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Abstract

The study focused on the specialised tarsal setae of tarantulas Avicularia metal-
lica and Heteroscodra maculata, and the fibrous and non-fibrous material pro-
duced by them. When irritated spiders moved along smooth, perpendicularly-
oriented glass walls not covered in silk, the claw tuft setae, located at the tips
of the tarsal segments, left behind footprints containing two types of fibrous
material. Using electron scanning microscopy, it was discovered that these rep-
resent fragments of parallelly oriented bundles of hollow fibres forming the
shafts of the setae and their lateral branches (1), as well as clusters of contract-
ed nanofibrils which aggregated at the ends of these fibres (2). During climbing,
this fibrous material was detected both on the substratum on which the spiders
were moving, and also on their claw tuft setae. The climbing activity of irritated
tarantulas is also associated with the secretion of a fluid which dries on contact
with air. This secretion acts as an adhesive and facilitates the movement of ta-
rantulas on smooth surfaces, but while doing so it also glues together the distal,
lamellar parts of the groups of setae which are in contact with the substratum
during climbing. There are no such claw tuft setae morphological changes ob-
served in undisturbed tarantulas, moving freely around their tube-like shelters
and on the surfaces of objects covered with silk which they have produced. The
sources of the air-drying secretion are probably the tubular fibres forming the
shafts of pretarsal setae. The bundles of hollow fibres are an example of a sys-
tem that produces secretions via a surficial pathway. The spinnerets and silk-
producing glands associated with them, located in the opisthosoma, represent
a system that produces silk via a systemic pathway. However, the results of ob-
servational studies have not confirmed the ability of tarantulas’ feet to produce
silk fibres of the same, or at least similar ultrastructure to that of the silk fibres
produced by the activity of spinnerets and spinneret-associated silk glands.
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Introduction

The ability to produce silk has evolved multiple times in invertebrates (see Craig,
1997; Sutherland et al., 2010; Neretin, 2016), and silk-secreting organs have
evolved via two different pathways: systemic (1), in spiders represented by silken
glands placed in the opisthosoma, and surficial (2), represented by cuticular se-
cretion (Craig, 1997). The silk-spinning apparatus of spiders consists of spinner-
ets and silk-producing glands. In spiders, these glands originate from ectodermal
invaginations on the embryonic spinneret limb buds, in relation to the morpho-
genesis of these buds (Hilbrant and Damen, 2015).

Spinnerets are equipped with spigots (nozzles), i.e., external outlets of glands.
Spigots are considered to represent modified setae (Bond, 1994; Eberhard, 2010;
Foelix, 2011). As well as the spinning glands themselves, the spigots are classified
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into several different types (Eberhard, 2010; Foelix, 2011).
Aside from the spinnerets, the adult males of some species
are also equipped with epiandrous (or epigaster) glands,
which are associated with genital furrow (Shultz, 1987).
The spigots associated with these glands resemble the
spigots of spinnerets (Marples, 1967; Ferretti et al., 2017),
although it is not entirely certain whether the secretion
produced by these can be truly considered as silk (Garb,
2013). Epiandrous glands, together with the aciniform
silk-producing glands associated with spinnerets, provide
material for the construction of special sperm webs, which
are created by mature males in order to transfer sperm
from the gonopore to the palpal bulbus and to encourage
sperm droplet induction (Lopez and Emerit, 1988). Adult
male tarantulas (Theraphosidae) are also equipped with
these glands, similarly to the males of other families of the
infraorder of Mygalomorphae (Feretti et al., 2017).
Recently a number of studies have been published
in which the authors suggest that silk-producing organs
are not only the spinnerets and spinneret-associated
glands, but also the feet of spiders. Gorb et al. (2006) ob-
served the “footprints” made up of a fibrous secretion left
by the feet of tarantula Aphonopelma seemani (F. O.Pi-
ckard-Cambridge, 1897) while moving on a vertical-
ly-oriented glass wall. In the end, these authors concluded
that this represents an adaptative mechanism designed to
prevent the spider’s legs from slipping when moving on
smooth surfaces. Similar conclusions were also reached by
Rind, Birkett, Duncan, and Ranken (2011), who studied
the feet of other theraphosid species. These authors also
described the “ribbed hairs’, i.e., setae, which according
to them bear a strong resemblance to the spigots through
which silk is emitted onto the surface of spinnerets. How-
ever, these findings were called into question by behav-
ioural experiments (Perez-Miles, Panzera, Ortiz-Villa-
toro, and Perdomo, 2009) as well as morphological and
histological studies of the feet of tarantulas (Foelix, Rast,
and Peattie, 2012; Foelix, Erb, and Rast, 2013).
Perez-Miles, Panzera, Ortiz-Villatoro, and Perdomo
(2009) consider the “tarsal silk” to be a result of contami-
nation of the feet with the silk produced by spinnerets and
spinneret-associated silk glands. Foelix, Rast, and Peattie
(2012) and Foelix, Erb, and Rast (2013) found that the
setae which Rind, Birkett, Duncan, and Ranken (2011)
thought to be spigots, were actually more likely chemore-
ceptors. Histological studies have not yet proven the pres-
ence of silk glands in the tarsal segments, leading to the
conclusion that “the alleged presence of silk spigots on the
tarantula’s legs is refuted” (Foelix, Erb, and Rast, 2013).
The Theraphosidae family consists of hairy and often
large spiders, which are capable of climbing on smooth
surfaces, including perpendicular glass walls. This is ena-
bled by their adhesive foot pads (scopulae) which can be
found on both the metatarsal and tarsal leg segments in
theraphosids (Foelix and Chu-Wang, 1975). An impor-

