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Abstract

Background: In vertebrates, the skull evolves from a complex network of der-
mal bones and cartilage—the latter forming the pharyngeal apparatus and the
chondrocranium. Squamates are particularly important in this regard as they
maintain at least part of the chondrocranium throughout their whole ontogeny
until adulthood. Anguid lizards represent a unique group of squamates, which
contains limbed and limbless forms and show conspicuous variation of the
adult skull.

Results: Based on several emboadryonic stages of the limbless lizards
Pseudopus apodus and Anguis fragilis, and by comparing with other squa-
mates, we identified and interpreted major differences in chondrocranial anat-
omy. Among others, the most important differences are in the orbitotemporal
region. P. apodus shows a strikingly similar development of this region to other
squamates. Unexpectedly, however, A. fragilis differs considerably in the com-
position of the orbitotemporal region. In addition, A. fragilis retains a paedo-
morphic state of the nasal region.

Conclusions: Taxonomic comparisons indicate that even closely related spe-
cies with reduced limbs show significant differences in chondrocranial anat-
omy. The Pearson correlation coefficient suggests strong correlation between
chondrocranial reduction and limb reduction. We pose the hypothesis that
limb reduction could be associated with the reduction in chondrocrania by
means of genetic mechanisms.
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1 | INTRODUCTION

On a par with the axial skeleton, the skull is the most
important novelty in the evolution of vertebrates. The
emergence of the skull promoted the rapid increase in
the diversification of vertebrates and the conquering of
new ecological “niches.” In vertebrates, the skull evolved
from a complex network of cartilage—with the chondro-
cranium supporting the brain and the pharyngeal
apparatus—and dermal bones.

In nonamniotes, the chondrocranium plays a signifi-
cant role during the larval period and, in some cases, in
adulthood.!® In amniotes, the chondrocranium—
evidently inherited from nonamniotes—is mainly present
as a provisory organ, existing only during the embryonic
period of life, and later, due to processes of endochondral
ossification, becoming almost entirely replaced by bone
and firmly integrated with the dermatocranium.*

Lepidosaurs are the only amniotes in which at least
the anterior part of the chondrocranium, that is, the
nasal capsules and a part of the orbitotemporal region,
remains cartilaginous throughout ontogeny and persists
into adulthood.? Recently, it has been shown that the
chondrocranium plays an important biomechanical role
in adults.!

The fully formed chondrocranium in lepidosaurs
displays great diversity in structure and shape. Within
lepidosaurs, the chondrocranium of the tuatara Sphen-
odon punctatus is the most anatomically complex®®
and snakes possess the most simplified chondrocranial
anatomy, which is mainly reflected in the reduction of
the orbitotemporal region.” It is worth noting that, in
those clades of lizards where different grades of limb
reduction are present, such as in the Geckota'®'* or in
the Scincoidea,’>?? the chondrocranial anatomy is
more variable, whereas in clades which do not show
any limb rudimentation or body elongation, the cho-
ndrocranial anatomy is more consistent, for example,
in the Lacertidae.>*?° In this regard, Anguidae is most
relevant. This clade contains 85 recent species in
11 genera.”’ Like skinks, they show significant limb
diversity, ranging from species with well-developed
limbs to species with a completely legless locomotion.
Based on molecular phylogeny, anguid lizards form
the sister group of varanids and, as such, they are
likely the closest clade to snakes, which are also
limbless.?**°

Although the adult skeletal anatomy of anguid lizards
has been intensively studied,**>° little is known about
the embryonic development of the skull in this enigmatic
clade of lizards. The only description of a fully formed
chondrocranium is available for Anguis fragilis.>’

In the present paper, we provide the first description of
the chondrocranial development in the anguid Pseudopus
apodus and a revision of the chondrocranial anatomy of
A. fragilis. By combining our results with existing data, we
performed a correlation test which has shown a correlation
between reductions in chondrocrania and limbs. Based on
these results, we pose the hypothesis that limb reduction
could be associated with the reduction in chondrocrania by
means of genetic mechanisms.

2 | RESULTS

Here we mostly concentrate on some differences between
the two species at the stage where the chondrocranium is
fully formed, and on developmental aspects of particular
structures in Pseudopus apodus.

2.1 | Chondrocranial anatomy of two
anguine lizards

The chondrocranium in both species supports the well-
developed brain. The brain shape is strikingly different in
both lizards (Figures 1 and 2). Compared to Anguis
fragilis, the brain in Pseudopus apodus at this develop-
mental stage has more pronounced major regions and
looks more elevated, the latter description pertaining par-
ticularly to the midbrain. The transition between the
olfactory tract and the telencephalon is also more promi-
nent in P. apodus.

The chondrocrania of both species are gracile and rel-
atively elongated (Figures 3 and 4). The height of the
chondrocranium is almost equal to the width in
A. fragilis and slightly higher in P. apodus. However, the
chondrocranium of P. apodus is nearly three times longer
than width, whereas, in A. fragilis, the length of the chon-
drocranium is only twice as long as the width. Both spe-
cies have a relatively elongated nasal region.

