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Abstract: Snakes have a highly modified feeding apparatus. However, its associated musculature is
often poorly known. In order to study variation in the cephalic musculature, we dissected specimens
representing 28 snake species belonging to the New World clade Lampropeltini and their Old World
relatives. The observed variation was analysed using a phylogenetic framework. We found that
the pattern of their musculature is conservative. We observed no interspecific variation in the
intermandibular muscles or in the posterior jaw adductors. Variation within the dorsal constrictors
and lateral jaw adductors is relatively low. This could be explained by morphological (space)
limitations and functional constraints.
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1. Introduction

The snake suborder is a very specialised radiation of squamate reptiles that encom-
passes more than 4000 extant species [1]. They evolved a very particular feeding apparatus
among tetrapods [2-6]. Although their skull diversity is well studied (see [7] for a review),
data on their jaw musculature are restricted to relatively few groups, the papers are usually
descriptive, and comparisons deal with only distantly related taxa (e.g., [8-17]). Although
significant progress has been made toward resolving the homology of jaw adductors and
inter-family variation [17-20], little is known about variation at a lower level; only a small
fraction of such studies have focused on closely related species [21-24].

The snakes described in a recent paper belong to a radiation of New World Lampro-
peltini (genera studied here: Lampropeltis and Pantherophis) and their Old World relatives,
represented by Coronella, Elaphe, Euprepiophis, Gonyosoma, Oreocryptophis, Orthriophis, Za-
menis, and Coelognathus [25-29] (Figure 1). These species live in a wide variety of habitats,
from wet tropical forests to semiarid areas, and they can be arboreal or semiarboreal and
ground dwelling or burrowing species that feed on small vertebrates (mostly mammals
and birds; see [30,31]).

The jaw musculature of Lampropeltini has only been seriously studied by Albright
and Nelson [9], who studied Pantherophis obsoletus; however, their studies were rather
general and oriented towards the subsequent analysis of functional morphology [32].
Earlier studies by Radovanovi¢ [33] dealt with Elaphe quatuorlineata, Zamenis longissimus,
Z. situla, and dozens of distantly related species, but his descriptions were very general
and erroneous in some details (see Section 4).

In this paper, variation within the cephalic muscles of 28 species, representing 10 genera of
New and Old World ratsnakes and their closest allies, is presented.
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Figure 1. Phylogenetic hypothesis of the studied species adopted in this work. It follows Zaher et al. [29],
except for in the interrelationships within Elaphe, which follow TimeTree [34]. Numbers in the nodes
refer to Table S1.

2. Materials and Methods

The specimens examined were Coelognathus helena (1ZK 411-413); Coe. radiatus (MNHW
four unnumbered specimens, ZMB 42855); Coe. flavolineatus (ZMB 47936); Coe. erythrurus
(FMNH 53435); Gonyosoma oxycephalum (1ZK 331-333, 337, 405, MNHW unnumbered
specimen); Euprepiophis conspicillata (BB 048, ZMB 26568); Euprepiophis mandarinus (FMNH
223968, 1ZK 407, ZFMK 5219); Oreocryptophis porphyraceus (FMNH 24913, ZMB 48053);
Orthriophis taeniurus (BB 004, 013, 014, 032, 042, 043, IZK 365, 366, 410); Orthriophis moellen-
droffi (IZK 414-416, MNHN 1990.4316); Elaphe dione (MNHW four unnumbered specimens,
ZMB 31427); Elaphe carinata (FMINH 24906, ZMB 47837), Elaphe climacophora (ZMB 26502),
Elaphe quadrivirgata (BB 045-047, ZMB 66114), Elaphe quatuorlineata (ZFMK 5017, 5218, ZMB
63769); Elaphe schrenckii (1ZK 406); Zamenis scalaris (ZMB 36138); Zamenis longissimus (1IZK
338, 364, MNHW unnumbered specimen); Zamenis situla (IZK 384, MNHW seven unnum-
bered specimens); Coronella austriaca (BB 040, IZK 400-403); Pantherophis guttatus (BB 005,
006, 015, 016, 044); Pantherophis bairdi (IZK 393); Pantherophis obsoletus (1ZK 387-390, ZMB
58453); Pantherophis vulpinus (FMNH 22341); Lampropeltis getula (BB 002, 008, 041, IZK 395,
386); Lampropeltis alterna (1ZK 409); and Lampropeltis calligaster (FMNH 8475, 1ZK 391).

The snakes” heads were dissected using a NIKON SMZ-U binocular equipped with a
camera lucida. To better define the direction of the muscle fibres, Lugol’s iodine staining
was used [35].

The description used Elaphe schrenckii as a model, followed by remarks on the variation
in other studied species (if any). The terminology used for the ventral constrictor and
intermandibular muscles followed that of Cundall [24]. The terminology used for the
jaw adductors followed that of Johnston [19] and Das and Pramanick [17], however the
terminology for external adductors is still under debate (e.g., [16,18,19,36]). The osteological
terminology used follows Cundall and Irish [7].

Phylogenetic Framework and Statistical Analyses

In this article, we use the name Colubridae in the broad sense, i.e., as encompassing,
for example, Colubrinae, Natricinae, and Xenodontinae (e.g., [1]). However, it is worth
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noting that these taxa are considered separate families of colubroid snakes by some other
authors (e.g., [27,29]).

