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Abstract

The study of cranial design and development in Gymnophthalmidae is important to understand the
ontogenetic processes behind the morphological diversity of the group and to examine the possible effects of
microhabitat use and other ecological parameters, as well as phylogenetic constraints, on skull anatomy.
Complete morphological descriptions of embryonic skull development within Gymnophthalmidae are non-
existent. Likewise, very little is known about the complete chondrocranium of the family. Herein, the
development of the skull of the semi-fossorial lizard Ptychoglossus bicolor is described along with an
examination of the chondrocranium of other gymnophthalmid taxa and the teiid Cnemidophorus lemniscatus.
Cranial chondrification begins with early condensations in the ethmoid, orbitotemporal and occipital regions of
the chondrocranium as well as the viscerocranium. Ossification of the skull starts with elements of the
dermatocranium (pterygoid, prefrontal, maxilla and jugal). The orbitosphenoid is the last chondral bone to
appear. At birth, the skull is almost completely ossified and exhibits a large frontoparietal fontanelle. In
general terms, the chondrocranium of the gymnophthalmids studied is characteristic of lacertiform terrestrial
lizards, in spite of their life habits, and resembles the chondrocranium of C. lemniscatus in many aspects.
However, the gymnophthalmids show great variation in the orbitosphenoid and a complex nasal capsule. The
latter exhibits greater development of some nasal cartilages, which make it more complex than in
C. lemniscatus. These characteristics might be related to microhabitat use and the well-developed olfactory and
vomeronasal systems observed within this clade.
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Introduction

Gymnophthalmidae is a morphologically and ecologically
diverse group of Neotropical lizards (Pianka & Vitt, 2003;
Donnelly et al. 2006) with nearly 223 species and 45
genera (Uetz et al. 2011). Within this lineage, changes in
body shape have repeatedly evolved in a scenario where
the species’ lifestyle (e.g. fossoriality, burrowing) acts as
a strong selective pressure (Pellegrino et al. 2001; Barros
et al. 2011). In this sense, among gymnophthalmid liz-
ards we find variations from lacertiform to serpentiform
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body plans, which are related to terrestrial and fossorial
lifestyles. Recently, Barros et al. (2011) found that in this
family cranial design evolved in response to selective
pressures imposed primarily by microhabitat use. Thus,
specialized snake-like burrowing forms exhibit shorter
and acute heads in contrast with lacertiform terrestrial
forms. Despite that these analyses show important varia-
tions in head morphology in Gymnophthalmidae, there
are few studies about skull anatomy in this clade. Rosci-
to & Rodrigues (2010) analyze the skull of the fossorial
and serpentiform lizards Nothobachia ablephara, Scripto-
saura catimbau and Calyptommatus nicterus. Other
authors describe the skull morphology of lacertiform spe-
cies such as Euspondylus acutirostris, Potamites ecpleopus
and Vanzosaura rubricauda (Montero et al. 2002; Bell
et al. 2003; Guerra & Montero, 2009); the latter being
the first and only description of the entire chondrocra-
nium of a gymnophthalmid lizard.
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Studies of skull development in this family include only a
description of the postembryonic development of the
dermatocranium and the orbitotemporal region of the
chondrocranium in Bachia bicolor (Tarazona & Ramirez-
Pinilla, 2008; Tarazona et al. 2008). Tarazona et al. (2008)
found that the skull in this burrowing snake-like lizard pre-
sents characteristics similar to those of specialized burrow-
ers like amphisbaenians. Therefore, the study of skull
development in Gymnophthalmidae is interesting in an
evolutionary context; nevertheless, we do not know any-
thing regarding embryonic skull development in this clade.

The main purpose of this work is to describe the develop-
ment of the embryonic skull of Ptychoglossus bicolor. In
addition, the chondrocranium of P. bicolor is compared
with the chondrocranium of other gymnophthalmid lizards.
This species is particularly important to study considering
the fact that it belongs to the clade Alopoglossinae, which
is basal in the phylogeny of Gymnophthalmidae (Castoe
et al. 2004), and that this lacertiform species exhibits terres-
trial and semi-fossorial habits (Anaya-Rojas et al. 2010). In
this sense, information about the developmental pattern
and processes behind skull morphology in P. bicolor will
provide insight into the ancestral characteristics of the fam-
ily and the morphological diversification of the skull in this
group of lizards. Furthermore, within gymnophthalmids
where variations in head shape are related to microhabitat
use (Barros et al. 2011), the study of the development in liz-
ard-like and basal species like P. bicolor comprises a
baseline for future comparative works (i.e. heterochrony
analysis) with fossorial snake-like species, to assess the
factors associated with the evolution of serpentiform body
plan in gymnophthalmids, including cranial reductions,
body elongation and limb reduction.

Materials and methods

The embryonic material was collected from a coffee shade planta-
tion at the Hacienda El Roble from the municipality of Los Santos
(Department of Santander; 06°52'N; 73°03'W), at an altitude of
1700 m, on the western slopes of the Cordillera Oriental of the
Colombian Andes. In this locality, the only lizard species inhabiting
the leaf litter of the coffee plantation is Ptychoglossus bicolor. The
embryos were either fixed in 10% neutralized formalin or Bouin’s
fixative. Afterwards, they were staged according to Dufaure &
Hubert (D&H) (1961), and processed by clearing and double-staining
of cartilage and bone following Wassersug (1976). Descriptions
included 23 embryos from stages 31, 32-33, 33-34, 35, 39, 39-40,
40, and four hatchlings. For each stage we only mention major mor-
phological changes relative to the previous one. Anatomical
descriptions followed the nomenclature from Bellairs & Kamal
(1981) for the chondrocranium and Bell et al. (2003) for the dermal
bones. Collected specimens were deposited in the Coleccion Herpe-
toldgica of the Museo de Historia Natural, Universidad Industrial de
Santander (UIS-R).

The chondrocranium of Ptychoglossus bicolor neonates was com-
pared with that of 18 other gymnophthalmid species to obtain a
general view of the chondrocranium of Gymnophthalmidae. These

specimens were loaned from the Museo de Herpetologia of the
Universidad de Antioquia (MHUA), the Coleccion de Reptiles of
the Instituto de Ciencias Naturales, Universidad Nacional de
Colombia (ICN), and the Coleccién Herpetoldgica of the Universi-
dad Industrial de Santander (UIS-R). The gymnophthalmid species
analyzed included Ptychoglossus vallensis (MHUA10188), P. festae
(MHUA10461), Alopoglossus copii (ICN8089), Anadia ocellata
(MHUA10493), A. bogotensis (ICN4516, 4517), Cercosaura verteb-
ralis (MHUA10183, 11628), C. ampuedae (UIS-R-2603), Echinosaura
horrida (MHUA12251, 12330), Riama striata (MHUA10577), Bachia
bicolor (UIS-R-2599), Potamites cochranae (ICN9453), Pholidobolus
montium (ICN5655), Leposoma rugiceps (UIS-R-2600), L. southi
(MHUA11401), Gymnophthalmus speciosus (MHUA11327), Iphisa
elegans (ICN7084) and Tretioscincus bifasciatus (UIS-R-2577). The
specimens were selected based on availability in museums, choos-
ing those that based on body size probably correspond to neo-
nates or juveniles. The data of Vanzosaura rubricauda were
obtained from the work of Guerra & Montero (2009). The gymn-
ophthalmid species were classified into four subfamilies according
to the phylogenetic classification provided by Castoe et al. (2004)
(Alopoglossinae, Cercosaurinae, Ecpleopinae and Gymnophthalmi-
nae). In addition, the chondrocranium of these gymnophthalmid
lizards was compared with the teiid Cnemidophorus lemniscatus
(UIS-R-251), a close external group. All of these specimens were
cleared and stained with the same protocol used for P. bicolor.
Due to the number of species analyzed, the comparative data
were organized in a table to show, in a concise way, the
characteristics of the chondrocranium of the gymnophthalmids
considered in this study.

Results

Descriptions follow an anterior to posterior direction
dividing the chondrocranium into three regions: an anterior
ethmoid region; a medial orbitotemporal region; and a
posterior occipital region.

Skull development

Chondrification of the skull starts with the early condensa-
tions of elements from the orbitotemporal region, visceroc-
ranium, and the prechondrogenic condensations of the
nasal septum (ns) and parietotectal cartilage (ptc). Later, in
the neonate, the chondrocranium resembles the adult form.
Cranial ossification begins at stage 35 with the formation of
the prefrontal (prf), maxilla (mx), jugal (jg) and pterygoid
bones (pt). Subsequently, at stage 40, all of the remaining
dermal elements are ossifying.