tant structure of tarantula feet, similarly to many oth-

er wandering spiders (Wolff and Gorb, 2012), are claw

tufts (also called pretarsal scopulae), which are defined
as dense arrays of adhesive setae, located at the tip of the

tarsus ventrally of the paired claws (Niederegger, 2013).

The movement of the pretarsus and other structures in

the spider foot is provided, apart from the muscles, by the

arthrodial membrane and haemolymph pressure (Dun-

lop, 1995; Kropf, 2013; Labarque et al., 2017).

The setae of scopulae and claw tufts are covered
on their distal, lamellar part by microtrichii (setules)
with spatula-shaped endings, which increase adhesion
(Wolff, Nentwig, and Gorb, 2013; Perez-Miles, Perafan,
and Santamaria, 2015). Spatulae are plate-like termi-
ni of the setulae, providing the contact surface for van
der Waals attraction in adhesion. Setose (or hairy at-
tachment) systems structured in this way show a higher
reliability of contacts on various surface profiles (Arzt,
Gorb, and Spolenak, 2003; Niewiarowski, Stark, and
Dhinojwala, 2016).

The scopulae of spiders are usually reported as dry
adhesive devices, although Peattie, Dirks, Henriques,
and Federle (2011) found the presence of thin liquid
films in the adhesive contact zones of tarantulas Gram-
mostola rosea (and several other arachnids). The tarsal
fluid probably improves adhesion of feet to the substra-
tum (Peattie, Dirks, Henriques, and Federle, 2011). Sev-
eral authors (Dunlop, 1995; Foelix, 2011; Foelix, Rast,
and Peattie, 2012; Niederegger, 2013) proposed that
when the tarantulas walk on vertical glass they only use
claw tufts for adhesion, while the tarsal and metatarsal
scopulae are used for hunting. Perez-Miles, Perafan, and
Santamaria (2015) reported that tarsal scopulae could
also participate in locomotory adhesion. Foelix, Rast,
and Peattie (2012) studied the adhesion of some tarantu-
la species on glass and found that arboreal species show
better adhesion than terrestrial ones.

The aims of this research, the results of which are
presented in this paper, were:

(1) To examine and describe the changes in the micro-
and ultrastructure of claw tuft setae, which occur
during the fast climbing of irritated and stressed
tarantulas on smooth-surfaced objects, including
perpendicularly-oriented glass walls.

(2) To examine the micro- and ultrastructure of the fi-
brous and non-fibrous material which appears on
the tarsal segments (especially on the setae of claw
tufts) and on the glass walls of the spiders” breeding
containers during the movement of tarantulas on
smooth and non-silk-covered surfaces.

(3) To clarify the origin and source of the studied fi-
brous material and to compare its ultrastructure
with the ultrastructure of silk fibres produced by
the spinnerets and the spinning glands located in
the opisthosoma associated with them.
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When determining these aims the authors of this ar-
ticle considered the hypothesis that spiders do leave silken
fibre-like “footprints” when moving on smooth surfaces
to be sufficiently proven (Gorb et al., 2006; Rind, Birkett,
Duncan, and Ranken, 2011). What may however raise
doubt is the opinion that this residue is made up of silk,
the chemical composition and ultrastructure of which
after solidification is identical to the silk produced by
spinnerets. The origin of this secretion has not yet been
clarified; that is, there are no known glands or cells by
which this secretion could be produced. The mechanism
through which this secretion could be emitted onto the
surface of the distal segments of tarantula feet is also not
currently clear. The authors worked on the assumption
that if the fibres observed on the distal segments of the
legs really are in fact a contamination by the true silk —
that is, silk produced by spinnerets (Perez-Miles, Panzera,
Ortiz-Villatoro, and Perdomo, 2009) — then they should
possess the same ultrastructure as the fibres the tarantulas
use to build their retreats or make their egg sacs.

