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Abstract
Described herein is an as yet unprecedented structural and functional analogy of both the tracheal supply of the prosomal
ganglion in opilionids and the arterial supply of the prosomal ganglion in pulmonate arachnids. Within Arachnida, two
different modes of respiration can be observed: the so-called book lungs, and the tube-like tracheae. These different
respiratory modes always correlate with a specific setup concerning the complexity of the circulatory system. This fact
has a particular influence on the supply of certain organ systems, such as the central nervous system. It has recently been
shown that pulmonate arachnids possess a highly complex pattern of intraganglionic arteries. Here, we show that
Opiliones (harvestmen) possess a complex tracheal system (which supplies the different organ systems with oxygen)
and only a relatively simple vascular system, comprising a short heart and an anterior aorta that runs directly to the
prosomal ganglion. Using a variety of modern and classical morphological methods, we studied the vascular, tracheal
and nervous systems of different representatives from all higher taxa of Opiliones. We show that the prosomal ganglion
is extensively supplied with intraganglionic tracheae. What is especially surprising is the high degree of correspondence
between the pattern of these ganglionic tracheae in harvestmen and the pattern of arteries in the prosomal ganglion of
pulmonate arachnids. We aim to provide mechanistic causal explanations of these analogous patterns by applying the
concepts of role analogy and constructional analogy. We also aim to establish the circulatory system as a model organ
system and hope that this may, in turn, provide a starting point for future research programmes.
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Introduction

Besides Hexapoda, Arachnida (Chelicerata) are the most suc-
cessful terrestrial arthropod group in terms of species number,
abundance of individuals and ecological diversity. The key
adaptation necessary for a terrestrial lifestyle is always the
transformation from external respiratory structures (i.e. gills)
to internalized respiratory structures, such as lungs or trache-
ae. Both latter types of respiratory structures can be found
among arachnids. On one hand, we have Arachnopulmonata

(sensu Sharma et al. 2014; i.e. Scorpiones, Uropygi,
Amblypygi and Araneae): representatives from this clade are
characterized by having both book lungs and a complex vas-
cular system (e.g. Huckstorf et al. 2013; Klußmann-Fricke
et al. 2014; Wirkner et al. 2013; Klußmann-Fricke and
Wirkner 2016). On the other hand, we have non-pulmonate
taxa (e.g. Opiliones, Solifugae, Acari, Pseudoscorpiones),
which are in most cases characterized by a tracheal system
(e.g. Firstman 1973; Shultz and Pinto-da-Rocha 2006; Franz-
Guess et al. 2016). A tracheal respiratory system correlates
with a simpler haemolymph vascular system, consisting only
of a heart and short aortae in combination with a dilatation of
the anterior aorta that envelops the prosomal ganglion of these
taxa (Firstman 1973; Wirkner et al. 2013). Harvestmen exhibit
such a configuration: a complex tracheal system in combina-
tion with a relatively simple vascular system, consisting solely
of a heart and two short aortae (Firstman 1973; Dannhorn and
Seitz 1986; Shultz and Pinto-da-Rocha 2006). As in all other
primarily tracheate arachnids, harvestmen also possess a so-
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called perineural vascular sheath (sensu Göpel and Wirkner
2015), which envelops the whole prosomal ganglion and the
emanating nerves (Firstman 1973; Shultz and Pinto-da-Rocha
2006; Wirkner et al. 2013). The perineural vascular sheath and
the prosomal ganglion of harvestmen is supplied by a dense
network of tracheae.

From an evolutionary point of view, the tracheal system of
harvestmen is of particular interest. Harvestmen fossil speci-
mens, dating back 400 million years (Dunlop et al. 2004;
Dunlop 2010), exhibit a tracheal system that is very similar
to the system of the modern species. These fossils provide the
oldest known evidence for arthropods breathing air through
tracheae: to be able to trace this evolutionary path in one
species over such a period of time is unusual and therefore
hugely interesting. Numerous accounts state that, in arachnids,
the reduction of book lungs and elaborate vascular systems in
favour of a tracheal system and a simplified vascular system
has taken place several times independently (Levi, 1967;
Weygoldt and Paulus 1979; Weygoldt 1979; Bromhall 1987;
Coddington et al. 2004).

It has recently been shown that the prosomal ganglion in
Arachnopulmonata is supplied by an extensive, complex arterial
network called rete mirabilis (Huckstorf et al. 2013; Klußmann-
Fricke et al. 2014; Klußmann-Fricke and Wirkner 2016).
However, in earlier literature, Kästner (1935) stated that the
prosomal ganglion in Opiliones is extensively supplied with
intraganglionic tracheae. Given the lack of modern comparative
3D data, we used a combination of modern morphological
methods to study the morphology of representatives from all
higher opilionid taxa with regard to their vascular, tracheal
and—in some cases—nervous systems. We were able to show
that the pattern of intraganglionic tracheae in harvestmen dis-
plays a surprisingly high degree of correspondence with the
pat tern of ar ter ies in the prosomal gangl ion of
arachnopulmonates (Huckstorf et al. 2013; Klußmann-Fricke
et al. 2014; Klußmann-Fricke and Wirkner 2016). These struc-
tures belong to completely different organ systems, so we can
discount homology as an explanation for the correlation in the
two system patterns. In this account, therefore, we explore the
reasons for the correspondences between these patterns and dis-
cuss different mechanisms that might be responsible for the cor-
respondences between non-homologous structures. This is of
particular importance, as we highlight significant gaps in knowl-
edge concerning the development of the tracheal, vascular and
nervous systems and the dependencies between them.

