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Abstract

While chemical communication has been investigated intensively in vertebrates and
insects, relatively little is known about the sensory world of spiders despite the fact that
chemical cues play a key role in natural and sexual selection in this group. In insects,
olfaction is performed with wall-pore and gustation with tip-pore sensilla. Since spiders
possess tip-pore sensilla only, it is unclear how they accomplish olfaction. We scrutinized
the ultrastructure of the trichoid tip-pore sensilla of the orb weaving spider Argiope
bruennichi—a common Palearctic species the males of which are known to be attracted
by female sex pheromone. We also investigated the congener Argiope blanda. We exam-
ined whether the tip-pore sensilla differ in ultrastructure depending on sex and their
position on the tarsi of walking legs of which only the distal parts are in contact with the
substrate. We hypothesized as yet undetected differences in ultrastructure that suggest
gustatory versus olfactory functions. All tarsal tip-pore sensilla of both species exhibit
characters typical of contact-chemoreceptors, such as (a) the presence of a pore at the
tip of the sensillum shaft, (b) 2-22 uniciliated chemoreceptive cells with elongated and
unbranched dendrites reaching up to the tip-pore, (c) two integrated mechanoreceptive
cells with short dendrites and large tubular bodies attached to the sensillum shaft's base,
and (d) a socket structure with suspension fibres that render the sensillum shaft flexible.
The newly found third mechanoreceptive cell attached to the proximal end of the peri-
dendritic shaft cylinder by a small tubular body was likely overlooked in previous studies.
The organization of tarsal tip-pore sensilla did not differ depending on the position on
the tarsus nor between the sexes. As no wall-pore sensilla were detected, we discuss
the probability that a single type of sensillum performs both gustation and olfaction in

spiders.
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1 | INTRODUCTION choosing mating partners. Although the visual and auditory senses are

much better explored, the chemical sense plays a pivotal role in all liv-
Animals rely on a wide range of sensory systems for foraging, predator ing beings from bacteria to vertebrates (Wyatt, 2003). Since chemical
avoidance, finding shelter, suitable habitats and for attracting and cues and signals are not visible and tangible, making their exploration
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more difficult, research has been focusing on vertebrates for reasons
of similarity to humans and on insects for reasons of pest control
(Symonds & Elgar, 2008).

In arthropods, sensing of most modalities is achieved with the aid
of cuticular sensilla. Primary receptor cells below the cuticle form
modified ciliary processes, which are composed of the basal ciliary
segment and the distal dendritic outer segment. The dendritic outer
segment carries receptors that transduce environmental stimuli into
bioelectric signals (e.g., Altner & Prillinger, 1980; Steinbrecht, 1984).
Cuticular sensilla may perform mechanoreception, hygroreception,
reception of CO,, thermoreception, reception of electric fields,
contact-chemoreception (gustation), or chemoreception over a dis-
tance (olfaction). Receptor modalities can be elucidated by conducting
electrophysiological recordings, molecular genetic analyses or by find-
ing modality-specific ultrastructures using transmission electron
microscopy (TEM; Altner & Prillinger, 1980; Zacharuk, 1980; Keil &
Steinbrecht, 1984; Altner & Loftus, 1985; Tichy & Barth, 1992;
Tichy & Loftus, 1996; Ozaki & Tominaga, 1999; Steinbrecht, 1997,
1999; lwasaki, Itoh, & Tominaga, 1999; Yokohari, 1999; Keil, 2012). A
revealing ultrastructure, for example, for mechanoreception is the
tubular body at the tip of a short dendritic outer segment. This tubular
body connects to a movable socket of a trichoid sensillum (e.g., Keil &
Steinbrecht, 1984). Chemosensory sensilla are characterized by pores
in the cuticle of the sensillum shaft that allow chemicals to reach the
receptors. Receptors are incorporated in the membrane of the elon-
gated dendritic outer segment that projects into the sensillum shaft.
In insects, gustation and olfaction are performed with two different
types of sensilla. For contact-chemoreception, socketed and single-
pored trichoid sensilla (tip-pore sensilla) are used, which include multi-
ple dendritic outer segments that reach up to the terminal pore where
they receive soluble chemicals. In contrast, air-borne chemicals are
transferred through multiple pores along the entire, unsocketed shaft
of wall-pore or multiporous sensilla (single- or double-walled)
(Hunger & Steinbrecht, 1998; Meinecke, 1975; Steinbrecht, 1999).
Odorants pass through pore tubules or spoke channels and connect
to the dendritic
Steinbrecht, 1999 for review). Tip-pore sensilla are known to be pre-

often  branched outer segments (see
sent in most arachnid taxa (e.g., Talarico, Palacios-Vargas, Fuentes
Silva, & Alberti, 2006; Talarico, Palacios-Vargas, & Alberti, 2008; and
review by Foelix, 1985), whereas single- or double-walled multiporous
sensilla with branched or unbranched dendrites have only been
reported from Opiliones, Amblypygi, Ricinulei, and Acari (e.g., Foelix &
Axtell, 1972; Foelix, Chu-Wang, & Beck, 1975; Gainett et al., 2017;
Hess & Vlimant, 1982; Talarico et al., 2006, 2008). In spiders and scor-
pions, however, multiporous sensilla seem to be extremely rare or
even absent (Farley, 1999; Foelix, 1985).

Previous studies showed that spiders possess tip-pore sensilla
only (e.g., Foelix, 1970, 2011, 2015; Foelix & Chu-Wang, 1973a3;
Foelix, Erb, & Rast, 2013; Ganske & Uhl, 2018; Harris & Mill, 1973;
Kronestedt, 1979; Pfreundt & Peters, 1981; Ross & Smith, 1979;
Tichy, Gingl, Ehn, Papke, & Schulz, 2001), with one possible exception
in a species-poor and basally branching off taxon (Foelix et al., 1975).

Consequently, based on the anatomical equipment alone, one might
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assume that spiders are not able to perceive volatile odours. The so-
called tarsal organ, which occurs singly on the tarsus of each leg and
pedipalp (e.g., Anton & Tichy, 1994; Foelix, 1985; Forster, 1980; For-
ster, Platnick, & Gray, 1987; Tichy & Barth, 1992), was previously con-
sidered an olfactory organ (Dumpert, 1978; “pheromone receptor”:
Foelix, 1992) but was found to act as a hygroreceptor (Ehn &
Tichy, 1994; Tichy & Barth, 1992; Tichy & Loftus, 1996). In marked
contrast to the morphological findings, a wealth of behavioural obser-
vations clearly demonstrate that spiders are able to smell
(e.g., Blanke, 1973; Gaskett, 2007; Uhl, 2013; Uhl & Elias, 2011,
Witt, 1982). Spiders use volatile odours to detect prey and mates over
large distances (Gaskett, 2007; Uhl, 2013; Uhl & Elias, 2011) and for a
few spider species, the pheromones were identified and tested in bio-
assays (review in Uhl, 2013; Fischer, Lee, Stewart, & Gries, 2019).
Nevertheless, how spiders smell has remained a conundrum.

Spiders of the genus Argiope Audouin, 1826 (Araneidae) are ideal
models to unravel the chemical sense of spiders, since their mating
behaviour has been studied intensively in the laboratory and under
natural conditions (Schneider, Uhl, & Herberstein, 2015). Argiope
bruennichi lends itself as a focal species because the sex pheromone
has been identified, synthesized and successfully tested in the field.
The trimethyl methylcitrate attracts males over large distances and
elicits courtship behaviour (Chinta et al., 2010). Furthermore, an atlas
of the distribution of all sensillum types of A. bruennichi based on
scanning electron microscopy (SEM) is now available (Ganske &
Uhl, 2018). The study confirms that both sexes possess only tip-pore
sensilla as chemoreceptors, as no wall-pore sensillum could be found
with SEM (Ganske & Uhl, 2018). Since the trichoid tip-pore sensilla
are not only abundant in regions that contact the substrate but occur
on all podomeres of the legs, Ganske and Uhl (2018) proposed that
these sensilla may either receive and transduce both olfactory and
gustatory stimuli or show cryptic ultrastructural differences depending
on their position on the leg.

In this study, we examine the organization of the trichoid tip-pore
sensilla of A. bruennichi using SEM, semi-thin histology and TEM. We
describe the ultrastructure of these sensilla along the tarsi of the first
and second walking legs and assess whether there are areas of the sensil-
lum shaft potentially permeable to volatile odours, but not visible using
the SEM. We paid particular attention to potential differences in ultra-
structural composition depending on the sensillum's location and orienta-
tion on the tarsus (towards and away from the substrate). By using males
and females, we further analysed if the sexes differ in the ultrastructure
of their tip-pore sensilla. We further inspected the New World congener
Argiope blanda in order to assess whether there are species-specific dif-

ferences in sensillum organization.

2 | MATERIALS AND METHODS

21 | Field collection and dissection

Adult females and males of A. bruennichi (Scopoli, 1772) were col-

lected in July and August 2017 on meadows near Greifswald
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(Germany). Adult females of A. blanda O. Pickard-Cambridge, 1898
were collected nearby Playa Panama (Guanacaste, Costa Rica, pas-
aporte Cientifico 01334 of GU). Prior to dissection and preparation
for histology and electron microscopy, all investigated specimens

were anaesthetized with CO,.

2.2 | Scanning electron microscopy

Adult specimens of A. bruennichi (five females, two males) were used
for SEM. The first and second walking legs of A. bruennichi were
chemically fixed with 80% ethanol for at least 24 hr. After cleaning
the fixed legs in an ultrasonic bath, they were dehydrated in a graded
series of ethanol, and critical-point-dried using a BAL-TEC CPD
030 or a LEICA EM CPD300. Critical-point-dried legs were mounted
on carriers according to Ganske and Uhl (2018), sputter-coated with
gold-palladium (ratio: 80/20; Polaron SC7640, Fisons Instruments)
and examined with a ZEISS EVO LS10 at an accelerating voltage of
10 kV at the Imaging Center of the University of Greifswald. The dis-
tribution of tip-pore sensilla on tarsi of first and second walking legs
was investigated in A. bruennichi using SEM. The distribution of tip-
pore sensilla of A. blanda was assessed and compared with A.
bruennichi using a SZH-10 stereomicroscope (Olympus). Detailed
description and morphometric measurements of the shaft surface of
the tip-pore sensilla were undertaken for A. bruennichi on the tarsi of
second walking legs of a single specimen (~20 sensilla examined).