Materials and Methods

MATERIALS AND METHODS OF KEEPING SPIDERS IN
LABORATORY CONDITIONS

The studied spiders were the neotropical theraphosid
species Avicularia metallica Ausserer, 1875 (Fig. 1A,
C, D) and Old World species Heteroscodra maculata Po-
cock, 1899 (Fig. 1B). All specimens of both the studied
species were obtained from tarantula breeders in the
Czech Republic.

Avicularia metallica is an arboreal and rainforest spe-
cies found in silken tube retreats in the crevices of trees,
in holes under bark or under epiphytes and on rainfor-
est vegetation (Jocqué and Dippenaar-Schoeman, 2006).
This particular species, called metallic “whitetoe” or me-
tallic “pinktoe” (with a diagonal leg span of approximately
13-15 centimetres), is found mainly in Columbia and Su-
riname (World Spider Catalog, 2019). The studied cohort
was made up of two adult females, two adult males, and
four nymphs of an undetermined instar, of the body size
(prosoma + opisthosoma) of 15-18 mm.

Heteroscodra maculata (“ornamental baboon”),
with a diagonal leg span of approximately 11-12 cm, is
also an arboreal species (Charpentier, 1992). These spi-
ders are widespread in West and Central Africa (Char-
pentier, 1992; World Spider Catalog, 2019). Charpentier
(1992) considered short palm trees to be the preferred
habitat of these spiders. The studied material consisted
of three adult females and six nymphs of various ages,
with a body size of 15-35 mm. The exuviae of these spi-
ders were also studied.

The research work and its conclusions presented
in this study build on the results of our previous study

of the silk and silk-producing organs of Avicularia me-
tallica (Hajer, Karschovd and Rehakovd, 2016). All the
spiders were individually housed and fed with insects
(mainly crickets and grasshoppers), the size of which cor-
responded to the size of the studied tarantulas (for details
see Hajer, Karschova and Rehdkovd, 2016). Chloroform
was used in order to kill the individual spiders selected for
further evaluation with the electron scanning microscopy.
A Dino-Lite Digital Microscope was used to ob-
serve the spinning activity of spiders and their behaviour
(Figs. 1A-D, 2A-B). All experiments involving tarantulas
were conducted in the Biology Department at the Uni-
versity J. E. Purkinje in Usti nad Labem, Czech Republic.

METHODS OF OBTAINING THE FIBROUS AND
NON-FIBROUS MATERIAL PRODUCED BY
THE FEET OF IRRITATED TARANTULAS

In order to clarify the morphological changes of claw tufts
which occur as a result of the tarantulas movement on
smooth surfaces, and also in order to obtain the material
coming from their “footprints’, the adult male specimens
were temporarily placed into glass containers measuring
20 x 25 x 35 cm, the walls of which were not permanently
glued together but instead placed into a metal construc-
tion from which they could be removed at any time.

The smaller nymphs were temporarily placed into
glass cubic vessels with an edge length of 8 cm. The walls
of these vessels were held together by magnets which
were glued to their corners. Due to the small size of these
walls it was possible to scan the footprints in situ, directly
on their surface. There were no other objects inside the
containers, into which the spiders were regularly placed
for the duration of 15-20 minutes. In order to irritate the
tarantulas, the glass walls of the containers were tapped
on, following which the tarantulas could move only on
the glass walls. The places where the feet of resting spiders
touched the glass walls were marked by a felt-tip pen from
the outside of the container (Fig. 1A). In the case of the
adult specimens, kept in the larger containers, the fibrous
material intended for SEM study was scraped off the glass
wall of the container with the knife removed from the mi-
crotome. This material was then compared with the fibres
transferred to the claw tuft setae through climbing.

