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Abstract
The subgenual organ complex in the leg of Polyneoptera (In-
secta) consists of several chordotonal organs specialized to 
detect mechanical stimuli from substrate vibrations and air-
borne sound. In stick insects (Phasmatodea), the subgenual 
organ complex contains the subgenual organ and the distal 
organ located distally to the subgenual organ. The subgen-
ual organ is a highly sensitive detector for substrate vibra-
tions. The distal organ has a characteristic linear organiza-
tion of sensilla and likely also responds to substrate vibra-
tions. Despite its unique combination of sensory organs, the 
neuroanatomy of the subgenual organ complex of stick in-
sects has been investigated for only very few species so far. 
Phylogenomic analysis has established for Phasmatodea the 
early branching of the sister groups Oriophasmata, the Old 
World phasmids, and Occidophasmata, the New World phas-
mids. The species studied for the sensory neuroanatomy, in-
cluding the Indian stick insect Carausius morosus, belong to 
the Old World stick insects. Here, the neuroanatomy of the 
subgenual organ complex is presented for a first species of 

the New World stick insects, the Peruvian stick insect Oreo-
phoetes peruana. To document the sensory organs in the 
subgenual organ complex and their innervation pattern, and 
to compare these between females and males of this species 
and also to the Old World stick insects, axonal tracing is used. 
This study documents the same sensory organs for O. perua-
na, subgenual organ and distal organ, as in other stick in-
sects. Between the sexes of this species, there are no notable 
differences in the neuroanatomy of their sensory organs. The 
innervation pattern of tibial nerve branches in O. peruana is 
identical to other stick insect species, although the innerva-
tion pattern of the subgenual organ by a single tibial nerve 
branch is simpler. The shared organization of the organs in 
the subgenual organ complex in both groups of Neophas-
matodea (Old World and New World stick insects) indicates 
the sensory importance of the subgenual organ but also of 
the distal organ. Some variation exists in the innervation of 
the chordotonal organs in O. peruana though a common in-
nervation pattern can be identified. The findings raise the 
question for the ancestral neuroanatomical organization 
and innervation in stick insects. © 2022 The Author(s).
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Introduction

Insect mechanosensory organs can show elaborate 
structures, by a high number of sensilla, several receptor 
organs in appendages or body segments, or a finely or-
dered projection of afferents into the central nervous sys-
tem [Field and Matheson, 1998; Yager, 1999; Albert and 
Göpfert, 2015; Liang et al., 2017; Dickerson et al., 2021]. 
Comparison of such neuroanatomical data from closely 
related species or more diverged clades can show the evo-
lutionary diversification of sensory organs and adaptive 
differences, which may also underlie species-specific be-
haviours [Dumont and Robertson, 1986; Katz, 2011; 
Barker, 2021].

Mechanoreceptors of arthropods, in particular chor-
dotonal organs consisting of scolopidial sensilla [Keil, 
1997; Field and Matheson, 1998; Liang et al., 2017], have 
developed complex functional morphologies. The sub-
genual organ (SGO) complex is an elaborate chordotonal 
complex of several sensory organs in the proximal tibia of 
orthopteroid insects [Strauß et al., 2021b]. These sensory 
organs respond to substrate vibrations, airborne sound, 
or both [Kalmring et al., 1994; Strauß et al., 2021b]. Stick 
insects (Phasmatodea) are among those insects with com-
plex chordotonal organs in the tibia. While stick insects, 
in particular the Indian stick insect Carausius morosus, 
serve as models for neurophysiology and locomotion 
control [Bässler, 1983, 1993; Büschges and Gruhn, 2008; 
Bradler and Buckley, 2018], only very few species of stick 
insects have been studied in depth for the SGO complex 
in the tibia. The organ complex commonly includes the 
SGO [Čokl et al., 2006; Strauß et al., 2021b], which is 
highly sensitive to substrate vibrations [Dambach, 1972; 
Eberhard et al., 2010; Strauß and Lakes-Harlan, 2017] and 
also to airborne sound [Shaw, 1994]. In addition, the dis-
tal organ (DO) is placed next to the SGO and contains ca. 
20 sensilla and they are arranged in a linear row. As the 
SGO spans the tibia transversely and the DO orients in 
distal direction of the tibia, the two organs are placed al-
most perpendicularly to each other [Strauß and Lakes-
Harlan, 2013; Strauß et al., 2021a]. This combination of 
sensory organs and their elaborate anatomy of the DO is 
unique to stick insects [Strauß and Lakes-Harlan, 2013]. 
By the position in the haemolymph channel, the DO pos-
sibly also detects vibrations transferred along the leg 
[Strauß and Lakes-Harlan, 2017].

The elaborate sensory complex seen in stick insects 
requires further investigations regarding its evolution 
and sensory adaptations in mechanosensation. So far, 
the tibial organs have been studied in a few stick insect 

