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Abstract

Background: Formosan Pangolin (Manis pentadactyla pentadactyla) is one of the three subspecies of Chinese
pangolins, it is also an isolated sub-species naturally habitat in Taiwan. Despite earlier report on successful breeding
of Sunda (Manis javanica) pangolin, breeding of Formosan pangolins in zoo captive populations is still challenging
due to unknown reproductive characterizations of this species in both male and female populations.

Results: We characterized for the first time, reproductive tract of male Formosan pangolin. We showed pangolin
epididymis was a collagen-enriched organ with apparent segmented sub-regions similar to other mammals.
However, unlike most mammals exhibited two V-ATPase subunits, Formosan pangolin exhibited only V-ATPase
subunit 2. This specific V-ATPase subunit extended its cellular localization throughout the cytoplasm of epididymal
clear cells, suggesting pH regulation of luminal microenvironment might be different from other mammals. Electron
micrographs showed rod-shaped pangolin sperm cells with multi-lamellar membrane structure at the sperm head.
Similar to well-defined capacitation and acrosome reaction membrane changes in other mammals, we reported
three distinct patterns (homogenous, punctuated and faded) of pangolin sperm head membrane changes. The
concurrent increase in phosphotyrosine protein expression detected at the sperm mid-piece/tail and the
emergence of punctuated membrane aggregates likely representing three sperm activation stages, namely
inactivated, capacitated and acrosome reacted status of pangolin sperm.

Conclusion: By revealing unique epididymal V-ATPase distribution and sperm membrane dynamics in Formosan
pangolin, we would understand better the fundamental aspects of reproduction parameters of Formosan pangolin.
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Background
Pangolins belong to Manidae family under the mam-
malian order Pholidota [1, 2]. They are nocturnal ants
or termites- eating mammals and are mostly habit in
tropical or subtropical countries. Currently, there are
eight species of pangolin have been identified; how-
ever, knowledge regarding their reproductive biology
is still limited, this is partially due to their nocturnal
lifestyle and underground activities during the daylight
and limited number of individuals to allow routine or
frequent research evaluations as in other species.
Moreover, destruction on their natural habitats with
increasing illegal trading of pangolins substantially
accelerate the decline of their population adding add-
itional restricted factor for routine research purpose
and evaluations. The Formosan Pangolin (Manis
pentadactyla pentadactyla; M. P. pentadactyla) is one
of the three subspecies of Chinese pangolins, and is an
isolated subspecies habitats in Taiwan [3]. Based on
international union for conservation of nature red list
of threatened species (IUCN) published in 2015 and
2019, Chinese pangolin (Manis pentadactyla) has been
listed in the category of critically endangered [4, 5].
Despite few reports stated the success on breeding
Sunda (Manis javanica) pangolin [6], breeding of
different Chinese pangolins sub-species in zoo captive
populations had been less successful in the past
decades [7, 8].
Raising different animal species including pangolin

requires optimized breeding protocol covering various
aspects including appropriate nutritional formulation,
veterinary care and the most importantly, comprehen-
sive understanding of both male and female pangolin
reproductive physiology [7, 9]. In earlier study, we
developed a progesterone-based radioimmunoassay to
monitor the gestation period of rescued Formosan pan-
golin, from that study, we reported that during gesta-
tion, the serum progesterone of pregnant pangolins
remained at 10–55 ng/ml with a peak at 47.6 ng/ml,
whereas the serum progesterone of non-pregnant pan-
golins remained at 1.99 ± 1.62 ng/ml to 2.27 ± 1.64 ng/
ml [10]. In addition, the gestation period of Formosan
pangolins have been reported [10, 11]; however, infor-
mation regarding basic male reproduction is almost ab-
sent. In this study, we characterized reproductive tract
of male Formosan pangolin, and reported for the first
time, epididymal structure and the presence of proteins
that have been suggested to be critical for their roles on
maintaining the homeostasis of male reproductive tract
in other mammals. Understanding of male reproductive
tract of Formosan pangolin will advance breeding
success in zoo captive population and facilitate future
preservation of pangolin sperm and allow repopulation
of this endangered species.

