

Skoulakis EM, Davis RL. Olfactory learning deficits in mutants for leonardo, a
Drosophila gene encoding a 14-3-3 protein. Neuron. 1996;17:931-44.
Wang Z, Palmer G, Griffith LC. Regulation of Drosophila Ca**/calmodulin-
dependent protein kinase Il by autophosphorylation analyzed by site-
directed mutagenesis. J Neurochem. 1998;71:378-87.

Ballard J, Olsen G, Faith D, Odgers W, Rowell D, Atkinson P. Evidence from
125 ribosomal RNA sequences that onychophorans are modified
arthropods. Science. 1992;258:1345-8.

Pfeiffer K, Homberg U. Organization and functional roles of the central
complex in the insect brain. Annu Rev Entomol. 2014;59:165-84.
Homberg U, Structure and functions of the central complex in insects. In:
Gupta AP, editor. Arthropod brain, its evolution, development, structure,
and functions. New York: John Wiley & Sons; 1987. p. 347-67.

el Jundi B, Warrant EJ, Pfeiffer K, Dacke M. Neuroarchitecture of the dung
beetle central complex. J Comp Neurol. 2018;526:2612-30.

Utting M, Agricola H-J, Sandeman R, Sandeman D. Central complex in the
brain of crayfish and its possible homology with that of insects. J Comp
Neurol. 2000,416:245-61.

. Wolff T, lyer NA, Rubin GM. Neuroarchitecture and neuroanatomy of the

Drosophila central complex: a GAL4-based dissection of protocerebral
bridge neurons and circuits. J Comp Neurol. 2015;523:997-1037.

Benton JL, Sandeman DC, Beltz BS. Nitric oxide in the crustacean brain:
regulation of neurogenesis and morphogenesis in the developing olfactory
pathway. Dev Dyn. 2007;236:3047-60.

189.

190.

193.

194.

195.

197.

198.

200.

201.

202.

203.

204.

205.

206.

208.

209.

Page 49 of 51

Krieger J, Sandeman RE, Sandeman DC, Hansson BS, Harzsch S. Brain
architecture of the largest living land arthropod, the Giant Robber Crab
Birgus latro (Crustacea, Anomura, Coenobitidae): evidence for a prominent
central olfactory pathway. Front Zool. 2010;7:25.

Sandeman D, Sandeman R, Derby C, Schmidt M. Morphology of the brain
of crayfish, crabs, and spiny lobsters: a common nomenclature for
homologous structures. Biol Bull. 1992;183:304-26.

. Groh C, Kelber C, Griibel K, Rossler W. Density of mushroom body synaptic

complexes limits intraspecies brain miniaturization in highly polymorphic
leaf-cutting ant workers. Proc R Soc B Biol Sci. 2014;281:20140432.

. Hamanaka Y, Minoura R, Nishino H, Miura T, Mizunami M. Dopamine- and

tyrosine hydroxylase-immunoreactive neurons in the brain of the American
cockroach, Periplaneta americana. PLoS ONE. 2016;11:¢0160531.

Steinhoff PO, Sombke A, Liedtke J, Schneider JM, Harzsch S, Uhl G. The
synganglion of the jumping spider Marpissa muscosa (Arachnida: Salticidae):
insights from histology, immunohistochemistry and microCT analysis.
Arthropod Struct Dev. 2017,46:156-70.

Schildberger K. Local interneurons associated with the mushroom bodies
and the central body in the brain of Acheta domesticus. Cell Tissue Res.
1983;230:573-86.

von Hadeln J, Hensgen R, Bockhorst T, Rosner R, Heidasch R, Pegel U, et al.
Neuroarchitecture of the central complex of the desert locust: tangential
neurons. J Comp Neurol. 2019;528:906-34.

. Aso Y, Hattori D, Yu Y, Johnston RM, lyer NA, Ngo T-TB, et al. The neuronal

architecture of the mushroom body provides a logic for associative
learning. eLife. 2014;3:e04577.

