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The defense glands in the dorsal prothorax are an importantwapomorphic trait of
stick insects (Phasmatodea). Here, we study the functionahnatomy and neuronal
innervation of the defense glands inAnisomorpha paromalus (Westwood, 1859)
(Pseudophasmatinae), a species which sprays its defense seetions when disturbed
or attacked. We use a neuroanatomical approach to identifyhie nerves innervating the
gland muscles and the motoneurons with axons in the differemerves. The defense gland
is innervated by nerves originating from two segments, the ubesophageal ganglion
(SOG), and the prothoracic ganglion. Axonal tracing con rm the gland innervation
via the anterior subesophageal nerve, and two intersegmeat nerves, the posterior
subesophageal nerve, and the anterior prothoracic nerve. onal tracing of individual
nerves reveals eightidenti ed neuron types in the subesopdgeal or prothoracic ganglion.
The strongest innervating nerve of the gland is the anteri@mubesophageal nerve, which
also supplies dorsal longitudinal thorax muscles (neck mutes) by separate nerve
branches. Tracing of individual nerve branches reveals tifent sets of motoneurons
innervating the defense gland (one ipsilateral and one comatlateral subesophageal
neuron) or the neck muscle (ventral median neurons). The iieteral and contralateral
subesophageal neurons have no homologs in related taxa likeocusts and crickets,
and thus evolved within stick insects with the differentién of the defense glands. The
overall innervation pattern suggests that the longitudiregland muscles derived from
dorsal longitudinal neck muscles. In sum, the innervatingerves for dorsal longitudinal
muscles are conserved in stick insects, while the neuronalantrol system was specialized
with conserved motoneurons for the persisting neck musclesand evolutionarily novel
subesophageal and prothoracic motoneurons innervating th defense gland.
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Strau et al. Defense Gland Innervation iinisomorpha

INTRODUCTION in Peruphasma schultenly the anterior subesophageal nerve
innervates the defense glands, but not the intersegmemialen
In stick insects (Phasmatodea), paired exocrine defenseigla complex Gtolz et al., 20)5Few neuron types located in the SOG
are found in the prothoraxgedford, 1978; Chow, 2008; Bradler,and the prothoracic ganglion have axons in the Nervus anterio
2009. The gland opening is located at the anterio-dorsalsQOG Gtolz et al., 2095
pronotum. The defense glands are an autapomorphic character Here, we study the neuronal innervation of the defense glands
for the Phasmatode&3(imaldi and Engel, 2005; Bradler, 2009 in further detail in the specie&nisomorpha paromalusvhich is
Even in the Indian walking stickCarausius morosuwhich  closely related té\. buprestoide@Bradier, 2000 The aim of this
apparently does not produce defensive secreti@isg¢ler, 1983; study is (1) to document the innervation pattern of the defense
Carlberg, 1983athe glands are found in the prothorax albeit gland for a species from a genus which has a strong spraying
in relatively small sizeMarquardt, 1940; Stolz et al., 20180 defense behavior from prominent defense glariisier, 196§
species displaying chemical defense, the paired defensesglagg) to identify the particular neurons which innervate thefelese
produce the defense uid from a secretory epithelium liningth gland muscles in nerves which also target adjacent musslek (
inner gland muscle layersi@pp et al., 1966; Strong, 1975; Eisnefet al., 201} and (3) to compare the innervation iA. paromalus
et al., 199). The defense secretions have been studied for thg) the closely relatedP. schultei(both Pseudophasmatinae;
biochemical components in detail in di erent species of stickGoldberg et al., 20)5or the functional specialization on the
insects (e.gMeinwald et al., 1962; Smith et al., 1979; Chow angy, ant. SOG innervation. We use axonal tracing of individual
Lin, 1986; Ho and Chow, 1993; Bouchard et al., 1997; Eisn@erve branches from the Nervus anterior SOG to di erentiate
et al., 1997; Dossey et al., 2006, 2008; Schmeda-Hirschmathe neuronal innervation of the defense gland and of the dorsal
2006 summarized inDettner, 201} In Anisomorphaspecies, |ongitudinal muscles (or neck muscleéspnegger et al., 19%4
the principle component of the defense spray is anisomorphal, @omparison of these motoneurons in stick insects to homol@sgou
monoterpene dla'dehydMeanﬁ'd et aI., 19©2Nh|Ch occursin neurons in related Species of Cockroachm\ﬂs’ ]_98)3 and
three diastereomers iAnisomorpha buprestoidgSossey et al., |ocusts fltman and Kien, 1979: Honegger et al., 1pgaveals
20089. neurons which have evolved with the development of the defense
In addition, the importance of chemical defense secretion foglands. This comparison of identi ed neuron§&6odman et al.,
the survival of stick insects has been shown in behavios#yss 1979: Hoyle, 1983; Arbas et al., 1991; Kutsch and Breidbach,

as an e ective mechanism against predators for several specigso) allows to identify the evolutionary novel nerve cells irckti
(Eisner, 1965; Carlberg, 1981, 1985b,C, 1986a, 1987; B@UChmsects which underlie chemical defense.

et al., 1997; Dossey et al., 20blit seeNentwig, 1990 The

defense glands can be employed in defense against pred&eors ||

birds or rodents by secreting or spraying a repellent or iriitgt IMATERIALS AND METHODS

uid, or by releasing an odor Eisner, 1965; Bedford, 1978; Animals

Carlberg, 1986a; Eisner et al., 2p0Secretion release usuallyAnisomorpha paromalus (Westwood, 1859)

covers parts of the body surface with the uid, while spraying(Pseudophasmatinae) were reared in a crowded lab culture

release occurs over a distance at potential predatoesliferg, of females and males at the Institute for Animal Physiology,

1986b; Eisner et al., 1997, 2005; van de Kamp et al.).2015 Justus-Liebig-University, GieBen. Animals were kept under a
Aimed spraying is arguably the most complex among thesg2:12 light-dark regime. They were fed witlyustrumleavesad

chemical defense behaviors. Behavioral experiments havensh |ipitum. Only adult individuals were used in this study.