The phylogenetic hypothesis of the analysed species follows Zaher et al. [29], except
for in the interrelationships within Elaphe, which follow TimeTree [34] (Figure 1). The
branch lengths were adjusted according to the estimated divergence dates between taxa
(mostly after TimeTree [34]; see exact values in Table S1). The resulting phylogenetic tree
was then analysed in R 4.2.2 [37] and the add-on package ape 5.0 [38]. To estimate the
phylogenetic signal in analysed characters, we calculated the 6 parameter [39]. In brief, high
values of b indicate strong phylogenetic signal, i.e., that closely related species are more
similar to one another than to species drawn randomly from the same tree. Coelognathus
flavolineatus is polymorphic in one of the characters (M6), so the phylogenetic signal in
that character was calculated in two iterations—first, with C. flavolineatus scored as 0, and
second, scored as 1.

Ancestral state reconstructions were conducted in Mesquite 3.61 [40] using Maximum
Likelihood (‘current probability models”).

3. Results
3.1. Phylogenetic Signal and Ancestral State Reconstructions

Of the fourteen analysed characters, five showed a statistically significant phylogenetic
signal. The values of the § parameter for these characters are between 2.239 and 12.280
(Table 1). For two characters (M9 and M10), it was not possible to calculate the p-value,
but relatively low values of the 6 parameter (1.85 and 1.27, respectively) suggest a weak
phylogenetic signal at best.

Ancestral states were successfully reconstructed for thirteen characters (see below);
it was not possible to reconstruct the ancestral state of one character because it exhib-
ited intraspecific polymorphism within Coelognathus flavolineatus. The exact proportional
likelihood values for each character at each node are given in Supplementary File S1.

Table 1. Phylogenetic signal (5 parameter) calculated for the analysed myological characters. Charac-
ters showing a statistically significant phylogenetic signal are marked with a single asterisk. Two
asterisks indicate an analysis in which Coelognathus flavolineatus was scored as 0 and three aster-
isks indicate an analysis in which it was scored as 1. M1—variation of levator anguli oris type
of aponeurosis, M2—the levator anguli oris insertion type, M3—Ilevator anguli oris origin, M4—
Musculus adductor mandibulae externus superficialis division, M5—basal aponeurosis of Musculus
adductor mandibulae externus medialis, M6—depressor mandibulae division, M7—Musculus pseu-
dotemporalis origin, M8—levator pterygoidei insertion, M9—protractor pterygoidei insertion; M10—
protractor pterygoidei origin, M11—retractor pterygoidei; insertion, M12—retractor pterygoidei
origin, M13—retractor vomeris origin, M14—retractor vomeris aponeurosis.

Character 8 p
M1 * 2.239 0.01
M2 0.327 0.4
M3 * 4.145 0.02
M4 12.280 0.01
Mb5 * 1.003 0.58
0.8719 ** 0.17 **
Mé 1.380 *** 0.08 ***
M7 0.2348 0.38
M8 0.7048 0.24
M9 1.850 -
M10 1.270 -
M11 * 2.626 0.03
M12 0.7748 0.05
M13 0.5753 0.1

Mi14 * 4.109 0.01
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3.2. Jaw Adductor Complex
3.2.1. Levator Anguli Oris (LAO)

The LAO is the most rostral of the jaw adductors (Figure 2). It is a large muscle and is
triangular in shape. It originates on the postorbital and parietal bones. The LAO is partially
covered by the quadrate-maxillary ligament and upper labial gland. Near the mouth corner,
it is also covered by the posterior part of the Harderian gland and the connective tissues
of the mouth corner. The LAO covers the dorsal part of the Harderian gland and the
deeper layers of the jaw adductors. Initially, its fibres pass caudo-ventrally and turn around
the mouth corner in the antero-ventral direction. None of the fibres reach the mandible,
but they make contact via a broad aponeurosis (type I sensu Borczyk [41]; see below and
Figure 3), which inserts from approximately the distal half of the quadrate and compound
bone and goes rostrally as far as the caudal end of the dentary. The mouth corner tissues and
pad tightly cover the region, but no fibres were found inserting into them in this analysis.

This muscle shows the greatest variation in its jaw-insertion pattern. Its aponeurosis
can be divided into three main types [41]: I—broad aponeurosis, inserting into approxi-
mately one half of the quadrate bone length and to the long portion of the compound bone;
II—partly reduced aponeurosis, which only attaches onto part of the quadrate (approxi-
mately 1/4 of its distal length) and compound bone; and IlI—reduced aponeurosis, only
inserting into the compound bone (Figure 4). In addition to its three different aponeurosis
patterns, the LAO may insert into the lower jaw through the aponeurosis only or may contact
the compound bone directly in addition to through the aponeurosis (Figures 3 and 5).

Cranial origin shapes and positions remain rather invariant; Gonyosoma oxycephalum
is an exception, in which the insertion into the postorbital bone is very long (especially in
young specimens) and almost reaches the ventral edge of the bone. In large Gonyosoma
specimens, the LAO inserts into the postorbital bone for approximately one third of its
length, suggesting interesting allometric patterns of muscle and bone growth. In the case
of Lampropeltis, the insertion of the LAO is much shorter than in the other species, and, as
such, seems to be a synapomorphy of this genus (Figure 6).

There is no subdivision of the LAO into two or more separate parts. The fibres that
originate on the postorbital and parietal bones do not constitute separate parts and are indis-
tinguishable through the whole muscle length; the only exception is Coelognathus erythrurus
(FMNH 53435), in which, in the ventral part of the muscle, the part that inserts directly
into the mandible is clearly separated from the rest of the muscle that inserts into the
mandible via the aponeurosis. This division disappears at approximately the height of the
quadrate-maxillary ligament. In the middle and dorsal part of the muscle, this subdivision
is indistinguishable. In the case of species in which part of the LAO fibres insert into the
mandible directly, the fibres originate from the postorbital bone, but there are always other
fibres of the same origin that insert through the aponeurosis.
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Figure 2. Lateral jaw musculature of Elaphe schrenckii (1ZK 406). (A) skin removed, (B) glands and

connective tissues removed. Note the wide (type I) aponeurosis of LAO.

