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Abstract
Anatomy of bat genital organs has been conventionally studied by gross and microscopic observations to date. Here, we employ
both histological observation and diceCT (diffusible iodine-based contrast-enhanced computed tomography) to study the detailed
three-dimensional morphological structure of the male genital organs in bats, using the greater horseshoe bat, Rhinolophus
ferrumequinum. This is the first study to three-dimensionally describe the whole reproductive organs of bats in detail. Our highly
resolved three-dimensional reconstruction reveals that the male organs of R. ferrumequinum consist of paired testes, epididymi-
des, deferent ducts, and five accessory genital glands. The boundary between the ampullary and vesicular glands has been
difficult to identify in previous observations, but our diceCT imaging allowed us to clearly differentiate the two. We found that
the ampullary gland is located at the terminal part of the deferent ducts, and the vesicular gland lies distal to the ampullary glands.
This species possesses a single and carrot-shaped urethral gland, which is not found in most chiropteran families. The presence of
the urethral gland in this species and its secretions suggest that after copulation this species is capable of forming a vaginal plug,
which can seal the female’s vaginal orifice to block the entrance of spermatozoa from other males. The presence of the urethral
gland and elongated epididymal tail and the fact that some individuals can terminate their hibernation and reactivate imply forced
copulation on hibernating females can occur in R. ferrumequinum.
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Introduction

There are approximately 1300 species of bats (Order
Chiroptera) distributed worldwide, from tropical regions to
temperate regions (Wilson and Mittermeier 2019). Until a de-
cade ago, bats had been traditionally classified into two subor-
ders, Megachiroptera and Microchiroptera, based on morpho-
logical traits (Dobson 1875; Smith 1976; Jones et al. 2002).
However, molecular genetic studies in recent decades have
shown that Microchiroptera bats are not monophyletic and that
members of the Rhinolophoidea superfamily (previously clas-
sified as Microchiroptera) are the sister group of Pteropodidae
(Jones and Teeling 2006). Thus, the classification has been
largely revised as Yinpterochiroptera (for Rhinolophoidea +
Megachiroptera) and Yangochiroptera (for non-rhinolophoid
microchiropterans)(Springer 2013). Bats have high interspecif-
ic variation in their reproductive strategies and variable genital
morphology, which reflects the ecological diversity.

The mammalian male reproductive organs comprise paired
testes, epididymis, and accessory genital glands, with the tes-
tis, epididymis, and accessory genital glands exhibiting
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variation in shape and position (Miotti et al. 2018; Santos et al.
2018). Four types of testes locations (permanently abdominal,
permanently scrotal, migratory, and external) are described,
which do not necessarily reflect phylogenetic relationships
(Table 1). The testes are located in the abdomen (permanently
abdominal testes) in Rhinopomatidae (Rhinopoma kinneari,
Anand Kumar 1965; Rhinopoma hardwickei, Karim and
Banerjee 1989) and Molossidae (Tadarida aegyptiaca,
Bernard and Tsita 1995). In Taphozous longimanus (Krishna
1983) and Nycteridae (Nycteris hispida and Nycteris luteola,
Matthews 1942), the testes are found in the scrotum (perma-
nently scrotal). Some bat species show testes migration from
the inside to the outside of the abdomen (migratory), depend-
ing on the season (Krutzsch 1955; Kitchener 1980; Crichton
and Krutzsch 1987). In Taphozous hilli (Kitchener 1980), the
testes migrate from the abdomen to the external inguinal ring,
and inMormopterus planiceps (Crichton and Krutzsch 1987)
and Tadarida brasiliensis (Krutzsch 1955) the testes migrate
to the inguinal canal. Within this migratory type, spermato-
genesis may vary depending on the location of the testes. In
Tadarida hindei, spermatogenesis only occurs when the testes
are outside the abdomen (Marshall and Corbet 1959), whereas
in Tadarida condylurus, spermatogenesis can occur both in-
side and outside the abdomen (Mutere 1973). External testes
are the most common in bats. This type can be further divided
into three patterns, according to the testes location relative to
the penis: lateral to the penis (e.g., Natalus stramineus,
Broadbooks 1961; Mitchell 1965, and Rhinolophus
megaphyllus, Krutzsch et al. 1992), outside the external ingui-
nal ring (e.g., Thyroptera tricolor and Myzopoda aurita,
Krutzsch 2000), and inside the testicular pouch (e.g.,
Macrotus waterhousii, Krutzsch et al. 1976). The epididymis
can be partitioned into three parts: head, body, and tail.
Spermatozoa are stored in the tail of the epididymis, and sper-
matogenesis can take place during a specific season
(Mormopterus planiceps, Crichton and Krutzsch 1987) or
throughout the year (e.g., Rhinolophus capensis, Bernard
1985, 1986 and Taphozous georgianus , Jolly and
Blackshaw 1987). In some hibernating species (e.g.,
Pipistrellus pipistrellus and Nyctalus noctula), androgenesis
and functionality of the accessory genital glands are main-
tained to preserve the spermatozoa in their epididymal tail
during hibernation (Racey and Tam 1974; Racey 1979).

