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a b s t r a c t

Due to the difficulty in finding newly fresh spawn in natural environments, few embryonic develop-
mental studies have been carried out in anurans with direct development. Here we provide detailed data
on the embryonic ontogeny of Ischnocnema henselii, and compare some morphological aspects related to
its developmental mode within and outside of the brachycephaloid clade. Embryonic development in
I. henselii is characterized by a unicuspid egg tooth (bicuspid in most other Brachycephaloidea), external
gills present, open vent tube, and tail fins with dorsoventral orientation throughout the development.
We also provide the first account of skin development in direct-developing frogs, revealing that the
maturation of the integument has a typical dorsal to ventral sequence of changes as in most biphasic
anurans. The early onset of thyroid development seems to be consistent with the hypothesis that the
evolution of direct development in anuran amphibians involved precocious activation of the thyroid axis.
A comparative analysis with the still few described embryonic ontogenies for direct-developing species
reveals variation in the length of the embryonic period, rate of development, size at hatching and
presence/absence of external morphological characters, which suggests heterochronic shifts in the rate of
species-specific stage progression. All these details reinforce the idea of the high morphological vari-
ability among direct-developing frogs.

© 2019 Elsevier GmbH. All rights reserved.
1. Introduction

The study of ontogenetic changes requires approximations that
allow temporal ordering of phenotypic variation. In different
groups, development tables have been proposed with a subdivision
into discrete and ordered stages, each of which is ‘an arbitrarily cut
section through the time-axis of the life of an organism’ (de Beer
1940). The temporal order (sequence) allows us to compare in-
dividuals in stages of ontogeny that we define as equivalent.

In anurans, two tables of embryonic and larval development are
widely used: the table by Nieuwkoop and Faber (1967) for Xenopus
laevis (Daudin, 1802) that describes 66 stages from fertilization to
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.

complete absence of tail, and Gosner table (Gosner 1960) that
summarizes the embryonic and larval development of Incilius val-
liceps (Wiegmann, 1833) in 46 stages. These tables, especially the
second one, have been used extensively to describe ontogenies of
most other anuran taxa. Species-specific staging tables have been
only constructed for 2% of extant species (Fabrezi et al. 2017), which
represents an insignificant fraction of the anuran diversity. For
direct-developing species this proportion is even lower, though
efforts are growing to increase our knowledge.

Townsend and Stewart (1985) proposed a table of normal
development for the brachycephaloid Eleutherodactylus coqui
Thomas, 1966, and discussed some morphological and hetero-
chronic variations reported in other Eleutherodactylus Dum�eril and
Bibron, 1841 species and related genera (Sampson 1904; Noble
1925; Lynn 1942; Gitlin 1944; Lynn & Lutz 1946, 1947; Jameson
1950; Hughes 1959; Adamson et al. 1960; Valett & Jameson
1961). Further descriptions of direct-developing species in and
out of Brachycephaloidea Günther 1858 have become available
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since then (a recent compilation in Schweiger et al. 2017). A
comparative analysis of these few species reveals that embryonic
development in direct-developing species is not as conserved as
once thought.

As currently defined, the large Neotropical clade Brachycepha-
loidea includes ca. 1150 species apparently all characterized by
having direct development (Hedges et al. 2008; Heinicke et al.
2009; Pyron & Wiens 2011; Taboada et al. 2013; Padial et al.
2014). However, apart from E. coqui, studies describing embryonic
development in the group exist for only a few species of Adelo-
phryne Hoogmoed and Lescure, 1984 (de Lima et al., 2016), Bra-
chycephalus Fitzinger, 1826 (Pombal, 1999), Craugastor Cope, 1862
(Valett & Jameson, 1961), Eleutherodactylus (Gitlin, 1944; Jameson,
1950), Haddadus Hedges, Duellman, and Heinicke, 2008
(Goldberg & Vera Candioti, 2015), Ischnocnema Reinhardt and
Lütken, 1862 (Lynn & Lutz, 1946, 1947), Oreobates Jim�enez de la
Espada, 1872 (Goldberg et al., 2012), and Pristimantis Jim�enez de
la Espada, 1870 (Nokhbatolfoghahai et al., 2010). All of these de-
scriptions show some differences with respect to the staging table
by Townsend and Stewart (1985), and this highlights that more
detailed characterizations are needed to address morphological
diversity and evolution within the clade.

