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Abstract

Our understanding of spider reproductive biology is hampered by the vast anatomical diver-
sity and difficulties associated with its study. Although authors agree on the two general
types of female spider genitalia, haplogyne (plesiomorphic) and entelegyne (apomorphic),
our understanding of variation within each group mostly concerns the external genital part,
while the internal connections with the reproductive duct are largely unknown. Convention-
ally and simplistically, the spermathecae of haplogynes have simple two-way ducts, and
those of entelegynes have separate copulatory and fertilization ducts for sperm to be trans-
ferred in and out of spermathecae, respectively. Sperm is discharged from the spermathe-
cae directly into the uterus externus (a distal extension of the oviduct), which, commonly
thought as homologous in both groups, is the purported location of internal fertilization in spi-
ders. However, the structural evolution from haplo- to entelegyny remains unresolved, and
thus the precise fertilization site in entelegynes is ambiguous. We aim to clarify this anatomi-
cal problem through a widely comparative morphological study of internal female genital
system in entelegynes. Our survey of 147 epigyna (121 examined species in 97 genera, 34
families) surprisingly finds no direct connection between the fertilization ducts and the uterus
externus, which, based on the homology with basal-most spider lineages, is a dead-end
caecum in entelegynes. Instead, fertilization ducts usually connect with a secondary uterus
externus, a novel feature taking over the functional role of the plesiomorphic uterus exter-
nus. We hypothesize that the transition from haplo- to entelegyny entailed not only the emer-
gence of the two separate duct systems (copulatory, fertilization), but also involved
substantial morphological changes in the distal part of the oviduct. Thus, the common ovi-
duct may have shifted its distal connection from the uterus externus to the secondary uterus
externus, perhaps facilitating discharge of larger eggs. Our findings suggest that the con-
ventional model of entelegyne reproduction needs redefinition.
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Introduction

Animal genital systems responsible for internal fertilization are mostly well understood, their
functional anatomy requiring coordinated structures (external and internal parts) in females.
Spiders are believed to undertake internal fertilization, and their overall functional anatomic
model seems to be understood [1]. However, the reality is that detailed direct functional ana-
tomical investigations of spider genitalia are rare [2-5]. Our understanding of spider repro-
ductive biology is largely hampered by the immense species richness of spiders, as well as the
logical consequence of this richness: a huge diversity of their anatomies. Furthermore, anatom-
ical legacy research has been limited by the available technology (for methodological overview,
see S1 File). Most authors agree on the two general types of female spider genitalia. The plesio-
morphic condition, found in basal-most spider clades Mesothelae, Mygalomorphae, and all
the remaining clades of Araneomorphae excluding Entelegynae, is termed haplogyne. The apo-
morphic condition, found in the derived spider group Entelegynae that contains the majority
of spider species, is termed entelegyne [1]. However, previous studies largely focus on the exter-
nal genital anatomical variation within each group (for overview of female reproductive system
in spiders, see S2 File). Consequently, the functional anatomies, as well as the hypothesized
evolutionary transition from haplogyny to entelegyny remain vague.

The conventional model of spider reproduction predicts that sperm, initially deposited in
the spermathecae (sperm storage organ), will be discharged into the uterus externus, a distal
extension of the oviduct [1], when eggs are laid out to be fertilized (for literature overview on
the relationships among fertilization ducts, uterus externus and oviduct, see S3 File). In haplo-
gyne spiders the female genital opening, located within a ventral abdominal integumental fold
termed the epigastric furrow, is used for both copulation and oviposition [1,6]. The spermathe-
cae in haplogynes have single two-way ducts that bring sperm into and out of the spermathe-
cae, and directly open to the uterus externus where internal fertilization takes place. On the
other hand, the spermathecae in entelegyne spiders have two openings with copulatory and
fertilization ducts for sperm entering and leaving the spermathecae, respectively; and the latter
is also supposed to connect with the uterus externus. Forster [7] hypothesized that the entele-
gyne state evolved from the haplogyne one by the single spermathecal opening migrating from
the epigastric furrow to the surface, and developing another duct to connect spermathecae
with uterus externus. How this shift may have happened, and how the new connections estab-
lished, remain unresolved [8].

If this textbook model of internal fertilization were true in entelegyne spiders, then one
would expect to find a physical connection between the fertilization ducts and the uterus exter-
nus across species. Although a membranous column is often labeled as uterus externus in the
scanning electronic microscopic (SEM) images [9-11], such connection has not been unequiv-
ocally demonstrated. The purported evidence largely comes from histological serial sections
(HSS) [2-4], an approach riddled with difficulties (S1 File). The state of the art is that of an
unclear anatomical correspondence of homologies, and as its consequence, a poor understand-
ing of their function. Consequently, the anatomical site of internal fertilization in entelegyne
spiders, if true, remains obscure [12,13].

We revisit this anatomical enigma within a widely comparative morphological study of
entelegyne spider genitalia, specifically testing the existence of the hypothesized connection
between the fertilization tract and the oviduct. Through combining computerized 3D-recon-
struction based on semithin HSS images of the spider abdomen with light microscopic (LM)
and SEM methods based on improved dissections, we examined the internal reproductive
anatomy of 147 specimens of 121 spider species representing 97 genera from 34 families.
Broadly speaking, the presence of a clear anatomical connection enabling sperm to enter the
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uterus externus would lend support for the conventional model of spider reproduction,
whereas its absence would call for refinement of the classical model of spider internal
fertilization.

Results

Our survey found a high variation in internal genital anatomy in entelegyne spiders (for over-
view of epigynal diversity across taxa, see 54 File), with the following points that these anato-
mies have in common. Almost all entelegyne exemplars had the epigastric furrow with two
internal openings (Figs 1-3). One opening internally leads into the common oviduct, usually
maintaining a close relation with the fertilization tracts (Figs 4 and 5). For reasons outlined
below, we interpret this tract not to be the original uterus externus. The second internal open-
ing leads into a dead-end caecum (Figs 4 and 5). As explained below, we interpret this caecum
to be the original uterus externus (UE in figures).

