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ABSTRACT

Amphibian testes vary in shape, from multilobed in caecilians and salamanders to compact, ovoid organs in anurans. Although
these variations have been studied extensively in amphibians, there has been little investigation into the structural, copulatory,
and reproductive behavioral consequences of unpaired testes, a character shared among some amphibians, cyclostomates, and
some teleosts. We analyzed the morphology and structure of unpaired testes in Pristimantis fetosus and Pristimantis permixtus.
We also report a single testis in P. hernandezi. Our results suggest that the testis arrangement in these species results from the
hypertrophy and fusion of two testes rather than the loss or reduction of one testis. Furthermore, the occurrence of germ cells at
different stages of development suggests that spermatogenesis is similar to that described for vertebrates, with spermatogonia
undergoing mitosis to form spermatocytes, which then undergo meiosis to form spermatids. Like other brachycephaloid frogs,
Pristimantis with fused testes exhibit direct development and reproduction on land, but they are the only anurans known to
undergo testicular fusion. We propose to recognize the occurrence of fused testes as a unique putative synapomorphy for a new
species group distributed in the Colombian Andes, which we refer to as the P. hernandezi species group. A comparative survey
among vertebrates reveals no apparent variations in testicular organization, sperm development, or copulative and reproductive
behavioral characters associated with the fusion of testes, suggesting that its occurrence might not have functional implications
for vertebrate testes. The independently evolved occurrence of fused testes in cyclostomates, teleosts, and amphibians raises an
exciting perspective on the study of the molecular origin, evolution, and functional significance of testis variation in vertebrate
reproduction and biology.

1 | Introduction are divided into a germinal compartment that comprises the

seminiferous tubules, spermatogonia, spermatocytes, spermat-
In amphibians, testes can be elongated and composed of one or ids, spermatozoa, and Sertoli cells, and the interstitial com-
several lobes, as in caecilians and salamanders (Wake 1968; partment composed of collagen fibers, blood vessels, Leydig
Uribe et al. 2014), or compact, ovoid organs, as in anurans cells, and connective tissue (Propper 2011; Méndez-Tepepa
(Propper 2011; Méndez-Tepepa et al. 2023). Amphibian testes et al. 2023). Although the composition of the germinal and
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interstitial compartments appears to be conservative through-
out amphibians, there is evidence that germ cell development
can occur independently of Sertoli cells (Pudney 1995). Con-
sequently, spermatozoa produced in such testes do not aggre-
gate into bundles but instead exist as individual cells. Testis
variation also includes the size and number of lobes in caeci-
lians and salamanders (Uribe et al. 2014; Marlatt 2024) and the
size, position relative to the kidneys, and coloration in anurans
(Bhaduri 1953; Emerson 1997; Franco-Belussi et al. 2009; Byrne
et al. 2002). Moreover, while not mentioned in the main reviews
of amphibian testes structure, testes can also be fused.

The occurrence of fused testes in amphibians was first reported
in the world's smallest oviparous caecilian, Idiocranium russeli
Parker, 1936, by Wake (1968). Three decades later, Lynch and
Rueda-Almonacid (1998) reported fused testes in the Andean
direct-developing frog Pristimantis fetosus (Lynch and Rueda-
Almonacid 1998). To our knowledge, these are the only known
cases of fused testes in tetrapods. Among non-tetrapod verte-
brates, unpaired testes have also been reported in cyclosto-
mates, all of which possess fused testes (Pudney 1995;
Docker 2024), and some teleost fish. Among teleosts, in addition
to the typical paired condition, species have been reported to
possess a single testis (e.g., Tomeurus gracilis Eigenmann, 1909,
Poeciliidae), partial testicular fusion (e.g., Perca flavescens
Mitchill, 1814, Percidae; Goodea atripinnis Jordan, 1880,
Goodeidae), and complete testicular fusion (e.g., Poecilia re-
ticulata Peters, 1859, Poeciliidae; Billard 1986; Uribe
et al. 2014). Although the biological significance of unpaired
testes remains unclear, in some (but not all) teleosts this con-
dition is correlated with the formation of sperm bundles and
internal fertilization followed by viviparity or oviposition of
fertilized eggs (Grier and Parenti 1994; Parenti et al. 2010).

The structure and germ cell development of unpaired testes have
been studied in cyclostomates (Nishiyama et al. 2013;
Docker 2024) and teleosts (Billard 1986; Grier and Parenti 1994;
Parenti 2004; Uribe et al. 2014) but remain unstudied in am-
phibians. To address this knowledge gap, we present here an
analysis of the morphology, structure, and spermatogenesis of
the single testis of Pristimantis fetosus and Pristimantis permixtus
(Lynch et al. 1994), the latter being a newly identified species
exhibiting this character. We also report the occurrence of a
single testis in P. hernandezi (Lynch and Ruiz-Carranza 1983).
Our objectives in this study are to (1) describe the morphology of
the single testis and (2) test if spermatogenesis in unpaired testes
differs from the typical anuran pattern.

