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Summary
Solifuges (Solifugae, Arachnida) are an important element of the fauna especially
in arid and desert environments. Unfortunately, this animal group has only been
extremely poorly studied not only in terms of morphology, but also ecology, physiology,
systematics and phylogeny. The present study aimed to provide a detailed overview
of their anatomy and ultrastructure. Representatives of these peculiar animals
were investigated by means of (1) light and (2) electron microscopy in order to not
only predominantly gain new insights in their functional morphology, but also to
evaluate potential characters for their phylogeny.

Tarsal structures
Leg I-IV
Comparative scanning electron microscopic studies revealed differences in the
presence or absence of claws and arolia of leg I and the shape of the arolia of
the walking legs II-IV between the different families. The arolia of the walking
legs in the families Eremobatidae, Galeodidae and Solpugidae exhibit a family
speciﬁc groundpattern and not much variation. In contrast to these families, the
arolia in the families Ammotrechidae and Daesiidae show more variation in their
shape. Since the arolia of the walking legs of solifuges were never ultrastructurally
studied before, they could possibly provide new characters for their systematics
and phylogeny.
Suctorial organ
This peculiar organ is located on the tip of the distal tarsi of the pedipalp of
solifuges and is highly adhesive. Normally it is withdrawn and covered with cuticular
lips. The eversion process is probably triggered by increasing hemolymph pressure.
The suctorial organ itself is composed of numerous cuticular ﬁbres with ramifying
apices ﬁxed on a basal lattice-like, ﬂexible plate. The ﬁbers are covered with a
fragile epicuticle. Upon contraction of a muscle, the suctorial organ can rapidly be
withdrawn again.

Sensory structures and nervous system
Median eyes
The median eyes of solifuges are located on the ocular tubercle on the prosoma.
The prominent, spherical lens is underlain by a single cell layer, the lentigen layer.
The following retina consists exclusively of receptor cells. Apically the receptor
cells are provided with a surrounding microvilli border forming the rhabdomeres.
There are no additional pigment cells. The pigments are located in the receptor
cells.
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Nervous system
The prosomal nervous system of solifuges in general represents the groundpattern
of a typical arachnid brain. The supraoesophageal ganglion is composed of the
proto-, deuto- and the tritocerebrum and the suboesophageal ganglion consists of
several fused neuromeres. Two large tracheae enter the prosomal ganglion laterally
and ramify inside the brain. In contrast to scorpions and like uropygids there is only
one opisthosomal ganglion present in solifuges.
Malleoli
The present study mainly conﬁrms former results on the malleoli being a highly
innervated sensory organ. The majority of the perikarya is concentrated in a
ganglion dorsally of each malleolus, which is located in the fourth pair of walking
legs. The numerous dendrites run through the malleolar stalk into the malleolar
fan. The outer dendritic segments end in the sensory groove. Very conspicuous are
numerous nuclei aggregated in the transition zone between the malleolar stalk and
malleolar fan.

Coxal gland
The coxal glands of the investigated solifuges consist of a (1) saccule, (2) mucous
segment, (3) a tubule and (4) an excretion porus. Apparently within the solifuges the
saccule is very fragile and associated with the mucous segment. The ultrastructure
of the mucous segment differs between the species: in contrast to Galeodes caspius
subfuscus the epithelial cells of the mucous segment of Nothopuga sp. contain
extremely large secretions. The epithelium of the tubule shortly before it merges
into the excretion porus consists of small cells and is folded. It does not exhibit
particular characteristics.

Alimentary System
The alimentary system of solifuges consists of the foregut (which comprises the
mouth, the pharynx and the oesophagus), the highly complex midgut and the hindgut.
Foregut and hindgut are provided with a cuticular intima. Solifuges masticate
their prey with their two-segmented chelicerae and ingest the particles through
a lattice at the tip of the rostrum (where the mouth is located) and transport
through the oesophagus and pharynx into the midgut. The resorption takes place
in the midgut, which consists of the midgut tube and numerous prosomal and
opisthosomal diverticula. The epithelium is composed of predominantly digestive
cells and secretory cells (which are less in numbers). Randomly, cells strongly
resembling endocrine cells in insect guts can be observed. The epithelium of the
midgut is basally interconnected with the intermediate tissue via so-called ﬁngerlike processes. The epithelium of the hindgut is ﬂat and overlain by a cuticle. The
main function of the hindgut is the storage and excretion of digested residuals
until defecation. The lateral branches similar to Malpighian tubules merge into
the midgut. They almost lack entirely cell inclusions, but possess high numbers of
mitochondria.
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Respiratory system
Solifuges possess a pair of spiracles on the prosoma and two further pairs and probably
an unpaired spiracle on the opisthosoma. The prosomal spiracles are ﬂanked by two
plates with peculiar structure. From the two stem tracheae numerous smaller ones
project through the entire body forming a highly complex tracheal system. The
large tracheae are stabilized via a taenidium. The tracheal ultrastructure resembles
largely the tracheae of insects.

Circulatory system
The heart of solifuges, a circular, contractile muscle of the cross-striated type, is
like in other arthropods located dorsally. It has outpocketings towards the body
cavity and the lumen of the heart. They sometimes contain either high numbers
of mitochondria or invaginations of the sarcolemma probably representing a part
of the T system. Different types of hemocytes, such has spherulocytes with large
inclusions, type I and type II granulocytes and hyaline hemocytes, which are almost
lacking any granula could be observed. Closely associated with the circulatory system
are relatively large nephrocytes, characterized by an extensive tubule system.

Reproductive systems
Female reproductive system
The female reproductive system in juvenile and adult females consists of a paired
ovary, paired relatively short oviducts and an unpaired genital chamber. The
epithelium of the ovaries and the oviducts is composed of the same somatic cell
type. Very young germ cells, the oogonia, are located between epithelial cells,
whereas the growing oocytes develop in lateral pouches, formed by the basal lamina,
on the outside of the ovaries. The funicles are crescent-shaped and are composed
of epithelial cells, which appear more translucent in light microscopy than the
epithelial cells of the ovaries. The oogenesis of solifuges is clearly similar to that
one of other chelicerates. In Galeodes caspius subfuscus (Galeodidae) the vitelline
membrane is composed of different layers. One of the layers is conspicuously
striated and could not be observed in Nothopuga sp. (Ammotrechidae). The mature
oocytes migrate through the epithelium into the lumen of the ovaries, where they
remain for a certain period of time until they are laid.
Male reproductive system
The male reproductive system comprises the so-called ﬂagella and the genital
systems. The ﬂagella are conspicuous cuticular structures on the chelicerae of adult
males. They are believed to be involved in sperm transfer, since male solifuges use
their chelicerae for that purpose by e.g., lifting up the sperm droplet from the
ground. The genital systems of male solifuges are rather simple. They consist of
two pairs of testes, which merge into the vasa deferentia. The vasa deferentia in
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turn merge into to the genital chamber. All solifuges in common is a similar testes
histology; the epithelium of the testes consists of a glandular part and a germinal
part formed by somatic and sperm cells. Between the somatic cells, the spermatozoa
are embedded. With only one exception, in all investigated males only mature
spermatozoa were found suggesting that spermatogenesis is completed within an
unknown period of time after the adult moult. The ultrastructure of the rather
simple, aﬂagellate spermatozoa differs strikingly between the members of the
different families. Within the families Ammotrechidae, Eremobatidae, Galeodidae,
Karschiidae and Solpugidae the variation is relatively low. Within the Daesiida,
Gluvia dorsalis exhibits extremely different sperm cells compared with other
members of this family. Taking other morphological features into consideration it
might be possible that the Daesiidae do not represent a monophyletic group.

Mitochondrial genome
The arrangement of genes of the mitochondrial genome of solifuges is rather
conserved and widely corresponds to the gene arrangement of Limulus, which is
believed to possess the most ancestral one among chelicerates. The only difference
between the mitochondrial genome between Limulus and Nothopuga is that there
is a non-coding region, located between the genes of tRNAPro and nad1 and that the
gene of tRNAPro is located between the gene of tRNASer(UCN) and the repeat region,
which is therefore rearranged with respect to Limulus polyphemus.

Fossil solifuge
The second specimen of a camel spider from Baltic Amber was described. Although
it looks very similar to a specimen that has been described earlier, it cannot be
assigned to a certain family, since important characters for determination are
missing. Nevertheless it is an important ﬁnding from the Eocene providing new
insights in the fossil fauna.

Unfortunately, there are still no ultrastructural data on the families Cermoidae,
Hexisopodidae, Melanoblossidae, Mummuciidae, Rhagodidae und Gylippidae.
Therefore, the value of the potentially relevant systematic and phylogenetic
characters described for the spermatozoa and arolia can only be evaluated in a
limited way. Since the family Rhagodidae is at present be regarded to be the most
primitive one, ultrastructural data from representatives of this family would greatly
contribute to systematic and phylogenetic interpretations.
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Zusammenfassung
Solifugen stellen ein wichtiges Element der Fauna in trockenen und wüstenartigen
Habitaten dar. Leider ist diese Tiergruppe bezüglich ihrer Morphologie, Ökologie,
Physiologie, Systematik und Phylogenie bisher nur unzureichend untersucht worden.
Ziel der vorliegenden Untersuchung war es, einen detaillierten Überblick über die
Anatomie und Ultrastruktur zu geben. Vertreter dieser besonderen Tiere wurden
mit Hilfe von licht- und elektronenmikroskopischen Techniken untersucht, um nicht
nur neue Erkenntnisse zu der funktionellen Morphologie zu gewinnen, sondern auch
um bisher unbekannte, potentielle Charaktere für systematische und zukünftige
phylogenetische Studien zu evaluieren.

Tarsale Strukturen
Bein I-IV
Vergleichende rasterelektronenmikroskopische Untersuchungen zeigen deutlich,
dass es Unterschiede der ersten Beine mit Bezug auf das Vorhandensein oder Fehlen
von Krallen und Arolia zwischen den unterschiedlichen Familien gibt. Die Arolia
der Laufbeine der Familien Eremobatidae, Galeodidae und Solpugidae weisen ein
bestimmtes jeweils familienspeziﬁsches Grundmuster auf und variieren innerhalb
der Familien nicht besonders. Im Gegensatz zu diesen Familien, variieren die
Formen der Arolia an den Laufbeinen innerhalb der Familien Ammotrechidae und
Daesiidae stärker. Da die Arolia in keiner vorangegangenen Studie untersucht
worden sind, könnten sie somit möglicherweise neue Charaktere für systematische
und phylogenetische Studien liefern.
Haftorgan
Dieses besondere Organ liegt an der Spitze der distalen Tarsen der Pedipalpen
und hat extrem adhäsive Eigenschaften. Der Ausstülpprozess wird primär durch
ansteigenden Hämolymphdruck eingeleitet. Normalerweise ist dieses Organ in den
Pedipalpen eingefaltet und mit zwei kutikulären Lippen bedeckt. Das Haftorgan
besteht aus zahlreichen kutikulären Fibrillen mit aufgefächerten Spitzen, die auf
einer netzartigen, ﬂexiblen Basalplatte befestigt sind. Die Fibrillen sind mit einer
dünnen, fragilen Epikutikula bedeckt. Bei Kontraktion eines Muskels kann das
Haftorgan wieder zurückgezogen werden.

Sensorische Strukturen und Nervensystem
Medianaugen
Die Medianaugen der Solifugen sitzen auf dem sogenannten Augenhügel des Prosomas.
Die großen Linsen sind sphärisch und darunter beﬁndet sich zunächst eine einfache,
lentigene Zellschicht. Die darunter liegende Retina besteht ausnahmslos aus den
Rezeptorzellen. Apikal tragen die Rezeptorzellen Mikrovilli, die die Rhabdomere
bilden. Zusätzliche Pigmentzellen gibt es nicht. Die Pigmente sind innerhalb der
Rezeptorzellen lokalisiert.
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Nervensystem
Das prosomale Nervensystem der Solifugen repräsentiert im Allgemeinen den
Grundtypus des Arachniden Gehirns. Das Oberschlundganglion besteht aus dem
Proto-, Deuto- und Tritocerebrum und das Unterschlundganglion besteht aus
mehreren verschmolzenen Neuromeren. Zwei große Tracheen ziehen von lateral
in das prosomale Ganglion und verzweigen sich im Gehirn. Im Gegensatz zu den
Skorpionen, aber genau wie die Uropygen besitzen Solifugen nur ein opisthosomales
Ganglion.
Malleoli
Die vorliegende Studie bestätigt bereits bekannte Erkenntnisse, dass es sich bei
den Malleoli um hoch innervierte sensorische Organe handelt. Die Mehrzahl der
Perikarya ist in Ganglien dorsal zu den Malleoli gelegen konzentriert. Die Malleoli
beﬁnden sich ausnahmslos an den vierten Beinpaaren. Die zahlreichen Dendriten
laufen durch die Stämme in die Fächer der Malleoli. Die äußeren Dendritensegmente
enden in der sensorischen Falte. Auffällig sind zahlreiche Zellkerne, die sich in der
Übergangszone zwischen dem Stiel und dem Fächer beﬁnden.

Coxaldrüse
Die Coxaldrüsen der untersuchten Solifugen bestehen aus (1) dem Sacculus, (2)
dem Drüsenstück, (3) dem Tubulus und (4) dem Exkretionsporus. Bei den Solifugen
ist der Sacculus sehr dünn und mit dem Drüsenstück verbunden. Die Ultrastruktur
des Drüsenstücks variiert zwischen den Arten: im Gegensatz zu Galeodes caspius
subfuscus sind in den Epithelzellen des Drüsenstücks von Nothopuga sp. auffällig
große Sekrete zu sehen. Das Epithel des Tubulus besteht aus kleinen Zellen und
ist kurz vor dem Exkretionsporus stark gefaltet. Es zeigt keine nennenswerten
Besonderheiten.

Ernährungs- und Verdauungssystem
Das Ernährungssystem der Solifugen besteht aus dem Vorderdarm (der den Mund, den
Pharynx und den Oesophagus umfasst), dem hochkomplexen Mitteldarm und dem
Enddarm. Das Epithel des Vorderdarms und des Enddarms ist von einer kutikulären
Intima bedeckt. Solifugen zerkauen ihre Beute mit ihren zweigliedrigen Cheliceren
und nehmen die Partikel durch eine siebartige Struktur an der Spitze des Rostrums
auf. Danach wird es durch den Pharynx und den Ösophagus in den Mitteldarm
transportiert. Die Resorption ﬁndet im Mitteldarm statt, der aus dem Mitteldarmrohr
und zahlreichen prosomalen und opisthosomalen Divertikeln besteht. Das Epithel wird
hauptsächlich aus Resorptions- und Sekretionszellen (allerdings bedeutend weniger
in der Anzahl) zusammengesetzt. Selten können auch Zellen im Epithel beobachtet
werden, die stark den endokrinen Zellen im Darm von Insekten ähneln. Das Epithel
des Mitteldarms ist basal über ﬁngerartige Forstätze mit dem Zwischengewebe
verbunden. Das Epithel des Enddarms ist ﬂach und von einer Kutikula bedeckt. Die
Hauptaufgabe des Enddarms ist die Speicherung der verdauten Überreste bis sie
abgegeben werden. Die Seitenzweige, die Malpighischen Schläuchen sehr ähneln,
münden in den Mitteldarm. Zelleinschlüsse sind in ihnen kaum zu ﬁnden, aber sie
enthalten zahlreiche Mitochondrien.
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Atmungssystem
Solifugen besitzen ein Paar Stigmen am Prosoma sowie zwei weitere Paare und
wahrscheinlich ein unpaares am Opisthosoma. Die prosomalen Stigmen sind von
kutikulären Platten ﬂankiert, die eine besondere Strukturierung aufweisen. Von den
beiden Haupttracheenstämmen gehen zahlreiche kleinere Tracheen ab, die durch
den ganzen Körper ziehen und somit das gesamte, hoch komplexe Tracheensystem
bilden. Große Tracheen werden von Taenidien stabilisiert. Die Tracheen ähneln in
ihrem ultrastrukturellen Aufbau sehr stark den Tracheen von Insekten.

Kreislaufsystem
Das Herz, ein ringförmiger, kontraktiler quergestreifter Muskel, liegt wie bei anderen
Arthropoden auf der dorsalen Körperseite. Von diesem Muskel gehen Ausstülpungen
sowohl zur Körperhöhle als auch zum Lumen des Herzens aus. Manchmal beinhalten
sie große Mengen an Mitochondrien oder Einfaltungen des Sarcolemmas, was
dann wahrscheinlich einen Teil des T-Systems repräsentiert. Verschiedene Typen
von Hämozyten, wie z. B. Sphärulozyten mit großen Einschlüssen, Granulozyten
vom Typ I und II und hyaline Hämozyten, die fast gar keine Einschlüsse besitzen,
konnten nachgewiesen werden. Eng mit dem Kreislaufsystem sind die relativ
großen Nephrozyten assoziiert. Diese sind durch ihr auffälliges Tubulussystem
charakterisiert.

Reproduktionssysteme
Weibliches Reproduktionssystem
Das weibliche Reproduktionssystem in sowohl juvenilen als auch adulten Weibchen
besteht aus paarigen Ovarien, paarigen und relativ kurzen Ovidukten und einer
unpaaren Genitalkammer. Das Epithel der Ovarien und der Ovidukte besteht
aus demselben Zelltyp. Sehr junge Keimzellen, die Oogonien, liegen zwischen
den Epithelzellen, wohingegen die reiferen Oozyten sich weiter in lateralen
Taschen, die von der Basallamina gebildet werden, entwickeln. Die Funiculi sind
halbmondförmig und ihre Zellen erscheinen im Lichtmikroskop durchscheinender
als die Epithelzellen der Ovarien. Die Oogenese der Solifugen entspricht eindeutig
der vieler anderen Cheliceraten. Bei Galeodes caspius subfuscus (Galeodidae)
besteht die Vitellinmembran aus mehreren Schichten, von denen eine auffällige
längsschrafﬁert ist. Diese Schicht konnte bei Nothopuga sp. (Ammotrechidae) nicht
nachgewiesen werden. Die reifen Oozyten wandern durch das Epithel in das Lumen
der Ovarien, wo sie einige Zeit bis zur Eiablage verbleiben.
Männliches Genitalsystem
Das männliche Genitalsystem umfasst die so genannten Flagellen und das
Genitalsystem. Die Flagellen sind auffällige kutikuläre Strukturen auf den
Cheliceren der adulten Männchen. Es wird angenommen, dass sie eine Rolle bei
der Spermienübertragung spielen, da die Männchen der Solifugen die Spermien
mit den Cheliceren übertragen. Mit den Cheliceren wird der Spermientropfen
z. B. vom Boden aufgenommen. Das Genitalsystem der männlichen Solifugen ist
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vergleichsweise einfach. Es besteht aus zwei Paaren Hoden, die jeweils in die Vasa
deferentia münden. Die Vasa deferentia wiederum münden in die Genitalkammer.
Allen Solifugen gemein ist der gleiche histologische Aufbau der Hoden: das Epithel
der Hoden besteht aus einem Drüsenteil und einem germinativen Teil, der aus
somatischen und Spermienzellen. Zwischen den somatischen Zellen liegen die
Spermien eingebettet. Mit nur einer Ausnahme wurden in allen adulten Männchen
nur ausdifferenzierte Spermien gefunden. Das könnte darauf hinweisen, dass
die Spermiogenese innerhalb eines noch unbekannten Zeitraumes nach der
Adulthäutung vollendet ist. Die Ultrastruktur der einfachen, aﬂagellaten Spermien
unterscheidet sich zwischen den einzelnen Familien sehr markant. Innerhalb der
Familien Ammotrechidae, Eremobatidae, Galeodidae, Karschiidae und Solpugidae
ist die Variation der Spermienmorphologie relativ gering. Innerhalb der Familie
Daesiidae zeigt die Art Gluvia dorsalis eine auffallend andere Spermienmorphologie
verglichen mit anderen Arten dieser Familie. Wenn noch andere morphologische
Charaktere, die in dieser Studie untersucht worden sind, mit in Betracht gezogen
werden, dann wäre es möglich, dass die Familie Daesiidae keine monophyletische
Gruppe repräsentieren würde.

Mitochondriales Genom
Die Anordnung der Gene des mitochondrialen Genoms der Solifugen ist relativ
konserviert und entspricht weitestgehend dem von Limulus, der vermutlich das
ursprünglichste Genom besitzt. Im Vergleich zu Limulus zeigt das mitochondriale
Genom von Nothopuga sp. nur zwei Unterschiede: zum einen gibt es eine Nichtkodierende-Region, die aus sich wiederholenden kurzen Sequenzen besteht,
zwischen den Genen tRNAPro and nad1. Zum anderen liegt das Gen tRNAPro zwischen
dem Gen tRNASer(UCN) und der Nicht-kodierenden Region und ist damit relokalisiert im
Vergleich zu Limulus polyphemus.

Fossile Solifuge
Ein zweites Exemplar einer Solifuge aus dem baltischen Bernstein wurde beschrieben.
Obwohl das Exemplar dem bereits bekannten sehr ähnelt, kann es leider in keine
Familie eingeordnet werden, da systematisch relevante Bestimmungscharaktere
fehlen. Nichtsdestotrotz ist dieses ein wichtiger Fund aus dem Eozän, der neue
Einblicke in die fossile Fauna ermöglicht.

Es fehlen leider noch ultrastrukturell-morphologische Daten der Familien Ceromidae,
Hexisopodidae, Melanoblossidae, Mummuciidae, Rhagodidae und Gylippidae. Aus
diesem Grunde können die potentiell systematisch-phylogenetisch relevanten
Charaktere der Spermien und der Arolien nur eingeschränkt bewertet werden.
Da momentan die Familie Rhagodidae als die ursprünglichste angesehen wird,
würden ultrastrukturelle Befunde aus dieser Familie einen wertvollen Betrag zu
systematischen und phylogenetischen Interpretationen liefern.
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1. Introduction
1.1. BIOLOGY, PHYSIOLOGY AND LIFE CYCLE
Camel-spiders, wind-spiders, sun-spiders or false-spiders are only a small selection
of vernacular names, which have been attributed to solifuges (e.g., Harvey, 2003,
Punzo, 1998a). Unfortunately, many of them misleadingly refer to different aspects
of their biology and morphology.
Solifuges occur predominantly in the tropics and subtropics preferably in arid
ecosystems such as deserts, semideserts, steppes, savannas dry mountains (Figs.
5-11) (Roewer, 1934; Punzo, 1998a) thus representing an important component of
desert fauna worldwide (Muma, 1967; Cloudsley-Thompson, 1977). In contrast to
other arachnid groups, solifuges can not be found in cavernicolous habitats (Harvey,
2003).
The maintenance of an adequate body temperature without an extreme water
loss is the main problem facing all desert arthropods (Cloudsley-Thompson, 1991).
Solifuges seem to be unusual tolerant of heat and drought compared to other desert
arachnids or insects. E.g., Galeodes granti is able to survive 49°C with a relative
humidity below 10% for 24h (Cloudsley-Thompson, 1962). Punzo (1994b) studied
the combined effects of temperature and relative humidity along an altitudinal
gradient in Eremobates palpisetulosus. Due to the sometimes unexpected high
difference in temperature between favourable microenvironments such as burrows
and other kinds of retreats and the soil surface (Cloudsley-Thompson, 1956),
nocturnal solpugid species (and other desert arthropods as well) can be found there
during daytime which enables them to maintain thermal homeostasis to a certain
degree. The burrows vary in depth from 1 to 23 cm and can also be constructed for
different purposes such as hibernation, ecdysis, food digestion or egg deposition
(Muma, 1966a) (see movie 1 in appendix).
Sources of moisture, respectively accessible water in deserts are rainfalls or
precipitated fog or mist (Cloudsley-Thompson, 1991). Even though CloudsleyThompson (1961) showed that Galeodes arabs has a low water loss by transpiration
and thus a high capacity of water conservation, it occasionally drank in captivity,
by chewing on e.g. wet acacia leaves with their chelicerae. But in nature, solifuges
seem to obtain sufﬁcient moisture from the body ﬂuids of their prey.
Solifuges are known to be quite voracious predators. Their spectrum of prey is
covered by a variety of arthropods e.g., Araneae, Coleoptera, Diptera, Lepidoptera
and Orthoptera up to small Vertebrata (Banta and Marer, 1972; Wharton, 1987;
Punzo, 1993; Hruškova-Martišková et al., 2007), but apparently certain solifuges
seem to prefer soft-bodied prey items (Punzo, 1993). Some species sit either in
bushes or on the ground using a sit and wait strategy (Hruškova-Martišková et al.,
2007). Other ones are known to stalk or to chase and actively hunt their prey
(summarized in Punzo, 1998a).
Studies on the mating behavior of solifuges are scarce, probably due to the difﬁculties
to capture and above all to keep these animals in captivity. Additionally, in captivity
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solifuges show cannibalistic behavior to a very high degree and the females are
less receptive making observations on mating behavior even more difﬁcult (see
movie 2 in appendix; Peretti personal communication). The only systematically
conducted experiment on copulatory behavior was done by Peretti and Willemart
(2007) using Oltacola chacoensis (Ammotrechidae) as a model organism. The other
studies comprise descriptive observations of the mating behavior of solifuges of
different families (Galeodidae, Eremobatidae, Solpugidae) in the ﬁeld (Heymons,
1902; Amitai et al., 1962; Muma, 1966d; Wharton, 1987) except for Junqua (1966),
who also managed to observe mating behavior of Othoes saharae in the laboratory.
At least in congeneric species of eremobatid species, three different phases can be
distinguished: an initial contact phase, a contact phase which includes the sperm
transfer and a release phase but this general pattern is modiﬁed depending on
family and species (Punzo, 1998a).
The oviposition, growth and development of solifuges are fragmentarily known and
only in part described for a few species (e.g., Heymons, 1902; 1904; Turner, 1916;
Lawrence, 1947; 1949; Punzo, 1998b). After the deposition of the eggs, immobile
larvae hatch. These larvae moult to the ﬁrst nymphal instar (see movie 3 in appendix).
Information on nest guarding behaviour are slightly controversial. Hutton (1843)
reported on nest guarding behavior in Galeodidae, whereas Muma (1967) could not
conﬁrm this behavior in North American Eremobatidae and Ammotrechidae. Studies
of Muma (1966c) and Punzo (1998c) indicate that subsequent development included
in total 8 to 10 nymphal instars until sexual maturation. The lifespan of solifuges
is not known in detail, but it is generally assumed that they are predominantly
univoltine and that the adults are short-lived (Punzo, 1998a).

1.2. GROSSMORPHOLOGY
The grossmorphology of solifuges has been described by several authors in the past
(Bernard, 1896; Kaestner, 1933; Roewer, 1934; Millot and Vachon, 1949; Punzo,
1998a).
The body of solifuges is clearly divided into a prosoma and a segmented opisthosoma.
The prosoma is devided into three different regions. Their tergites are called pro-,
meso- and metapeltidium (Figs. 1, 2). The opisthosoma consists of 11 segments
(Figs. 1, 2).
Projecting anteriorly are the two very prominent two-segmented chelicerae. Both,
the vertically moving mobile and the immobile ﬁnger of the chelicerae bear teeth
of different sizes. The cheliceral dentition differs between both sexes and juvenile
and adult stages. In contrast to juveniles and adult females, adult males possess a
cuticular structure on the ﬁxed ﬁnger (digitus ﬁxus) of the chelicerae, the so called
ﬂagellum, which appears in a variety of different shapes and sizes according to
the species (Figs. 100-104). Although different functions such as mechanoreceptor,
storage and emitter of exocrine secretions have been suggested in the past (Lamoral,
1975), the function still seems to be unclear.
The rostrum (= rostrosoma by van der Hammen, 1989) (part of the mouthparts)
is located basally between the endites of the pedipalps (= coxapophyses by van
der Hammen, 1989). A pair of median eyes is located on a raised ocular tubercle
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Fig. 1. Adult female of a species of the family Mummuciidae from Argentina. A: Dorsal view. Scale bar: 1mm.
B: Ventral view. Scale bar: 1mm. Abbreviations: cx: coxa, pdcx: pedipalp coxa
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Fig. 2. Adult male of Chelypus lennoxae (Hexisopodidae). A: Dorsal view. Scale bar: 0,5mm B: Ventral view.
Scale bar: 0,5mm. Abbreviations: cx: coxa, pdcx: pedipalp coxa
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on the prosoma. The presence of reduced, lateral eyes has been described by
various authors in the past (e.g., Bernard, 1894; Scheuring, 1913; Kaestner, 1933),
but nevertheless this statement and the morphological organization remain to be
veriﬁed and eventually investigated.
The pedipalps are usually long, leg-like and possess a suctorial evertable organ at
their tips, which is involved in climbing and capture of prey (Cushing et al., 2005;
Klann et al., 2008). The ﬁrst pair of legs is slender and has mainly lost its locomotor
function. According to Kaestner, 1933, the ﬁrst pair of legs is apparently used as
feelers (tactile sense). The other three pairs of legs function as walking-legs. Only
the family Hexisopodidae possesses modiﬁed fossorial legs (Fig. 2). The number
of podomeres of the appendages differs between pedipalps, ﬁrst / second pair of
legs and third / fourth pair of legs (summarized in Kaestner, 1933). The pedipalps
consist of the one coxa, trochanter, femur, tibia, metatarsus and tarsus each. The
ﬁrst and the second pair of legs possess one coxa, trochanter, a divided femur (preand postfemur), tibia, metatarsus and tarsus each and the third and fourth pairs of
legs possess additionally a divided trochanter.
Five malleoli (racquet organs) are on each coxae and the trochanters of the fourth
pair of legs. These organs are suspected to be sensory organs (Brownell and Farley,
1974), but it is still unclear in what kind of sensory perception they are involved.
Tracheal spiracles are located ventrally between the second and third pair of legs
on the prosoma and a pair on the third and fourth and an unpaired one on the ﬁfth
opisthosomal segment. The second opisthosomal segment represents the genital
sternite bearing the genital operculum. The anus is located on the 11th opisthosomal
segment in a terminal or ventral position.

1.3. DISTRIBUTION, SYSTEMATICS AND PHYLOGENY
The oldest unequivocal solifuge is described from the Upper Carboniferous Coal
Measures of Illinois, USA (redescribed by Selden and Shear, 1996). Solifuges are
distributed world wide, but so far, they could not be detected in Australia, Madagascar
(Harvey, 2003) and on islands in the Paciﬁc Ocean (Roewer, 1934). They prefer arid
or semiarid conditions and this is the reason why their distribution correlates with
the borders of arid zones and humid zones (e.g., tropical and moderate forests,
high mountains) (Fig. 3).
In the Americas they occur in the south of the United States of America in the
entire Great Basin from California to Arizona and south of the Mississippi (Roewer,
1934), Central America and South America. The southern most distribution is around
the pampa region (Patagonian steppes) in Patagonia (summarized by Maury, 1984,
1985). So far, there are no records for the Amazonian rainforest. In Europe, they
inhabit warmer regions in Spain, Portugal, Italy (except for Sicily), Greece and the
Balkan region. The humid foothills of the Pyrenees represent the most northern
distribution in Spain (Rambla and Barrientos, 1986). In Africa, solifuges are absent
from some regions along the western coast and tropical rainforest in equatorial
Africa (Roewer, 1934). The northern distribution border in Turkey and towards the
Caucasus is formed by the humid Mediterranean forests in the northern regions
(Birula, 1912). In e.g., Kazakhstan the distribution of scorpions is restricted by
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Fig. 3. Known biogeographical distribution patterns of all families of Solifugae. MAP - http://www.lib.utexas.edu/maps/world.html (modiﬁed after Punzo, 1998;
www.solpugid.com/Global%20Distribution.htm, December 5th, 2007)
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factors such as humidity, soil and richness of vegetation (Gromov, 2001) and this
apparently also correlates with the distribution pattern of solifuges. The distribution
boundaries in Afghanistan, Pakistan and India are also formed by the Himalayas and
the humid lowlands of the Ganges river (Birula, 1938). The knowledge of distribution
of solifuges in Asia is very fragmentary. Only a few species are known from Tibet
(Hirst, 1907), China (Birula, 1911) and Mongolia (Roewer, 1935).
The current classiﬁcation recognizes 12 families, 140 genera and 1075 species (Harvey,
2003). According to their distribution, the families can be divided into New World
and Old World families. New World families include Ammotrechidae, Eremobatidae
and Mummuciidae, whereas Cermomidae, Galeodidae, Gylippidae, Hexisopodidae,
Karschiidae, Melanoblossidae, Rhagodidae and Solpudigae exclusively occur in the
Old World (Punzo, 1998a; see Tab. 1). Only the family Daesiidae, which is mostly
present in Old World regions, is represented by three monotypic genera in Chile
and Argentina (Maury, 1980; 1981; 1985; 1987).

Table 1. Geographical distribution of the 12 families of Solifugae (modiﬁed after Punzo, 1998a).

The most comprehensive taxonomic treatment of the order Solifugae was done by
Roewer (1934, 1941) but this has been constructively criticized by various authors
(e.g., Lawrence, 1955; Muma, 1951; 1976; Harvey, 2002), due to his reliance on
considerably variable characters such as spine-like leg setae on which Roewer based
much of his taxon delineation. Roewer also made the ﬁrst attempt to establish
a phylogeny of Solifugae on family level, but to date, there is just one modern
phylogenetic analysis for a species-group of the genus Eremobates carried out by
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Fig. 4. Different cladogramms depicting the position of Solifugae. A: Weygoldt and Paulus, 1979. B: Yoshikura,
1975. C: Van der Hammen, 1989. D: Shultz, 2007.
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Brookhart and Cushing (2004). Muma (1976) established a familial system based
partly on characters used by Roewer, but primarily on male secondary sexual
characters supported by cheliceral dentition and female opercula.
Within the Arachnida, the Solifugae are regarded to be the sister-group of the
Pseudoscorpiones based on a few morphological characters such as two segmented
chelicerae and the anterolateral articulation between the chelicerae and the
“carapace”, spiracles on the third and fourth opisthosomal segment and the rostrum
(see e.g., Weygoldt and Paulus, 1979b; Shultz, 1990; Dunlop, 2000; Shultz, 2007)
(Figs. 4A, D). Phylogenetic analyses of combined molecular and morphological data
also claimed a sister-group relationship between Solifugae and Pseudoscorpiones
(see e.g., Wheeler and Hayashi, 1998; Giribet et al., 2002). Yoshikura (1975)
analyzed arachnid relationships based on embryonic development. According to
the author, three clades, namely the Scorpionomorpha, Pseudoscorpionomorpha
and the Arachnomorpha, developed from an ancestral arachnid group producing
spermatophores (Fig. 4B). Another clade, the Solifugomorpha, derived from an
ancestral arachnid group, which deposited sperm balls directly on a substratum.
He pointed out, that the embryonic development of many arachnid groups has not
sufﬁciently been studied and this might have been the reason, why the author was
not able to resolve the relationships not only among the Solifugomorpha. Van der
Hammen (1989) also hypothesized a sister-group relationship between Solifugae and
Pseudoscorpiones, but he divided the Acari into two major lineages (Fig. 4C). Based
on sperm morphology and testis histology, Alberti and Peretti (2002) stated that
the relationship between Pseudoscorpiones and Solifugae could not be supported
and pointed instead to the sperm and testis similarities between solifuges and
actinotrichid mites. On the basis of this they suggested to reconsider the monophyly
of Haplocnemata (Pseudoscorpiones + Solifugae) and Acari.
Although the sister-group relationship between Pseudoscorpiones and Solifugae is
widely accepted, it needs to be pointed out, that new characters should be taken
into consideration in future analyses in order to resolve phylogenetic questions,
e.g., like mite afﬁnities, which provide important information for the entire
arachnid phylogeny.

1.4. OBJECTIVES OF THE PRESENT WORK
Although the Solifugae represent a high ranking arachnid taxon and are an
important component of desert, semidesert and steppe fauna, there are only a few
morphological studies. The present work focuses on histological and ultrastructural
investigations of the morphology of this enigmatic animal group.
The aims of the present thesis are:
• comparative investigation of anatomy and histology of organ systems by
means of light and electron microscopy and subsequent functional analyses
• evaluation of potential new characters for systematic and phylogenetic
analyses
• combination of morphological results with molecular data for phylogeny
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2.1. MATERIALS
2.1.1. Animals
Family

Species

Country

Collecting site (GPS coordiates)

Collector

Argentina

see table and map

A.E. Klann, A.V. Peretti

Oltacola chacoensis Roewer, 1934

Argentina

see table and map

A.E. Klann, A.V. Peretti

Biton ehrenbergi Karsch, 1880

Morocco

Vallée du Drâa, close to Zagora

G. Alberti

Biton striatus (Lawrence, 1928)

Namibia

see table and map

A.E. Klann

Biton tigrinus Pocock, 1898

Tanzania

approx. 50km W of Singida, Mahenge
(4°47´50.2´´S, 34°15´54.5´´E)

G. Alberti, P. Michalik

Blossia longipalpis (Lawrence,
1935)
Blossia purpurea Wharton, 1981

Namibia

see table and map

A.E. Klann, G.Talarico

Namibia

Maltahohe Distr., Farm: Vergenoeg 56
(25°39´13.5´´S, 16°10´58.9´´E)

T. Bird

Gluvia dorsalis (Latreille, 1817)

Portugal

?

S. Henriques

Eremobates aztecus Pocock, 1902

Mexico

J.G. Palacios Vargas

Eremobates pallipes (Say, 1823)

USA

San Bartolo, Cuautlalpan, State of
Mexico
Chico basin ranch

Eremobates pallipes species group

Mexico

near Pachuca City, State of Hidalgo
(20°07´21´´N, 98°44´09´´W)

A.V. Peretti

Eremobates durangonus Roewer,
1934
Eremochelis bilobatus (Muma,
1951)
Eremocosta titania (Muma, 1951)

USA

see table and map

P.E.Cushing, A.E. Klann

USA

see table and map

P.E.Cushing, A.E. Klann

USA

see table and map

P.E.Cushing, A.E. Klann

Galeodes caspius subfuscus Birula,
1937*

Kazakhstan

see table and map

A.E. Klann, A.V. Gromov,
P. Michalik, G. Talarico

Galeodes caspius fuscus Birula,
1890*

Kazakhstan

see table and map

A.E. Klann, A.V. Gromov,
P. Michalik, G. Talarico

Galeodes fumigatus Walter, 1889*

Kazakhstan

see table and map

A.E. Klann, A.V. Gromov

Galeodes turkestanus Kraepelin,
1899*

Kazakhstan

see table and map

A.E. Klann, A.V. Gromov,
P. Michalik, G. Talarico

Paragaleodes pallidus (Birula,
1890)*

Kazakhstan

see table and map

A.E. Klann, A.V. Gromov,
P. Michalik, G. Talarico

Gylippidae

Gylippus ferangensis Birula, 1893

Kazakhstan

?

A.E. Klann, G. Talarico

Karschiidae

Eusimonia mirabilis Roewer, 1932

Morocco

Erfoud

G. Alberti

Eusimonia sp. non det. Kraepelin

Morocco

G. Alberti

Mummuciidae

Species non det.

Argentina

between Goulmin and Sidi Ifni in small
wadi
Valle de Traslasierra

Solpugidae

Solpugista bicolor (Lawrence,
1953)
Solpugella asiatica Roewer, 1933

Namibia

see table and map

T. Bird, P. Michalik

Morocco

G. Alberti

Zeria venator (Pocock, 1897)

Namibia

between Goulmin and Sidi Ifni in small
wadi
see table and map

Ammotrechidae Nothopuga sp. non det. Maury

Daesiidae

Eremobatidae

Galeodidae

* this species was collected in different places; all localities are indicated in corresponding tables

Table 2. Table of species investigated in the present study.
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P.E. Cushing

A.E. Klann, A. V. Peretti

A.E. Klann, G. Talarico

2. Materials and methods
2.1.2. Collecting of Animals
In total 5 different collecting trips to Argentina, Kazakhstan, Namibia and the United
States of America were done in order to obtain animals from different families (see
Figs. 5-11). Additionally, material from Morocco and Portugal was collected by coworkers. The animals were collected either during day, but mostly during the night.
During the day, the animals were hand collected by turning stones or with pitfall
traps, whereas during the night, portable UV-light was used or the animals were
attracted by normal light (e.g., from the car, camping lamps).

Fig. 5. Species of Ammotrechidae and their habitats. A: Adult male of Nothopuga sp. B: Habitat of Nothopuga
sp. in the Salinas Grandes near San José in the Province of Córdoba, Argentina. Nothopuga sp. is mainly
found on the ground, which is highly saline. C: Adult male of Oltacola chacoensis. D: The habitat of O.
chacoensis is also in the Salinas Grandes near San José in the Province of Córdoba, Argentina, but this species
is primarily found sitting in bushes and grasses during the night.
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Fig. 6. Species of Daesiidae and their habitats. A: Adult male of Biton striatus. B: The habitat of this species
is characterized by sandy ground, slightly covered with grasses and some trees (Twyfelfontain, Namibia). C:
Prosoma of an adult male of Blossia longipalpis. D: The habitat of B. longipalpis has a slightly gravel, sandy
ground covered with grasses (Numis 89, close to Tiras Mountains, Namibia). E: Prosoma of an adult male of
Blossia purpurea. F: Maltahohe District, close to Tiras Mountains (Namibia). G: Adult male of Gluvia dorsalis.
H: Habitat of G. dorsalis (Portugal) (Photo with courtesy of Sérgio Henriques).
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Fig. 7. Species of Eremobatidae and their habitats. A: Adult male of Eremobates pallipes. (Photo with
courtesy of. W. Savary). B: Typical habitat of E. pallipes. Semi-arid plains, short grass, sand-sage prairie
with scattered Cholla cactus shrubs in dry sandy soil where other species of the genus Eremobates are also
found. Rocky Mountains can be seen in the far background. (Photo with courtesy of Buzz Morrison). C: Adult
male of Eremochelis bilobatus. D: Adult male of Eremobates durangonus. E: Typical habitat of the sympatric
species E. bilobatus and E. durangonus. Eremobatids are often associated with cows, since they sometimes
rest under cow paddies.
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Fig. 8. Species of Eremobatidae and their habitats. A: Eremocosta titania. B: Hemerotrecha branchi. C:
Habitat of these sympatric species. The ground is predominantly sand and scattered with bushes (Arizona,
USA).

2.1.3. Chemicals and solutions
Buffer and ﬁxative used for electron microscopy

Phosphate buffer (0.1M, pH 7.2%, 1.8% sucrose):
A: NaH2PO4 (M=119.98)

3.599 g in 300 ml Aqua deion.

B: Na2HPO4 (M=141.96)

7.098 g in 500 ml Aqua deion.

Sucrose

1.8g in 100 ml buffer

After everything had been completely dissolved, solution B was poured in solution A
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Fig. 9. Species of Galeodidae and their habitats. A: Juvenile of Galeodes caspius subfuscus. B: The habitat
of G. caspius subfuscus is characterized by mainly sandy or slightly stony ground, covered with bushes in
desert regions (Moynkum desert, Kazakhstan). C: Adult male of Paragaleodes pallidus. D: P. pallidus as a
diurnal species can be found during the day in steppes, where the ground is covered with grass (Kazakhstan).
E: Adult male of Galeodes fumigatus. F: The habitat of G. fumigatus is characterized by a mainly sandy
ground covered with grass and bushes (Kyzylkum desert, Kazakhstan).

resulting in phosphate buffer pH 7.2. Finally the buffer solution was supplemented
with sucrose with ﬁnal concentration of 1.8%.