Stage 31

In this stage, the three regions of the chondrocranium
begin to condense: the anterior ethmoid region; the inter-
mediate orbitotemporal region; and the posterior occipital
region (Fig. 1a,b). The floor of the chondrocranium in the
orbitotemporal and occipital regions is more developed.
Also, the elements of the viscerocranium, i.e. quadrate,
ascending process of the pterygoquadrate (asp), Meckel's
cartilage, are present.

© 2012 The Authors
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tc

Fig. 1 Chondrocranium of Ptychoglossus bicolor at stages 31 and 32-33. Stage 31: (A) dorsal view, (B) lateral view. Stage 32-33: (C) dorsal view,
(D) lateral view. Abbreviations: acc, acrochordal cartilage; asp, ascending process of pterygoquadrate; bf, basicranial fenestra; bpl, basal plate; bpt,
basipterygoid process; ca, columella auris; fhn, hypoglossal foramen; fm, fissura metotica; Mc, Meckel's cartilage; n, notochord; ns, nasal septum;
0a, occipital arch; oc, otic capsule; pm, pila metoptica; ps, planum supraseptale; ptc, parietotectal cartilage; g, quadrate; t, trabecula; tc, trabecula
communis; tp, trabecular process of acrochordal cartilage. Scale bar: 0.5 mm.

The anterior region of the chondrocranium consists of a
very thin prechondrogenic condensation of the nasal sep-
tum and the rudiment of the developing parietotectal carti-
lage enclosing most of what will become the fenestra
superior (fs); we were unable to identify these prechondro-
genic structures in the following two stages.

In the orbitotemporal region, the trabeculae cranii are
merged together between the orbits forming the trabecula
communis (tc), referred to as the tropitrabic (tropibasic)
state, consistent with the condition of most reptiles. In dor-
sal view, the anterior region of the trabecula cranii appears
as a broad cartilaginous plate (trabecular plate). Posteriorly,
the trabecula cranii diverge freely into two trabeculae (1).
The pila metoptica (pm) is the only cartilage from the orbi-
totemporal scaffolding present at this early stage of devel-
opment; this is observed on each side of the trabecula
cranii, yet both are separated from each other.

In the occipital region, the skull floor consists of a slim
and concave basal plate (bp) and a separate long and nar-
row transversal bar in front of it, just behind and above the
trabecula cranii corresponding to the acrochordal cartilage
(acc; posterior orbital cartilage). In the basal plate, the basi-
cranial fenestra is partially formed; only the posterior and
lateral margins are present. In the acrochordal cartilage, the
lateral edges are rostrally oriented, parallel to the trabecula
cranii. Also, the notochord (n) appears embedded in the
medial aspect of the basal plate, projecting rostrally into
the basicranial fenestra without contacting the acrochordal
cartilage. Distally, the basal plate is continuous with the
developing occipital arch (oa); also in this region the first of
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the three openings for the roots of the hypoglossal nerves,
i.e. the first hypoglossal foramen (fhn), is open at the back
of the basal plate, on each side of the notochord. Laterally,
the sidewall of the skull is partly formed by the early con-
densation of the cochlear portion of the auditory (otic) cap-
sule (oc), which chondrifies independently from the basal
plate and in this stage remains separate from one another.
Also laterally, the small spherical rudiment of the columella
auris (ca) rests just below the developing otic capsule, on
each side of the skull.

Regarding the elements of the viscerocranium, Meckel's
cartilage (Mc) and the palatoquadrate (pterygoquadrate)
complex are present; however, the pterygoquadrate (or
intermediate part) that connects the quadrate with the rest
of the complex is regressed and so the quadrate cartilage
(q) is separated. Therefore, at this stage the palatoquadrate
complex comprises only the ascending process dorsally, a
reduced pterygoid process rostrally, and posteriorly what
appears to be the remains of the intermediate part.

Stage 32-33

In this stage, the main changes are observed in the orbito-
temporal region with the development of the planum supr-
aseptale (ps) and the occipital region where the basal plate
and otic capsule are more developed (Fig. 1¢,d). In the
orbitotemporal region, the main change consists of the
chondrification of the planum supraseptale, which is now
underway, projecting dorsally from the lateral flanks of the
anterior aspect of the trabecula communis as two separate
narrow cartilaginous bars, one on each side of the skull.
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Also, the trabecula communis has further elongated and
now appears narrower.

In the occipital region, the basal plate has partly fused
rostrally with the medial portion of the acrochordal carti-
lage, thus closing the anterior border of the basicranial
fenestra. Furthermore, the lateral edges of the acrochordal
cartilage remain rostrally oriented in an almost vertical posi-
tion, forming the basipterygoid processes (bpt). Also in this
stage, an extra pair of short horizontal processes that we
named as trabecular processes (tp) have appeared below
the basipterygoid processes also projecting forward so that
the anterior tips lie just behind the hind end of each trabec-
ula; these trabecular processes must not be confused with
the basipterygoid (basitrabecular) processes. The cochlear
portion of the auditory capsule has expanded, and in this
stage appears fused with the anterior lateral margins of the
basal plate at the basicapsular commissure but leaving a
gap behind known as the fissura metotica (fm).

In regard to the viscerocranium, the ascending process of
the pterygoquadrate complex is now more prominent,
while the pterygoid process and the remains of the interme-
diate part have further shortened.

Stage 33-34

In this stage, the three regions of the chondrocranium are
more advanced (Fig. 2). In the ethmoid region, the nasal
septum and parietotectal cartilage are now apparent. In
the orbitotemporal region, the interorbital septum begins
to develop as well as other cartilages from the orbitotem-
poral scaffolding. In addition, the planum supraseptale is
more advanced in contrast with the previous stage. In the
occipital region, the otic capsule is more developed.

As development proceeds, the interorbital septum (is)
appears continuous with the trabecula communis and
extends into the ethmoid region of the chondrocranium,
thus forming the rudiment of the nasal septum, which
becomes tall by means of a prechondrogenic dorsal expan-
sion. The two halves of the developing planum supraseptale
resemble a slim plate and persist as separate structures. Also
in this stage, a pair of arched slender cartilaginous rods cor-
responding to the rudiment of the sphenethmoid commis-
sures (sc) is continuous with the rostral aspect of each half
of the planum supraseptale while anteriorly they end freely.
The dorsal aspect of the interorbital septum has increased
in height, now forming a thin prechondrogenic wall in the
midline of the skull, which is evident in dorsal view
between the two halves of the planum supraseptale. Fur-
ther behind, the rudiments of the taenia marginalis (tm)
and pila accesoria (pacc) appear separated from every ele-
ment of the chondrocranium. In the occipital region, the
acrochordal cartilage appears completely fused with the
basal plate. Furthermore, the medial portion of the acro-
chordal cartilage has regressed a little bit, so that the basi-
cranial fenestra is open again anteriorly in the midline.
Also, in the rostral aspect of the basal plate (previously acro-

Fig. 2 Chondrocranium of Ptychoglossus bicolor at stage 33-34. (A)
Dorsal view. (B) Lateral view. Abbreviations: ar, articular; asp, ascend-
ing process of pterygoquadrate; bf, basicranial fenestra; bpl, basal
plate; bpt, basipterygoid process; ca, columella auris; fan, foramina for
abducens nerve; ffn, foramen for facial nerve; fhn, hypoglossal foram-
ina; fm, fissura metotica; fs, fenestra in nasal or interorbital septum;
is, interorbital septum; Mc, Meckel’s cartilage; ns, nasal septum; oa,
occipital arch; oc, otic capsule; onf, orbitonasal fissure; pacc, pila
accesoria; pm, pila metoptica; ps, planum supraseptale; ptc,
parietotectal cartilage; g, quadrate; sc, sphenethmoid commisure; t,
trabecula; tc, trabecula communis; tma, taenia marginalis; tp, trabecu-
lar process of acrochordal cartilage. Scale bar: 0.5 mm.

chordal cartilage), the foramina for the abducens nerve
(fan) are evident. The trabecular processes have extended
rostrally, and the lateral projections of the acrochordal car-
tilage form the rudiments of the basipterygoid processes.
Toward the occipital arch, the three hypoglossal foramina
are now open in the basal plate. In the developing auditory
capsule the foramen for the facial nerve (ffn) is open on
both sides, and is evident in lateral view. The ascending pro-
cess of the pterygoquadrate complex has further increased
in size, and now the anterior and posterior processes of the
complex are not evident anymore. Meckel's cartilage has
extended anteriorly, and at this time the articular process
(ar) projects dorsally from the posterior region.

© 2012 The Authors
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Stage 35

In this stage, the elements of the chondrocranium belong-
ing to the orbitotemporal and occipital regions are more
developed, while the structures of the ethmoid region are
still very rudimentary (Fig. 3).