The epigastric furrow is an integument fold with a transversal opening between the two spi-
racles of the two book lungs on the ventral surface of the abdomen (Fig 1C and 1E), extending
somewhat forwards (Fig 4C). Its ventral wall is continuous with the epigynal dorsal surface,
and its dorsal wall with the integument of the abdomen. The furrow’s bottom is thickened and
internally lined by a mesh of cuticular extensions (Fig 1G), forming a transversal duct connect-
ing the paired chambers of book lungs (Fig 1]). Such a mesh is absent in liphistiids and myga-
lomorphs (Fig 2E). Two cuticular structures are associated with the epigastric furrow (Fig 1C).
One is uterus externus, a cuticular column protruding internally from the middle of the trans-
versal duct, present in almost all the samples in the present study, including those having the
epigastric furrow secondarily lost (Fig 3E). The other cuticular structure, a column similar to
uterus externus arising from the furrow’s ventral wall, is termed “secondary uterus externus”
(SUE in figures) that is found in the samples of all entelegynes and some haplogynes (Figs 2F
and 3D), as well as juveniles (Fig 3F and 3G), but is absent in liphistiids and mygalomorphs
(Fig 2E and S4 Fig). Both columns have an internal opening (Fig 1C), and externally open to
the epigastric furrow (Fig 1G). The uterus externus wall is thick, as is that of the transversal
duct, while that of secondary uterus externus is thin and translucent in LM pictures, and resem-
bles that of the furrow’s ventral wall (Fig 1]).

These two cuticular columns have different relationships with fertilization tracts. In some
taxa, the two fertilization ducts converge into a common fertilization duct sensu Berendonck &
Greven [4], which is equivalent to the secondary uterus externus (Fig 1G). In most other taxa,
those with a slit-like opening, fertilization groove slits extend into the epigastric furrow, and
further into the secondary uterus externus (Fig 1A and 1C). No direct connection exists
between fertilization tracts and uterus externus (for overview across taxa, see S4 File and S1
Fig). Even in liphistiids and mygalomorphs, the spermathecae arise from a bursa copulatrix
(Fig 2A), which also opens to the furrow’s ventral wall, independent from the uterus externus
(Fig 2E). In some special cases, neither of the two columns has a connection with fertilization
tracts: e.g. in those where the epigynum hangs on an extensible tube (Fig 3A); in those species
where the two fertilization grooves stop outside the epigastric furrow (Fig 3B and 3C); in those
with a secondary haplogyne epigynum lacking fertilization tracts (Fig 3E; and Fig 38C within
[14]); and in juveniles having undeveloped or underdeveloped epigynal tracts (Fig 3F and 3G).
The detailed morphological data for taxa examined here is presented in S1 Table.

The uterus externus and the secondary uterus externus differ in structure. Although in
liphistiids and mygalomorphs the uterus externus, as a wide column, has a large internal open-
ing (Fig 2D), in Araneomorphae, both entelegyne spiders and some haplogynes, its internal
opening is usually much smaller than that of the secondary uterus externus (Figs 1 and 2), even
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Fig 1. Epigynal tracts and epigastric furrow. (A-D) Diphya wulingensis (Tetragnathidae). (E-]) Parasteatoda tepidariorum (Theridiidae). (A) Ventral view, dorsal view
in thumbnail, show slit-openings of tracts on epigynal plate. (B) Inner view, without EF, arrows to FG opening on dorsal surface. (C) Inner view, with EF, arrows to
internal openings of UE and SUE respectively. (D) Inner view, note thickened TD and translucent SUE full of sperm-like granules. (E) Posterior view. (F) Latero-inner
view, arrow to broken SUE. (G) Inner view with UE removed from TD, arrows to external openings of UE and SUE respectively. (H) UE column, arrow to internal
opening of UE. (I) Inner view, without EF. (J) Inner view, with EF, shows thickened TD and UE, arrow to translucent SUE. Color in blue represents CG/CD; orange, TD
and UE; pink, FG/FD; red, spermatheca; yellow-green, SUE. BL, book lung; CD, copulatory duct; CG, copulatory groove; CO, copulatory opening; EF, epigastric furrow;
ED, fertilization duct; FG, fertilization groove; S, spermatheca; SUE, secondary uterus externus; TD, transversal duct; UE, uterus externus. Scale bars: mm.

https://doi.org/10.1371/journal.pone.0218486.9001

when it has no connection to fertilization grooves (Fig 3A-3C). The uterus externus shape var-
ies greatly, with a smaller internal opening (Fig 2G), or is even closed (Fig 2K); as a column
shaped (Fig 1C), or getting elongated and narrowed (Fig 1H), even reduced with a pair of apo-
demes left (Fig 2H and 2I). Our interpretations of LM (Fig 1D) and SEM (S1E Fig) images sug-
gest that sperm are found in the secondary uterus externus, but never in the uterus externus.

For Diphya and Parasteatoda the 3D-reconstructed internal reproductive duct consists of a
pair of ribbon-like lateral oviducts, converging into a common oviduct (Fig 4A). The lateral
oviducts are Y-shaped in cross-section, and run forward among the eggs. At the epigastrium,
they extend ventrally, forming a U-shaped common oviduct, which has a wide posterior open-
ing. Furthermore, the measurements on the HSS image shows that the internal opening of
uterus externus is much smaller than the diameter of a mature egg (Fig 4B).