Fixative for electron microscopy:
Phosphate buffer (0.1M, pH7.2, 1.8% sucrose)

360 ml

Glutardialdehyde (25%)

40 ml
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Fig. 10. Species of Galeodidae and their habitats. A: Adult male of Galeodes turkestanus. B: Adult male of
Galeodes capius fuscus. C: Habitat of G. turkestanus and G. caspius fuscus, which can occur sympatric. The
habitat of G. turkestanus is mainly in steppes with sandy ground (or loess) covered with bushes (Kyzylkum
desert, Kazakhstan).

Fixative for light microscopy (according to the method of Duboscq-Brasil):

Ethanol 80%

150ml

Picric acid

1g

Glacial acetic acid

15ml

Formaldehyde (37%)

60ml

First Picric acid was dissolved in 80% ethanol. Shortly before use, glacial acetic acid
and formaldehyde was added.
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Fig. 11. Species of Solpugidae and their habitats. A: Adult male of Solpugista bicolor. B: A preferred habitat
of S. bicolor is a gravel plain with little grass. Also this species is a diurnal one, it can also be found under
huge rocks during day (Gobabeb, Namibia). C: Adult male of Zeria venator. D: The ground of the habitat
of Z. venator is mainly sandy and covered with grass patches and some trees (Vogelstrauskluft Country
Lodge, Namibia). E: Adult male of Solpugella asiatica (Photo with courtesy of Gerd Alberti). F: The habitat
of S. asiatica is predominantly rocky with some scattered bushes (Morrocco) (Photo with courtesy of Gerd
Alberti).
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Fig. 12. Maps with different collections sites. A: Map of Argentina. B: Map of Kazakhstan.
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Fig. 13. Maps with different collections sites. A: Map of Namibia. B: Map of the southwest of the USA.
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Argentina
Species

GPS coordinates

Nothopuga sp.
(Ammotrechidae)

W 64°48´23´´
S 30°02´31´´

locality
*

see above

Oltcacola chacoensis
(Ammotrechidae)

W 64°48´23´´
S 30°02´31´´

see above

Species non det.
(Mummuciidae)

W 65° 4´
S 31° 21´

near San José de las Salinas during night
in the Salinas Grandes,
UV-light
province of Córdoba
car light
only juveniles
see above

*

*

remarks

during night
UV-light
car light
adults both sexes

date
18/02/2005

24/11/2005

near San José de las Salinas during night
in the Salinas Grandes,
UV-light
province of Córdoba
car light
only juveniles

18/02/2005

see above

during night
UV-light
car light
adults both sexes

24/11/2005

Taninga, Departamento
Pocho, Valle de
Traslasierra,
province of Córdoba

pitfall trap

15/12/2005

Table 3. Collecting sites of different species of solifuges in Argentina. Asterisks indicate collecting sites
depicted in the corresponding map.

2.2. METHODS
2.2.1. Keeping live animals
The animals were generally kept in small plastic boxes. The bottoms of the boxes
were covered with a mixture of sand and potting soil and either a wet piece of
cotton or small Petri dish with water was placed in the boxes to provide a bit
water.
The main problem facing any kind of studies on solifuges is the keeping of these
animals in captivity. So far, nobody has successfully reared them in a laboratory.
It is even difﬁcult to keep them a short time (e.g., two weeks) in captivity. Most
of the Namibian species died after a couple of days after they had been captured.
The Argentinean species survived a maximum of about two weeks in captivity.
The eremobatid species, captured in Arizona (USA) survived in general for about a
week. The galeodid species from Kazakhstan survived a slightly longer period up
to a couple of months (see also Arnold, 1991), which could implicate, that these
animals are less susceptive regarding e.g., differences in temperature. All solifuges
independent the country where they were collected became lethargic after a couple
of days and did not show any kind of a natural behavior any more.

2.2.2. Identiﬁcation
All animals were identiﬁed according to the determination key of Roewer (1934).
Since the identiﬁcation key is in some cases based on characters, which nowadays
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Kazakhstan
Species

GPS coordinates

locality

remarks

date

Galeodes caspius fuscus
(Galeodidae)

N 41° 14´44.4´´
E 68°06´33.4´´

7km east of Shardara
close to road

during day
adults

30/06/2006

N 42°14´23.1´´
E 67° 51´00.5´´

8 km southeast of
Karamola Mt., Kyzylkum

during night
with UV - light

03/07/2006

N 43°14´04.3´´
E 68°36´20.0´´

8km northeast of
Staorikan

during night
with UV - light
adult female

04/07/2006

1.5km southeast of Timur

during night
with UV - light
nymphs I

08/07/2006

2.5km southwest of
Konyrtobe

during night
with UV - light
adult males

09/06/2006

6 km north of Akyr Tobe

during night
with UV-light

29/06/2006

N 42°49´13.8´´
E 66°27´32.2´´

*

N 42° 40´06.5´´
E 70° 26´45.3´´

Galeodes caspius subfuscus
(Galeodidae)

N 43° 02´35.7´´
E 72° 06´26.2´´

*

N 43° 57´52.5´´
E 77° 03´15.9´´

Galeodes fumigatus
(Galeodidae)

N 41° 16´37.7´´
E 67° 53´57.9´´

Galeodes turkestanus
(Galeodidae)

Karschia zarudnyi
(Karschiidae)

*

6km west northwest
of Sharadara, Kyzylkum

during night
01/07/2006
with UV-light
adult male/female

N 42°14´23.1´´
E 67° 51´00.5´´

8 km southeast of
Karamola Mt., Kyzylkum

during night
with UV - light

N 43°14´04.3´´
E 68°36´20.0´´

8km northeast of
Staorikan

during night
04/07/2006
with UV - light
adult female/male

N 44°15´34.4´´
E 66° 19´11.2´´

1km southeast of
Zhuantobe

during night
with UV – light
only nymph I

05/07/2006

next to Karaozek
river, Sharabai sands

adults

06/07/2006

7km east of Shardara
close to road

during day
adults

30/06/2006

N 45° 27´08.7´´
E 64° 14´25.0´´
Paragaleodes pallidus
(Galeodidae)

Almaty area, Talgar distr.
adults
10km north of Kapchagai
Itzhon Plateau, Kapchagai canyon,
right river side of Ili river

*

N 41° 14´44.4´´
E 68°06´33.4´´

03/07/2006

N 43° 32´18.4´´
E 67° 46´08.1´´

*

2km east of Satimsai
close to road

during day

07/07/2006

N 42° 40´06.5´´
E 70° 26´45.3´´

*

2.5km southwest of
Konyrtobe, Zhambyl area

during night
UV-light
adult female
juveniles

10/07/2006
11/07/2006

Table 4. Collecting sites of different species of solifuges in Kazakhstan. Asterisks indicate collecting sites
depicted in the corresponding map.

are regarded as being invalid for species descriptions, all specimens were compared
with the original descriptions and additionally with material (type material when
it was available). The material was loaned from the Museum für Naturkunde der
Humboldt-Universität zu Berlin, Senckenberg Forschungsinstitut und Naturmuseum
Frankfurt, National Museum of Namibia. In critical cases, the specimens were sent
to taxonomist, specialized in certain groups of solifuges.
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Namibia
Species

GPS coordinates

locality

remarks

date

Solpugista bicolor
(Solpugidae)

S 23°33.365´
E 15°02.506´

gravel plains, Gobabeb

during day
hand collecting
adult male

27/01/2007

S 23°32.640´
E 15°02.963´

gravel plains, Gobabeb

during night
pitfall trap
adult female

28/01/2007

close to first locality
see above

gravel plains, Gobabeb

during midday
hand collecting
under rock

28/01/2007

close to second locality
see above

gravel plains, Gobabeb

during midday
hand collecting
in front of rock

28/01/2007

*

Biton striatus
(Daesiidae)

S 20°35´51.2´´
E 14°22´08.5´´

*

Twyfelfontain

during night
05/02/2007
attracted by light
female on tree
adults both sexes
juveniles

Zeria venator
(Solpugidae)

S 26°57´47.8´´
E 17°31´31.5´´

*

Vogelstrausskluft Lodge

during night
08/02/2007
attracted by light
adult males

Vogelstrausskluft Lodge
sandy ground, scattered
grass

during night
with UV-light
adult male

S 26° 58´03.2´´
E 17° 38´15.7´´

08/02/2007

Blossia longipalpis
(Daesiidae)

S 26°05´26.1´´
E 16°13´02.2´´

*

Numis 89
close to Tiras Mountains

during night
09/02/2007
attracted by light
adult males

Blossia purpurea
(Daesiidae)

S 25°39´13.5´´
E 16°10´58.9´´

*

close to Tiras Mountains

during day
under stone
adult male

10/02/2007

Table 5. Collecting sites of different species of solifuges in Namibia. Asterisks indicate collecting sites
depicted in the corresponding map.

2.2.3. Light microscopy
Fixation and embedding
Animals for serial sections were sacriﬁced or speciﬁc organ systems were dissected
and ﬁxed in a shortly before usage prepared ﬁxative solution according to the
method of Duboscq-Brasil (Romeis, 1989) for one to three weeks, depending on the
size. After ﬁxation the specimens were dehydrated in ethanol 90 % changed every
30 min for in total of 2 hours. After dehydration the specimens were transferred
into a mixture of equal parts of the intermedium tetrahydrofurane and ethanol
96% for 8 hours changing the solution once after 4 hours. Then the specimens were
transferred into pure tetrahydrofurane for 12 hours, afterwards into a mixture of
equal parts of tetrahydrofurane and Roti®-Plast for another 12 hours. Before ﬁnal
embedding in Roti®-Plast the specimens were stored for 12 hours in pure, liquid
Roti®-Plast at 56-58°C.
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USA
Species

GPS coordinates

Eremochelis bilobatus
(Eremobatidae)

--

locality

remarks

date

New Mexico

during night
31/07/2008
attracted by light
office entrance of
camp site
adult male

N 31° 31´20´´
W 110° 02´43´´

*

Arizona: Cochise Co.
NW Bisbee,
Sharpshooter Lane

during night
04/08/2008
attracted by light
adult male

Eremocosta titania
(Eremobatidae)

N 32° 51´44´´
W 112° 41´30´´

*

Arizona: Maricopa Co.
7 miles S of Gila Bent

during night
03/08/2008
attracted by light
adult males

Hemerotrecha branchi
(Eremobatidae)

N 32° 51´44´´
W 112° 41´30´´

*

Arizona: Maricopa Co.
7 miles S of Gila Bent

during night
03/08/2008
attracted by light
adult male

Eremobates durangonus
(Eremobatidae)

N 31° 31´20´´
W 110° 02´43´´

*

Arizona: Cochise Co.
NW Bisbee,
Sharpshooter Lane

during night
04/08/2008
attracted by light
adult males

Eremobates ajoanus
(Eremobatidae)

N 31° 31´20´´
W 110° 02´43´´

*

Arizona: Cochise Co.
NW Bisbee,
Sharpshooter Lane

during night
04/08/2008
attracted by light
adult male

Table 6. Collecting sites of different species of solifuges in the USA. Asterisks indicate collecting sites
depicted in the corresponding map.

Microtomy
The embedded specimens were mounted on a wooden block, ﬁxed in the microtome
chuck and serially sectioned (4 – 10 μm) with metal microtome blades using a
Leica RM 2125 RT rotary microtome. The sections were placed on glass microscope
slides.

Staining
Two different techniques, namely Azan according to the Method of Geidies and H-E,
were used to stain light microscopic sections. In both techniques, Roti®-Histol was
used to remove the parafﬁne and propanol to remove the Roti®-Histol.

Azan technique included the following steps:
10 min.

Roti®-Histol

5 min.

Propanol

5 min.

96% ethanol

5 min.

80% ethanol

5 min.

60% ethanol
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few sec.

A. dest.

≥ 30 min.

Kernechtrot

few sec.

A. dest.

10 min.

Phosphotungstic acid (5%)

few sec.

A. dest.

10 min.

Aniline-blue, orange glacial acetic acid

few sec.

A. dest.

few sec.

60% ethanol

few sec.

80% ethanol

few sec.

96% ethanol

5 min.

Propanol

5 min.

Roti®-Histol

embedding in Roti®-Histokit II

H-E technique included the following steps:
10 min.

Roti®-Histol

10 min.

Propanol

10 min.

96% ethanol

10 min.

80% ethanol

10 min.

60% ethanol

3 min.

Haematoxylin

15 min.

running water

5 min.

Eosin

10 min.

60% ethanol

10 min.

80% ethanol

10 min.

96% ethanol

5 min.

Propanol

5 min.

Roti®-Histol

embedding in Roti®-Histokit II

Microscopy
The sections were studied with a Nikon Eclipse TE300 microscope. All images were
taken digitally with a Nikon DXM1200 and directly uploaded using the program
Nikon ACT-1.
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2.2.4. Electron microscopy
2.2.4.1. Transmission electron microscopy (TEM)
Dissecting
Due to their large body size, the animals were sacriﬁced and dissected in cold
phosphate buffer (0.1M; pH 7.2; 1.8% sucrose). Dissecting tools were Dumont micro
tweezers, Bioform micro scissors and Rotbart razor blades. In the laboratory, the
dissection was performed in ice-cold phosphate buffer, whereas during the collecting
trips in desert regions, where the buffer could not be stored at approximately 4°C,
the dissections were carried out in the ﬁeld during the night. Organ systems were
isolated and cut, always taking into account their different functions, into several
smaller pieces suitable for electron microscopy.

Fixation and embedding
The different organ systems were directly transferred into 2.5% glutaraldehyde
(buffered in phosphate buffer 0.1M; pH 7.2; 1.8% sucrose) and ﬁxed over night
at 4°C. The specimens were rinsed in phosphate buffer twice for 10 min. The
postﬁxation process included treatment with aqueous OsO4 for 2 hours at 4°C and
rinsing in phosphate buffer three times for 10 min. The specimens were dehydrated
in an ascending ethanol series (60%, 70%, 80% 96%, absolute ethanol) and then
transferred into a mixture of equal parts of absolute ethanol and Spurr´s resin
(Spurr, 1969) and stored at 4°C over night. Then the specimens were transferred
into a mixture of absolute ethanol and Spurr´s medium (1:3) and stored at 4°C
over night. Next day the specimens were transferred into pure Spurr´s medium
and stored at 4°C over night. Alternatively, the last steps were carried out at room
temperature. Finally, the specimens were embedded and then stored at 72°C for 2
days for polymerization of the resin.

Ultramicrotomy and staining
Before cutting the resin blocks were trimmed using a razor blade. For orientation
semi thin sections of about 1μm were done using a Leica Ultracut microtome and
glass knives, which were previously made with a LKB Knife maker Type 7801B. Semi
thin sections were stained according to the method of Reynolds (1963). Ultrathin
sections of 50 – 70 nm were made with a Diatome diamond knife and placed on
copper grids. Afterwards the sections were stained with saturated uranyl acetate
(in 70% methanol) and lead citrate according to the method of Reynolds (1963) and
ﬁnally studied using transmissions electron microscopes Zeiss (60kV) EM 10 A and
JEOL-JEM-1011 (80kV). Kodak Electron Image Film SO-163 material was used for
TEM. Negatives of TEM investigation were scanned with 600 dpi.

Polysaccharide Test according to Thiéry (1967)
Ultrathin section of 70 nm were made and placed on gold grids. The sections were
incubated with 1% periodic acid for 20 min and afterwards thoroughly washed with
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A. deion. Then the sections were treated with thiosemicarbazide 1% solved in 10%
acetic acid for 24h. The sections were washed in a descending acetic acid series
(10%, 5%, 1%) and afterwards rinsed in A. deion. Finally the sections were incubated
with 1% silver proteinate for 30 min in darkness and then washed with A. deion.

Freeze fracture
Pieces of the midgut diverticula and the midgut tube were dissected and ﬁxed for
about 20 min. in 2.5% glutaraldehyde buffered in phosphate buffer. The samples
were cryoprotected by immersion in phosphate buffer with increasing glycerol
concentration (10%, 20% and 30%) and then frozen by plunging them into Freon22 (refrigerated with liquid nitrogen) and mounted on a freeze Balzer BAF 400
fracturing device. The fractured samples were shadowed with 2.5nm of platinumcarbon and backed with 20nm of carbon. The tissue was ﬁnally removed from
the replica by usind sodium hypochlorite. The samples were rinsed in water and
mounted on rhodium-copper 50 meshes grids.

2.2.4.2. Scanning electron microscopy (SEM)
Cuticular elements were directly put into ethanol 70%. Internal organs were
previously ﬁxed as described for TEM. Specimens were dehydrated in ascending
ethanol series (60% - absolute ethanol). If necessary, the specimens were carefully
ultrasonicated for a few seconds during each alcohol step in order to remove dirt.
They were then transferred into the intermedium amylacetate twice for 10 min.
Finally, the specimens were critical point dried in a BAL-TEC CPD 030.
Specimens were mounted on aluminium stubs with double sided conductive carbon
tabs, sputter coated with gold palladium (Quorum Technologies SC7620). Scanning
electron microscopy was performed with a LEO DSM 940A.

2.2.5. Stereomicroscopy and digital image processing
Entire animals or only chelicerae were placed in Petri dishes ﬁlled with silica sand
in 70% ethanol. Stacks of numerous images were taken at different focus levels
with a stereo microscope Leica MZ 125 equipped with a digital camera Leica DFC
320. The images were digitally aligned with the program HeliconFocus 4.47.

2.2.6. Video recording
Solifugae of different sexes and of different stages of life of the family Ammotrechidae
were kept separately in plastic boxes in a room under a light:dark cycle of 12:12
hours. For any kind of behavioural studies respectively observations, such as
climbing and mating attempts, the animals were placed in a glass terrarium with
soil and plants from the place, where the animals had previously been captured.
The animals remained in their smaller plastic boxes for feeding experiments which
were conducted under normal light. They were fed with larvae of Tenebrio molitor
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(Insecta, Coleoptera, Tenebrionidae). Behavioural observations were recorded
using a digital video camera (Sony DCR-TRV 351) equipped with +4 close up lenses
and a “night-shot” function.

2.2.7. DNA Extraction, PCR and Sequenzing
DNA extraction was performed from animals, which were shock frozen in liquid
nitrogen and stored at -80°C. The extraction was performed using the DNeasy tissue
kit according the manufacturer´s protocol.
For the PCR, primer sets and techniques developed for crustacean mitochondrial
genomes were used (Yamauchi et al., 2005). The complete mitochondrial genome
of Nothopuga sp. was ampliﬁed in two large overlapping fragment using the primer
pairs L2020-CO1/H12230-16s and L12167-16S/H2649-CO1. The PCR program used
for the long-range PCR included the following steps using LA Taq (TakaraTM):
1.

94°C

1 min

(initial denaturation)

2.

94°C

30 sek

(denaturation)

3.

55°C

1 min.

(annealing)

4.

68°C

12 min.

(elongation)

5.

68°C

3 min.

(ﬁnal elongation)

Steps 2 to 4 were repeated in 40 cycles.
The long-range PCR products were diluted 1:50 with autoclaved Aqua deion. and
used as templates for secondary PCRs.
Primer pairs S5, S7, S8,S10, S12–S15, S31–S36, S45–S48 according to Yamauchi et al.
(2005) and Eppendorf HotMaster Taq (Eppendorf, Germany) were used in secondary
PCRs. The program included:
1.

94°C

1 min.

(initial denaturation)

2.

94°C

30 sec.

(denaturation)

3.

55°C

30 sec.

(annealing)

4.

68°C

1 min.

(elongation)

5.

68°C

1 min.

(ﬁnal elongation)

Steps 2 to 4 were repeated in 25 cycles.
The templates of the secondary PCRs were puriﬁed using a Bluematrix PCR
puriﬁcation kit (EURx, Gdansk, Poland). Finally the obtained PCR products were
sequenced using a CEQ 8000 capillary sequencer (Beckmann-Coulter) using CEQ
DCTS kits (Beckmann-Coulter) according to the manufacturer’s protocol, except for
using 10-μl reaction volumes.
Further species-speciﬁc primer design, the following PCRs of the missing regions, the
sequencing of the mitochondrial genome and the sequence assembly was done by
Dr. Lars Podsiadlowski (formerly Freie Universität Berlin; now Universität Bonn).
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3.1. FLUORESCENCE
3.1.1. Results
As already mentioned in chapter 2.1.2., solifuges were captured using portable
UV-lamps. When the animals are exposed to UV-light, they ﬂuoresce brightly (even
though less than scorpions). The bright species like Nothopuga sp., Galeodes caspius
subfucus and Galeodes turkestanus (Figs. 14A, B) are easily visible. Darker species
like Galeodes fumigatus are only hardly visible. It is noteworthy that the wave
lengths and the wattage of the bulbs obviously play an important role, since using
UV-LEDs the solifuges could only hardly be detected, whereas the detection with
large UV-light bulbs was relatively easy.

Fig. 14. Galeodes turkestanus (Galeodidae) in white and black light in the ﬁeld in Kazakhstan. A: In normal
white light during the night. B: In black light during the night. Photos with courtesy of G. Talarico.

3.1.2. Discussion
The phenomenon of ﬂuorescence among arthropods has been known for more than
50 years. Lawrence (1954) was one of the ﬁrst who reported on ﬂuorescence in
Arachnida, Insecta, Myriapoda, Crustacea and Onychophora. According to his study
on Solpugema hostilis, the solifuge only showed ﬂuorescence on the ventral side,
whereas the dorsal side did not show a positive response. Certainly the strong
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intensity of the response to UV-light, which is present in scorpions (Hjelle, 1990;
Polis and Sissom, 1990), cannot equally be observed in solifuges. Pavan (1958)
showed that the ﬂuorescent substances are highly accumulated in the epicuticle in
scorpions. Stahnke (1972) could demonstrate that exuviae after ecdysis ﬂuoresce
brightly in contrast to the emerged animal which does not show any ﬂuorescence.
Full ﬂuorescence was attained after 48h, hence it was drawn the conclusion that
the ﬂuorescent material is a mixture of mucopolysaccharides and lipids produced
by dermal glands transported to the epicuticle via pore and wax channels (Hjelle,
1990). Stachel et al. (1999) reported on β-carboline in the cuticle of scorpions and
an increase of the intensity of ﬂuorescence simultaneously with a higher degree of
sclerotization of the cuticle. Frost et al. (2001) successfully extracted 4-methyl7-hydroxycoumarin from 11 different scorpion species. Recently Andrews et al.
(2007) published new results on ﬂuorescence in spiders, where they showed that
this phenomenon occurred in a variety of taxa. Further on, they stated that the
hemolymph of spiders contains different ﬂuorophores resulting in different emission
spectra.
The fact that apparently not all solifuges ﬂuoresce to the same degree and that not
all solifuges ﬂuoresce to the exposure of any kind of UV-light indicates that there
are probably several ﬂuorophores involved. It would be desirable to investigate
solifuges concerning the characters of the ﬂuorophores and where these are located
within the animal.
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3.2. SUCTORIAL ORGAN
3.2.1. Results
The general anatomy and morphology of the suctorial organ is almost identical in
all investigated species. As the pedipalps are serial homologous with the legs, a
comparison with the legs is self-evident. Generally, the pedipalps are rather long and
relatively strong, provided with less podomeres and their distal ends are modiﬁed.
They are provided with a so-called suctorial organ and claws are lacking.

External morphology of the suctorial organ. The suctorial organ is located at the
tip of the distal tarsus of each pedipalp. It appears like a white balloon-shaped
structure when everted (Figs. 15A,B). On the dorsal side, the periphery of the
suctorial organ is bent inwards (Fig. 15A). When withdrawn into the pedipalp, it
is covered with a dorsal upper cuticular lip, overlapping a ventral lower one (Fig.
16A). The upper lip is slightly folded in the middle (Fig. 16A) and its margin is
provided with minute conically shaped teeth of different sizes, which are oriented
in slightly different directions (Fig. 16B). A fold above the insertion region of the
cuticular tendon on the lower lip can exhibit slightly different shapes depending
on the species. E.g., in G. caspius subfuscus this fold runs almost horizontally
whereas in E. pallipes it slightly undulates. When protruded, the suctorial organ has
a pad-like appearance and a ridged surface (Fig. 16C). Comparative observations
revealed only slight differences in shape and size of the suctorial organ between
the investigated species. The ventral and the dorsal side of the suctorial organ can
clearly be distinguished from each other (Figs. 16C,D). The everted suctorial organ
itself represents a fragile cuticular pad with a conspicuous ventral surface structure
consisting of perpendicular orientated ridges and furrows (Figs. 16C,19A). The

Fig. 15. Everted suctorial organ of Solpugista bicolor. A: Dorsal side. Scale bar: 0,5mm. B: Ventral side.
Scale bar: 0,5mm. Abbreviations: AS: adhesive surface, CI: conical invagination, LL: lower lip, UL: upper
lip.
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Fig. 16. Scanning electron microscopic images of the pedipalp and the suctorial organ of different species of
solifuges (modiﬁed after Klann et al., 2008). A: Tip of the pedipalp of a juvenile Galeodes caspius subfuscus.
The suctorial organ is inverted and covered with an upper and a lower cuticular lip. The insertion site of the
cuticular tendon is clearly visible. Scale bar = 300 μm. B: Margin of the cuticular upper lip provided with
small conical teeth of different sizes pointing in slightly different directions (indicated by arrows). Scale
bar = 30 μm. C: Ventral side of an everted suctorial organ of a male Eremobates pallipes representing the
adhesive surface (arrows indicate cracks - drying artefacts of the epicuticle). Scale bar = 300 μm. D: Dorsal
side of an everted suctorial organ of a juvenile Nothopuga sp.. The characteristic conical invagination of the
dorsal side is clearly visible. Area indicated by a square shows the folded epicuticle of the dorsal side (shown
in Fig, 4A in higher magniﬁcation). Scale bar = 300 μm. Abbreviations: AS = adhesive surface, CI = conical
invagination, IcT = insertion of cuticular tendon, LL = lower lip, T = tooth, UL = upper lip.

ventral side represents the adhesive surface (Figs. 16C,19A) whereas a conspicuous
infold can be observed on the dorsal side of the suctorial organ (Fig. 16D). In the
very distal part of the suctorial organ the epicuticle of the dorsal side is highly
folded (Figs. 16D, 19A,B).
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Histology of the suctorial organ. The cuticle of the pedipalp and the lips exhibit
different degrees of sclerotization. The dorsal margin of the upper lip is less
sclerotized than the insertion region of the teeth (Figs. 17A,C) and the lower lip
is weakly sclerotized only at its ventral margin (Fig. 17A). Both ﬂexible regions
with weak sclerotization function as articulations when opening the lips. Inside the
pedipalp, the withdrawn suctorial organ appears w-shaped when folded in crosssection (Fig. 17B).
The suctorial organ is underlain by an epithelium consisting of relatively high,
prismatic cells secreting the thin fragile cuticle (Figs. 17A,C). This epithelium and
its overlaying cuticle considerably extend into the proximal part of the pedipalp,
where the cuticle forms a tendon (Figs. 17C,D), which is connected to a muscle
strand. The muscle cells have centrally located nuclei (Fig. 17E). A second cuticular
tendon, which also reaches into the metatarsus of the pedipalp, is directly attached
to the lower lip (Figs. 3D insert, 17A,B). This tendon is also connected to a muscle
strand in the proximal part of the pedipalp (Fig. 17E). A large hemolymph space is
present underneath the epithelium in which numerous individual hemocytes can
be observed (Figs. 17A,C). Several tracheae of different diameters extend into the
entire pedipalp. The basal lattice, from which the shafts of the suctorial organ
arise, can be considered to be a direct prolongation of the lower lip (Figs. 17A,C,D
insert, 18A,B).

Fine structure of the pad. In all representatives, the internal organization of
the pedipalpal pad is almost identical. Extremely tiny, thread-like procuticular
structures (approximately 0.5 μm in diameter) are located just under the fragile
epicuticle of the suctorial organ (Figs. 19C insert, 20). These thread-like structures
are the ramifying apices of thicker shafts (Figs. 19C, 20). The more or less equal
width of these ramifying apices (e.g., approximately 30 μm in Nothopuga sp.) and
the arrangement in rows causes the ridges and furrows of the surface as described
above. Apices of vicinal shafts are connected to each other via the thin threadlike structures (Fig. 19C). In contrast to the out branching apical part, the shafts
appear more roundish and solid in cross-section (about 2 μm in diameter) and are
of different lengths depending on their position inside the pad. In a protruded
pad ventrally located shafts are shorter than dorsally located ones. A less electron
dense substance could be observed between the shafts (Fig. 19D). All these shafts
are ﬁxed on a basal lattice-like cuticle plate, which is highly ﬂexible (Fig. 19E).
Relatively thick longitudinal and ﬁbrous transverse bars form a regular meshwork
constituting this basal lattice (Figs. 19F, 20).

3.2.2. Discussion
Adhesive structures play an important adaptive role in the entire animal kingdom.
They are involved in animal-animal interactions such as prey capture, defense,
mating behavior or in movement of the animal. The adhesive setae of Geckos,
making geckos exceptional climbers, represent one of the most intensively studied
adhesive structures. According to present knowledge, these animals possess one of
the most efﬁcient and versatile adhesive structures (e.g., Ruibal and Ernst, 1965;
Russel, 1975; Autumn et al., 2000). Within the Arthropoda various types of attachment
devices have also evolved. These devices have extensively been investigated above
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Fig. 17. Light microscopic overview of the suctorial organ (modiﬁed after Klann et al., 2008). A: Longitudinal
section of the tip of the tarsus of the pedipalp of Galeodes caspius subfuscus. The inverted suctorial organ
covered with the upper lip. The asterisk indicates the ﬂexible margin of the lower lip, which works as movable
joint (blue stained cuticle with Azan technique shows less sclerotization). The basal plate, to which the
shafts are attached, clearly extends from the lower lip (as indicated by black arrow). Numerous hemocytes
ﬂoat in the hemolymph space. Scale bar = 100 μm. B: Transverse section through the tip of the tarsus of the
pedipalp of Oltacola chacoensis. The suctorial organ is folded when withdrawn inside the pedipalp. Scale
bar = 100 μm. C: Oblique longitudinal section through the tarsus and partly through the metatarsus of the
pedipalp of Galeodes caspius subfuscus. The high prismatic cells of the epithelium underlying the suctorial
organ, secrete a thin cuticle that forms the cuticular tendon (stained blue) in the proximal part of the
tarsus. Scale bar = 100 μm D: Longitudinal section through the tarsus and partly through the metatarsus of
the pedipalp of Nothopuga sp.. Clearly visible are the two cuticluar tendons extending into the metatarsus
of the pedipalp. Scale bar = 100 μm. Insert: The ventral cuticular tendon is connected to the lower lip pulling
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Fig. 18. Schematic drawings of the suctorial organ (modiﬁed after Klann et al., 2008). A: Tarsus of the
pedipalp with inverted suctorial organ. B: Tarsus of the pedialp with everted suctorial organ. The ventrally
located tendon slightly pulls back (indicated by black arrow) the lower lip thus facilitating the eversion
process of the suctorial organ elicitated by the rising hemolymph pressure (indicated by grey arrow) in the
ventral region underneath the suctorial organ. The upper lip is probably opened by both rising hemolymph
pressure (indicated by grey arrow) and by the protrusion of the suctorial organ.

all in insects and comprise two major categories: 1) hairy attachment systems,
consisting of long deformable setae, and 2) smooth attachment pad systems with
high ﬂexibility (Beutel and Gorb, 2001). Among others, setal tarsomeres of beetles
(Stork, 1980b), the empodia of ambulacra of actinotrichid mites (Alberti and
Coons, 1999) and the empodial pulvilli of some Diptera belong to the ﬁrst category
(Beutel and Gorb, 2001), whereas smooth pulvilli of Heteroptera (Ghazi-Bayat and
Hasenfuss, 1980), the pulvilli of the ambulacra of anactinotrichid mites (Alberti
and Coons, 1999), arolia of Schistocerca gregaria (Kendall, 1970), euplantulae
of Ensifera, Caelifera and Phasmatodea or eversible pretarsal balloon-shaped
structures (probably homologous with arolia) of Thysanoptera belong to the second
it back, when the suctorial organ is protruded. Scale bar = 100 μm. E: Cross-section through the proximal
part of the pedipalp showing median muscle strand close to the epithelium and a ventrally located muscle
strand adjacent to the cuticular tendon. The muscle cells possess centrally located nuclei. Scale bar = 10
μm. Abbreviations: cT = cuticular tendon, Cu = cuticle, Ep = epithelium, Hc = hemocytes, HlS = hemolymph
space, LL = lower lip, Mu = muscle strand, SO = suctorial organ, Tr = trachea, UL = upper lip.
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Fig. 19. Scanning and transmission electron microscopic images of the surface and the internal organization
of the suctorial organ (modiﬁed after Klann et al., 2008). A: SEM micorgraph of the surface structure of the
suctorial organ of Nothopuga sp.. Clearly visible are the furrows and ridges of the ventral, adhesive surface

46

3. Results and discussions - Suctorial organ

Fig. 20. Schematic drawing of the internal organization of the adhesive pad (modiﬁed after Klann et al.,
2008). Stabilizing procuticular shafts, which are connected to a lattice-like basal plate, ramify in the apical
region covered with a fragile, delicate epicuticle.

category of adhesive devices (Beutel and Gorb, 2001). These two mechanisms have
also evolved in arachnids, but have been far less studied. Claw tufts or scopulae
investigated in salticid spiders represent an example of hairy attachment systems
(Hill, 1977; Roscoe and Walker, 1991; Foelix, 1996) and the ventrally located
adhesive “suckers” examined in heterozerconid mites and pulvilli of anactinotrichid
(compare Fig. 1D). Arrow indicates infolded epicuticle. Scale bar = 30 μm. B: TEM micrograph of a transverse
section through the apical, dorsal part of the suctorial organ of Eusimonia mirabilis (infold also indicated by
arrow in Fig. 4A). The furrows (indicated by arrow) are infoldings of the dorsal epicuticular surface. Scale
bar = 3 μm. C: SEM micrograph of a detail of the internal organization of the suctorial organ of Galeodes
caspius subfuscus. Internal procuticular shafts ramify towards the adhesive surface. The vicinal apices are
connected to each other (indicated by white arrows). Scale bar = 10 μm. Insert: The tips of the delicate
thread-like apices are covered with a very thin epicuticle (indicated by black arrow). Scale bar = 5 μm. D:
TEM micrograph of a transverse section through the internal shafts of the suctorial organ of Galeodes capsius
subfuscus. All shafts consist of solid procuticular material and are very regularly arranged. A less electron
dense substance can be observed between the shafts (indicated by black arrow). Scale bar = 3 μm. E:
Galeodes caspius subfuscus. SEM micrograph - the shafts are ﬁxed on a basal plate. This plate has a latticelike structure and is very ﬂexible. Scale bar = 30 μm. F: TEM micrograph - Relatively thick longitudinal bars
are connected to each other via thin, ﬁbrous transverse bars forming the basal plate. Scale bar = 3 μm.
Abbreviations: AS = adhesive surface, BP = basal plate, CI = conical invagination, LB = longitudinal bar, RTS
= ramifying tips of the shafts, S = shaft, TB = transverse bar.
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mites are examples of the second system (Alberti and Coons, 1999; Gerdeman and
Alberti, 2007). Adhesive setae cover a wide spectrum of morphological complexity
from relatively simple structures consisting just of a single seta with a curved tip to
more complex systems consisting of setae that split into numerous sub-structures.
Even smooth pads show surprisingly distinct surface features (Beutel and Gorb,
2001). The analyses of the mechanisms of adhesive processes involving different
physical forces (Stork, 1980a; Dixon et al., 1990; Langer et al., 2004) or secretions
(e.g., Hasenfuss, 1977; 1978; Jiao et al., 2000) have been done for insects and
recently for spiders as well (Kesel et al., 2003; Gorb et al., 2006; Niederegger and
Gorb, 2006).
Heymons (1902) reported on hunting solifuges (Solifugae) using their pedipalpal
adhesive pad (Haftlappen) to grasp ﬂying insects. Cloudsley-Thompson (1954) called
this adhesive pad at the tip of each pedipalp “suctorial organ”. They observed
and Cushing et al. (2005) demonstrated the ability of certain solifuges to climb
smooth surfaces, such as glass, with the aid of the suctorial organ (see movie 4 in
appendix). The gross morphology and partly the internal morphology of this organ
was investigated by various authors in the past (see e.g., Bernard, 1896; Kaestner,
1933). The ﬁrst light micrographs were presented by Barrows (1925) and Cushing
et al. (2005).
The present study conﬁrms these former results, but shows in more detail the ﬁne
structure of the entire organization of the suctorial organ. Although different types
of smooth attachment pads have evolved in insects, the described ones exhibit
a similar inner structure of ﬁbrous (e. g. thin ﬁlamentous in the hymenopteran
Apis mellifera) or foam-like type (e. g., in Cercopsis vulnerata Auchenorrhyncha)
(Beutel and Gorb, 2001; Schargott et al., 2006). Comparisons with other adhesive
devices show that the internal structure of the solifugid pedipalpal adhesive pad
with its characteristic ﬁlaments most resembles the inner structure of the arolia of
Schistocercus gregaria (Caelifera), of euplantulae of Tettigonia viridissima (Ensifera)
(Kendall, 1970; Beutel and Gorb, 2001), or of the ventral suckers of heterozerconid
mites (Acari) (Gerdeman and Alberti, 2007). Slifer (1950) and Henning (1974) reported
very thoroughly on the morphology of the arolia of Melanoplus differentialis and
of the euplantulae of Tettigonia viridissima (Saltatoria). Both, the arolia and the
euplantulae consist of endocuticular, elongated rods that branch as they approach
the surface; an organization that is almost identical to the suctorial organ of
solifuges. Hence this organization of smooth adhesive pads evolved convergently
in different groups of arthropods. Barrows (1925) hypothesized that the suctorial
organ of solifuges is serially homologous to the pretarsus and arolium of the legs,
with the empodium enlarged and claws modiﬁed. The present study supports this
only to some degree since the internal structure of the arolia have not been studied
yet. But the hypothesis of Barrows (1925) seems very likely to be correct.
The large hemolymph space in the distal part of the pedipalp probably contributes
greatly to the eversion process, thus conﬁrming the hypothesis of Bernard (1896),
Kaestner (1933), Roewer (1934) and Cushing et al. (2005). Rising hemolymph pressure
presumably lowers the ventral lip and this would protrude the suctorial organ.
Additionally the ventrally located tendon attached to the lower lip probably pulls
the lower, less sclerotized margin backwards, which supports the eversion process
caused by the rising hemolymph pressure. The less sclerotized and thus ﬂexible
margins of both lips work as movable joints. In contrast to Cushing et al. (2005) no
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muscles attached to the upper lip could be observed. Thus, it seems more likely
that the upper lip is passively opened as a consequence of the protruding suctorial
organ. The observed large muscle strand connected to the cuticular tendon of the
suctorial organ probably withdraws the suctorial organ inside the pedipalp upon
contraction.
All efﬁcient adhesive pads are able to highly adapt to any kind of surface topography
they are apposed to. Gorb et al. (2000) demonstrated that the deformation of
the euplantulae of Tettigonia viridissima replicated the surface to micrometer
roughness and that the pad material itself showed both elastic and viscous behavior
under loads. Gorb and Scherge (2000) suggested that the speciﬁc construction of
the adhesive pad of T. viridissima assures an optimal contact to the substrate.
We therefore assume, that the suctorial organ might exhibit similar mechanical
properties like that one of T. viridissima. The internal procuticular shafts of the
suctorial organ of Solifugae, which ramify apically, contribute to a certain degree
to the stability of the adhesive pad whereas the delicate epicuticle provides a
good adaptation to micro-scale surfaces. Possible mechanisms of adhesion are
capillarity, viscosity and van-der-Waals-forces (Betz and Kölsch, 2004). Capillarity
and viscosity are dependant upon a liquid. Huber et al. (2005) discovered that
the adhesion force of the spatulate setae of the gecko increases signiﬁcantly with
higher humidity and for hydrophilic substrates thus suggesting an involvement of
capillarity in adhesion processes. The adhesive mechanism involving pad secretion
in insects is known in Heteroptera (e.g., Ghazi-Bayat and Hasenfuss, 1980), Diptera
(e.g., Hasenfuss, 1977; 1978), Ensifera (e. g., Jiao et al., 2000) and Coleoptera (e.
g., Betz, 2003). One of the ﬁrst studies on the chemical composition of the pad
secretion of the beetle Epilachna vigintioctomaculta showed the lipid nature of the
secretion (Ishii, 1987). Later studies revealed, that the compositions, depending
on the investigated animal, involves different kinds of components, such as e. g.,
hydrocarbons, fatty acids, carbohydrates and alcohols (Kosaki and Yamaoka, 1996;
Attygalle et al., 2000; Vötsch et al., 2002) Very recently it was discovered that even
Aphonopelma seemanni (Theraphosidae, Araneae) produce a silk-like secretion as
a third attachment system apart from their small distal claws and the spatulate
setae (Gorb et al., 2006). Although it is considered, that adhesive secretion is an
important factor in any kind of attachment systems (Beutel and Gorb, 2001), we
hypothesize that the latter two forces described above seem to be subordinate
in Solifugae since no glands could be observed in the pedipalps of solifuges thus
far. Therefore, the forces involved in adhesion of the euplantulae of Tettigonia
viridissima cannot be fully compared to the forces involved in suctorial organ
adhesion of solifuges, although the two adhesive pads are morphologically very
similar. However, capillarity and viscosity cannot entirely be excluded either, since
liquid could also originate from the prey itself or from other external environmental
sources. Hence, the origin of the less electron dense substance observed between
the shafts and the physical mechanism of adhesion remain to be investigated.
Adhesion caused by van-der-Waals-forces is described for hairy attachment systems,
like the spatulate setae of the Tokay gecko (Autumn et al., 2002) and the scopulae
of certain spiders (Kesel et al., 2003). Cushing et al. (2005) hypothesized that the
adhesion of the suctorial organ of solifuges might be mainly attributed to van-derWaals-forces. The exact adhesion force or mechanism of the suctorial organ is not
fully understood yet. Nevertheless, the suctorial organ represents a very efﬁciently
working adhesive device, which is predominantly used to capture prey (CloudsleyThompson, 1954, own observations).
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3.3. TARSALIA OF LEGS I–IV
3.3.1. Results
Solifuges generally use the ﬁrst leg as a “feeler” and only legs II-IV for locomotion.
The ﬁrst leg is generally slender and differs in its setation and presence or absence
of claws. The walking legs of solifgues have never been studied ultrastructurally.
The walking legs no. II – IV differ in length, number of tarsalia, spination and shape
of the arolia between distinct families and different genera of a certain family.
Within a species, especially the morphology of the arolia are the same on leg II-IV,
whereas the number of tarsalia and the morphology of setae or spines might slightly
vary. All studied species of solifuges possess bi-partite, long, bent claws, with a
small tapering tip. The arolia are located distally below the claws. Not only the
tarsalia, but the entire legs are quite setose exhibiting different types of setae.
Fig. 21 represents a scheme of the distal tarsus of a solifuges. For easier comparison
between the species, it is suggested that the arolia and associated structures consist
of different parts (numbered 1-3 according to the tarsus of Nothopuga sp.), but not
all of these parts are present in all solifuges. A suggestion for character states is
summarized in table 7.