2 | Materials and Methods

We examined the gross morphology and histology of the
unpaired testes of four specimens of P. fetosus (ICN 40010,
subadult, snout-vent length [SVL] 25.6 mm; ICN 40015, adult,
28.6mm SVL; ICN 40023, adult, 30.5mm SVL; ICN 40028,
subadult, 26.1 mm SVL) and four specimens P. permixtus (ICN
08830, adult, 25.2mm SVL; ICN 08895, adult, 25.3 mm SVL;
ICN 22824, juvenile, 13.9mm SVL; ICN 23537, juvenile,
15.6 mm SVL) obtained from specimens deposited in the In-
stituto de Ciencias Naturales, Museo de Historia Natural, Uni-
versidad Nacional de Colombia (ICN). We determined age

classes (juvenile, subadult, and adult) based on an assessment of
both testicular development and SVL reported in the original
species descriptions. According to background knowledge, adult
male Pristimantis typically exhibit larger, swollen testes and
generally larger SVL than subadult and juvenile males (Lynch
and Duellman 1997). Although the specific preservation history
of these specimens is not known, we assume they were initially
fixed in formalin and subsequently transferred to 70% ethanol
(standard practice at ICN). We removed and measured testes
and kidneys to the nearest 0.1 mm with a Vernier caliper and
prepared for light microscopy. We analyzed the position of
testis, its connection to the kidneys, and the number of fat
bodies at its cephalic end to infer if the testicular arrangement
in these species resulted from fusion or the loss of one testis. We
dehydrated tissues in a gradient series of increasing ethanol
solutions (50%-100%), cleared them with xylene, and infiltrated
and embedded them in paraffin wax. We then trimmed and
serially sectioned the paraffin/tissue blocks into strips 5um of
thickness using a rotary microtone. We stained tissues with
Harris hematoxylin followed by an eosin counterstain. We
assessed spermatogenesis by evaluating the presence of different
stages of gametocytes (spermatogonia to spermatozoa) within the
seminiferous tubules of the testis followed Saidapur (1983) sys-
tem with the aid of an optical microscope (Nikon SMZ445) at
Universidad Industrial de Santander, Colombia. Furthermore,
we assessed the presence or absence of ducts or septa in adult
testes to determine if the testicular arrangement in these species
resulted from fusion or the loss of one. We captured images using
an iPhone 14 and processed them for focus-stacking with Adobe
Photoshop CS8 and cross-sectional area measurement with Im-
agel]. We subsequently edited the images using Inkscape software
(XQuartz 2.8.1, http://www.inkscape.org/).

The distribution of unpaired testes in other Pristimantis species
was assessed by examining 122 preserved specimens from 121
species, including representatives of all species groups recog-
nized within the genus (Supporting Information Online Mate-
rial, Supporting Information S1: Appendix 1).

3 | Results
3.1 | Testicular Structure

Macroscopically, P. fetosus and P. permixtus possess a single
unpigmented testis positioned medially, with bilaterally sym-
metric fat bodies in the cephalic area (Figures 1-3). The testis is
enveloped by the tunica albuginea and is located medially in the
abdominal cavity, connected to the anteroventral portion of
both kidneys by a narrow mesorchium (Figures 1-3). The
connection via the mesorchium extends from the lateral ends of
the testis to the medial regions of both kidneys (Figures 1D
and 2D). Efferent ducts (vasa efferentia) are not visible due to
their short length and the narrow mesorchium. The juvenile
and subadult testis of P. permixtus and P. fetosus is short, ex-
tending less than half the length of the kidney, whereas in
adults the testis extends posteriad to cover almost the entire
kidney (Figures 1-3). The juvenile and subadult testis is also
slightly wider than a single kidney, whereas in adults, it is
broader than both kidneys combined (Figures 1-3). The juve-
nile testis of P. fetosus measured 1.7 mm in length and 1.3 mm
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FIGURE 1 | Macroscopic views showing the unpigmented ovoid testis associated with fat bodies and kidneys in subadult (A-C, ICN 40010) and
adult (D-F, ICN 40015) male Pristimantis fetosus. Fb, Fat Body; K, Kidney; T, Testis. Green denotes the testis. Scale bar = 1 mm.

in width, whereas the adult testis measured 5.0 mm in length
and 3.4mm in width. For P. permixtus, the subadult testis
measured 1.2mm in length and 0.8 mm in width, while the
adult testis had 3.8 mm in length and 3.0 mm in width. In P.
fetosus the testis is cephalically bifid (partially divided) in sub-
adults (Figure 1B) but undivided in adults (Figure 1E). In both
species, the internal testicular structure is composed of semi-
niferous tubules with a circular or spherical shape, which give
the testis a granular appearance macroscopically (Figures 1-3).
Transverse sections show the absence of ducts or septa dividing
or separating the testis (Figure 4A,B). In P. fetosus, the tunica
albuginea is thickened ventrally (Figure 4A) in the region of the
medial cleft in subadult testes (Figure 1B).

3.2 | Spermatogenesis

Individual or small groups of primary spermatogonia, which do
not form cysts, are found at the base of the peritubular tunic of
P. permixtus (Figure 4D). Primary spermatogonia are distin-
guished by their size in P. permixtus, being considerably larger
than other germ cells. Following the mitotic division of primary

spermatogonia, which results in secondary spermatogonia,
germ cells become organized within cysts that are supported by
Sertoli cells in P. permixtus (Figure 4D). Secondary spermato-
gonia are smaller than primary spermatogonia and have a more
pronounced color because their chromatin is slightly more
condensed in P. fetosus and P. permixtus (Figure 4C,D). Primary
and secondary spermatocytes, representing a more advanced
stage in spermatogenesis with the beginning of the first meiotic
division, are also evident. Primary spermatocytes, derived from
secondary spermatogonia, are smaller than their predecessors
in P. permixtus. As a result of the first meiotic division, sec-
ondary spermatocytes become visible in both species. These are
much smaller cells with more nuclear compaction, housed
within cysts in a large population. Spermatids, resulting from
the second meiotic division of spermatocytes, are visible with an
elongated morphology in both species (Figure 4C,D). Sper-
matozoa, generated from the differentiation of spermatids, ex-
hibit a head constituted by a highly compacted nucleus. They
are more abundant in P. fetosus than P. permixtus (Figure 4C,D).
Developing spermatozoa are well-organized in bundles due to
their association with Sertoli cells, where the sperm heads are
anchored. Loss of association between the spermatozoa and the
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FIGURE 2 | Macroscopic views showing the unpigmented ovoid testis associated with fat bodies and kidneys in juvenile (A-C, ICN 22824) and
adult (D-F, ICN 08830) male Pristimantis permixtus. Fb, fat body; K, kidney; T, testis. Green denotes the testis. Scale bar = 1 mm.