The accessory genital glands can be generally divided into
four categories: the ampullary, vesicular, prostate, and
bulbourethral glands (König and Liebich 2013; Singh 2017).
In humans and dogs, the prostate gland has a simple structure
and does not show a multilobed pattern (Prins and Lindgren
2015). However, in rodents, it presents a multilobed pattern
divided into dorsal, dorsolateral, and ventral lobes (Price
1963; Jesik et al. 1982; Pinheiro et al. 2003; Rochel et al.
2007). Regarding vesicular glands, they are common to
humans, bulls, and rats, but absent in carnivorans (Setchell

and Breed 2006; Prins and Lindgren 2015). The bulbourethral
glands are present in boars, but are poorly developed in
humans and not found in dogs (Jequier 1995; Badia et al.
2006).

Previous gross and histological observations have shown
that the accessory genital glands of bats can be defined as
ampullary, vesicular, prostate, urethral, and bulbourethral
(Krutzsch 2000). The prostate and bulbourethral glands have
been found in all bat species studied to date (Krutzsch 2000).
The prostate gland, in particular, shows remarkable interspe-
cific variation and can be further separated into two (e.g.,
Artibeus planirostris, Puga et al. 2012; Desmodus rotundus
and Platyrrhinus lineatus, Martins et al. 2015; Noctilio
albiventris and Rhynchonycteris naso, Beguelini et al. 2016;
Sturnira erythromos, Sturnira lilium, and Sturnira
oporaphilum, Miotti et al. 2018; Artibeus lituratus, Santos
et al. 2018) or three compartments (e.g., Myotis nigricans,
Negrin et al. 2014; Molossus molossus, Christante et al.
2015; Carollia perspicillata, Glossophaga soricina, and
Phyllostomus discolor, Martins et al. 2015; Martins et al.
2016) (Table 1). The ampullary glands are present in most
bat species (Krutzsch 2000), such as Rhinopomatidae
(Karim and Banerjee 1989), Emballonuridae (Beguelini
et al. 2016), Natalidae, Nycteridae (Krutzsch 1979),
Megadermatidae (Fard and Ghassemi 2017), Rhinolophidae
(Krutzsch et al. 1992), Vespertilionidae (Gadegone and
Sapkal 1983), and Molossidae (Crichton and Krutzsch
1987); whereas Pteropodidae (Danmaigoro et al. 2014) and
Phyllostomatidae (Krutzsch 1979) do not have them. The
presence of vesicular glands is highly variable among bats.
Pipistrellus hesperus (Krutzsch 1975), Pipistrellus dormer
(Gadegone and Sapkal 1983), Mormopterus planiceps
(Crichton and Krutzsch 1987), and Miniopterus schreibersii
have them (Krutzsch and Crichton 1990), while Hipposideros
fulvus (Patil 1968), Thyroptera tricolor (Wimsatt and Enders
1980), Hipposideros speoris (Pal 1983), Scotophilus heathi
(Krishna and Singh 1997) and Rhinolophus capensis do not
(Bernard 1985). It can also be found in Pteropodidae,
Emballonuridae, Phyllostomatidae, Vespertilionidae, and
Molossidae, while being absent in Rhinopomatidae,
Noctilionidae, and Natalidae (Krutzsch 2000). The urethral
gland is only found in Rhinolophus (Krutzsch 2000).

Anatomy of bat genital organs has been studied mainly by
gross and microscopic observations to date. However, these
inevitably disrupt the intact three-dimensional structure, mak-
ing it difficult to compare the subtle and overlooked anatom-
ical differences among species. The accessory genital glands,
in particular, have been very difficult to observe using con-
ventional techniques. Recently, microcomputed tomography
(microCT) imaging has demonstrated tremendous potential in
unraveling previously undescribed bat anatomy, mainly the
penis and baculum (Herdina et al. 2010, 2015a, b), turbinal
morphology(Curtis and Simmons 2017), vomeronasal and
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Table 1 Morphotypes of bat male genitals

