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ABSTRACT Haplogynae are highly diverse with
respect to the primary male genital system and sperm
characteristics. Additionally, all sperm transfer forms
(STF) known for spiders are present. Besides individu-
ally transferred sperm (cleistospermia), sperm are
transferred as conjugates, both primary (synspermia)
and secondary sperm conjugates (coenospermia, rou-
leaux) occur. Nevertheless, the ultrastructure of sper-
matozoa and STF are described for few Haplogynae
and often only one representative species was studied,
resulting in a superficial insight in the evolution of
these traits. To elucidate the evolution of STF within
Haplogynae we investigated representatives of four
genera of the dysderoid family Orsolobidae. Our data
show the presence of synspermia (Orsolobus, Osornolo-
bus, Hickmanolobus, and Tasmanoonops) and also
cleistospermia (Osornolobus). The occurrence of differ-
ent STF within one family or even genus has not been
described for any other spider taxon so far. Moreover,
the synspermia of species of Tasmanoonops and Hick-
manolobus were not covered by a secretion sheath sug-
gesting a previously unknown strategy of transferring
sperm that is possibly related to sperm residency time
or female triggered processes after copulation. Based
on serial ultrathin sectioning and subsequent 3D-
reconstruction, we obtained detailed measurements
revealing remarkable size differences of STF. To evalu-
ate the previously suggested correlation with the most
distal region of the spermophor inside the embolus
(intromittent part of the copulatory organ) we meas-
ured the diameter of the spermophor using micro-com-
puted X-ray tomography data to obtain corresponding
morphometric parameters. Based on these data only
two species show similarity in STF and spermophor
diameter. J. Morphol. 275:1238-1257, 2014. © 2014
Wiley Periodicals, Inc.

KEY WORDS: 3D-reconstruction; cleistospermia; syn-
spermia; palpal organ; micro-computed X-ray
tomography

INTRODUCTION

Sperm show a remarkably high morphological
diversity and are phylogenetically informative
(e.g., Jamieson, 1987; Pitnick et al., 2009). As a

© 2014 WILEY PERIODICALS, INC.

result of sexual selection and sperm competition,
sperm are maximized in number while minimized
in size (Arnaud et al., 2001). Throughout numer-
ous taxa, the same selective forces likely provoked
the occurrence of giant, as well as conjugated
sperm (e.g., Afzelius and Dallai, 1987; Briskie
et al., 1997; LaMunyon and Ward, 2002; Hosken,
2003; Higginson et al., 2012b). Sperm conjugation
is rare, but present in a variety of animal taxa
including mammals, arthropods, and mollusks
(Higginson and Pitnick, 2011). Two different
types of sperm conjugation can be distinguished
(Higginson and Pitnick, 2011). Primary sperm
conjugates derive from a common spermatogonium
and remain grouped together, whereas secondary
sperm conjugates are formed after sperm cell sepa-
ration during spermiogenesis (Higginson and
Pitnick, 2011).

In spiders, both types of sperm conjugation are
present. Moreover, spider spermatozoa are always
transferred in a coiled and encapsulated condition
(see, Alberti, 1990; Michalik and Lipke, 2013).
Among spiders, Haplogynae are one of the most
morphologically diverse groups and phylogeneti-
cally not well understood (Ramirez, 2000). More-
over, in addition to complex male and female
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genitalia of some Pholcidae and Oonopidae (e.g.,
Huber and Gonzalez, 2001; Huber, 2005, 2006;
Huber et al., 2005; Burger et al., 2006, 2010; Bur-
ger, 2010, 2011), Haplogynae show an astonishing
diversity of their sperm transfer forms (STF) and
all types of STF known for spiders are present
(reviewed in e.g., Alberti, 1990; Michalik and
Lipke, 2013).

As indicated by the few studies dealing with the
relationships of this spider group, the cribellate
Filistatidae is sister to the ecribellate Haplogy-
nae—with Dysderoidea and Scytodoidea as main
taxa—(Platnick et al., 1991; Ramirez, 2000). The
taxon Dysderoidea consists of four families (Seges-
triidae, Dysderidae, Orsolobidae, and Oonopidae)
and is the sister group to the small family Capo-
niidae (Platnick et al., 1991, Ramirez, 2000).
Based on few data available from literature, sec-
ondary sperm conjugates (coenospermia) are
known from Filistatidae, whereas in Dysderoidea
representatives of Segestriidae and Dysderidae
transfer primary sperm conjugates (synspermia)
(Alberti and Weinmann, 1985; Michalik et al.,
2004a). Individually transferred sperm (cleisto-
spermia) are described for a representative of
Oonopidae (Alberti and Weinmann, 1985). How-
ever, due to the limited taxon sampling and miss-
ing data of several families the evolution of STF is
still not understood.

The present study focusses on the primary male
reproductive system and STF of Orsolobidae for the
first time. Our study aims to (1) reveal the STF for
this dysderoid taxon and (2) conceptualize charac-
ters of spermatozoa and primary male genital sys-
tem with regard to their implications especially in
the context of debated relationships of Dysderoidea
and Haplogynae. Moreover, we generated compre-
hensive morphometric data of STF and correspond-
ing male copulatory organs to gain evidence for a
previously suggested correlation.

MATERIALS AND METHODS
Studied Species

Orsolobus pucara Forster and Platnick, 1985. 1
ad & [FML-7]: Parque Nacional Huerquehue (Laguna Toro),
Cautin, Reg. IX, Chile (S 39° 08" 18.7" W 71° 42’ 30.9”, 995 m,
7.02.2005; leg. F. Labarque, M. J. Ramirez).

Osornolobus sp. 1 (undescribed sp., near O.
canan, or O. chiloe). 3 ad 3 [PM-0036]/ [PM-0037]/ [PM-
0038]: Parque Nacional Chiloé (Sendero Tepual, near Cucao),
Chiloé, Chile (S 42.61766°, W 74.10120°, 15 m, 15.02.2012; leg:
K. Huckstorf, M. Izquierdo, P. Michalik, M. J. Ramirez, C.S.
Wirkner)

Osornolobus sp. 2 (undescribed sp., near O.
thayerae). 1 ad 3 [PM-0047]: Lago Huillinco (opposite site
of Cabanas Puquelahue), Chiloe, Chile (S 42.66398°,
W74.01012°, 3m, 16.02.2012; leg.: K. Huckstorf, M. Izquierdo,
P. Michalik, M. J. Ramirez, C. S. Wirkner).

