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Abstract

Pholcidae.

Background: Pholcidae represent one of the largest and most diverse spider families and have been subject to
various studies regarding behavior and reproductive biology. In contrast to the solid knowledge on phylogeny and
general reproductive morphology, the primary male reproductive system is strongly understudied, as it has been
addressed only for few species. Those studies however suggested a high diversity of sperm and seminal secretions
across the family. To address this disparity and reconstruct the evolution of sperm traits, we investigate the primary
male reproductive system of pholcid spiders by means of light, X-ray, and transmission electron microscopy using a
comprehensive taxon sampling with 46 species from 33 genera, representing all five subfamilies.

Results: Our data show a high disparity of sperm morphology and seminal secretions within pholcids. We document
several sperm characters that are unique for pholcids, such as a helical band (Pholcinae) or a lamellate posterior cen-
triolar adjunct material (Modisiminae). Character mapping revealed several putative synapomorphies for individual
taxa. With regard to sperm transfer forms, we found that synspermia occur only in the subfamily Ninetinae, whereas
the other subfamilies have cleistospermia. In several species with cleistospermia, we demonstrate that spermatids
remain fused until late stages of spermiogenesis before ultimately separating shortly before the coiling process.
Additionally, we explored the previously hypothesized correlation between sperm size and minimum diameter of

the spermophor in the male palpal organ. We show that synspermia differ strongly in size whereas cleistospermia are
rather uniform, but neither transfer form is positively correlated with the diameter of the spermophor.

Conclusions: Our data revealed a dynamic evolution of sperm characters, with convergences across all subfami-
lies and a high level of homoplasy. The present diversity can be related to subfamily level and allows for assign-
ments of specific subtypes of spermatozoa. Our observations support the idea that Ninetinae are an ancestral clade
within Pholcidae that have retained synspermia and that synspermia represent the ancestral sperm transfer form of
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Background

Daddy long-legs spiders (Pholcidae) are among the spi-
ders best-known to the general public as some species,
such as the long-bodied cellar spider Pholcus phalangio-
ides (Fuesslin, 1775), have a synanthropic lifestyle. The
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family currently counts more than 1,800 described spe-
cies in over 90 genera [1] representing one of the most
species-rich spider families. Pholcid spiders are mor-
phologically and ecologically highly diverse (e.g. [2, 3])
and phylogenetic relationships have been addressed in
numerous morphological and molecular studies hypoth-
esizing five subfamilies—Pholcinae (922 spp.), Smerin-
gopinae (125 spp.), Modisiminae (480 spp.), Arteminae
(99 spp.) and Ninetinae (34 spp.) (e.g. [3-7]).
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Pholcid systematics has been extensively studied dur-
ing the last decades and 68% of the known species have
been described since the year 2000 (www.pholcidae.de).
The biology of the group is much less well known but
apparently equally diverse. For example, pholcid spiders
show an interesting reproductive biology with differ-
ent reproductive strategies, many sexual dimorphisms,
and a high disparity of genitalic structures including
asymmetry, genital polymorphism, and fundamentally
different configurations of the female internal genita-
lia (e.g. [2, 8—15]). In contrast to the vast knowledge on
the gross morphology of female and male genitalia, the
primary male reproductive system is severely understud-
ied. Only three species have been investigated in detail:
Pholcus phalangioides (Pholcinae) [16—18], Holocnemus
pluchei (Scopoli, 1763) (Smeringopinae) [19, 20] and
Psilochorus simoni (Berland, 1911) (Modisiminae) [21].
Moreover, Michalik and Ramirez [22] included the nine-
tine Gertschiola macrostyla (Mello-Leitdo, 1941) in their
comprehensive study on spider spermatozoa, but did not
describe the sperm morphology in detail. These previ-
ous studies suggested a remarkable diversity of sperm
structures, raising questions about the selective forces
driving sperm evolution. At the same time, this morpho-
logical diversity is potentially informative in phylogeny
reconstruction. For example, the investigation of sperm
structures across the spider tree of life by Michalik and
Ramirez [22] recovered synapomorphies for a wide range
of taxa, such as synspermia as the characteristic of the
Synspermiata — a clade of haplogyne spiders that includes
Pholcidae and that was also recovered by all consecutive
phylogenomic studies [23-25].

Male spiders transfer sperm with their modified pedi-
palps, which can be complex or simple depending on the
group [26]. The sperm cells are transferred in a coiled
state, in so-called transfer forms [27]. Based on the
influential studies of Gerd Alberti, three major types of
transfer forms can be distinguished within spiders—coe-
nospermia (aggregations of multiple individual sperm
cells with a common secretory sheath), synspermia
(aggregations of several fused sperm cells forming a syn-
cytium) and cleistospermia (single individual sperm cells,
each with its own secretory sheath) [16, 27, 28]. For phol-
cid spiders, previous studies had suggested that cleisto-
spermia are the common transfer form in this family, but
the study by Michalik and Ramirez [22] briefly reported
the presence of synspermia in the ninetine Gertschiola
macrostyla. This finding is of particular interest as the
subfamily Ninetinae has long been grouped at the same
taxonomic level as all other Pholcidae together [29] or
as the possible sister-group to the remaining subfamilies
[7]. This suggests that synspermia is the plesiomorphic
transfer form within this family. Moreover, the presence
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of two different types of transfer forms is also of inter-
est with regard to the evolution of male genitalia. Since
synspermia are usually much larger than cleistospermia
[22], a positive correlation between the minimum sper-
mophor diameter and the dimension of a single sperm
transfer unit can be hypothesized (see also [30-32]).
Lipke, Ramirez and Michalik [33] addressed this issue
in Orsolobidae, but could not find a positive correlation,
possibly because of the low sample size. However, a co-
evolution between sperm length and genitalia has been
reported for insects (e.g. [34]).

Sexual selection not only acts on the evolution of sper-
matozoa [35], but has also resulted in a diversity of semi-
nal products that are transferred into the female sperm
storage organs together with the sperm cells. It is known
from insects that seminal proteins are strategically allo-
cated in the female genital tract as a response to potential
sperm competition (e.g. [36—39]). In contrast to insects,
spider males do not have accessory glands, but produce
seminal secretions directly in the testes and deferent
ducts. The seminal fluid of spiders bears a huge inter-
specific diversity and can contain a variety of structurally
different secretory droplets [22, 40]. It was hypothesized
that diversification of such seminal secretions may be
driven by postcopulatory sexual selection (e.g. [41-43]).
One spider group with a particularly high degree of semi-
nal secretion diversity seems to be Pholcidae. The three
previously investigated species had very different secre-
tions not only structurally but also in the number of dif-
ferent types of secretory droplets [21].

In this study, we address the evolutionary morphol-
ogy of the primary male reproductive system including
spermiogenesis, sperm cells and sperm transfer forms
of pholcid spiders using light, transmission, and X-ray
microscopy. With 46 species from 33 genera and all
five subfamilies, our taxon sampling is the most com-
prehensive for such an intrafamiliar study in spiders to
date. Thus, we provide one of the most detailed insights
into the evolution of sperm within a species-rich spider
family. Our analysis builds on the framework for spider
sperm morphology proposed by Michalik and Ramirez
[22]. We reconstructed possible evolutionary scenarios
of sperm traits by mapping characters on the phylogeny
in Huber, Eberle and Dimitrov [7] [based on the molecu-
lar study of [3], one of the most comprehensive molec-
ular phylogenies at family level currently available in
arachnology.

Results

Primary male reproductive system

The gross morphology of the male reproductive tract
in pholcid spiders follows the general organization
in spiders [22]: paired testes and deferent ducts that
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D Galapa bella. E Panjange camiguin

Fig. 1 Gross Morphology of the male reproductive system in various pholcid taxa. A Modisimus elongatus. B Physocyclus globosus. C Aetana loboc.

fuse distally into an ejaculatory duct (Fig. 1). The tes-
tes are generally elongated and tubular (Fig. 1A, B,
C, E), while Ninetinae show more compact to oval
testes (Fig. 1D). Variation also occurs with respect
to the morphology of the deferent ducts, which can

be relatively short (Fig. 1A) to notably long (Fig. 1D).
The testis is organized in cysts of developing sperma-
tids (Fig. 2A, B), where different stages of spermato-
genesis can be observed. The cysts are surrounded
by extensions of the epithelial (somatic) cells, which
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Fig. 2 Light- (LM) and transmission electron (TEM) microscopy of testis and deferent duct of different pholcid taxa. A Pholcus bamboutos, LM, testis.
B Belisana cf. kinabalu, LM, testis. C Quamtana oku, TEM, testis. D Smeringopina bineti, TEM, deferent duct

border the lumen in the centre of the testis. The def- embedded in electron-dense secretions. The latter
erent ducts vary in the thickness of the epithelium show an intergeneric diversity across the examined
(Fig. 2D vs. Fig. 3A), but generally have a layer of taxa (Figs. 4, 5 and 6). The ejaculatory duct shows a
microvilli on the inner surface (Fig. 3D). The lumen of  similarly organized epithelium and contains sperm and
the deferent ducts contains the sperm transfer forms specific secretions as well (Fig. 3B).
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Fig. 3 Light (LM) and transmission electron (TEM) microscopy of the deferent duct of different spec
A Gertschiola macrostyla, LM. B Nerudia sp. n.’Arg58, LM. C Guaranita goloboffi, TEM. D Nerudia sp. n.'Mic20; TEM
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Fig. 4 Seminal secretions in the deferent ducts of different pholcid taxa, TEM. A Artema bunkpurugu. B Physocyclus globosus. C Smeringopus cf.

roeweri. D Smeringopina bineti. E Smeringopus cylindrogaster. F Carapoia nairae. G Chibchea salta. H Ciboneya antraia. | Mesabolivar cyaneotaeniatus.
J Modisimus elongatus. K Tupigea teresopolis. L Aetana poring. M Panjange camiguin. N Leptopholcus guineensis. O Metagonia cf. petropolis
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Fig. 5 Seminal secretions in the deferent ducts of different pholcid taxa, TEM. A Pehrforsskalia conopyga. B Pholcus bamboutos. C Pholcus guineensis.
D Quamtana oku. E Spermophora awalai. F Pholcophora sp. n."Mex22'. G Kambiwa neotropica. H Nerudia sp. n.'Mic20' | Gertschiola macrostyla.
J Guaranita goloboffi. K Galapa bella. L Tolteca hesperia. M Canaima? sp. n.'Dup118'N Mecolaesthus sp. n.'Ecu60’ O Priscula sp. n.'Ecu93’
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Fig. 6 Seminal secretions in the defere
opilionoides. D Cantikus sabah

Spermiogenesis

Spermiogenesis in the studied species follows a relatively
uniform differentiation pattern. However, some species-
specific deviations were observed and will be addressed
in the species level descriptions below. Generally, sper-
matogenesis begins with the development of spermato-
gonia in the testis resulting in cysts of spermatids of the
same developmental stage (Fig. 2A, B). In these early
spermatids, the acrosomal vacuole and acrosomal fila-
ment begin to form, with the latter originating from elec-
tron dense material within the subacrosomal space. The
acrosomal filament then begins to extend through the

nucleus (Fig. 7). The condensation of nuclear chroma-
tin progresses and the nucleus becomes more elongated
while being surrounded by a manchette of microtubules
(e.g., Fig. 7B, E). The condensation pattern of chromatin
can vary among species from fibrillar (Fig. 7E) to globular
(Fig. 7B). The distribution of strongly or less strongly con-
densed chromatin in the nucleus also varies: most inves-
tigated species show a uniform distribution throughout
the nucleus, as for example Artema bunkpurugu, Nerudia
sp. n. ‘Arg58; or Gertschiola macrostyla (Figs. 7A, E, F); in
others, we observed scattered (e.g., Chibchea salta Huber,
2000, Fig. 7C) or notably heterogenous distributions (e.g.,
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Fig. 7 Early stages of spermiogenesis in different pholcid taxa. TEM. A Priscula sp. n."Ecu93'B Carapoia nairae. The arrow indicates the globular
condensation pattern of the chromatin. C Chibchea salta. D Guaranita goloboffi. E Nerudia sp. n.’Mic20" F Gertschiola macrostyla
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Fig. 8 Early stages of spermiogenesis in different pholcid taxa. TEM. A Panjange camiguin. B Spermophora awalaiC Pholcus bamboutos.
D Smeringopina bineti. E Smeringopus cylindrogaster. Note the uniform shape of spermatids in this stage
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Pholcus bamboutos Huber, 2011, Fig. 8C). The forma-
tion of the axoneme is initiated in early spermatids by
the migration of the centrioles towards the posterior pole
of the nucleus resulting in a flagellar tunnel (e.g. Figs. 7E
and 8B). The implantation fossa forms as an indentation
on the posterior pole of the nucleus (Figs. 7F and 8D)
and its dimension and depth vary across species. Mid
spermatids are characterized by a further elongation
of the acrosomal vacuole (AV) with an extension of the
subacrosomal space throughout the entire AV (Fig. 7A).
The nucleus elongates asymmetrically and the chromatin
condenses further and exhibits a mostly fibrillar conden-
sation pattern (Fig. 7A).

In several species, we observed an initial fusion of sper-
matids at early to mid stages (Fig. 9). The spermatids
stay fused until they ultimately separate within the testes
before the coiling process.

Late spermatids are characterized by a nucleus with
a very dense chromatin condensation, which makes it
appear electron dense. However, specific condensation
patterns were observed, as e.g. the heterogenous conden-
sation in Mesabolivar cyaneotaeniatus (Keyserling, 1891)
(Fig. 36B, see below). At the end of spermiogenesis, the
main cell components coil within the sperm cells. Dur-
ing this coiling process, which takes place in the testis,
the manchette of microtubules is first reduced and then
disintegrates completely in all studied species. The coiled
spermatids finally compact and are surrounded by a
secretion sheath. This sheath is usually formed in the def-
erent duct, where the sperm are also embedded in spe-
cific types of seminal secretions (Figs. 4, 5 and 6).

Spermatozoa and transfer forms

Pholcid spiders show a high intrafamiliar disparity of
sperm morphology, which will be addressed below in
detail. In general, the spermatozoa follow the general
pattern described for spiders in being flagellate with a
long axoneme having a 9+ 3 microtubular pattern, and
in having an asymmetrically elongated nucleus and an
acrosomal vacuole, which is mostly cylindrical contain-
ing a narrow subacrosomal space. All investigated spe-
cies have two centrioles orthogonally adjacent to each
other. The centriolar region varies only in certain Phol-
cinae with a proximal centriole being twice the length
of the distal centriole and electron-dense material that
resemble a so-called “water-wheel” configuration (sensu
[16]). Variations can be observed in all sperm cell com-
ponents as e. g. the different parts of the nucleus or cen-
triolar adjunct material. At the end of spermiogenesis,
spermatozoa form so-called transfer forms, where sperm
are encapsulated by a secretion sheath formed within the
deferent ducts. Sperm are transferred as cleistospermia
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with the exception of most studied Ninetinae, which use
synspermia as transfer form.

The formation of synspermia can be exemplified using
Guaranita goloboffi Huber, 2000. As typical for spi-
der spermatogenesis, spermatids develop within cysts
(Fig. 10A) and are connected via cellular bridges as also
shown in Costa-Ayub and Faraco [44] and Michalik, Dal-
lai, Giusti and Alberti [45]. During the coiling process,
spermatids fuse completely in the testis lumen, with part
of their membranes disintegrating, leaving membranous
remains in the cytoplasm of the aggregate (Figs. 10C
and 11B). In further stages of the coiling process, the
spermatids arrange more closely, nearly parallel to each
other (Fig. 11C). Notably, the axonemes appear to be
coiling altogether beside the nuclei, which remains in
this configuration also in fully developed transfer forms
(Fig. 16). During further coiling and compacting, the
spermatids become densely embedded in the membra-
nous remains and various secretions (Fig. 11D).

In the following, detailed descriptions of spermato-
zoa and sperm transfer forms are given ordered sys-
tematically by subfamily. Within the subfamily, species
are ordered alphabetically. For species listed as ‘spp.,
individuals of different species have been investigated.
Since the variation between those species was very
low, the characters are summarized in one descrip-
tion and apply, if not stated otherwise, to all studied
species.

Ninetinae | Galapa bella (Gertsch & Peck, 1992) (Fig. 12)
Spermatozoa. Acrosomal complex. AV short, stout and
conical, subacrosomal space extends throughout the
entire AV (Fig. 12D). Acrosomal filament (AF) short,
projecting into the nucleus through the nuclear canal
(NC), ending in the anteriormost region of the precen-
triolar part of the nucleus (prcN) (Fig. 12D). Nucleus.
Asymmetric, chromatin condensation heterogenous,
centrally very lightly condensed and getting denser at
the margin (Fig. 12B). prcN compact, posterior elonga-
tion of the nucleus (peN) slender and flat to triangular
(Fig. 12E). Implantation Fossa (IF) narrow and deep,
extends through the complete prcN, filled with granular
material (Fig. 12B, C). NC wide, shifting into a lateral
projection in the posterior most portion of the prcN as
well as along the peN (Fig. 12B, C, D).