species only. The leg innervation in stick insects has 
mainly been documented in the proximal parts of the leg 
[Marquardt, 1940; Godden, 1972; Bässler, 1983; Gold-
ammer et al., 2012], while the tibia and the SGO complex 
have also been analysed for their innervations, with dis-
tinct nerve branches supplying the SGO and DO in C. 
morosus and Sipyloidea sipylus [Friedrich, 1929; Strauß 
and Lakes-Harlan, 2013]. The latter belong to the major 
clade of Oriophasmata, the Eastern or Old World phas-
mids [Simon et al., 2019]. Recent phylogenomic analysis 
has established their sister group, the Occidophasmata, 
which covers the New World phasmids [Simon et al., 
2019]. From this group, neuroanatomical data on chor-
dotonal organs are still lacking. Here, the neuroanatomy 
of the SGO complex is investigated for the first species 
from the Occidophasmata, the Peruvian stick insect 
Oreophoetes peruana, by axonal tracing. This species 
was chosen as it is accessible for neuroanatomical inves-
tigation by its size, and its biology has been investigated 
for morphology [Sellick, 1998; Büscher et al., 2018], 
chemical defence [Eisner et al., 1997; Attygalle et al., 
2021], and the phylogenetic position [Simon et al., 
2019]. The neuroanatomy in O. peruana can be com-
pared to homologous organs [Kutsch and Breidbach, 
1994] in C. morosus and S. sipylus [Strauß and Lakes-
Harlan, 2013; Strauß, 2020]. The internal chordotonal 
organs are closely associated with campaniform sensilla 
[Strauß, 2020], which detect cuticular strain [Pringle, 
1938; Zill et al., 2004]. The aim of the present study is to 
expand the knowledge on the SGO complex in stick in-
sects by documenting the sensory organs, their number 
of sensory neurons, and their neuronal innervation pat-
tern in O. peruana. The organization of the DO, for its 
number of sensilla and their spatial arrangement, pos-
sibly extending distally, is of particular interest. This 
study contributes to the comparative neuroanatomy and 
the evolutionary diversity of these mechanosensory 
structures in orthopteroid insects.

The neuroanatomy of chordotonal organs in Orthop-
tera like tympanal hearing organs or vibration receptor 
organs including the SGO is very similar between related 
insect species [Schumacher, 1973; Rössler et al., 1994; Lin 
et al., 1995; Strauß and Stritih, 2017]. However, species-
specific differences in the number of sensilla in specific 
organs are frequently found [Schumacher, 1973; Rössler 
et al., 1994; Lin et al., 1995; Strauß et al., 2017]. In stick 
insects, this overall similarity in organ neuroanatomy and 
the more subtle differences in sensilla numbers were also 
seen in the SGO complex [Strauß et al., 2021a]. It is there-
fore hypothesized that the SGO complex with the SGO 
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and DO is present in O. peruana as well. Given that the 
elaborate DO suggests its sensory importance in stick in-
sects, a similar neuroanatomy is also expected in O. pe-
ruana. This species has both females and males and al-
lows to compare the sensory organs of the sexes, which 
could further indicate sensory specialization by possible 
differences between sexes. Overall, data from O. peruana 
add to the sensory biology of stick insects and to the study 
of adaptations in the SGO complex as a specialized mech-
anoreceptor complex.

Materials and Methods

Stick Insects
Individuals of O. peruana (Saussure, 1868) came from a crowd-

ed lab colony maintained at the Institute of Animal Physiology, 
Justus-Liebig-Universität Gießen. Insects were kept at ∼21°C, 
sprayed every 1–2 days with water, and fed with fern (Nephrolepis) 
from a local garden shop. In these experiments, only adult insects 
were studied.

Axonal Tracing
The sensory organs and neuronal innervation pattern in the 

proximal tibia were stained by axonal tracing as described previ-
ously for S. sipylus [Strauß, 2020]. Prior to dissection, insects were 
cold-anaesthetized at 4°C for 10 min. The legs were cut off in the 
middle femur with scissors and then placed in a glass dish covered 
with Sylgard (Sylgard 184, Suter Kunststoffe AG, Fraubrunnen, 
Switzerland) using insect pins. The legs were oriented with the 
ventral side up, and the cuticle was removed with a piece of a blade 
(Feather FA-10, 0.1 mm, Feather, Osaka, Japan) to gain access to 
the main leg nerve (nervus cruris). The leg was covered with 
Carausius saline [Bässler, 1977] (177.96 mmol NaC1, 17.4 mmol 
KC1, 25.1 mmol MgC12 × 6 H2O, Roth, Karlsruhe, Germany; 7.48 
mmol CaC12 × 2 H2O, Merck, Darmstadt, Germany; 1.98 mmol 
Tris, from Sigma-Aldrich, St. Louis, MO, USA; dissolved in Aqua 
dest., pH = 7.4). The nervus cruris was isolated by removing mus-
cles and tendons with fine forceps (Dumont #5, Fine Science Tools, 
Heidelberg, Germany), and the nerve was cut with iridectomy scis-
sors. For intracellular staining [Pitman et al., 1973], the free end of 
the nerve was transferred into a glass capillary with 5% cobalt solu-
tion (CoCl2 × 6 H2O; Merck, Darmstadt Germany, dissolved in 
Aqua dest.). Preparations were incubated for 48 h at 4°C in a moist 
chamber. Preparations were further processed by incubation in a 
1% solution of ammonium sulphide (Alpha Aesar, Karlsruhe, Ger-
many) in Carausius saline for 15 min (see Strauß and Lakes-Har-
lan, 2013). The legs were further rinsed in Carausius saline, fixed 
in chilled paraformaldehyde solution (4%; Sigma-Aldrich, St. Lou-
is, MO, USA, in phosphate buffer (0.04 mol/L Na2HPO4, 0.00574 
mol/L NaH2PO4 × 2 H2O; pH = 7.4) for 60 min, and dehydrated 
in a graded ethanol series (Carl Roth, Karlsruhe, Germany, with 
concentrations of 30, 50, 70, 90, 96, 100% ethanol). After this de-
hydration process, the preparations were cleared with methyl sa-
licylate (Merck, Darmstadt, Germany).

Overall, the study used legs from 6 female and 4 male animals. 
In total, the nerve pattern was analysed in 53 legs from 10 animals.

Microscopy and Documentation
For microscopy, the cuticle was removed around the fixed tis-

sue by carefully cutting at the dorsal and ventral side of the tibia 
along the tibia’s main axis with a piece of a blade, and by removing 
the cuticle with forceps from the internal tissues and neuronal 
components. The leg preparations were mounted in methyl sa-
licylate on a glass slide, viewed with an Olympus BH-2 microscope 
(Olympus, Shinjuku, Japan), and photographed with a Leica DFC 
7000 T camera (1,920 × 1,440 pixel) attached to the microscope 
using the Leica Application Software V4.9 (Leica Microsystems 
CMS GmbH, Wetzlar, Germany). Stacked photographs were gen-
erated from series of photographs using CombineZP. The photo-
graphs were carefully adjusted for brightness and contrast and 
further assembled and labelled in CorelDraw 11 (Corel, Ottawa, 
Canada).