Tasmanoonops alipes. 1 ad 3 [PM-0175]: Mount Well-
ington Park (trail to Organ Pipes “The Chalet”), Tasmania,
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Australia (S 42°53.418', E 147°14.167'; 1027m; 20.02.2013; leg.:
M. J. Ramirez, P. Michalik).

Tasmanoonops sp. 1 (undescribed sp.). 1 ad 3
[PM-0143]: Barrington Tops National Park (Devil’s hole; path to

lookout), New South Wales, Australia (S 31°55'04.6", E
151°29'05.7”; 1386 m; 04.02.2013; leg.: M. Ramirez, P.
Michalik).

Tasmanoonops sp. 2 (undescribed sp., near T.
complexus). 1 ad 3 [PM-0209]: Barrington Tops National
Park (Honeysuckle Trail), New South Wales, Australia (S
31°54’03.1”, E 151°32/01.7”, 1311 m, 03.02.2013; leg.: M. J.
Ramirez, P.Michalik).

Hickmanolobus mollipes (Hickman, 1932). 1 ad
3 [PM-0159]: Barrington Tops National Park (Honeysuckle

Trail), New South Wales, Australia (S 31°54'03.1”, E
151°3201.7", 1311 m, 03.02.2013; leg.: M. J. Ramirez,
P.Michalik).

Vouchers are deposited in the Zoological Museum of the Uni-
versity of Greifswald.

Species identifications were made by comparing standard diag-
nostic characters (mainly male copulatory organ) with the recent
taxonomic revisions of Forster and Platnick (1985), the original
descriptions (Hickman, 1932; 1979; Baehr and Smith, 2008; Baehr
et al., 2011) and reference material identified in the Museo Argen-
tino de Ciencias Naturales. Undescribed species were detected and
discriminated by diagnostic differences in male genitalia; the fam-
ily is under review by Tamas Szuts and Charles Griswold (Califor-
nia Academy of Sciences, San Francisco), who confirmed that
there are numerous undescribed species in those genera; we will
make our specimens available for their taxonomic revision.

Histology

Males were dissected either in the field or the lab in 0.1 M
phosphate buffer (PB) to which 1.8% sucrose was added. Iso-
lated reproductive systems were then fixed in 2.5% glutaralde-
hyde in PB and further processed in the lab at University of
Greifswald. Documentation of the gross morphology was per-
formed using a Zeiss Discovery V20 stereo microscope with a
Zeiss MCr camera. The tissue was postfixed in PB buffered 2%
0s04. After being washed in PB, it was dehydrated in graded
ethanol and embedded in Spurr’s resin (Spurr, 1969). Serial
semithin sections (700 nm) were obtained using a Diatome
Ultra 45° diamond knife on a Leica ultramicrotome UCT and
finally stained according to Richardson et al. (1960).

Transmission Electron Microscopy

Ultrathin sections (70 nm), as well as serial-ultrathin sections
(60 nm) were cut with a Diatome diamond knife on a Leica
ultramicrotome UCT and either applied to copper mesh-grids or
slot-grids (Science Services), covered with a thin layer of desic-
cated pioloform solution (1% Pioloform in 100% chloroform).
Postprocessing included staining with uranyl acetate and lead
citrate according to Reynolds (1963). Finally sections were exam-
ined using (1) a JEOL JEM 1011 electron microscope equipped
with an Olympus Mega View III digital camera at 80 kV and (2)
a Carl Zeiss EM 902, equipped with a Proscan digital camera.

Micro-computed X-ray Tomography (uCT)

Micro-computed X-ray tomography scans of the palps were
performed using an XRadia Micro XCT-200 (Carl Zeiss X-ray
Microscopy). Samples were dehydrated in graded ethanol (80
and 90%, pure ethanol) and stained in 1% iodine solution (in
pure ethanol) overnight. Samples were then placed in small
container glued on an insect pin, filled with a small amount
of petrol jelly and pure ethanol. A summary of all pCT-
settings and corresponding voucher identities is given in Sup-
porting Information Table 1. Tomography projections were
reconstructed using the reconstruction software provided by
XRadia.

Journal of Morphology
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TABLE 1. MorphDBase links at which image stacks obtained by nCT and serial section TEM that are used for the reconstruction of
the male palpal organ and sperm transfer forms are stored

Species

MorphDBase link

palp (uCT image stack)

sperm transfer form (serial TEM images)

Orsolobus
pucara
Osornolobus
sp. 1
Osornolobus
sp. 2
Tasmanoonops
alipes
Tasmanoonops
sp. 1
Tasmanoonops
sp. 2
Hickmanolobus
mollipes

https://www.morphdbase.de?E_Lipke_20140117-M-23.1
https://www.morphdbase.de?E_Lipke_20140117-M-24.1
https:/www.morphdbase.de?E_Lipke_20140117-M-29.1
https://www.morphdbase.de?E_Lipke_20140117-M-28.1
https://www.morphdbase.de?E_Lipke_20140117-M-26.1
https://www.morphdbase.de?E_Lipke_20140117-M-25.1

https://www.morphdbase.de?E_Lipke_20140117-M-27.1

https://www.morphdbase.de?E_Lipke_20140107-M-20.1
https://www.morphdbase.de?E_Lipke_20140107-M-17.1
https://www.morphdbase.de?E_Lipke_20140107-M-15.1
https://www.morphdbase.de?E_Lipke_20140107-M-16.1
https://www.morphdbase.de?E_Lipke_20140107-M-21.1
https://www.morphdbase.de?E_Lipke_20140107-M-19.1