2.2 | Nasal region

The nasal region of the chondrocranium in both species
is represented by the paired nasal capsules divided by the
nasal septum. The nasal septum medially separates the
paired olfactory organs (Figures 3C, 4C, and 5B,C). The
ventral edge of the nasal septum bifurcates into a paired
cartilaginous plate—the parietotectal cartilage. It covers
the olfactory organ from above, laterally, and—by for-
ming the cupola anterior—partially also anteriorly. The
posterior portion of the parietotectal cartilage bears a
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fenestra superior, which is quite prominent in Pseudopus
apodus and very small in Anguis fragilis. The anterior
portion of the parietotectal cartilage has two processes:
the processus alaris inferior and the processus alaris
superior (Figures 3 and 4), which are well developed in
both species. However, in A. fragilis, the processus alaris
inferior is much more prominent compared to the
processus alaris superior. Behind the processus alaris
superior, approximately at the level of the duct of the
vomeronasal organ (VNO), the parietotectal cartilage
expands ventrally, where it fuses with the lamina
transversalis anterior. The lamina transversalis anterior

FIGURE 1
reconstruction of the fully formed

Three dimensional

chondrocranium (in blue), brain

(in light yellow), and the elements of
the palatoquadrate (in purple) of
Pseudopus apodus in lateral (A),
dorsal (B), and ventral (C) view.
Dashed line boxes indicate the parts
of the chondrocranium which are of
the mesodermal origin

quadrate hindbrain

is a slender cartilaginous plate, which anteriorly is fused
with the ventral edge of the nasal septum and travels
posterolaterally to support the VNO. Behind the fusion
with the parietotectal cartilage, at the level of the VNO,
the posterior wall of the lamina transversalis anterior
continues as an ectochoanal cartilage. In A. fragilis, the
ectochoanal cartilage only reaches the level where the
nasolacrimal duct opens into the choana, while in
P. apodus the ectochoanal cartilage spreads slightly fur-
ther (Figures 3C, 4C, and 5B,C).

Posteriorly, the nasal capsule is restricted by the
planum antorbitale. The planum antorbitale is a
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FIGURE 2 Three dimensional (A)
reconstruction of the fully formed
chondrocranium (in blue), brain olfactory
(in light yellow), and the elements
of the palatoquadrate (in purple) of
Anguis fragilis in lateral (A), dorsal
(B), and ventral (C) view. Dashed
line boxes indicate the parts of the
chondrocranium which are of the
mesodermal origin

(B)
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relatively small concave cartilaginous plate. Medially, it
closely approaches the lateral side of the anterior portion
of the interorbital septum, but does not fuse with it
(Figures 3 and 4). Laterally, the planum antorbitale is
fused with the paranasal cartilage. Dorsally, the planum
antorbitale bears a cartilaginous process—the paraseptal
cartilage, which travels along the ventrolateral edge of
the nasal septum. In A. fragilis, the paraseptal cartilage is
a blindly ending narrow cartilaginous plate. Its ventrome-
dial surface attaches to the dorsolateral surface of the
medial part of the vomer (Figures 4B,C and 5B,C). The
length of the paraseptal cartilage in A. fragilis is
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approximately one third of the total length of the nasal
capsule. Unlike A. fragilis, the paraseptal cartilage in
P. apodus is fused anteriorly with the lamina transversalis
anterior (Figures 3 and 5B,C). The vomerine portion of
the paraseptal cartilage in P. apodus is also represented
as a narrow cartilaginous plate; however, more anteri-
orly, the paraseptal cartilage turns into a thin rod of
cartilage.

The posterolateral part of the nasal capsule is mainly
formed by the paranasal cartilage. This cartilage forms a
complex concha, which invades the vestibulum of the
olfactory organ. Ventrally, it is fused with the
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parietotectal cartilage and posteriorly with the planum
antorbitale (Figures 3, 4, and 5C). The ventral part of
the paranasal cartilage, which is fused with the planum
antorbitale, elongates ventrally and bifurcates in ante-
rior and posterior maxillary processes. Unlike
P. apodus, these processes are extremely short in
A. fragilis.

2.3 | Orbitotemporal region

The orbitotemporal region merges into the nasal region.
Ventrally, the interorbital septum merges with the nasal
septum, and dorsally, the sphenethmoid commissure

connects the planum supraseptale with the parietotectal
cartilage surrounding the foramen for the ophthalmic
nerve.

In both species, the interorbital septum is high and
extremely thinned in its middle portion forming a fenes-
tra, which is filled with a very thin membrane - the fenes-
tra septalis (Figures 3A and 4A). In addition to this, in
Pseudopus apodus, there is another smaller fenestra,
which is also filled with a membrane. It is situated more
anteriorly and ventrally to the large fenestra septalis. The
anterior border of this small fenestra is approximately on
the level of the planum antorbitale.

Dorsally, the interorbital septum bifurcates in a
paired cartilaginous plate—the planum supraseptale
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(Figures 3, 4, and 5D), which supports the olfactory tract
and partly the anterior part of the telencephalon. It is
worth noting that, in Anguis fragilis, the anterior part of
planum supraseptale abruptly goes down, forming a kink
of almost 90° (Figure 4A). Just before this kink, the
planum supraseptale is fenestrated by a small oval-
shaped foramen, which is not filled with any nerve or
blood vessel.