In Euprepiophis conspicillata, Elaphe carinata, El. climacophora, Coronella austriaca,

Pantherophis guttatus, and P. vulpinus, the part of the muscle that inserts directly into
the mandible is very thin and often hardly distinguishable from the aponeurosis. In the
case of Coelognathus erythrurus and Oreocryptophis porphyraceus, this part is very wide.
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Figure 3. Partly reduced aponeurosis (type II) of levator anguli oris (LAO) in (A) Euprepiophis
conspicillata (ZMB 2658) and strongly reduced aponeurosis in (B) Coelognathus erythrurus (FMNH
53435) and (C) Lampropeltis triangulum (IZK 409). The wide aponeurosis of LAO (type I) is shown in

Figure 2B.

Orthriophis are characterised by a relatively short LAO; their longest fibres only reach
the quadrate-maxillary ligament, and further contact with the lower jaw is maintained
through a wide (type I) aponeurosis. In the other species in which the LAO has no direct
contact with the mandible (EI. schrenckii, El. quadrivirgata, El. dione, Coe. flavolineatus, Eu.
mandarinus, G. oxycephalum, P. bairdi, Z. situla and all Lampropeltis), this muscle is relatively
long, separated from the lower jaw only by a thin strip of aponeurosis. In some cases, being
able to properly recognise whether the muscle inserts into the mandible directly or via an

aponeurosis may pose a problem.
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A broad, type I aponeurosis is characteristic of Elaphe carinata, El. climacophora,
El. schrenckii, El. quadrivirgata, Euprepiophis mandarinus, Orthriophis taeniurus, and Ort.
moellendorffi. Type Il aponeuroses characterise Elaphe dione, El. quatuorlineata, Euprepiophis
conspicillata, and Coronella austriaca. The greatest reduction in aponeuroses may be observed
in Coelognathus erythrurus, Coe. flavolineatus, Gonyosoma oxycephalum, Oreocryptophis porphyraceus,
Pantherophis bairdi, P. guttatus, P. vulpinus, Zamenis scalaris, Z. situla, Lampropeltis getula,
L. calligaster, L. alterna, and L. triangulum.

© Gonyosoma oxycephalum

Coelognathus flavolineatus
J\_gc: Coelognathus erythrurus
© Coelognathus helena
LO Coelognathus radiatus
Eg Euprepiophis conspicillata
Euprepiophis mandarinus
@ Oreocryptophis porphyraceus

Eg Orthriophis taeniurus
Orthriophis moellendorffi

Zamenis longissimus
Zamenis situla
Zamenis scalaris

© Coronella austriaca
Elaphe quadrivirgata
Elaphe schrenckii
Elaphe quatuorlineata
Elaphe climacophora
Elaphe carinata

Elaphe dione
Pantherophis obsoletus
Pantherophis bairdi
Pantherophis vulpinus
Pantherophis guttatus
Lampropeltis calligaster
Lampropeltis triangulum
Lampropeltis getula
Lampropeltis alterna

Figure 4. Variation in character states and reconstructed ancestral states of M. Levator anguli oris
(LAO) (M1); type I aponeurosis (white), type II aponeurosis (green), type III aponeurosis (black).
Proportional likelihoods for ancestral states are given in Supplementary File S1.

€@ Gonyosoma oxycephalum
Coelognathus flavolineatus
Coelognathus erythrurus
@ Coelognathus helena
Coelognathus radiatus
Euprepiophis conspicillata
‘Zg Euprepiophis mandarinus
© Oreocryptophis porphyraceus
Orthriophis taeniurus
c: Orthriophis moellendorffi

Zamenis longissimus
Zamenis situla
Zamenis scalaris

Q Coronella austriaca
Elaphe quadrivirgata
Elaphe schrenckii
Elaphe quatuorlineata
Elaphe climacophora
Elaphe carinata

Elaphe dione
Pantherophis obsoletus
Pantherophis bairdi
Pantherophis vulpinus
Pantherophis guttatus
Lampropeltis calligaster
Lampropeltis triangulum
Lampropeltis getula
Lampropeltis alterna

Figure 5. Variation in character states and reconstructed ancestral states of M. Levator anguli oris
(LAO) (M2); the muscle contacts the mandible directly (white), or through an aponeurosis (black).
Proportional likelihoods for ancestral states are given in Supplementary File S1.
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Figure 6. Variation in character states and reconstructed ancestral states of M. Levator anguli oris
(LAO) (M3); insertion into the postorbital is of medium (white), long (green), or short (black) length.
Proportional likelihoods for ancestral states are given in Supplementary File S1.

3.2.2. Musculus Adductor Mandibulae Externus Superficialis (MAMES)

The MAMES is the most posterior and biggest of the three external adductors (Figure 7).
It is covered by the quadrate-maxillary ligament, upper and lower labial glands, and the
LAO with its aponeurosis. It originates on the quadrate bone and quadrate aponeurosis,
almost down to the jaw articulation. It inserts into the lateral part of the compound bone
along the fossa mandibularis and rostrally reaches as far as the caudal end of the dentary. It
also reaches the lateral edge of the dentary via connective tissues. The quadrate aponeurosis
divides the MAMES into two parts; however, this division becomes undetectable in the
ventral part of the muscle.