2.3 | TEM and histology

First and second walking legs of four females and three males of A.
bruennichi as well as of three females of A. blanda were taken from
the anaesthetized animal with micro-scissors, while it was placed in
ice-cold prefixative modified after Karnovsky (1965) containing 2.5%
glutaraldehyde, 2.5% paraformaldehyde, 1.5% NaOH, and 1,5%
p-glucose (in 0.1 mol/L sodium phosphate buffer, pH 7.4). Tarsi were
cut into two (distal and proximal) pieces of about 1-2 mm in length in
the same prefixative to facilitate chemical fixation. Incubation was
maintained for approximately 30 min. To enhance fixation quality and
tissue contrast, we then applied 3 x 2 min pulses of microwave radia-
tion (operated at a power of 200 W or 300 W) generated by a PELCO
BioWave Pro (equipped with the solid state cooling unit PELCO
SteadyTemp Pro Thermo Cube). Sample temperature was monitored
and ranged between 8-10°C prior and 23-27°C after BioWave appli-
cation. Tarsal pieces were then kept overnight in the same prefixative
in a lightproof box at room temperature. After rinsing three times for
5 min in buffer solution in 0.1 mol/L sodium phosphate buffer
(pH 7.4), postfixation in 2% OsQO, solution was conducted at room
temperature for 3 hr, followed by dehydration in graded series of eth-
anols and then transferred to propylene oxide. In order to replace pro-
pylene oxide with the embedding medium EmBed 812 resin and to
pre-embedding steps (ratio

remove tissue-enclosed gases,

propylenoxide versus resin: 2:1 for 4 hr; 1:1 for 12 hr; 1:2 for 12 hr,

100% resin for 1 hr) were carried out. Pre-embedding in 100% resin
was prolonged for further 60 min in a HERAEUS VT-6025 vacuum
drying cabinet (operated at 150 mbar and 40°C). Vacuum exposition
was arranged in three steps of 20 min steps with 5 min breaks in
between under normal atmospheric pressure. After each step, the
vacuum was released slowly and bubbles of residual, gaseous propyl-
ene oxide leaking from the tarsal pieces were removed. Then, the tar-
sal pieces were transferred to the embedding molts that contained
new resin. Tarsi were oriented in the resin block with their lateral or
dorsal side facing the cutting edge. Polymerization of the resin blocks
was carried out in a heating cabinet at 60°C for a minimum of 24 hr.

On each tarsal piece, 20-30 tip-pore sensilla could be analysed.
Only those tip-pore sensilla with their shafts oriented perpendicular
to the cutting edge provided suitable cross sections that enabled us to
assess the number of chemoreceptive dendritic outer segments in a
given sensillum. Tip-pore sensilla on the ventral and lateral side of the
tarsus were considered as sensilla that touch the substrate and are
used for gustation, whereas those located on the dorsal side face
away from the substrate and were thus considered as candidates of
olfactory sensilla.

Transverse and horizontal ultra-thin sections (55-70 nm) of the
tarsal pieces were made using a LEICA UCT ultramicrotome. Series of
ultra-thin sections alternated with two semi-thin sections (700 nm in
thickness), which were taken every 5 um for orientation under the
light microscope. Ultra-thin sections were transferred to Formvar-
coated slot grids (PLANO, G2500C), stained with uranyl acetate and
lead citrate for 4 min each, and then examined with a JEOL JEM-1011
TEM operated at 80 kV. Digital micrographs were obtained with a
mid-mount camera (MegaView lll, Soft Imaging System) using iTEM
imaging software (Soft Imaging System). Semi-thin sections were
mounted on glass slides, stained with 1% toluidine blue in a solution
of 1% sodium tetraborate (borax, modified after Richardson, Jarett, &
Finke, 1960), and embedded in Roti-Histokitt Il (CARL ROTH) mount-
ing media. Light micrographs were taken with an Olympus BX60
microscope equipped with an AxioCamMRc digital camera and with
an Aperio Versa 8 automatic imaging system (LEICA) including a
LEICA DMé B light microscope and an ANDOR Zyla sCMOS digital

camera.

3 | RESULTS
3.1 | External morphology and tarsal distribution
of tip-pore sensilla

As reported by Ganske and Uhl (2018) the number of tip-pore sen-
silla decreases from the tarsal tip to the femur (for the sequence of
podomeres, see Figure 1b). The tip-pore sensilla are abundant on the
tarsus, mostly arranged in six to eight longitudinal rows (Figure 1c,d).
Tip-pore sensilla can be distinguished from other trichoid sensilla
with mechanoreceptive function by their shorter length, smaller
diameter and a shaft that is bent towards the tarsal claw (Figure 1c-e).

The arrangement of tarsal tip-pore sensilla is similar in females
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FIGURE 1 Argiope bruennichi, diversity of hairy protuberances found on walking legs. (a) Portrait of female individual of A. bruennichi from the
Balearic Island Ibiza. (b) Dissected first walking leg in prolateral view showing sequence and proportions of podomeres. Micrograph. (c-h) Outer
appearance of tarsal trichoid tip-pore sensilla (tps) as documented with scanning electron microscopy (SEM). (c) Overview of ventrolateral face of
the tarsus bearing aligned trichoid tip-pore sensilla (asterisks); also note the presence of long (Its) and short (sts) mechanoreceptive trichoid
sensilla. (d) Close up of median tarsal sector exhibiting trichoid sensilla with a strong and elongated hair shaft (Its) differing from other trichoid
sensilla with shorter and slender hair shaft (sts). (e) Close-up lateral view of a tip-pore sensillum displaying five distinct regions: socket region (sor),
smooth shaft region (smr), finely ribbed shaft region (frr), strongly ribbed shaft region (srr), and pore region (tpr). (f-g) Close-ups of strongly ribbed
region showing upper (f) and lower (g) face of the sensillum shafts of two tarsal tip-pore sensilla in the same individual, each face tapers into a
keel-like ridge (ke). Shaft surface is riddled with numerous, obliquely oriented primary ribs (rb) separated by grooves (gr). Primary ribs are
interspersed by shorter and thinner secondary ribs (white arrows). Grooves and ribs show variable proportions, some tip-pore sensilla display
pronounced ribs combined with broad and deep grooves (f) while others show flat and broad ribs combined with narrow, lesser deep-reaching
grooves (g). The magnified sector is indicated by dashed box in (e). (h) Apical region of the shaft showing the tip pore (tp). Further labels: cx, coxa;
di, distal; fe, femur; mt, metatarsus; pro, proximal; pt, patella; ta, tarsus; tcl, tarsal claw; ti, tibia; tr, trochanter [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 2 Argiope bruennichi, semi-schematic reconstruction of a tarsal trichoid tip-pore sensillum in longitudinal section, located on a

walking leg. The sensillum shaft is bend towards the distal tip of the tarsus (di), sensillum components below the cuticle are oriented/run towards
the proximal part of the tarsus (pro). Chemoreceptive dendritic outer segments (cde) and peridendritic shaft cylinder (pdc) are located in the upper
domain of sensillum shaft (up) facing away from tarsal cuticle (cu), opposite lower domain (low) of sensillum shaft contains the outer sensillum
lymph space (osl). Five major regions of the hair shaft can be distinguished (from distal to proximal): 1. Socket region (sor), 2. Smooth region (smr),
3. Finely ribbed region (frr), 4. Strongly ribbed region (srr), 5. Tip pore region (tpr). The arrow indicates perforated apical part of the peridendritic
shaft cylinder (tubular radial projections of the outer sensillum lymph space). The longitudinal axis of the sensillum is compressed with respect to
its subcuticular components, the proximal bulging of the inner sensillum lymph space (isl) is not shown in the aim to highlight the sensory
components such as the dendritic inner segments (ids) and subjacent cluster of receptor cell somata (rc). We also forewent to illustrate the tiny
longitudinal canals in the shaft wall cuticle. Further labels: asc, accessory sheath cells; ax, axons; bbr, basal (ciliary) body region; ds, dendritic
sheath; ecm, extracellular matrix (epidermis); epc, epidermal cell(s); isc, inner sheath cell; mde, mechanoreceptive (short) dendritic outer segments;
msc, median sheath cell; osc, outer sheath cell; pasc, distal projections of accessory sheath cells; posc, distal projections of inner sheath cell; sf,

suspension fibres; swc, shaft wall cuticle; tb, (first and second) tubular body; 3. tb, third tubular body; tp, tip pore

and males of A. bruennichi and does not differ from patterns
observed in both sexes of A. blanda. However, there is sex-specific
variation in the length of the sensillum shafts. In A. bruennichi, shaft
length varies between 80 and 150 pm in females and 70-120 pm in
males. The sensillum shaft projects from the tarsal axis at a steep
angle with slight variation between both sexes (50-90° in females,
40-100° in males). Five regions can be differentiated on a given sen-
sillum shaft (Figures 1e and 2): The shaft is inserted in (1) a flat
socket surrounded by a flat cuticular ring (sor, socket region),
followed by a (2) region with smooth cuticular surface (Figure 5g-i)
reaching up to 10 um from the socket (smr, smooth region). In the
(3) finely ribbed region (frr), the shaft is striated with frequent, nar-
row and flat ribs (rb) (Figure 1f-h). The cross profiles of the sensillum
shaft may vary from circular to ovoid (Figure 5d-f). In the strongly
ribbed region (srr) (4), along the distal half of the shaft, the ribs are
fewer in number, and more pronounced. These ribs, which are called
primary ribs in the following, are connected with an upper keel (fac-
ing away from tarsal cuticle) and a lower keel (facing tarsal cuticle)
(ke, Figure 1f,g). The spindle-shaped cross profile is typical for this
region of the shaft (Figures 3d and 5a-c). The primary ribs measure

0.47-0.65 pm in width, alternating with grooves (gr) of 0.1-0.2 um in
diameter (n = 40). The ribs vary slightly in arrangement (Figure 1f,g).
Between the large primary ribs, smaller secondary ribs may be present
that extend at most half way between two adjacent primary ribs
(Figure 1f,g). The sensillum shaft ends at the tip-pore region (tpr) (5).
The tip exhibits an ovoid pore of 0.3-0.6 pm in diameter (Figure 1h).
The shaft diameter decreases from the smooth region (4-8 pm) to the

tip-pore (1-2 pm).