Sperm transfer form. Large, oval synspermia, sur-
rounded by a secretion sheath; comprising 64 sper-
matozoa stacked on top of each other as groups of up
to 23 densely and circular packed sperm cells in four
levels (Fig. 12F). Axonemes tightly packed and coiling
twice towards the center of the aggregate in a complex
pattern (Fig. 12D). Cytoplasm heterogenous; mostly
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fused during spermiogenesis before ultimately separating in later stages of development. A Carapoia nairae. B Chibchea salta. C Mesabolivar iguazu.
D Carapoia lutea. E Smeringopus cf. roeweri, note the axonemes of two different spermatids. F Holocnemus pluchei
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Fig. 10 Formation of synspermia in Guaranita goloboffi. TEM. A Cysts of early and mid to late spermatids. B Multiple mid to late spermatids. C Fused
late spermatids, accompanied by membranous remains of individual spermatids
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Fig. 11 Formation of synspermia in Guaranita goloboffi. TEM. A, B Early synsperm with only loosely packed spermatids. C, D During further
development, the spermatids become more densely packed within the synsperm. Note the increasing compactness of the synsperm and the
occurrence of membranous remains and secretions in the cytoplasm

slightly electron dense, comprising various membra- IF forms and begins to fill with electron dense granules;

nous vesicles (Fig. 12B, C). the NC forms and is shifted to the lateral portion of the
Notes on spermiogenesis. Mid spermatids show a nucleus (Fig. 12A).

filamentous and streak-like chromatin condensation; the
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Fig. 12 Spermiogenesis and synspermia of Galapa bella. TEM. A Early spermatid, cross-section. B Spermatozoa within synsperm. Note the shape of
the peN and the position of the nuclear canal. C Anterior portion of a sperm cell within synsperm. Note the slightly conical shape of the AV and the
membranous vesicles in the cytoplasm (arrow). D Synsperm within the deferent duct in cross-section. The thin secretion sheath becomes apparent
as well as the tile-like seminal secretions. E 3D surface reconstruction of an individual sperm cell from the synsperm, illustrating further structural
details as well as the course of the axoneme in a coiled state. F,G 3D surface reconstruction of the synsperm. For the purpose of clarity, only one

axoneme is shown
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Fig. 13 Spermiogenesis of Gertschiola macrostyla. TEM. A Mid spermatids in a cyst, individually surrounded by a membrane. B Mid spermatid,
anterior portion with acrosomal complex. C Multiple late spermatids before the coiling process takes place
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Fig. 14 Ultrastructure and 3D surface reconstruction of synsperm of Gertschiola macrostyla. A Synsperm in the lumen of the deferent duct.

B Sperm cells within the synsperm in cross-section. Note the position of the nuclear canal. C, D, E 3D surface reconstruction of synsperm. F 3D
surface reconstruction of an individual sperm cell showing the depth of the implantation fossa and the course of the nuclear canal. Axoneme not
shown for the purpose of clarity
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Seminal secretions. One type of secretion, homog-
enously electron dense, long to tile-like (Fig. 5G).

Ninetinae | Gertschiola macrostyla (Mello-Leitao, 1941)
(Figs. 13 and 14)

Spermatozoa. Acrosomal complex. AV thin, subacro-
somal space extends throughout the whole AV. The
AF terminates in the anteriormost portion of the NC.
Nucleus. Asymmetric, chromatin condensation heter-
ogenous (Fig. 14A, B); prcN stout and tubular (Fig. 14C,
E); peN approximately half the length of the prcN, flat
and triangular (Fig. 14F). IF deep and narrow, extends
nearly through the entire prcN, filled with granular mate-
rial (Fig. 14B). NC situated in a thin lateral projection
(Fig. 14B).

Sperm transfer form. Spherical to oval synspermia
surrounded by a secretion sheath (Fig. 14A), com-
prising a group of 24 spermatozoa (Fig. 14C, D). AV
rather straight within the aggregate (Figs. 13B, 14C,
D), peN all bent towards the center of the nucleus clus-
ter (Fig. 14E). The axonemes are projecting towards
the center of this cluster in their anterior part, before
forming multiple larger bundles that continue to coil
once and form an interwoven pattern beside the nuclei
(Fig. 14C, E), before coiling twice spirally around the
cluster of sperm cells (Fig. 14D).

Notes on spermiogenesis. At late stages of spermio-
genesis, the IF partially contains amorphous, electron-
dense material (Fig. 13C).

Seminal secretions. One type of secretion, oval and
homogenously electron dense (Fig. 5).

Ninetinae | Guaranita goloboffi Huber, 2000

(Figs. 15 and 16)

Spermatozoa. Acrosomal complex. AV short, cylindri-
cal to flat (Fig. 16E, F), subacrosomal space extends
throughout the whole AV (Fig. 16F). AF short extends
only into the anteriormost portion of the NC (Fig. 15B)
Nucleus. Asymmetric, prcN long, slender and cylindri-
cal, peN short, flat and triangular to pointed (Fig. 16C,
D). Chromatin condensation throughout the nucleus
homogenous and dense. IF deep, extends through-
out the whole prcN and filled with thin filamen-
tous material (Figs. 15B and 16A). NC narrow, runs
laterally through the prcN and shifting partly into a
lateral projection helically winding along the nucleus
(Fig. 15C, D).

Sperm transfer form. Spherical synspermia, sur-
rounded by a secretion sheath and comprising 32 sperma-
tozoa (Fig. 16). AV bent on top of the nuclei and peN bent
inwards pointing towards each other (Fig. 16E). Axonemes
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tightly packed and coiled once beside the nuclei (Fig. 16D,
E). Cytoplasm homogenous and electron-dense.

Notes on spermiogenesis. In mid to late sperma-
tids, the condensation pattern is filamentous to streak-
like, the nucleus is tube-like, long, and contains the
prominent deep IF, which is filled with some filamen-
tous material along its inner edge (Fig. 15B).

Seminal secretions. One type of secretion, long
to triangular, electron dense center with an electron
lucent margin (Fig. 5J).

Ninetinae | Kambiwa neotropica (Kraus, 1957)

(Figs. 17 and 18)

Spermatozoa. Acrosomal complex. AF ends clearly
before the axonemal basis. Nucleus. Long, slender,
and asymmetric (Fig. 18B), with densely condensed
homogenous chromatin. NC narrow, situated laterally
in the anterior portion of the prcN and shifting into
a short lateral projection while running beside the IF
(Fig. 18E). IF extends through approximately half of
the prcN.

Sperm transfer form. Spherical synspermia with a
secretion sheath, comprising 16 spermatozoa, which are
embedded in the cytoplasm in a heterogenous, electron
dense, secretion-like matrix, that itself is surrounded
by globular secretory droplets and distinct filamentous
structures in the peripheral area, appearing to form an
inner cover of “tiles” beneath the outer secretion sheath
of the aggregate (Fig. 18A, C, D, F).

Notes on spermiogenesis. Chromatin condensation
begins with densely condensed patches in the periph-
ery of the forming nucleus (Fig. 17A). During further
development, the nucleus becomes very elongated and
slender, with a light, streak-like condensation pattern in
mid spermatids (Fig. 17D). At this stage, the NC with
the AF is situated at least partially in the center of the
developing nucleus (Fig. 17D). The long and slender
shape of the nucleus is also observable in late sperma-
tids (Fig. 17E in cross-section). The NC is shifted to
the lateral margin of the nucleus. Mid spermatids are
further characterized by a prominent aggregation of
numerous mitochondria which are situated in the pos-
terior part of the spermatid (Fig. 17B, C).

Seminal secretions. One type of secretion, long and
tile-like (Fig. 5G).

Ninetinae | Nerudia spp. (Figs. 19 and 20)

Spermatozoa. Acrosomal complex. AV slender and
cylindrical, subacrosomal space extends throughout the
whole AV (Fig. 19C). AF short, projecting only into the
anteriormost portion of the NC. Nucleus. Asymmetric,
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Fig. 15 Spermiogenesis of Guaranita goloboffi. TEM. A Early spermatid, longitudinal section. B Mid spermatid, longitudinal section. The deep IF

becomes apparent. C Mid spermatid, cross-section. Note the condensation pattern of the chromatin as well as the position of the nucleus, which
begins to shift into a lateral projection. D Late spermatid, shortly before the coiling process

RN
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Fig. 16 Ultrastructure and 3D surface reconstruction of the synsperm of Guaranita goloboffi. A Synsperm in the lumen of the deferent duct. Note
the multilayered secretion sheath. B Sperm cells within the synsperm. Note the triangular shape of the peN. C, D, E 3D surface reconstruction of the
synsperm. F Individual sperm cell
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Fig. 17 Spermiogenesis of Kambiwa neotropica. TEM. A, B Early spermatid. Note the localized accumulation of mitochondria. € Mid spermatid. The
mitochondria concentrate at the anterior pole of the spermatid. D Mid to late spermatid. E Late spermatid, cross section. F Late spermatids before
coiling. The mitochondria are less localized but distributed through the cytoplasm
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Fig. 18 Synsperm of Kambiwa neotropica. TEM. A Cross-section through the anterior pole of the synsperm. Note the membranous inner structures
as well as the dense secretion sheath and the tile-like seminal secretions. B, C Cross sections through synspermia showing the flexibility of the
aggregate as well as of the various internal structures. D Detail of the layering of internal secretions and filamentous structures surrounding the
sperm cells within the synsperm. E Sperm cells within the synsperm. Note the position of the nuclear canal within a fine projection. F Detail of the
filamentous structures beneath the secretion sheath
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Fig. 19 Spermiogenesis of Nerudia sp. n.'Mic20' TEM. A Early
conjugated spermatids in the lumen of the testis

spermatids. E Coiled and
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Fig. 20 Ultrastructure and 3D surface reconstruction of the synsperm of Nerudia spp. A Nerudia sp. n.’Mic20" Synsperm in the lumen of the
deferent duct, longitudinal section. B Nerudia sp. n.'Mic20’ Synsperm in the lumen of the deferent duct, cross-section. The one-sided arrangement
of sperm within the synsperm is well visible. C, D, E, F Nerudia sp. n.’Arg58’ 3D surface reconstruction of a synsperm
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prcN cylindrical and compact, with partially hetero-
geneously condensed chromatin (Fig. 20B). peN short,
less than half the length of the prcN, flat to triangular
in cross-section (Fig. 20E). IF deep and narrow, extends
throughout nearly the entire prcN and filled with granu-
lar material (Figs. 19C and 20B). NC narrow, located lat-
erally along the nucleus in a thin projection (Figs. 19C, E
and 20B).

Sperm transfer form. Spherical synspermia with
a secretion sheath (Fig. 20A, B), comprising 16 sper-
matozoa. The sperm cells are aligned nearly in paral-
lel and packed laterally in the synsperm and remain
nearly uncoiled to slightly bent at most (Fig. 20C). The
axonemes of all sperm cells are compactly united and
coil once spirally beside the nuclei (Fig. 20D, E, F).
Cytoplasm heterogenous, containing electron dense
secretions, electron lucent vesicles and mitochondria
(Fig. 20A, B).

Notes on spermiogenesis. In mid- to late sperma-
tids, the chromatin condenses in a fibrillar pattern,
while it is only loosely associated with the manchette
of microtubules (MM); the NC starts to form in a lat-
eral position within the nucleus (Fig. 19A). In late
spermatids, the IF begins to comprise fine electron
dense granular material (Fig. 19C). During the coiling
process, the NC shifts further laterally, into the above-
mentioned lateral projection (Fig. 19D).

Seminal secretions. One type of secretion, globular
and heterogenous (Fig. 5G).

Ninetinae | Pholcophora spp. (Figs. 21 and 22)
Spermatozoa. Acrosomal complex. AV long and very
slender, with the subacrosomal space extends through-
out the entire AV (Figs. 21C and 22E). AF widens towards
posterior. AF ends within the anterior quarter of the
prcN. Nucleus. Asymmetric, prcN long, triangular in
cross-section (Fig. 22D). IF deep, extends nearly through
the whole prcN, narrow in its anteriormost portion and
filled with granular material (Fig. 22B). peN short, flat to
triangular (Fig. 22F). NC projects laterally through the
nucleus (Figs. 21C and 22B, F).

Sperm transfer form. Oval cleistospermia, surrounded
by a secretion sheath (Fig. 22A, B). Nucleus coiled mul-
tiple times, with the AV situated alongside the first turn
(Fig. 22D). Ax coiled three times around the posterior
portion of the nucleus (Fig. 22C, F).

Notes on spermiogenesis. Spermatids appear to
fuse completely during early spermiogenesis and to
separate later (Fig. 21A). Mid spermatids become elon-
gated and show a chromatin condensation in a spiral,
nearly labyrinth-like manner (Fig. 21A, B). The prcN
and peN develop a pointy, triangular shape at this state
(Fig. 21B, D).
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Seminal secretions. One type of secretion, small
globular, homogenously electron dense (Fig. 5A).

Ninetinae | Tolteca spp. (Figs. 23 and 24)

Spermatozoa. Acrosomal complex. AV conical, subacro-
somal space extends throughout the AV (Fig. 24C). AF
terminates within the anterior third of the NC (Fig. 24F).
Nucleus. Asymmetric, chromatin condensation heter-
ogenous, with densely and only lightly condensed areas
especially around the margin of the IF (Fig. 24B). prcN
broad and drop-shaped in cross section (Fig. 24B). peN
short, flat and triangular (Fig. 24E). IF deep, extends
through the entire prcN (Fig. 24D) and filled with fine
granular material (Fig. 24B). Thin NC projecting along-
side the nucleus in a small lateral projection (Fig. 24A, B).

Sperm transfer form. Spherical cleistospermia, sur-
rounded by a secretion sheath (Fig. 24A, B). prcN fill-
ing most of the transfer form. AV bent on top of the
coiled nucleus (Fig. 24D). peN bent alongside the prcN
(Fig. 24E). Ax coiled three times, partially around the
nucleus (Fig. 24D, F). Cytoplasm heterogenous, mito-
chondria present (Fig. 24 A).

Notes on spermiogenesis. Late spermatids show lon-
gitudinal ridges in the condensed part of the nucleus,
best observable in cross-section (Fig. 23D). The NC
forms a thin lateral projection alongside the nucleus.
During the coiling process the cytoplasm of the form-
ing cleistosperm becomes notably electron lucent
(Fig. 23C).

Seminal secretions. One type of secretion, slender
to triangular, heterogenous with electron dense patches
(Fig. 5L).

Arteminae | Artema bunkpurugu Huber & Kwapong, 2013
(Figs. 25 and 26)
Spermatozoa. Acrosomal complex. AV long and
cylindrical, posteriorly slightly extends into the prcN,
subacrosomal space extends throughout the entire
AV (Figs. 25B and 26B). Subacrosomal space nota-
bly enlarged towards posterior (Fig. 25B). AF extends
into the NC, ending approximately at half of prcN
(Figs. 25B and 26E). Nucleus. Asymmetric, prcN
roundish to cone-shaped with an anterior indenta-
tion, IF almost spherical, occupying about half of the
prcN (Fig. 26A). Chromatin condensation dense and
homogenous (Fig. 26A, B). peN notably long, twice the
length of the prcN, and flat in cross section (Figs. 25B
and 26F). NC runs laterally inside the periphery of the
prcN (Fig. 25B) before shifting into a lateral projection
in the peN (Fig. 25C).

Sperm transfer form. Spherical cleistospermia sur-
rounded by a secretion sheath (Fig. 26A, B), peN
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Fig. 21 Spermiogenesis of Pholcophora spp. TEM. A Pholcophora sp. n.’Mex157 Early spermatids are fused during spermiogenesis. B Pholcophora
sp. n.'Mex22' Mid spermatid. Note the pointy triangular appearance of the nucleus. C Pholcophora sp. n.’Mex157' Mid to late spermatid. Note
the position of the AF in the periphery of the nucleus and the cylindrical AV. D Pholcophora sp. n.’Mex22' Late spermatids still remain fused and

separate before the coiling process to ultimately form cleistospermia
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Fig. 22 Ultrastructure and 3D surface reconstruction of cleistospermia of Pholcophora sp. n.'Mex22" A, B Cleistospermia in the lumen of the
deferent duct. Note the pointy shape of the prcN in (B). C, D, E, F 3D surface reconstruction of a cleistosperm
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Fig. 23 Spermiogenesis of Tolteca spp. TEM. A Tolteca sp. n. ‘Mex 169'. Early spermatid. Note the elevated NC. B Tolteca sp. n. "‘Mex 169". Mid
spermatid. C Tolteca sp. n. "Mex 169", Late spermatid. Note the electron lucent cytoplasm. D Tolteca hesperia. Late spermatid, cross-section. Note the
conspicuous longitudinal ridges along the prcN. E Tolteca hesperia. Coiled spermatid in the lumen of the testes. Note the heterogenous chromatin
condensation pattern of the nucleus
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Fig. 24 Ultrastructure and 3D surface reconstruction of cleistospermia of Tolteca spp. A Tolteca sp. n.'"Mex169. Cleistosperm in the lumen of
the deferent duct. B Tolteca sp. n.'Mex169' Cleistosperm, detail. Note the position of the nuclear canal and the fine granular content of the IF.
C, D, E, F Tolteca hesperia. 3D surface reconstruction of a cleistosperm
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condensation pattern of the nucleus. C Late spermatid, longitudinal section
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Fig. 26 Ultrastructure and 3D surface reconstruction of cleistospermia of Artema bunkpurugu. A, B Cleistospermia in the lumen of the deferent
duct. C, D, E, F 3D surface reconstruction of a cleistosperm
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Fig. 27 Spermiogenesis of Physocyclus globosus. TEM. A Early to mid spermatid. B Late spermatid. Note the dense chromatin condensation and
the elongated peN. C Late spermatid, detail. The AV is slightly extending into the anterior pole of the nucleus and is flanked by electron dense
‘organizational centers” (arrows). D Coiled spermatid. Note that the chromatin condensation in this state is notably more heterogenous than in
earlier stages of spermiogenesis
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coiled once inside the cleistosperm, enclosing the prcN
(Fig. 26E, F), axoneme coiled four times, mostly around
the nucleus (Fig. 26C). Mitochondria and amorphous
material present in the cytoplasm.

