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Different pathways are involved in the early
development of the transient oral apparatus
in anuran tadpoles (Anura: Leiuperidae)
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The oral apparatus of anuran tadpoles is a unique structure composed of soft and keratinized parts surrounding
the mouth. Among the many variations, a common oral apparatus involves a dorsal gap in the marginal papillae,
keratinized jaw sheaths, and two upper and three lower rows of labial teeth. In Leiuperidae, besides this
generalized morphology, four configurations are distinguished by the arrangement of the lower marginal papillae
and the number of lower tooth rows. Study of the early oral ontogeny in 12 species representing these five
configurations shows variations in the development of the lower marginal papillae and the third lower labial tooth
row. Similar configurations may result from similar pathways (e.g. Physalaemus cuvieri group and Pseudopalu-
dicola falcipes) or different pathways (e.g. generalized oral discs of Pleurodema and Physalaemus). Different oral
configurations may result from overlapping trajectories ending at different stages (e.g. Physalaemus riograndensis
and Ph. biligonigerus) or different trajectories (e.g. Ph. henselii and Ph. gracilis). Further studies are needed to
interpret the role that heterochrony has played in evolutionary change within this family. The unsuspected
variation occurring in this transient structure highlights its evolutionary potential and might be insightful in
studies of anuran phylogenies that are largely based on adult characters. © 2011 The Linnean Society of London,
Biological Journal of the Linnean Society, 2011, 104, 330-345.

ADDITIONAL KEYWORDS: generalized oral apparatus — labial tooth rows — Physalaemus — Pleurodema —
Pseudopaludicola — ventral gap — ventrolateral gaps.

INTRODUCTION that cover the supra- and infrarostral cartilages,
labial teeth that are positioned on the crests of the
tooth ridges, and occasional keratinized zones adja-
cent to the jaw sheaths (Kolenc, Borteiro & Tedros,
2003; Altig, 2007). Among the many variations in oral
structures (e.g. Wassersug, 1980; Donnelly, De Sa &
Guyer, 1990; Vera Candioti, 2007; Vera Candioti &
Altig, 2010), a common, generalized oral apparatus
involves a dorsal gap in the marginal papillae, kera-
tinized jaw sheaths, and two upper and three lower
*Corresponding author. E-mail: florive@gmail.com rows of labial teeth (Fig. 1A).

The oral apparatus (oral disc) of anuran tadpoles is a
unique, complex structure composed of soft and kera-
tinized parts surrounding the mouth (Altig, 2006).
Soft parts include the upper and lower labia with
transverse tooth ridges and marginal and submar-
ginal papillae; keratinized parts include jaw sheaths
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Figure 1. Schematic views of the oral apparatus of anuran tadpoles. A, generalized oral apparatus with a dorsal gap in
the marginal papillae and five tooth rows. B, oral apparatus of Physalaemus cuqui with gaps in the lower marginal
papillae. Al, first anterior (upper) tooth row; A2, second anterior tooth row; DG, dorsal gap in marginal papillae; LJ, lower
jaw sheath; MP, marginal papillae; P1, first posterior (lower) tooth row; P2, second posterior tooth row; P3, third posterior
tooth row; Ud, upper jaw sheath; VG, ventral gap in marginal papillae; VLG, ventrolateral gap in marginal papillae.
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Figure 2. Five configurations of the oral discs of leiuperid tadpoles: C1, labial tooth row formula 2/2, dorsal and
ventrolateral gaps in marginal papillae; C2, LTRF 2/2, dorsal gap; C3, LTRF 2/3, dorsal gap; C4, LTRF 2/3, dorsal,
ventrolateral, and ventral gaps; C5, LTRF 2/3, dorsal and ventral gaps.

The development of the oral apparatus of relatively
few tadpoles have been studied (e.g. Cusimano-
Carollo, Fangone & Reverbei, 1962; Cusimano-Carollo,
1963, 1969, 1972; Pyburn, 1967; Agarwal & Niazi,
1980; Thibaudeau & Altig, 1988; Nodzenski & Inger,
1990; Khan & Mufti, 1994; Altig & McDiarmid, 1999;
Zaracho, Céspedez & Alvarez, 2003). Most studies
concerning species with keratinized mouthparts have
involved taxa with oral apparatuses similar to the
generalized oral disc (e.g. Fiorito de Léopez & Echever-
ria, 1984; Marinelli et al., 1985; Marinelli & Vagnetti,
1988; Tubbs et al., 1993). Studies generally agree on a
common pattern in the sequence of appearance of
mouthparts during embryogenesis (Thibaudeau &
Altig, 1988). However, because of biases in the species
that have been studied and the enormous variation in
oral configurations of tadpoles, a wider sampling is
desirable to provide new information on homologies
and developmental patterns and timing of the struc-
tures involved.