In P. apodus, the posterior part of the planum
supraseptale bears the anterior process of the planum
supraseptale, which is absent in A. fragilis (Figures 3A
and 5D). The posterodorsal region of the planum
supraseptale in both species continues with a taenia

trabecula

tectum
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marginalis, the rod-shaped cartilage, whose posterior
end reaches the dorsal surface of the otic capsule
(Figures 3, 4, and 5E,F). In P. apodus, taenia marginalis
has a small foramen, just behind the planum
supraseptale.

The posteroventral part of the planum supraseptale in
both species continues as the taenia medialis. Posteriorly,
the taenia medialis is fused with the pila metoptica. The
pilae metotica of both body sides are fused to each other
ventrally and are located anteroventrally to the inter-
orbital septum (Figures 3 and 4). Thus, the taenia
medialis dorsally, the pila metoptica posteriorly, and the
interorbital septum anteriorly restrict the foramen for the
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optic nerve. In P. apodus, this foramen has a trapezoid
form, and in A. fragilis, this foramen is more triangular
(Figures 3A and 4A).

From the fusion point of the taenia medialis and pila
metoptica in P. apodus, there is another vertical cartilagi-
nous bar—the pila accessoria (Figure 3). Dorsally, it is
fused with the taenia marginalis. The pila accessoria is
completely absent in A. fragilis.

Posterior to the place of fusion with the pila met-
optica, the interorbital septum continues with the trabec-
ula communis, which in its turn bifurcates just before the

FIGURE 5 Cross sections
(10 pm) through the embryonic
heads of Pseudopus apodus (left
side) and Anguis fragilis (right
side) arranged in anterior (B) to
posterior (F) order; level of each
section is shown on the graphical
reconstructions in the lateral
view (A). asc, ascending process;
apps, ascending process of the
planum supraseptale; bp, basal
plate; btp, basitrabecular process;
ecc, ectochoanal cartilage; is,
interorbital septum; m, pterygoid
menisc; Mc, Meckel's cartilage;
ns, nasal septum; O, olfactory
organ; oc, otic capsule; pnc,
paranasal cartilage; ps, planum
supraseptale; psp, paraseptal
cartilage; Pt, pterygoid bone; ptc,
parietotectal cartilage; q,
quadrate; t, trabeculae; tma,
taenia marginalis. Scale bars
equal 500 pm

pituitary into the trabeculae. Posteriorly, the trabeculae
are fused with the crista sellaris, and together, they
restrict the pituitary fenestra (Figures 3B,C and 4B,C).

In both species, laterally, the place of fusion of the
acrochordal and the posterior end of the trabecula on the
level of the posterior border of the hypophyseal fenestra
and laterally to it branches off the basitrabecular or the
basipterygoid process (Figures 3, 4, and 5E). Through
the cartilaginous pad, that is, the basipterygoid meniscus,
the basipterygoid process articulates with the pterygoid
(Figure 4E). In P. apodus the basipterygoid meniscus
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completely covers the articulation surface, while in
A. fragilis the meniscus covers only the anterior part of it
(Figures 1 and 2).

The basipterygoid process goes lateroventrally and is
oriented in an anterior direction. It represents a stipe
with a footplate (articulating surface) in its distal portion
and is reminiscent of a mushroom shape in a dorsal and
ventral view. The distal portion of the footplate of the
basitrabecular process is dorsoventrally flattened, thus
the articulating surface is elliptic in shape. In P. apodus,
the basipterygoid process is oriented more ventrally com-
pared to A. fragilis.

2.4 | Otic capsules and the basal plate

The posterior part of the chondrocranium is represented
by the paired otic capsules and the basal plate with the
occipital arches posteriorly and parachordals anteriorly.
The parachordals are anteriorly fused to the acrochordal
or crista sellaris, which ossifies as the “Turkish seat”
(sella turcica) in later development.>*®** The para-
chordals and the acrochordal restrict the basicranial
fenestra. In Anguis fragilis, the basicranial fenestra is rel-
atively bigger than in Pseudopus apodus and more trian-
gular in shape (Figures 3B,C and 4B,C). Along the
midline of the basal plate and partly embedded in its dor-
sal surface lies the cranial portion of the notochord. It
goes along the basicranial foramen and reaches the poste-
rior surface of the acrochordal (Figures 1 and 2).

In both species, the otic capsules are roundish and
slightly elongated and bear the utricles (Figures 3, 4, and
5F). The lateral wall of the otic capsule bears a big oval
foramen (fenestra ovale). It is relatively bigger in
A. fragilis. Anteromedially, the otic capsule is fused with
the dorsolateral aspect of the parachordal by the basi-
capsular commissure. The basicapsular commissure con-
tains a small foramen for the facial nerve (Figures 1A and
2A). Posteriorly, the otic capsule is fused with the occipi-
tal arch. Posterodorsally, both otic capsules are fused by a
relatively broad cartilaginous band—the tectum syn-
oticum. It is invaginated posteriorly, and, anteriorly, it
bears the anterior process of the tectum synoticum. In
A. fragilis, it is oriented anterodorsally, whereas it has a
more or less strait dorsal orientation in P. apodus.