RQ gml DM ga MAMEM PST po mx

NCM PG MAMES c¢s hg ect dt

Figure 7. Jaw musculature of Elaphe schrenckii after removing M. levator anguli oris (LAO) and
its aponeurosis. Note the anterior portion of MAMES reaches the lateral edge of the dentary via
connective tissue.
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Patterns of the subdivision of the MAMES by the quadrate aponeurosis are very vari-
able (Figure 8). It may be undivided (Pantherophis bairdi, P. guttatus, Gonyosoma oxycephalum,
Elaphe quadrivirgata, El. quatuorlineata, El. carinata, Orthriophis moellendorffi) or divided
into two parts (Lampropeltis getula, L. alterna, Pantherophis vulpinus, Coelognathus erythrurus,
Coe. radiatus, Coe. flavolineatus, Oreocryptophis porphyraceus, Orthriophis taeniurus, Coronella
austriaca, Elaphe climacophora, El. schrenckii, El. dione, Zamenis scalaris, and Z. situla) or three
parts (Lampropeltis alterna, L. calligaster, Euprepiophis mandarinus, Eu. conspicillata). Divisions,
where present, are confined to the dorsal part of the muscle and disappear ventrally.

@ Gonyosoma oxycephalum

Coelognathus flavolineatus

Coelognathus erythrurus
QO Coelognathus helena

Coelognathus radiatus

Euprepiophis conspicillata
,\‘Eg Euprepiophis mandarinus
Q Oreocryptophis porphyraceus
Orthriophis taeniurus
ag Orthriophis moellendorffi

Zamenis longissimus
Zamenis situla
Zamenis scalaris

Q Coronella austriaca
Elaphe quadrivirgata
Elaphe schrenckii
Elaphe quatuorlineata
Elaphe climacophora
Elaphe carinata

Elaphe dione
Pantherophis obsoletus
Pantherophis bairdi
Pantherophis vulpinus
Pantherophis guttatus
Lampropeltis calligaster
Lampropeltis triangulum
Lampropeltis getula
Lampropeltis alterna

Figure 8. Variation in character states and reconstructed ancestral states of M. adductor mandibulae
externus superficialis (MAMES) (M4); the muscle is divided by the quadrate aponeurosis into two
bundles (white), three strands (green), or is undivided (black). Proportional likelihoods for ancestral
states are given in Supplementary File S1.

3.2.3. Musculus Adductor Mandibulae Externus Medialis (MAMEM)

In the studied species, this muscle originates on the parietal bone through the middle
and caudal part of the crista parietalis, on the supraoccipital bone (to the crista occipitalis)
through the dorsal part of the ligament linking the supratemporal to the cranium, and on
the supratemporal bone to the proximal part of the quadrate (Figures 9 and 10). It passes
ventrally and is 180° twisted: its more superficial fibres turn antero-ventral, whereas the
deeper fibres turn caudally in the ventral part of the muscle. In its rostral part, the MAMEM
inserts into the compound bone via a short, largely reduced aponeurosis, whereas, caudally,
this aponeurosis is absent.

In all of the studied species, except Coelognathus erythrurus, the MAMEM does not
subdivide into separate parts. In this species, there is a visible, thin posterior part that
originates from the supraoccipital and supratemporal bones and a wide anterior part that
originates from the supraoccipital, supratemporal, and parietal bones.

The basal aponeurosis of the MAMEM inserts into the mandible and is clearly visible
in all of the studied species, although it is usually reduced to a thin, triangular tendon in
the rostral part of the insertion. The exception is Euprepiophis mandarinus; in this species,
the aponeurosis is in the caudal part of the insertion. The degree of reduction in the
basal aponeurosis differs between species and ontogenetically differs within species. In
young specimens, it is much better developed in comparison to those in older ones. In
adult specimens, the basal aponeurosis only remains strongly developed in two species:
Pantherophis bairdi and P. vulpinus.
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Figure 9. Jaw musculature after removing M. adductor mandibulae externus superficialis (MAMES)
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Figure 10. Variation in character states and reconstructed ancestral states of M. adductor mandibu-
lae externus medialis (MAMEM) (M5); basal aponeurosis that is poorly developed (white), basal
aponeurosis that is well-developed (black). Proportional likelihoods for ancestral states are given in
Supplementary File S1.

3.2.4. Musculus Adductor Mandibulae Posterior Superficialis (MAMPS)

The MAMPS is a small muscle that originates from the anterior surface of the quadrate
crest and ventrally inserts into the mandibular fossa, caudal to the mandibular branch of
the trigeminal nerve (Figure 9).

3.2.5. Musculus Adductor Mandibulae Posterior Profundus (MAMPP)

The MAMPP is medial to the MAMPS. It originates from the medial edge of the
quadrate and inserts into the medial crest of the compound bone (Figure 11).
The MAMPS and MAMPP do not show variation between the studied species.

RQ gml DM st PST LPG po

—]
—

NCM PG MAMPP  V; PG V, ec mx

Figure 11. Jaw musculature of Elaphe schrenckii after removing M. adductor mandibulae externus
medialis (MAMEM) and M. adductor mandibulae posteriori superficialis (MAMPS).
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3.2.6. Musculus Pesudotemporalis (PST)

A thin and delicate muscle, PST is superficially covered by MAMEM and the LAO and
passes under the maxillary branch of the trigeminal nerve (Figure 11). It originates ventrally
from the rostral edge of the supratemporal and parietal bones to the crista parietalis. The
fibres pass ventrally and slightly, caudally parallel to the anterior edge of the MAMEM. It
inserts medially into the anterior insertion of the MAMEM. The origin of this muscle is on
the crista temporalis or below (see Figure 12).

In all of the studied species, with the exception of Gonyosoma oxycephalum, this muscle
originates on the parietal bone between the postorbital and supratemporal bones. In
Gonyosoma, it reaches the postorbital bone.