According to Love (2006), one central role of morphology
in an evolutionary theory is the conceptualization and opera-
tional identification of the targets of explanation. This shows
that there are cases where morphology leads rather than fol-
lows. Furthermore, since causal interactions among features at
higher levels of organization must be understood before we
can say whether or not they have any implication in an evo-
lut ionary context , any investigat ion lacking this

morphological component is necessarily deficient. We assert
that model organ systems must be studied over a broad spec-
trum of taxa because only a comparative approach, using dif-
ferent morphological methods in combination with modern
molecular approaches (such as next-generation sequencing
or evo-devo), can effectively fill the gaps in our knowledge
and thus achieve a comprehensive understanding of organ
system evolution.

Materials and methods

Materials

Several specimens from Eupnoi were collected around
the zoological institute of the Universität Rostock,
Germany, by BJKF. Specimens from the taxon Dyspnoi
were collected during a field trip near Waren (Müritz),
Germany, by BJKF. Specimens of Laniatores and
Cyphophthalmi (Pettalidae) were collected during a field
trip to Chile by CSW. Additional specimens of
Metagyndes cf. innata were ordered from a German pet
supplier (www.http://thepetfactory.de). Specimens of
Cyphophthalmus duricorius were kindly provided by
Günther Raspotnig from the University of Graz,
Austria. Additionally, various scorpion species have
been studied in a previous study (see Klußmann-Fricke
et al. 2014 for details). For details, see Table 1.

Histology

Several whole specimens were fixed in Bouin’s fixative.
The specimens were dehydrated in ethanol and, after an
intermediate step of epoxypropane, embedded in
Araldite epoxy resin in a vacuum. Serial semi-thin sec-
tions (1 μm) were made with a Leica Ultracut UCT
ultra-microtome using glass or diamond knives. The
sections were stained with a mixture of 1 % azure II
and 1 % methylene blue in an aqueous 1 % borax
solution for 40–50 s at 80–90 °C (see detailed
information in Pernstich et al. 2003).

Vibratome sectioning

The specimens chosen for vibratome sectioning first
underwent a dilution series from their storage medium
into PBS. Then, they were put on a glass plate, patted
dry with a tissue, and covered by a drop of poly-L-
lysine (Sigma-Aldrich, St. Louis, MO: N_ P8920) to
increase their affinity to the embedding medium. After
a few seconds in poly-L-lysine, the specimens were pat-
ted dry again and completely immersed in 4 % agarose.
The hardened block was cut off the glass plate with a
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razor blade and glued onto the working disc of a Leica
vibratome (Leica Microsystems). Vibratome sections be-
tween 50 and 150 μm thick were cut in transverse,
horizontal and sagittal planes, removed with a soft
brush and stored in PBS at 4 °C until needed for
immunolabelling (for a detailed description, see
Romeis 2010, Chapter 2 pp. 83). For scanning electron
microscopy, Bouin-fixed specimens were washed in
70 % ethanol and then hydrated in a decreasing ethanol
series. The specimens were then embedded in 4 % aga-
rose and sectioned.

Immunohistochemistry (IHC)

Vibratome sections were pre-incubated overnight in PBT
(0.1 mol l−1 PBS (pH 7.4) with 0.5 % bovine serum
albumin (Merck 1120180025), 0.3 % Triton X-100 and
1.5 % dimethylsulfoxide) at 4 °C. Specimens were then
incubated in a solution with the primary antibodies
overnight at 4 °C. The specimens were labelled with a
monoc lona l mouse an t i -Drosoph i l a synap s i n
BSYNORF1^ antibody (1:10 in PBTX; provided by E.
Buchner, Universität Würzburg, Germany). After incu-
bation in a solution with the primary antibody, the tis-
sues were washed in several changes of PBS for 4 h at
room temperature and incubated with a Cy-3-coupled
secondary goat antibody (anti-mouse IgG (H þ L),
Jackson/Dianova, Hamburg, Germany: N115-001-003
[dilution 1:200]) overnight at 4 °C. Nuclei in prepara-
tions were stained with Sytox (4,6-diamidino-2-
phenylindoldihydrochloride) according to standard pro-
cedures (Invitrogen Molecular Probes). Additionally,
sections from several specimens were stained with
Alexa A546-conjuga ted phal lo id in ( Invi t rogen
Molecular Probes) to visualize F-actin in the myocard
of the heart.

μCT

X-ray imaging was performed with a Phoenix nanotom®

(Phoenix|x-ray, GE Sensing & Inspection Technologies)
high-resolution μCT system, in high-resolution mode, using
the program datos|x acquisition (target, molybdenum; mode,
0–1; performance, ca. 8–13 W; number of projections, 1080–
1440; detector-timing, 1000–1500 ms; voxel size, ca. 2–
10 μm). A volume file was generated using the software
datos|x reconstruction and a stack of virtual sections exported
using the software VGStudio max.

SEM

Vibratome sections were dehydrated in a series of increasing
ethanol concentrations and afterwards chemical dried using
HMDS (see Nation 1983 for details). The dried sections were
placed on EM-stubs and then sputter-coated with gold using a
Leica SCD500 sputter coater (Leica Microsystems). The sec-
tions were studied using a Zeiss DSM 960A at the EMZ
Rostock.