3.2 | Internal anatomy of tip-pore sensilla

3.2.1 | General cellular organization

We found no differences in the cellular anatomy of the tip-pore sen-
silla on the tarsus of the first and second walking legs between female
A. bruennichi and A. blanda, nor between males and females of A.
bruennichi (Figures 3d-I and 5). Most importantly, there was no ana-
tomical difference in tip-pore sensilla on dorsal, ventral or lateral sides

of the tarsus. We document this similarity by means of cross sections
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of shaft and socket structures of tarsal tip-pore sensilla from different
sexes and species (Figures 5 and 6). The (sub)cellular organization of
the subcuticular domain (part below the socket region) is nearly iden-
tical in both species of Argiope. Hence, the following descriptions and
illustrations are based on ultrastructural observations in A.
bruennichi only.

FIGURE 3 Legend on next page.

A tip-pore sensillum consists of a sensory component made of
various receptor cells and a glial component consisting of various
sheath cells. The sensory component is a cluster of 5 to 25 chemo-
and mechanoreceptive, monociliated receptor cells located in the epi-
dermis. Each cluster includes chemoreceptive cells (n = 2-22), which
project a dendritic apparatus into the sensillum shaft. In addition,
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there are two to three mechanoreceptive cells that project short den-
drites, which either attach to the socket (n = 1-2) or to the peri-
dendritic shaft cylinder (n = 1). All mechanoreceptive dendrites end
with a tubular body.

The following terminology of the ultrastructural components of the
tip-pore sensilla is based on Keil and Steinbrecht (1984). Each dendrite is
subdivided into (a) an inner segment represented by a finger-like, distal
cytoplasmic process projecting from the receptor cell soma and (b) an
outer segment representing the distal part of the sensory cilium, which
typically lacks ciliary arrangement of microtubules (Keil &
Steinbrecht, 1984). The connecting structures, namely the ciliary struc-
ture (with standard 9 x 2 pattern of microvilli) and subjacent basal bodies
(bbr, basal body region; see Figure 2), comprise the ciliary region.

The glial component consists of an inner and outer sheath. The inner
(main) sheath tightly surrounds the dendritic apparatus and is trifold as it
is established by three overlapping sheath cells, namely the inner, median
and outer sheath cell. The median sheath cell constitutes the dendritic
sheath enclosing the dendritic outer segments and forms/regulates the
inner sensillum lymph space (syn. “C; canal”: Foelix & Chu-Wang, 1973a).
In addition, there is an outer sheath, which is built by multiple accessory
sheath cells (Figure 2). These accessory sheath cells form an epithelium
below the cuticle and almost completely surround the outer sensillum
lymph space (syn. “C, canal”: Foelix & Chu-Wang, 1973a).

In the following, the cellular composition of the tip-pore sensilla is
described in detail from the distal end down to the axonal strands.
We thereby distinguish the supracuticular portion—the sensillum shaft
including the socket—from the part where the dendritic apparatus and
surrounding outer sensillum lymph space break through the thick tar-
sal surface cuticle, the so-called socket channel (sensu Harris, 1977),
as well as the subcuticular portion, equivalent to all parts of the sensil-
lum below the socket region and socket channel.

3.2.2 | Sensillum shaft

The sensillum shaft accommodates the chemoreceptive dendritic
outer segments (cde) that project up to the tip pore region (Figure 3a,b).

The width of the shaft wall cuticle (swc) continuously increases from 0.1
to 0.3 um in the apical strongly ribbed region, over 0.3-0.5 pm in the
finely ribbed region to 0.5-1.3 um above the socket region
(Figures 4-6e). The shaft wall cuticle includes a system of narrow,
circularly aligned longitudinal canals (Ilwc) (width: 30-60 nm), which
decrease in number from strongly ribbed down to the smooth region.
Broad longitudinal canals have lesser electron-dense contents
(Figures 3d,e, 4a,c, and 5c,f), compared to narrow longitudinal canals
with extremely electron-dense lumina (Figure 5d,e). Narrow longitu-
dinal canals can be difficult to detect in the shaft wall cuticle
(Figure 5d,e). No longitudinal canal opens either to the inside or to
the outside of the sensillum shaft.

The elongated chemoreceptive dendritic outer segments are situ-
ated in the upper domain of the sensillum shaft, equivalent to the
upper domain of the shaft facing away from the tarsal cuticle
(Figure 2). Examination of cross and oblique sections from the tip-pore
region reveal that about 90% of the dendritic outer segments reach
the pore (Figure 3a,b). The remaining ones seem to terminate in the
strongly ribbed region (see below). The shaft regions defined in this
paper are also characterized by internal ultrastructural differences.
Within the strongly and finely ribbed region, the dendritic outer
segments are enclosed by a cuticular cylinder, termed here as
peridendritic shaft cylinder (pdc) (syn. “cuticular tube”: Foelix & Chu-
Wang, 1973a), which represents an involuted structure of the shaft
wall cuticle. The inner portion of the peridendritic shaft cylinder sepa-
rates the outer from the inner sensillum lymph space (Figures 2, 3d-
f,i, 4a,c, 5a-f, and 6b,c).

Along the distal third to half of the strongly ribbed region, the
inner portion of the peridendritic shaft cylinder between both lymph
spaces is penetrated by radial projections (Figures 2 and 4). Longitudi-
nal (Figures 3c and 4a,d-f), horizontal (Figure 4b), and cross
(Figure 4c) sections reveal that these penetrations are tubular radial
projections of the outer sensillum lymph space (osl) that almost reach
the inner sensillum lymph space (isl). Only the thin, innermost lamella
(intima) of the peridendritic shaft cylinder separates both lymph
spaces (e.g., Figure 4c). In horizontal sections through the sensillum
shaft, these tubular radial projections are cross-cut and display a

FIGURE 3 Microanatomy of tarsal trichoid tip-pore sensilla in Argiope bruennichi (a-h) and Argiope blanda (i). Distal aspect of the sensillum
shaft at and immediately below the tip pore region. Transmission electron microscopy (TEM). (a,b) Cross sections of the tip pore (tp). (b) Shows
details of the pore and terminals of five chemoreceptive dendritic outer segments (cde), note minute profiles of longitudinal shaft wall canals
(lwc). Male. (c) Oblique-longitudinal section close-by tip pore in female. Note the slit peridendritic shaft cylinder (pdc) surrounding the
chemoreceptive dendritic outer segments. (d-i) Cross sections of distalmost shaft region immediately below the tip pore and above the zone of
slit circumdendritic cylinder showing considerable variation in number of chemoreceptive receptors (d,e,g,h: female of A. bruennichi; (f) male of A.
bruennichi; (i) female of A. blanda). (d,g) Overview (d) and detail (g) of sensillar shaft housing about six chemoreceptive outer dendritic segments in
the inner sensillum lymph space (isl), dendritic nature may be obscured by local swellings and subsequent rupture of microtubules (mt), only two
clearly discernible dendrites are indicated in (g); (e,h) Overview (e) and detail (h) of sensillum shaft containing 20 chemoreceptive outer dendritic
segments, black arrow exemplarily indicates orientation of shaft components relative to the tarsal cuticle (cu). (f) Overview of sensillum shaft
containing 13 chemoreceptive outer dendritic segments. (i) Overview of sensillum shaft with only a single clearly identifiable chemoreceptive
outer dendritic segment (white arrow). Note the extremely electron-dense content in the distalmost compartment of the outer sensillum lymph
space (osl). Further labels: gr, grooves in shaft wall cuticle (ribbed shaft region); pdp, inward projections of the innermost lamella of the
peridendritic shaft cylinder (extracellular inclusions in the inner sensillum lymph space); psc, distal cytoplasmic projections of outer and/or
accessory sheath cell(s); rb, ribs on shaft wall cuticle (ribbed shaft region); ke, keel-like structure running along upper and lower edge of shaft wall
cuticle; swc, shaft wall cuticle
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dense and highly ordered linear pattern (Figure 4b). The lymph within
these tubular radial projections appears more electron-dense towards
the tip-pore region, where it can be barely distinguished from the sur-
rounding cuticle of the peridendritic shaft cylinder (compare
Figures 4d,e). A shift from moderate to high electron-density also

FIGURE 4 Legend on next page.
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occurs in the main compartment of the outer sensillum lymph space
towards the tip-pore region (compare Figures 3d-f and 4b,d,e). Inner
sensillum lymph matter was not found at the opening of the tip-pore,
nor was lymph found attached to the outer surface of the sensillum
shaft. The inner sensillum lymph space accommodates a varying
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number of ramifying cytoplasmic processes (psc) formed by the acces-
sory and/or outer sheath cell(s) (Figures 4a, 5a-h, and 6b,d-g). In the
inner sensillum lymph space, we identified 2-22 chemoreceptive den-
dritic outer segments (cde; e.g., Figures 3d-h, 4, and 5). However, the
occurrence of local swellings along some dendritic processes makes
it difficult to follow individual dendrites (sde, Figure 4f) since
microtubules (mt) may be locally severed and thus invisible in these
regions (Figures 4f and 5d,e,g,h). Furthermore, in cross sections,
local invaginations of the intima of the peridendritic shaft cylinder
may resemble cellular inclusions (pdp) and may be confounded with
dendritic outer segments (Figures 3g and 4d). The chemoreceptive
dendritic outer segments are often restricted to a peripheral posi-
tion in the inner sensillum lymph space adjoining the inner face of
the peridendritic shaft cylinder (Figure 5b).