Notes on spermiogenesis. In mid spermatids, the
subacrosomal space begins to enlarge towards posterior
(Fig. 25A), ultimately expanding to the extent observ-
able in e.g. Figs. 25B and 26B. Late spermatids exhibit a
prominent granular electron dense content within the IF
(Fig. 25B, C), which is reduced to a homogenous matrix
in mature stages (Fig. 26).

Seminal secretions. One type of secretion, round to
oval, heterogenous with scattered electron dense gran-
ules (Fig. 4A).

Arteminae | Physocyclus globosus (Taczanowski, 1874)
(Figs. 27 and 28)

Spermatozoa. Acrosomal complex. AV cylindrical,
posteriorly slightly extends into the prcN with the sub-
acrosomal space extends throughout the entire AV and
widening towards posterior (Figs. 27C and 28C). AF
extends into the NC, ending in the anterior half of the
prcN (Fig. 28C, E). Nucleus. Asymmetric, prcN wide,
with a deep IF (Fig. 28A). peN about twice as long as
the prcN, flat and notably wide (Fig. 28F). Chromatin
condensation heterogenous (Fig. 28B). NC runs later-
ally in the periphery of the prcN and shifts to a lateral
projection in the peN (Figs. 27B and 28B).

Sperm transfer form. Spherical cleistospermia sur-
rounded by a secretion sheath (Fig. 28A, B); peN coils
once around the prcN (Fig. 28E); axoneme coiled four
times laterally beside the nucleus (Fig. 28D). Acro-
somal complex in major parts bent alongside the
prcN and peN (Fig. 28 D). Cytoplasm heterogenous
(Fig. 28B).

Notes on spermiogenesis. Late spermatids show
a dense and homogenous chromatin condensation
(Fig. 27B): During the coiling process, the condensation
pattern becomes notably more heterogenous (Fig. 27D).

Seminal secretions. One type of secretion, round,
electron lucent with heterogeneously scattered electron
dense granules (Fig. 4B).

Modisiminae | Canaima? sp. n.’‘Dup118’ (Fig. 29)
Spermatozoa. Acrosomal complex. AV cylindrical, sub-
acrosomal space narrow, extends throughout the entire
AV (Fig. 29A). AF stout, extends into the NC and end-
ing before the axonemal basis. Nucleus. Asymmetric,
preN short. IF small, filled with glycogen (Fig. 29C), peN
long and flat (Fig. 29C). NC runs in the periphery of the
prceN and shifts to a thin lateral projection along the peN
(Fig. 29C, D).
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Sperm transfer form. Oval cleistospermia with a
secretion sheath. Axoneme coiled ten times around the
nucleus in two layers, cytoplasm heterogenous with free
glycogen, membranous areas and mitochondria, promi-
nent vesicular area present (Fig. 29C).

Notes on spermiogenesis. Late spermatids show
a notably angled AV in relation to the prcN (Fig. 29A).
In the initial phase of the coiling process within the tes-
tes, stacks of membranes are present in the cytoplasm
of spermatozoa (Fig. 29B arrow) and ultimately form
the vesicular area during the late phase of the coiling
process.

Seminal secretions. One type of secretions; drop-
shaped, heterogeneous with an electron dense margin
and less dense center (Fig. 5M).

Modisiminae | Carapoia spp. (Fig. 30)

Spermatozoa. Acrosomal complex. AF ends clearly
after the axonemal basis. Nucleus. Asymmetric, prcN
short, IF short, filled with granular material in Carapoia
lutea (Fig. 30B), peN long and broad, posterior centriolar
adjunct material shaped as a short collar of layered lamel-
lae (Fig. 30C, D, E), NC in prcN positioned laterally in the
periphery of the nucleus, shifting to a projection along the
peN. Chromatin condensation homogenous (Fig. 30C).

Sperm transfer form. Spherical cleistospermia sur-
rounded by a secretion sheath. Axoneme coiled five
times around the nucleus (Fig. 30D). Cytoplasm heter-
ogenous with electron dense material, mitochondria
present (Fig. 30E).

Notes on spermiogenesis. In early spermatids, the
chromatin condensation starts in a globular pattern
(Fig. 7B). During this stage, an initial fusion of at least two
spermatids can be observed in Carapoia nairae (Fig. 9A).
In mid to late spermatids, the chromatin is partly highly
and homogenously condensed, while some peripheral
areas of the nucleus still remain uncondensed (Fig. 30A,
B). The lamellae-shaped centriolar adjunct material starts
to form at late developmental stages (Fig. 30B, C). Sper-
matids ultimately separate, forming cleistospermia.

Seminal secretions. Carapoia nairae: One type of
secretions, globular, electron lucent with scattered elec-
tron dense granules (Fig. 4F).

Modisiminae | Chibchea salta Huber, 2000 (Figs. 31 and 32)
Spermatozoa. Acrosomal complex. Short, cylindrical
(Fig. 32C, F), subacrosomal space extends throughout
the whole AV, giving rise to the stout AF (Fig. 32A).
Nucleus. Asymmetric, prcN stout, NC wide and in
the periphery of the nucleus (Fig. 32A, C), IF deep
(Fig. 32F), filled with glycogen (Fig. 32A), peN longer
than the prcN, flat and notably wide (Fig. 32E), pos-
terior centriolar adjunct consisting of a collar of four
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Fig. 28 Ultrastructure and 3D surface reconstruction of cleistospermia of Physocyclus globosus. A, B Cleistospermia in the lumen of the deferent
duct. Note the heterogenous chromatin condensation, the large IF, the stout AF and the position of the nuclear canal along the peN. C, D, E, F 3D
surface reconstruction of a cleistosperm
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Fig. 29 Spermiogenesis and cleistosperm of Canaima? sp. n. Dup118'TEM. A Mid to late spermatid, longitudinal section. Note the angled shape of
the AV. B Coiled spermatid. Note the stacks of membranes (arrow) and the free glycogen in the cytoplasm. C Cleistosperm. Note the vesicular area
around the axoneme and the position of the nuclear canal along the peN
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Fig. 30 Spermiogenesis and cleistosperm of Carapoia spp. TEM. A C. nairae. Early spermatid, longitudinal section. Note the elongated peN.
B C. lutea. Mid- to late spermatid. The heterogenous chromatin condensation as well as the forming CA are visible. C C. nairae. Late spermatid,
longitudinal section. The peN is strongly elongated and the posterior centriolar adjunct material begins to develop. D C. nairae. Cross section
through the axoneme of a coiled spermatid, showing the organization of the lamellae of the centriolar adjunct material. E C. nairae. Early
cleistosperm in the intersection between testes and deferent duct. The secretion sheath is not developed yet
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Fig. 31 Spermiogenesis of Chibchea salta. TEM. A Early spermatid. B, C Mid to late spermatid. The centriolar adjunct material begins to develop.
D Coiled spermatid. The IF is filled with glycogen in this stage. E Early cleistosperm. Note the beaded organization of the lamellae of the centriolar
adjunct material




Dederichs et al. BMC Zoology (2022) 7:52 Page 38 of 99

Fig. 32 Ultrastructure and 3D surface reconstruction of the cleistosperm of Chibchea salta. Note that (A) and (B) depict early cleistospermia that do
not possess a fully developed secretion sheath
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Fig. 33 Spermiogenesis and cleistospermia of Ciboneya antraia. TEM. A Early to mid spermatid. Note the nuclear pores. B Late spermatid. Note the
hook-like extension of the peN (arrow). C Coiled spermatids and early cleistospermia in the lumen of the distal part of the testis. D Cleistosperm
with fully developed secretion sheath. E Cleistosperm, cross-section. The small streaks of electron dense centriolar adjunct material are visible

around the anterior part of the axoneme

beaded lamellae, projecting along the anterior part
of the axoneme (Fig. 32A). Chromatin condensation
homogenous.

Sperm transfer form. Spherical cleistospermia with
a secretion sheath; AV and nucleus spirally coiled, axo-
neme centrally coiled three times around the nucleus

(Fig. 32C, E). Cytoplasm electron lucent (Fig. 32A, B),
mitochondria present.

Notes on spermiogenesis. Chromatin condensa-
tion in early spermatids starts in a heterogeneous pat-
tern with scattered electron dense patches (Fig. 7C).
At this stage, an initial fusion of at least two sperma-
tids can be observed (Fig. 9B), which later separate. In
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Fig. 34 3D surface reconstruction of a cleistosperm of Ciboneya antraia

early to mid-spermatids, the peN starts to transform to
a characteristic elongated to broad shape (Fig. 31A). In
late spermatids, the centriolar adjunct material begins
to form as small lamellae (Fig. 31C), with the bead-
like configuration being fully observable in late stages
(Fig. 31B, E); IF filled with glycogen (Fig. 31D).

Seminal secretions. Two types of secretions: one small
globular, homogenously electron dense; the other large
globular, with an electron dense margin and an electron
lucent center (Fig. 4G).

Modisiminae | Ciboneya antraia Huber & Pérez, 2001

(Figs. 33 and 34)

Spermatozoa. Acrosomal complex. AV stout and
cylindrical, subacrosomal space extends throughout

the entire AV. AF stout, extends through the anterior
half of the prcN (Fig. 34). Nucleus. Asymmetric, prcN
short, with a laterally situated NC (Figs. 33B and 34H).
IF short (Fig. 33D). Beaded centriolar adjunct mate-
rial inconspicuous, consisting of three electron dense
streaks present alongside the most anterior part of the
axoneme (Fig. 33E). peN voluminous (Fig. 34G). Chro-
matin condensation homogenous.

Sperm transfer form. Spherical cleistospermia with
a secretion sheath (Fig. 33E), peN coiled around the
preN and the AV (Fig. 33E, G), axoneme long and coiled
around the nucleus six times (Fig. 34F, H). Cytoplasm
heterogenous with notably electron dense secretions
(Fig. 33E); mitochondria present.
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Fig. 35 Spermiogenesis and cleistospermia of Mecolaesthus sp. n. Ecu60'TEM. A Mid to late spermatid. Note the stout acrosomal filament. B Coiled
late spermatid. Note the large accumulation of glycogen and the vesicular area around the anterior part of the axoneme as well as the lamellar
centriolar adjunct material. C Detail of a cleistosperm, showing the peN with the nuclear canal in an extension, the vesicular area, the lamellar
centriolar adjunct material and the free glycogen within the cytoplasm. D Cleistosperm in the lumen of the deferent duct




Dederichs et al. BMC Zoology (2022) 7:52

Notes on spermiogenesis. Early spermatids with a
homogenous chromatin condensation, the peN starts
to form as a small extension beside the stout prcN; the
AV starts to form in a more roundish shape, the MM
is tightly associated with the forming nucleus; IF short,
comprising the centrioles. In mid to late spermatids, the
peN starts to prolong extensively (Fig. 33A) and later
shows a prominent hook-like extension (Fig. 33B arrow).
In late spermatids, before the coiling process takes place,
the centriolar adjunct material starts to form (Fig. 33B).

Seminal secretions. One type of secretion, spheri-
cal, heterogeneously electron lucent with electron
dense granules, enclosed by membrane-like structures
(Fig. 4H).

Modisiminae | Mecolaesthus sp. n.’Ecu60’ (Fig. 35)
Spermatozoa. Acrosomal complex. AV cylindrical,
subacrosomal space narrow. AF stout, extends into
the nuclear canal and ends before the axonemal basis
(Fig. 35A). Nucleus. prcN cylindrical, IF extends into
about half of the prcN and is filled with electron dense
material (Fig. 35D). peN long and flattened in cross-
section (Fig. 35B). NC runs in the periphery of the prcN
and shifts into a crest-like projection along the peN
(Fig. 35B, C). Posterior centriolar adjunct material pre-
sent, shaped as a collar of six layered lamellae around
the anteriormost portion of the axoneme (Fig. 35B, C).

Sperm transfer form. Roundish cleistospermia sur-
rounded by a secretion sheath, axoneme coiled six
times beside the nucleus, cytoplasm heterogenous
with accumulations of free glycogen and mitochondria,
vesicular area around parts of the axoneme and nucleus
(Fig. 35C).

Notes on spermiogenesis. The centriolar adjunct
material as well as the vesicular area only begin to form
during the latest stages of spermatid development or
at the very beginning of the coiling process (Fig. 35B).
During coiling, large amounts of glycogen begin to
accumulate in the cytoplasm (Fig. 35B).

Seminal secretions. One type of seminal secretions,
roundish and homogenous (Fig. 5N).

Modisiminae | Mesabolivar spp. (Figs. 36 and 37)

Spermatozoa. Acrosomal complex. AV cylindrical, sub-
acrosomal space extends throughout the whole AV.
AF stout, extends into the NC as far as the region of the
axonemal basis (Fig. 36B). Nucleus. Asymmetric, prcN
cylindrical, with the NC runs in the periphery (Figs. 37C
and 36B, C). Within the peN, the NC is situated in a thin
lateral projection (Fig. 36C, E). IF short, filled with granular
material (Fig. 36C, D). Lamellar centriolar adjunct mate-
rial present, forming a layered collar around the axoneme
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and projecting along approximately one third to half of it
(Figs. 36C, D and 37A, B). The number of lamellae corre-
lates with the nine outer doublets of the Ax (Fig. 36E). peN
flat to triangular in cross section (Figs. 36E and 37C, E).

Sperm transfer form. Spherical cleistospermia with
a secretion sheath (Fig. 37A, B). prcN bent and sur-
rounded by the coiled peN (Fig. 37D). Ax coiled five
times around the nucleus (Fig. 37C, D). Cytoplasm het-
erogenous with electron dense granula (Fig. 37A). Mito-
chondria present.

Notes on spermiogenesis. Chromatin condensa-
tion in early spermatids globular (Fig. 36A). Mid to late
spermatids show a partly dense and homogenous chro-
matin condensation, while in parts of the nucleus the
chromatin is nearly uncondensed and appears granular
(Fig. 36B). The characteristic lamellae of the centriolar
adjunct material are only developed in late spermatids
before the coiling process (Fig. 36C, D). Already in early
developmental stages, an initial fusion of several sper-
matids is observable (Fig. 9C, D), which prevails until
late stages before ultimately forming cleistospermia.

Seminal secretions. Mesabolivar cyaneotaeniatus: one
type of secretion, irregularly shaped, electron dense with
small electron lucent inclusions (Fig. 4). No data available
for other studied species.

Modisiminae | Modisimus elongatus Bryant, 1940

(Figs. 38 and 39)

Spermatozoa. Acrosomal complex. AV wide, subacro-
somal space extends through the entire AV, AF stout.
(Fig. 39A). Nucleus: asymmetric, prcN compact to cone-
shaped, NC in lateral position along the prcN, shifting to a
projection along the peN (Fig. 38C, D). IF short (Fig. 39D)
and containing homogenous material (Fig. 38D). Collar of
beaded filamentous centriolar adjunct in the most ante-
rior part of the axoneme (Fig. 38D). peN nearly twice as
long as the prcN and notably voluminous, round to oval
in cross-section (Figs. 38D and 39C).

Sperm transfer form. Spherical cleistospermia sur-
rounded by a secretion sheath (Fig. 38C, D). prcN and
peN compactly coiled (Fig. 39C), AV resting on top of
the peN (Fig. 39A, D). Ax coiled five times beside the
nucleus (Fig. 39A, B). Cytoplasm heterogenous with
electron dense granules and secretion; mitochon-
dria present (Fig. 38C). Vesicular area present around
restricted parts of the Ax (Fig. 38D).

Notes on spermiogenesis. The development of the
centriolar adjunct material could only be observed in late
spermatids (Fig. 38B).

Seminal secretions. One type of secretion, shape irreg-
ular to triangular, electron dense center with electron
lucent margin and scattered electron lucent spots (Fig. 4]).
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Fig. 36 Spermiogenesis and cleistospermia of Mesabolivar spp. TEM. A Early spermatid of M. iguazu, with a globular chromatin condensation
pattern. B Mid to late spermatid of M. cyaneotaeniatus. Note the heterogenous chromatin condensation within the nucleus as well as the electron
dense material in the direct surroundings of the proximal centriole. C Late spermatid of M. iguazu. The centriolar adjunct material consists of short
lamellae, which begin to develop at this stage. D Early cleistosperm of M. iguazu, showing the long, layered lamellae of the centriolar adjunct
material along the anterior part of the axoneme. E Coiled spermatid of M. iguazu. Note that the number of lamellae of the centriolar adjunct
material correspond with the amount of microtubule doublets of the axoneme
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Fig. 37 Ultrastructure and 3D surface reconstruction a cleistosperm of Mesabolivar cyaneotaeniatus, representing the general configuration of
cleistospermia for the studied representatives of the genus
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Fig. 38 Spermiogenesis and cleistospermia of Modisimus elongatus. TEM. A Early spermatids, showing a heterogenous condensation pattern.
B Late spermatid, cross-section. The centriolar adjunct material begins to develop at this stage, as visible by the peculiar electron-dense material

surrounding the axoneme. C Cleistosperm. Note the heterogenous cytoplasm with the prominent aggregation of mitochondria. D Cleistosperm.