QO Gonyosoma oxycephalum
Coelognathus flavolineatus
Coelognathus erythrurus

Q Coelognathus helena
Coelognathus radiatus

Euprepiophis conspicillata

‘Zg Euprepiophis mandarinus

QO Oreocryptophis porphyraceus

Orthriophis taeniurus
'Zg Orthriophis moellendorffi

Zamenis longissimus
Zamenis situla
Zamenis scalaris

Q Coronella austriaca
Elaphe quadrivirgata
Elaphe schrenckii
Elaphe quatuorlineata
Elaphe climacophora
Elaphe carinata

Elaphe dione
Pantherophis obsoletus
Pantherophis bairdi
Pantherophis vulpinus
Pantherophis guttatus
Lampropeltis calligaster
Lampropeltis triangulum
Lampropeltis getula
Lampropeltis alterna

Figure 12. Variation in character states and reconstructed ancestral states of M. pseudotemporalis
(PST) (M?7); the cranial origin is located on the crista temporalis (white), ventral to the crista temporalis
(black). Proportional likelihoods for ancestral states are given in Supplementary File S1.

3.2.7. Musculus Pterygoideus (PG)

The PG is among the biggest jaw adductor muscles in snakes. It originates on the
lateral, ventral, and partially medial parts of the compound bone, around the mandibular
fossa and caudal to the retroarticular process of the dorsal surface of the ectopterygoid,
where it inserts via a strong tendon. This muscle does not show variation between the
studied species.

3.3. Dorsal Constrictors
3.3.1. Musculus Levator Pterygoidei (LPG)

The LPG is a large, cone-shaped muscle originating from the lateral wall of the parietal
bone, between the anterior-most edge of the supratemporal bone and posterior to the
postorbital-parietal suture (Figures 11 and 13C). Its fibres pass caudo-ventrally down to the
pterygoid. The insertion of this muscle, together with the insertion of PP, almost entirely
covers the dorsal surface of the pterygoid. It reaches from the palato—pterygoid articulation
and passes caudally through approximately half of the pterygoid length, also covering part
of the ectopterygoid (Figure 9, Figure 11, Figure 13C,D, Figures 14 and 15).
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Its cranial origin does not show significant variation. However, the pterygoid insertion
of this muscle is much more variable (Figure 15, M8). In Coelognathus helena, it covers almost
three quarters of the pterygoid surface area, whereas, in Euprepiophis conspicillata and Elaphe
climacophora, it is largely reduced and covers one quarter of the pterygoid surface area.

mx

pal

RV
RP

ec

PP
ptg
PGA
PQ
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P [ 1‘ ptg

arp ec

PGA

E

Figure 13. Dorsal constrictors of Elaphe schrenckii. (A) Ventral view after removing connective

tissues, (B) cranial insertions of dorsal constrictors in ventral view, (C) dorsal view on palatine,
pterygoid, and ectopterygoid and their musculature, (D) muscle insertions into palatine, pterygoid,
and ectopterygoid in dorsal view, and (E) insertion of M. pterygoideus accessorius (PGA) into
pterygoid in ventral view.
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Figure 14. Variation in character states and reconstructed ancestral states of M. Levator pterygoidei

(LPG) (M8); the caudal insertion is medium-sized (white), reduced anteromedially (blue), strongly
reduced (green), highly elongated, and covers approximately 75% of the bone (black). Proportional
likelihoods for ancestral states are given in Supplementary File S1.

3.3.2. Musculus Protractor Pterygoidei (PP)

The PP, a large muscle, originates on the caudal edge of the pterygoid crest on the
basisphenoid, and its insertion passes caudally until the edge of the basioccipital crest and
laterally on the prootic. Its fibres pass caudally, laterally, and ventrally through the dorsal
surface of the pterygoid, caudal to the LPG insertion (Figure 13C,D).

This muscle is variable in the shapes of both its cranial origin and pterygoid insertion
(Figures 15-17). In most species, the PP insertion covers approximately one third of the
pterygoid surface. In most cases, its medial edge is more elongated than its lateral one,
with the exception of Oreocryptophis porphyraceus and Euprepiophis mandarinus, in which the
lateral edge is longer. The greatest surface of the muscle insertion is observed in Euprepiophis
conspicillata and Elaphe climacophora (approx. 2/3 of the surface). In Coelognathus erythrurus and
Elaphe carinata, its surface is significantly reduced (1/4). The cranial insertion may only be on the
basisphenoid, with different degrees of the reduction (Figures 16 and 17). In Coronella austriaca,
Elaphe quadrivirgata, and El. schrenckii, it reaches as far as the basioccipital. Moreover, it may
be wide, laterally reaching the prootic (El. schrenckii), or thin (El. quadrivirgata) (Figure 16).
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P. vulpinus L. alterna Ore. porphyraceus
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Coe. flavolineatus
Cor. austriaca

El. schrenckii
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Figure 15. Schematic representation of variation in M. protractor pterygoidei (PP) (orange) and
M. levator pterygoidei (green) on the left pterygoid, palatine, and ectopterygoid. The muscles are
outlined on the skull of Elaphe schrenckii.
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Figure 16. Schematic representation of variability in cranial insertions of M. protractor pterygoidei
(PP) on skull base. The muscles are outlined on the skull of Elaphe schrenckii.
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Figure 17. Variation in character states and reconstructed ancestral states of M. protractor pterygoidei
(PP) (M9); the attachment to the pterygoid is medium-sized, slightly elongated along the medial
margin (white), slightly enlarged, elongated along the medial margin (blue), medium-sized, elongated
along the lateral margin (green), large and well-developed (yellow), and small and reduced (black).
Proportional likelihoods for ancestral states are given in Supplementary File S1.