The genus Ischnocnema comprises 37 species of leaf-litter
dwelling frogs, distributed in central and southern Brazil, adja-
cent northern Argentina, and possibly reaching into adjacent
Paraguay (Taucce et al. 2018a; Frost 2019). Here we describe the
embryonic development of Ischnocnema henselii (Peters, 1870),
which occurs in subtropical Atlantic rainforest and parts of the
Araucaria forest of southern and southeast (Serra do Mar) Brazil
and Misiones, Argentina (Lucas et al. 2018; Frost 2019). Despite its
wide distribution, and several studies analyzing the microhabitat
use (Santos-Pereira et al. 2015), diet and feeding behavior (Dietl
et al. 2009), conservation status (Vaira et al. 2012; Foerster &
Conte 2018), and its taxonomy and systematic position (Taucce
et al. 2018a, b), nothing is known about its early development.
Thus, in this article we provide detailed data on the embryonic
ontogeny of I. henselii and discuss some morphological aspects
related to its developmental mode. We also provide the first ac-
count of skin development in direct-developing frogs and discuss
its possible relationship with thyroid development. Increasing our
knowledge of the embryonic development in direct-developing
species adds new information to discuss the varied ontogenetic
pathways involved in this developmental mode that, although
widespread among anurans, has received comparatively little
attention.

2. Materials and methods

A terrestrial clutch (33 viable eggs) was collected in December
2014, in Jaragu�a do Sul (state of Santa Catarina, Brazil), and then
incubated at room temperature (20e25 �C) in a plastic container
with a lightly moistened, disaggregated Sphagnum. We preserved
one egg in 99.5% ethanol at the moment of collection, and the rest
of the sample was periodically fixed in 10% formalin, initially every
8 h and later every 24/48 h when morphological changes were
evident. In order to identify the species, we extracted whole DNA
from the ethanol-preserved egg following Lyra et al. (2017) and
performed PCR amplifications of the mitochondrial 16S rRNA
fragment limited by the primers 16SAR and 16SBR (Palumbi et al.
1991) following Taucce et al. (2018b). Purification also followed
Lyra et al. (2017) and we sequenced the fragment with a BigDye
Terminator Cycle Sequencing Kit (version 3.0, Applied Biosystems)
in an ABI 3730 automated DNA sequencer (Applied Biosystems) at
Macrogen Inc. (Seoul, South Korea). We then used the BLAST tool
(Madden 2002) against GenBank sequences. Because GenBank is
not a static database, and in order to make our results reproducible,
we took GenBank sequences (Table S1) from both Ischnocnema
species we found in the study area, I. henselii (n ¼ 57 sequences)
and I. cf. manezinho (n ¼ 1 sequence) and constructed a matrix
adding the egg sequence. We performed the alignment using
MAFFT v7.130b (Katoh& Standley 2013) using the E-INS-i algorithm
and computed genetic distances with packages APE 5.1 (Paradis
et al. 2004) and SPIDER 1.4e2 (Brown et al. 2012) of the R plat-
form version 3.3.3 (R Core Team 2017). Because we wanted to
decrease the effect of the alignment, we ignored indels in a pair-
wise way (pairwise.deletion¼T in the dist.dna function). We staged
embryos following the table for E. coqui by Townsend and Stewart
(1985) (TS from here) and differences were highlighted when
relevant. At first mention of each stage, we state the estimated
number of days post-fertilization as ‘(ca. d.p.f.)’. Morphological
features, measurements, and photographs were obtained with a
Leica M205 stereomicroscope. For histological cross-sections of the
tail, skin, and thyroid glands, three embryos at TS6, TS13, and TS14
were dehydrated, embedded in paraffin, and sectioned at 6 mm.
Sections were stained with hematoxylin and eosin following the
protocol by Martoja and Martoja-Pierson (1970). We observed
histological sections with a Nikon (Nikon Corp., Tokyo, Japan) E200
light microscope equipped with a digital camera. Finally, three
further specimens (TS5, TS8, and TS14) were dehydrated using
serial dilutions of ethanol and coated with gold to be examined
with a Zeiss Supra 55VP scanning electron microscope. Voucher
specimens are housed at the amphibian collection C�elio F. B. Had-
dad, Departamento de Zoologia, Instituto de Biociências, Uni-
versidade Estadual Paulista, Campus de Rio Claro, S~ao Paulo, Brazil,
as a single lot numbered CFBH 39509.
3. Results