The centriolar adjunct material is visible as well as the position of the nuclear canal in a projection along the peN
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Fig. 39 3D surface reconstruction of a cleistosperm of Modisimus elongatus

Modisiminae | Otavaloa cf. piro (Fig. 40)

Spermatozoa. Acrosomal complex. AF stout (Fig. 40E,
F). Nucleus. Asymmetric, prcN slender to conical
(Fig. 40A, F). NC wide in its anterior portion, becom-
ing very narrow in its further course and situated in a
pointed, triangular portion of the nucleus (Fig. 40D). peN
flattened (Fig. 40C). IF filled with granular material. Cen-
triolar adjunct material shaped as a collar of nine large
electron-dense lamellae around the anterior part of the
axoneme (Fig. 40E).

Sperm transfer form. Spherical to oval cleisto-
spermia, surrounded by a secretion sheath (Fig. 40E,
F). peN coiled around the prcN, axoneme coiled four
times beside the nucleus (Fig. 40E, F). Cytoplasm het-
erogenous, with fine granula; mitochondria present
(Fig. 40D, E, F).

Notes on spermiogenesis. The lamellated centri-
olar adjunct starts to form only in late spermatids
(Fig. 40A).

Seminal secretions. One type of secretion, round,
homogenously electron-dense.

Modisiminae | Priscula sp. n.’Ecu93’ (Fig. 41)

Spermatozoa. Acrosomal complex. AV cylindrical to
irregularly shaped, subacrosomal space wide (Figs. 7A
and 41A), extends through the entire AV. AF stout,
extends as far as to the region of the axonemal basis
(Fig. 41C). Nucleus. Asymmetric, prcN short. IF deep
and filled with glycogen, peN long and flat (Fig. 41A). The
NC runs in the periphery of the prcN and peN (Fig. 41A).
Chromatin  condensation homogenous. Axoneme.
Axonemal basis close to the AV (Fig. 41A).

Sperm transfer form. Spherical to oval cleistospermia
with a secretion sheath. Ax coiled four times beside the
nucleus. Cytoplasm heterogenous with free glycogen,
mitochondria and membranous areas. Membranous area
present around parts of the axoneme (Fig. 41C arrow).

Notes on spermiogenesis. During the coiling process,
large accumulations of glycogen as well as developing
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Fig. 40 Spermiogenesis and cleistosperm of Otavaloa cf. piro. TEM. A Late spermatid. B Fully developed centriolar adjunct material. The number of
lamellae corresponds to the number of microtubule doublets. C, D Early cleistospermia. Note the shape of the peN and the position of the nuclear
canal. E, F Cleistospermia in the lumen of the deferent ducts. The secretion sheath is fully developed and the organization of the centriolar adjunct
material becomes apparent. Note the stout acrosomal filament
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Fig. 41 Spermiogenesis and cleistospermia of Priscula sp. n.'Ecu93’. TEM. A Late spermatid, longitudinal section. Note the irregular shape of the AV
and the wide subacrosomal space as well as the elongated peN. B Early Cleistosperm in the distal lumen of the testis. Free glycogen is visible in the
cytoplasm. C Cleistosperm in the lumen of the deferent duct. Note the stout AF and the membranous area around parts of the axoneme (arrow)
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Fig. 42 Spermiogenesis of Tupigea teresopolis. TEM. A Early to mid-spermatid. Note the peripheral position of the NC and the heterogenous
condensation of chromatin towards the margin of the nucleus. B Late spermatid. Note the heterogenous chromatin condensation as well as the pC

which is positioned perpendicular to the dC. C Late spermatid. The centriolar adjunct material begins to form. D Coiled spermatid. The centriolar
adjunct material is developed as beaded lamellae around the anterior part of the axoneme
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Fig. 43 Ultrastructure and 3D surface reconstruction of the cleistosperm of Tupigea teresopolis. A, B Cleistospermia in the lumen of the deferent
duct. Note the stout AF and the position of the NC in the prominent extension of the peN. C, D, E, F 3D surface reconstruction of a cleistosperm




Dederichs et al. BMC Zoology (2022) 7:52

membranous areas can be observed in the cytoplasm of
the spermatozoa (Fig. 41B).

Seminal secretion. One type of secretion, round and
drop-shaped, homogenously electron dense (Fig. 50).

Modisiminae | Tupigea teresopolis Huber, 2000

(Figs. 42 and 43)

Spermatozoa. Acrosomal complex. AV cylindrical,
subacrosomal space extends throughout the whole
AV, giving rise to the stout AF (Fig. 43C). Nucleus.
Asymmetric, prcN stout and bending nearly perpen-
dicular against itself (Fig. 43A, E), NC in lateral posi-
tion throughout the prcN, situated inside a prominent
lateral crest along the peN (Fig. 43A, B, E). IF deep.
Centriolar adjunct consists of small beaded lamellae
projecting along the most anterior part of the axoneme
(Fig. 43B). peN round to oval and stout (Fig. 43B).
Chromatin condensation heterogenous throughout
the whole nucleus with less densely condensed areas
(Fig. 43A).

Sperm transfer form. Spherical cleistospermia sur-
rounded by a secretion sheath (Fig. 43A, B). prcN and
peN bent alongside each other (Fig. 43E). AV bent beside
the prcN (Fig. 43C). Ax coiled five times around the
nucleus (Fig. 43C, F). Cytoplasm heterogenous, mito-
chondria present (Fig. 43A, B).

Notes on spermiogenesis. In mid and late sperma-
tids, a pattern of irregularly condensed chromatin in
the marginal areas of the nucleus is present (Fig. 42A,
B). The proximal centriole is arranged perpendicu-
lar towards the distal centriole (Fig. 42B), giving the
prcN a twisted to angled appearance. The centriolar
adjunct material starts to form in late spermatid stages
(Fig. 42B, C, D) before the coiling process; the centri-
olar adjunct material appears like beaded short lamel-
lae (Fig. 42C).

Seminal secretions. One type of secretion, roundish,
homogenously electron dense (Fig. 4K).

Smeringopinae | Smeringopina bineti (Millot, 1941)

(Figs. 44 and 45)

Spermatozoa. Acrosomal complex. Av slender and
cylindrical (Fig. 45C, D), subacrosomal space extends
through the entire AV. AF thin, extends into the NC
only to its anteriormost part (Fig. 45C). Nucleus. Asym-
metric, prcN tubular, the NC projects centrally through
its anterior part before shifting to a small lateral projec-
tion, which is bent alongside the prcN in the coiled state
(Fig. 45A). IF deep, partly filled with glycogen (Fig. 45A,
B). peN short and flat (Fig. 45E). Chromatin condensa-
tion homogenous.
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Sperm transfer form. Spherical cleistospermia sur-
rounded by a secretion sheath (Fig. 45A, B). Nucleus
and axoneme spirally coiled, axoneme coils three times
(Fig. 45E). Acrosomal complex bent on top of the prcN
(Fig. 45D). Cytoplasm homogenous, mitochondria pre-
sent (Fig. 45B).

Notes on spermiogenesis. Chromatin condensation
starts in a homogenous pattern and becomes fibrillar
in mid spermatids (Fig. 44A, B). IF filled with micro-
tubules, which disappear in late spermatids before the
coiling process takes place (Fig. 44B).

Seminal secretions. One type of secretion, irregu-
larly granular, homogenously electron dense (Fig. 4D).

Smeringopinae | Smeringopus cylindrogaster (Simon, 1907)
(Figs. 46 and 47)

Spermatozoa. Acrosomal complex. Slender and cylin-
drical (Fig. 47C), subacrosomal space extends through-
out the entire AV. AF thin, projects into the NC and
leads through nearly two-thirds of the length of the prcN
(Fig. 47E). Nucleus. Asymmetric, prcN tubular, getting
slightly wider in posterior direction (Fig. 2B, D); NC
shifting to a lateral position in the posterior two thirds
of the prcN (Fig. 47B, F). IF short, containing only lit-
tle glycogen (Fig. 47A). peN flat, triangular to cone-
shaped (Fig. 47D). Chromatin condensation dense and
homogenous.

Sperm transfer form. Spherical cleistospermia with
a secretion sheath (Fig. 47A, B). Nucleus spirally coiled
(Fig. 47C), AV resting on top of the prcN (Fig. 47D).
Ax relatively short and coiled once, interlaced with
the coiled nucleus (Fig. 47D, E). Cytoplasm mostly
homogenous, with some distinct aggregation of electron
dense material; mitochondria present in the cytoplasm
(Fig. 47A).

Notes on spermiogenesis. Chromatin condensation
in early spermatids starts in a scattered manner (Fig. 8E).
AV in mid spermatids roundish (Fig. 46C). In mid to late
spermatids, chromatin condenses in an interwoven to
streak-like manner, the IF contains microtubules until
late stages of spermiogenesis (Fig. 46A, B).

Seminal secretions. One type of secretion, globular
and homogenously electron dense (Fig. 4E).

Smeringopinae | Smeringopus cf. roeweri (Fig. 48)

Spermatozoa. Acrosomal complex. AV slender, cylin-
drical, subacrosomal space extends through the whole
AV. AF stout and projecting into the NC as far as the
first third of the prcN (Fig. 48E). Nucleus. asymmetric,
prcN long and tubular, NC projects centrally through
the anteriormost third of the prcN (Fig. 48B) before
shifting to a peripheral position; IF deep, filled with thick
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Fig. 44 Spermiogenesis of Smeringopina bineti. TEM. A Early to mid-spermatid, cross-section. The chromatin condensation becomes filiform. B Mid
spermatid, cross-section. Note the fibrillar chromatin condensation and the presence of microtubuli in the IF. C Late spermatid, cross-section. The
microtubules in the IF begin to disintegrate. The NC is situated in a fine extension along the prcN. D Coiled spermatid in the lumen of the testis. The
IF begins to fill with glycogen. The NC in its extension is folded towards the nucleus
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Fig. 45 Ultrastructure and 3D surface reconstruction of cleistospermia of Smeringopina bineti. A, B Cleistospermia in the lumen of the deferent
duct. The IF is filled with glycogen. Note the position of the NC folded towards the prcN as well as the short peN. C, D, E 3D surface reconstruction
of a cleistosperm




Dederichs et al. BMC Zoology (2022) 7:52 Page 54 of 99

Fig. 46 Spermiogenesis of Smeringopus cylindrogaster. TEM. A Mid to late spermatid, cross-section. The IF is filled with microtubules. B Late
spermatid. Note that microtubules are still present inside the IF. C Late spermatid, longitudinal section. Note the roundish appearance of the AV

filamentous electron dense material (Fig. 48A, B). peN Sperm transfer form. Spherical cleistospermia sur-
flat (Fig. 48C). Chromatin condensation homogenous rounded by a secretion sheath (Fig. 48A, B); prcN
(Fig. 48A, B). coiled multiple times in a helical manner (Fig. 48C,E),
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Fig. 47 Ultrastructure and 3D surface reconstruction of cleistospermia of Smeringopus cylindrogaster. A, B Cleistospermia in the lumen of the
deferent duct. Note the small amount of slightly electron dense material in the IF as well as the aggregation of electron dense material in the
cytoplasm (A). C, D, E, F 3D surface reconstruction of a cleistosperm
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Fig. 48 Ultrastructure and 3D surface reconstruction of cleistospermia of Smeringopus cf. roeweri (A, B) Cleistospermia in the lumen of the deferent
duct. Note the electron dense filamentous material in the IF. C, D, E, F 3D surface reconstruction of a cleistosperm




Dederichs et al. BMC Zoology (2022) 7:52 Page 57 of 99

0551 Wi

Fig. 49 Spermiogenesis and cleistosperm of Stygopholcus skotophilus. TEM. A Early spermatid. B Mid spermatid, cross-section. At this stage,
microtubuli are present in the IF. C Late spermatid. Note the heterogenous chromatin condensation pattern. D Cleistosperm in the lumen of the
deferent duct. At the end of spermiogenesis, the IF becomes filled with glycogen
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acrosomal complex bent alongside the most anterior part
of the prcN (Fig. 48C), Ax coiled four times around the
nucleus (Fig. 48D).

Notes on spermiogenesis. In early stages, a fusion of
several spermatids can be observed (Fig. 9E), which will
later separate. In mid to late spermatids, microtubules
are present in the IF (Fig. 5G in Michalik & Ramirez,
2014), which are reduced during the coiling process.

Seminal secretions. One type of secretion, small glob-
ular, homogenously electron dense (Fig. 4C).

Smeringopinae | Stygopholcus skotophilus Kratochvil, 1914
(Fig. 49)

Spermatozoa. Acrosomal Complex. AV cylindrical, sub-
acrosomal space extends through the entire AV, AF stout
(Fig. 49A). Nucleus. Asymmetric, prcN cylindrical, IF
extends into about half of the prcN and filled with gly-
cogen (Fig. 49D). The NC runs within a projection along
the prcN and is situated in the periphery within the peN
(Fig. 49C). peN short. Chromatin condensation notably
heterogenous (Fig. 49C, D).

Sperm transfer form. Spherical cleistospermia with a
secretion sheath, Ax coiled four times around the nucleus.
Cytoplasm heterogenous, mitochondria present (Fig. 49D).

Notes on Spermiogenesis. In early to mid spermatids,
the IF is filled with microtubuli (Fig. 49B), which disin-
tegrate in late stages and leave the IF filled with glyco-
gen (Fig. 49C, D). The MM disintegrates at least partially
before the coiling process (Fig. 49C).

Seminal secretions. Two types of secretions are pre-
sent, both oval to elongated and homogenously electron
dense but remarkably different in their size (Fig. 6A).

Pholcinae | Aetana spp. (Figs. 50 and 51)

Spermatozoa. Acrosomal complex. AV cylindrical,
subacrosomal space extends throughout the entire AV,
AF stout and short (Fig. 51E). Nucleus. Asymmetric,
prcN very short (Fig. 50C and 51D). IF deep, project-
ing throughout the whole prcN, containing the centri-
oles (Fig. 50C). The wide NC runs laterally through the
prcN and then shifts into a lateral extension alongside
the peN (Fig. 50C); peN very long, wide in its ante-
rior part and becoming very narrow towards poste-
rior, closely surrounding the Ax (Figs. 50E and 51C).
The peN is hollow and therefore tube-like, contain-
ing the Ax and centriolar adjunct material shaped as
a collar of spoked lamellae surrounding the axoneme
(Fig. 51A). The lamellae of the centriolar adjunct
material differ slightly between the two studied spe-
cies, as they can be either irregularly spoked in A. por-
ing (Fig. 50D) or helically spoked and electron dense in
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A. loboc (Fig. 50B). Chromatin condensation dense and
homogenous.

Sperm transfer form. Spherical to oval cleisto-
spermia surrounded by a secretion sheath (Fig. 51A,
B). AV and prcN bent compactly in the center, with
the peN coiled around them, filling more than half of
the cleistosperm and transforming into the coiling of
the axoneme in its posterior portion (Fig. 50C, E). Ax
coiled four times beside the nucleus, (Fig. 51C). Cyto-
plasm mostly homogenous, mitochondria present
(Fig. 51A, B).

Notes on spermiogenesis. Early to mid spermatids
show a fibrillar chromatin condensation. Most conspicu-
ous is the organization of the peN, which is very elongated
and contains the axoneme. At later stages, the peN elon-
gates, widens, and starts winding around the axoneme
(Fig. 50B). During spermiogenesis, the peN fuses, form-
ing a continuous and hollow tube containing the axoneme
(Fig. 50D). The inner surface of the peN shows particular
pin-like projections in a regular pattern (Fig. 50B), which
might be the “organizational centers” of the later forming
centriolar adjunct material (Fig. 50E). The NC is situated
in thin lateral extensions of the peN (Fig. 50B). In late
spermatids, the centriolar adjunct material is fully devel-
oped as spoked lamellae around the axoneme (Fig. 50D,
E). An indentation on each lamella corresponds with the
“organizational centers’, which are reduced at the end of
spermiogenesis in A. poring (Fig. 50E), while such inden-
tations are absent in A. loboc (Fig. 50E inset). During
the coiling process, the NC is bent slightly towards the
nucleus and appears curved (Fig. 50E).

Seminal secretions. One type of secretion, consisting
of spherical, homogenous structures of different sizes
aggregated to spherical patches, with smaller particles in
the center surrounded by larger ones (Fig. 4L).

Pholcinae | Belisana cf. kinabalu (Figs. 52 and 53)
Spermatozoa. Acrosomal complex. AV cylindrical,
subacrosomal space extends throughout the entire AV,
giving rise to the thin AF (Fig. 53D). Nucleus. prcN long
and slender, nearly radially symmetric (Fig. 53C), with a
helically contorted surface (Fig. 53A). IF occupies about
half of the prcN (Fig. 53E, F). Centrioles in contact with
electron dese material in “water wheel” configuration
[sensu 16] (Fig. 52C). NC runs helically through the
periphery of the nucleus (Figs. 52D and 53A,D). peN
slender (Fig. 53D).