Light microscopy

Some large specimens of Laniatores were dissected under a
Zeiss Discovery.V12 and photographed with a Zeiss
AxioCam ICc 3 CCD camera using AXIOVision 4.7.1 soft-
ware. In each case, a z-stack, comprising ca. 30–50 frames,
was used to generate a fully focused image (mode, wavelets;
quality, very high). Serial histological sections were digitized
using a digital camera (Axio Cam ICc3) mounted on a micro-
scope (Zeiss Axio Imager.M1).

cLSM

Stained vibratome sections were mounted in Mowiol 4-88
(Roth, Karlsruhe, Germany: No. 0713) between two cover

Table 1 Studied species and applied methods

Species Author No. of samples Taxon μCT Histology IHC SEM

Chileogovea oedipus Roewer, 1961 3 Cyphophthalmi—Pettalidae + + − −
Cyphophthalmus duricorius Joseph, 1868 4 Cyphophthalmi—Sironidae − − + −
Sadocus conspicillatus Roewer, 1913 5 Laniatores—Gonyleptidae + − − −
Metagyndes cf. innata (Roewer, 1929) 2 Laniatores—Gonyleptidae + − − −
Nemastoma lugubre Simon, 1872 6 Dyspnoi—Nemastomatidae + − − −
Paranemastoma quadripunctatum (Perty, 1833) 1 Dyspnoi—Nemastomatidae + − − −
Mitostoma chrysomelas (Hermann, 1804) 3 Dyspnoi—Nemastomatidae + + − −
Phalangium opilio Linnaeus, 1758 4 Eupnoi—Phalangiidae + − + −
Odiellus spinosus (Bosc, 1792) 3 Eupnoi—Phalangiidae + − − +

Leiobunum limbatum L. Koch, 1861 1 Eupnoi—Sclerosomatidae − − + −
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slips, enabling scanning from both sides. A DMI 6000 CS
confocal laser-scanning microscope (Arg/Kr, 488 nm; HeNe,
543 nm) equipped with a TCS SP5 II laser-scanning unit
(Leica Microsystems) with 0.4–0.7 μm step sizes was used
to scan the stained vibratome sections.

3D reconstruction

Stacks of virtual sections produced by µCT or serial histolog-
ical sections were selected for 3D reconstruction with Imaris
7.0.0 software (Bitplane©). A scene was created in the pro-
gram module BSurpass^ and the volume-rendering function
chosen to visualize the entire data set. The contours of organs
studied were marked with polygons on each virtual cross sec-
tion, using the BSurfaces^ function. Different functions
(BIsoline^ and BDistance^) were used for segmentation.
Stacks of polygons were visualized by surface renderings.

Image processing

Figures were arranged and prepared into plates using Corel®
Graphics Suite X3. Bitmap images were embedded into Corel
Draw X3 files and digitally edited with Coral Photo Paint X3.

Results

The terminology concerning the circulatory structures follows
the ontological terms provided by Wirkner et al. (2017), neu-
ronal terminology follows the "neuroanatomical glossary"
provided by Richter et al. (2010).

The circulatory system

All studied Opiliones possess a short tubular heart (h), which is
located in the dorsal midline of the opisthosoma (Fig. 1a, b, e).
Opilionid hearts are equipped with two pairs of incurrent ostia
(os; Fig. 1c, d, f, h, i; white arrowheads) that are positioned in the
lateral heart wall and which allow the haemolymph to enter
during the diastole. The shapes of the hearts differ between the
different species studied. In Laniatores and Eupnoi, the heart is
more elongated (Fig. 1a, b, d), while in Nemastomatidae and
Cyphophthalmi, the heart is shorter (Fig. 1c, e–g). The heart is
composed of themyocard (mc; Fig. 1f, h, i), which represents the
contractile parts of the heart, and a layer of connective tissue
(called epicard), which surrounds the myocard and which is
continuous with the anterior and posterior aortae (see
Dannhorn and Seitz 1986 for details on ultrastructure). The
epicard and the membranes of the anterior and posterior aortae
are characterized by elongated nuclei (epN; Fig. 1c, arrowheads;
Fig. 1g; Fig. 2b + d). The myocard is composed of semicircular
cardiomyocytes (arrowhead; Fig. 1h), which are tilted against the
horizontal plane and are arranged in an alternating pattern on the

dorsal and ventral midline of the heart (dashed line; Fig. 1h).
Ostia comprise two flaps protruding into the lumen of the heart
(os; Fig. 1h). Each flap is made up of four to five myocytes. As
well as the transversally arranged myocytes, the heart is
equipped with longitudinal fibres running along the ventral side
of the heart which display a clear phalloidin stain (green arrow-
heads; Fig. 1i).

The short posterior aorta (pa; Figs. 1d, f and 2d) is separated
from the heart by a dorsoventrally oriented Bslit valve^which is
characterized by a thickening of the myocard at the posterior
end of the heart (sv; Fig. 2d). The posterior aorta runs between
the diverticles of the posterior digestive glands (dg; Fig. 2d) and
opens into the posterior body cavity. Anteriorly, the heart is
separated from the anterior aorta (ao; Figs. 1e–g and 2a–c, e)
by a flap-like valve (fl; Fig. 2b). This anterior valve consists of
a long dorsal sheath and a ventral bulge (fl, bu; Fig. 2b). The
sheath hangs down into the lumen of the anterior aorta. The
anterior aorta, which is triangular in cross section (not shown),
emanates from the heart anteriorly and runs in anteroventral
direction to the prosomal ganglion (sensu Klußmann-Fricke
et al. 2012; Fig. 2a–c, e). Near the oesophagus, which pervades
the prosomal ganglion from anterior to posterior (es; Figs. 2a, e,
f and 4f, g), the aorta widens into the perineural vascular sheath
(sensu Göpel and Wirkner 2015; pvs; Fig. 2c). The perineural
vascular sheath envelops the whole prosomal ganglion (Fig. 2a,
c, f) and is attached to the epistome (sensu Shultz 2007) that is
located directly anterior to the prosomal ganglion. In larger
species (Metagyndes cf. innata , Paranemastoma
quadripunctatum, Phalangium opilio, Odiellus spinosus), the
perineural vascular sheath is more voluminous than in smaller
species and the prosomal ganglion is situated in what is essen-
tially a voluminous cavity. In small species (Chileovogea
oedipus,Mitostoma chrysomelas, Nemastoma lugubre), the ar-
terial wall of the perineural vascular sheath lies more or less
directly on the neurilemma. The wall of the perineural vascular
sheath is composed of an outer (ol) and an inner layer (il) which
enclose a layer of cells between each other (cl; Fig. 2g). The
wall of the perineural vascular sheath continues along the
nerves that emanate from the prosomal ganglion (e.g. the leg
nerves). Thus, the whole nervous system is enveloped by the
vascular system.

