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ABSTRACT This study describes the spermatozoa of
10 of the 15 species of the Neotropical frog genus Pleu-
rodema through transmission electron microscopy. The
diversity of oviposition modes coupled with a recent
phylogenetic hypothesis of Pleurodema makes it an
interesting group for the study of ultrastructural sperm
evolution in relation to fertilization environment and
egg-clutch structure. We found that Pleurodema has an
unusual variability in sperm morphology. The more
variable structures were the acrosomal complex, the
midpiece, and the tail. The acrosomal complex has all
the structures commonly reported in hyloid frogs but
with different degree of development of the subacroso-
mal cone. Regarding the midpiece, the variability is
given by the presence or absence of the mitochondrial
collar. Finally, the tail is the most variable structure,
ranging from single (only axoneme) to more complex
(presence of paraxonemal rod, cytoplasmic sheath, and
undulating membrane), with the absence of the typical
axial fiber present in hyloid frogs, also shared with
some other genera of Leiuperinae. J. Morphol.
277:957–977, 2016. VC 2016 Wiley Periodicals, Inc.

KEY WORDS: ultrastructure; phylogeny; foam nest;
spermatozoon

INTRODUCTION

The Neotropical Leiuperinae (sensu Pyron and
Wiens, 2011 with modifications by Faivovich et al.,
2012) currently includes about 90 species (Frost,
2015) distributed in five genera, Edalorhina,
Engystomops, Physalaemus, Pleurodema, and
Pseudopaludicola. The monophyly of Leiuperinae
is supported by molecular evidence (Pyron and
Wiens, 2011). In this clade, the ancestral condition
of the egg-clutch structure is egg-laying on foam
nest on water, as occurs in all the species of Edalo-
rhina, Engystomops, and Physalaemus for which
reproductive mode is known (see Faivovich et al.,
2012 and literature therein). While species of

Pseudopaludicola lay eggs individually on water
(Barrio, 1954; Giaretta and Facure, 2009), Pleuro-
dema exhibits a striking variability.

The genus Pleurodema, distributed from Pan-
ama to southern South America, encompasses 15
species (Faivovich et al., 2012). Three different
egg-clutch structures were described for the genus:
eggs laid in floating foam nests, eggs included in
gelatinous strings (floating or submerged), and
eggs laid in gelatinous subspherical masses that
result from the collapse of the foam nest subse-
quent to the spawning process (Cei, 1962, 1980;
Barrio, 1964, 1977; Duellman and Veloso, 1977;
H€odl, 1992; Martori et al., 1994; Weigandt et al.,
2004; Ferraro et al., 2016).

The ultrastructure of anuran spermatozoa has
been associated with phylogenetic relationships
and with fertilization environment (Jamieson
et al., 1993; Lee and Jamieson, 1993). It has been
postulated that a complex spermatozoon as
observed in basal lineages of anurans, caecilians,
and salamanders is the plesiomorphic condition in
amphibians. This spermatozoon, characterized by
the presence of both accessory fibers and undulat-
ing membrane, was also related to internal fertil-
ization and/or viscous fertilization environments
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(Jamieson et al., 1993; Lee and Jamieson, 1993). A
simpler spermatozoon has been associated with
aquatic fertilization environments (Jamieson
et al., 1993; Lee and Jamieson, 1993; Scheltinga
et al., 2002a; Scheltinga and Jamieson, 2003;
Garda et al., 2004). In Rhacophoridae, where the
fertilization takes place in foam nests, neither
accessory fibers nor an undulating membrane are
present, but a packed core of satellite microtubules
is observed surrounding the double axoneme
(Mainoya, 1981; Mizuhira et al., 1986; Muto and
Kubota, 2009, 2013). Recently, Muto and Kubota
(2009, 2013) studied two foam-nesting Rhacophor-
ids and suggested that the sperm motility is spe-
cifically modified for a viscous fertilization
environment. Within Rhacophoridae, members of
the genera Chiromantis, Polypedates, and Rhaco-
phorus share common character states, a pair of
axonemes surrounded by hundreds of crystallized
satellite microtubules in the tail of the spermato-
zoa. These features provide more propulsion power
and flagellar stiffness, which opposes the viscous
resistance of the foam nest and generates higher
bending torque (Muto and Kubota, 2013). Further-
more, spermatozoa of non foam-nesting Rhaco-
phoridae (e.g., Burgeria buergeri) do not have
these complex features (Muto and Kubota, 2013).

The ultrastructure of spermatozoa has been
described in eighteen species of Leiuperinae:
Engystomops pustulosus (as Physalaemus pustulo-
sus, Scheltinga, 2002), Physalaemus biligonigerus,
P. gracilis, P. marmoratus (as P. fuscomaculatus,
Amaral et al., 1999), P. nattereri (as Eupemphix
nattereri, Zieri et al., 2008), Pleurodema thaul
(Pugin and Garrido, 1981), Pseudopaludicola fal-
cipes (Amaral et al., 2000), and Pseudopaludicola
ameghini, P. atragula, P. canga, P. facureae, P.
giarettai, P. mineira, P. mystacalis, P. saltica, P.
ternetzi, Pseudopaludicola sp. 1, and Pseudopalu-
dicola sp. 2 (Santos et al., 2015).

The diversity of oviposition modes in Pleuro-
dema, coupled with a recent phylogenetic hypothe-
sis, makes this group an interesting candidate for
the study of ultrastructural sperm evolution in
relation with fertilization environment and egg-
clutch structure.

The goals of this contribution were i) to describe
the spermatozoon ultrastructure of ten species of
Pleurodema and ii) to establish hypotheses of
homology involving the ultrastructure of sperma-
tozoids and to study its evolution in the phyloge-
netic context of Leiuperinae. Finally, we discussed
the relationship between spermatozoon ultrastruc-
ture and reproductive modes in foam nesting spe-
cies in general, and in Pleurodema in particular.

MATERIALS AND METHODS

The testes of ten species of Pleurodema were examined (see
Appendix). Samples were obtained from adult males housed at

herpetological collections (Pleurodema borellii, P. brachyops, P.
bufoninum, P. cinereum, and P. marmoratum from CENAI col-
lection) or recently collected (P. cordobae, P. diplolister, P.
guayapae, P. kriegi, P. marmoratum from LGE collection, and P.
tucumanum). These latter specimens were sacrificed by immer-
sion in a 10% aqueous solution of tricaine methanesulfonate
(MS-222). The testes were quickly removed and cut into small
fragments (1 mm3) in 0.1 M sodium phosphate buffer (pH 7.2)
and fixed for transmission electron microscopy (TEM) in 3%
glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2) at
48C overnight.

Specimens from herpetological collections were fixed in 10%
formalin and stored in 70% ethanol. The testes of these speci-
mens were rehydrated through a descending ethanol series fol-
lowing the methodology by Scheltinga et al. (2002b).
Subsequently, they were placed into 3% glutaraldehyde in
0.1 M sodium phosphate buffer (pH 7.2) at 48C overnight,
before processing and sectioning as for normal glutaraldehyde-
fixed tissues (described below).

