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Anuran testes have generally similar germinative and somatic anatomical components, but their
morphology varies among species groups. However, little is known about how environmental and evo-
lutionary factors influence testis shape and sperm quantity. Here, we tested the hypothesis that the
arrangement of both germinal compartment (seminiferous locules containing germ cells) and somati-
cal compartment (interstitial fibers and somatic cells) differ between species with distinct reproductive
modes and breeding activities. We compared the testes of eight species from two families of Neobatra-
chian anurans: Physalaemus centralis, Physalaemus cuvieri, Physalaemus marmoratus, Physalaemus olfersii,
Pseudopaludicola sp. (aff. murundu) (Leptodactylidae: Leiuperinae), Crossodactylus caramaschii, Hylodes
cardosoi, and Hylodes sazimai (Hylodidae). We built a 3D model of the testis to visualize the morphology
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Hylodidae
Leptodactylidae and arrangement of seminiferous locules. We measured locular diameter and area, thickness of reticular
Leiuperinae fiber bundles, and area of both collagen fibers and sperm bundles. Hylodids had the highest values for

Urogenital morphology most characters, except for sperm and reticular fiber bundles. For example, their locular diameter was
50%, and locular area 20% larger than leiuperines, which usually had thicker reticular fibers bundles.
These fibers provide greater stability to the large quantity of small, spherical seminiferous locules found
in leiuperines. Conversely, hylodids had larger area of collagen fibers, which provides greater flexibility
and resistance to a few large and flattened seminiferous loci. Our results can shed light on how tes-
ticular morphology is influenced by evolutionary processes and ecological strategies, such as breeding
seasonality and reproductive modes in anurans.

© 2015 Elsevier GmbH. All rights reserved.

1. Introduction

Amphibians have the greatest diversity of reproductive modes
among tetrapods (Duellman and Trueb, 1994; Wells, 2007). Mor-
phological characteristics of the urogenital system in amphibians
are related to these reproductive modes, including internal fertil-
ization and viviparity. These characteristics make them excellent
models for comparative studies on the evolution of vertebrate
reproduction (Kiihnel et al., 2010). Testes architecture is one of
the most important features in the evolution of male reproduc-
tive characters, since their reproductive success is correlated to the
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number, morphology, and maturation time of sperm (reviewed by
Ramm and Scharer, 2014). As a result, testes are subjected to nat-
ural selection pressures, which may influence the development of
testicular characteristics (Ramm and Scharer, 2014).

Anuran testes are paired, smooth, rounded, and compact struc-
tures, usually yellowish, and smaller than the ovaries of the same
species. However, they are usually asymmetric in size, indepen-
dently of age and health condition (Duellman and Trueb, 1994; Liu
etal.,2011;Zhouetal.,2011; Mietal.,2012)and positionin abdom-
inal cavity (Oliveira and Vicentini, 1998). Additionally, melanocytes
have beenreported on the tunica albuginea of testes in some species
(reviewed in Oliveira and Franco-Belussi, 2012), and their presence
seems to exhibit phylogenetic signal in Neotropical anuran lineages
(Provete et al., 2012). In contrast to anurans, the testes of caudates
and caecilians have lobular segmentation, whose dimensions vary
strongly among families (Wake, 1968; Ingersol et al., 1991).

The anuran testis is covered by a thin tunica albuginea that
is rich in collagen fibers, but lack septa dividing the parenchyma
(Oliveira and Vicentini, 1998). They include seminiferous locules
surrounded by an elastic fibrous layer that delimits the interlocular
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Fig. 1. Testicular morphology of Crossodactylus caramaschii, Hylodes sazimai, and H. cardosoi, showing the organ’s surface pigmented (A, B, C) and location of seminiferous
locules (D, E, F). The photomicrograph is showing differences in the thickness of the tunica albuginea (arrowhead) and in the locular diameters (double arrow) between

species (G, H, I). Staining: Hematoxylin/Eosin (G, H, I).

