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Abstract
Background: Owing to their incomplete adaptation to the terrestrial environment, amphibians possess complex
cutaneous glandular systems. The skin glands not only regulate water loss and respiratory gas and salt exchange,
but are also involved in defense against predators and microorganisms, social communication, and reproduction.
These glands are distributed throughout the integument, but can accumulate in specific regions, forming visible
outgrowths known as macroglands. Some macroglands are sexually dimorphic and mediate intersexual
communication and reproductive success. The postaxillary gland is a sexually dimorphic macrogland in Nidirana
pleuraden. Its biological function and its morphological and histochemical characteristics are unclear. In the present
study, we describe the structure and ultrastructure of the postaxillary gland, and explore its main function.
Results: The postaxillary gland has a thinner epidermis than the dorsal region of N. pleuraden. In addition to
ordinary serous glands (OSG), type I and II mucous gland (I MG & II MG), a type of specialized mucous gland (SMG)
is also found to constitute the postaxillary gland. The SMG is larger than other gland types, and consists of high
columnar mucocytes with basal nuclei arranged radially toward a lumen. SMGs are positive to periodic acid-Schiff
stain and stained blue in Masson’s trichrome stain. A discontinuous myoepithelial sheath lacking innervation
encircles SMG mucocytes, and the outlets of such glands are X- or Y-shaped. Transmission electron microscopy
reveals abundant secretory granules in SMG, which are biphasic, composed of an electron-opaque outer ring and a
less electron-dense core. Lipid droplets, and organelles, such as rough endoplasmic reticulum and Golgi stacks, are
located in the supranuclear cytoplasm of the mucocytes in SMG. Female N. pleuraden exhibits chemotaxis toward
homogenate of the postaxillary gland, but male does not. On treatment with trypsin, this sexual attraction
disappears.
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Conclusions: The postaxillary gland of N. pleuraden is a male-specific macrogland that consists primarily of SMGs,
together with OSGs, I MGs and II MGs. Other than their extremely large size, SMGs structurally and histochemically
resemble many reported specialized gland types in amphibian sexually dimorphic skin glands. Secretions of the
postaxillary gland are proteinaceous sexual pheromones, which are believed to attract females at male calling
intermissions.
Keywords: Anura, Macrogland, Sexually dimorphic skin gland (SDSG), Specialized mucous gland (SMG), Structure,
Ultrastructure, Histochemistry, Behavior, Sexual pheromone

Background
As a transitional type of organism which emerged from
aquatic environments to inhabit the terrestrial environment during animal evolution, amphibians’ adaptation to
subaerial conditions is somewhat incomplete. Their
skins, which were embedded with complex and active integumentary apparatuses, play a crucial role in the survival of this taxon. Distinct from other vertebrates,
numerous dermal glands are functional in the amphibian
skin, which help to regulate respiratory gas, salts, and
water exchange [1], and contribute to the discharge of
biochemical materials involved in antipredatory [2], antimicrobial [3] and communication activities [4, 5]. Owing
to their abundance of cutaneous glands, the skin of Amphibia is capable in maintaining homeostasis, serving as
a desirable interface between the animal and its external
surroundings.
In the extant amphibians, the skin multicellular glands
are simple alveolar and intradermal ones which evolved
from single mucocytes and serous cells scattered in the
epidermis of their bony fish ancestors [6]. Using morphological (structural and ultrastructural) and histochemical criteria, these cutaneous glands can be
categorized into four basic types: serous (granular,
venom, or poison), mucous, lipid (wax) and mixed (serous-mucous) glands [7, 8]. Each type of amphibian skin
gland exerts certain biological functions: for the serous
glands, antipredatory defense [9, 10], nutrient storage
[11], antimicrobial activities [12] and chemical communication [13, 14]; for the mucous glands, saline regulation, gas exchange, water loss control, friction reduction
[1], immunoreactivity [15], pheromone production [16,
17], amplexus facilitation [18] and parental care [19]; the
lipid or wax glands have been observed only in anuran
species, their secretions serve to reduce abrasion and dehydration [20]; the mixed glands synergistically produce
mucous and serous secretions as an adaptation to environmental and social constraints in urodele larvae [21],
but probably represent a transient stage in serous gland
development or restoration in anurans [18]. Despite
their various functions, all amphibian skin glands involve
the integration of four structural components: a

myoepithelial sheath, a secretory unit, an intercalated
tract (or neck), and a duct [1, 18].
In addition to this microscopic system of gland classification, another common approach to differentiating
amphibian glands is based mainly on topographical anatomy, which always involves multiglandular structures
that become visible protuberances (patches, swellings,
plicae, excrescences, etc.) located on restricted body
areas of the animal. The term macrogland has been introduced to describe these macroscopic glandular structures [8]. A macrogland is a cluster of a single glandular
type, such as the femoral glands in some mantellid frogs,
which are accumulations of serous glands [13], or of
multiple kinds of glands, among which stands out a
predominant type, such as the parotoid macrogland in
Phyllomedusa leaf frogs consists of serous, mucous, and
lipid glands, but with the serous ones predominate [22].
Microscopic glands that participate in macrogland formation may become more specialized, compared to the
ordinary glands which are broadly and randomly distributed in the whole body surface. For example, the mental
glands and lateral glands in male Hypsiboas punctatus
contain both specialized serous glands and specialized
mucous glands which manifest incongruent cytology and
staining properties with the ordinary serous and mucous
glands [23]. The term “specialized” often refers to localized glands that carry out particular functions. They are
believed to actively engage in antipredatory defense, social communication, and reproductive mechanisms in
both Anura [24] and Urodela [25].
Amphibian macroglands used as arsenals of toxins in
chemical defense against predators have been broadly investigated, including the parotoid glands in bufonids,
pelobatids, ambystomatids, plethodontids, and salamandrids [10, 18, 26, 27]; the tibial glands in Limnodynastes
and Gephyromantis [2, 28]; the leg glands in Bombina
[29]; the inguinal glands in Physalaemus [30, 31]; the
supratympanic glands in hylids, pelodryadids, and phyllomedusids [9, 32, 33]; and the caudal glands in Hydromantes and Triturus [34, 35]. In the case of macroglands
that mediate amphibian social communication and reproductive patterns, they are roughly equivalent to
“sexually dimorphic skin glands” (SDSG), a term
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proposed by Thomas et al. [7] to extend the definition of
the preexisting word “breeding glands”. Many SDSGs
have been proved or speculated to intervene in intraspecific communication and reproduction. For instance, the
nuptial pads that develop on male amphibians’ thumbs
or limbs help them to fasten their grip during amplexus
[36], and may also transmit pheromones to females
through skin abrasion [37]; the abdominal or pectoral
glands in microhylids secrete a glue-like material to facilitate male–female pair formation [38]; the abdominal,
dorsal, and cheek glands in salamandrids [4, 39–41], the
mental glands in plethodontids and hylids [23, 25, 42],
the femoral glands in mantellids [14, 43], the gular
glands in hyperoliids [44], the iliac glands in Cycloramphus [45] and the postaxillary glands in Hymenochirus
[46] are believed to produce pheromones that alter the
behavior of conspecific female or male. Notably, some
SDSGs are not macroglandular structures [1, 7], and
some amphibian reproductive macroglands are not sexually dimorphic [5].
Nidirana pleuraden, the Yunnan pond frog [47] or
Yunnan music frog [48], is endemic to Southwestern
China and inhabits paddy fields, ditches, and ponds at
elevations from 1150 to 2300 m asl. on the Yunan–
Guizhou subtropical plateau. Male N. pleuraden possesses a pair of subgular external vocal sacs, and
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during the breeding season (June to July) [47], it develops a pair of male-specific postaxillary glands. The
SDSG, postaxillary glands, have been documented in
several anuran amphibians as round or irregularshaped cutaneous swellings lying behind base of forelimb, colored pale brown (in Nidirana) or whitish (in
Hymenochirus) [7, 46, 48]. The postaxillary glands in
a congeneric species of N. pleuraden, east China
music frog (N. adenopleura) have been examined
structurally and histochemically to determine their
similarity to the nuptial pads in Xenopus laevis [7],
whereas the postaxillary glands in Hymenochirus have
been demonstrated ethologically to be the sole source
of secreted sex attractants [46]. Nonetheless, there
have been no comprehensive studies of the morphology and biological function of the postaxillary
glands in Anura, especially with respect to the situation that most attention to SDSGs has been given to
the nuptial pads [18]. By integrating morphological,
histochemical, and ethological methods, we seek to
describe the structure and ultrastructure of the postaxillary gland, determine the nature of this macrogland, explore its main function, and the likely
interaction between its secretions and auditory signals
in N. pleuraden.