https://www.morphdbase.de?E_Lipke_20140107-M-18.1

A

ejaculatory

duct

deferent
duct

testis

testis —

4

-

D

100pm

Fig. 1. Organization of the primary male reproductive system. A: Schematic drawing of the primary reproductive system of Hick-
manolobus mollipes (left) with oval testes and short deferent ducts that join distally, forming the ejaculatory duct. All remaining
investigated orsolobids (Orsolobus pucara, Osornolobus sp. 1, Osornolobus sp. 2, Tasmanoonops alipes, Tasmanoonops sp. 1, and Tas-
manoonops sp. 2) show paired, elongated testes and very long convoluted deferent ducts that fuse to form the ejaculatory duct. B:
Cross-section of the testis of Osornolobus sp. 2 with cysts of developing sperm of different spermatogenic stages. C: Cross-section of
the testis of Osornolobus sp. 1 indicating the absence of early spermatogenic stages. Within cysts, only late, almost mature sperma-
tids are visible. D: Cross-section of the testis of Tasmanoonops sp. 1 showing only somatic cells and a stretched basal lamina. Cys,
cyst of developing sperm; EpT, epithelium of testis.

Journal of Morphology


https://www.morphdbase.de?E_Lipke_20140117-M-23.1
https://www.morphdbase.de?E_Lipke_20140107-M-20.1
https://www.morphdbase.de?E_Lipke_20140117-M-24.1
https://www.morphdbase.de?E_Lipke_20140107-M-17.1
https://www.morphdbase.de?E_Lipke_20140117-M-29.1
https://www.morphdbase.de?E_Lipke_20140107-M-15.1
https://www.morphdbase.de?E_Lipke_20140117-M-28.1
https://www.morphdbase.de?E_Lipke_20140107-M-16.1
https://www.morphdbase.de?E_Lipke_20140117-M-26.1
https://www.morphdbase.de?E_Lipke_20140107-M-21.1
https://www.morphdbase.de?E_Lipke_20140117-M-25.1
https://www.morphdbase.de?E_Lipke_20140107-M-19.1
https://www.morphdbase.de?E_Lipke_20140117-M-27.1
https://www.morphdbase.de?E_Lipke_20140107-M-18.1

SPERMATOZOA OF ORSOLOBIDAE

Fig. 2. Spermiogenesis of Osornolobus sp. 2, exemplified for all orsolobids. A: Early stages of spermatogenesis are characterized by
a spherical nucleus, surrounded by a distinct “manchette of microtubules.” At the anterior pole the acrosomal complex (AV and AF)
is formed. Note the small electron dense border (arrows), separating the AV from the nucleus. B: In midspermatids the nucleus
enlarges and therefore reduces its size. C: The AV narrows while simultaneously enlarging, resulting in the final cylindrical, or coni-
cal shape, respectively. D: Late spermatids are characterized by condensed chromatin that retains some electron lucent areas. The
distal centriole and base of the axoneme are surrounded by little electron dense material, forming a centriolar adjunct. E: The short
but wide implantation fossa contains the two centrioles, the base of the axoneme and electron dense material. Note little electron
dense material around the distal centriole. F: At the end of spermiogenesis the sperm coil. Note electron dense material within the
implantation fossa (asterisks). AF, acrosomal filament; AV, acrosomal vacuole; Ax, axoneme; dC, distal centriole; Mi, mitochondria;
MM, manchette of microtubules; N, nucleus; NC, nuclear canal; peN, postcentriolar elongation of nucleus; prcN, precentriolar portion

of nucleus.

3D-Reconstruction and Measurements

For the 3D-reconstruction of depicted synspermia and cleis-
tospermia we used series of ultrathin sections, obtained from
the distal deferent ducts, near the genital opening. For the
alignment and successive segmentation of cell components,
Amira 5.4.5 (FEI, Visualization Science Group) was used. In
addition, serial sections of Tasmanoonops sp. 1 were aligned
elastically using the Fiji plugin TrakEM2 (according to Saalfeld
et al., 2012), before further processed in Amira 5.4.5. In each
section, contours of the main cell components were delineated
manually. The obtained labels were then interpolated to keep
the refinement of structures and a 3D surface was generated.
Further processing was performed using the surface editor for
refining the surface as a whole, as well as the smooth surface
function. We implemented the 3D models into pdf files using
Adobe Acrobat Pro Extended (Adobe Systems). Measurements
were performed using “CenterlineTree” function of the skeleton
pack and “surface area” function of Amira 5.4.5. The volume as
well as total length of each cell component was then used to

calculate the natural length by means of the pixel/um ratio
(voxel/um?®, based on the scale of the TEM section). Measure-
ments were performed on at least two synspermia or cleisto-
spermia for each specimen, length and volumes are given as a
mean value.

Image stacks obtained by pCT were used to visualize and
measure the spermophor and embolus inside the male palpal
organ. Therefore, contours as well as the lumen were encircled,
the resulting Labelfield was resampled and a surface was gen-
erated wusing the “SurfaceGen” function. Postprocessing
included “SurfaceEditor” and the “SmoothSurface” function.
Finally, obtained surfaces were visualized with a volume recon-
struction of the whole tarsal segment of the pedipalps using the
“Volren” function. Colormaps were set to “VolrenGlow” and the
histograms were adjusted to individual image stack qualities.

The image stacks (tiff-images) used for volume rendering of
the palpal organs and segmentation of the spermophor, as well
as STF obtained by serial section TEM, are deposited in
MorphDBase (see Table 1).