Results
Detection of V-ATPase subunit B2, but not B1 in the clear
cells of fibrotic tissue-enriched pangolin epididymis
As showed in Fig. 1a, we observed apparent
compartmentalization of pangolin epididymis by connect-
ive tissue that separated initial segment, caput, corpus and
cauda regions. In agreement with histological arrangement
of other mammals, pangolin epididymal lumen was con-
sisted of single layer of epithelial cells surrounded and
formed the basic luminal structure (Fig. 1a). The diame-
ters of the lumen were measured as 70.17 ± 18.9 μm,
89.87 ± 19.1 μm, 192.41 ± 39.2 μm, 257.36 ± 31.7 μm for
initial segment, caput, corpus and cauda epididymis, re-
spectively (Fig. 1b). Despite connective tissues were
commonly observed to separate different regions of epi-
didymis; however, when tissue section was subjected to
Masson’s trichrome stain which commonly used to iden-
tify fibrotic tissue, unlike in other species where connect-
ive tissue present mostly at the restricted regions between
epididymal segments, we detected large amount of fibrotic
tissue present within or surrounding the epididymis
(Fig. 1c, stained in blue). To further compare physiological
similarity or differences between pangolin epididymis with
other mammals, we examined three typical epididymal
proteins, vacuolar type H+ −ATPase (V-ATPase), quiescin
sulfhydryl oxidase 2 (QSOX2) and E-Cadherin which were
known to present specifically in clear cells (V-ATPase)
[12], principal cells (QSOX2) [13], or at the lateral mem-
brane of epithelia (E-Cadherin); moreover, these proteins
have been suggested to modulate the acidification of
luminal microenvironment (V-ATPase), or to maintain
luminal architecture (E-Cadherin) of the epididymis [12,
14]. In line with other studies [15, 16], we showed in
Fig. 2a, mouse epididymal clear cells contained both V-
ATPase subunit B1 (in red) and B2 (in green) (Fig. 2a,
upper panel); although we also detected the presence of
V-ATPase in pangolin epididymis; however, unlike mouse
epididymis showed the presence of both subunits, pango-
lin epididymal epithelium exhibited only V-ATPase B2
subunit, but not B1 (Fig. 2a, lower panel). E-Cadherin is a
adhesion junction protein known to present at the lateral
membrane of the epithelium, the function of E-Cadherin
is known to stabilize the polarized structure of the epithe-
lia, in combination with QSOX2 protein that is known to
present specifically in the principal cells, we showed in
Fig. 2b, e-Cadherin and QSOX2 were present and local-
ized at the expected cellular localization of the epididymal
epithelium suggesting the basic luminal structure of pan-
golin epididymis was similar to most mammals (Fig. 2b).

Pangolin sperm exhibited avian-like rod-shaped sperm
head with 9 + 2 axoneme containing flagella
As no current knowledge regarding sperm cells of ant-
eating mammals is available, we next analysed the
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morphology and structure of pangolin sperm cells
obtained from cauda epididymis. To our surprise, we ob-
served a rod-shaped morphology of pangolin sperm head
similar to that of avian, reptile (e.g. lizard) and amphib-
ians (e.g. frog); quantitative analysis showed that the
total length of pangolin sperm was measured as 60.7 ±
6.8 μm with 10.4 ± 1. μm, 9.9 ± 1. 4 μm, 40.4. ± 5. 8 μm for
sperm head, mid-piece and sperm tail, respectively
(Fig. 3a). Moreover, transmission electron micrograph
showed similar to sperm structures of most mammals,
pangolin sperm contained 9 + 2 pairs of axoneme (a)
surrounded by dense fibers (df) and mitochondria (mt)

at the mid-piece, distinct fibrous sheath (fs) surrounded
the axoneme was also observed at the distal principal
piece and sperm tail (end piece, Fig. 3b). Interestingly,
besides typical rod-shaped sperm head, we also observed
occasionally, a round−/oval-shaped sperm head (Fig. 3c,
indicated with arrowheads). When we examined further
in detail, the structure of the pangolin sperm head, we
noticed that instead of double acrosome membranes
(outer and inner) commonly described in rodent or
other mammals [17], we observed a multiple bi-lamellar
membrane structure present at the acrosome region of
the pangolin sperm head (Fig. 4a). This observation was