The innervation pattern of the sensory structures in the tibia 
was documented by drawing (Leitz microscope with a drawing at-
tachment; Leitz, Wetzlar, Germany). The schematic was redrawn 
digitally using CorelDraw 11.

Terminology of Sensory Structures, Tibial Nerves, and Tibial 
Nerve Branches
The terminology for chordotonal organs and sensilla groups 

follows that used for C. morosus and S. sipylus [Strauß and Lakes-
Harlan, 2013]. The terminology for tibial campaniform sensilla 
follows the grouping established for C. morosus [Zill et al., 2011]. 
The terminology for the axes of the tibia follows Ball and Field 
[1981].

The main leg nerve is the nervus cruris [Marquardt, 1940] from 
which different nerve branches innervate the muscles and contain 
axons from sensory organs [Godden, 1972; Bässler, 1983]. The ter-
minology for the tibial sense organs used here numbers the nerve 
branches ordered from proximal to distal [Bässler, 1983] in the 
tibia, following the numbering established for S. sipylus [Strauß, 
2020]. This is applied to first- and second-order nerve branches of 
chordotonal organs and campaniform sensilla.

Statistical Analysis
For statistical analysis of the variation of branching patterns 

between different sensory organs, GraphPad Prism 4 (GraphPad, 
San Diego, CA, USA) was used for a two-sided χ2 test.

Results

Sensory Organs in the Subgenual Organ Complex in 
Oreophoetes peruana
The SGO complex is located in the proximal tibia of all 

legs (online suppl. Fig. S1; for all online suppl. material, 
see www.karger.com/doi/10.1159/000525323). In O. pe-
ruana, it consisted of the SGO and DO (Fig. 1, 2), closely 
associated with campaniform sensilla in two groups 
termed 6A and 6B (Fig. 2). The SGO was placed almost 
perpendicularly to the tibial main axis (Fig. 1–3a). The 
sensilla of the DO were oriented in the distal direction of 
the tibia (Fig. 1–3e). This overall organization of sensory 
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Fig. 1. Schematic of the neuroanatomy of 
the subgenual organ complex in all leg 
pairs of male (a–c) and female (d–f) O. pe-
ruana. Nerve branches are numbered in 
(a). Scales = 100 μm. avSGO, anterior-ven-
tral subgenual organ; DO, distal organ; ncr, 
nervus cruris; SGO, subgenual organ.

Fig. 2. Innervation of the subgenual organ complex in O. peruana. Redrawn midleg innervation in O. peruana 
(female), viewed from posterior. Nerve branches are numbered from proximal to distal. Sensilla in chordotonal 
organs are shown in black, campaniform sensilla in white. Scale: 100 μm. adb, anterior-dorsal branch of the ner-
vus cruris; avSGO, anterior-ventral subgenual organ; CS, campaniform sensilla; DO, distal organ; ncr, nervus 
cruris; pvb, posterior-ventral branch of the nervus cruris; SGO, subgenual organ.
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organs and their innervation pattern was similar in all leg 
pairs and in both females and males (Fig. 1). In addition, 
the numbers of sensilla were similar between the sexes for 
both organs. The SGO contained 37–54 sensilla (female: 
37–54, n = 6, N = 31; male: 38–54, n = 4, N = 21) and the 
DO 16–23 (female: 16–23, n = 6, N = 31; male: 17–23, n = 
4; N = 21) (online suppl. Table 1).

The Main Tibial Nerve Branches
The proximal tibia was supplied by two nerve branch-

es from nervus cruris, T1 and T2 (Fig. 2). Both branches 
had further nerve branches splitting off (T11, T21, etc.), 
which contained axons from specific sensilla in the tibia. 
The two most proximal nerve branches (T11, T21) sup-
plied campaniform sensilla (6A) (Fig. 2). For 6A, at least 

one sensillum occurred on the anterior and posterior 
sides. The following nerve branches in distal direction 
supplied a chordotonal organ and/or campaniform sen-
silla (see below).

Innervation of the Subgenual Organ Complex and 
Campaniform Sensilla in the Tibia
The innervation of sensory elements on the anterior 

side of the tibia was via nerve branch T1, of those on the 
posterior side via T2. The more medially located distal 6B 
campaniform sensilla are supplied by the nerve branch 
T23 (Fig. 2, 3b).

The SGO was supplied exclusively from T1, including 
the posterior sensilla in the SGO (Fig. 2, 3ai). Two cam-
paniform sensilla (proximal 6B) were located close to the 
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Fig. 3. Neuroanatomy of the subgenual or-
gan complex in O. peruana. a Innervation 
of posterior SGO (encircled) with dense 
cell bodies is from the nerve branch T1. The 
entire SGO is innervated by one nerve 
branch (a1; T12) or two nerve branches 
(a2; nerve branches not numbered). (a2) 
The DO can also be innervated by two 
nerve branches, with the proximal branch 
from the proximal cell bodies (filled arrow 
head) and the distal branch from the distal 
cell bodies (open arrow head): anterior 
view. b Innervation pattern of the posterior 
nerve branch T2 to campaniform sensilla 
6A (T21), the proximal 6B campaniform 
sensilla (posterior: T22), and the distal 6B 
campaniform sensilla (T23): posterior 
view. c The axon for the anterior proximal 
6B campaniform sensillum (arrowhead) 
merges with the nerve branch innervating 
the SGO (T12): anterior view. d The poste-
rior proximal 6B campaniform sensillum is 
innervated by nerve branch T22 indepen-
dently of the SGO (innervated by T12: ven-
tral view). e) The DO in lateral view ex-
tends into the distal tibia: anterior view. 
Scales: (a, c–e) = 100 μm; (b) = 200 μm. 
adb, anterior-dorsal branch of the nervus 
cruris; ant., anterior; avSGO, anterior-ven-
tral subgenual organ; CS, campaniform 
sensilla; d, dendrites; DO, distal organ; ncr, 
nervus cruris; post., posterior; pvb, posteri-
or-ventral branch of the nervus cruris; 
SGO, subgenual organ.
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SGO (Fig. 2, 3b). The axon of the anterior 6B cell body 
was associated with nerve branch T12 also supplying the 
SGO sensilla (Fig. 2, 3c). Importantly, the posterior 6B 
cell body was separated from the SGO sensilla (Fig. 3d), 
and its axon formed the nerve branch T22. In the prepa-
rations analysed here, the posterior SGO sensilla were 
never innervated from nerve branch T2. Some variation 
occurred for the SGO innervation (Fig. 3a, 4a). The SGO 
sensilla were innervated by one nerve branch (Fig.  3ai; 
found in most cases of 64.15% of preparations, n = 53) or 
two nerve branches (Fig. 3aii, b; found in 35.85% of prep-
arations). The SGO sensilla at the anterior side occur in a 
dense group, the anterior-ventral SGO (avSGO) (Fig. 1, 
3aii, e).