2.5 | Palatoquadrate

Palatoquadrate in both species is represented by the
ascending process and the quadrate (Figures 1 and 2).
The ascending process represents a bar-shaped vertical
cartilage with the base placed on the dorsal surface of the

pterygoid, where the pterygoid articulates with the ptery-
goid menisc (Figure 5E).

The quadrate in both species can be divided into the
mandibular and tympanic portion. The mandibular por-
tion is elongated and flattened, the tympanic portion is
bean shaped and its dorsolateral surface bears an addi-
tional thin cartilaginous bar, which forms a loop. The
major difference between Pseudopus apodus and Anguis
fragilis, is that in P. apodus this loop is more prominent
(Figures 1 and 2).

2.6 | Developmental aspects of the
Pseudopus apodus chondrocranium

Stage 1 (Figure 6). In the earliest stage available to us in
our sampling, it is already possible to define all cho-
ndrocranial structures that are characteristic of the fully
formed chondrocranium of this lizard; however, the ante-
rior part of the chondrocranium, namely the nasal region,
is mostly represented as a condensation of the mesen-
chyme. The cartilaginous parts also have uncertain bor-
ders as the peripheral areas of the structures still contain a
certain amount of the undifferentiated mesenchymal cells.
The general axis of the chondrocranium is quite curved
and reflects the shape of the brain at this stage (Figure 6).

The crucial difference with the late, that is, tempus
optimum, stage described previously (Section 2.1; Figures 1
and 3) is the presence of the pila antotica, which is absent
in the later stage (Stage 2). The pila antotica is a thin and
weakly chondrified band of tissue, which connects the lat-
eral aspects of the acrochordal with the fusion point of the
pila metoptica, taenia medialis, and pila accessoria. The
pila metoptica does not fuse with the trabecula ventrally.
There is a foramen filled with the mesenchyme in the
region of fusion of taenia medialis and the three pilae.
Dorsally, the pila accessoria is continuous with the taenia
marginalis forming a T-shaped structure (Figure 6). At
this stage, the posterior edge of the taenia marginalis
reaches the dorsal aspect of the otic capsule but does not
fuse with it. The anterior end of the taenia marginalis is
situated a short distance from the posterior edge of the
planum supraseptale, but is also not merged with it. A
basitrabecular process is present only as a condensation of
the mesenchymal cells positioned between the place of
fusion of the trabecula and the acrochordal cartilage
(crista sellaris) and the base of the ascending process.

A tectum synoticum is absent and there is no fusion
between the occipital arch and the otic capsule. Also, the
otic capsules are only fused with the basicranium anteriorly.

The palatoquadrate is represented by the ascending
process and the quadrate. Both elements are mostly rep-
resented as a very dense condensation of the



1% | W LE Y_IBEEEnEhE N B Elite

YARYHIN ET AL.

(A) planum - taenia mdiali§

supraseptale y

sphenethmoid
commisure

cupola anterior
(parietotectal
cartilage)

nasal
septum
interorbital
planum septum
(B) antorbitale  optic

pituitary
gland

nerve (ll)
pila

trabecula metoptica

basitrabecular
(basipterygoid)
process

notochord

fenestra

basicapsular
commissure
taenia taenia

nasal medialis Marginalis
septum

trabecula  pila
metoptica
cupola anterior X
(parietotectal
cartilage)

pineal

ovalis basal
pIateX”

pila

accessoria otic

FIGURE 6
of the developing chondrocranium

3D reconstruction

diencephalon pila
¥~ accessoria

" taenia (in blue), brain (in light yellow),

\\marginalis
~ pila palatoquadrate (in purple) of

| antotica Pseudopus apodus at stage 1 in

lateral (A), dorsal (B), and ventral

/ (C) view. Average positions of: the

and the elements of the

midbrain
{

olfactory (I), and optic (I) nerves;

’ ascending
process
otic

capsule

Vg, trigeminal ganglion; VII and
XII, foramens for the facial and

hypoglossal nerves, respectively.
Due to the few missing terminal
quadrate histological sections of the head the
dashed lines indicate the

approximate shape of the organs. At

occipital
arch these stages the large part of the
chondrocranium in active
development, thus, the real borders
notochord of the cartilage are uncertain as it

also contains a lot of

capsule undifferentiated mesenchymal cells

occipital

arch especially in the nasal region

crista sellaris
(acrochordal)
notochord

basicranial
fenestra
basal
basitrabecular plate
(©) (basipterygoid)
sphenethmoid planum  Process hypophyseal basicapsular fenestra otic
commisure supraseptale (pituitary) ~ COMMISSUre _ qyalis capsule

planum
antorbitale

cupola anterior
(parietotectal

cartilage) interorbital

1mm septum medialis

mesenchyme with only a few chondrocytes. The base of
the ascending process bears two mesenchymal out-
growths, the anterior one representing the pterygoid pro-
cess and the posterior one oriented toward the quadrate.
The quadrate is a bean-shaped structure and, in its base,
it also bears a mesenchymal outgrowth oriented toward
the posterior outgrowth of the ascending process
(Figure 6).