Sperm transfer form. Flat, disc-like cleistospermia,
surrounded by a secretion sheath (Fig. 53B). prcN spi-
rally coiled (Fig. 53C, E). The peN is slightly winding
centrally within the coiling prcN (Fig. 53D, E). Axo-
neme coiled three times beside the nucleus (Fig. 53F).
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Fig. 50 Spermiogenesis of Aetana spp. TEM. A Aetana poring. Late spermatids, the peN begins twisting around the axoneme. B Aetana loboc. Late
spermatid, longitudinal section. Note the centriolar adjunct material surrounded by the peN. C Aetana poring. Mid to late spermatid, part of the
acrosomal complex and the short prcN with both centrioles. D Aetana poring. Mid to late spermatid, longitudinal section. Note the peN surrounding
the axoneme and the centriolar adjunct material. E Coiled spermatid of Aetana poring, cross section. Inset: cross section through the peN of Aetana
loboc at the same stage of spermiogenesis
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Fig. 51 Ultrastructure and 3D surface reconstruction of cleistospermia of Aetana poring
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Fig. 52 Spermlogene5|s in Be/lsana cf. kmabalu TEM. A, B Late spermatids, longitudinal sections. The prominent helical band (A, arrows) is well

visible. C Coiled spermatid, note the electron dense material in “water wheel” configuration. D Coiled spermatid, cross section. Note the helical band
(arrow)
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Fig. 53 Ultrastructure and 3D surface reconstruction of cleistospermia of Belisana cf. kinabalu. Note the flat and disc-like appearance of the
cleistospermia in (B)
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Fig. 54 Spermiogenesis and cleistosperm in Cantikus sabah. TEM. A Early spermatid. The nuclear canal is running in the periphery of the nucleus.
B Mid spermatid, cross-section. Note the developing helical band of nuclear material (arrow). C Mid to late spermatid, longitudinal section. Note the
deep implantation fossa. D Mid to late spermatid, longitudinal section. The proximal centriole is notably elongated. E Cleistosperm in the lumen of
the deferent duct. The helical band of nuclear material is also present after coiling (arrow)
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Cytoplasm heterogenous, with numerous electron-
dense vesicles; mitochondria present (Fig. 53A).

Notes on spermiogenesis. Beginning in late stages,
spermatids show a helical band of thin extensions of
nuclear material (Fig. 52A, B), which remains present
also after the coiling process (Fig. 52C, D).

Pholcinae | Cantikus sabah (Huber, 2011) (Fig. 54)
Spermatozoa. Acrosomal complex. AV cylindri-
cal, subacrosomal space extends throughout the
entire AF. AF stout (Fig. 54B). Nucleus. prcN tubular,
nearly radially symmetric (Fig. 54B), helical band of
nuclear material present (Fig. 54B arrow, C arrow). IF
deep (Fig. 54A, C). Proximal centriole (pC) elongated
(Fig. 54D). NC runs in the periphery of the nucleus
(Fig. 54A, D). peN short (Fig. 54D). Chromatin conden-
sation homogenous.

Sperm transfer form. Spherical to oval cleisto-
spermia, surrounded by a secretion sheath; Ax coiled
three times around the nucleus, cytoplasm homog-
enous (Fig. 54E).

Notes on spermiogenesis. In mid spermatids, the heli-
cal band of nuclear material develops (Fig. 54B, C) and
remains present in mature sperm (Fig. 54E arrow).

Seminal secretions. One type of secretion, roundish
and electron dense (Fig. 6D).

Pholcinae | Leptopholcus guineensis Millot, 1941

(Figs. 55 and 56)

Spermatozoa. Acrosomal complex. AV cylindrical,
subacrosomal space extends throughout the entire
AV, giving rise to the thin AF (Fig. 56C, F). AF pro-
jecting through approximately one third of the prcN
(Fig. 56E). Nucleus. prcN cylindrical, nearly radially
symmetric (Fig. 56), with a helical band of nuclear
material on its surface (Fig. 56A). NC runs cen-
trally through the anterior part of prcN (Fig. 56A,
E). IF deep, extends into more than half of the prcN
(Fig. 56E). Centrioles in contact with electron dense
material in “water wheel” configuration (Figs. 55D
and 56B). peN flat and about half the length of
the prcN (Fig. 56D, E). Chromatin condensation
homogenous.

Sperm transfer form. Spherical cleistospermia sur-
rounded by a secretion sheath (Fig. 56A, B). prcN spi-
rally coiled, with the peN bent centrally inside the spiral
(Fig. 56F). Ax coiled three times beside the nucleus
(Fig. 56D, F). Cytoplasm homogenous, mitochondria
present (Fig. 56A, B).

Notes on spermiogenesis. In late spermatids, the
helical band is developing (Fig. 55B). The electron
dense material in “water wheel” configuration also
forms at this stage (Fig. 55D).

Page 64 of 99

Seminal secretions. One type of secretion, irregular
roundish, homogenously electron dense (Fig. 4N).

Pholcinae | Metagonia cf. petropolis (Figs. 57 and 58)
Spermatozoa. Acrosomal complex. AV cylindrical, sub-
acrosomal space extends throughout the entire AV. AF
stout, extends into the nuclear canal where it ends approx-
imately halfway inside the peN (Fig. 58C, E). Nucleus.
Asymmetric, prcN cone-shaped, becoming tubular in
its anterior part (Fig. 58C, E). NC runs centrally through
the prcN and is shifted to the periphery within the peN
(Fig. 58B, E). IF extends up to half of the prcN (Fig. 58B,
E). Centrioles in contact with electron dense material
in “water wheel” configuration (sensu [16]). (Figs. 57D
and 58A). Chromatin condensation homogenous.

Sperm transfer form. Spherical cleistospermia, sur-
rounded by a secretion sheath (Fig. 58A, B). prcN and
peN bent once along the longitudinal axis centrally
in the transfer form (Fig. 58E), axoneme coiled three
times, partly around the nucleus (Fig. 58C, F). Cyto-
plasm heterogenous, mitochondria present (Fig. 58A,
B). Cluster of microtubules present in the cytoplasm
(Fig. 58A, B).

Notes on Sspermiogenesis. Mid spermatids show a
filamentous and spirally wound, streak-like condensa-
tion pattern (Fig. 57A). In late spermatids, chromatin
condensation is homogenous and dense, the AV is elon-
gated and the electron dense material surrounding the
centrioles begins to form (Fig. 57C, D). The manchette
of microtubules only partially surrounds the nucleus
during spermiogenesis.

Seminal secretions. One type of secretion, roundish,
homogenously electron dense (Fig. 40).

Pholcinae | Micropholcus fauroti (Simon, 1887) (Fig. 59)
Spermatozoa. Acrosomal complex. AF ends clearly
before the axonemal basis. Nucleus. prcN tubular,
nearly radially symmetric, helical band of nuclear mate-
rial present (Fig. 59B). IF deep, filled with electron
dense granules and containing electron dense homoge-
nous anterior centriolar adjunct material (Fig. 59C, D).
NC runs centrally through the prcN and shifts to the
periphery within the peN (Fig. 59B). Chromatin con-
densation homogenous.

Sperm transfer form. Spherical cleistospermia, sur-
rounded by a secretion sheath.

Notes on Spermiogenesis. Mid-spermatids show
a regular chromatin condensation organized in a
spiral manner (Fig. 59A). During this stage, short
helical extensions are present (Fig. 59A arrow),
which in late spermatids form a helical band sur-
rounding the prcN (Fig. 59B arrow). Late sperma-
tids show a dense and still streak-like condensation
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Fig. 55 Spermiogenesis of Leptopholcus guineensis. TEM. A Early spermatid. The adjacent position of the two centrioles is well visible. B Mid to late
spermatid. Note the helical band of nuclear material on the nuclear surface (arrows). C Coiled spermatid, cross-section. Note the thin peN. D Detail
of the anterior part of the axoneme. The electron dense material in “water wheel” configuration, surrounding the centrioles and the most anterior
part of the axoneme, is well visible. E Early Cleistosperm in the distal testis lumen. Note the presence of the helical band (arrows)
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Fig. 56 Ultrastructure and 3D surface reconstruction of the cleistospermia of Leptopholcus guineensis. A Cleistosperm in the lumen of the deferent
duct. Note the helical band (arrow) and the centrally situated nuclear canal. B Cleistosperm in the lumen of the deferent duct. Note the electron
dense “water wheel"and the thin peN. C, D, E, F 3D surface reconstruction of a cleistosperm
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Fig.57 SpermlogeneSls of /\/letagon/a cf. petropolis. TEM. A, B Early spermatld Note the condensation pattern. C Mld to late spermatid. Note the
elongated acrosomal vacuole, the peripheral nuclear canal and the gaps in the manchette of microtubules. D Late spermatid. The electron dense
material around the centrioles begins to form
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Fig. 58 Ultrastructure and 3D surface reconstruction of the cleistospermia of Metagonia cf. petropolis. A, B Cleistospermia in the lumen of the
deferent duct, cross-section. Note the electron dense material in “water wheel” configuration and the central nuclear canal within the prcN. C, D, E, F
3D surface reconstruction of a cleistosperm
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band (arrow). B Mid to late spermatid. Note the helical band of nuclear material on the surface of the prcN (arrows) and the short peN. C Late
spermatids, cross section. The nuclear canal shifts into the periphery of the prcN as soon as it meets the implantation fossa. D Coiled spermatid.
Note the electron dense content of the implantation fossa




Dederichs et al. BMC Zoology (2022) 7:52 Page 70 of 99

A
4 .A - ’ - h _

Fig. 60 Spermiogenesis of Panjange camiguin TEM. A Late spermatid, longitudinal section. The cylindrical acrosomal vacuole as well as the deep IF

filled with granular material are well visible. Note the helical band of nuclear material along the precentriolar portion of the nucleus (arrows). B Late

spermatid. As soon as the nuclear canal meets the IF, it is shifted to the periphery of the prcN. C Early sperm transfer form. The helical band is also

present in the coiled state (arrow)

pattern, with a very elongated nucleus; the IF is Pholcinae | Panjange camiguin Huber, 2015 (Figs. 60, 61)
deep, voluminous, and filled with electron dense Spermatozoa. Acrosomal complex. AV conical, sub-
material (Fig. 59C). acrosomal space extends throughout the entire AV. AF
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Fig. 61 Ultrastructure and 3D surface reconstruction of the cleistospermia of Panjange camiguin. A, B, C, D Cleistospermia in the lumen of the
deferent duct. Note the multilayered secretion sheaths and the electron dense anterior centriolar adjunct material (A) within the IF filled with
granular material (B). The coiling of the axoneme besides the coiled nucleus is visible in (C). E, F, G 3D surface reconstruction of a cleistosperm
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nular condensation pattern of the chromatin. B Mid
spermatid. The chromatin condensation is mostly dense, with few more lightly condensed areas. C Late spermatid. Note the helical band of nuclear
material along the prcN (arrow). D Coiled spermatid within the lumen of the testes. Note the cylindrical AV

stout, projecting centrally through the NC into the ante-
rior part of the prcN (Figs. 60A and 61G). Nucleus. prcN
tubular, nearly radially symmetric (Fig. 61G). Helical band
of nuclear material around the prcN present (Fig. 60A
arrows). NC runs helically in the periphery of the prcN

(Figs. 60B and 61E). IF deep, extends centrally into more
than half of the prcN and heterogeneously filled with
granular material as well as heterogeneous electron-dense
anterior centriolar adjunct material (Fig. 60A). peN very
short. Chromatin condensation dense and homogenous.
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Fig. 63 Ultrastructure and 3D surface reconstruction of the sperm transfer form of Pehrforsskalia conopyga. A, B Cleistospermia in the lumen of the
deferent duct. Note the lamellar centriolar adjunct material and the helical band (arrow) in (A). C, D, E, F 3D surface reconstruction of a cleistosperm
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Fig. 64 Spermiogenesis of Pholcus spp. A Mid spermatid of P opilionoides. Note the cylindrical AV. B Mid spermatid of P. opilionoides. Note the
prolonged proximal centriole and the IF filled with glycogen. C Mid spermatid of P guineensis. Note the gaps in the manchette of microtubules
(arrows). D Late spermatid of P, opilionoides. The nuclear canal is shifted to the periphery of the prcN as soon as it meets the implantation fossa.
E Late spermatid of P guineensis, longitudinal section. Note the short peN as well as the electron dense material surrounding the distal centriole
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Fig. 65 Spermiogenesis of Pholcus spp. A Late spermatid of P, kindia, longitudinal section. Note the cylindrical AV as well as the prominent helical
band of nuclear material (arrows). B Late spermatid of P, kindia. Note the helical band (arrow) and the centrally running nuclear canal with the
acrosomal filament. C Late spermatid of P attuleh., cross-section. The IF is filled with glycogen. D Late spermatid of P bamboutos. The IF is filled
with glycogen-like material and the pCis in contact with electron dense filamentous anterior centriolar adjunct material. E Late spermatid of P
bamboutos, cross-section. The IF is peripherally filled with glycogen-like material. F Coiled spermatid of P, kindia, close-up. Note the electron dense
material in “water wheel” configuration
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Fig. 66 Ultrastructure and 3D surface reconstruction of the cleistospermia of Pholcus spp. A Cleistosperm of P, opilionoides, cross-section. Note
the IF filled with glycogen. B Cleistosperm of P bamboutos. Note the helical band of nuclear material along the nucleus (arrow). C, D, E 3D surface

reconstruction of a cleistosperm of R bamboutos, representing the configuration for the studied representatives of the genus. Note the central
nuclear canal
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Fig. 67 Spermiogenesis of Quamtana oku. TEM. A Mid spermatid. Note the gaps in the manchette of microtubules. B Late spermatid. The gaps in
the manchette of microtubules are prominent at this stage. Note the position of the NC and AF. C Late spermatid. A helical band of nuclear material
is present along the nucleus (arrows). D Coiled spermatid. The helical band remains present also after coiling (arrow)
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Fig. 68 Ultrastructure and 3D surface reconstruction of the cleistospermia of Quamtana oku. TEM. A, B Cleistospermia in the lumen of the deferent
duct. Note the variation in diameter of the prcN. C, D, E, F 3D surface reconstruction of a cleistosperm. Note the almost filiform anterior part of the
prcN
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Fig. 69 Spermiogenesis and cleistosperm of Spermophora senoculata. TEM. A Early to mid spermatid. Note the depth of the IF and the electron
dense plate besides the prcN (arrow). B Mid to late spermatid, longitudinal section. Note the presence of a helical band of nuclear material along
the prcN (arrow) and the IF filled with glycogen. C Coiled spermatid. Note the peripheral position of the NC along the peN. D Cleistosperm in the
lumen of the deferent duct. The helical band is still present at this stage (arrow)
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Fig. 70 Spermiogenesis of Spermophora awalai. TEM. A Mid to late spermatid. Note the short prcN. B Late spermatid. The peN is twisting around
the axoneme. C Late spermatid, longitudinal section. Note the short prcN, the long peN twisting around the axoneme and the elevated position of
the NC within the peN
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Fig. 71 Ultrastructure and 3D surface reconstruction of the cleistospermia of Spermophora awalai (A) Cleistosperm in the lumen of the deferent
duct. B, C 3D surface reconstruction of a cleistosperm. Note the elongated peN (B). The peN is omitted for the purpose of clarity in (C)
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Diameter Sperm Transfer Form (um)

Taxa Dia. Sph Dia. STF Ratio Sph/STF
Artema bunkpurugu 11.6 3.4 34
Carapoia nairae 11.9 3.5 3.4
Chibchea salta 76 3.6 2.1
Gertschiola macrostyla 14.9 16.5 0.9
Guaranita goloboffi 5.6 14.7 0.4
Leptopholcus guineensis 20.2 5.1 39
Metagonia cf. petropolis 8.6 3.7 2.3
Gertschiola macrostyla MOdis’:mus of. elongatus 30 3 12
Nerudia sp. n. ‘Arg58’ 7.2 8.5 0.9
microCT-analysis of )
male palpal organ Pehrforsskalia conopyga 4.3 4.7 0.9
Pholcophora sp. n. ‘Mex22’ 3.7 27 14
Pholcus bamboutos 273 4.5 6.1
Physocyclus globosus 19.0 3.1 6.1
Psilochorus simoni 11 3.7 0.3
Quamtana oku 3.5 5.1 0.7
Smeringopina bineti 285 6.0 4.8
Smeringopus cylindrogaster 16.2 5.0 3.3
Spermophora awalai 8.9 4.8 1.9
Tolteca hesperia 3.9 3.0 1.3
Tupigea teresopolis 5.9 3.3 1.8

20 O Taxa with synspermia © Taxa with cleistospermia
(¢]
15 o
10
o
o
5 - % o °© © o)
© @ o © o © o
0 —
[ I I I I I 1
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Diameter Spermophor (um)

Fig. 72 Minimum diameters of sperm and of the spermophor in the male genital bulbs in Pholcidae. Minimum diameters of spermophor were
obtained using micro-CT data (illustrated here with Gertschiola macrostyla) and the minimum diameter of the sperm using TEM data. The scatter
plot shows that there is no obvious correlation between the diameters of sperm and spermophor

Sperm transfer form. Spherical to oval cleistospermia,
surrounded by a secretion sheath (Fig. 61A-D). AV and
anterior tip of the prcN together form a loop situated
centrally in the cleistosperm (Fig. 61E, G). Ax coiled five
times beside the nucleus and surrounding the anterior
portion of the prcN (Fig. 61E).

Notes on spermiogenesis. Late spermatid stages
show a very elongated prcN, equipped with a

helical band (Fig. 60A arrows) At this stage, the IF
is deep, narrow, and filled with electron dense mate-
rial (Fig. 60A, B). During the coiling process, the
IF widens notably and occupies most of the prcN
(Fig. 60C).

Seminal secretions. One type of secretion, roundish
to elongated, homogenously electron dense (Fig. 4M).
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Character 23
Position of the nuclear canal in the prcN

Dysdera crocata

_: Loxosceles hirsuta
Scytodes globula

Artema bunkpurugu

Galapa bella Ninetinae
Pholcophora spp.

_: Tolteca spp.
Guaranita goloboffi

_: Kambiwa neotropica
Gertschiola macrostyla

_: Nerudia spp.

Physocyclus globosus Arteminae

||
[
?_ Priscula sp.n. Ecu93 Modisiminae
e Tupigea teresopolis
Pholcidae e Chibchea salta
Modisimus cf. elongatus
Ciboneya antraia
_: Psilochorus simoni
Mesabolivar spp.