The DO was supplied from T1 (Fig. 2, 3b). The DO 
sensilla formed a linear set (Fig. 3e). The DO innervation 
was independent of the distal 6B campaniform sensilla 
placed at the level of the DO (Fig. 2). Some variation was 
also noted in the innervation of the DO sensilla (Fig. 4b), 
either by one nerve branch (Fig. 3ai; found in most cases 
of 77.36% of preparations, n = 43) or by two nerve branch-
es (Fig. 3aii; found in 22.64% of preparations). In the cas-
es of two nerve branches, the more proximal one supplied 
the proximal DO sensilla (Fig. 1f, 2, 3b). The differences 
in innervations by one or two nerve branches between the 
SGO and DO are statistically significant (χ2 test, p = 
0.0438, χ2 = 4.063, df = 1). The DO has a more consistent 

innervation by a single nerve, jointly with the avSGO 
(Fig.  2, 3e). Despite the variation in nerve branches, a 
common innervation pattern could be shown with a sin-
gle nerve branch for SGO and DO (Fig. 5a).

A rare variation was also seen in the innervation of the 
distal 6B campaniform sensilla, as the sensilla in two 
preparations were innervated directly from the nervus 
cruris (online suppl. Fig. S2).

Discussion

Neuronal Innervation Pattern of the Proximal Tibia
For leg chordotonal organs, the neuroanatomy and 

innervation pattern has been documented for diverse in-
sect taxa [Debaisieux, 1938; Lakes and Mücke, 1989; 
Mücke, 1991; Field and Matheson, 1998]. Further inves-
tigation of the neuroanatomy is essential for particular 
sensory organs alongside physiological analysis, or for 
the sensory organs in species relevant for evolutionary 
aspects. The SGO complex allows to study the diversifi-
cation and adaptation of mechanosensory organs. While 
the SGO is a sensitive detector of substrate vibrations, 
additional chordotonal organs developed next to it. Their 
sensory adaptations and morphologies show how mech-
anosensors can diverge. The present study reports for the 
first time the neuroanatomy of the SGO complex from a 
species of Occidophasmata, the New World stick insects. 
The SGO complex consists of two chordotonal organs, 
the SGO and the DO. The tibial innervation in O. perua-
na is consistent with data from previously analysed stick 
insects from the Oriophasmata [Strauß, 2020], since 
identical nerve patterns occur in the tibia. However, few 
anatomical differences occur in O. peruana in the inner-
vation of the SGO by specific nerve branches and in the 
variability of innervation patterns. Despite some varia-
tion in the number of innervating nerve branches for 
chordotonal organs, a common innervation pattern for 
the chordotonal organs (Fig. 4, 5a) and the campaniform 
sensilla can be documented. Such variation in innerva-
tion is common in leg chordotonal organs [Lakes and 
Mücke, 1989]. The overall pattern of tibial nerve branch-
es and of sensory elements is identical among species of 
stick insects studied so far (compare Strauß and Lakes-
Harlan, 2013; Strauß, 2020; Strauß et al., 2021a). A com-
parison of the variability in other sensory organs in the 
more proximal parts of the leg (trochanter, femur) like 
campaniform sensilla and the femoral chordotonal or-
gan requires neuroanatomical studies among further 
species of stick insects.

O. peruana - SGO variation

O. peruana - DO variation

SGO SGO

1 nerve 
branch

2 nerve 
branches

1 nerve 
branch

2 nerve 
branches

T1
ncr

T2

T1
ncr

T2

DO

SGO
DO

DO

a

b

Fig. 4. Innervation pattern and nerve branch variation in the sub-
genual organ complex of O. peruana. a Variation of the SGO in-
nervation by one or two nerve branches. b Variation of the DO 
innervation by one or two nerve branches.
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Chordotonal Organs in the Subgenual Organ Complex
The chordotonal organs in O. peruana are organized 

as in other stick insects [Strauß et al., 2021a]. In O. peru-
ana, few notable differences to Oriophasmata were seen 
in the innervation of SGO and DO (Fig. 5a, b). This con-
forms to the suggestion that within taxa of orthopteroid 
insects, the SGO complex is highly similar.

SGO: the SGO is exclusively innervated by T12, but 
never from T2 (Fig. 2, 4a). In C. morosus or S. sipylus are 
the posterior SGO sensilla innervated by a distinct nerve 
branch, T22 (Fig. 5b). There is no specialization or sim-
plification notable in the posterior SGO sensilla in O. pe-
ruana, as the sensilla resemble those of other stick insect 
species by forming a rather dense group of somata [see 
Strauß, 2020]. Further, the number of SGO sensilla (∼40) 
is similar to that of the other stick insects (Strauß and 
Lakes-Harlan, 2013; Strauß et al., 2021a), consistent with 
a fully developed SGO in O. peruana. In sum, there are no 
indications of an evolutionary regression of a part of the 

SGO. The SGO innervation pattern is thus simpler in O. 
peruana than in other stick insects.