The peridendritic shaft cylinder ends at the transition of the
smooth to the finely ribbed region of the sensillum (Figure 2). At
this section level, the cluster of chemoreceptive dendritic outer
segments is encased by a thickened dendritic sheath (ds, Figure 6a-c).
Inward projections of the dendritic sheath (sds) compartmentalize the
inner sensillum lymph space. One of these lymph compartments houses
a small, circular tubular body (3.tb), approximately 0.2 pm in diameter,
which is formed by the third mechanoreceptor cell, whereas the
remaining compartments house the chemoreceptive dendritic outer
segments (Figures 5g-i and 6a-c). The attachment side of the small
(third) tubular body was not visible further distally (e.g., Figure 5f).
The small (third) tubular body is most likely connected to the inner
face and/or inward projections of the dendritic sheath (Figure 2).
The dendritic sheath disappears within the peridendritic shaft cylin-
der further up the shaft, in the proximal half of the finely ribbed
region. Here, the chemoreceptive dendritic outer segments are
more dispersed within the sensillum lymph space (compare
Figure 5a,f).

The sensillum shaft ends in the socket region. Here, the shaft wall

cuticle is embedded in a coarsely fibrillous cuticle, here termed as

suspension fibres (sf) which are part of the “joint membrane” sensu
Keil and Steinbrecht (1984). The suspension fibres connect the shaft's
base with the surrounding tarsal cuticle (Figures 6e,g, and 7a). In the
socket region, the cluster of dendritic outer segments, enclosed by
the dendritic sheath, is located at the proximal periphery (relative to
the tarsus) of the outer sensillum lymph space. At the very base of the
socket, usually two tubular bodies (1.tb, 2.tb) are present (Figure 2).
They display a variable cross-shape and represent terminal swellings
of the outer dendritic segments of the first and second mechanore-
ceptor cells (Figure 7). Both tubular bodies attach to the base of the
shaft wall cuticle (Figure 2). In cross sections, the tubular body of the
first mechanoreceptor cell is about double the size as that of the sec-
ond one (Figure 7b,d,f). In approximately 10% of all tarsal tip-pore
sensilla investigated, there is only a single large, ovoid tubular body
(1.0-1.3 pm in diameter, Figure 7e). This tubular body most likely rep-
resents the type-1 mechanoreceptor in typical tip-pore sensilla. The
tubular bodies (including the smallest third one occurring at the lower
end of the peridendritic shaft cylinder) are characterized by a high
abundance of microtubules, which are accurately aligned at their
periphery (Figure 7d). Microtubules are embedded in a highly
electron-dense matrix pervaded by interstitial filaments (Figures 6a
and 7b,d-h). Peripheral microtubules (pco) contact the dendritic
sheath via a complex of radiating microfilamentous spokes (Figure 7d),
resembling the “membrane-integrated cones” described by Thurm
et al. (1983) in insect mechanosensilla. The inner face of the dendritic
sheath may show knob-like infoldings from the smooth shaft region
down to the socket region (e.g., Figure 6f,h). This system of infoldings
becomes more pronounced in two areas; (a) right below the peri-
dendritic shaft cylinder (see Figure 6a-c and description above) and
(b) right below the socket (Figure 7b,d,f-h). As with the transition
zone to the peridendritic shaft cylinder, septum-like infoldings (sds) of
the dendritic sheath separate the large tubular bodies at least partly
from the chemoreceptive and the third mechanoreceptive dendrites

(e.g., Figure 7d,g).

FIGURE 4 Microanatomy of tarsal trichoid tip-pore sensilla in Argiope blanda (a,f) and Argiope bruennichi (b-e, females). Distal and median
aspect of sensillum shaft referred to as strongly ribbed shaft region comprising pronounced ribs (rb) separated by deep grooves (gr). Spindle-like
cross profile is caused by keel-like structure lining the upper (facing away from tarsal cuticle) and lower (facing tarsal cuticle) face of the shaft (ke).
Transmission electron microscopy (TEM). (a) Longitudinal section through strongly ribbed region made slightly obliquely to the shaft's medio-
longitudinal axis; section plane is indicated in (c). Note the presence of slits (arrows) representing longitudinal profile of radial tubular projections
of outer sensillum lymph space (osl) penetrating the peridendritic shaft cylinder (pdc), imaging of slits is enabled by cutting orientation of the
cylinder changing from longitudinal (proximal, lower half of image) to tangential (distal, upper half of image). (b) Horizontal section of ribbed region
almost perpendicular to a (section plane indicated in c). Stacked arrangement of numerous radial tubular projections of outer sensillum lymph
space is visible (arrows and arrowheads); note the sharp gradient of electron-density in outer sensillum lymph space changing from moderate
(lower half, see arrows and detail in e) to extremely high (upper half, see arrowheads and detail in d). (c) Cross section of sensilla shaft showing
multiple tubular perforations in peridendritic shaft cylinder (arrow). (d) Detail of distal part of strongly ribbed shaft region in horizontal

section exhibiting stacked radial projections of extremely electron-dense outer sensillum lymph space (arrowheads), note presence of
chemoreceptive outer dendritic segments (cde) and inward projections of the innermost lamella of the peridendritic shaft cylinder (pdp) narrowing
the inner sensillum lymph space (isl). (e) Detail of proximal part of strongly ribbed shaft region in horizontal section exhibiting stacked radial
projections of moderately electron-dense outer sensillum lymph space. (f) Detail of proximal of strongly ribbed shaft region in horizontal

section showing local swelling of chemoreceptive outer dendritic segments (sde); dendritic microtubules (mt) may look ripped in those swellings.
Radial projections of outer sensillum lymph space are cut transversally (arrows). Further labels: Iwc, longitudinal shaft wall canals; psc, distal
cytoplasmic projections of outer and/or accessory sheath cell(s); sor, (direction towards) socket region; swc, shaft wall cuticle; tp, (direction

towards) tip pore
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3.3 | Socket channel and subcuticular portion of
tip-pore sensilla
3.3.1 | General pattern

The major cytoplasmic parts of all cells constituting the tip-pore sen-
sillum are found below the socket region (Figure 2). Here, the tarsal

Lo (D)

FIGURE 5 Legend on next page.
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cuticle displays a funnel-shaped socket channel, which is traversed by
the dendritic apparatus (mechano- and chemoreceptive dendritic
outer segments wrapped by the dendritic sheath). The outer sensillum
lymph space is lined and traversed by microvilli-form cytoplasmic pro-
cesses of accessory and/or main sheath cells (psc). The dendritic appa-
ratus stays at the proximal periphery of the socket channel (facing the
side oriented towards the metatarsus). After entering the epidermis,
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the dendritic apparatus strongly bends in proximal direction projecting
up the leg towards the metatarsus at almost 90°running parallel and
subjacent to the cuticle (Figures 2, 6d, and 10a).

Below the socket channel, the dendritic apparatus projects
40-50 pum through the tarsal epidermis (epc) and ends in the ciliary
region indicated by the presence of ciliary structures (cis) and basal
bodies (bb, bbr) (Figures 2, 7, and 10a). The distance from the ciliary
region to the more proximal cluster of mechano- and chemoreceptor
cell somata (rc) may vary considerably (from 20 up to 50 pm)
(Figure 2). Hence, the axons of the receptor cells (ax) are usually found
60-100 pm proximally of the sensillum shaft (Figure 2). The sensory
portion (receptor cell somata + dendritic processes) is tightly sur-
rounded by multiple sheath cells and numerous, flat and granulated
interstitial epidermal cells (epc) (Figure 9d). The nuclei of the intersti-
tial epidermal cells are situated right below the socket channel
(Figures 2 and 10a) or in basiepidermal position. The outer sensillum
lymph space may contain granulated hemocytes (hc), which adhere to
the dendritic sheath and distal processes of the outer (osc) and
median (msc) sheath cells (Figure 10a,c).

3.3.2 | Receptor cells and proximal part of
dendritic apparatus

Below the socket channel, the 5-25 dendritic outer segments are
tightly grouped in the inner sensillum lymph space, lined by the den-
dritic sheath. The dendritic outer segments of the first and second
mechanoreceptor cells flank the other dendrites and can be distin-
guished by their bigger size and lower osmiophilic cytoplasm
(Figure 10b). The dendritic apparatus lies centrally in the electron-
lucent outer sensillum lymph space (Figures 2 and 10a,b). The den-
dritic apparatus is single- or double-coated by distal processes of the
main sheath cells (for more detailed description, see below). In the cili-
ary region, the inner sensillum lymph space is considerably wider. The
dendritic sheath is formed by the median sheath cell and begins proxi-
mally at the transition zone of the median and outer sheath cell
(Figures 2, 8a, and 10a). The dendritic outer segments turn into ciliary

segments (cis) in the widened proximal part of the inner sensillum
lymph space not covered by the dendritic sheath, where they form
the ciliary segment (cis). Here, each ciliary segment possesses a stan-
dard 9 x 2 ciliary configuration of microtubules (Figures 8b-d and
10a). At the basal rim of the widened part of the inner sensillum lymph
space, each ciliary segment is connected to two, linearly arranged cen-
tromers forming the region of the basal body (bbr) and located at the
tip of the finger-like dendritic inner segment (ids, Figures 2 and 8b,d).
The horizontal arrangement of inner dendritic segments across this
area is caused by the row-by-row descent of the ciliary segments
towards the bottom of the inner sensillum lymph space. Ciliary seg-
ments turn into dendritic inner segments at the region of the basal
body (bbr). Dendritic inner segments form a flat bundle that projects
further proximally, crammed between the inner and median sheath
cell (Figures 8c-e and 9b). The cytoplasm of the inner dendritic seg-
ments contains a complex system of elongated, partly branched mito-
chondria of the cristae type (mi), dispersed cisternae of the rough
endoplasmic reticulum (rER), longitudinally running microtubules, small
electron-lucent vesicles (ev) located around the basal body, as well as
ciliary root filaments (cr) projecting from the basal body (Figures 2 and
8b-e). We did not find any differences between the dendritic inner
segments and, thus, could not differentiate between chemo- and
mechanoreceptor cells in this part of the sensillum. In the soma
region, dendritic inner segments widen into a spherical to ovoid com-
partment (soma) carrying the circular nucleus (nu) with poor hetero-
chromatin content (Figure 9a,c). The perinuclear cytoplasm of the
receptor cells is moderately electron-dense and includes elongated
mitochondria (cristae type), highly ordered cisternae of the rER, Golgi
stacks (go), numerous coated vesicles, vacuoles with contents of het-
erogenous electron-density resembling lysosomes, and dispersed
microtubules (some of listed organelles illustrated on Figure 9c). Proxi-
mally, each receptor cell soma tapers into a long axonal process con-
taining slender and elongated mitochondria and microtubules. The
2-25 axons of a given tip-pore sensillum form a distinct axon bundle
projecting proximally. Further up the tarsus, axon bundles of neigh-
bouring tip-pore sensilla merge to form joint, second-order axon bun-
dles (axb) (Figure 9d).