Ampullary and
vesicular glands

Number of
prostate regions

Urethral gland Morphology of
bulbourethral gland

Testes
location

Reference

Artibeus lituratus absent 2 present as paraurethral
glands

rounded to
teardrop-shaped

Santos et al. 2018

Artibeus
planirostris

absent 2 present as paraurethral
glands

teardrop-shaped Puga et al. 2012

Cardioderma cor present Matthews 1942

Carollia
perspicillata

absent 3 present as paraurethral
glands

teardrop-shaped Martins et al. 2015,
2016

Corynorhinus
rafinesquii

two pairs Pearson et al. 1952

Desmodus rotundus absent 2 present as paraurethral
glands

teardrop Martins et al. 2015

Glossophaga
soricina

absent 3 present as paraurethral
glands

teardorp Martins et al. 2015,
2016

Hipposideros caffer 1 present Menzies 1973

Hipposideros fulvus only possess ampullary
glands

1 Patil 1968

Hipposideros
speoris

only possess ampullary
glands

1 present cubic scrotal Pal 1983

Macrotus
waterhousii

clearly differentiated 1 absent punching-bag-shaped external Krutzsch et al. 1979

Miniopterus
schreibersii

clearly differentiated 1 absent spherical or
pear-shaped

external Krutzsch and
Crichton 1990

Molossus molossus absent 2 present as paraurethral
glands

teardrop-shaped Christante et al. 2015

Mormopterus
planiceps

clearly differentiated 1 absent rounded migratory Crichton and
Krutzsch 1987

Myotis nigricans absent 3 absent Negrin et al. 2014

Myzopoda aurita external Krutzsch 2000

Natalus stramineus external Broadbooks 1961,
Mitchell 1965

Noctilio albiventris absent 2 absent teardrop-shaped Beguelini et al. 2016

Nycteris hispida scrotal Matthews 1942

Nycteris luteola scrotal Matthews 1942

Phyllostomus
discolor

absent 3 present as paraurethral
glands

teardrop-shaped Martins et al. 2015,
2016

Pipistrellus dormer only possess vesicular
gland

Gadegone and
Sapkal 1983

Pipistrellus
hesperus

indistinguishable Krutzsch 1975

Platyrrhinus
lineatus

absent 2 present as paraurethral
glands

teardrop-shaped Martins et al. 2015

Rhinolophus
capensis

only possess ampullary
glands

1 present external Bernard 1985

Rhinolophus
ferrumequinum

clearly differentiated 1 present oval scrotal this study

Rhinolophus
hipposideros

clearly differentiated 1 present teardrop-shaped Gaisler 1966

Rhinolophus
megaphyllus

clearly differentiated 1 present oval external Krutzsch et al. 1992

Rhinopoma
hardwickei

abdominal Karim and Banerjee
1989

Rhinopoma
kinneari

only possess ampullary
glands

1 absent abdominal Anand Kumar 1965

Rhynchonycteris
naso

absent 2 absent teardrop-shaped Beguelini et al. 2016

Sturnira
erythromos

absent 2 absent teardrop-shaped Miotti et al. 2018
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olfactory system (Yohe et al. 2018), and prenatal cranial bone
development (Nojiri et al. 2018). Contrast enhancement
methods (diceCT) by iodine staining, in particular, have
opened up new avenues in the study of bony structures and
soft tissues in detail using X-ray (Gignac and Kley 2014;
Gignac et al. 2016).

In this study, we used both histological observations and
diceCT to study the detailed morphological structure of male
genital organs of bats in 3D for the first time, using the greater
horseshoe bat, Rhinolophus ferrumequinum. Genus
Rhinolophus belongs to the family Rhinolophidae, suborder
Yinpterochiroptera, and R. ferrumequinum is distributed
across the Palearctic region from Europe to Japan (Csorba
et al. 2003). They have a polygynous mating system, and
parturition occurs in summer (Kuramoto 1977; Mori et al.
1982; Rossiter et al. 2000b; Sano 2001). Spermatozoa are
produced during the summer and stored in the tail part of the
epididymis. Mating occurs in the following autumn (Courrier
1927; Oxberry 1979; Oh et al. 1985a). After mating, the sper-
matozoa are stored in the female reproductive organs—ovi-
duct, utero-tubal junction, or uterus—through the winter with-
out fertilization (Gustafson 1979; Racey 1979; Mori et al.
1982). Fertilization occurs after they terminate their hiberna-
tion (delayed fertilization) (Matthews 1937). Although
Rhinolophus is a large specious group in bats, the anatomy
of its male genital organs, which is highly diverse, is still
poorly described. As noted earlier, Rhinolophus possesses a
urethral gland, which is not found in other bats (Krutzsch
2000). Rhinolophus hipposideros (Gaisler 1966) and
R. megaphyllus (Krutzsch et al. 1992) have ampullary, vesic-
ular, prostate, urethral and bulbourethral glands, while
R. capensis is equipped only with ampullary glands
(Bernard 1985). In the case of R. landeri, testes are reported
to reach maximum size in the winter and shrink in the summer