The tracheal system

General morphology

All Opiliones possess two pairs of spiracles, which are
located on the ventral side of the second opisthosomal
segment. The overall pattern of the tracheae is similar in
all studied opilionid taxa; there are only minor differ-
ences in the general branching pattern. The tracheal
system is bilaterally symmetric and consists of two stem
tracheae, each beginning at one of the spiracles

228 B.-J. Klußmann-Fricke, C.S. Wirkner



a

d

g

e

h

c

b

f

i

ch

pg

et

h

g

ch

pp

h

mc

epN

pa

ao

mc

pa

ao

h

ao

cu

cg

dg

pv

ao

mc

cu

dg

os

mc

am

mc

50µm

Same same but different: a stunning analogy between tracheal and vascular supply in the CNS of different... 229



(Fig. 3a–d). In the studied Palpatores, the spiracles are
positioned in a furrow between the coxae of the fourth
pair of limbs and the opisthosomal sternites. In the
studied Cyphophthalmi and Laniatores, the spiracles
are positioned anteriorly in the ventral opisthosoma
and are covered with spines and setae. The two stem
tracheae protrude directly into the prosoma. The cuticu-
lar lining is stabilized by taenidia, which are less dis-
tinct in fine tracheae (not shown). The two stem trache-
a e c u r v e i n a n a n t e r i o r d i r e c t i o n a n d r u n
anterodorsomedially into the prosoma (Fig. 3a–d). In
Palpatores, the first emanating tracheae supply the gen-
italia, which emanate from the ventral-most point of the
atrium (gt; Fig. 3g, h). In the studied Cyphophthalmi
and Laniatores, on the other hand, the tracheae supply-
ing the genitalia emanate from the stem tracheae after
some distance on the ventral side of the stems (Fig. 3f).
The stem tracheae dorsally give rise to visceral tracheae,
which run in the posterodorsal direction and give rise to
finer tracheae (vt; Fig. 3e–h) that ramify between the
posterior digestive glands. After the gut tracheae have
branched off, the main trunks run further into the pro-
soma, giving rise laterally to the leg tracheae (tI–IV;
Fig. 3e–h). In smaller species (Cyphophthalmi,
Nemastoma lugubre, Mitostoma chrysomelas), one tra-
chea runs into each leg. In larger species (Metagyndes
cf. chilensis, Phalangium opilio, Odiellus spinosus), two
or more tracheae run into the legs. Three tracheae run
into the strong hind legs of gonyleptids (tIV; Fig. 3f).

Slightly posterior to the endosternite, the two main
trunks of the tracheae ventrally give rise to a pair of
tracheae which run a short distance in the anterior di-
rection (Figs. 3e and 4a) and then branch into the tra-
cheal bridge (tb; Figs. 3e–h and 4a–c, g) and a pair of
ganglionic tracheae (gnt; Figs. 3e, h and 4a–c, e). After
the ganglionic tracheae have branched off, the stem tra-
cheae run further anteriodorsally into the prosoma, lat-
erally giving rise to additional tracheae supplying the
limbs. Anterior to the prosomal ganglion, the stem tra-
cheae ramify into the tracheae of the pedipalps and
chelicerae.

The tracheal bridge connects the two main trunks,
running horizontally posterior to the endosternite. In
Chileovogea oedipus, there is no tracheal bridge.
Instead, we observed two tracheae at the point where
the tracheal bridge is positioned in the other studied
taxa. These tracheae cross each other in the body mid-
line and run contralaterally around the prosomal gangli-
on (arrowhead; Fig. 3e). In the studied Palpatores, a
pair of tracheae branches off from the tracheal bridge.
In Mitostoma chrysomelas, these tracheae ramify into
small tracheae that run between the anterior digestive
glands (arrowheads; Fig. 4c). However, in Phalangium
opilio, this pair of tracheae runs bilaterally alongside the
prosomal ganglion in an anterior direction into the ped-
ipalps (arrowhead; Fig. 3h). The pair of ganglionic tra-
cheae runs slightly anteromedially alongside the
suboesophageal ganglion and gives rise to side
branches, which run into the neuropile ramifying into
smaller intraganglionic tracheae (see below). In
Palpatores, an additional pair of ganglionic tracheae em-
anates from the stem tracheae at the position where the
oesophagus leaves the prosomal ganglion (see below).

Intraganglionic tracheae

To ensure a better understanding of the pattern of the
intraganglionic tracheae, we initially provide a gross
morphological description of the prosomal ganglion.
The general description and terminology of the
prosomal ganglion follow the work of Breidbach and
Wegerhoff (1993). The prosomal ganglion comprises a
supra- and a suboesophageal ganglion that are connected
by broad circumoesophageal connectives. Its nervous
tissue consists of densely packed peripherally located
somata (so; Fig. 4b, g, h) and centrally located
neuropile structures (np; Fig. 4b, f–h) made up of the
a x o n s a n d s y n a p s e s o f t h e n e u r o n s . T h e
s u p r a o e s o p h a g e a l g a n g l i o n c o n s i s t s o f t h e
protocerebrum that receives the optic nerves, and the
deutocerebrum receiving the cheliceral nerves. On the
anterior side of the supraoesophageal ganglion, two