The common oviduct in these two closely investigated species connects with secondary
uterus externus, leaving uterus externus as a caecum and serving as muscle apodeme (Figs 4
and 5). Within the epigastric furrow of Diphya, a dorsal fold that arises from the furrow’s ven-
tral wall (Fig 4C) covers the fertilization groove slits (Fig 5C). Its dorsal layer is connected with
the furrow’s dorsal wall by the transversal duct, from which uterus externus protrudes; its ven-
tral layer tightly closes the furrow’s ventral wall (Fig 5F), forming secondary uterus externus,
which harbors the proximal parts of fertilization groove slits and internally opens to the com-
mon oviduct. The dorsal fold is filled with soft tissue that separates the two columns (Fig 4D).
The common oviduct is triangular shaped in cross-section, having the two posterior angles
extend toward the uterus externus and secondary uterus externus, respectively; however, only
the one to the secondary uterus externus is opened, while the one to the uterus externus is
blocked (Fig 4C-4E). In Parasteatoda the paired fertilization ducts converge into the secondary
uterus externus (Figs 1G and 5]), which externally opens to the furrow’s ventral wall, close to
the uterus externus opening (Fig 5H and 5I). The common oviduct smoothly connects with the
internal opening of the secondary uterus externus (Fig 5I). The cross-sections show that its
inner surface is lined with a thin cuticle layer (Fig 5K), while that of the common oviduct is
not (Fig 5L). Furthermore, in both species paired groups of muscles attach to the sides of
uterus externus end, but that of secondary uterus externus are free (Fig 5B and 5H).

Liphistiids and mygalomorphs lack the secondary uterus externus entirely (Fig 2A-2E). The
wide and flat uterus externus column protrudes from the transversal duct, extends internally
and then turns upwards. The sections of micro computed tomography (MCT) indicate that in
the liphistiid Songthela sp., the upwards-turning uterus externus connects to the common ovi-
duct, with paired groups of muscles attaching to its side column (S4 Fig). In addition, the sper-
mathecae in liphistiids and mygalomorphs, arise on the roof of bursa copulatrix located dorsal
to the uterus externus. Each spermatheca opens independently to the bursa copulatrix, which
opens on the ventral wall of the epigastric furrow (Fig 2E and S4 Fig).

Discussion

The novelty of our study is the demonstration of two openings at the epigastric furrow in ente-
legyne spiders, both in adults and juveniles, as well as in some haplogyne spiders. We
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Fig 2. Variation in uterus externus. (A-B) Songthela sp. (Liphistiidae), EF removed, arrow in (B) to BC opening. (C-E) Cyriopagopus sp. (Theraphosidae). (C-D) Inner
view, note wide UE arising from TD, arrow in (C) to translucent UE column, in (D) indicates section position of (E). (E) Longitudinal section, arrows to openings of UE
and BC respectively in EF. (F) Tricalamus sp. (Filistatidae), haplogyne. (G) Alopecosa licenti (Lycosidae). (H) Clubiona duoconcava (Clubionidae). (I) Zora sp.1
(Miturgidae). (J) Araneus diadematoides (Araneidae). (K) Nephila clavata (Araneidae). Note UE column in (G-K) more or less reduced in entelegynes, arrows in (H) and
(I) to muscle apodeme, in (K) to internal opening of SUE. Color in blue represents CG/CD; orange, TD and UE; pink, FG/FD; red, spermatheca; yellow-green, SUE. BC,
bursa copulatrix; BL, book lung; CG, copulatory groove; EF, epigastric furrow; FD, fertilization duct; FG, fertilization groove; S, spermatheca; SUE, secondary uterus
externus; TD, transversal duct; UE, uterus externus; VEF, ventral EF wall. Scale bars: mm.

https://doi.org/10.1371/journal.pone.0218486.9002

homologize the column protruding internally from the transversal duct as the uterus externus
because a comparable structure is also present in liphistiids and mygalomorphs and is thus the
plesiomorphic condition in spiders. However, countering prior knowledge, we showed that
this organ does not function in egg laying in entelegynes. Instead, oviducts in entelegyne spi-
ders connect to the secondary uterus externus rather than to the uterus externus, as evidenced
by 3D-reconstructions in Diphya and Parasteatoda. Furthermore, fertilization ducts (in fact,
commonly, grooves), do not have contact with the uterus externus, but are instead usually asso-
ciated with the secondary uterus externus. A common oviduct opening to the epigastric furrow
via the uterus externus has been thought to be present universally in spiders; however, it seems
to be present in the relatively basal spider lineages, including Mesothelae, Mygalomorphae,
and some Araneomorphae with haplogyne genitalia, but not in entelegynes.

Our interpretation that the dead-end ceacum (Fig 4C and 4F) in entelegyne spiders is
homologous to the uterus externus present in liphistiids and mygalomorphs differs from litera-
ture accounts [1-4,6,7,11]. This interpretation is evidenced by the common feature of all spi-
ders, namely that the uterus externus protrudes internally from the transversal duct and serves
as a muscle apodeme. Although the uterus externus in over two thirds of spiders examined
here was typically not column shaped (see SI Table), it in all cases protruded internally from
the transversal duct. This feature is commonly recognized as a muscle apodeme (Figs 2 and 3;
see also [9,11,15]. Accordingly, these two features are common in entelegynaes and haplogy-
naes, and even shared with liphistiids (S4 Fig) and mygalomorphs (Fig 2E), the two basalmost
spider lineages [16-18]. However, in both liphistiids and mygalomorphs, as well as in some
haplogyne araneomorphs (Figs 2A, 2B, 2], 3D within [11]; Fig 4A within [13]; Fig 7 within
[19]), only the uterus externus column protrudes internally from the epigastric furrow. The
liphistiid uterus externus column turns upwards to connect to the common oviduct, indicating
a function in eggs laying. This is hypothesized to be the original function of any uterus exter-
nus, which subsequently became a dead-end ceacum that serves as muscle apodeme in most
araneomorphs.