Here we address oral disc development in 12
species of three genera in the family Leiuperidae.
This family ranges from southern Mexico to southern
Argentina, and the small benthic tadpoles live in
still water. The family was resurrected by Grant
et al. (2006) to include the genera Edalorhina, Engys-
tomops, Eupemphix, Physalaemus, Pleurodema,

Pseudopaludicola, and Somuncuria. However, con-
flicting results were obtained in other phylogenetic
analyses (Frost et al., 2006; Lourenco et al., 2008) so
that the relationships of these taxa with the other
Leptodactyliformes (sensu Frost et al., 2006) should
be reassessed. We chose this group because it shows
remarkable variation in the oral apparatuses of even
closely related species, in some cases also involving
characters that are not present in the generalized
larval oral discs (Fig. 1B). The larval oral apparatus
has been described for 29 of the 42 species of Phys-
alaemus, and five different oral configurations that
consider the number of anterior and posterior tooth
rows (i.e. labial tooth row formula, LTRF) and the
marginal papillae can be recognized: C1, LTRF 2/2,
dorsal and ventrolateral gaps in the marginal papil-
lae; C2, LTRF 2/2, dorsal gap; C3, LTRF 2/3, dorsal
gap (i.e. the generalized configuration mentioned
above); C4, LTRF 2/3, dorsal, ventrolateral, and
ventral gap; and C5, LTRF 2/3, dorsal and ventral
gaps. In the genus Pleurodema, oral configurations
C2 and C3 have been described. In the genus
Pseudopaludicola, C1, C2, C4, and C5 are present
along with some intraspecific variation. Figure 2
depicts the morphologies described and Supporting
Information Table S1 summarizes the oral configura-
tions of leiuperid tadpoles that have been described.
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The goals of our study were (1) to compare the early
ontogenies of the oral apparatuses in tadpoles of three
leiuperid genera with different oral configurations, (2)
to study interspecific variation in order to identify
specific and shared patterns through comparisons
with other taxa, and (3) to consider possible implica-
tions of heterochronic development in leiuperid
evolution among genera and intrageneric groups.
Without having a proper phylogenetic hypothesis and
any data on the genetic control of oral formation, we
hope that such a comparative study provides better
understanding of the evolution of oral structures in
this group.

MATERIAL AND METHODS

Early development of the oral apparatus was studied
in developmental series of Physalaemus biligonigerus,
Ph. cuqui, Ph. cuvieri, Ph. fernandezae, Ph. gracilis,
Ph. henselii, Ph. riograndensis, Ph. santafecinus,
Pleurodema bibroni, Pl. borellii, Pl. cf. guayapae, and
Pseudopaludicola falcipes. Eggs were collected from
amplectant pairs or clutches from several breeding
places in Argentina and Uruguay throughout several
reproductive seasons (supporting Table S1). Embryos
were raised in containers with tap water, at ambient
room temperatures and a natural light cycle. Spe-
cimens were killed every 6-8 h, preserved in 10%
formalin and prepared for observation with a stere-
omicroscope. Staining with methylene blue provided
increased contrast of soft parts (Wassersug, 1976). A
subset of 6-13 embryos that showed important mor-
phological changes in the oral apparatus of each
species was prepared for observation with scanning
electron microscopy. Our work emphasized morpho-
logical patterns of development through stages; the
consideration of time as a variable is beyond the scope
of this presentation and it would have required
a different methodological approach (e.g. Chipman
et al., 2000). We used the developmental stages of
Gosner (1960) as a standard to compare events during
oral disc development in the studied species. We
recorded developmental events between the differen-
tiation of upper and lower labia (about Gosner stage
20) and the formation of the entire oral apparatus at
about the appearance of hind limb buds (stage 25/28).
Oral disc terminology follows that of Altig (2007).

RESULTS

We summarize the oral ontogeny of each species
(stages 21-28; see the supporting Table S2 for addi-
tional details). The primary interspecific differences
relate to the development of the posterior labial tooth
rows and the arrangement of marginal papillae on the
lower labium.