�Fig. 1 Hearts and associated structures in different taxa of Opiliones. a
Lateral view of the heart (h) and the prosomal ganglion (pg) within a
volume rendering of Phalangium opilio, Eupnoi. The perineural
vascular sheath enclosing the prosomal ganglion in transparent red. b
Dorsal view of the heart (h) in a volume rendering of Metagyndes
chilensis, Laniatores. c Dorsal view of a histochemical stained heart of
Cyphophthalmus doricorius, Cyphophthalmi. Arrowheads indicating the
ostial openings in the myocard (mc). dDorsal view of a surface rendering
of the heart (h) in Metagyndes chilensis, Laniatores. Arrowheads
indicating the position of ostia. e Dorsal view of a volume rendering of
Paranemastoma quadripunctatum, Dyspnoi. The heart (h) is shown in
red; the dashed line indicates the position of the extensions of the coxal
glands (cg) laterally to the heart (h). f Lateral view of a volume rendering
of the heart of Mitostoma chrysomelas, Dyspnoi. The arrowheads
indicate the ostial openings in the myocard (mc). g Histological sagittal
section through the dorsal opisthosoma of Mitostoma chrysomelas,
Dyspnoi, showing a medial section through the heart. The arrow
indicates an epicardial nucleus (epN). h Ventral view into a
histochemical stained heart of Phalangium opilio, Eupnoi. The
arrowhead indicates an ostial opening; the dashed yellow line indicates
the shift between myocytes; two halves of single myocytes are shown in
purple. i Ventral view into a histochemical stained heart of Phalangium
opilio, Eupnoi. The white arrowhead indicates an ostial opening; the
green arrowheads indicate longitudinal fibres on the ventral side of the
heart. Abbr.: am alary muscle, ao anterior aorta, cg coxal gland, ch
chelicerae, cu cuticle, dg digestive gland, epN epicardial nucleus, et eye
tubercle, g gut, h heart, mc myocard, os ostium, pa posterior aorta, pg
prosomal ganglion, pp pedipalp, pv posterior valve
>
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clusters of globuli cells can be observed (see 3D content
in the supplement; Fig. 4b). These globuli cells are as-
sociated with the so-called mushroom-bodies (sensu
Richter et al. 2010). The suboesophageal ganglion is
made up of the neuromeres of the pedipalps (i.e. the
tritocerebrum), the neuromeres of the four pairs of limbs
(I–IV; Fig. 4d) and the remaining neuromeres that are
fused in the suboesophageal ganglion (pnp; Fig. 4d).
The pedipalpal neuropile gives rise to two pairs of
nerves, which innervate the pedipalps and the suction
stomach (not shown). The neuromeres of the limbs give
rise to the respective limb nerves. The opisthosomal
ganglia are fused and incorporated into the prosomal
ganglion forming a posteroventrally located neuropile.
The posterior neuropile gives rise to a pair of
opisthosomal nerves and an unpaired nerve innervating
the genitals (arrowheads; Fig. 4b). The whole prosomal
ganglion is surrounded by a multilayered neurilemma,
which consists of connective tissue and modified glia
cells (nl; Fig. 4c).

The prosomal ganglion in harvestmen is characterized
by fine tracheae that run in a complex pattern into the
nervous tissue (it; Fig. 4c). In all studied Opiliones, at
least one pair of ganglionic tracheae (gnt) can be ob-
served. The first pair of ganglionic tracheae (gnt;
Fig. 3e, f—arrowhead, h; Fig. 4a–c, e) emanates from
the main tracheal trunks at the same position as the
tracheal bridge and runs laterally alongside the prosomal
ganglion, giving rise medially to side branches that

ramify into smaller tracheae (see 3D content in the sup-
plement; Fig. 4b). These fine tracheae run into the ner-
vous tissue, but always on the border with adjacent
neuromeres. The tracheae of a lateral branch of the gan-
glionic tracheae encompass the neuropil tissue of a
hemiganglion (sensu Richter et al. 2010; Fig. 4d, e).
Moreover, we observed tracheae that run through the
suboesophageal ganglion in the body midline. These
midline tracheae emanate from both sides of the side
branches of the first pair of ganglionic tracheae in an
alternating pattern. The midline tracheae run medially to
the dorsal midline of the suboesophageal ganglion and
then run in anteroventral direction into the neuropil (red
arrowheads; Fig. 4d, f, g). These midline tracheae also
run along the border between adjacent neuromeres, per-
vading the whole suboesophageal ganglion, to the point
where the ventral somata of the prosomal ganglion are
located.

The supraoesophageal ganglion is supplied by anoth-
er pair of ganglionic tracheae that emanate from the
tracheal main trunks posteriorly of the supraoesophageal
ganglion (gnt2; Figs. 3g, h and 4b, c). This pair of
ganglionic tracheae runs a short distance in anteromedial
direction and then enters the prosomal ganglion
posterolaterally (Fig. 4b, c). Each of these tracheae
splits into three main branches. The first two branches
supply the supraoesophageal ganglion, the third one the
anterior regions of the suboesophageal ganglion (see 3D
content in the supplement; Fig. 4). The first branch runs
along the posterior side of the supraoesophageal gangli-
on and then curves into the neuropile. The branches of
both sides turn anterodorsally and run through the gan-
glion forming a pair of supraoesophageal midline tra-
cheae (black arrowheads; Fig. 4f, g). The second branch
runs laterally around the ganglion where it runs medial-
ly between the frontal somata and the neuropil tissue.
There, it turns into the posterodorsal direction and then
runs into the ganglion. The third branch runs in the
anteroventral direction laterally around the prosomal
ganglion. After a short distance, the branch splits and
then runs around the ganglion. This branch is mainly
associated with the neuromere of the pedipalps.