area (interstitial region), which is formed by connective tissue
(Lofts, 1976; Oliveira and Vicentini, 1998). This interstitial region
contains fibroblasts, blood vessels, efferent ductules, and testicular
melanocytes, giving a dark coloration to the testis of some species
(Oliveira et al., 2002, 2003; Oliveira and Franco-Belussi, 2012).
Germ cells in the seminiferous locules are supported by Ser-
toli cells, forming spermatocysts. Each cyst contains cells at the
same spermatogenetic stage, establishing a synchrony in their
development, a common characteristic of amphibians (Cavicchia
and Moviglia, 1983; Rastogi et al., 1988; Bao et al., 1991; Santos
and Oliveira, 2008). However, internal characteristics of testicular
components greatly vary interspecifically, e.g., sperm produc-
tion increases with testis size, improving reproductive success
(Emerson, 1997). Also, there is a strong relationship between sperm
morphology and testis size, suggesting that sperm competition
has influenced not only sperm (Zeng et al., 2014), but also testis
morphology. Previous studies have focused on the causes and con-
sequences of variation in testis size in amphibians (reviewed in
Ram and Scharer, 2014). However, little is known about how dif-
ferences in the histology of germinative (e.g., seminiferous locules)
and somatic components (e.g., arrangement of fibers that support
the organ) are influenced by evolutionary and environmental fac-
tors. Thus, a comparative analysis could help to understand not only

how testis morphology evolved, but also the mechanisms responsi-
ble for changes in some of its structures. Some aspects of testicular
pigmentation have been analysed from the perspective of phyloge-
netic systematics (e.g., Grant et al., 2006) and phenotypic evolution
(e.g., Provete et al., 2012). Thus, comparative data on locule and
fiber arrangement may also provide new insights into how testis
anatomy has evolved in anurans.

Leptodactylidae (sensu Frost, 2014) is an exclusive Neotropical
family of anurans. Most leptodactylids build foam nests into which
they deposit eggs and where the initial tadpole development takes
place (Haddad and Prado, 2005). Conversely, hylodids usually lay
eggs inside constructed subaquatic chambers in montane streams
in the Brazilian Atlantic Forest (Haddad and Prado, 2005; Wells,
2007). It seems that foam nests is a plesiomorphic character, while
eggs in subaquatic chambers are more derived (Gomez-Maestre
etal.,2012).Itis thought that placing eggs in foam nests is a strategy
to decrease water dependency, while species that lay eggs directly
in the water depend on high humidity (Gomez-Mestre et al., 2012).
Also, hylodids usually have continuous reproduction, whereas
most of leptodactylids are explosive breeders. Therefore, these
groups have contrasting traits that make them useful to understand
how testicular morphology is correlated with reproductive modes,
breeding activity, and environmental characteristics. Specifically,
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Fig. 2. Histological characterization of the testes of Crossodactylus caramaschii, Hylodes sazimai, and H. cardosoi, showing the locular area (lines A, B, C), arrangement of collagen
fibers (arrow), testicular melonocytes (*) (D, E, F), and reticular fibers beam (arrowhead) in the interstitium (G, H, I). L: seminiferous locule. Staining: Hematoxylin/Eosin (A,
B, C), Picrossirius (D, E, F), and Gémori’s reticulin (G, H, I). Bars= 25 pm.

we expect that the arrangement of both testicular compartments
will differ between species of these families.

Here, we compared the testes of eight species: Physalaemus
centralis Bokermann, 1962, Physalaemus cuvieri Fitzinger, 1826,
Physalaemus marmoratus (Reinhardt and Liitken, 1862), Physalae-
mus olfersii (Lichtenstein and Martens, 1856), Pseudopaludicola sp.
(aff. murundu) (Leptodactylidae: Leiuperinae), Crossodactylus cara-
maschii Bastos and Pombal, 1995, Hylodes cardosoi Lingnau et al.,
2008, and Hylodes sazimai Haddad and Pombal, 1995 (Hylodidae).
We used histochemical analysis to characterize the network of tes-
ticular fibers. In addition, we built three-dimensional models of
the testes to compare the shape of seminiferous locules and the
morphometry of sperm bundles and locule diameters.