PHYSALAEMUS (EIGHT SPECIES: PH. BILIGONIGERUS,
PH. cuQui, PH. CUVIERI, PH. FERNANDEZAE,
PH. GRACILIS, PH. HENSELII, PH. RIOGRANDENSIS,
AND PH. SANTAFECINUS)

Tadpoles of Physalaemus share the first stages of
oral disc development, including the formation of
the jaw sheaths, labial tooth rows Al, A2, P1, and
P2, and the marginal papillae on the lateral
margins of the upper and lower labia. At about
Gosner stage 21 the upper and lower labia are out-
lined; the upper labium is narrow and arc-shaped,
and the lower labium has a deep medial groove; the
edge of the lower jaw sheath becomes noticeable
(Fig. 3A). At about stage 22 the upper jaw sheath
develops and the medial groove in the lower labium
is deeper, corresponding to the gap in row P1
(Fig. 3B). Next (about stage 23), the extremes of the
upper labium (corresponding to tooth ridge for row
Al) become more prominent; the lower labium
shows a transverse ridge that lengthens in a
medial-to-lateral direction and forms the non-
divided P2 tooth ridge. Marginal papillae progres-
sively appear from this stage, and their
differentiation is initially evident at the lateral
margins of the labia (Fig. 3C). After stage 23, the
oral disc has a longer P2 and more papillae are
visible laterally; on the wupper labium, row A2
appears as two short sections posterior to the lateral
ends of the Al tooth ridge (Fig. 3D). At about stage
24, the lower labium has two well-defined tooth
ridges and a distinctive, prominent ventromedial
region where typical features of each taxa will
form. From this stage, two different developmental
trajectories can be identified (summarized in
Fig. 4):

1. In Physalaemus riograndensis (Fig.5), develop-
ment continues with the progressive appearance
of labial teeth in rows Al, P1, and P2, and with
the formation of a single central papilla on
the ventromedial region of the lower labium
(Fig. 5B). At about stage 26, some labial teeth
appear on row A2, and progressive development
of papillae in the lower labium from the lateral
ends and the centre leaves two ventrolateral gaps
(Fig. 5C, D).

Physalaemus biligonigerus and Ph. santafecinus
(Fig. 6) develop similarly as above, but unlike Ph. ri-
ograndensis, the marginal papillae on the lower
labium become complete by stages 25-26. The devel-
opment of Ph. santafecinus is slightly slower (with
regard to external gill development) than that of
Ph. biligonigerus, and specimens at stage 26 still
have ventrolateral gaps (Fig. 6D).

In specimens of Physalaemus gracilis (Fig. 7) older
than stage 24, papillae develop in the ventromedial
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Figure 3. Oral ontogeny in Physalaemus tadpoles; first stages shared by the studied species. A, Ph. biligonigerus stage
21. B, Ph. biligonigerus stage 22. C, Ph. santafecinus stage 23. D, Ph. santafecinus stage > 23.

_\v/_@-> AR

p3Y
f@“ c2 c3
@ Ph. riograndensis Ph. biligonigerus  Ph. gracilis
v]grg( "’ Ph. santafecinus
WV

NN ca
3, 7~ Ph. cuqui
VW Ph. cuvieri

vg+P3 *

AN c5
’J{'\;—\ Ph. fernandezae
@ Ph. henselii
vg+P3(

Figure 4. Oral ontogeny in Physalaemus tadpoles; schematic representation of two alternative trajectories of oral disc
development. The formation of the jaw sheaths, labial tooth rows A1, A2, P1, and P2, and marginal papillae on the lateral
margins of the upper and lower labia occur in a similar way in all the studied species. Later, two different developmental
trajectories are identified. (1) A single central papilla on the ventromedial region of the lower labium appears, and
progressive development of papillae in the lower labium from the lateral ends and the centre leaves two ventrolateral gaps
(C1); ventrolateral gaps close (C2); a third labial tooth row develops (C3). (2) Two large papillae develop at the edges of
the middle part of the lower labium, and labial teeth appear between them to form a short row P3 (C4); ventrolateral gaps
close (C5). P3, third lower tooth row; VG, ventral gap in marginal papillae; VLG, ventrolateral gap.

region but seemingly they do not appear in a strict 2. Physalaemus cuvieri (Fig. 8) and Ph. cuqui (Fig. 9)

numerical progression like in the other species follow a different developmental trajectory; as
(Fig. 7B). The rapid filling of the ventrolateral gaps stage 25 approaches, two large papillae appear at
results in early completion of the marginal papillae the edges of the middle part of the lower labium
(stage < 25; Fig. 7C). At about stage 25, the third with a small ventral gap between them (Fig. 8C).
tooth ridge appears as a series of small bumps This part of the labium widens and flexes anteri-
(Fig. 7D), and by stage 26 a short, well-defined row P3 orly; labial teeth appear between the large papillae
has newly emerged labial teeth (Fig.7E). Row P3 to form a short row P3 (Fig. 8D). In Ph. cuqui, the
persists as a shorter tooth row in the definitive oral labial teeth of row P3 develop slightly earlier, by
disc (Fig. 7F). stage 25 (Fig. 9).
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Figure 5. Oral ontogeny of Physalaemus riograndensis tadpoles: C1, ventrolateral gaps in marginal papillae never close.
A, stage 25. B, stage > 25. C, stage < 26. D, stage 26.