Fig. 1 Macroscopic view of the postaxillary gland in N. pleuraden. a Lateral view of a male N. pleuraden. b Lateral view of a female
N. pleuraden, note the absence of postaxillary gland. c A freshly dissected postaxillary gland. d The inner side of a freshly dissected
postaxillary gland
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Results
Macroscopic structure of the postaxillary glands in N.
pleuraden

The postaxillary glands are male-specific, comprising a
pair of well-defined and enlarged skin macroglandular
structures in N. pleuraden, which lie behind bases of the
forelimbs (Fig. 1a, b, c). These may extend backwards to
the anterior end of the ilium, become thinner and eventually end in the front half of the dorsolateral regions.
Surfaces of the postaxillary glands in N. pleuraden are
normally rough and granular, which differ from the
smooth surfaces described in other Nidirana species
[48]. Visually, the postaxillary glands are yellowish
brown or pale brown with dark brown or black irregular
spots (Fig. 1a, c). The postaxillary gland gradually regresses in the weeks after breeding (see Additional file 1,
Fig. S1). Inspecting a freshly excised postaxillary gland,
abundant blood vessels and capillaries are present on the
inner side (Fig. 1d). The average width, height, and
thickness of the 14 postaxillary glands we collected from
seven euthanized male frogs was 12.07 ± 0.37 mm
(10.22–14.54 mm), 7.57 ± 0.29 mm (6.10–9.34 mm) and
1.35 ± 0.01 mm (1.28–1.46 mm), respectively.
Structural and histochemical observations

Comparing the transverse sections of the postaxillary
gland with those of the dorsal skin, we found that they
share the usual structure in anurans: A layer of keratinized cells covers the epidermis, below which is the dermis. The epidermis is composed of 4–5 cell layers, the
1–2 layers of squamous cells, which are more superficial,
and the 3–4 layers of cubical cells, below. The dermis
consists of the stratum spongiosum, which is penetrated
by numerous simple alveolar glands (Fig. 2a–f), and the
stratum compactum, under which blood vessels are
enriched (Fig. 2c).
Although the postaxillary gland and male skin of dorsal regions are similar in basic structure, there are some
disparities between them. The postaxillary gland is a
swollen skin apparatus macroscopically, and is approximately four times thicker than the dorsal skin (compare
Fig. 2b–d to Fig. 2a, e, f). The hypertrophy of this
macroglandular structure is mainly ascribed to the thickening of the dermal parts, whereas its epidermis
(68.07 ± 3.69 mm, n = 10) is much thinner than that in
the dorsal skin (102.13 ± 6.86 mm, n = 10, Wilcoxon
rank-sum test: Z = − 3.52, P < 0.01). Most tellingly, we
recognized four types of simple glands within the
stratum spongiosum, which were ordinary serous glands
(OSGs), type I mucous glands (I MGs), type II mucous
glands (II MGs) and specialized mucous glands (SMGs),
according to their morphologies and histochemical
properties, and the SMGs were located in the postaxillary glands exclusively (Fig. 2b–d, j).
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The four types of glands identified from male dorsal
skins and the postaxillary glands possess a basic structure: an intraepidermal duct, a neck, and a secretory unit
surround by a layer of myoepithelial cells (Fig. 2d, g-i).
There are distinct features in morphology or histochemistry of each gland type. To be distinguished clearly from
the mucous glands, the ordinary serous glands own
syncytial secretory units which contain discrete eosinophilic granules (Fig. 2a, c). The spherical secretory granules in OSGs are barely stained with PAS or AB pH 2.5
(Fig. 2b, g), but stained scarlet in Masson’s trichrome,
indicating a compact structure not formed by
mucopolysaccharides.
The I MGs, which are in spherical shapes and formed
by a single layer of moderately tall prismatic secretory
cells with basal nuclei, are more numerous in male dorsal skin than in the postaxillary glands,. The mucocytes
surrounding an evident lumen decrease in height from
the glandular bottom towards the neck (as clearly demonstrated in the Masson’s trichrome staining, Fig. 2f),
basal epithelium of the neck appears to be continuous
with flattened cells of the gland duct. When stained with
HE or Masson’s trichrome methods, the prominent lumina of I MGs are quite empty, whereas they show
strongly positive reaction to AB pH 2.5 by presenting
copious unstructured floccules (Fig. 2b, e, h). The blue
stains of I MG suggest acidic mucosubstances (carboxylated acidic glycosaminoglycans and acidic glycoproteins)
are replete both in the cytoplasm of the mucocytes and
the glandular lumina. The other type of ordinary mucous glands, II MGs are quite distinct from the I MGs;
these elliptic glands distribute in dermis of the postaxillary glands as frequently as in the dorsal regions. A relatively exiguous lumen is encompassed by low cuboidal
secretory cells with middle or basal nuclei (Fig. 2b, d, f).
The mucocytes become flat, forming an imbricated
squamous epithelium at the glandular neck. Normally,
the lumina of II MGs show a state of devoid secretions
in all the three histochemical staining methods that we
use, yet the cytoplasms of their mucocytes are metachromatically stained with PAS (Fig. 2a–f), the apical parts of
some mucocytes are violet while the rest parts and most
other mucocytes are in light purple (Fig. 2i), which implies the possible syntheses of neutral carbohydrates to
acidic mucopolysaccharides or glycoproteins in II MGs.
Besides the two types of ordinary mucous glands, further secretory units are predominant and found only in
the postaxillary glands, which can clearly be related to
the mucous type due to their organization and secretion.
The term “specialized mucous glands” was used to describe them. The SMGs are rod-like and much larger
than the ordinary ones both in secretory cells and glandular height (one-way ANOVA: F = 8828.93, P < 0.0001
and F = 768.51, P < 0.0001) and consist of high columnar
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(See figure on previous page.)
Fig. 2 Structural and histochemical characteristics of dorsal skins and postaxillary glands of male N. pleuraden. a HE staining of the dorsal skin. b
AB-PAS staining of the postaxillary gland. c HE staining of the postaxillary gland. d Masson’s trichrome staining of the postaxillary gland. e AB-PAS
staining of the dorsal skin. f Masson's trichrome staining of the dorsal skin. g Magnified view of ordinary serous glands in dorsal skins stained with
AB-PAS method. h Magnified view of the type I mucous glands in dorsal skins stained with AB-PAS method. i Magnified view of the type II
mucous glands in postaxillary glands stained with AB-PAS method. j Magnified view of a lumen contains secretory materials of the specialized
mucous glands in postaxillary glands stained with AB-PAS. ep, epidermis; ss, stratum spongiosum; sc, stratum compactum; mec, myoepithelial cell; I
MG, type I mucous gland; II MG, type II mucous gland; OSG, ordinary serous gland; SMG, specialized mucous gland; bv, blood vessel; L, lumen; *,
gland duct; △, gland neck; k, keratinized epidermal cell; in, interstice. Bars = 100 μm (b, c, e, f), 50 μm (a, d, h, j) and 25 μm (g, i)

due to the presentation of spherical secretory granules
in their lumina (Fig. 3b). SMGs are recognized with ease,
as the entire postaxillary gland is filled with rod-like
glands (Fig. 3a, d).
The high columnar mucocytes surrounding the glandular lumen are in tight reciprocal adhesions, which imports difficulties in telling their exact cellular boundaries
(Fig. 3b, c, e). The apical poles of these cells are covered
by tufts of microvilli, which render a rough appearance
to the luminal surface. Resembling to I MGs and II
MGs, lumina of SMGs are scarce of secretory materials,
whereas the most intracytoplasmic spaces of mucocytes
are occupied by polyhedral granules (Fig. 3c).
When dissected longitudinally, the postaxillary glands
emerge a honeycomb-like arrangement (Fig. 3d). The
round components are closely-packed SMGs. There are
wide interstices between the bases of mucocytes and the
glandular sheaths consisted of myoepithelial cells, and
the in-between rooms of myoepithelial sheaths encircling adjacent glands may be empty or inhabit rather
complex structures (Fig. 3f). Surfaces of the postaxillary
glands are rough, full of pores and wormlike veins under
a large magnification of the SEM (Fig. 3g). X- or Yshaped duct openings are widely distributed in the same
region; they resemble stomata in the superficial epidermal layer, and distinct from the common skin texture,
the epithelium that lines the outlet is smooth (Fig. 3h).
The duct opening slightly protrudes from the epidermis
and shows inner microvilli, which we deem a characteristic trait of the apices in SMGs’ mucocytes.