FIGURE 5 Comparative morphology of trichoid tip-pore sensilla in Argiope spp. Compilation of cross sections demonstrating highly similar
architecture of sensillum shafts as depicted from various section levels. (a,d,g) Argiope bruennichi, female; (b,e,h) Argiope bruennichi, male; (c,f,i)
Argiope blanda, female. Transmission electron microscopy (TEM). (a-c) Proximal aspect of strongly ribbed shaft region, below zone of pierced
peridendritic shaft cylinder (pdc). Note varying numbers of chemoreceptive outer dendritic segments (cde: a: 20, b: 16, c: 14) and distal
cytoplasmic projections of various sheath cells (psc: a: 17, b: 6, c: 3). (b) Shows typical central position of locally invaginated innermost lamella of
the peridendritic shaft cylinder (pdp) squeezing the chemoreceptive dendritic outer segments into a peripheral position within inner sensillum
lymph space (isl). (d-f) Spherical to ovoid cross profiles of sensillum shafts found in finely ribbed shaft region: (d) Amidst finely ribbed region with
chemoreceptive dendritic outer segments dispersed in inner sensillum lymph space, note the presence of swollen dendrites (sde). (e) Proximal
aspect of finely ribbed shaft region; inner sensillum lymph space occurs in two distinct compartments separated by the dendritic sheath (ds); one
chemoreceptive outer segment appears swollen (arrow). (f) Section level a few micrometres distal to (e) identifiable by disintegration of the
dendritic sheath (arrow). (g-i) Spherical cross profiles of smooth region near-by base of sensillum shaft. All sections show a small tubular body (3.
tb) representing the termination structure of the shaft-invading, third mechanoreceptor cell which is separated from chemoreceptive dendrites by
septum (sds) formed by heavily diversified dendritic sheath. The peridendritic shaft cylinder is absent in this region. Detail of dendritic apparatus
shown in h is given in Figure 6éa. Further labels: gr, grooves in shaft wall cuticle (ribbed shaft region); lwc, longitudinal shaft wall canals; osl, outer
sensillum lymph space; psc, distal cytoplasmic projections of outer and/or accessory sheath cell(s); rb, ribs on shaft wall cuticle (ribbed shaft
region); ke, keel-like structure running along upper and lower edge of shaft wall cuticle; swc, shaft wall cuticle
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3.3.3 | Sheath cell system

The sheath cell system of tip-pore sensilla in A. bruennichi and A.
blanda is established by both main and accessory sheath cells. The
main sheath cells constitute the main (inner) sheath by surrounding
the receptor cells including the dendritic apparatus and the inner sen-
sillum lymph space. The accessory sheath cells do not have direct con-
tact with the sensory system but establish a second (accessory)
sheath as they line the outer sensillum lymph space. The main sheath
is formed up by three stacked cells each of which is represented by a
distinct type of sheath cell, defined by its position, cytoplasmic com-
position, apical differentiation, and function. Inner, median, and outer
sheath cells can be distinguished.

The inner sheath cell (isc) surrounds the most proximal and spa-
cious part of the inner sensillum lymph space, which is not lined by a
dendritic sheath. This area is termed “basal lymph cavity” in insect tip-
pore sensilla (Ozaki & Tominaga, 1999). The proximal part of the apex
of the inner sheath cell projects numerous slender and elongated
microvilli (mv), which invade this proximal lumen of the inner sensillum
lymph space (Figures 8a-c and 9a,b). Further characteristics of this
cell type are elongated mitochondria (cristae type) in the cytoplasm, a
massively developed rER, numerous and slightly polymorphic granules
(g) with extremely electron-dense content and measuring up to 3 pm
in diameter, membrane-enclosed vacuoles with a heterogenous matrix
resembling lysosomes, few Golgi stacks, as well as dispersed microtu-
bules (Figure 10a,d,e). The soma of the inner sheath cell is usually
located at the proximal end of the inner sensillum lymph space. The
nucleus is ovoid or bean-shaped and contains moderate portions of
heterochromatin (Figure 10a,d,e).

The median sheath cell (msc) surrounds the entire apex of the
inner sheath cell (Figures 2, 9a,b, and 10a) and, slightly further distally,
also the inner sensillum lymph space at the level of the basal body

region and the ciliary segment (Figures 8a,c,e, 9a, and 10a). The

median sheath cell transforms into a thin ring enclosing the dendritic
apparatus and the inner sheath cell to which it is connected by sep-
tate junctions (sj, Figure 9b). The median sheath cell is equipped with
an extensive system of microtubules. At the transition to the outer
sheath cell, the median sheath cell secretes the dendritic sheath
(e.g., Figures 8a and 10a). Along the entire overlapping zone, the ring
is encompassed peripherally by a second (outer) ring formed by the
outer sheath cell (Figures 2, 8a, and 10a). Distally, at the level of the
outer sensillum lymph space, the (inner) ring tapers off into numerous,
elongated, and often ramified microvilliform processes including
numerous microtubules. These distal processes enter the outer sensil-
lum lymph space and may run in the vicinity of the dendritic sheath
(e.g., Figures 2 and 10a,b). Some of them extend up to the socket
region (Figures 2 and 6d). The soma of the median sheath cell is
mostly found basally of the inner sensillum lymph space, approxi-
mately 10 pm proximally of the ciliary segment. The cytoplasmic com-
position of the median sheath cell is similar to that described for the
inner sheath cell, but it lacks the polymorphic, highly electron-dense
granules.

The third main sheath cell, the outer sheath cell (osc), locally over-
laps with the median one (e.g., Figure 2). It has no direct contact with
the inner sensillum lymph space, it surrounds the dendritic sheath
and, more proximally, also the (inner) ring formed by the median
sheath cell (Figures 2, 8, 9b, and 10a). The (outer) ring formed by the
outer sheath cell along the overlapping zone with the median sheath
cell reaches farer distally than the inner ring. The (outer) ring is often
punctuated by the distal microvilliform processes of the median
sheath cell along the entire subcuticular portion of the dendritic appa-
ratus. Where the main sheath has separated from the dendritic
sheath, the elongated distal processes of the outer sheath cell con-
tinue along the dendritic sheath into the cuticular breakthrough area,
the socket channel (Figures 2 and 6d). Along their pathway, they over-

lay the dendritic sheath and are subjacent to the cuticle (compare

FIGURE 6 Microanatomy of tarsal trichoid tip-pore sensilla in Argiope bruennichi (a-c: males, e-h: females) and Argiope blanda (d). Proximal
aspect of sensillum shaft (smooth region, a-c) as well as sections from socket region down the socket channel showing profiles of the dendritic
apparatus (d-h) in cross (a-c, e-h) and longitudinal (d) sections. Transmission electron microscopy (TEM). (a) Detail of 15 chemoreceptive
dendritic outer segments (cde) in ring-like formation separated from small tubular body (3.tb) which represents the termination structure of the
shaft-invading, third mechanoreceptor cell. One chemoreceptive dendrite appears swollen and deformed but is still identifiable by its
microtubules (arrowhead). Sector marked on Figure 5h. (b,c) Transition zone of smooth and finely ribbed shaft region indicated by overlapping of
thickened dendritic sheath (ds) and proximal tip of the peridendritic shaft cylinder (pdc): (b) Overview. (c) Detail of dendritic apparatus (sector
marked in b). Section level is situated between those illustrated in Figure 5d-f,g-i. The small tubular body is still present and separated from the
remaining chemoreceptive dendritic outer segments by septal infolding of the dendritic sheath (sds). (d) Overview of socket region and subjacent
passage of dendritic apparatus through socket channel; dendritic outer segments are restricted to proximal rim of inflated outer sensillum lymph
space (osl) which is traversed by ramified distal projections of the accessory (pasc) as well as of outer sheath cell (posc). (e,f) Distal aspect of
socket region: (e) Overview, flexible suspension fibres (sf) are observed around half of the base of the shaft wall cuticle (swc), outer sensillum
lymph space is endowed with distal projections of sheath cells, section orientation indicated in (d); (f) Detail of the dendritic apparatus, 21 outer
dendritic segments are visible, presumed third mechanoreceptive dendritic outer segment is marked by an arrowhead, knob-like infoldings of the
dendritic sheath are exemplarily indicated by arrow. (g,h) Median aspect of socket region: (g) Overview, suspension fibres are attached to nearly
all sites of proximal tip of shaft wall cuticle which is not present anymore at lower right due to slightly oblique section orientation; (h) Detail of
dendritic apparatus comprising 19 dendritic outer segments (not the same sensillum as shown in e!), the presumed third mechanoreceptive
dendritic outer segment is marked by an arrowhead. Further labels: asc, accessory sheath cells; cu, tarsal cuticle; epc, epidermal cells; isl, inner
sensillum lymph space; mt, dendritic microtubules; osc, outer sheath cell; psc, distal cytoplasmic projections of outer and/or accessory sheath
cell(s); th, tubular body of first or second mechanoreceptor cell
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Figure 10b), whereas the lower surface of the dendritic sheath, which sheath and ramify. Some of these distal ramifications pass through the
faces the epidermal extracellular matrix, is not covered (Figure 10b). socket region (Figures 2 and 6d,g) and extend up to the strongly
Further distally, the distal processes separate from the dendritic ribbed region of the sensillum shaft (Figures 2 and 5; posc). The soma

FIGURE 7 Legend on next page.
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of the distal sheath cell is usually found adjacent to the soma of the
median sheath cell (Figure 2). The appearance of the nucleus and the
composition of the cytoplasm of the outer sheath cell are similar to
that of the median sheath cell.