Fig. 1 General structures of pangolin testis and epididymis. a Similar to most known mammals, pangolin testis consisted of multi-layer
spermatogenic cells surrounded in circle and formed the basic structure of testicular seminiferous tubules. Moreover, sertoli cells which is
responsible for maintaining testicular structure is also present (labelled by SOX9 in green) in pangolin testis and showed a well-distributed
pattern. b Pangolin epididymis showed an apparent compartmentalization separated by connective tissue that efferent duct (ED), initial segment
(IS), caput, corpus and cadua epididymis can easily be distinguished. Magnified images indicated that pangolin epididymal lumen was consisted
by single epithelium layer. c Quantification measurements showed the average luminal diameter of different epididymal lumen was 70.17 ±
18.9 μm, 89.87 ± 19.1 μm, 192.41 ± 39.2 μm, 257.36 ± 31.7 μm for initial segment, caput, corpus and cauda epididymis, respectively. d Masson’s
Trichrome stain which specifically illustrated the presence of connective tissue showed pangolin epididymis was enriched with fibrotic tissue. L:
lumen, ED: efferent duct, IS: initial segment, prox. Caput: proximal caput. Representative images were presented. At least 30 lm per epididymal
segment were measured
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further evidenced by cross-section of sperm head that
onion-like multi-layer membrane structure was present
(Fig. 4a, inset). Besides packed multi-layer sperm head
membrane structure, we also observed a swollen acro-
some (Fig. 4b) as described at early stage acrosome
reacting sperm in other species [18]. Acrosome reaction
was known to generate fusion vesicles formed by plasma
membrane and outer acrosome membrane, we showed
in Fig. 4c, similar fusion vesicles were detected at the ac-
rosome (cell on the left, vesicles marked by asterisks)
and likely to be released at completion of acrosome reac-
tion (Fig. 4c, cell on the right), suggested a dynamic re-
arrangement of sperm head membrane can also occur at
different stages of pangolin sperm cells.

Dynamic rearrangement of pangolin sperm head
membrane coincided with the presence of tyrosine
phosphorylated proteins
Capacitation and acrosome reaction are two important
processes for sperm physiology to acquire the ability to
fertilize the oocyte, to examine whether pangolin sperm
has similar changes, we evaluated pangolin sperm acro-
some status using a well-accepted PNA stain [19, 20]. As
compared with mouse and chimpanzee sperm, we ob-
served three distinct patterns of PNA staining in pango-
lin corresponded to well-characterized patterns of
inactivated, capacitation and acrosome reacted sperm
cells of other mammals (Fig. 5a) [19, 20]. The first pat-
tern we detected was a triangle PNA positive structure

Fig. 2 V-ATPase subunit 2, but not subunit 1 was present in the pangolin epididymis. a When compared with mouse epididymis exhibited V-
ATPase subunits 1and 2, we detected only V-ATPase subunit 2 present in the clear cells of the pangolin epididymis. b E-Cadherin (in green)
which is known to maintain the polarity of epithelium is present at the lateral membrane of the pangolin epididymal epithelium; moreover,
similar to our earlier observation in mouse, QSOX2 (in red), a protein critical for disulfide bond formation and sperm structure was also detected
in the principal cells
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(in green) at the tip of sperm head likely represent intact
sperm acrosome (Fig. 5b, left image, 72%); the second
pattern we observed exhibited punctate signals (indi-
cated with arrowheads) aggregated at the apical tip of
sperm head with additional homogeneous PNA signal
appeared at the edge of the sperm head (indicated
with arrows) (Fig. 5b, middle image, 19%); the third
pattern showed remnant or weak PNA signal at the
sperm head similar to those observed in rodent and
primate species (Fig. 5b, right image, 9%). As no
current information or protocol indicated sperm acro-
some status or sperm capacitation status for pangolin,
we here reported our observation and suggested that
these patterns may represent, as in other mammals,
three distinct stages of inactivated, capacitated and
acrosome reacted sperm cells.