3.1. Species identification

The pairwise genetic distance between our egg sequence
(GenBank accession number MN608783) and the sequences from
I. henselii ranged from 0.0% (specimens from the municipalities of
Anit�apolis, Rancho Queimado, S~ao Bonif�acio, and Treviso, state of
Santa Catarina, and S~ao Francisco de Paula, state of Rio Grande do
Sul) to 4.5% (specimen from the municipality of S~ao Luíz do Para-
itinga, state of S~ao Paulo), whereas the distance between our
sequence and that of I. cf. manezinho was 19.3%. The BLAST tool
analysis resulted in the same closest sequences, with 99.77% of
identity. It was not 100% because BLAST takes indels into account
and our sequence have one deletion in comparison with the other
sequences. Ischnocnema cf. manezinho did not appear in the 100
closest sequences list resulted from BLAST. This results leaves no
doubt that our clutch belongs to I. henselii.
3.2. Size and time

The clutch of I. henselii was found in a region characterized by
Montane Ombrophilous Dense Forests within the Brazilian Atlantic
rainforest domain (IBGE 2012). Embryos were at TS4. Thus, based
on the literature (Townsend & Stewart 1985; Lynn & Lutz 1946,
1947; Goldberg et al. 2012) we estimate eggs were laid two to three
days before. Following this, we estimate that development from
fertilization to hatching lasts about 28e30 days in this species. Egg
size increases from TS4 (ca. 3 d.p.f.) with average
diameter ¼ 2.78 mm to TS14 (ca. 21 d.p.f.) ¼ 5.21 mm. A hatched
specimen has a snout-vent length equaling 6.71 mm, meaning that
posthatching growth involves a fourfold length increase.



Fig. 1. External development in pre-hatching stages of Ischnocnema henselii. Jelly layers have been removed. Note the tadpole-like arrangement of the tail. Scale bar ¼ 1 mm.

Fig. 2. Hatched specimen of Ischnocnema henselii. Dorsal and ventral views (A), and details of the body (B) and caudal region (C). Note the persisting yolk and the vestigial tail fins.
Scale bars ¼ 1 mm.
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Fig. 3. Scanning electron micrographs of specimens of Ischnocnema henselii at TS5 (top) and TS14 (bottom); insets show specimens at low magnification. (A) Detail of ciliated cells
from the dorsal body. (B) External gills at full development. (C) Ciliated hind limbs and vent tube differentiated. (D) Ciliated cells still present on most body surface. (E) Angle of the
mouth post-orbital and rostral and dorsal region of the head lacking ciliation. (F) Subarticular tubercles differentiated on fore- and hind limbs. Scale bars ¼ 100 mm excepting A and
D ¼ 10 mm.

Fig. 4. Egg tooth of Ischnocnema henselii at TS14. Scanning electron micrographs showing the placement (A) and monocuspid morphology (B). Histomorphology of the upper jaw
region (C) and detail of the thickened epidermis with accumulation of keratin evident. Scale bars ¼ 100 mm (A, B, C) and 50 mm (D).
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3.3. Cephalic region (Figs. 1e4)

By TS4 the head is differentiated from the rest of the body and
the stomodeum can be recognized as a slight depression. The eyes
appear as large anterior protuberances without pigmentation. A
pair of gill buds is already present at the beginning of the stage,
appearing as small protuberances posterior to the eyes, and reach
their maximum development by the end of the stage. Next, eyes
become more prominent but not yet pigmented. Gills are still
evident at TS5 (ca. 4 d.p.f.; Fig. 3A and B) and regress soon after. By
TS6 (ca. 7 d.p.f) themouth changes from a terminal to a subterminal
position. The eyes are now prominent, light gray and have distinct
pupils. During TS8 (ca. 10 d.p.f.), the mouth opens and the lower
and upper jaws are differentiated. Eyes become darker. By TS9 (ca.
12 d.p.f.), the mouth extends laterally at each corner to a point
anterior to each eye. At TS10 (ca. 13 d.p.f.), the end of the lower jaw
lagged far behind the upper jaw and the egg tooth appears as a
small, non-keratinized, monocuspid structure. At the next stage,
nostrils are evident. By TS13 (ca. 19 d.p.f.) the lacrimal groove ex-
tends from each nostril to the eyes and the canthus rostralis is
evident. The lower eyelid is distinct. The angle of the mouth ac-
quires its definitive arrangement, posterior to the eye, at TS14
(Fig. 3D and E). As development progresses, the egg tooth becomes
larger and darkly keratinized (Fig. 4) and is present in the single
hatched specimen (Fig. 2).