FIGURE 3 | Ventral view of male Pristimantis permixtus (ICN 8895,
adult) revealing the position of the testis in the abdominal cavity. Fb, fat
body; I, Intestine; K, Kidney; T, Testis. Green and yellow denote the
testis and fat bodies, respectively. Scale bar = 4 mm.

Sertoli cells was not evident; therefore, spermatozoa are not
visible free in the tubular lumen in either species (Figure 4C,D).

4 | Discussion

The evidence gathered from the overall morphology, including
medial position, connection to both kidneys, and histological
structure, of the unpaired testes of P. fetosus and P. permix-
tus suggests fusion rather than the loss or reduction of one
testis. In P. fetosus, testicular fusion is also supported by dif-
ferences between subadult and adult testes, with the testis being
cephalically divided in the subadult (Figure 1B) and undivided
in the adult (Figure 1E). Although signs of fusion are subtle in
the ventral region of the adult testis, histological examination
reveals ventral emargination and thickening of the tunica al-
buginea (Figure 4A). These findings, when considered together,
corroborate the initial report of fusion by Lynch and Rueda-
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FIGURE 4 | Cross-sectional view of the testis (T) and kidneys (K) of Pristimantis fetosus (A, ICN 40015, arrow shows thickening of the tunica
albuginea) and Pristimantis permixtus (B, ICN 08830, without depiction of the left kidney). Scale bar = 0.5 mm. Overview of the testis of P. fetosus
(C, ICN 40015) and P. permixtus (D, ICN 08830) showing the arrangement of the seminiferous tubules. Cysts (C); Tubule Lumen (T1); Peritubular
tunic (Pt); Spermatozoa (S); Primary spermatogonia (Ps); Primary spermatocyte (Pst); Sertoli cells (Sc); Spermatids (Sm); Secondary spermatogonia

(Ss); Secondary spermatocyte (Sst); Tunica albuginea (Ta). Scale bar = 50 um.

Almonacid (1998) and suggest that the testicular fusion in P.
fetosus likely proceeds from caudal to cephalic and dorsal to
ventral regions of the gonad.

The hypothesis of testicular fusion in P. permixtus is further sup-
ported by the presence of paired fat bodies at the cephalic end of
the testis (Figures 2B,C and 3). In the early stages of development
of vertebrates, the gonads form as sexually bipotential structures
from the genital ridges, which arise at the ventromedial surface of
the embryonic kidneys (mesonephroi; Brambell 1927; Wartenberg
et al. 1991). In the case of anuran amphibians, it has been rec-
ognized that fat bodies differentiate from the anterior end of this
genital ridge, while the posterior part of the ridge, separated by a
constriction from its anterior section, become the genital organ
(Marshall and Bles 1890; Humphrey 1927a, 1927b). Consequently,
if one of the testes had failed to develop, we would expect only a
single fat body to occur, with the presence of paired fat bodies at
the cephalic end of the testis of P. permixtus indicating early fusion
of initially paired testes.

Regarding the stage of development at which testicular fusion
occurs, the lack of distinct ducts or septa in adults (Figure 4A,B),

sub-adults, and juveniles (not shown) of both species suggests that
fusion occurs during early testis development. Gonadal develop-
ment in direct-developing frogs is mediated by thyroid hormone,
which initiates stimulation around Townsend-Stewart stage 12
(Townsend and Stewart 1985; Lynn 1936; Callery and
Elinson 2000; Laslo et al. 2019). Consequently, testicular fusion in
P. fetosus and P. permixtus likely occurs sometime after
Townsend-Stewart stage 12 and before hatching. Further research
that includes the study of embryos is needed to understand the
ontogeny of fused testes in these species.

In addition to P. fetosus and P. permixtus, we also observed
fused testes in P. hernandezi. Together, these three species are
the only anurans known to possess fused testes. To date, none
of these species has been included in any published phyloge-
netic analysis, and all three species are currently unassigned to
any species group within Pristimantis (Padial et al. 2014). On
the basis of available evidence, we recognize the occurrence of
fused testes as a putative synapomorphy for a new species group
distributed in the Colombian Andes between 1800 and 3700 m
above sea level, the P. hernandezi species group, composed
of P. fetosus, P. hernandezi, and P. permixtus. Quantitative
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phylogenetic analysis of multiple lines of evidence (e.g., mor-
phology and DNA sequences) is required to further test the
monophyly of this group and the homology of the testicular
fusion in these species.

Concerning the relatively large size of the testes observed in P.
fetosus (length 17% of SVL) and P. permixtus (15% of SVL), the
available evidence indicates that reproductively active male
Pristimantis have larger and more swollen testes than non-
reproductive males or immature individuals (Lynch and
Duellman 1997). Consequently, a comprehensive study com-
paring the testis size of adult male Pristimantis through esti-
mates of wet testis mass while controlling for body size and
phylogenetic relationships and excluding juveniles, non-
breeders, and first-year breeding males is needed to identify
patterns of testis size variation.