Figure 6. Oral ontogeny of Physalaemus santafecinus tadpoles: C2, ventrolateral gaps in marginal papillae close after
Gosner stage 26. A, stage < 24. B, stage < 25. C, stage 25. D, stage 26.

Physalaemus fernandezae and Ph. henselii (Fig. 10) PLEURODEMA (THREE SPECIES: PL. BIBRONI,
pass through these developmental stages in a similar PL. BORELLII, AND PL. CF. GUAYAPAE)
way, but they surpass Ph. cuvieri and Ph. cuqui in
that marginal papillae fill the ventrolateral gaps by = Development of the oral disc in species of the genus
stage 26 (Fig. 100C). Pleurodema (Figs 11, 12) differs in several aspects

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 104, 330-345
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Figure 7. Oral ontogeny of Physalaemus gracilis tadpoles: C3, a third labial tooth row appears and ventrolateral gaps
in marginal papillae close after Gosner stage 25. A, stage < 24. B, stage > 24. C, stage < 25. D, stage 25. E, stage 26. F,

stage 29.

from what was observed for Physalaemus, and the
development of some structures is relatively slower.
The tooth ridges for rows P1 and P2 appear almost
simultaneously because they are part of a common
ridge that later splits into two structures (Figs 11D,
12C). Labial teeth also emerge simultaneously on the
tooth ridges for rows P1 and P2. Also, formation of the
marginal papillae on the lower labium occurs from
the lateral ends and develop medially from both sides
(Fig. 11D-F, 12C-F). After this stage, oral disc devel-
opment follows two trajectories:

1. In Pleurodema cf. guayapae, the marginal papillae
are fully formed by stage 25 (Fig. 11F), and labial
teeth begin to appear at stage 26; at stage 27, teeth
still do not have their larval morphology (Fig. 11G).

2. Pleurodema bibroni (Fig.12) and PL. borellii
develop the tooth ridge for row P3. In Pl bibroni
the formation of the marginal papillae is not
complete until this ridge is fairly evident and
bears teeth; in most specimens this occurs con-
siderably later than stage 26 in tadpoles about
twice as large as at stage 25. Also, the length of
row P3 in Pl bibroni never reaches that of the
other lower labial tooth rows. Conversely, the
definitive oral disc (bearing teeth with definitive
morphology) is produced at stage 25 in Pl borel-
lii. It is interesting to note that most morpho-
logical changes in the oral disc of PL bibroni
occur very rapidly at about Gosner stage 25 (i.e.
simultaneously to the spiracle development; see
Fig. 12).

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 104, 330-345
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Figure 8. Oral ontogeny of Physalaemus cuvieri tadpoles: C4, a short third labial tooth row appears in the ventromedial
region of the lower labium and ventrolateral gaps in marginal papillae never close. A, stage > 23. B, stage < 24. C, stage

25. D, stage 26.

Figure 9. Oral disc of Physalaemus cuqui: C4, details of the development of the third labial tooth row. A, stage 25. B,
stage > 25. C, stage 27.

PSEUDOPALUDICOLA (ONE SPECIES: PS. FALCIPES)

The first stages of oral disc development in
Pseudopaludicola falcipes are similar to those of
Physalaemus cuqui and Ph. cuvieri of the Ph. cuvieri
species group. Formation of the upper and lower
labia, jaw sheaths, labial tooth rows Al, A2, P1, and
P2, and lateral marginal papillae occurs in a compa-
rable way between stages 21 and 24 (Fig. 13A, B).
After stage 24, the ventromedial part of the lower
labium region becomes more prominent and wide
(Fig. 13C, D). Two lateral bumps will differentiate as
marginal papillae (Fig. 13E) and the central region
develops either as a tooth ridge with labial teeth or as
marginal papillae that eventually support teeth

(Fig. 13F, G). This variation implies that the ventral
gap is not always present in premetamorphic larvae,
as we confirmed while observing several additional
series of tadpoles of this species.