On the other hand, a large, membranous column that takes over the function of a uterus
externus in most spiders must be a non-homologous, secondary uterus externus. This structure
is absent in liphistiids, mygalomorphs, and some araneomorphs with haplogyne epigyna.
Where present, the secondary uterus externus arises from the ventral wall of the epigastric fur-
row whereas the uterus externus arises from the transversal duct, although it varies in shape
and level of reduction (Figs 1-3). The secondary uterus externus in entelegyne spiders is usually
associated with the fertilization tracts (Figs 1C, 1G and 2G-2K), a feature that is absent in
Mesothelae [20], Mygalomorphae [21], and those Araneomorphae with haplogyne genitalia
[1]. Special cases, such as the epigyna with fertilization groove slits that stop outside the epigas-
tric furrow, no relation with the secondary uterus externus in some linyphiid groups (Fig 3A-
3C), and the secondary haplogyny in the otherwise entelegyne family Tetragnathidae (Fig 3E),
are all derived conditions [10,22,23].

We thus hypothesize that a novel entelegyne organ, the secondary uterus externus, has taken
over egg laying, the original function of the plesiomorphic uterus externus. Although both of
them generally coexist in entelegynes (Figs 1-3), their anatomical details suggest that eggs are
released through the secondary uterus externus, while the uterus externus has no such function.
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Fig 3. Secondary uterus externus in special cases. (A) Solenysa protrudens (Linyphiidae), thumbnail shows epigynum hung by a solenoid. (B) Acanoides hengshanensis
(Linyphiidae), note wrinkled epigynal base makes epigynum movable; (C) Tenuiphantes mengei (Linyphiidae). Note thumbnails in (A-C) show FG slits on dorsal surface,
not extending into EF. (D) undet. sp. (Ochyroceratidae), haplogyne. (E) Pachygnatha degeeri (Tetragnathidae), secondary haplogyne, EF lost. (F) Argiope bruennichi
(Araneidae), juvenile with epigynal tracts under developed. (G) undet. sp. (Theridiidae), juvenile with epigynal tracts undeveloped. Color in orange represents TD and UE;
yellow-green, SUE. EF, epigastric furrow; FG, fertilization groove; SL, solenoid; SUE, secondary uterus externus; UE, uterus externus. Scale bars: mm.

https://doi.org/10.1371/journal.pone.0218486.9003

Generally, the transversal common oviduct has a wide opening matched by the large internal
opening of the secondary uterus externus (Figs 4A, 5D and 5I). Similarly, a wide opening of
uterus externus is found in liphistiids and mygalomorphs (Fig 2D and S4 Fig), while that in
entelegynes and most haplogynes is much smaller (Figs 1-3). Various degrees of uterus exter-
nus reduction on the one hand, and secondary uterus externus functional morphology on the
other, imply that the latter has a function in egg laying in most spider groups. If this is true,
then such a functional replacement would imply a connection shift with the common oviduct
from the uterus externus to the secondary uterus externus. Such a connection shift needs to be
hypothesized with some imagination, but may be plausible considering the shape of the com-
mon oviduct folds in Diphya (Fig 4C), these folds come into close proximity with both the
uterus externus and the secondary uterus externus.

The factors that drive such a hypothetical shift should be related to egg-laying. The uterus
externus opening in entelegynes, if even present, is much smaller than the diameter of mature
eggs (Fig 4B). Although muscles that attach to the sides of uterus externus end (Fig 5D and 5H)
could possibly expand its opening [15], the thick wall of its column do not seem to be extensi-
ble, as they resemble the transversal duct and book lung layers in entelegynes (Fig 1C and 1G).
In contrast, the secondary uterus externus has a large opening, and is formed by thinner, less
sclerotized integument (Fig 1D and 1) that is presumably elastic. These anatomical differences
suggest that the origin of secondary uterus externus may have facilitated discharge of larger
eggs.

The functional takeover of secondary uterus externus from uterus externus may also affect
fertilization, as it creates extra space for internal fertilization. However, the precise site of fertil-
ization in entelegyne spiders remains elusive. Although the secondary uterus externus anatomi-
cal details allow for eggs to meet sperm before oviposition, it is not rare that fertilization tracts
have no direct relation with the secondary uterus externus, even without extending into the epi-
gastric furrow, e.g. [19,20,24,25]. This implies that fertilization could also plausibly be external
[26]. Sperm expulsion is likely caused by glands whose secretions displace the sperm mass
[1,27,28]. Often it has been observed that the laid-out eggs are surrounded by a clear, viscous
liquid [1]. Perhaps sperm is to be found within this liquid, whose function may go beyond
only cementing the eggs together. If so, a likely place of fertilization in some spiders could be
the egg sac where sperm and eggs are well protected [1]. Indeed, in entelegynes fertilization
could start internally and be completed externally.