Stage 2 (Figure 7). In the second developmental stage
available to us in our sampling, the chondrocranium
almost acquires the shape of the fully formed chondro-
cranium. The mesencephalic flexure is almost gone. The
nasal region undergoes further chondrification and

taenia marginalis

basicranial
fenestra

notochord

crista sellaris
(acrochordal)
occipital
arch
basal
plate

accessoria

structural differentiation; however, it is not completely
chondrified yet.

The pila antotica is not present anymore, but the
place of fusion between the remaining pilae and the tae-
nia medialis still contains a foramen (Figure 7), which is
now smaller. The posterior end of the taenia marginalis
is already fused with the otic capsule. The anterior part of
the taenia marginalis ends freely. It is possible to distin-
guish a small outgrowth from the posterodorsal edge of
the planum supraseptale, which points toward the ante-
rior portion of the taenia marginalis.

The posterior region of the chondrocranium has
already reached the fully formed condition, that is, the otic
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capsule is fused posteriorly with the occipital arch. The tec-
tum synoticum is already cartilaginous, however, the ante-
rior process of the tectum synoticum is not yet developed.

3 | DISCUSSION
3.1 | Evolution of anguid chondrocranial
anatomy

In general, the anatomy and the architecture of the chon-
drocranium in Pseudopus apodus and Anguis fragilis are

very similar and comparable both to each other and to
those of most other lizards (see Reference 5).

The nasal region in both species contains all elements
diagnostic for squamates, namely nasal septum,
parietotectal cartilage, paranasal cartilage, planum
antorbitale with the paraseptal cartilage, and lamina tra-
nsversalis anterior. The composition of these structures is
also similar to most other lizards. The only principal dif-
ference between P. apodus and A. fragilis is that the para-
septal cartilage in A. fragilis does not fuse anteriorly with
the lamina transversalis anterior. This feature, however,
has also been observed in some other lizard clades®*
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and is characteristic of snakes.” The developmental pat-
tern of the paraseptal cartilage in P. apodus is comparable
to the lacertids for example23; that is, in all of them the
paraseptal cartilage fuses anteriorly with the lamina tra-
nsversalis anterior. A. fragilis, however, retains a paedo-
morphic state of the paraseptal cartilage when compared
to other squamates.

The orbitotemporal region in P. apodus and A. fragilis
is represented by the interorbital septum, planum
supraseptale, pila metoptica, taenia marginalis, and taenia
medialis. Both species lack the pila antotica in the fully
formed chondrocranium. Furthermore, in addition to the
pila antotica, the pila accessoria is completely absent in
A. fragilis. Both pilae are present in P. apodus in early
ontogeny; however, the pila antotica never completely
chondrifies, and late in embryogenesis it undergoes reduc-
tion. The ontogenetic regression of the pila antotica which
takes place in P. apodus, is well documented for other cla-
des of lizards, like gymnophthalmids,* skinks,'”'**4
varanids,** agamids,>***> and chamaeleonids,*** too. By

extrapolating the developmental traits of the pila
accessoria of lacertid lizards®>*?****° to A. fragilis, the
absence of the pila accessoria in the fully formed chondro-
cranium suggests a complete absence of the pila antotica
in this species early in ontogeny.®*°® The anatomy of the
orbitotemporal region in A. fragilis closely resembles that
of gekkonid lizards, in which pila antotica and pila
accessoria are also completely absent'%'>%2 (Figure 8).

3.2 | Development of the
chondrocranium and dual origin of taenia
marginalis in anguids

By tracing the development of the chondrocranium in
Pseudopus apodus, we can state that the general pattern
of its development is similar to that of most other verte-
brates. The chondrification of the skull proceeds from
posterior to anterior, that is to say the nasal region is last
to chondrify.*>335

©
© ‘
- D taenia marginalis
Chamaelionidae ( ) -
Agamidae
O
Lacertidae
Iguanidae
(A) (B) taenia medialis E)
planum pila accessoria
supraseptale ~__- pila antotica
ol —> 3 P ’ ©
‘ I otic capsule Pselgg‘g)ﬂisdjg;’ dus
interorbital septum  trabecle * pila metoptica Gymnophtalmidae
Scincidae
Varanidae
(A7) ()

1 _ MR

Anguis fragilis
(Anguidae)
Geckonidae

FIGURE 8 Evolution and development of the orbitotemporal region in major lizard clades; schematic illustrations (in lateral view) of

developmental models (A, A', B) and the diversity (C-F) and of the chondrocrania. Structures of neural crest and mesodermal origin are in
light and dark grey, respectively. Developmental model A/B is based on lacertid lizard data.* B/E correspond to the fully formed

chondrocrania in scincids,®14?

varanids,* gymnophtalmids,*® and Pseudopus apodus, that is, clades of lizards in which pila antotica

undergoes ontogenetic regression. Developmental state shown in B also corresponds to chamaeleonids.*®**¢ C corresponds to the fully

formed chondrocrania in chamaeleonids and agamids,3&39

and D to lacertids

232539 and iguanids.®® A' illustrates the hypothetical

developmental model for Anguis fragilis, where taenia marginalis develops completely from planum supraseptale. F corresponds to