Kamhi JF, Barron AB, Narendra A. Vertical lobes of the mushroom bodies are
essential for view-based navigation in Australian Myrmecia ants. Curr Biol.
2020;30(e3433):3432-7.

Buehlmann C, Wozniak B, Goulard R, Webb B, Graham P, Niven JE.
Mushroom bodies are required for learned visual navigation, but not for
innate visual behavior, in ants. Curr Biol. 2020;30(e3432):3438-43.

. Green J, Maimon G. Building a heading signal from anatomically defined

neuron types in the Drosophila central complex. Curr Opin Neurobiol. 2018;
52:156-64.

Honkanen A, Adden A, da Silva FJ, Heinze S. The insect central complex and
the neural basis of navigational strategies. J Exp Biol. 2019,222;jeb188854.
Kirwan JD, Graf J, Smolka J, Mayer G, Henze MJ, Nilsson D-E. Low-resolution
vision in a velvet worm (Onychophora). J Exp Biol. 2018;221:jeb175802.
Manton SM. The evolution of arthropodan locomotory mechanisms. Part 11:
Habits, morphology and evolution of the Uniramia (Onychophora,
Myriapoda and Hexapoda) and comparisons with the Arachnida, together
with a functional review of uniramian musculature. Zool J Linn Soc. 1973;53:
257-375.

Manton SM. Locomotory habits and the evolution of the larger arthropodan
groups. In. Evolution [Symposia of the Society for Experimental Biology, vol.
7]. London: Society for Experimental Biology; 1953. 339-376.

Loesel R, Seyfarth E-A, Braunig P, Agricola H-J. Neuroarchitecture of the
arcuate body in the brain of the spider Cupiennius salei (Araneae,
Chelicerata) revealed by allatostatin-, proctolin-, and CCAP-
immunocytochemistry and its evolutionary implications. Arthropod Struct
Dev. 2011;40:210-20.

Sombke A, Rosenberg J, Myriapoda. In: Schmidt-Rhaesa A, Harzsch S,
Purschke G, editors. Structure and evolution of invertebrate nervous
systems. Oxford: Oxford University Press; 2016. p. 478-91.

Sombke A, Lipke E, Kenning M, Carsten HG, Miiller CHG, Hansson BS, et al.
Comparative analysis of deutocerebral neuropils in Chilopoda (Myriapoda):
implications for the evolution of the arthropod olfactory system and
support for the Mandibulata concept. BMC Neurosci. 2012;13:1.

. Loesel R, Néssel DR, Strausfeld NJ. Common design in a unique midline

neuropil in the brains of arthropods. Arthropod Struct Dev. 2002;31:77-91.
Strausfeld NJ. Atlas of an insect brain. Berlin, Heidelberg: Springer-Verlag;
1976.

Gross V, Mayer G. Neural development in the tardigrade Hypsibius dujardini
based on anti-acetylated a-tubulin immunolabeling. EvoDevo. 20156:12.

. Vitzthum H, Homberg U, Agricola H. Distribution of Dip-allatostatin I-like

immunoreactivity in the brain of the locust Schistocerca gregaria with
detailed analysis of immunostaining in the central complex. J Comp Neurol.
1996;369:419-37.

. Homberg U. Evolution of the central complex in the arthropod brain with

respect to the visual system. Arthropod Struct Dev. 2008;37:347-62.



Martin et al. BMC Biology

212,

213.

214,

215.

217.

218.

219.

220.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

(2022) 20:26

Groh C, Lu Z, Meinertzhagen IA, Rossler W. Age-related plasticity in the
synaptic ultrastructure of neurons in the mushroom body calyx of the adult
honeybee Apis mellifera. } Comp Neurol. 2012;520:3509-27.

Trager U, Wagner R, Bausenwein B, Homberg U. A novel type of
microglomerular synaptic complex in the polarization vision pathway of the
locust brain. J Comp Neurol. 2008;506:288-300.