In a comparative perspective, there are patterns in the 
SGO innervation known from related insect taxa that re-
semble the SGO innervation in O. peruana. The innerva-
tion of the entire SGO from one nerve branch is similar 
in locusts (Schistocerca gregaria) [Mücke, 1991] and cock-
roaches (Periplaneta americana) [Schnorbus, 1971] 
(Fig. 5c, d). In other insects like crickets or cave crickets 
(both Ensifera), the SGO is innervated from two separate 
nerve branches (Fig. 5e, f).

The switching of innervating nerves between groups 
of sensory neurons of chordotonal organs can be sup-
ported from other comparative studies [Strauß et al., 
2016; Strauß, 2017]: the accessory organ is a small group 
of scolopidial sensilla located close to the SGO in several 
orthopteroid insects, but this organ is lacking in stick in-
sects [Strauß, 2017]. The accessory organ is usually inner-
vated together with a single CS by a distinct nerve branch. 
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DO
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DO
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SGO
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5B
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5B1
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5B2

5B1
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Fig. 5. Comparison of innervation pattern 
in the subgenual organ complex of stick in-
sects and other orthopteroid insects. Sche-
matic of the common innervation pattern 
in O. peruana (a), S. sipylus, C. morosus, 
and R. artemis (b), P. americana (Blatto-
dea) (c), Schistocerca gregaria (Orthoptera: 
Acrididae) (d), Troglophilus neglectus (Or-
thoptera: Ensifera) (e), and Gryllus bimac-
ulatus (Orthoptera: Ensifera) (f). Note the 
differences in innervating nerve branches 
for the SGO. AO, accessory organ; DO, dis-
tal organ; ncr, nervus cruris; NO, Nebenor-
gan; SGO, subgenual organ; SN, subgenual 
nerve; TO, tympanal organ. (c) Adapted by 
permission from Springer Nature, Journal 
of Comparative Physiology A, Die subgen-
ualen Sinnesorgane von Periplaneta ameri-
cana: Histologie und Vibrationsschwellen, 
Schnorbus, 1971; (d) adapted by permis-
sion from Springer Nature, Zoomorphol-
ogy, Innervation pattern and sensory sup-
ply of the midleg of Schistocerca gregaria 
(Insecta, Orthopteroidea). Mücke, 1991; 
(e) adapted from John Wiley and Sons, The 
accessory organ, a scolopidial sensory or-
gan, in the cave cricket Troglophilus neglec-
tus (Orthoptera: Ensifera: Rhaphidophori-
dae), Strauß and Stritih, 2016; (f) adapted 
by permission from Springer Nature, Das 
Tympanalorgan von Gryllus bimaculatus 
Degeer (Saltatoria, Gryllidae), Zeitschrift 
für Morphologie der Tiere. Michel, 1974.
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In some phaneropterine bushcrickets, the accessory or-
gan is innervated jointly with the SGO, while the nerve 
branch remains to innervate the single CS [Strauß, 2017]. 
This innervation pattern of a single posterior campani-
form sensillum is similar to O. peruana, while nerve 
branch T22 persists (Fig. 3d). Hence, a switch of the in-
nervating nerve for the chordotonal organ is likely also 
for the posterior SGO sensilla in stick insects. It is unclear 
if differences in the innervation pattern could result in a 
different projection pattern of afferents in the central ner-
vous system and allow, for example, for a better somato-
topic resolution of afferents in central neuropils. Apart 
from possible functional or adaptive explanations, anoth-
er important aspect for traits are conditions derived from 
ancestral organizations [Riedl, 1978; Dumont and Rob-
ertson, 1986; Schwenk and Wagner, 2003]. It remains to 
be analysed in the more basal lineages of stick insects 
which innervation pattern is plesiomorphic for this 
group.

DO: The organization of the DO and the number of 
DO sensilla in O. peruana is highly similar to C. morosus, 
S. sipylus, and R. artemis [Strauß et al., 2021a]. The DO 
shows the linear organization of sensilla seen also in those 
Old World stick insects (Oriophasmata), suggesting a 
shared pattern for the sensory organs across stick insects. 
This broad presence of the linear DO in stick insects sup-
ports its relevance in mechanosensation. In O. peruana, 
there is no unique specialization apparent. The sensilla in 
the SGO complex are sensitive to substrate vibrations 
[Strauß and Lakes-Harlan, 2017], but the DO is not stud-
ied further for the sensory physiology.

Variation in the Innervation Pattern
Among individuals from one species, some variation 

in the innervation pattern of chordotonal organs occurs 
[e.g., Lakes and Mücke, 1989; Strauß et al., 2014]. Such 
variation is likely due to differences in axonal pathfind-
ing during embryonic development of the central ner-
vous system [Keshishian and Bentley, 1983; Lakes-Har-
lan and Pollack, 1993; Sanchez et al., 1995]. Functional 
implications for such peripheral variation are unclear, 
since the information processing likely depends on the 
central projection of axons. Similar variation for the SGO 
was also observed in S. sipylus [Strauß, 2020]. However, 
the extent of variation is notable in O. peruana, especial-
ly for the DO. For the SGO, the proportions of prepara-
tions were statistically not significant between O. perua-
na and S. sipylus [χ2 test, p = 0.0641, χ2 = 3.429, df = 1; 
data on S. sipylus from Strauß, 2020]. However, the DO 
in S. sipylus was always innervated by a single nerve 

branch [Strauß, 2020]. This is in contrast to O. peruana, 
where ∼23% of preparations show two DO nerve branch-
es (Fig. 3aii). These differences in proportions were sta-
tistically highly significant (χ2 test, p < 0.0001, χ2 = 25.99, 
df = 1). The reason for these differences in the DO neu-
roanatomy is not apparent, since both species show oth-
erwise great similarity in the DO anatomy and the num-
ber of DO sensilla (S. sipylus: averages of 20–22 between 
leg pairs [Strauß and Lakes-Harlan, 2013]). Similar data 
on innervation variability are so far not documented for 
other species such as C. morosus. In O. peruana, the dis-
tal 6B CS can be innervated directly from nervus cruris 
(online suppl. Fig. 2) in a very rare and aberrant innerva-
tion pattern (in 2 of 53 preparations, 3.8%). This was also 
rarely documented in S. sipylus [Strauß, 2020, 1 in 44 
preparations, 2.3%].