SCANNING ELECTRON MICROSCOPY
IMAGING EQUIPMENT

For the imaging of spinnerets, spigots and the ultra-
structure of fibres, a TESCAN SEM Microscope was
used (Figs. 3A-D, 4A-B, 6A-C, 7A-D), as well as the
UHR-SEM Zeiss Ultra Plus Microscope (Figs. 2C-D,
5A-C, 8A-D), operated at low acceleration voltage of
1 kV. For the SEM studies, the spiders were killed by
chloroform, dehydrated in ethanol, and processed via
critical point drying using carbon dioxide. Prior to ob-



172 BIOLOGICAL COMMUNICATIONS, vol. 64, issue 3, July-September, 2019 | https://doi.org/10.21638/spbu03.2019.301

Fig. 1A-D. Studied tarantulas inside the glass containers. A — nymph (juvenile male) of Avicularia metallica (body size
of 5.5 cm) resting on the glass wall — ventral view. The places where scopular setae of the tarsal segments touched
the glass wall were marked with a felt-tip pen. B — Lateral view of the adult female Heteroscodra maculata (body size of
6.5 cm) climbing on the glass wall. C, D — adult male Avicularia metallica resting on the glass wall of the insectary after
charging his palpal bulbs with sperm. Overview of the sitting spider (C) and detail of the third (lll.) and fourth (IV.) pair
of legs (D). In this case, the male was moving on a glass wall covered with silk. Under the tarsal segments of the legs
on the left side of the body there are white, silk spots visible. they are not present on the right side. The “footprints” in
this case were the result of the spider’s effort to maintain contact with the substratum by rubbing and applying pres-
sure on the feet of the left side of the body, so that a possible turnover of the body around the anterior-posterior axis
resulting in a free fall onto the bottom of the container is prevented. The quality of the image is partly influenced by
the high moisture inside the insectarium and the drops of condensed water on its glass walls.

PE — pedipalps, PR — prosoma, OP — opisthosoma, SPI — spinnerets, TA — tarsus and its distal part (dp) called

pretarsus, |. — IV. — first to fourth pairs of legs.
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Fig. 2A-D. Silk traces created by a non-irritated female Avicularia metallica, left be-
hind when climbing a glass wall. A — an overview of the series of silk prints left on
the glass by the female and a detail of their microstructure (B).
Every print has a distinctly fibrous structure and is created by the move-
ment of a single spinneret, equipped with many spigots, on the surface of
the glass. C — SEM micrograph of a bundle of the nanofibrils. D — a detailed
view of the nanofibrils of varied thickness.

servation, the samples were coated with a 1-nm-thick
layer of platinum. A Quorum Q R150ES sputter coater
was used for the coating. Measurement/image analysis
was carried out using SmartSEM software.

Results

THE MOVEMENT OF TARANTULAS AND
FIBROUS FOOTPRINTS

The movement of tarantulas, during which their feet
leave behind footprints containing fibrous or non-fi-
brous material, is influenced by the substratum type, its
orientation and position (from the horizontal to the ver-
tical), as well as the microstructure of the surface. Also,

the speed and reason for why the spiders are moving on
a particular type of substratum are important factors in-
fluencing the finding of footprints and their composi-
tion.

Following the construction of a silk, tube-like shel-
ter which they can then inhabit for several months or
years, tarantulas begin to gradually cover the surface of
objects in their direct vicinity with a thin layer of silk
(Fig. 1C-D). This activity is carried out predominantly at
night, when these spiders can move freely, undisturbed
around their shelters. In this case, the spinning activity
is associated with slow movement on the substratum,
which the spiders touch simultaneously with their feet as
well as the two pairs of spinnerets. The silk fibres visible
on the glass (Fig. 2A-B) are therefore the product of the
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Fig. 3A-D. Overall views of the tarsal scopula and the microstructure of the scopular setae of the fourth pair of
the legs of non-irritated tarantulas Avicularia metallica (A, C) and Heteroscodra maculata (B, D). Due to low hemo-
lymph pressure, claws and claw tufts are partly (A) or completely (B) retracted and therefore difficult to observe.
CL (dist) — distal parts of the claws, CL (prox) — proximal part of the claws, connected with the sclerotized basal
plate, DI, PR — distal and proximal part of scopular setae, LB — longitudinal band of setae, dividing the scopula
into two parts. RH — ribbed hair, SCOP — scopula.

spinning activity of spinnerets. When the spinnerets rub
against the ground and when the terminal parts of spig-
ots come into contact with the substratum, each spigot
extrudes a separate nanofibril, i.e. a separate “silk trail”.
It is only after the spinnerets are lifted and put into mo-
tion above the substratum that the nanofibrils are joined
laterally (Fig. 2C).