Journal of Morphology
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Fig. 3. Characteristics of mature spermatozoa and 3D-reconstruction of STF of Orsolobus pucara. A: Synspermia of O. pucara con-
tain either 16, or 32 individual sperm, resulting in large sperm conjugates. B: The compact precentriolar portion of the nucleus is
characterized by a wide implantation fossa that is filled with a distinct centriolar adjunct. C: Characteristic for O. pucara, the NC is
situated on a distinct crest, thus appears stalked (arrow). D: The postcentriolar elongation starts with an indentation (arrow), the
base of the axoneme is surrounded by a distinct amount of glycogen (asterisks). E: A thick, multilayered secretion sheath surrounds
the sperm conjugate. F: Reconstruction of an entire synspermium comprising 32 individual sperm. These sperm are coiled and
densely packed in the synspermium. Parts of the sperm (axoneme, AF, and NC) are not visualized. AF, acrosomal filament; AV, acro-
somal vacuole; Ax, axoneme; IF, implantation fossa; NC, nuclear canal; peN, postcentriolar elongation of nucleus; prcN, precentriolar
portion of nucleus; Sec, secretions; SSh, secretion sheath.
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Fig. 4. Characteristics of mature spermatozoa and 3D-reconstruction of STF of Osornolobus sp. 1. A: The deferent duct is filled
with numerous synspermia, as well as large, electron dense secretions that appear rectangular. B: The long, cylindrical AV is located
in the periphery of the sperm conjugate. C: A large amount of granules, certainly glycogen is present alongside the base of the axo-
neme (asterisk). D: Several cross-sections of the coiled axonemes are visible. The NC is stalked (arrow) a. Among individual sperma-
tozoa pronounced membrane stacks are visible (inset, arrows). E: 3D-reconstruction of an entire synspermium (PM-0038), indicating
the arrangement of four fused spermatozoa and their cell components within the sperm conjugate. AF, acrosomal filament; AV, acro-
somal vacuole; Ax, axoneme; IF, implantation fossa; Mv, microvilli; NC, nuclear canal; peN, postcentriolar elongation of nucleus,
preN, precentriolar portion of nucleus; Sec, secretions; SSh, secretion sheath.
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RESULTS
Primary Male Reproductive System

The primary male reproductive system of all
investigated orsolobid species, except Hickmanolo-
bus mollipes, consists of two elongated testes and
long, convoluted deferent ducts (Fig. 1A). These
deferent ducts fuse at their distal portions, form-
ing the unpaired ejaculatory duct (Fig. 1A). In con-
trast, testes of H. mollipes are oval (Figs. 1A,B),
and the deferent ducts are rather short. Testical
cross-sections of H. mollipes and Osornolobus sp. 2
reveal the typical organization for spiders. Somatic
cells surround cysts of germ cells (Fig. 1B). Each
cyst contains germ cells of the same developmental
stage. Early spermatogenic stages are mostly
located in the periphery, whereas the lumen of the
testis bears almost mature spermatozoa and sperm
conjugates. In contrast, only late spermatids were
found in representatives of Osornolobus sp. 1 (Fig.
1C), Tasmanoonops alipes, and Tasmanoonops sp.
2, indicating a synchronous spermatogenesis. Nei-
ther spermatogenic stages, nor spermatids were
found in Tasmanoonops sp. 1 (Fig. 1D). Here,
cross-sections revealed only somatic cells and a
thick basal lamina (Fig. 1D).

Spermiogenesis

Although there is only evidence from two orsolo-
bid species (H. mollipes and Osornolobus sp. 1), we
assume spermiogenesis follows the same pattern in
the remaining orsolobid species. Early spermatids
that are derived from spermatogonia by meiotic
divisions are mainly characterized by their large
spherical nucleus, which is surrounded by a so-
called manchette of microtubules (Fig. 2A), mito-
chondria, centrioles, and Golgi apparatus. Vesicles
that are derived from the Golgi apparatus fuse to
form an early stage of the acrosomal vacuole (AV) at
the anterior pole of the nucleus (Fig. 2A). Subse-
quently, the AV enlarges, forming a subacrosomal
space, where the acrosomal filament (AF) originates
(Figs. 2A,B). The AV is separated from the nucleus
by a distinct electron dense plate (Figs. 2AF).
Simultaneously, the two centrioles migrate toward
the posterior pole of the nucleus, resulting in the so-
called implantation fossa, an indentation of the lat-
ter. In mid spermatids, the nucleus elongates while
the chromatin begins to condense and appears
fibrillar (Figs. 2B,C). The nuclear canal (NC) that
runs in the periphery of the nucleus contains the
AF (Figs. 2D-F).
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Late spermatids are characterized by an elon-
gated AV, highly condensed chromatin, a compact,
cylindrical precentriolar portion of nucleus and a
distinct asymmetrical postcentriolar elongation of
nucleus. Finally, main cell components (nucleus
and axoneme) coil (Fig. 2F) while the manchette of
microtubules disintegrates.

Mature Spermatozoa

In general, the spermatozoa are characterized by
the characteristics described below (see also Table
2). If not especially mentioned, these characteristics
were equally found in all investigated species. The
main sperm cell components of all investigated
orsolobid species are additionally depicted in inter-
active 3D-reconstructions (Figs. 3-9).

Acrosomal complex—AV: cylindrical in O. pucara
and Osornolobus sp. 1, conical and flattened in all
remaining taxa; narrow subacrosomal space (Figs.
4B, 5C, 6A,C-D, 7A, 8B, and 9B); long (N to AV
ratio 2:1) in Osornolobus sp. 2, all Tasmanoonops
species (T. alipes; Tasmanoonops sp. 1 and Tasma-
noonops sp. 2) and H. mollipes, shorter in O.
pucara (N to AV ratio 3:1) and Osornolobus sp.1
(N to AV ratio 4:1); AF: extends within the NC
into the postcentriolar elongation, ends shortly
before the end of NC (e.g., Figs. 3E, 7A, 8E, and
9C,D).

Nucleus (N)—precentriolar region of nucleus
(prcN) compact and nearly cylindrical in all inves-
tigated species (compare interactive 3D-recon-
structions). The postcentriolar elongation (peN)
starts with a crest before it extends (Figs. 3D, 7C,
and 9E). peN is as long as prcN in O. pucara,
Osornolobus sp. 2, H. mollipes, Tasmanoonops sp.
1 and Tasmanoonops sp. 2. peN is shorter than
prcN in Osornolobus sp. 1 (peN to prcN ratio 1:2)
and Tasmanoonops sp. 2 (peN to prcN ratio 1:1.5).
The NC runs peripherally (Figs. 6A and 8A), and
appears stalked on a small ridge in the posterior
portion of the prcN in O. pucara, Osornolobus sp.
1, Osornolobus sp. 2, and H. mollipes (Figs. 3A-C,
4D, 5B, and 9C,D). The wide, but usually small
implantation fossa (compare 3D-reconstructions),
contains the two centrioles, the base of the axo-
neme and is filled with electron dense material
(Figs. 3A-C, 4D, 6D, 7A, 8C, and 9C,E), forming
an electron-dense centriolar adjunct.