Sperm capacitation is characterized with increasing
amount of tyrosine phosphorylation proteins present at
the tail, we next examined whether tyrosine phosphoryl-
ation of proteins can also be detected in pangolin sperm.
We applied anti-phospho-tyrosine (pTyrosin) antibody
and observed that unlike in rodent or primate species
showed the presence of tyrosine phosphorylated proteins
at the sperm tail, we observed in pangolin sperm, tyro-
sine phosphorylated protein can be detected at both
sperm mid-piece and tail (Fig. 5c, d). One interesting ob-
servation was that the emergency of tyrosine phosphory-
lated proteins was coincided with the rearrangement of
PNA signal at the sperm head suggested that tyrosine
phosphorylation occurred in pangolin sperm, and this
increase amount of tyrosine phosphorylated proteins
likely represent capacitation status of pangolin sperm as

Fig. 3 Transmission and scanning electron micrographs revealed structural morphology of pangolin spermatozoa. a With sperm smear analysis,
we showed pangolin sperm exhibited rod-shaped sperm head structure similar to that of avian species. The average length of pangolin sperm
was for 60.7 ± 6.8 μm with 10.4 ± 1.1 (with 1 ± 0.2 in width), 9.9 ± 1.4, 40.4 ± 5.8 μm measured for sperm head, mid-piece and tail, respectively. b
Transmission electron microscopy confirmed a triangle-shaped structure at the tip of rod-shaped sperm head with a commonly observed 9 + 2
axoneme arrangement; moreover, mitochondria were also observed at the mid-piece adjacent to plasma membrane. Apparent fibrous sheath
replaced mitochondria surrounded the axoneme can also be observed at the distal principal piece of sperm tail. c Scanning electron micrographs
showed distinct sperm head (C1), sperm head to mid-piece junction (C2) and sperm tail (C3). Besides, an unexpected round-shaped sperm
morphology (marked with arrowheads) was also detected occasionally. Ar: acrosome, n: nucleus, df: dense fiber; a: axoneme; mt: mitochondria; p:
plasma membrane; fs: fibrous sheath. Representative images were presented
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described in other species. Moreover, the co-occurrence
of punctate PNA structure at the sperm head may indi-
cate the dynamic reorganization of sperm head mem-
brane upon capacitation in pangolin sperm (Fig. 5c, d).

Discussion
Breeding of wildlife or zoo captive animals is always
challenging due to low number of individuals and lim-
ited knowledge to recreate natural housing and breeding
conditions with appropriate feeding/nutrient formula-
tion. Pangolins are an ant-eating nocturnal animals hav-
ing both terrestrial (ground-dwelling) and arboreal (tree-
climbing) living behavior, the terrestrial pangolin species,
such as Formosan pangolins (M. P. pentadactyla) dig
tunnels underground up to a depth of 3.5 m; in addition,
they spend most of their hours in self-digging under-
ground dwell during the daylight which makes less

accessible for research purposes in terms of understand
their reproductive parameters. Although many zoos or
institutes keep pangolins in captivity, limited cases on
successful breeding of captive pangolins have been re-
ported [6, 21]. Experiences and knowledge from Sudan
and Chinese pangolin showed that sexually mature pan-
golins should reach a body weight of at least 3 kg to
achieve better success for breeding and the subsequent
pregnancy [6, 10]. Despite pregnancy- related parame-
ters, such as estrus cycle, gestation length and litter size
have been studied, scarce information regarding male
reproduction is available. In this study, we characterized
for the first-time male reproductive tract of Formosan
pangolin and reported rod-shaped pangolin spermatozoa
with multi-layer acrosome membrane at the tip of sperm
head. Although differences regarding membrane ar-
rangements between pangolin sperm and other species

Fig. 4 Transmission electron micrographs demonstrated multi-layer membrane structural at pangolin sperm head. a We observed multiple
membrane layers presented at the pangolin sperm head region; cross section of sperm head region (inset image) further confirmed this
observation. b Acrosome swelling was observed likely representing acrosome reacting process as reported in other species. Cross section of
sperm head showed an expansion of sperm acrosome. c Membrane fusion event was detected at the sperm head; fusion vesicles (marked with
asterisks) can be detected underneath intact plasma membrane. The spermatozoa on the right likely represent acrosome reacted sperm with
release plasma membrane and fusion vesicles. AR: acrosome, N: nucleus; PM: plasma membrane; NM: nuclear membrane; yellow dashed line
illustrated the cross-section image observed in the inset figures
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were reported here, pangolin sperm head contained
lectin PNA at the acrosome region as described in other
mammals [19, 20]. The observed redistribution and
punctuated aggregation of PNA at pangolin sperm head
likely represent capacitation and acrosome reaction
physiological status as reported in other mammals [17,
18, 20]. Moreover, we also demonstrated that this
redistribution of acrosome content was coincided with
increased protein tyrosine phosphorylation at the sperm
mid-piece and tail suggesting sperm capacitation-
induced tyrosine phosphorylation and sperm head mem-
brane rearrangement reported in other mammals may
also exist in pangolin [19, 20, 22].
It has been shown in rodent species that acidic luminal