_: Otavaloa cf. piro
_: Mecolaesthus sp.n. Ecu60
Canaima? sp.n. Dup118

e (Carapoia spp.
Holocnemus pluchei . .
—: , Smeringopinae
Stygopholcus skotophilus

e Smeringopina bineti

_: Smeringopus cylindrogaster
Smeringopus cf. roeweri

P Aptana spp.

Pholcinae

e Spermophora senoculata

_: Belisana cf. kinabalu
Spermophora awalai

Metagonia cf. petropolis

Quamtana oku

Panjange camiguin

Pholcus spp.

_: Leptopholcus guineensis
Il within a distinct crest Pehrforsskalia conopyga
B within the main part of the nucleus ) )
Il within a projection Micropholcus fauroti
B central _: )
Cantikus sabah
Fig. 73 Scenario of the evolution of the position of the nuclear canal (Character 23) across the pholcid tree of life. Character tracing using
unambiguous optimization obtained with WinClada [50], phylogeny based on Huber et al. (2018) [7]
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Character 24
Appearance of the surface of the prcN

Dysdera crocata

Loxosceles hirsuta
_: Scytodes globula
e Artema bunkpurugu

Galapa bella Ninetinae
Pholcophora spp.

_: Tolteca spp.
Gertschiola macrostyla

_: Nerudia spp.
Guaranita goloboffi

_: Kambiwa neotropica

e Phys0CYCIUS GlObOSUS Arteminae

H
[
Priscula sp.n. Ecu93
f- p— ;pigea teresopolis Modisiminae
Pholcidae e Chibchea salfa
P |f00liSiMUS Cf. elongatus
Ciboneya antraia
_: Psilochorus simoni
Mesabolivar spp.

_: Otavaloa cf. piro
_: Mecolaesthus sp.n. Ecu60
Canaima? sp.n. Dup118

e (Carapoia spp.
Holocnemus pluchei
—: , Smeringopinae
Stygopholcus skotophilus

P Smeringopina bineti

_: Smeringopus cylindrogaster
Smeringopus cf. roeweri

e /\cfana spp.

Pholcinae

Spermophora senoculata

_: Belisana cf. kinabalu
Spermophora awalai

Metagonia cf. petropolis

Quamtana oku

Panjange camiguin

Pholcus spp.

_: Leptopholcus guineensis
Il smooth Pehrforsskalia conopyga

I helical band of nuclear material

_: Micropholcus fauroti

Cantikus sabah

Fig. 74 Scenario of the evolution of the appearance of the surface of the precentriolar portion of the nucleus (Character 24) across the pholcid tree
of life. Character tracing using unambiguous optimization obtained with WinClada [50], phylogeny based on Huber et al. (2018) [7]
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Character 40
Type of transfer form

e [)\/sdera crocata

Loxosceles hirsuta
_: Scytodes globula
e /\rtema bunkpurugu

= (5alapa bella Ninetinae
Pholcophora spp.

_: Tolteca spp.
Gertschiola macrostyla

_: Nerudia spp.
Guaranita goloboffi

_: Kambiwa neotropica

. PS0CYCIUS gloObOSUS Arteminae

||
[
Priscula sp.n. Ecu93 . x
?- p— TSpigea teresopolis Modisiminae
Pholcidae e Chibchea salfa
Modisimus cf. elongatus
Ciboneya antraia
_: Psilochorus simoni
Mesabolivar spp.

_: Otavaloa cf. piro
_: Mecolaesthus sp.n. Ecu60
Canaima? sp.n. Dup118

= (Carapoia Spp.
_: Holocnemus pluchei S . .
meringopinae
Stygopholcus skotophilus gop

e Smieringopina bineti

_: Smeringopus cylindrogaster
Smeringopus cf. roeweri

e /\ctana spp.

Pholcinae

P Spermophora senoculata

_: Belisana cf. kinabalu
Spermophora awalai

= |//ctagonia cf. petropolis

Quamtana oku

Panjange camiguin

Pholcus spp.

_: Leptopholcus guineensis
Il cleistospermia Pehrforsskalia conopyga

N synspermia

_: Micropholcus fauroti

Cantikus sabah

Fig. 75 Scenario of the evolution of the type of sperm transfer form (Character 40) across the pholcid tree of life. Character tracing using
unambiguous optimization obtained with WinClada [50], phylogeny based on Huber et al. (2018) [7]
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Character 49
posterior centriolar adjunct material

Dysdera crocata
Loxosceles hirsuta
_: Scytodes globula
e /\rtema bunkpurugu

Galapa bella Ninetinae
Pholcophora spp.

_: Tolteca spp.
Guaranita goloboffi

_: Kambiwa neotropica
Gertschiola macrostyla

_: Nerucdlia spp.

e Py/S0CYCIUS GlObOSUS Arteminae

N
[]
Priscula sp.n. Ecu93 Modisiminae
/-.- P T/pigea teresopolis
Pholcidae e Chibchea salta
Modisimus cf. elongatus
Ciboneya antraia
_: Psilochorus simoni
Mesabolivar spp.
_: Otavaloa cf. piro
pem— (Carapoia Spp.

_: Mecolaesthus sp.n. Ecu60
Canaima? sp.n. Dup118
Holocnemus pluchei . .
—{ Smeringopinae
Stygopholcus skotophilus

e SieriNGOpIna bineti

_: Smeringopus cylindrogaster
Smeringopus cf. roeweri

p—/\ctana spp.

Pholcinae

P Spermophora senoculata

_: Belisana cf. kinabalu
Spermophora awalai

Metagonia cf. petropolis

Quamtana oku

Panjange camiguin

Pholcus spp.

_: Leptopholcus guineensis
Il collar of beaded filamentous centriolar adjunct Pehrforsskalia conopyga

[ collar of electron dense layered lamellae ) )
Il collar of spoked lamellae _: Micropholcus fauroti
Cantikus sabah

Fig. 76 Scenario of the evolution of the organization of the posterior centriolar adjunct material (Character 49) across the pholcid tree of life.
Character tracing using unambiguous optimization obtained with WinClada [50], phylogeny based on Huber et al. (2018) [7]
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Pholcinae | Pehrforsskalia conopyga Deeleman-Reinhold &
van Harten, 2001 (Figs. 62 and 63)

Spermatozoa. Acrosomal complex. AV cylindrical,
subacrosomal space extends throughout the entire AV
(Figs. 62D and 63F). AF extends in the NC through the
anterior third of the prcN. Nucleus. prcN long, tubular,
nearly radially symmetric, with a reduced helical band
(Fig. 63A arrow). NC runs centrally through the prcN and
is situated in the periphery within the peN (Fig. 63C). IF
extends into less than half of the prcN. Posterior centri-
olar adjunct material present as a collar of short layered
lamellae (Fig. 63A). peN short and flat (Fig. 63E). Chro-
matin condensation homogenous.

Sperm transfer form. Spherical cleistospermia sur-
rounded by a thin secretion sheath (Fig. 63A, B). Nucleus
coiled once (Fig. 63F), Ax coiled twice beside the nucleus
(Fig. 63D, F). Cytoplasm homogenous, mitochondria pre-
sent (Fig. 63A).

Notes on Spermiogenesis. In early spermatid stages,
chromatin condensation appears to be granulomatous.
In mid to late spermatids, the chromatin condensation
appears mostly very dense, while some areas are much
more lightly condensed (Fig. 62B). The prcN has a heli-
cal band (Fig. 62C, D arrows), and the centriolar adjunct
material starts to form at this stage.

Seminal secretions. One type of secretion, round
and homogenously electron dense (Fig. 5A).

Pholcinae | Pholcus spp. (Figs. 64, 65 and 66)

Spermatozoa. Acrosomal complex. Cylindrical to con-
ical, subacrosomal space extends throughout the entire
AV (Fig. 64A). AF stout, extends into the NC through
about half of the prcN. Nucleus. prcN tubular and
nearly radially symmetric (Fig. 65A), with prominent
helical band of nuclear material (Fig. 65A, B arrows).
NC runs centrally through the prcN (Fig. 65B) and
shifts into the periphery within the peN (Figs. 64D,
E and 65F). IF occupies about half of the prcN and is
filled with glycogen [P. opilionoides (Schrank, 1781); P
kindia Huber, 2011; Figs. 64B, 65C and 66A] or gran-
ular, glycogen-like material (P attuleh Huber, 2011; P
bamboutos Huber, 2011; Figs. 65E and 66B). Centri-
oles in contact with electron dense material in “water
wheel” configuration (Figs. 65F and 64D), proximal
centriole notably elongated (Fig. 64B). Electron dense
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fibrillar centriolar adjunct material restricted to the IF
present in P. bamboutos (Fig. 65D). peN short and flat
(Fig. 66E). Chromatin condensation homogenous.

Sperm transfer form. Spherical cleistospermia sur-
rounded by a secretion sheath (Fig. 66A, B). Nucleus
spirally coiled (Fig. 66E), axoneme coiled three to five
times beside the nucleus (Fig. 66D). Cytoplasm heter-
ogenous, mitochondria present (Fig. 66B).

Notes on Spermiogenesis. Early spermatids are char-
acterized by a centrally situated NC and gaps in the MM
(Fig. 64C arrows). In mid to late spermatids, a prominent
helical band develops (Fig. 65A arrows). The content of
the IF as well as the material surrounding the centrioles in
“water wheel configuration” only appear in late spermatids,
together with the developing anterior centriolar adjunct
material, if present.

Seminal secretions. Pholcus bamboutos: One type of
secretion, round and homogenous (Fig. 5B). P kindia:
Two types of secretions, one homogenously electron
dense, the other compact and granular (Fig. 5C). P. opil-
ionoides: Two types of secretions, both irregularly shaped
but of different electron densities (Fig. 6C). P attuleh:
One type of secretion; round to curved, homogenous
margin with scattered electron lucent patches in the
center.

Pholcinae | Quamtana oku Huber, 2003 (Figs. 67 and 8)
Spermatozoa. Acrosomal complex. AV long and cylin-
drical with subacrosomal space extends throughout the
entire AV (Fig. 68C). AF stout, extends halfway through
the prcN (Fig. 68C, D). Nucleus. prcN nearly radially
symmetric (Fig. 67D) and cylindrical, becomes very thin,
almost filiform in its anterior part (Fig. 68C). NC runs
centrally through the thin anterior part of prcN and lat-
erally through the remaining part of the prcN and peN
(Fig. 68B, C, D). IF shallow (Fig. 68B). peN narrow and
flat to triangular in cross section (Fig. 68B, D). Chromatin
condensation homogenous.

Sperm transfer form. Spherical cleistospermia, sur-
rounded by a secretion sheath (Fig. 68A, B). prcN and peN
spirally coiled, AV bent on top of prcN (Fig. 68C, D, F). Ax
coiled three times beside the nucleus (Fig. 68E). Cytoplasm
heterogenous, mitochondria present (Fig. 68A).

Notes on Spermiogenesis. In mid spermatids,
the nuclear surface starts to form lateral protrusions

(See figure on next page.)

Fig. 77 Sperm characters mapped on the phylogeny of Huber et al. (2018) [7]. Thick continuous lines: modest to full bootstrapping branch support,
i.e.> 70%; thin continuous lines: low bootstrapping branch support, i.e. < 70%; discontinuous lines: taxa not included in Huber et al. (2018) [7]—
possible phylogenetic position based on comments in Huber et al. (2018) [7]. Number above squares: number of character; number below squares:
character state. Full squares: characters without homoplasy; empty squares: homoplasic characters. On the right, characteristics of spermatozoa by
subfamily are shown: The spermatozoa of each subfamily can be generally characterized by a combination of different character states highlighted

in red in the schematic drawings
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(Fig. 67A). A rather inconspicuous helical band devel-
ops in late spermatids (Fig. 67C).

Seminal secretions. One type of secretion, globular
and loosely scattered, homogenously electron dense
(Fig. 5D).

Pholcinae | Spermophora senoculata (Dugés, 1836) (Fig. 69)
Spermatozoa. Acrosomal complex. AV cylindri-
cal, subacrosomal space narrow (Fig. 69A). AF stout,
extends into the NC and ends before the axonemal
basis. Nucleus. prcN slender, cylindrical, nearly radially
symmetric, IF deep and filled with glycogen (Fig. 69B).
Helical band of nuclear material present along the
prcN (Fig. 69B arrow). peN partially enclosing the Ax
while winding around it (Fig. 69C, D). NC projecting
centrally through the anteriormost part of the prcN
(Fig. 69B) and shifted into the periphery along the peN
(Fig. 69C, D).

Sperm transfer form. Spherical to oval cleisto-
spermia surrounded by a secretion sheath, Ax coiled
four times around the nucleus; cytoplasm heteroge-
nous, electron dense, secretions and mitochondria pre-
sent (Fig. 69D).

Notes on spermiogenesis. In early to mid sperma-
tids, the anterior pole of the nucleus and the base of
the ACV are flanked by a thin, electron-dense plate
(Fig. 69A arrow), the MM shows partial gaps and the
IF appears empty (Fig. 69A). Mid to late spermatids
develop a prominent helical band along the prcN, the IF
fills with glycogen (Fig. 69B).

Seminal secretions. One type of secretions, roundish
with electron dense center and less dense margin (Fig. 6B).

Pholcinae | Spermophora awalai Huber, 2014

(Figs. 70 and 71)

Spermatozoa. Acrosomal complex. AV cylindrical,
subacrosomal space extends throughout the entire AV
(Fig. 71C). AF extends into the NC until the axonemal
basis (Fig. 71B). Nucleus. prcN much shorter than the
peN, nearly radially symmetric, tubular (Fig. 71A, C).
IF small. peN long and voluminous, with various thin
extensions (Figs. 70C and 71A, B), twisted around the
axoneme resulting in a helical appearance (Fig. 70C).
NC runs centrally through the prcN and shifts to
a lateral position within the extensions of the peN
(Figs. 70C and 71C).

Sperm transfer form. Oval cleistospermia, surrounded
by a secretion sheath (Fig. 71A). Nucleus bent and twisted
around itself, with the short prcN as well as the AV resting
centrally within the cleistosperm (Fig. 71B, C). Ax coiled
five times centrally around the peN (Fig. 71B). Cytoplasm
with secretions; mitochondria present (Fig. 71A).
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Notes on spermiogenesis. In mid and late sperma-
tids, the NC is located in the lateral extensions of the
long peN (Fig. 70A). The manchette of microtubules
is present on the outer surface of the peN, but not on
the inner side near the Ax (Fig. 70A, B). The chromatin
condensation is homogenous.

Seminal secretions. Two types of secretions present,
one elongated and electron lucent, the other roundish
with center more electron dense than margin (Fig. 5E).

Sperm size and minimum diameter of spermophor

The diameter of the thinnest portion of the spermo-
phor as well as the dimension of sperm transfer forms
were measured based on image data from micro-com-
puted tomography (spermophor) and TEM (transfer
forms) for 20 species representing the five subfamilies
(Fig. 72). Species with cleistospermia possess relatively
small transfer forms with a diameter ranging from
2.7 um (Pholcophora sp. n. ‘Mex22’), to approximately
5 um (Quamtana oku 5.1 um, Leptopholcus guineensis
5.1 um, Smeringopus cylindrogaster 4.9 pm), while the
minimum diameter of the according spermophor var-
ies greatly from 1.1 um (Psilochorus simoni) to 28.5 pum
(Smeringopina bineti). In species with synspermia,
transfer forms were much larger with diameters
between 8.5 pm (Nerudia sp. n. ‘Arg58’) and 16.5 pm
(Gertschiola macrostyla). However, the diameter of the
according spermophor was in the range of those for
species with cleistospermia.

Discussion

The present study is the first to provide a detailed com-
parative analysis of sperm morphology of pholcid spi-
ders. We unraveled a remarkable diversity throughout
this family and will discuss our results in the light of their
evolutionary, functional and phylogenetic implications.

Evolutionary implications

Acrosomal complex

The acrosomal complex of spider spermatozoa com-
prises the acrosomal vacuole with a posterior invagi-
nation, and the subacrosomal space which contains
electron dense material that differentiates into the
acrosomal filament during early spermiogenesis (e.g.
[28]). Especially the acrosomal vacuole varies in shape
among spiders [22], but it is rather uniform across the
studied pholcids. The acrosomal filament consists of
F-actin fibrils [44] and projects into the nuclear canal
— the length of the acrosomal filament, however, var-
ies among spider taxa [22]. In pholcids, an acrosomal
filament that ends before the axonemal basis seems
to be characteristic for the family, with few reversions
to a longer filament in the subfamily Modisiminae
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(Carapoia, Otavaloa, Psilochorus). The functional role
of the acrosomal filament in spiders is not known. As
it is involved in the fertilization process in other ani-
mal taxa (e.g. [46, 47]), such a function is plausible in
spiders as well. However, the exact processes of ferti-
lization in spiders are unknown. Alberti [28] hypoth-
esized that the acrosomal filament influences the
definite shape of the nucleus during spermiogenesis.
This hypothesis is also supported by the findings of
Lipke and Michalik [48] for the caponiid spider Capo-
nina alegre, where the nucleus is directionally twisting
around a central acrosomal filament.