Accessory sheath cells (asc) line the largest (lateral and basal)
parts of the outer sensillum lymph space in the area below the cuticle
and within the socket channel. 5-12 accessory sheath cells are found
in an epithelium-like arrangement. The cytoplasmic protrusions of the
most distal accessory sheath cells (as to the leg longitudinal axis) pro-
ject towards the socket region (e.g., Figures 2 and 6d) and may also
invade the sensillum shaft, where they display unbranched, microvilli-
form tubes (pasc) which are hardly distinguishable from the shaft-
invading processes of the outer sheath cell (e.g., Figure 5). More proxi-
mally located accessory sheath cells, however, may also project true
microvilli into the outer sensillum lymph space (Figure 10a,c). The tip
of the microvilli shows an electron-dense plaque (Figure 10c), which
may connect to microfibrils projecting deeper into the lymph space.
These microfibrils seem to make contact with the dendritic sheath
(not illustrated). The cytoplasm of the accessory sheath cells is highly
electron-dense and mainly contains membrane-bordered vacuoles of
various shapes and sizes (up to 4 um in diameter). These vacuoles
appear empty (eva) or filled with numerous spherules of varying
electron-density. The vacuoles, which are fully occupied by these
spherules, resemble multivesicular bodies (lys) that represent an early
stage in the lysosomal transformation cascade (Figure 10d). We also
found few small, elongated mitochondria (cristae type), dispersed or
locally stacked rough ER cisternae, and polyribosomes. The ovoid
nucleus is located at the base of the cell and contains a moderate por-

tion of heterochromatin (Figure 10d).

3.34 | Other types of trichoid sensilla (cellular
anatomy not illustrated)

TEM also provides additional information on the internal cellular orga-
nization of other trichoid sensilla. All trichoid sensilla on the tarsus of
the first and second walking legs of A. bruennichi and A. blanda show
close resemblance with “tactile hair sensilla” (sensu Foelix & Chu-

Wang, 1973b) despite differences in size and socket elevation

(Figure 1d). Their sensillum shafts have a thick wall cuticle, carry a nar-
row central lumen devoid of any dendrites, and lack a terminal pore.
Three large tubular bodies attach to the proximolateral face of the
shaft wall cuticle. Each tubular body is the mechanoreceptive terminal
of a slim dendritic outer segment projected by a single (monociliated)
receptor cell. There are no dendrites projecting into the sensillum
shaft. The surrounding sheath cell system (three main—inner, median,
outer—sheath cells + multiple, epithelially arranged accessory sheath
cells), arrangement of inner and outer sensillum lymph spaces, and
subcuticular projection pathways of dendritic outer segments closely

resemble the pattern found in the tip-pore sensilla.

4 | DISCUSSION

4.1 | Comparative morphology of tip-pore sensilla
in spiders

411 | General remarks

The present TEM study explored the outer and the inner ultrastruc-
ture of tip-pore sensilla on the tarsus of the first two walking legs of
A. bruennichi and A. blanda. The tip-pore sensilla are bimodal sensory
systems mostly comprising three mechanoreceptive cells as well as
2-22 chemoreceptive cells. The elongated dendrites of the chemore-
ceptive cells project through the peridendritic shaft cylinder and ter-
minate at the tip-pore. Along the entire length of the shaft, except for
the terminal pore, there are no wall pores in the shaft wall cuticle. We
found a previously undetected third mechanoreceptive cell, which
connects to the proximal end of the peridendritic shaft cylinder by a
small tubular body. In contrast, the dendrites of the already known
first and second mechanoreceptive cell terminate at the socket.

Our TEM data show that the sensillum shaft of A. bruennichi and
A. blanda can vary in length, amount of curvature, and surface mor-
phology as well as in the number and ultrastructural organization of
receptor cells and associated dendrites. With the exception of some
tip-pore sensilla with less than 10 or more than 20 chemoreceptive
cells included, the number of chemoreceptive cells usually varies from

10-18 in the tarsal tip-pore sensilla of both Argiope species. The

FIGURE 7 Microanatomy of tarsal trichoid tip-pore sensilla in Argiope bruennichi (a-c,e: males, c,d: females) and Argiope blanda (f-h). Details
of socket channel with special focus on area immediately below socket region highlighting first one to two mechanoreceptive dendrites
terminating in large tubular bodies attaching to base of shaft wall cuticle and suspension fibres. Transmission electron microscopy (TEM). (a-f)
Various cross sections (a,c: overview, b,d-f: detail of dendritic apparatus) showing close intra- and interspecific similarity in arrangement of the
usually two tubular bodies (1.tb, 2.tb) in comparison to the cluster of the much smaller chemoreceptive dendritic outer segments (cde) (a-d,f). The
occasionally encountered variant with only one tubular body attaching to shaft base is illustrated in (e). Note the multiple infoldings of the
dendritic sheath (ds), built either by its innermost lamella (see arrows in b,d,f) or the entire sheath resulting in septum-like partition (sds) of tubular
bodies and chemoreceptive dendritic outer segments. Basal remains of shaft wall cuticle (arrow) including associated suspension fibres (sf) shown
in a indicates closest vicinity to socket region. (g,h) Details of tubular bodies of first and second mechanoreceptors in longitudinal section, note
the highly electron-dense protein matrix (see arrowhead in h) filling the interstices of highly ordered and condensed microtubules (mt). Arrow in h
points at bulbs of the innermost lamella of the dendritic sheath folding into the inner sensillum lymph space (isl). Cytoplasmic processes of
accessory (asc) and outer (osc) sheath cells interdigitate at the periphery. Further labels: cu, tarsal cuticle; osl, outer sensillum lymph space; pasc,
distal projections of accessory sheath cells; pco, complex of peripherally aligned microtubules and membrane-integrated cones; posc, distal
cytoplasmic projections of outer sheath cell; psc, distal cytoplasmic projections of outer and/or accessory sheath cell(s)
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number of chemoreceptive cells in the tip-pore sensilla of arachnids is Tominaga (1999)). The number of chemoreceptive cells might diver-
generally high (e.g., Foelix, 1985) compared to insects, which usually sify the realized reaction spectrum (Harris & Mill, 1977) and might
possess four chemoreceptive cells per sensillum (review of Ozaki & allow detecting different chemical compounds with different cells

FIGURE 8 Legend on next page.
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within one sensillum (Tichy et al, 2001). Alternatively, fine-scale
detection of odours may be achieved by encoding the quality and
concentration of particular compounds as the pattern of excita-
tion across the array of chemoreceptive cells (Erickson, 1963;
Tichy et al., 2001). Either way, the complexity of chemoreception,
namely by differential perception of odours, may be enhanced if
the number of chemoreceptive cells is increased. Since the num-
ber of chemoreceptive cells was not related to specific areas and
orientation on the tarsus, we have no indication of regional mor-
phological differences that might correspond to functional differ-
ences; the tip-pore sensilla facing away from the substrate did not
differ in shape and composition from those that contact the
substrate.

4.1.2 | Structural correspondences in tip-pore
sensilla of spiders

Tip-pore sensilla have been studied previously in seven species of
entelegyne araneomorph spiders and, in lesser anatomical detail, three
species of mygalomorph tarantula spiders. An overview of the various
(sub-)cellular components of tarsal tip-pore sensilla across hitherto
studied spider species is given in Table 1, a more exhaustive compila-
tion can be taken from supplementary online material Table S1, which
includes more information on the morphometry as well as the outer
and inner ultrastructure of the sensillum shaft. Tip-pore sensilla of the
so far studied spider species have the following microanatomical fea-
tures in common: (1) located on walking legs and pedipalps, (2) slightly
bent or S-shaped, ribbed or spinose sensillum shafts projecting from
the cuticle at a steep angle (measuring 40-100° from cuticular sur-
face), (3) a thin shaft wall cuticle surrounding a voluminous central
lumen, and (4) a single subterminal pore. More shared characters con-
cerning the inner anatomy of the sensillum shaft are: (5) a peri-
dendritic shaft cylinder, which surrounds the dendritic outer segments
along almost the entire length of the sensillum shaft, (6) longitudinal
canals in the shaft wall cuticle, and (7) a usually thin dendritic sheath
surrounding the dendritic outer segments up to the peridendritic shaft

cylinder. This sheath separates the dendritic outer segments by

forming infoldings at the level of the tubular bodies, and does not con-
nect to the sensillum shaft's base.

Shared characters of the sensory apparatus are (8) a maximum of
18 monociliated, unbranched chemoreceptive cells projecting their
outer dendritic segments towards the sensillum shaft and (9) usually
two large mechanoreceptive cells, whose tubular bodies attach to the
base of the sensillum shaft (socket region). Common characters of the
sheath cell system are (10) four cell types: inner sheath cell, median
sheath cell, and outer sheath cell that build the inner sheath, which
surrounds the dendritic apparatus. The outer (accessory) sheath is
formed by several accessory sheath cells forming an elaborate system
of microvilli. Furthermore, the sheath cell system surrounds and forms
two sensillum lymph spaces (11). The inner lymph space accommo-
dates the dendritic apparatus (wrapped by the main sheath), while the

outer lymph space is lined by the epithelium of accessory sheath cells.

413 |
Araneidae

Unique characters of tip-pore sensilla in

Some ultrastructural characters of the tip-pore sensilla on the leg tar-
sus of the so far investigated species Argiope spp. (this paper) and
Araneus diadematus Clerck, 1757 (Foelix, 1970; Foelix & Chu-Wang,-
1973a) are either novel or the result of reassessment (Table 1). Novel
characters of tip-pore sensilla of Argiope spp. are (a) the stacked radial
canals in the peridendritic shaft cylinder, (b) a third mechanoreceptive
cell terminating with a small tubular body attached to the proximal
end of the peridendritic shaft cylinder, (c) the compartmentalization of
and steep concentration gradient within the outer sensillum lymph
space close-by the tip pore, and (d) the complex epithelial arrange-
ment of accessory sheath cells (Table 1).