4.1 | Spermatogenesis

Sperm development in P. fetosus and P. permixtus follows the
typical anuran pattern (Pudney 1995; Propper 2011). That is,
there is no regional localization of spermatozoa development
within the testis, making it possible to find cysts at different
stages of spermatogenesis withing a single seminiferous tubule.
The occurrence of germ cells at different stages of development
allows us to infer that spermatogenesis is similar to that
described for vertebrates, beginning with spermatogonia un-
dergoing mitotic divisions to produce spermatocytes, which
subsequently undergo meiotic divisions to form spermatids.
These spermatids then differentiate into spermatozoa through
spermiogenesis (Pudney 1995; Propper 2011).

Regarding differences in sperm abundance observed between P.
fetosus and P. permixtus, it is important to note that such dif-
ferences can be influenced by the age of the individual and/or
the specific time when the specimen was collected. Similarly,
although available evidence indicates that anuran species in-
habiting tropical regions usually have a continuous production
of gametes throughout the year (e.g., van Oordt 1960; Montezol
et al. 2018; Marlatt 2024), this is not always the case. For ex-
ample, Granados-Pérez and Ramirez-Pinilla (2020) reported
that spermatogenesis appeared to be discontinuous in P. mer-
ostictus, P. miyatai, and P. uisae, as they observed some adult
males reinitiating sperm production during breeding events.
Consequently, further research on the reproductive phenology of
P. fetosus and P. permixtus is needed. This study should consider
additional reproductive parameters such as collection months,
the presence of reproductive females, or evidence of reproductive
behavior (e.g., calling activity, oviposition) to understand the
testicular cycles in these species.

4.2 | Fused Testes in Vertebrates

Among vertebrates, fused testes have been reported in cyclos-
tomates, teleosts, and amphibians (Gymnophiona and Anura,
but not Caudata). A comparative survey among vertebrates
reveals no apparent variations in testicular organization and
sperm development associated with the fusion of testes, sug-
gesting that its occurrence might not have structural

implications for vertebrate testes. A similar scenario occurs in
the absence of copulative and behavioral reproductive impli-
cations associated with the fusion of testes; however, informa-
tion on this topic is much more limited, especially in hagfishes
and amphibians. In some teleosts of the families Goodeidae and
Poeciliidae, although fused testes are correlated with sperm
bundle formation, internal fertilization via the gonopodium,
and subsequent viviparity or oviposition of fertilized eggs (Grier
and Parenti 1994; Parenti et al. 2010), a causal relationship
remains unknown. Regarding amphibians, there is no correla-
tion between the fusion of testes and copulative or reproductive
behavior, although the oviparous caecilian, Idiocranium russeli,
exhibits internal fertilization and shares the direct development
reproductive strategy with P. fetosus, P. permixtus, and P. her-
nandezi (Lynch and Duellman 1997; Exbrayat 2009). While
external fertilization is known (or presumed) to occur via axil-
lary amplexus in Pristimantis (Lynch and Duellman 1997), it is
important to note that the fertilization mechanisms remain
unknown for most Pristimantis species, including those that
exhibit fusion of testes. Among brachycephaloid frogs, internal
fertilization is known to occurs exclusively in Eleutherodactylus
jasperi Drewry and Jones 1976, and Craugastor laticeps
(Duméril 1853) (McCraine et al. 2013), neither of which exhibits
fused testes (Wake 1978). Given current knowledge, the struc-
tural, copulative, and reproductive behavioral consequences of
fused testes in vertebrates remain unresolved.

Even though the developmental mechanisms underlying tes-
ticular fusion in vertebrates are not known, candidate genes
involved in vertebrate testis differentiation have been identified.
In particular, analysis of sex-specific gene expression in the
developing gonads of vertebrates reveals that the gene networks
controlling testis differentiation in amphibians are more
similar to those in fish than those in other vertebrates (Roco
et al. 2021). Although it is well known that sharing similar sets
of genes does not necessarily lead to sharing body forms and
structures of long-diverged lineages (Carroll 2008), the occur-
rence of fused testes in both fish and amphibians suggests that
similar genetic mechanisms might be involved in testicular
fusion. Fish and amphibians (anamniotes) also share the
organization of the testis and the pattern of spermatogenesis,
whereby spermatogenesis occurs in cysts that develop within
seminiferous tubules for most species. In contrast, amniotes do
not have cyst-based spermatogenesis; instead, spermatogenesis
occurs directly in seminiferous tubules (Yoshida 2016; Méndez-
Tepepa et al. 2023; Marlatt 2024). Moreover, cysts are stationary
in clades with fused testes (cyclostomates and anuran and
caecilian amphibians). Conversely, in chondrichthyans and
salamanders cysts migrate throughout the testis as they mature
during spermatogenesis (Pudney 1995; Marlatt 2024).

Although comparative surveys across vertebrate taxa have not
been detailed enough to fully describe the differences and
similarities of male gonads, the occurrence of fused testes in
anamniotes raises an exciting perspective on the evolution of
the vertebrate testis. Extensive additional research will be
required to document the diversity and functional aspects of
fused testes in vertebrates, such as the relationship between
sperm production, sperm competition, and of some sperm traits
(e.g., sperm morphology). A good starting point for this en-
deavor could be the current background available on testis size
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variation, one of the most studied topics in vertebrate testis
morphology. Current evidence suggests that sexual selection
through sperm competition and/or male mating rate is one of
the main selective pressures influencing testis size (including
mass) (Parker 1970; Leonard and Cérdoba-Aguilar 2010; Vahed
and Parker 2012; Baker et al. 2020). This is because larger testes
are linked to increased sperm production, which can enhance
reproductive success in environments with high sperm com-
petition or an increase in the number of females available for
mating (Halliday 1998; Calhim and Birkhead 2007; Vahed and
Parker 2012; Ramm and Schirer 2014; Baker et al. 2020).