Fig. 21. Schematic drawing the lateral view of a tarsus of a walking leg according to Nothopuga sp. The
different parts are numbered for easier comparison between the different species. 1 = basal part, 2 = distal
pad, 3 = proximal pad

3.3.1.1. Ammotrechidae
Nothopuga sp.
The tarsus of the ﬁrst pair of legs is covered with setae; predominantly with setae
with a bifurcate apex, but there are also setae with pointed tips (Fig. 22A). Claws
and arolia are absent on leg I. The tarsalia of the walking legs are provided with
large spines on the ventral side (Figs. 22B,C). The tips of the spines are broken off,
respectively show traces of abrasion (Fig. 22D). The arolium is surrounded from left,
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Fig. 22. Nothopuga sp. (Ammotrechidae) A: Tarsus of the ﬁrst pair of legs of a juvenile Nothopuga sp. Scale
bar: 100μm. B: Dorsolateral view of the tarsus of leg II. Scale bar: 300μm. C: Ventral view of the tarsus of
leg II. Scale bar: 300μm. D: Clearly visible are the stout apices of the spines, most likely rubbed off from
substrate. Scale bar: 100μm. E: Dorsoanterior view on the arolium of leg II. Scale bar: 300μm. F: Arolium of
leg II. The surface is smooth without any kind of texture. Scale bar: 30μm. Abbreviations: Ar: arolium, Cl:
claw, Spi: spine
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Fig. 23. Oltacola chacoensis (Ammotrechidae). A: Tarsus of leg I. Scale bar: 100μm. B: Lateral view of
the tarsus of leg III. Scale bar: 300μm. C: Ventral view of the tarsus III. The ventral side of the tarsus is
densely covered with cuticular setae. Scale bar: 300μm. D: Frontal view of the tarsus with the arolium of
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Fig. 24. Oltacola chacoensis (Ammotrechidae). A: The arolium is surrounded by several cuticular setae with
a comb-like structure (tarsus of leg III). Scale bar: 30μm. B: Higher magniﬁcation of the hair with anteriorly
comb-like structure (tarsus of leg III). Scale bar: 3μm. Abbreviations: Ar: arolium

right and ventral side by relatively solid setae with roundish tips (Figs. 22B,C,D). In
Nothopuga sp. the arolium is composed of threes different parts: Dorsally, between
the bases of the claws a ﬂexible triangular-shaped cuticle protrusion can be seen
(Part 1). Its surface is covered with tiny nubs (Fig. 22F). Part 2 is formed by an oval
shaped, transversally orientated cushion or pad (Figs. 22E,F). In contrast to the
surface of the triangular shaped part 1, the surface of the part 2 is totally smooth.
A proximal smooth pad represents part 3.
Oltacola chacoensis
Like in Nothopuga sp., the tarsus of the ﬁrst pair of walking legs is covered with
setae (Fig. 23a). These barbed setae possess different apices, namely bifurcate,
blunt or pointed ones. Like in Nothopuga sp., there are no claws and arolia present
on leg I of O. chacoensis. In contrast to Nothopuga sp. the tarsalia II - IV of O.
chacoensis do not bear ventrally any spines, they are rather provided uniformly
with numerous thread-like setae, which are longer towards the periphery of the
tarsalia (Figs. 23B,C). Part 1 of the arolia seems to be very small located between
the claws, whereas the arolia (part 2) themselves are a rather complicated, bipartite structure (Figs. 23D,E,F). Each side consists of a dorsal, cuticular lobe
bending inside covering a second lobe (Figs. 23D,E). Ventrally, the lobes are crescent
shaped and symmetrically arranged along the longitudinal axis of the leg leaving
an intermediate space between them. Both lobes are somewhat interconnected.
Ventrally, these lobes border a roundish pad (Fig. 23F). The proximal pad is barely
visible due to numerous setae (Fig. 23F). The entire arolium is laterally bordered by
specialized setae exhibiting a comb-like organization on their anterior parts (Figs.
24A,B).

leg III. Scale bar: 300μm. E: The distal pad of arolium is bi-partite with a dorsal and ventral lobe being
interconnected (leg III). Numbers indicate the parts according to the scheme. Scale bar: 100μm. F: Ventral
side of the arolium of leg II. Scale bar: 100μm. Abbreviations: Ar: arolium, Cl: claw, Set: setae
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Fig. 25. Biton striatus (Daesiidae). A: Dorsal view on tarsus of leg I. Scale bar: 300μm. B: Ventral view of
the tarsus of leg IV. The ventral side is covered with cuticular setae. Scale bar: 300μm. C: Frontal view of
the distal pad of the arolium of leg IV. Scale bar: 300μm. D: Arolium of leg II. The distal pad of the arolium
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3.3.1.2. Daesiidae
Biton striatus
The tarsus of leg I is provided with numerous setae with either pointed, bifurcate
or blunt tips (Fig. 25A). On leg I there are no claws and arolia present. The general
organization of the tarsi II-IV with their different setae and arolia resemble to a
certain degree the appearance of the tarsi of O. chacoensis. The ventral side of the
walking legs of B. striatus is also covered with numerous, slender thread-like setae
only (Fig. 25B). Part 1 is very small. The distal pad of the arolium (part 2) is also
bi-partite, exhibiting dorsal, cuticular lobes bending inwards and overlapping the
ventral crescent-shaped lobes. The lobes are fused. In contrast to O. chacoensis the
distal projecting surface of the second lobes are covered with small corrugations
(Figs. 25C,D). Ventrally between the two lobes, a roundish area projecting between
the ventral lobes towards the dorsal lobes can also be observed. However, no
intermediate space between the lobes can be observed like that in O. chacoensis.
Like in O. chacoensis, comb-like setae are located ventrolaterally on both sides
of the arolium (Figs. 25E,F). A proximal pad (part 3) with a prominent median
protrusion is present.
Blossia longipalpis
The tarsus of leg I ist covered with different types of setae; all setae are barbed,
but their apices are different. There are setae with bifurcate, blunt and tapering
apices. Dorsally, there are conspicuous pits (Fig. 26A). There are no claws and arolia
present on leg I. The pretarsus of walking leg II-IV is provided with extremely long
claws (Fig. 26B). The arolium is laterally and ventrally surrounded by curved setae,
which are slightly ﬂattened and ventrally provided with a “keel” (Figs. 26C, D, E,
F). Part 1 of the arolium seems to be very reduced and thus not visible. The arolium
seems to be constituted of the following parts: an upper cushion – the distal pad,
which is more or less oval in shape medially sunken in and provided with two lobes
(part 2), which in turn can probably be folded down. This cushion sits on a proximal
pad (part 3), which is slightly tapering and laterally folded (Fig. 26D). The ventral
side of the proximal pad is provided with tiny nubs.
Gluvia dorsalis
The tarsus of leg I of G. dorsalis is covered with different types of setae. At the
very distal tip of the tarsus, there is a conspicuous smooth area without any setae
strongly resembling an arolium (Fig. 27A). Claws are absent on leg I. The majority
of the setae are characterized by bifurcate apices, but there are also setae with
blunt, rounded tips. The tarsi of the walking legs of G. dorsalis are quite setose
with two long, anteriorly tapering spine-like setae (Fig. 27B). Part 1 of the arolium
is a triangular fold clearly visible behind the part 2 of the arolium. The part 2 of the
arolium is pad-like and medially longitudinally folded (Fig. 27C). The surface of the
arolium is smooth. The cuticle of the rather complicated proximal pad (part 3) is

is bi-partite. The distal surface of the basal lobe is covered with small corrugations. Scale bar: 100μm. E:
Ventral side of the arolium of leg IV. Scale bar: 100μm. F: Higher magniﬁcation of the setae surrounding the
arolium of tarsus of leg III. Anteriorly they exhibit a comb-like structure. Scale bar: 10μm. Abbreviations:
Ar: arolium, Cl: claw, Set: setae
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Fig. 26. Blossia longipalpis (Daesiidae). A: Frontal view on tarsus of leg I (arrow indicate pore). Scale bar:
30μm. B: Lateral view of the tarsus of leg IV. Very conspicuous are the extremely long claws. Scale bar:
300μm. C: Higher magniﬁcation of the lateral view of the tarsus and the arolium of leg III. Clearly visible is
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locally covered with small nubs (exactly in those areas, where it is folded) (Fig. 27D).
The arolium is surrounded by numerous setae. The smaller setae possess ventrally
a keel (Fig. 27E) and the surface is structured and equipped with tiny, cuticular
projections (Figs. 27E,F) and distally the setae exhibit a comb-like structure (Fig.
27F).

3.3.1.3. Eremobatidae
The arolia of the eremobatid species investigated here are ventro-medially,
longitudinally folded.
Eremobates pallipes
The tarsi of the ﬁrst leg are densely covered with different types of setae and a
single claw (Fig. 28A). Arolia on leg I could not be observed. In this species the
arolium of the walking legs is surrounded by solid spines with longitudinally, slightly
irregular ridges (Figs. 28B, C). The part 1 of the arolium appears to be reduced. The
part 2 of the arolium itself is roundish to slightly oval in shape and ventro-medially,
longitudinally folded (Fig. 28C). The surface of the arolium is smooth. Further on,
the proximal pad exhibits a small median protrusion and is folded transversally and
laterally (part 3) (Fig. 28C). The cuticle of the proximal pad (part 3) is covered with
tiny corrugations. (Fig. 28D).
Eremocosta titania
Like in E. pallipes the tarsus of the ﬁrst leg is covered with different types of setae
and distally provided with a single claw (Fig. 29A). A clear arolium is not visible.
Part 1 of the arolia of the walking legs is apparently reduced. In contrast to E.
pallipes the distal pad (part 2) of the arolium of E. titania is more oval in shape and
slightly elongated (Fig. 29B) and longitudinally, ventro-medially folded (Fig. 8B).
Further on, the arolium possesses lateral folds on each side (Figs. 29B, C, D). The
proximal pad is similar in shape like that one of E. pallipes (Fig. 29D). In E. titania,
the arolium is also surrounded with solid spines, like in E. pallipes (Figs. 29B, D).
The surface of the spines is smooth (Figs. 29C, D).
Eremochelis bilobatus
The tarsus of the ﬁrst leg is provided not only with numerous setae, but also with two
claws and a simple single arolium (Fig. 30A). In the legs II - IV part 1 of the arolium
is not visible. The distal pad of the arolium (part 2) of E. bilobatus is elongated,
dorsally slightly tapering and also exhibits a ventro-medial, longitudinal fold (Figs.
30B, C). Laterally, the arolium possesses a longitudinal fold on each side (Figs. 30B,
C). The surface of the arolium does not exhibit any kind of texture (Figs. 30B, C).
The arolium is surrounded by spine-like setae provided with longitudinal ridges and

the surface structure of surrounding spines with their tiny denticles. Scale bar: 30μm. D: Frontal view of the
arolium of leg III. Numbers indicate the different parts. Scale bar: 30μm. E: Ventral view of the tarsus of leg
II. Scale bar: 30μm. F: High magniﬁcation of the barbed setae with ventral keel on leg II. Scale bar: 10μm.
Abbreviations: Ar: arolium, Cl: claw
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Fig. 27. Gluvia dorsalis (Daesiidae). A: Frontal view on the tarsus of the leg I. A putative remnant of an
arolium is visible at the tip of the tarsus. Scale bar: 100μm. B: Lateral view of the tarsus of leg IV: Scale bar:
300μm. C: Frontal view of the arolium of leg IV. Scale bar: 100μm. D: View of arolium of leg IV. Scale bar:
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Fig. 28. Eremobates pallipes (Eremobatidae). A: Frontal view of the tarsus of leg I provided with a single
claw. Scale bar: 100μm. B: Ventral view of the tarsus of leg III. The arolium is surrounded by strong spines.
Scale bar: 300μm. C: Frontal view of the arolium of leg III. Scale bar: 100μm. D: Higher magniﬁcation of the
folded cuticle of the arolium of leg IV. Scale bar: 10μm. Abbreviations: Ar: arolium, Cl: claw, Spi: spine

furrows. The proximal pad (part 3) is folded several times and more complicated,
but similar to the proximal pads of E. pallipes and E. titania (Fig. 30B).
Hemerotrecha branchi
Like in E. bilobatus the tarsus of the ﬁrst leg is provided with two claws, a simpliﬁed
arolium and numerous different setae (Fig. 31A). In legs II - IV part 1 of the arolium
is not visible. As in the other eremobatid species studied here, the distal pad of the
100μm. E: Higher magniﬁcation of the cuticle of the proximal pad of the arolium of leg IV. Scale bar: 30μm.
F: Ventral view of setae of the tarsus of leg IV. Clearly visible is the surface structure and the keel. Scale
bar: 3μm. G: Anterior part of a setae exhibiting a comb-like structure of tarsus of leg III. Scale bar: 10μm.
Abbreviations: Ar: arolium, Cl: claw
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Fig. 29. Eremocosta titania (Eremobatidae). A: Frontal view of the tarsus of leg I. Single claw is clearly
visible. Scale bar: 100μm. B: Lateral view of the tarsus of leg IV. Scale bar: 100μm. C: Frontal view of
the arolium of tarsus of leg IV. Black arrow indicates the lateral infolding. Scale bar: 100μm. D: Ventral
view of the tarsus of leg III showing solid spines with stout tip surrounding the arolium. Scale bar: 300μm.
Abbreviations: Ar: arolium, Cl: claw, Spi: spine

arolium (part 2) of H. branchi is slightly rounded and medially, longitudinally folded
(Figs. 31A, B). Also on both sides there are longitudinal invaginations (Fig. 31B). In
contrast to the other species of the family Eremobatidae studied here, the arolium
is dorsally, medially folded in (Fig. 31B). The proximal pad (part 3) is similar to
the previous described ones of the family Eremobatidae (Fig. 31C). Although the
arolium is surrounded by spines as it is the case in E. pallipes and E. titania, the
spines are more textured than in the other species. They exhibit strong longitudinal
and tiny, regular transversal ridges (Fig. 31C).
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Fig. 30. Eremochelis bilobatus (Eremobatidae).
A: Tarsus of leg I provided with two claws and
a simple arolium. Scale bar: 100μm. B: Ventral
view of the distal pad of the arolium of leg IV.
White arrow indicates the lateral fold. Scale bar:
100μm. C: Lateral view of the arolium of leg IV.
Black arrow indicates the lateral fold. Scale bar:
100μm. Abbreviations: Ar: arolium, Cl: claw
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Fig. 31. Hemerotrecha branchi (Eremobatidae).
A: Frontal view on tarsus of the ﬁrst leg. It is
provided with two claws and a simple arolium.
Scale bar: 100μm. B: Frontal view of the arolium
of tarsus of tarsus II. Scale bar: 30μm. C: Ventral
view of tarsus of leg III. Very conspicuous are the
highly textured spines surrounding the arolium.
Scale bar: 30μm. Abbreviations: Ar: arolium, Cl:
claw, Spi: spine
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3.3.3.4. Galeodidae
The claws of adults and juveniles of all galeodid species studied here bear setae.
The arolia exhibit an organization which is generally similar in the genus Galeodes
and Paragaleodes.
Galeodes caspius subfuscus
Like to certain previous presented species of the family Eremobatidae, the tarsi of
leg I of G. caspius subfuscus bear tiny claws and a simple arolia (Fig. 32A). The tarsi
themselves are covered predominantly with setae with a tapering apex. The tarsalia
of the walking legs are provided with different types of setae and spines (Figs. 32B,
C, D). There are laterally inserted, long setae, which project distally and border
the arolium. The arolia are rather simple compared to studied representatives of

Fig. 32. Galeodes caspius subfuscus (Galeodidae). Roman numerals indicate the number of tarsi. A: Tiny
claws and the simple arolium on the tarsus of leg I. Scale bar: 100μm. B: Higher magniﬁcation of the
ventrolateral view of tarsus bearing the pad-like arolium. Scale bar: 200μm. C: Lateral view of leg IV. Clearly
visible are the claws covered with cuticular setae. Scale bar: 1mm. D: Ventrolateral view of arolium of leg
IV. Black asterisk indicates setae with ridged surface. Scale bar: 200μm. Abbreviations: Ar: arolium, Cl:
claw, Spi: spine
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other families, constituted of a slightly oval shaped distal pad representing part 2
(Fig. 32B, D) and a slightly more complicated proximal pad (part 3) (Fig. 32B). The
surface of the pad is smooth, without any texture (Fig. 32D). Part 1 seems to be
greatly reduced, since it is not visible.
Galeodes fumigatus
Like in G. caspius subfuscus, the tarsi of the ﬁrst pair of legs are provided with
small claws, simple arolia and large numbers of pointed setae (Fig. 33A). Also in this
species, the arolia of the walking legs are bordered by long, laterally inserted setae
(Fig. 33B). The form of the distal arolium (corresponds to part 2) is oval shaped,
with the dorsal side slightly medially folded in (Fig. 33C). The proximal pad (part
3) is similar in shape like that one in G. caspius subfucus (Fig. 33C). The surface

Fig. 33. Galeodes fumigatus (Galeodidae). A: Frontal view on tarsus of leg I. Clearly visible are the claws
and the simple arolium surrounded by numerous pointed setae. Scale bar: 300μm. B: Lateral view of tarsus
of leg IV. The entire tarsus is covered with setae. Scale bar: 300μm. C: Ventral view of the arolium of leg
IV. Numbers indicate the different parts of the arolium. Square is higher magniﬁed in E. Scale bar: 300μm.
D: Higher magniﬁcation of the solid cuticlar projections located ventrally on the tarsi of leg IV. Scale bar:
300μm. E: Higher magniﬁcation of the surface of the setae of tarsus of leg IV. Visible are longitudinally
orientated ridges. Scale bar: 10μm. Abbreviations: Ar: arolium, Cl: claw
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does not exhibit any texture (Fig. 33C). Only on the tarsi of the fourth walking leg,
solid narrow-leaved spines (Fig. 33D) and also other spines can be observed. Setae
with longitudinally orientated furrows can be seen on the ventral side of the tarsi
(Fig. 33E).
Galeodes turkestanus
The tarsi of the ﬁrst walking legs are covered with numerous pointed setae, a pair
of claws and a simple arolium each (Fig. 34A). Apparently the part 1 of the arolium
of the walking legs is reduced (Fig 34C), since no structure is visible. Ventrally
the tarsi of the fourth walking leg are provided with solid, lanceolate-shaped,

Fig. 34. Galeodes turkestanus (Galeodidae). A: Frontal view on the tiny claws and the simple arolium on
the tarsus of the ﬁrst leg. Scale bar: 100μm. B: Lateral view of pad-like arolium of leg IV. Scale bar: 300μm.
C: Dorsal view of the arolium of leg IV. Scale bar: 300μm. D: Anterior view of the pad-like arolium of leg IV.
Dorsally, there is a medial elevation (indicated by arrow). Laterally the arolium is folded in (indicated by
arrow). Scale bar: 300μm. Abbreviations: Ar: arolium, Cl: claw
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slightly bent spines (Fig. 34C, indicated by asterisk) and other spines. The distal
pad of the arolium (part 2) of the walking legs of this species exhibits a relatively
simple, slightly rectangular, cushion-like form (Figs. 34B, C, D) and it is more or
less roundish to oval in shape. The dorsal side of the distal pad of the arolium is
wave-shaped (with a median elevation) and the surface is smooth (Fig. 34D). The
proximal pad (part 3) exhibits almost the same shape as in G. caspius subfuscus and
G. turkestanus.
Paragaleodes pallidus
The tarsi of legs I are provided small claws and a simple arolium each surrounded by
setae with bifurcate apices (Fig.35A). The ventral sides of the tarsi of the walking
legs are provided with strong spines (Fig. 35B). The lateral setae bordering the
arolium are of the same type like in the other studied galeodid species (Figs. 35B,
C). The arolium (part 2) also exhibits an oval shape and a pad-like appearance

Fig. 35. Paragaleodes pallidus (Galeodidae). A: Frontal view of tarsus of leg I. The tiny claws and the
arolium are surrounded by many setae with bifurcate tips. Scale bar: 100μm. B: Lateral view on tarsus of
leg IV. Claws are setose. Scale bar: 300μm. C: Ventral view of arolium of leg IV. Distal surface of the arolium
is folded (indicated by arrow). Scale bar: 300μm. D: Ventral view of tarsi of leg IV. Clearly visible are the
solid leaf shaped spines (indicated by black arrow). Scale bar: 300μm. Abbreviations: Ar: arolium, Cl: claw,
Spi: spine
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with a smooth surface (Figs. 35C, D). In this species the dorsal side of this distal
pad and the lateral sides are slightly folded (Fig. 35C). On the tarsi of the fourth
walking leg, there are also strong, solid lanceolate-shaped spines visible (indicated
by arrow). (Fig. 35D).

3.3.1.5. Gylippidae
Gylippus ferangensis
The tarsi of the legs I are provided with different types of setae, a simple arolium

Fig. 36. Gylippus ferangensis (Gylippidae). A: Tarsus of the ﬁrst leg provided with a pair of claws and a
simple arolium. Scale bar: 100μm. B: Lateral view of tarsus III. Scale bar: 300μm. C: Frontal view of the the
arolium of the tarsus of the leg III (black arrow indicates tiny part 1). Clearly visible are three parts of the
arolium. The distal pad of the arolium is medially (indicated by white arrow) and laterally folded. Scale bar:
100μm. D: Ventrally and laterally attached setae partly surrounding the arolium are longitudinally ridged.
Scale bar: 100μm. Abbreviations: Ar: arolium, Cl: claw
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and a pair of claws (Fig. 36A). The tarsi of the walking legs are covered with
setae (Fig. 36B). The arolium of G. ferangensis is divided into three parts, whereby
the part 1 is very small. Part 2 is roundish and medially and laterally folded (Fig.
36C) and rather small compared to the proximal pad (part 3). The proximal pad
is medially elevated and complicated in structure (Fig. 36C). The surfaces of the
setae are provided with longitudinal furrows (Fig. 36D).

3.3.1.6. Solpugidae
Solpugista bicolor
The tarsi of the legs I are densely covered with different types of setae. The majority
is characterized by bifurcate apices, but there are longer ones with blunt tips.

Fig. 37. Solpugista bicolor (Solpugidae). A: View on tarsus of leg I. Scale bar: 300μm. B: Lateral view of tarsus
of leg II. Very conspicuous are the curved, projecting spine-like setae. Scale bar: 300μm. C: Ventral view
of tarsus of leg II. Scale bar: 300μm. D: Frontal view of the distal pad of the arolium of leg II. It is medially
deeply folded in and each side consists of a bi-lobed fused structure. Scale bar: 300μm. Abbreviations: Ar:
arolium, Cl: claw, Spi: spine
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Setae with pointed tips are rarely scattered on the tarsus. No claws and arolia are
present (Fig. 37A). The arolia of the walking legs of this species are surrounded by
setae of different lengths and different diameters, but all of them exhibit a smooth
surface. The lateral ones are longer than the ventral ones (Figs. 37B,C,D). Part 1 of
the arolia is small and triangular shaped. The distal pad (part 2) of the arolium is
bi-partite and longitudinally folded in its middle. It consists on each side of a dorsal
and ventral lobe (which is caused by a lateral invagination of the pad), which are
fused in the middle. The proximal pad (part 3) is hardly visible (Fig. 37D).
Zeria venator
The tarsus of the leg I is covered with different types of setae, which are similar to
those observed in S. bicolor (Fig. 38A). Like in S. bicolor, no claws and arolia are
present on the tarsi of the ﬁrst legs. Numerous conspicuous pores are also present

Fig. 38. Zeria venator (Solpugidae). A: View on the tarsus of leg I. There are conspicuous pores on the
surface of the tarsus (see insert; Scale bar: 10μm). Scale bar: 300μm. B: Lateral view of tarsus of leg II. Scale
bar: 300μm. C: Ventral view of tarsus of leg III. Clearly visible are the tapering setae projecting anteriorly
medially. Number indicates the proximal pad. Scale bar: 300μm. D: Frontal view of tarsus showing the
prominent medially deeply folded distal pad of the arolium of leg II. Numbers indicate different parts of the
arolium. Scale bar: 300μm. Abbreviations: Ar: arolium, Cl: claw
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on the surface (Fig. 38A insert). The organization of the distal tarsi of the walking
legs is almost identical to that one of S. bicolor. The tarsi of the walking legs are
covered with setae with smooth surfaces (Figs. 38B-D). Part 1 of the arolia is small
and triangular shaped. The distal pad of the arolium (part 2) is medially folded
and consists on each side of a dorsal and a ventral lobe, which is like in S. bicolor
caused by a lateral invagination. The proximal pad is present (Fig. 38D).

3.3.2. Discussion
The main function of tarsal structures such as the arolium is the adhesion to substrate
(Beutel and Gorb, 2001). In most solifuges the adhesion to substrate is improved
with the aid of the suctorial organ (see chapter 3.2., Cushing et al., 2005; Klann et
al., 2008). An exception is represented by Oltacola chacoensis (Ammotrechidae),
a species which is capable of climbing smooth surfaces just with its walking legs
II-IV without using the suctorial organ (see movie 5 in appendix). The arolium of
the walking legs of O. chacoensis is strikingly different compared to the arolium of
Nothopuga sp., a sympatric species of the same family, which is almost incapable
of climbing smooth surfaces without the suctorial organ just with the walking
legs. Taking their ecology into considerations, it has to be pointed out that O.
chacoesis is a sit-and-wait-predator sitting in bushes, whereas Nothopuga sp. using
the same hunting technique can almost exclusively be found on the ground. It
might therefore be reasonable that either the arolia of Nothopuga sp. have evolved
towards a simple structure, which does not possess great adhesion, or that the
arolia of O. chacoensis have evolved an obviously more complicated structure
with high adhesion to substrates. Since the internal structure of the arolium of O.
chacoensis has not been studied yet, it cannot be stated, if there are any secretions
involved. So far, no hairy attachment systems could be proved on the distal tarsi of
solifuges. In general, many solifugid species (predominantly those species, which
reaches large body sizes) have adapted to a life on the ground. Federle (2006)
summarized the advantages of hairy pad systems in contrast to smooth adhesive
systems. The main advantages are (1) rough surface compatibility, (2) self-cleaning
capacity, (3) effortless and controllable detachment and (4) maximal adhesion.
He suggested that ﬁbrillar attachment systems represent an optimized design,
since it has evolved several times independently in e.g., insects (Beutel and Gorb,
2001), spiders (Rovner, 1978; Coddington and Levi, 1991) and lizards (Williams and
Peterson, 1982; Irschick et al., 1996). Subsequently it could be hypothesized that
solifuges do not need this kind of highly efﬁcient ﬁbrillar attachment devices, since
in nature they do not climb on extreme surfaces. As demonstrated in salticid spider,
rough surfaces can be climbed with the aid of the claws (Kesel et al., 2003), so it
seems plausible that also solifuges use mainly their claws to climb rough surfaces
like e.g., bark of trees or bushes.
There is a great variety of tarsal adhesive structures, such as arolia, euplantulae,
pulvilli etc., which have intensively been studied in predominantly insects and even
been analyzed in terms of cladistics (e.g., Beutel and Gorb, 2001). In insects, these
structures are not only restricted to a particular area of the legs (Beutel and Gorb,
2001), whereas in solifuges, those structure, respectively the arolia exclusively
occur on the distal tarsi of the walking legs II-IV. Beutel and Gorb (2001) already
pointed out that adhesive structures are strongly subject to selection triggered
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smooth
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small, triangular shaped
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?

?

?
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?

extremely reduced

triangular shaped

extremely reduced

part 1 of arolium

longitudinally bi-partite, laterally lobe-like due to invaginations

longitudinally bi-partite, laterally lobe-like due to invaginations

roundish, medially and laterally folded

oval shaped pad, dorsally slightly folded in, laterally folded

oval shaped pad, dorsally slightly folded in, laterally folded
oval shaped pad, dorsally slightly folded in with a median elevation, laterally
folded

oval shaped pad

roundish pad, dorsally medially folded in, medially and laterally folded

elongated pad, dorsally slightly tapering, medially and laterally folded

slightly elongated pad, medially and laterally folded

roundish pad, medially folded

medially, longitudinally folded

oval, medially sunken in, provided with two lobes

longitudinally bi-partite, lobes fused, distal surface covered with
corrugations

transverse, oval shaped pad

bi-partite; interconnected lobes

part 2 of arolium: distal pad

Table 7. Summary of distribution of character states of the tarsi of legs I-IV of different species of Solifugae.
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2

2
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Gylippidae

2
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2

1

E. titania
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0
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Daesiidae

0
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Claws of leg I

Nothopuga sp.

Ammotrechidae

very small; exact shape not identifiable

very small; exact shape not identifiable
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protrusion
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transversally folded
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slightly tapering, laterally folded
prominent median protrusion, laterally and
transversally folded

folded, prominent median protrusion

without foldings

transversally folded

part 3 of arolium: proximal pad
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by necessities to cling to e.g., vegetation. Nevertheless they concluded that even
adhesive structures can provide phylogenetic information. Interestingly, these
morphological features only with the exception of the ambulacrum and pulvilli
of mites have been almost fully neglected in modern phylogenetic studies on
the phylogeny of arachnids (e.g., Shultz, 2007). E.g., in the main two groups of
mites, namely the Actinotrichida and the Anactinotrichida was shown that hairy
and smooth tarsal attachment devices clearly belong to their groundpatterns:
Actinotrichida in their early derivative taxa possess ﬁbrillar attachtment systems,
whereas Anactinotrichida possess pad-like adhesive structures (Alberti and Coons,
1999; Coons and Alberti, 1999; Alberti, 2005). In Opiliones, arolia are present in
nymphal stages of Grassatores and some Insidiatores but apparently not in the
adult stages (Pinto-da-Rocha et al., 2007).
Muma (1976) established a new familial key for Solifugae based partly on characters
already used by Roewer but this key also involves other characters, such as
secondary male characters, cheliceral dentition and female opercular structures.
Nevertheless, the systematics of Solifugae urgently needs revision, since it is still
difﬁcult and often impossible to identify adult females and juveniles. The presence
or absence of the claws on the distal tarsi of leg I have already been mentioned
in various species, genus and family descriptions and even in determinations keys
(e.g., Roewer, 1934; Muma, 1976; Wharton, 1981; Punzo, 1998a). And also the
peculiar setose claws of the family Galeodidae have been mentioned in different
determination keys (e.g., Roewer, 1934; Punzo, 1998a). But it cannot be decided yet,
whether the presence of the claws on the ﬁrst legs are plesiomorph, since almost
nothing is known on the phylogeny of solifuges. The arolia of Solifugae have never
been ultrastructurally studied before. The results of the present study show that
the arolia clearly exhibit different shapes, which can be relatively similar within the
same family thus most likely representing a type of family–speciﬁc groundpattern
like in the families Eremobatidae, Galeodidae and Solpugidae or the shapes are
clearly between different genera of the same family (e.g., Ammotrechidae and
Daesiidae). Since it is hypothesized that the morphology of the arolia is the same
in males and females, it might represent a new character set for the taxonomy
of Solifugae. High variation in the family Daesiidae is not only reﬂected in the
morphology of the arolia, but also in the morphology of the male ﬂagellae and
the ultrastructure of spermatozoa (Klann et al., 2009), suggesting that this family
might not be monophyletic.
The conspicuous pores on the ﬁrst legs of some species could possibly represent
the sensilla ampullacea, which were previously described on the pedipalps of
solifuges by Bauchhenss (1983). According to the author the structure of the sensilla
ampullacea is compatible to olfactoreception and thermo- and / or hygroreception.
Since solifuges use, as already mentioned, their ﬁrst legs as feeler, the presence of
those sensory structures would be reasonable.
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3.4. MEDIAN EYES
3.4.1. Results
Gross morphology of the ocular tubercle. Solifuges possess a pair of median eyes
which is located on a raised ocular tubercle anteriorly on the prosoma. Although
Bernard (1894) and Scheuring (1913) described the presence of lateral eyes, this
ﬁnding still needs to be investigated. The median eyes are usually surrounded
by different kinds of setae. The entire appearance of the ocular tubercle varies
between different species. In Nothopgua sp. there are numerous setae between
the median eyes so that both median eyes are completely separate (Figs. 39A,B).
The ocular tubercles of the juveniles of Galeodes turkestanus (Figs. 39C,D) and
Galeodes caspius subfuscus (Figs. 39E,F) are not covered with many setae. Only
two prominent ones between the median eyes and a few more behind the ocular
tubercle are visible.

Fig. 39. Ocular tubercle of different solifuges. A: Stereomicrograph of the ocular tubercle of an adult male
of Nothopuga sp. Scale bar: 500μm. B: Scanning electron micrograph of the median eyes with surrounding
setae of Nothopuga sp. Scale bar: 300μm. C: Stereomicrograph of the ocular tubercle of a nymph I of
Galeodes turkestanus. Scale bar: 500μm. D: Scanning electron micrograph of the ocular tubercle of nymph
I of G. turkestanus. Scale bar: 300μm. E: Stereomicrograph of the ocular tubercle of Galeodes caspius
subfuscus. Scale bar: 500μm. F: Scanning electron micrograph of the median eyes of G. caspius subfuscus.
Scale bar: 300μm.
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Fig. 40. Light microscopic sections through the median eyes. A: Transverse section through the anterior
region of the median eyes of a juvenile Galeodes turkestanus. The prominent cuticular, spherical lenses
are stained blue and red. Black arrow indicates the surface extension towards the cuticle of the prosoma.
Underneath the lenses, the cells of the lentigen layer are visible. The receptor cells clearly display different
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Histology of the median eyes. The median eyes are provided with prominent cuticular
lenses sclerotized to different degrees (Fig. 40A). The form lens predominantly
spherical, but the surface of the lens is extended towards the cuticle of the prosoma
(Figs. 40A, G). The lenses are underlain by a layer of relatively small cells (Fisg. 40A,
41). Underneath these cells, there are numerous receptor cells clearly exhibiting
different layers (Figs. 40A, 41). The receptor segment layer, pointing anteriorly
towards the cell layer underneath the lens, makes up approximately one third of
the entire length of the receptor cells. Directly underneath the receptor segment
layer there is a layer characterized by densely arranged pigments (Figs. 40A, B, D,
41). The basal part of the receptor cells forms the soma layer, where the nuclei of
these cells are located (Figs. 40A, B, C, D, 41). There are large nerve masses (optic
neuropils 1) originating from the receptor cells of each median eye (Figs. 40C, D).
From the optic neuropils 1 leave numerous nerve ﬁbres forming the optic nerves
(Figs. 40D, H). These merge in the paired optic neuropils 2 (Figs. 40E, F, H), each
located at the periphery of the supraoesophageal ganglion. The optic neuropils 2
seem to be associated with the arcuate body.

Fine structure of the median eyes. The spherical lenses of the median eyes
consist of different cuticular layers. The epicuticle appears dense and homogenous
in electron micrograph, whereas the procuticle clearly exhibits different layers
(Fig. 42A). The cells of the lentigen layer are provided with large amounts of rough
endoplasmic reticulum and oval-shaped nuclei. Basally, these cells are ﬁxed to a
basal lamina (Fig. 42B), which seems to be slightly penetrated by the microvilli of
the underlying apices of the receptor cells. The receptor segments are roundish
to slightly hexagonal (Fig. 42C). The microvilli of the receptor cells forming the
rhadomeres are extremely regularly arranged (Fig. 42D) and the microvilli of
neighbouring cells interdigitate, rather than are juxtaposed (Fig. 42E). In some
cases, the microvilli appear to be slightly bent rather than being straight, since in
longitudinal section both longitudinal and transverse sections of microvilli could
be observed (Fig. 42G). Within the receptor cells various different organelles can
be observed. Multilamellar bodies, composed of numerous more or less concentric
membrane layers, are often closely located to the membrane of the rhabdomeres
(Fig. 42F). The multivesicular bodies are mainly distributed in the receptor segment
layer and occur seldom in the basal part of the cells. They occur in groups (Fig.
42G) or individually (Figs. 42F, H). Other cell organelles such as mitochondria or
lipids are distributed throughout the cells. Microtubules (Figs. 42H, 43B) extend
layers: the receptor segment layer constituted by the receptor cell processes and the rhadomeres, the
pigment layer and the basal soma layer. Scale bar: 100μm. B: Section through the rhadomeres and the
basal region of the receptor cells. Scale bar: 100μm. C: Directly behind the basal part of the receptor cells,
the ﬁrst visual neuropil is visible from which the optic nerve originates. Scale bar: 100μm. D: Longitudinal
section through the retina of an adult female Nothopuga sp. Scale bar: 50μm. E: Transverse section through
the anterior part of the central nervous system. The optic nerves enter the central nervous system (CNS) at
its periphery on both sides. Scale bar: 100μm. F: Transverse section through the CNS showing the peripheral
second-order optic neuropils on both sides. Scale bar: 100μm. G: Longitudinal section through the prosoma
of an adult male of Gluvia dorsalis. The histology of the median eye is the same as in G. turkestanus and
Nothopuga sp. The black arrow indicates the surface extension of the lens towards the cuticle of the
prosoma. From the median eyes there are two optic nerves running towards the CNS. Scale bar: 500μm. H:
G. dorsalis. Longitudinal section through the CNS. Clearly visible is the optic nerve entering the secondorder optic neuropil that is associated with the arcuate body. Scale bar: 100μm. Abbreviations: AB: arcuate
body, L: lens, LL: lentigen layer, Mu: muscle, ON: optic nerve, OpNp: optic neuropil, PL: pigment layer, RC:
receptor cells, Rh: rhabdomeres, SL: soma layer

75

3. Results and discussions - Median eyes

Fig. 41. Schematic drawing of the principle organization of the median eye of a solifuge (the nerve ﬁbres
are not shown).

from the basal receptor segment towards the soma layer of the receptor cell.
Sometimes they also occur in the apical region of the receptor segments. Adjacent
cells are connected via desmosomes to each other (Fig. 43A). Centrioles can also
be observed in the receptor cell (Fig. 43B), but almost exclusively in the receptor
segment layer. Extremely electron-dense pigments are characteristic for the central
pigment layer of the receptor cells, but they can be scattered in the soma layer
as well. At least some of these pigments seem to be surrounded by a membrane
(Fig. 43C). Small tracheae project between the receptor cells and the nerve ﬁbres
(Figs. 43D, F). The basal part of the receptor cells constitutes the soma layer. The
nuclei are oval shaped and exhibit both eu- and heterochromatin (Figs. 435D, E). In
the basal part numerous nerve ﬁbres probably originating in the receptor cells can
be observed. Apart from microtubules they also contain pigments and numerous
mitochondria (Fig. 43F).
Fig. 42. Transmission electron micrographs of the median eyes of Galeodes caspius subfuscus. A: Periphery
of the cuticular lens. B: Basal region of the lentigen cells. These cells are ﬁxed to a basal lamina. Below
the basal lamina the apices of the receptor cells with their microvilli borders (rhabdomeres) are visible. C:
Transverse section through the apices of several receptor cells. The rhabdomeres surround the receptor cell
and form a network-like, slightly hexagonal structure. D: Transverse section through the microvilli forming
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the rhabdomeres. E: Longitudinal section through two interdigitating rhabdomeres of two neighbouring
receptor cells. Arrows indicate of the base of the microvilli. F: A multilamellar body close to microvilli of
the rhabdomere. G: Group of multivesicular bodies. H: Characteristic longitudinally arranged microtubules
in receptor cells. Abbreviations: BL: basal lamina; Ecu: epicuticle; LL: lentigen layer; Mit: microtubules,
MlB: multilamellar body, Mt: mitochondrium, Mv: microvilli, MvB: multivesicular body, N: nucleus, Pcu:
procuticle; RC: receptor cell, Rh: rhabdomeres; RS: receptor segment
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Fig. 43. Transmission electron micrographs of the median eyes of Galeodes caspius subfuscus. A: Receptor
cells are connected via desmosomes to each other. B: Centrioles occur mainly in the receptor segment layer.
C: The pigments occuring in the receptor cells appear extremely electron-dense. D: Tracheae extend into
the retina. E: The nuclei of the receptor cells occur mainly in the basal parts of these cells. Also pigments
can be observed. F: Nerve ﬁbres probably originating from the receptor cells can be observed under the
retina. Abbreviations: Ax: axon; C: centriole, Des: desmosomes, Mit: microtubules, Mt: mitochondrium,
MvB: multivesicular body, N: nucleus, Pi: pigment, RC: receptor cell; Rh: rhabdomeres; Tr: trachea
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3.4.2. Discussion
Homann (1971) described very detailed the differences between the main and
secondary eyes of spiders. The main eyes are everted and lack a tapetum, which
is characteristic of the inverted secondary eyes. The morphological organization
and histology of the median eyes of Solifugae was already investigated by e.g.,
Bernard (1896) and Scheuring (1913). Both authors described the median eyes as
everted ones, but Bernard (1896) could not describe the histology in detail, due to
insufﬁcient ﬁxation of the material. Nevertheless the median eyes of solifuges can
largely be compared to the main eyes of spiders. Scheuring (1913) described the lens
being underlain by a thin cell layer, which he called the vitreous body, a term also
used by e.g., Homann (1971) in spiders. In contrast to Scheuring this cell layer was
named lentigen layer in this study, since this cell layer certainly produces the thick
cuticular lens and therefore lentigen layer better reﬂects the function of these cells.
Bernard (1896) mentioned that the cells forming the lentigen layer are separated
from the retinal cells by a very thin membrane, which was later designated by
Scheuring (1913) as the preretinal membrane consisting of two lamellae. According
to Scheuring (1913) the distal lamella is formed by the basal lamina of the vitreous
body, respectively the cells of the lentigen layer. Kaestner (1933) and Roewer (1934)
obviously copied these results. In this study it could be shown that the cells of the
lentigen layer are ﬁxed to a basal lamina, which corresponds to the distal lamella
of the preretinal membrane formerly described by Scheuring (1913). Therefore the
term basal lamina rather than preretinal membrane is preferred. Bernard (1896)
reported on two different cell types constituting the retina namely pigment cells
and receptor cells. In contrast to his ﬁndings, Scheuring (1913) pointed out that
there is only the receptor cells forming the retina and no speciﬁc separate pigment
cells occur, which could be unambiguously re-proven in this study.
In general, it has always been assumed that there were two different evolutionary
lines of photoreceptors: ciliary and rhabdomeric (Eakin 1968; 1979). Solifuges clearly
possess rhabdomeric photoreceptor cells. Not taking the general morphological
organization of the eyes into account, which can be very different in the distinct
arthropod groups, rhabdomeric photoreceptors are also present in other chelicerates
such as pantopods (Heß et al., 1996), horseshoe crabs (Fahrenbach, 1975),
spiders (Baccetti and Bedini, 1964; Eakin and Brandenburger, 1971; Grusch et al.,
1997), scorpions (Bedini, 1967) and mites (Kaiser and Alberti, 1991; summarized
in Alberti and Coons, 1999). Blest (1985) described different types of receptor
mosaics: rhabdomeral networks, which are typical for many nocturnal spiders and
punctuate mosaics with and without refractive index barriers which can be found
in many phylogenetically advanced spiders. Microvilli borders forming contiguous
rhabdomeres, which partially or entirely interdigitate, are characteristic of
rhabdomeral networks. In contrast to Scheuring (1913) and Kaestner (1933), who
described the rhadomeres as being separated by a thin “line”, the ultrastructural
details of rhadoms of the juvenile G. caspius subfuscus clearly show interdigitating
microvilli. According to Homann (1971), receptor cell processes surrounded by
rhadomeres thus forming “tubes”, can be found in certain Orthognatha, whereas
receptor cells with microvilli only on two sides can be observed in other Araneae. In
Solifugae the receptor cell processes bearing the rhadomeres are rather tube-like
and thus comparable to the eyes of the Orthognatha like Aname (Homann, 1971).
The two evolutionary lines of photoreceptors mentioned above, have been critically
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challenged by some authors (Vanﬂeteren, 1982; von Salvini-Plawen, 1982) due to
e.g., presence of ciliary structures in rhadomeric receptors, occurrence of mixed
photoreceptors types or the presence of both types simultaneously in different
phyla. Recent molecular data have shown that the photopigments of ciliary and
microvillar receptorcells are structurally and functionally different (Arendt and
Wittbrodt, 2001; Arendt, 2003). Vanﬂeteren and Coomans (1976) suggested that
ciliary formation might induce the development of both types of photoreceptor
cells and that these ciliary structures might either persist later or totally disappear.
Additionally, von Salvini-Plawen and Mayr (1977) proposed a polyphyletic origin of
photoreceptors (summarized in von Salvini-Plawen, 1982). The centrioles occurring
in the receptor segment layer of the receptor cells in solifuges are not likely to
represent rudimentary cilia, as it is the case in e.g., Onychophora (Mayer, 2006b).
Although rudimentary cilia occur in the developing and ﬁnally differentiated eyes of
onychophorans, Mayer (2006) unambiguously designates the onychophoran eyes as
rhabdomeric, since “rudimentary cilia often arise in epithelia that do not necessarily
form photoreceptor cells”. In solifuges, centrioles very frequently occur in many
epithelia of different organ systems.
The more or less regular arrangement of the microvilli forming the rhabdomeres in
the solifuges investigated here, clearly represent night adapted eyes. In the dinopid
spider Menneus the receptive segments can expand by 50% of its diurnal length
(Blest et al., 1980). Day adapted eyes of the nocturnal spider Cupiennius salei show
rather short rhabdomeres with irregular microvilli and relatively high amounts of
multilamellar and multivesicular bodies (Grusch et al., 1997). Blest (1978) could
demonstrate that the multivesicular bodies and the multilamellar bodies as well are
involved in the membrane turn over of the rhabdomeres: the microvillar membranes
are degraded and lost as pinocytotic vesicles which cluster and form multivesicular
bodies. Grusch et al. (1997) reported that neither big multivesicular bodies nor
multilamellar bodies could be encountered in a night adapted retina. This might
correspond to the ﬁndings of this study, since the animals were ﬁxed during day
time and thus it is very likely that rhabdomeres were already slightly degraded. It
remains to be investigated whether the membrane destruction in Solifugae follows
the pathway of endocytosis of rhabdomeral membranes and subsequent forming
of multilamellar bodies like in crayﬁsh (Eguchi and Waterman, 1976) or follows a
different pathway, where photoreceptor membranes form membrane whorls which
in turn transform into dense bodies as is the case in the shrimp Palaemonetes
(Itaya, 1976).
Blest and Sigmund (1985) described microﬁlaments tightly associated with the
membrane of the microvilli of the receptor cells. In solifuges those ﬁlaments could
also be observed in the microvillar interior.
Hanström (1919) was one of the ﬁrst who showed that the optic nerves directly run
into the peripheral optic neuropils, which abut the arcuate body (termed central
body in Myriapoda, Crustacea, Insecta). Kaestner (1933) and Millot and Vachon (1949)
pointed out that there are two distinct visual centres in solifuges, of which one is
directly located behind the median eyes. Strausfeld et al. (2006) also demonstrates
that “a bundle of axons leaves the lenticular second optic neuropil in the brain and
reaches the arcuate body´s ﬂank.” Like in onychophorans and chelicerates, the
visual pathways to the arcuate body via second-order visual neuropils appears to
be homologous (reviewed in Homberg, 2008). The connectivity of the second-order
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visual neuropils with the arcuate body in solifuges could be demonstrated in this
study as well.
No much is known on the exact orientation of solifuges and the involvement of the
eyes. Bolwig (1952) reported on the ability of solifuges to distinguish between light
and darkness. Other authors observed certain solifuges running towards artiﬁcial
light sources (Pocock, 1897; Heymons, 1902). Experiments of Linsenmair (1968)
revealed that menotaxis is the main orientation pattern towards a light source and
that apparently both the median and the lateral eyes are synergistically involved.