The reassessment of ultrastructural data provided by Foelix (1970)
and Foelix & Chu-Wang (1973a) suggests that tip-pore sensilla of A.
diadematus also share most of the characters listed above (1-2 and 4).
For instance, Figure 10 in the paper by Foelix & Chu-Wang (1973a)
reveals a serrated inner wall of the peridendritic shaft cylinder. The
same authors also present a cross section of the sensillum shaft below

the tip pore showing a radial process of the outer sensillum lymph

FIGURE 8 Argiope bruennichi, microanatomy of tarsal trichoid tip-pore sensilla (a,b: females, c-e: males) as depicted from horizontal (a,b,e)
and longitudinal (c,d) sections. Subcuticular portion: transition zone (= ciliary region) of inner (ids) and outer dendritic segments identifiable by the
ciliary segment (cis) connected to the basal bodies (bb). Transmission electron microscopy (TEM). (a,b) Section through voluminous, disk-shaped
inner sensillum lymph space (isl) massively crossed by microvilli (mv) projected by inner sheath cell (isc): (a) Overview horizontal section, close-by
and parallel to bottom (bo) of the inner sensillum lymph space; inner sensillum lymph space is only lined by dendritic sheath (ds) distal to ciliary
region; white arrowheads mark proximal end of the dendritic sheath. (b) Detail of basal bodies of four dendrites in both cross and longitudinal
section. (c,d) Complementary section perpendicular to section orientation shown in (a and b): (c) Overview, three dendritic inner segments are cut
along their longitudinal axis, running along the bottom (bo) of the inner sensillum lymph space (basal end facing away from tarsal cuticle).

(d) Detail of the distal tip of the three dendritic inner segments shown in (c) (dashed box); note the presence of stacked, equally oriented basal
bodies in the basal (ciliary) body region, cytoplasm is rich in branched mitochondria (mi). () Horizontal section through bottom of inner sensillum
lymph space approximately 5 pm below section level shown in (a). Many dendrites are visible at the level of their outer dendritic segment, ciliary
region and, predominantly, of closely adjoined inner dendritic segments. Dendrites as well as profiles of the outer and median sheath cells (osc,
msc) are wrapped by numerous accessory sheath cells (asc) containing lysosomes of different age (lys) as well as extremely electron-dense
granules (g). Further labels: cr, ciliary rootlet; cu, tarsal cuticle; de, desmosome (zonula adhaerens); ev, electron-lucent vesicle(s); nu(asc), nucleus

of an accessory sheath cell
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space that extends into the interspace of the shaft wall and the peri- displaying the same electron-density as the lymph space (see their
dendritic shaft cylinder (Foelix & Chu-Wang, 1973a). This cross Figure 13). Therefore, we find it likely that radial canals are also pre-
section moreover shows an extracellular inclusion in the cylinder sent in the peridendritic shaft cylinder of tip-pore sensilla in

FIGURE 9 Legend on next page.
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A. diadematus. The radial canals might have been overlooked due to
unfavourable section planes. Further, Foelix & Chu-Wang (1973a) sec-
tioned but did not describe a third small tubular body (compare their
Figure 11 with Figure 6b,c in the present paper). These ultrastructural
similarities suggest that at least Characters 1 (radial canals in the shaft
cylinder) and 2 (a third mechanoreceptive cell) as listed above are
shared traits of orb-weaving spiders (Araneidae). Whether Characters
3 and 4 are also present in araneid spiders other than Argiope requires

further investigation.

4.2 | Bimodality of tip-pore sensilla:
Chemoreceptors and mechanoreceptors combined
421 | Chemoreceptors

The trichoid tip-pore sensilla of Argiope are characterized as bimodal
receptors for chemoreception and mechanoreception, a widespread
combination among both terrestrial and aquatic arthropods
(Arachnida: e.g., Foelix & Chu-Wang, 1973a; Foelix, 1985, 2011,
Myriapoda: Muiller, Sombke, Hilken, & Rosenberg, 2011; Miiller &
Sombke, 2015; Crustacea: e.g., Hallberg & Skog, 2011; Hexapoda:
e.g., Zacharuk, 1980; Ozaki & Tominaga, 1999; see also general
review of Altner & Prillinger (1980)). Since the tip-pore sensilla of
Argiope and other araneomoph or mygalomorph spiders contain multi-
ple receptor cells that project up to the single terminal pore of an oth-
erwise pore-less sensillum shaft, it is assumed that the terminal pore
is the only possible passageway for chemical information. Such tip-
pore sensilla resemble strongly those chemoreceptors of insects that
are used for contact-chemoreception.

We consider the peridendritic shaft cylinder of the tarsal tip-pore
sensilla of Argiope spp. as a feature supporting contact-chemorecep-
tion. It might shield the dendritic receptors from getting in contact
with stimulating molecules along their entire length in the shaft except
for the tip-pore region. Based on the concept of Morita (1992), which
addresses the specific role of the dendritic and other cuticular sheaths
in maintaining the bioelectric circuit within the sensillum shaft (syn.
“depolarizing current”: Rees, 1967), the dendritic sheath and peri-
dendritic shaft cylinder combined may act in combination as an effec-

tive insulator. The breakthroughs in the distal part of the peridendritic

shaft cylinder may also play a crucial role in completing the electric
circuit (see Ozaki & Tominaga, 1999, figure 2) as these radial canals
provide the only places, where the outer and inner sensillum lymph
spaces come in close contact to each other.

In our study, some dendritic outer segments showed swellings,
membrane disruptions (especially nearby the terminal pore), myelin-
like structures, and only few dispersed, locally disconnected microtu-
bules. These damages are possibly caused by aldehydes included in
the primary fixative. Similar damages were repeatedly found at the
tips of the dendritic outer segments of gustatory receptor cells in
labellar tip-pore sensilla of the blowfly Phormia regina Meigen, 1826.
Both TEM observations and electrophysiological recordings showed
that the terminals of gustatory dendrites are damaged when exposed
to harmful substances, such as the detergent deoxycholate (DOC)
(Ninomiya, Ozaki, Kashihara, & Morita, 1986; Ozaki, Ninomiya,
Kashihara, & Morita, 1986; Ozaki & Tominaga, 1999). As with tarsal
tip-pore sensilla of Argiope spp., we therefore assume that at least
those receptor cells with damaged terminals may serve gustation,
while the other dendritic outer segments, which stayed intact during
fixation, may rather serve olfaction.

The finding that the tarsal tip-pore sensilla of Argiope spp. are
similar to those of insect contact receptors raised the question as to
whether and how spiders can perceive volatile substances. As hypoth-
esized above, some chemoreceptive dendritic outer segments might
be specialized in responding to olfactory cues rather than to soluble
contact stimuli. However, gustation and olfaction should be consid-
ered “two extremes of a continuum” (Stengl, 2019). In most
arthropods, the contact-chemoreceptive tip-pore sensilla and olfac-
tory wall-pore sensilla are distinguished by means of many factors,
such as the location of the sensillum, responses at lower (long-
distance detection of volatile odours) or higher (short-distance detec-
tion of soluble or substrate-bound odours) stimulus thresholds, as well
as receptor types and their specific physiology. Further differences
concern functional ultrastructures in and immediately below the sen-
sillum shaft, mechanisms of stimulus transduction, and projection pat-
terns in the central nervous system (e.g., Ozaki & Tominaga, 1999;
2019; 1994; 1980).

chemoreceptors of pterygote insects are well understood and, there-

Stengl, Stocker, Zacharuk, Contact-

fore, are used in the following for comparison with the available

knowledge on araneid spiders.

FIGURE 9 Argiope bruennichi, microanatomy of tarsal trichoid tip-pore sensilla (a-c: females, d: male) as depicted from horizontal (a,d) and
cross (b,c) sections. Subcuticular portion: proximal part of sensillum around zone of receptor cell somata. (a-c): Transmission electron microscopy
(TEM), (d): Light microscopy. (a) Horizontal section near bottom of inner sensillum lymph space (isl) similar to section plane visible in Figure 8a,
exhibiting several profiles of dendritic inner segments (ids) as well as several receptor cell somata (rc) including Golgi stacks (go). (b) Cross

section of dendritic apparatus at the level of dendritic inner segments, 21 are visible lining the bottom of the inner sensillum lymph space; note
triple-fold wrapping of dendrites and lymph space by outer (osc), median (msc), and inner (isc) sheath cells. (c) Close-up of receptor cell soma
showing a moderately electron-dense cytoplasm containing the circular nucleus (nu(rc)), slender mitochondria (mi), and loose cisternae of rough
endoplasmic reticulum (rER). d. Toluidine-blue stained semi-thin section of proximal third of the tarsus showing several clusters of receptor cells
(crc) nested between main sheath cells and interstitial epidermal cells (epc), receptor cell clusters project their axon bundles (axb) proximally,
where they converge to form bigger axon bundles (arrow). Note cellular inclusions in tarsal cuticle (cu) containing dendritic (ds + ods) and sheath
cell (asc + sc) apparatus. Further labels: de, desmosome (zonula adhaerens); di, distal direction (towards tarsal claw); g, electron-dense granules;
mv, microvilli (projected by proximal sheath cell); pro, proximal direction (towards metatarsus); sj, septate junctions [Color figure can be viewed at

wileyonlinelibrary.com]


http://wileyonlinelibrary.com

MULLER ET AL.