Nanoglobules (spherical subunits) are the basic
microstructural blocks in the silk materials studied
(Fig. 2C-D) (see also Hajer et al., 2016). After several
days the glass perpendicular walls of the large breed-
ing containers, as well as the objects placed inside them,
were covered with a fine layer of silk. In that case there is
a silken coating found between the surface of the object
on which the spider moves and the distal ends of the tar-
sal segments equipped with claw tuft setae (Fig. 1C-D).

As a result, the tarantulas touch the same fibrous mate-
rial when they attack prey, move around their shelter,
during resting or basking as they are moving inside their
tube-like shelter.

However, quite a different situation arises when
these spiders are forced by external circumstances to
move on the surface of objects which are not covered
in silk. As the authors of this study observed, irritated
tarantulas running away from danger on a smooth glass
wall always had their spinnerets firmly pressed to the
cuticle of the opisthosoma in such a way that the fairly
long, distal segments of their three-segmental posterior
lateral spinnerets were touching their dorsum. During
this fairly fast movement, which essentially represents a
flight response to danger, the spinnerets were never in
contact with the glass surface and their spigots never
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Fig. 4A-B. SEM micrographs of distal tips of claw tufts setae. A — lamellae covered with microtrichii and ribbed
hairs. B — detail of the ribbed hair (RH).

emitted silk. Therefore, in these fairly large, adult-stage
spiders, the only protection from falling is provided by
the adhesive setae on their legs, including the claw tufts
at the tip of the tarsus.

TARSAL SCOPULAE AND CLAW TUFT SETAE OF
NONSTRESSED SPIDERS (BEFORE CLIMBING ON
NON-SILK-COVERED VERTICAL GLASS PLATES)

The distal parts of the tarsal segments of all four pairs of
legs of Avicularia metallica and Heteroscodra maculata
are, similarly to most other tarantula species, equipped
with scopulae, i.e., adhesive pads (Figs. 3A-B). The scop-
ulae of both of the species studied are divided into parts
by longitudinal bands of non-adhesive setae (Fig. 3B).
The adhesive setae, including the ones found in the
direct vicinity of the pair of claws (i.e., claw tuft setae) are
made up of a proximal part, called shaft and distal, and an
apically broad part, called lamella (Fig. 3C-D). The mi-

crostructure and ultrastructure of both of these parts dif-
fer significantly from each other, as their role in securing
the safe movement of spiders on various surfaces is un-
doubtedly different as well. In the studied specimens the
claws and claw tuft setae located directly adjacent to them
were either partially (Fig. 3A) or completely (Fig. 3B)
retracted. Amongst the claw tuft setae so-called “ribbed
hairs”, the length of which exceeds the neighbouring ad-
hesive setae, were also observed (Figs. 3D, 4A-B). At the
ends of these ribbed hairs it was possible to detect a small
amount of solid amorphous mass (Fig. 4A-B). The distal,
lamellate parts of claw tuft setae were covered by numer-
ous microtrichii (Figs. 3C-D, 4A).

The shafts of adhesive setae are always made up of
bundles of hollow, tubular and parallelly oriented fibres
(Fig. 5A-C). Some of these fibres branch off from the
main stem (either in the form of smaller bundles or indi-
vidual fibres) (Fig. 5B-C) and form the lateral branches.
This branching may be observed along the entire length
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Fig. 5A-C. SEM micrographs of the branched shafts of claw tuft setae.
A — main stem (MST), made up of bundles of hollow fibres
and lateral branches (LB), which represent bundles of tubes
branching off of the main stem. PF — parallel fibres oriented
longitudinally to the long axis of the stem. The arrows point to
the droplets of solidified fluid.

of the shaft, however the number, as well as the total
length of these fibres, increases in the direction towards
the distal end (Fig. 6A-C). The tubular fibres compris-
ing the above-mentioned bundles are not all of the same
length. The ends of these branches consist of only one
fibre, the length of which sometimes exceeds the length

Fig. 6A-C. The microstructure of the branched distal parts of the ad-
hesive setae of pretarsal scopula of the Avicularia metallica (A) and
Heteroscodra maculata (B, C). The lateral branches in the vicinity of
the terminal lamellae, forming the distal ends of the adhesive setae,
are the lengthiest of the branches. DI — distal, PR — proximal part of
setae, RH — ribbed hair, SE (?) — probably scleroprotein secretion in
the form of a contracted nanofibril.