10,11,50-52

geckonids and to A. fragilis described herein
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Although we did not have access to the earliest devel-
opmental stages of the anguids, the existing data helps to
interpret the diversification of the orbitotemporal region in
squamates. As we already pointed out above, pila antotica
in P. apodus is present only in the early developmental
stage; its upper part, however—the pila accessoria—
remains at the later stage, but is not present in Anguis
fragilis. Based on the developmental sequence of P. apodus,
the pila accessoria gives rise to the largest part of the taenia
marginalis. It is only at the late stage that the latter fuses
with the anterior portion of the taenia marginalis, which
grows from the planum supraseptale. A similar develop-
mental pattern can be observed in other squamates.”**
Remarkably, despite the absence of the pila accessoria in
A. fragilis, the taenia marginalis is well developed in this
species and connects the planum supraseptale with the otic
capsule. The presence of the taenia marginalis without the
presence of the pila accessoria is characteristic also to some
other clades of squamates, including geckos'>® and
Anniella pulchra.®® The latter belongs to Annielidae,
which, together with Anguidae, form a sister clade to
Varanidae.”®

In the skull of vertebrates, the trabeculae are of neu-
ral crest origin and the acrochordal cartilage is of
premandibular mesoderm origin.””*® Thus, the deriva-
tives of the trabeculae (namely interorbital septum and
planum supraseptale), and the derivatives of the
acrochordal cartilage (namely the pila antotica and the
pila accessoria), might, respectively, be of neural crest
and mesodermal origin as well.”*” Given the probability
that no other, local cells are recruited for the formation
of the taenia marginalis and that the taenia marginalis is
indeed an outgrowth of the pila accessoria (further study
of intermediate developmental stages would be needed to
prove this), we hypothesize that the taenia marginalis in
P. apodus and A. fragilis are not homologous to each
other. In other words, when the taenia marginalis
develops directly from the planum supraseptale, it might
be of neural crest origin, whereas when it develops
mostly from the derivatives of the acrochordal, it might
be of mesodermal origin. Concerning the later fusion of
the taenia marginalis with the bar-like posterodorsal out-
growth of the planum supraseptale in P. apodus, its tae-
nia marginalis would be of double origin.

3.3 | Evolutionary and ontogenetic
simplification of the orbitotemporal region

In spite of the fact that the chondrocrania of both species
are very similar in their general architecture, the
specifications—especially of the overall shape and the
shape of particular structures—are surprisingly different.

Lacertid lizards, however, show a different condition: the
fully formed chondrocrania look very similar among dif-
ferent species and only some minor proportional differ-
ences exist.>>*>*®! The heterochronic shifts in the
development of particular structures might correlate to
ecological adaptations but do not affect the general anat-
omy of the chondrocrania in this clade.**** One may
assume that the great variability of the chondrocrania in
closely related species of anguids could be explained by
the time of evolutionary divergence between species;
however, the divergence time between Anguis and
Pseudopus is much shorter (median time 14.4 MYA) com-
pared to the time of divergence between closely related
species of the genus Lacerta (median time 21.7 MYA).®

Considering that the chondrocrania in reptiles are
inherited from early vertebrates, they might retain a very
conservative pattern of their general structure.>® How-
ever, in different lepidosaur clades, simultaneous compli-
cations and simplifications of chondrocranial structures
can be observed (Figure 9). Evolution of the olfactory
sense, that is, the elaboration of the vomeronasal and the
olfactory organ, required modifications of the nasal cap-
sule by forming an additional concha. This can be easily
detected when comparing the structures of the nasal cap-
sules between archelosaurians (ie, turtles, crocodiles, and
birds®*) and lepidosaurs (ie, Sphenodon punctatus and
squamates). The opposite situation can be observed in
the orbitotemporal region of the chondrocranium, which
is well formed in the Archelosauria, but becomes more
gracile in S. punctatus and tends to be reduced in
squamates,>56>72

3.4 | Correlation of the reduction of the
chondrocranium and the limbs

The observation of the squamates’ chondrocranial anat-
omy indicates that reduction in the orbitotemporal region
somehow correlates with different types of limb reduc-
tion, body elongation, and clearly with skull kinetism.
For instance, snakes hold the most extreme position in
this regard, with an almost completely reduced
orbitotemporal region of the chondrocranium (with rare
cases of unfused orbital cartilages present’*). Neverthe-
less, the reduction of the snake chondrocranium is very
different in comparison to lizards and is reflected in a
platitrabic condition of the chondrocranium. In snakes,
trabeculae never fuse in the orbital region and formation
of the interorbital septum and its derivatives becomes
impossible.” In turn, the reduction of the orbitotemporal
region in lizards mostly affects the pilae and taeniae,
sometimes the interorbital septum,’*”* but never the tra-
beculae. From known evidence, only a few lizards
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clades with known limbless representatives. White stars indicate limbless species in the current dataset

possess an almost similar condition to the snake's trait,
where the orbitotemporal part of the chondrocranium is
almost completely missing. This can be found in
Amphisbaenia’>’* and Scincidae.” In addition, there is a
complete absence of limbs in these lizards.