that A. buprestoidesan direct the spray from either both glands,

or only a single gland, depending on the direction of contactScanning Electron Microscopy

(Eisner, 196 Further, they can spray in an aimed direction atThe gland opening was documented by scanning electron

birds prior to any contact with the insect bod§ziner, 196% In microscopy from specimens stored in 70% ethanol (Carl Roth,

general, di erent sensory stimuli are integrated for uicegtion  Karlsruhe, Germany). Thoraces were isolated from the rest

including vision and touch. The chemical defense must thusf the body and cut in the middle with scissors. They were

be under a neuronal control which goes beyond local, re exdehydrated in a graded ethanol series (Carl Roth, Karlsruhe,

like circuits in the prothorax. A previous comparative studyGermany). The preparations were critical point-dried (BALTE

has revealed a complex innervation pattern of the glands bBalzers, Liechtenstein) and sputter-coated with gold (SOB 0

three peripheral nerves from the subesophageal and prothorac8putterCoater, Balzers), and viewed and documented with a

ganglion in four species including. morosugStolz et al., 2095  Phillips XL 20 SEM.

The most prominent nerve supplying the defense glands, the

Nervus anterior, originates in the subesophageal gang®@g), Dissection Procedures

and also supplies adjacent thoracic longitudinal muscl&sl¢  Prior to preparation of the glands and the nervous system,

et al., 201p In addition, the intersegmental nerve complexinsects were cold-anesthetized for 10 min a€4The dissection

innervates the glands by the posterior subesophageal nedre aprocedures followed those established for other spediésiA

the anterior prothoracic nerve in most species studi€do(z et al.,, 201} cutting the insects open with scissors on the

et al.,, 201p Between these distantly related group®(dberg dorsal side of the thorax and head capsule, and attening them

et al., 201} the peripheral nerve pattern is conserved. Notablyput in glass dishes which were lled with Sylgard (Sylgard
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184, Suter Kunststo e AG, Fraunbrunnen, Switzerland) with For histological staining to analyze the gland muscles,
insect pins. The esophagus and gut were removed with scissotise sections were also incubated in methanol for 5min at
and the ganglia and peripheral nerves were thus exposedom temperature and then stained in double concentrated
for neuroanatomical investigations from the dorsal sidleT Giemsa solution (Stock solution from Carl Roth, Karlsruhe,
preparations were covered witbarausiussaline with pHD 7.4  Germany) for 1 h. Excess staining solution was washed o with
(0.00684 mol/I NaCl; 0.01744 mol/l KCI; 0.00748 mol/l GaCR ~ demineralized water, and the slides were next di erentiatgith
H20; 0.01844 mol/IMgGl 6 H>0; 0.00198 mol/l TrisyVeidler 1% (v/v) acetic acid for 3s and washed with demineralized
and Diecke, 1969; Bassler, 1R7This dissection procedure was water. In addition, gland sections were also analyzed withou
also followed in preparations for axonal tracing (see below).  counter-staining. These sections were mounted directtgraf
depara nation (see below).

Neuroanatomy and Axonal Tracing Microscopy and Documentation

Gland Innervation Pattern In Situ Preparations of Peripheral Nerves with Vital

To document the peripheral nerves innervating the defensgtammg

gland, these structures were stainedsitu. The preparations The stained preparations covered wiGarausiussaline were
were shortly incubated for 20-40's with Janus Green B salutioyiewed with a Leica dissection microscope and drawn with help
(Sigma-Aldrich, St. Louis, Missouri; used 0.02%0arausius of a Leica drawing mirror. The drawings were scanned and

saline). Janus Green B stains the ne peripheral nerves anglgitally redrawn using CorelDraw version 11 (Corel, Ottawa
other tissues. The Janus Green B solution was used at storaggnada).

temperature of 4C, and quickly washed out after incubation

usingCarausiusaline. Preparations with Axonal Tracing
Glands were viewed in phosphate bu er with a Leica dissection
Axonal Tracing Experiments microscope and documented by photographs from a Nikon

To reveal the gland innervation by speci ¢ nerves and the sama Digital Sight DS-5M camera (1,280 960 pixel) attached to
located in the central nervous system of neurons with axonfe microscope. Ganglia with lled nerves were dehydrated in
in these nerves, axonal tracing was used. Again, the tracirjaded ethanol series (Carl Roth, Karlsruhe, Germany), deare
procedures were carried out situ following the dissection in methyl salicylate (Merck, Darmstadt, Germany). They were
described above (for details sé&lz et al., 20)5Neurobiotin ~ viewed with an Olympus BH-2 microscope, and documented
was used as tracing solution (5%, dissolved in Aqua desttpk/ec by photographs from a Leica DFC 7000 T digital camera (1,920
Laboratories, Burlingame, CA, USA). The di erent nervesmaki 1,440 pixel) connected to the microscope, using the Leica
up the tracing solution were cut with iridectomy scissorsgs Application Suite V4.9.

schematics inFigures 7 8). Preparations were incubated at
4 C for 4 days in a moist chamber. Ganglia were then take
out and xed in 4% paraformaldehyde (Sigma Chemicals, S
Louis, Missouri, USA) dissolved in phosphate bu er (0.04 mol/l
NaxHPOy; 0.00574 mol/l NabPOy 2 Ho0O) for 1h. They

I]]—|istological Sections
ﬁistological sections were dehydrated in 100% xylol (CathiRo
and mounted in Entellaf (Merck, Darmstadt, Germany).
Photomicrographs were taken with a CV12 camera (Olympus
. . . K.K., Shinjuku, Japan) mounted on a BX50 microscope
were subsequently rinsed in phosphate buer and stored i v . . .

q y phosp Olympus K.K., Shinjuku, Japan). Series of single pictureg wer

PBST bu er (0.1369 mol/l NaCl, 0.0027 mol/l KCI, 0.01 mol/I'~ . .
NaHPOy, 0.00176 mol/l KHPOy, all substances from Merck stitched together with the program AutoStitch v2Rr¢wn and
o ' ' Lowe, 200Y.