81

3. Results and discussions

3.5. CENTRAL NERVOUS SYSTEM (CNS)
3.5.1. Results
Prosomal ganglion. The central nervous system of solifuges is like in most other
arachnids largely concentrated in the prosoma comprising the supraoesophageal
ganglion and the neuromeres 2-11 fused forming a suboesophageal ganglion. A
complex ganglion comprising 6 neuromeres is located in the opisthosoma (Moritz,
1993). In the scope of the present study only some preliminary information can be
given.
Scanning electron microscopy
The large optic nerves and the cheliceral nerves merge into the supraoesophageal
ganglion (Figs. 44A, B, C). Laterally on each side, there are two large tracheae
splitting into numerous smaller ones that supply the CNS with oxygen (Fig. 44A).
The nerves from the pedipalps, legs and malleoli enter the suboesophageal ganglion
(Figs. 44A, C).
Light microscopy
The entire CNS is surrounded by a perilemma (Figs. 45A, B, 46A, B, C). The somata
of the different types of neurons are located in the periphery, whereas the central
region of the CNS represents the neuropil with distinct regions interconnected by
a large system of tracts (Figs. 45A, B, 46A, B, C). In sagittal sections, the optic
nerve is seen running into the dorsally located optic neuropil, which is located in
the supraoesphagal ganglion (Figs. 45A, 46B). The cheliceral nerve of each side
merges into the corresponding cheliceral neuropil, which is also located in the
supraoesophageal ganglion (Fig. 45A). Slightly more distal to the optic neuropil,
there are most likely the paired mushroom body calyces and lobes visible (Fig. 46A).
Ventrally, in the suboesophageal ganglion, there are ﬁve lobe shaped, large neuropil
regions, in which the nerves of the pedipalps and the four pair of legs merge (Fig.
45A). Medially in the suboesophageal ganglion, there are several glomeruli in which
several opisthosomal nerves enter (Figs. 45B, 46B, C).
Based on the light microscopic differentiation of Babu (1965) the following different
types of neurons could be seen:
Type A neuron: These cells are very small and located antero-dorsal in the
supraoesophageal ganglion (Figs. 45A, 46A black squares).
Type B neuron: These cells are slightly larger than Type A neurons and are
distributed throughout the CNS (Figs. 45A, 46A green squares).
Type D neuron: These are the largest neurons in the nervous system. They are
predominantly distributed in the suboesophageal ganglion (putative type D neuron
indicated in Fig. 46A by black arrow).

Opisthosomal ganglion. Several opisthosomal nerves merge into the central
nervous system. The somata of these nerves are located in a single ganglion. Like
in the prosomal part CNS different types of neurons can be observed. The largest
ones are comparable to the Type D neurons of the prosomal CNS. Their somata
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Fig. 44. Scanning electron micrographs of the prosomal central nervous system of two different species of
the family Ammotrechidae. A: Lateral view of the CNS of a male Nothopuga sp. Scale bar: 1mm. B: Frontal
view on the anterior side of the CNS of Oltacola chacoensis. Scale bar: 300μm. C: View on the posterior side
of the CNS of a male of Nothopuga sp. Scale bar: 1mm.
Fig. 45. Sagittal sections through the prosomal CNS. A: Sagittal section through the CNS of Gluvia dorsalis
(Daesiidae). Dorsally the optic nerve enters the CNS and merges into the optic neuropil. The cheliceral
nerve also enters the supraoesophageal ganglion. Numbers indicate different neuropil areas. Black square
indicates region, where Type A neurons are located. Green square indicates region, where for instance
Type B neurons are located. Black asterisk indicates muscles, which were artiﬁcially placed onto the
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prosomal CNS during the preparation. Scale bar: 100μm. B: Sagittal section through the CNS of Nothopuga
sp. (Ammotrechidae). Ventrally the aggregated glomeruli are visible. Scale bar: 100μm. Abbreviations: AB:
arcuate body, ChN: cheliceral nerve, ChNp: cheliceral neuropil; Glom: glomeruli; MgD: midgut diverticulum,
MS: mucous segment (of coxal gland), Mu: muscle, Np: neuropil, ON: optic nerve, OpNp: optic neuropil,
OpiN: opisthosomal nerve, Pl: perilemma; PpNp: pedipalpal neuropil; Tr: trachea
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Fig. 46. Transverse sections through the central nervous system of Oltacola chacoensis (Ammotrechidae). A:
Sections through the anterior region, where the mushroom bodies located in the supraoesophageal ganglion
are visible. Black square indicates region, where Type A neurons are located. Green square indicates region,
where for instance Type B neurons are located. Black arrow indicates putative Type D neuron. Scale bar:
100μm. B: Sections through the region, where the optic neuropils are visible. Group of glomeruli are visible
in the suboesophageal ganglion of the CNS. Scale bar: 100μm. C: The central body occupies a large area
in the supraoesophageal ganglion of the CNS. Scale bar: 100μm. Abbreviations: AB: arcuate body, Glom:
gomeruli, MB: mushroom body, MgD: midgut diverticulum, Mu: muscle, Np: neuropil, Oe: oesophagus, OpNp:
optic neuropil, Pl: perilemma; Tr: trachea
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measure approximately 40μm in diameter (Figs 47A, B). The other type of neuron
is signiﬁcantly smaller (Fig. 47B). The ganglion is apparently divided longitudinally
into two halves. In the midventral region, there are several somata located (Fig.
47B).

Fig. 47. Horizontal and sagittal sections of the opisthosomal ganglion. A: Paragaleodes pallidus. Horizontal
section through the ventral region of the ganglion. Somata of different sizes of the different types of neurons
can clearly be distinguished. Scale bar: 40μm. B: P. pallidus. Horizontal section through the ganglion. Arrows
indicate somata of neurons in the midventral region. Scale bar: 40μm. C: Sagittal section through the
opisthosomal ganglion of Gluvia dorsalis (Daesiidae). Scale bar: 40μm. Abbreviations: Ne: neuron, SNe:
soma of neuron (of a putative Type D neuron), Tr: trachea,
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Fig. 48. Transmission electron micrographs of nerves projecting through the ﬁrst leg of Nothopuga sp. A:
Overview of nerves. Scale bar: 3μm. B: Axons of different sizes. Scale bar: 2μm. C: Higher magniﬁcation
of axons surrounded by glia cells. Scale bar: 1μm. Abbreviations: Ax: axon, Cu: cuticle; GlC: glia cell, Gly:
glycogen, Mt: mitochondrium, Nt: neurotubule, N: nucleus
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Peripheral nerves. The peripheral nerves in the ﬁrst leg in Nothopuga sp. can be
very large and consist of numerous axons (Figs 48A, B). The axons are of different
sizes (Figs. 48B, C). Several axons are surrounded by glia cells (Figs. 48B, C). Within
the axons, besides the neurotubules, numerous mitochondria are visible. Further
on, glycogen is also present (Fig. 48C).

3.5.2. Discussion
One of the ﬁrst comparative studies on the nervous systems of various invertebrate
groups such a polychaetes, chelicerates, insects, crustaceans and myriapods was
carried out by Holmgren (1916). Within the chelicerates he only studied Limulus
(Merostomata), Opiliones and Scorpiones. Hanström (1919) presented a very
comprehensive study on predominantly arachnids and the ﬁrst results ever on the
brain of solifuges. In this study he described some of the main nerves (cheliceral
nerves, optic nerves and nerves of the rostrum), the “central body”, the “globuli”
of the supraoesophageal ganglion and the very general structure of the neuropil.
Both authors already recognized the potential value of the nervous system for
phylogenetic interpretation and thus pioneered the neurophylogenetic studies. The
phylogenetic relationships within the Arthropoda has been controversial for a long
time and therefore comparative studies on the structure and the development of
the nervous system contribute important arguments to this topic (Harzsch, 2006).
In general, the supraesophageal ganglion (= syncerebrum) of arachnids had long
been accepted to consist of a proto- and a tritocerebrum (e.g.,Babu, 1985;
Legendre, 1985). The protocerebrum comprises in many arachnid groups the optic
masses (visual centers), the arcuate body (= central body; association/integration
center) and in some groups the complex globuli and mushroom bodies (for complex
behavioural activities) (e.g., Babu, 1985; Foelix, 1996). The optic neuropils of the
lateral eyes are absent in Galeodes (Babu, 1985). In consensus with the old textbook
view mentioned above, the thick cheliceral nerves, which can be clearly seen in
solifuges, were thought to innervate the chelicerae from the tritocerebrum (e.g.,
Babu, 1985). Nowadays, it has been shown by e.g., molecular data that the anterior
brain (the supraoesophageal ganglion) is tripartite comprising the proto-, deuto- and
tritocerebrum. Further on, gene expression patterns show that the anterior boundary
of Hox genes of Mandibulata aligns with the anterior boundary of corresponding
genes in Chelicerates, hence the ﬁrst antennal segment of crustaceans and the
antennal segment of insects and myriapods align with the cheliceral segment of
chelicerates (reviewed by Scholtz and Edgecomb, 2006). The chelicerae are thus
innervated from the deutocerebrum. The suboesophageal nerve consists of more or
less fused ganglia of the appendages and the opisthosomal segments (e.g., Babu,
1985; Foelix, 1996). The ﬁrst histological study on the nervous system of solifuges
was done by Babu (1965), where the author described the different brain areas and
different types of neurons in more or less detail. The present study supports his
ﬁndings and shows corresponding histological sections to his schematic drawings
(the quality of the light micrographs in Babu´s study is unfortunately very low).
The degree of the development of the mushroom bodies varies considerably between
the different arachnid groups. E.g., in solifuges (Galeodes) these brain areas
occupy approximately 3,4%, in scorpions (Heterometrus) 3,7% and in whip scorpions
(Thelyphonus) 12,6% (Babu, 1985) of the supraoesophagial ganglion. Strausfeld et al.
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(1995) pointed out that in insects the mushroom bodies can reach great complexity
and are functionally multimodal involved in visual, mechanosensory and olfactory
perception. In terms of evolution they further stated that there is apparently a
clear evidence for divergent evolution in brain organization with the mushroom
bodies present in insects and myriapods, modiﬁed in crustaceans and highly altered
or absent in chelicerates. According to Strausfeld et al. (1995) the central issue
concerning the chelicerates is, whether the similarities between the aranean
(investigated as an respresentative of chelicerates) and insect mushroom bodies
reﬂect synapomorphic characters uniting arthropods or whether these similarities
are a consequence of homoplasy (convergence of structure but not function).
The modular midline neuropils, named arcuate body (Chlicerata and Onychophora)
or central body (Insecta, Myriapoda, Crustacea) are also characteristic features of
the arthropod brain, but it is still highly discussed, whether these brain areas are
homologous. Comparison of the association of the midline neuropils with visual
centres showed that the second-order neuropils subserving the median eyes are
associated with the arcuate body in onychophorans and chelicerates, whereas
in insects and decapods the central body receives indirect input from the lateral
eye visual system and additionally connections with the median eyes are present
(reviewed by Homberg, 2008).
Only scorpions possess a long double ventral nerve cord with seven free ganglia.
Solifuges and uropygids possess a single opisthosomal ganglion, whereas in e.g.,
amblypygids, spiders (only with the exception of Mygalomorphae), phalangids,
mites and ticks and pseudoscorpions the free opisthosomal ganglia have migrated
forward and fused with the suboesophageal ganglion (Weygoldt, 1969; Babu, 1985;
Alberti and Coons, 1999; Coons and Alberti, 1999).
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3.6. MALLEOLI
3.6.1. Results
The malleoli or also called racquet-organs are located on the fourth pair of walking
legs, on the coxae and the trochanters pointing towards the ground. Depending on
the body size of the solifuge, the malleoli can be several millimetres long and wide.
Except for the ﬁrst nymphal instar, all solifuges possess ﬁve pairs of malleoli. First
nymphal instars possess only three pairs of malleoli (Fig. 49A).

Fig. 49. Scanning electron micrographs of the malleoli. A: Ventral side of the nymphal instar I of Eusimonia
mirabilis. Scale bar: 300μm. B: View on a malleolus of Eremobates pallipes. Scale bar: 300 μm. C: Periphery
of a malleolus of E. pallipes. Clearly visible are the anterior and posterior ridge. Scale bar: 30μm. D:
Frontal view on the anterior and posterior ridge of a malleoli of E. pallipes. Scale bar: 30μm. E: Higher
magniﬁcation of the anterior ridge exhibiting corrugations (arrow indicates the sensory groove). Cleary
visible are the pleats. Scale bar: 10μm. Abbreviations: AR: anterior ridge, Co: corrugations; MF: malleolar
fan, MSt: malleolar stalk, P: pleats, PR: posterior ridge
Fig. 50. Light microscopy of the malleolus of Gluvia dorsalis. A: Longitudinal section (sagittal) through
a malleolus. Scale bar: 30μm. B: Longitudinal section (frontal) through a malleolus. Arrow indicates less
sclerotized cuticle of the proximal part of the malleolar stalk. Scale bar: 30μm. C: Higher magniﬁcation of
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a longitudinal (sagittal) section through the tip of a malleolus. Scale bar: 10μm. D: Higher magniﬁcation of
a longitudinal section of the tip of a malleolus. Scale bar: 10μm. Abbreviations: AR: anterior ridge, Cu:
cuticle, Ep: epithelium, Hc: hemocytes, IDS: inner dendritic segments, MF: malleolar fan, MG: malleolar
ganglion; MSt: malleolar stalk; N: nucleus, P: pleats, PR: posterior ridge
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Fig. 51. Transmission electron micrograph of a malleolus of a nymph of Eusimonia mirabilis. A: Overview
of the longitudinal (sagittal) section through the lateral region of a malleolus. Clearly visible is the rather
solid cuticular posterior ridge and the anterior ridge with the sensory groove (arrow). Scale bar: 5μm. B:
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Fig. 52: Transmission electron micrographs. A: Large lipid droplets are visible inside the cells. Scale bar:
2μm. B: Nerve ﬁbres in the proximal part of the malleolar stalk 2μm. Abbreviations: Li: lipid; Mv: microvilli,
N: nucleus, NF: nerve ﬁbres

A malleolus can be divided into a malleolar stalk attached to the walking leg and a
malleolar fan (Fig. 49B). The shape of the fan can slightly differ between species.
On the ventral side of the malleolar fan, there are two small grooves. One of them
separates the anterior and the posterior ridge from each other (Figs. 49C, D). The
anterior ridge is characterized by the presence of tiny pleats, directly anterior to
the sensory groove (Fig. 49E, indicated by white arrow). Posteriorly, the ridge bears
small corrugations.
The cuticle of the proximal half of the malleolar stalk seems to be less sclerotized
than the cuticle constituting the malleolar fan. Longitudinal histological sections
reveal that in the walking leg dorsally to each malleolus there is a large ganglion,
consisting of numerous sensory cell bodies (Figs. 50A, B). Inner dendritic segments
project through the malleolar stalk into the malleolar fan. Interestingly, in
the transition zone between the malleolar stalk and malleolar fan, there is an
accumulation of numerous nuclei (Figs. 50A, B). The epithelium underlying the
cuticle of the malleolar stalk is extremely ﬂat, whereas it is rather thick in the
malleolar fan. In this region the epithelium is detached from the cuticle, but this
could also be an preparation artefact (Fig. 50A). In the fan, both the epithelium
and the inner dendritic segments project into the anterior ridge (Figs. 50A, C).

Lateral pleats. Scale bar: 1μm. C: Flattened pleats further dorsally located. The pleats are interconnected
with each other (indicated by white arrows). Scale bar: 1μm. D: Longitudinal section through the anterior
ridge with sensory groove (indicated by black arrow). Scale bar: 3μm. E: Longitudinal section through the
sensory groove. Cuticular walls are covered with small teeth (indicated by white asterisks). Scale bar: 1μm.
F: Microvillar cell processes surround the outer dendritic segments. Scale bar: 2μm. Abbreviations: AR:
anterior ridge, Mv: microvilli, ODS: outer dendritic segments, P: pleats, PR: posterior ridge, SG: sensory
groove
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Longitudinal sections through the ventral edge of the fan reveal that the posterior
ridge of the malleolus consists of solid cuticle (Fig. 51A). The anterior ridge is
provided with a sensory groove (Fig. 51A, D). The pleats adjacent to the sensory
groove are short and sickle-shaped on the margin of the malleolus (Fig. 51A), and
they ﬂatten upward the malleolar fan (Fig. 51C). The rather ﬂat cuticular pleats are
more T-shaped with downwards bent margins and provided with a very ﬁne inner
microstructure (Fig. 51C). The pleats become very long towards the middle of the
malleolus with a conspicuous internal structure (Fig. 51D). The organization of the
sensory groove is very complicated but essentially the same throughout its length.
The posterior wall of the anterior ridge contains conspicuous regular chambers
(Figs. 51D, E). On the outside of the posterior wall corrugations are also visible
(Fig. 51D). The anterior and posterior wall of the sensory groove is equipped with
cylindrical teeth projecting into the lumen (Fig. 51E). Outer dendritic segments
enter the sensory groove (Fig. 51E), but it is not known whether they reach the
surface. The cells that form the outer dendritic segments also possess microvilli
(Figs. 51F, 52A), which originate more dorsally (=basally). Large heterogeneous
lipid inclusions are also present in the cells (Fig. 52A). The malleolar stalk contains
predominantly the inner dendritic segments (Fig. 52B), which project towards the
ganglion.

3.6.2. Discussion
Arachnids in general possess, apart from the eyes, a variety of different sense
organs such as e.g., slit sense organs, trichobothria and different types of sensory
setae and these have intensively been studied in spiders (see. e.g., Barth, 2002).
Other sensory organs, the pectines of scorpions or the malleoli of solifuges, are
quite unique among arachnids and cannot be found in any other arachnid order.
The presence of the malleoli and the possible function as sense organs has been
known for a long time (Bernard, 1896; Rühlemann, 1908). Rühlemann (1908) already
showed in drawings based on light microscopic sections, the basic morphological
organization of the malleoli. Later on, Brownell and Farley (1974) published the
ﬁrst and until to date the only ultrastructural work on these peculiar organs in the
species Chanbria sp. (Eremobatidae). Comparisons with their results and results of
the present study clearly prove that the morphological organization of the malleoli
is almost the same in the different species of solifuges. Brownell and Farely (1974)
showed that groups of 15 - 22 dendrites enter the sensory groove in Chanbria
sp. (Eremobatidae). In the species Eusimonia mirabilis investigated in the present
study, around 13 outer dendritic segments grouped together enter the sensory
groove. Based on their ﬁndings, Brownell and Farley (1974) estimated around
72.000 sensory cells in each posterior malleolus. This tremendous high number of
sensory cells was probably estimated on the assumption that each sensory cell forms
one outer dendritic segment, which can be found in various groups of arthropods
(Altner, 1977; Altner and Prillinger, 1980). Talarico et al. (2006) could demonstrate
in sensilla of Ricinulei that sometimes two outer dendritic segments are formed by a
single sensory cell. Also in solifuges the presence of two outer segments originating
from one sensory cell could be shown in the sensilla ampullacea, sensory organs
located on the pedipalps (Bauchhenss, 1983). Consequently, if this also occurs in the
sensory cells in the malleoli of solifuges, the number of sensory cells could also be
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a bit lower. If it is accepted that the organization of the malleoli is the same even
between very distinct species of solifuges, roughly the same number of sensory cells
as estimated for Chanbria sp. (or a smaller number) can be assumed for equal body
sized solifuges and thus for Eusimonia mirabilis, which unambiguously supports that
the malleoli are a highly sensitive sensory organ. The function of these organs is
still very speculative. Rühlemann (1908) suggested an olfactory or tactile function,
whereas Brownell and Farley (1974) designate the malleoli as chemoreceptors. As
been done by Rühlemann (1908), the malleoli are often compared with the pectine
organs of scorpions whereas Bernard (1896) stated that these two distinct organs
show no histological resemblance.
The pectine organs of scorpions are ventrolateral appendages of the 9th body
segment (Weygoldt and Paulus (1979a) discussed the segmentation of scorpions
and stated that the 8th body segment is secondarily divided and that the pectines
represent an extra pair of limbs), just prior to the walking legs (Farley, 1999).
They are of comb-like structure, highly movable at their base and mainly used for
scanning the substrate in terms of food detection, mating and locating the burrow
(Brownell, 1988; Wolf, 2007). The pectines bear numerous little pegs or “teeth”,
which in turn are covered with tiny, highly innervated pectine sensilla with slit
openings (Foelix and Müller-Vorholt, 1983). The afferent nerves of the pectines
directly enter the posterior neuropil (Wolf, 2007). Wolf (2007) discussed potential
similarities between the posterior neuropil of scorpions and the primary olfactory
neuropils in antennae-bearing arthropods (reviewed in Schachtner et al., 2005)
and he further refuses the relation between the glomerular neuropil in solifuges
suggested by Brownell (1998).
It can generally be stated that the sensory organs of solifuges are extremely poorly
studied. The exact function of the malleoli probably remains highly speculative,
since no electrophysiological data are available, but the function as chemoreceptor
seems to be most likely. Therefore the investigation of these special organs
merits much attention especially in terms of behavioural studies combined with
electrophysiology and neurological studies.
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3.7. ALIMENTARY SYSTEM
3.7.1. Results
External morphology and histology of the chelicerae. Solifuges possess two
segmented, very large chelicerae. They are covered on the inner (adaxial) side
with different types of setae (Fig. 53A). Very peculiar are the plumose setae (Fig.
53B), which are attached mainly to the adaxial side of the ﬁxed ﬁnger, but a few
can also be inserted on the movable ﬁnger. Relatively large tracheae project into
the chelicerae (Fig. 53C). The chelicerae are provided with strong levator and
depressor muscles, each attached to cuticular tendons (Figs. 53D, E). The levator
muscles run from the dorsal side of the chelicerae towards the cuticular tendons
to which they are attached. All muscles observed in Solifugae are of the crossstriated type with a nucleus centrally located. The tendons consist of numerous
thin ﬁbres (Fig. 53G). The muscles originate in part at the cuticle of the principle
segment of the chelicerae and in the prosoma of the animal. The tendons in turn
are connected to the movable ﬁngers of the chelicerae (Figs. 53D, E); dorsally the
tendons of the levator muscles and ventrally the tendons of the depressor muscles
(Fig. 53G). The cuticle clearly exhibits different layers and is underlain by a slightly
cubic epithelium (Fig. 53F).

External morphology of the rostrum. The rostrum of solifuges is an unpaired
structure projecting anteriorly between the two segmented chelicerae (Fig. 54A).
It bears the mouth, which is dorsally covered by a short labrum and laterally by the
lateral lips. The anterior part of the labrum is characterized by setae, originating
on each side of this beak-like cuticular structure, which are fused together thus
forming a lattice-like structure (Figs. 54A, B). There are two plumose setae arising
from the lateral lips located ventrolaterally of the lattice (Fig. 54A). These lateral
lips together with the labrum proximally fuse with the basal part of the rostrum.
Endites (also called apophyses by van der Hammen (1989)) of the pedipalps also
project forward and are covered with numerous setae (Fig. 54A).

Histology of the rostrum. Although the external morphology of the rostrum is
complex, the internal one appears to be rather simple. The cuticle of the rostrum
is underlain by an epithelium, which can be very thin in certain parts (Fig. 54D).
Anteriorly, where the base of the sieve-like fused setae and the lateral lips fuse
together, the Y-shaped pharynx is formed (Fig. 54D). The epithelium of the pharynx
is overlain by a cuticle (Figs. 54D, E). The more the pharynx proceeds into the
Fig. 53. Scanning electron and light microscopic characterization of the chelicerae. A: SEM. Adaxial view of
left chelicera of an adult male of Daesiidae. Clearly visible is the ﬂagellum (cuticular structure) characteristic
for adult male solifuges. Scale bar: 300μm. B: Plumose setae of the chelicerae of a juvenile Galeodes
caspius subfuscus (Galeodidae). Scale bar: 200μm. C: Transverse section through the ﬁxed and movable
ﬁnger of the chelicerae of a juvenile Galeodes turkestanus (Daesiidae). Scale bar: 300μm. D: Transverse
section through the articulation between movable and ﬁxed ﬁnger of the chelicerae of G. turkestanus. The
insertion site of the levator muscles is clearly visible. Scale bar: 50μm. E: Longitudinal section through the
insertion site of the cuticular tendons to which the depressor muscles are attached in Nothopuga sp. Asterisk
indicates the less sclerotized cuticle. Scale bar: 100μm. F: The cuticle clearly exhibits different layers.
The underlying epithelium consists of slightly cubic cells. G. turkestanus. Scale bar: 50μm. G: Schematic
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drawing of the lateral view of a female chelicera of Nothopuga sp. including the tendons (muscles are not
shown). Blue circle indicates the possible centre of rotation. Arrows indicate direction of the movement of
the movable ﬁnger upon constriction of the muscles. Asterisk indicates the less sclerotized cuticle as in Fig.
E. Abbreviations: Cu: cuticle, DF: digitus ﬁxus, DM: digitus mobilis, DMu: depressor muscle, Ecu: epicuticle,
Encu: endocuticle, Ep: epithelium, Excu: exocuticle, Fl: ﬂagellum, LMu: levator muscle, PS: plumose seta,
T: tooth, Te: tendon, Tr: trachea
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Fig. 54. Scanning electron and light microscopic characterization of the rostrum. A: Rostrum and the endites
of the pedipalps of Eremobates pallipes (Eremobatidae) (chelicerae were removed). Clearly visible is the
sieve-like structure in the anterior part. Two plumose setae are inserted in the lateral lips. SEM. Scale bar:
300μm. B: Higher magniﬁcation of the lattice-like structure of the anterior part probably functioning as a
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prosoma, the more ﬂat becomes its epithelium (Fig. 54E). Strong cross-striated
muscle strands surround the pharynx; constrictor muscles attach to the edges and
alternate with dilators (Figs. 54C, E). These run laterally and attach to strong
apodemes (Fig. 54E). Furthermore, there are dilators extending to the dorsal roof
of the rostrum. In addition there are strong muscles attaching to the apodemes.

Gut system. The gut system can be divided into three different parts: the foregut
(pharynx and oesophagus), the midgut and the hindgut. Foregut and hindgut are
provided with cuticle. It should be pointed out, that the gut system, in particular
the mid- and hindgut, is a very ﬂexible organ system and its appearance strongly
depends on the nutritional state of the animal.
Foregut
Pharynx: The epithelium of the pharynx is overlain by a relatively thick cuticle,
whose epicuticle appears more electron-dense in TEM micrographs (Fig. 55A). The
procuticle, overlaying the epithelium, seems to be constituted of two layers (Figs.
55A, E). The apices of the cells of the epithelium are provided with a short border
of microvilli. Cell organelles such as mitochondria, nuclei and rough endoplasmic
reticulum can be observed (Fig. 55B). Centrioles are sometimes also present. The
cells are connected to each other via zonulae adhaerentes in the apical part and
via septate junctions (Fig. 55C). All epithelial cells are ﬁxed via hemidesmosomes
(also called focal points in invertebrates) to a basal lamina that appears layered
in certain parts (Fig. 55B). Small tracheae and nerve ﬁbres could be observed
between muscles and the basal lamina (Fig. 55D). The attachment sites of the large
cross-striated muscle strands are characterized by modiﬁed epithelial cells (tendon
cells) connected to the basal lamina and specialized cell junctions (microtubuleassociated junctions) attached to the muscle (Fig. 55E).
Oesophagus: The oesophagus passes through the central nervous system and merges
directly in the midgut. It is a rather narrow tube which passes through the brain. It
is constituted by a very thin epithelium (Fig. 58A, B) and enters the midgut without
a distinct oesophageal valve (Figs. 54C, 58C). The epithelium of the oesophagus is
highly folded and overlain by a cuticle (Figs. 56A, B). The epithelial cells are very
ﬂat, apically provided with microvilli and form basally irregularly shaped protrusions

sieve. The longitudinally orientated bars, connected to each other via transverse bars, bear small hook-like
cuticular projections with slightly backwards bent apices. SEM. Scale bar: 30μm. C: Longitudinal section
through the rostrum of Nothopuga sp. (Ammotrechidae). LM. The lumen of the pharynx is ﬁlled with ﬁltered
food particles. The pharynx merges in the oesophagus which passes through the brain. The oesophagus
later on merges into the midgut. Dorsally located are the alternating dorsal dilator and constrictor muscle
strands. The black arrows indicate the approximate section plane of Fig. 2D. Scale bar: 300μm. D: Transverse
section through anterior part of the rostrum shortly behind the sieve of Oltacola chacoensis. LM. The
dorsal and ventrolateral part of the rostrum fuse thus forming the Y-shaped pharynx. The epithelium of
the pharynx is relatively ﬂat and overlain by a cuticle. A muscle strand is attached dorsally to the middle
of the pharynx whereas on the ventral side there are two longitudinal muscle strands attached on each
side to the pharynx. Scale bar: 50μm. E: Transverse section through the pharynx of O. chacoensis. LM. The
extremely ﬂat epithelium is hardly visible and still overlain by a thin cuticle. Strong dorsal and lateral dilator
and constrictor muscles surround the pharynx. Scale bar: 100μm. Abbreviations: CNS: central nervous
system, CoMu: constrictor muscle, CP: cuticular projection, Cu: cuticle, DiMu: dilator muscle, En: endite,
Ep: epithelium, La: labrum, LB: longitudinal bar, LL: lateral lip, Mg: midgut, Mu: muscle, Oe: oesophagus,
Ph: pharynx, PS: plumose seta, Ro: rostrum, Si: sieve, TB: transverse bar, Tr: trachea
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Fig. 55. Transmission electron micrographs of the pharynx of Oltacola chacoensis. A: Overview of a part of
transverse section through the pharynx. The epithelium is overlain by a cuticle whose epicuticle appears
electron-dense in transmission electron micrographs. The procuticle is apparently bi-layered. Scale bar:
10μm. B: The epithelium consists of relatively small cells with a prominent nucleus. Their apices are provided
with small microvilli and connected via zonulae adhaerentes to the neighbouring cells. Basally the epithelial
cells are attached via hemidesmosomes to the layered basal lamina. Scale bar: 2μm. C: High magniﬁcation
of the cell apex of epithelial cells. Clearly visible is a centriole in transverse section showing the typical
9x3 + 0 microtubular pattern. Cell junctions such as zonula adhaerens and septate junction are also shown.
Scale bar: 1μm. D: Small trachea and nerve ﬁbres project between epithelium and muscle layer. Scale bar:
2μm. E: Thick muscles are attached via modiﬁed epithelial cells (tendon cells) to the pharynx. Scale bar:
4μm. Abbreviations: BL: basal lamina, C: centriole, Ecu: epicuticle, Ep: epithelium, Hd: hemidesmosome,
Lu: lumen, MAJ: microtubule-associated junctions, Mu: muscle, Mv: microvilli, N: nucleus, NF: nerve ﬁbre,
Pcu: procuticle, SJ: septate junctions, TC: tendon cell, Tr: trachea, ZA: zonula adhaerens

(Figs. 56B, E). They contain a few cell organelles such as some mitochondria and
small amounts of glycogen (Fig. 56B). Centrioles can also be seen (Fig. 56C). The
cells are connected apically via zonulae adhaerentes and along a great part of their
membranes via septate junctions (Fig. 56D). The epithelial cells are connected via
hemidesmosomes to a layered basal lamina (Fig. 56E). The entire oesophagus is
surrounded by circular muscles of the cross-striated type.
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Fig. 56. Fine structure (TEM) of the anterior region of the oesophagus of Oltacola chacoensis. A: Overview of
the highly folded epithelium. Scale bar: 10μm. B: The ﬂat epithelial cells form basal protrusions (indicated
by arrow) and are apically overlain by a cuticle. Very conspicuous is the layered basal lamina. Scale bar:
2μm. C: A centriole within an epithelial cell. Scale bar: 250nm. D: Two different kinds of cell junctions can
be seen. The cells are connected via zonulae adhaerentes in the apical region and septate junctions. E: The
epithelium of the oesophagus is surrounded by cross-striated muscles. Scale bar: 1μm. Abbreviations: BL:
basal lamina, C: centriole, Cu: cuticle, Ecu: epicuticle, Ep: epithelium, Gly: glycogen, Hd: hemidesmosome,
Lu: lumen, Mt: mitochondrium, Mu: muscle, Mv: microvilli, N: nucleus, Pcu: procuticle, SJ: septate junctions,
ZA: zonula adhaerens

Midgut
Midgut tube and diverticula: The midgut consists of a midgut tube and numerous
prosomal and opisthosomal diverticula (Fig. 57). In Galeodes caspius subfuscus there
are 3 pairs of dichotomous, prosomal diverticula which project into the walking
legs II, III and IV. Shortly before the midgut tube enters the opisthosoma, there are
several small diverticula attached to the midgut tube. A pair of anterior diverticula
originates from the midgut tube in the 3rd opisthosomal segment. Numerous ﬁngerlike diverticula branch off and ﬁll the entire opisthosoma. In the 4th opisthosomal
segment two very tiny (anterior lateral branches) tubes entering the midgut tube
could be observed, which were not seen in the ammotrechid species studied here
(but this might also be a preparation artefact). In the 6th opisthosomal segment
the midgut tube forms two posterior lateral midgut branches, which extensively
ramify in the anterior region. In O. chacoensis these posterior lateral branches
ramify sideward along the entire length. Shortly before the midgut merges into the
hindgut, there are several posterior diverticula attached to the midgut tube.
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Fig. 57. Schematic drawing of the midgut and hindgut of a juvenile Galeodes caspius subfuscus. In the
prosoma there are 3 main pairs of prosomal dichotomous diverticula. Shortly before the midgut tube passes
into the opisthosoma there are some very small diverticula attached to the midgut tube. Approximately
in the 3rd opisthosomal segment a pair of diverticula originates from both sides of the midgut tube and
branch off in numerous ﬁnger-like diverticula (for simplicity only a few diverticula are drawn). In the 7th
opisthosomal segment two posterior lateral branches originate from the midgut tube and project anteriorly.
The tiny anterior lateral branches of the midgut tube in the 4th segment could only be observed in the
galeodid species. Small diverticula are attached to the midgut before it merges in the hindgut in the 7th
segment.
Fig. 58. Light microscopic characterization of the gut system of two species of Ammotrechidae. A:
Transverse section of the anterior part of the oesophagus of Oltacola. chacoensis. Staining according to
Richardson et al. (1960). Scale bar: 50μm. B: Transverse section through the oesophagus passing the brain
of O. chacoensis. HE stain. Scale bar: 100μm. C: Transverse section through the prosomal midgut where a
pair of diverticula originates in Nothopuga sp. shortly behind the brain. Azan stain. Scale bar: 100μm. D:
Prosomal diverticula, branching off the midgut tube in Nothopuga sp., shortly before the midgut enters the
opisthosoma. Underneath the gut the two main trachea stems are visible. Scale bar: 500μm. E: Anterior
opisthosomal diverticula of O. chacoensis originating from the midgut tube in the second opisthosomal
segment (indicated by black arrow). The cells of the diverticula contain large droplets of e. g., digested
food, secretions and lipids. Scale bar: 100μm. F: Nothopuga sp. The epithelium of the midgut tube is
constituted by high prismatic cells. In contrast to the cells of the diverticula surrounding the midgut, the
cells of the midgut tube do not contain large droplets (droplets in the epithelial cells of the diverticula are
stained orange-red). The midgut tube is surrounded by intermediate tissue. Left and right of the midgut
tube, two transverse sections of the posterior lateral branches are visible (indicated by black arrows). Scale
bar: 100μm. G: Transverse section of the midgut tube, where the posterior lateral branches originate in the
6th opisthosomal segment. O. chacoensis. Scale bar: 100μm. H: Transverse section through the region where
posterior opisthosomal diverticula are attached to the midgut tube anterior to the hindgut. O. chacoensis.
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Scale bar: 100μm. I: The midgut shortly before it passes into the hindgut. The layer of intermediate tissue
around the midgut tube is very thick. The epithelial cells of the inner layer of the lateral diverticula do not
contain large droplets. Nothopuga sp. Scale bar: 100μm. Abbreviations: CNS: central nervous system, FR:
food residuals, H: heart, ImT: intermediate tissue, LaB: lateral branch, Lu: lumen, MgT: midgut tube, MgD:
midgut diverticulum, Mu: muscle, Oe: oesophagus, Tr: trachea

103

3. Results and discussions - Alimentary sytem

Fig 59. Schematic drawing of the midgut epithelium. The high prismatic digestive cells are provided with an
extensive apical tubule system and contain food vacuoles, glycogen, lipids, spherites, multivesicular bodies
and cell organelles such as Golgi bodies, rough endoplasmic reticulum. The nuclei are located more basally
in the cell. Secretory cells are characterized by high amounts of rough endoplasmic reticulum.