In the ethmoid region, the nasal capsule is underway
showing a large fenestra superior surrounded by the early
parietotectal and paranasal (pnc) cartilages, which are con-
tinuous with the nasal septum forming part of the roof and
lateral wall, respectively. The foramen epiphaniale (fe) is
open behind the fenestra superior and lateral to this fora-
men, the paranasal cartilage extends ventrally to form the
anterior contour of the fenestra lateralis (fl). Anteriorly, the
dorsal extension of the nasal septum has now chondrified,
projecting towards the roof of the capsule forming a consis-
tent wall, which contacts the parietotectal cartilage in the
region between the paired fenestra superior. Lateral to the
nasal septum, the rudiments of the paired lamina transver-
salis anterior (Ita) and planum antorbitale (pla) appear as
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two slender cartilaginous condensations. The lamina trans-
versalis anterior lies at the floor of the nasal capsule; it is
continuous with the lateral wall of the capsule and is sepa-
rated from the nasal septum. Ventrally and medially the
lamina transversalis anterior shows the cartilage of Jacob-
son’s organ densely chondrified. The planum antorbitale
appears as a short independent condensation in the back of
the nasal capsule. Posteriorly, the nasal capsule contacts the
anterior portion of the sphenethmoid commissures, form-
ing a large fenestra olfactoria (fo) for the olfactory and
vomeronasal nerves.

In the orbitotemporal region, the taenia marginalis con-
tacts the dorsal surface of the otic capsule posteriorly, the
dorsal aspect of the planum supraseptale anteriorly and the
pila accesoria ventrally. Also, the taenia medialis is continu-
ous with the pila accesoria, the pila metoptica and the pos-
terior border of the planum supraseptale. Medially, the pila
metoptica has joined its counterpart forming the subiculum
infundibuli (si), which contacts the dorsal margin of the

bpt

Fig. 3 Chondrocranium of Ptychoglossus bicolor at stage 35. Dashed lines denote subjacent cartilage. (A) Dorsal view. (B) Lateral view. Abbrevia-
tions: apps, anterior process of planum supraseptale; ar, articular; asp, ascending process of pterygoquadrate; bf, basicranial fenestra; bpl, basal
plate; bpt, basipterygoid process; ch, cartilago hypochiasmatica; ec, extracolumella; fe, foramen epiphaniale; fep, fenestra epioptica; thn, hypoglos-
sal foramina; fo, fenestra olfactoria; fop, fenestra optica; fs, fenestra in nasal or interorbital septum; fsu, fenestra superior; is, interorbital septum;
Ita, lamina transversalis anterior; Mc, Meckel’s cartilage; ns, nasal septum; oa, occipital arch; oc, otic capsule; onf, orbitonasal fissure; pacc, pila
accesoria; pai, processus alaris inferior; pat, ascending process of tectum; pf, pituitary fossa; pla, planum antorbitale; pm, pila metoptica; pnc,
paranasal cartilage; ps, planum supraseptale; ptc, parietotectal cartilage; g, quadrate; rp, rostral process; sc, sphenethmoid commisure; si,
subiculum infundibuli; t, trabecula; tc, trabecula communis; te, tectum; tm, taenia medialis; tma, taenia marginalis. Scale bar: 0.5 mm.
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trabecula communis by means of the cartilago hypochiasm-
atica (ch). The planum supraseptale is completely formed
and barely contacts the interorbital septum rostrally and
caudally, leaving a large space between the dorsal margin
of the interorbital septum and the ventral surface of the
planum supraseptale, namely the fenestra in the interorbit-
al septum. Posteriorly, the trabeculae are complete, contact-
ing the rostral aspect of the basal plate, specifically the
trabecular processes of the acrochordal cartilage. Further-
more, the pituitary fossa (pf; hypophyseal fenestra) is now
complete, formed anteriorly and laterally by the trabeculae
and posteriorly by the rostral aspect of the basal plate.

The roof of the occipital region of the cartilaginous skull
shows a closed occipital arch forming the tectum posterius
and the otic capsules fused together dorsally forming the
tectum synoticum. The tectum posterius projects forward
and contacts the tectum synoticum anteriorly forming a sin-
gle tectum (te; tectum synoticum plus posterius), from
which the cartilaginous ascending process of tectum (pat;
processus anterior tecti) projects rostrally. The basicranial
fenestra has become reduced and split into two by chondri-
fication from the medial region of the basal plate.

In this stage, changes associated with elements of the
viscerocranium are related to the quadrate, which is
complete and the extracolumella (ec) that is now formed.

Stage 39

The most relevant changes are observed toward the eth-
moid region, which exhibits great transformations in the
nasal cartilages (Fig. 4). In the occipital region, there is fur-
ther ossification of the elements that comprise the
braincase. In general, the chondrocranium resembles the
configuration observed in the neonate and adult.

In the nasal capsule of the ethmoid region, the parieto-
tectal cartilage has broadened, extending further over the
nasal septum. In the sidewall, the nasal concha is completely
formed by the paranasal cartilage and opens to the outside
through the aditus conchae (ac), which abuts the lateral
aspect of the lamina transversalis anterior. Also, on the lat-
eral aspects of the paranasal cartilage the processus alaris
superior (pas) is well formed. Posterolaterally, the fenestra
lateralis is completely formed. The planum antorbitale is
continuous medially with the paraseptal cartilage (psc) and
laterally it forms the posterior maxillary process (pmp). Also,
the planum antorbital now forms a small wall in the back
of the nasal capsule and contacts the posterior and lateral
margins of the nasal concha. Mesially, the planum antorbi-
tale has short posterior and rostral processes. In respect to
the viscerocranium, the ascending process of the pterygo-
quadrate is quite long now, extending dorsally near the
taenia marginalis. The intercalary cartilage (ic) appears as a
small structure whose apical tip lies dorsal to the extracol-
umella and is joined at its base to the crista parotica.

In relation to the occipital region, the basipterygoid pro-
cesses have increased in length. The rostral aspect of the

basal plate is now ossified into the crista sellaris (crs) includ-
ing the trabecular processes of the acrochordal cartilage.
The otic capsule, occipital arch and basal plate have begun
to ossify, forming the prootic (pro), supraoccipital (so), exoc-
cipital (eo), opisthotic, basioccipital (bo) and basisphenoid
(bsp), respectively, which are joined together by synchond-
rosis. The intercalary cartilage appears as a small structure
whose apical tip lies dorsal to the extracolumella and is
joined at its base to the crista parotica.

Stage 39-40

In regard to the chondrocranium, the most important
events evident at this stage are restricted to ossification
events; everything else resembles the previous stage (Fig. 5).
In the occipital region, the basipterygoid processes appear
ossified, except for their articular edges. The ascending pro-
cess — one element of the viscerocranium — has ossified into
the epipterygoid bone (ep) with its epiphyses still cartilagi-
nous. Moreover, the quadrate appears partly ossified medi-
ally and Meckel’s cartilage has become invested by the
membrane bone of the lower jaw (mandible) (md).

Stage 40

In this stage, the major changes correspond to the develop-
ment of the orbitosphenoid (os) in the orbitotemporal
region (Fig. 6). This element begins to form by ossification
of the anterior part of the pila metoptica near the region
of junction between this cartilage, the taenia medialis and
the pila accesoria. Likewise, in the occipital region the
posterior bases of the bifurcated trabecula ossify forming
the trabecular crest.

Neonate

In this developmental stage, the chondrocranium of Ptyc-
hoglossus bicolor resembles the condition of the adult stage
(Fig. 7).

In the ethmoid region, the cartilages of the nasal capsule
exhibit an advanced development. The parietotectal carti-
lage roofs the elements of the nasal capsule; it is continuous
medially with the nasal septum and laterally with the para-
nasal cartilage. Dorsally, a large rostral fenestra superior
and a small posterior foramen epiphaniale are present over
the parietotectal cartilage on each side. The sidewall of the
capsule is pierced on both flanks of the skull by two large
openings, which lie on opposite extremes, an anterior
fenestra narina and a posterior fenestra lateralis. The ante-
rior region of the fenestra narina (fn) shows the processus
alaris inferior and processus alaris superior. The nasal cap-
sule is divided medially by a high slender nasal septum,
which is continuous posteriorly with the interorbital sep-
tum. The backside of the nasal capsule consists of the pla-
num antorbitale, which forms a very thin and low
cartilaginous wall. Additionally, the middle portion of the
planum antorbitale bears two paired processes on its base,
one short posterior process, and one long and slender
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Fig. 4 Chondrocranium of Ptychoglossus bicolor at stage 39. Dashed lines denote subjacent cartilage and dark-gray structures denote ossified car-
tilage. (A) Dorsal view. (B) Lateral view. Abbreviations: ac, aditus conchae; apps, anterior process of planum supraseptale; ar, articular; asp, ascend-
ing process of pterygoquadrate; bf, basicranial fenestra; bo, basioccipital; bpt, basipterygoid process; bsp, basisphenoid; ch, cartilago
hypochiasmatica; crs, crista sellaris; ec, extracolumella; eo; exoccipital; fe, foramen epiphaniale; fep, fenestra epioptica; fhn, hypoglossal foramina;
fn, fenestra narina; fo, fenestra olfactoria; fop, fenestra optica; fpr, fenestra prootica; fs, fenestra in nasal or interorbital septum; gg, gap in quad-
rate; ic, intercalary; is, interorbital septum; Ips, lateral process of paraseptal cartilage; Ita, lamina transversalis anterior; Mc, Meckel's cartilage; ns,
nasal septum; onf, orbitonasal fissure; op, opisthotic; pacc, pila accesoria; pai, processus alaris inferior; pas, processus alaris superior; pat, ascend-
ing process of tectum; pf, pituitary fossa; pla, planum antorbitale; pm, pila metoptica; pmp, posterior maxillary process; ppl, posterior process of
planum antorbitale; pro, prootic; ps, planum supraseptale; psc, paraseptal cartilage; ptc, parietotectal cartilage; g, quadrate; rp, rostral process;
rpp, rostral process of planum antorbitale; sc, sphenethmoid commisure; si, subiculum infundibuli; slps, secondary lateral process of paraseptal
cartilage; so, supraoccipital; t, trabecula; tc, trabecula communis; te, tectum; tm, taenia medialis; tma, taenia marginalis; tp, trabecular process of