While some studies of vertebrates have consistently shown a link
between sperm competition, male mating rate, and testis size,
other research suggests that additional factors might also have an
important role in the evolution of testis size. Emerson (1997)
conducted a comparative analysis of frog taxa in which one male
typically gained exclusive access to a female during mating,
perhaps (but not necessarily) with a lowered risk of sperm
competition. She found positive correlations between testis mass,
egg number, and androgen levels, suggesting that natural selec-
tion favors the production of more sperm when there are more
eggs to fertilize and/or frog species exhibit high levels of male
agonistic behavior (e.g., male-male aggression). In another study
on Australian myobatrachoid (Myobatrachidae and Limnody-
nastidae) and hylid (Pelodryadinae) frogs, Byrne et al. (2002)
demonstrated that oviposition location (land vs. water) and
female clutch size explained less variation in relative testis size
among taxa than did the risk of sperm competition. A contrary
situation was reported in reptiles (Uller et al. 2010), in which
environmental factors were more important than sperm com-
petition in shaping testis size.

Conclusions from current knowledge of testis size variation
demonstrate that its occurrence has been studied primarily to
understand reproductive and life history strategies in the con-
text of selection acting on individuals. In particular, current
evidence suggests that testis size variation might be explained
through a combination of natural and sexual selection, instead
of solely attributing it to sexual selection as initially thought.
Based on this context, future research exploring the evolu-
tionary implications of fused testes in vertebrates should con-
centrate on the reproductive and life history strategies of these
species, as well as on male and female genital morphology. This
is especially important given that there are teleosts in which the
fusion of testes and ovaries occurs simultaneously (Grier and
Parenti 1994). Finally, considering that the current utility of
fused testes might reflect a newly acquired function rather than
their evolutionary history, detailed studies on development,
tissue differentiation, and genetics are crucial for understanding
the evolutionary origin and relevance of fused testes in verte-
brate reproduction and biology.

Author Contributions

Jhon Jairo Ospina-Sarria: conceptualization, investigation, writing —
original draft, methodology, funding acquisition, validation, visualiza-
tion, writing - review and editing, formal analysis, software, data
curation. Martha Patricia Ramirez-Pinilla: validation, visualization,
supervision, data curation, investigation, writing — original draft, con-
ceptualization. Taran Grant: conceptualization, investigation, funding

acquisition, writing - original draft, methodology, validation, visual-
ization, writing - review and editing, formal analysis, project adminis-
tration, supervision.

Acknowledgments

We thank John D. Lynch (ICN) for loans of specimens, workspace, and
the many other courtesies provided on numerous occasions. Also, we
thank Geoff Parker, Linda Trueb, Lynne R. Parenti, Mari Carmen
Uribe, Richard Elinson, and William E. Duellman (deceased) for pro-
viding literature and valuable input during the course of this study.
Jhon Jairo Ospina-Sarria is grateful to Thiago Ospina Ortiz for his
invaluable support, motivation and inspiration on the development of
this project. This study was supported by the Sdo Paulo Research
Foundation [FAPESP Procs. 2012/10000-5, 2014/03585-2, 2016/25070-0,
and 2018/15425-0] and the Brazilian National Council for Scientific and
Technological Development (CNPq Proc. 314480/2021-8).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that supports the findings of this study are available in the
Supporting Information of this article.

References

Baker, J., S. Humphries, H. Ferguson-Gow, A. Meade, and C. Venditti.
2020. “Rapid Decreases in Relative Testes Mass Among Monogamous
Birds but Not in Other Vertebrates.” Ecology Letters 23: 283-292. https://
doi.org/10.1111/ele.13431.

Bhaduri, J. L. 1953. “A Study of the Urinogenital System of Salientia.”
Proceedings of the Zoological Society of Bengal 6: 1-111.

Billard, R. 1986. “Spermatogenesis and Spermatology of Some Teleost
Fish Species.” Reproduction Nutrition Développement 26: 877-920.

Brambell, W. R. 1927. “The Development and Morphology of the
Gonads of the Mouse.—Part I. The Morphogenesis of the Indifferent
Gonad and of the Ovary.” Proceedings of the Royal Society of London.
Series B, Containing Papers of a Biological Character 101: 391-409.
https://doi.org/10.1098/rspb.1927.0022.

Byrne, P. G., J. D. Roberts, and L. W. Simmons. 2002. “Sperm Com-
petition Selects for Increased Testes Mass in Australian Frogs.” Journal
of Evolutionary Biology 15: 347-355. https://doi.org/10.1046/j.1420-9101.
2002.00409.x.

Calhim, S., and T. R. Birkhead. 2007. “Testes Size in Birds: Quality
Versus Quantity—Assumptions, Errors, and Estimates.” Behavioral
Ecology 18: 271-275. https://doi.org/10.1093/beheco/arl076.

Callery, E. M., and R. P. Elinson. 2000. “Thyroid Hormone-Dependent
Metamorphosis in a Direct Developing Frog.” Proceedings of the
National Academy of Sciences 97: 2615-2620. https://doi.org/10.1073/
pnas.050501097.

Carroll, S. B. 2008. “Evo-Devo and an Expanding Evolutionary Syn-
thesis: A Genetic Theory of Morphological Evolution.” Cell 134: 25-36.
https://doi.org/10.1016/j.cell.2008.06.030.