mucocytes usually with basal nuclei arranged radially toward the inner lumina (Fig. 2b-d). Mucocytes near the
neck area become low to moderately tall and imbricate
to form a stratified structure beneath the glandular duct
(Fig. 2d). There are wide interstices between the myoepithelial sheaths of some SMGs (Fig. 2j). Dense, eosinophilic materials fill their cytoplasm and sometimes in
fluid or mucous phases in their lumina (Fig. 2c). The
cytoplasmic and luminal contents are positive to PAS
(Fig. 2j), indicating the presence of neutral carbohydrates
or mucoproteins. With the Masson’s trichrome stain,
the gland products turn dark blue (Fig. 2d), a characteristic color of collagen fibers or proteinaceous substances.
Morphological and histochemical traits of the four types
of alveolar glands that we found in the paraffin sections
of male dorsal skins and the postaxillary glands are compared in Table 1.
Ultrastructural observations

The descriptions of ultrastructure are specific to the
postaxillary glands, as we did not examine the skin of
other body regions under SEM or TEM. When inspected
by SEM, the transverse sections of the postaxillary
glands show similar structural patterns to the results
with LM (Fig. 3a). However, the outer skin layer with
minute papillae formed by keratinized epidermal cells is
more conspicuous than in LM (Fig. 3b). The two types
of ordinary mucous glands (I MGs and II MGs) are difficult to distinguish from each other reliably on account
of their similar glandular profiles and both having lumina devoid of secretions. OSGs could be distinguished

Table 1 Morphological and histochemical characteristics of the four types of simple alveolar glands in N. pleuraden
I MGs

II MGs

SMGs

OSGs

Topological distribution

Dorsal skins & postaxillary
glands

Dorsal skins & postaxillary
glands

Postaxillary glands
exclusively

Dorsal skins & postaxillary
glands

Height of mucocyte (μm)

37.21 ± 0.57a

20.51 ± 0.54b

112.64 ± 0.46c

\

a

b

c

Height of gland (μm)

112.84 ± 13.63

78.13 ± 6.70

691.99 ± 12.54

141.34 ± 7.09a

Reaction to AB-PAS staining

Stains blue

Stains light purple to violet

Stains light purple

Feebly tinged with pink

Reaction to Masson’s trichrome
staining

Feebly tinged with blue

Stains dark blue

Stains dark blue

Stains dark scarlet

If the superscripts beside values are same, the disparity in a row has no statistical significance, otherwise the difference is statistically significant (one-way ANOVA
plus Bonferroni-adjusted LSD post-hoc test)
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Fig. 3 Scanning electron micrographs of the postaxillary glands in male N. pleuraden. a Transverse section of the postaxillary gland. b Higher
magnification image of specific regions in (a), showing an OSG and a SMG. c Mucocytes surround an obvious lumen in SMGs. d Longitudinal
section of the postaxillary gland. e Longitudinal section of a SMG, its lumen is surrounded by numerous mucocytes and the mucocytes are all
encircled by the myoepithelial sheath. f A complex, irregular connective structure locates at the interstice between myoepithelial sheaths. g
Normal texture of the skin surface of the postaxillary gland. h A close-up of the glandular outlet, note the intraductal microvilli. ep, epidermis; do,
duct opening; SMG, specialized mucous gland; OMG, ordinary mucous gland; OSG, ordinary serous gland; sg, secretory granule; ss, stratum
spongiosum; sc, stratum compactum; muc, mucocyte; mec, myoepithelial cell; L, lumen; mv, microvilli; in, interstice. Bars = 500 μm (a, d), 50 μm (b,
e, f), 10 μm (c) and 5 μm (g, h)

The most salient structures that we found in SMGs
under TEM exanimations are large secretory granules
within their mucocytes (Fig. 4a). These granules are so
numerous that they appeared wedged into one another,
resulting in polyhedral or irregular shapes. They are biphasic, with heterogeneous composition, and normally
appear as an electron-opaque outer ring and a less
electron-dense core (Fig. 4). Some moderately electronopaque vesicles traverse the outer ring of the secretory
granule (Fig. 4c, f), which may represent an

intracytoplasmic process of condensation or fusion. The
apical microvilli of mucocytes that we observed under
SEM are shown as regional agglomerations of electronopaque dots here due to the longitudinal sections of
SMGs; contiguous mucocytes are joined by desmosomes
(Fig. 4a). Corresponding to our SEM observations, the
cytoplasm between secretory granules and nuclei is rather narrow, and the nuclei appear euchromatic and in
irregular outlines, nucleolus is found sometimes (Fig.
4b).
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Fig. 4 Transmission electron micrographs of SMGs in the postaxillary glands of male N. pleuraden. a Longitudinal section of SMGs, note the
microvilli and the desmosome connecting two contiguous mucocytes. b A euchromatic nucleus surrounded by numerous secretory granules. c
Translucent vesicles are released from large secretory granules via a breach on granular border. d Secretory granules hold materials of varying
electron-density, note the dilated rough endoplasmic reticulum at the supranuclear region. e The discontinuous myoepithelial sheath across the
secretory unit and glandular stroma, note the plasmalemmal projection of the mucocytes (arrow). f supranuclear cytoplasm of the mucocyte
contains lipid droplets in low electron-opaque. sg, secretory granule; mv, microvilli; ds, desmosome; rer, rough endoplasmic reticulum; v, vesicle;
No, nucleolus; Nu, nucleus; △, breach of the secretory granule; G, Golgi stack; mec, myoepithelial cell; my, myofilament; st, stroma; pv, pinocytotic
vesicle; ld, lipid droplet. Bars = 1 μm (a, b, e, f) and 0.5 μm (c, d)

The thin myoepithelial sheath surrounding the
secretory unit is discontinuous and lacks any direct
nerve support, which contains plentiful myofilaments
orderly distributed along the longitudinal cellular axis
(Fig. 4e). Above the myoepithelial cell layer is the supranuclear cytoplasm, where the regular or dilated cisternae
of rough endoplasmic reticulum and Golgi stacks, as
well as secretory vesicles are located (Fig. 4d–f). The
breach on the myoepithelial sheath allows the mucocytes
to reach underlying glandular stroma through their basal
plasmalemmal projections (Fig. 4e). Lucent pinocytotic
vesicles are found at both sides of the myoepithelial

sheath, whereas larger elliptical vesicles that hold low
electron-dense and structureless materials, resembling
lipid droplets, are only situated against the myoepithelial
cell border facing mucocytes (Fig. 4e, f).
Animal behavior tests

In the five sets of behavior tests we performed, only one
animal preference was detected, which is female N.
pleuraden prefers to stay at the tank end positioning
postaxillary gland stimulus (436.80 ± 69.19 s) rather than
remain at the distilled water end (163.20 ± 69.19 s, Z =
2.37, P < 0.05), and when exposure to male
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Fig. 5 Results of the five series of animal behavior trials. Note only females show a preference of homogenate of the postaxillary glands over
distilled water. Trial series 1, female chooses between homogenate of the postaxillary gland and distilled water; trial series 2, male chooses
between homogenate of the postaxillary gland and distilled water; trial series 3, female chooses between homogenate of male dorsal skins and
distilled water; trial series 4, female chooses between (homogenate of the postaxillary gland plus male advertisement call) and (distilled water
plus male advertisement call); trial series 5, female chooses between trypsin treated homogenate of the postaxillary gland and trypsin treated
distilled water

advertisement calls, this preference disappears (350.90 ±
79.70 s vs. 249.10 ± 79.70 s, Z = 0.88, P = 0.38), likewise
adding trypsin solution to react with the homogenate of
postaxillary glands (308.60 ± 89.67 s vs. 291.40 ± 89.67 s,
Z = 0.20, P = 0.84). Neither females select between the
homogenate of male dorsal skins (318.60 ± 79.17 s) and
the distilled water (281.40 ± 79.17 s, pooled t-test, t =
0.33, P = 0.74), nor males show predilections to the homogenate of postaxillary glands (321.50 ± 79.77 s) or distilled water (278.50 ± 79.77 s, t = 0.38, P = 0.71).
Noticeably, in the 10 trials of females choosing from
postaxillary glands homogenate and distilled water,
seven of the 10 tested frogs swam to the postaxillary
glands end immediately after the acclimation period, and
eight frogs were stationary at the postaxillary glands end
when the trial was finished, this kind of bias was rarely
seen in other trial sets. Results of the behavior tests are
illustrated in Fig. 5.