The midgut tube in both the prosoma and the opisthosoma consists of very high
prismatic cells (Figs. 58C, D, E, F, G). In contrast to the cells constituting the
midgut tube, the cells forming the epithelium of the diverticula contain conspicuous
droplets of different sizes (Figs. 58E, F, G, H). The type of epithelium remains the
same until the midgut tube merges into the hindgut. In this region, the midgut tube
appears to consist of different layers. However, this aspect is due to an increase of
the intermediate tissue between tube and diverticula (Figs. 58H, I). The posterior
opisthosomal diverticula form large pouches when merging in the midgut. The
epithelium of these pouches adjacent to the intermediate tissue surrounding the

Fig. 60. Transmission electron micrographs of the midgut epithelium. A: Overview of digestive cells of the
midgut tube. Very conspicuous are the large lipid droplets and glycogen granules. Nothopuga sp. Scale
bar: 3μm. B: The extensive apical tubule system of a digestive cell of an opisthosomal midgut diverticulum
of Oltacola chacoensis. Scale bar: 1μm. C: Invagination of the apical membrane between the microvilli
caused by pinocytotic activity (indicated by white arrows) in Nothopuga sp. Scale bar: 1μm. D: Golgi body
in a digestive cell in O. chacoensis. Scale bar: 1μm. E: Large food vacuoles and numerous mitochondria in
a digestive cell. Scale bar: 1μm. F: Different kinds of spherites in a digestive cell of a midgut diverticulum
of Nothopuga sp. Scale bar: 1μm. G, H: Spherites in a digestive cell of O. chacoensis. Scale bars: 1μm. I:
Multivesicular bodies in the apical part of a digestive cell. Scale bar: 1μm. J: A centriole protruding into a
microvillus thus resembling a rudimentary cilium. Nothopuga sp. Scale bar: K: Centrioles in the apical region
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of a digestive cell of G. caspius subfuscus. Scale bar: 1μm. L: Transverse section of a centriole showing the
typical 9x3+0 pattern. Scale bar: 250nm. Abbreviations: ATS: apical tubule system, C: centriole, FV: food
vacuole, GB: Golgi body, Gly: glycogen, Li: lipid, Lu: lumen, N: nucleus, Mt: mitochondrium, Mv: microvilli,
MvB: multivesicular body, Sph: spherite
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midgut tube is strikingly different from the other parts of the diverticula in lacking
droplets (Figs. 58H, I).
The dimorphic epithelium of both the midgut tube and of the diverticula is composed
of digestive (resorption) cells and secretory cells (Fig. 59). The digestive cells of
the midgut tube are characterized by an apical tubulus system and their cell apices
are provided with microvilli. They predominantly contain mitochondria, lipid
droplets, glycogen and vacuoles containing digested food residuals (Figs. 59, 60A).
The digestive cells of the diverticula are also characterized by an apical tubulus
system (Figs. 60B, E, 61A), lipid droplets (Figs. 60A, F), numerous food vacuoles
(Figs. 60B, E) and different kinds of spherites (Figs. 60F, G, H), which could not be
observed in the digestive cells of the midgut tube to the same degree. The nuclei
are roundish to oval in shape (Fig. 60A) and in freeze fracture micrographs the
numerous nuclear pores are visible (Fig. 61B). In transmission electron micrographs
these spherites are constructed of alternating layers of electron dense and electron
lucent material. Additionally, multivesicular bodies could be observed (Fig. 60I).
Very peculiar are frequent centrioles located in the apical region of the cells (Figs.
60J, K, L). Very characteristic of all different parts of the midgut are ﬁnger-like
processes of the cells of the intermediate tissue reaching through the basal lamina
into epithelial cells of the midgut (Figs. 62A, B). Tracheae project between cells
of the intermediate tissue, containing lipids (Fig. 62C). The cells of the midgut
system are connected via septate junctions to each other (Fig. 62D) and via
hemidesmosomes to the basal lamina (Fig. 62E). In freeze fracture micrographs
the septate junctions appear as parallel running lines of corrugations (Fig. 61A).
Further on, with this method putative gap junctions could also be seen (Fig. 61C).
In contrast to the digestive cells, the secretory cells occur less frequently and are
characterized by high amounts of endoplasmic reticulum, secretory vacuoles and
some lipid droplets (Fig. 62F). Interestingly these cells are somewhat smaller than
the digestive cells. The appearance of the digestive cells strongly depends on the
nutritional state of the animal. Very rarely there is another cell type, which differs
from the other two by the presence of relatively electron-lucent cytoplasm and
the absence of spherites and food vacuoles. These cells contain large amounts of
electron-opaque droplets (Fig. 62G). No ﬁnger-like protrusions of the intermediate
tissue into these latter cells could be observed. Both, the midgut tube and the
diverticula are surrounded by muscles.
Lateral branches: In G. caspius subfuscus the epithelial cells of the posterior lateral
branches of the midgut tube are characterized by numerous mitochondria (Figs.
63A, B), which are associated with high membrane infoldings in the basal part of
the cells forming a typical basal labyrinth (Fig. 63B). In contrast to the midgut
tube and diverticula, cell inclusions could only rarely be observed. Also the ﬁngerlike processes of the intermediate tissue through the basal lamina are scarce.
The nuclei are slightly oval in shape and provided with roundish nucleoli. Areas
with eu- and heterochromatin can clearly be distinguished (Fig. 63B). The anterior
lateral branches that merge into the midgut tube in the 4th to 5th opisthosomal
segment possess a very ﬂat epithelium (Fig. 63C). These cells contain relatively
large amounts of rough endoplasmic reticulum and mitochondria. Apically they are
provided with slender microvilli. Finger-like processes through the basal lamina
are very rare. Further transversal sections of tiny tubules containing relatively
large numbers of mitochondria could be seen (Fig. 63D). These very ﬁne tubules
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Fig. 61. Freeze fracture of the midgut of Galeodes caspius subfuscus. A: Apical region of the digestive cell of
a midgut diverticulum. White arrows indicate the apical tubule system. The black arrows indicate putative
gap junctions. Scale bar: 1μm. B: Nucleus showing numerous nuclear pores. Scale bar: 1μm. C: Numerous
extra-membrane particles possibly representing gap junctions. Scale bar: 1μm. Abbreviations: GJ: gap
junctions, Lu: lumen, Mt: mitochondrium, Mv: microvilli, N: nucleus, NP: nuclear pore, Ves: vesicle
Fig. 62. Transmission electron micrographs of the midgut epithelium of Oltacola chacoensis, Nothopuga sp.
and Galeodes caspius subfuscus. A: O. chacoensis. Overview of the intermediate tissue penetrating the basal
lamina of the epithelial cells of the midgut with numerous ﬁnger-like processes (indicated by arrows). Scale
bar: 2μm. B: O. chacoensis. Higher magniﬁcation of the ﬁnger-like processes (indicated by arrows). Scale
bar: 1μm. C: O. chacoensis. Trachea and tracheoles of different sizes extend between the cells forming the
intermediate tissue, containing lipid droplets and mitochondria. Scale bar: 2μm. D: G. caspius subfuscus.
Septate junctions between different epithelial cells (indicated by arrow). Scale bar: 200nm. E: G. caspius
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subfuscus. Epithelial cells of the midgut are attached to the basal lamina via hemidesmosomes (indicated by
arrows). Scale bar: 200nm. F: O. chacoensis. Large amounts of rough endoplasmic reticulum and secretions
within secretory cell. Scale bar: 1μm. G: Nothopuga sp. Cell with electron lucent cytoplasm and numerous
droplets which differ from the inclusions in other cells of the midgut epithelium (putative endocrine cell).
Scale bar: 2μm. Abbreviations: BL: basal lamina, CIT: cell of intermediate tissue, Gly: glycogen, FLP: ﬁngerlike process, Gly: glycogen, Hd: hemidesmosome, Li: lipid, Mt: mitochondrium, Mu: muscle, N: nucleus, Nu:
nucleolus, RER: rough endoplasmic reticulum, SJ: septate junction, Sec: secretion, Tr: trachea.
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Fig. 63. Fine structure of the posterior and anterior lateral branches of the midgut. A: Apical region of the
epithelial cells of the posterior lateral branch of the midgut in Galeodes caspius subfuscus. The cell apices
are provided with microvilli. Relatively large numbers of mitochondria are present in the apical region.
Scale bar: 10μm. B: The basal region of these cells is characterized by conspicuous membrane infoldings
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Fig. 64. Light- and electron microscopic characteristics of the hindgut of Nothopuga sp. and Eusimonia
mirabilis. A: Slight oblique section close to the region, where the midgut passes into the hindgut. The high
prismatic cells of the midgut epithelium abruptly change until they form the hindgut epithelium of smaller,
irregularly shaped cells. LM. Scale bar: 100μm. B: Transverse section through the hindgut. The epithelium
is surrounded by longitudinally and transversally orientated striated muscle cells. LM. Scale bar: 100μm. C:
Transmission electron micrograph of the hindgut epithelium and surrounding muscle cells. The cells, overlain
by a thin cuticle, contain numerous small granules of glycogen. Scale bar: 2μm. D: A trachea projecting
between the epithelial and muscle cells. TEM. Scale bar: 2μm. E: Anal opening of the ﬁrst nymphal instar of
Eusimonia mirabilis. SEM. Scale bar: 300μm. Abbreviations: BL: basal lamina, Cu: cuticle, Ecu: epicuticle,
FR: food residuals, Gly: glycogen, Hg: hindgut, Lu: lumen, MgT: midgut tube, MgD: midgut diverticulum, Mu:
muscle, Mv, microvilli, N: nucleus, Nu: nucleolus, Pcu: procuticle, Tr: trachea

could not yet be assigned to either the anterior or posterior lateral branches of the
midgut. In O. chacoensis, the epithelial cells of the lateral branches contain high
amounts of lipids, mitochondria and other cell inclusions whereas a basal labyrinth
is less developed than in G. caspius subfuscus (Fig. 63E). Also in O. chacoensis very
ﬁne tubules could be observed (Fig. 63F).
associated with large amounts of mitochondria forming a typical basal labyrinth. Slightly oval nuclei are
located basally in the cells. Scale bar: 10μm. C: Cross section through the epithelium of an anterior lateral
branch of G. caspius subfuscus. Scale bar: 2μm. D: Cross section through a tiny tubule ensheathed by
another cell. The cells of the branch bear apically rather short microvilli. Basally they are also provided with
a basal labyrinth. Scale bar: 10μm. E: High amounts of large lipid droplets and secretions are visible in the
epithelial cells of the posterior lateral branch of the midgut in Oltacola chacoensis. The cell apex exhibits
only very small microvilli. 3μm. F: Cross section through tiny tubule in O. chacoensis. It consists only of a
few cells with relatively long microvilli projecting into the narrow lumen. Scale bar: 2μm. Abbreviations:
BL: basal lamina, BLa: basal labyrinth, FLP: ﬁnger-like process, Li: lipid, Lu: lumen, Mt: mitochondria, Mv:
microvilli, MvB: multivesicular body, N: nucleus, Nu: nucleolus, Tr: trachea
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Fig. 65. Electron micrographs of parasites in the midgut of Oltacola chacoensis. A: Putative Gram positive
bacteria within the lumen of the midgut tube. Scale bar: 1μm. B: Spore. Scale bar: 500nm. C: Spore of a
microsporidian within a cell of the intermediate tissue. Clearly visible is the coiled polar ﬁlament. Scale
bar: 1μm. Abbreviations: Ba: bacterium, BL: basal lamina, ER: endoplasmic reticulum, En: endospore, Ex:
exospore, Lu: lumen, PF: polar ﬁlament.

Hindgut
The hindgut represents a balloon-shaped pocket of different sizes depending on
the amount of digested residuals in the lumen. In contrast to the epithelium of the
midgut, the epithelium of the hindgut is highly folded (Fig. 64A). This epithelium,
which is extremely ﬂat and hardly visible in the light microscope, is overlain by a
relatively thick, but likely ﬂexible cuticle. Both longitudinally and transversally
orientated muscles of the cross-striated type with centrally located nuclei are
attached to the entire hindgut (Figs. 64A, B, C).
Also tracheae of different sizes project between the muscle strands and the
epithelium of the hindgut (Fig. 64D). The cuticle consists of a thin epicuticle, which
appears very electron dense in transmission electron micrographs and a thicker
electron lucent procuticle. The cell apices are irregularly provided with very tiny
microvilli, which sometimes seem to be totally absent. The nuclei of these cells
are round in shape and possess roundish to oval shaped nucleoli. Small granules,
likely glycogen, are distributed unevenly inside the cells sometimes forming small
groups. The layered basal lamina underlying the epithelial cells is extremely thin
(Fig. 64C). The oval anus is a longitudinal slit bordered by two anal plates located
on the last opisthosomal segment (Fig. 64E).

Parasites. Within the lumen of the midgut tube of O. chacoensis, numerous
putative Gram-positive bacteria (cocci) could be observed (Figs. 65A, B). A spore of
a microsporidian parasite could be seen within a cell of the intermediate tissue just
below the basal lamina of the epithelial cells of the midgut tube (Fig. 65C). Very
conspicuous is the polar ﬁlament which is arranged in about 8-9 coils (Fig. 65C).
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3.7.2. Discussion
Among arachnids different feeding strategists have evolved, such as predators,
plant feeders, fungivorous and saprophagous animals and blood-sucking parasites.
Thus, in all groups of Arachnida not only the feeding behavior but also the
mouthparts have been more or less modiﬁed and adapted to the different trophic
activities (Snodgrass, 1948; van der Hammen, 1989; Alberti and Coons, 1999; Coons
and Alberti, 1999). This of course also includes the entire alimentary system such
as the foregut, midgut and hindgut. Even though, there is a great morphological
variety of mouthparts and the internal alimentary tract, it is generally assumed,
that the typical chelicerate feeding strategy is external digestion of the prey
item followed by ingestion of the liqueﬁed food. Only a few exceptions take up
particulate material (Brusca and Brusca, 1990). Some of these exceptions are very
early derivative acariform and opilioacariform mites and some opilionids (Walter
and Proctor, 1998; Pinto-da-Rocha et al., 2007).
The feeding behavior of the voracious predatory solifuges has been described
by various authors in the past (Heymons, 1902; Kaestner, 1933; Roewer, 1934).
A hunting solifuge grasps its prey item either with the aid of its suctorial organs
on the tips of the pedipalps (Cushing et al., 2005; Klann et al., 2008) or simply
with its massive two segmented chelicerae and starts feeding on it by subsequent
deliberate cutting movements with its chelicerae (see movie 6 in appendix; Muma,
1966b; 1967). Small arthropods such as beetles, termites, moths, ﬂies and spiders
represent the main prey of solifuges (Muma, 1967; Cloudsley-Thompson, 1977;
Punzo, 1994a; Hruškova-Martišková et al., 2007), but they sometimes also attack
small vertebrates (Banta and Marer, 1972). After being extensively masticated by
the chelicerae, the tissue is ingested through the mouthparts into the alimentary
system (personal observations).
The complex anatomy of the mouthparts and gut system of the Solifugae has been
described several times (Birula, 1891; Bernard, 1893; 1896; Kaestner, 1933; Roewer,
1934), but there are still uncertainties remaining. Even the nomenclature of the
mouthparts is not uniform among the authors. So far, there is only one study on the
ultrastructure of the midgut of solifuges, which describes the epithelium and some
characteristics of the midgut cells (Ludwig and Alberti, 1992b).
Already Roewer (1934) pointed out that the chelicerae of solifuges are very efﬁcient
jaws used to bite or chew. In his work, he showed the organization of the levator
and depressor muscles, but stated that there is just one strong tendon to which
the levator muscles are attached. According to Sørensen (1914) the levator and
depressor muscles directly attach to the digitus mobilis without being attached
to any tendon. Our studies revealed that there are numerous rather thin cuticular
tendons to which the levator and depressor muscles are attached. Such a general
morphological organization of two insertion sites of the cuticular tendons in the
digitus mobilis also occurs in different groups of Acari, but in Acari there is typically
just one tendon to which the levators are attached and one to which the depressors
are attached (Alberti and Coons, 1999). The beak-like projecting structure carrying
the mouth of the Solifugae bears different names, such as beak, rostrum, rostrosoma
or epistomolabral-plate (Bernard, 1896; Heymons, 1904; Kaestner, 1933; van der
Hammen, 1989; Dunlop, 2000). Also the nomenclature of the internal parts of
the rostrum varies considerably. But without the knowledge of the ontogenetic

112

3. Results and discussions - Alimentary system
development of Solifugae, the composition of this structure cannot convincingly be
solved. Here, the nomenclature of van der Hammen (1989), regarding the external
structures of the rostrum (= rostrosoma), is used.
Having captured a prey item (e.g., arthropods), solifuges immediately start feeding
on their prey with alternating cheliceral movements until nothing more is left than
the cuticle of the prey (Heymons, 1902). According to our own observations on
ammotrechid and galeodid solifuges, solifuges need only a couple of minutes to
eat a soft bodied prey that is approximately half of their own body size. Aruchami
and Sundara Rajulu (1978), in contrast to other authors, reported on poison glands
in Rhagodes nigrocinctus, the presence of these glands and subsequently the
involvement in feeding process is still questionable due to insufﬁcient methodological
investigation and illustrations of their ﬁndings. The chelicerae together with its
setae and the hook-like appendages of the lattice-like apical structure of the
rostrum work as a grater and as already hypothesized by e.g., Kaestner (1933)
and Dunlop (2000), the masticated food is ﬁltered through this part. The strong
muscle strands surrounding the pharynx widen and reduce the lumen. Hence, the
pharynx evidently works as a sucking apparatus (Kaestner, 1933). Rhythmic pumping
movements of the animal during feeding (Muma, 1966b) could possibly be caused
by the pharynx activity and support the ingestion process. The liqueﬁed food is
then passed through the oesophagus into the highly branched midgut.
In many predatory arachnids (only with the exception of certain mites) as well
as in the horseshoe crab, the resorbing and digesting epithelium of the midgut of
solifuges consists of mainly two cell types, namely the digestive (resorptive) and
secretory cells (Herman and Preus, 1972; Goyffon and Martoja, 1983; Ludwig and
Alberti, 1988a; 1990; 1992a; Lipovsek et al., 2004). In Solifugae, the number of
digestive cells clearly dominates, as is the case in scorpions (Alberti and Storch,
1983), whereas secretory cells were only rarely observed. Alberti and Storch (1983)
reported on cilia in the apical region of digestive cells in Buthus occitanus. In
solifuges, centrioles resembling cilia protrude into thick microvilli of digestive
cells. But it seems unlikely, whether these structures represent functional kinocilia.
Although associated with typical centrioles, the ciliar shaft does not show the 9x2+2
microtubular pattern. In any case the frequent occurrence of centrioles seems
remarkable. The spherites are very common cell inclusions in gut cells in a variety
of animal groups (Gouranton, 1968; Becker et al., 1974; Turbeck, 1974; Brown,
1982; Becker and Peters, 1985a; Ludwig and Alberti, 1988a; 1990; 1992a; BallanDufrançais, 2002; Köhler, 2002). Gouranton (1968) revealed that these structures
contain calcium, magnesium, iron, carbonates and phosphates. Analyses of spherites
in the spider Coelotes terrestris by Ludwig and Alberti (1988b) supported these results
and the authors suggested not only a storage function but also, due to deposition of
lead in the spherites, a possible involvement in detoxiﬁcation processes. This might
be also the case in solifuges (Ludwig and Alberti, 1992b). A correlation between
the accumulation of these spherites and the intracellular ionic balance, attributing
to the midgut the function of an ion barrier, is also possible (Ballan-Dufrançais,
2002; Pigino et al., 2005). The ﬁnger-like processes of the intermediate tissue
through the basal lamina have also been observed in a number of arachnid groups
such as Uropygi, Amblypygi, Araneae, Palpigradi, Pseudoscorpiones, Opiliones and
Acari-Actinotrichida (Alberti and Storch, 1983; Becker and Peters, 1985b; Ludwig
and Alberti, 1990; Alberti and Coons, 1999; Mathieson and Lehane, 2002; Alberti
et al., 2003; Shatrov, 2003; Šobotník et al., 2008). Possible functions might be the
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mechanical stabilization of the organ and the facilitation of the transport of the
nutrients from the digestive cells into the intermediate tissue where the nutrients
are probably stored until they are transported to other organ systems (Alberti and
Storch, 1983; Šobotník et al., 2008). Ludwig and Alberti (1992b) hypothesized that
the posterior part of the midgut of solifuges seems to be less involved in digestive
processes and more in the formation of the peritrophic membrane. Peritrophic
membranes are known for different animal groups and their functions mainly
include the protection of the gut against mechanical damages, chemical protection
and compartmentalization of the midgut lumen (Lehane, 1997). They can also
exhibit a peculiar surface structure (Peters, 1967; Platzer-Schultz and Welsch,
1969; 1970; Schlecht, 1979; Peters, 1992; Binnington et al., 1998). The presence of
a peritrophic membrane could not be observed in our studies, but this might also
be due to difﬁcult ﬁxation of the midgut and the hindgut contents. It also remains
questionable, why the posterior part of the midgut of solifuges should secrete the
peritrophic membrane, whereas in for example Opiliones and certain actinotrichid
mites it is secreted in the anterior part (Becker and Peters, 1985b; Alberti et al.,
2003; Šobotník et al., 2008). The irregularly occurring third cell type in the midgut
of solifuges resembles the endocrine cells found in the midgut of insects. These
endocrine cells in the insect midgut are characterized by pale cytoplasm, few basal
infoldings and secretory granules (Lehane, 1998) and can be distinguished, based
on size, shape and texture of the granules (Andriès and Tramu, 1985). In insects,
the midgut can be regarded as the largest endocrine organ, although its functional
role in physiological activities is not yet well understood (Neves et al., 2002). This
aspect of the physiology deﬁnitely merits further investigation not only in insects,
but also in solifuges, since no data are available on the endocrine system of this
animal group.
In this study ﬁrst evidences for an infection with microsporidia in Solifugae are
presented. Microsporidia are intracellular parasites of many invertebrate groups,
but their most common hosts are crustaceans, insects and ﬁshes (Sokolova et al.,
2006). They play a role in the natural regulation of insect populations (Solter and
Becnel, 2007). Microsporidia can be transmitted horizontally via released spores
in the environment or vertically as transovarial or transovum transmission from
the host female or venereal transmission by the host male. Since insects represent
one of the major prey of solifuges, it seems to be likely that infection occurs while
feeding.
The epithelium of the hindgut (also called the stercoral pocket by Bernard,
1896) differs strikingly from that of the midgut, thus suggesting totally different
functions. Kaestner (1933) pointed out that the lack of a cloaca (today probably
called a “stercoral pocket”, a dorsal blind sack of the midgut) is the main difference
between the gut system of solifuges and other arachnids. The main function of the
hindgut seems to be the storage site of the digested food residuals until defecation.
The hindgut frequently contains large amounts of whitish material, likely guanine
crystals. The strong muscle strands around the hindgut pocket constrict the lumen
of the hindgut upon contraction and thus are greatly responsible for the release of
the faeces or other excretory material. The presence of glycogen in the epithelial
cells of the hindgut further indicates a storage function. Bernard (1896) proposed
that another function of the hindgut might be dehydration of the faeces. However,
the function of water retention as well as excretion seems mostly be performed
by the lateral branches, which are structurally very similar to Malpighian tubules
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(Foelix, 1996; Alberti and Coons, 1999; Felgenhauer, 1999). But since the homology
of these tubules is uncertain – their position differs from that of other arachnids – I
preferred a neutral term.
The passage of the food through the alimentary tract of solifuges can be summarized
as follows: Firstly the prey is caught and masticated with the aid of the large
chelicerae. Then, the liqueﬁed food is ﬁltered through the anterior lattice-like part
of the rostrum, which combines the functions of a grater and a sieve, and sucked into
the pharynx working as a suction pump. The involvement of secretions contributing
to a possible predigestion or external digestion is still unclear. Such secretions could
be provided by the glandular part of the coxal glands or possibly regurgitated from
the midgut as in spiders (Alberti, 1979; Moritz, 1993; Cohen, 1995). The food passes
the oesophagus and enters the midgut, where it is digested. Digestion probably
takes place in most parts of the midgut but mainly in the diverticula and midgut
tube, since only slight differences in the epithelium could be observed (e.g., lack
of large secretion droplets in the cells of the midgut tube) in these different parts.
However, the midgut tube itself seems to be mainly involved in the transport of the
liqueﬁed food into the diverticula and later from non digestible food residuals and
excretions into the hindgut. There it is stored until its defecation.
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3.8. COXAL GLANDS
3.8.1. Results
In solifuges, there is one pair of coxal glands located in the prosoma.

Anatomy of the coxal glands. The coxal glands of solifuges of the genera Galeodes
and Nothopuga consist of a saccule, a mucous segment and a very long tubule (Fig.
66A). The mucous segment (labyrinth sac according to Buxton, 1913; glandular
part according to Alberti, 1979) is divided into two (respectively 3) different
branches (Fig. 66A). These branches bear large numbers of blind ending processes,
respectively pouches (Fig. 66B).

Fig. 66. Scanning electron micrograph of the coxal gland of Nothopuga sp. A: Overview of the coxal gland
with its branching labyrinth sac and the long tubulus. The saccule is not visible. Scale bar: 300μm. B: Higher
magniﬁcation of the labyrinth sac and the blind-ending branches. Scale bar: 100μm. Abbreviations: MS:
mucous segment, Mu: muscle, Tu: tubule

Histology of the coxal glands. In a nymph of Galeodes turkestanus (like in
Galeodes caspius fuscus and Nothopuga sp.), the mucous segment is located close,
dorso-laterally to the central nervous system between numerous muscles and
the prosomal midgut diverticula. The tubule is very convoluted and runs distally
(Fig. 67A). The epithelium of the mucous segment appears translucent in light
microscopy (Fig. 67B). The nuclei are located basally (Fig. 67B). The epithelium of
the saccule consists of irregularly formed cells. Muscles are attached to the saccule
(Fig. 67D). The saccule appears to be connected to the mucous segment (Fig. 67C).
Fig. 67. Light microscopy of the coxal gland of a nymph of Galeodes turkestanus. A: Transverse section
through the prosoma. Scale bar: 50μm. B: Higher magniﬁcation of the section through the epithelium of the
mucous segment and tubule. Clearly distinguishable is the translucent epithelium of the mucous segment
compared to the epithelium of the tubule. Scale bar: 30μm. C: Transverse section through the saccule and
the tubule. The nuclei of the epithelial cells of the tubule are clearly located apically. Scale bar: 100μm.
D: Transverse section through the saccule attached to several muscles and the tubule. Scale bar: 100μm. E:
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Transverse section through the distal part of the tubule shortly before it merges into the excretion porus.
Scale bar: 30μm. F: The cuticular excretion porus of the coxal gland. Scale bar: 30μm. Abbreviations: CNS:
central nervous system, MgD: midgut diverticulum, MS: mucous segment, Mu: muscle, Oe: oesophagus, Sac:
saccule, Tr: trachea, Tu: tubule
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Fig. 68. Transmission electron micrographs of the mucous segment of a juvenile Galeodes caspius subfuscus.
A: Basal part of an epithelial cell with the underlying layered basal lamina. Scale bar: 2μm. B: Muscle
cell. Scale bar: 2μm. C: Higher magniﬁcation of the basal part of epithelial cells (black arrows indicate
hemidesmosomes). Scale bar: 2μm. D: Apical part of an epithelial cell. Scale bar: 2μm. E: Apical part of
the epithelial cell with microtubules. Scale bar: 2μm. Abbreviations: BL: basal lamina, C: centriole, Li:
lipid, Lu: lumen; Mit: microtubule, Mt: mitochondrium, Mu: muscle, Mv: microvili, N: nucleus, RER: rough
endoplasmic reticulum, ZA: zonula adhaerens
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Fig. 69. Transmission electron micrograph of the epithelium of the mucous segment of an adult male of
Nothopuga sp. A: Muscles and tracheae surround the epithelium of the mucous segment. Scale bar: 3μm. B:
Basally located nuclei in an epithelial cell. Scale bar: 3μm. C: Basal membrane infoldings with associated
mitochondria. Scale bar: 2μm. D: Cell apex with slender microvilli. The entire cell is ﬁlled with large
secretions droplets. Scale bar: 2μm. Abbreviations: BL: basal lamina, Mt: mitochondrium, Mu: muscle, Mv:
microvilli, N: nucleus, Sec: secretion, Tr: trachea

The epithelial cells of the tubule are high prismatic with apically located nuclei
(Figs. 67B, C). Unlike the epithelial cells of the mucous segment and the saccule,
the epithelial cells of the tubule appear less translucent in light microscopy (Figs.
67B, C). Further distally, the diameter of the tubule decreases and the epithelium
ﬂattens (Fig. 67E). Finally the tubule ends in a cuticular excretion porus that is
surrounded by a ﬂat epithelium (Fig. 67F).

119

3. Results and discussions - Coxal glands
Fine structure of the coxal glands.
Saccule
No ultrastructural results are shown for the saccule, since this structure could not
be dissected, due to extreme fragility of the epithelium.
Mucous segment
The epithelium of the mucous segment of Galeodes caspius subfuscus is slightly
folded und underlain by muscle cells with centrally located nuclei (Fig. 68A, B). The
basal lamina is extremely layered (Figs. 68A, B). The nuclei are roundish to oval in
shape and contain distinct areas of eu- and heterochromatin (Figs. 68A, C, D). Only
The epithelial cells are attached to the basal lamina via hemidesmosomes (Fig.
68C). The cytoplasm of the cells contain large amounts of free ribosomes, numerous
mitochondria and also microtubules (Figs. 68D, E). Centrioles can sometimes be seen
in the apical part of the cells (Figs. 68D, E). In Nothopuga sp. the epithelium of the
mucous segment is surrounded by numerous muscles and tracheae (Fig. 69A). The
nuclei are irregularly shaped and located basally in the cells (Fig. 69B). The basal
part of the cells exhibits membrane infoldings associated with mitochondria (Fig.
69C). In contrast to the epithelium of Galeodes caspius subfuscus, the epithelial
cells of the mucous segment of Nothopuga sp. contain large amounts of secretion
(Figs. 69A, B, C, D). Apically, the cells are provided with slender microvilli.
Tubule
The epithelium of the very distal tubule of Galeodes caspius subfuscus is formed by
small cells, which are highly folded so that the basal lamina extends almost to the
lumen of the tubule (Figs. 70A, C). The basal lamina is layered (Figs. 70A, B, C).
The tubule is surrounded by small muscles with centrally located nuclei (Figs. 70A,
B). Further on, nerve ﬁbres and tracheae can be seen around the tubule (Figs. 70A,
B, C). The epithelial cells themselves contain high amounts of lipids and excretions
(Figs. 70A, B, C). Also numerous mitochondria are present (Fig. 70C). Sometimes
centrioles can be observed in the apical regions of the epithelial cells (Fig. 70D).

3.8.2. Discussion
The coxal glands can generally be divided into three main functional units: (1) the
saccule (= sacculus), provided with an epithelium formed by podocytes, (2) the tubule
equipped with a transport epithelium (the tubule can be further differentiated into
the proximal with secretory function and the distal tubule with resorptive function)
and (3) the cuticular excretion duct and / or porus (e.g., Moritz, 1993). Regulation of
the water balance and ion concentration and thus the osmotic value and the volume
of the hemolyph (incl. ﬁltration) are the main functions attributed to coxal glands
(e.g., Millot and Vachon, 1949; Alberti and Storch, 1977). Coxal glands are present
in all arachnid groups and exhibit a variety of morphological differences, such as
length and degree of coiling of the tubule, size and number of the saccule. An early
comparative study carried out by Buxton (1913) demonstrated these morphological
differences in scorpions, pedipalps, solifuges, spiders and phalangids.
According to the present study, the coxal glands of the solifuges investigated here
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Fig. 70. Transmission electron micrograph of the distal tubule of the coxal gland of a juvenile Galeodes
caspius subfuscus. A: Epithelium of the tubule. The cells are ﬁlled with lipids. Scale bar: 2μm. B: Basal
part of the epithelium. Clearly visible is the layered basal lamina. Scale bar: 2μm. C: Apical region of an
epithelial cell with a roundish nucleus. Numerous mitochondria, lipids and excretions are visible. Right
hand the infolded basal lamina can be seen. Scale bar: 1μm. D: Pair of centrioles in apical region of the
epithelial cell. Scale bar: 500nm. Abbreviations: BL: basal lamina, Li: lipid, Lu: lumen, Ly: lysosome, Mt:
mitochondrium, Mu: muscle, MvB: microvesicular body, N: nucleus, Nf: nerve ﬁbre, Tr: trachea

were divided into a (1) saccule, a (2) mucous segment, a (3) tubule and the (4)
excretion tubule / porus and apparently the anatomy is the same in the investigated
solifuges although they belong to very distinct genera and families. The mucous
segment is divided into two (three) branches of which numerous small pouches
extend. Buxton (1913) (summarized in Roewer, 1933) divided the coxal glands of
solifuges into a (1) saccule, (2) labyrinth sac, (3) coiled tubule of the labyrinth
and (4) the exit tubule terminating in a (5) nozzle. Alberti (1979) divided the coxal
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glands in accordance with Buxton and named the different parts (1) “Sacculus”,
(2) “Anfangsstück”, (3) “Drüsenstück”, (4) “distaler Tubulus”, (5) kutikulärer
Ausführgang and (6) “Mündungsapparat”. The anatomical reconstruction of both
authors is slightly different from the anatomy of the dissected coxal glands of the
present study (not taking the saccule into account). In general, the reconstruction of
Buxton (1913) and Junqua (1966) of the coxal glands correspond best to the ﬁndings
of the present study. The description of Buxton (1913) of the mucous segment
(= labyrinth sac) with innumerable pouches and basally located nuclei very well
corresponds to the mucous segment of the investigated coxal glands of Nothopuga
sp. and Galeodes turkestanus and Galeodes caspius subfuscus. Junqua (1966)
described this as the “segment muqueux” (= mucous segment). The reconstruction
of the coxal gland of Eusimonia done by Alberti (1979) differs from the previous
mentioned two studies. In Eusimonia the mucuous segement is a sac rather than a
tubule. In comparision to Eusimonia, Alberti (1979) investigated the coxal gland of
Orpabella sp. as well and also presented a schematic reconstruction. The so called
“Drüsenstück” of Orpabella is shown as blind ending two large tubules and a third
one that merges into the tubule, which is very similar to the ﬁndings of the present
study. Junqua (1966) stated that the “segment muqueux” (= mucous segment) is
active during a very short period of time, namely shortly after the solifuges have
fallen into the moulting position. During this period, numerous secretion vacuoles
can be seen, which could possibly be involved in the moulting process. Alberti
(1979) hypothesized that the coxal gland, especially the mucous segment, works
like a salivary gland. Taking into consideration that the coxal glands among other
things are involved in osmoregulation, the differences between Nothopuga sp.
with a mucous segment epithelium containing numerous secretions and G. caspius
subfuscus possessing a mucous segment epithelium without prominent secretions
can also ecologically be explained. Nothopuga sp. lives in a very saline environment
and thus requires a totally different osmoregulation than Galeodes caspius subfuscus,
which occurs in desert regions.
Ultrastructurally, the epithelia of the saccule of Eusimonia mirabilis (Karschiidae)
and Orpabella ﬂavenscens (Solpugidae) consist of podocytes surrounded by muscles
and nerves (Alberti, 1979). Unfortunately, no ultrastructurally data could be
obtained of the saccule of G. caspius subfuscus in the present study. Since the
animals were too large to ﬁx this organ in situ, it seems very likely that the saccule
was accidentally removed during the dissection, due to its fragile epithelium. Buxton
(1913) mentioned that the histology of the epithelium of the saccule apparently
exhibited different morphological features in different species: “In Paragaleodes it
is very loose and porous; less so in Solpuga and in Galeodes relatively compact and
dense.” Differences in the morphology of the saccule could also be demonstrated in
a comprehensive study by Alberti and Storch (1977) on coxal glands of actinotrichid
mites, where 3 different types of sacculi had been distinguished. According to the
authors, the saccule of type 1, which occurs in Labidostomma, has a wide lumen and
is thus very well comparable to the saccule of G. turkestanus. Alberti and Storch
(1977) also considered based on their ﬁndings in Endeostigmata and Oribatida that
this condition represents the most primitive condition in actinotrichid mites.
Roewer (1934) reported based on results of Buxton that the saccule probably takes
up certain substances from the hemolymph supported by constriction movements of
adjacent muscles (for mechanism see also Alberti and Coons (1999) and Coons and
Alberti (1999)), which seems to be very likely for Eusimonia mirabilis and Orpabella
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ﬂavenscens, which possess a saccule with podocytes attached to muscles. If the
saccule of Galeodes turkestanus (see Fig. 67C, D) consists of podocytes, it can also
be assumed that it serves for ultraﬁltration, since also in this species muscles are
attached to the saccule.
In light microscopy the entire tubule consists apparently of the same kind of
epithelium, so that no differentiation between the proximal and distal tubule was
done as is the case in the other studies by Buxton (1913) and Alberti (1979).
The traditional Articulata concept (Annelida are the sister-group to Arthropoda)
is believed to be well-founded on morphological features, such as segmentation
(e.g., Wägele et al., 1999; Ax, 2000; Scholtz, 2002). In Arthropda it is assumed
that the segmentation in terms of segmentally arranged coelomic cavities only
persist as small remnants such as the nephridial sacculi (e.g., Alberti, 1979; Storch
and Ruhberg, 1993), which possess a podocyte epithelium. Mayer (2006a) showed
that the nephridial sacculus develops de novo in onychophorans and thus does not
represent a coelomic derivative and thus questioned the synapomorphy of annelid
and arthropod nephridia. It strongly needs to be emphasized in this context that
Remane (1952) critically stated that the ontogeny does not entirely reﬂect the
phylogeny.

123

3. Results and discussions

3.9. RESPIRATORY SYSTEM
3.9.1. Results
One of the very characteristic autapomorphies of solifuges is their highly complex,
branching tracheal system.

Prosomal spiracles and tracheae. Tracheae open to the external environment
through openings, the so called spiracles (stigmata). Solifuges possess 4 paired
spiracles and one unpaired spiracle. A pair of prosomal spiracles is located between
the second and third pair of walking legs (Figs. 71A, C). The prosomal spiracles
are surrounded by two crescent-shaped cuticular lips exhibiting a conspicuous

Fig. 71. Scanning electron micrographs of the prosomal spiracles of two different species of solifuges.
A: Prosomal spiracle of an adult male of Nothopuga sp. Scale bar: 300μm. B: Higher magniﬁcation of the
structure of the sieve surrounding the tracheal atrium. Scale bar: 30μm. C: Prosomal spiracle of G. caspius
subfuscus. Scale bar: 300μm. D: Structure of the sieve surrounding the tracheal atrium. Scale bar: 10μm.
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Fig. 72. Prosomal spiracles and tracheae. A: Longitudinal section through the prosomal spiracle of G. caspius
subfuscus. Arrow indicates opening of the tracheal atrium. B: Scanning electron micrograph of one of the
main trachea trunks of a male of Nothopuga. Scale bar: 30μm. C: High magniﬁcation of the surface of the
trachea. Clearly visible are the tiny transversal folds on the bigger longitudinal ones. Scale bar: 10μm.
Abbreviations: Ep: epithelium, Mu: muscle, TaeF: taenidial fold, Tr: trachea, TrA: tracheal atrium

sieve-like structure. These structures are slightly different between species. In
the ammotrechid Nothopuga sp. there are thick cuticular bars from which smaller
ones ramify in different directions. Most of them are interconnected with each
other, but there are also some that end blindly (Fig. 71B). In the galeodid Galeodes
caspius subfuscus the cuticular bars are of more or less equal width and they seem
to ramify from a central point. Most of the small cuticular bars are also connected
to each other (Fig. 71D).
Underneath the cuticular, elaborated sieve there are relatively thick cuticular
supportive elements, to which the sieve is ﬁxed (Fig. 72A). The prosomal tracheal
atria directly lead to the main tracheal trunks (Fig. 72A). The epithelium underlying
the cuticle of the spiracles and the tracheae is constituted by high prismatic cells
with prominent nuclei. Large muscles are present in the vicinity of the tracheae.
The surface of the tracheae is thrown into more or less equal longitudinal folds,
probably containing taenidia (Fig. 72B). A close-up of the surface of the main
tracheal trunk reveals tiny transversal anastomosing folds (Fig. 72C).
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Fig. 73. Transmission electron micrographs of different tracheae. A: Transverse section through a trachea
surrounding the male genital system of G. caspius subfuscus. The trachea is surrounded by ﬂat, elongated
tracheal cells. At the tip of each tracheal fold an electron-dense area is visible, most likely a cross-section
of the taenidium. Scale bar: 2μm. B: High magniﬁcation of a cell process in a taenidial fold of a trachea
surrounding the ovary. A centriole is located close to the nucleus. Scale bar: 1μm. C: Group of different
tracheae surrounding the female genital system in a juvenile G. caspius subfuscus. Scale bar: 1μm. D: Group
of small tracheae surrounding the male genital system of an adult Solpugista bicolor. The taenidial folds
are very regular but they apparently lack the electron-dense area at the rim of each fold. Scale bar: 2μm.
Abbreviations: BL: basal lamina, C: centriole, CP: cell process, Ecu: epicuticle, Lu: lumen, Mu: muscle, N:
nucleus, Pcu: procuticle, Tae: taenidium, TaeF: taenidial fold, Tr: trachea; TrC: tracheal cell
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Tracheal cells and tracheae. The large tracheae are surrounded by tracheal cells,
which are usually very ﬂat and often elongated. Their nuclei can be either roundish
or irregularly shaped (Fig. 73A). The cells contain various cell organelles such as
mitochondria and centrioles (Figs. 73A, B) and also some granula resembling glycogen
(Fig. 73B). They also might form processes, which extend into the taenidial folds
of the tracheae (Fig. 73B). Microvilli could only rarely be observed. The cuticle of
the tracheae is comparatively simple. It consists of an electron-dense epicuticle
overlaying a procuticle. At the rim of each cuticular fold of the large tracheae,
there is an electron-opaque area (appears as a spot in cross-section), probably
representing the taenidium and thus strengthening the tracheae (Fig. 73A). Besides
the above described tracheae there are many smaller ones, which slightly differ
from the large ones. Apart from the fact, that they are much smaller, they also lack
the electron-dense material at the tip of the tracheal folds. The cuticle of these
tiny tracheae possess an epi- and procuticle. (Figs. 73C, D). The small tracheae can
be observed either within organ systems or at the periphery of those.

Opisthosomal spiracles. Solifuges possess two paired spiracles on the third and
fourth and probably an unpaired spiracle on the ﬁfth opisthosomal sternite (Figs.
74A, B). All spiracles are located posteriorly towards the intersegmetal fold
between two sternites. In contrast to the above described prosomal spiracles, the
opistosomal ones are rather simple. The openings are located posteriorly on the
sternites (Fig. 74A) and are not surrounded by any additional structure. The large
tracheal trunks running parallel through the opithsoma are surrounded by numerous
midgut diverticula (Figs. 74C, D).