of the entire setae (Fig. 6B). At the very thin ends of
these tubes, especially the ones located in the vicinity
of the lamellae, there are tufts of contracted nanofibrils
(Fig. 6C). These probably represent the hardened (pos-
sibly scleroprotein in nature) secretion produced by the
tubular fibres (see also Fig. 8C) which make up the stalk.
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Fig. 7A-D. Claw tuft setae at the tarsal tips of the legs of a female Avicularia metallica, after
intensive climbing on the glass wall of the container. A — tarsal segments of the second (Il.)
and third pair (ll.) of legs, with fibres demonstrated at the ends of the glued-together claw tuft
setae. B — claw tufts of the fourth pair of the legs. C — the boundary between the bundles
of glued-together claw tuft setae and setae which remained free. D — detail of the bundle
of glued-together setae (framed in Fig. 7C). Distal parts of the setae are covered with non-fi-
brous secretion, which almost completely obscures the original surface structure. CL — claws,
CLT — claw tufts, SCR — secretion produced by adhesive setae, located at the tip of the tarsus.

THE MORPHOLOGICAL CHANGES OF CLAW TUFT SETAE
CAUSED BY THE CLIMBING OF IRRITATED AND STRESSED
TARANTULAS, FLEEING FROM DANGER, ON VERTICAL
GLASS PLATES

Under these conditions the originally distinct and sep-
arated claw tuft setae, which while climbing were in
contact with the glass, non-silk-covered surface, now
formed groups (Fig. 7A-D) made up of several setae, the
distal lamellar ends of which were partly glued together
with a hardened non-fibrous secretion (Fig. 7C-D). This

secretion probably acts as an adhesive during motion
on a smooth substratum. The origin and significance
of this secretion has not yet been fully elucidated (see
Discussion). The presence of this amorphous material
on the glued-together ends of the setae distinctly marks
the adhesive setae which were in contact with the glass
surface while climbing (Fig. 7C). The accumulated hard-
ened secretion completely obscures the original mi-
crotrichial ultrastructure of the distal parts of the setae
(Fig. 7D).
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Figs. 8A-D. Ultrastructure of the fibrous material produced by an irritated tarantula Avicularia metallica during climbing on a
smooth, glass surface. A — fragments of tubular fibres, that is, fibres which comprise the shafts of claw tuft setae, depicted at
the tip of the tarsus. There is a ribbed hair (RH) visible in the background. B — fibrous material left on the glass. C — broken
off ending of one of the hollow fibres, and a cluster of contracted nanofibrils. D — detail of the surface of one of these fibres.

FIBROUS AND NON-FIBROUS MATERIAL PRODUCED BY
THE FEET AND ITS PROBABLE ORIGIN

The fibrous material visible on the bundles of glued-
together claw tuft setae of all the four pairs of tarantu-
las’ legs is fundamentally identical to the material left
by their feet while climbing on a glass wall (Fig. 8A-D).
In both cases the material is made up of fragments of
hollow nanofibrils which form the shafts, their lateral
branches (i) and the tufts of contracted nanofibrils (ii)
(Fig. 8C) which were originally attached to the termi-
nal fibres of these branches. The third type of material
observed on the distal parts of setae is a fluid secretion
which, after solidification, functions as glue and binds
together the ends of the setae, effectively changing their
appearance and the ultrastructure of their surface, as it
obscures the microtrichia and therefore obscures the
contact points between the tarantulas and the substra-
tum as well. The claw tuft fibres (Fig. 8C-D) and silk fi-
bres arising as a result of the activity of the spinnerets
and spinneret-associated spinning glands (Fig. 2C-D)
show different ultrastructure.

Discussion

The movement of tarantulas on the surface of ob-
jects is, as well as the way of life of all spiders in gen-
eral, influenced by their ability to produce silk. There
is no doubt that the evolution of the spinning appara-
tus of spiders is associated with the evolution of their
limbs. During evolution, spiders developed a number
of different appendage types “with radically different
adult morphologies” (Pechmann, Khadjeh, Sprenger,
and Prpic, 2010). Spinnerets are highly modified opis-
thosomal appendages (Kautzch, 1910; Yoshicura, 1955;
Pechmann, Khadjeh, Sprenger, and Prpic, 2010), that
arise embryologically from the same longitudinal series
of limb buds (Dawydoft, 1949) which give rise to the
prosomal appendages — i.e., chelicerae, pedipalps and
legs (Dawydoft, 1949; Whitehead and Rempel, 1959).
Seyfarth (1985) reported that the spinnerets of myga-
lomorphs can be seen to move simultaneously with the
walking motion of the legs during locomotion. Shultz
(1987) suggested that these appendages share a serially
arranged motor control mechanism as well as similar
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developmental origins. While spinnerets are found in
all spider species, albeit in different numbers, adhesive
setae can be found in only some of the species.