2. Materials and methods
2.1. Specimen sampling

We examined five male specimens of each species collected dur-
ing the reproductive period (November 2006-January 2007) and
deposited in the herpetological collection of our department. The
choice to only examine specimens during this period was based

Hylodes sazimai

Hylodes cardosoi
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on Santos et al. (2011), who showed that the size of seminifer-
ous locules of a hylid did not vary throughout the annual cycle.
Voucher specimens are housed in the collection of the Laboratério
de Anatomia Comparada, Departamento de Biologia, State Univer-
sity of S3o Paulo, Sdo José do Rio Preto, Brazil (see Appendix S1 of
Supplementary material).

2.2. Histological analyses

One testis from each male was submitted to routine histo-
logical procedures and embedded in Histosec (Merk, Darmstadt,
Germany®) to quantify the area of collagen fibers. The other
testis was embedded in historesin (Leica®) to quantify the area
of sperm bundle, build three-dimensional models, and measure
the thickness of reticular fibers bundles, locular area and diam-
eter. Only sperm arranged in a bundle were quantified, that is,
the gamete in the final maturation phase inside a cyst. Sections
of 2 wm for historesin and 4 wm for paraffin were mounted on
slides and stained with Hematoxilyn/Eosin, Gomoéri’s Reticulin,
and Picrossirius. Images were captured with an optical micro-
scope (Leica DM4000) coupled with an image capture system (Leica
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Fig. 3. Testicular morphology of Physalaemus centralis and P. cuvieri showing the
surface of the organ pigmented (A, B) and arrangement of seminiferous locules (C,
D). The photomicrograph of testis is showing the thickness of the tunica albuginea
(arrowhead) and differences in locular diameter (double arrow) between species (E,
F). Staining: Hematoxylin/Eosin (E, F).

DFC295), and analyzed in the Image-Pro Plus v.6.0 software (Media
Cybernetics).

2.3. Morphometric analyses

For morphometric analysis, 25 histological fields of 25 sections
chosen at random were analysed. Locular diameter was measured
at 100x magnification and the other variables (collagen and retic-
ular fibers, locular area, and sperm bundle) at 200x magnification.
Interstitial area was obtained by calculating the difference between
the total and locular areas.

To calculate the locular diameter, 100 measurements of the
largest diameter of the seminiferous locules of each specimen for
each species were made. The areas of sperm bundles, collagen
fibers, and locules were measured in 25 fields randomly chosen.
The thickness of reticular fibers was measured in 100 fields per
animal.

For three-dimensional reconstruction, 100 sections for each
animal (e.g., equivalent to half of the testicles) were stained with
Hematoxilyn-Eosin and photographed (Leica MZ16) at either 25
or 50x depending on the size of the testis. Then, images were

Physalaemus cuvieri Physalaemus centralis

Fig. 4. Histological characterization of the testes of Physalaemus cuvieri and P. cen-
tralis, showing the locular area (lines A, B), arrangement of collagen fibers (arrow),
testicular melonocytes (*, C, D), and reticular fibers bundle (arrowhead) in the inter-
stitium (E, F). L: seminiferous locule. Staining: Hematoxylin/Eosin (A, B), Picrossirius
(C, D), and Gomori’s reticulin (E, F). Bars =25 pum.

analysed in the program Reconstruct® (Fiala, 2005) to obtain a
360° view of the testis.