3.9.2. Discussion
Among arachnids, there are two main mechanisms by which the animals are able to
take up oxygen, namely (1) by booklungs and by (2) tracheae (only with the exception
of smaller arachnids like some Acari and Palpigradi, which possess relatively thin
cuticle) (e. g., Moritz, 1993). Solifuges have only tracheae.
Spiracles. The spiracles are the connection between the internal tracheae and the
external environment. They can be found either on the prosoma or opisthosoma (or
analogous the thorax and abdomen in insects), can vary in sizes and shapes and they
can be even equipped with different kinds of protecting and ﬁltering devices. In
e. g., insects the spiracles can be covered with ﬁltering devices, probably in order
to avoid any kinds of dirt entering the tracheal system via the spiracle, but these
devices can also be absent (Seifert, 1995). The ﬁltering devices can e. g., either
consist of cuticular projections (most likely microtrichia) or lamellate structures
(Mill, 1998). In holothyrid, gamasid and actinedid mites, the spiracles (or stigmata)
are often associated with open elongated groves, the so called peritremata (Alberti
and Coons, 1999), or arranged locally on a spiracular plate in several ticks (Coons
and Alberti, 1999). Also in Ricinulei the spiracles are covered with ﬁne, pointed
setae (Pittard and Mitchell, 1972), which turned out to be real microtrichia rather
than setae (Adis et al., 1999). The sieve-like structure ﬂanking the prosomal
spiracles of Solifugae could also potentially function as a protection against dirt,
like the cuticular projections covering the spiracles as mentioned above. Since
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Fig. 74. Opisthosomal spiracles and tracheae. A: ventral view of the opisthosoma of an adult male of E.
durangonus. Clearly visible are the spiracles. Paired ones occur on the 3rd and 4th opistosomal segment and
and unpaired one on the 5th opisthosomal segment (indicated by arrows). Scale bar: 500μm. B: View on the
tracheae trunks leading to the opisthosomal spiracles (indicated by arrows) in an adult female of E. pallipes.
Clearly visible are the many tracheal branches. Scale bar: 500μm. C: Transverse section through a pair of
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most solifuges live in extremely arid and sandy habitats, such protecting structures
would be useful. Although Moritz (1993) pointed out that Solifugae possess a highly
complicated mechanism to close the spiracles, it remains questionable whether
the spiracles can actively be closed upon muscle constriction as is the case in
certain insects (Seifert, 1995). Adis et al. (1999) hypothesized that the specialized
cuticular surface structures together with the microtrichia covered entrances of
the spiracles of Ricinulei represent a plastron retaining structures.
The position of the spiracles is frequently used as a character in phylogenetic
analyses. Prosomal spiracles are known from Acari (Holothyrida, Gamasida,
Actinedida, Oribatida), Solifugae and Ricinulei (Hansen and Sørensen, 1904; Kaestner,
1933; Millot, 1949; Millot and Vachon, 1949; Alberti and Coons, 1999). Only in the
prostigmatic mites, the spiracles open at the base of the chelicerae (Alberti and
Coons, 1999) and Ricinulei are the only arachnids, where the spiracles are located
dorsolaterally on the posterior wall of the prosoma. In Pseudoscorpiones the spiracles
on the opisthosoma open ventrolaterally through the pleural membranes (Vachon,
1949). The presence of paired spiracles on the third and fourth opisthosomal segment
is one of the few (putative?) synapomorphies, which the suggested sister-group
relationship between Solifugae and Pseudoscorpiones is based on (e.g., Weygoldt
and Paulus, 1979b; Shultz, 1990).
Tracheae. The highly developed tracheal system, which is far more complicated and
further developed compared to that one of other arachnids, was already described
by early authors (e. g., Kittary, 1848; Bernard, 1896; Kaestner, 1933; Roewer, 1934).
The tracheal systems have been investigated with regard to ultrastructure in various
groups of arachnids, such as spiders (Bromhall, 1987; Schmitz and Perry, 2000; 2002),
mites and ticks (Alberti and Coons, 1999; Coons and Alberti, 1999) and harvestmen
(Höfer et al., 2000). Solifugae possess tube tracheae, a feature that they share
with other arachnids such as some mites, harvestmen and most spiders, whereas
Ricinulei and Pseudoscoprpiones possess sieve-tracheae (Höfer et al., 2000). The
tracheal system of Solifugae consists of two major stem tracheae branching into
secondary tracheae which in turn further ramify. The branching pattern of the
tracheae in Solifugae is dichotomous as is the case in e.g., Opiliones (Höfer et
al., 2000). This pattern has been regarded by the authors to be conservative and
putatively characteristic for all harvestmen, which have only one pair of stigmata.
It has generally been accepted that the density of tracheae and subsequently supply
with oxygen, is directly proportional to the oxygen requirements of the tissue (Mill,
1998). This could be demonstrated by a comparison between e.g., the ovary of
a juvenile female, where almost no tracheae could be observed and the ovary
of an adult female, where large tracheae surrounded the entire genital system
(see chapter female reproductive system). Moritz (1993) stated that the tracheal
system in Solifugae is more similar to those ones of higher Tracheata than to those
one of other arachnid groups. Due to the presence of prosomal spiracles in contrast
to most other arachnids, it is thought to be developed secondarily (Moritz, 1993).
Although the anatomy has been very well described, there are no ultrastructural
data on the tracheae available so far.

spiracles of a juvenile G. dorsalis. Arrows indicate opening. LM. Scale bar: 30μm. D: Transverse section
through a pair of opisthosomal spiracles of an adult female of Nothopuga sp. Arrows indicate opening. Scale
bar: 100μm. Abbreviations: MgD: midgut diverticulum, Tr: trachea
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Ultrastructurally the tracheae of the different arachnid groups are very similar to
each other. Even ﬁne structural comparisons with insect tracheae do not reveal
signiﬁcant differences. The epicuticle appears electron-dense. The procuticle can
be layered, depending on the thickness of the trachea and the taenidium appears
either electron-dense or electron-lucent in transmission electron micrographs
(Mill, 1998). In solifuges, the taenidium always appears very electron-dense in the
large stem tracheae and in most of the secondary tracheae. In smaller tracheae
the taenidium is only hardly visible. The taenidium is generally known to be a
reinforcement resistant to lateral compression (Locke, 1957) and this is also
certainly the case in solifuges.
Various authors already described the relatively rapid sprint speeds of many solifugid
species (e. g., Heymons, 1902) which requires an efﬁcient respiratory system,
which allows a direct O2 provision and CO2 elimination. Lighton and Fielden (1996)
examined the gas exchange in Eremorhax titania and Eremobates sp. (Eremobatidae)
from the Mojave desert, California and revealed that they utilize a discontinuous
gas exchange (DGC), which is almost identical to that one of insects. The DGC in
solifuges can be divided into three distinct phases. The C phase is characterized
by closed spiracles, which prevents almost any external gas exchange. Probably
endotracheal hypoxia causes the termination of the C phase, which is followed by
a largely diffusive phase characterized by tissue-level O2 uptake. The accumulation
of CO2 in the hemolymph resulting from the sealed C phase initiates the O phase
when reaching a certain hypercapnic set-point. As already mentioned above, the
mechanism of closing the spiracles is not entirely clear. Nogge (1976) examined
ventilation movements (dorsoventral contraction of the prosoma in the region of the
tergites dorsal to the third and fourth pair of walking legs) of solifuges and found out
that phases of low ventilation and high ventilation alternate with corresponding gas
pressure changes. Therefore it seems very likely, that the spiracles can be passively
closed upon contraction movements of the prosoma. Further on, Nogge discussed
the potential involvement of the diaphragm separating the pro- and opithsoma
of solifuges. Due to the presence of the diaphragm, changes in pressure caused
by respiration movements are most concentrated in the prosoma. Additionally, he
hypothesized that the diaphragm is actively involved in respiration movements.
This seems to be very likely, since already Kaestner (1933) described the diaphragm
(illustrated in Fig. 75) as being a muscle and thus contractile.
Phylogenetic analyses always include the presence or absence of a tracheal
system or book lungs and the location of opisthosomal spiracles (e.g., Shultz,
1990; Weygoldt and Paulus, 1979). But it has never been differentiated between
tube-tracheae and sieve-tracheae or the fact, that the sieve-tracheae are located
in the prosoma with dorsolaterally located spiracles in Ricinulei. It is therefore
inconsistent only to regard general tracheal characters in phylogenetic analyses.
Early authors have pointed out that the tracheal systems represent rather weak
and labile characters and that the extent of this system is more related to the habit
rather than phylogeny (e. g., Levi and Kirber, 1976) and Bromhall (1987) extensively
discussed the difﬁculties and inconsistencies of spider tracheal systems in relation
to phylogenetic hypotheses within the Araneae. The tracheal system has developed
independently several times in certain groups of mites (Alberti, 2005).
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Fig. 75. Light microscopic image of the diaphragm of an adult male of Gluvia dorsalis. A: The diaphragm
internally separates the prosoma from the opithsoma. Scale bar: 100μm. B: Higher magniﬁcation of the
diaphragm. Scale bar: 10μm. Abbreviations: Dp: diaphragm, MgD: midgut diverticulum, Mu: muscle, Tr:
trachea
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3.10. CIRCULATORY SYSTEM
3.10.1. Results
Heart. The heart is a tube and located dorsally as is plesiomorphically the case in
most other arthropods (see movie 7 in appendix). The heart is laterally ﬁxed to the
integument of the opisthosoma via thin dorsal diaphragm (Figs. 76A, B). Exactly
where the diaphragm is attached to the heart, there are conspicuous openings (Figs.
76A, B). Inside the heart there are valve-like structures (Figs. 76D, F.) probably in
order to prevent the hemolymph from ﬂowing backwards.
The thickness of the heart muscle does not seem to vary between different
species very much. The entire heart is a muscle of the cross-striated type and it is
surrounded by different types of cells (Figs. 76C, D, E, F) such as hemocytes (Fig.
77A) and nephrocytes. The basal lamina is very well developed on both sides of the
heart muscle (Fig. 77B) and also the z-lines, which are not continuous across the
sarcomeres, are clearly visible (Figs. 77B, E). The nuclei are roundish to slightly
oval elongated (Fig. 77B) and possess a prominent nucleolus. The entire heart is
thrown into folds (Fig. 77B) forming apically and basally outpocketings. Junctions
between adjacent muscle cells are present (Fig. 77B). In the basal (towards the
lumen of the heart) outpocketings of the heart invaginations of the sarcolemma
probably representing a part of the tubular system (T system) can be seen (Fig.
77B). Mitochondria can be found basically everywhere in the heart, but they occur
mostly in groups located either in the apical part of the outpocketings (Fig. 77B)
or sometimes also between the myoﬁbrils (Fig. 77E). The basal part of the muscle
outpocketings can be extremely large containing electron-lucent cytoplasm, granula
and also mitochondria (Figs. 77C, D). Nerve ﬁbres surrounding the heart are most
likely responsible for the innervation of the heart and the tracheae for sufﬁcient
oxygen supply (Fig. 77E, F).
The epithelial muscle cells constituting the valve-like structure contain large
amounts of mitochondria (Figs. 78A, B). There are also electron-dense droplets,
which could not be detected in the muscle cells of the heart. Sometimes only very
tiny tracheae, muscles and nerve ﬁbres project through the basal laminae (Fig.
78C).

Hemocytes. In this study different types of hemocytes could be observed. The
different types of hemocytes occur to different degrees in the investigated
ammotrechid and galeodid species.
Spherulocytes
Compared to other types of hemocytes, the spherulocytes are rather large (Fig.
79A). In G. caspius subfuscus this cell type very often occurs around the heart.
Characteristic of this type of cell are the large conspicuous inclusions called
spherules. These grana are extremely electron-dense, occur in different sizes and
determine more or less the entire shape of the cell. The nucleus is located in the
middle of the cell and is somewhat roundish. Compared to the size of the cell, the
nucleus is rather small (Fig. 79B). Electron-lucent vesicles in the cell indicate a
certain degree of endocytotic activity. Other cell organelles could only rarely be
observed.
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Fig 76. Scanning electron and light microscopic characterization of the heart. A: Scanning electron
micrograph of the ventral view of the diaphragm of the heart of G. caspius subfuscus. Scale bar: 300μm. B:
Higher magniﬁcation the diaphragm. Scale bar: 100μm. C: Light micrograph of a cross section of the heart
of a nymph of G. caspius fuscus. Scale bar: 30μm. D: Inside the heart there is most likely a valve to avoid
back ﬂow of the hemolymph. Scale bar: 30μm. E: Transverse section through the heart of a juvenile G.
dorsalis. Hemocytes inside the lumen of the heart are visible. Scale bar: 30μm. F: Region where the valve is
located inside the heart. Scale bar: 30μm. Abbreviations: H: heart, MgD: midgutdiverticulum, Tr: trachea,
Va: valve
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Fig. 77. Transmission electron micrographs of the heart. A: Overview (transverse section) of the heart of G.
caspius subfuscus (female) to which externally numerous cells are attached. Very conspicuous are the large
spherulocytes. Scale bar: 10μm. B: Heart muscle of O. chacoensis with a centrally located nucleus. Scale
bar: 3μm. C: Area with large accumulation of electron-lucent cytoplasm and numerous mitochondria in the
heart of G. caspius subfuscus. Scale bar: 10μm. D: Ventrally inﬂated fold of the heart of O. chacoensis. The
large bulge contains only cytoplasm and some granules. Scale bar: 3μm. E: On the inside of the heart of G.
capspius subfuscus there are nerve ﬁbres as well as small tracheae. Scale bar: 5μm. F: Also on the outside
of the heart of O. chacoensis there are some nerve ﬁbres and tracheae. Scale bar: 5μm. Abbreviations:
BL: basal lamina, H: heart, Hc: hemocyte, J: junctions, Lu: lumen, Mt: mitochondrium, N: nucleus, Nu:
nucleolus, Sph: spherules, Sphc: spherulocyte, Tr: trachea, Z: z-line
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Fig. 78. Transmission electron micrographs of the epithelial wall of the putative valve of G. caspius
subfuscus. A: Overview of the region with the putative valve. Between the heart muscle and the valve there
is a granulocyte in the lumen. Scale bar: 20μm. B: Detail of the cells forming the valve. Characteristic of
the cells is the high amount of mitochondria. Electron-dense droplets are also visible. The arrow points to
nerve ﬁbres. Scale bar: 5μm. C: In certain regions the valve can be rather thin and fragile. Tracheae, nerve
ﬁbres (arrow) and muscles process between the basal laminae of the epithelial valve cells. Scale bar: 2μm.
Abbreviations: BL: basal lamina, H: heart, Hc: hemocyte, Lu: lumen, Mt: mitochondrium, Mu: muscle, N:
nucleus, Sec: secretion, Tr: trachea

Granulocytes
In solifuges two different types of granulocytes could be observed. They mainly
differ in the type and density of the enclosed grana.
Type I granulocyte
This type of hemocyte seems to be very common since it occurs frequently in G.
capsius subfuscus, Nothopuga sp. and O. chacoensis. It is characterized by electrondense granula, which sometimes are a little bit irregular in shape (Figs. 79C, D,
80B, C). The nucleus can be oval, slightly elongated (Figs. 79C, 80B, C) or even bent
(Fig. 79E). Mitochondria, rough endoplasmic reticulum and other tiny granula can
also be seen in the cells. This type of cell probably occurs in different forms such
as round or elongated and has the ability to form pseudopodia. Small vesicles occur
in the entire cell.
Type II granulocyte
In contrast to the type I, the type II contains much larger, oval, uniformly electrondense granula without any discernible structure. Additionally granula of lamellate
structure can be observed (Figs. 79F, G), but compared to the other type of granula,
only small amounts of these lamellate granula can be seen. The nucleus of this cell
type is slightly lobed. The cell can be either roundish (Fig. 79F) or elongated (Fig.
79G), respectively somewhat ﬂexible.
Hyaline hemocytes
Besides the above described type I granulocyte, there is another type of hemocyte,
which could not be observed in G. caspius subfuscus, but in O. chacoensis and
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Fig. 79. Hemocytes of Galeodes caspius subfuscus. A: Overview of different hemocytes. The spherulocytes
are much larger than the granulocytes. Scale bar: 10μm. B: Spherulocyte with typical inclusions. Scale
bar: 4μm. C: Type I granulocyte with small, electron-dense granula. Scale bar: 5μm. D: Microtubules at the
periphery of the granulcyte. Scale bar: 1μm. E: Type I granulocyte with conspicuous bent nucleus. Scale bar:
5μm. F: Type II granulocyte. Two different kinds of grana are visible. Scale bar: 2μm. G: Type II granulocyte
between several muscle cells. The nucleus is lobe-shaped. Scale bar: 5μm. Abbreviations: GB: Golgi body,
Gr: granula, Grc: granulocyte, LGr: lamellate granule, Mt: mitochondrium, Mu: muscle, MvB: multivesicular
body, N: nucleus, Sph: spherule, Sphc: spherulocyte, Ves: vesicle
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Fig. 80. Transmission electron micrographs of hemocytes of two different species of Ammotrechidae. A:
Hyaline haemocyte in the lumen of the heart of O. chacoensis. B: Type I granulocyte between neighbouring
haemocytes. C: Hyaline hemocytes and type I granulocytes at the outside of the ovary of an adult female
Nothopuga sp. Some cells are in close contact with a trachea. Abbreviations: H: heart, HyH: hyaline
hemocyte, GB: Golgi body, Gr: granule, Grc: granulocyte, Lu: lumen, Mt: mitochondrium, N: nucleus, Tr:
trachea,
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Nothopuga sp. These cells resemble very much the type I granulocyte, but they
almost totally lack any granula (Fig. 80A, C). These cells are of approximately the
same size as the type I granulocytes (Fig. 80C). Cell organelles such as mitochondria
can be observed. The rough endoplasmic reticulum is also developed. Slight
invaginations of the cell membrane are also present (Fig. 80A). Apparently these
cells also possess the ability to form pseudopodia.

Nephrocytes. In contrast to the other species investigated here large amounts of
nephrocytes could be observed in O. chacoensis. They are either arranged around
the heart or attached to it or they even occur individually in the hemocoelic space.
They can reach a diameter of far more than 20 μm and are always surrounded
by a basal lamina. Almost all of these cells are more or less oval or roundish in

Fig. 81. Transmission electron micrograph of the nephrocytes of O. chacoensis (Ammotrechidae). A:
Nephrocytes attached externally to the heart. Clearly visible are the different kinds of inclusions and a large
vesicle. Arrows point to tubular elements. Scale bar: 4μm. B: The nucleus of nephrocytes is usually roundish
and possesses a prominent nucleolus. Cisternae of rough endoplasmic reticulum are close to the nucleus.
The arrow indicates tubular elements. Scale bar: 2μm. C: The peripheral system of channels. Also visible
are numerous small vesicles. Scale bar: 2μm. D: A vesicle in the forming process, but still connected to the
tubule. Scale bar: 500nm. E: High magniﬁcation of a tubule opening to the outside of the cell. Conspicuous
is the contents of the tubule. Arrow indicates the slit diaphragm. Scale bar: 500nm. Abbreviations: BL:
basal lamina, CPi: coated pit, CV: coated vesicle, EDGr: electron-dense granule, IT: intracellular tubule,
Mt: mitochondrium; N: nucleus, Nu: nucleolus, RER: rough endoplasmic reticulum, SD: slit diaphragm, TE:
tubular element, Ves: vesicle

138

3. Results and discussions - Circulatory system
shape (Fig. 81A). The nucleus of these cells is round and provided with a round
nucleolus (Fig. 81B). Sometimes large vacuoles occur in the cells (Fig. 81A). Rough
endoplasmic reticulum is often closely located to the nucleus (Fig. 81B). Different
amounts of electron-dense granules are also present in the cell (Figs. 81A, B). Very
characteristic of the nephrocytes is the extensive system of invaginations forming
tubules or channels at the cell periphery (Fig. 81C). There are two different kinds
of tubules: extracelluar tubules and intracellular tubules (Fig. 81E). Small coated
vesicles seem to arise from these tubules (Fig. 81D). The peripheral region of the
extracellular tubules is bridged by small slit diaphragms (Fig. 81E). The channels
seem to be ﬁlled with slight electron-dense material (Figs. 81C, E).

3.10.2. Discussion
Most arachnids possess pulsating organs or hearts, which transport the hemolymph
from the posterior part of the body towards the anterior one and also distribute the
hemolymph to the internal organs via arteries (Remane, 1962; Moritz, 1993; Foelix,
1996; Coons and Alberti, 1999; Wirkner and Prendini, 2007). In some mites the
circulation of the hemolymph is entirely caused by contraction of the musculature
of the body (Evans, 1992). Kittary (1848) pointed out that the heart of solifuges
is like in many other arachnids, one of the most poorly studied organ systems and
since then, the heart of solifuges has never been histologically and ultrastructurally
been studied in detail and this has not been changed until to date. According to
Bernard (1896) “the dorsal vessel, or heart, of Galeodes is a long tube extending
from about the 4th or 5th segment anteriorly to the 13th posteriorly” and it possesses
8 pairs of ostia, two pairs in the prosoma and 6 pairs in the opisthosoma. The
number of ostia could not be veriﬁed in this study, because of the extreme delicacy
of the heart tissue causing many difﬁculties during preparation.
The general morphological organization of the heart muscle corresponds with
the myocardium of e.g. ticks (Coons and Alberti, 1999). The heart muscle is well
equipped with mitochondria, whereas the myoﬁbrils seem to be slighty better
organized in G. caspius subfuscus and O. chacoensis compared to the investigated
tick Dermacentor variabilis. Like in ticks the heart of spiders is surrounded by a
pericardial sinus (Remane, 1962, Seitz, 1972), which is also present in solifuges.
The presence of nerve ﬁbres around the heart of solifuges could indicate a direct
innervation.
Hemocytes play an extremely important role in immune defense and have
extensively been studied in various groups of insects (reviewed in Gupta, 1979).
In arachnids, these cells have been investigated in e.g., in spiders, scorpions,
opilionids and ticks (Seitz, 1972; Ravindranath, 1974; Dannhorn and Seitz, 1987;
El Shoura, 1989; Kuhn and Haug, 1994; Zhioua et al., 1996; Coons and Alberti,
1999; Borovičková and Hypša, 2005). Jones (1962) presented a classiﬁcation of
insect hemocytes based on morphological features of the hemocytes. According
to his morphological classiﬁcation 9 types of hemocytes can be distinguished:
prohemocytes, plasmatocytes, granulocytes, granular hemocytes, cystocytes,
spherule cells, oenocytoids, adipohemocytes, podocytes (although this term is
misleading, since “podocytes” s.str. are epithelial cells) and vermiform cells. Only
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three of these cells, namely the prohemocytes, the plasmatocytes and the granular
hemocytes occur frequently in different insect orders. Podocytes and vermiform
cells only rarely occur. Nevertheless, morphological classiﬁcations not only of insect
hemocytes have been critized, partly because of methodological alterations of the
cells during preparation (e. g., tinctorial afﬁnities in optical microscopy) and partly
because of physiological inﬂuences on the morphology (rapid transformation at
bleeding, possibility of differentiation in circulating blood), but ﬁnally most valid
classiﬁcations are based on the ultrastructure (Brehélin and Zachary, 1986). It is
certainly difﬁcult and also not entirely possible to establish a classiﬁcation system
of hemocytes for all athropods, since the different types of hemocytes might exhibit
order-speciﬁc and in extreme cases even species-speciﬁc features, which possibly
cannot be compared to hemocytes of other arthropods. Therefore, the hemocytes
of solifuges were only assigned to the major types such as spherulocytes and
granulocytes which share common features across different groups of arthropods.
In this study three different types of hemocytes of solifuges are described for the
ﬁrst time. The spherulocytes, which where extensively observed in G. caspius
subfuscus, show the same morphological feature as in e.g., insects (Brehélin and
Zachary, 1986) and opilionids (Dannhorn and Seitz, 1987) like larger size compared to
other hemocyte types, regular shape and the typical inclusions called “spherules”.
Except for some hypotheses (e. g. involvement in synthesis of mucopolysaccharides,
or correlation between the production of silk and occurrence of this cell type), the
function of these cells is not known (summarized by Brehélin and Zachary, 1986).
The granulocytes of solifuges are divided into two different sub-types, based on the
shape of the nucleus and the amount, size and structure of inclusions in the cell. In
insects four different types of granulocytes could be observed (Brehélin and Zachary,
1986). Both types of granulocytes of solifuges, which are present in ammotrechid
and galeodid species, resemble certain granulocyte types described for e.g., insects,
shrimps, ticks concerning their general morphological appearance (e.g., Martin and
Graves, 1985; Chiang et al., 1988; Borovičková and Hypša, 2005) and differ only
in details such as the shape of the cell and the nucleus, amount of certain cell
organelles. Differences in the appearance of the cell might be most likely due to the
metabolic stage of the cells. Phagocytotic activity of hemocytes has been assumed
also for solifuges (Kaestner, 1933). This could be supported for the granulocytes of
solifuges in the present study, due to the presence of pseudopodia-like structures,
coated pits and numerous internal vesicles. The function of granulocytes is certainly
multimodal. Kuhn and Haug (1994) supposed that type I granulocytes of ticks might
be involved in the coagulation of blood and in the recognition of foreign material.
Other functions such as lysozyme contribution to humoral defense as is the case in
insects are suggested (e. g. Zachary and Hoffmann, 1984).
The third type of hemocyte observed in ammotrechid solifuges does not entirely
correspond to the hyaline hemocyte in Astacus (Giulianini et al., 2007), since
this type in ammotrechid solifuges has a lower nucleus/cell ratio. Due to high
similarities to type I granulocytes except for the granules, it could also be a type
I granulocytes with extremely degraded granula. Fahrenbach (1999) discussed the
fact of rapid lysis of the granules when the hemocytes aggregate and the fact of
degranulation of hemocytes after 30 seconds under experimental conditions. So, it
might be possible that the granules had undergone degranulation during dissection
and preparation of the specimen.
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Coons and Alberti (1999) described the nephrocytes as a part of the circulatory
system, which might be due to their wide presence in the hemocoel in different
arthropod species. In O. chacoensis large numbers of these cells were observed
located around or even attached to the heart. The general morphological features
of nephrocytes such as the peripheral tubular system, slit diaphragms and electrondense inclusions of various sizes, which can be observed in solifuges, appear to be
very characteristic across different groups of Arachnida e. g., Acari (mites and ticks)
and Araneae and also of other arthropod groups such as onychophorans, diplopods
and chilopods (Seifert and Rosenberg, 1976a; 1977; El Shoura, 1989; Shatrov, 1998;
Alberti and Coons, 1999; Coons and Alberti, 1999; Felgenhauer, 1999; Hilken et al.,
2003). Contradictory to Coons et al. (1990), Shatrov (1998) could not detect a clear
zonation in the nephrocytes in the trombiculid mite Hirsutiella zachvatkini. Also
in solifuges, no zonation of cell organelles in the nephrocytes could be observed.
Alberti and Storch (1977) pointed out the morphological similarity between
podocytes of the coxal glands and nephrocytes, which are often closely located
to these organs in mites. They also critically discussed a potential evolutionary
development of sacculus podocytes from free nephrocytes, as suggested by Seifert
and Rosenberg (1976b). The function of nephrocytes is not fully investigated, but
they most likely play a major role in sequestering material from the hemolymph
(Coons and Alberti, 1999). The pericardial cells of Manduca sexta exhibit coated
pits, vesicles, tubular elements and endosomes which indicate a receptor-mediated
endocytosis (Brockhouse et al., 1999). Furthermore the authors stated that these
cells are highly specialized in the maintenance of hemolymph homeostasis. Shatrov
(1998) extensively discussed the potential functions of nephrocytes in ticks and
concluded that unlike in ixodids, the nephrocytes of trombiculid mites do not only
function as an additional supplement to existing excretory organs but also as an
independent excretory system in the hemolymph.
Inter-speciﬁc differences of e. g., species-speciﬁc distribution and different amounts
of hemocytes was reported from Chilopoda and Insecta (Neuwirth, 1973; Hilken et
al., 2003). The conspicuous spherolucytes observed in G. caspius subfuscus, which
obviously occur in large numbers could not be seen in the ammotrechid species.
Vice versa, the high presence of nephrocytes in O. chacoensis could not be seen in
G. caspius subfuscus. The reason might be different metabolic or even different
environmental conditions, because the ammotrechid O. chacoensis lives in a very
high saline habitat.
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3.11. FEMALE GENITAL SYSTEM
3.11.1. Results
The female genital oriﬁce, which is a longitudinal slit in solifuges, is located on
the second opisthosomal segment. The genital operculum exhibits different shapes
(Figs. 82A, B, C, D). The female genital system of adult Solifugae can be divided
into three different parts: the genital chamber, the oviducts and the ovary (Figs.
83A, B, C). The genital chamber can bear pouches (putative receptacula seminis),
which are different in shape, size and position according to different families. In
ammotrechids the lateral pouches are situated on each side of the genital chamber
(Fig. 83A), whereas in galeodids the pouches are rather small and located distally
between the two oviducts (Fig. 83B) or apparently absent in eremobatids (Fig.
83C). The genital systems are entirely surrounded by tracheae of different sizes
(Fig. 84A).
The oocytes develop on the outside exclusively on just one side of the ovary (Figs.
83A, B, C, 84A). The more mature ones are clearly visible, but younger oocytes are
located below them (Figs. 84B, C). The surface of oocytes of different developmental
stages does not exhibit texture but appears rather smooth. The oocytes are attached
to the ovary via a crescent shaped funicle (Fig. 84C).

Fig. 82. Female opercula of two different species of Solifugae. A: Eremobates pallipes (Eremobatidae).
Scale bar: 0,5 mm. B: Solpugista bicolor (Solpugidae). Midgut diverticula are visible through the cuticle of
the genital operculum. Scale bar: 0,5 mm. C: Biton striatus (Daesiidae). Scale bar: 0,5mm. D: Galeodes
turkestanus (Galeodidae). Scale bar: 0,5mm.
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Fig. 83. Schematic drawings of the female
genital systems of representatives of the
families Ammotrechidae, Galeodidae
and Eremobatidae. A: Ammotrechidae.
B: Galeodidae, C: Eremobatidae.

Very thick muscle strands surround the genital system (Fig. 84B).

Juvenile female genital system. In general the genital system is very small and
entirely surrounded by midgut diverticles. The genital chamber does not appear to
be fully developed, but the oviducts and ovaries are clearly visible and anatomically
distinguishable (Figs. 85A, B, C, D). The epithelium of the developing genital
chamber is surrounded by an outer cellular layer which also includes muscle cells
(Fig. 85A). Small tracheae project through the outer cell layer. The oocytes develop
on the periphery of the ovary (Figs. 85C, D). The nuclei of the young oocytes are
located centrally and possess a prominent nucleolus. The funicle is not developed
yet (Fig. 85E).
Oviduct
The epithelium of the oviduct is constituted by relatively slender, high prismatic
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Fig. 84. The female genital system of an adult female of G. caspius subfucus. A: Lateral view of the proximal
part of the genital system. Scale bar: 750μm. B: Scanning electron micrograph of the ovary. Clearly visible
are strong muscles and tracheae surrounding the ovary. Scale bar: 300μm. C: Higher magniﬁcation of an
oocyte with the crescent shaped funicle. Scale bar: 300μm.
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Fig. 85. Light- and scanning electron micrographs of the female genital system of the juvenile female of and
Gluvia dorsalis (Daesiidae) and Galeodes caspius subfuscus (Galeodidae). A: G. dorsalis. Light micrograph of
a transverse section of the developing genital chamber. Scale bar: 30μm B: G. dorsalis. Transverse section
through the oviduct. Scale bar: 30μm. C: G. dorsalis. Transverse section through the ovary. Young oocytes
already develop on the outside of the ovary. The nuclei are clearly visible and in very young oocytes even
the very prominent nucleolus can be seen (stained red with Azan technique). Scale bar: 30μm. D: Scanning
electron micrograph of the ovary of a juvenile G. caspius subfuscus. Oocytes of different developmental
stages are already present. Scale bar: 200μm. E: G. caspius subfuscus. Higher magniﬁcation of the funicle
region. In contrast to mature ovaries, no clear developed funicle can be observed, yet (funicle region
indicated by arrow). Scale bar: 200μm. Abbreviations: Ep: epithelium, MgD: midgut diverticulum, Mu:
muscle, N: nucleus, Nu: nucleolus, Oc: oocyte, Od: oviduct
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Fig. 86. Transmission electron micrographs of the oviduct of a juvenile female of G. caspius subfuscus.
A: Overview of the epithelial cells. Their nuclei are high prismatic and oval in shape. The cells contain
large amounts of glycogen, lipids and small secretion droplets. Scale bar: 10μm. B: The epithelial cells are
attached with hemidesmosomes to a layered basal lamina. Note wide intercellular spaces. Scale bar: 2μm.
C: The oviduct is surrounded by small tracheae. Scale bar: 5μm. D: The microvilli are very small and a regular
microvilli border is not developed yet. Scale bar: 2μm. E, F: Centrioles arranged in tandem position can
sometimes be observed. Scale bars: 2μm. Abbreviations: BL: basal lamina, C: centriole, Gly: glycogen, Hd:
hemidesmosome, Li: lipid, Mt: mitochondrium, N: nucleus, RER: rough endoplasmic reticulum, Tr: trachea,
ZA: zonula adhaerens

cells (Fig. 86A). The nuclei are oval in shape and distinct areas of eu- and
heterochromatin can be seen (Fig. 86A). The epithelial cells are attached to a
layered basal lamina via hemidesmosomes (Fig. 86B). Small tracheae of different
sizes surround the oviduct (Fig. 86C). The basal part of the epithelial cells is slightly
folded and apparently the epithelial cells are not densely connected with each
other (Fig. 86B). All cells contain predominately high amounts of glycogen and
lipids and only few mitochondria. Apically, the cells are connected to each other
via zonulae adhaerentes (Fig. 86D). Microvilli seem to be not very well developed
yet (Fig. 86D). Centrioles arranged in tandem positions can also be observed (Figs.
86E, F).
Fig. 87. Transmission electron micrographs of the ovary of a juvenile female of G. caspius subfuscus. A:
Tracheae of different sizes surround the ovary. Scale bar: 5μm. B: The epithelial cells are also high prismatic
and possess long, oval nucleus, large amounts of glycogen and lipids. Scale bar: 5μm. C: Centrioles in
tandem position in the apical part of the cell. Scale bar: 1μm. D: Overview of the funicle region where a
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developing oocyte is attached to. In contrast to the epithelial cells, the nuclei of the cells of the funicle
region are more roundish. Scale bar: 20μm. E: Higher magniﬁcation of the cells of the funicle region. Scale
bar: 5μm. F: Epithelial cells containing more electron lucent cytoplasm. Scale bar: 5μm. Abbreviations:
BL: basal lamina, C: centriole, Gly: glycogen, Li: lipid, Mt: mitochondrium, N: nucleus, Oc: oocyte, Tae:
taenidium, Tr: trachea

147

3. Results and discussions - Female genital system
Ovary
Numerous tracheae of different sizes surround the ovary (Fig. 87A). The epithelial
cells are of the same type as that ones constituting the oviduct. They are also
characterized by oval nuclei, high amounts of glycogen and lipids (Fig. 87B). Like
the epithelial cells of the oviduct, the epithelial cells of the ovary are only loosely
attached to each other (Fig. 87B). In the apical region of the cells centrioles can
sometimes be seen (Fig. 87C). In contrast to the cells of the epithelium, the cells
closely located to the oocytes in the funicle region possess a more roundish nucleus
(Figs. 87D, E), but also high amounts of glycogen. In this region there are sometimes
cells containing comparatively less amount of glycogen than the epithelial cells and
a less electron dense cytoplasm (Fig. 87F).
Oocytes
Already in the female genital system of a juvenile female different developmental
stage of oocytes occur. Very young oocytes are characterized by high amounts
of glycogen and some mitochondria. Only a few and very small microvilli are
developed in this early stage (Fig. 88A). Slightly more developed oocytes already
possess obvious microvilli. The basal lamina and the layer between basal lamina
and the oocyte itself appear thicker than in very young oocytes (Fig. 88B). The
cells contain large numbers of mitochondria and the nucleus is located centrally
with a prominent nucleus (Fig. 88C). Nuclear pores are obvious and numerous (Fig.
88C insert) cell organelles are frequent such as Golgi bodies (Fig. 88D), vesicles
including multilamellar bodies and different kinds of droplets such as lipid and
protein yolk (Figs. 88E, F).

Adult female genital system. The genital chamber of Nothopuga sp. is provided
with two oval pouches on each side. The epithelium of these pouches is surrounded
by a relatively thin muscle layer. The epithelium itself is constituted by rather
small cells (Fig. 89A). Interestingly, inside the lumen small pieces of sand can be
seen (Fig. 89A). The genital oriﬁce is located on the second opisthosomal segment
and it is directly connected with the genital chamber (Fig. 89B). In contrast to the
epithelium of the lateral appendages the epithelium of the genital chamber is highly
folded and overlain by a cuticle which is also folded (Fig. 89C). The oviducts enter
the genital chamber on both sides (Fig. 89B). They are slightly folded between the
midgut diverticles. The epithelium consists of high prismatic, regularly arranged
cells with more or less oval nuclei (Fig. 89D). The oviducts are surrounded by a thick
muscle layer (Fig. 89D). The oviducts merge into the ovaries, which seem to be
constituted of the same type of epithelial cells like the ovaries (Fig. 89E). Oocytes
of different developmental stages can be seen. The oocytes develop only on one
side of each ovary (Fig. 89E) and are attached to the ovaries via funicles. The cells
close to the developing oocytes appear more translucent than the epithelial cells of
the ovary (Fig. 89E). When fully mature oocytes are released into the the ovarian
lumen, only the highly folded basal lamina remains at the ovary (Fig. 89F).
Fig. 88. Transmission electron micrographs of oocytes of different developmental stages of G. caspius
subfuscus. A: A very young oocyte. The microvilli border is only barely developed. The cell contains
predominantly glycogen. Scale bar: 2μm. B: A slightly more developed oocyte. The microvilli are still very
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short. Inside the cell, small vesicles likely a certain kind of yolk, are visible. Scale bar: 1μm. The electrondense layer overlaying the basal lamina is indicated by an asterisk. C: The nucleus of young oocytes is usually
roundish, rather large containing a prominent nucleolus. High numbers of mitochondria are located close to
the nucleus. Scale bar: 3μm. Insert: Numerous nuclear pores are clearly visible (indicated by arrow). Scale
bar: 1μm. D: An active Golgi body within a young oocyte. Scale bar: 1μm. E: During oogenesis different
kinds of yolk and other droplets are produced. A multilamellar body in a yolk vesicle and large numbers of
mitochondria are also present. Scale bar: 1μm. F: Mitochondria surrounding a yolk droplet. Scale bar: 1μm.
Abbreviations: BL: basal lamina, GB: golgi body, Li: lipid, Mt: mitochondrium, Mv, microvilli, N: nucleus, Nu:
nucleolus, Oc: oocyte, Ves: vesicle, Yl: yolk

149

3. Results and discussions - Female genital system

Fig. 89. Light microscopic characterization of the genital system of an adult female of Nothopuga sp. A:
Higher magniﬁcation of the epithelium of the lateral pouches (receptacula seminis). The epithelial cells
appear rather small. Grains of sand are visible in the lumen. Scale bar: 50μm. B: Overview of a transverse
section through the genital chamber. Scale bar: 500μm. C: The epithelium of the medial region is overlain
by a relatively thick cuticle. The epithelium itself is folded and underlain by muscles. Scale bar: 50μm. D:
Transverse section of the oviduct. The oviduct is entirely surrounded by midgut diverticula. The epithelial
cells are high prismatic, regularly arranged with basally located nuclei. Scale bar: 100μm. E: Transverse
section through the ovary. The oocytes develop on the outside of the ovary. The epithelial cells of the ovary
close to the oocytes appear more translucent (indicated by asterisk). Scale bar: 100μm. F: A highly folded
basal lamina is left, when a mature oocyte is deposited. Scale bar: 30μm. Abbreviations: BL: basal lamina,
Cu: cuticle, Ep: epithelium, Fu: funicle, GC: genital chamber, Mg: midgut, MgD: midgut diverticulum, Oc:
oocyte, Od: oviduct; Tr: trachea
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Fig. 90: Light micrographs of oocytes of different developmental stages of Nothopuga sp. A: Funicle of an
oocyte. The cells constituting the funicle are more roundish. 20μm. B: Young oocyte with a large nucleus
and a prominent nucleolus. Scale bar: 10μm. C: More developed oocyte with a relatively thick vitelline
membrane. Next to the oocyte there is a left over basal lamina. Scale bar: 10μm. Abbreviations: BL: basal
lamina, EpFu: epithelium of funicle, N: nucleus, Nu: nucleolus, Oc: oocyte, Tr: trachea

The funicle consists of more roundish cells with oval nuclei and a prominent
nucleolus. These cells can also be putative very young oocytes (Fig. 90A). The
nucleus and the nucleolus (stained red with Azan-technique) are clearly visible in
young developing oocytes (Fig. 90B). More developed oocytes also possess an oval
nucleus which has slightly increased in size during the development of the oocytes.
A vitelline envelope is secreted in more developed oocytes (Fig. 90C).

Ultrastructure of the adult female genital system.
Genital chamber
As already visible in light micrographs, the epithelium of the genital chamber is
overlain by a thick cuticle, which is highly folded (Fig. 91A). The epicuticle appears
more electron dense than the procuticle, which consists of two layers (Fig. 91B).
The epithelium is also highly folded. The cells are somewhat intricate, possessing
roundish to oval shaped nuclei (Fig. 91B). The cell apex is provided with microvilli.
Between the microvilli small electron dense secretions can be seen. The cells
contain relatively high amounts of microtubules (Fig. 91C). The basal part of the
cells is characterized by membrane infoldings associated with mitochondria thus
forming a typical basal labyrinth. The cells are attached to the basal lamina via
hemidesmosomes (Fig. 91D). The genital chamber is surrounded by longitudinal and
transversal muscles (Fig. 91E). Between the muscles there are numerous tracheae
of different sizes. The basal lamina of the cells is extremely layered and highly
folded (Figs. 91E, F).
The small pouches of the genital chamber also consist of cells with irregularly
running cell membranes (Fig. 92A), which are attached to a layered basal lamina
(Fig. 92B). Only a few muscles surround these appendages. The nuclei are more or
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Fig. 91. Transmission electron micrographs of the genital chamber of an adult female of G. caspius
subfuscus. A: The epithelium is overlain by a thick cuticle which is highly folded. Scale bar: 10μm. B: The
epithelial cells are strongly interdigitating. Scale bar: 10μm. C: The cells contain relatively large amounts of
microtubules. Small secretions are visible between the microvilli. Scale bar: 2μm. D: The basal part of the
cells is highly folded. The cells are ﬁxed to the basal lamina via hemidesmosomes. Scale bar: 2μm. E: The
entire genital chamber is surrounded by tracheae of different sizes and longitudinal and transverse muscles.
The basal lamina is extremely layered and highly folded. Scale bar: 10μm. F: Transverse section through a
muscle cell with centrally located nucleus. Note transversal tubule system (indicated by black arrow) Scale
bar: 2μm. Abbreviations: BL: basal lamina, C: centriole, Cu: cuticle, Ecu: epicuticle, Ep: epithelium, Hd:
hemidesmosomes, Mit: microtubules, Mu: muscle, Mv: microvilli, N: nucleus, Pcu: procuticle, Tr: trachea
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Fig. 92. Transmission electron micrographs of the small pouches of the genital chamber of G. caspius
subfuscus. A: Only a few muscles surround the appendages. The epithelial cells are strongly interdigitating.
Scale bar: 10μm. B: Basally the epithelial cells from small cell processes. Scale bar: 2μm. C: Apically the
cells are provided with small microvilli. Scale bar: 2μm. Abbreviations: BL: basal lamina, Ep: epithelium,
Mt: mitochondrium; Mu: muscle, Mv: microvilli, MvB: multivesicular body, N: nucleus

less roundish (Fig. 92A). The cells contain large amounts of glycogen (Figs. 92A, B,
C). The cell apices are provided with microvilli and it seems that the cells possess
an apical vesicle and tubule system (Fig. 92C).
Oviduct
The entire oviduct is surrounded by numerous muscles and tracheae of different
diameters (Figs. 93A, B). The epithelium is formed by relatively ﬂat, irregularly
shaped cells. Their nuclei are located more basally in the cells. The cells contain
various inclusions (Fig. 93C). Their apices possess microvilli and an apical tubule
system. Inside the lumen of the oviduct of a fertilized female, hemocyte like cells
can be observed (Fig. 93D).
Ovary and oocytes
The epithelial cells of the ovary strongly resemble the epithelial cells of the oviduct
(Fig. 94A). In the region of the funicle there are cells characterized by a very
round to oval shaped nucleus with a prominent nucleolus. These cells might be
very young oocytes or even represent oogonia still located in the epithelium of
the ovary (Fig. 94B). The microvilli of the young oocytes that are already located
in a pouch formed by the basal lamina on the ouside of the ovary, are only poorly
developed and still very tiny (Fig. 94C). The nuclei in the young cells are roundish
and the nuclear pores can clearly be seen. Large numbers of mitochondria can be
seen located around the nucleus (Fig. 94D). Slightly more developed oocytes are
provided with a regular microvilli border. Besides the high amount of glycogen,
numerous yolk droplets and active Golgi bodies can be seen (Fig. 94E). In contrast
to the young oocytes (respectively oogonia), the more mature oocytes are attached
to the ovary via a funicles (Figs. 95A, B). The funicle cells contain high amounts of
microtubules, especially in the apical region (Fig. 95B). The periphery of the more
mature oocytes consists of different layers. The ﬁrst, external one is formed by
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Fig. 93. Fine structure of the oviduct of an adult female of G. caspius subfuscus. A: Numerous muscles and
tracheae surround the oviduct. Scale bar: 5μm. B: Large tracheae are attached to the oviduct. Scale bar:
5μm. C: The epithelial cells of the oviduct are rather small, highly interdigitating and provided with roundish
basally located nuclei. Scale bar: 10μm. D: Inside the lumen hemocyte like cells can be seen. Scale bar:
5μm. Abbreviations: BL: basal lamina, Lu: lumen, Ly: lysosome, Mu: muscle, Mv, microvilli; N: nucleus, Sec:
secretion, Tae: taenidium, TaeF: taenidial fold, Tr: trachea, Ves: vesicle

the basal lamina. The layer overlaying the basal lamina is more electron-dense and
probably secreted be the cells constituting the funicle. The third layer, the vitelline
membrane, contains numerous ﬁbrils. The fourth layer is rather thin and does not
contain any ﬁbrils. The ﬁfth layer is extremely electron dense and penetrated by
the microvilli of the oocyte (Figs. 95B, C). Microvilli project into the sixth layer.
The ﬁbrils present in the second layer can also be observed between the microvilli
(Fig. 95C). Oocytes in this developmental stage contain large numbers protein yolk,
lipids and glycogen (Fig. 95D).
In Nothopuga sp. the general morphological organization of the female genital
system is the same as already described for G. caspius subfuscus. Only the position
of the pouches (putative receptacula seminis) differs (Figs. 83A, B).
Both the oviducts and the ovary are surrounded by muscles and tracheae (Figs.
96A - oviduct). The epithelial cells of the oviduct are comparable to those ones of
G. caspius subfuscus. The cells contain high amounts of glycogen, mitochondria
and small secretion-like inclusions (Figs. 96A). Like in G. caspius subfuscus, the
electron-dense layer overlaying the basal lamina is already present in young oocytes
(Fig. 96B). In young oocytes, the vitelline membrane is already present, but not
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Fig. 94. Transmission electron micrographs of the ovary of an adult female of G. caspius subfuscus. A: The
epithelial cells are provided with comparatively large, roundish to oval nuclei. Scale bar: 10μm. B: Putative
very young oocyte in the funicle region. The nucleus is roundish, and contains predominantly euchromatin
and possesses a prominent nucleolus. Scale bar: 10μm. C: Young oocyte with barely developed microvilli,
containing large amounts of glycogen. Scale bar: 1μm. D: The numerous nuclear pores (indicated by arrows)
of the nuclear envelop are clearly visible. Many mitochondria are located close to the nucleus. Scale bar:
1μm. E: More developed oocyte. The microvilli are still short. Clearly visible is the electron-dense layer
overlaying the basal lamina (indicated by asterisk). Scale bar: 1μm. Abbreviations: BL: basal lamina, GB:
Golgi body, Lu: lumen, Mt: mitochondrium, Mv: microvilli, N: nucleus, Nu: nucleolus, Oc, oocyte; Sec:
secretion, Tr: trachea, Ves: vesicle

layered (Fig. 96B). In more developed oocytes the vitelline membrane is much
ticker. Also the electron-dense layer is present on the apical part of lateral funicle
cells and continuous to the periphery of the oocyte. But this layer is not present in
the midpart of the funicle (Fig. 96C). The funicle cells also contain ﬁbrils like the
cell in G. caspius subfuscus (Fig. 96D). But these ﬁbrils can not be detected in the
vitelline membrane of the oocytes, neither in younger ones nor in more developed
oocytes. The conspicuous electron-dense material representing the fourth layer is
also present in the empty basal lamina (Figs. 96E, F). Microvilli clearly project into
the fourth and ﬁfth layer (Fig. 96E).