3.4. Limbs (Figs. 1e3)

Fore- and hind limbs appear at middle TS4 as rounded buds
joined to the trunk. Limbs project at an angle of 45� as they grow,
and by TS5 a dermal fold continuouswith the epidermis of the body
covers the base of each forelimb. As this stage progresses, limb buds
become more oblong. Hind limbs are slightly advanced in devel-
opment and larger than forelimbs. By TS6 both anterior and pos-
terior constrictions that delimit the hind limb autopodium appear.
In the next stage, both limbs show paddle-shape autopodia
morphology. By TS8 the elongation of digit IV (primary axis) is
noticeable. Dermal folds acquire their maximal coverage and
enclose the proximal part of each forelimb. From the next stage on,
all fingers and toes begin their differentiation and by TS11 (ca. 14
d.p.f) they are all individualized; hind limbs arrangewith heels held
together. Later, by TS13, hind limbs cross each other, fingers and
toes lengthen, and inner metatarsal and metacarpal tubercles
differentiate. Subarticular tubercles are distinct in hands and feet of
TS14 specimens (Fig. 3F). At hatching, limbs are highly pigmented
dorsally but almost unpigmented ventrally.

3.5. Tail (Figs. 1e3 and 5)

The tail bud appears at TS4 as a rounded, compact bump rising
from the yolk mass. A small dextral vent tube appears partially
fused to the tail bud and separates later at that stage (Fig. 3C). By
TS5, the tail bud increases its size and appears indistinctly curved to
either the right or the left side of the embryo. Fins are first very
incipient but at late TS5 they begin to extend in a dorsoventral
pattern. As development progresses, the vent tube locates more
ventrally. The axial core of the tail lengthens at TS6 and the well-
vascularized fins grow conferring an oblong shape to the tip of
the tail. Histological sections through the tail at TS6 show the axial
core with the dorsal fin, neural tube, notochord, muscles, and
ventral fin all aligned in a dorsoventral pattern (Fig. 5). The core
axis, together with the fins, are composed of a thin, single-layered,
epidermis and connective tissue. A large blood vessel appears
ventral to the notochord. By TS9 fins are very deep, giving the tail
an almost circular aspect. Vascularization increases with numerous
vessels immersed within the connective tissue (Fig. 5). The tail
reaches full size at TS14, and is thicker butmoremaneuverable than
in previous stages. The single hatched specimen available still ex-
hibits vestiges of the tail fins (Fig. 2).

3.6. Endolymphatic calcium deposits (Fig. 1)

The endolymphatic calcium deposits (ECDs) are first visible at
TS8 as a pair of small white spots situated posterior to the eyes.
During TS9, the ECDs extend posteriorly into two creamy triangular
structures. By TS12 (ca. 16 d.p.f.), they extend towards the midline
of the vertebral region and, laterally, to the midpoint of the eyes. By
TS13 they acquire their maximum size by the cephalo-caudal
widening of the area and appear as two inverted triangles. By
early TS14 they are masked by body pigmentation and at the end of
the stage they are no longer visible.