Phylogenetic Considerations of the Sensory 
Innervation in Phasmatodea
While the elements of the insect nervous system are 

often conserved during evolution [Meier and Reichert, 
1995; Yager, 1999; Katz, 2011], the sensory organs, sup-
plying nerves, and neuronal circuits can also change 
[Strausfeld, 1970; Strauß, 2017; Tosches, 2017] or even 
become reduced [King, 1983]. The SGO complex of 
stick insects shows a unique neuroanatomy among the 
orthopteroid insects [Strauß and Lakes-Harlan, 2013]. 
So far, only few species of stick insects have been inves-
tigated for this mechanosensory complex. The presence 
of the SGO and the DO supports a common, elaborate 
complex in stick insects or at least for the Neophasma-
todea (Oriophasmata + Occidophasmata) [Simon et al., 
2019]. This is consistent with a common neuroanatomy 
of sensory organs within a taxon, while numbers of sen-
silla and to some extent the innervation patterns can be 
modified. However, further neuroanatomical studies, 
especially of Occidophasmata species, could support 
this. Such studies can also give insights whether the in-
nervation patterns are generally different between the 
two major clades of Phasmatodea. Finally, including 
data from the sister group to Neophasmatodea, the As-
chiphasmatinae [Simon et al., 2019] would support the 
reconstruction of the ancestral innervation pattern in 
Euphasmatodea. The established phylogeny of Phasma-
todea [Simon et al., 2019] allows for a character analysis 
at the levels of homologous sensory organs and periph-
eral nerves to infer their evolutionary changes in this 
group and to evaluate the anatomical robustness and 
modifications in specific lineages.

D
ow

nloaded from
 http://karger.com

/bbe/article-pdf/98/1/22/3953274/000525323.pdf by U
niversitätsbibliothek G

iessen user on 14 N
ovem

ber 2023



StraußBrain Behav Evol 2023;98:22–3130
DOI: 10.1159/000525323

Acknowledgments

I wish to thank Reinhard Lakes-Harlan, Gießen, for support of 
this study. I am indebted to Matthias Strauß for linguistic correc-
tions of the manuscript. I thank two anonymous reviewers for their 
comments which improved the manuscript.

Statement of Ethics

The experiments documented in this study comply with the 
principles of animal care of the Justus-Liebig-Universität Gießen 
and with the current law of the Federal Republic of Germany. No 
specific ethics approval is required for research on insects under 
these regulations.

Conflict of Interest Statement

The author has no conflicts of interest to declare.

Funding Sources

This study was funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) – STR 1329/2-1. The 
funding agency did not play a role in the design of the study, in the 
collection, analyses, or interpretation of data, or the writing of the 
manuscript, and the decision to submit the study for publication.

Author Contributions

Johannes Strauß was responsible for the conceptualization of 
the study, experiments and analysis, design of figures, writing of 
the original draft, and funding acquisition.

Data Availability Statement

The data on sensory neurons in the subgenual organ complex 
of O. peruana are available as supplementary data (online suppl. 
Table 1).

References

Albert JT, Göpfert MC. Hearing in Drosophila. 
Curr Opin Neurobiol. 2015; 34: 79–85.

Attygalle AB, Hearth KB, Iyengar VK, Morgan 
RC. Biosynthesis of Quinoline by a stick in-
sect. J Nat Prod. 2021; 84(2): 527–30.

Ball EE, Field LH. Structure of the auditory system 
of the weta Hemideina crassidens (Blanchard, 
1851) (Orthoptera, Ensifera, Gryllacridoidea, 
Stenopelmatidae). 1. Morphology and histol-
ogy. Cell Tissue Res. 1981; 217(2): 321–43.

Bässler U. Sense organs in the femur of the stick 
insect and their relevance to the control of po-
sition of the femur-tibia-joint. J Comp Physi-
ol. 1977; 121(1): 99–113.

Bässler U. Neural basis of elementary behaviour 
of stick insects. Berlin:  Springer;  1983.

Barker AJ. Brains and speciation:  Control of be-
havior. Curr Opin Neurobiol. 2021; 71: 158–
163.

Bässler U. The femur-tibia control system of stick 
insects:  a model system for the study of the 
neural basis of joint control. Brain Res Rev. 
1993; 18(2): 207–26.

Bradler S, Buckley TR. Biodiversity of Phasmato-
dea. In:  Foottit RG, Adler PH, editors. Insect 
biodiversity:  science and society, Vol. II. 
Hoboken, NJ:  Wiley-Blackwell;  2018. p. 281–
313.

Büscher TH, Buckley TR, Grohmann C, Gorb SN, 
Bradler S. The evolution of tarsal adhesive mi-
crostructures in stick and leaf insects (Phas-
matodea). Front Ecol Evol. 2018; 6: 69.

Büschges A, Gruhn M. Mechanosensory feedback 
in walking:  from joint control to locomotor 
patterns. Adv Insect Physiol. 2008; 34: 193–
230.