In all these leiuperid species, the face of the disc
and the surface surrounding the mouth of embryos
are characterized by ciliated epidermal cells that pro-
gressively regress by about Gosner stage 26. Ciliated
cells are less dense and persist for a shorter period in
Pseudopaludicola falcipes than in the remaining
species. In all species, the jaw sheaths have acute
serrations (Fig. 14A). We found two different configu-
rations of labial teeth in Physalaemus: teeth with a
marked body and head with numerous, marginal
cusps (in species with C3 and C5; Fig. 14B, C), and
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Figure 10. Oral ontogeny of Physalaemus henselii tadpoles: C5, a short third labial tooth row appears in the ventro-
medial region of the lower labium and ventrolateral gaps in marginal papillae close after Gosner stage 26. A, stage < 25.

B, stage 25. C, stage 26. D, stage > 26.

teeth with a short head that is scarcely distinguish-
able from the body and a few long, distal cusps
(in species with C1, C2, and C4; Fig. 14D-F). In
species of Pleurodema we also observed two different
configurations of labial teeth that differed in deve-
lopmental timing. Teeth of Pl cf. guayapae are short,
with distal cusps short or absent, and as late as stage
27 they still do not achieve their larval morphology
(Fig. 14G). In PIL bibroni and PI. borellii defini-
tive teeth appear before stage 26 and have a slightly
longer head with numerous marginal cusps
(Fig. 14H). The labial teeth in Pseudopaludicola falci-
pes have the same morphology as those of tadpoles in
the Physalaemus cuvieri species group (i.e. head and
body scarcely marked, and few long, distal cusps;
Fig. 14I). Finally, larval adhesive (cement) glands
develop in all species as two separated, conical struc-
tures that lie posterolateral to the mouth (e.g.
Fig. 12A-E). They appear earlier than stage 17 and
regress by stages 25-28.

DISCUSSION

In leiuperids, variations in larval oral apparatuses
are accompanied by variations in their ontogenetic
patterns. These variations are interesting from at
least two interrelated perspectives. From a develop-
mental approach, the unsuspected, wide variation
that occurs in an early, transient structure that
disappears at metamorphosis is of interest because of

the early mechanisms causing it and the high evo-
lutionary potential. From a systematic approach,
shared and divergent trajectories might indicate phy-
logenetic relationships in a group of species where
other character sources are not conclusive.

Within the first approach, the study by Thibaudeau
& Altig (1988) on the oral ontogeny of six anuran
species identified a sequential development of the
mouthparts that produce the generalized oral disc:
stomodeum, jaw sheaths, marginal papillae, tooth
ridges Al, P2, P1, A2, and P3, and finally submar-
ginal papillae. Labial teeth develop slightly later but
in the same sequence as the tooth ridges and in a
medial-to-lateral progression on each ridge (Tubbs
et al., 1993). The sequence of development in several
other species described differs in some events, such
as the time of appearance of row A2 (e.g. Sedra &
Michael, 1961; Hall, Larsen & Fitzner, 1997). In
species of Physalaemus and Pseudopaludicola, the
formation of the first two lower tooth ridges differs
from what is described above: the prominent lower
labium with a medial groove corresponds to the tooth
ridge for row P1, and P2 develops as a transverse
ridge that lengthens in a medial-to-lateral direction.
This early formation of P1 is accompanied by the
appearance of the first labial teeth on that ridge.
Conversely, in Pleurodema tadpoles, tooth ridges for
rows P1 and P2 are formed almost simultaneously,
from a common ridge that soon divides into two
sections.

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 104, 330-345
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Figure 11. Oral ontogeny of Pleurodema cf. guayapae tadpoles: C2, marginal papillae develop only from lateral regions
of the oral disc. A, stage 20. B, stage 21. C, stage > 21. D, stage 23. E, stage > 23. F, stage < 25. G, stage 27.

Two characters during leiuperid development are
worthy of further note: the marginal papillae of the
lower labium and labial tooth row P3. Marginal
papillae of the lower labium appear in two alterna-
tive ways: (1) from the lateral portions of the disc
margin, progressing in a medial direction; and
(2) from the lateral and medial portions of the disc
margin, progressing in both medial and lateral
directions. The first case produces a ventral gap
that is transient during the development of Pleuro-
dema. The second case results in two different oral
configurations. In one of them, papillae of the ven-
tromedial portion of the disc appear at the very
centre, so that a ventral gap is never present, and
two ventrolateral gaps persist until progressive
development fills them. This possibly occurs in all
species of Physalaemus with oral configurations C1,
C2, and C3 (see supporting Table S1, Fig. 4). Alter-
natively, ventromedial marginal papillae first appear