Axoneme (Ax)—9+ 3 microtubular pattern (e.g.,
Figs. 3E, 4D, 6E, 7B, 8D, and 9D). The axoneme is
always longer than the nucleus (prcN + peN).

Fig. 5. Characteristics of mature spermatozoa and 3D-reconstruction of STF of Osornolobus sp. 2. A: Numerous cleistospermia can
be identified in the lumen of the deferent ducts, each surrounded by a secretion sheath. B: Individual sperm demonstrating the com-
pact arrangement of sperm cell components. C: The long AV contains the AF. D: The NC is placed on a distinct crest alongside the
proximal part of the precentriolar portion of nucleus. Note small amount of glycogen (asterisks) that is present around the base of
the axoneme. E: Membrane stacks are visible among coiled cell components (arrows). F: 3D-reconstruction showing the coiled axo-
neme, surrounding all main cell components. AF, acrosomal filament; AV, acrosomal vacuole; Ax, axoneme; LuD, lumen of deferent
duct; Mv, microvilli; NC, nuclear canal; peN, postcentriolar elongation of nucleus; prcN, precentriolar portion of nucleus; SSh, secre-

tion sheath.
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There are short central tubuli in Tasmanoonops
sp. 2 (Figs. 8D-E). The distal centriole is always
surrounded by some electron dense material (e.g.,
Figs. 5D, 6E, 7C, and 9E).

Cell inclusions—Mitochondria are always pres-
ent within the cytoplasm. A distinct amount of gly-
cogen is always present around the base of the
axoneme and along the base of the peN (Figs. 3D,
4C, 5D, 6C,D, 7D, 8D-E, and 9E). A distinct vesic-
ular area is present in Tasmanoonops species (7.
alipes, T. sp. 1, T. sp. 2) and H. mollipes (Figs.
6A-E, 7TA,B, 8A-E, and 9A-D), but absent in both
Osornolobus species, as well as in O. pucara. If
present, the vesicular area appears compact and is
electron dense in all three Tasmanoonops species,
but more electron lucent in H. mollipes.

Sperm Transfer Forms

All orsolobid species except Osornolobus sp. 2
possess synspermia as their STF (Figs. 3A, 4A,
6A, 7A, 8A, and 9A). Most of these primary sperm
conjugates consist of two (1. alipes, Tasmanoonops
sp. 1, Tasmanoonops sp. 2, and H. mollipes), those
of Osornolobus sp. 1 consist of four fused sperma-
tozoa (Table 3). The large synspermia of O. pucara
consists of either 16 or 32 fused sperm cells (Table
3). Fused sperm of primary conjugates originate
from one cyst. Although all spermatids of all devel-
opmental stages remain connected with each other
via cell bridges, the cell membranes of a certain
number of spermatids (see number of fused sperm
of investigated species) start to fuse along their
entire length, while the main cell components coil.
While the spermatids start to fuse, they combine
their cytoplasm. As a consequence, the developing
conjugate is rather large. Further development
includes the reduction of the abundant cytoplasm
and cell membranes.

Only in Osornolobus sp. 2 late spermatids do
not fuse but separate after coiling. Here, individ-
ual coiled spermatozoa that are no longer con-
nected by cellular bridges are released into the
lumen of the testis (Figs. 5A,B).

Secretion Sheath

A secretion sheath of variable thickness is pres-
ent in all investigated species except Tasmanoo-
nops sp. 1 and H. mollipes where two fused
spermatozoa are surrounded by their syncytial
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membrane (Figs. 7A,B, and 9A,D-E). Sperm conju-
gates of T. alipes have the thinnest secretion
sheath (less than 100 nm, Fig. 6B, inset), the
secretion sheaths of Osornolobus sp. 1, Osornolo-
bus sp. 2, and Tasmanoonops sp. 2 are slightly
thicker, ranging between 160 and 190 nm. In con-
trast, the large sperm conjugates of O. pucara
have the thickest secretion sheath of ~450 nm
(Figs. 3AE), irrespective of size and number of
sperm included in one sperm conjugate.

Male Copulatory Organs and Sperm Storage

The sperm duct (spermophor) in the palpal
organ, the place where sperm cells are stored after
uptake from the primary male genital system,
opens usually at the tip of the embolus. It is a
twisted, tube-like structure in O. pucara, Osorno-
lobus sp. 1, and Osornolobus sp. 2 (Figs. 10B-D),
and resembles a sac-like invagination in all three
Tasmanoonops species (Figs. 10E-G). In H. mol-
lipes, there is no embolus-like structure. Here, the
short, tube-like spermophor opens near a small
spine (Fig. 10H). In general, the spermophor is
sclerotized, except of a small nonsclerotized por-
tion in the distal part of the spermophor (Fig.
10A). Figure 11 summarizes the diameter of the
distal spermophor at its thinnest point (DoS) and
dimensions of transferred synspermia and cleisto-
spermia for all analyzed species. Our data reveal
an exceptionally wide DoS in Tasmanoonops sp. 1
of approx. 15 X 20 pum. This is surprising, as
transferred synspermia are rather small (approx.
3.5 X 4 X 4 ym) and although lacking a secretion
sheath are similar to those of T. alipes (4 X 4 X 4
um), a species with a narrow DoS, half the size of
the latter (approx. 7 X 10 pm). The DoS is
rather narrow in those orsolobids transferring
cleistospermia (H. mollipes) and small synspermia
(Osornolobus sp. 2, Tasmanoonops alipes and Tas-
manoonops sp. 2), whereas those transferring
large synspermia, as O. pucara, provide a wide
DoS.