The highest number of spinnerets (i.e., four pairs)
was recorded only in the spiders of the species Liphistius
Schiodte, 1849 (family Liphistiidae), belonging to the
infraorder Mesothelae. These spiders possess two pairs
(anterior lateral — ALS, and anterior median — AMYS)
of spinnerets on the fourth opisthosomal segment, and
two pairs (posterior lateral — PLS, and posterior me-
dian — PMS) on the fifth segment (Yoshicura, 1955;
Haupt and Kovoor, 1993). These ground-dwelling spi-
ders, found in East Asia and Southeast Asia, are known
for building trapdoor burrows used as shelters and for
prey capture (Haupt, 2003). In order to attach their fi-
bres to the ground, Mesothelae, unlike spiders of the in-
fraorder Araneomorphs (see below), do not use attach-
ment discs but their silk is “attached immediately after
leaving the spigots” (Haupt and Kovoor, 1996).

The presence of setae similar to scopular hairs was
reported in adult males of the genus Liphistius (Foelix,
Erb, and Michalik, 2010). However, their presumed
function is the perception of female pheromones (Foe-
lix, Erb, and Michalik, 2010). So far, the ability to pro-
duce fibrous (or non-fibrous) secretion drying in con-
tact with air by their feet has not been confirmed for any
of the Mesothelae infraorder species.

Apart from the Mesothelae, four pairs of spinnerets
are never formed in any other species, since the ante-
rior median pair is not developed in these. Most of the
48,231 spider species discovered so far (belonging to
4,140 genera and 119 families) (World Spider Catalog,
2019), belong to the infraorder Araneomorphae (total
of 44,656 species). These spiders are equipped with three
pairs of spinnerets (ALS + PMS + PLS) and the ability of
ALS to produce draglines, fibres which exhibit a unique
combination of strength and toughness (Tirell, 1996)
and which, given their essential meaning to the life of
araneomorphs, are also called lifelines (Osaki, 1996).
Anchored to the substratum by attachment discs, the
lifeline allows the spider to return safely to the starting
point after a thrust at a prey or following a free fall; it also
allows spiderlings to maintain contact with the parental
web. The dragline material is produced by a pair of ma-
jor ampullate glands, while the material of attachment
discs is secreted by piriform glands (Kovoor, 1987).

The presence of adhesive scopular setae, including
claw tufts in araneomorphs and their probable func-
tion in the wandering species of several families, is well
documented by a number of studies (Miller, Miller, and
Brady, 1988; Wolff and Gorb, 2012; Wolft, Nentwig, and
Gorb, 2013; Wolff and Gorb, 2015; Labarque et al., 2017).
Based on his observations of wolf spiders (Lycosidae),
Rovner (1978) concluded that the presence of scopular
adhesive setae is one of the most important morpho-

logical adaptations for prey capture seen in wandering
spiders.

One of the prominent features of spiders of the in-
fraorder Mygalomorphae (3,057 species) (World Spi-
der Catalog, 2019), is the tendency towards a reduced
number of spinnerets, leading to a limited diversity of
spinning glands, spigots and produced silk. In all myga-
lomorphs, the anterior median spinnerets are complete-
ly extinct and a great number of these spiders also have
reduced or non-functional ALSs.

Mygalomorphae do not possess the ability to form
the above-mentioned lifelines and are also not capable
of attaching their fibres to the substratum by attachment
discs. Theraphosidae (147 genera and 1,000 species)
(World Spider Catalog, 2019), display a spinning appa-
ratus made up of only two pairs of spinnerets, located
at the end of the ventral side of the opisthosoma. The
secreted silk, which hardens when exposed to air, is in
these spiders processed by the movements of the opist-
hosoma and the activity of long, limb-like posterior lat-
eral spinnerets (Hajer, Karschova, and Rehakova, 2016).

Theraphosidae employ different adaptative mech-
anisms in order to make up for their inability to pro-
duce lifelines, so that they can move safely on rough or
smooth, more or less vertically-oriented substrata. Ta-
rantulas fleeing danger on smooth glass walls press their
spinnerets to the opisthosoma in such a way that they
do not come into contact with the wall at all. In this sit-
uation, no silk is emitted from the spinnerets. The main
preventative mechanism protecting these, often quite
large spiders, from falling into open space is represented
by multibranched adhesive claw tuft setae. This multi-
branched hairy attachment system in the form in which
it is developed in theraphosids shows a higher reliability
of contact on various surface profiles and increased tol-
erance to individual contact defects (Federle, 2006).