Discussion
To date, most studies of anuran SDSGs have focused on
nuptial pads [7, 18, 37]. In the present study, we report
the first integrative approach, including morphological
(structure and ultrastructure), histochemical and

ethological methods, to examine the postaxillary gland,
another sexually dimorphic macrogland which prevails
in Hymenochirus, Pseudhymenochirus [49] and Nidirana
[47, 48].
Unsurprisingly, the postaxillary glands of N. pleuraden
are composed of specialized mucous glands, besides ordinary serous glands and mucous glands. What we did
not foresee was the extremely large volumes of the
SMGs, which predominated in the postaxillary glands;
these were 692 μm high in average, much larger than
any known anuran SMGs—the size of mental glands’
SMGs in hylids and hyperoliids is normally 245 to
260 μm, with a maximum to 576 μm in Hyloscirtus bogotensis [23]. The ordinary serous glands distributed both
at the male dorsal skins and the postaxillary glands, they
showed typical morphological and histochemical characteristics mentioned in other amphibians, for having relatively thick myoepithelial cells layer, eosinophilic
contains and negative to AB pH 2.5 or PAS stains [1, 9],
no sign of specialization of the serous kind was detected
among histological sections.
Like the topological distribution of OSGs, two kinds of
ordinary mucous glands were identified from dorsal
skins and the postaxillary glands. The subdivision of type
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I mucous glands and type II mucous glands was mainly
based on the morphologies of their constituent secretory
cells (moderately tall prismatic mucocytes in I MGs and
low cuboidal mucocytes in II MGs) and histochemical
responses of the luminal or intracytoplasmic secretions
(intensely positive to AB pH 2.5 in I MGs and positive to
PAS in II MGs). Our observations on the two distinct
ordinary mucous gland types correspond to the previous
reports that demonstrated I MGs and II MGs exist in
the skin of Rana amurensis [50], and the dorsal skin and
dorsolateral fold of Sylvirana latouchii [51]. Antoniazzi
et al. [22] also found two kinds of ordinary mucous
glands locate at the dorsal skin of P. distincta, but the I
MGs they examined were positive to the PAS staining
instead of AB pH 2.5, whereas their II MGs were stained
with both PAS and AB pH 2.5, implying variations in secretions of ordinary mucous glands between anuran
species.
When compared to the serous glands which act as
antipredatory arsenals [10, 27, 34], specialization of the
other gland types, especially link to the mucous glands,
which are the most widespread units throughout amphibian skins and usually participate in fundamental
physiological activities, drew much less attention. The
apparent “least specialized” glands have often been overlooked until they were related to mental glands in some
plethodontids [52]. Since then, many amphibian SDSGs,
which play important roles in reproductive activities or
parental cares, have been suggested a mucous gland nature [1, 7, 17, 53]. The postaxillary gland of N. pleuraden
consisted of derived mucous glands primarily under our
LM, SEM and TEM observations, was analogous to most
discovered SDSGs, except the femoral glands in Mantellidae (compose of specialized serous glands (SSGs),
[13]), the iliac glands in Cycloramphus (contains mainly
SSGs, [45]), and the mental and lateral glands in Hypsiboas punctatus (both SMGs and SSGs present, [23]).
High columnar adenocytes radially arranged around an
obvious lumen and contained abundant secretory granules in their cytoplasms were the essential morphological
features of the SMGs in the postaxillary gland, which in
consensus with the descriptions about other amphibian
SMGs [1, 17, 23]. The myoepithelial sheaths enveloping
the secretory units of SMGs were relatively thin and discontinuous, which represented the type I myoepithelial
cell layer that commonly encircle SMGs’ mucocytes in
other amphibians [54]. Noticeably, direct innervations
were not witnessed in this contractile apparatus, unlike
the situations have been reported in OSGs and SSGs in
other anuran species [9, 10, 23], and SMGs in the dorsal
and mental glands of some urodeles [1], indicating a
merocrine release process and a relatively low degree of
functional specialization of SMGs in the postaxillary
glands. The cutaneous glandular duct openings of SMGs

Page 10 of 16

had a rather smooth surface comparing to the pitted
superficial keratinized layer of the epidermis, which resembled the type I outlets occur in mental and lateral
glands of male Hypsiboas punctatus [23].
Histochemically, SMGs in the postaxillary glands
reacted positively to PAS stain, like most other SMGs in
different species, with one exception that the SMGs of
R. iberica show no response to PAS [1]. It was noteworthy that the pervasive polyhedral secretory granules
in the cytoplasm of SMGs’ mucocyte have two subunits
of different electron-densities. Secretory granules of
other SMGs are normally homogenous, as they may possess different electron-opaques along the axis from the
basal supranuclear cytoplasm to apical luminal border in
mucocytes, but not within a single granule [23]. Similar
cases were found in SMGs of Hypsiboas punctatus, and
more frequently, in serous glands [10, 23]. It has been
proposed that granules mainly consisting of protein are
always dense and have internal subunits, besides we did
not detect any glycogen particles, but rough endoplasmic
reticulum and Golgi stacks in the supranuclear regions
of the mucocytes in SMGs, the positive reaction to PAS
and Masson's trichrome stains may be interpreted as
biosynthesis and storage of neutral mucoproteins. In
addition, some electron translucent vesicles occurred in
the basal subnuclear cytoplasm of the mucocytes represented lipid droplets [55], which are usually found in
OSGs [23, 32, 56, 57] or lipid glands [58] rather than in
SMGs, were possibly residual molecules from the steroid
metabolism of pheromones production or carriers of
pheromone precursors [1, 9]. Although the typical organelle concerning lipid biosynthesis, smooth endoplasmic reticulum was never observed in the cytoplasm, it
probably ascribed to the large quantities of electronopaque secretory granules filled in mucocytes.
According to the structural, ultrastructural and histochemical traits in SMGs, they could be easily distinguished from OSGs and OMGs. Even though there were
evidences on OMGs transforming into SMGs after testosterone injection in plethodontids [53], we do not
reckon the SMGs and the OMGs in N. pleuraden stand
for one glandular type in different stages of maturation
or asynchronous secretory phases caused by local fluctuation, considering the SMGs’ specific topological affinity
to the postaxillary glands.
Compared with distilled water, female N. pleuraden
prefers the homogenate of male postaxillary glands.
However, male frog is neither attracted nor repelled by
the homogenate of the postaxillary gland. Taken together, these demonstrate the secretions of the postaxillary gland effect as sex attractant rather than aggregation
or territorial pheromone [59]. Thinning of the epidermis
on the postaxillary regions may also facilitate attractant
release [22]. Female has no partiality for the homogenate
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of male dorsal skin suggests that the manufacture of attractant is restricted to SMGs, which coincides with the
histochemical and ultrastructural observations. Unlike
volatile alcohols or macrolides secreted by the femoral
gland in Mantellid frogs [14, 43], we deduce that the nature of the attractant herein is water-soluble peptides or
proteins, as trypsin treatment eliminates the sexual appeal of the postaxillary gland homogenate. When male
advertisement calls are also provided as stimuli, female
shows hesitation on selecting homogenate of the postaxillary gland over distilled water, probably means that
acoustic signals predominate in the context of the species’ reproductive communications, which in concert
with many experimental proofs that acoustic cues alone,
rather than any other signal form are sufficient to attract
conspecifics in Anura [44, 60, 61].
Many SDSGs have been proved to involve in pheromone productions in amphibians, regardless of urodelean species [4, 16, 39, 41, 62] or anuran species [13, 14,
43, 45, 46]. In some ranid species (R. dalmatina, R. iberica and R. italic), the SDSGs are diffused in the male
dorsal skins rather than segregate in macroglandular
structures [1], and the vocal sacs are disappeared in
these three anurans. Since vocalization plays a substantial role in attracting females as well as announcing occupied territory to other males, Brizzi et al. [1] proposed
that the lack was a secondary loss, and the production of
chemical signals would be an evolution of alternative
communicational strategies. This hypothesis may be applicable in some European mute Rana species, but when
we take a glance at a broader scenario, it becomes less
suitable since anurans who communicate with acoustic
signals also possess SDSGs have been documented several times [13, 14, 43, 44, 46, 61], so is the case in N.
pleuraden [47].
It is widely accepted that chemical cues are the salamander counterpart of auditory vocalization in frogs and
toads [25], thus a theory stating SDSGs or breeding
glands in modern anurans may simply be vestigial traits
that reflect dependence on chemosignals prior to the
evolution of acoustic systems seems to be quite plausible
[61, 63]. For instance, in Leiopelma hamiltoni, a primitive anuran lineage, calling was not observed, but
chemicals played a fundamental role in its social communications [63]. Because N. pleuraden is a relatively
advanced species of Neobatrachia [47], and the present
study has demonstrated that its postaxillary glands’ secretions can attract females solely, we do not in favor of
such a theory. In contrast, we suggest that chemical
communication is ubiquitous in anurans, although its
significance remains underappreciated.
It has been reported that in Pseudophryne bibronii,
male chemosignals combined with acoustic signals improve the ability of females to find nest sites [61], and a