(Menzies 1973). Regarding R. ferrumequinum, only brief de-
scriptions by Krutzsch (2000) are available, who reported on
the structures of the testis and epididymis, although the anat-
omy of the accessory genital glands were not described in
detail. Given these, we present the detailed three-
dimensional structure of the male soft-tissue genital organs
of bats for the first time, with special reference to the accessory
genital glands, and compared those with other bat species to
provide insights to the phylogenetic and ecological patterns of
the genital organs.

Materials and Methods

We used the genital organs of a fully mature, male great horse-
shoe bat, obtained on 29 June 2018 in Kiyotsu-kyo, Tokamachi
city, Niigata Prefecture, Japan, under the capture permit and
ethical approval from the Tokamachi City Government
(Permission number 10KAN-63-1-3). The bat was euthanatized
by isoflurane overdose. The organs were fixed with 10% form-
aldehyde for 48 h, transferred to 70% ethanol, and then stained
with 1% iodine in ethanol for 14 days before scanning (diceCT).
The specimen was first observed macroscopically, and then
scanned using a microCT system (inspeXio SMX-90CT Plus,
Shimadzu Corp., Kyoto, Japan) with a 90kv source voltage and
100 mA source current; and the voxel size of the images was
34 μm. We reconstructed the serial images of male genital or-
gans using the Amira 5.2 software (Visage Imaging, San Diego,
USA). After scanning the genital organs, the sample was used
for histological observation. The tissue sample of the genitals
was dehydrated with a graded series of ethanol (70–100%),
cleared in xylene, and embedded in paraffin. The paraffin-
embedded tissue were serially divided into 3-μm-thick sections
using a microtome (Reichert-Jung 2040, Leica Corp., Watzlar,

Table 1 (continued)

Ampullary and
vesicular glands

Number of
prostate regions

Urethral gland Morphology of
bulbourethral gland

Testes
location

Reference

Sturnira lilium absent 2 absent teardrop-shaped Miotti et al. 2018

Sturnira
oporaphilum

absent 2 absent teardrop-shaped Miotti et al. 2018

Tadarida
brasiliensis
mexicana

indistinguishable 1 absent migratory Krutzsch et al. 2002

Tadarida condylura migratory Mutere 1973

Tadarida hindei migratory Marshall and Corbet
1959

Taphozous
georgianus

indistinguishable 1 absent Jolly and Blackshaw
1987

Taphozous hilli migratory Kitchener 1980

Thyroptera tricolor only possess ampullary
glands

external Krutzsch 2000
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Germany), and placed on glass slides (Microscope Slides
#1000612, Marienfeld Corp., Lauda-Königshofen, Germany).
Deparaffinized sectionswere stainedwith hematoxylin and eosin
(HE). After staining, the sections were dehydrated in graded
series of ethanol, cleared in xylene, and coveredwith cover glass.
Images of all genital organs were captured using a light micro-
scope (BX51, Olympus Corp., Tokyo, Japan) equipped with a
digital camera (DP71, Olympus Corp., Tokyo, Japan) connected
to a computer. The reconstructed 3D surface STL model gener-
ated and analyzed during the current study is available in the
MorphoMuseum repository (https://doi.org/10.18563/journal.
m3.113). All other datasets analyzed during the current study
are available from the corresponding author on request.

Results

Gross Anatomy

Using macroscopic observation, we confirmed that the male
genital organs of R. ferrumequinum comprise five accessory
genital glands, paired testes, epididymides, and deferent ducts
(Fig. 1). The testis, epididymis, and part of the deferent duct
were covered by the scrotum. The testes were located outside
the abdomen. The epididymis was separated into three parts—
head, body, and tail—which were attached to different regions
of the testis. The head part starts on the middle region and
medial surface of the testis, and continues to the body part
as the epididymal duct, which runs to the tail along the medial
surface of the testis. The tail of the epididymis showed a cau-
dal elongation and a recurrently ascending turn into the testis
(Fig. 2). Finally, the epididymal duct from the tail part

continues as the deferent duct. The accessory genital glands
included the ampullary, vesicular, prostate, urethral, and
bulbourethral glands. The ampullary glands showed a thick-
ening of the terminal part of the deferent duct, forming the
ampulla of the deferent duct. They exhibited cone-shaped
bodies, which were located dorsal to the urinary bladder.
The vesicular glands lie distal to the ampullary glands, and
were presented in a pair, rounded, and bilaterally symmetric in
shape. The prostate gland was located dorsodistally to the
complex of the ampullary-vesicular glands, surrounding the