acrochordal cartilage. Scale bar: 0.5 mm.

anterior process; the latter projects rostrally in an oblique
direction until it contacts the dorsal aspect of the vomer
(vo). Medially, the planum antorbitale is continuous with
the paired paraseptal cartilages, which run anteriorly and
parallel to the nasal septum, bearing one short rostral pro-
cess at the anterior tip. An additional process, namely the
secondary lateral process of paraseptal cartilage (slps), was
also found connecting the paraseptal cartilage with the ros-
tral process of the planum antorbitale, thus forming a
fenestra. Nevertheless, this condition was only documented
in the right side of the skull of some embryos and is
depicted as such in Fig. 7. Behind the planum antorbitale,
the paired, narrow sphenethmoid commissures outline a
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large fenestra olfactoria. On each side, the floor of the
nasal capsule consists of the lamina transversalis anterior,
which is continuous with the anterior sidewall of the para-
nasal cartilage, forming a complete cartilaginous ring (zona
annularis). Also in the lamina transversalis anterior, the car-
tilage of Jacobson’s organ appears medially as well as the
ectochoanal cartilage, which looks like a large cartilaginous
process projecting posteriorly.

The orbitotemporal region of Ptychoglossus bicolor con-
sists of the planum supraseptale and a scaffolding of nar-
row cartilaginous bars. The planum supraseptale bends in
the midline dividing the structure into two distinct regions:
an anterior cylindrical and slender portion, which contacts
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Fig. 5 Chondrocranium of Ptychoglossus bicolor at stage 39-40. Dashed lines denote subjacent cartilage and dark-gray structures denote ossified
cartilage. (A) Dorsal view. (B) Lateral view. Abbreviations: ac, aditus conchae; apps, anterior process of planum supraseptale; ar, articular; bf, basi-
cranial fenestra; bo, basioccipital; bpt, basipterygoid process; bsp, basisphenoid; ch, cartilago hypochiasmatica; crs, crista sellaris; ec, extracolumel-
la; eo; exoccipital; ep, epipterygoid; fe, foramen epiphaniale; fep, fenestra epioptica; fhn, hypoglossal foramina; fl, fenestra lateralis; fn, fenestra
narina; fo, fenestra olfactoria; fop, fenestra optica; fpr, fenestra prootica; fs, fenestra in nasal or interorbital septum; fsu, fenestra superior; gq,
gap in quadrate; ic, intercalary; is, interorbital septum; Ips, lateral process of paraseptal cartilage; Ita, lamina transversalis anterior; Mc, Meckel's
cartilage; ns, nasal septum; onf, orbitonasal fissure; op, opisthotic; pacc, pila accesoria; pai, processus alaris inferior; pas, processus alaris superior;
pat, ascending process of tectum; pf, pituitary fossa; pla, planum antorbitale; pm, pila metoptica; pmp, posterior maxillary process; pnc, paranasal
cartilage; ppl, posterior process of planum antorbitale; pro, prootic; ps, planum supraseptale; psc, paraseptal cartilage; ptc, parietotectal cartilage;
g, quadrate; rp, rostral process; rpp, rostral process of planum antorbitale; sc, sphenethmoid commisure; si, subiculum infundibuli; slps, secondary
lateral process of paraseptal cartilage; so, supraoccipital; t, trabecula; tc, trabecula communis; te, tectum; tm, taenia medialis; tma, taenia
marginalis; tp, trabecular process of acrochordal cartilage. Scale bar: 0.5 mm.

the interorbital septum at the point where the paired sphe-
nethmoid commissures converge; and a posterior broad
shield-shaped region, which contacts the interorbital sep-
tum and is posteriorly continuous with the taenia medialis.
A short rostrally oriented lateral process arises from both
sides of the planum supraseptale, namely the anterior pro-
cess of the planum supraseptale (apps). The long taenia
marginalis contacts the roof of the auditory capsule posteri-
orly and the lateral margin of the planum supraseptale
anteriorly. The interorbital septum is continuous anteriorly
with the nasal septum and posteriorly with the trabecula
communis. In lateral view, the interorbital septum looks
like a thin, high longitudinal wall, pierced by three
membrane-filled fenestrae of different size. Moreover, the

orbitosphenoid is now a tripartite element, formed by
endochondral ossification where the pila accesoria, taenia
medialis and pila metoptica converge. The paired pila
metoptica contact each other medially forming the subicu-
lum infundibuli, which joins the interorbital septum by
means of the cartilago hypochiasmatica. Posteriorly, the
two trabeculae contact the ossified trabecular processes at
the rostral aspect of the basal plate delineating the pitui-
tary fossa. The epipterygoid appears almost fully ossified,
with the epiphyses still cartilaginous.

The occipital region of the chondrocranium of Ptychog-
lossus bicolor is almost entirely ossified in the neonate, and
the prootic, opisthotic, supraoccipital, exoccipital, basioccip-
ital and basisphenoid are present; however, some areas
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Fig. 6 Chondrocranium of Ptychoglossus bicolor at stage 40. Dashed lines denote subjacent cartilage and dark-gray structures denote ossified car-
tilage. (A) Dorsal view. (B) Lateral view. Abbreviations: ac, aditus conchae; apps, anterior process of planum supraseptale; ar, articular; bf, basicra-
nial fenestra; bo, basioccipital; bpt, basipterygoid process; bsp, basisphenoid; ch, cartilago hypochiasmatica; crs, crista sellaris; ec, extracolumella;
eo; exoccipital; ep, epipterygoid; fe, foramen epiphaniale; fep, fenestra epioptica; fhn, hypoglossal foramina; fl, fenestra lateralis; fn, fenestra nari-
na; fo, fenestra olfactoria; fop, fenestra optica; fpr, fenestra prootica; fs, fenestra in nasal or interorbital septum; fsu, fenestra superior; gqg, gap in
quadrate; ic, intercalary; is, interorbital septum; Ips, lateral process of paraseptal cartilage; Ita, lamina transversalis anterior; Mc, Meckel's cartilage;
ns, nasal septum; onf, orbitonasal fissure; op, opisthotic; os, orbitosphenoid; pacc, pila accesoria; pai, processus alaris inferior; pas, processus alaris
superior; pat, ascending process of tectum; pf, pituitary fossa; pla, planum antorbitale; pm, pila metoptica; pmp, posterior maxillary process; pnc,
paranasal cartilage; ppl, posterior process of planum antorbitale; pro, prootic; ps, planum supraseptale; psc, paraseptal cartilage; ptc, parietotectal
cartilage; q, quadrate; rp, rostral process; rpp, rostral process of planum antorbitale; sc, sphenethmoid commisure; si, subiculum infundibuli; slps,
secondary lateral process of paraseptal cartilage; so, supraoccipital; t, trabecula; tc, trabecula communis; te, tectum; tm, taenia medialis; tma,
taenia marginalis; tp, trabecular process of acrochordal cartilage. Scale bar: 0.5 mm.

remain cartilaginous and a portion of the basicranial fenes-
tra persists. Posteriorly, the roof of the occipital region
derives from the fusion between the tectum posterius and
the tectum synoticum of the otic capsule. Therefore, a sin-
gle tectum (tectum synoticum plus posterius) is formed out-
lining the dorsal aspect of the foramen magnum; this
tectum is also ossified at this stage forming the supraoccipi-
tal. The ascending process of tectum rests in the anterior-
most margin of the supraoccipital and extends rostrally. The
otic capsule is ossified forming the prootic, which is joined
ventrally by synchondrosis to the exoccipital and basioccipi-
tal, and thus the fissura metotica is completely closed. The
cartilaginous footplate of the columella auris rests over the
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fenestra ovalis, which lies on the sidewall of the otic cap-
sule. Ventrally, the basipterygoid process, which remains
cartilaginous at its articular region, rises at each side of the
basisphenoid.