DISCUSSION
Phylogenetic Implications
A comparison of relevant characters that are

associated with the primary male genital system
and sperm is given in Table 2. Within Dysderoidea

Fig. 6. Characteristics of mature spermatozoa and 3D-reconstruction of STF of Tasmanoonops alipes. A: Synspermia in the defer-
ent ducts of 7' alipes. Note sperm conjugates are not spherical but cup-shaped. B: Although thin, sperm conjugates are surrounded
by a distinct secretion sheath of approximately 90 nm (inset). C: As in all other investigated orsolobids, glycogen is present alongside
the base of the axoneme (inset). The AV is separated from the precentriolar portion of the nucleus by a distinct electron dense border.
D: The conical and flattened AV is characterized by a narrow subacrosomal space that contains the AF. Note wide implantation fossa
that is filled with electron dense material (asterisk). E: Little electron dense material surrounds the base of the axoneme (arrows).
Mitochondria are always present. F: 3D-reconstruction of STF of 7. alipes comprising two spermatozoa that are arranged opposed to
each other. Sperm conjugates are provided with a moderate indentation, thus they appear cup-like. Note each AV bends around parts
of the axoneme. AF, acrosomal filament; AV, acrosomal vacuole; Ax, axoneme; Mi, mitochondria; NC, nuclear canal; peN, postcentrio-
lar elongation of nucleus; prcN, precentriolar portion of nucleus; VA, vesicular area.
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and Caponiidae, the gross morphology of the male
genital system is diverse. Proximally fused testes
are found in caponiids and dysderids (Michalik
et al., 2004a; Lipke and Michalik, 2012), whereas
completely fused testes are a synapomorphy for
oonopids (Burger and Michalik, 2010). The organi-
zation of most orsolobids, with paired, elongated
testes resembles that of segestriids and most other
spider taxa, including mygalomorphs, basal ara-
neomorphs, and entelegynes (Alberti et al., 1986;
Alberti, 1990; Alberti and Coyle, 1991; Michalik,
2009; Michalik et al., 2013).

The spermophor of all investigated orsolobid
taxa is provided with a small portion that appears
less-sclerotized or nonsclerotized (Fig. 10). This
condition is uncommon in spiders; so far only a
few taxa are known with nonsclerotized spermo-
phors, for example, Austrochilinae (Griswold
et al., 2005; Michalik and Ramirez, 2013), or with
their spermophor entirely devoid of a cuticular lin-
ing, a synapomorphy of Oonopinae (Burger, 2010).
Orsolobidae plus Oonopidae were suggested to be
sister groups within Dysderoidea (Platnick et al.,
1991; Ramirez, 2000), but the unsclerotized section
found in orsolobids is unlikely homologous to the
one found in derived oonopines, because the two
consecutive outgroups of oonopines (Orchestininae
and Sulsulinae) have normally sclerotized spermo-
phores (Platnick et al., 2012).

Our data show that spermatozoa of Orsolobidae
share many characters known from Dysderidae as,
for example, the shape and length of the AV (in
relation to the nucleus) and the peculiar crest
from which the postcentriolar elongation extends.
These characters were only described for represen-
tatives of Dysderidae so far (Alberti and Wein-
mann, 1985; Michalik et al., 2004a) and suggest
that dysderids and orsolobids might be more
closely related than they were considered before.
Besides, our results reveal some characters such
as a distinct area of glycogen, surrounding the
axonemal base that are depicted in several spider
taxa (Alberti and Weinmann, 1985; Alberti and
Coyle, 1991; Michalik et al., 2003; Michalik et al.,
2004a; Lipke and Michalik, 2012) and likely reflect
the plesiomorphic condition in spiders.

The peculiar axoneme of Tasmanoonops sp. 2
with its very short central tubuli likely affects the
motility pattern. Nevertheless, the axoneme of
Tasmanoonops sp. 2 reflects the typical organiza-
tion of a spider axoneme (9 + 3 axonemal pattern,
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Dallai et al., 1995) and is certainly not comparable
to the derived 9 + 0 axonemal pattern present in
Pimoidae and Linyphiidae (Michalik and Alberti,
2005; Michalik and Hormiga, 2010).

Among the investigated Orsolobidae, we could
identify a common morphology of sperm conju-
gates, unifying all investigated Tasmanoonops spe-
cies. In contrast to the usually spherical shaped
STF of most spider taxa, the shape of these syn-
spermia appears cup-like (7. alipes), twisted (Tas-
manoonops sp. 2) or both (Tasmanoonops sp. 1).

Evolutionary and Functional Implications

Primary male reproductive system. The
histological analysis of the testis of adult males of
some specimens showed (i) a comparable small tes-
tis volume and only one spermatogenic stage in
Osornolobus sp. 1, T. alipes, Tasmanoonops sp. 2,
and (ii) the absence of generative tissue in Tasma-
noonops sp. 1. Nevertheless, STF are abundantly
present in the lumen of the deferent ducts of all
investigated specimens. Thus, the production of
sperm in these species might be terminated as
recently suggested for the Tasmanian cave spider,
Hickmania troglodytes (Austrochilidae) (Michalik
et al., 2014). However, because we do not have a
reasonable sample size and cannot exclude age or
teratological effects no further conclusions can be
drawn. Future studies should address a potential
sperm limitation by termination of spermiogenesis
in early adult stage in Orsolobidae especially with
regard to mating strategies. As shown for some
orbicularian families terminal investment strat-
egies such as genital mutilation, male sacrifice
behavior or monogamy can be associated with a
termination of spermiogenesis resulting in a per-
manent depletion of sperm within the primary
reproductive system (Michalik et al., 2010; Micha-
lik and Rittschof, 2011; Schneider and Michalik,
2011).

Evolution of sperm transfer forms in Dys-
deroidea. The occurrence of two types of STF
within one family (Orsolobidae) provides new
insights in the evolution of STF in spiders in gen-
eral and Dysderoidea (Segestriidae, Dysderidae,
Orsolobidae, and Oonopidae) especially.