Fig. 1 Macroscopic observations
of the genital organs in male
greater horseshoe bat after
removing the skin, muscles and
other organs. a dorsal view. b
ventral view. Ag, ampullary
glands; Bg, bulbourethral glands;
Bm, bulbospongious muscle; Dd,
deferent duct; Ep, epididymis; Pe,
penis; Pg, prostate gland; Te,
testis; Ub, urinary bladder; Ug,
urethral gland; Vg, vesicular
glands. Scale bar: 1 cm

Fig. 2 Schematic depiction of the gross morphology of the testis and
epididymis. The tail of the epididymis showed a caudal elongation and
a recurrently ascending turn into the testis. The epididymal duct from the
tail part continues as the deferent duct
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urethra and continuing to the urethral gland. The urethral
gland was carrot-shaped, and encircling the urethra. The
bulbourethral glands were located dorsal to the urethral gland,
bulbospongious muscle, and both sides of the rectum.

The 3D model reconstructed from diceCT images (Fig. 3)
clarified, with precision, the shape, location, and the internal
structure of the genital organs. The urethra started from the
urinary bladder, and the deferent ducts were joined at the
prostate gland. After joining, the duct passed through the in-
side the urethral gland and reached the tip of the penis. In the
penis, the corpus cavernosum formed the greater part of its
inside, and the terminal of the urethra was capped by a small,
bony ossicle—the os penis. The end of corpus cavernosum
and the origin of os penis were connected.

Histological Observations

Histological observations of the male reproductive organs
were conducted on six locations (the lines of a-g), as shown
in Fig. 4. The terminal part of the deferent duct continued to
the ampullary gland. The deferent duct was composed of a
thick muscular wall. The acini of the ampullary glands were
lined with pseudostratified epithelial cells with tall or round
nuclei (Fig. 4b). The vesicular glands had an outer layer of
connective tissue, and consisted of multiple acini lined with
the cuboidal epithelium with round nuclei (Fig. 4c). The pros-
tate gland was lined with pseudostratified epithelium, which
can be categorized as transitional epithelium. The prostatic
urethra running inside the prostate gland was also lined with

pseudostratified epithelium. Prostate gland and prostatic ure-
thra were surrounded by fibromuscular tissue, acting as a sup-
port frame (Fig. 4d). The outer layer of the urethral gland was
surrounded by a muscular capsule and the acini were lined
with simple columnar epithelium without the fibromuscular
tissue in the interstitial space (Fig. 4e). The outer layer of the
bulbourethral gland consisted of striated muscular tissue (Fig.
4f). The acini were lined with tall columnar epithelial cells
with rounded or pyramidal shaped nuclei, located on the base-
ment membrane. Luminal secretion was observed in all glands
except the urethral gland. The penis was divided into two
sections: the body and the penis glans. The corpus

Fig. 3 The genital organs of male
greater horseshoe bat. a Three-
dimensional reconstruction, posi-
tions of organs in the pelvic re-
gion before removing of the skin,
muscle, and other organs. b
Position of genital organs, all or-
gans are marked in different
colors (skin, muscle and other or-
gans removed). c Dorsolateral
view and d dorsal view with penis
removed. The os penis, urethra,
and corpus cavernosum are locat-
ed inside the penis. Ag, ampullary
glands; Bg, bulbourethral glands;
Bm, bulbospongious muscle; Cc,
corpus cavernosum; Dd, deferent
duct; Ep, epididymis; Op, os pe-
nis; Pe, penis; Pg, prostate gland;
Te, testis; Ub, urinary bladder;
Ug, urethral gland; Ur, urethra;
Vg, vesicular glands