Conclusions

As we demonstrate with detailed morphological comparisons, the fertilization tracts in entele-
gyne spiders, regardless of their groove or duct state, have no direct connection with the uterus
externus, but usually are connected to the secondary uterus externus, which may have taken
over the function of the plesiomorphic uterus externus. Future studies should test the precise
site of internal versus external fertilization, which we hypothesize both to be likely in certain
spider groups, or perhaps operate in combination. The egg sac, being made of special silk
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Fig 4. Connection between oviduct and epigastric furrow. (A-E) Diphya wulingensi (Tetragnathidae). (F-H) Parasteatoda tepidariorum (Theridiidae). (A)
Reconstructed oviduct, section crossing posterior part of COD. (B) Section crossing UE and SUE, note the opening widths of UE and SUE, comparing to size of
eggs. (C) Scenograph of longitudinal section, note DF between UE and SUE, arrows indicate section positions of (A) and (B) respectively. (D) Longitudinal
section with structures lined in colors, arrow to internal opening of SUE. (E) Line drawing of (D). (F) Scenograph of longitudinal section, note UE extension
divergent from COD. (G) Longitudinal section with structures lined in colors. (H) Line drawing of (G). Color in blue represents sclerotized epigynal plate; light
blue, integument of abdomen and DEF; greyish blue, less sclerotized VEF; green, DF and SUE; orange, TD and UE; purple, oviduct; red, epigynal tract; flesh,
muscles. CD, copulatory duct; CG, copulatory groove; COD, common oviduct; DEF, dorsal EF wall; DF, dorsal fold; EF, epigastric furrow; LOD, lateral oviduct;
S, spermatheca; SUE, secondary uterus externus; TD, transversal duct; UE, uterus externus; VEF, ventral EF wall. Scale bars: mm.

https://doi.org/10.1371/journal.pone.0218486.9004

whose function may go beyond mere physical protection of the eggs, could be a likely venue of
external fertilization in at least some spider groups.

Materials and methods
Taxon sampling

First, to examine connection between epigynal tracts and the uterus externus, epigyna were
broadly sampled to maximize phylogenetic representations and to emphasize variation in the
anatomy of the fertilization tracts. Spiders of the family Linyphiidae were sampled more inten-
sively due to their great epigynal diversity, especially the fertilization tracts (for collecting data
of the materials examined here, see S2 Table), with some legacy SEM images
[9,11,13,14,29,30]. To demonstrate the relationship between fertilization tracts and the uterus
externus, epigyna were dissected together with the entire epigastric furrow from the abdomen.
Furthermore, two species, Diphya wulingensis and Parasteatoda tepidariorum, were selected as
representatives of those groups with fertilization tracts in a groove and duct state, respectively,
for a further detailed histological study. Semithin HSS images were collected from two individ-
uals per species.

Morphological examination

All materials were examined using a Leica M205A stereomicroscope and scanning electronic
microscope (SEM). Light microscopic (LM) pictures were collected using a Leica DFC 500
camera. For SEM examination, specimens were prepared as described in [31]. Non-chitinous
abdominal tissues were digested with Pancreatin (Sigma LP 1750) enzyme complex, then
cleared by an ultrasonic cleaner before drying. SEM images were taken using a LEO 1430VP in
the Department of Biological Sciences at George Washington University and a Hitachi S-
3400N at China Agricultural University. The semi-thin serial sections (1pum) were applied to
the spider opisthosoma and performed at China Agricultural University using a Leica EM
UC6 microtome with a glass knife and stained with toluidine blue (1%) in an aqueous borax
solution (1%) at approximately 90°C for 1-4 minutes. All slides were examined using a Leica
DMS5500B light microscope and images were collected with a Leica DFC 500 camera. The egg
diameter, and the opening widths of the uterus externus and the secondary uterus externus
were measured using the measurement tool of the software package LEICA APPLICATION
SUITE to qualitatively compare the size of a mature egg and that of the uterus externus open-
ing and secondary uterus externus opening. One of the two sets of HSS images per species was
selected for 3D-reconstruction. The 3D-reconstructed structures for Diphya and Parasteatoda
were based on images of 237 and 469 semithin HSS slices, respectively (S5 and S6 Figs). The
MCT approach was applied to the spider opisthosoma of Songthela sp. (Liphistiidae) and per-
formed using MagicEye-MicroCT225 at 40 kV, 300.0 muA in Capital Normal University.
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Fig 5. Reconstruction of oviduct in relation with epigynal tracts. (A-F) Diphya wulingensi (Tetragnathidae). (G-L) Parasteatoda tepidariorum (Theridiidae). (A)
Ventral view. (B) latero-posterior view, lateral in thumbnail. (C) Posterior view with DEF and most part of VEF removed, with DF in thumbnail, arrow to COD opening.
(D) Antero-dorsal view, longitude section of EF in thumbnail, note muscles attached to sides of UE end, up arrow to SUE opening, right arrows indicate section positions
of (E) and (F). (E) Section crossing proximal part of FG, arrow to proximal end of FG. (F) Section crossing DF, arrow to two appressed cuticle layers of SUE. (G) Ventral
view. (H) Latero-posterior view, with central part of DEF removed, note muscles attached to sides of UE end, arrows to UE opening on TD and SUE opening on VEF
respectively. (I) Latero-posterior view with DEF and TD removed, note SUE and COD smoothly connected, longitude section of EF in thumbnail, arrows section positions
of (K) and (L). (J) Antero-dorsal view. (K) Section crossing SUE, arrow to internal cuticle layer of SUE wall. (L) Section crossing COD, arrow to COD wall without internal
cuticle layer. Color in blue represents sclerotized epigynal plate; light blue, integument of abdomen and DEF; greyish blue, less sclerotized VEF; green, DF and SUE;
orange, TD and UE; purple, oviduct; red, epigynal tract; flesh, muscles. COD, common oviduct; DEF, dorsal EF wall; DF, dorsal fold; EF, epigastric furrow; S, spermatheca;
SUE, secondary uterus externus; TD, transversal duct; UE, uterus externus; VEF, ventral EF wall. Scale bars: mm.

https://doi.org/10.1371/journal.pone.0218486.9005

Data were visualized and processed using the 3D analysis software Avizo 9.0. The values
used to build graphs for Diphya wulingensis include: Input resolution (px): 1700*1700*237;
Input voxel size: 1*1*2.37; Filter: Lanczos; Mode: dimensions; Resolution (px): 480*480%237;
Voxel size: 3.54167%3.54167%2.37. For Parasteatoda tepidariorum: Input resolution (px):
1200*1500%469; Input voxel size: 1*1*1; Filter: Lanczos; Mode: dimensions; Resolution (px):
320%400%469; Voxel size: 3.75002%3.75001% 1. For Songthela sp.: Resolution (px): 960*960*768;
Voxel size: 5.37 pm. The main points extracted from HSS MCT images include epigynal tracts,
epigastric furrow, uterus externus, secondary uterus externus, oviduct, and the muscles attached
to the uterus externus end. All this structures were lined in color on the black-and-white rever-
sal images in Avizo.