Insemination. During mating, the male of Galeodes sp. transfers high numbers
of coenospermia (see chapter 3.12.) into the female. In Galeodes fumigatus,
an uneven distribution of coenospermia in the female genital system has been
observed. There were more coenospermia in one ovary compared to the other
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Fig. 95. Transmission electron micrographs of further developed oocytes of G. caspius subfuscus. A: Overview
of an oocyte attached to the funicle. Clearly visible is the electron-dense layer overlaying the basal lamina
(indicated by asterisk) most likely secreted by cells of the funicle. Scale bar: 20μm. B: Higher magniﬁcation
of the apical part of the funicle cells. The peculiar electron-dense layer penetrated by microvilli of the
oocytes is already developed. Scale bar: 5μm. C: Periphery of an almost mature oocyte. Very conspicuous
is the multi-layered vitelline membrane (different layers are numbered). Asterisk indicates additional layer
on the basal lamina. Scale bar: 1μm. D: In almost mature oocytes there are numerous vesicles, active Golgi
bodies, glycogen and yolk droplets. Scale bar: 1μm. Abbreviations: BL: basal lamina, EpFu: epithelium of
funicle, Fu: funicle, Gly: glycogen, Mv: microvilli, Oc: oocyte, Ves: vesicle, VM: vitelline membrane, Yl:
yolk

Fig. 96. Transmission electron micrographs from different regions of the female genital system of an adult
female Nothopuga sp. A: Overview of the epithelium of the oviduct. Scale bar: 3μm. B: Young oocyte
with vitelline membrane. The conspicuous electron-dense layer overlaying the basal lamina is also visible
(indicated by white asterisk). Scale bar: 3μm. C: More developed oocyte attached to the funicle. White
asterisk indicates electron-dense layer. Scale bar: 3μm. D: Apical region of the funicle. Scale bar: 1μm. E:
Periphery of a developed oocyte. Note the layered vitelline membrane (layers are numbered). The basal
lamina (layer 1) is not visible. Scale bar: 1μm. F: Periphery of an almost mature oocyte next to the empty,
folded remaining basal lamina with the electron-dense layer. Scale bar: 3μm. Abbreviations: BL: basal
lamina, Ep: epithelium, EpFu: epithelium of funicle, Gly: glycogen, Hc: hemocyte, Mt: mitochondrium, Mv:
microvilli, Mu: muscle, N: nucleus, Oc: oocyte, VM: vitelline membrane, Ves: vesicle
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Fig. 97. Transmission electron micrographs of spermatozoa in the female genital system of G. caspius
subfuscus. A: Coenspermium with cracked secretion sheath (indicated by black arrow) in the oviduct. Scale
bar: 1μm. B: Spermatozoa in the lumen of the ovary. Increase of cytoplasm around the chromatin body
is already visible (indicated by black asterisk). Scale bar: 10μm. C: Higher magniﬁcation of spermatozoa

158

3. Results and discussions - Female genital system

Fig. 98. Transmission electron micrographs of spermatozoa in the genital chamber and the ovary of G.
caspius subfuscus. A: Cell apices of epithelial cells in the genital chamber. Three sperm cells are located
between the microvilli. Black arrow indicates Golgi body. Scale bar: 2μm. B: Overview of epithelial cells
of the ovary. Black asterisks indicate large vesicles. Numerous spermatozoa are visible in the lumen of
the ovary. Scale bar: 10μm. C: Higher magniﬁcation of the cell apices. Black arrows indicate coated pits.
Inside the epithelial cell, parts of a phagocytized sperm cell are visible. Scale bar: 2μm. D: Spermatozoa in
epithelial cells of the ovary. Clearly visible are the membranes around the groups and solitary spermatozoa.
Scale bar: 1μm. Abbreviarions: Ep: epithelium, Mv: microvilli, Sp: sperm cells

one, which only contained a few coenospermia. In Galeodes caspius subfuscus
numerous coenospermia were seen in the entire female reproductive system: in
the genital chamber, the oviducts and the ovaries without any sign of signiﬁcant
more coenospermia on a certain side.
The thick secretion sheaths surrounding the sperm cells were either cracked or
in the oviduct. The structural alteration of the axonemal ﬁlament has already begun. Scale bar: 1μm. D:
Hemocytes between a broken secretion sheath and groups of spermatozoa in the ovary. Scale bar: 10μm. E:
Numerous hemocytes with large losysomes in the genital chamber. Small groups and solitary spermatozoa
are visible between the hemocytes. Scale: bar: 10μm. F: Longitudinal and transverse sections through
spermatozoa close to a hemocyte. Scale bar: 1μm. Abbreviations: AF: acrosomal ﬁlament, AV: arosomal
vacuole, CB: chromatin body, Hc: hemocyte, Ly: lysosome; Sp: sperm cell, SSh: secretion sheath
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already broken (Figs. 97A, D), but there was no indication that coenospermia might
be destroyed in a special region of the genital system. Almost entire ones next to
already broken coenospermia were observed in all parts of the female reproductive
system.
After the secretions sheath is broken, the spermatozoa either remain in groups or
are displaced individually. Interestingly, it seems as if the amount of cytoplasm
increases around the chromatin body containing the acrosomal complex (Figs. 97B,
C). Also the acrosomal ﬁlaments in some spermatozoa seem to alterate structurally:
they are not as electron-dense any more and they are increased in diameter (Fig.
97C).
In inseminated females, on the outside of the ovary there are numerous hemocytes
accumulated. Also extremely high amounts of hemocytes, especially granulocytes
could be observed in the genital chamber, the oviducts and ovaries (Figs. 97D, E).
Between the hemocytes either groups or individual spermatozoa could be observed.
Lysosomes of different sizes are visible in the hemocytes (Figs. 97E, F).
The epithelium of the different regions of the female reproductive system apically
exhibits a complex apical tubule system and also coated pits between the microvilli
(Figs. 92C, 93D, 98A, B, C). In the epithelial cells even very large vesicles are
visible (Fig. 98B). Individual spermatozoa can be observed between the microvilli
of the epithelial cells in the genital chamber (Fig. 98A) or in the ovaries (Fig. 98B,
C). Sperm cells either solitary or in groups surrounded by an additional membrane
could be observed within epithelial cells in all parts of the female genital system
(Figs. 98C, D).
The oocytes apparently migrate through the funicle and they are stored in the lumen
of the ovary (Fig. 99A) for at least a day. The epithelium of the ovary is extremely
stretched and very translucent (Fig. 99A). After deposition of the eggs, only younger
stages of oocytes remain attached at the ovary (Fig. 99B). The eremobatid female
lays numerous white eggs and guard them for a while (at least in captivity) (Fig.
99C).

3.11.2. Discussion
The female genital opercula of solifuges, which are an important taxonomic
character for the identiﬁcation of females (e.g., Roewer, 1934; Muma, 1951; Gromov,
2004), appear to be rather simple compared to external genital structures of other
arachnids such as spermathecae in e.g., mites and spiders or the genital opercula
together with the gonopods in whip spiders (Alberti and Hänel, 1986; Alberti and
Coons, 1999; Di Palma and Alberti, 2001; Berendonck and Greven, 2005; Michalik et
al., 2005; Weygoldt, 2008).
First anatomical records on the anatomy of the female genital system are from
the 19th century. Kittary (1848) was one of the ﬁrst, who reported on some general
remarks of the female genital system of a female Galeodes sp., but he failed to show
any histological results. Even though Bernard (1896) and Vachon (1945) described
the female genital system in more detail, they could not provide histological details
of all parts. Birula (1894) was the ﬁrst and later Warren (1939), who provided
histological details of the entire female genital system. The nomenclature of the
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Fig. 99. Ovary of an adult female of Eremobates pallipes. A: Female genital system shortly before egg
deposition. Mature oocytes within the lumen of the ovary. Scale bar: 1mm. B: Female genital system shortly
after the deposition of the eggs. Only very young oocytes are visible on the lateral sides of the ovary
(indicated by arrows). Scale bar: 1mm. C: Adult female of E. pallipes next to her clutch.
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different parts of the female reproductive system is only partly in accordance with
Birula (1894). According to him the female genital system consists of two ovaries,
two oviducts, an unpaired uterus and a “vagina” in which two receptacula seminis
merge. In this study, the presence of receptacula seminis could not be conﬁrmed.
The other two regions designated as uterus and vagina are summarized in the term
genital chamber. It is noteworthy that the pouches are of different sizes and are
attached to the genital chamber in different positions in the two different solifugid
families investigated here, which could give a hint to further anatomical variation
of the female reproductive system between different families. Nevertheless, the
internal reproductive system is anatomically similar in organization compared to
Amblypygi, Ricinulei and Araneae, which also exhibit a common uterus, paired
oviducts and paired ovaries (Weygoldt et al., 1972; Morishita et al., 2003; Talarico
et al., in press). In contrast to this organization, Miyazaki et al. (2001) reported
on an unpaired, single median ovary in the schizomid Schizomus sawadi and in
scorpions the ovariuterus consists of anastomosing tubules (Hjelle, 1990; Warburg
and Rosenberg, 1992; Warburg and Rosenberg, 1994; Mahsberg and Warburg,
2000). Apparently, Pseudoscorpiones also possess an unpaired ovary (Weygoldt,
1969; Makioka, 1988). Mites possess in structure and organization very diverse and
complicated reproductive systems and it seems, that both paired and unpaired
ovaries occur (Alberti and Coons, 1999; Alberti et al., 1999; Coons and Alberti,
1999).
In solifuges, the epithelium of the ovary and the oviducts is apparently not composed
of different cell types. This uniformity of the epithelium has also been observed
by various authors in the past (Birula, 1894; Kaestner, 1933; Roewer, 1934). On the
lateral side of the ovaries, where the oocytes develop, the epithelium appears more
lucent in light microscopy, which was already observed by Birula (1894). Therefore
he designated it oogenic epithelium. Since the cells constituting the epithelium of
the ovary can ultrastructurally hardly be distinguished from the putative oogonia,
hormonal or other physiological induction of the oogenesis should strongly be
considered. Apart from the different morphological organizations of the genital
systems of different arachnids, usually the development of the oocytes takes
places on the outside of the ovary and is of the solitary type without any additional
nutritional cells (except for scorpions and a number of mites) and the oocytes are
connected to the ovary by a funicle (e. g., Zeck-Kapp, 1985; Alberti and Coons,
1999; Coons and Alberti, 1999; Miyazaki et al., 2001; Morishita et al., 2003; Michalik
et al., 2005; Talarico et al., in press). Normally, different developmental stages of
the oocytes can be seen. (Talarico et al., in press) pointed out, that it is necessary
to deﬁne different stages of oogenesis for comparative purposes although they also
stated that oogenesis is a continuous process. In the present study, different stages
were designated as early, young and further developed, because some differences
of developmental stages could only be discriminated due to tiny morphological
differences, such as number and length of microvilli or the appearance of the vitelline
membrane. As already reported by Zeck-Kapp, 1985, young oocytes are mainly
characterized by intensive production of cell organelles above all of mitochondria,
which can exhibit very different shapes during differentiation (Krause, 1981). This
could also be observed in solifuges. The mitochondria of Solifugae tend to be long
and slender as is the case in Scorpiones (Buthidae), Ricinulei and Pseudoscorpiones
(Zeck-Kapp, 1985; Talarico et al., in press). In other groups such as Scorpiones,
Araneae and Opiliones the mitochondria exhibit bright lipid inclusions which
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indicate an involvement of mitochondria in lipid yolk production (Nath, 1925; Nath
et al., 1959; Reger, 1970; Seitz, 1971). Like in Ricinulei (Talarico et al., in press)
these inclusions could not be observed in Solifugae which apparently indicates,
that lipid yolk is not produced in mitochondria. In arachnids there are two different
modi of yolk production: the endogenous yolk production in young oocytes, where
the yolk is produced by the oocyte itself (Hecker and Aeschlimann, 1970) and the
exogenous one in further developed oocytes, where exogenous yolk components or
precursors are transported into the cell via pinocytotic activity. The latter process is
characterized by numerous coated pits and coated vesicles respectively and seems
to be widely distributed not only within the Arachnida (Zeck-Kapp, 1985), but also
throughout the entire animal kingdom (Roth et al. 1976). According to Weygoldt et
al., 1972 the second phase of yolk production is initiated after mating in Amblypygi.
His ﬁndings are based on a light microscopical study, so it remains questionable,
whether the second process of yolk production is comparable to the exogenous
yolk production, which has ultrastructurally been described as mentioned above.
Also Seitz (1971) reported on the initiation of the second phase of yolk production
after mating in the spider Cupiennius salei. In an inseminated female of G. caspius
subfuscus, coated pits could be observed in further developed oocytes, which
indicates, that the yolk production occurs in this bimodal manner as described for
other arachnids.
Zeck-Kapp (1985) reported on nuclear extrusions in Eusimonia mirabilis.
These extrusions are already reduced in stage II and III – in very young oocytes.
Nuclear extrusions occur in oocytes to different degrees in Araneae, Ricinulei,
Pseudoscorpiones, Opiliones, certain mites and Palpigradi but they apparently
lack in Scorpionidae (Scorpiones) (Ōsaki, 1972; Zeck-Kapp, 1985; Talarico et al.,
in press). Zeck-Kapp (1985) assumed that they are somehow involved in the initial
yolk synthesis, since they consist mainly of RNA, DNA and lipids (Nath, 1968). These
ﬁndings could neither be supported nor refuted by the present study. Since these
extrusions occur only during a very short period during oogenesis it is possible, that
the investigated oocytes of G. caspius subfuscus and Nothopuga sp. were either too
far developed or the extrusions were not evenly distributed around the nuclei.
Apparently widely occurring in the animal kingdom during oogenesis and also in some
arachnid orders such as spiders, harvestmen and mites, a structure called vitelline
body or Balbiani body has been described (e. g., Kessel and Beams, 1980; MothesWagner and Seitz, 1984; Jędrzejowska and Kubrakiewicz, 2007). This structure is in
fact an accumulation of high amounts of different cell organelles and yolk precursors
localized in distinct regions within the oocyte (André and Rouiller, 1957; MothesWagner and Seitz, 1984; Zeck-Kapp, 1985; Jędrzejowska and Kubrakiewicz, 2007).
This structure could not be observed in the solifuges studied here, unless small
accumulations of yolk precursors, lipids, vesicles including lamellate structures and
mitochondria are referred to as the vitelline body. In the previous study of ZeckKapp (1985) on E. mirabilis, this peculiar structure was not demonstrated either.
The layer overlaying the basal lamina most likely secreted by the cells constituting
the funicle in solifuges, probably is a supportive layer to increase the stability of
the oocytes attached to the funicles. This layer is left behind after the oocyte has
been translocated into the ovarian lumen.
The vitelline membrane in the solifuges studied here, seems to be multi-layered
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and much more complex in structure compared to other arachnids. Especially in
G. caspius subfuscus the vitelline membrane seems to contain ﬁbrous structures,
which could not be seen in Nothopuga sp. Fibrous structures occur also in the
vitelline membrane of Xysticus ulmi (Araneae, Thomisidae) (Zeck-Kapp, 1985). In
both species of Solifugae studied here, there is an extremely electron-dense layer
underneath the vitelline membrane, which is penetrated by long microvilli. This
electron-dense layer appears very late during oogenesis and interestingly could not
be seen in E. mirabilis (Zeck-Kapp, 1985). Multi-layered vitelline membranes have
also been reported for e. g., certain Acari (Witalinski, 1993). Zeck-Kapp (1985)
pointed out that E. mirabilis together with some Opiliones (with the exception of
Sironidae) form the vitelline membrane over the microvilli border of the oocytes
rather than between the microvilli as is the case in other arachnids. This ﬁnding is
supported by the present study.
Most arachnid groups share some common morphological developmental features of
oogenesis (Zeck-Kapp, 1985) with group-speciﬁc or even genus-speciﬁc peculiarities.
Also pycnogonids show remarkable similarities to the arachnid oogenesis (e.g.,
Miyazaki and Biliński, 2006). Although the morphology of female reproductive
systems is diverse, there are indications that there is some kind of chelicerate
mode of oogenesis. Also in onychophorans these morphologically distinguishable
processes can be observed (Herzberg et al., 1980; Brockmann et al., 2001; Norman
and Tait, 2008) and seem to be comparable to the chelicerate mode of oogenesis.
The mating behavior of solifuges has systematically only been studied in O. chacoensis
(Ammotrechidae) by Peretti and Willemart (2007). In general, male solifuges transfer
their spermatozoa with their chelicerae into the female´s genital oriﬁce followed
by continuous chewing movements of the male´s chelicerae in the genital opening
(Heymons, 1902; Muma, 1966d; Wharton, 1987). Only in eremobatids direct sperm
transfer from the male genital opening to the females genital opening has been
observed so far (Muma, 1966d; 1967). During the phase of sperm transfer, the
female usually remains quiescent, with the exception of females of O. chacoensis
(Ammotrechidae), which continuously moved or respectively shook their bodies
(Peretti and Willemart, 2007). Unfortunately the mode of sperm transfer and mating
behaviour can not be correlated to the morphology of spermatozoa in solifuges
(Klann et al., 2009). As already observed by Heymons (1902), the coenospermia
are found in the entire female genital system. He further observed that the
coenospermia moved towards the ovary within a few days after mating. The ﬁndings
in Galeodes sp. indicate that there is no speciﬁc storage site for spermatozoa. The
strong muscles surrounding the female genital system in the investigated galeodid
Solifugae indicate a mechanical displacement of the coenospermia, followed by a
damage of the secretion sheath of the coenospermia and a subsequent displacement
of the individual spermatozoa in the oviduct and ovary. Hellriegel and Ward (1998)
pointed out that the sperm displacement depends on the structure of the female
genital system and could therefore play an important role in cryptic female choice.
So far, no accessory glands could be observed in the galeodid female genital systems
as reported for e.g., several spiders (Uhl, 2000; Michalik et al., 2005; Burger et al.,
2006a; Burger et al., 2006b). Secretions within the inseminated female genital
system might include different functions such as nutritive function to keep the
sperm viable, to maintain and to ensure the sperms retention, encapsulation of
sperm to avoid mixing of different males or even active defence against bacteria
and other microbionts (Marchini et al., 1991; Uhl, 1994; Michalik et al., 2005;
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Burger et al., 2006b). Since secretions could also originate from the epithelium
of either the oviducts or ovaries, a possible inﬂuence of secretion on the fate of
the spermatozoa in Solifugae can not categorically be excluded. The inﬂuence of
secretions could explain the morphological alteration of the spermatozoa (e.g.,
increase of cytoplasm) in the female reproductive system. The conspicuously high
numbers of hemocytes in the inseminated female genital system of Solifuge have
already been observed in the past (Birula, 1894; Kaestner, 1933; Roewer, 1934). As
already discussed in chapter 3.10., hemocytes play an important role in immune
answers and can also be active phagocytes. It seems very likely that hemocytes
might also phagocyte spermatozoa in the female genital system (Kaestner, 1933),
because the number of spermatozoa is many times higher than the number of oocytes
to be fertilized. This could be supported by the ﬁndings of the many lysosomes in
the hemocytes in the reproductive system. An apical tubule system in epithelial
cells comparable to this one observed in the female genital system has also been
observed in digestive cells of the midgut (see chapter 3.7.). This might indicate
highly active cells in terms of resorbing certain material e.g., either digestible food
in the midgut or spermatozoa in the genital system. Spermatozoa in the epithelium
of female reproductive tracts have also been reported for spiders and mites (Alberti
et al., 2000; Di Palma and Alberti, 2001; Burger et al., 2006b; Alberti and Krantz,
2007). The presence of spermatozoa within the epithelium of the ovary of solifuges
could either imply that the spermatozoa are transported through the epithelial cell
towards the oocytes for future fertilization or they are phagocyted in order to be
decomposed. However, the oocytes not only in galeodid species but also in all other
solifuges (and other arachnids) are translocated most likely through the funicle into
the lumen of the ovary, where they remain for a short time before they are laid
(Fig. 99A). Since the coenospermia occupy nearly the entire lumen of the female
genital system, they have to be decomposed so that the oocytes can move into the
lumen of the female reproductive tract. After the eggs are laid, only very young
oocytes are visible on the outside of the ovary (Fig. 99B).
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3.12. MALE REPRODUCTIVE SYSTEM
3.12.1. Results
Flagella. One of the typical morphological characteristics of solifuges is a cuticular
structure located on the chelicerae of adult males, the so-called ﬂagellum. The
shape of this peculiar structure can be very diverse. The ﬂagella of Nothopuga
sp. and Oltacola chacoensis are membranous, anteriorly roundish and posteriorly
equipped with a margin of tiny ﬁmbriae. The ﬂagella are not rotatable (Fig. 100).
The ﬂagella of the daesiid species studied here are very variable in shape. All in
common is the ability of the ﬂagellum to rotate to a certain degree. The ﬂagella
in the investigated daesiid species were translucent and membranous. (Fig. 101).
In contrast to all other families, males of the family Eremobatidae do not posses a
typical ﬂagellum. It is replaced by numerous anteriorly pointing, individual setae
(Fig. 102). The ﬂagella of the galeodid species studied here are also not rotatable.
They are ﬁxed in a sort of socket. All of the species possess a ﬂagellum which
is glume-like in shape. The margins are provided with tiny ﬁmbriae (Fig. 103).
In the family Solpugidae, the ﬂagella are formed predominantly as a long bristle
bending backwards and pointing proximally towards the prosoma. The ﬂagellum
often originates in a sort of bladder (Fig. 104).

Fig: 100. Flagella of adult males of the family Ammotrechidae. A: Nothopuga sp.. Scale bar: 0.5mm. B:
Oltacola chacoensis. Scale bar: 0.5mm.

General anatomy and histology of the genital system. The genital opening is
located on the ventral side of the second opisthosomal segment. It is formed by
a longitudinal slit protected by two genital plates (Fig. 105A). The anatomy of
the male genital system of solifuges is rather simple. It consists of a common
genital chamber to which accessory glands can be attached (accessory glands are
apparently not present in all species). Apart from glands, other “appendages” can
also be present (Figs. 105B,D) Further on, there are two large vasa deferentia on
each side. Each vas deferens splits into two smaller branches each resulting in
extremely long, thin testes which are only partly shown in Fig. 105B. In Solpugista
bicolor as well as in other solpugid species, the vasa deferentia can be extremely
bent pointing anteriorly with their posterior parts (Fig. 105E). Immediately after
being removed from the male, the fresh genital system is translucent-yellow in
color (Fig. 106A, B).
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Fig. 101. Flagella of adult males of the family Daesiidae:. A: Biton ehrenbergi. Scale bar: 0.5mm. B: Biton
striatus. Scale bar: 0.5mm. C: Biton tigrinus. Scale bar: 0.5mm. D: Blossia longipalpis. Scale bar: 300μm.
E: Blossia purpurea. Scale bar: 0.5mm. F: Gluvia dorsalis. Scale: 0.5mm.

In light microscopic pictures, it is clearly visible that the entire genital chamber
of Nothopuga sp. and Gluvia dorsalis is ﬁlled with secretions (Figs. 107A, 108A).
The genital chambers of all investigated species is surrounded by strong muscles
(Figs. 107A,B, 108A, B, 110B). In Nothopuga sp., G. dorsalis and Eremobates sp.
it seems that the genital chamber is provided with small, accessory glands on
the dorsal and anterior side of the genital chamber (Figs. 105C, 106A, B, 107A,
B,). Although, the genital chambers of Galeodes caspius subfuscus and Galeodes
turkestanus bear roundish structures (Figs. 106A, B), the histology of these putative
glands (shown for Paragaleodes pallidus) differ from the histology of the possible
glands in Nothopuga sp. and G. dorsalis. In Nothopuga sp. and G. dorsalis the cells
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Fig. 102: Flagella of adult males of the family
Eremobatidae. A: Eremobates pallipes. Scale
bar: 0.5mm. B: Eremobates durangonus. Scale
bar: 0.5mm. C: Eremochelis bilobatus. Scale bar:
0.5mm. D: Emerocosta titania. Scale bar: 0.5mm.
E: Hemerotrecha branchi. Scale bar: 0.5mm.

constituting the epithelia of the glands, are high prismatic with basally located
nuclei (Figs. 107B, 108B), whereas in Paragaleodes the cells are much smaller and
the glands appear to form an entire network of tubular structures (Fig. 109A). The
lumen of this network is either ﬁlled with secretions or the epithelium is overlain
by a cuticle. Unfortunately a clear designation is not yet possible. The epithelium
of the lateral appendages and the central part of the genital chamber of Nothopuga
differs strikingly. The epithelium of the central part is highly folded. The cells are
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Fig. 103: Flagella of adult males of the family
Galeodidae. A: Galeodes caspius fuscus. Scale bar:
0.5mm. B: Galeodes caspius subfuscus. Scale bar:
0.5mm. C: Galeodes fumigates. Scale bar: 0.5mm.
D: Galeodes turkestanus. Scale bar: 0.5mm. E:
Paragaleodes pallidus. Scale bar: 0.5mm.

clubbed and contain very translucent cytoplasm. Their nuclei are oval and rather
small (Fig. 107C). The lateral “appendages” are provided with a rather regular
epithelium that is slightly folded and characterized by prismatic cells (Fig. 107D).
The vasa deferentia are located laterally in the opisthosoma and the testes of all
species are located between the midgut diverticula (Figs. 107E, G, 108A, D, 109B,
C). The spermatozoa are embedded within secretions in the vasa deferentia (Figs.
107F, 108C, 109B).
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Fig. 104: Flagella of adult males of the family
Solpugidae. A: Solpugella asiatica. Scale bar: 0.5mm.
B: Solpugista bicolor. Scale bar: 0.5mm. C: Zeria
venator. Scale bar: 0.5mm.

Ultrastructure of the male genital system.
Genital chamber
The ultrastructure of the genital chamber was studied in Eremobates sp.. Several
glandular pouches extend from the genital chamber and constitute the accessory
glands. The glands are provided with an epithelium characterized by many rough
endoplasmic reticulum cisternae, which are often inﬂated (Figs. 110A, B). Secretory
vesicles are only rarely observable. Apically, the cells bear microvilli (Fig. 110B).
The epithelium is underlain by thin muscle cells.
In certain regions in the genital chamber the epithelium forms many folds extending
into the lumen (Fig. 110C). A thick muscle layer, which is innervated, is located
under the epithelium Fig. 110C).The epithelium of the genital chamber consists
of a monolayer of cells which are characterized by basal membrane infoldings
associated with mitochondria, thus forming a typical basal labyrinth (Fig. 110D).
Apically, the epithelium is provided with small microvilli over which a thin cuticle
is located (Fig. 110E). The cells sometimes contain extensive areas ﬁlled with
glycogen (Fig. 110F).
Vas deferens
The epithelium of the vas deferens of all investigated species is underlain by a
relatively thick outer cross-striated muscle layer interlaced with small tracheae
(Figs. 111A, C). The epithelial cells are connected to the basal lamina via
hemidesmosomes. The nuclei of the cells of the epithelium, containing considerable
amounts of rough endoplasmic reticulum, are irregularly shaped (Fig. 111C). The

170

3. Results and discussions - Male reproductive system

Fig. 105. Male genital system of different species of Solifugae. A: Scanning electron micrograph of the genital
opening of an adult male of Nothopuga sp. (Ammotrechidae). Scale bar: 300μm. B: Schematic drawing of the
male genital system of Oltacola chacoensis (Ammotrechidae). C: Scanning electron micrograph of the left
side of the genital system of Eremobates sp. White asterisk indicates accessory gland. Scale bar: 300μm. D:
Schematic drawing of the genital system of Gluvia dorsalis (Daesiidae). E: Schematic drawing of the genital
system of Solpugista bicolor (Solpugidae).
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Fig. 106. Male genital systems of two different galeodid species (Galaeodidae). A: Galeodes caspius
subfuscus. B: Galeodes turkestanus.

wide lumen is ﬁlled with different kinds of secretions forming distinct globules (Fig.
111C) and mature sperm cells. The muscle layer is innervated as indicated by the
number of nerve ﬁbres observed between the cells (Fig. 111B).
Testis
The long, thin tubular testes are generally surrounded by small muscle cells and
tracheae (Fig. 112A). The basal lamina appears to be layered (Fig. 112A). The
somatic epithelium is composed of a larger glandular and a comparatively small
part in which the germinal cells are embedded (so called germinal part). Cells of the
glandular part are characterized by many cisternae of rough endoplasmic reticulum
and Golgi bodies (Fig. 112F), often located close to the nucleus. Their nuclei are
more or less rounded or slightly oval in shape (Fig. 112B). Branching somatic cells
forming a meshwork constitute the germinal part in which groups of sperm cells
are embedded (Figs. 112A, C, D). In contrast to the cells of the glandular part, the
somatic cells of the germinal part are irregularly shaped and contain only a few
cell organelles. Apically, in both somatic cell types there is a border of microvilli.
Interestingly und very unusual, in some species large groups of centrioles could
be observed in cells constituting the glandular part (Figs. 112E, G). In most of the
adult males studied here, no spermatogenesis could be observed. Towards the vasa
deferentia and shortly before the testes open into the vas deferens, the epithelium
ﬂattens and no spermatozoa can be observed in the tissue.
In the investigated galeodids, the testes are similar in the morphological organization
to the other solifuges. The epithelium of the testes can also be distinguished in a
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Fig. 107. Light microscopy of the male genital system of Nothopuga sp. (Ammotrechidae). A: Transverse
section through the genital chamber with its lateral pouches and the vasa deferentia merging into the
genital chamber. Scale bar: 100μm. B: Higher magniﬁcation of the glands. Scale bar: 30μm. C: Epithelium of
the dorsal wall of the genital chamber. Scale bar: 30μm. D: Lateral appendage of the genital chamber ﬁlled
with secretions. Scale bar: 30μm. E: Transverse section through the opisthosoma of Nothopuga sp. Clearly
visible are the large vasa deferentia on both sides. The testes are located between the midgut diverticula.
Scale bar: 200μm. F: Spermatozoa embedded in secretions within the vas deferens. Scale bar: 20μm. G:
Testes between midgut diverticula. Scale bar: 50μm. Abbreviations: Ep: epithelium, Gl: gland, LP: lateral
pouch, Lu: lumen, Mu: muscle, MgT: midgut tube, Sp: sperm, Te: testis, VD: vas deferens

173

3. Results and discussions - Male reproductive system

Fig. 108. Light micrographs of the male genital system of Gluvia dorsalis (Daesiidae). A: Longitudinal
sections through the genital chamber with the lateral appendage ﬁlled with secretions and the accessory
glands. Scale bar: 50μm. B: Higher magniﬁcation of the accessory glands surrounded by muscles. Scale
bar: 30μm. C: Spermatozoa embedded in secretions in the lumen of the vas deferens. Scale bar: 30μm. D:
Sections through the testis with numerous spermatozoa. Scale bar: 30μm. Abbreviations: Ep: epithelium,
Gl: gland, LP: lateral pouch, Mg: midgut, Mu: muscle, Sec: secretion, Sp: sperm cell, Tr: trachea, VD: vas
deferens

germinal and a glandular part (Fig. 113A). However, in contrast to other species
investigated in this study, no spermatozoa could be observed in the germinal part
of the epithelium of the testes. Conspicuous secretions can be seen in the epithelial
cells of the testes (Figs. 113B, C). The cells of the glandular part secrete electrondense substances of unknown composition (Fig. 113D).

Spermatozoa.
Spermiogenesis
In Biton ehrenbergi, putative spermatids have been observed for the ﬁrst time. The
cells are roundish and are sometimes connected to each other via cell bridges (Figs.
114A, B). The chromatin is still not densely condensed (Figs. 114A-F). The nuclei
still possess nuclear membranes. Acrosomal complexes are only rarely visible. The
acrosomal vacuole is very small and located on top of the nucleus (Figs. 114B,
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Fig. 109. Light micrographs of the male genital system of Paragaleodes pallidus (Galeodidae). A: Horizontal
section through the genital chamber. Clearly visible is the cuticle overlaying certain epithelial areas. The
lumen of the putative glands seem to be ﬁlled with secretion. Scale bar: 50μm. B: Coenosperms in the lumen
of the vas deferens. Also visible are numerous midgut diverticles. Scale bar: 50μm. C: Testis between the
midgut diverticula. Scale bar: 50 μm. Abbreviations: Cu: cuticle, Lu: lumen, Mg: midgut, Sp: sperm, Te:
testis

C). The acrosomal ﬁlament penetrates the nucleus (Fig. 114C). The chromatin
condenses under the acrosomal vacuole, thus forming the chromatin body (Fig.
114C). Centrioles also occur in the cells (Figs. 114B, D, E). The vast majority of the
spermatids seems to be of the more or less same developmental stage. In a few
cells, conspicuous small droplets of secretions and a more condensed chromatin
body with a slightly decomposed nuclear membrane can be observed (Figs. 114F,
115A, B). Further on, circular membranes are present in the cells (Fig. 115A). The
nucleus appears more electron-dense in slightly further developed spermatids (Fig.
115B).
Mature spermatozoa
Spermatozoa of the studied solifuges are usually roundish or oval in shape sometimes
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Fig. 110. Genital chamber of Eremobates sp. (Eremobatidae) (modiﬁed after Klann et al., 2005). A:
Periphery of an accessory gland (composed picture). Scale bar: 3 μm. B: Cell apices of an accessory gland.
Scale bar: 2 μm. C: Epithelium overlain by a thin cuticle (composed picture). Scale bar: 5 μm. D: Basal
labyrinth characterized by membrane infoldings associated with mitochondria. Scale bar: 3 μm. E: Cell
apices of the epithelium with border of small microvilli. Scale bar: 2 μm. F: Glycogen granules. Scale bar: 2
μm. Abbreviations: Cu: cuticle, Ecu: epicuticle, Gly: glycogen granules, Lu: lumen, M: mitochondrion, Mu:
muscle, Mv: microvilli, N: nucleus, Pcu: procuticle, RER: rough endoplasmic reticulum.

also plate-shape (except for spermatozoa of Galeodidae, which are extremely
elongated) and consist of the chromatin body (no nuclear envelope, which is
characteristic of a nucleus, could be observed) and an acrosomal complex with its
acrosomal vacuole, subacrosomal material and acrosomal ﬁlament. They are all
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Fig. 111. Transmission electron micrographs of the epithelium of the vas deferens. A: Solpugista bicolour
(Solpugidae). The epithelium of the vas deferens is rather ﬂat and underlain by a relatively thick muscle
layer. Scale bar: 5μm. B: Nerve ﬁbres between the muscle cells also occur. Scale bar: 2μm. C: Eusimonia sp
(Karschiidae). The epithelial cells are strongly interdigitating, provided with microvilli and rough endoplasmic
reticulum. The nucleus appears translucent and thus active. The epithelium is rather ﬂat and underlain by
thick muscle layers. Scale bar: 1μm. Abbreviations: Ep: epithelium, Lu: lumen, Mu: muscle, N: nucleus, Nv:
nerve, Sec: secretion

aﬂagellate. This is also true for the sperm of Galeodidae, which were interpreted
erroneously by Kaestner (1933) as being ﬂagellate, probably due to their elongated
shape. Since no complete spermiogenesis could be observed, the following possible
characters of solifugid spermatozoa based on mature spermatozoa are summarized
in Table 8: (1) aggregation in testis, (2) aggregation in vas deferens, (3) shape of
sperm cell, (4) shape of chromatin body, (5) location of acrosomal complex, (6) shape
of acrosomal complex and (7) presence or absence of glycogen granules. Differences
in the ultrastructure are most obvious between representatives of different families
and between certain species of the same family in the case of Daesiidae. For this
reason the spermatozoa of some species are not described separately in detail.
Except for the Biton ehrenbergi males, no details of spermiogenesis could be
observed in none of the studied species here.

3.12.1.1. Ammotrechidae
In O. chacoensis and Nothopuga sp. the sperm cells are organized in groups within the
epithelium of the testis. The sperm cells possess ﬁnger-like curving protuberances
of the membranes which interdigitate, thus forming more or less large groups (Figs.
116A, D). It seems that these groups of spermatozoa are larger in Nothopuga sp.
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Fig. 112. Transmission electron micrographs of the testis of different species of Solifugae. A: Solpugista
bicolour (Solpugidae). The germinal layer consists of germ cells and somatic cells. The basal lamina is
layered. The testis is further surrounded by tracheae and muscles. Scale bar: 5μm. B: Eremobates aztecus
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than in O. chacoensis. In O. chacoensis there are only individual sperm cells in the
lumen of the vas deferens exhibiting a more ﬂower-like shape (Fig. 116C) whereas
spermatozoa of Nothopuga sp. remain in groups in the lumen of the vas deferens
(single sperm cells could only rarely be observed) (Fig. 116F). In both species the
chromatin body is somewhat irregularly roundish to oval shaped slightly extending
into the ﬁnger-like membrane processes. In O. chacoensis the chromatin body is
around 2-3 μm in diameter and in Nothopuga sp. approximately 2 μm. In both
species glycogen could clearly be observed (Figs. 116A, D, 124A). The acrosomal
complex is very similar in both species. It consists of a conical shaped acrosomal
vacuole (which is a little bit more tapering in O. chacoensis than in Nothopuga sp.)
with the subacrosomal material projecting into it (Figs. 116B, E). The acrosomal
ﬁlament arising from the subacrosomal material not only penetrates the chromatin
body but it also coils around it. In both species the acrosomal complex is located
more towards the chromatin body periphery.

3.12.1.2. Daesiidae
In the investigated species of the genera Biton and Blossia, the spermatozoa occur
in groups within the epithelium of the testis (Figs. 117A, D, 118A, D). In contrast
to the investigated species of the genus Blossia, the spermatozoa of Biton occur
individually in the lumen of the testis and vas deferens (Figs. 117C, E). In Biton
it seems that the spermatozoa with their curving membrane protuberances are
embedded within a secretion in the epithelium of the testis (Figs. 117A, D). The
spermatozoa of Blossia also exhibit a meshwork of curving membranes, which seem
to be surrounded by a thin secretion sheath (Figs. 118A, C, D, F, 124C, D). This
secretion sheath exhibits a slight texture in Blossia purpurea. The shape of the
chromatin body in all species of this family investigated in this study is irregular
with short, stout ﬁnger-like protuberances, which are of different lengths in the
different species. In Biton striatus the diameter of the chromatin body ranges
from 2-4 μm whereas in Biton tigrinus the diameter is less than 2 μm. The average
diameter of the chromatin bodies of sperm cells of Blossia longipalpis and Blossia
purpurea are around 2 μm. In Blossia longipalpis the chromatin bodies exhibit small
areas with glycogen (Figs. 118A, C, 124C). In Biton striatus and Blossia pupurea
glycogen could often be observed in groups closely located to the chromatin body
(Figs. 124B, D). The acrosomal complex is very similar in the studied daesiid species
of the genus Biton and Blossia, namely ﬂat conical shaped (Figs. 117B, E, 118B, E)
and located towards the periphery of the chromatin body, except for Biton tigrinus,
where the acrosomal complex is located within the chromatin body (Fig. 117B).
The spermatozoa of Gluvia dorsalis differ from the spermatozoa of Biton and
Blossia described above. First of all, they are much larger compared (approximately
(Eremobatidae). Cell of the glandular part of the testis. The nucleus is roundish and the entire cell contains
very high amounts of rough endoplasmic reticulum. The basal lamina is layered. Scale bar: 2μm. C: Biton
striatus (Daesiidae). Group of spermatozoa embedded in cells of the germinal part of the testis. Cells of
the glandular part are also visible (upper left). Scale bar: 5μm. D: Eremobates aztecus (Eremobatidae).
Spermatozoa in the germinal part of the testis next to cells of the glandular part. Scale bar: 4μm. E:
Oltacola chacoensis (Ammotrechidae). Group of centrioles in the apical part of a cell of the glandular part.
Scale bar: 1μm. F: Oltacola chacoensis (Ammotrechidae). Highly active Golgi body in a cell of the glandular
part. Scale bar: 1μm. G: Biton striatus (Daesiidae). Group of centrioles in the apical part of secretory cells.
Scale bar: 500nm. Abbreviations: BL: basal lamina, C: centriole, GB: Golgi body, Mt: mitochondrium, Mu:
muscle, N: nucleus, RER: rough endoplasmic reticulum, Sp: sperm cell, Tr: trachea
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Fig. 113. Transmission electron micrographs of the epithelium of testis of two galeodid species (Galeodidae).
A: Galeodes caspius fuscus. Overview of the epithelium of testis. The germinal part having lost all germ cells
and the glandular part can clearly be distinguished. Scale bar: 10μm. B: Higher magniﬁcation of conspicuous
secretion-like inclusions in the germinal part of the testis. Scale bar: 2μm. C: Galeodes caspius subfuscus.
Secretion-like inclusions in the germinal part. Scale bar: 1μm. D: Galeodes caspius fuscus. Secretions in the
cells of the glandular part and in the lumen of the testis. Scale bar: 2μm. Abbreviations: BL: basal lamina,
GC: glandular cells, Lu: lumen, N: nucleus, Mu: muscle, Sec: secretion

180

3. Results and discussions - Male reproductive system
10μm in diameter) to spermatozoa of most other families of Solifugae (except for
Galeodidae). The spermatozoa are provided with small membrane protuberances,
which do not extend around the entire cell body (Figs. 119A-C) and large glycogen
reservoirs (Figs. 119A, 125A, B). The chromatin body is rather diffuse and extend
irregularly into the cytoplasm. The chromatin body clearly does not possess a nuclear
membrane (Fig. 119B). Within the cells, multi-lamellar bodies can be observed,
primarly located close to the chromatin body (Figs. 119B, D, F). The acrosomal
vacuole is wave-like with upwards bent margins (Figs. 119C, D). Due to the relatively
large size of the sperm cells, the exact course of the acrosomal ﬁlament in the cell is
comparatively difﬁcult to follow. But it seems to curve through the cell (Fig. 119C).
In contrast to all other spermatozoa of solifuges investigated so far, microtubules in
the cytoplasm of the spermatozoa could be observed. These structures sometimes
group around the large glycogen reservior (Figs. 119E, F, 125A, B).