on the extremes of a prominent, undifferentiated
region and delimit a short ventral gap that will
persist during development; as in the latter case,
ventrolateral gaps are present until the ventrome-
dial and lateral marginal papillae fill them in some
taxa. This is probably the case of all Physalaemus
species with oral configuration C4 and C5 (see sup-
porting Table S1; Fig.4). In the only species of
Pseudopaludicola that we studied, the marginal
papillae are formed in this latter way, but in some
specimens a region delimited by the two first ven-
tromedial papillae may develop more papillae that
bear labial teeth and form a short row P3. Two
other oral disc configurations have been unequivo-
cally described for Pseudopaludicola (i.e. C1 and C2;
supporting Table S1); in both cases, whether papil-
lae of the ventromedial region are formed as in C1
and C2 of Physalaemus (i.e. progressively from the
centre) or as an alternative state in the trajectory to

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 104, 330-345
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Figure 12. Oral ontogeny of Pleurodema bibroni tadpoles: C3, marginal papillae develop only from lateral regions of the
oral disc and a third labial tooth row appears. A, stage 22. B, stage < 25. C, stage < 25. D, stage < 25. E, stage 25. F, stage

> 25. G, stage 26.

C4 and C5 (i.e. instead of differentiating labial
teeth, papillae fill the ventral gap) is unknown.
Labial tooth row P3, which appears in tadpoles
of several species of Leiuperidae (see supporting
Table S1) may be short or long. A short row P3
develops in the ventromedial region of the disc
in Physalaemus cuqui, Ph. cuvieri, Ph. fernandezae,
Ph. henselii, and Pseudopaludicola falcipes, after this
region is delimited by a pair of marginal papillae; for
that reason it always coexists with a ventral gap
of about the same length (Fig.4). The long row
P3 occurring in Physalaemus gracilis develops after
completion of the marginal papillae and never coex-
ists with a ventral gap (Fig. 4). In Pleurodema, row
P3 of some species is about half the length of the
other posterior rows (i.e. Pl bibroni, Pl. diplolister,
and PI. kriegi; Kolenc et al., 2009). Whether short or
long, row P3 in this case always develops within the

tract of the marginal papillae that progress from the
lateral portions of the disc margin, and thus it briefly
coexists with a ventral gap of variable length that is
usually completed later during development.

The developmental trajectories described help to
explain some cases of intraspecific variation. For
example, in Physalaemus marmoratus (Nomura,
Rossa-Feres & Prado, 2003), Ph. riograndensis (Pri-
gioni & Garcia, 2002; Borteiro & Kolenc, 2007) and
Pseudopaludicola ternetzi (Lobo, 1991; Pereira &
Nascimento, 2004), oral configurations C1 and C2
were described; this can be interpreted as indicating
that in some specimens oral ontogeny proceeds to a
subsequent stage and the ventrolateral gaps fill with
marginal papillae, as suggested by Borteiro & Kolenc
(2007). This would also explain the oral configuration
C5 mentioned by Cei (1980) for Ps. falcipes, although
subsequent observations of several additional series

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 104, 330-345
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Figure 13. Oral ontogeny of Pseudopaludicola falcipes tadpoles: C4, a third labial tooth row develops in the ventromedial
region, as a third tooth ridge (as in F) or alternatively, labial teeth develop on ventromedial papillae (as in G). A, stage
23. B, stage < 25. C, stage 25. D, stage > 25. E, stage 26. F, stage 26. G, stage 26.

of tadpoles did not find this pattern. In Ph. centralis
(Rossa-Feres & Nomura, 2006; Giaretta & Facure,
2009) and Ps. aff. canga (Giaretta & Facure, 2009),
oral configurations C1 and C4 were described; this
may be because the ventromedial region of the mar-
ginal papillae differentiates as either papillae or
labial teeth. The oral disc tissue is considered multi-
potent for papillae or labial tooth formation (e.g.
Altig, 2006), and accessory tooth rows that occur
in several species (Altig & McDiarmid, 1999) may
develop from marginal papillae (Sanchez, 2010).
A short ventral gap is described in specimens
of Pleurodema kriegi, Pl. bufoninum, Pl. thaul, P
marmoratum, and Somuncuria (reviewed by Kolenc
et al., 2009), and this condition may be caused by

arrested development of the marginal papillae that
was never completed in some of these tadpoles.