Ignell R, Anton S, Hansson BS. The antennal lobe of Orthoptera—anatomy
and evolution. Brain Behav Evol. 2001;57:1-17.

Schmitt F, Stieb SM, Wehner R, Rossler W. Experience-related reorganization
of giant synapses in the lateral complex: potential role in plasticity of the
sky-compass pathway in the desert ant Cataglyphis fortis. Dev Neurobiol.
2016;76:390-404.

. Held M, Berz A, Hensgen R, Muenz TS, Scholl C, Rossler W, et al.

Microglomerular synaptic complexes in the sky-compass network of the
honeybee connect parallel pathways from the anterior optic tubercle to the
central complex. Front Behav Neurosci. 2016;10:186.

Yasuyama K, Meinertzhagen IA, Schiirmann F-W. Synaptic organization of
the mushroom body calyx in Drosophila melanogaster. J} Comp Neurol.
2002;445:211-26.

Groh C, Réssler W. Comparison of microglomerular structures in the
mushroom body calyx of neopteran insects. Arthropod Struct Dev. 2011;40:
358-67.

Frambach |, Rossler W, Winkler M, Schiirmann F-W. F-actin at identified
synapses in the mushroom body neuropil of the insect brain. J Comp
Neurol. 2004;475:303-14.

Leiss F, Groh C, Butcher NJ, Meinertzhagen IA, Tavosanis G. Synaptic
organization in the adult Drosophila mushroom body calyx. J Comp Neurol.
2009;517:808-24.

. Stegner MEJ, Richter S. Morphology of the brain in Hutchinsoniella macracantha

(Cephalocarida, Crustacea). Arthropod Struct Dev. 2011;40:221-43.

Mellon DF Jr, Alones V, Lawrence MD. Anatomy and fine structure of
neurons in the deutocerebral projection pathway of the crayfish olfactory
system. J Comp Neurol. 1992,321:93-111.

Sullivan JM, Beltz BS. Neural pathways connecting the deutocerebrum and
lateral protocerebrum in the brains of decapod crustaceans. J Comp Neurol.
2001;441:9-22.

Brown S, Wolff G. Fine structural organization of the hemiellipsoid body of the
land hermit crab, Coenobita clypeatus. J Comp Neurol. 2012,520:2847-63.
Wolff GH, Harzsch S, Hansson BS, Brown S, Strausfeld NJ. Neuronal
organization of the hemiellipsoid body of the land hermit crab, Coenobita
clypeatus: correspondence with the mushroom body ground pattern. J
Comp Neurol. 2012;520:2824-46.

Strausfeld NJ, Barth FG. Two visual systems in one brain: neuropils serving
the secondary eyes of the spider Cupiennius salei. J Comp Neurol. 1993;328:
43-62.

Schachtner J, Schmidt M, Homberg U. Organization and evolutionary trends
of primary olfactory brain centers in Tetraconata (Crustacea + Hexapoda).
Arthropod Struct Dev. 2005;34:257-99.

Kollmann M, Schmidt R, Heuer CM, Schachtner J. Variations on a theme:
antennal aobe architecture across Coleoptera. PLoS ONE. 2016;11:¢0166253.
Sandeman DC, Kenning M, Harzsch S. Adaptive trends in malacostracan
brain form and function related to behavior. In: Derby C, Thiel M, editors.
Crustacean nervous system and their control of behaviour, the natural
history of the Crustacea. vol. 3: Oxford University Press; 2014. 11-48.
Sandeman DG, Luff SE. The structural organization of glomerular neuropile
in the olfactory and accessory lobes of an Australian freshwater crayfish,
Cherax destructor, Z Zellforsch Mikrosk Anat 1973;142:37-61.

Sullivan JM, Beltz BS. Evolutionary changes in the olfactory projection
neuron pathways of eumalacostracan crustaceans. J Comp Neurol. 2004;470:
25-38.