Lynch, J. D., and J. V. Rueda-Almonacid. 1998. “Additional New Spe-
cies of Frogs (Genus Eleutherodactylus) From Cloud Forests of Eastern
Departamento De Caldas, Colombia.” Revista de la Academia
Colombiana de Ciencias Exactas, Fisicas y Naturales 22: 287-298.

Docker, M. F. 2024. “Reproduction in Agnathan Fishes: Lampreys and
Hagfishes.” In Hormones and Reproduction of Vertebrates, Volume
1 Second Edition: Fishes, Edited by D. O. Norris and K. H. Lopez,
317-344. Academic Press. https://doi.org/10.1016/B978-0-443-16009-7.
00012-8.

7 of 9

85UB017 SUOWIWIOD 8AITe1D) 3|qedt [dde ay) Aq peusenob a1 ss(oie YO ‘88N JO se|ni 10} ArIqIT 8UIIUO AB|IA UO (SUOIPUOD-PUR-SWBH W0 A8 | IM AreIq Ul UO//:SANY) SUOIIPUOD pue SWs | 38U 88S *[5202/60/ST] U0 AriqiTauluO A8 (1M ‘AI0KSIH BININ JO WNesn|y UedLiswy Aq 98002 "I0W(/Z00T OT/I0p/wio0" A3 |1mARe.q 1 puluoy/sdny wolj pspeojumod ‘6 ‘5202 ‘289%260T


https://doi.org/10.1111/ele.13431
https://doi.org/10.1111/ele.13431
https://doi.org/10.1098/rspb.1927.0022
https://doi.org/10.1046/j.1420-9101.2002.00409.x
https://doi.org/10.1046/j.1420-9101.2002.00409.x
https://doi.org/10.1093/beheco/arl076
https://doi.org/10.1073/pnas.050501097
https://doi.org/10.1073/pnas.050501097
https://doi.org/10.1016/j.cell.2008.06.030
https://doi.org/10.1016/B978-0-443-16009-7.00012-8
https://doi.org/10.1016/B978-0-443-16009-7.00012-8

Drewry, G. E., and K. L. Jones. 1976. “A New Ovoviviparous Frog,
Eleutherodactylus jasperi (Amphibia, Anura, Leptodactylidae), From
Puerto Rico.” Journal of Herpetology 10: 161-165. https://doi.org/10.
2307/1562976.

Duméril, A. H. 1853. “Mémoire Sur Les Batraciens Anoures, De La
Famille Des Hylaeformes Ou Rainettes, Comprenent La Description
D'un Genre Nouveau Et De Onze Espéces Nouvelles.” Annales des
Sciences Naturelles, Zoologie et Biologie Animale 3: 135-179.

Emerson, S. B. 1997. “Testis Size Variation in Frogs: Testing the Al-
ternatives.” Behavioral Ecology and Sociobiology 41: 227-235. https://
doi.org/10.1007/5002650050383.

Exbrayat, J. M. 2009. “Oogenesis and Female Reproductive System in
Amphibia-Gymnophiona.” In Reproduction of Amphibians, Edited by
M. Oielska, 305-342. Science Publishers. https://doi.org/10.1201/
9781482280135.

Franco-Belussi, L., R. Zieri, L. R. De Souza Santos, R. M. Moresco, and
C. De Oliveira. 2009. “Pigmentation in Anuran Testes: Anatomical
Pattern and Variation.” Anatomical Record 292: 178-182. https://doi.
0rg/10.1002/ar.20832.

Granados-Pérez, Y., and M. P. Ramirez-Pinilla. 2020. “Fenologia Re-
productiva De Tres Especies De Pristimantis En Un Bosque De Niebla
Andino.” Revista De La Academia Colombiana de Ciencias Exactas,
Fisicas y Naturales 44: 1083-1098. https://doi.org/10.18257/
raccefyn.1191.

Grier, H. J., and L. R. Parenti. 1994. “Reproductive Biology and Sys-
tematics of Phallostethid Fishes as Revealed by Gonad Structure.”
Environmental Biology of Fishes 41: 287-299. https://doi.org/10.1007/
BF00023818.

Halliday, T. 1998. “Sperm Competition in Amphibians.” In Sperm
Competition and Sexual Selection, edited by T. R. Birkhead and A. P.
Moller, 465-502. Academic Press.

Humphrey, R. R. 1927a. “Extirpation of the Primordial Germ Cells of
Amblystoma: Its Effect Upon the Development of the Gonad.” Journal of
Experimental Zoology 49: 363-399.

Humphrey, R. R. 1927b. “The Fate of the Primordial Germ Cells of
Amblystoma in Grafts Implanted in the Somatopleure of Other Em-
bryos.” Anatomical Record 35: 40-41.

Laslo, M., R. J. Denver, and J. Hanken. 2019. “Evolutionary Conser-
vation of Thyroid Hormone Receptor and Deiodinase Expression
Dynamics in Ovo in a Direct-Developing Frog, Eleutherodactylus coqui.”
Frontiers in Endocrinology 10: 307. https://doi.org/10.3389/fendo.2019.
00307.

Leonard, J., and A. Cérdoba-Aguilar. 2010. The Evolution of Primary
Sexual Characters in Animals. Oxford University Press.

Lynch, J. D., and W. E. Duellman. 1997. “Frogs of the Genus Eleu-
therodactylus in Western Ecuador. Systematics, Ecology, and Bio-
geography.” Special Publication of the University of Kansas Museum of
Natural History 23: 1-236. https://doi.org/10.5962/bhl.title.7951.

Lynch, J. D., and P. M. Ruiz-Carranza. 1983. “New Frogs of the Genus
Eleutherodactylus from the Andes of Southern Colombia.” Transactions
of the Kansas Academy of Science (1903-) 86: 99-112.