pH in the epididymis contributes to the maintenance of
sperm in quiescent during their maturation and storage
in the epididymis [15]. Earlier studies also indicated that
V-ATPase, a highly conserved proton channel is respon-
sible for regulating luminal pH in the epididymis [23].

The presence of V-ATPase subunit 2 in pangolin
epididymis indicated that regulation of proton secretion
and the maintenance of acidic luminal pH may also be
important for pangolin sperm physiology. Despite V-
ATPase is composed of 13 distinct subunits with wide-
ranged tissue distribution, two highly homologous 56
kDa isoforms of the subunit B, ATP6V1B1 (B1) and
ATP6V1B2 (B2) have been identified in the epididymis
of human, rodent, pig and bat [12, 23–26].. Unlike
human epididymis where V-ATPase B1 and B2 subunits
located at the restricted apical membrane and microvilli
(V-ATPase B1) or intracellular structure (V-ATPase B2),
respectively [24, 27], we did not detect the presence of
V-ATPase B1 in the pangolin epididymis, nevertheless,
we observed V-ATPase B2 exhibited apical –enriched
cellular localization rather than homogenous intracellu-
lar distribution, likely representing functional compensa-
tion as described by Da Silva et al. in V-ATPase B1
subunit deficiency mice [27].

Fig. 5 Distinct patterns were observed for pangolin sperm acrosome and tail tyrosine phosphorylation status. a Dynamic rearrangement of sperm
acrosome can be observed when mouse and chimpanzee (represent primate species) sperm cells were incubated in defined stimulation media,
at these defined media, sperm capacitation and acrosome reaction can be induced and sperm acrosome (indicated with arrowheads) and its
integrity can be observed by acrosome specific PNA staining. b Three distinct acrosome patterns were detected likely represent intact inactive
sperm (left panel), acrosome reacting sperm (middle panel) and acrosome reacted sperm (right panel) as triangle-shaped, aggregated punctuated
and weak diffused PNA stain were observed (marked with arrowheads). Moreover, rearrangement of sperm acrosome from the apical tip toward
the edge of sperm head (marked with arrows) was also observed when aggregated punctuated PNA stain (marked with asterisks, inset image)
was detected. c Increase protein tyrosine phosphorylation can be observed at sperm tail when mouse and chimpanzee (represent primate
species) sperm cells were incubated in capacitation media. d Two distinct patterns when anti-phosphotyrosine antibody was used to
demonstrate protein tyrosine phosphorylation status of pangolin sperm. The first pattern showed no detection of signal at the sperm tail with
homogenous PNA staining pattern (in green) present at the sperm head (left panel); another pattern showed strong signal throughout sperm
mid-piece and sperm tail (in red) with PNA stain aggregated as punctuated signal at the tip of sperm head (in green, marked with asterisks).
Moreover, we detected PNA signal occasionally present at the sperm mid-piece overlapping with phosphotyrosine signal
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Rearrangement of sperm head membrane upon sperm
capacitation and acrosome reaction facilitate relocation
of essential proteins for sperm-egg recognition and
fusion [17, 18, 28, 29]. Currently, no defined medium
can be used to induce pangolin sperm to a specific de-
fined physiological status (i.e. capacitated or acrosome
reacted); it is therefore difficult to correlate the observed
patterns to their actual physiological status; however, de-
fined sperm activation stages have ben well-established
for mouse and chimpanzee sperm; therefore, to compare
the similarities and differences between observed sperm
membrane patterns with defined sperm activation stages,
mouse sperm cells were used. We demonstrated that
pangolin sperm formed punctuated aggregation at the
apical sperm head, and this rearrangement coincided
with increased tyrosine phosphorylation on sperm mid-
piece and tail likely representing “sperm capacitation”
status as reported in other species [20, 22, 30, 31]; more-
over, acrosome swelling and disappearance of acrosome
content PNA were also detected likely representing
“sperm acrosome reacting and acrosome reacted” status
as reported in other mammals [18, 19, 30]. Based on
above-mentioned observation and morphological evi-
dence from TEM, we considered pangolin sperm could
undergo capacitation and acrosome reaction processes
with similar membrane rearrangement as reported in
other species.