Strausfeld NJ, Weltzien P, Barth FG. Two visual systems in one brain:
neuropils serving the principal eyes of the spider Cupiennius salei. J Comp
Neurol. 1993;328:63-75.

Harzsch S, Krieger J. Crustacean olfactory systems: a comparative review and
a crustacean perspective on olfaction in insects. Prog Neurobiol. 2018;161:
23-260.

van Wijk M, Wadman WJ, Sabelis MW. Gross morphology of the central
nervous system of a phytoseiid mite. Exp Appl Acarol. 2006;40:205-16.
Sombke A, Klann AE, Lipke E, Wolf H. Primary processing neuropils
associated with the malleoli of camel spiders (Arachnida, Solifugae): a re-
evaluation of axonal pathways. Zoological Lett. 2019;5:26.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

Page 50 of 51

. Drozd D, Wolf H, Stemme T. Structure of the pecten neuropil pathway and
its innervation by bimodal peg afferents in two scorpion species. PLoS ONE.
2020;15:€0243753.

Wiegmann DD, Hebets EA, Gronenberg W, Graving JM, Bingman VP.
Amblypygids: model organisms for the study of arthropod navigation
mechanisms in complex environments. Front Behav Neurosci. 2016;10.
Nilsson DE, Osorio D. Homology and parallelism in arthropod sensory
processing. In. Arthropod Relationships. London: Chapman & Hall; 1997.
333-347.

Eisthen HL. Why are olfactory systems of different animals so similar. Brain
Behav Evol. 2002,59:273-93.

Vizueta J, Escuer P, Frias-Lépez C, Guirao-Rico S, Hering L, Mayer G, et al.
Evolutionary history of major chemosensory gene families across
Panarthropoda. Mol Biol Evol. 2020;37:3601-15.

Barclay S, Rowell DM, Ash J. Pheromonally mediated colonization patterns
in the velvet worm Euperipatoides rowelli (Onychophora). J Zool. 2000;250:
437-46.

Read VMSJ, Hughes RN. Feeding behaviour and prey choice in
Macroperipatus torquatus (Onychophora). Proc R Soc B Biol Sci. 1987;230:
483-506.

Kleineidam CJ, Obermayer M, Halbich W, Rossler W. A macroglomerulus in
the antennal lobe of leaf-cutting ant workers and its possible functional
significance. Chem Senses. 2005;30:383-92.

Kelber C, Rossler W, Roces F, Kleineidam CJ. The antennal lobes of fungus-
growing ants (Attini): neuroanatomical traits and evolutionary trends. Brain
Behav Evol. 2009;73:273-84.

Koch SI, Groh K, Vogel H, Hannson BS, Kleineidam CJ, Grosse-Wilde E. Caste-
specific expression patterns of immune response and chemosensory related
genes in the leaf-cutting ant, Atta vollenweideri. PLoS ONE. 2013,;8:e81518.
Mobbs P. The brain of the honeybee Apis mellifera. |. The connections and
spatial organization of the mushroom bodies. Philos Trans R Soc Lond B
Biol Sci. 1982,298:309-54.

Bicker G, Kreissl S, Hofbauer A. Monoclonal antibody labels olfactory and
visual pathways in Drosophila and Apis brains. J Comp Neurol. 1993;335:
413-24.

Abel R, Rybak J, Menzel R. Structure and response patterns of olfactory
interneurons in the honeybee, Apis mellifera. J Comp Neurol. 2001;437:363—
83.

Galizia CG, Insect olfaction. Firestein S, Beauchamp G, editors. The senses: a
comprehensive reference. vol. 4: Olfaction and Taste. Amsterdam, Boston,
Heidelberg, London, New York, Oxford, Paris, San Diego, San Francisco,
Singapore, Sydney, Tokyo: Elsevier; 2008. p. 725-69.

Schultzhaus JN, Saleem S, Iftikhar H, Carney GE. The role of the Drosophila
lateral horn in olfactory information processing and behavioral response. J
Insect Physiol. 2017,98:29-37.