Darmstadt, Germany; and 0.1% Triton X-100, Roth, Karlsruhe;
Germany; with pHD 7.2). The uptake of neurobiotin in neurites Terminology

and somata was visualized as described previotlyla et al., The terminology of peripheral nerves follow&rquardt (1940)

2015_ using the Avidin-_Biotin ki_t (Vectastain ABC Kit PK_' andHonegger et al. (19847 he terminology for thoracic muscles
6100; Vector Laboratories, Burlington CA) and DAB solution¢,|;osEriedrich and Beutel (200@)nd Wip er et al. (2015)for

(Vectastain DAB kit SK-4100; Vector Laboratories) acaegdd e negpteran muscle groundplan in the thorax. For comparison

manufacturers' instructions. to Orthoptera, we refer to the muscle descriptions and muscle

) terminology byHonegger et al. (1984)
Histology of the Defense Glands

After axonal tracing, the defensive glands were dehydraied Morphometric Analysis and Statistics

a graded ethanol series (30% ethanol to 96% ethanol) followéslanglion areas and neuron soma areas were measured from
by two changes of 99.9% 2-propanol, each step for sevewdibitized photographs of ganglia using the freeware program
hours at room temperature. The tissues were then embedded ImageJ (https://imagej.nih.gov/ij/). Since animals shovexusl
Histose® (Merck, Darmstadt, Germany) and hin sections dimorphism in size, we compared the data between sexes for
were made with a Leitz rotary microtome and mounted on glasSOG area, absolute soma size for two identi ed subesophageal
slides (SuperFro8f, Carl Roth, Karlsruhe, Germany). Sectionsneurons (ipsilateral neuron ILN and contralateral neuronNGL
were deparaned with Rotf-Histol (Carl Roth, Karlsruhe, see results), and the relative soma size for ILN and CLN. The
Germany) and rehydrated in a descending ethanol series. relative soma size was calculated by dividing the absobrtes
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size by the ganglion area of the respective ganglion. Statist
analysis used the software GraphPad Prism 4 (GraphPad, S
Diego, CA). Data were tested for normal distribution usirget
Kolmogorov-Smirnov (KS) normality test. Since not all datere
normally distributed, we further used the Mann-Whitney tés

compare data from female and male individuals.

RESULTS

Defense Glands and Innervation Pattern
Anisomorpha paromalushows a notable dimorphism in size
between sexes with females being much larger than mal
(Figure 19. In both sexes, the gland opening is located beloy
a cuticular ridge at the anterio-dorsal edge of the pronotum
(Figure 1b). This external opening of the ejaculatory duct was
very small and surrounded by membran&sgure 19.

In situ preparations showed the paired defense glands i
the dorsal prothorax Figures 2a,b;). In both sexes, the long
glands span through the prothorax. For both sexes, the mo
obvious innervating nerve to the glands originates from the
SOG Figures 23,b;). This nerve is the subesophagésrvus
anterior (N. ant. SOG) which originates on each side of the
SOG, runs under a cuticular apodeme on each side of the he
and enters the prothorax toward the glané&igures 2 ,b).
During the distance between the SOG and the gland, no furthe
innervation targets occur. Close to the defense gland, tree
splits into two nerve branches which contact the proximal glan
surface. These two branches run on the dorsal and ventr
side of the gland (for overview, sdggures 2 3; for details
also Figures 5a,§. There are four dorsal longitudinal muscles
in the prothorax ofA. paromalus(Figure 4), and their overall
organization resembles that reported fGt morosugJeziorski,
1918; Marquardt, 1940 Based on their position and anterior
attachment points at an apodeme behind the head capsule, t
two anterior muscles are Idim1 (the median muscle) and Idim2
(the lateral muscle)Hriedrich and Beutel, 2008In C. morosus
the more posterior muscles are termed 3a and 3bz(orski,
1919 or D3 and D4 (Marquardt, 1940 These muscles are
more di cult to homologize, since inC. morosusome dorsal : . h F
longitudinal muscles are absent in the prothorax (Idim3nhél 55 b : ; "~ ventral
Jeziorski, 1918; Leubner et al., 2DBY their positions, the two
posterior longitudinal muscles could represent Idim5 andi@l | FIGURE 1| (a) Couple of Anisomorpha paromaluswith male on top and
(Friedrich and Beutel, 2098or two sets of bers from IdIm5. fc_amale below. (b) The gland opening (white arrow) is located belowac_uticular

. . . . ridge (arrowhead) at the anterio-dorsal edge of the pronotua. (c) Scanning
Importantly, the major anterior dorsal Iongltudlnal musslare electron micrograph of the small release opening (black asw) surrounded by
still present inA. paromalusand locate next to the defense gland membranous structures. Scales:(b) D 4mm:; (c) D 250 mm.
(Figures 45).

The innervation by N. ant. SOG is not exclusively on the gland,
as a further nerve branch splits o from the dorsal branch whic posteriorof the SOG (N. post. SOG), thdervus anterioof the
innervates a dorsal longitudinal neck muscleigures 5b,§.  prothoracic ganglion (N. ant. T1), and thidervus transversyhl.
The muscle innervated together with the defense gland by Nrans.) Figure 3. From the nerve complex, a thin nerve branch
ant. SOG Figures 5b,% is homologous to muscle Idim2 in the splits o and contacts the defense gland. This nerve branch
neopteran groundplanHriedrich and Beutel, 2008and to the usually contacts the ventral branch of N. ant. SOG at the gland
closely aligned muscles 50/51 in Orthoptera by its attacitmer{Figure 5d). Some variability was found in the innervation by the
sites and positionfltman and Kien, 1979; Honegger et al., 1284 intersegmental nerve complex, as an additional second branc

A further gland innervation originates from the from the intersegmental nerve complex could occliglre 56
intersegmental nerve complex, which is formed by threer two branches left the intersegmental nerve complex buedus
distinct nerves as they run toward the periphery: tNervus into one branch which ultimately contacted the defense gland
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/A
4

anterior

S

FIGURE 2 | Defense glands inA. paromalus (a) female and(b) male individuals.(a;, bj) Paired defense glands lay dorsally in the prothoraxa;j, bjj) The innervation
by a prominent nerve from the subesophageal ganglion (SO similar in both sexes: the nerve (white arrow) runs under auticular apodeme (asterisk) toward the
anterior defense gland where it splits into two nerve branaks which contact the gland surface (white arrowheads). Scab: femaleD 4 mm, male D 2 mm. dg, defense
glands; T1, prothoracic ganglion; SOG, subesophageal garign.