Page 11 of 16

more recent study showed multiple kinds of modern
anuran species transcribe sodefrin precursor-like factors
(a well-studied pheromone system in Urodela) related
genes in their SDSGs [42]. Chemical mate attractants
have probably been maintained or evolved in these
anuran species due to other constraints on intersexual
communication. Evidence shows that impaired visual
communication impels the use of chemosignals in animals [46], which tallies with situations in the breeding
environment of N. pleuraden. The frog is nocturnal and
hides in very dense hydrophytes during the breeding season (see Additional file 1, Fig. S2), in a condition which
acoustic signals may also susceptible to diffuse [64]. As
challenged by such ecological restraints, it is not surprising the behavior of animals is mediated by a multisensory system (acoustic, chemical, and possibly visual
signals).
Amphibian sexual pheromones are involved in mate
location [4, 5, 46], evaluation [61] and copulatory
synchronization [16, 49, 65]. Observations of the mental
and lateral glands in Cophomantini (a hylid tribe) suggest the locations of SDSGs are closely related to the
forms of physical contact during amplexus [57], like
male plethodontid salamanders using the hypertrophied
premaxillary teeth to abrade the female’s skin and vaccinating secretions from the mental glands into the
abraded site [25] and similar functions of the nuptial
pads in R. temporaria [37]. In these cases, courtship
pheromones alter female’s mating behavior must happen
afterwards initial contact. However, the postaxillary regions of N. pleuraden do not come into direct contact
with females in amplexus, thus the bio-function of the
postaxillary gland should intervene in the species’
reproduction before pair formation. We speculate that
the secretions of the postaxillary gland assist female
frogs in mate localization when a solicitous male is in
calling intermissions, and its efficacy is overridden by
advertisement calls. Suffice it to say, the acoustical and
chemical signals have different applicable scenarios.
In light of that acoustic signals transmit quickly but
are expensive to produce and bear short-lived messages,
while chemosignals are cheap to produce and provide
long-lasting messages but have the disadvantages of the
speed and range of transmission, combining both channels in one’s communications increase the efficacy of
message transfer undoubtedly. If the chemosignals biosynthesized and released by the SDSGs not only save
energy, as well as bringing down the possibility of
attracting predators in a courting male [66], but also
benefit females in reducing mate search costs, this chemosignal generating and sensory intersexual system in
Anura would has been honed over evolutionary time,
alike the scenario in Urodela and Apoda [67], or the
vocalization and auditory system in itself.
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Last but not least, we do not exclude the possibility
that the secretions of the postaxillary gland bear information on the quality or genetic relatedness of the male
frog, and female identifies and localizes a preferred one
after evaluating these chemosignals emitted from a
chorus of males. More elaborately designed experiments
are required to reveal the compelling function of the
postaxillary gland in N. pleuraden. Further researches
should also focus on identifying and separate the specific
component secreted by the postaxillary gland, leading
new perspectives of pheromonal communication in
Anura.

Conclusions
The present study examines the structure, histochemical
characteristic and bio-function of the postaxillary gland
in Nidirana pleuraden. Besides the ordinary types of serous gland and mucous gland, a specialized form of
mucous gland is found exclusively in this sexually dimorphic macrogland. The specialized mucous gland
(SMG) is much larger than other glands, its high columnar mucocytes have basal nuclei, arranging radially toward an obvious central lumen. What inside the lumen
and cytoplasm of the mucocytes is eosinophilic, positive
to periodic acid-Schiff stain, and stained blue with Masson's trichrome. A discontinuous myoepithelial sheath
without direct nerve supply is observed to surround
mucocytes of SMG, as well as the X- or Y-shaped glandular outlets distributing at the superficial epidermis.
Secretory granules in SMG appear to be biphasic, reveal
as a less electron-dense core encircled by an electrondense outer ring. In addition to numerous secretory
granules, lipid droplets, and organelles, such as rough
endoplasmic reticulum, Golgi stacks are also detected in
the mucocytes. The homogenate of the postaxillary
gland attracts female N. pleuraden, but has no attracting
or repelling effect to males. And if introduces male advertisement call, or trypsin treatment, the sexual appeal
vanishes. Taken together, we think the postaxillary gland
plays a key role in the specie’s reproduction: its secretions are proteinaceous sexual pheromone, which facilitates females to locate males when they cease calling.
Moreover, this study provides new evidences to the field
of anuran chemical communication, which is on early
stages of development with limited cases. Knowledge on
the topological distribution, structural diversity and
histochemical variance of sexually dimorphic skin glands
in an enlarged phylogenetic scenario, likewise the accurate identification of the glandular secretions would help
to elucidate how prevalent anurans communicate via
chemosignals, and the interaction among multiple sensory modules in this group.
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Methods
Animals

For the structural and ultrastructural examinations, two
male N. pleuraden were collected at the Caohai National
Nature Reserve (Bijie, Guizhou) in a night of late June,
2017. For behaviour tests, in total 15 male and 40 female
N. pleuraden were captured at the reserve in nights during June 24th to July 3th, 2018. There were 5 sets of
ethological trials conducting sequentially. Animals were
collected and maintained separately in lidded plastic
boxes (15 × 10 × 6 cm3) with moist tissue paper inside on
experimental days’ eves, and released back to the field
(except for the stimuli providers) after a certain set of
trials have been accomplished the next night. Considering this sampling-experimenting-releasing arrangement,
the possibility that identical individual was introduced to
more than one set of trials could not be ruled out.
All the N. pleuraden used in this study were sexually
mature as we located the male frogs via their advertisement calls and the females were larger than 55 mm in
snout-vent length with swollen abdomens (an indication
of gravidity). Seven males (two in 2017 & five in 2018)
were euthanized by bath immersions in overdosed (3 g/
L) tricaine methanesulfonate (MS-222) solution for 20
min and then washed by distilled water before skin or
gland excisions.
Animal collection and experiment permissions were issued by the Management Office of the Caohai Nature
Reserve (CHNR2017062101 & CHNR2017062301) for
this study and all experimental procedures involving animal attendances strictly followed the regulation formulated by the Animal Care and Use Committee of
Chengdu Institute of Biology, CAS.
Structure and histochemistry

Dorsal skin patches (about 16–25 mm2) and the postaxillary glands (about 1 cm2) were stripped from the two
euthanized male N. pleuraden, and the widths, heights
and thicknesses of the postaxillary glands were measured. Samples for light microscopy (LM) were fixed in
Bouin’s fluid for 24 h, after which they were rinsed in
running water for 30 min and immersed in 70% ethanol
for another 30 min for discoloration. Dehydration was
achieved in ascending ethanol series (80, 95, 100% two
changes). Then the samples were cleared in xylene, embedded in paraffin and sectioned transversely at 6 μm
using a rotary microtome (RM2235, Leica, Wetzlar,
Germany). Sections were stained with: (1) hematoxylineosin (HE) for general cytology and histology; (2)
combined Alcian blue (pH 2.5) and periodic acid-Schiff
(AB-PAS) for acid mucopolysaccharides, sialic acids,
neutral carbohydrates and glycoproteins; (3) Masson's
trichrome method for collagen fibers and myofibers. The
staining procedures followed the instructions in
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corresponding stain kits (Solarbio Science & Technology, Beijing, China). Stained sections were sealed on
microslides with resinene, examined and photographed
using a Nikon E200 microscope equipped with an industrial digital camera (18MP 1/2.3″ Color USB3.0,
APTINA CMOS Sensor, San Jose, USA). The thicknesses of the epidermal layers in the dorsal skin regions
and the postaxillary glands, as well as the maximum
heights of simple alveolar glands and inner secretory
cells were measured using ImageView (www.microdemo.
com/download/imageview). Values represent mean ±
standard error consistently. In dorsal skin and the postaxillary gland sections, we referred different simple alveolar gland types as ordinary serous glands (OSG), type
I mucous glands (I MG), type II mucous glands (II MG)
and specialized mucous glands (SMG) according to
widely accepted preexisting terminologies [1, 22, 50, 51].
Ultrastructure

For scanning electron microscopy (SEM), the postaxillary glands samples (about 25 mm2) were fixed in 3%
glutaraldehyde (6 h, 4 °C), then rinsed in 0.1 M Sorensen
phosphate buffer (pH 7.2) for 3 times (15 min each time)
and postfixed for 1 h in 1% osmium tetroxide in the
same buffer. The samples were again rinsed and dehydrated through a graded series of ethanol (30, 50, 70, 80,
90, 100%, 30 min for each grade and samples were cut
into small pieces with a razor blade in 70% ethanol).
After the immersion in isoamyl acetate to displace ethanol, the samples were mounted on aluminium stubs,
dried in a critical point apparatus (K850, Quorum Technologies, East Sussex, UK), coated with gold palladium
in a sputtering device (E-1045, Hitachi, Tokyo, Japan),
and observed in a scanning electron microscope
(SU3500, Hitachi) at 15 kV.
For transmission electron microscopy (TEM), glands
samples were fixed, postfixed and dehydrated following
the same procedure in SEM sample preparation. After
dehydration, the samples were cleared in propylene
oxide and embedded in epoxy resin. Semithin (1 μm)
and ultrathin (70 nm) sections were cut using a ultramicrotome (EM UC7, Leica) and diamond knives (Ultre
35°, DiATOME, Biel, Switzerland). Semithin sections
were stained with 1% toluidine blue in 1% sodium carbonate and examined under a light microscope for preliminary gland localization. Ultrathin sections were
mounted on uncoated 200 mesh copper grids and
electron-dense stained with uranyl acetate (25 mg/ml),
followed by lead citrate (2 mg/ml). Grids were viewed
using a transmission electron microscope (Tecnai G2
F20, FEI, Hillsboro, USA), operating at 60 kV and photographed using an ES1000W Erlanshen CCD Gatan
digital camera (Gatan Inc., Pleasanton, USA). Spliced figures of structural and ultrastructural observations’
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results were prepared using Adobe Photoshop CS6
(www.adobe.com/Photoshop).