�Fig. 4 Three-dimensional reconstruction of the genital organs for
histological observations. a Histological observations were conducted at
six locations. b Ampullary gland. The acinus was lined with
pseudostratified epithelium (arrows). c Vesicular glands. The acinus
was lined with simple columnar epithelium (arrows). d Prostate gland.
The acinus was lined by stratified (arrow) or pseudostratified (arrowhead)
columnar epithelium. The fibromuscular tissue (M) was present as
supporting connective tissue. eUrethral gland. The acinus was lined with
simple columnar epithelium (arrows). fBulbourethral glands. The striated
muscle (M) surrounded the gland. The epithelium of acinus was lined
with tall columnar cells with round (arrow) or pyramid-shaped
(arrowhead) nuclei on the base. The luminal secretions (L) were present
in all glands, except the urethral gland. g Penis. The terminal part of the
corpus cavernosum was connected to the os penis (arrowheads). The
urethra was surround by the corpus spongiosum and lied above the corpus
cavernosum. Ag, ampullary glands; Bg, bulbourethral glands; Cc, corpus
cavernosum; Cs, corpus spongiosum; Dd, deferent duct; Ep, epididymis;
Pe, penis; Pg, prostate gland; Te, testis; Ub, urinary bladder; Ug, urethral
gland; Ur, urethra; Vg, vesicular glands
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cavernosum was found in the body part and os penis was
situated in the penis glans. The terminal part of the corpus
cavernosum was connected to the os penis (Fig. 4g) and the
corpus cavernosum was composed of smooth muscles and
elastic fibers, both of which were surrounded by the tunica
albuginea. The paraurethral glands (glands of Littre) were not
found in this species (Fig. 5).

Discussion

We found that the male genital organs of R. ferrumequinum
are composed of the paired testes, epididymides, deferent
ducts, and accessory genital glands, consistent with the cases
reported for R. hipposideros (Gaisler 1966) and
R. megaphyllus (Krutzsch et al. 1992). From the root to the
shaft of the penis, the corpus cavernosum lies dorsal to the
urethra. In the corpus cavernosum, there are blood vessels,
smooth muscles, and elastic fibers responsible for erection.
The os penis is found inside the penis glans. The epithelium
of the urethra is lined by transitional epithelium, suggesting its
capability of detention and contraction (Eurell and Frappier
2006).

Among the four types (permanently abdominal, perma-
nently scrotal, migratory, and external), we confirmed that
the testes location of R. ferrumequinum can be classified as
the external type, the most common pattern found in bats
(Table 1). Its testes is located lateral to the penis, inside the
scrotum, and the testes are found under the skin, covering the
inguinal part. The location of the testes influences spermato-
genesis, as it is affected by body temperature and external
temperature (Jolly and Blackshaw 1988). In hibernating spe-
cies with testes permanently located within the abdominal
cavity (e.g., Rhinopoma hardwickei, Karim and Banerjee

1989; Rhinopoma kinneari, Anand Kumar 1965), spermato-
genesis is more active in the winter, when hibernation takes
place. On the contrary, in hibernating species with testes lo-
cated outside the abdominal cavity (external type), spermato-
genesis does not occur during hibernation periods (Lee 2018).
Among Rhinolophus, the activation of spermatogenesis is re-
ported to occur during the non-hibernating period in
R. cornutus (August and October: Kurohmaru et al. 2002)
and R. capensis (October to November: Bernard 1985). The
external location of the testes in R. ferrumequinum implies
that spermatogenesis does not occur during hibernation pe-
riods. Consistent with this prediction, it was reported that
spermatogenesis takes place only during active seasons and
does not occur during hibernation in Korean (Lee 2018) and
Japanese populations (Oh et al. 1985b).

The tail part of the epididymis of R. ferrumequinum is
elongated as in R. capensis (Bernard 1985). It is known that
the tail of the epididymis is elongated in hibernating bats, such
as Pipistrellus kuhlii (Sharifi et al. 2004),Myotis daubentonii
(Encarnação et al. 2004), and Neoromicia nanus (van der
Merwe and Stirnemann 2007). In addition, the tail of the ep-
ididymis is elongated in non-hibernating species, as seen in
Emballonuridae (Rhynchonycteris naso) and Vespertilionidae
(Eptesicus furinalis, Histiotus velatus, Lasiurus blossevilli,
Myotis albescens, and Myotis nigricans) (Beguelini et al.
2012). According to Beguelini et al. (2012), bat species with
smaller testis tend to have an elongated epididymis tail, while
those with larger testis are likely to show relatively shorter
epididymis tails. Elongation of the tail part of the epididymis
is, arguably, related to increased sperm storage (Beguelini
et al. 2012).