Based on the present study and information
available in the literature (Table 3), synspermia
are known from Caponiidae and most Dysderoidea
(Segestriidae, Dysderidae, and Orsolobidae). More-
over, this sperm conjugation is also known from

Fig. 7. Characteristics of mature spermatozoa and 3D-reconstruction of STF of Tasmanoonops sp. 1. A: Synspermia contain two
sperm that are arranged opposed to each other. The overall shape of sperm conjugates is very similar to those of 7! alipes, which is
continued for sperm characters of both species. B: In contrast to 7. alipes, synspermia of Tasmanoonops sp. 1 are not covered with a
secretion sheath. The electron dense vesicular area is provided with small, electron lucent spherules (arrows) that are in close associ-
ation to the membrane that surrounds the syncytium. C: The base of the distal centriole is associated with little electron dense mate-
rial (arrows). D: As in all other investigated orsolobids, a distinct amount of glycogen (asterisk) is present around the axonemal base
and alongside proximal parts of the axoneme. AF, acrosomal filament; AV, acrosomal vacuole; Ax, axoneme; Mi, mitochondria; NC,
nuclear canal; peN, postcentriolar elongation of nucleus; prcN, precentriolar portion of nucleus; SyM, membrane of syncytium; VA,

vesicular area.
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Fig. 8. Characteristics of mature spermatozoa and 3D-reconstruction of STF of Tasmanoonops sp. 2. A: Besides synspermia, large
secretions are present in the lumen of the distal part of the deferent ducts. B: The AV is provided with a narrow subacrosomal space
in which the AF extends toward the nucleus. C: The implantation fossa is completely filled with an electron dense centriolar adjunct
(asterisk). A distinct vesicular area encloses the sperm cell components secondarily. D: Cross-sections reveal some parts of the mem-
brane surrounding the syncytium distorted from the surrounding secretions sheath, which might result from fixation artifacts. Glyco-
gen is present around the axoneme (asterisk). E: Although the AF nearly extends until the end of the NC (D), the central tubuli of
the axoneme are very short and not visible in large parts. F: In contrast to the cup-like shape of sperm conjugates of T alipes, syn-
spermia of Tasmanoonops sp. 2 appear twisted. As in 7! alipes, the spermatozoa are arranged opposed to each other while their AVs
are bending round parts of the axonemes. AF, acrosomal filament; AV, acrosomal vacuole; Ax, axoneme; Mv, microvilli; NC, nuclear
canal; peN, postcentriolar elongation of nucleus; prcN, precentriolar portion of nucleus; Sec, secretions; SSh, secretion sheath; VA,
vesicular area.
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Fig. 9. Characteristics of mature spermatozoa and 3D-reconstruction of Hickmanolobus mollipes. A: Within the lumen of the distal
deferent ducts numerous synspermia are visible. In contrast to most other investigated Orsolobidae, synspermia of H. mollipes are
not surrounded by a secretion sheath. B: The long AV has a narrow subacrosomal space and is separated from the nucleus by a dis-
tinct electron dense border. C: Two sperm fuse to form the sperm conjugate, cell components of both sperm are surrounded secondar-
ily by a vesicular area. D: The NC is situated on a distinct crest before continued in the periphery of the postcentriolar elongation.
E: A centriolar adjunct, filling the implantation fossa covers both centrioles before glycogen accompanies the base of the axoneme
(asterisk). F: Both sperm are arranged in the same direction, indicated by the same position of the AVs. AF, acrosomal filament; AV,
acrosomal vacuole; Ax, axoneme, dC, distal centriole; IF, implantation fossa; NC, nuclear canal; peN, postcentriolar elongation of
nucleus; preN, precentriolar portion of nucleus; SyM, membrane of syncytium.
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Fig. 10. 3D-reconstructions of the male palpal organ and spermophor. A: Schematic drawing of the spermophor in the male palpal
organ. Strongly sclerotized parts of the sperm duct are shown in green, a “softer, membranous-like” part in yellow. B: Orsolobus
pucara. C: Osornolobus sp. 1. D: Osornolobus sp. 2. E: Tasmanoonops alipes. F: Tasmanoonops sp. 1. G: Tasmanoonops sp. 2. H:

Hickmanolobus mollipes.

Sicariidae (Costa-Ayub and Faraco, 2007) and Scy-
todidae (Alberti and Weinmann, 1985) suggesting
synspermia as a synapomorphy for ecribellate
Haplogynae. Our data also support an independ-
ent evolution of cleistospermia, which was already
suggested by Alberti (1990) and Alberti and Coyle
(1991). Because the transformation from sperm
conjugates toward cleistospermia occurs even on
the genus-level in orsolobids, the evolution toward
individual transferred spermatozoa can be
expected in many more spider taxa.

In Dysderoidea, synspermia either evolved from
coenospermia that are described for Filistatidae
(Alberti and Weinmann, 1985; Michalik et al., 2003)
or represent fused cleistospermia. Both evolution-
ary scenarios of STF are already hypothesised by
Lipke and Michalik (2012) based on suggestions of
Alberti (1990) and Alberti and Coyle (1991).

Secretion Sheath. In general, spider sperm
are transferred immobile because the main cell
components are coiled within the cytoplasm and the
sperm is surrounded by a secretion sheath (Alberti,
1990, 2000; Michalik and Lipke, 2013), i.e., they are
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encapsulated, as reviewed by Vocking et al. (2013).
The secretion sheath, whose thickness can vary
remarkably, is either synthesized in the testes or
deferent ducts and can be single or multilayered
(Alberti, 1990; Michalik et al., 2013; Michalik and
Lipke, 2013). Our data show a high variation con-
cerning the sheath thickness in Orsolobidae. Sperm
conjugates of O. pucara possess the thickest secre-
tion sheath (~450 nm), whereas a thin secretion
sheath surrounds the sperm conjugates of Osornolo-
bus sp. 1, Tasmanoonops alipes, and Tasmanoonops
sp. 2. We could not detect a secretion sheath sur-
rounding synspermia of H. mollipes and Tasmanoo-
nops sp. 1 (Figs. 7 and 9). Except for the peculiar
sperm of Phoroncida sp. (Theridiidae), which is nei-
ther coiled nor encapsulated (Lopez and Boissin,
1975; Alberti, 1990), there is only one description of
sperm conjugates of a Caponiidae, C. alegre, (Lipke
and Michalik, 2012) available, where a secretions
sheath was not observed (Table 3).