Supporting information

S1 File. Methodological overview.
(DOCX)

S2 File. Basic conformation of female reproductive anatomy in spiders.
(DOCX)

S3 File. Summary on the relationships among fertilization ducts, uterus externus and ovi-
duct in the literature.
(DOCX)

$4 File. Description of epigynal types.
(DOCX)

S1 Table. Morphological features of UE, SUE and epigynal tracts. EB, epigynal base; NEB,
normal EB, with epigynum attached on the abodmen; WEB, wrinkled EB that makes epigy-
num movable. UE, uterus externus. SUE, secondary uterus externus; CF, common fertilization
duct; PCF, pseudo common fertilization duct; SUEC, column of SUE without direct connec-
tion with FT. FT, fertilization tract; FG, FT in groove state; FD, FT in duct state; AFD, addi-
tional fertilization duct; PFD, pseudo fertilization duct. FG ending, proximal end of FG; IEF,
FG slits extend into EF; MEF, FG slits stop at the margin of EF; OEF, FG slits stop outside EF.
EF, epigastric furrow; EF fold, integument fold/folds arising from EF ventral wall; DF, dorsal
fold; LF, lateral fold; DF+LF, one DF and a pair of LF; IF, internal fold anterior to FG; DF+IF,
DF externally and LF inside epigynum.

(XLSX)

S2 Table. Collecting data of materials examined in the present study.
(XLSX)
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S1 Fig. Epigynal types. (A-C) Pardosa chionophila (Lycosidae), Type-I FG. (D-E) Agyneta sp.
(Linyphiidae), Type-1I FG+AFD, arrow to sperm-like granules in SUE. (F-H) Parasteatoda
tepidariorum (Theridiidae), Type-III FD. (I-K) Nephila clavata (Araneidae), Type-IV PFD.
Scale bars: mm.

(TTF)

S2 Fig. Serial cross sections of Diphya wulingensis (Tetragnathidae). (A) Longitudinal sec-
tion with structures lined in colors. (B) Line drawing of (A), square shows corresponding part
in detail, lines indicate sections positions in (C-K), numbers refer to relevant numbers of slices.
(C-E) Sections crossing COD. (F-I) Sections around UE internal end, arrows to muscles
attached to sides of UE end. (J-K) Sections crossing EF and DF. COD, common oviduct; DEF,
dorsal EF wall; DF, dorsal fold; EF, epigastric furrow; SUE, secondary uterus externus; TD,
transversal duct; UE, uterus externus; VEF, ventral EF wall.

(TIF)

S3 Fig. Serial cross sections of Parasteatoda tepidariorum (Theridiidae). (A) Longitudinal
section with structures lined in colors. (B) Line drawing of (A), square shows corresponding
part in detail, lines indicate section positions in (C-K), numbers refer to relevant numbers of
slices. (C-G) Sections around UE internal end, arrows to muscles attached to sides of UE end.
(H-K) Sections around UE and SUE external openings. COD, common oviduct; DEF, dorsal
EF wall; DF, dorsal fold; EF, epigastric furrow; SUE, secondary uterus externus; TD, transversal
duct; UE, uterus externus; VEF, ventral EF wall.

(TIF)

$4 Fig. Connection between oviduct and epigastric furrow in Songthela sp. (Liphistiidae).
(A) Abdomen, ventral view, line shows section position of (D). (B) Longitudinal section with
angle, section position shown in (D). (C) Detail of B, lines show section positions of (D-F).
(D-F) Cross sections with angle. (D) Section crossing UE and left apodeme. (E) Section cross-
ing turning point of UE. (F) Section crossing right apodeme and EF, note UE as a wide column
with narrow and long chamber, and a pair of apodemes located at lateral sides of UE. (G-I)
Longitudinal sections with angle, section positions shown in (D). (G) Section crossing left apo-
deme and EF. (H) Section crossing COD, UE and EF, note UE protruding internally from EF
bottom, turning upwards to connect to COD (shadow). (I) Same section with reconstructed
COD, UE, EF and right apodeme and muscles, BC opening to VEF (arrows). BC, bursa copula-
trix; BL, book lung; COD, common oviduct; EF, epigastric furrow; M, left bundle of muscles;
M,, right bundle of muscles; S, spermatheca; UE, uterus externus; VEF, ventral EF wall.

(TIF)

S5 Fig. Figure set of HSS slices of Diphya wulingensis.
(Z1P)

S6 Fig. Figure set of HSS slices of Parasteatoda tepidariorum.
(Z1P)

Acknowledgments

We would like to thank Martin Ramirez and two anonymous reviewers for their constructive
critique that improved our manuscript. We thank Lara Lopardo, Dimitar Dimitrov, Fernando
Alvarez-Padilla and Gustavo Hormiga for their help on collection for SEM images, as well as
Feng Zhang and Yuri M. Marusik for their identification help. We thank these colleagues who
facilitated institutional loans: Norman Platnick and Louis Sorkin (American Museum of

PLOS ONE | https://doi.org/10.1371/journal.pone.0218486 July 5, 2019 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218486.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218486.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218486.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218486.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218486.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218486.s012
https://doi.org/10.1371/journal.pone.0218486

@ PLOS|ONE

Comparative morphology and spider reproduction model

Natural History), Shugiang Li (Institute of Zoology, Chinese Academy of Sciences), Yuri M.
Marusik (Institute for Biological Problems of the North, Russian Academy of Sciences), Seppo
Koponen (Zoological Museum, University of Turku), Andrei Tanasevitch (Institute of Ecology
and Evolution, Russian Academy of Sciences), Hirotsugu Ono (Department of Zoology,
National Science Museum, Tokyo), Xin Xu (Hunan Normal University, China) and Akio
Tanikawa (School of Agriculture and Life Sciences, University of Tokyo).