2.4. Statistical analyses

To test for differences in morphometric parameters between
species of the two families, we used a phylo-MANOVA (Garland
et al., 1993). Since this is a cross-species analysis, the phylogenetic
relationship among the sampled species must be accounted for
in order to correctly estimate the degrees of freedom and conse-
quently P-value (Felsenstein, 1985; Nunn 2011). Then, a phylogeny
with branch lengths for the eight species was pruned from the
chronogram of Pyron and Wiens (2013). The best evolutionary
model that described all traits was the Brownian motion (data not
shown), thus there was no need to transform branch lengths for the
phylogeny to reflect the evolutionary history of traits (Nunn, 2011).
This analysis tested for a difference in all means of morphological
variables between species of the two families (Text S1). Analysis
was conducted in the Geiger package (Pennell et al., 2014) of the
R software v.3.0.2 (R Core Team, 2014). Additionally, we tested for
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Fig. 5. Testicular morphology of Physalaemus olfersii, P. marmoratus, and Pseudopaludicola sp. (aff. murundu), showing the surface of the organ pigmented (A, B, C) and
arrangement of the seminiferous loci (D, E, F). The photomicrograph is showing the thickness of the tunica albuginea (arrowhead) and differences in the locular diameters

(double arrow) between species (G, H, I). Staining: Hematoxylin/Eosin (G, H, I).

differences between species of the two families in each morpholog-
ical variable using a phylo-ANOVA (Garland et al., 1993), followed
by post-hoc test with adjusted P-values (Benjamini and Yekutieli,
2001). This analysis used the same pruned tree from the previous
one and was conducted in R package phytools (Revell, 2012).

3. Results
3.1. Gross anatomy

The testes of the species analysed were paired structures, asym-
metric in size and located at the anterior portion of the kidneys,
similarly to all anurans (Figs. 1A-C; 3Aand B; 5A-C ). Species of both
families shared different degrees of pigmentation in the testes, due
to testicular melanocytes in the cortex and in between seminiferous
locules (Figs. 2D-F; 4C and D; 6D-F).

The shape, size, and number of seminiferous locules differed
between families. Seminiferous locules were flat in hylodids, but
rounded in leuperines (Fig. S1-8). For example, C. caramaschii, H.
sazimai, and H. cardosoi have a few large locules (Fig. 1D-F), whereas
leiuperines had many small locules (Figs. 3C and D; 5D-F ). Further-
more, the shapes of seminiferous locules varied between species,

being flattened in hylodids (Fig. 1D-F), but rounded in leiuperines
(Figs. 3C and D; 5D-F).

3.2. Histology

The thickness of the tunica albuginea differed between species
of both families, being thicker in hylodids (Fig. 1G-I) than in leiu-
perines (Figs. 3E and F; 5G-I). Furthermore, C. caramaschii (Fig. 1G)
and H. cardosoi (Fig. 11) had melanocytes in the tunica, while they
occurred only between seminiferous locules in the interstitium in
H. sazimai (Fig. 1H).

Testes were composed of seminiferous locules and germ cells
grouped in cysts in all species. The size and morphology of semi-
niferous locules (Figs. 1D and F; 3C and D; 5D-F), and the largest
diameter of the testes also differed between species (Figs. 1G-I; 3E
and F; 5G-I). The interstitium comprised the tissue between locules
and had a large amount of somatic and immune cells (Figs. 1-7).
Collagenous (Figs. 2D-F; 4C and D; 6D-F) and reticular fibers (Figs.
2G-I; 4E and F; 6G-I) also occurred in this region, along with
melanocytes, which rendered the organ black.

The quantity of sperm in seminiferous locules was different
between species (Fig. 7). However, this character did not show a
clear phylogenetic pattern, differing at the species level instead of
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Physalaemus olfersii
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Fig. 6. Histological characterization of the testes of Physalaemus olfersii, P. marmoratus, and Pseudopaludicola sp. (aff. murundu), showing the locular area (lines A, B, and C),
arrangement of collagen fibers (arrow), testicular melonocytes (*; D, E, F), and reticular fibers bundle in the interstitium (arrowhead; G, H, I). L: seminiferous locule. Staining:
Hematoxylin/Eosin (A, B, C), Picrossirius (D, E, F), and Gomori's reticulin (G, H, I). Bars =25 pum.

between families, since P. olfersii, P. marmoratus, and C. caramaschii
had the highest values (Fig. 8).