The accessory genital glands of this species consist of the
ampullary, vesicular, prostate, urethral, and bulbourethral
glands. One of the accessory glands, the ampullary glands,

Fig. 5 Histological image of the
urethral gland stained by
hematoxylin and eosin. a The
uretra (arrow) passes through the
inside the urethral gland. b A
layer of muscular tissue (M) sur-
rounds the lumen of urethra (*),
but the glands of Littre appears to
be lacking in R. ferrumequinum
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is the terminal part of the deferent duct, continuing to the
vesicular glands. Previous studies on other bat species, such
as Taphozous georgianus (Jolly and Blackshow 1987),
Tadarida brasiliensis mexicana (Krutzsch et al. 2002), point
out that the ampullary and vesicular glands are indistinguish-
able by conventional macroscopic observations, and detailed
descriptions have been lacking (Table 1). However, our
microCT imaging allowed us to clearly identify and differen-
tiate the two. Additionally, the epithelium of these two glands
appears to be clearly differentiated. The epithelium of the
ampullary gland is lined with pseudostratified epithelium,
which consists of tall columnar cells with ovoid nuclei and
cuboidal cells with round nuclei. The apical surface of epithe-
lial cells shows protrusions, suggesting a secretion-related role
(Eurell and Frappier 2006). The acini of the vesicular glands
are lined with simple cuboidal cells and the lumen is filled
with secretions. The vesicular gland secretion generally func-
tions as an energy source for stored spermatozoa (Eurell and
Frappier 2006).

The prostate gland is located dorsodistally to the complex
of the ampullary-vesicular glands, continuing to the urethral
gland. In other species, the prostate is separated into either two
(Artibeus planirostris, Puga et al. 2012; Molossus molossus,
Christante et al. 2015; Desmodus rotundus and Platyrrhinus
lineatus, Martins et al. 2015; Noctilio albiventris and
Rhynchonycteris naso, Beguelini et al. 2016; Sturnira
erythromos, Sturnira lilium, and Sturnira oporaphilum,
Miotti et al. 2018; Artibeus lituratus, Santos et al. 2018) or
three portions (Myotis nigricans, Negrin et al. 2014; Carollia
perspicillata, Glossophaga soricina, and Phyllostomus
discolor, Martins et al. 2016)(Table 1). In contrast, we found
that this gland const i tu tes a s ingle s t ructure in
R. ferrumequinum (Fig. 3). The prostate was circular, and
surrounding the urethra. Generally, in mammals, the prostate
gland is single lobed, and its secretion is serous or seromucous
(Eurell and Frappier 2006). The role of this secretion is, pri-
marily, to activate ejaculated spermatozoa and neutralize the
seminal plasma (Eurell and Frappier 2006), although the func-
tional significance of lobe numbers is unclear and should be
addressed in future research.

We confirmed that, in R. ferrumequinum, the bulbourethral
glands are located dorsal to the urethral gland and
bulbospongious muscle, and bilaterally to the rectum. The
bulbourethral glands consist of smooth and striated muscle
fibers and the epithelium is lined with tall columnar cells.
The ability of luminal secretion was confirmed in the
bulbourethral glands, although the type of secretions was un-
detectable in this study. While the shape of bulbourethral
glands can vary from punching bag (e.g., Macrotus
waterhousii , Krutzsch et al. 1976), to oval (e.g.,
R. megaphyllus, Krutzsch et al. 1992), or teardrop-shaped
(e.g., Molossus molossus, Christante et al. 2015; Artibeus
lituratus, Santos et al. 2018), in R. ferrumequinum, it was

oval. Most bats including, R. ferrumequinum, exhibit one pair
of bulbourethral glands, except for Corynorhinus rafinesquii,
which possesses two pairs of this gland (Pearson et al. 1952).
According to Krutzsch (2000), the bulbourethral glands are
generally located bilaterally to the rectum, anus, or near the
base of the penis. In R. ferrumequinum, the duct of the
bulbourethral glands is found on the bulbospongious muscle
and is connected to the urethra, which is beneath this muscle.
We confirmed that such topology is virtually similar to that of
R. megaphyllus (Krutzsch et al. 1992).

The urethral gland in this species is a well-developed,
carrot-shaped single structure, surrounded by a muscular cap-
sule. The epithelium of the gland is simple columnar epitheli-
um; however, no glandular luminal secretion is found. Among
bats, the urethral gland is reportedly found only in
Rhinolophidae (Hipposideros caffer, Matthews 1942;
R. hipposideros, Gaisler 1966; R. capensis, Bernard 1985;
R. megaphyllus, Krutzsch et al. 1992) and Megadermatidae
(Cardioderma cor, Matthews 1942), all of which belong to
Yinpterochiroptera. It has been reported that, generally, the
prostate gland is divided into multiple lobes, and the urethra
that penetrates the prostate gland is surrounded by the
paraurethral glands (e.g., Desmodus rotundus, Platyrrhinus
lineatus, Carollia perspicillata, Glossophaga soricina, and
Phyllostomus discolor, Martins et al. 2015; Artibeus
planirostris, Puga et al. 2012; Molossus molossus,
Christante et al. 2015)(Table 1). Although the paraurethral
glands are also (occasionally) referred to as glands of Littre,
or “urethral gland” (Beguelini et al. 2016), this should not be
confused with the urethral gland described here. While the
paraurethral glands lie in the mucosal and muscular wall stro-
ma of the urethra, and are located between the prostate and
prostatic urethra, the urethral gland is located outside the pros-
tate gland (Krutzsch 2000), as seen in R. ferrumequinum.We
confirmed that R. ferrumequinum does not possess
paraurethral glands (Fig. 5c). Phylogenetic distribution of
the urethral and paraurethral glands is still largely unknown
and requires further research.