All samples were rinsed in 0.1 M sodium phosphate buffer;
postfixed for 1 h in 1% osmium tetroxide in the same buffer;
dehydrated through an ascending ethanol series; and embedded
in epoxy resin and polymerized. Semithin sections were cut at
2 mm and stained with 1% toluidine blue in Na2CO3. Ultrathin
sections were cut at 90–150 nm with a glass blade on a Sorvall
Porter Blum MT2-B Ultra-Microtome (Ivan Sorvall Inc., New-
town, CT), and stained with uranyl acetate and lead citrate
(Reynolds, 1963). Electron micrographs were taken using a Phi-
lips EM 301 transmission electron microscope at 75–80 kV and
a Zeiss EM 109T at 75 kV equipped with a Gatan ES1000W
digital camera (11 megapixels). The electron micrographs with
the best definition of structures were selected for analysis (e.g.,
chromatin with compacted material and absence of residual
cytoplasmic material derived from cyto differentiation).

Based on the informative variation observed in the ultrastuc-
tural sperm morphology, homology hypotheses were defined
and optimized on the phylogenetic hypothesis of Pleurodema
proposed by Faivovich et al. (2012). Characters were scored
based on photographs of transverse sections of spermatozoa of
the ten studied species of Pleurodema. Information of the other
species included in the taxon sampling of Faivovich et al.
(2012) was taken from literature (see sources in Table 2) but,
unfortunately, many taxa have extensive missing data. Multi-
state characters were treated as nonadditive. Optimization was
performed using the software Winclada (Nixon, 2002), using
the command Optimization/Unambig changes only. Terminology
used for ultrastructural sperm descriptions follows Aguiar-Jr
et al. (2006) and anuran taxonomy follows Frost (2015). This
study was carried out according to the regulations specified by
the Institutional Animal Care and Use Committee of the Facul-
tad de Ciencias Exactas y Naturales, UBA (Res C/D 140/00).
The collection of Pleurodema diplolister was authorized by the
Brazilian Institute for the Environment and Renewable Natu-
ral Resources (IBAMA – process 02001.002/2005/16).

RESULTS

Ultrastructurally, the spermatozoa of the ten
studied species of Pleurodema are elongate and
filiform, consisting of three conspicuous regions:
head (acrosome complex and nucleus), midpiece,
and tail. Detailed descriptions of the ultrastruc-
tural morphology of spermatozoa are listed follow-
ing similarities between species. Some structures,
particularly membranes, were broken down in
samples that had been fixed in formalin and
stored in ethanol for extended periods of time. The
main results are summarized in Table 1 and
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general reconstructions of sperm morphology in
Figures 8 and 9.

Pleurodema brachyops, P. cordobae, and P.
kriegi (Figs. 1 and 8A)

The acrosome complex is located at the anterior
portion of the head, symmetrically covering the
anterior part of the nucleus. It consists of two coni-
cal structures, the acrosome vesicle and a subacro-
somal cone below. The acrosome vesicle extends
from the tip of the cell to the anterior region of the
nucleus, ending basally with a bulb-shaped thicken-
ing, whereas the subacrosomal cone extends beyond
the base of the acrosome (Fig. 1A). The acrosome
vesicle is membrane-bound and filled with homoge-
neous material of moderate electron density. In
cross-section, the acrosome vesicle is circular and
thicker in its medial region. The subacrosomal cone
is formed by bundles of electron-dense material, not
bound by a membrane and oriented approximately
parallel to the longitudinal axis of the cell. This
structure is continuous in longitudinal sections but
discontinuous in transverse sections (Fig. 1B,C).
The subacrosomal cone is separated from the
nucleus by a reduced subacrosomal space (Fig. 1A).
The nucleus is conical in longitudinal section and
circular in transverse section (Fig. 1A,C–E). The
chromatin is not fully compacted, and electron-
lucent nuclear lacunae are occasionally observed in
the anterior portion (Fig. 1C). The apical region,
the nuclear rostrum, is narrow and protrudes into
the acrosome complex. Posteriorly, the nucleus is
surrounded by cytoplasm containing mitochondria
and numerous cytoplasmic vacuoles (Fig. 1D–F).

The midpiece connects the head to the tail and
consists of two centrioles, proximal and distal,
which are surrounded by electron-dense material,
the pericentriolar material. The proximal centriole
lies in the nuclear fossa, whereas the distal cen-
triole is perpendicular to the proximal and located
outside the nuclear fossa (Fig. 1F). The posterior
region of the midpiece consists of cytoplasm with
ovoid and round mitochondria; this cytoplasm
extends along the anterior portion of the tail, sur-
rounding the flagellum (Fig. 1F,G).

The anterior region of the tail consists of an axo-
neme (with the typical 9 1 2 pattern of microtu-
bules) and a paraxonemal rod (Fig. 1G). In the
middle region, the paraxonemal rod is modified in
a juxtaxonemal fiber and an undulating mem-
brane, which accompanies the axoneme (Fig. 1H).
The terminal region of the tail contains only the
axoneme (Fig. 1I).

Pleurodema diplolister (Figs. 2A–D and 8B)

The acrosome complex is similar to the species
described above. The nucleus has highly con-
densed chromatin (Fig. 2A,D–F). Posteriorly to the
nucleus there is a nuclear fossa and two centrioles

with the typical arrangement, surrounded by peri-
centriolar material (Fig. 2F,G). There are mito-
chondria in the midpiece and posteriorly they are
arranged inside a mitochondrial collar (Fig. 2F–I).

The anterior portion of the tail consists only of
the axoneme and paraxonemal rod, while in the
middle region a juxtaxonemal fiber adjacent to the
axoneme with an undulating membrane is
observed (Fig. 2I–K). Only the axoneme extends
until the terminal region of the tail (Fig. 2L).

Pleurodema marmoratum (Figs. 3 and 8C)

The thin symmetric acrosome vesicle surrounds
only the anteriormost portion of the nucleus. The
subacrosomal cone lies below the acrosome vesicle;
it extends over the nucleus, beyond the posterior
end of the acrosome (Fig. 3A). In transverse sec-
tion, the subacrosomal cone appears as a continu-
ous ring composed of thick and dense homogeneous
material (Fig. 3B–D). The subacrosomal cone is
separated from the nucleus by a pronounced suba-
crosomal space. The anterior tip of the nucleus has
the shape of a truncated cone, whereas the poste-
rior end is surrounded by a cytoplasm with mito-
chondria (Fig. 3A,E,F). The nuclear fossa is
conspicuous (Fig. 3G). The chromatin is highly con-
densed and electron-dense (Fig. 3A,C–F).

In the midpiece, both centrioles are embedded in
pericentriolar material. Mitochondria are arranged
inside a mitochondrial collar that surrounds the
anterior region of the tail (Fig. 3G,H). In this
region, the axoneme is associated with a paraxone-
mal rod, both of which are separated from the mito-
chondrial collar by the cytoplasmic canal (Fig. 3H).
The mitochondrial collar and the paraxonemal rod
distally disappear and the axoneme is linked to the
undulating membrane through the juxtaxonemal
fiber (Fig. 3I,J). The end of the spermatozoon tail is
formed only by an axoneme (Fig. 3K).