Conclusions
In conclusion, pangolin is an endangered species with
many unknown reproductive characterizations, we re-
ported for the first time in this study, male reproductive
parameters of Formosan pangolin, especially unique
presence and distribution of epididymal proton regula-
tory channel, V-ATPase 2 and three dynamic sperm
head membrane reorganization. Our findings would
achieve better understanding on sperm membrane
changes of Formosan pangolin and their reproduction
tract, although this may not directly or immediately im-
prove breeding success of zoo captive population, but
will certainly benefit the understanding of reproduction
properties in general of this endangered species.

Methods
Chemicals, reagents, antibodies
Chemicals and reagents were obtained from Sigma-
Aldrich (St. Louis, MO, USA) unless otherwise stated.
For sperm acrosome integrity evaluation, peanut agglu-
tinin (PNA) (Arachis hypogaea) conjugated with Alexa
488 fluorophore was purchased from Invitrogen
(L21409, Invitrogen/Life Technologies, Carlsbad, CA,
USA). Rabbit polyclonal anti-quiescin sulfhydryl oxidase
2 (QSOX2, Ab121376), polyclonal anti-V-ATPase B1
(Ab118003), polyclonal anti-V-ATPase B2 (Ab73404)

were obtained from Abcam (Cambridge, UK), rabbit
polyclonal anti-V-ATPase 1//2 (SC-20943, detect both
B1 and B2 subunits) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA), mouse monoclonal
anti-E Cadherin (#14472S) was acquired from Cell Sig-
naling (Beverly, MA, USA), mouse monoclonal anti-
Phosphotyrosine (#05–1050) antibody was purchased
from Merk/Millipore (Burlington, MA, USA). All sec-
ondary antibodies were obtained from Jackson Immu-
noResearch (West Grove, PA, USA).

Animals and sperm acquisition
To compare the similarity and differences, 3 Caesarean
Derived-1 (ICR, CD1) mice were used and were obtained
from National Laboratory Animal Center, Taiwan and
were acclimatized (3 mice/cage) for 1 week prior to ex-
periments. Ethics approval and sample collections of
mouse materials were performed and supervised by the
approved veterinarians throughout the study and
followed the regulation and approval of animal welfare
committee of National Taiwan University (#NTU106-
EL-00124). The animal housing room was kept at a con-
stant temperature (22–24 °C) with a 12 h alternating
light-dark cycle. Animals were given water and standard
mice lab chow (Oriental yeast, Tokyo, JP) ad libitum.
Animals were euthanized by CO2 chambers followed by
cervical dislocation before sample collection. For pango-
lin sample acquisition, we collected epididymes and
sperm samples from deceased individuals (n = 5) during
routine visit and necropsy at Taipei zoo during 2017–
2018. Due to small volume (< 5 μl/ ejaculate) and high
viscosity of pangolin semen ejaculate, it was difficulty to
acquire sufficient amount of sperm cells for in vitro
evaluation, we therefore followed standard procedures
similar to that of rodent species to obtain swim out
pangolin sperm cells from the epididymis. In short,
epididymes were acquired from deceased individuals
during necropsy, and were carefully separated from fat
and overlying connective tissue immediately on a
temperature- controlled stage. Epididymal sperm cells
were allowed to swim out for 10 min in a freshly- pre-
pared pre-warmed Ham’s F10 medium. For morpho-
logical evaluation, standard papanicolaou (PAP) and
POPE’s staining procedures were carried out as previ-
ously described [20, 32–34], and 200 sperm cells were
evaluated. For acrosome evaluation, sperm cells were
fixed in 4% paraformaldehyde (PFA) at room
temperature (RT) for 1 h and analysed as described
below.

Tissue preparation and Histochemistry staining
Both testis and epididymis were obtained during nec-
ropsy examination and were fixed in 10% neutralized
formalin for overnight on shaker. For histochemistry
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staining, paraffin-embedded testis and epididymis were
sectioned at 10 μm and used for standard histo-
chemistry procedures [35]. After de-paraffinization
procedures via xylene and ethanol gradients (100–80%),
tissue sections were subjected to hematoxylin and eosin
(H&E) stain for general morphological analysis and Mas-
son’s trichrome stain for the evaluation of fibrotic tissue.