Scholtz G, Edgecombe GD, Heads, Hox and the phylogenetic position of
trilobites. In: Koenemann S, Jenner RA, editors. Crustacea and Arthropod
Relationship, vol. 16. Boca Raton, Florida: CRC Press; 2005. p. 139-65.
Manton SM. Studies on the Onychophora VII. The early embryonic stages of
Peripatopsis, and some general considerations concerning the morphology
and phylogeny of the Arthropoda. Philos Trans R Soc B. 1949;233:483-580.
Butt FH. Head development in the arthropods. Biological Reviews
(Cambridge). 1960;35:43-91.

Budd GE. A palaeontological solution to the arthropod head problem.
Nature. 2002;417:271-5.

Scholtz G, Edgecombe GD. The evolution of arthropod heads: reconciling
morphological, developmental and palaeontological evidence. Dev Genes
Evol. 2006,216:395-415.

Ou Q, Shu D, Mayer G. Cambrian lobopodians and extant onychophorans
provide new insights into early cephalization in Panarthropoda. Nat
Commun. 2012;3:1261.

Frase T, Richter S. Nervous system development in the fairy shrimp
Branchinella sp. (Crustacea: Branchiopoda: Anostraca): insights into the
development and evolution of the branchiopod brain and its sensory
organs. J Morphol. 2016;277:1423-46.

Janssen R. Comparative analysis of gene expression patterns in the
arthropod labrum and the onychophoran frontal appendages, and its
implications for the arthropod head problem. EvoDevo. 2017,8:1.
Ortega-Herndndez J, Budd GE. The nature of non-appendicular anterior
paired projections in Palaeozoic total-group Euarthropoda. Arthropod Struct
Dev. 2016;45:185-99.



Martin et al. BMC Biology

260.

261.
202.

263.

264.

265.

266.
267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.
280.
281.

282.

283.

284.

285.

(2022) 20:26

Ortega-Hernadndez J, Janssen R, Budd GE. Origin and evolution of the
panarthropod head—a palaeobiological and developmental perspective.
Arthropod Struct Dev. 2017,46:354-79.

Aria C. Macroevolutionary patterns of body plan canalization in
euarthropods. Paleobiology. 2020;46:569-93.

Mayer G. Origin and differentiation of nephridia in the Onychophora
provide no support for the Articulata. Zoomorphology. 2006;125:1-12.
Janssen R, Eriksson BJ, Budd GE, Akam M, Prpic NM. Gene expression
patterns in an onychophoran reveal that regionalization predates limb
segmentation in pan-arthropods. Evol Dev. 2010;12:363-72.

Legg DA, Vannier J. The affinities of the cosmopolitan arthropod /soxys and
its implications for the origin of arthropods. Lethaia. 2013;46:540-50.
Whittington HB. The lobopod animal Aysheaia pedunculata Walcott, Middle
Cambrian, Burgess Shale, British Columbia. Philos Trans R Soc B Biol Sci.
1978,284:165-97.

Edgecombe GD, Legg DA. Origins and early evolution of arthropods.
Palaeontology. 2014;57:457-68.

Rogers BT, Kaufman TC. Structure of the insect head in ontogeny and
phylogeny: a view from Drosophila. Int Rev Cytol. 1997;174:1-84.

Prpic N-M, Wigand B, Damen WG, Klingler M. Expression of dachshund in
wild-type and Distal-less mutant Tribolium corroborates serial homologies in
insect appendages. Dev Genes Evol. 2001,211:467-77.

Boyan GS, Braunig P, Posser S, Williams JLD. Embryonic development of the
sensory innervation of the clypeo-labral complex: further support for serially
homologous appendages in the locust. Arthropod Struct Dev. 2003;32:289-
302.

Ungerer P, Wolff C. External morphology of limb development in the
amphipod Orchestia cavimana (Crustacea, Malacostraca, Peracarida).
Zoomorphology. 2005;124:89-99.