Pleurodema guayapae (Fig. 4)

The acrosome complex consists of a short and
symmetrical acrosome and a subacrosomal cone,
which ends at the anteriormost portion of the
nucleus (Fig. 4A). In cross section, the subacrosomal
cone is a continuous ring comprising dense homoge-
neous material (Fig. 4B–D). The apical region of the
nucleus is conical and is separated from the acro-
some complex by a reduced subacrosomal space.
The acrosome vesicle is thick and the bulb-shaped
ending is not observed. The nucleus has moderately
condensed chromatin (Fig. 4A,D–F).

In the midpiece there are transverse striations
around the centrioles (Fig. 4G). There is a mito-
chondrial collar in the posterior portion of the mid-
piece (Fig. 4H,I). Tail morphology is similar to that
observed in the species described above (Fig. 4J).
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TABLE 2. Data matrix of ultrastructural characters of spermatozoa

Taxon

Characters

Reference0 1 2 3 4 5 6 7 8

Leptodactylidae
Leiuperinae
Pleurodema alium ? ? ? ? ? ? ? ? ?
Pleurodema bibroni ? ? ? ? ? ? ? ? ?
Pleurodema borellii 2 0 1 1 0 0 – – 0 a
Pleurodema brachyops 2 0 0 0 1 0 – – 1 a
Pleurodema bufoninum 1 0 1 0 1 1 1 0 0 a
Pleurodema cinereum 2 0 1 1 0 0 – – 0 a
Pleurodema cordobae 2 0 0 0 1 0 – – 1 a
Pleurodema diplolister 2 0 0 0 1 0 – – 1 a
Pleurodema guayapae 2 0 0 0 1 0 – – 1 a
Pleurodema kriegi 2 0 0 0 1 0 – – 1 a
Pleurodema marmoratum 2 0 0 0 1 0 – – 1 a
Pleurodema nebulosum ? ? ? ? ? ? ? ? ?
Pleurodema thaul 0 0 0 0 1 1 1 1 0 b
Pleurodema tucumanum 2 0 0 0 0 0 – – 0 a
Pleurodema somuncurense ? ? ? ? ? ? ? ? ?
Physalaemus riograndensis ? ? ? ? ? ? ? ? ?
Physalaemus biligonigerus 2 1 1 0 1 0 – – 1 c
Physalaemus barrioi ? ? ? ? ? ? ? ? ?
Physalaemus cuvieri ? ? ? ? ? ? ? ? ?
Physalaemus signifier ? ? ? ? ? ? ? ? ?
Physalaemus nattereri 2 1 1 0 1 0 – – 1 d
Physalaemus santafecinus ? ? ? ? ? ? ? ? ?
Engystomops guayaco ? ? ? ? ? ? ? ? ?
Engystomops pustulatus ? ? ? ? ? ? ? ? ?
Edalorhina perezi ? ? ? ? ? ? ? ? ?
Pseudopaludicola falcipes 2 1 1 0 1 1 0 0 1 e

Leptodactylinae
Leptodactylus latrans 0 0 0 0 1 1 0 0 1 f
Lithodytes lineatus 0 0 0 0 1 1 0 0 1 f

Paratelmatobiinae
Paratelmatobius sp. ? ? ? ? ? ? ? ? ?

Allophrynidae
Allophryne ruthveni ? ? ? ? ? ? ? ? ?

Aromobatidae
Allobates femoralis 2 0 1 0 0 1 – 0 1 g

Batrachylidae
Batrachyla leptopus 2 1 1 0 1 1 – 0 1 b, h

Bufonidae
Melanoprhyniscus klappenbachi ? ? ? ? ? ? ? ? ?

Centrolenidae
Espadarana prosoblepon ? ? ? ? ? ? ? ? ?

Ceratophryidae
Ceratophrys cranwelli 2 0 1 0 1 1 0 0 1 i

Cycloramphidae
Cycloramphus boraceiensis ? ? ? ? ? ? ? ? ?

Odontophrynidae
Odontophrynus americanus ? ? ? ? ? ? ? ? ?

Hylidae
Litoria caerulea 2 0 1 0 1 1 0 0 1 i, j

Hylodidae
Crossodactylus schmidti ? ? ? ? ? ? ? ? ?

Telmatobiidae
Telmatobius bolivianus ? ? ? ? ? ? ? ? ?

Character-states were scored on the taxon sampling employed by Faivovich et al. (2012). See text for further information. Missing
data are indicated by a question mark and inapplicable data by a dash.
aPresent study.
bPugin and Garrido (1981).
cAmaral et al. (1999).
dZieri et al. (2008).
eAmaral et al. (2000).
fSalles et al. (2015).
gAguiar-Jr et al. (2003).
hGarrido et al. (1989).
iScheltinga (2002).
jLee and Jamieson (1993).
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Fig. 1. Transmission electron micrographs of spermatozoa of Pleurodema brachyops, P. cordobae, and P. kriegi. A: Longitudinal sec-
tion (LS) of the acrosome complex and nucleus showing the acrosomal vesicle and subacrosomal cone. B: Transverse section (TS)
through the acrosome complex showing a thick acrosome vesicle and the convergent bundles of fibers belonging to the subacrosomal
cone. C: TS of the acrosome complex-nucleus showing the acrosomal vesicle, the subacrosomal cone and the nucleus with chromatin
with electron-lucent nuclear lacunae. D–E: TSs through the nucleus. Note the mitochondria in the cytoplasm surrounding the poste-
rior region of the nucleus. F: LS of posterior region of the nucleus, midpiece, and tail. Note in the midpiece the arrangement of the
centrioles surrounded by the pericentriolar material. G: TS of the anterior region of the tail showing cytoplasm with mitochondria
and vacuoles surrounding the axoneme and the paraxonemal rod. H: TS of middle region of the tail showing the axoneme and the
juxtaxonemal fiber continuous with the undulating membrane. I: TS of the terminal region of the tail where only the axoneme is
observable. Abbreviations: a, acrosome vesicle; ax, axoneme; cy, cytoplasm; dc, distal centriole; jf, juxtaxonemal fiber; l, nuclear lacu-
nae; m, mitochondria; n, nucleus; nf, nuclear fossa; pc, proximal centriole; pm, pericentriolar material; pr, paraxonemal rod; sc, suba-
crosomal cone; ss, subacrosomal space; um, undulating membrane; v, cytoplasmic vacuole.



Pleurodema bufoninum (Figs. 5 and 8D)

The acrosome complex is composed of an elon-
gated and conical acrosome vesicle and an under-
lying reduced subacrosomal cone (Fig. 5A). The
acrosome is thick and is filled with an electron-
dense material. It extends posteriorly and ends

with a bulb-shaped thickening (Fig. 5E). The suba-
crosomal cone is thin, extends beyond the acro-
some vesicle and is filled with a less electron-
dense material than in the acrosome (Fig. 5A–E);
it is in close contact with the nucleus so that no
subacrosomal space can be observed (Fig. 5A,E).