Lynch, J. D., P. M. Ruiz-Carranza, and M. C. Ardila-Robayo. 1994. “The
Identities of the Colombian Frogs Confused With Eleutherodactylus
latidiscus (Boulenger) (Amphibia: Anura: Leptodactylidae).” Occasional
Papers of the Museum of Natural History University of Kansas 170: 1-42.

Lynn, W. G. 1936. “A Study of the Thyroid in Embryos of Eleuther-
odactylus nubicola.” Anatomical Record 64: 525-539. https://doi.org/10.
1002/ar.1090640407.

Marlatt, V. L. 2024. “Hormones and Testicular Function in Amphi-
bians.” In Hormones and Reproduction of Vertebrates, Volume 2 Second
Edition: Amphibians, Edited by D. O. Norris and K. H. Lopez, 57-79.
Academic Press. https://doi.org/10.1016/B978-0-443-16020-2.00009-7.

Marshall, A. M., and E. J. Bles. 1890. “The Development of the Kidneys
and Fat-Bodies in the Frog.” In Studies From the Biological Laboratory.
Owens College.

McCraine, J. R., M. H. Wake, and L. V. Orellana. 2013. “Anura Crau-
gastor laticeps. Possible Ovoviviparity.” Herpetol. Rev. 44: 653-654.

Méndez-Tepepa, M., C. Morales-Cruz, E. Garcia-Nieto, and A. Anaya-
Herndndez. 2023. “A Review of the Reproductive System in Anuran
Amphibians.” Zoological Letters 9: 3. https://doi.org/10.1186/s40851-
023-00201-0.

Montezol, M., M. Cassel, D. Silva, A. Ferreira, and M. Mehanna. 2018.
“Gametogenesis and Reproductive Dynamics of Rhinella Schneideri
(Anura: Bufonidae): Influence of Environmental and Anthropogenic
Factors.” Acta Zoologica 99: 93-104. https://doi.org/10.1111/az0.12195.

Nishiyama, M., H. Chiba, K. Uchida, T. Shimotani, and M. Nozaki.
2013. “Relationships Between Plasma Concentrations of Sex Steroid
Hormones and Gonadal Development in the Brown Hagfish, Para-
myxine Atami.” Zoological Science 30: 967-974. https://doi.org/10.2108/
25j.30.967.

van Oordt, P. G. W. J. 1960. “The Influence of the Internal and External
Factors in the Regulation of the Spermatogenic Cycle in Amphibia.”
Symp. Zool. Soc. Lond. 2: 29-52.

Padial, J. M., T. Grant, and D. R. Frost. 2014. “Molecular Systematics of
Terraranas (Anura: Brachycephaloidea) With an Assessment of the
Effects of Alignment and Optimality Criteria.” Zootaxa 3825: 1-132.
https://doi.org/10.11646/zootaxa.3825.1.1.

Parenti, L. R. 2004. “Evolution and Phylogeny of Gonad Morphology in
Bony Fishes.” Integrative and Comparative Biology 44: 333-348. https://
doi.org/10.1093/icb/44.5.333.

Parenti, L. R., F. L. LoNostro, and H. J. Grier. 2010. “Reproductive
Histology of Tomeurus gracilis Eigenmann, 1909 (Teleostei: Ather-
inomorpha: Poeciliidae) With Comments on Evolution of Viviparity in
Atherinomorph Fishes.” Journal of Morphology 271: 1399-1406. https://
doi.org/10.1002/jmor.10886.

Parker, G. A. 1970. “Sperm Competition and Its Evolutionary Conse-
quences in the Insects.” Biological Reviews 45: 525-567. https://doi.org/
10.1111/j.1469-185X.1970.tb01176.x.

Propper, C. R. 2011. “Testicular Structure and Control of Sperm Devel-
opment in Amphibians.” In Hormones and Reproduction of Vertebrates,
Volume 2: Amphibians, edited by D. O. Norris and K. H. Lopez, 39-53.
Academic Press. https://doi.org/10.1016/B978-0-12-374931-4.10003-3.

Pudney, J. 1995. “Spermatogenesis in Nonmammalian Vertebrates.”
Microscopy Research and Technique 32: 459-497. https://doi.org/10.
1002/jemt.1070320602.

Ramm, S. A., and L. Schérer. 2014. “The Evolutionary Ecology of Tes-
ticular Function: Size isn't Everything.” Biological Reviews 89: 874-888.
https://doi.org/10.1111/brv.12084.

Roco, A. S., A. Ruiz-Garcia, and M. Bullejos. 2021. “Testis Development
and Differentiation in Amphibians.” Genes 12: 578. https://doi.org/10.
3390/genes12040578.

Saidapur, S. K. 1983. “Patterns of Testicular Activity in Indian Am-
phibians.” Indian Rev. Life Sci. 3: 157-184.

Townsend, D. S., and M. M. Stewart. 1985. “Direct Development in
Eleutherodactylus coqui (Anura: Leptodactylidae): A Staging Table.”
Copeia 1985: 423-436. https://doi.org/10.2307/1444854.

Uller, T., D. Stuart-Fox, and M. Olsson. 2010. “Evolution of Primary
Sexual Characters in Reptiles.” In Evolution of Primary Sexual Char-
acters in Animals, Edited by J. D. Leonard and A. Cérdoba-Aguilar A,
425-452. Oxford University Press.

Uribe, M. C., H. J. Grier, and V. Mejia-Roa. 2014. “Comparative Tes-
ticular Structure and Spermatogenesis in Bony Fishes.” Spermatogenesis
4: €983400. https://doi.org/10.4161/21565562.2014.983400.