The gymnophthalmid chondrocranium

The more generalized gymnophthalmid chondrocranium
shares many characteristics with the chondrocranium of the
teiid Cnemidophorus lemniscatus (Table 1). Below we sum-
marize: first, the characteristics of the chondrocranium
shared by Ptychoglossus bicolor with most (more than 70%)
of the other gymnophthalmid species included in this study;
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Fig. 7 Neonatal chondrocranium of Ptychoglossus bicolor. Dashed lines denote subjacent cartilage and dark-gray structures denote ossified carti-
lage. (A) Dorsal view. (B) Lateral view. Abbreviations: ac, aditus conchae; apps, anterior process of planum supraseptale; ar, articular; bf, basicranial
fenestra; bo, basioccipital; bpt, basipterygoid process; bsp, basisphenoid; ch, cartilago hypochiasmatica; crs, crista sellaris; ec, extracolumella; eo;
exoccipital; ep, epipterygoid; fe, foramen epiphaniale; fep, fenestra epioptica; fhn, hypoglossal foramina; fl, fenestra lateralis; fn, fenestra narina;
fo, fenestra olfactoria; fop, fenestra optica; fpr, fenestra prootica; fs, fenestra in nasal or interorbital septum; fsu, fenestra superior; gq, gap in
quadrate; ic, intercalary; is, interorbital septum; Ips, lateral process of paraseptal cartilage; Ita, lamina transversalis anterior; Mc, Meckel's cartilage;
ns, nasal septum; onf, orbitonasal fissure; op, opisthotic; os, orbitosphenoid; pa, planum antorbitale; pacc, pila accesoria; pai, processus alaris infe-
rior; pas, processus alaris superior; pat, ascending process of tectum; pf, pituitary fossa; pla, planum antorbitale; pm, pila metoptica; pmp, poster-
jor maxillary process; pnc, paranasal cartilage; ppl, posterior process of planum antorbitale; pro, prootic; ps, planum supraseptale; psc, paraseptal
cartilage; ptc, parietotectal cartilage; g, quadrate; rp, rostral process; rpp, rostral process of planum antorbitale; sc, sphenethmoid commisure; si,
subiculum infundibuli; slps, secondary lateral process of paraseptal cartilage; so, supraoccipital; t, trabecula; tc, trabecula communis; te, tectum;

tm, taenia medialis; tma, taenia marginalis; tp, trabecular process of acrochordal cartilage. Scale bar: 0.5 mm.

and second, the most relevant features of the gymnoph-
thalmid chondrocranium that showed variation among the
taxa.

Most of the overall features of the gymnophthalmid
chondrocranium correspond to elements of the nasal
capsule. 1. In the lateral wall of the nasal capsule, a cartilag-
inous invagination corresponding to the nasal concha is
opened to the outside through the aditus conchae. 2. A
long and broad ectochoanal cartilage projects from the
lamina transversalis anterior and extends distally near the
planum antorbitale. 3. A small foramen epiphaniale is
present on each side of the nasal septum near the aditus
conchae. 4. As in Cnemidophorus lemniscatus, the nasal
septum projects forwards as a rostral process, which varies

in size and is largest in Bachia bicolor (Table 1). 5. The
paraseptal cartilage is present running parallel to the nasal
septum and extending ventrally forming a thin wall; poste-
riorly it is continuous with the planum antorbitale. 6. The
lamina transversalis anterior is wide and large; it contacts
the lateral wall of the nasal capsule, it appears to be in con-
tact with the nasal septum thus forming a complete zona
annularis. 7. The fenestra superior consists of a large space
present in the roof of the nasal capsule. However, the
fenestra superior is absent in Leposoma rugiceps, Gymnoph-
thalmus speciosus, Tretioscincus bifasciatus, Vanzosaura
rubricauda and C. lemniscatus. 8. The «cartilage of
Jacobson’s organ is well developed. 9. As in C. lemniscatus,
a large fenestra lateralis is present. 10. A paired, long, rod-
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Table 1 Chondrocranial trait distribution in four subfamilies of gymnophthalmid lizards and their sister taxon.

Species
%
Trait 12 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 spp
1. Aditus conchae X X X X X X X X X X X X X 100
2. Ectochoanal cartilage X X X X X X X X X X X X X 100
3. Foramen epiphaniale X X X X X X X X X X X X X 100
4. Nasal septum forms a rostral process X X X X X X X X X X X X X 100
5. Paraseptal cartilage X X X X X X X X X X X X X 100
6. Planum supraseptale with anterior X X X X X X X X X X X X X 100
portion narrow
7. Planum supraseptale with two X X X X X X X X X X X X X 100
laterally oriented wings
8. Lamina transversalis anterior wide X X X X X X X X X X X X X 100
and large, forming a complete
zona annularis
9. Cartilage of Jacobson’s organ well X X X X X X X X X X X X X 95
developed
10. Fenestra lateralis X X X X X X X X X X X X X 95
11. Planum antorbital with a rod-like X X X X X X X X X X X X X 90
rostral process complete (i.e. abuts
with vomer)
12. Sphenethmoid commisures X X X X X X — X — X - Xx Xx 85
13. Sphenethmoid commisures reach X X X X X X X X — X - - x 85
planum supraseptale
14. Paraseptal cartilage extends ventrally X X X X X X — X X X - X X 80
forming a thin wall parallel to nasal
septum
15. Fenestra superior X X X X X X X X X X X X X 75
16. Foramen in nasal concha (distinct X X X X X X X X X X X X X 75
from the foramen epiphaniale)
17. Sphenethmoid commisures contact the X X X X - - X X - X - X X 75
roof of the nasal capsule
18. Lateral wings of planum supraseptale X X X X X - x - - - — - x 70
with an anteriorly oriented process
19. Large fenestra olfactoria X X X X X X X X X xX x ? - 65
20. Foramina in planum supraseptale - X X - - X - X - - x - - 65
21. Planum antorbital with a posteriorly X — X — X X X — X — - X - 55
oriented process
22. Rostral process of planum antorbital - - X - X X - - X - - X x 55
with an expanded ventral face
23. Foramen apicale X - — — X X X X X X — X - 50
24. Orbitosphenoid formed by: pila X X X X PXEEXEEXEEEEEE X 50
accesoria, pila metoptica and taenia
medialis
25. Paraseptal cartilage with a laterally X X X X - - - - — — — X X 50
oriented anterior process
26. Pila antotica - - - - - - X X - x - - X 50
27. Planum antorbital with a medial - - - - X X - X X - - - - 45
dorsal process high
28. Orbitosphenoid formed by pila - - - - - - - X X x 2?2 - x 40
metoptica and taenia medialis
29. Foramen for duct of lateral nasal - - - - - - X X X X X X - 35
gland
30. Planum antorbital with a medial X - - — — — X - - X X - X 35
dorsal process low
31. Foramen in medial region of dorsal - - - X X X X - - - - - X 30

process of planum antorbital
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Table 1 (continued)

Species

%
8 9 10 11 12 13 14 15 16 17 18 19 20 spp

Trait 12 3 45 6

32. Paraseptal cartilage extends behindthe x - - - x x
planum antorbital forming a process

33. Anterolateral process of paraseptal X - - X - -
cartilage with central foramen

34. Paraseptal cartilage contacts rostral X - - - - =
process of planum antorbital forming
a fenestra

35. Foramen in nasal capsule in front - - - X - =

of the rostral end of sphenethmoid
commisures

36. Anterior maxillary process protuberant - - - - - =
37. Orbitosphenoid formed by a portionof - - - — - -

the taenia medialis

38. Planum antorbital with rostral process - - - - - -

incomplete (i.e. not abutting vomer)

39. Posterior maxillary process contacts - - - - - -

paranasal cartilage dorsally forming a
fenestra

40. Orbitosphenoid formed by pila - - - - -

metoptica, taenia medialis and 2-3
additional cartilages

- X - - - - X - x - = 2 = 30
- X - - - - X x = = - 2 §= 25
- - - - - - - - X - x 2 /= 15
— — — = = — 10
- - - - X - - - = = = 7?7 /= 5
- - - - - - - - - - - x §= 5
- - - - - - - - == - 5
X — — - — - [ = - EEEE 5
- - - X - - - -|/= - - - §= 5

X, present; —, non-evident character; ?, without data.