Fig. 2. Transmission electron micrographs of spermatozoa of Pleurodema diplolister. A: Longitudinal section (LS) of the acrosome
complex and nucleus showing the acrosomal vesicle and subacrosomal cone. B–E: Transverse sections (TS) through the acrosome
complex and nucleus showing a thick acrosome vesicle and the convergent bundles of fibers belonging to the subacrosomal cone. F:
LS of posterior region of the nucleus, midpiece, and tail. Note in the midpiece the arrangement of the centrioles surrounded by the
pericentriolar material and the disposition of the mitochondria around of the axoneme. G–I: TSs of midpiece and tail showing cyto-
plasm with mitochondria and vacuoles surrounding the axoneme and the paraxonemal rod. Note the presence of the mitochondrial
collar in the most posterior region of the midpiece. J–K: TSs of middle region of the tail showing the axoneme and the justaxonemal
fiber continuous with the undulating membrane. The undulating membrane decreases posteriorly. L: TS of the terminal region of the
tail where only the axoneme is observable. Abbreviations: a, acrosome vesicle; ax, axoneme; cc, cytoplasmic canal; cy, cytoplasm; dc,
distal centriole; jf, juxtaxonemal fiber; m, mitochondria; mc, mitochondrial collar; n, nucleus; nf, nuclear fossa; pc, proximal centriole;
pm, pericentriolar material; pr, paraxonemal rod; sc, subacrosomal cone; ss, subacrosomal space; um, undulating membrane; v, cyto-
plasmic vacuole.
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Fig. 3. Transmission electron micrographs of spermatozoa of Pleurodema marmoratum. A: Longitudinal section (LS) of the acro-
some complex and nucleus. Note the great extension of the subacrosomal cone in relation to the acrosomal vesicle. B: Transverse sec-
tion (TS) through the acrosome complex showing the acrosome vesicle and wide subacrosomal cone with the subacrosomal space. C–
E: TSs at level of the nucleus. Note the subsequent disappearance of the acrosome vesicle and subacrosomal cone. F: TS of the poste-
riormost region of the nucleus surrounded by cytoplasm with mitochondria. G: LS of the midpiece and tail showing the nuclear fossa
and the arrangement of centrioles. Note the mitochondrial collar surrounding the anterior portion of the tail separated by a cytoplas-
mic canal. H: TS of the mitochondrial collar of the midpiece. Note the axoneme and the paraxonemal rod. I: TS of the anterior region
of the tail showing an axoneme and paraxonemal rod. J: TS of the middle region of the tail showing the axonema, juxtaxonemal fiber
and the undulating membrane. K: TS of the terminal region of the tail where only the axoneme is observable. Abbreviations: a, acro-
some vesicle; ax, axoneme; cc, cytoplasmic canal; cy, cytoplasm; dc, distal centriole; jf, juxtaxonemal fiber; m, mitochondria; mc, mito-
chondrial collar; n, nucleus; nf, nuclear fossa; pc, proximal centriole; pm, pericentriolar material; pr, paraxonemal rod; sc,
subacrosomal cone; ss, subacrosomal space; um, undulating membrane.
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Fig. 4. Transmission electron micrographs of spermatozoa of Pleurodema guayapae. A: Longitudinal section (LS) of the acrosome
complex and nucleus. B: Transverse section (TS) through the acrosome complex showing the width acrosome vesicle and subacroso-
mal cone. C-F: TSs at level of the nucleus. Note the subsequent disappearance of the acrosome vesicle and subacrosomal cone. G: LS
of the midpiece and tail showing the nuclear fossa and the arrangement of centrioles. Note the presence of transverse striation sur-
rounding proximal and distal centrioles. H: LS of the anterior region of the tail showing an axoneme and paraxonemal rod. I: TS of
the mitochondrial collar of the midpiece. J: TS of the middle region of the tail showing the axoneme, juxtaxonemal fiber and the
undulating membrane. Abbreviations: a, acrosome vesicle; ax, axoneme; cc, cytoplasmic canal; cy, cytoplasm; dc, distal centriole; jf,
juxtaxonemal fiber; m, mitochondria; mc, mitochondrial collar; n, nucleus; nf, nuclear fossa; pc, proximal centriole; pr, paraxonemal
rod; sc, subacrosomal cone; ss, subacrosomal space; st, transverse striation; um, undulating membrane.
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Fig. 5. Transmission electron micrographs of spermatozoa of Pleurodema bufoninum. A: Longitudinal section (LS) of the anterior
region of the nucleus showing the acrosome vesicle and the subacrosomal cone. B–D: Transverse sections (TS) of the anterior region
of the nucleus showing the acrosome vesicle and the subacrosomal cone. Note the close contact of the subacrosomal cone with the
nucleus. E: LS of the middle region of the nucleus. Note the extension of the acrosome vesicle and the subacrosomal cone towards
the posterior region of the nucleus. F: LS of the terminal region of the nucleus, midpiece, and anterior region of the tail showing the
nuclear fossa and the arrangement of the centrioles, continued by the tail surrounded by a mitochondrial collar and separated from
this by a cytoplasmic canal. G: TS at middle level of the nucleus showing the subacrosomal cone. H: TS at level of the posterior
region the nucleus surrounded by cytoplasm containing mitochondria. I–L: TS of the tail. Note the presence of a mitochondrial collar
and only paraxonemal rod accompanying the axoneme in the anterior region of the tail. Abbreviations: a, acrosome vesicle; ax, axo-
neme; cc, cytoplasmic canal; cy, cytoplasm; dc, distal centriole; m, mitochondria; mc, mitochondrial collar; n, nucleus; nf, nuclear
fossa; pc, proximal centriole; pm, pericentriolar material; pr, paraxonemal rod; sc, subacrosomal cone; v, cytoplasmic vacuole.
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The cylindro-conical nucleus tapers to a rounded
tip within the acrosome complex. The chromatin is
highly condensed and electron-dense (Fig. 5A–H).
The posteriormost portion of the nucleus is sur-
rounded by cytoplasm with numerous vacuoles
and mitochondria (Fig. 5F,H). The centrioles are
surrounded by pericentriolar material. There is a
mitochondrial collar in the posterior region of the
midpiece (Fig. 5F,I). The anterior and middle
regions of the tail are composed of an axoneme
and a paraxonemal rod. A cytoplasmic canal sepa-
rates this region from the mitochondrial collar
(Fig. 5I–K). The posterior portion of the tail is
formed only by the axoneme (Fig. 5L).

Pleurodema tucumanum (Figs. 6 and 9A)

The spermatozoon head is blunt at its anterior
tip. The acrosome complex, formed by short and
symmetric acrosome and subacrosomal cone, ends
at the anteriormost portion of the nucleus (Fig.
6A). The thick acrosome contains moderately
electron-dense material and ends basally with a
bulb-shaped thickening (Fig. 6A–E). The subacro-
somal cone is discontinuous in transverse section,
and it consists of longitudinal bundles of electron-
dense material (Fig. 6B–D). The acrosome complex
is separated from the apical tip of the nucleus by a
pronounced subacrosomal space (Fig. 6A).

The nucleus has a rounded apical tip, it is coni-
cal in longitudinal section and circular in cross
section, and is composed of moderately condensed
chromatin (Fig. 6A,D–H). The posterior region of
the nucleus is surrounded by cytoplasm with few
mitochondria (Fig. 6F).

In the midpiece, the proximal centriole lies
within the symmetrical nuclear fossa. The proxi-
mal centriole is surrounded by dense and scarce
pericentriolar material that connects it with the
nuclear fossa and with the distal centriole (Fig.
6G,H). The cytoplasm of the anterior portion of
the axoneme contains several mitochondria and
vacuoles (Fig. 6G–I). The mitochondrial collar is
absent.