3.3. Quantitative analyses

There were differences between species of the two families
when we consider all characters together (Wilks’ Aq6=0.0027;
P<0.01 Fig. 8). Also, hylodids had the highest values for most char-
acters, except for sperm bundle and length of reticular fiber (Table
S1).

There was a great difference between families in characters of
germinal compartmet, such as locular diameter. For example, the
locular diameters of C. caramaschii and H. cardosoi were about 50%
larger than those of leiuperines. The locular area was greater in
hylodids, those of H. sazimai and H. cardosoi being approximately
20% higher than that in leiuperines. However, this difference was
not significant (Fig. 8; F1 g =0.436; P=0.667).

Conversely, the interstitial area was larger in leiuperines. Col-
lagen and reticular fibers occurred in the somatic cells around
locules. The area and length of these fibers, respectively, was differ-
ent between leuperines and hylodids (Fig. 8). The area of collagen

fibers in hylodids was about 50% greater than in leuperines (Fig. 8;
F16=55,007; P<0.05). Reticular fibers were thicker in leuperines
than hylodids, except for H. cardosoi, which resembled leiuperines.
However, this difference was not significant (Fig. 8; F;=7.612;
P=0.10).

P. olfersii had the highest areas occupied by sperm bundles,
followed by P. marmoratus. However, this variable did not show
a phylogenetic pattern, differing among species regardless of the
family (Fig. 8; F16=1.119; P=0.498).

4. Discussion

Testicular morphology observed in histology and 3D reconstruc-
tion varied interspecifically, mainly in the shape of seminiferous
locules and thickness of the tunica albuginea. For example, hylodids
had a few large and flattened locules, and a thick tunica albuginea,
whereas leuperines had many small, spherical locules, and a thin
tunica albuginea.

Anurans have non-lobate, paired testes similarly to those of
birds, squamate reptiles, and mammals, whereas the testes of cae-
cilians and caudates have segmented lobes, whose number and
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Fig. 7. Sperm bundle inside seminiferous locules in Crossodactylus caramaschii (Cc), Pseudopaludicola sp. (aff. murundu) (Pmu), Hylodes cardosoi (Hc), H. sazimai (Hs),
Physalaemus cuvieri (Pcv), P. centralis (Pct), P. olfersii (Po), and P. marmoratus (Pma). Differences in area occupied by sperm (*). Staining: Hematoxylin/Eosin. Bars=5 pm.

volume vary among families (Wake, 1968; Ingersol et al., 1991;
Oliveira and Vicentini, 1998). Lobate testes are typically found in
caecilians and salamanders, in which the number of lobes appear to
increase with age in some species. However, having multiple lobes
seem to be a plesiomorphic state of this character, since they tend
to be merged in more derived groups (Wake, 1968). Lobes are not
distinct in anurans and their testes are delimited externally by a
sheath of fibrous tissue (Wake, 1979). Differences in testis mor-
phology between these two orders and anurans may be due to the
retention of plesiomorphic states of the urogenital system in cae-
cilians and caudates. Conversely, anurans have a well-developed
testis cell mass surrounded by the tunica albuginea, which connects
to a transverse duct originating in the kidney and interconnected
by central ducts, similar to that of fish (Wake, 1979). The tunica

albuginea supports seminiferous locules and its thickness varies
depending on both the microhabitat used by a species (Guillama
et al., 2014) and among families, since the tunica is thicker and
thinner in hylodids than in leuperines.