(Figure 51). This overall innervation pattern is identical to the muscle layer and the inner ring muscle laydrigure 64.
species studied beforgiplz et al., 2015; Stolz, 2017 The longitudinal muscles are asymmetrically organizedh wi
Axonal tracing of di erent nerves was used to con rm the thicker longitudinal muscles at the ventral and dorsal siaed
individual nerves innervating the gland muscles, in patacu very thin longitudinal muscles at the medial and lateral side
in the intersegmental nerve compleX¥igures 6a,e Table ).  (Figure 69. The secretory epithelium lines the inside of the gland
The two branches of N. ant. SOG form a ne network of (Figure 6). Sections revealed ne neuronal arborizations mainly
arborizations on the gland surfaceigure 6b). While the ventral  in the outer longitudinal musclesHgure 6d). A similarly clear
and dorsal branch at the anterior gland run over the glandacte  innervation of the ring muscle bers was not detectable.
(Figures 5a6b), histological sections of the middle of the gland  In the intersegmental nerve complex, the ne nerve branch
showed that the two branches run between the outer longitadi was also con rmed by anterograde axonal tracing toward the
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anterior

tP lateral

anterior

tb lateral

A.p. female _ male

FIGURE 3 | Schematic of peripheral nerves contacting the defense glais in A. paromalusfemale (left) and male (right) . The defense glands are innervated by the
Nervus anterior of the subesophageal ganglion (N. ant. SO@nd the intersegmental nerve complex (ISN) formed by the Nars transversus (N. trans.), Nervus
posterior of the subesophageal ganglion (N. post. SOG), anthe Nervus anterior of the prothoracic ganglion (N. ant. Tdjia a small nerve branch. The N. anterior SOG
splits into a dorsal branch (db) and a ventral branch (vb) wth contact the gland muscles. ScalesD 2 mm. db, dorsal branch of N. anterior SOG; dg, defense glands
ISN, intersegmental nerve complex; N. ant. SOG, Nervus antier of the subesophageal ganglion; N. ant. T1, Nervus anten of the prothoracic ganglion; N. post.
SOG, Nervus posterior of the subesophageal ganglion; N. tres., Nervus transversus; SOG, subesophageal ganglion; Throthoracic ganglion; vb, ventral branch of
N. anterior SOG.

Identi ed Neurons Innervating the Defense
Glands

We used retrograde axonal tracing on the N. ant. SOG and its
nerve branches as well as the nerve branch of the interseiginen
nerve complex to reveal the neurons with axons supplying the
defense gland.

Tracing the complete N. ant. SOGifjure 79 stained three
identi ed neuron types in the SOGH{gure 7hy) and one in the
prothoracic ganglion (T1)Kigure 7h;). The neurons in the SOG
have been termed the ipsilateral neuron (ILN) which has the

=/ ®% 5o largest soma of the neuron types discussed here, the caetralla
y E ; neuron (CLN), and the ventral medial neurons (VMN) with
e the smallest somata located at the ganglions ventral nmedlin

. —» anterior

(Figure 7h) (see alscstolz et al., 20)5The number of VMNs

FIGURE 4 | Dorsal longitudinal neck muscles in the prothorax of. paromalus canvary from 2to 4 neurons butis in most preparations 3 VMNSs.

Dorsal longitudinal muscles are indicated by hatched lineand color coded for The neuron in the prothoracic ganglion has been termed the
Idim1 (green), Idim2 (magenta), and two posterior muscles (). Dotted line prothoracic intersegmental neuron (PINF(olz et al., 20)5No
indicates the outline of the head capsule. Scal® 1.5 mm. ap, apodeme; dg, di erence in the neuron sets were found between the sexes

defense gland; SOG, subesophageal ganglion; T1, prothorac ganglion.

We next used selective lling of N. ant. SOG nerve branches
to distinguish between neurons innervating the defense gland
the longitudinal neck muscle Idim2, or both. First, the vehtra
gland Figure 6f). The nerve terminals occurred also on theor dorsal nerve branches of N. ant SOG were carefully
gland surface but have a smaller innervation area. The diere separated from the anterior gland surfadéigure 79. For the
nerves of the intersegmental nerve complex were tested bigntral branch of N. ant. SOGn(D 15), the tracing revealed
individual tracing experiments. The obtained stainingswhd the subesophageal ILN and CLNrigure 7d) as well as the
an innervation by N. ant. SOG and N. post. T1, but not byprothoracic PIN (not shown). Among these neurons, the PIN
N. transversus Table ). This overall innervation pattern is was only stained in 50% of the preparations. This relatively
consistent with the innervation described for few other spgc rare staining was most likely due to the extended distance from
(Stolz etal., 2095 tracing of N. ant. SOG close to the head capstigre 79
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'~ anterior