Stimuli

To perform animal preference tests, we prepared both
chemical and auditory stimuli. As for chemotaxis detections, the two bilateral postaxillary glands (weight about
0.14 g) or a dorsal skin patch of the same weight were
excised from a euthanized male N. pleuraden and wiped
away blood gently with wet tissue paper, then suspended
in 5 ml cold (4 °C) distilled water and homogenized
using a glass tissue homogenizer. Cold distilled water
was added to the homogenate to make the final volume
10 ml. After a 30 s shaking, the homogenate was divided
into 10 aliquots (1 ml each), which were stored at 4 °C
and used on the night of the preparing day. Each aliquot
contained the equivalent of one fifth of one postaxillary
gland or a tenth of a removed dorsal skin patch. When
used as chemical stimulus, one aliquot was injected into
a sponge block (1 cm2), and then the sponge block was
attached to one end of the experimental tank (below
water level). Sponge blocks injected with distilled water,
postaxillary gland aliquot mixed with trypsin solution
(Trypsin lyophilized powder (Sigma-Aldrich, St. Louis,
USA) dissolved in 0.9% sodium chloride to bring the
concentration to 25 g/L, added 1 ml into the aliquot and
gently shook for 5 min at ambient temperature) and distilled water mixed with trypsin solution were also placed
in the tank as optional stimuli for tested frogs.
The advertisement calls of male frogs were recorded
using a solid state recorder (PMD661 MK II, 16bit, 44.1
kHz, Marantz, Kawasaki Kanagawa, Japan), and the connected microphone (ME66 with K6 power module,
Sennheiser, Wedemark, Germany) was pointed to calling
frogs in close vicinity. A representative recording consisting of six calls (three notes per call) in which the call
duration, the fundamental frequency and the dominant
frequency were 0.70 ± 0.01 s, 539.04 ± 16.83 Hz and
1874.75 ± 19.93 Hz, respectively, was loop played to
tested subjects via two portable speakers (Clip+, JBL by
Harman, Stamford, USA) wired to two laptops and positioned equidistantly to the center of the experimental
tank at the opposite ends. The playbacks were set to
present non-simultaneously through the two speakers,
with 20 s delay in one speaker. Before the introduction
of tested animal in behavioral trials that involved acoustical stimuli, calls from the two speakers were adjusted
to 54 dBC SPL (measured at the center point of the experimental tank using AWA6291 acoustimeter, Aihua,
Hangzhou, China). The visualization of frog advertisement calls (see Additional file 1, Fig. S3) was fulfilled
using Praat (version 6.1.06, www.praat.org).
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Preference tests

There were five sets of behavioral tests, each composed
of 10 trials and designed to evaluate the responses of
tested frogs of one sex toward two stimuli (or two stimuli combinations). The experimental tank was self-made:
a 1 m polyvinyl chloride rain gutter with rectangular
cross section (18 cm wide) was sealed at both ends using
matched plastic lids. Markers were painted on the edge
of the tank with black marker pen to subdivide it into 3
areas: from the center point to extend 10 cm bidirectionally was assigned as the waiting zone, whereas
the two areas (40 × 18 cm2) at both ends were referred as
the selected zones (see Additional file 1, Fig. S4). A network surveillance camera with infrared module (PE2200,
Panbao Technology, Shenzhen, China) was set up above
the tank and manipulated by the software IPClient to
record animal behavior.
The general procedure of a single trial was described
here: Aged tap water was added to the experimental tank
to bring the depth to 6 cm, a tested frog was then placed
at the center of the waiting zone with a wire-mesh box
covered above to restrain its movement. At meantime,
two different stimuli were introduced to two different
ends of the tank based upon random side assignments
and video recording started. After 10 min acclimation,
the wire-mesh box was removed, thus the tested animal
was allowed to move freely in the tank. Once the tested
frog moved out of the waiting zone, 10 min timing was
initiated, after which the frog was collected out from the
tank, so as the stimuli, the camera was switched off, then
the tank was cleaned thoroughly with detergent and
rinsed by aged tape water for several times.
The five sets of trials concerning different conjectures
were: (1) To test whether the postaxillary gland secrete
sexual attractants: female chosen between the homogenate of postaxillary glands and distilled water; (2) To test
whether the postaxillary gland’s secretions are intrasexual attraction or repellent: male chosen between the
homogenate of postaxillary glands and distilled water;
(3) To test whether male dorsal skin secrete female attractants: female chosen between the homogenates of
male dorsal skin and the distilled water; (4) To test
how auditory signals interact with chemosignals: female chosen between the homogenate of postaxillary
glands and distilled water, when male advertisement
calls were presented in both ends of the experimental
tank; (5) To reveal nature of the potential sexual attractants released by the postaxillary gland: female
chosen between the homogenate of postaxillary glands
added trypsin solution and distilled water added trypsin solution. Trials were conducted between 20:00
and 02:00 when frogs are active. The yard of a famer
house (26.873391°N, 104.225566°E, 2178.84 m asl.)
near the Caohai Nature Reserve was rented to execute
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behavioral tests, so the environmental factors were
similar to the animals’ natural breeding sites. The five
series of trials were initiated on June 25th, June 27th,
June 29th, July 1st and July 4th, respectively. The
mean air, water temperature and humidity were
measured as 20.0 ± 0.3 °C (18.5–21.8 °C), 20.2 ± 0.2 °C
(18.8–21.1 °C)
and
75.6 ± 1.1%
(70.9–82.8%)
respectively.
Video analyses and statistics

Recorded behavioral videos were analyzed using the embedded player of IPClient. Timing began at the point
when a tested frog left the waiting zone, and the total
time that a frog spent on staying at each stimulus side
was calculated (use the midline of the experiment tank
as side switch sign). Two series of duration time data obtained from one set of preference trials were compared.
First, normality of the distribution was examined using
Shapiro-Wilk test. If the data were normally distributed,
homogeneity of variances was checked through Levene’s
test. Pooled t-test was used for variances-equal data,
otherwise the t’-test was applied. When normality test
failed, the Wilcoxon rank-sum test was introduced. The
epidermis’ thicknesses of the dorsal skins and the postaxillary glands (n = 10 for each position) were also compared following the above procedure.
Heights of the secretory cells in the three kinds of mucous glands (I MG, II MG and SMG, n = 30 for each
gland type) were analyzed using one-way ANOVA
followed with the Bonferroni-adjusted least significant
difference (Bonferroni-adjusted LSD) test, after the
variables had been confirmed to possess normal distributions and equal variances. The same analyzing procedure
was brought to compare the heights of the 4 types of
gland (3 mucous types plus OSG, n = 10 for each type).
All tests were two-tailed with a significance level
(α) of 0.05 and performed in SAS 9.3 (SAS institute
Inc., Cary, USA).

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s40851-020-00160-w.
Additional file 1. Basic information on Nidirana pleuraden and
ethological experiment equipment. Supplementary figures show the
regression of the postaxillary gland out the breeding season of N.
pleuraden, the animals’ breeding sites, waveform and spectrogram of the
male advertisement call, and set-up of the animal preference test.

Abbreviations
I MG: Type I mucous gland; II MG: Type II mucous gland; AB: Alcian blue;
ANOVA: Analysis of variance; HE: Hematoxylin-eosin; LM: Light microscopy;
OMG: Ordinary mucous gland; OSG: Ordinary serous gland; PAS: Periodic
acid-Schiff; SDSG: Sexually dimorphic skin gland; SEM: Scanning electron
microscopy; SMG: Specialized mucous gland; SSG: Specialized serous gland;
TEM: Transmission electron microscopy

Gong et al. Zoological Letters

(2020) 6:7

Acknowledgements
We would like to thank Hongyuan Wang for his assistance on interpreting
TEM results. Instructions on use of the sound analysis software Praat
provided by Longhui Zhao and Xiaoqian Sun were valuable. We are
indebted to the associate editor of Zoological Letters and two anonymous
reviewers for their critical comments, as well as numerous valuable
suggestions.
Authors’ contributions
FX and XL conceptualized the project and acquired funding and resources.
YG, YZ and FX designed concerning experiments. YZ conducted
morphological and histochemical examinations. YG and PZ implemented
filed work and ethological trials. YG, FX and XL analyzed the dataset and
wrote the manuscript. All authors read and approved the final manuscript.