Contact-chemoreceptors in tip-pore sensilla of pterygote insects
generally contain fewer numbers of receptor cells, usually between
4 and 6 (e.g., Hansen & Heumann, 1971; Ozaki & Tominaga, 1999;
Schmidt & Gnatzy, 1972; Stocker, 1994; Zacharuk, 1980). Located on
the antennae, various mouthparts (e.g., labellum of flies), and tarsi of

_moronolosy AUMIEEEL

walking legs, these sensilla usually contain four chemoreceptive cells,
which cover taste for sugar (one cell), water (one cell), and salt (two
cells), according to electrophysiological recordings (e.g., Dethier, 1968;
Ozaki & Tominaga, 1999). Electrophysiology and molecular data on
contact-chemoreceptors of the vinegar fly Drosophila melanogaster

FIGURE 10 Legend on next page.
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Meigen, 1830 revealed a remarkable resolution of sweet, bitter/high-
salt and low-salt taste modalities as well as a distinct sensitivity for non-
volatile pheromones (Ebbs & Amrein, 2007; Ishimoto & Tanimura, 2004;
Miyamoto & Amrein, 2014). The much higher number of chemoreceptor
cells in trichoid tip-pore sensilla of entelegyne araneomorph spiders
may lead to higher taste sensitivity by each cell responding to a wide
spectrum of substances. Alternatively, each chemoreceptive cell may
respond to a specific spectrum of chemical stimuli. The latter assump-
tion is in line with the electrophysiological recordings on “blunt-tipped
hairs” on the walking legs of the spider Amaurobius similis (Blackwall,
1861), according to which only 5-6 out of 19 chemoreceptive cells
responded positively to taste stimuli like monovalent salts and
hydrochloric acid (Harris & Mill, 1977). Harris & Mill (1977) suggested
that the chemoreceptors are differentiated in their tasks and might react
only to specific substances (“narrow reaction spectrum”). The diversifi-
cation of chemoreceptors in spiders might also imply detection of vola-
tile pheromones in sensilla that are currently known to function as
gustatory sensilla only (based on morphological data).

Indeed, it is known that volatile odours can stimulate chemore-
ceptors in the tip-pore sensilla of larval and adult insects (Ozaki &
Tominaga, 1999) and there is a wealth of electrophysiological record-
ing data on calliphorid/simuliid flies and moths (Dethier, 1972;
Stadler & Hanson, 1975). Moreover, similar organizational principles
regarding the projection targets of receptor neurons in the CNS
(e.g., glomerulus-like subcompartments) apply to both olfactory and
gustatory sensilla in dipterans such as Drosophila melanogaster
(Stocker, 1994 and papers cited therein).

The coupling of gustation and olfaction in trichoid tip-pore sen-
silla has been assumed previously for spiders (e.g., Foelix, 2011;
Foelix & Chu-Wang, 1973a) due to the lack of multiporous (wall-pore)
sensilla. As we were unable to find wall-pore sensilla, this general con-
clusion of Foelix and co-workers also applies to Argiope spiders. How-
ever, combined gustatory and olfactory properties of tip-pore sensilla
have not been tested/confirmed yet by electrophysiological record-
ings. If chemical stimuli, soluble and substrate-bound as well as vola-
tile substances are perceived via the tip-pore sensilla, the substances
can only connect to the chemoreceptive terminals via the tip-pore.

Perception of volatile substances through a single pore would be
highly unusual for terrestrial arthropods. It requires the presence of
lipophilic ligand-binding proteins, such as the pheromone-binding pro-
tein, general odorant-binding proteins (GOBP1, GOBP2) or chemical
sense-related lipophilic ligand-binding protein yet detected in olfac-
tory and gustatory sensilla of silk moths and various dipterans (see
Steinbrecht, 1999 and Ozaki & Tominaga, 1999 for review). These
ligand-binding proteins contact the olfactory receptors in the mem-
brane of the olfactory dendritic outer segments. In multiporous
(wall-pore) sensilla of insects, these receptors are widespread over the
dendritic outer segments, thereby increasing the receptive surface.
Further increase of receptive surface is achieved by branching of the
dendritic outer segments in double-walled multiporous sensilla
(Tichy & Barth, 1992). A greater receptive surface is a functional pre-
requisite to properly smell volatile odours, as they are available at
much weaker concentrations in the air than odours dissolved in a lig-
uid (e.g., Mclver, Siemicki, & Sutcliffe, 1980). Therefore, how volatile
odours can be perceived through a pore at the tip of the sensillum
remains a conundrum. It was suggested for bifurcate sensilla of Black
flies (Simulium venustum Say, 1823) that inner sensillum liquor is dis-
charged and spreads over the surface through a groove adjacent to
the tip pore (Mclver et al., 1980). Also, an overlay of electron-dense
material on the cuticle surrounding the tip-pore of the bowfly
Protophormia terraenovae Robineau-Desvoidy, 1830 was found, which
(Hansen &
Heumann, 1971). Such liquors discharged from pores and dispersed

appears similar to the inner sensillum liquor
over the sensillum shaft's surface may help to adsorb and accumulate
these volatile odours. We did not observe inner sensillum lymph
material outside the tip pore in Argiope spp., but this was occasionally
found by Foelix & Chu-Wang (1973a) in A. diadematus (Figure 14).

In some spider taxa, such as Mygalomorpha (see Table 1),
Theridiidae, and Clubionidae, release of inner sensillum lymph from
tip-pore sensilla (“ribbed hair sensilla”) located on scopula (adhesive)
pads was observed (e.g., Peattie, Dirks, Henriques, & Federle, 2011;
Wolff & Gorb, 2016). Once released, receptor lymph may not only
coagulate in and around the terminal pore but also extend from the

pore forming “trails” (Foelix et al., 2013; Foelix, Rast, & Peattie, 2012;

FIGURE 10 Argiope bruennichi, microanatomy of tarsal trichoid tip-pore sensilla (a,c-e: females, b: male), as depicted from longitudinal (a) and
cross (b-e) sections. Subcuticular portion of dendritic apparatus and sheath cell system. (a) Panorama overview of almost entire subcuticular
portion of outer dendritic segments (ods) and inner sensillum lymph space (isl). At bottom of the inner sensillum lymph space, ciliary region is
indicated by ciliary segments (cis). Both sensillum lymph spaces are separated by dendritic sheath (ds), black arrowheads mark the proximal end of
the dendritic sheath; voluminous outer sensillum lymph space (osl) is surrounded by numerous accessory sheath cells (asc) and may contain
hemocytes (hc). (b) Two large mechanoreceptive dendritic outer segments (mde) flank 16 dendritic outer segments, among them

15 chemoreceptive (cde) and the third, not clearly discernible mechanoreceptive dendrite. Outer sensillum lymph space is lined by microvilli of
accessory sheath cells (mv(asc)) and traversed by distal cytoplasmic processes of accessory as well as main (outer and/or median) sheath cells
(psc). Section level coincides with a region where the dendritic apparatus becomes bent to take a course strictly subjacent and parallel to the
cuticle, indicated in (a) by dashed line. (c) Detail of periphery of outer sensillum lymph space penetrated by microvilli (mv) of accessory sheath
cells, microvillar tips are covered by an electron-dense plaque (arrow); note details of granulated hemocyte and outer sheath cell (osc);

section plane marked by dashed line in (a). (d) Cytoplasmic organelles of an accessory sheath cell; large, circular vesicles with no obvious contents
(eva) are present as well as mosaic-like inclusions resembling early stages of lysosomes (lys). (e) Cytoplasmic composition of the soma of the inner
sheath cell (isc) with well-developed rough endoplasmic reticulum (rER), slender mitochondria (mi), and polymorphic granules with extremely
electron-dense content (g) (also partly cut in a and d). Further labels: cu, tarsal cuticle; epc, epidermal cells; ids, inner dendritic segment; nu(asc),

nucleus of an accessory sheath cell
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Peattie et al., 2011). These “trails” were erroneously considered to be
silk threads, serving adhesion (e.g., see Gorb et al., 2006 and rejection
by Foelix et al, 2013). Albeit, these findings indicate that small
amounts of sensillum lymph are released through the terminal pore of
the spider tip-pore sensilla. As with insects, these lymph substances
might function as a solvent for chemical substances received by (gus-
tatory) receptors (Wolff & Gorb, 2016).

Re-investigation of the tip-pore region by high pressure freezing
for primary fixation as well as serial block-face imaging may help to
elucidate whether the odour-catching mechanism is driven by dis-
charged liquors. Possibly, trichoid tip-pore sensilla located further
proximally on a spider's leg show these or other characteristics that
suggest olfactory functions. Interestingly, differential and location-
dependent responses to gustatory and olfactory cues have been
recorded from the maxillary tip-pore sensilla (sensilla styloconica) of
lepidopteran larvae. Although identical in ultrastructure (Schoonhoven
& Dethier, 1966), electrophysiological recordings by Stadler & Hanson
(1975) revealed that three out of four lateral sensilla styloconica of
the moth Manduca sexta (Linnaeus, 1763) responded to volatile
odours while the medial ones did not.

422 | Mechanoreceptors

The mechanoreceptive part of the trichoid tip-pore sensilla of Argiope
spp. contains more receptor cells (n = 2-4, see Table 1) than found in
contact-chemoreceptors of various insects (n =1; e.g., Hansen &
Heumann, 1971). This difference suggests that the arachnid tip-pore
sensillum is more sensitive to detect bending of the sensillum shaft.
However, the specific functional role of the newly described third
mechanoreceptive cell in Argiope spp. remains unclear. As its tubular
body attaches to the proximal end of the peridendritic shaft cylinder
rather than to the shaft's base, this additional mechanoreceptor may

detect fine scale distortions of the shaft.

5 | CONCLUSIONS

The present paper provides first insights into the microanatomy of
tarsal tip-pore sensilla on the first and second walking leg of A.
bruennichi and A. blanda using TEM data. The tip-pore sensilla
show variations in the (sub)cellular organization that are not corre-
lated to their location on the tarsus. In many aspects, the sensilla
are similar to those described from other spider species but we
pinpoint some morphological characters that were not found in
previous investigations. That the tip-pore sensilla of A. bruennichi
are also capable of detecting volatile odours seems likely in light of
the similarity found in the sensilla of the tarsus. To adsorb and
accumulate volatile odours in a liquid phase around the tip-pore,
however, is a pivotal prerequisite of the assumed dual chemore-
ception. Mechanism of adsorption and accumulation could be simi-
lar to those proposed to be effective in tip-pore sensilla of

calliphorid and simuliid flies. A combined gustatory and olfactory

function would require the presence of a variety of odorant/
ligand-binding proteins in the most distal compartment of the
inner sensillum lymph space below the tip-pore. A comprehensive
future study is needed targeting potential anatomical differences
between tip-pore sensilla of the tarsus and podomers situated fur-
ther proximally on the spider legs and pedipalps (TEM), testing
chemical stimuli using single cell recording (electrophysiology),
elucidating the identity and location of odorant/ligand-binding
proteins (immunocytochemistry, proteomics), and the diversity of

receptor proteins (receptor genetics).
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