The results of our observations prove that under cer-
tain circumstances tarantulas are capable of employing
specialized tarsal setae to produce both fibrous material
and fluid secretion which after drying does not exhibit
a fibrous appearance. This material remains attached to
the substratum on which the spiders move and also to
the adhesive claw tufts forming setae. This phenomenon
may be observed especially during fast movement of ir-
ritated specimens outside of their silk, tube-like shelter,
or when these spiders move on the smooth surface of
perpendicular glass walls, not previously covered by a
layer of silk. SEM studies of the fibrous structures left on
the glass walls and on the surface of the claw tuft setae
confirmed the presence of two types of fibrous materi-
al: the fragments of hollow fibres forming the shaft and
its lateral branches (1) and the already mentioned con-
tracted nanofibrils, the tufts of which were accumulated
on the ends of the tubular fibres (2). Fibres of the same
(or at least similar) ultrastructure to the structure of silk
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fibres produced by spinnerets and spinneret-associated
silk glands are, however, not produced by the activity of
feet and claw tuft setae.

The presence of glands which could supply the se-
cretion to adhesive setae, including claw tufts, has not yet
been confirmed by anyone. Setae displaying morphology
similar to the morphology of spigots cannot be consid-
ered to be true spigots, that is, structures through which
silk is emitted, unless there is a known source (secretory
epithelium) which could supply such a secretion. One
example of that is “ribbed hairs”, which some authors
(Rind, Birkett, Duncan, and Ranken, 2011) consider to
represent setae functioning in the same way as spigots.
However, in this particular case it has been proven that
“ribbed hairs” function as chemoreceptors (Foelix, Rast,
and Peattie, 2012). Ribbed hairs are of special interest
given their extraordinary length, due to which they rise
above the surrounding claw tuft setae and are the first
to come into contact with any substratum, before any
of the adhesive setae which surround them. They are al-
ways seen as protruding above the bundles of adhesive
setae, the distal parts of which are after climbing glued
together with the solidified amorphous secretion.

However, what is deserving of special attention for
the purposes of future research into secretion activi-
ty are the bundles of parallelly-oriented, hollow fibres
forming the shaft of adhesive setae and their lateral
branches, which are the probable source of the secretion
which dries in contact with air and therefore probably
represents an example of the secretion-producing sys-
tem via surficial pathway. In this context it is important
to bring to mind the concept of “glandular hairs” first
described by Glatz (1972, 1973), based on their detailed
study of the spinning apparatus of purse-web spiders
of the genus Atypus Laterille, 1804 (Atypidae, Mygalo-
morphae). These setae are characterized by a widened
basal part of the shafts and a long, gradually thinning
terminal part, the thin ends of which are broken off so
that the secretion contained within may be released. The
function and chemical composition of this secretion has
never been established. We believe it probable that in the
case of tarantulas there is a release of fluid emitted by the
tubular fibres forming the stalk of the claw tuft setae. It is
the manner of the motion of the spider and the manip-
ulation with the solidifying secretion which then deter-
mines the final filamentous or amorphous structure of
the solidified materials.

The findings in Theraphosidae, similarly to other
Mygalomorphae and many other spiders, suggest flu-
id as well as filamentous secretion being employed in
order to enhance adhesion (Peattie, Dirks, Henriques,
and Federle, 2011; Rind, Birkett, Duncan, and Ranken,
2011). In the case of the tarantulas studied in our work,
the secretion produced by the feet of irritated spiders
glued the groups of claw tuft setae together. Howev-

er, the same secretion at the same time also covers the
substratum-facing side of the distal lamellar parts and
covers over their microtrichia, which then can no longer
carry out their function of adhesive hairs. If the mass
of adhesive fluid grants the disturbed tarantula an ad-
vantage when moving on a smooth surface, then it is an
advantage distinctly short-lived. Tarantulas fleeing from
danger are capable of moving on smooth, perpendicu-
lar walls for a couple of minutes only. Theoretical and
experimental studies proved that the hairy design also
helps to achieve self-cleaning properties, controllable de-
tachment and increased adhesion (Federle, 2006). When
assessing this phenomenon, it is necessary to take into
consideration that arboreal tarantulas are not vagrant, or
wandering spiders in the true sense of the word. Similar-
ly to the builders of aerial webs of the infraorder Arane-
omorphae, they spend most of their life moving on a silk
self-made substratum, which is represented by the walls
of their silk, usually tube-like shelter or the surface of the
surrounding objects which they themselves cover (that
is pre-adapt) with a layer of silk.
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