The observed variation in labial tooth morphology
is consistent with the developmental schemes pro-
posed. The species of Pleurodema with three lower
labial tooth rows (C3) and the species of Physalaemus
at the end of both ontogenetic trajectories (i.e. species
with C3 and C5) have labial teeth with long, curved
heads with numerous marginal cusps. Conversely,
in the species of Pleurodema with only two lower
labial tooth rows (C2), the remaining species of
Physalaemus, and the single studied species of
Pseudopaludicola (all with C1, C2, and C4), the less
complex labial teeth have a short head and few distal
cusps. An association between labial teeth with
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Figure 14. Jaw sheaths and labial teeth of leiuperid tadpoles. A, Physalaemus santafecinus upper jaw sheath at stage
< 25. B, Ph. gracilis labial teeth at stage 26. C, Ph. henselii labial teeth at stage 30. D, Ph. riograndensis labial teeth at
stage 26. E, Ph. cuvieri labial teeth at stage 26. F, Ph. santafecinus labial teeth at stage 26. G, Pleurodema cf. guayapae
labial teeth at stage 27. H, Pl. bibroni labial teeth at stage 26. I, Pseudopaludicola falcipes labial teeth at stage 26.
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simpler morphology and fewer labial tooth rows
has also been noted in several unrelated taxa (Vera
Candioti & Altig, 2010).

Heterochronic changes of developmental trajecto-
ries are likely common mechanisms of modifica-
tion and diversity. In anuran tadpoles, a remarkable
variation in timing and sequence of early events has
been documented (Chipman et al., 2000; Chipman,
2002), and with regard to the oral apparatus, there is
some evidence suggesting that ontogenetic patterns of
gains and losses of oral structures are mimicked in
phylogeny (Altig, 2006). From the present study it is
evident that different oral configurations in some
leiuperid tadpoles can be obtained via either prolon-
gation or truncation of overlapping developmental
trajectories, resulting in pera- or paedomorphic
oral discs. For instance, patterns C3 and C5 of
Physalaemus are advanced stages of alternative
developmental trajectories, and species with such
morphologies reach their patterns via the C1, C2, and
C4 configurations, respectively; in turn, these latter
configurations are definitive stages of larvae of other
species groups. Likewise, the configurations C2 and
C3 of Pleurodema are part of a common ontogenetic
trajectory that apparently becomes interrupted at dif-
ferent stages in the two species groups of the genus.
The absence of a phylogenetic hypothesis including
species with the various oral configurations exhibited
in this genus does not allow for a proper analysis of
the direction of the morphological change in oral disc
arrangement, and hence interpretation of the hetero-
chronic patterns involved. On the other hand, devel-
opmental trajectories of the oral apparatus may
diverge early in embryonic stages of related taxa, in
agreement with recent embryological studies at high
taxonomic levels (Richardson et al., 1997). Addition-
ally, although the larval oral configurations in some
leiuperids are similar, the developmental trajectories
leading to them sometimes differ. The C3 pattern of
Physalaemus is not achieved in the same way as the
C3 pattern of Pleurodema. In other words, the oral
configuration C3, which we refer to as ‘the general-
ized oral apparatus’, is the morphological outcome
of at least two different pathways in this group.
Also, the C2 of Physalaemus is not achieved in the
same way as the C2 of Pleurodema, and the C4 of
Pseudopaludicola may not develop exactly as the C4
of Physalaemus.

Variations in developmental trajectories may be
discussed within a phylogenetic context. The avail-
able phylogenetic hypotheses involving the three
genera studied herein differ in their topologies.
Pseudopaludicola, first suggested to be related to
Physalaemus (e.g. Cannatella & Duellman, 1984;
Lynch, 1989), is recovered in the most recent
hypotheses as the sister taxa of a clade including

Pleurodema and Physalaemus (e.g. Frost et al., 2006;
Grant et al., 2006) or as sister taxa of Leptodactylus,
with the Leiuperidae family being polyphyletic
(Lourenco et al., 2008). Further developmental
studies and a more inclusive phylogeny will help to
elucidate the nature of the resemblance between
larval morphology and ontogeny of Physalaemus and
Pseudopaludicola mentioned earlier. The remaining
leiuperid genera have larvae with oral configura-
tion C3 (see supporting Table S1), but whether this
is obtained through a developmental sequence like
that of Physalaemus or Pleurodema (i.e. with or
without ventrolateral gaps) is still unknown.
Outside the Leiuperidae, a configuration C3 is also
the most frequent among anuran tadpoles (Altig &
Johnston, 1989). In most of the species this is in
fact achieved as in Pleurodema (e.g. Thibaudeau &
Altig, 1988; Hall et al., 1997; our personal observa-
tions). This is also the case with most bufonids
(the basal family of Agastorophrynia, the sister
group of Leiuperidae; Grant et al., 2006); although
the process is interrupted, marginal papillae never
form medially and thus a ventral gap persists (e.g.
Limbaugh & Volpe, 1957; Bonacci et al., 2008; our
personal observations). Nevertheless, the lack of
further developmental studies and a comprehensive
phylogeny of the Leiuperidae precludes making
hypotheses whether this generalized C3 is the ple-
siomorphic configuration for the family.