Discussion

Corresponding patterns of central nervous system
supply

The tracheal supply to the central nervous system in
Opiliones is highly complex. When comparing this pat-
tern to the arterial supply of the prosomal ganglion in
arachnopulmonates, a striking correspondence is evident

�Fig. 2 Heart valves and perineural vascular sheath in different taxa of
Opiliones. a Histological sagittal section at the transition between pro- and
opisthosoma of Mitostoma chrysomelas, Dyspnoi, showing the transition
between the heart (h), the anterior aorta (ao), and the lumen of the perineural
vascular sheath (lpvs). The inset displays which area is magnified in b. b
Histological sagittal section at the transition between the heart and the anterior
aorta (ao) inMitostoma chrysomelas, Dyspnoi, showing the anterior flap-like
valve (fl+ bu). The black arrowheads indicate elongated nuclei in the epicar-
dial membrane and the aortic membrane; the green arrowhead indicates parts
of the epicardial membrane. c Lateral view of surface renderings of the heart
(h) and the prosomal ganglion (pg) of Phalangium opilio, Eupnoi. The peri-
neural vascular sheath (pvs) enclosing the prosomal ganglion in transparent
red. d Histological sagittal section at the transition between the heart and the
posterior aorta (pa) inMitostoma chrysomelas, Dyspnoi, showing the poste-
rior slit-like valve (sv). The arrowhead indicates elongated nuclei in the aortic
membrane. e Lateral view of an in situ preparation ofMetagyndes chilensis,
Laniatores, showing the prosomal ganglion (pg) in relation to the stomach
(st); anterior is right. f SEM of a vibratome section in the posterior part of the
prosomal ganglion of Odiellus spinosus, Eupnoi. The inset indicates the
magnified region in g. g SEM of the membrane of the perineural vascular
sheath in Odiellus spinosus, Eupnoi, showing the trilaminar organization of
the membrane. Abbr.: ao anterior aorta, bu bulge, cl cell layer, cn cheliceral
nerve, cu cuticle, dg digestive gland, es oesophagus, est endosternite, fl flap, h
heart, hc hemocytes, il inner layer, ln I leg nerve I, lpvs lumen of perineural
vascular sheath, mc myocard, nl neurilemma, np neuropil, ol outer layer, os
ostium, pa posterior aorta, pg prosomal ganglion, pvs perineural vascular
sheath, pvs mmembrane of perineural vascular sheath, so somata, st stomach,
sv slit valve
>

232 B.-J. Klußmann-Fricke, C.S. Wirkner



a d

g

e

h

cb

f

ts

IV

ch

sg

ts

pp ch chpp

ts

ch

et

IV

ts

tIV

st

tb

tII

vt

ct

pt

st

gt

tb

tII

vt

ct

gnt2

tIV

st

tb

gt

vt

ct

pt

gt

st

tb

tI

vt

ct

gnt

gnt

Same same but different: a stunning analogy between tracheal and vascular supply in the CNS of different... 233



(Fig. 5). The prosomal ganglion in arachnopulmonates
is supplied by a dense network of arteries (Fig. 5b + d;
Huckstorf et al. 2013; Klußmann-Fricke et al. 2014;
Klußmann-Fricke and Wirkner 2016; Runge and
Wirkner 2016). The most prominent of these are the
transganglionic arteries, which run through the nerve
mass along the midline of the body (Fig. 5b; red anno-
tation; h) and branch terminally. These arteries reticulate
into a dense network between the surrounding somata
and the centrally located neuropil structures of the gan-
glion (Fig. 5d, g; Klußmann-Fricke et al. 2014).

There are two main correspondences in the spatial distribu-
tion of the tracheal system in the prosomal ganglion in
Opiliones and the vascular system in the prosomal ganglion
in Arachnopulmonata (i.e. Scorpiones, Uropygi, Amblypygi
and Araneae ) . F i r s t l y, t h e mid l i ne a r t e r i e s i n
arachnopulmonates and the midline tracheae in harvestmen
are in exactly the same position as they pervade the ganglion
in the body midline from dorsal to ventral at the border be-
tween adjacent neuromeres (Figs. 4d, f, g and 5a—purple
annotation, e). There is also a pair of supraoesophageal mid-
line tracheae in the same position as the oesophageal arteries
in scorpions (see Klußmann-Fricke et al. 2014 for details).
Secondly, in both Opiliones and Arachnopulmonata,
neuropiles are supplied by networks of either tracheae or ar-
teries, which predominantly run along the border between the
centrally located neuropile and the surrounding somata cluster
(Fig. 5c + d, f).

The high degree of correspondence between the patterns in
the tracheation of the prosomal ganglion in harvestmen and
the vascular systems in the prosomal ganglion of
arachnopulmonates leads us to question why these non-
homologous structures should display such analogous pat-
terns. It is a question that already inspired Konrad Lorenz, in
his 1973 Nobel Price lecture (Lorenz 1974).

How did the highly congruent patterns of ganglionic
tracheae in Opiliones and ganglionic vessels
in arachnopulmonates evolve? Analogy as a source
of knowledge

As previously stated, there is a high degree of corre-
spondence between the patterns in the intraganglionic
tracheae in Opiliones and the intraganglionic arteries in
arachnopulmonates. To our knowledge, this similarity
between two completely different organ systems is un-
precedented. The key question is, therefore: what is the
cause of these parallels? For the structures we analysed,
homology can be ruled out as they belong to completely
different organ systems, i.e. the tracheal system and the
vascular system. However, the supplied tissue (i.e. the
prosomal ganglion) is clearly homologous in the com-
pared arachnids.

Both the complex arterial and tracheal structures with
corresponding patterns are present in the diving bell
spider Argyroneta aquatica (Crome 1953), which would
indicate that either the arteries have a direct influence
on the tracheae or there are corresponding mechanisms
that lead to these particular patterns. Our findings in
Opiliones indicate that the arteries have no direct influ-
ence on the tracheae, because the intraganglionic trache-
ae exhibit this particular pattern even though there is no
complex vascular system. We must look further, there-
fore, to explain these analogous patterns.