Author Contributions

Conceptualization: He Jiang, Matjaz Kuntner, Lihong Tu.

Data curation: Yongjia Zhan, He Jiang, Qingqing Wu.

Formal analysis: Yongjia Zhan, He Jiang, Qingqing Wu, Zishang Bai.

Funding acquisition: Huitao Zhang, Lihong Tu.

Investigation: Yongjia Zhan.

Methodology: Huitao Zhang.

Software: Huitao Zhang.

Visualization: He Jiang.

Writing - original draft: Lihong Tu.

Writing - review & editing: Matjaz Kuntner, Lihong Tu.

References

10.

Foelix RF. Biology of Spiders. 3rd ed. Oxford University Press; 2011.

Bhatnagar RDS, Rempel JG. The structure, function, and postembryonic development of the male and
female copulatory organs of the black widow spider Latrodectus curacaviensis (Muller). Can J Zool.
1962; 40: 465-510.

Eberhard WG, Huber B. Courtship, copulation, and sperm transfer in Leucauge mariana (Araneae, Tet-
ragnathidae) with implications for higher classification. J Arachnol. 1998; 26: 342—68. https://doi.org/10.
2307/3706241

Berendonck B, Greven H. Genital structures in the entelegyne widow spider Latrodectus revivensis
(Arachnida; Araneae; Theridiidae) indicate a low ability for cryptic female choice by sperm manipulation.
J Morphol. 2005; 263: 118-32. https://doi.org/10.1002/jmor.10296 PMID: 15562503

Schendel V, Junghanns A, Bilde T, Uhl G. Comparative female genital morphology in Stegodyphus spi-
ders (Araneae: Eresidae). Zool Anz. 2018;1-10. https://doi.org/10.1016/}.jcz.2018.01.011

Uhl G, Nessler SH, Schneider JM. Securing paternity in spiders? A review on occurrence and effects of
mating plugs and male genital mutilation. Genetica. 2010; 138: 75-104. https://doi.org/10.1007/
5$10709-009-9388-5 PMID: 19705286

Forster RR. Evolution of the tarsal organ, the respiratory system and the female genitalia in spiders. In
J. Gruber, editor. Proceedings of the 8th International Congress of Arachnology, Vienna. 1980;269—
284.

Sierwald P. Morphology and ontogeny of female copulatory organs in American Pisauridae, with special
reference to homologous features (Arachnida, Araneae). Smithson Contrib to Zool. 1989; 484: 1-24.
https://doi.org/10.5479/si.00810282.484

Griswold CE, Ramirez MJ, Coddington JA, Platnick NI. Atlas of phylogenetic data for entelegyne spi-
ders (Araneae: Araneomorphae: Entelegynae) with comments on their phylogeny. Proc Calif Acad Sci.
2005; 56 (Supplement Il): 1-324.

Cabra-Garcia J, Hormiga G, Brescovit AD. Female genital morphology in the secondarily haplogyne
spider genus Glenognatha Simon, 1887 (Araneae, Tetragnathidae), with comments on its phylogenetic
significance. J Morphol. 2014; 275(9): 1027—1040. https://doi.org/10.1002/jmor.20280 PMID: 24788235

PLOS ONE | https://doi.org/10.1371/journal.pone.0218486 July 5, 2019 15/16


https://doi.org/10.2307/3706241
https://doi.org/10.2307/3706241
https://doi.org/10.1002/jmor.10296
http://www.ncbi.nlm.nih.gov/pubmed/15562503
https://doi.org/10.1016/j.jcz.2018.01.011
https://doi.org/10.1007/s10709-009-9388-5
https://doi.org/10.1007/s10709-009-9388-5
http://www.ncbi.nlm.nih.gov/pubmed/19705286
https://doi.org/10.5479/si.00810282.484
https://doi.org/10.1002/jmor.20280
http://www.ncbi.nlm.nih.gov/pubmed/24788235
https://doi.org/10.1371/journal.pone.0218486

@ PLOS|ONE

Comparative morphology and spider reproduction model

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Pérez-Gonzalez A, Rubio GD, Ramirez MJ. Insights on vulval morphology in Ochyroceratinae with a
rediagnosis of the subfamily and description of the first Argentinean species (Araneae: Synspermiata:
Ochyroceratidae). Zool Anz. 2016; 260: 33—44. https://doi.org/10.1016/j.jcz.2015.12.001

Alberti G, Michalik P. Feinstrukturelle Aspekte der Fortpflanzungssysteme von Spinnentieren (Ara-
chnida). Denisia. 2004; 12: 1-62.

Michalik P, Reiher W, Tintelnot-Suhm M, Coyle FA, Alberti G. Female genital system of the folding-trap-
door spider Antrodiaetus unicolor (Hentz, 1842) (Antrodiaetidae, Araneae): Ultrastructural study of form
and function with notes on reproductive biology of spiders. J Morphol. 2005; 263: 284—309. https://doi.
org/10.1002/jmor.10309 PMID: 15672391

Alvarez-Padilla F, Hormiga G. Morphological and phylogenetic atlas of the orb-weaving spider family
Tetragnathidae (Araneae: Araneoidea). Zool J Linn Soc. 2011; 162: 713-879.