The shapes of the cranial origin of the PP in Pantherophis bairdi, Oreocryptophis porphyraceus,
and Coronella austriaca are very similar. In Elaphe carinata, Lampropeltis alterna, and
L. calligaster, the origin is reduced in its caudal portion. In Elaphe (except El. schrenckii and
El. quadrivirgata), Orthriophis, Zamenis scalaris, and Coelognathus erythrurus, the insertion
shape resembles a reversed letter U. In Z. scalaris and Elaphe dione, it is quite broad, whereas
in El. climacophora, El. quatuorlineata, and Coe. erythrurus, it is much more narrow with
a partially reduced medial area. Coelognathus flavolineatus also possesses a U-shaped PP
insertion, however, with a reduced lateral portion and a caudally elongated medial part.
Both Euprepiophis species are rather short, but wide, and triangular in shape and have
cranial origins and relatively large surfaces (Figures 16 and 18).

3.3.3. Musculus Retractor Pterygoidei (RP)

The RP is a rather short muscle. Its cross section is oval and becomes flat in the rostral
part of the muscle. Its cranial insertion is located on the rostral edge of the basisphenoid
and partially at the ventral parts of the parietal. It spreads rostrally and some of its fibres
insert directly into the palatine, whereas its medial part inserts via a short aponeurosis into
the vomerine process (Figure 13A-C).
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Figure 18. Variation in character states and reconstructed ancestral states of M. protractor pterygoidei
(PP) (M10); the cranial origin is U-shaped (white), medial branch is slightly elongated (light blue),
lateral branch is slightly elongated (green) or triangular (yellow), lateral branch is strongly elongated
(red), medial branch is strongly elongated (black). Proportional likelihoods for ancestral states are
given in Supplementary File S1.

There is a noteworthy variation in this muscle. Two species, Gonyosoma oxycephalum
and Coelognathus flavolineatus, have a peculiar type of RP distal insertion. In these species,
the RP inserts into the palatine and via the broad aponeurosis with the prefrontal bone.
In Gonyosoma, the RP inserts directly into the palatine, and the aponeurosis reaches the
prefrontal bone (Figures 19 and 20); in Coe. flavolineatus, it inserts via the aponeurosis, both
into the palatine and prefrontal bones. It also shows variation in its size and shape of origin,
which may be small and oval shaped or large and elongated (Figure 21).

pl

a.rptg
RPTG

ptg

Figure 19. Distal insertions of M. retractor pterygoidei (RP) into Lampropeltis triangulum (A) and
Gonyosoma oxycephalum (B,C). (A) Dorsal view, (B) ventral view, and (C) ventro-medial view.
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Figure 20. Variation in character states and reconstructed ancestral states of M. retractor pterygoidei
(RP) (M11); the caudal insertion (aponeurosis) is reduced (white), well developed (green), or reaches the
postorbital (black). Proportional likelihoods for ancestral states are given in Supplementary File S1.
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Figure 21. Variation in character states and reconstructed ancestral states of M. retractor pterygoidei
(RP) (M12); the cranial origin is small and oval (white) or large and elongate (black). Proportional
likelihoods for ancestral states are given in Supplementary File S1.
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3.3.4. Musculus Retractor Vomeris (RV)

The RV is a small muscle, round in its cross section. Its cranial insertions are on the
rostral edge of the basisphenoid crest, medial to the insertion of the RP. The medial fibres of
RV are longer than its lateral ones, and this muscle rostrally contacts the posterior inferior
process of the vomer via a flat, thin tendon (Figure 13A,B). Variation in the size of the
origin of this muscle within the studied species was observed (Figure 22). Additionally, the
aponeurosis may be strongly reduced or well developed (Figure 23).
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Figure 22. Variation in character states and reconstructed ancestral states of M. retractor vomeris (RV)
(M13); the cranial origin is small and reduced (white) or large (black). Proportional likelihoods for
ancestral states are given in Supplementary File S1.
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Figure 23. Variation in character states and reconstructed ancestral states of M. retractor vomeris
(RV) (M14); the aponeurosis is reduced (white) or large (black). Proportional likelihoods for ancestral
states are given in Supplementary File S1.
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3.3.5. Musculus Protractor Quadrati (PQ)

The PQ is a thin layer of fibres located at the caudal end of the braincase, dorsal to
the PGA and PP. It resembles a flat, broad triangle. The right and left PQs connect to each
other via a thin connective tissue. This connective tissue in the rostral part inserts into
the basioccipital, and the remaining part of the PQ is loosely connected to the membranes
covering the axial musculature. Only a small portion of this muscle inserts into the quadrate.
The main surfaces to which PQ attaches are the joint capsule and compound bone above
the insertion of the M. pterygoideus accesorius (Figure 13A).

3.4. Intermandibular Musculature
3.4.1. Musculus Intermandibularis Anterior (MIA)

The MIA is the most rostral of the intermandibular muscles. It divides into three parts:
pars anterior, p. posterior, and p. glandularis (Figure 24). Its distal insertion is on the
medial wall of the dentary in its rostral part. Fibres that belong to the pars anterior pass
from the most rostral part of the dentary in the medio-caudal direction and insert into
the intermandibular pad. Behind them is the pars posterior of the IA. Its fibres are longer
and more caudally oriented. They also insert into the intermandibular pad, but the most
caudal fibres connect with the most rostral fibres of the M. intermandibularis posterior, pars
anterior. The pars glandularis of the IA is strongly reduced (in El. schrenckii) and passes
from the dorso-lateral surface of the intermandibular pad to the medio-rostral part of the
lateral sublingual gland (glandula sublingualis lateralis). However, these fibres are short
and not numerous.
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Figure 24. Intermandibular musculature of Elaphe schrenckii (A—C) and Pantherophis vulpinus (D) in
ventral view. (A) Skin removed, (B) M. neurocostomandibularis (NCM) removed, (C,D) M. inter-
madibularis anterior, pars anterior et posterior (IAA and IAP), and M. intermandibularis posterior,
pars anterior (IPA) removed.
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3.4.2. Musculus Intermandibularis Posterior (IP)