3.7. Body integument (Figs. 1e3 and 6)

Embryos between TS4 and TS8 lack pigmentation and show a
uniformly whitish color. By TS5, ciliated cells are scattered on the
whole surface of the embryo body and yolk; ciliation is sparse on
the dorsal aspect of the head (Fig. 3A and B). At TS6, dorsal, later-
oventral and ventral integument have the same histomorphological
organization which consists of a single-layer epidermis of cuboidal
cells with large and lobulated nuclei; the dermis is barely identi-
fiable and it seems to consist of loose collagen (Fig. 6AeC).
Pigmentation is evident from TS8, with melanophores scattered on
the dorsal aspect of the head and trunk. The proximal parts of limbs
show melanophores from TS11. Pigmentation intensifies around
TS13, when melanophores invade the ventral region. At TS14, the
embryos are still almost fully ciliated, excepting the limbs, rostral,
and dorsal regions of the head, and above the eyes (Fig. 3D and E).
The dorsal, lateroventral, and ventral regions show histomorpho-
logical differences suggesting a dorsoventral pattern of integument
maturation. In dorsal and lateroventral skin the basal cells of the
epidermis begin to proliferate and become organized into layers of
flattened cells; some developing mucous and serous glands are
evident plus some scattered melanocytes. Below the epidermal
basement membrane, a thin dermis of dense collagen fibers
belonging to the stratum compactum is differentiated (Fig. 6D and
E). The ventral integument shows a typically larval organization,
consisting of a bilayered epidermis of cuboidal cells and a compact
dermis. However, developing glands and scattered melanophores
are already present (Fig. 6F).

3.8. Thyroid glands (Fig. 6)

By TS6 thyroid glands are already present and well differenti-
ated. Thyroid glands are disposed ventral and lateral to the hyo-
branchial skeleton. Follicles are distinct and contain a central lumen
and an epithelium formed of cuboidal cells; no accumulation of
colloid is observed (Fig. 6G). At TS13, glands arrange as a pair of
masses of well-developed follicles, ventral and lateral to the hyo-
branchial plate. Most lumina of thyroid follicles, which remain of a
cuboidal epithelium, begin to accumulate colloid, and by TS14most
of them are fully filled (Fig. 6H).

4. Discussion

Due to the difficulty in finding fresh spawn in natural environ-
ments, few embryonic developmental studies were carried out in
anurans with direct development. Our observations add new data
to the limited information that exists so far on the ontogeny of
these species.



Fig. 5. Cross-sections of the tail in Ischnocnema henselii specimens at different stages. The neural tube/notochord axis is parallel to the sagittal plane of the body embryo, and caudal
fins are dorsoventrally aligned.

Fig. 6. Serial sections of the integument and thyroid glands of Ischnocnema henselii specimens at different stages. (AeF) Integument. Specimen at TS6, dorsal (A), lateroventral (B),
and ventral (C) areas. Note the single layered epidermis of cuboidal cells. Specimen at TS14, dorsal (D), lateroventral (E), and ventral (F) areas. Note the lateroventral integument
with a multilayered epidermis, developing glands (stars) and melanocytes (black arrows), and the ventral integument with bilayered epidermis and a continuous layer of mela-
nocytes. (G, H) Thyroid gland histology. Specimen at TS6 (G), showing transverse section through follicles. Note the gland lumen without colloid. Specimen at TS14 (H), showing
cross section of the thyroid gland (black arrows) and its relation with the hyoid plate. Note the colloid accumulation, with some follicles fully filled (asterisks). Abbreviations:
cd ¼ stratum compactum; ed ¼ stratum spongiosum; ep ¼ epidermis. Scale bars ¼ 10 mm.
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The developmental period that we estimated for I. henselii, be-
tween 28 and 30 days, is similar to that of the other two Ischnoc-
nema species with available data (Lynn & Lutz 1946, 1947). This
period is half the known developmental time to hatching of the
confamilial Brachycephalus ephippium (Spix, 1824) (Pombal, 1999)
and stands within the range of duration in other brachycephaloid
species (Fig. 7). Comparisons within and outside of the terraranan
clade reveal heterochronic shifts in the rate of species-specific stage
progression. Regarding size, I. henselii hatchlings are comparable to
most brachycephaloid species, that with the exception of large
Haddadus binotatus (Spix, 1824) (about 9 mm; Goldberg & Vera
Candioti, 2015) and small B. ephippium (5.5 mm; Pombal, 1999)



Fig. 7. Comparison of the rate of embryonic development in different anuran species with direct development. Continuous lines correspond to brachycephaloid species and dashed
lines represent non-closely related taxa. Note the wide heterochronic variation in rate and offset of stage progression among species (Anstis 2008; Anstis et al. 2011; Bahir et al.
2005; Narayan et al. 2011).
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are about 6 mm (e.g., Townsend & Stewart 1985; Lynn & Lutz 1946,
1947; Goldberg et al. 2012). Nevertheless, I. henselii froglets are
small relative to their adult size (about 21.0e27.5 mm for males and
28.4e38.4 mm for females; Kwet & Sol�e 2005), which implies a
significant posthatching growth.