Burger M. Functional genital morphology of armored spiders (Arachnida: Araneae: Tetrablemmidae). J
Morphol. 2008; 269(9): 1073—1094. https://doi.org/10.1002/jmor.10640 PMID: 18563703

Wheeler WC, Coddington JA, Crowley LM, Dimitrov D, Goloboff PA, Griswold CE, et al. The spider tree
of life: phylogeny of Araneae based on target-gene analyses from an extensive taxon sampling. Cladis-
tics. 2016;1-43. https://doi.org/10.1111/cla.12182

Garrison NL, Rodriguez J, Agnarsson |, Coddington JA, Griswold CE, Hamilton CA, et al. Spider phylo-
genomics: untangling the Spider Tree of Life. Peerd. 2016; 4: e1719. https://doi.org/10.7717/peerj.1719
PMID: 26925338

Bond JE, Garrison NL, Hamilton CA, Godwin RL, Hedin M, Agnarsson |. Phylogenomics resolves a spi-
der backbone phylogeny and rejects a prevailing paradigm for orb web evolution. Curr Biol. 2014; 24
(15): 1765-1771. https://doi.org/10.1016/j.cub.2014.06.034 PMID: 25042592

Bertani R, Fukushima CS, Silva Junior PI Da. Two new species of Pamphobeteus Pocock 1901 (Ara-
neae: Mygalomorphae: Theraphosidae) from Brazil, with a new type of stridulatory organ. Zootaxa.
2008; 58(1826): 45-58. https://doi.org/10.3161/000345408X396666

Xu X, Liu F, Chen J, Li D, Kuntner M. Integrative taxonomy of the primitively segmented spider genus
Ganthela (Araneae: Mesothelae: Liphistiidae): DNA barcoding gap agrees with morphology. Zool J Linn
Soc. 2015; 175(2): 288—306. https://doi.org/10.1111/z0j.12280

Gargiulo FDF, Brescovit AD, Lucas SM. Umbyquyra gen. nov., a new tarantula spider genus from the
Neotropical region (Araneae, Mygalomorphae, Theraphosidae), with a description of eight new species.
Eur J Taxon. 2018; 457: 1-50. https://doi.org/10.5852/ejt.2018.457

Wang F, Ballesteros JA, Hormiga G, Chesters D, Zhan Y, Sun N, et al. Resolving the phylogeny of a
speciose spider group, the family Linyphiidae (Araneae). Mol Phylogenet Evol. 2015; 91: 135-149.
https://doi.org/10.1016/j.ympev.2015.05.005 PMID: 25988404

Sun N, Marusik YM, Tu L. Acanoides gen. n., a new spider genus from China with a note on the taxo-
nomic status of Acanthoneta Eskov & Marusik, 1992 (Araneae, Linyphiidae, Micronetinae). Zookeys.
2014; 375(1): 75-99.

Tu L, Hormiga G. The female genitalic morphology of “micronetine” spiders (Araneae, Linyphiidae).
Genetica. 2010; 138(1): 59-73. https://doi.org/10.1007/s10709-009-9368-9 PMID: 19449163

Tu L, Hormiga G. Phylogenetic analysis and revision of the linyphiid spider genus Solenysa (Araneae:
Linyphiidae: Erigoninae). Zool J Linn Soc. 2011; 161(3): 484—530. https://doi.org/10.1111/j.1096-3642.
2010.00640.x

Sekiguchi K. Arachnoidea. In: Dan K, Sekiguchi K, Ando H, Watanabe H, editors. Embryology of Inver-
tebrates. Baifukan, Tokyo; 1988; 2: 33-50.

Cooke JAL. Synopsis of the structure and function of the genitalia in Dysdera crocata (Araneae, Dysder-
idae). Senckenb Biol. 1966; 47: 35-43.

Coyle FA, Harrison FW, McGimsey WC, PJ M. Observations on the structure and function of sper-
mathecae in haplogyne spiders. Trans Am Microsc Soc. 1983; 102: 272—-80.

Lopardo L, Hormiga G. Out of the twilight zone: Phylogeny and evolutionary morphology of the orb-
weaving spider family Mysmenidae, with a focus on spinneret spigot morphology in symphytognathoids
(Araneae, Araneoidea). Zool J Linn Soc. 2015; 173: 527-786.

Ramirez M. The morphology and phylogeny of dionychan spiders (Araneae: Araneomorphae). Bull Am
Museum Nat Hist. 2014; 390: 1-374.

Alvarez-Padilla F, Hormiga G. A protocol for digesting internal soft tissues and mounting spiders for
scanning electron microscopy. J Arachnol. 2008; 35: 538-542.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218486 July 5, 2019 16/16


https://doi.org/10.1016/j.jcz.2015.12.001
https://doi.org/10.1002/jmor.10309
https://doi.org/10.1002/jmor.10309
http://www.ncbi.nlm.nih.gov/pubmed/15672391
https://doi.org/10.1002/jmor.10640
http://www.ncbi.nlm.nih.gov/pubmed/18563703
https://doi.org/10.1111/cla.12182
https://doi.org/10.7717/peerj.1719
http://www.ncbi.nlm.nih.gov/pubmed/26925338
https://doi.org/10.1016/j.cub.2014.06.034
http://www.ncbi.nlm.nih.gov/pubmed/25042592
https://doi.org/10.3161/000345408X396666
https://doi.org/10.1111/zoj.12280
https://doi.org/10.5852/ejt.2018.457
https://doi.org/10.1016/j.ympev.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/25988404
https://doi.org/10.1007/s10709-009-9368-9
http://www.ncbi.nlm.nih.gov/pubmed/19449163
https://doi.org/10.1111/j.1096-3642.2010.00640.x
https://doi.org/10.1111/j.1096-3642.2010.00640.x
https://doi.org/10.1371/journal.pone.0218486