To date, analogy has been subdivided into two com-
plementary concepts (see e.g. Sudhaus and Rehfeld
1992): constructional analogy (BKonstruktionsanalogie^
in Sudhaus and Rehfeld 1992; see also Richter and
Wirkner 2014) and role analogy. The spindle shape of
aquatic animals and the suction discs on, for example,
fish lice (Branchyura) and octopi, are both examples of
constructional analogy. Within this concept, two differ-
ent aspects can explain the compared analogous struc-
tures: (i) the architecture of a structure and (ii) its on-
togenetic development. It is, however, difficult to sepa-
rate these concepts as they represent the pattern and
process aspect of the same phenomenon.

In our opinion, there is an additional aspect that
needs to be taken into consideration: the idea that a
structure might be influenced not only by its own archi-
tecture and development but also by the architecture and
development of other organs. We thus introduce here
the differentiation between intrinsic and extrinsic as-
pects. With intrinsic aspects, we understand the influ-
ences posed onto compared structures through their
own architecture and development, while extrinsic rep-
resents the influences posed onto compared structures
through the architecture and development of other
structures.

�Fig. 3 Tracheal system in different taxa of Opiliones. a Dorsal view of
the tracheal system in a volume rendering in Chileogovea oedipus,
Cyphophthalmi. b Ventral view of the tracheal system in a volume
rendering in Metagyndes chilensis, Laniatores. c Ventral view of the
tracheal system in a volume rendering in Mitostoma chrysomelas,
Dyspnoi. d Dorsal view of the tracheal system in a clipped volume
rendering in Phalangium opilio, Eupnoi. e Ventral view of the tracheal
system in Chileovogea oedipus, Cyphophthalmi. The arrowhead
indicates where the two tracheae of the tracheal bridge (tb) cross the
body midline. f Ventral view of the tracheal system in Metagyndes
chilensis, Laniatores. The arrowhead indicates the origin of ganglionic
tracheae. gVentral view of the tracheal system inMitostoma chrysomelas,
Dyspnoi. The arrowhead indicates the origin of ganglionic tracheae. h
Dorsal view of the tracheal system in Phalangium opilio, Eupnoi. The
arrowheads indicate the tracheae that branch off the tracheal bridge (tb)
and run laterally alongside the prosomal ganglion. Abbr.: ch chelicerae, ct
cheliceral tracheae, et eye tubercle, gnt first ganglionic tracheae, gnt2
second ganglionic tracheae, gt genital tracheae, IV fourth walking leg,
pp pedipalps, pt pedipalpal tracheae, sg scent gland, st stem tracheae, tb
tracheal bridge, tI–tIV tracheae of walking legs 1–4, ts tracheal system, vt
visceral tracheae
>
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Intrinsic aspects

Given the lack of data regarding the underlying genetic
mechanisms of vascular and tracheal development in
arachnids, we can only assume which mechanisms are
involved in the development of intraganglionic tracheae
and arteries. If the pattern correspondences between tra-
cheae and arteries are dictated by similar genetic mech-
anisms, then these patterns would be explained by in-
trinsic mechanisms that act on these structures.

The only arthropod in which the genetic mechanisms of the
development of tracheae has been studied intensively is
Drosophila melanogaster (e.g. Klambt et al. 1992;
Sutherland et al. 1996; Englund et al. 1999; Metzger and
Krasnow 1999; Pereanu et al. 2007). In Drosophila, FGF sig-
nalling is highlighted as one of the central mechanisms re-
sponsible for tracheal morphogenesis. Interestingly, it is also
responsible for lung and vascular development in vertebrates
(Metzger and Krasnow 1999). If we assume that similar ge-
netic mechanisms dictate pattern formation in both insect tra-
cheae and vertebrate angiogenesis, it would seem reasonable
to predict that these same mechanisms also influence the de-
velopment of tracheae and arteries in arachnids.

Extrinsic aspects

The recent paper detailing the tracheation of the Drosophila
brain (Pereanu et al. 2007) illustrates that the form of a sup-
plying structure is determined by the form of the structure it
supplies. The authors of this paper conclude that, in

Drosophila, tracheae grow continuously along glial process-
es—thus accenting an interesting similarity to the relationship
between vascular precursors and glial precursors in verte-
brates. They also state that brain tracheae grow in direct con-
tact with glial cells, which form a sheath around the neuropile
and individual neuropile compartments. Considering that har-
vestmen also exhibit intraganglionic tracheae (the pattern of
which resembles the structural composition of the prosomal
ganglion), it seems reasonable to suppose that the distribution
of glia cells in the prosomal ganglion determines this pattern.
Furthermore it should be considered that the nervous system
anlagen develop earlier during ontogenesis than both the tra-
cheal system and the vascular system (Pereanu et al. 2007;
Jirikowski, pers. comm.). This means, therefore, that the mid-
line tracheae and arteries, for example, can only grow into the
free spaces between the developing nervous system anlagen.
However, if these assumptions are correct, it means that the
analogous tracheal and vascular patterns in the prosomal gan-
glia of harvestmen and scorpions are dictated extrinsically by
the structure and the development of the prosomal ganglion.

The second subconcept of analogy is role analogy
(BRollenanalogie^ in Sudhaus and Rehfeld 1992; see also
Richter and Wirkner 2014). This concept seeks to explain
compared analogous features by highlighting a similar biolog-
ical role (sensu Bock and von Wahlert 1965). The biological
role refers to the actual use of a certain structure in the natural
environment (Bock and von Wahlert 1965; Richter and
Wirkner 2014).