Nucleus

Microtubules in the implantation fossa during sper-
miogenesis. The development of the implantation fossa
begins already at early stages of spermiogenesis, as it
coincides with the chromatin condensation [21, 30].
The implantation fossa can contain various materi-
als [Fig. 12 in 22], whose functions are largely unex-
plored. Previously, the presence of microtubules inside
the implantation fossa during spermiogenesis has been
reported only for the oonopid genus Orchestina [31]
and the pholcid Holocnemus pluchei (Smeringopinae)
[19, 20]. In both taxa, the microtubules are later dis-
placed, either by centriolar adjunct material (Orches-
tina) or by glycogen (Holocnemus). Our analyses
suggest that the presence of microtubules during sper-
miogenesis is characteristic for the subfamily Smerin-
gopinae. However, a displacement of the microtubules
by centriolar adjunct material or glycogen in mature
spermatozoa could not be observed in all investigated
taxa. Smeringopus cf. roeweri showed distinct electron
dense filamentous material in the implantation fossa of
mature sperm (Fig. 48A, B), which however was already
present besides the microtubules in late spermatids
[Fig. 5G in 22]. The function of microtubules during
spider spermiogenesis is unclear, but it has been sug-
gested that they might play a role in the formation of
the nucleus [22]. This might be especially important
for taxa with elongated nuclei and a deep implantation
fossa where a stabilizing function is plausible. Our data
support this hypothesis, as a deep implantation fossa is
characteristic for Smeringopinae.

Nuclear canal. As mentioned above, the acrosomal
filament extends into the nuclear canal. The position of
the nuclear canal relative to the nucleus can be manifold,
especially with regard to the precentriolar part [22, 28].
Our analysis revealed that in Pholcidae, all previously
described configurations of the nuclear canal can be
observed. The position of the nuclear canal in a distinct
projection along the precentriolar portion of the nucleus
(Char. 23:1) appears to be characteristic for Ninetinae
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and Smeringopinae, with the exception of Smeringopus
cf. roeweri, where the nuclear canal appears to run cen-
trally within the nucleus (Fig. 48B). The nuclear canal
projecting centrally through the precentriolar portion of
the nucleus has previously been described only for Phol-
cus phalangioides by Alberti and Weinmann [16] and by
Michalik and Uhl [17]. The term “central” here refers to
the position of the nuclear canal before being displaced
posteriorly to the periphery by the implantation fossa.
Our analysis revealed that the central nuclear canal is
characteristic for certain ‘basal’ pholcine species (Fig. 73)
such as Metagonia cf. petropolis and Spermophora awalai
and most abundant in “Pholcinae group 3” sensu Huber,
Eberle and Dimitrov [7], as it is present in Panjange cami-
guin, Pehrforsskalia conopyga, Leptopholcus guineensis
and several species of Pholcus. The central position of the
nuclear canal in these pholcine taxa might be related to
the general morphology and development of the nucleus,
as the acrosomal filament might play a role in nuclear
shaping as it has been suggested for Caponina alegre (see
above). Therefore, a central position of the acrosomal fil-
ament can have a significant influence on the deviation
from the usually asymmetric shape of spermatids in spi-
ders [22, 49], leading to the impression of a nearly radially
symmetric nucleus in many Pholcinae.

Another noteworthy configuration is present in Tupi-
gea teresopolis, where the nuclear canal is located
within a distinct crest (Char. 23:2) (Fig. 43A). This con-
figuration has previously been reported for Dysdera sp.
(Dysderidae) [16] and Loxosceles hirsuta [22]. Such a
position within a distinct projection could benefit the
development of a more slender shape of the nucleus
(e.g. Figs. 45 and 47). In Ninetinae, a compacting of the
nucleus due to the position of the nuclear canal could be
an adaptation for space-efficient arrangement of sperm
cells into synspermia (see also below).

Appearance of the precentriolar part of the nucleus.
The precentriolar part of the nucleus is known to have
various modifications in spiders, regardless of an asso-
ciation with the nuclear canal [22]. Those modifications
range from longitudinal ridges (Char. 41:3 in Lipke and
Michalik [31]; Char. 24:2 in Michalik and Ramirez [22] to
specific extensions of nuclear material surrounding the
nucleus and forming a helical band [16, 17]. The latter has
been considered to be a specific character within Phol-
cidae with possible phylogenetic implications as it was
observed in several taxa within the subfamily Pholcinae
[17, 22]. Our data confirm the presence of a helical band
in numerous taxa within Pholcinae being characteristic
at least for parts of this subfamily (Fig. 74). According
to Alberti and Weinmann [16], the helical band devel-
ops during spermiogenesis due to gaps in the manchette
of microtubules surrounding the nucleus, which we also
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observed in all taxa with a helical band (e.g. Fig. 67). In
contrast, the pholcine Spermophora awalai does not pos-
sess a helical band, as in fact the prominent extensions
of the nucleus shown in Figs. 69 and 70 are part of the
postcentriolar elongation of the nucleus while the pre-
centriolar part is very reduced (Figs. 70C and 71C). This
conspicuous absence of a helical band in combination
with a shortened precentriolar part of the nucleus can
also be observed in other genera within Pholcinae such
as Aetana and Metagonia (Figs. 50D and 58). We hypoth-
esize that the occurrence of a helical band might be con-
nected to the presence of a sufficiently long precentriolar
portion of the nucleus. The function of the helical band
is not known, but Michalik and Uhl [17] considered it to
be involved in fertilization or to influence sperm motility.

Shape of the nucleus — the special case of Aetana.
Alberti [28] described the development of the postcentri-
olar elongation of the nucleus as starting from one side
of the posterior margin of the implantation fossa and
subsequently coiling around the axoneme as it elongates,
resulting in an asymmetric appearance of the nucleus. In
the genus Aetana, the posterior elongation begins to coil
around the axoneme in early spermatids, but fuses com-
pletely during maturation resulting in a tube-like hollow
appearance (Fig. 51). Furthermore, the peN is extremely
elongated in relation to the precentriolar part of the
nucleus, a configuration which can also be found in Sper-
mophora awalai (Pholcinae). However, the latter shows a
peN that is tightly coiled around the axoneme but lacks
the ultimate fusion of the coils and does therefore not
form a closed tube. Comparable configurations have been
described for other spider taxa as well: In several tetrag-
nathid species, spermatids exhibit a short precentriolar
part of the nucleus together with a very long postcentri-
olar elongation, which twists around the axoneme but
ultimately does not fuse like in Aetana [51]. The caponiid
spider Caponina alegre also exhibits a twisted nucleus,
but there, the mechanism of directional nuclear twisting
differs as the precentriolar portion of the nucleus winds
around the central acrosomal filament [48].

In the case of Aetana, the peN contains the axoneme
and the centriolar adjunct material, which could poten-
tially have an impact on sperm motility (see also below).
Moreover, it was shown for various other spider taxa,
that the length of the peN is positively correlated with
the length of the axoneme [31, 33, 48]. This is also the
case in Aetana, especially when considering that the peN
encloses a substantial portion of the axoneme (Fig. 51A),
which adds to a hypothesized functional role in motil-
ity. From an evolutionary perspective, the length of the
axoneme and therefore also the peN in spiders might be
influenced by postcopulatory sexual selection. An analo-
gous phenomenon has been suggested for insects where
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sperm morphology is positively correlated with the com-
plexity of the female genital tract [52].

Axoneme

Centriolar adjunct material. The centriolar adjunct
material shows a remarkable variation among pholc-
ids, ranging from uniformly electron dense material
expanding into the implantation fossa (Char. 47:0), for
example in Panjange camiguin (Fig. 61A), to more com-
plex organizations posterior of the axonemal basis like
in Mesabolivar spp. (Fig. 36C, D). The presence of cen-
triolar adjunct material seems to be a derived state in
pholcids, since the early branching subfamilies Nineti-
nae and Arteminae do not show this structure.

With regard to the organization of the centriolar
adjunct, the subfamily Modisiminae stands out as
most studied species have a collar-like arrangement
of dense lamellae around the anterior part of the axo-
neme. This lamellated organization of the posterior
centriolar adjunct is not known from any other spider
group with the exception of the pholcine Pehrforsskalia
conopyga, where it is less extensive in size compared to
most of the investigated Modisiminae (Fig. 63A). The
function of the centriolar adjunct is unknown for spi-
der spermatozoa. Centriolar adjunct material has been
reported for other animal taxa such as mammals [53,
54] and birds [55]. In insects, the centriolar adjunct
material is associated with the so-called pericentriolar
material (PCM), an electron dense aggregation in con-
tact with the centrioles, as it is built of similar proteins
such as y-tubulin [56, 57]. Since the PCM is considered
to be related to the development of the manchette of
microtubules surrounding the nucleus during spermio-
genesis, a functional relation of the centriolar adjunct
material to nuclear shaping has been hypothesized in
insects [58], and also mammals [59]. Another possi-
ble role of the centriolar adjunct material is related to
sperm motility. Dallai, Paoli, Mercati and Lupetti [58]
suggested that the centriolar adjunct could support
the connection between nucleus and axoneme, thereby
acting as a structure for accumulation of mechanical
energy, leading to a more uniformly beating axoneme.
Such a functional comparison to a mechanical spring,
as well as a connection to the motility of the axoneme
in general, could as well be considered for spiders with
centriolar adjunct material located posterior of the cen-
trioles. For example, the centriolar adjunct material
in Mesabolivar spp. does not only resemble a layered
spring in longitudinal section (Fig. 36F), but also con-
sists of one lamella per microtubule doublet (Fig. 36G),
suggesting a functional correlation between centriolar
adjunct and axoneme. Michalik, Aisenberg, Postigli-
oni and Lipke [60] hypothesized that the length of the



Dederichs et al. BMC Zoology (2022) 7:52

posterior centriolar adjunct material might be posi-
tively correlated with the depth of the implantation
fossa in spiders of the RTA-clade. Our study supports
this hypothesis for Pholcidae, as several Modisiminae
investigated in this study show a short implantation
fossa and a centriolar adjunct material accompany-
ing the axoneme along approximately two thirds of its
length (Figs. 36 and 30).

Transfer forms

Spiders transfer sperm either individually (cleisto-
spermia) or conjugated (multiple sperm physically
united). Synspermia are considered primary conjugates
as sperm cells within each conjugate stem from one
spermatocyte, whereas in contrast, secondary conju-
gates (coenospermia, rouleaux) form after separation of
spermatids [22, 61]. Except for most Ninetinae, which
transfer synspermia (Char. 40: 2), all other studied phol-
cids transfer cleistospermia (Char. 40:1) (Fig. 75). Within
Ninetinae, a transformation from synspermia to cleisto-
spermia (in the genera Pholcophora and Tolteca) took
place (see also below). The occurrence of different types
of transfer forms within the same family has been previ-
ously reported for example in Oonopidae [16, 22, 31].

In oonopids, the mechanism of formation of transfer
forms showed certain particularities, such as an initial
fusion of spermatids during spermiogenesis, before
spermatids individualize later to ultimately form
cleistospermia [16]. Strong indications for the initial
fusion of multiple spermatids in early stages of spermi-
ogenesis are also observable in several pholcids which
transfer cleistospermia, like Carapoia nairae (Fig. 9A),
Chibchea salta (Fig. 9B), Mesabolivar spp. (Fig. 9C, D),
Smeringopus cf. roeweri (Fig. 9E), Holocnemus pluchei
(Fig. 9F) and Pholcophora spp. (Fig. 21A). The mecha-
nism observable in Pholcophora spp. seems compara-
ble to that observed in oonopids. On the other hand,
the formation of synspermia in ninetines is more simi-
lar to the descriptions of Michalik, Dallai, Giusti and
Alberti [45] (Dysderiidae), or, partially, to those of
Costa-Ayub and Faraco [44] (Sicariidae). It seems that,
within Synspermiata, a reversion to cleistospermia, if
occurring, generally follows a comparable mechanism
where the initial fusion of developing spermatids is not
necessarily a definitive indicator for the final transfer
form.

Within Ninetinae, synspermia vary considerably in
their organization. For example, the number of fused
spermatids ranges from 16 (Nerudia, Kambiwa) to 64
(Galapa). Such intraspecific variation is known also from
other spider families, for example Oonopidae [31], Capo-
niidae [48] and Orsolobidae [33], as well as from insects
(62, 63].
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Sperm conjugates are known to be often equipped
with various internal membranes [16, 31], which have
been hypothesized to be involved in sperm activa-
tion. Since spiders transfer sperm in an inactive coiled
state, a re-activation within the female after copulation
is mandatory [42, 64]. The exact activation processes
are not unraveled, but they may have crucial implica-
tions for post-copulatory sexual selection [65]. A con-
spicuous organization of internal membranes is the
so-called vesicular area, which has been described for
several taxa with synspermia (e.g. [16, 45, 48]) but only
for two species with cleistospermia, Oonops domesti-
cus Dalmas, 1916 (Oonopidae) and Psilochorus simoni
(Modisiminae) [16, 21]. Our data show the presence
of a vesicular area in two further Modisiminae species
with cleistospermia: Modisimus elongatus (Fig. 38D)
and Canaima? sp. n. ‘Dupl18’ (Fig. 29C). Priscula sp.
n. ‘Ecu93’ has a distinct membranous area surrounding
parts of the axoneme, which, however, lacks the elec-
tron density of a vesicular area (Fig. 41C). The presence
of a vesicular area is known also from various other
arachnids such as Ricinulei [66]. The exact function
of the vesicular area has not been resolved. However,
hypotheses include an involvement in the capacitation
(e.g. uncoiling) process in the female genital tract, as
it has been described for example for anactinotrichid
mites [67]. This “precapacitation” [16] seems especially
beneficial for taxa with synspermia as hypothesized by
Costa-Ayub and Faraco [44].

Sperm transfer forms in spiders have a secretion sheath
that encapsulates the spermatozoa (Char. 38:0) (e.g.
[28]). Exceptions are only known from a few species of
Caponiidae [48], Orsolobidae [33], Theridiidae [68],
and Oonopidae [31]. Functionally, a protective purpose
of the secretion sheath has been postulated [28], which
can also be related to sperm storage in the female after
copulation [60]. Unsheathed sperm however, could be an
adaptation to postcopulatory processes, as the activation
of sperm includes decapsulation, i.e. dissolving the secre-
tion sheath initiated by the female [64, 69]. Unsheathed
sperm have therefore been suggested to “bypass” this
step in the sperm activation process [33]. It was fur-
ther suggested in that study that the protective function
of the secretion sheath should be taken over by differ-
ent structures such as specific seminal secretions. Our
data revealed the presence of unsheathed synspermia
in Galapa bella. Here, a functional replacement for the
missing secretion sheath could be the tile-like secre-
tions in the seminal fluid, which densely surround the
synspermia (Fig. 12D). The embedding of transfer forms
in a matrix of secretions for putative protective purposes
has also been described for other Synspermiata, such
as the genus Oonops (Oonopidae) [31]. A specific case
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can be found in the synspermia of Kambiwa neotropica.
Here, the sheathed synspermia contain spermatozoa that
are surrounded by a matrix of secretions as well as inter-
nal tile-like membranous structures (Fig. 18). A protec-
tive function can be assumed for the secretion sheath,
but the internal secretions and structures might serve
the same or different purposes possibly related to sperm
activation and sperm storage. For example, we speculate
that if decapsulation and unpacking of synspermia are
processes strongly separated from each other in time, the
secretion in the synsperm may take over the function of
the secretion sheath.

Sperm transfer form size. The size of sperm transfer
forms in Pholcidae varies greatly among species, espe-
cially due to the presence of different types of transfer
forms (i.e., synspermia and cleistospermia). Most strik-
ingly, the synspermia of Ninetinae can be about four
times larger than the cleistospermia of Pholcinae (Fig. 72:
Sperm transfer form (STF) diameter: Gertschiola mac-
rostyla: 16.5 pum, Pholcus bamboutos: 4.5 pm). Also, the
shape and therefore the length of transfer forms vary
remarkably among the investigated pholcid taxa: while
most cleistospermia are nearly spherical, synspermia can
expand enormously in length and measure up to more
than five times the length of certain artemine cleisto-
spermia (e.g. Galapa bella: 19.1 ym, Artema bunkpu-
rugu: 3.3 pm). As mentioned above, all investigated
ninetine species transfer synspermia, except for Pholco-
phora and Tolteca, which transfer cleistospermia. Their
cleistospermia do not differ much in size from those of
other pholcids (Fig. 72: Tolteca: 3.0 pum, Pholcophora: 2.
7 um, Tupigea: 3.3 pum, Pholcus 4.5 pm), but the mini-
mum diameters of the spermophors range among the
smallest of all studied taxa (Fig. 72: Tolteca: 3.9 um; Phol-
cophora: 3.7 ym).

Previous studies suggested a correlation between
STF and spermophor diameter [30-32]. In Pholci-
dae we found considerable variation in both the diam-
eter of transfer forms and the minimum diameter of
the spermophor but we did not find an obvious correla-
tion between the two variables. Both STF as well as the
spermophor are flexible and elastic to a certain extent
and our measures (in particular those of spermophor
diameter) are based on single specimens only. Thus, our
measures are not precise, explaining ratios below 1. Fur-
thermore, we cannot exclude the possibility that transfer
forms compactify in the further course of sperm transfer
and storage. We believe that the general conclusion still
holds because of the number of species measured, but
this aspect clearly needs further study with increased
sample sizes.