As a staging table, that of Townsend and Stewart (1985) facili-
tates the identification of stages based on clearly defined external
characters: neural grooves, limbs, eyes morphology, ECD, egg tooth,
and pigmentation. Some of them exhibited variation in I. henselii
regarding other known species, and are discussed as follows.

Variations in limb and gill development in direct developers
have been deeply covered in previous contributions (e.g., Townsend
& Stewart 1985; Goldberg et al. 2012; Schweiger et al. 2017).
Instead of a synchronic onset of limb development, I. henselii em-
bryos share an apparently precocious differentiation of hind limbs
with the congeneric species (Lynn & Lutz 1946, 1947), Eleuther-
odactylus portoricensis Schmidt, 1927 (Gitlin, 1944), and with
H. binotatus (Goldberg & Vera Candioti, 2015). Gills are also widely
variable, even at an intrageneric level, including gills absent or
barely discernible (e.g., as in Jameson 1950; Lynn 1942; Lynn& Lutz
1946, 1947; Goldberg et al. 2012; Goldberg & Vera Candioti 2015),
well-defined projections (as in I. henselii and E. portoricensis; Gitlin
1944), and considerably developed gills in E. coqui (Townsend &
Stewart 1985). In turn, an open ventral tube was previously
described only in Oreobates barituensis Vaira and Ferrari 2008
(Goldberg et al. 2012).

A keratinized egg tooth is described in all known terraranans
and it is considered a synapomorphy of the clade (e.g., Hedges et al.
2008). Hardy (1984) studied the egg tooth in 36 species and
described two different morphologies: a single, median, sharply-
pointed to blunt-rounded structure, or alternatively a distinctly
bifurcated structure. Embryos of I. henselii share the first type with
several species of Eleutherodactylus, Pristimantis, and Craugastor,
whereas the bifurcated configuration is reported in other Eleu-
therodactylus forms, Oreobates, and Haddadus (Hardy 1984;
Goldberg et al. 2012; Goldberg & Vera Candioti 2015). This re-
inforces the idea of the highmorphological variability in this group.
An analogous keratinized structure called a caruncle develops as an
epidermal thickening of the tip of the snout of Sphenodon, turtle,
crocodile, and bird embryos (Clark 1961). While the distribution
and origin of this structure (e.g., how it is different from the
extraoral egg true teeth of squamates) has been widely discussed
(e.g., Berkovitz & Shellis 2016), the nature of the brachycephaloid
egg tooth and its relation with other oral keratinized anuran
structures is still intriguing. Given the still open debate about the
phylogenetic relationships of egg-brooding hemiphractids and
Brachycephaloidea (see Castroviejo-Fisher et al. 2015), the presence
of “keratinized tubercles” in embryos of the paraviviparous Stefania
Rivero, 1968 is suggestive (Duellman & Hoogmoed 1984;
Wassersug & Duellman 1984; Thibaudeau & Altig 1999).

The tail in brachycephaloid species is highly variable in size and
shape. The observations of Nokhbatolfoghahai et al. (2010) focused
attention on an additional aspect of variation: the arrangement of
fins with respect to the axis formed by the aligned neural tube and
notochord. Like Eleutherodactylus species, B. ephippium, and
Ischnocnema nasuta (Lutz 1925) (e.g., Lynn & Lutz 1947; Townsend
& Stewart 1985; Pombal 1999; author’s unpubl. data), embryos of
I. henselii exhibit a tadpole-like tail, with high fins arranged in a
dorsoventral pattern throughout their ontogeny. Conversely, in
fully developed tails of examined species of Craugastor, Haddadus,
Oreobates, and Pristimantis fins dispose perpendicular to the core
axis and have an extensive development, in some cases surround-
ing the embryo completely (a revision in Goldberg & Vera Candioti
2015). Fig. 8 shows a preliminary ancestral state reconstruction for
the two characters, fin arrangement and extension, for known
embryos of Brachycephaloidea. A tadpole-like tail with dorsoven-
tral fins appears to be the plesiomorphic condition for this large
clade, and lateral and expanded fins could be a putative synapo-
morphy for Craugastoridae. Much wider sampling and a robust
analysis would be required to confirm this interpretation. The
polymorphic tail extension of O. barituensis embryos (author’s
unpubl. data) raises new queries related to phenotypic plasticity
during prehatching ontogeny of direct-developing species.