t} lateral

: tral
“~branch

anterior

t} lateral

anterior

t} lateral

FIGURE 5 | Details of the gland innervationn situ. (a) Innervation of the defense gland (dg) by two branches of the Nanterior SOG, the dorsal and ventral branch, in
dorsal view. (b) The dorsal branch innervates both the defense gland by the tger dorsal branch contacting the gland muscle and a dorsabingitudinal muscle (Idim2)
in the prothorax by a short side branch (black arrowhead), gparent with defense gland turned medially. Longitudinal rek muscle 1dim1 was removed during
preparation. (c) Schematic of the shared innervation of dorsal longitudinahuscle (Idim2) by the dorsal branch of the N. anterior SOG; theentral branch exclusively
innervates the defense gland(d) The intersegmental nerve complex (ISN) usually contacts thdefense gland by a ne nerve branch (white arrowhead). The véral
nerve branch (vb) and the nerve branch from the ISN connect ahé gland surface (black arrow). The ISN extends laterally dfe defense gland toward a longitudinal
muscle, Idim1 (black open arrow)(e) A second contact from the ISN can occur further distally on thgland surface (white open arrow). White arrowheads indicatthe
ne branch in more anterior position.(f) Two ne branches of the ISN (white arrows) can merge before comicting the gland as a single ber (white arrowhead), with a
shared contact zone with the N. anterior SOG (black arrow) othe gland surface. Note the ISN extending laterally toward ghlongitudinal muscle Idim1 (black open
arrow). db, dorsal branch of Nervus anterior SOG; dg, deferesgland; dim, dorsal longitudinal muscle; ISN, intersegmeat nerve complex; N. ant. SOG, Nervus
anterior of the subesophageal ganglion; N. transv., Nervusansversus; vb, ventral branch of N. anterior SOG.

to tracing the ventral branch at the defense glaf@g@re 79. gland. For tracing of the dorsal nerve branch of N. ant SOG
The subesophageal VMNs were never stained by tracing thenervating the defense gland O 7), the ILN and CLN were
ventral nerve branch of N. ant. SOG which innervates thertefe also reliably stained (not shown). In two of these preparatioh

Frontiers in Ecology and Evolution | www.frontiersin.org 7 November 2017 | Volume 5 | Article 151


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Strau et al. Defense Gland Innervation iinisomorpha

a anterograde axonal tracing b

—> distal

,\
’W ﬂ (\ ¢ N. ant. SOG

dorsal

I

ventral

@ anterograde axonal tracing

—» distal

A\ /\ anterior
ﬁ ﬂ r t Intersegmental

posterior nerve complex

FIGURE 6 | Neural innervation of the defense gland shown by axonal tramg. (a) Schematic for the anterograde tracing of N. ant. SOG towardtte defense gland.
Dotted line indicates cut site of the nerve, arrow indicateshe direction of axonal tracing.(b) Staining of nerve branches (dorsal branch db, ventral brarcvb) and ne
(Continued)
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FIGURE 6 | nerve arborization on the gland muscle after tracing of N. anSOG. Cut end of N. ant. SOG is indicated by asterisk(c) Histological section at the middle
of the gland shows the two nerve branches (arrowheads) betwen the outer longitudinal muscles (Im) and inner ring musagrm). Note the asymmetric organization of|
the outer, longitudinal muscle layer. Boxed area is shown imagni cation in (d). (d) Detail of muscle layers shows the stained nerve branch (amdead) at the border
between longitudinal muscles (Im) and inner ring musclesn(), and adjacent nerve endings in the outer longitudinal mates (arrows).(e) Schematic for the
anterograde tracing of the intersegmental nerve complex tward the defense gland. Dotted line indicates cut site of th@erve, arrow indicates the direction of axonal
tracing. (f) Staining of the nerve branch from the intersegmental nerveomplex (indicated by asterisk) and nerve arborizations omé gland muscle (open arrows) after
tracing of the intersegmental nerve complex. Scalegb,f) D 1 mm; (c) D 200 nm; (d) D 150 mm. db, dorsal branch of Nervus anterior SOG; Im, longitudirianuscles;
N. ant. SOG, Nervus anterior SOG; N. ant. T1, Nervus anteridrl; N. post SOG, Nervus posterior SOG; N. trans., Nervus trasversus; rm, ring muscles; SOG,
subesophageal ganglion; se, secretory epithelium; t, trdwea; T1, prothoracic ganglion; vb, ventral branch of Nervuanterior SOG.

TABLE 1 | Innervation of the defense gland by distinct nerves iA. paromalus D 0.0011-0.1; KS distan@ 0.1070-0.3480), we subsequently
used the Mann-Whitney test for comparing data between the
sexes. The absolute area of the SOG was signi cantly langer i
Nervus anterior SOG c nD22 females than in maled={gure 9b femalesn D 15, malesn D

13; one-tailed Mann-Whitney tesft < 0.0001, Mann-Whitney

U D 9.000). For the ILN and CLN somata, we compared also

Nerve Innervation n

INTERSEGMENTAL NERVE COMPLEX

Nerve branch of intersegmental nerve complex C nD6 o X
Nervus posterior SOG c nps absolute somata areas. The somata were signi cantly langer
Nervus anterior T1 c nps females for both. ILN somatf(g.ure 9¢ femalesn D 15, males:

n D 13; one-tailed Mann-Whitney tesp D 0.0362, Mann-
Nervus transversus - nD 14

Whitney U D 58.00) and CLN somata-{gure 9¢ femalesn
(C) innervation supported by axonal tracing; (-) innervation not supported bgxonal D 10, malesn D 9:; one-tailed Mann-Whitney tesp D 0.0175,
tracing. Mann-Whitney U D 19.00). To account for the size di erences
between sexes, we calculated relative somata sizes iomelat
to the ganglion area. Di erences in relative somata sizesswer
not signi cant between sexes for the ILNFiure 9¢ females
D 15, maled 13; one-tailed Mann-Whitney tesp D 0.4816,

the dorsal branch, the VMNSs were also stained. Tracing thetsho
nerve branch innervating the longitudinal neck muscle 1@m

(Figure 7¢ n D 8) stained the VMNs Kigure 79, but no other Mann-Whitney U D 96.00) and the CLNKigure 9f, femalesn
neuron type. These selective back lls suggest that the IL8 aNy 10 malesn D 9 one-tailed Mann-Whitney tes['J D 0.0912:

CLN as well as the PIN innervate the defense gland, while tl’\@lann-Whitney U D 28). We further tested for a correlation

VMNs innervate the dorsal neck muscle Idim2. The joint stagi :
tw ILN LN I . We f
of ILN, CLN, and the VMNs in a subset of dorsal nerve branchbe een and CLN somata area and ganglion area. We found

- . . a statistically signi cant correlation between ILN somateea
lls was likely an artifact for the VMNSs, due to the close proityn and SOG area for femald. paromalus(n D 15; one-tailed

of the dorsal branch on the gland to the branch innervating th Spearman rank tesp D 0.0099, SpearmanD  0.5929), and

neck muscle. Based on the tracings of the ventral branchef trbetween CLN somata area and SOG area for majgaromalus
N. ant. SOG and the majority of the dorsal branch of the N. ant n D 9; one-tailed Spearman rank tegtD 0.0484, Spearman

SO.G’ the glgnd mnerva’uon by \./MNS can be excludgd. Thes, D 0.600). However, no statistically signi cant correlatioasv
ndings provide evidence that distinct sets of neurons wikoas found for male ILN f D 13; one-tailed Spearman rank test:

in the N. ant. SOG innervate the defense gland (ILN, CLN, PIN)p D 0.0872, SpearmanD 0.4011) and for female CLN\(D

and the longitudinal neCk muscle (VMNs). 10; one-tailed Spearman rank teptD 0.3161, SpearmanD
Retrograde tracing of the nerve branch from the 0.1758)

intersegmental nerve complekigure 89 also revealed di erent

neuron types in the SOG and the T1, by the N. post. SOG and the

N. ant. T1. These experiments generally gave lower staiaieggr DISCUSSION

for the SOG, probably due to the thin nerve branch. In the SOG . .

a single contralateral neuron was staindég(re 8h). In the [nnervation Pattern of the Defense Gland in

prothoracic ganglion, a dorsal unpaired median neuron (DUM),Anisomorpha paromalus

one contralateral neuron, and one median neuron with a cdrve The defense gland &f. paromaluss innervated by three distinct

neurite were stainedrigure 8h;). Since the nerve branch from nerves, viathe N. ant. SOG and the intersegmental nerve ampl

the intersegmental nerve complex contacts only the defeng®l. post. SOG and N. ant. T1). The most prominent nerve is

gland, the neurons revealed by tracing of this nerve brarah c the N. ant. SOG, while the intersegmental nerve complex forms

be assumed to innervate the gland. a ne nerve branch to the gland. This pattern is also found in
Since we noted dierences in the soma size for the ILNother stick insects from di erent lineages (Timematida@nema

between individualsKigures 9a,ai; see Supplementary Data), chumash, Timema petitapnchodinaeC. morosusd\ecrosciinae:

we measured the SOG sizes and somata sizes for ILN and CLS8lpyloidea sipylysLanceocercataExtatosoma tiaratum Stolz

Because the animals and also the subesophageal ganglia diegral., 2015; Stolz, 20)L7The nerve pattern is thus identical

in sizes between sexes, we compared data from females amttoss species irrespective of the particular mode of chemical

males. Since not all data tested showed normal distribu{on defense, or even the lack of defensive secretion€ (imorosus
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FIGURE 7 | Retrograde axonal tracing of the N. anterior SOG(a) Schematic for the retrograde tracing of N. ant. SOG toward th central nervous system. Dotted line
indicates cut site of the nerve, arrow indicates the direatin of axonal tracing.(b) Stained neuron types after retrograde tracing of N. ant. SO@ the subesophageal
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FIGURE 7 | ganglion(b;) and prothoracic ganglion(bjj). Traced nerve N. ant. SOG is indicated by asteriskc) Schematic for the retrograde tracing of the ventral
branch of N. ant. SOG toward the central nervous system. Doéd line indicates cut site of the nerve, arrow indicates theidection of axonal tracing.(d) Stained neuron
types after retrograde tracing of the ventral branch of N. an SOG (indicated by asterisk)(e) Schematic for the retrograde tracing of the nerve branch of Nant. SOG
innervating dorsal longitudinal muscle Idim2 toward the ceral nervous system. Dotted line indicates cut site of the nee, arrow indicates the direction of axonal
tracing. (f) Stained neuron types after retrograde tracing of the nerveranch of N. ant. SOG innervating dorsal longitudinal musclillm2 (indicated by asterisk). Scales
D 500 mm. CLN, contralateral neuron; ILN, ipsilateral neuron; N. anSOG, Nervus anterior SOG; N. ant. T1, Nervus anterior T1;.post. SOG, Nervus posterior SOG;
N. trans., Nervus transversus; PIN, prothoracic intersegmeal neuron; SOG, subesophageal ganglion; T1, prothoraciganglion; VMN, ventral medial neurons.

a retrograde axonal tracing b

connective

v

™

2l r/ t

posterior

SOG |y -

FIGURE 8 | Retrograde axonal tracing of the intersegmental nerve conipx. (a) Schematic for the retrograde tracing of the intersegmentaterve complex toward the
central nervous system. Dotted line indicates cut site of #nerve, arrow indicates the direction of axonal tracingb) Stained neuron types after retrograde tracing of
the intersegmental nerve complex ink(j) the subesophageal ganglion with one contralateral subeghageal neuron (CSN), andlj;) the prothoracic ganglion with a
dorsal medial unpaired neuron (DUM), a contralateral prathacic neuron (CPN), and a neuron located at the midline wita bending neurite (white arrowhead). Scal®
500 mm. CPN, contralateral prothoracic neuron; CSN, contralatel subesophageal neuron; DUM, dorsal unpaired median nean; N. ant. SOG, Nervus anterior SOG;
N. ant. T1, Nervus anterior T1; N. post. SOG, Nervus posteridcSOG; N. trans., Nervus transversus; SOG, subesophageal galion; T1, prothoracic ganglion.