Alopoglossinae: 1, Ptychoglossus bicolor; 2, Ptychoglossus vallensis; 3, Ptychoglossus festae; 4, Alopoglossus copii. Cercosaurinae: 5,
Anadia ocellata; 6, Anadia bogotensis; 7, Cercosaura vertebralis; 8, Cercosaura ampuedae; 9, Echinosaura horrida; 10, Riama striata;
11, Bachia bicolor; 12, Potamites cochranae; 13, Pholidobolus montium. Ecpleopinae: 14, Leposoma rugiceps; 15, Leposoma southi.
Gymnophthalminae: 16, Gymnophthalmus speciosus; 17, Iphisa elegans; 18, Tretioscincus bifasciatus; 19, Vanzosaura rubricauda (Guer-

ra & Montero, 2009). Teiidae: 20, Cnemidophorus lemniscatus.

The gray shading is used to cluster the characteristics of each species into the groups mentioned above.

like rostral process projects from the planum antorbitale
and abuts the dorsal aspect of the vomer ventrally. This pro-
cess was found in each of the gymnophthalmid species
studied and in C. lemniscatus, but in the latter it is short
and fails to reach the vomer, thus it was considered incom-
plete. In some species (Ptychoglossus bicolor, Leposoma sou-
thi and Tretioscincus bifasciatus), this process abuts the
vomer, and additionally contacts the paraseptal cartilage
laterally forming a fenestra. However, in P. bicolor this con-
dition was not always evident and, when it was, it was
always observed only on the left side of the nasal septum.
11. Within Gymnophthalmidae, the size of the fenestra ol-
factoria (advehens and evehens) was generally large, consis-
tent with the large size of the main and accessory olfactory
bulbs of the species studied (pers. obs.). The fenestra olfac-
toria was smallest in Echinosaura horrida due to the com-
paratively smaller olfactory bulbs in comparison with the
other gymnophthalmid taxa.

Additionally, in the orbitotemporal region of the gymn-
ophthalmid chondrocranium, we find some general fea-
tures as well. 12. The planum supraseptale bears two
laterally oriented wings, which project dorsally and contact
the rostral ends of the taenia marginalis, as described by

Guerra & Montero (2009) for Vanzosaura rubricauda; these
lateral wings are largest in B. bicolor due to a low planum
supraseptale given the absence of an interorbital septum.
13. The anteriormost portion of the planum supraseptale
consists of a long and slender trough-like process, almost as
thin as the sphenethmoid commissures; however, in
B. bicolor the planum supraseptale as a whole is very nar-
row in contrast to the other gymnophthalmids. 14. The
sphenethmoid commissures contact the planum suprasep-
tale posteriorly and the nasal capsule rostrally. However, in
some species the sphenethmoid commissures fail to reach
either the planum supraseptale or the nasal capsule. 15.
Dorsally, an anteriorly oriented process projects from
the rostral border of the lateral wings of the planum
supraseptale.

Ossification sequence

The sequence of ossification events is presented in Table 2.
Ossification starts in stage 35 embryos with four dermal ele-
ments: prefrontal; maxilla; jugal;, and pterygoid. In more
advanced stages, the elements of the braincase form by
endochondral ossification of the prootic, opisthotic,
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supraoccipital, exoccipital, basioccipital and basisphenoid,
all of which are joined by synchondrosis. At stage 39-40 the
mandible starts to ossify. The orbitosphenoid and lacrimal
are, respectively, the last chondral and dermal bones to
begin the ossification process. Later, in the neonate derma-
tocranium, all of the elements show distinct degrees of ossi-
fication, but most are almost completely formed (Fig. 8).
The frontal (fr) and parietal (pa) bones are not yet fully dif-
ferentiated (i.e. only the margins show some ossification);
therefore, a large frontoparietal fenestra (fpf; frontopari-
etal fontanelle) remains open.

Discussion

Development of the chondrocranium of
Ptychoglossus bicolor

In general terms, the development of the skull in Ptychog-
lossus bicolor follows the pattern observed in other studied
lizards (de Beer, 1930; El-Toubi & Kamal, 1959; Kamal &
Abdeen, 1972; Skinner, 1973; Jerez, 2007). Initially, at stage
31, some cartilages from the three regions of the chondro-
cranium are present as well as from the viscerocranium. The
elements of the dermatocranium appear later at stage 35.
Finally, in the neonate the cranium resembles the adult
stage, showing a complete skull without any reduction or
loss of cranial elements. The nasal capsule in the ethmoid
region of the chondrocranium is complete and complex,
the elements of the cartilaginous scaffolding in the orbito-
temporal region are connected to each other, and in the
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occipital region the braincase exhibits the typical conforma-
tion in lizards. The dermatocranium is complete, and only
shows the fusion of the postorbital and postfrontal bones.
Thus, P. bicolor conserves the characteristics of lacertiform
terrestrial lizards, which is very interesting as this species
exhibits terrestrial to semi-fossorial habits, and can build
galleries when put in captivity in a terrarium with soft soil
and litter (pers. obs.). However, the development of some
chondrocranial structures is different from other lizard spe-
cies that have been well characterized. These characteristics
could be common within Gymnophthalmidae, but similar
studies are necessary in other species within this clade.

Below we compare the characteristics of the embryonic
development of the chondrocranium of Ptychoglossus bico-
lor to other lizards whose development of this structure has
been studied in depth.

In lizards the basipterygoid processes usually originate
either from the pterygoid process of the pterygoquadrate
complex, as observed in Trachylepis capensis, or from the
posterior ends of the trabeculae, as observed in Lacerta agi-
lis and Acanthodactylus boskianus (de Beer, 1930; Kamal &
Abdeen, 1972; Skinner, 1973). Nonetheless, in Ptychoglossus
bicolor the basipterygoid processes are formed from the
acrochordal cartilage (posterior orbital cartilage). Therefore,
at least three different patterns in the development of the
basipterygoid processes have been described in Squamata.
This is very interesting considering that this structure is
always present in the squamate skull and is functionally
important for cranial kinesis in protraction and retraction
movements (Metzger, 2002).

Fig. 8 Neonatal dermatocranium of Ptychoglossus bicolor. (A) Dorsal view. (B) Ventral view. (C) Lateral view. Abbreviations: ec, ectopterygoid; fpf,
frontoparietal fenestra; fr, frontal; jg, jugal, md, mandible; mx, maxilla; na, nasal; pa, parietal; pal, palatine; pof, postorbitofrontal; prf, prefrontal;
prm, premaxilla; pt, pterygoid; sp, supratemporal; sq, squamosal; vo, vomer. Scale bar: 0.5 mm.
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Table 2 Ossification sequence of the skull of Ptychoglossus bicolor.

Stage

\Y, Y, VI Vil
Ossification D&H D&H D&H D&H

sequence 35 39 39-40 40 Neonate

Prefrontal
Maxilla
Jugal
Pterygoid
Frontal
Parietal
Squamosal
Premaxilla
Mandible
Nasal
Prootic
Supraoccipital
Exoccipital
Opisthotic
Basioccipital
Basisphenoid
Epipterygoid
Ectopterygoid
Vomer
Postorbitofrontal
Crista sellaris
Quadrate
Lacrimal
Orbitosphenoid
(pila metoptica)
Orbitosphenoid
(complete)
Frontoparietal
fenestra closure
Basicranial
fenestra closure

Furthermore, we find variation with respect to other
species in the development of the viscerocranium. In
Ptychoglossus bicolor all of the elements of the viscerocrani-
um develop concomitantly with the neurocranium, resem-
bling the condition of the turtle Caretta caretta (Kuratani,
1999). In contrast, in Chalcides ocellatus, Acanthodactylus
boskianus and Trachylepis capensis, only Meckel’s cartilage
and the pterygoquadrate complex develop at the same
time as the neurocranium (El-Toubi & Kamal, 1959; Kamal &
Abdeen, 1972; Skinner, 1973). More differences are
observed in Lacerta vivipara and Calotes versicolor, in which
Meckel’s cartilage chondrifies much earlier than the neuroc-
ranium (de Beer, 1937; Ramaswami, 1946). There is also
diversity in the timing of development of the elements of
the viscerocranium. In P. bicolor, Chalcides ocellatus and
Mabuya sp., the quadrate is separated from the other ele-
ments of the pterygoquadrate complex at the earliest stage
analyzed (El-Toubi & Kamal, 1959; Jerez, 2007). In contrast,

in other lizard taxa like Ptyodactylus hasselquistii, A. boski-
anus and T. capensis, the quadrate is continuous with the
pterygoquadrate complex via the intermediate element
from the very first stages analyzed (El-Toubi & Kamal, 1961;
Kamal & Abdeen, 1972; Skinner, 1973). This indicates that
there are probably some heterochronic factors affecting the
ontogenetic formation of the viscerocranium with respect
to the chondrocranium.