Čokl A, Virant-Doberlet M, Zorović M. Sense or-
gans involved in the vibratory communica-
tion of bugs. In:  Drosopoulos S, Claridge MF, 
editors. Insect sounds and communication:  
physiology, behaviour, ecology and evolu-
tion. Boca Raton, FL:  CRC Press;  2006. p. 71–
80.

Dambach M. Der vibrationssinn der Grillen. J 
Comp Physiol. 1972; 79(3): 281–304.

Debaisieux P. Organes scolopidiaux des pattes 
d’insectes II. Cellule. 1938; 47: 77–202.

Dickerson BH, Fox JL, Sponberg S. Functional di-
versity from generic encoding in insect cam-
paniform sensilla. Curr Opin Physiol. 2021; 

19: 194–203.
Dumont JPC, Robertson RM. Neuronal circuits:  

an evolutionary perspective. Science. 1986; 

233(4766): 849–53.
Eberhard M, Lang D, Metscher B, Pass G, Picker 

M, Wolf H. Structure and sensory physiology 
of the leg scolopidial organs in Mantophas-
matodea and their role in vibrational commu-
nication. Arthropod Struct Dev. 2010; 39(4): 

230–41.
Eisner T, Morgan RC, Attygalle AB, Smedley SR, 

Herath KB, Meinwald J. Defensive produc-
tion of quinoline by a phasmid insect (Oreo-
phoetes peruana). J Exp Biol. 1997; 200: 2493–
500.

Field LH, Matheson T. Chordotonal organs of in-
sects. Adv Insect Physiol. 1998; 27: 1–228.

Friedrich H. Vergleichende Untersuchungen 
über die tibialen Scolopalorgane einiger Or-
thopteren. Z wiss Zool. 1929; 134: 84–148.

Godden DH. The motor innervation of the leg 
musculature and motor output during than-
atosis in the stick insect Carausius morosus. 
Br J Comp Physiol. 1972; 80(2): 201–25.

Goldammer J, Büschges A, Schmidt J. Motoneu-
rons, DUM cells, and sensory neurons in an 
insect thoracic ganglion:  a tracing study in the 
stick insect Carausius morosus. J Comp Neu-
rol. 2012; 520(2): 230–57.

Kalmring K, Rössler W, Unrast C. Complex tibial 
organs in the forelegs, midlegs, and hindlegs 
of the bushcricketGampsocleis gratiosa (tet-
tigoniidae):  comparison of the physiology of 
the organs. J Exp Zool. 1994; 270(2): 155–61.

Katz PS. Neural mechanisms underlying the 
evolvability of behaviour. Philos Trans R Soc 
Lond B Biol Sci. 2011; 366(1574): 2086–99.

Keil TA. Functional morphology of insect mecha-
noreceptors. Microsc Res Tech. 1997; 39(6): 

506–31.
Keshishian H, Bentley D. Embryogenesis of pe-

ripheral nerve pathways in grasshopper legs. 
II. The major nerve routes. Dev Biol. 1983; 

96(1): 103–15.
King DG. Evolutionary loss of a neural pathway 

from the nervous system of a fly (Glossina 
morsitans/Diptera). J Morphol. 1983; 175(1): 

27–32.
Kutsch W, Breidbach O. Homologous structures 

in the nervous systems of arthropoda. Adv In-
sect Physiol. 1994; 24: 1–113.

Lakes R, Mücke A. Regeneration of the foreleg 
tibia and tarsi of Ephippiger ephippiger (Or-
thoptera:  tettigoniidae). J Exp Zool. 1989; 

250(2): 176–87.
Lakes-Harlan R, Pollack GS. Pathfinding of pe-

ripheral neurons in the central nervous sys-
tem of an embryonic grasshopper (Chorthip-
pus biguttulus). Cell Tissue Res. 1993; 273(1): 

97–106.

D
ow

nloaded from
 http://karger.com

/bbe/article-pdf/98/1/22/3953274/000525323.pdf by U
niversitätsbibliothek G

iessen user on 14 N
ovem

ber 2023



Subgenual Organ Complex in the 
Peruvian Stick Insect

31Brain Behav Evol 2023;98:22–31
DOI: 10.1159/000525323

Liang X, Sun L, Liu Z. Mechanosensory transduc-
tion in Drosophila Melanogaster. Singapore:  
Springer;  2017.

Lin Y, Rössler W, Kalmring K. Morphology of the 
tibial organs of acrididae:  comparison of sub-
genual and distal organs in fore-, mid-, and 
hindlegs of Schistocerca gregaria (Acrididae, 
Catantopinae) and Locusta migratoria (Acri-
didae, Oedipodinae). J Morphol. 1995; 226(3): 

351–60.
Marquardt F. Beiträge zur Anatomie der Musku-

latur und der peripheren Nerven von Carau-
sius (Dixippus) morosus. Br Zool Jb Anat On-
togenie Tiere. 1940; 66: 63–128.

Meier T, Reichert H. Developmental mecha-
nisms, homology and evolution of the insect 
peripheral nervous system. In:  Breidbach O, 
Kutsch W, editors. The nervous systems of in-
vertebrates:  an evolutionary and comparative 
approach. Basel:  Birkhäuser;  1995. p. 249–71.

Michel K. Das Tympanalorgan von Gryllus bi-
maculatus Degeer (Saltatoria, Gryllidae). Z 
Morph Tiere. 1974; 77(4): 285–315.

Mücke A. Innervation pattern and sensory supply 
of the midleg of Schistocerca gregaria (Insecta, 
Orthopteroidea). Zoomorphology. 1991; 

110(4): 175–87.
Pitman RM, Tweedle CD, Cohen MJ. The form of 

nerve cells:  determination by cobalt impreg-
nation. In:  Nicholson C, Kater SB, editors. In-
tracellular staining in neurobiology. Berlin:  
Springer;  1973. p. 83–97.

Pringle JWS. Proprioception in insects. J Exp Biol. 
1938; 15(1): 114–31.