Carlberg, 1989a Only in P. schultei(Pseudophasmatinae) is The peripheral nerve pattern is conserved also with
the innervation exclusively from the N. ant. SOGt{lz et al., respect to related taxa of OrthopteraH{negger et al.,
2015. Anisomorphaspecies are very closely relatedPteschultei 1989, Embioptera Rahle, 197)) and Blattodea [avis,
(Goldberg et al., 20)5but the defense gland innervation is 1983, where the nerves N. ant. SOG, N. post. SOG, and N.
not specialized exclusively to the N. ant. SOG. Therefore, thant. T1 also innervate dorsal longitudinal (“neck”) muscles
innervation is only simplied in P. schultei Other species The transverse nerve as part of the intersegmental nerve
including A. paromalushave an innervation by three distinct complex does not innervate the defense gland in stick insects
nerves Gtolz et al., 2005 (present study;Stolz et al., 2095 In Orthoptera, it supplies
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FIGURE 9 | Morphometrical analysis of neuronal elementga) Examples of ILN size differences between two male individwual(b) Comparison of subesophageal
ganglion area in females and males; Mann-Whitney tesp < 0.0001. (c) Comparison of ILN soma area in females and males; Mann-Whitgeest, p < 0.05.

(d) Comparison of CLN soma area in females and males; Mann-Whigy test, p < 0.05. () Comparison in ILN soma relative area in females and males;
Mann-Whitney test,p > 0.05. (f) Comparison in CLN soma relative area in females and males; Ma-Whitney test,p > 0.05. Scales D 500 nm. For details, see main
text. CLN, contralateral neuron; ILN, ipsilateral neuron; 3G, subesophageal ganglion; VMN, ventral median neurons.t&tistics: *0.05> p > 0.01; **p < 0.001.

one to two smaller dorso-ventral musclesldnegger et al., Tracing of the complete N. an. SOG reveals the ILN, CLN,
1989. VMNSs, and PIN in the central nervous systerfigure 7b),

as in other stick insectsSfolz et al., 20)5In A. paromalus
Identi ed Neurons Innervating the Defense tracing the nerve branch of N. ant. SOG innervating the Idim2

. . stains exclusively the VMNs. This neuron type is evolutionary
Gland and EVOluuonary Novelties at the conserved and innervates anterior dorsal longitudinal oies in

Cellular Level in a Conserved Innervation orthopteroid insectsavis, 1983; Honegger et al., 1)8#hich
Pattern we con rm also for stick insects=jgure 7).

Here, we conducted selective retrograde back lIs of N. aBiGS Tracing of the nerve branches on the defense gland reveals a
nerve branches from the defense gland or the Idim2 neck nsuscbubset of these neurons with ILN, CLN, and PIN. These neuron
to identify the neurons which innervate gland muscles ortimic ~ types are not present when tracing the homologous nerve 6 in
neck muscles. Orthoptera @ltman and Kien, 1979; Honegger et al., 1p&4
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the homologous tergal nerve in cockroachBs(is, 1988 The neurons might have been recruited during the evolution of th
selective back lls thus show that the defense gland and 2dimgland, resulting in a specialized system innervated by single
are supplied by distinct neurons. The ILN, CLN, and PIN arerepresentatives of several identi ed neuron types.
therefore evolutionary novel types of neurons, which ewbive ]
Phasmatodea with the development of the defense glands, Gland Muscle Innervation and Muscle
2017. Notably, in the most basal phasmatodean linesigeema Homologies
only the VMNSs are present. The ILN varies in soma size betweenhe stick insect defense gland is mainly innervated by the
di erent species of stick insects, with a larger soma in specigsrominent N. ant. SOG, but also by the intersegmental nerve
with spraying release of defense secretion &e& et al., 2005  complex. The innervation by nerves and neurons can be
The prominent ILN is thus likely the main motoneuron to elicit used to gain insights into the evolutionary origin of the
the gland discharge. The ILN soma sizeAn paromalusalso  |ongitudinal muscles in the defense glarthble 2. In locusts,
supports this correlation. Comparisons of the ILN and CLNthe closely aligned muscle pair 50/51 (Idim2) is the only
soma sizes showed no statistically consistent correldtaiie  |ongitudinal neck muscle supplied by the N. ant. SOG, as shown
ganglion sizes for females and males, as female CLN soma argaretrograde axonal tracing of peripheral nervésofegger
and male ILN soma area showed no signi cant correlation toet al., 1981 In crickets, an occasional additional innervation
the ganglion area. Only the homogenous relative soma are@$ muscle 65 (Idim3) by the VMNs was interpreted as a
show that di erences in ILN and CLN soma sizes between sexdigely staining artifact lonegger et al., 1984This innervation
likely depend on di erences in the size of the SOG and hencgattern suggests that the longitudinal gland muscle derives,
body size Figures 9ef. In orthopteran insects, large musclesat least partly, from the longitudinal neck muscle Idim2.
with a high number of bers are also innervated by relativelyThis is further supported by the shared innervation of the
large motoneuronsiurrows and Hoyle, 1972; Wolf, 2018ize  defense gland and Idim2 by nerve branches from the N.
di erences of the ILN and CLN motoneurons might thus also beant. SOG reported hereFi{gures 6b,3. The intersegmental
in uenced by the size of the defense gland or the muscle fayemerve complex of Orthoptera innervates the dorsal longitutiina
Currently, we also investigate the neuropil areas and tnadts  muscle Idim1 Honegger et al., 1934which is close to Idim2
neurite projections from the ILN/CLN or VMNSs in the stick (Friedrich and Beutel, 2008for Timema see Stolz, 201).
insect SOG from selective back Il experiments to analyze thgh A. paromalusand other stick insects, the intersegmental
possible functional separation of these neuronal systembén t nerves not only innervate the defense gland, but also Idim1
central nervous system (Stolz, Strauf3, et al., in prep.). (Figures 5d,f Stolz, 201). This substantiates that also Idim1
The innervation of the defense gland by the intersegmentaias contributed to the longitudinal musculature of the defe
nerve complex is less prominent than the innervation by thegland. The more posterior dorsal longitudinal muscle with
N. ant. SOG, consisting of a rather ne nerve branch. Despiteinclear homology to the neopteran groundplarrrigdrich
the small size (compared to the N. ant. SOG), it also containsnd Beutel, 2008are apparently not involved in the gland
neurites from four neuron types. Since this traced nerve bhan muscle set.
from the intersegmental nerve complex contacts only thertefe Both the N. ant. SOG and the intersegmental nerve
gland Figure 89, these neurons all innervate the defense glandhus innervate dorsal longitudinal muscles and gland muscle
They include a known neuromodulatory neuron, the DUM (Figures5 6, Table 2. The shared innervation pattern of
neuron (e.g.Hoyle, 1978; Duch et al., 1999; Braunig and P Uger,
200), and further motoneurons. The DUM neuron supplying
the defense gland via N. ant. T1 was also foundSinsipyIus TABLE 2 | Summary of identi ed motoneurons and their muscle targets irthe
(Stolz et al., 20951t is also found to innervate longitudinal ¢'ense gland system.