We are not aware of any detailed study describing changes that
skin of direct-developing species undergoes throughout ontogeny.
Adamson et al. (1960) provided a brief description in Eleuther-
odactylus martinicensis (von Tschudi 1838) at a stage likely corre-
sponding toTS9, only mentioning a multicellular layer composed of
cubical cells, with outer layer covered by a continuous cuticular
deposit. As such, transformations in this species occur earlier than
in I. henselii, probably in relationwith its faster development (about
11 days). In metamorphosing anurans, maturation of the integu-
ment consists of transformations from larval to adult skin, which
involve changes associated with the habitat transition from aquatic
tadpoles to terrestrial adults. These transformations are generalized
and described as a dorsal to ventral sequence of changes involving



Fig. 8. Preliminary ancestral state reconstruction of tail morphology in Brachycephaloidea. Tree topography is summarized after Padial et al. (2014), and tail morphology is taken
from literature and authors personal observations (see text); state reconstruction was performed with software TNT (v. 1.5; Goloboff & Catalano 2016). The symmetric/asymmetric
patterns of lateral fins differ in how perpendicular fins are regarding the muscular core axis (see Goldberg & Vera Candioti 2015). Note the association between fin arrangement and
extension during brachycephaloid evolution.
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an incremental number of epidermal layers, development of
glands, and differentiation of two dermal strata (Duellman & Trueb
1986; Yoshizato 1992; Tamakoshi et al. 1998; Brown & Cai 2007).
Intraspecific and interspecific comparison of spatiotemporal
changes during the metamorphosis of larval integument suggests
that it could vary between species (Tamakoshi et al. 1998; Fabrezi
et al. 2010; Quinzio & Fabrezi 2012; Goldberg et al. 2019). How-
ever, in I. henselii the maturation of the integument has a typical
dorsal to ventral sequence of changes as observed in most anurans
of biphasic life cycle. As with the tail, this could be a plesiomorphic
pattern that evolved only in derived groups, but this needs to be
much more deeply explored.

Finally, the differentiation of thyroid glands occurs earlier in
I. henselii regarding the available data for other direct-developing
species (Lynn & Lutz 1947; Jennings & Hanken 1998). Although
we register thyroid colloid accumulation at later stages than re-
ported in other species (Lynn 1942; Lynn & Peadon 1955; Jennings
& Hanken 1998), the gland’s columnar epithelium indicates the
peak of glandular activity (Etkin 1936; Grim et al. 2009). The em-
bryonic onset of thyroid development in direct-developing am-
phibians differs markedly from the timing of thyroid development
in metamorphosing taxa inwhich it occurs during the larval period,
well after hatching (Etkin 1936). In amniotes, high levels of thyroid
hormone occur at birth or hatching and are suggested to be related
to the maturation of different organs and their relationship with
the autonomy level of recently born/hatched specimens (Holzer &
Laudet 2013; Buchholz 2015). The timing of thyroid development
in I. henselii appears to be consistent with the hypothesis that the
evolution of direct development in anurans involved a precocious
activation of the thyroid axis (Jennings & Hanken 1998; Callery &
Elinson 2000). In this sense, experimental approaches in E. coqui
showed that thyroid axis inhibition affected the skin, limbs, jaw
musculoskeleton, tail, and axial musculature (Callery & Elinson
2000).

As many previous studies, our results highlight the wide
morphological and heterochronic diversity associated with the
evolution of direct development, and the necessity of develop-
mental tables that emphasize the specific characteristics of each
taxon. New data will certainly reveal structural and temporal var-
iations, including the evolution of novel traits that have arisen
among direct-developing lineages of anurans.
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