High variability of the chondrocranial anatomy in the
orbitotemporal region in closely related species of
anguids suggests that there might be correlation between
the grade of chondrocranium reduction and limb reduc-
tion, which is also highly variable on lower taxonomic
level. To evaluate this hypothesis, we have summarized
available data on the chondrocranial and body anatomy
(Figure 9) of lepidosaurs. In order to avoid overloading
the dataset with the squamate species with high grade
chondrocranium and limb reduction, we only included
one snake species.

The available dataset of species demonstrates a signif-
icant correlation between extreme reduction in chondro-
cranium and extreme reduction in limbs. The extreme
reduction in chondrocranium is defined as a state in
which all five considered components of the chondrocra-
nium are reduced or missing. The extreme reduction of

TABLE 1 Statistics of extreme reduction in chondrocranium
and limbs among species for which chondrocranium was assessed

Extreme No extreme

Number of reduction in the reduction in the
species with: chondrocranium chondrocranium
Extreme 4 3

reduction in

the limbs
No extreme 0 29

reduction in

the limbs

limbs is defined as a morphology, in which limbs are not
visible. Out of the 36 species considered, four have
extreme reductions in both chondrocranium and limbs,
three more have extreme reduction in limbs but not in
chondrocranium, while the remaining 29 species have no
extreme reductions; no species features extreme reduc-
tion in limbs but not in the chondrocranium (see
Table 1). The Pearson correlation coefficient between
extreme reductions is about 0.72. The Pearson correlation
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coefficient is defined as the ratio of covariance between
two variables to the product of their standard deviations.
For our data set it is

4-29-3-0

r= V/(4+0)(3+29)(4+3)(29+0) 072

However, the dataset is not large and the classes of
extreme reductions are not balanced; the majority of the
dataset comprises species without extreme reductions.
Hence, to confirm that the suggested association between
extreme reductions in chondrocranium and limbs is sta-
tistically significant, we also considered the null hypothe-
sis that these reductions appear randomly and
independently of each other. For that, in a random
dataset, we kept the size of the experimental sample and
preserved the observed balance of classes: so, there are
36 species, seven of them have extreme reduction in
limbs, and four species have extreme reduction in chon-
drocranium. In the null model, however, these extreme
reductions may appear in different species. We found
that the observed correlation value of 0.72 is the largest
value that can ever be obtained among all possible con-
figurations. According to the null hypothesis, which
assumes that the extreme reductions in chondrocranium
and limbs are independent and not-correlated, the proba-
bility that all limbless species will also have an extreme
reduction in chondrocranium is only about 0.00059 (see
Supporting Information S1 for details). Therefore, we
conclude that it is highly unlikely that the absence of cor-
relations stated in null hypothesis is true.

3.5 | Possible genetic links between the
reduction of the chondrocranium and the
limbs

One possible explanation of such a strong correlation
might be hidden in developmental genetic mechanisms
of body elongation and limb rudimentation. We assume,
that the pleiotropic effect’”” of particular genes which
affect the chondrocranium development in squamates
could also be reflected in the body elongation and limb
loss. Potentially, this can explain the diversity of the
chondrocranial anatomy in the clades in which repre-
sentatives with different grades of the limb reduction
and body elongation are present, as has been shown in
the current study. This hypothesis clearly requires fur-
ther research, but apparently, the genetic mutations
which enabled to evolve serpentiform bodies also caused
various differences in chondrocranium rudimentation
in squamates.

Evidence from mammalian embryology supports the
idea that genetic mechanisms underlying limb malforma-
tion in most cases also effect malformations of the
skull.”® Recent studies on model organisms indicate that
numerous molecules involved in craniofacial morpho-
genesis have a pleiotropic effect and also serve as induc-
ing or patterning signals during the development of the
limbs. The knockdown experiments of single genes per-
formed in mouse embryos, together with evidence from
several congenital human syndromes, have shown’’®*°
that craniofacial anomalies are often accompanied by
diverse limb malformations. For instance, deregulation of
BMP (bone morphogenetic protein) signaling has a wide
range of effects on the formation of chondrocranium and
skull as a whole®" and at the same time it is a part of self-
regulatory limb bud signaling.®

As another example, Shh (Sonic hedgehog) reportedly
has a key function in both craniofacial and limb forma-
tion. It has been shown that Shh is emitted from distinct
sources at specific developmental time-points and is
responsible for the proper and independent formation of
structures such as the posterior part of the nasal capsule,
the nasal roof, and the nasal septum.>>®* It is useful to
note that a function of genomic regulatory regions was
shown to be responsible for affecting the levels of Shh in
various regions, resulting in surprisingly diverse effects
on the anatomy and morphometrical features of cho-
ndrocranial parts.”> This mechanism may be the evolu-
tionary basis for the diversity of chondrocranial shapes in
vertebrates.