The terminal region of the tail is composed only
of an axoneme (Fig. 6J). Accessory fibers and
undulating membrane are absent.

Pleurodema borellii and P. cinereum (Figs. 7
and 9B)

The acrosome vesicle contains electron-lucent
material, is thin and the bulb-shaped ending is
not observed. The subacrosomal cone extends
slightly beyond the vesicle (Fig. 7A); it appears as
a moderately electron-dense structure discontinu-
ous in transverse section, composed of coarse
fibers forming irregular isolated bundles (Fig.
7B,C). The nucleus has granular moderately con-
densed chromatin, with some electron-lucent lacu-
nae (Fig. 7A,C–E); it is surrounded by a sheath of

cytoplasm containing mitochondria that increase
in number toward the tail (Fig. 7E,F). Two cen-
trioles are present within the centriolar region,
with the proximal centriole being inside the
nuclear fossa and the distal one being outside it;
both centrioles are surrounded by moderate peri-
centriolar material. The posteriormost portion of
the midpiece contains a mitochondrial collar sepa-
rated from the tail by a cytoplasmic canal (Fig.
7F). The anterior region of the tail shows an axo-
neme surrounded by a sheath of cytoplasm, which
exhibits different electron-densities (Fig. 7F–H).
The amount of cytoplasm surrounding the axo-
neme decreases toward the end of the tail, where
only the axoneme is observed (Fig. 7I).

Character Definition

Nine characters were described according to the
observed variability. Characters 3–8 were coded at
the medial region of the tail (see sections F of
Figs. 8 and 9). The data matrix is shown in Table
2. The optimization of the characters described
below is discussed in the next section and illus-
trated in Figure 10.
0. Subacrosomal cone: (0) absent, (1) reduced, (2)

developed. Figures 1A,C, 2A–D, 3A–D, 4A–D,
5A, C, E, 6A–E, and 7A–C.

The subacrosomal cone is placed behind the
acrosome vesicle and is formed by electron-
dense material. Traditionally, this structure was
named subacrosomal cone in Ascaphus truei
(Jamieson et al., 1993) and Leiopelma hochstet-
teri (Scheltinga et al., 2001), and conical perfora-
torium in other anuran families where it occurs
(e.g. Lee and Jamieson, 1992; see also Schel-
tinga, 2002). However, Garda et al. (2002) pro-
posed the homology of the subacrosomal cone
with the conical perforatorium. We agree with
their arguments, as well as other recent papers
(e.g., Aguiar-Jr et al., 2003, 2004, 2006; Garda
et al. 2004; Zieri et al. 2008).

1. Transverse striations at midpiece: (0) absent, (1)
present. Figure 4G.

Cross striations can be observed in the mid-
piece, and seem to be continued with the para-
xonemal rod (Reed and Stanley, 1972; Rastogi
et al., 1988; B�ao et al., 1991; Amaral et al.,
2000).

2. Mitochondrial collar (sensu Lee and Jamieson,
1992): (0) absent, (1) present. Figures 2I, 3G, 4I,
5I, and 7F.

The mitochondria can be distributed in a
well-developed and cylindrical collar placed
around the proximal region of the sperm tail
(mitochondrial collar). When this structure is
absent, the mitochondria are place along the
tail, adjacent to the axoneme (Scheltinga, 2002).

3. Cytoplasmatic sheath surrounding the axoneme:
(0) absent, (1) present. Figure 7F–H.
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Fig. 6. Transmission electron micrographs of spermatozoa of Pleurodema tucumanum. A: Longitudinal section (LS) of the acrosome
complex and nucleus showing the acrosome vesicle and the subacrosomal cone. B–E: Transverse sections (TS) of the acrosome com-
plex and nucleus showing the discontinuous subacrosomal cone and the enlargement of the nucleus. F: TS of the posteriormost
region of the nucleus surrounded by cytoplasm with mitochondria. G: LS of the terminal region of the nucleus, midpiece, and ante-
rior region of the tail. H: LS of midpiece showing the nuclear fossa and the arrangement of the centrioles. I: TS of the anteriormost
region of the tail showing cytoplasm with mitochondria surrounding the axoneme. Note the presence of a cytoplasmic vacuole. J: TS
of the terminal region the tail showing the typical structure of the axoneme. Abbreviations: a, acrosome vesicle; ax, axoneme; cy, cyto-
plasm; dc, distal centriole; m, mitochondria; n, nucleus; nf, nuclear fossa; pc, proximal centriole; pm, pericentriolar material; sc, suba-
crosomal cone; ss, subacrosomal space; v, cytoplasmic vacuole.
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Fig. 7. Transmission electron micrographs of spermatozoa of Pleurodema borellii and P. cinereum. A: Longitudinal section (LS) of
the acrosome complex and nucleus. B: Transverse section (TS) of the acrosome complex showing the discontinuous subacrosomal
cone surrounded by the acrosome vesicle. C: TS at level of the acrosome complex-nucleus. D: TS of the anterior region of the nucleus
surrounded by slight cytoplasm. E: TS of the posterior region of the nucleus. Note the presence of the mitochondria. F: LS at level of
the nucleus, midpiece, and anterior region of the tail. Note the arrangement of the centrioles in relation to the nuclear fossa and the
presence of a mitochondrial collar surrounding the tail, and a cytoplasmic sheath surrounding the axoneme (asterisk). G: Transverse
section of the anterior region of the tail showing the axoneme surrounded by a mitochondrial collar separated by the cytoplasmic
canal. Note a cytoplasmic sheath with areas of different electron-density surrounding the axoneme (asterisk) H: TS of the posterior
region of the tail. Note the presence of a cytoplasmic sheath (asterisk). I: Terminal region of the tail formed only by the axoneme.
Abbreviations: a, acrosome vesicle; ax, axoneme; cc, cytoplasmic canal; cy, cytoplasm; dc, distal centriole; l, nuclear lacunae; m, mito-
chondria; mc, mitochondrial collar; n, nucleus; nf, nuclear fossa; pc, proximal centriole; pm, pericentriolar material; sc, subacrosomal
cone; ss, subacrosomal space.
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A cytoplasmatic sheath surrounding the axoneme
with different electron-densities has only been
observed in Pleurodema borellii and P. cinereum.

4. Juxtaxonemal fiber: (0) absent, (1) present.
5. Axial fiber: (0) absent, (1) present.

6. Paraxonemal rod: (0) absent, (1) present. Figure 5J.
Characters 4–6 refer to the accessory fibers of the

sperm tail. The generalized anuran sperm has two
longitudinal fibers that accompany the axoneme:
the juxtaxonemal fiber (5 minor fibre sensu Lee

Fig. 8. Schematic reconstructions of the spermatozoa of A: P. brachyops, P. cordobae, and P.
kriegi. B: P. diplolister. C: P. marmoratum. D: P. bufoninum.
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and Jamieson, 1993) adjacent to doublet 3 of the
axoneme, and the axial fiber (5 major fibre sensu
Lee and Jamieson, 1993 5 axial rod sensu Amaral
et al., 2000).