The size of the accessory genital glands, including the ure-
thral gland, varies depending on the season, because the
amount of secretions in the lumen corresponds to the repro-
ductive cycle (Racey and Tam 1974; Bernard 1985; Krutzsch
et al. 1992). The urethral gland of the R. hipposideros is non-
functional for about five months, around spring and summer
(Gaisler 1966). In this species, a volume increase is observed
from late summer onwards, peaking in autumn. During the
winter, the gland enters a resting period and its secretion is
arrested, making the lumen practically empty. It must be
pointed out that the secretion from this gland forms a vaginal
plug that seals the vaginal orifice, preventing sperm loss and
blocking the entrance of sperm from other males (Matthews
1937; Gaisler and Titlbach 1964; Gaisler 1966; Oh et al. 1983;
Uchida 1987; Lee in press). Similar plugs are known to exist
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in other mammals, such as rodents, lipotyphlans, and marsu-
pials (Austin and Short 1972; Rochel et al. 2007; Martin et al.
2011). It has been reported that R. ferrumequinum can inter-
rupt hibernation (Sano 2001; Kim et al. 2019). In the Japanese
R. cornutus species, evidence of forced mating during hiber-
nation periods has been recently reported, and the functional
significance of the vaginal plug for deterring other males dur-
ing hibernation period has been pointed out (Sato 2019). Thus,
the urethral gland’s capability of forming a firm vaginal plug
is highly important for successful reproduction (Rossiter et al.
2000a). Whether R. ferrumequinum also engages in forced
mating during hibernation is yet to be studied; however, the
elongated epididymal tail in R. ferrumequinum suggests that
an extended storage of spermatozoa during hibernation period
takes place, and supports the possibility of such behavior in
this species. Evaluating the occurrence of secretion in the ac-
cessory genital glands during the hibernation period is re-
quired, in order to confirm the possibility of extended storage
of active spermatozoa, amid hibernation and forced mating.

Conclusion

In this study, we performed the first microCT study of the soft-
tissue male reproductive organs in bats, providing the first
detailed three-dimensional description of the whole structure
of the male genital system in bats, using R. ferrumequinum.
Until recently, observing and describing the intact accurate
structure and composition of accessory genital glands was
difficult, due to technical limitations. By using microCT im-
aging, we successfully described the detailed anatomy of the
accessory genital glands in R. ferrumequinum. We concluded
that the male reproductive organs of R. ferrumequinum com-
prise paired testes, epididymides, deferent ducts, and five ac-
cessory genital glands. The testes were located external to the
abdomen and lateral to the penis, which is the hallmark of
hibernating species. The epididymis is attached to the testis,
and its tail part showed a caudal elongation with a character-
istic turnback to the testis. The ampullary gland is located at
the terminal part of the deferent ducts, and the vesicular gland
lies distal to the ampullary glands. These two glands have
been indistinguishable by conventional macroscopic observa-
tions, but our microCT imaging allowed us to identify their
boundaries and confirm their anatomical differentiation. The
presence of the urethral gland and its secretions strongly sup-
ports that this species is capable of forming a vaginal plug.
Elongation of the tail part of the epididymis suggests in-
creased sperm storage. Given that some individuals are known
to halt their hibernation and awaken, it is possible that forced
copulation on hibernating females may occur. Studies on se-
cretion status of the vesicular and prostate glands during hi-
bernation period are required to test this hypothesis.

As most of the previous studies on bat genital organs were
conducted before the phylogenetic relationships of bats had
been clarified, mapping the diversity of the reproductive or-
gans onto the bat phylogeny and clarifying the evolutionary
history of the reproductive organs has yet to be done.
Therefore, we envision to further investigate the three-
dimensional morphological structures of bat genital organs
and clarify the diversity and patterns of the genital organs in
bats.
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