The amount of collagen fibers was different between the two
families. Collagen fibers have flexible proteoglycans and high
resistence (Ushiki, 2002). The undulating arrangement of these
fibers also provides resiliency against direct tensions (Ushiki, 2002).
Hylodids have greater amount of collagen fibers and locular diame-
ter than leiuperines. The amount of collagen fibers and locular size
may be correlated, since larger locules are required for physiologi-
cal adjustments to cope with environmental variation.

Most leiuperines had thicker reticular fibers. Reticular fibers
form a dark fiber framework, very thin and continuous with
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Fig. 8. Boxplot showing measurements for each species of testicular area, locular diameter, sperm bundle, interstitial area, area of collagen fiber bundles, and reticular fibers
length. The line represents the median value, box are the first and third quantile. Dashed lines correspond to higher and lower values. Notice the log scale in the y-axis.
Abbreviations: Crossodactylus caramaschii (Cc), Hylodes cardosoi (Hc), H. sazimai (Hs), P. centralis (Pct), Physalaemus cuvieri (Pcv), P. marmoratus (Pma), P. olfersii (Po), and

Pseudopaludicola sp. (aff. murundu) (Pmu).

collagen fibers and abundant glycoproteins, providing great sta-
bility (Ushiki, 2002). Therefore, reticular fibers have a different
biochemical structure, function, and arrangement of fiber bundles
from collagen, but both help to support the testis (Ushiki and Fujita,
1992).The variation in fiber thickness is probably due to the smaller
locules of leiuperines, which have higher mobility and resistence.
This characteristic may be associated with explosive breeding,
since leiuperines produce large amounts of sperm in a short period
of time (Haddad and Prado, 2005; Wells, 2007), which results in a
wide variation in fiber framework during the reproductive cycle.
The framework of fibers might also be related to sperm
transport from the seminiferous locules, through the kidneys
to the cloaca. Amphibians have mesonephric kidneys, whose

anterior portion carries sperm to outside through the Wolff's ducts
(Hiragond et al., 2000; Sandoval and Gémez, 2010). However, the
connections between seminiferous locules and the cloaca may
vary among species. For example, species of the genus Bombina
have an additional duct to the renal lateral channel, which is not
found in other anurans, or even a direct association between the
ductus deferens and the Wolffian duct in discoglossids (Hiragond
et al., 2000). Thus, the variation of somatics cells between species
may be related to sperm transport out of the body and ultimately
external fertilisation.

The compartment fulfilled by sperm bundles varies indepen-
dently of phylogenetic relatedness. These differences are likely due
to different reproductive strategies of the two families. Leiuperines
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are usually explosive breeders, reproducing only for a few days per
year and lay eggs in foam nests in ponds in open areas (Haddad
and Prado, 2005). On the other hand, hylodids are associated with
fast-flowing, montane streams along the Brazilian Atlantic Forest
(Frost, 2014) and usually have continuous reproduction. Explosive
breeders must produce a large amount of sperm in a short period of
time, while prolonged breeders generally distribute energy invest-
ment over several months. Moreover, testis sizes differ between
leptodactylids with different reproductive modes, whose testis
weight:body weightratiois higher thanin other congeneric species.
Those species are unique within the family by having multi-male
spawning, which favors sperm competition and alter testes size
(Prado and Haddad, 2003; Liao et al., 2011). Sperm can also influ-
ence testicular morphology, such as in Discoglossus pictus (Piprek
et al., 2013). Therefore, the area occupied by sperm appears to
be a plastic character, probably influenced by local environmental
characteristics.

5. Conclusion

In conclusion, testicular histological parameters differ inter-
specifically in anurans, varying both in locular shape and the
testicular framework. Hylodids have larger seminiferous locules
supported by a larger area of collagen and tunica albuginea, while
leiuperines have a smaller reticular fiber bundle. These characteris-
tics are likely related to the distinct reproductive modes of species
investigated. Our results may help understanding the morpholog-
ical evolution of reproductive traits in anuran amphibains.
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