An axial fiber occurs in Pseudopaludicola fal-
cipes, P. mineira, P. saltica, and P. ternetzi (Amaral
et al., 2000; Santos et al., 2015). In these cases, the
axial fiber is attached to the juxtaxonemal fiber by
a thin cytoplasmic lamina, the undulating mem-
brane (characters 4:1; 5: 1, 6: 0). The spermatozoa
of all studied Pleurodema lack a discrete axial fiber.

In some cases, the axial and juxtaxonemal fibers
are not distinguishable. According to Lee and
Jamieson (1993: 310), in their definition of a
“generalized pelodryadid-bufonid spermatozoon,”
they observed an electron-dense “paraxonemal
rod,” initially round in cross-section, which begins
posterior to the distal centriole and runs beside the
axoneme for a short distance. In these species, the
paraxonemal rod gradually splits into unequal por-
tions as a constriction, and then an undulating
membrane, develops between its two portions (dis-
tinct axial and juxtaxonemal fibers).

Scheltinga (2002: 54) described, for the former
Cyclorana brevipes group (now in the genus Litoria,
Hylidae), that the axial and juxtaxonemal fibers
are not distinguishable; and that a short and thick
electron-dense rod occurs within the undulating
membrane and is termed the paraxonemal rod.
This last condition, developed throughout the tail,
is what we observed in Pleurodema bufoninum
(Fig. 5J) and P. thaul (Pugin and Garrido, 1981).
Also, this condition has recently been reported for
several species Pseudopaludicola (Pseudopaludi-
cola canga, P. giarettai, P. atragula, P. facureae, and
P. mystacalis; Santos et al. 2015).

7. Occurrence of an abaxonemal bulb-shaped swel-
ling: (0) absent, (1) present.

This structure also refers to the accessory
fibers of the sperm tail. The paraxonemal rod
can possess a distinct bulb at the abaxonemal
end (character 7: 1). This feature was described
for Pleurodema thaul, and it was interpreted as
the axial fiber (Pugin and Garrido, 1981, their
fig. 39).

8. Undulating membrane: (0) absent, (1) present,
adaxonemal. Figures 1H, 2J, 3J, and 4J.

A unilateral undulating membrane occurs in
the mature spermatozoa of many anuran fami-
lies, usually accompanied either by the juxtaxo-
nemal fiber or by the axial fiber (Scheltinga and
Jamieson, 2003). Although the undulating mem-
brane commonly develops at the adaxonemal
end of the juxtaxonemal fiber, in Engystomops
pustulosus it extends from the abaxonemal end
of the axial fiber (Scheltinga 2002, not included
in the data matrix).

DISCUSSION

The ultrastructure of the spermatozoa of the ten
species of Pleurodema studied here shows an
unusual mosaic of features. The characters

Fig. 9. Schematic reconstructions of the spermatozoa of A: P.
tucumanum. B: P. borellii and P. cinereum.
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obtained from the analysis of this striking varia-
tion were optimized (Fig. 10) on the topology of
Faivovich et al. (2012). In that study, designed to

test the monophyly of Pleurodema, nor Leptodac-
tylidae neither Leiuperinae were recovered as
monophyletic. However, it should be noticed that

Fig. 10. Optimization of ultrastructural characters of the spermatozoa on the phylogenetic hypothesis of Pleurodema proposed by Fai-
vovich et al. (2012), based on their Figure 6. See list of characters and literature sources in Table 2. Black circles indicate non-
homoplastic transformations and white circles homoplastic transformations. Numbers above and below the circles indicate number and
states of characters, respectively. Egg-clutch structure of leptodactylids species included is denoted with colored squares: eggs laid in
foam nests (red squares), eggs laid in subspherical gelatinous masses in groups of 1–6 eggs (green squares), and eggs laid in gelatinous
strings (blue squares). Schematic representations of tails (at middle region) are included for species for which spermatozoon is known.
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recent phylogenetic hypotheses (Fouquet et al.
2014; Pyron 2014: Supp.Data)—with different
objectives and taxonomic samplings—recovered
the monophyly of both Leptodactylidae and Leiu-
perinae. As these two studies did not include the
complete taxon sampling of Pleurodema included
by Faivovich et al. (2012), we present the optimi-
zations based on the latter’s results. Differences in
the topology for outgroups are not relevant for our
inferences.

In this study the absence of axial fiber in the
middle region of the tail optimizes as a synapo-
morphy of the leiuperinae clade formed by Edalo-
rhina, Engystomops, Physalaemus, and
Pleurodema (character 5: 0). However, due to
striking variation observed in our results it is nec-
essary to extend the studies in the other genres.
None of the characters defined above optimizes as
a synapomorphy of Pleurodema.

The acrosome complex of the spermatozoa in
most species of Pleurodema is formed by a suba-
crosomal cone below the acrosome vesicle, simi-
larly to that observed in most studied hyloid frogs.
This configuration was observed in Batrachylidae
(Pugin and Garrido, 1981), Bufonidae (Burgos and
Fawcett, 1956; Rastogi et al., 1988; Lee and
Jamieson, 1993; Meyer et al., 1997; B�ao et al.,
2001), Calyptocephalellidae (Pugin and Garrido,
1981), Dendrobatidae (Garda et al., 2002; Aguiar-
Jr et al., 2003, 2004; Veiga-Menoncello et al.,
2006, 2007), Hylidae (Rastogi et al., 1988; Lee and
Kwon, 1992; Lee and Jamieson, 1993; Costa et al.,
2004a,b), other Leptodactylidae (Amaral et al.,
1999, 2000; Scheltinga, 2002; Zieri et al., 2008;
Santos et al., 2015), Microhylidae (Scheltinga
et al., 2002b), Myobatrachidae (Lee and Jamieson,
1992), and Rhinodermatidae (Pugin and Garrido,
1981). The subacrosomal cone was also observed
in Ascaphidae (Jamieson et al., 1993), Leiopelmati-
dae (Scheltinga et al., 2001), Pelodytidae (Pugin-
R�ıos, 1980), Megophryidae, and Pelobatidae
(Scheltinga, 2002). Furthermore, it has been
reported in urodeles (Picheral, 1979; Jamieson,
1999; Scheltinga, 2002), and basal amniotes
(Healy and Jamieson, 1992; Jamieson and Healy,
1992). Conversely, the subacrosomal cone is absent
in some basal anuran families such as Alytidae
(Furieri, 1975a), Bombinatoridae (Furieri, 1975a,b;
Pugin-R�ıos, 1980), Pipidae (Reed and Stanley,
1972; Bernardini et al., 1986) and Scaphiopodidae
(Scaphiopus, James, 1970; Morrisett, 1974), and
the studied victoranuran ranoid families (sensu
Frost et al., 2006), as Dicroglossidae, Mantellidae,
Phrynobatrachidae, Ptychadenidae (Scheltinga,
2002), Ranidae (Poirier and Spink, 1971; Pugin-
R�ıos, 1980; Scheltinga, 2002), and Rhacophoridae
(Mainoya, 1981; Mizuhira et al., 1986; Muto and
Kubota, 2011, 2013). As we pointed out in the
description of character 0, both the definition and
homology of the subacrosomal cone and conical

perforatorium have been largely discussed (e.g.,
Lee and Jamieson, 1992, Jamieson et al., 1993;
Scheltinga et al., 2001; Garda et al. 2002; Schel-
tinga, 2002). Although we tentatively followed the
arguments of Garda et al. (2002), further studies
on structure and taxonomic distribution could pro-
vide valuable information to elucidate the origin
and homology of the subacrosomal cone.