Kimm MA, Prpic NM. Formation of the arthropod labrum by fusion of
paired and rotated limb-bud-like primordia. Zoomorphology. 2006;125:147—
55.

Posnien N, Bashasab F, Bucher G. The insect upper lip (labrum) is a
nonsegmental appendage-like structure. Evol Dev. 2009;11:480-8.
Mittmann B, Wolff C. Embryonic development and staging of the cobweb
spider Parasteatoda tepidariorum C. L. Koch, 1841 (syn.: Achaearanea
tepidariorum; Araneomorphae; Theridiidae). Dev Genes Evol. 2012;222:189-
216.

Frase T, Richter S. The brain and the corresponding sense organs in
calanoid copepods—evidence of vestiges of compound eyes. Arthropod
Struct Dev. 2020;54:100902.

Ou Q, Liu J, Shu D, Han J, Zhang Z, Wan X, et al. A rare onychophoran-like
lobopodian from the Lower Cambrian Chengjiang Lagerstatte, Southwest
China, and its phylogenetic implications. J Paleontol. 2011,85:587-94.
Thompson |, Jones DS. A possible onychophoran from the Middle
Pennsylvanian Mazon Creek Beds of northern lllinois. J Paleontol. 1980;54:
588-96.

Haug JT, Mayer G, Haug C, Briggs DEG. A Carboniferous non-onychophoran
lobopodian reveals long-term survival of a Cambrian morphotype. Curr Biol.
2012;22:1673-5.

Halberg KA, Persson D, Mabjerg N, Wanninger A, Kristensen RM.
Myoanatomy of the marine tardigrade Halobiotus crispae (Eutardigrada:
Hypsibiidae). J Morphol. 2009;270:996-1013.

Smith MR, Ortega-Hernandez J. Hallucigenia's onychophoran-like claws and
the case for Tactopoda. Nature. 2014;514:363-6.

Budd GE. The origin and evolution of the euarthropod labrum. Arthropod
Struct Dev. 2021;62:101048.

Zeng H, Zhao F, Niu K, Zhu M, Huang D. An early Cambrian euarthropod
with radiodont-like raptorial appendages. Nature. 2020;588:101-5.

Haug JT, Waloszek D, Maas A, Liu Y, Haug C. Functional morphology,
ontogeny and evolution of mantis shrimp-like predators in the Cambrian.
Palaeontology. 2012;55:369-99.

Chen J, Waloszek D, Maas A. A new “great appendage” arthropod from the
Lower Cambrian of China and homology of chelicerate chelicerae and
raptorial antero-ventral appendages. Lethaia. 2004;37:3-20.

Waloszek D, Chen J, Maas A, Wang X. Early Cambrian arthropods — new

insights into arthropod head and structural evolution. Arthropod Struct Dev.

2005;34:189-205.
Liu Y, Ortega-Hernandez J, Zhai D, Hou X. A reduced labrum in a Cambrian
great-appendage euarthropod. Curr Biol. 2020;30:1-5.

286.

287.

288.

289.

290.

291

292.

293.

294.

295.

296.
297.
298.
299.

300.

301

302.

303.

304.

305.

Page 51 of 51

. Berry R, van Kleef J, Stange G. The mapping of visual space by dragonfly

lateral ocelli. J Comp Physiol A. 2007;193:495-513.

Mizunami M. Neural organization of ocellar pathways in the cockroach
brain. J Comp Neurol. 1995;352:458-68.

Greven H. Comments on the eyes of tardigrades. Arthropod Struct Dev.
2007,36:401-7.

Baer A, Mayer G. Comparative anatomy of slime glands in Onychophora
(velvet worms). J Morphol. 2012;273:1079-88.

Haibel A, Beckmann F, Dose T, Herzen J, Ogurreck M, Mller M, et al. Latest
developments in microtomography and nanotomography at PETRA III.
Powder Diffr. 2010;25:161-4.