3.12.1.3. Eremobatidae
Spermatozoa of Eremobates aztecus and of the male of Eremobates sp. are extremely
similar with almost no signiﬁcant differences. In both species the spermatozoa are
distributed as more or less individual cells in the epithelium of the testis (or the
sperm cells cling together in small, irregular groups) and in the vas deferens as
well (Figs. 120A, B, D, E). Their shape is oval and they exhibit only a ﬂat membrane
extension which folds onto the cell body (Figs. 120B, E). The chromatin body is
also oval shaped and penetrated by the acrosomal ﬁlament originating from the
subacrosomal material underneath the ﬂat, discoidal acrosomal vacuole, which is
in both species located on the chromatin body (Figs. 120C, E). After leaving the
chromatin body, the acrosomal ﬁlament coils approximately 1,5 times around it
(Figs. 120B, E).The spermatozoa of both species contain glycogen (Figs. 120B, E,
124E). The diameter of the chromatin body of E. aztecus is approximately 2 μm
and in the representative of the Eremobates sp. ranges between 1,6 and 2,4 μm.
In E. aztecus multilamellar bodies could be observed within the spermatozoa (Figs.
120B, 124E).

3.12.1.4. Galeodidae
In contrast to all the other investigated families in this study, the spermatozoa of
the genera Galeodes and Paragaleodes (Galeodidae) are encapsulated with a thick
secretion sheath within the vas deferens forming oval aggregates (Figs. 121A, B).
Numerous single, extremely elongated spermatozoa cluster and form oval shaped
sub-groups. These sub-groups aggregate and are surrounded by a secretion sheath
forming a highly complex coenospermium (Fig. 121C). Interestingly, in all of the
galeodid species studied here, no spermatozoa could be observed in the testis.
The spermatozoa of G. caspius subfuscus and P. pallidus are only approximately
500 nm in diameter and the chromatin body around 250 nm (Figs. 121D, E). The
chromatin body in the investigated galeodid species is oval in cross section but it
slightly tapers towards the middle and toward its ends, thus exhibiting a spindlelike shape. The chromatin itself is ﬁbril-like structured. The acrosomal complex
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Fig. 114. Spermatids of Biton ehrenbergi (Daesiidae). A: Spermatids (numbered with roman numerals)
connected via a cell bridge to each other. Scale bar: 1μm. B: Two spermatids connected with a cell bridge.
Inside a spermatid a centriole is visible. Scale bar: 1μm. C: the developing acrosomal complex is visible.
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Fig. 115. Spermatids of Biton ehrenbergi (Daesiidae). A: Spermatid with more condensed nucleus. Scale
bar: 1μm. B: Group of spermatids. Scale bar: 1μm. Abbreviations: Ep: epithelium, N: nucleus

is situated on top of the long side of the chromatin body. The elongated cap-like
acrosomal vacuole appears to be located on the chromatin body and the acrosomal
ﬁlament penetrates the chromatin body. On the other side of the chromatin body
the acrosomal ﬁlament runs proximally parallel to it in a furrow and further distally
free (Figs. 121D, E, F).

3.12.1.5. Karschiidae
In the genus Eusimonia the spermatozoa are highly ordered in groups, in a more
sophisticated way than in other investigated families. Different numbers of mature
spermatozoa form stacks which can be observed in the epithelium of the testis and
in the lumen of the vas deferens (Figs. 122A, B). These groups are not surrounded
by secretion sheaths. The sperm cells themselves are plate-shaped. The chromatin
body is around 3 μm in diameter and approximately 80 nm high. Within these stacks
of spermatozoa the acrosomal complexes of two adjacent sperm cells are always
orientated towards each other. The discoidal acrosomal vacuole is sunken into the
chromatin body which is penetrated by the acrosomal ﬁlament coiling more or less
twice under the chromatin body in a deﬁned area, so that in transverse sections the
acrosomal ﬁlaments appear next to each other (Figs. 122B, C).

3.12.1.6. Solpugidae
Spermatozoa of this family are relatively simple and generally do not form any type
of ordered group. Sometimes they still cling together within the epithelium of the
The acrosomal ﬁlament penetrates the nucleus. Scale bar: 1μm. D: Spermatid with centriole and Golgi
body. Scale bar: 1μm. E: Higher magniﬁcation of the centriole. Scale bar: 1μm. F: Putative spermatid with
secretions. Scale bar: 1μm. Abbreviations: AC: acrosomal complex, AF: acrosomal ﬁlament, AV: acrosomal
vacuole, C: centriole, CeB: cell bridge, GB: Golgi body, N: nucleus,
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Fig. 116. Spermatozoa of two species of Ammotrechidae (modiﬁed after Klann et al., 2009). A: Spermatozoa
of Oltacola chacoensis embedded in the germinal part of tge epithelium and in the lumen of the testis.
Within the epithelium they stay in groups by interdigitating membrane protuberances. TEM. Scale bar:
5 μm. B: Conical acrosomal complex with the acrosomal vacuole and the acrosomal ﬁlament originating
from the subacrosomal material. TEM. Scale bar: 500 nm. C: Individual sperm cells with short ﬁnger-like
membrane protuberances in the lumen of the vas deferens. TEM. Scale bar: 5 μm. D: Group of spermatozoa
of Nothopuga sp. within the epithelium. Also these sperm cells are connected via membrane protuberances
to each other. TEM. Scale bar: 5 μm. E: The acrosomal complex is ﬂat conical and its ﬁlament penetrates the
chromatin body. TEM. Scale bar: 250 nm. F: In contrast to the spermatozoa of O. chacoensis the spermatozoa
of Nothopuga sp. remain in groups in the lumen of the vas deferens. Very conspicuous are different kinds
of secretions. TEM. Scale bar: 10 μm. Abbreviations: AC: acrosomal complex, AF: acrosomal ﬁlament, AV:
acrosomal vacuole, C: centriole, CB: chromatin body, Ep: epithelium, Gly: glycogen, Lu: lumen, N: nucleus,
Nu: nucleolus, Pt: protuberances, SaM: subacrosomal material, Sec: secretion, Sp: spermatozoa

testis (Figs. 123A, C, E). Mature sperm cells are roundish with several ﬁnger-like
processes of the cell membrane either on one or two sides and possess glycogen
(Figs. 123B, D, E, 124F). In Solpugista bicolor the chromatin body is approximately
1,5–2 μm in diameter, in Zeria venator about 2 μm and in Solpugella asiatica around
1,5 μm. Interestingly, the conical shaped acrosomal complex has no deﬁned position
in the cells in none of the investigated solpugid species. It is rather situated within
the chromatin body, which exhibits a ﬁbril-like structure. The acrosomal vacuole
is relatively small and conical. The acrosomal ﬁlament runs through the chromatin
body and coils around it (Figs. 123B, D, F).
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Fig. 117. Sperm cells of representatives of the genus Biton (Daesiidae) (modiﬁed after Klann et al., 2009).
A: Group of mature spermatozoa of B. tigrinus. The individual cells possess slightly irregularly shaped
chromatin bodies and ﬁnger-like protuberances. These sperms seem to be embedded in a secretion. TEM.
Scale bar: 5 μm. B: The ﬂat conical acrosomal complex is located within the chromatin body directed towards
its periphery. TEM. Scale bar: 500 nm. C: In the lumen of the testis the spermatozoa do not form groups
any longer. TEM. Scale bar: 3 μm. D: The sperm cells of B. striatus resemble the sperm cells of B. tigrinus
but exhibit a much more irregular shape. TEM. Scale bar: 5 μm. E: In the lumen of the vas deferens the
spermatozoa occur individually. The small acrosomal complex is located within the chromatin body directed
towards its periphery. Very obvious are the small glycogen granules grouped around the chromatin body.
TEM. Scale bar: 2 μm. Abbreviations: AF: acrosomal ﬁlament, AV: acrosomal vacuole, CB: chromatin body,
Ep: epithelium, Gly: glycogen, Lu: lumen, Mv: microvilli, N: nucleus, Pt: protuberances, Sec: secretion, Sp:
spermatozoa

3.12.2. Discussion
It is remarkable that the ﬂagellum only occurs on the chelicerae of adult males
and this leads to enormous speculation on the function. Lamoral (1975) published
a work on the structure and possible function of this peculiarity. He suggested it
might be involved in reception of mechanical stimuli (which he excluded at the same
time, since he could not detect any kind of nervous innervation) or this structure
putatively functions as a temporary storage and emitter for an exocrine secretion,
which could be involved in the display of territoriality among males during the
mating phase. Kaestner (1933) hypothesized that the ﬂagellum might at least in
part participate in the transference of the sperm during mating. Also Peretti and
Willemart (2007) observed that males of O. chacoensis take up the sperm with the
tarsi of the forelegs and place it between the ﬂagella. In contrast to them, Millot
and Vachon (1949) claimed that the ﬂagellum does not play an important role
during courtship behavior respectively mating.
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Fig. 118. Spermatozoa of two species of the genus Blossia (Daesiidae) (modiﬁed after Klann et al., 2009).
A: The spermatozoa of B. longipalpis exhibit roundish to oval chromatin bodies and rather long ﬁnger-like
membrane protuberances forming a meshwork. Already in the germinal part of the epithelium of the testis
the groups are surrounded by a distinct secretion sheath. In the periphery of the chromatin body of each
sperm cell glycogen granules can be seen. TEM. Scale bar: 4 μm. B: The acrosomal complex is rather small,
conical and located towards the periphery of the chromatin body. Its ﬁlament penetrates the chromatin
body. TEM. Scale bar: 400 nm. C: In the lumen of the vas deferens the spermatozoa remain in groups. TEM.
Scale bar: 4 μm. D: The chromatin bodies of the spermatozoa of B. purpurea are roundish and irregularly
shaped. The groups of sperm cells are also surrounded by a secretion sheath. TEM. Scale bar: 4 μm. E: The
acrosomal vacuole is relatively ﬂat conical shaped and located towards the periphery of the chromatin body.
Glycogen granules are clearly visible. TEM. Scale bar: 500 nm. F: Groups of mature spermatozoa within the
lumen of the vas deferens. TEM. Scale bar: 4 μm. Abbreviations: AF: acrosomal ﬁlament, AV: acrosomal
vacuole, C: centriole, CB: chromatin body, Ep: epithelium, Gly: glycogen, Lu: lumen, Mv: microvilli, Pt:
protuberances, Sec: secretion, SSh: secretion sheath

Sørensen (1914) and later Kaestner (1933) stated that the ﬂagellum, due to its
variable shape, which apparently is highly genera- and species-speciﬁc, is an
excellent character for systematics. And indeed, the ﬂagella are always one of the
most important characters in determination keys and species description (see e.g.,
Kraepelin, 1901; Roewer, 1934; Simonetta and Delle Cave, 1968; Wharton, 1981).
Although there are no ontogenetic studies on the development of the ﬂagellum, it
is believed that the ﬂagellum phylogenetically originates from a bristle (Kaestner,
1933; Roewer, 1934).
The male genital systems of solifuges possess a groundpattern concerning the
anatomy of the male genital systems, which does not exhibit much variation: the
genital system consists of 4 very long, tubular testes. Two of them merge into a

186

3. Results and discussions - Male reproductive system

Fig. 119. Sperm cells of Gluvia dorsalis (Daesiidae). A: Spermatozoa within the germinal part of the
epithelium of the testis. Scale bar: 10μm. B: Sperm cell in the lumen of the vas deferens. Scale bar: 5μm.
C: Acrosomal complex. Scale bar: 2μm. D: Acrosomal vacuole with a multi-lamellar body in vicinity. Scale
bar: 2μm. E: Sperm cell in the lumen of the vas deferens. Inside the cell large amounts of microtubules are
visible. Scale bar: 5μm. F: Microtubules grouped around the glycogen reservoir (indicated by black arrow).
Scale bar: 5μm. Abbreviations: AF: acrosomal ﬁlament, AV: acrosomal vacuole, CB: chromatin body, Ep:
epithelium, Gly: glycogen, Lu: lumen, Mit: microtubules, MlB: multilamellar bodies, Pt: protuberances
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Fig. 120. Sperm cells of the genus Eremobates (Eremobatidae) (modiﬁed after Klann et al., 2009).
A: Spermatozoa of E. aztecus within the epithelium of the testis. The spermatozoa are only randomly
aggregated. They are oval in shape. TEM. Scale bar: 10 μm. B: The sperm cell exhibits a single ﬂat membrane
process folded onto the cell. Inside the cell, multilamellar bodies can be observed. TEM. Scale bar: 1 μm.
C: The ﬂat, discoidal acrosomal vacuole is located on top of the chromatin body. TEM. Scale bar: 250
nm. D: The spermatozoa of the male Eremobates sp. are also loosely aggregated. The oval cells possess
membrane processes differently folded onto the cell body. TEM. Scale bar: 4 μm. E: In the lumen of the vas
deferens, the spermatozoa do not aggregate. The ﬂat, discoidal acrosomal vacuole is located on top of the
chromatin body. The acrosomal ﬁlament penetrates the chromatin body and coils several times around it.
TEM. Scale bar: 2 μm. Abbreviations: AF: acrosomal ﬁlament, AV: acrosomal vacuole, CB: chromatin body,
Ep: epithelium, Gly: glycogen, Lu: lumen, MlB: multilamellar body, MP: membrane process, N: nucleus, Sp:
spermatozoa

common vas deferens each which in turn passes into the common genital chamber.
Paired genital organs are very common among arachnids, but there are also unpaired
genital organs Alberti and Michalik (2004). A remarkable variation of the anatomy
of genital systems occurs in spiders. Spiders in most cases possess a paired genital
Fig. 121. Spermatozoa of different species of Galeodidae modiﬁed after Klann et al., 2009). A: Scanning
electron micrograph of the vas deferens of Galeodes turkestanus. The oval sperm aggregates clearly stick
out of the lumen. Scale bar: 300 μm. B: Scanning electron micrograph of a single coenospermium of Galeodes
caspius subfuscus. The surface is smooth without any texture. Scale bar: 300 μm. C: Transverse section
through a coenospermium. The spermatozoa form groups, which in turn are surrounded by a relatively thick
secretion sheath. Within this secretion sheath the sperm cells are orientated longitudinally. TEM. Scale bar:
8 μm. D: Transverse sections through mature spermatozoa of G. caspius subfuscus inside the lumen of an
ovary. The acrosomal vacuole is slightly elongated, running parallel to the chromatin body. The acrosomal
ﬁlament penetrates the chromatin body and runs proximally parallel in a furrow of the chromatin body. TEM.
Scale bar: 1 μm. E: Transverse sections through the spermatozoa of Paragaleodes pallidus. The acrosomal
vacuole is located on top of the chromatin body. The acrosomal ﬁlament penetrating the chromatin body
runs proximally in a furrow very similar to the spermatozoa of G. caspius subfuscus. TEM. Scale bar: 500 nm.
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F: The acrosomal complex appears mushroom shaped. The chromatin is slightly structured. TEM. Scale bar:
200 nm. Abbreviations: AF: acrosomal ﬁlament, AV: acrosomal vacuole, CB: chromatin body, SSh: secretion
sheath, SpA: sperm aggregates, Tr: trachea, VD: vas deferens
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Fig. 122. Sperm cells of a new species of Eusimonia (Karschiidae) (modiﬁed after Klann et al., 2009). A:
Stacks of plate-shaped spermatozoa in the epithelium and the lumen of the testis of Eusimonia sp. nov. TEM.
Scale bar: 5 μm. B: Group of spermatozoa in the lumen of the vas deferens. Acrosomal complexes of two
spermatozoa are always orientated towards each other. TEM. Scale bar: 2 μm. C: The discoidal acrosomal
complex is sunken in the chromatin body. The acrosomal ﬁlament penetrates the thin plate-shaped chromatin
body and coils under it. TEM. Scale bar: 500 nm. Abbreviations: AF: acrosomal ﬁlament, AV: acrosomal
vacuole, CB: chromatin body, Ep: epithelium, Lu: lumen, N: nucleus, Nu: nucleolus, Sp: spermatozoa

system, but certain species of the families Liphistiidae, Theraphosidae, Dysderidae
and Scytodidae possess fused testes (Michalik, in press). The genital chambers of
Solifugae obviously vary anatomically and morphologically. Since no spermatozoa
could be observed in the genital chambers, it seems that mainly the vasa deferentia
and the testes serve as storage sites of the spermatozoa until sperm transfer during
copulation (Klann et al., 2005). The main function of the genital chamber seems
to be the production of secretion which may be important for the sperm transfer
during copulation, although this assumption is still speculative. Nevertheless the
presence of numerous glands indicates this putative function. One possibility is that
the glands could take part in the formation of the sperm droplet. The extrusion
of the secretion seems not to happen earlier than mating, since the lumina were
almost empty in some of the specimens. A further source of secretion contributing
to the formation of the sperm droplet could be the huge vasa deferentia and the
glandular part of the testes. A similar function is known from actinotrichid mites
(e.g., Alberti and Coons, 1999).
The present study shows for the ﬁrst time the ultrastructure of solifugid spermatozoa
from a comparative point of view. Only in two freshly moulted males of the genus
Biton, stages of spermiogenesis could be detected, thus conﬁrming former results
Fig. 123. Spermatozoa of three species of the family Solpugidae (modiﬁed after Klann et al., 2009). A:
Spermatozoa in the epithelium of the testis of Solpugista bicolor. TEM. Scale bar: 2 μm. B: Spermatozoon
in the lumen of the vas deferens. Clearly visible are the ﬁnger-like membrane processes. The acrosomal
complex seems to be located within the chromatin body. The acrosomal vacuole seems to be connected to
the acrosomal ﬁlament via thin “processes” running from the margin of the vacuole to the ﬁlament. The
acrosomal ﬁlament is coiled around the chromatin body. Glycogen granules can be observed in the ﬁngerlike processes. TEM. Scale bar: 1 μm. C: Sperm cells in both the epithelium and the lumen of the testis of
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Zeria venator. Finger-like membrane processes can be observed on either one or two sides of the sperm
cell. TEM. Scale bar: 5 μm. D: Sperm cell in the lumen of the vas deferens. The acrosomal complex exhibits
basically the same shape like that one in S. bicolor, only the acrosomal vacuole seems to be slightly more
ﬂat. Glycogen is also present in the ﬁnger-like processes. TEM. Scale bar: 1 μm. E: Spermatozoa in the
epithelium of the testis of Solpugella asiatica. Only a few spermatozoa could be observed in the male
suggesting that it already had mated before dissection. Characteristic ﬁnger-like membrane protuberances
could also be observed here. TEM. Scale bar: 3μm. F: In the lumen of the vas deferens the spermatozoa
occur individually. The chromatin body is roundish, glycogen granules can be observed in groups around the
chromatin body. TEM. Scale bar: 2μm. Abbreviations: AC: acrosomal complex, AF: acrosomal ﬁlament,
AV: acrosomal vacuole, CB: chromatin body, Ep: epithelium, Gly: glycogen, Lu: lumen, Mv: microvilli, N:
nucleus, Pt: protuberances, Sec: secretion, Sp: spermatozoa
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Fig. 124. Comparative overview of glycogen distribution patterns detected according to a method of
Thièry (1967) in spermatozoa of different solifuges (modiﬁed after Klann et al., 2009). A: Nothopuga sp.
(Ammotrechidae). Glycogen is mainly aggregated in small groups closely located to the chromatin body.
Scale bar: 1μm. B: Biton striatus (Daesiidae). Groups of glycogen granules, located around the chromatin
body, sometimes extend into the ﬁnger-like protuberances. Scale bar: 1μm. C: Blossia longipalpis
(Daesiidae). Glycogen is located between irregularly condensed chromatin forming conspicuous areas within
the chromatin body. Scale bar: 1 μm. D: Blossia purpurea (Daesiidae). The glycogen forms rather dense
groups located closely to the chromatin body. These groups also extend into the areas of the ﬁnger-like
protuberances. Scale bar: 2 μm. E: Eremobates aztecus (Eremobatidae). The glycogen is located underneath
the chromatin body surrounding the multilamellar bodies. F: Solpugista bicolor (Solpugidae). The glycogen is
mainly distributed within the ﬁnger-like protuberances of the sperm cell, but small groups of glycogen may
also occur closely located to the chromatin body. Scale bar: 1 μm. Abbreviations: AF: acrosomal ﬁlament,
AV: acrosomal vacuole, CB: chromatin body, Gly: glycogen, MlB: multilamellar body, Pt: protuberances, SSh:
secretion sheath
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Fig. 125. Glycogen detection in the spermatozoa of Gluvia dorsalis (Daesiidae) according to the method of
Thièry (1967). A: Sperm cell in the germinal part of the epithelium of the testis (black spots in the epithelial
cells indicate glycogen). Scale bar: 5μm. B: Sperm cell in the lumen of the vas deferens. Clearly visible is the
large glycogen reservoir stained black. Scale bar: 5μm. Abbrevations: CB: chromatin body, Ep: epithelium,
Gly: glycogen, Lu: lumen, MlB: multilamellar body, Pt: protuberances

(Alberti, 1980c; Alberti and Peretti, 2002) and supporting the hypothesis that
spermiogenesis only occurs in subadult males (Klann et al., 2005) or shortly before
or after the adult moult (Klann et al., in press). Due to the fact, that the majority
of the observed putative spermatids were in more or less the same developmental
stage, a synchronous spermatogenesis seems to be most likely. In all other adult
males investigated here, no stages of spermiogenesis could be observed. Only
mature spermatozoa were present in both the testes and the vasa deferentia.
In Galeodidae the production of the secretion sheath and the formation of the
coenospermia probably start in the testis and end in the vas deferens. This might
be the reason, why no sperm cells could be detected in the testis.
Morphological differences in the ﬁne structure of spermatozoa in Solifugae are most
obvious on family level, but nevertheless slight differences could also be observed
between distinct genera of the same family, especially in the family Daesiidae. But
this variation is not as considerable as it is the case in certain spider families, as e.g.,
in Tetragnathidae and Pholcidae (Michalik et al., 2006; Michalik and Huber, 2006). In
general, sperm structure provide useful characters for phylogenetic interpretations
(see e.g. Baccetti, 1970; Franzén, 1970; Jamieson et al., 1999). In Arachnida,
three distinct types of spermatozoa occur, namely ﬁliform-ﬂagellate (Scorpiones),
coiled-ﬂagellate (Pseudoscorpiones, Uropygi, Amblypygi, Araneae, Ricinulei) and
aﬂagellate spermatozoa (Opiliones, Palpigradi, Solifugae, Acari) (Alberti, 2000).
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A set of characters including sperm shape, cell components, and cell aggregation
type has been elaborated (Alberti, 2000). Those characters were further developed
and used for phylogenetic interpretations predominantly in Acari (mites and ticks)
(Alberti, 1980a, 1980b) and Araneae (see e.g. Alberti and Weinmann, 1985; Alberti
and Coyle, 1991; Michalik and Huber, 2006; Michalik, 2007). In insects and spiders,
for example, spermatozoa provide a variety of characters for phylogenetic studies.
Due to their ﬂagellate character, structures such as axonemal structures, centrioles
and centriole associated structures (e.g., centriolar adjunct, implantation fossa)
can be taken into consideration when analyzing sperm morphology for phylogeny
(e.g., Alberti, 1990; 2000; Dallai and Afzelius, 1993; Dallai et al., 2003, Michalik,
2007). As already mentioned, the sperm cells in Solifugae are rather simple, but
nevertheless different character states as shown in Table 8 could be deﬁned. The
results already indicate that not only the presence or absence of glycogen, but also
the distribution pattern of glycogen within the spermatozoa might be a character.
This needs to be conﬁrmed in future studies with additional material of those
families, where glycogen could be detected in spermatozoa.
The shapes of solifugid spermatozoa are strikingly speciﬁc on family level, although
slight differences could also be observed on genus level. Family level speciﬁc
differences in sperm morphology have also been reported for mites, spiders and
scorpions (Alberti, 1980a, 1980b; Alberti and Weinmann, 1985; Jespersen and
Hartwick, 1973). Roewer (1934) already mentioned exomorphological similarities
of the families Ammotrechidae and Daesiidae but nevertheless excluded a closer
relationship between these two families. Although his phylogeny of Solifugae is very
controversially discussed and mostly rejected, the exomorphological similarities
of Ammotrechidae and Daesiidae are also reﬂected in their sperm morphology.
Representatives of the family Galeodidae show relatively unique morphological
features of the spermatozoa among Solifugae. Not only because of their peculiar
elongated form, but also because they are surrounded by a distinct, very thick
secretion sheath, secreted by the epithelium of the testis and presumably the vas
deferens. This type can clearly be considered as a true coenospermium. This was
already observed by Kaestner (1933), but he named the encysted spermatozoa
“spermatophores”. Since coenospermia are deﬁned as sperm groups surrounded by
a secretion sheath within the testis or deferent duct, which occur e.g., in different
spider families such as Theraphosidae, Filistatidae and Heptathelidae (Bertkau,
1877; Alberti and Weinmann, 1985; Michalik et al., 2004) and spermatophores involve
secretions of accessory glands (Alberti and Michalik, 2004), the term “coenospermia”
is considered to be most appropriate for the galeodid sperm aggregation. Also both
species of Blossia exhibit a thin secretion sheath and can thus also be considered
as coenospermia.
The studies presented here again show that the highly derived sperm morphology
(e.g., aﬂagellate, shape of the acrosomal complex, coiling of the acrosomal
ﬁlament in the sperm cell, loss of nuclear envelope) and the speciﬁc testis
histology of Solifugae is most similar to those of actinotrichid mites and differ
profoundly from those of Pseudoscorpiones (see also Alberti, 1980c, Alberti and
Peretti, 2002). Unfortunately, these ﬁndings were incorrectly referred to by Shultz
(2007), expanding these similarities to all Acari (including Anactinotrichida). But it
has been demonstrated and summarized, that Actinotrichida and Anactinotrichida
exhibit both exo- and endomorphological characteristics, which are very speciﬁc
for each group and profoundly different (Alberti, 2005). It may be argued that
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Table 8. Distribution of character states in the spermatozoa of different solifugid species (modiﬁed after Klann et al., 2009).
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the differences in the mode of sperm transfer, indirect spermatophore transfer
in Pseudoscorpiones and direct or semi-direct in Solifugae, may consequently be
reﬂected in different sperm types. These differences may not necessarily contradict
a sister-group relationship between Pseudoscorpiones and Solifugae. However, it
can be shown in other arachnid taxa with comparable sperm transfer, e. g., Araneae
or Ricinulei, that sperm morphology is not necessarily modiﬁed in the same manner
as in Solifugae or actinotrichid mites (Alberti 2000). Furthermore, actinotrichid
mites show three kinds of sperm transfer: indirect spermatophore transfer, direct
spermatophore transfer using gonopods and direct insemination via a penis, all
possessing simple aﬂagellate spermatozoa. Evidently there is no simple correlation
between sperm structure and mode of sperm transfer (Weygoldt 1990, Alberti and
Peretti 2002). Also the apomorphic testis histology (dimorphic epithelium consisting
of a glandular and a germinal part) of Solifugae resemble that one of actinotrichid
mites (Alberti, 1980c). These characters have been neglected so far. But the clade
Haplocnemata (Solifugae + Pseudoscorpiones), supported by synapomorphies like
e.g., the two segmented chelicerae and their articulations, the rostrosoma and
the spiracles, which was recognized by several authors in the past (e.g., Weygoldt
and Paulus, 1979b, Wheeler and Hayashi, 1998, Giribet et al., 2002), was recently
recovered in new analyses (Shultz, 2007).
Alberti (2002) demonstrated in Gamasida (Anactinotrichida, Acari) that sperm
morphology is not only correlated with the morphology of genital systems but also
very likely with the mode of sperm transfer. The only systematically conducted
experiment on copulatory behavior of Solifugae was done by Peretti and Willemart
(2007) using O. chacoensis (Ammotrechidae) as a model organism. The other studies
comprise descriptive observations of the mating behavior of different solifugid
families in the ﬁeld (Heymons, 1902, Amitai et al., 1962, Muma, 1966d, Wharton,
1987) or in the laboratory (Junqua, 1966). E.g., Heymons (1902) reported that
males live only a short time after mating. In a male of S. asiatica conspicuously few
spermatozoa could be observed in the genital system, suggesting that mating led
to sperm depletion. In contrast to Heymons (1902) and Amitai et al. (1962), who
reported on amorphous sperm mass in Galeodidae, Junqua (1966) mentioned that
the sperm mass consists of “numerous spermatophores in a secretion” and HruškovaMartišková et al. (2007) showed photographs of the sperm mass for the ﬁrst time.
Since all authors reported that the sperm transfer from the male to the female does
not take more than a few seconds, it is very likely, that Heymons (1902) and Amitai
et al. (1966) were not able to thoroughly observe the sperm mass. Unfortunately,
to date the morphology of the spermatozoa can not be related to the mode of
sperm transfer in solifuges, yet. Further investigations on the ﬁne structure of
spermatozoa could contribute valuably to future studies of functional aspects of
sperm transfer and sperm storage in the female also in terms of fertilization and
sperm competition.
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3.13. FOSSIL SOLIFUGE
3.13.1. Results
The relatively complete specimen is visible in dorsal view only (Figs. 126A, B). The
total body length is about 12 mm. Chelicerae are robust and highly setose. Each
chelicera is equipped with a putative ﬂagellum in the form of a single, probably
backwards-pointing rod or spine, originating near the anterior cheliceral tip. Hence
the specimen could possibly be a male.
The propeltidium of the prosoma is trapezoidal in shape. Anterior margin of the
prosoma bears the paired median eyes on a single, oval ocular tubercle. Posterior
margin of carapace is straight, 1.9 mm wide, but with a distinct fold (?the arcus
anterior) along this posterior margin. Propeltidium is 2.2 mm long. Propeltidium
is highly setose with longer setae interspersed with coating of short setae. Mesoand metapeltidium are equivocal, but a folded arthrodial membrane immediately
behind propeltidium can be resolved and behind this numerous setae.
Details of opisthosoma are largely lacking, but two anterior tergites are preserved.
Both bear numerous short setae and groups of longer, stouter setae localized into
paired patches either side of the midline. Lateral margins of opisthosoma also bear
numerous long tactile setae, at least one of which approaches 5 mm in length.

Fig. 126. Fossil camel spider. A: A near complete camel spider preserved in Baltic Amber (Palaeogene;
Eocene). Scale bar: 2mm. B: Schematic drawing of the specimen. Scale bar: 2mm. (modiﬁed after Dunlop
and Klann, 2009).
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Pedipalps are robust, 7.6 mm long and highly setose with numerous tactile setae,
typically over 2 mm long, interspersed with other shorter and more slender setae.
The suctorial organ cannot unequivocally be observed. Legs are relatively slender,
particularly leg I, but the leg series is incomplete and all preserved legs are only
known from the proximal articles. All legs are highly setose. The femur of leg IV
provided with three prominent tactile setae forming a dorsal row. Distal leg articles
and any division of the tarsi are equivocal.

3.13.2. Discussion
Fossil camel spiders are extremely rare. An enigmatic ﬁnd from the Early
Carboniferous of Poland reveals some characters consistent with Solifugae or at
least their putative stem-lineage (Dunlop and Rößler, 2003). The oldest unequivocal
camel spider comes from the Late Carboniferous Coal Measures of Mazon Creek,
USA and was redescribed by Selden and Shear (1996). Dunlop et al. (2004) earlier
described a fossil camel spider ﬁnd from Baltic amber that they assigned to the
family Daesiidae. Here, the second specimen of a camel spider from Baltic amber
was described.
A precise systematic placement of this fossil is hindered by the absence of a clear
view of those morphological characters important for assignment to a family. In
identiﬁcation keys for extant camel spiders, essential features include - (1) the
position of the anus (terminal or ventral?), (2) the number of tarsal podomeres,
(3) fossorial or cursorial legs, (4) micro-setae on the leg claws, (5) claws present
or absent on leg I, (6) presence or absence of ctenidia on opisthosomal segment IV,
(7) shape and motility of the male ﬂagellum and (8) presence or absence of pairs of
ventrolateral spines on the pedipalps (Roewer, 1934; Harvey, 2003). Muma (1976)
established a familial system based partly on characters previously used by Roewer,
but Muma’s system primarily includes also (1) male secondary sexual characters
supported by (2) cheliceral dentition and (3) the female opercula.
Some solifuge characters are family-speciﬁc. Claws covered with micro-setae
only occur in the family Galeodidae. Rhagodidae is the only family possessing a
ventrally located anus. Solpugidae are characterized by the highest number of
tarsal podomeres (2–4 on legs II and III and 6–7 on leg IV) and Hexisopodidae are
the only family possessing fossorial legs (Muma 1976). The presence of a clearly
developed genital oriﬁce with a genital operculum can help to distinguish between
adult females and juveniles, since juveniles lack this structure. Adult males can
easily be recognized by the presence of the cuticular ﬂagellum on each chelicera.
Furthermore, sexual dimorphism in Solifugae is reﬂected in the cheliceral dentition,
the shape of the genital sternite and also sometimes in the coloration of the animal
(Kaestner, 1933). Unfortunately, although the specimen in the Baltic Amber is an
unequivocal camel spider, assignment to a speciﬁc family is very difﬁcult due to the
inability to resolve the characters mentioned above. The studied specimen clearly
possesses cursorial legs and thus does not belong to the family Hexisopodidae.
Morphologically the family Hexisopodidae can clearly be excluded as already
mentioned. During the Eocene the American continent was already entirely
separated from the European, African, Asian and the Australian continents (Stanley,
2001). Taking the present biogeographical distribution of the extant families of
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Solifugae into account (summarized in Punzo, 1998a), the families Ammotrechidae,
Eremobatidae and Mummuciidae can most likely be excluded, since they only
occur in the Americas (Eremobatidae only in southern North and Central America,
Mummuciidae exclusively in South America). Ceromidae are today restricted to
southern Africa and the Melanoblossidae can be found in southern Africa and
southeastern Asia and therefore it seems unlikely that the specimen presented
here, belongs to one of these families. Solpugidae are very wide-spread throughout
Africa and occur even in the near East (Iraq). Gylippidae are today distributed in
southern Africa, near East and central Asia and the Galeodidae occur in northern
Africa, and in many parts of Asia and the Near East. The rather heavy-bodied and
mostly short-legged Rhagodidae are known from northeastern Africa, southwestern
Asia, and the Near East. An assignment to this family would be excluded due the
rather slender habitus of the new specimen.
The Daesiidae, to which the other known fossil solifuge from Baltic amber is assigned
to (Dunlop et al., 2004), is extremely wide-spread and occurs in Africa, southern
Europe, Near East and apparently in South America (with three monotypic genera,
see Harvey, 2003) and also the Karschiidae are known from various geographical
regions such as Asia, the Near East, south eastern Europe, and north-western Africa.
Both families include rather small representatives. But is has to be pointed out that
an assignment based on the biogeography only represent a possibility but it is not
as reliable as a morphological classiﬁcation.
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3.14. MITOCHONDRIAL GENOME
3.14.1. Results
The mitochondrial genome of Nothopuga sp. shows the same genes as other
bilaterian animals do and it consists of 14985 bp (Fig. 127). Like in other metazoans
the mitochondrial genome comprises 37 genes - 13 coding for protein subunits, 2
for ribosomal RNAs and 22 for transfer RNAs. The gene order of Nothopuga sp. is
extremely similar to Limulus polyphemus with only two differences: there is a noncoding region of short repeated motifs, located between the genes of tRNAPro and
nad1 (Figs.127, 128). The gene of tRNAPro is located between the gene of tRNASer(UCN)
and the repeat region, which is therefore rearranged with respect to Limulus
polyphemus (Fig. 128). The non-coding region consists of ﬁve total repeats of a
45 nucleotid region (Fig. 127). Near the rrnS gene, the major non-coding region
contains a stem-loop structure, which can be divided into a 16 basepair stem and a
loop of 14 nucleotides (Fig. 127).

3.14.2. Discussion
Other arachnid taxa like e. g., ticks (Acari) (Black and Roehrdanz, 1998) and a
mesothelae spider (Araneae) (Qiu et al., 2005) also exhibit the same mitochondrial
gene order as Limulus polyphemus, which might indicate that the gene order of
Limulus polyphemus is probably ancestral to chelicerates (Staton et al., 1997;
Lavrov et al., 2000). Fahrein et al. (2007) stated that the mitochondrial genome
arrangement of the Nothopuga (EU024482) is almost unaltered compared to
that one of Limulus, whereas the most derived one can be found in Metaseiulus
(Parasitifomes, Mesostigmata) so far. This implies that solifuges possess a rather
conservative mitochondrial genome pattern. Nonetheless, solifuges are currently
regarded to be rather derived and are placed as the sister-group to Pseudoscorpiones.
This relationship is supported by both morphological and molecular data (18sRNA,
D3 region of the 28S RNA), whereas the molecular data favoured a sister-group
relationship to the Palpigradi (Giribet et al., 2002).
Masta et al. (2008) presented additional data on a different solifuge of the genus
Eremobates (Eremeobatidae). In Eremobates sp. the two tRNALeu have changed
their positions compared to Limulus and Nothopuga and the orientation of the
gene tRNASER(UCN) of Eremobates is apparently reversed compared to Limulus
and Nothopuga. Thus, the different location of the gene of the tRNAPro on the
mitochondrial genome of Nothopuga compared to Eremobates and the differences
in genome organization mentioned above are best explained by translocation events
that occurred after the divergence of the Solifugae from other orders of Arachnida
and after the divergence of both families of Solifugae (Masta et al., 2008). The
stemloop structures present in Nothopuga and Eremobates (Masta et al., 2008) is
also present in many other metazoans (Macey et al., 1997; Lavrov et al., 2000). The
two ﬂanking sequences of the stemloop structures could possibly contain regulatory
elements as is the case in insects (Zhang et al., 1995).
Interestingly, sequence comparisons of the protein-coding genes cob, cox1, cox3
showed a relatively high percentage sequence divergence. A possible explanation
would be a divergence of these two families very long ago. According to this result,
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Fig. 127. Map of the mitochondrial genome of Nothopuga sp. (modiﬁed after Masta et al. 2008).
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Fig. 128. Mitochondrial gene order of Limulus polyphemus (Xiphosura), Eremobates and Nothopuga
(Solifugae). (modiﬁed after Masta et al., 2008)

Masta et al. (2008) raised the question, whether these two families can be closely
allied. Taking ﬁne structural characters of spermatozoa into account, a closer
relationship between Ammotrechidae and Eremobatidae can also be questioned,
since the ultrastructure of the spermatozoa of these two families do not exhibit
striking similarities as is the case for Ammotrechidae and two genera of the family
Daesiidae (Klann et al., 2009). Further on, Masta et al. (2008) postulated that due
to the average sequence divergence of 28% over a period of more the 285-320 mya
(period of the oldest fossil solifuge record) the calculated molecular clock would
tick less than 0,1% per million years and therefore the divergence of Ammotrechidae
and Eremobatidae could have occurred even earlier than the convergence of the
land masses in Pangaea.
In terms of molecular phylogeny based on mitochondrial genomes, more taxon
sampling is necessary. Especially the mitochondrial genome of Pseudoscorpiones is
essential for any further analyses.
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Although the present work contributes to many different aspects of the morphology
and ultrastructure of solifuges, there is still a lot of work to be done.
One of the urgent tasks should be the investigation of the life cycle of as many
species as possible, which would greatly facilitate the accessibility of these animals,
which in turn is an essential prerequisite for any kind of studies on these animals.
The relatively new non-invasive techniques such as microtomography could provide
interesting insights in the general organization of the organsystems and variation
between the species.
The high complexity of the respiratory system and the anatomy of the circulatory
system could be visualized by corrosion casting as it was nicely demonstrated in
scorpions.
In terms of functional analyses it can be stated that although many organ systems
and structures have been described, the exact function of some of them is still
not clearly known. E.g., the malleoli are a highly innervated sensory organ and it
is assumed that these organs are chemoreceptors, but nevertheless there are no
electrophysiological studies, which could support or refute this statement.
The internal morphology and function of the ﬂagella is still unknown. A possible
involvement in the transfer of spermatozoa is still highly speculative. Future ﬁne
structural details could provide more data for functional interpretations.
Although the present work has shown the ultrastructure of a certain developmental
stage of spermatids of solifuges for the ﬁrst time, the entire process of spermatogenesis
is still unknown. Since spermatogenesis occurs most likely simultaneously in
solifuges, large numbers of males need to be investigated at different points of
time after the adult moult in order to reveal the entire spermatogenesis including
the exact time frame.
The systematics of solifuges is in urgent need of revision and there are basically no
data on their phylogeny. In the present work it was suggested that the ultrastructure
of spermatozoa and arolia could contribute to elucidate some questions circling
around these problems. But in order to make reliable and valid statements
concerning these topics, data of the still missing families Ceromidae, Hexisopodidae,
Melanoblossidae, Mummuciidae, Rhagodidae und Gylippidae are needed and thus
provide a ﬁeld for future ultrastructural studies. In this context, molecular data
as well as embryological data would also be desirable, in order to be able not only
to build phylogenies based on these data, but more to combine these data with
morphological ones.

Finally, I hope that my present work has contributed to broaden the knowledge of
these exciting animals and to raise interest for future studies.
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6. Appendix
In order to illustrate the behavior of some of the investigated solifuge species, a
small collection of short movies is provided with this thesis. Please ﬁnd a DVD which
is playable on all common DVD players or computer DVD drives in the back cover.

Movie 1
An adult female of Oltacola chacoensis (Ammotrechidae) is digging a burrow.

Movie 2
An adult male of Nothopuga sp. (Ammotrechidae) is actively walking through a
terrarium. As soon as it encounters a female, they both start ﬁghting due to the
aggressive behavior of the female. Finally the female feeds on the male.

Movie 3
An immobile larva of Galeodes caspius (Galeodidae) is moulting to the ﬁrst nymphal
stage.

Movie 4
An adult male of Nothopuga sp. (Ammotrechidae) is climbing up a glass surface
with the aid of the suctorial organ.

Movie 5
The species Oltacola chacoensis (Ammotrechidae) is capable of climbing smooth
surfaces such as glass without the aid of the suctorial organ. This movie shows two
adults climbing in a glass terrarium.

Movie 6
A nymph of Nothopuga sp. (Ammotrechidae) is feeding on a larva of Tenebrio
molitor.

Movie 7
This movie shows the pulsating heart of an adult female of Oltacola chacoensis
(Ammotrechidae). The heart is laterally ﬂanked by large tracheae, which appear
white through the translucent cuticle of the opisthosoma.
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