In regard to the palatoquadrate complex, in Ptychoglossus
bicolor the quadrate is separated from the complex at the
earliest stage analyzed, and the intermediate element is
greatly reduced. This situation is similar to the one observed
in Mabuya sp. and Chalcides ocellatus (El-Toubi & Kamal,
1959; Jerez, 2007). In contrast, in Ptyodactylus hasselquistii,
Acanthodactylus boskianus and Trachylepis capensis (El-Tou-
bi & Kamal, 1961; Kamal & Abdeen, 1972; Skinner, 1973), the
quadrate is continuous with the pterygoquadrate complex
via the intermediate element from the first stages analyzed.

Bellairs & Kamal (1981) suggested that generally in lizards
the taenia marginalis arises from the back of the planum
supraseptale and then elongates to contact the otic capsule.
Conversely, de Beer (1930) observed the taenia marginalis
projecting rostrally from the otic capsule to the planum
supraseptale in Lacerta vivipara. However, in P. bicolor the
taenia marginalis originates independently near the pla-
num supraseptale, and then elongates posteriorly and ros-
trally to contact the otic capsule and the planum
supraseptale. This pattern is somewhat similar to Trachylepis
capensis (Skinner, 1973). This diversity indicates that there is
more than one pattern regarding the development of the
taenia marginalis. Further evidence may throw light on the
variations of this pattern in other lizards, given that we see
such great variation in the morphogenesis of the orbital
cartilages within the chondrocranium. This condition
becomes relevant when observing burrowing species, i.e.
Anguis fragilis, Aniella pulchra and Acontias meleagris
(Bellairs & Kamal, 1981), where reductions in the chondro-
cranium compromise primarily cartilages from the orbito-
temporal region.

Bellairs & Kamal (1981) suggested that frequently the
cochlear part of the otic capsule is attached to the basal
plate in lizards. This is observed in the development of the
chondrocranium in Acanthodactylus boskianus and Trachyl-
epis capensis (Kamal & Abdeen, 1972; Skinner, 1973). How-
ever, in Ptychoglossus bicolor the otic capsule originates
independently, starting with the cochlear portion, which is
formed from a chondrification center separated from the
basal plate (parachordal). It would be interesting to investi-
gate whether this pattern is observed in other gymnophthal-
mid species, which would indicate a diagnostic character.

The gymnophthalmid chondrocranium
In general terms, the gymnophthalmids included in this

study exhibit a complete chondrocranium without any
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reduction or loss of elements associated with microhabitat
use, unlike burrowing lizards such as Anguis fragilis, Aniella
pulchra and Acontias meleagris (Bellairs & Kamal, 1981).
Therefore, the gymnophthalmid chondrocranium more
resembles the chondrocranium of terrestrial lacertiform liz-
ards. Despite this similarity, the gymnophthalmid lizards
also exhibit unique characteristics. First, the nasal capsule is
characterized by more developed nasal cartilages like the
parietotectal and paranasal cartilages, which widen anteri-
orly and laterally; second, the presence of a large fenestra
superior in the anterior dorsal region; third, the presence of
a complete zona annularis formed ventrally by a large
lamina transversalis anterior; and fourth, a well-developed
cartilage of Jacobson’s organ. Additionally, the gymnoph-
thalmid nasal capsule is wider than long, in comparison
with Cnemidophorus lemniscatus, which shows a simplified
nasal capsule without a fenestra superior similar to Tupi-
nambis (Bellairs & Kamal, 1981). The greater development
of the nasal cartilages in gymnophthalmids (see above) is
probably related to the well-developed olfactory bulbs and
vomeronasal organ. This characteristic might play an impor-
tant role in exploiting different microhabitats like the leaf
litter and the underground, which in turn may have favored
the great diversification observed within gymnophthalmids
inhabiting the Andean and Amazonian forests. Other
chondrocranial features, like the nasal septum, are more
developed in gymnophthalmids than in teiids. For example,
the rostral process of the nasal septum observed in Cnemi-
dophorus lemniscatus, Ameiva undulata, Teius teyou and
Aspidoscelis sexlineata (Malan, 1946; Bellairs & Kamal, 1981)
is much more simplified than in gymnophthalmids where it
is more developed and is the largest in the fossorial lizard
Bachia bicolor (Table 1). The presence of a large rostral pro-
cess in the snake-like B. bicolor probably has no functional
role as it is absent in other snake-like lizards such as Aniella
pulchra, Anguis fragilis and Acontias meleagris (Bellairs &
Kamal, 1981), although biomechanical studies are necessary
to directly test this hypothesis.

Within Gymnophthalmidae, the size of the fenestra olfac-
toria (advehens and evehens) is generally larger than in
Cnemidophorus lemniscatus. This is consistent with the
large size of the main and accessory olfactory bulbs of the
gymnophthalmid species studied here. The fenestra olfacto-
ria is smallest in Echinosaura horrida, due to the compara-
tively smaller olfactory bulbs in this species than in the
other gymnophthalmid taxa. Scleroglossans are generally
active foragers, which use a combination of vision and
vomerolfaction (Cooper, 1994; Vitt & Pianka, 2005). In addi-
tion to the gymnophthalmids, this group includes lacertids,
scincids, anguids, helodermatids and varanids, which all
show a medium to large fenestra olfactoria and probably
exhibit well-developed olfactory bulbs (Bellairs & Kamal,
1981; Schwenk, 1993; Bernstein, 1999). In contrast, ambush-
foraging iguanians like chamaeleonids, polychrotids, igua-
nids and agamids generally use visual detection to locate
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prey (Cooper, 1994; Vitt & Pianka, 2005). As a consequence,
the sensory olfactory apparatus in this latter group is poorly
developed and the chondrocranium exhibits a fenestra
olfactoria that is comparatively very small or absent (Bellairs
& Kamal, 1981).

In the orbitotemporal region of the gymnophthalmid
chondrocranium, we find some generalized features as
well. The planum supraseptale is very thin anteriorly and
posteriorly it is wide, forming a shield. This condition is also
observed in C. lemniscatus and in scincids (Bellairs & Kamal,
1981). There are reductions of some orbitotemporal
cartilages in Bachia bicolor including a very thin planum
supraseptale, and the absence of the sphenethmoid
commissures and interorbital septum. Similar reductions are
observed in other serpentiform lizards like Anguis fragqilis,
Aniella pulchra and Acontias meleagris (Bellairs & Kamal,
1981).

The orbitosphenoid of Ptychoglossus bicolor is formed by
endochondral ossification and begins to ossify during late
embryonic development (Stage 40). This process starts with
the ossification of the anterior surface of the pila metoptica
and then extends into a portion of the taenia medialis and
pila accesoria, forming a small triradiate bone. The orbit-
osphenoid of Bachia bicolor, Elgaria coerulea, Liolaemus
scapularis and L. quilmes also appears at late embryonic
stages (Good, 1995; Lobo et al. 1995; Abdala et al. 1997;
Jerez, 2007; Tarazona & Ramirez-Pinilla, 2008).

There is significant variation concerning the orbitotempo-
ral cartilages involved in the development of the orbitosph-
enoid. For instance, the orbitosphenoid is formed by
ossification of the pila metoptica in some terrestrial lizards
such as Trachylepis capensis, Liolaemus scapularis, Stenocer-
cus guentheri and Mabuya sp. (de Beer, 1937; Skinner,
1973; Lobo et al. 1995; Torres-Carvajal, 2003; Jerez, 2007).
Within the gymnophthalmid species studied here (Table 1;
traits 24, 28 and 37), there is great variation in the orbit-
osphenoid and we observed four different patterns of
development.

In the first type, the orbitosphenoid is formed by ossifica-
tion of the anterior surface of the pila metoptica, and then
extends into a portion of the taenia medialis and pila acces-
oria, forming a small triradiate bone. This is observed in
50% of the species studied here, including Ptychoglossus
bicolor, P. vallensis, P. festae, Alopoglossus copii, Anadia
ocellata, A. bogotensis, Cercosaura argulus and Cnemido-
phorus lemniscatus. This has also been observed in the fos-
sorial snake-like gymnophthalmids Nothobachia ablephara
and Scriptosaura catimbau (Roscito & Rodrigues, 2010). The
fact that this condition is observed in the three Ptychoglos-
sus species, Alopoglossus copii and C. lemniscatus might
indicate that this feature is observed within Gymno-
phthalmidae due to common ancestry and that it evolved
independently in different clades like Anadia. This pattern
of development is probably not associated with ecology
due to the fact that these species are generally found
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inhabiting the ground, leaf-litter, buried and under or in
rotting logs, while at the same time arboreal taxa like
Anadia ocellata exhibit the same pattern (Oftedal, 1974;
Castro-Herrera et al. 2007; Anaya-Rojas et al. 2010; Layche
et al. 2010).