The IP divides into two parts: pars anterior and p. posterior. The pars anterior is
ventral to the pars posteriori and dorsal to the neuro-costo-mandibularis (Figure 24A,B).
Its mandibular insertions are on the medial walls of the compound bone, are angular,
and reach caudally as far as three quarters of the length of the angular. Its fibres are long
and pass medio-rostrally. The left and right muscles connect in the medial line via a thin
aponeurosis (aponeurosis medioventralis) and the most rostral fibres insert into the caudal
end of the intermandibular pad and into the surface of the IMA, pars posterior.

The pars posteriori of the IP is under the skin; in the caudal end, it is also covered
by M. constrictor colli. It is a very thin layer of fibres, which are easy to destroy during
preparation. It inserts into the ventro-lateral walls of the compound bone and passes
medially and rostrally. The most rostral fibres do not reach the caudal fibres of the pars
anterior (Figure 24C).

3.4.3. Musculus Transversus Branchialis (TB)

Musculus transversus branchialis is a small, flat muscle. Its medial insertion is located
over the caudal part of the IA and the most rostral part of the IP. It passes perpendicularly to
the body axis under the M. genioglossus and M. geniotrachealis, then divides into two parts:
the shorter one (caput laterale) passes laterally and inserts into the connective tissue of the
mouth cavity, and the second part turns rostrally over the lateral caput of the genioglossus
and M. geniotrachealis and inserts into the caudal part of the lateral sublingual gland
(Figure 24C).

3.4.4. Musculus Geniotrachealis (GT)

The GT is a thin bundle of fibres (Figure 24C). It originates on the trachea, caudal to
the intramandibular joint. It is oriented rostrally, parallel to the genioglossus, and passes
under the loop of the medial caput of TB. Next, the fibres turn laterally and, together with
the lateral part of the genioglossus, insert into the medial wall of the dentary.

3.4.5. Musculus Genioglossus (GG)

The GG consists of two thin bundles, first one parallel to the trachea and the second
one to the GT (Figure 24C). The GG inserts into the lateral wall of the tongue pocket, and
this insertion reaches caudally behind the caudal end of the braincase. Rostrally, the GG
divides into two separate bundles. The medial part (caput mediale) inserts into the caudal
portion of the intermandibular pad, over the caudal fibres of the IA. The lateral part of the
GG (caput laterale) turns parallel with the GT just behind the TB loop. The lateral caput of
the GG inserts into the dentary, rostro-ventral to the GT insertion.

The only muscle of the intermandibular series that showed variation is the TB. This
muscle differs in the position of the insertion of its lateral part. In most of the studied
species, it inserts into the connective tissue of the mouth cavity. The exception is Pantherophis
vulpinus; in this species, this insertion is very close to the dentary, on the border of the
connective tissues of the mouth cavity and those surrounding the bone (Figure 24D).

4. Discussion

The development of muscles (and soft tissues in general) strongly affects bone mor-
phology (e.g., [42]; the so called ‘morphogenetic primacy’ of Witmer [43]). However,
myology is not always a perfect representation of osteology (e.g., this work and [24]).

Radovanovi¢ [33] described the quadrate-maxillary ligament in Elaphe quatuorlineata
and Zamenis longissimus as attaching to the skin near the corner of the mouth, whereas, in
Z. situla, it is divided and inserts into the skin and maxilla. This description is erroneous,
since the quadrate-maxillary ligament in all studied specimens (including members of the
three species studied by Radovanovi¢ [33]) attaches directly to the rostral maxilla and is
not divided on the bone and skin attachments. Probably, tight connective tissues in this
area may have caused a mistake in interpretation. Radovanovi¢ [33] reported on a lack of
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the PST (referred by him as M. temporalis anterior) in Z. longissimus. However, this muscle,
although thin and delicate (and thus easy to accidentally destroy), is present in all studied
species, including the Aesculapian snake.

The division of the MAMP into two parts, namely the superficialis and profundus,
was criticised by Young [44]. Young argued that the crista medialis divides the distal
insertion into two parts, which wrongly suggests the division of this muscle. However,
although the fibres of the pars superficialis and pars profunda are in the same direction and
topographically very close, these layers are separate. The proximal insertion of the pars
superficialis is on the ventral surface of the crista quadrati, under the MAMES insertion.
In the species in which the crista quadrati is not on the most ventro-rostral edge of the
quadrate, the bone crest separates the muscle layers that insert into the fossa mandibularis
(namely the MAMPS) from those inserting on the medial wall of the crista medialis (the
MAMPP). Fibres referred to as the MAMPP insert into the rostral and medial surfaces of
the quadrate. These two layers, although tightly adhered, are separate. However, it must be
stressed that, because of their topographical similarity, tight adhesion, and similar function
and direction, the fusion and/or origin of an interconnection is possible in some species, as
has been described in birds [45].

Zaher [16] suggested that the presence of a strongly developed basal aponeurosis may
be a paedomorphic trait when present in adult specimens. We noticed well developed basal
aponeuroses in young specimens and strongly reduced or absent aponeuroses in adult
ones (except for Pantherophis bairdi and P. vulpinus, Figure 9B), and Zaher [16] reported
similar observations in Clelia clelia, in which young specimens had better developed basal
aponeuroses compared to mature snakes.