Indirect Immunofluorescent (IFA)
Indirect immunofluorescent staining was carried out to
evaluate sperm tyrosine phosphorylation, acrosome in-
tegrity, as well as the presence and the distribution of
specific marker proteins in male reproductive tract.
Based on published literatures, in current study, sperm
capacitation status was assessed by the emergency of
phosphotyrosine signal at the sperm tail [22] and acro-
some integrity was evaluated by the presence of lectin
PNA at the sperm head as previously described [20].
Briefly, fixed spermatozoa were washed and resuspended
in PBS; 20 μl of sperm suspension was added onto
Superfrost Plus Microscope Slides (Thermo Scientific/
Invitrogen), and spermatozoa were allowed to attach to
the slide for 10 min, unbound sperm cells were removed
with PBS and sperm smears were dried and keep at −
20 °C until used. Antibody incubations were carried out
by using anti- phosphotyrosine (1:250) or peanut agglu-
tinin (PNA) conjugated with Alexa 488 at 2 mM for 1 h
at RT.
To evaluate and to compare the presence and distribu-

tion of testicular and epididymal marker proteins in pan-
golin reproductive tract, standard IFA procedures were
followed as described earlier [13]. Ten μm paraffin-
embedded tissue sections were de-paraffinized as above-
mentioned, antigen retrieval was carried out by submer-
ging slides with 10 mM citrate buffer (pH 6.0) and
heated up to 95 °C for 2 times, 5 min. Tissue sections
were subsequently permeabilized with either 100%
methanol at − 20 °C for 10 min or with 0.1% Triton X
100 for 2 h at RT. After blocked with 5% BSA for 60 min
at RT, primary antibody incubation (V-ATPase1, 2, 1/2–
1:200; QSOX2–1:200; E-Cadherin- 1:100) was carried
out with O/N incubation at 4 °C. After intense washed,
sections were subsequently incubated with secondary
antibodies for 1.5 h at RT. As for negative controls, each
immunoreaction was accompanied by a reaction omit-
ting the primary antibody. Nuclei were counter stained
with 4′,6-diamidino-2-phenylindole (DAPI) (Vectashield
H-1200, Vector Laboratories, Peterborough, UK), and
slides were then sealed with nail polish. For the sperm
capacitation and acrosome integrity evaluation, at least
200 spermatozoa were examined, for protein distribution
in the testis and epididymis, at least 10 frames were eval-
uated in each sample under Olympus IX83 epifluores-
cence microscopy (Olympus, Tokyo, JP) and analyzed

with either ImageJ (NIH; http://rsb.info.nih.gov/ij/) or
Cellsens software (Olympus).

Transmission and scanning Electron microscopy
For transmission electron micrograph (TEM) evaluation,
sperm cells were fixed overnight at 4 °C in Karnovsky
(contains 2% (v/v) paraformaldehyde and 2.5% (v/v) glu-
taraldehyde diluted in cacodylate buffer) fixative. Pellets
were washed with 0.1M Na-cacodylate (pH 7.4) and
post-fixed with 1% osmium tetraoxide in 0.1 M Na-
cacodylate (pH 7.4) for 1 h. After washing with milli-Q
H2O, pellets were incubated with 2% (w/v) uranylacetate
for 1 h. Fixed pellets were subsequently dehydrated in
graded series of acetone (50–100%) and embedded in
Durcupan ACM resin (Fluka, Bachs, Switzerland). Ultra-
thin sections of 70–80 nm were obtained on a Ultrami-
crotome (Leica EM UC7, Watzler, Germany), and
studied using TEM (JEM-1200EX II, Jeol USA, Peabody,
MA, USA). For scanning electron microscopy (SEM,
JSM-6510LV, Jeol USA, Peabody, MA, USA), same pro-
cedures as described for TEM were followed. Sperm pel-
lets were dried in a critical point dryer (Leica, EM
CPD300, Watzler, Germany) and gold coated by Sputter
Coater (SPI-MODULE, West Chester, PA, USA) for final
visualization.
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