On the other hand, 40% of the taxa showed a second
pattern in which the orbitosphenoid forms by ossification
of a portion of the pila metoptica and taenia medialis.
These species include Cercosaura ampuedae, Echinosaura
horrida, Riama striata, Pholidobolus montium, Leposoma
rugiceps, Leposoma southi, Iphisa elegans and Tretioscincus
bifasciatus. These terrestrial species generally inhabit the
leaf-litter and some exploit semi-aquatic microhabitats
(Ruthven & Gaige, 1924; Avila-Pires, 1995; Ortega-Andrade,
2006; pers. obs.). It would be interesting to evaluate
whether the condition of the orbitosphenoid in these
species is related to their life habits, as they belong to non-
basal groups within gymnophthalmids.

A third type of orbitosphenoid formation corresponds to
the condition of the orbitosphenoid in Vanzosaura rubric-
auda, which is formed only by the ossification of the taenia
medialis (Guerra & Montero, 2009). This condition is inter-
esting as this species is widely distributed in open areas
within various habitats and substrates. Nevertheless,
because only a few gymnophthalmid species have been
studied, it remains unclear whether this condition in Vanz-
osaura rubricauda is common or rare in this family.

The last type of orbitosphenoid development we
observed was found in the fossorial snake-like Bachia bico-
lor. In this species the orbitosphenoid is markedly broader
than that of all other gymnophthalmids studied, as it
involves the ossification of the taenia medialis and pila
metoptica, as well as two-three additional orbitotemporal
cartilages. These latter cartilages are hardly comparable to
orbitotemporal cartilages such as the pila accesoria and pila
antotica (Tarazona & Ramirez-Pinilla, 2008). The broad
orbitosphenoid of B. bicolor resembles both structurally
and ontogenetically the orbitosphenoid of amphisbaenians,
and thus it has been hypothesized that the morphology
and origin of this bone is related to fossorial habits
(Tarazona & Ramirez-Pinilla, 2008). Nevertheless, the orbit-
osphenoid of other snake-like fossorial gymnophthalmids
such as Scriptosaura catimbau and Nothobachia ablephara
resembles that in Ptychoglossus bicolor. This is probably
because these two species are fossorial but show adapta-
tions to life in sand (Roscito & Rodrigues, 2010).

The condition of the pila antotica within Gymno-
phthalmidae is also variable. This cartilage can be long or
short, and it is always separated from the basal plate. How-
ever, it may also be absent, as in Bachia bicolor and Ptyc-
hoglossus bicolor. In the latter species, the pila antotica is
absent even in early stages of development. This carti-
laginous bar is also absent in Plestiodon fasciatus, Cordylus
sp., Acontias meleagris, Bradypodion pumilum, Anguis
fragilis, Aniella pulchra, Agama mutabilis and Ptyodactylus

hasselquistii (Rice, 1920; Brock, 1941; Van-Pletzen, 1946; Bel-
lairs & Kamal, 1981). Furthermore, the pila antotica may
appear early during embryonic development and disappear
in later stages, as is the case in Plestiodon latiscutatus (Rice,
1920). This situation indicates that the condition of the pila
antotica is variable among groups and is subject to change
during ontogeny.

Ossification sequence of Ptychoglossus bicolor

The ossification of the skull of Ptychoglossus bicolor consists
of two different processes: the development of the derma-
tocranium and the ossification of the chondrocranium. In
Ptychoglossus bicolor the pterygoid is the first or among
the first bones to ossify in the skull. This occurs also in
Trachylepis capensis, Liolaemus scapularis, L. quilmes, Tupi-
nambis rufescens, T. merianae, Lacerta agilis, Elgaria coeru-
lea and Liopholis whitii (Skinner, 1973; Rieppel, 1994; Good,
1995; Lobo et al. 1995; Abdala et al. 1997; Arias & Lobo,
2006; Hugi et al. 2010). On the other hand, the lacrimal,
postorbital and postfrontal bones are among the last ele-
ments of the dermatocranium to start to ossify during
embryonic development, similar to the condition in Tupi-
nambis merianae, T. rufescens, Liolaemus scapularis and
L. quilmes (Lobo et al. 1995; Abdala et al. 1997; Arias &
Lobo, 2006). The last dermal bones to fully differentiate are
generally those from the frontoparietal region, which
remain incompletely differentiated in the neonate (Maisa-
no, 2001; Jerez, 2007; Tarazona et al. 2008). This suggests
that the sequence of onset and termination of the ossifica-
tion of the dermatocranium is somewhat conserved among
the lizards studied so far. In P. bicolor the postorbitofrontal
ossifies as a single bone. This is also the case in the gymn-
ophthalmid Calyptommatus nicterus (Roscito & Rodrigues,
2010), whereas in other species like Euspondylus acutirostris,
Potamites ecpleopus, Vanzosaura rubricauda, Nothobachia
ablephara and Scriptosaura catimbau, the postfrontal and
postorbital bones are distinct (Montero et al. 2002; Bell
et al. 2003; Guerra & Montero, 2009; Roscito & Rodrigues,
2010).

The size of the frontoparietal fontanelle in the neonate
lizard is variable, and depends upon the differentiation of
the frontals and parietals. Thus, this fenestra may be large,
small or closed at the time of birth (Maisano, 2001). Herein,
we found that a large frontoparietal fontanelle was charac-
teristic of Ptychoglossus bicolor neonates. This condition is
similar to the neonate skull of Bachia bicolor (Tarazona
et al. 2008). However, in Potamites ecpleopus the ossifica-
tion of the frontals and parietals is more advanced (Maisa-
no, 2001). Within Scleroglossa, the size of the neonate
frontoparietal fontanelle varies from small to large, and
closes early during postnatal ontogeny, unlike in Iguania
where the frontoparietal fenestra closes in adult stages
(Maisano, 2001; Torres-Carvajal, 2003). Particularly,
the neonates of serpentiform burrowing species (Acontias
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meleagris, Aniella pulchra and Bipes biporus) exhibit a fully
differentiated skull roof, apparently without any traces of
the frontoparietal fontanelle (Bellairs & Kamal, 1981; Maisa-
no, 2001; Torres-Carvajal, 2003). In this sense, the acceler-
ated ossification of the dermatocranium in specialized
burrowers is characteristic of scleroglossans, and represents
an association between variation in body form at the cra-
nial level and microhabitat use (Bellairs & Kamal, 1981).
Nonetheless, this is not the pattern observed in Ptychoglos-
sus bicolor and the fossorial snake-like gymnophthal-
mids Calyptommatus nicterus, Scriptosaura catimbau and
Nothobachia ablephara (Tarazona et al. 2008; Roscito &
Rodrigues, 2010). This may be due to the fact that these
snake-like gymnophthalmid species inhabit soft sandy soils,
and exhibit a small and complete skull, without drastic
transformations.

Conclusions

The fully formed chondrocranium of Ptychoglossus bicolor
and the overall ossification sequence pattern of the skull
resemble that of other lizard species, especially that of tei-
ids. However, certain features regarding the development
of the chondrocranium during early embryogenesis, such as
the development of the basipterygoid processes from the
acrochordal cartilage, the early ossification of the crista sel-
laris and the formation and ossification of the trabecular
processes also from the acrochordal cartilage, differ from
other reptilian embryos described in the literature.

When looking at the gymnophthalmid orbitosphenoid
we find different states in respect to its origin and the orbi-
totemporal cartilages that comprise this bone, with Vanz-
osaura rubricauda at one extreme and Bachia bicolor at the
other. In most of the other gymnophthalmid species, includ-
ing Ptychoglossus bicolor (Table 1), we see an intermediate
state, suggesting that there might be a tendency
within Gymnophthalmidae towards the expansion of the
orbitosphenoid by means of the ossification of neighboring
orbitotemporal cartilages. These variations in the orbitosph-
enoid are probably related to the gymnophthalmid life
habits, which vary from terrestrial to fossorial species; com-
parative studies that incorporate this feature could explain
whether it evolved in response to microhabitat use.

The nasal capsule of Ptychoglossus bicolor and the other
gymnophthalmids included in this work is considered here
as complete and structurally complex. This characteristic of
the nasal capsule is related to a well-developed cartilage of
Jacobson’s organ and big olfactory bulbs. These morpho-
logical features as a whole are probably related to the fact
that scleroglossans use the olfactory and vomeronasal
organs for prey detection and discrimination (Cooper, 1994;
Pianka & Vitt, 2003; Vitt & Pianka, 2005). This contrasts with
iguanian lizards with arboreal habits, in which the nasal
capsule is relatively smaller and simplified showing reduc-
tion and loss of elements (Bellairs & Kamal, 1981), which is
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probably related to poorly developed olfactory and
vomeronasal senses and visual prey detection (Cooper,
1994; Vitt & Pianka, 2005).
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