Many studies on myology are based on the dissections of single animals (e.g., [17,21]).
This is due to the scarcity of specimens available for dissection [46], but also, to some extent,
to the arduous process of muscle preparation and observation, which may prevent some
researchers from broader sampling. Although this does not pose a problem with broad scale
comparisons, such as those between families or orders, it has limitations with comparisons
between more closely related species. However, in this study, up to nine specimens per
species were dissected and the intraspecific variation in the better represented species
was very low; namely, it seems to be indetectable using standard procedures, and similar
observations have been made by Cundall [24], Varkey [23], and Weaver [22]. Although
snake skull bones are much more variable in size and shape at the species level (e.g., [47]),
it seems that muscles may vary independently, at least to some degree, from osteological
characters, as suggested by Cundall [24]. These may be functional limitations of the snake
feeding system (mobility and flexibility of gape instead of powerful bite), which restrict the
origin of variation within the jaw musculature. However, because of the scarcity of data
on intraspecific variation within these characteristics, conclusions may be premature and
further studies are needed.

The intermandibular muscles (together with the GGCL, GGCM, and GT) did not
show intra- and interspecific variation. In other colubrid species, this pattern is also very
similar, and there are practically no between-species differences in Natricinae (Nerodia
and Thamnophis) [21,23,44], Xenodontinae (Heterodon and Xenodon) [22], and Colubrinae
(Pantherophis, Entechinus, Opheodrys and Simphymus and the species described here) [9,24].
Similarly, there was no variation within the MAMPS and MAMPP; a possible reason for
this is space limitations, especially in the case of the posterior adductors (the MAMPS and
MAMPP), together with functional limitations [41,45].

As this study shows, dorsal constrictors (palato-pterygoid musculature) are more
variable than jaw adductors or ventral constrictors (intermandibular musculature). These
muscles (jaw adductors and ventral constrictors) are under strong selective pressure to be
very elastic and flexible. The palatal muscles are not under such restrictions because the
movements of the palato-pterygoid bar are much more restricted compared to the mandible-
quadrate complex, and their main function is prey transport when swallowing, or moving
the palato-pterygoid bar forward and backward [48]. Because most of the studied species
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feed on quite similar prey types [31] and represent very generalised colubrid morphology, a
possible correlation with prey type may not be detectable, and, again, more studies focusing
on interspecific variation and more ecological data (preferred prey type) are needed.

5. Conclusions

The jaw musculature of the studied group does not show a high level of variation. It is
possible that this pattern of conservatism is universal among several colubrid lineages, and
that more variation occurs at the family level. It is possible that the cephalic musculature
evolved, at least in some aspects, independently to the osteological characters. However,
more studies on the development and comparative anatomy of the head musculature of
phylogenetically diverse lineages are needed.
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/ /www.mdpi.com/article/10.3390/d15050628/s1, Table S1: Estimated divergence dates for given
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cited in the Table S1.
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Abbreviations

The list of anatomical abbreviations used in the text is provided below:

al aponeurosis lateralis

alao aponeurosis M. levator anguli oris
amyv aponeurosis medioventralis
ancm  aponeurosis neurocostomandibularis
an angular

bd bodenaponeurosis

bo basioccipital

bs basisphenoid

cs compound bone (os compositum)
DM depressor mandibulae

dt dentary

ec ectopterygoid

GGCL M. genioglossus, caput lateralis
GGCM M. genioglossus, caput medialis
GT M. geniotrachealis
hg glandula Harderii
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hy hyoid

IA M. intermandibularis anterior (pp. posterior et anterior)
IAA M. intermandibularis anterior, pars anterior
IAG M. intermandibularis anterior, pars glandularis
IAP intermandibularis anterior, pars posterior

ilg glandula infralabialis

IPA M. intermandibularis posterior, pars anterior
PP M. intermandibularis posterior, pars posterior
LAO M. levator anguli oris

LPG M. levator pterygoidei

Isg glandula sublingualis lateralis

MAMEM M. adductor mandibulae externus medialis
MAMEP M. adductor mandibulae externus profundus
MAMES M. adductor mandibulae externus superficialis
MAMPP M. adductor mandibulae posterior profundus
MAMPS M. adductor mandibulae posterior superficialis
mx maxilla

NCM M. neurocostomandibularis

pa parietal

pal palatine

PG M. pterygoideus

po postorbital

PGA M. pterygoideus accesorius

PP M. protractor pterygoidei

PQ M. protractor quadrati

pr prootic

PST M. pseudotemporalis

ptg pterygoid

qa quadrate aponeurosis

qml ligamentum quadrato-maxillare

RP M. retractor pterygoidei

RQ M. retractor quadrati

RV M. retractor vomeris

slg glandula supralabialis

sp splenial

st supratemporal

TBCL M. transversus branchialis, caput lateralis
TBPG M. transversus branchialis, pars glandularis
V2 nervus trigeminus (ramus maxillaris)

V3 nervus trigeminus (ramus mandibularis)

The list of anatomical abbreviations used in the text is provided below:

BB personal collection of Bartosz Borczyk
FMNH  Field Museum of Natural History, Chicago, IL, USA
IZK Department of Evolutionary Biology and Conservation of Vertebrates,

University of Wroctaw, Wroctaw, Poland
MNHN  Museum National d’Histoire Naturelle, Paris, France
MNHW  Museum of Natural History, University of Wroctaw, Wroctaw, Poland
ZFMK Museum Koenig Bonn, Bonn, Germany
ZMB Museum fiir Naturkunde, Berlin, Germany
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