In our study, the ability of the vascular and tracheal systems
to transport oxygen to certain regions of the animal body can
hardly be termed the biological role of these organs.
Nonetheless, it is highly plausible to assume that the patterns
of intraganglionic tracheae and arteries are dictated by physi-
ological constraints: in this case, an optimal supply of oxygen
to the prosomal ganglion. For vertebrates (Mink et al. 1981;
Aiello and Wheeler 1995) and flies (Laughlin et al. 1998), it
has been stated that nervous tissue is Bexpensive tissue^, i.e. it
consumes a large amount of available energy. We can there-
fore extrapolate that the energy demand of the central nervous
system of arachnids is high and, thus, an effective supply with
oxygen is crucial. As the tracheae and the arteries supply the
prosomal ganglion with oxygen, we can assert that they must
be precisely positioned to optimize this supply.

Conclusions

We have shown that, in order to explain a high degree of
correspondence between certain structures, different aspects
have to be considered. The first step is to establish a causal
explanation for the correspondence (i.e. analogy vs. homolo-
gy). In this particular case, homology can be excluded as the
compared structures belong to completely different organ

�Fig. 4 Intraganglionic tracheae. All figures except d belong toMitostoma
chrysomelas, Dyspnoi. a Ventral view of surface renderings showing the
spatial relations between the tracheal system and the prosomal ganglion
(pg, transparent yellow). b Posterior view of surface renderings of the
prosomal ganglion and the associated tracheal system (violet). The
arrowheads indicate nerves that emanate from the prosomal ganglion
posteriorly. c Posterodorsal view of surface renderings of the prosomal
ganglion (pg) and intraganglionic tracheae (it) showing the overall pattern
of the tracheae. The arrowheads indicate the pair of tracheae that emanate
from the tracheal bridge. dDorsal and ventral views of a synapsin-stained
vibratome section of the suboesophageal ganglion in Leiobunum
limbatum, Eupnoi, showing the surrounding intraganglionic tracheae.
The red arrowheads indicate the midline tracheae. e Posterior view of a
single leg hemineuropil (np) and the surrounding intraganglionic tracheae
(arrowheads). fHistological cross section through the prosomal ganglion
showing the supraoesophageal midline tracheae (black arrowheads) and
the midline tracheae (blue arrowheads). g Histological sagittal section
through the prosomal ganglion showing the supraoesophageal midline
tracheae (black arrowheads) and the midline tracheae (blue arrowheads).
The dotted red line indicates the lumen of the perineural vascular sheath;
the dashed box indicates the section which is magnified in Fig. 5a. Abbr.:
ct cheliceral tracheae, es oesophagus, est endosternite, gnt first ganglionic
tracheae, gnt2 second ganglionic tracheae, gt genital tracheae, I–IV leg
neuropils I–IV, it intraganglionic tracheae, LnIV leg nerve IV, mt midline
tracheae, np neuropil, pg prosomal ganglion, pnp posterior neuropil, so
somata, st stem tracheae, tb tracheal bridge, tII tracheae of leg II
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systems (tracheal vs. vascular). We therefore established anal-
ogy as the causal explanation. Our second step was then to
drill down further for mechanistic explanations. The form of
an analogous structure could be determined on one hand by

intrinsic or extrinsic constructional mechanisms or—on the
other hand—by its biological role. We believe, however, that
the latter concept needs further elaboration as the concept of
biological role has so far been used in the literature to only

Fig. 5 Correspondences between intraganglionic tracheae (Opiliones)
and arteries (Scorpiones). a Histological sagittal section through the
suboesophageal ganglion showing the supraoesophageal midline tracheae
(purple annotation) inMitostoma chrysomelas, Opiliones. bHistological
sagittal section through the suboesophageal ganglion showing the
supraoesophageal midline arteries (red annotation) in Buthacus
arenicola, Scorpiones. The red arrowheads indicate other intraganglionic
arteries. c Lateral view of a single leg hemineuropil (np) and the surround-
ing intraganglionic tracheae (it) in Mitostoma chrysomelas, Opiliones. d:
Lateral view of a leg neuropil (np) and the surrounding intraganglionic

arteries (ia) in Brotheas granulatus, Scorpiones. e Schematic drawing
showing the position of midline tracheae in Opiliones. f Schematic draw-
ing showing the distribution of intraganglionic tracheae (it) with respect
to neuropils (np) in Opiliones. g Schematic drawing showing the distri-
bution of intraganglionic arteries (ia) with respect to neuropils (np) in
Arachnopulmonata. h Schematic drawing showing the position of mid-
line arteries in Arachnopulmonata. Abbr.: es oesophagus, gnt first gangli-
onic tracheae, ia intraganglionic arteries, it intraganglionic tracheae, ma
midline arteries,mtmidline tracheae, np neuropil, pvs perineural vascular
sheath, so somata
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refer to the interactions between the organism and its umwelt.
In our case, however, the interactions between different organ
systems are the focus of the investigation.

The constructional mechanisms depend both on the devel-
opment of the compared structures and (in this particular case)
on the development of the related structures (i.e. the spatio-
temporal relations to the nervous system). Architectural con-
siderations also come into play as the design of the compared
structures (i.e. the tracheal and vascular systems as branching
tubular structures) and the related structures (i.e. the prosomal
ganglion of arachnids) might be similar. The analogous pat-
terns could therefore be dictated by intrinsic factors (i.e. relat-
ed to the structure itself) or extrinsic factors (i.e. related to
other surrounding structures).

We conclude that all aspects of analogy are contribut-
ing factors in explaining the analogous patterns of
intraganglionic tracheae and intraganglionic arteries.
Although nothing is known about the developmental
mechanisms involved in their ontogenesis in Arachnida,
it is sensible to assume that similar aspects of analogy
would play a role. In our opinion, analogy is, more than
ever, a remarkable source of knowledge and it is therefore
important to study not only model organisms but also
model organ systems over a broad spectrum of taxa.
Furthermore, the study of analogous structures can high-
light gaps in our knowledge and opportunities for further
investigation, thus giving rise to new scientific questions
and indeed whole new research programmes.
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