Page 15 of 16

9.

10.

11.

12.
13.

Funding
This study was supported by the National Key Research and Development
Programs of China (No. 2017YFC0505202) and the species conservation
project of Liziping National Nature Reserve.
Availability of data and materials
All data used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

14.

15.

16.

Ethics approval and consent to participate
Animal collections were approved by the Management Office of the Caohai
Nature Reserve (CHNR2017062101 & CHNR2017062301). All aspects of the
study were carried out in accordance with protocols of the Animal Care and
Use Committee of Chengdu Institute of Biology, CAS.

17.

Consent for publication
Not applicable.

19.

18.

20.
Competing interests
The authors declare that they have no competing interests.
21.
Author details
1
CAS Key Laboratory of Mountain Ecological Restoration and Bioresource
Utilization and Ecological Restoration Biodiversity Conservation Key
Laboratory of Sichuan Province, Chengdu Institute of Biology, Chinese
Academy of Sciences, No. 9 Section 4, Renmin Nan Road, Chengdu, Sichuan
610041, People’s Republic of China. 2Universtiy of Chinese Academy of
Sciences, 19A Yuquan Road, Beijing 100049, People’s Republic of China.

22.

23.

Received: 19 December 2019 Accepted: 21 May 2020

24.

References
1. Brizzi R, Delfino G, Pellegrini R. Specialized mucous glands and their
possible adaptive role in the males of some species of Rana (Amphibia,
Anura). J Morphol. 2002;254:328–41. https://doi.org/10.1002/jmor.10039.
2. Crook GA, Tyler MJ. Structure and function of the tibial gland of the
Australian frog Limnodynastes dumerili Peters. Trans R Soc South Aust. 1981;
105(2):49–52.
3. Liu J, Jiang J, Wu Z, Xie F. Antimicrobial peptides from the skin of the Asian
frog, Odorrana jingdongensis: De novo sequencing and analysis of tandem
mass spectrometry data. J Proteomics. 2012;2012:5807–21. https://doi.org/
10.1016/j.jprot.2012.08.004.
4. Kikuyama S, Toyoda F, Ohmiya Y, Matsuda K, Tanaka S, Hayashi H. Sodefrin:
a female-attracting peptide pheromone in newt cloacal glands. Science.
1995;267:1643–5.
5. Wabnitz PA, Bowie JH, Tyler MJ, Wallace JC, Smith BP. Aquatic sex
pheromone from a male tree frog. Nature. 1999;401:444–5.
6. Whitear M. A functional comparison between the epidermis of fish and of
amphibians. In: Spearman RIC, editor. Comparative biology of the skin.
London: Academic Press; 1977. p. 291–313.
7. Thomas EO, Tsang L, Licht P. Comparative histochemistry of the sexually
dimorphic skin glands of anuran amphibians. Copeia. 1993;1993:133–43.
8. Toledo RC, Jared C. Cutaneous granular glands and amphibian venoms.
Comp Biochem Physiol. 1995;111A:1–29.

25.

26.

27.

28.

29.

30.

31.

Brunetti AE, Hermida GN, Lurman MG, Faivovich J. Odorous secretions in
anurans: morphological and functional assessment of serous glands as a
source of volatile compounds in the skin of the treefrog Hypsiboas
pulchellus (Amphibia: Anura: Hylidae). J Anat. 2016;228:430–42. https://doi.
org/10.1111/joa.12413.
Mailho-Fontana PL, Antoniazzi MM, Sciani JM, Pimenta DC, Barbaro KC,
Jared C. Morphological and biochemical characterization of the cutaneous
poison glands in toads (Rhinella marina group) from different environments.
Front Zool. 2018;15:46. https://doi.org/10.1186/s12983-018-0294-5.
Williams TA, Larsen JH. New function for the granular skin glands of the
eastern long-toed salamander, Ambystoma macrodactylum colombianum. J
Exp Zool. 1986;239:329–33.
Zasloff M, Martin B, Chen HC. Antimicrobial activity of synthetic magainin
peptides and several analogues. Proc Natl Acad Sci U S A. 1988;85:910–3.
Vences M, Whal-Boos G, Hoegg S, Glaw F, Oliveira ES, Meyer A, et al.
Molecular systematics of mantelline frogs from Madagascar and the
evolution of their femoral glands. Biol J Linn Soc. 2007;92(3):529–39.
Poth D, Wollenberg KC, Vences M, Schulz S. Volatile amphibian
pheromones: macrolides from Mantellid frogs from Madagascar. Angew
Chem Int Ed. 2012;51:2187–90. https://doi.org/10.1002/anie.201106592.
Thomas EO, Carroll EJ Jr, Ruibal R. Immunohistochemical localization of the
peptide sauvane in the skins of phyllomedusine frogs. Gen Comp
Endocrinol. 1990;77:298–308.
Rollmann SM, Houck LD, Feldhoff RC. Proteinaceous pheromone affects
female receptivity in a terrestrial salamander. Science. 1999;285:1907–9.
Sever DM. Ultrastructure of the mental gland of the red-backed salamander,
Plethodon cinereus (Amphibia: Plethodontidae). Acta Zool. 2017;98:154–62.
https://doi.org/10.1111/azo.12158.
Brizzi R, Delfino G, Jantra S. An overview of breeding glands. In: Jamieson
BGM, editor. Reproductive biology and phylogeny of Anura. Enfield: Science
Publishers; 2003. p. 253–317.
Del Pino EM. Morphology of the pouch and incubatory integument in
marsupial frogs. Copeia. 1980;1980:10–7.
Delfino G, Alvarez BB, Brizzi R, Cespedez JA. Serous cutaneous glands of
argentine Phyllomedusa Wagler 1830 (Anura Hylidae): secretory
polymorphism and adaptive plasticity. Trop Zool. 1998;11:333–51.
Delfino G, Brizzi R, Calloni C. Mixed cutaneous glands in Amphibia: an
ultrastructural study on urodele larvae. Zool Jb Anat. 1986;114:325–44.
Antoniazzi MM, Neves PR, Mailho-Fontana PL, Rodrigues MT, Jared C.
Morphology of the parotoid macroglands in Phyllomedusa leaf frogs. J Zool.
2013;291:42–50. https://doi.org/10.1111/jzo.12044.
Brunetti AE, Hermida GN, Faivovich J. New insights into sexually dimorphic
skin glands of anurans: the structure and ultrastructure of the mental and
lateral glands in Hypsiboas punctatus (Amphibia: Anura: Hylidae). J Morphol.
2012;273:1257–71. https://doi.org/10.1002/jmor.20056.
Barthalmus G. Biological roles of amphibian skin secretions. In: Heatwole H,
Barthalmus GT, editors. Amphibian biology, vol. 1. New South Wales: Surrey
Beatty and Sons; 1994. p. 382–410.
Houck LD, Sever DM. Role of the skin in reproduction and behaviour. In:
Heatwole H, Barthalmus GT, editors. Amphibian biology, vol. 1. New South
Wales: Surrey Beatty and Sons; 1994. p. 351–81.
Hostetler JR, Cannon MS. The anatomy of the parotoid gland in Bufonidae
with some histochemical findings I, Bufo marinus. J Morphol. 1974;142:225–
40. https://doi.org/10.1002/jmor.1051420208.
Cannon MS, Hostetler JR. The anatomy of the parotoid gland in Bufonidae
with some histochemical findings II, Bufo alvarius. J Morphol. 1976;148:137–
59. https://doi.org/10.1002/jmor.1051480202.
Glaw F, Vences M. Description of a new frog species of Gephyromantis
(subgenus Laurentomantis) with tibial glands from Madagascar (Amphibia,
Mantellidae). Spixiana. 2011;34(1):121–7.
Delfino G, Amerini S, Mugelli A. In vitro studies on the “venom” emission
from the skin of Bombina variegate pachypus (Bonaparte) (Amphibia Anura
Discoglossidae). Cell Biol Int Rep. 1982;6:843–50.
Delfino G, Brizzi R, Alvarez BB, Gentili M. Granular cutaneous glands in the
frog Physalaemus biligonigerous (Anura, Leptodactylidae): comparison
between ordinary serous and “inguinal” glands. Tissue Cell. 1999;31:576–86.
Lenzi-Mattos R, Antoniazzi MM, Haddad CFB, Tambourgi DV, Rodrigues MT,
Jared C. The inguinal macroglands of the frog Physalaemus nattereri
(Leptodactylidae): structure, toxic secretion and relationship with deimatic
behaviour. J Zool. 2005;266:385–94. https://doi.org/10.1017/
S095283690500703X.