Lipke and Michalik (2012) suggested that a secre-
tion sheath might not be applied before sperm
induction or even be generated in the palpal bulb.
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dimensions of

species sperm transfer forms
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thinnest portion
of spermophor

8.5x8.5x8.5um
11.0x11.0x 11.0 um
5.5x5.5x5.0 um

Orsolobus pucara (16 sperm)
Orsolobus pucara (32 sperm)
Osornolobus sp. 1

4.0x4.5x4.0 um
4.0x4.0x4.0 um

Osornolobus sp. 2

Tasmanoonops alipes
Tasmanoonops sp. 1 3.5x4.0x4.0 um
55x4.0x5.5um

3.5x4.0x4.0 um

Tasmanoonops sp. 2

Hickmanolobus mollipes

A

16.5x 9.0 um
16.5x9.0 um
16.5x11.0 um
8.5x8.5 um
10.0x 7.0 um
20.5 x 15.5 um
6.5x6.5 pum
9.5x 6.5 um

Fig. 11. Dimensions of STF and the thinnest portion of the spermophor (DoS) inside the embolus of all investigated Orsolobidae. The
dimensions of STF were measured based on the largest extension of individual STF in each plane (XY/XZ/YZ) of the corresponding image
stack that was used for 3D-reconstruction. Dimensions of the spermophor are based on cross-sections of its thinnest portion.

However, the absence of a secretion sheath in sperm
conjugates of Orsolobidae indicates that this condi-
tion might be common in spiders.

We suggest using the term unsheathed as prefix
for transfer forms without secretion sheath. So far,
all known STF lacking a secretion sheath are pri-
mary sperm conjugates, which might possibly sug-
gest a correlation between this specialized transfer
form and the functional significance of a secretion
sheath. However, the purpose of the secretion sheath
is still unknown, although a putative protective
function during sperm transfer into the female geni-
talia (Bertkau, 1877; Alberti, 1990), and storage in
female spermathecae was suggested (Michalik et al.,
2013). In the wolf spider Schizocosa malitiosa, for
example, female store sperm for several months
(Costa and Capocasale, 1985; Costa, 1991) before egg
sacs are laid, whereas the transferred sperm are pro-
vided with a thick secretion sheath of approximately
400 nm (Michalik et al., 2013). Thus, there might be
a correlation of sperm residency time in female sper-
mathecae and thickness of the secretion sheath.
Consequently, unsheathed primary sperm conju-
gates might indicate a rather short residency time in
female spermathecea.

However, transferring unsheathed sperm conju-
gates might refer to a highly specialized male mat-
ing strategy. In spiders, female sperm storage sites
are associated with accessory glandular units,
whose secretory products are supposed to trigger
processes such as decapsulation and sperm activa-
tion and might enable the female to selectively
activate sperm (Uhl, 1993, 1994, 2000; Herberstein
et al.,, 2011; Vocking et al.,, 2013). Thus, the
absence of a secretion sheath might provide a
male strategy in which sperm bypass the initial
triggering that is otherwise controlled by female
secretory products. However, if the secretion
sheath has a protective function during sperm
induction and transfer, unsheathed sperm should
hypothetically be provided with additional secre-
tions which might act as a protection shield.

Male Copulatory Organs and STF. Male
and female reproductive systems, as well as parts
of them, often coevolve (Arnqvist and Rowe, 1995;
Eberhard, 2004a, 2004b; Hosken and Stockley,
2004; Simmons, 2014). Besides modifications of
the male copulatory organ, the organization of the
female reproductive tract, especially sperm storage
sites, influence the evolution of sperm traits as it
is best known for insects (Presgraves et al., 1999;
Miller and Pitnick, 2002; Higginson et al., 2012a,
2012b). Moreover, postcopulatory sexual selection
is in charge of rapid diversification of reproductive
characters (Lupold et al., 2013; Manier et al.,
2013b) and consequently promotes reproductive
isolation (Manier et al., 2013a). A positive correla-
tion of sperm size and female sperm storage
organs is known for a variety of taxa, as, for exam-
ple, birds (Briskie and Montgomerie, 1992), and
several insect taxa (Dybas and Dybas, 1981; Pit-
nick et al., 1999; Presgraves et al., 1999; Higgin-
son et al., 2012b). Because variability of sperm
size usually reflects sperm length, a positive corre-
lation of sperm length and female sperm storage
organs was suggested. However, spider sperm are
usually coiled and encapsulated while transferred
into the female genital tract, thus sperm size can
be treated as equivalent to the size of the STF by
means of diameter at first. Moreover, besides mor-
phological features of female genitalia, initially
sperm need to pass the embolus of the male copu-
latory organs, which is inserted into the female
while copulation.

A positive correlation of the size of STF and
diameter of opening of the embolus was proposed
by Alberti and Coyle (1991) and Michalik et al.
(2004b). As summarized in Fig. 11, we observed a
considerable variation in the thinnest portion of
most distal part of the spermophor (DoS) and
dimensions of STF within Orsolobidae.

However, not only the size but also the number
and arrangement of spermatozoa in one STF
varies. For example, O. pucara seem to be limited
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to pass one sperm conjugate at once, due to the
DoS to STF ratio (Fig. 11), but up to 32 individual
sperm are transferred in a single conjugate (Table
3). Passing such a large number of sperm at once
would imply a hypothetical DoS that is three
times larger in, for example, Osornolobus sp. 1
that transfer small sperm conjugates, or even 16
times larger in Osornolobus sp. 2, which transfers
individual cleistospermia. Kuntner et al. (2009)
showed that the complexity of male and female
genital traits in nephiliid taxa is positively corre-
lated, best explained with coevolving genital traits.
This coevolution likely includes the DoS of the
male copulatory organ. Consequently, genital
traits of both, female and male, might affect the
evolution of STF.
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