Oral developmental patterns are also relevant to
interpret relationships within Leiuperidae. Recently,
Nascimento, Caramaschi & Cruz (2005) proposed
taxonomic changes, including a rearrangement of the
species groups of Physalaemus recognized by Lynch
(1970). Their work has been deeply criticized (Funk
et al., 2007), and characters from several systems
such as adult and larval morphology, cytogenetics,
ecology, and biogeography suggest different relation-
ships among species (e.g. Barrio, 1964a, 1965; Lobo,
1996; Alcalde, Natale & Cajade, 2006; Kolenc et al.,
2006; Borteiro & Kolenc, 2007; Tomatis et al., 2009).
Developmental patterns of the oral disc also contra-
dict the species grouping by Nascimento et al. (2005).
For example, in the Ph. albifrons group (supporting
Table S1), Ph. biligonigerus, Ph. santafecinus, and
probably also Ph. marmoratus share a developmental
pathway that produces oral configuration C2 (Fig. 4).
The larval oral disc of Ph. albifrons (Oliveira, Weber
& Ruggeri, 2010) differs considerably from this con-
figuration (contra the interpretation of the authors),
and the oral disc is almost identical to that of the
tadpoles of the Ph. cuvieri group (C4). On the other
hand, Ph. riograndensis was considered a member of
the Ph. cuvieri group (Lynch, 1970) and later reas-
signed to the Ph. henselii group (Nascimento et al.,
2005). The oral disc ontogeny of Ph. riograndensis

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 104, 330-345



ORAL APPARATUS DEVELOPMENT IN ANURAN TADPOLES 343

(C1) follows those of Ph. biligonigerus and Ph. san-
tafecinus; neither the early development nor the
definitive larval morphology of the oral apparatus of
this species (Borteiro & Kolenc, 2007) supports its
inclusion in the Ph. henselii group, otherwise charac-
terized by configuration C5.

Within Pleurodema, some intrageneric relation-
ships that were recognized on the basis of adult
characters are supported by larval oral morphology
and ontogeny, such that species with only two lower
labial tooth rows are always grouped in phylogenetic
hypothesis available (the Pl nebulosum group, C2;
Barrio, 1964b; Duellman & Veloso, 1977).

Knowledge of the diversity of the genus Pseudopalu-
dicola has increased notably (e.g. Giaretta & Facure,
2009; Toledo, 2010; Toledo et al., 2010) since the last
phylogenetic hypothesis presented by Lobo (1995). The
lack of ontogenetic studies in the vast majority of
species and the variations in the oral discs of known
taxa highlight the necessity of further comparative
studies. The Ps. falcipes group (Lynch, 1989) includes
species with at least three oral disc configurations. On
the other hand, in the Ps. pusilla group the tadpoles of
only two species have been described, and the oral disc
in one of them, Ps. boliviana, is curiously quite differ-
ent (the only leiuperid tadpole having a combination of
two lower labial tooth rows and a ventral gap in the
marginal papillae; Kehr & Schaefer, 2005; supporting
Table S1).

Morphological features of larval anurans have been
used for systematics studies (e.g. Haas, 2003). The
present study of a group with controversial taxonomy
like the Leiuperidae is a good example of the poten-
tially informative variation underlying the oral disc
development of tadpoles. Oral disc development in
other unrelated taxa, especially genera that include
species exhibiting similar variations, such as Litho-
bates (Ranidae; e.g. Moler, 1985), Crinia, Geocrinia
(Myobatrachidae; e.g. Doughty, Anstis & Price, 2009;
Anstis, 2010), and Boophis (Mantellidae; e.g. Randri-
aniaina et al., 2009), requires detailed ontogenetic
studies. The mechanisms of oral disc development,
although conserved in several lineages, seem to be
plastic enough to allow the occasional occurrence of
developmental trajectories that are typical of other
taxa (e.g. ventrolateral gaps form occasionally in Hyla
chrysoscelis; Thibaudeau & Altig, 1988). Also, envi-
ronmental factors such as temperature are known to
influence the development of mouthparts (e.g. Bresler,
1954; Trubetskaya, 2006); a detailed understanding of
how different temperatures and temperature varia-
tions affect the extent and timing of oral development
is needed. These facts support the relevance of larval
characters in taxonomic studies, and the mapping of
them on phylogenetic analyses should be interpreted
in the context of their developmental processes.
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