Gong et al. Zoological Letters

(2020) 6:7

32. Warburg MR, Rosenberg M, Roberts JR, Heatwole H. Cutaneous glands in
the Australian hylid Litoria caerulea (Amphibia, Hylidae). Anat Embryol. 2000;
201:341–8. https://doi.org/10.1007/s004290050323.
33. Faivovich J, Haddad CFB, Baȇta D, Jungfer K, Álvares GFR, Brandão RA, et al.
The phylogenetic relationships of the charismatic poster frogs,
Phyllomedusinae (Anura, Hylidae). Cladistics. 2010;26:227–61. https://doi.org/
10.1111/j.109600031.2009.00287.x.
34. Brizzi R, Delfino G, Calloni C. Structural and ultrastructural comparison
between tail base- and mental glands in Hydromantes. Anim Biol. 1994;3:
31–40.
35. Brizzi R, Calloni C, Delfino G, Jantra S. Structural and ultrastructural
observations on antipredator cutaneous glands in Triturus marmoratus. Mus
Reg Sci Nat Torino. 2000;8:199–205.
36. Inger RF, Greenberg GB. Morphology and seasonal development of sex
characters in two sympatric African toads. J Morphol. 1956;99:549–76.
37. Willaert B, Bossuyt F, Janssenswillen S, Adriaens D, Baggerman G, Matthijs S,
et al. Frog nuptial pads secrete mating season-specific proteins related to
salamander pheromones. J Exp Biol. 2013;216:4139–43. https://doi.org/10.
1242/jeb.086363.
38. Metter DE, Conaway CH. The influence of hormones on the development
of breeding glands in Microhyla. Copeia. 1969;1969:621–2.
39. Yamamoto K, Kawai Y, Hayashi T, Ohe Y, Hayashi H, Toyoda F, et al. Silefrin,
a sodefrin-like pheromone in the abdominal gland of the sword-tailed
newt, Cynops ensicauda. FEBS Lett. 2000;472:267–70.
40. Janssenswillen S, Willaert B, Treer D, Vandebergh W, Bossuyt F, Van Bocxlaer
I. High pheromone diversity in the male cheek gland of the red-spotted
newt Notophthalmus viridescens (Salamandridae). BMC Evol Biol. 2015;15:54.
https://doi.org/10.1186/s12862-015-0333-1.
41. Maex M, Treer D, De Greve H, Proost P, Van Bocxlaer I, Bossuyt F. Exaptation
as a mechanism for functional reinforcement of an animal pheromone
system. Curr Biol. 2018;28:1–6. https://doi.org/10.1016/j.cub.2018.06.074.
42. Bossuyt F, Schulte LM, Maex M, Janssenswillen S, Novikova PY, Biju SD, et al.
Multiple independent recruitment of sodefrin precursor-like factors in
anuran sexually dimorphic glands. Mol Biol Evol. 2019;36(9):1921–30. https://
doi.org/10.1093/molbev/msz115.
43. Poth D, Peram PS, Vences M, Schulz S. Macrolides and alcohols as scent
gland constituents of the Madagascan frog Mantidactylus femoralis and
their intraspecific diversity. J Nat Prod. 2013;76(9):1548–58. https://doi.org/
10.1021/np400131q.
44. Starnbeger I, Poth D, Peram PS, Schulz S, Vences M, Knudsen J, et al. Take
time to smell the frogs: vocal sac glands of reed frogs (Anura: Hyperoliidae)
contain species-specific chemical cocktails. Biol J Linn Soc. 2013;110:828–38.
45. Figueira-Gonçalves V, de Brito-Gitirana L. Structure of the sexually dimorphic
gland of Cycloramphus fuliginosus (Amphibia, Anura, Cycloramphidae).
Micron. 2008;39:32–9. https://doi.org/10.1016/j.micron.2007.08.005.
46. Pearl CA, Cervantes M, Chan M, Ho U, Shoji R, Thomas EO. Evidence for a
mate-attracting chemosignal in the dwarf African clawed frog
Hymenochirus. Horm Behav. 2000;38:67–74. https://doi.org/10.1006/hbeh.
2000.1609.
47. Fei L, Ye CY, Jiang JP. Colored atlas of Chinese amphibians and their
distributions. Chengdu: Sichuan Publishing Group/Sichuan Publishing House
of Science and Technology; 2012. p. 330–1.
48. Lyu ZT, Zeng ZC, Wang J, Lin CY, Liu ZY, Wang YY. Resurrection of genus
Nidirana (Anura: Ranidae) and synonymizing N. caldwelli with N.
adenopleura, with description of a new species from China. Amphib Reptil.
2017;38:483–502. https://doi.org/10.1163/15685381-00003130.
49. Rabb GB, Rabb MS. On the behavior and breeding biology of the African
pipid frog Hymenochirus boettgeri. Zeit Tierpsychol. 1963;20:215–41.
50. Wu W, Li P, Lu Y, Zhou Z, Wang Y. Comparative histological observation of
the skin in male and female frog (Rana amurensis) during breeding season.
Chin J Wildl. 2011;32(3):141–5.
51. Zeng YW, Xie F. Morphology of dorsolateral fold in ranids (Amphibia, Anura,
Ranidae). Chin J Zool. 2018;53(5):723–32.
52. Truffelli TG. A macroscopic and microscopic study of the mental hedonic
gland-clusters of some Plethodontid salamanders. Univ Kansas Sc Bull. 1954;
36:3–39.
53. Sever DM. Induction of secondary sexual characters in Eurycea
quadridigitata. Copeia. 1976;1976:830–3.
54. Bani G, Delfino G. Ultrastructure of the myoepithelial cell of the cutaneous
glands in several amphibian species. Biom Res India. 1990;1:73–83.

Page 16 of 16

55. Brizzi R, Calloni C, Delfino G. Accessory structures in the genital apparatus of
Salamandrina terdigitata (Amphibia: Salamandridae). II. Structural and
ultrastructural specializations in the male cloacal region. Z Mikrosk-anat
Forsch. 1988;102:833–57.
56. Barbeau TR, Lillywhite HB. Body wiping behaviors associated with cutaneous
lipids in hylid tree frogs of Florida. J Exp Biol. 2005;208:2147–56.
57. Brunetti AE, Hermida GN, Luna MC, Barsotti AMG, Jared C, Antoniazzi MM,
et al. Diversity and evolution of sexually dimorphic mental and lateral
glands in Cophomantini treefrogs (Amphibia: Anura: Hylidae: Hylinae). Biol J
Linn Soc. 2015;114:12–34.
58. Blaylock LA, Ruibal R, Platt-Aloia K. Skin structure and wiping behavior of
Phyllomedusinae frogs. Copeia. 1976;1976:283–95.
59. Wyatt T. Pheromones and other chemical communication in animals. In:
Squire LR, editor. Encyclopedia of neuroscience. Oxford: Academic Press;
2009. p. 611–6. https://doi.org/10.1016/B978-008045046-9.01825-8.
60. Rosenthal GG, Rand AS, Ryan MJ. The vocal sac as a visual cue in anuran
communication: an experimental analysis using video playback. Anim
Behav. 2004;68:55–8. https://doi.org/10.1016/j.anbehav.2003.07.013.
61. Byrne PG, Keogh JS. Terrestrial toadlets use chemosignals to recognize
conspecifics, locate mates and strategically adjust calling behaviour. Anim
Behav. 2007;74:1155–62. https://doi.org/10.1016/j.anbehav.2006.10.033.
62. Maex M, Van Bocxlaer I, Mortier A, Proost P, Bossuyt F. Courtship
pheromone use in a model urodele, the Mexican axolotl (Ambystoma
mexicanum). Sci Rep. 2016;6:20184. https://doi.org/10.1038/srep20184.
63. Waldman B, Bishop PJ. Chemical communication in an archaic anuran
amphibian. Behav Ecol. 2004;15:88–93. https://doi.org/10.1093/beheco/
arg071.
64. Gerhardt HC, Huber F. Acoustic communication in insects and anurans.
Chicago: Universtiy of Chicago Press; 2002.
65. Wilburn DB, Eddy SL, Chouinard AJ, Arnold SJ, Feldhoff RC, Houck LD.
Pheromone isoform composition differentially affects female behaviour in
the red-legged salamander, Plethodon shermani. Anim Behav. 2015;100:1–7.
https://doi.org/10.1016/j.anbehav.2014.10.019.
66. Ryan MJ, Tuttle MD, Rand AS. Bat predation and sexual advertisement in a
neotropical anuran. Am Nat. 1982;119:136–9.
67. Dawley EM. Olfaction. In: Heatwole H, Dawley EM, editors. Amphibian
biology, vol. 3. New South Wales: Surrey Beatty and Sons; 1998. p. 711–42.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