Riedl R. Order in living organisms. A systems 
analysis of evolution. Chichester:  John Wiley 
and Sons;  1978.

Rössler W, Hübschen A, Schul J, Kalmring K. 
Functional morphology pof bushcricket ears:  
comparison between two species belonging 
tot he Phaneropterinae and Decticina (Insec-
ta, Ensifera). Zoomorphology. 1994; 114(1): 

39–46.
Sanchez D, Ganfornina MD, Bastiani MJ. Contri-

butions of an orthopteran to the understand-
ing of neuronal pathfinding. Immunol Cell 
Biol. 1995; 73: 565–74.

Schnorbus H. Die subgenualen Sinnesorgane von 
Periplaneta americana:  Histologie und Vibra-
tionsschwellen. Z Vergl Physiol. 1971; 71(1): 

14–48.

Schumacher R. Morphologische untersuchungen 
der tibialen tympanalorgane von neun einhei-
mischen laubheuschrecken-arten (Orthop-
tera, Tettigonioidea). Z Morph Tiere. 1973; 

75(4): 267–82.
Schwenk K, Wagner GP. Constraint. In:  Hall BK, 

Olson WM, editors. Keywords and concepts 
in evolutionary developmental biology. Cam-
bridge, MA:  Harvard University Press;  2003. 
p. 52–61.

Sellick JT. The micropylar plate of the eggs of 
Phasmida, with a survey of the range of plate 
form within the order. Syst Entomol. 1998; 

23(3): 203–28.
Shaw SR. Detection of airborne sound by a cock-

roach “vibration detector”:  a possible missing 
link in insect auditory evolution. J Exp Biol. 
1994; 193(1): 13–47.

Simon S, Letsch H, Bank S, Buckley TR, Donath 
A, Liu S, et al. Old world and new world phas-
matodea:  phylogenomics resolve the evolu-
tionary history of stick and leaf insects. Front 
Ecol Evol. 2019; 7: 345.

Strausfeld NJ. Variations and invariants of cell ar-
rangements in the nervous system of insects. 
(A review of neuronal arrangements in the vi-
sual system and corpora pedunculata). Verh 
Dt Zool Ges. 1970; 64: 97–108.

Strauß J. The scolopidial accessory organs and 
Nebenorgans in orthopteroid insects:  com-
parative neuroanatomy, mechanosensory 
function, and evolutionary origin. Arthropod 
Struct Dev. 2017; 46(6): 765–76.

Strauß J. Neuronal innervation of the subgenual 
organ complex and the tibial campaniform 
sensilla in the stick insect midleg. Insects. 
2020;  11(1): 40.

Strauß J, Lakes-Harlan R. Sensory neuroanatomy 
of stick insects highlights the evolutionary di-
versity of the orthopteroid subgenual organ 
complex. J Comp Neurol. 2013; 521(16): 

3791–803.
Strauß J, Lakes-Harlan R. Vibrational sensitivity 

of the subgenual organ complex in female Si-
pyloidea sipylus stick insects in different ex-
perimental paradigms of stimulus direction, 
leg attachment, and ablation of a connective 
tibial sense organ. Comp Biochem Physiol A. 
2017; 203: 100–8.

Strauß J, Lomas K, Field LH. The complex tibial 
organ of the New Zealand ground weta:  sen-
sory adaptations for vibrational signal detec-
tion. Sci Rep. 2017; 7(1): 2031.

Strauß J, Moritz L, Rühr PT. The subgenual organ 
complex in stick insects:  Functional morphol-
ogy and mechanical coupling of a complex 
mechanosensory organ. Front Ecol Evol. 
2021a; 9: 632493.

Strauß J, Riesterer AS, Lakes-Harlan R. How 
many mechanosensory organs in the bush-
cricket leg? Neuroanatomy of the scolopidial 
accessory organ in Tettigoniidae (Insecta:  Or-
thoptera). Arthropod Struct Dev. 2016; 45(1): 

31–41.
Strauß J, Stritih N. The accessory organ, a scolop-

idial sensory organ, in the cave cricket Tro-
glophilus neglectus (Orthoptera:  Ensifera:  
Rhaphidophoridae). Acta Zool. 2016; 97: 187–
95.

Strauß J, Stritih N. Neuronal regression of inter-
nal leg vibroreceptor organs in a cave-dwell-
ing insect (Orthoptera:  Rhaphidophoridae:  
Dolichopoda araneiformis). Brain Behav Evol. 
2017; 89(2): 104–16.

Strauß J, Stritih N, Lakes-Harlan R. The subgen-
ual organ complex in the cave cricket Tro-
glophilus neglectus (Orthoptera:  Rhaphido-
phoridae):  comparative innervation and sen-
sory evolution. Roy Soc Open Sci. 2014; 1(2): 

140240.
Strauß J, Stritih-Peljhan N, Nieri R, Virant-Do-

berlet M, Mazzoni V. Communication by 
substrate-borne mechanical waves in insects:  
from basic to applied biotremology. Adv In-
sect Physiol. 2021b; 61: 189–307.

Tosches MA. Developmental and genetic mecha-
nisms of neural circuit evolution. Dev Biol. 
2017; 431(1): 16–25.

Yager DD. Structure, development, and evolution 
of insect auditory systems. Microsc Res Tech. 
1999; 47(6): 380–400.

Zill SN, Büschges A, Schmitz J. Encoding of force 
increases and decreases by tibial campani-
form sensilla in the stick insect, Carausius 
morosus. J Comp Physiol A Neuroethol Sens 
Neural Behav Physiol. 2011; 197(8): 851–67.

Zill S, Schmitz J, Büschges A. Load sensing and 
control of posture and locomotion. Arthro-
pod Struct Dev. 2004; 33(3): 273–86.

D
ow

nloaded from
 http://karger.com

/bbe/article-pdf/98/1/22/3953274/000525323.pdf by U
niversitätsbibliothek G

iessen user on 14 N
ovem

ber 2023