In relation to Pleurodema, a subacrosomal cone
(character 0: 2) occurs in most of its species, where
this structure forms a discontinuous ring in trans-
verse section, with the exception of P. guayapae
and P. marmoratum where it is continuous. On
the other hand, the subacrosomal cone of P. bufo-
ninum is reduced (character 0: 1). Within hyloids,
the subacrosomal cone has been considered
reduced in Lysapsus laevis (Hylidae; Garda et al.,
2004), and absent (character 0: 0) in Pleurodema
thaul (Pugin and Garrido, 1981), Calyptocephalella
gayi (as Caudiverbera caudiverbera, Calyptocepha-
lellidae; Pugin-R�ıos, 1980; Pugin and Garrido,
1981), Leptodactylus wagneri (Leptodactylidae;
Scheltinga, 2002), Lithodytes lineatus and many
other species of Leptodactylus (Leptodactylidae;
Salles et al., 2015).

Transverse striations observed at midpiece
(character 1: 1) in Pleurodema guayapae were con-
sidered in this study as homologous to those
described in all Physalaemus species studied at
present (P. biligonigerus, P. gracilis, P. marmora-
tus, and P. nattereri) and in some Pseudopaludi-
cola species (P. ameghini, P. canga, P. falcipes, and
P. saltica; Amaral et al., 1999, 2000; Zieri et al.,
2008; Santos et al., 2015).

A mitochondrial collar present at the anterior
portion of the tail (character 2: 1) is shared by
Batrachylidae, Bufonidae, Centrolenidae, Dendro-
batidae, Hylidae, Leptodactylidae, Microhylidae,
and Rhinodermatidae (Pugin-R�ıos, 1980; Pugin
and Garrido, 1981; Jamieson et al., 1993; Lee and
Jamieson, 1993; Meyer et al., 1997; Garda et al.,
2002; Scheltinga et al., 2002b; Aguiar-Jr et al.,
2003, 2004; Veiga-Menoncello et al., 2007; Santos
et al., 2015), with the exception of a few species.
The mitochondrial collar is absent in urodeles,
gymnophionans, most of the basal anuran clades,
the anomocoelan families, Ptychadenidae and the
victoranuran families examined, including Rani-
dae, and Dicroglossidae, Mantellidae, Phrynoba-
trachidae, and Rhacophoridae (Poirier and Spink,
1971; Pugin-R�ıos, 1980; Mainoya, 1981; Mizuhira
et al., 1986; Scheltinga 2002; Muto and Kubota,
2011, 2013). Formerly, a well-developed mitochon-
drial collar, but often transient, was considered a
synapomorphic condition of “Bufonoidea” (myoba-
trachids, leptodactylids, hylids, and bufonids; Lee
and Jamieson, 1993). The taxonomic distribution
of the mitochondrial collar needs to be assessed in
Sooglossidae, Heleophrynidae, Nasikabatrachidae,
Arthroleptidae, Hemisotidae, and Brevicipitidae in
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order to establish with more certainty the trans-
formations of this structure in the evolutionary
history of anurans.

The presence of a mitochondrial collar is not
constant in Pleurodema, while it has been
observed in P. borellii, P. bufoninum, P. cinereum,
P. diplolister, P. guayapae, and P. marmoratum, it
is absent in P. thaul (Pugin and Garrido, 1981), P.
brachyops, P. cordobae, P. kriegi, and P. tucuma-
num. However, the degeneration and loss of the
mitochondrial collar is a process that is thought to
occur late in spermiogenesis (Garrido et al., 1989);
therefore, the characteristics of the midpiece could
be variable along spermatogenesis.

The ultrastructural features of the spermatozoid
tail of the studied species of Pleurodema are also
noticeably variable. In most hyloids, the typical
tail arrangement includes an axoneme and evident
accessory fibers (juxtaxonemal fiber 1 axial fiber)
separated by a thin undulating membrane (Schel-
tinga, 2002; Costa et al., 2004a, as “Bufonoidea”).
In Pleurodema, a striking variety of arrangements
have been observed in the tail morphology. In P.
brachyops, P. cordobae, P. diplolister, P. kriegi, P.
guayapae, and P. marmoratum the medial region
of the tail shows a juxtaxonemal fiber and an
undulating membrane, while the axial fiber is
absent, as it occurs in the studied species of Phys-
alaemus (characters 4: 1, 5: 0; Amaral et al., 1999;
Zieri et al., 2008). Within the studied species of
Leptodactylidae, the axial fiber and juxtaxonemal
fiber separated by thin undulating membrane are
known so far in Pseudopaludicola ameghini, P. fal-
cipes, P. mineira, P. saltica, and P. ternetzi (Amaral
et al., 2000; Santos et al., 2015), Leptodactylus
wagneri (Scheltinga, 2002), Leptodactylus bufo-
nius, L. chaquensis, L. furnarius, L. fuscus, L. lab-
yrinthicus, L. latinasus, L. latrans, L. paraensis,
L. petersii, L. podicipinus, L. syphax, and Litho-
dytes lineatus (Salles et al., 2015). Moreover, Pleu-
rodema thaul and Engystomops pustulosus are the
only species of leiuperines so far known with abax-
onemal bulb-like swelling distally to the paraxone-
mal rod (character 7: 1), described and interpreted
as the axial fiber by Pugin and Garrido (1981) and
Scheltinga (2002), respectively.

Several independent losses of the undulating
membrane and accessory fibers took place during
the evolutionary history of anurans. Pleurodema
bufoninum and P. thaul are characterized by the
presence of a paraxonemal rod (character 6: 1),
and the absence of undulating membrane (charac-
ter 8: 0). The tail in the clade P. tucumanum 1 (P.
borellii 1 P. cinereum) is characterized by the
absence of both juxtaxonemal fiber (character 4: 0)
and undulating membrane (character 8: 0). Also,
the occurrence of a cytoplasmatic sheath surround-
ing the axoneme (character 3: 1) shared by P. bor-
ellii and P. cinereum is an apomorphic character
not observed in other species (Fig. 7F–H). On the

other hand, P. tucumanum has a simple tail
formed only by an axoneme. These specific
arrangements of the tail of P. borellii, P. cinereum,
and P. tucumanum have not been described for
other leptodactylids. The simple tail occurs in
ranoids and some basal anurans (see Lee and
Jamieson, 1993 and reference therein) while in
hyloids, this type of tail has only been described in
the hylids Lysapsus and Pseudis (Garda et al.,
2004), and the telmatobiid Telmatobius sp. (Pisan�o
and Adler, 1968; Scheltinga, 2002).