The variability of transfer form size could potentially
be driven by the morphology of the female genitalia
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and by post-copulatory sexual selection, as described
for nephilid spiders [70] and for insects (e.g. [35, 71]).
As sperm mixing reportedly occurs in Pholcus phalan-
gioides [15], the influence of sperm competition on the
size of sperm transfer forms has to be considered. Our
data suggest that in Ninetinae, only one transfer unit can
pass through the thinnest portion of the spermophor
at a time, regardless of the kind of transfer form that is
used (i.e., synspermia or cleistospermia) (Fig. 72 “Ratio”).
In contrast, for most of the remaining Pholcidae, up to
approximately six cleistospermia can pass at once (e.g.,
Pholcus bamboutos, Physocyclus globosus). Neverthe-
less, the transfer of one synsperm at a time, even of those
containing the fewest spermatozoa (e.g., Nerudia: 16),
transports more sperm cells than the combined number
of cleistospermia do in the case of Pholcus bamboutos or
Physocyclus globosus per time unit. This makes an inclu-
sion of individual copulation duration across pholcid spe-
cies necessary to allow for further hypotheses. However,
data on reproductive behavior, especially in Ninetinae,
are largely lacking. This does not take into account poten-
tial impacts of fluid dynamics (e.g. flow velocity) in the
male or the female genitalia, which have been shown to
be highly sensitive with regard to structural variations,
described for example in leaf beetles [72]. Nevertheless,
the transfer of comparably large transfer forms in phol-
cids could serve in the context of sperm competition by
occupying as much space as possible in the female sperm
storage site and therefore reducing or blocking access for
subsequent males, as has been suggested for Oonopidae
[31]. However, the exact drivers of the evolution of sperm
transfer forms remain dubious. For further understand-
ing, more studies on female genitalia and the mating sys-
tem in different pholcid taxa, especially the subfamily
Ninetinae, are required.

Seminal secretions

Sperm in spiders are transferred with secretions pro-
duced in the testis and/or deferent ducts. These seminal
secretions are structurally very diverse across spiders and
may occupy various functional roles [40]. In pholcids, a
variety of seminal secretions has been documented before
[17, 20, 21]. Our data corroborate the structural diver-
sity of seminal secretions in pholcids (Figs. 4, 5 and 6),
suggesting that seminal secretions are under consider-
able selection and possibly involved in post-copulatory
processes, as suggested previously for the wolf spider
Schizocosa malitiosa (Tullgren, 1905) by Aisenberg and
Costa [41]. In the ninetine species Kambiwa neotropica
and Galapa bella, the tile-like seminal secretions resem-
ble each other greatly, as do the synspermia (Figs. 5G, K;
18; 12). However, the synspermia of Galapa do not have
a secretion sheath, contrary to Kambiwa. This suggests
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that the function of the secretions is more complex
than just serving a purely protective role during sperm
transfer or after copulation as described above for other
cases of unsheathed sperm. In the theridiid spider Tidar-
ren argo Knoflach & van Harten, 2001, a functional role
of seminal secretions in terms of securing paternity has
been discussed, as secretions are “cheaper” to produce
than sperm and could therefore act as “cheap fillers” by
simply occupying the maximum space within the female
genital tract in order to impede insemination by subse-
quent males [43, 73]. An influence of various sperm-
associated products within the ejaculate on fertilization
success has been documented for other animal groups
such as Leptidoptera [74-76] and Drosophila [77]. Fur-
ther investigations, especially on the mating system and
the fate of sperm after copulation, are needed to allow for
more detailed insights into the functional role of seminal
secretions in pholcids as well as in spiders in general.

Character evolution and phylogenetic implications
Our analysis clearly shows that many sperm characters
within pholcid spiders are homoplastic, reflecting a rather
dynamic evolution of sperm (Figs. 73 and 77). Character
mapping revealed only few unambiguous synapomor-
phies as e. g. the presence of microtubules in the implan-
tation fossa in Smeringopinae (Char. 20:1, see Fig. 77).
Synspermia and cleistospermia. Ninetinae are dis-
tinct from all remaining Pholcidae by the presence of
synspermia as transfer forms (Fig. 75). The genus Phol-
cophora, as part of the “North and Central American/
Caribbean clade” was suggested to be close to the Mex-
ican genus Tolteca based on their geographic distribu-
tions [7]. Since in our study Pholcophora and Tolteca
are the only ninetines with cleistospermia, our data
suggest that the transformation from synspermia to
cleistospermia took place once within Ninetinae, i.e.
in the “North and Central American/Caribbean clade”.
The genera Guaranita and Kambiwa both share simi-
lar spermatozoa and transfer form morphologies. Espe-
cially the synspermia with elongated nuclei as well as
the peculiar secretions and structures surrounding the
cluster of spermatozoa are very characteristic for both
taxa. In contrast, the remaining Ninetinae taxa as e.g.
Nerudia and Gertschiola show synspermia with stout
nuclei that also lack the specific surrounding structures
found in the synspermia of Guaranita and Kambiwa.
A further Ninetinae genus represented in our taxon
sampling is the genus Galapa. Huber, Eberle and Dim-
itrov [7] noted that the relationship of this genus with
the remaining Ninetinae taxa was “entirely obscure”
Our analysis revealed very complex synspermia for
this genus, which show an arrangement of spermato-
zoa that is very different compared to other Ninetinae.
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A single synsperm of Galapa comprises more than 60
individual spermatozoa, which are arranged in four
clusters stacked on top of each other. The characteris-
tics of the individual spermatozoa however resemble
those of other Ninetinae.

Posterior centriolar adjunct. Our data revealed that the
posterior centriolar adjunct material (Char. 49) is a highly
interesting character within Modisiminae (Fig. 76). The
presence of a posterior centriolar adjunct shaped as a
collar of electron dense material seems to be synapomor-
phic for most Modisiminae, where it is either shaped as
layered lamellae (Char. 49:2) or beaded filaments (Char.
49:3). The former state appears to be a synapomorphy
uniting the ‘Mesabolivar clade’ (all clade names sensu
Huber, Eberle and Dimitrov [7]; herein Mesabolivar spp.,
Otavaloa), the ‘Venezuelan clade’ (herein Mecolaesthus
sp.) and Carapoia (but not Canaima, whose phylogenetic
position is dubious). The latter state (Char. 48:3) appears
only in “basal’ Modisiminae’ (sensu [7]) (herein Tupigea
teresopolis, Chibchea salta, Modisimus elongatus, Cibo-
neya antraia), except for Psilochorus simoni and Priscula.
Within the subfamily, the posterior centriolar adjunct
material appears to have evolved from small beaded fila-
ments (Char. 49:3) to longer and coherent lamellae (Char.
49:2). This assumption is supported by the difference in
length of the individual lamellae, as in Mecolaesthus and
Carapoia the lamellae of the centriolar adjunct mate-
rial are conspicuously shorter than in the ‘Mesabolivar
clade; acting as a link between the beaded configura-
tion and the extensive elongation of the lamellae. For
the genus Priscula, our data revealed a notable similar-
ity with Psilochorus simoni (data extracted from [21]), as
does the investigated Canaima sp., with the reversion to
an absence of posterior centriolar adjunct material being
the most striking characteristic.

Outside of Modisiminae, a lamellated posterior centri-
olar adjunct material is only present in the pholcine Pekr-
forsskalia conopyga. This striking convergence could be
explained with the hypothesized functions of the centri-
olar adjunct material (see above).

Nucleus. Nuclear characters are highly homoplastic, and
of particular interest for Pholcinae as this subfamily shows
the highest diversity in the pre- and postcentriolar part of
the nucleus. For example, the postcentriolar elongation
can be very long as in Spermophora awalai and Aetana
spp. (representatives of the "group 1" sensu [7]) or rather
short as in Pholcus and related genera ("group 3" sensu
[7]). A character only present in Pholcinae is the helical
band in the precentriolar part of the nucleus (Fig. 74). This
structure was thought to be exclusive for Pholcus and its
closest relatives (“group 3”), but occurs also in other Phol-
cinae like Belisana cf. kinabalu and Spermophora seno-
culata (“group 17). Interestingly, a helical band is absent in
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the only representative of “group 2’, Metagonia cf. petropo-
lis, and future studies should focus on putatively close rela-
tives such as Zatavua and on further representatives of
“group 1”7 to clarify the evolution of this structure within
Pholcinae.

Diversity on subfamily level. According to Huber, Eberle
and Dimitrov [7], the division of Pholcidae into five sub-
families is well supported by molecular data. Our obser-
vations reflect the distinctness of each subfamily as sperm
characters allow—to a certain extent—for a definition
of subfamily-related spermatozoa types (Fig. 77). This
is especially interesting for Arteminae. Here, molecular
data suggest a position of the genus Artema separate from
‘other Arteminae’ (herein represented by Physocyclus glo-
bosus) as sister to Ninetinae, which was however doubted
with regard to somatic characters [7]. With regard to
sperm morphology, the positioning of Artema separated
from “other Arteminae” cannot be supported, since both
taxa share most of spermatozoa and transfer form related
characters (Fig. 77).

Conclusions

Our study revealed a high morphological diversity in
sperm morphology, which can be related to subfamily level
to a certain extent as summarized in Fig. 77. The evolu-
tion of sperm characters appeared to be highly dynamic,
with convergences across all subfamilies. Our analyses
further provide a rich knowledge base for future studies
on the morphology and evolution of the reproductive sys-
tem of daddy long leg spiders. Moreover, we document
several unique sperm traits not known in other spiders,
such as the helical band in Pholcinae and the lamellate
centriolar adjunct in Modisiminae. The functional roles of
these structures remain unclear, but we suggest a correla-
tion with sperm motility as a working hypothesis. Seminal
secretions in Pholcidae are highly taxon-specific and may
play a crucial role in pholcid reproduction. Future studies
should focus on the biochemical composition of glandular
products of the reproductive system as briefly explored by
Uhl [78] for secretions of the female genitalia of Pholcus
Phalangioides. Finally, the interaction between the female
reproductive tract and sperm needs to be explored in detail
to understand the evolution of sperm (see also [42]). So
far, for spiders, no data are available on the interaction of
spermatozoa and female structures, but a co-evolution of
sperm traits and female genitalia has recently been demon-
strated in insects [35].

Methods

Taxon sampling

We studied 46 species from 33 genera, representing the five
currently accepted subfamilies of Pholcidae (for details see
Additional file 1). Depending on the availability of material,
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we studied between one to three specimen per species.
As in other spider groups, we did not expect and could
not observe an intraspecific variability of sperm charac-
ters, which also reflects what is described for other animal

groups (e.g. [79]).

Fixation and embedding

The primary male reproductive systems were dissected
in the field or in the lab using 0.1 M phosphate buffer
(PB) with 1.8% sucrose. Immediately after dissection,
tissues were fixed overnight in 2.5% glutardialdehyde
in PB (all taxa except for Ninetinae) or Karnovsky’s
solution [80]; Ninetinae]. Afterwards, samples were
washed with PB followed by a post fixation in buffered
2% osmium tetroxide solution for 2 h. Subsequently,
samples were washed in PB and dehydrated using a
graded series of ethanol. Embedding was carried out
using the Embed812 resin embedding kit (Science
Services GmbH, Miinchen, Germany). For the nine-
tine specimens, the samples were transferred into a
“VacuTherm” vacuum heating cabinet (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) during the
final pre-embedding step and incubated at 40 °C and
100 mbar for 3 x 30 min. Polymerization of the resin
blocks was carried out in a heating cabinet at 60 °C for
a minimum of 24 h.

Histology

Semi-thin sections were used for the analysis of the
general organization of the testes and deferent ducts.
Embedded samples were sectioned using a Leica EM
UC6 ultra-microtome (Leica Microsystems GmbH,
Wetzlar, Germany), with a DiATOME histo Jumbo
diamond knife (Diatome Ltd., Nidau, Switzerland) at a
thickness of 700 nm. Staining was done with toluidine
blue at 70 °C.

Transmission electron microscopy

Ultra-thin sections as well as serial ultra-thin sections
were obtained using a Leica EM UC6 ultra-microtome
with a DIATOME ultra diamond knife at a section thick-
ness of 70 nm. The sections were then transferred to
formvar-coated copper slot grids (G2500C, Plano GmbH,
Wetzlar, Germany), followed by staining with uranyl
acetate and lead citrate for 4 min each. Sections were
examined using a JEOL JEM-1011 Transmission Electron
Microscope (JEOL Ltd., Akishima, Japan) with an Olym-
pus Mega View III digital camera (Olympus K.K., Tokio,
Japan) operated by an iTEM software package (iTEM
Software, Whiteley, UK) as well as a Zeiss LEO 906
Transmission Electron Microscope (Carl Zeiss Micros-
copy GmbH, Jena, Germany).
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Micro-CT analysis of male genitalia

Male pedipalps were fixed with Karnovsky’s fixative or
80% ethanol, followed by dehydration using graded series
of ethanol and staining in a 1% iodine solution in abso-
lute ethanol overnight. Subsequently, the samples were
re-transferred to absolute ethanol and dried using the
automated critical point dryer Leica EM CPD300 (Leica
Microsystems GmbH, Wetzlar, Germany). Samples were
mounted and scanned using an Xradia MicroXCT-200
X-ray imaging system (Carl Zeiss Microscopy GmbH,
Jena, Germany) at different magnifications and source
voltages according to the specimen size.

3D Reconstruction of sperm transfer form and spermophor
3D reconstructions of sperm transfer forms are based
on image stacks of serial ultra-thin sections (see above)
from the deferent ducts. The image stacks were aligned
using the Fiji plug-in TrackEM2 (following [81]) as well
as Amira 6.4 (FEI Software, now Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA). The spermophor
was reconstructed based on the microCT data. Surface
reconstructions, data visualization and measurements
were carried out in Amira 6.4 (for details see also [33]).
Image stacks can be found in Morphobank (http://morph
obank.org/permalink/?P4245).

Graphical processing

If necessary, the contrast of images was enhanced using
Corel PHOTO-PAINT 2017. The plates were composed
with CorelDRAW 2017 (both Corel Corp., Ottawa,
Ontario, Canada).

Characters and reconstruction of their evolution
The data matrix includes a total of 40 terminals scored for
48 characters (see Additional file 2 and matrix stored in
Morphobank project, see above). Genera with several spe-
cies are each represented by one terminal, as follows: Aet-
ana spp. 2 species, Carapoia spp. 2 species, Mesabolivar
spp. 2 species, Nerudia spp. 2 species, Pholcophora spp. 2
species, Pholcus spp. 4 species, Tolteca spp. 2 species. Addi-
tionally, data for two further species of Pholcidae (Psilo-
chorus simoni, Holocnemus pluchei) as well as for three
outgroup species (Loxosceles hirsuta Mello-Leitao, 1931,
Scytodes globula Nicolet, 1849, Dysdera crocata C. L. Koch,
1838) were extracted from Michalik and Ramirez [22].
Character conceptualization and terminology follows
Michalik and Ramirez [22] (below abbreviated as MiRa) as
well as Lipke and Michalik [31]. Character evolution was
traced under parsimony using the software packages Mes-
quite 3.61 [82], Winclada [50] and TNT [83]. We used the
phylogeny of Huber, Eberle and Dimitrov [7]. Investigated
taxa not included in this phylogeny were placed following
information given by Huber, Eberle and Dimitrov [7].
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Based on our new data, we redefine two of the char-
acters proposed by MiRa as follows (numbers corre-
spond to MiRa):

Character 21: Shape of postcentriolar elonga-
tion of the nucleus (in cross-section): 0 =round to
oval; 1=flattened to triangular; 2=MiRa: “with
a distinct projection” now scored in Character 45;
3 =flag-shaped (Fig. 7E in [31]).

Character 27: Centriolar adjunct material redefined
(see new characters 46—49). Original numbering of
remaining characters stays unaffected.

Newly coded characters, continuing the numbering
of MiRa [22] and Lipke and Michalik [31]:

Character 45: Projection along postcentriolar elonga-
tion of nucleus: 0 =absent; 1 =present (as in Fig. 38D).
Character 46: Centriolar adjunct material: 0= absent;
1=present.

Character 47: Centriolar adjunct material: 0=ante-
rior (restricted to IF); 1=posterior (centrioles
towards posterior).

Character 48: Anterior centriolar adjunct: 0= elec-
tron dense homogenous (as in Fig. 61A); 1 =fibrillar
(as in Fig. 65D).

Character 49: Posterior centriolar adjunct material:
O=electron dense chambered centriolar adjunct
around anterior part of the axoneme (Fig. 6F in
[22]); 1=fibrillar chambered centriolar adjunct
around anterior part of the axoneme; 2=collar of
electron dense layered (new term) lamellae around
anterior part of the axoneme (Fig. 36); 3= collar of
beaded filamentous centriolar adjunct around ante-
rior part of the axoneme (Figs. 31 and 32); 4= collar
of spoked lamellae around anterior part of axoneme
(Fig. 50).

Abbreviations

AF: Acrosomal filament; AV: Acrosomal vacuole; Ax: Axoneme; C: Centriole; CA:
Centriolar adjunct material; Chr: Condensed chromatin; Clei: Cleistospermium;
Cys: Cyst of developing spermatids; dC: Distal centriole; DD: Deferent duct;
ED: Ejaculatory duct; FT: Flagellar tunnel; GD: Golgi derivatives; Gly: Glycogen;
IF: Implantation fossa; LuD: Lumen of deferent duct; LuT: Lumen of testis; Mi:
Mitochondrion; MM: Manchette of microtubules; N: Nucleus; NC: Nuclear
canal; pC: Proximal centriole; peN: Postcentriolar elongation of nucleus; prcN:
Precentriolar part of nucleus; Sec: Secretions; Spt: Spermatid; SSh: Secretion
sheath; STF: Sperm transfer form; Syn: Synsperm; VA: Vesicular area; Ww:
“Water wheel” (sensu [16]).

Colour-coding in 3D-Models

Beige: Secretion sheath; Red: Acrosomal filament; Orange: Acrosomal vacuole;
Dark green: Axoneme; Light green: Mitochondria; Magenta: Centriolar adjunct
material; Dark blue: Precentriolar elongation of the nucleus; Light blue: Post-
centriolar elongation of the nucleus.
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