. Greving |, Wilde F, Ogurreck M, Herzen J, Hammel JU, Hipp A, et al. P05

imaging beamline at PETRA III: first results. Proc Spie. 2014,9212:921200-
92121-8.

Moosmann J, Ershov A, Weinhardt V, Baumbach T, Prasad MS, LaBonne C,
et al. Time-lapse X-ray phase-contrast microtomography for in vivo imaging
and analysis of morphogenesis. Nat Protoc. 2014;9:294-304.

van Aarle W, Palenstijn WJ, Cant J, Janssens E, Bleichrodt F, Dabravolski A,
et al. Fast and flexible X-ray tomography using the ASTRA toolbox. Opt
Express. 2016;24:25129-47.

van Aarle W, Palenstijn WJ, De Beenhouwer J, Altantzis T, Bals S, Batenburg
KJ, et al. The ASTRA Toolbox: a platform for advanced algorithm
development in electron tomography. Ultramicroscopy. 2015;157:35-47.
Palenstijn WJ, Batenburg KJ, Sijbers J. Performance improvements for
iterative electron tomography reconstruction using graphics processing
units (GPUs). J Struct Biol. 2011;176:250-3.

Romeis B. Mikroskopische Technik, vol. 16. R. Oldenbourg Verlag: Minchen;
1968.

Heidenhain M. Uber die mallorysche Bindegewebsfarbung mit Karmin und
Azokarmin als Vorfarben. Z Wiss Mikrosk. 1915;32:361-72.

Geidies H. Abgednderte Azan-Methoden. Mikrokosmos. 1954;42:239-40.
Klagges BRE, Heimbeck G, Godenschwege TA, Hofbauer A, Pflugfelder GO,
Reifegerste R, et al. Invertebrate synapsins: a single gene codes for several
isoforms in Drosophila. J Neurosci. 1996;16:3154-65.

Harzsch S, Hansson BS. Brain architecture in the terrestrial hermit crab
Coenobita clypeatus (Anomura, Coenobitidae), a crustacean with a good
aerial sense of smell. BMC Neurosci. 2008;9:58.

. Ott SR. Confocal microscopy in large insect brains: zinc-formaldehyde

fixation improves synapsin immunostaining and preservation of
morphology in whole-mounts. J Neurosci Methods. 2008;172:220-30.
Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T,

et al. Fiji: an open-source platform for biological-image analysis. Nat Meth.
2012,9:676-82.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of
image analysis. Nat Meth. 2012,9:671-5.

Bucher D, Scholz M, Stetter M, Obermayer K, Pfliiger HJ. Correction methods
for three-dimensional reconstructions from confocal images: I. tissue
shrinking and axial scaling. J Neurosci Methods. 2000;100:135-43.

Nischik ES, Krieger J. Evaluation of standard imaging techniques and
volumetric preservation of nervous tissue in genetically identical offspring
of the crayfish Procambarus fallax cf. virginalis (Marmorkrebs). PeerJ. 2018;6:
e5181.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	General features of the nervous system
	Organisation of the brain and associated structures
	Frontal body
	Central body
	Mushroom bodies
	Ponticulus
	Brain commissures 1–3
	Antennal pathways
	Microglomeruli
	Visual pathways
	Other brain regions


	Discussion
	Anatomy and homology of mushroom bodies
	Controversies surrounding the frontal body
	Organisation of the central body revisited
	Novel microglomerular neuropils with uncertain role
	Olfactory glomeruli: a remarkable case of homoplasy across panarthropods
	Potential homologues of onychophoran antennae across panarthropods
	Open questions regarding the organisation of visual neuropils

	Conclusions
	Methods
	Collection and maintenance of specimens
	Synchrotron radiation-based X-ray micro-computed tomography
	Histology and light microscopy
	Immunohistochemistry and confocal laser scanning microscopy
	Data and image processing
	Abbreviations

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