The vertebrate skull originates from two main sources
of cells®®: of mesodermal and of the neural crest origin
(Figure 8). It is worth noting that Shh gene has a pleiotro-
pic effect on both derivatives of the neural crest (nose
region, which largely derivates from the trabeculae) and
of the mesodermal origin (limbs, but not the head meso-
derm). In case of most lizards (with the exception of
amphisbaenians and geckos, in which both mesodermal
and neural crest parts of the chondrocranium are
reduced), the reduction of the chondrocranium appears
mainly in the structures of mesodermal origin (Figure 9),
namely the acrochordal derivatives which make up the
great diversity of the orbitotemporal region in squamates,
including the pila antotica, the pila accessoria, and (parts
of) the taenia marginalis (for more details see Refer-
ence 6).

In the current understanding of skull origin,*®® the
posterior, mesodermal part of the skull is derived from
vertebrae, which evolved into the skull base. This impor-
tant remark leads us to the idea, that the Hox (homeo-
box) genes, which contribute to the trunk segmentation
and vertebral column regionalization,**® might be
important candidates for testing the hypothesis of a
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genetic link between the skull reduction and the body
elongation at least in lizards. It might be possible that a
mutation involving changes in expression pattern of Hox
genes affects the regionalization and elongation of the
trunk and also has a pleiotropic effect on the head meso-
derm resulting chondrocranium rudimentation. It is
worth noting that lizards from the clades with limbless
representatives usually have missing elements in the
orbitotemporal region. This mainly concerns the pila
antotica. This phenomenon is possibly an indicator for
the evolution of body elongation; however, this is only a
speculative idea which also needs to be tested.

It remains unclear what induced the rudimentation of
the snake chondrocranium, which lacks both trabecular
(neural crest) and acrochordal (mesodermal) derivatives.
Likely, the reduction in ancestral snakes initially took place
in the chondrocranial structures of mesodermal origin.
However, the paedomorphic condition of the trabeculae,
that is, the wunfused trabeculae in the orbital and
orbitotemporal region, suggests that the “original”
sequence of developmental events might have been inter-
rupted before the acrochordal derivatives appeared in
ontogeny.

4 | CONCLUSIONS

In the current study, we present for the first time the
morphological description of the fully formed chondro-
cranium of Pseudopus apodus and reanalyzed cho-
ndrocranial anatomy of the closely related anguid lizard
Anguis fragilis. Our observation of the chondrocranium
of A. fragilis largely agrees with the previous description
provided by Zimmermann.’” The major differences are
related to the proportions and shapes of particular
regions, which might be related to artifacts in the recon-
structions. However, studies on the development of the
orbitotemporal region in A. fragilis are urgently needed
to better understand the nature of the diversification of
the orbitotemporal region in squamates.

The fully formed chondrocrania of both species have
surprising differences, unusual to find in such closely
related species. Besides the differences in the general
shape of the chondrocrania, the absence of the pila
accessoria and the lack of connection between the para-
septal cartilage and lamina transversalis anterior in
A. fragilis is the most intriguing.

The Pearson correlation coefficient indicates strong
correlation between reductions in chondrocrania and
limbs. Though purely speculative, we consider for future
studies the possibility that changes in the chondrocranial
anatomy of squamates might be linked to the evolution
of limblessness by means of genetic mechanisms.

5 | EXPERIMENTAL PROCEDURES

5.1 | Embryonic material

The embryonic material of Pseudopus apodus was
obtained from one gravid female, which was captured in
its natural habitat on the Balkan peninsula (Black Moun-
tains) in 2001. The eggs were laid on May 22nd, 2001; the
first embryo was dissected on June sixth (Stage 1), the
hatching took place (Stage 7) on July 20th. The seven
eggs were successfully incubated on a moist substrate at
26 to 28°C. The humidity was 91% to 96%. The Anguis
fragilis embryos were obtained from gravid females col-
lected from their natural habitats in Eastern Slovakia
(Eastern Carpathians) in 2001, and bred in the collections
of the Department of Ecology, Comenius University in
Bratislava, Faculty of Natural Sciences.

For the current study, for both species, we concen-
trated on a stage with a fully formed chondrocranium
that corresponds to the “tempus optimum” criteria®*
(A. fragilis—3$9, P. apodus—sS5) plus two earlier stages in
P. apodus ($2 and §3) to trace the development of particu-
lar structures in the orbitotemporal region.

5.2 | Histological data
The embryonic material of both species was embedded in
paraffin and serially sectioned with a rotary microtome at
10 pm slide thickness. After sectioning, the histological
slides were stained with erythrosine and Mayer's hema-
toxylin and, to determine cartilage, with Alcian blue.”
The histological sections are stored in Comenius Uni-
versity in Bratislava, Faculty of Natural Sciences, Depart-
ment of Ecology (Slovakia).

5.3 | Image processing

The histological sections of both species were photo-
graphed using an Olympus BH-2 microscope equipped
with the Sony a7 digital camera. Using the Avizo 8.1.
software package (Thermo Fisher Scientific), the images
were aligned using the semiautomatic function, and the
manual segmentation tool was applied to create 3D
reconstructions of the chondrocrania. Based on the origi-
nal 3D models, the schematic drawings of the
chondrocrania were prepared using Adobe CC software
package.
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