neck muscles in locusts in Nerve 1 (homologous to N. antyerve/Neuron  Innervated Innervated Innervated
T1; Honegger et al., 1984; Kutsch and Heckmann, 1p@ba  type muscle in muscle in muscle in
in cockroaches in the homologous tergal nenzayis, 198R stick insects locusts crickets

Such DUM or DUM-like neurons innervating dorsal longitudiha UANT 868
muscles via the intersegmental nerve complexes in di eren\;h'/IN ; dim2 dim2 dim2: possibly al
ganglia are strongly conserved in inseé¢ts (kmann and Kutsch, g " " e possB aise

N Idim3
1990, 199k For the N. ant. T1, a single contralateral neuron
. . . . | Defense gland Neuron not present ~ Neuron not present
or few contralateral neurons in the prothoracic ganglion,ieth
. . . . CLN Defense gland Neuron not present  Neuron not present
innervate the longitudinal muscle Idim1, also occur in Ist PIN Defense aland Newron not bresent  Neuron not present
(Honegger et al.,, 1984; Kutsch and Heckmann, 1R9fa 9 P P
. N. POST. SOG
contrast to the N. ant. SOG, the intersegmental nerve complex
Defense gland Neuron not present  Neuron not present
reveals not only a conserved nerve, but also conserved neuro
. : N. ANT. T1
types to innervate the muscles in the defense gland. In slevelgtJM Def and brecent but tardet A )
species of insects, larger sets of motoneurons innervatelesis elense gian m;‘:i:z”r;mip:‘;?: g enpresen
via the intersegmental nerve complest¢rrer et al., 1986; CPN Defense gland dim1 dimi

Heckmann and Kutsch, 1995; Kutsch and Heckmann, 1995b;
Goldammer et al., 20)2Few of such contralateral and median Data from locusts and crickets afterHonegger et al. (1984)
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longitudinal muscles also found in Orthoptera suggeststizdh  from the intersegmental nerves. These neuroanatomicaingd

muscles, Idim1 and Idim2, have contributed to the longituai show that the conserved innervation pattern has allowed the

muscle bers in the stick insect defense gland. Since thecteas evolution of the gland control by specialization of few aduital

persist in Phasmatodea, it is likely that sets of muscle ldrs motoneurons. It remains to be investigated further how the

both Idim1 and IdIm2 contributed to forming the defense gthn di erent nerves and neuron types independently or together
Histological sections from glands after axonal tracing oon  activate and modulate the gland musculature, and how the

the innervation of longitudinal muscle bersHgures 6¢,d. In  muscle layers coordinate during contraction and uid ejeat

frontal sections of the gland, the transversal bers inraing

ring muscles are more di cult to reveal. Innervation of thtng  AUTHOR CONTRIBUTIONS

muscle might also be ner, but the position of the two main N.

ant. SOG branches between the two muscle layers in the midd@arried out experiments: JS, C-RvB, YvB. Carried out

and distal gland indicates that both muscle layers are suppligsteparations: JS, KS. Analyzed data: JS, C-RvB, YvB, KS.

by these branches. This would allow a simultaneous aativati  Provided reagents and lab facilities: RL-H, TT. Assembled

muscle layers for uid ejection. gures: JS. Drafted and wrote manuscript: JS. Edited manuscript
JS, C-RvB, YVB, KS, TT, RL-H. All authors read the manuscript
CONCLUSION AND OUTLOOK and agreed with the publication.

In sum, the defense gland iA. paromalusis innervated by a ACKNOWLEDGMENTS
complex set of peripheral nerves (N. ant. SOG, N. post. SOG. N.,

ant. T1). The innervation pattern is identical to other sticlkect We thank Dr. Michael Gebhardt, Freising, for providing
species, includingC. morosusa species with relatively small the Anisomorphaindividuals for this study. We thank Julia
defense glands which apparently does not produce defensimthacker for providing additionalAnisomorphaindividuals.
secretions. The nerves involved suggest that the defeasd gl We thank Dr. Martin Hardt and Sabine Agel of the Imaging
muscles, at least in parts, derive from the longitudinal neclUnit at Justus-Liebig-Universitat Giel3en for excellent helthwi
muscles Idim1 and Idim2. Selective back lls of nerve brascheSEM. We thank two reviewers for very constructive and helpful
from N. ant. SOG to the gland or the dorsal longitudinal mescl comments which improved this manuscript.

reveal a functional specialization for both these systenth wi

di erent motoneurons innervating the gland (ILN, CLN, PIN) SUPPLEMENTARY MATERIAL

and the dorsal longitudinal muscles (VMNSs). The ILN, CLN,

and PIN are evolutionary novel motoneurons. This suggest$he Supplementary Material for this article can be found
that they evolved with the evolutionary development of theonline at: https://www.frontiersin.org/articles/10.38&vo.
defense gland. A similar pattern was shown for two neuron type2017.00151/full#supplementary-material
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