Implications of Sperm Ultrastructure in the
Fertilization Environment

Some studies in lissamphibians have suggested
that external fertilization is primitive, and that
internal fertilization has been acquired independ-
ently in the three orders (e.g. Boisseau and Joly
1975; Hecht and Edwards 1976; Duellman and
Trueb, 1994), as corroborated by our current
knowledge in phylogenetic relationships of
amphibians (Pyron and Wiens, 2011). Lee and
Jamieson (1993) proposed that complex sperm
occurs in species with internal fertilization, as cae-
cilians, salamandroid urodeles, and a basal anuran
(e.g. Ascaphus truei; Jamieson et al., 1993). Anu-
rans with a highly viscous fertilization environ-
ment (e.g. internal fertilization, foam-nests) tend
to have spermatozoa that have been considered a
more complex structure than those with a low-
viscosity fertilization environment (e.g., fresh
water; see Muto and Kubota, 2013 and reference
herein). The absence of accessory fibers and an
undulating membrane was postulated as charac-
teristic in anurans with external fertilization on
water (e.g., Jamieson et al., 1993; Lee and Jamie-
son, 1993; Garda et al., 2004). While these release
their sperm and ova in water, where fertilization
occurs, most Leiuperinae release their gametes in
a viscous environment, the foam-nest. Differences
in sperm morphology are thought to have evolved
as a result of selective pressure from the fertiliza-
tion environment (Jamieson et al., 1993; Lee and
Jamieson, 1993).

Previous studies on the spermatozoa of foam-
making rhacophorids showed that some species
share certain complex morphological features that
offset the viscous resistance of the foam. Charac-
ters such as a pair of axonemes and crystallized
satellite microtubules were found in the thick tail
of Polypedates leucomystax (Muto and Kubota,
2013), and provide more propulsion power than a
single axoneme and flagellar stiffness. In addition,
a corkscrew-shaped head is present in Chiroman-
tis xerampelina (Mainoya, 1981), Rhacophorus
schlegelli and R. arboreus (Mizuhira et al., 1986;
Muto and Kubota 2009), which facilitates the pen-
etration of the viscous foam-nest (Wilson et al.,
1991, Muto and Kubota, 2009, 2013). Muto and
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Kubota (2009, 2013) showed that the arrangement
of two axonemes is critical for the motility of sper-
matozoa in rhacophorids and that the frequency of
beating of the sperm tail was increased in high-
viscosity solution. Similarly, these authors found
that nonfoam-nesting rhacophorid (Buergeria buer-
geri) do not exhibit complex features, but rather
have a single axoneme in the tail as do the taxa
that release their gametes in water (Muto and
Kubota, 2013). Other foam-nesting species such as
limnodynastids [Adelotus brevis (Lee and Jamie-
son, 1993), Limnodynastes sp. (Lee and Jamieson,
1992; Scheltinga, 2002), and Heleiphorus albo-
punctatus (Scheltinga, 2002)] and many leptodac-
tylids (Scheltinga, 2002; Salles et al., 2015) were
studied. All these species have a tail with acces-
sory fibers and undulating membrane. In conclu-
sion, all these spermatozoa morphologies (i.e., the
corkscrew-shaped head, the arrangement of axo-
nemes, the crystallized satellite microtubules, the
tail with accessory fibers and undulating mem-
brane) do achieve the fertilization in this viscous
environment. In addition, Salles et al. (2015) sug-
gested that structures as the acrosome and
nuclear complex may be associated with the occur-
rence of polyandrous mating in species of the
Leptodactylinae.

The foam-making species included in the phylo-
genetic hypothesis of Faivovich et al. (2012) are
shown with a red square in Figure 10. All foam-
making Leiuperinae, for which spermatozoa are
known, lack an axial fiber. Also, Pleurodema borel-
lii and P. cinereum share a cytoplasmatic sheath
surrounding the axoneme, while P. tucumanum
has no accessory fibers associated to the axoneme.
Muto and Kubota (2013) showed that spermatozoa
of Buergeria buergeri in high-viscosity solutions
are propelled straight forward but the cruising
speed was clearly reduced. So probably there is a
range of viscous environments in where the sperm
can move. The spermatozoa of P. borellii, P. ciner-
eum, and P. tucumanum successfully move for-
ward in a viscous environment and achieve
fertilization of the egg, but whether this is at the
expense of changes in the movement speed should
be tested experimentally. By way of counteract the
opposition of the environment, both the cytoplas-
matic sheath (P. borellii and P. cinereum) and the
amount of mitochondria surrounding the axoneme
(P. tucumanum) may be associated with the neces-
sity of swimming in a viscous medium
fertilization.

The study of spermatozoid morphology in Pleu-
rodema showed that the acrosome complex, the
mitochondrial collar, and the tail have variable
arrangements. The optimization of the characters
presented in the present paper should be reconsid-
ered when a phylogenetic hypothesis of leiuperines
is available. Conversely, sperm morphology in
Pleurodema did not reveal any evident association

with fertilization in a viscous environment. Knowl-
edge on spermatozoid morphological diversity in
other leptodactylids is still too sparse to under-
stand if the diversity that we find in foam fertiliz-
ing species occurs as well in the other foam
nesters of the family.

APPENDIX
• • •

Examined specimens are housed in the following
institutions: Museo de La Plata (MLP A., La Plata,
Argentina), Museo Argentino de Ciencias Natu-
rales “Bernardino Rivadavia” (MACN, Buenos
Aires, Argentina), Centro Nacional de Investiga-
ciones Iol�ogicas (CENAI, housed at MACN), Labo-
ratorio de Gen�etica Evolutiva, Instituto de
Biolog�ıa Subtropical CONICET-UNaM (LGE, Mis-
iones, Argentina), and Museu de Zoologia Prof.
Ad~ao J. Cardoso, Instituto de Biologia Unicamp
(ZUEC, Campinas, Brazil).

Pleurodema borellii. MACN 42027. ARGEN-
TINA: CATAMARCA: Ambato: Ruta Provincial N� 1
and R�ıo Suinguil.

Pleurodema brachyops. CENAI 8781. PANAMA:
Nueva Gorgona.

Pleurodema bufoninum. MACN 38299. ARGEN-
TINA: RÍO NEGRO: Pilcaniyeu: Ruta N� 80 and
Arroyo Las Bayas.

Pleurodema cinereum. MLP A. 4689. ARGEN-
TINA: JUJUY: Tilcara: Juella.

Pleurodema cordobae. MACN 40549. ARGEN-
TINA: CÓRDOBA: Estancia Los Tabaquillos.

Pleurodema diplolister. ZUEC 12367–12368.
BRAZIL: MARANHÃO: Barreirinhas: Vassouras.

Pleurodema guayapae. MACN 48398–49399.
ARGENTINA: SAN LUIS: Ayacucho: Ruta Provincial
N� 79, 11 km N Candelaria.

Pleurodema kriegi. CENAI 3278-5. ARGEN-
TINA: CÓRDOBA: Pampa de Achala.

Pleurodema marmoratum. CENAI 10767. BOLI-
VIA: Tiahuanacu, 65 km North La Paz. LGE 6281.
ARGENTINA: JUJUY: Tumbaya El Quemado.

Pleurodema tucumanum. MACN 45428.
ARGENTINA: SANTIAGO DEL ESTERO: Banda: Ruta
Provincial N� 5, 7 km E crossing Ruta Nacional N�

34. MACN 48397. ARGENTINA: SAN LUIS: Ayacu-
cho: Ruta Provincial N� 79, 11 km N Candelaria.
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