8 of 9

Journal of Morphology, 2025

85UB017 SUOWIWIOD 8AITe1D) 3|qedt [dde ay) Aq peusenob a1 ss(oie YO ‘88N JO se|ni 10} ArIqIT 8UIIUO AB|IA UO (SUOIPUOD-PUR-SWBH W0 A8 | IM AreIq Ul UO//:SANY) SUOIIPUOD pue SWs | 38U 88S *[5202/60/ST] U0 AriqiTauluO A8 (1M ‘AI0KSIH BININ JO WNesn|y UedLiswy Aq 98002 "I0W(/Z00T OT/I0p/wio0" A3 |1mARe.q 1 puluoy/sdny wolj pspeojumod ‘6 ‘5202 ‘289%260T


https://doi.org/10.2307/1562976
https://doi.org/10.2307/1562976
https://doi.org/10.1007/s002650050383
https://doi.org/10.1007/s002650050383
https://doi.org/10.1201/9781482280135
https://doi.org/10.1201/9781482280135
https://doi.org/10.1002/ar.20832
https://doi.org/10.1002/ar.20832
https://doi.org/10.18257/raccefyn.1191
https://doi.org/10.18257/raccefyn.1191
https://doi.org/10.1007/BF00023818
https://doi.org/10.1007/BF00023818
https://doi.org/10.3389/fendo.2019.00307
https://doi.org/10.3389/fendo.2019.00307
https://doi.org/10.5962/bhl.title.7951
https://doi.org/10.1002/ar.1090640407
https://doi.org/10.1002/ar.1090640407
https://doi.org/10.1016/B978-0-443-16020-2.00009-7
https://doi.org/10.1186/s40851-023-00201-0
https://doi.org/10.1186/s40851-023-00201-0
https://doi.org/10.1111/azo.12195
https://doi.org/10.2108/zsj.30.967
https://doi.org/10.2108/zsj.30.967
https://doi.org/10.11646/zootaxa.3825.1.1
https://doi.org/10.1093/icb/44.5.333
https://doi.org/10.1093/icb/44.5.333
https://doi.org/10.1002/jmor.10886
https://doi.org/10.1002/jmor.10886
https://doi.org/10.1111/j.1469-185X.1970.tb01176.x
https://doi.org/10.1111/j.1469-185X.1970.tb01176.x
https://doi.org/10.1016/B978-0-12-374931-4.10003-3
https://doi.org/10.1002/jemt.1070320602
https://doi.org/10.1002/jemt.1070320602
https://doi.org/10.1111/brv.12084
https://doi.org/10.3390/genes12040578
https://doi.org/10.3390/genes12040578
https://doi.org/10.2307/1444854
https://doi.org/10.4161/21565562.2014.983400

Vahed, K., and D. J. Parker. 2012. “The Evolution of Large Testes:
Sperm Competition or Male Mating Rate?” Ethology 118: 107-117.
https://doi.org/10.1111/j.1439-0310.2011.01991 .

Wake, M. H. 1968. “Evolutionary Morphology of the Caecilian Uro-
genital System. I. The Gonads and the Fat Bodies.” Journal of
Morphology 126: 291-331. https://doi.org/10.1002/jmor.1051260303.

Wake, M. H. 1978. “The Reproductive Biology of Eleutherodactylus
Jjasperi (Amphibia, Anura, Leptodactylidae), With Comments on the
Evolution of Live-Bearing Systems.” Journal of Herpetology 12: 121-133.
https://doi.org/10.2307/1563398.

Wartenberg, H., I. Kinsky, C. Viebahn, and C. Schmolke. 1991. “Fine
Structural Characteristics of Testicular Cord Formation in the Devel-
oping Rabbit Gonad.” Journal of Electron Microscopy Technique 19:
133-157. https://doi.org/10.1002/jemt.1060190203.

Yoshida, S. 2016. “From Cyst to Tubule: Innovations in Vertebrate
Spermatogenesis.” WIREs Developmental Biology 5: 119-131. https://doi.
0rg/10.1002/wdev.204.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.
Appendix S1: List of studied specimens.

9 of 9

85UB017 SUOWIWIOD 8AITe1D) 3|qedt [dde ay) Aq peusenob a1 ss(oie YO ‘88N JO se|ni 10} ArIqIT 8UIIUO AB|IA UO (SUOIPUOD-PUR-SWBH W0 A8 | IM AreIq Ul UO//:SANY) SUOIIPUOD pue SWs | 38U 88S *[5202/60/ST] U0 AriqiTauluO A8 (1M ‘AI0KSIH BININ JO WNesn|y UedLiswy Aq 98002 "I0W(/Z00T OT/I0p/wio0" A3 |1mARe.q 1 puluoy/sdny wolj pspeojumod ‘6 ‘5202 ‘289%260T


https://doi.org/10.1111/j.1439-0310.2011.01991.x
https://doi.org/10.1002/jmor.1051260303
https://doi.org/10.2307/1563398
https://doi.org/10.1002/jemt.1060190203
https://doi.org/10.1002/wdev.204
https://doi.org/10.1002/wdev.204

	Fused Testes in Neotropical Frogs of the Genus Pristimantis (Anura, Craugastoridae): New Insights Into a Poorly Known Character in Vertebrates
	1 Introduction
	2 Materials and Methods
	3 Results
	3.1 Testicular Structure
	3.2 Spermatogenesis

	4 Discussion
	4.1 Spermatogenesis
	4.2 Fused Testes in Vertebrates

	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information




