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ABSTRACT The anatomy of the feeding apparatus of the nurse shark,
Ginglymostoma cirratum, was investigated by gross dissection and computer
axial tomography. The labial cartilages, jaws, jaw suspension, muscles, and
ligaments of the head are described. Palatoquadrate cartilages articulate
with the chondrocranium caudally by short, laterally projecting hyomandibu-
lae and rostrally by ethmoorbital articulations. Short orbital processes of the
palatoquadrates are joined to the ethmoid region of the chondrocranium by
short, thin ethmopalatine ligaments. In addition, various ligaments, muscles,
and the integument contribute to the suspension of the jaws. When the mouth
is closed and the palatoquadrate retracted, the palatine process of the palato-
quadrate is braced against the ventral surface of the nasal capsule and the
ascending process of the palatoquadrate is in contact with the rostrodorsal
end of the suborbital shelf. When the mandible is depressed and the palato-
quadrate protrudes slightly rostroventrally, the palatoquadrate moves away
from the chondrocranium. A dual articulation of the quadratomandibular
joint restricts lateral movement between the mandible and the palatoquad-
rate. The vertically oriented preorbitalis muscle spans the gape and is
hypothesized to contribute to the generation of powerful crushing forces for its
hard prey. The attachment of the preorbitalis to the prominent labial carti-
lages is also hypothesized to assist in the retraction of the labial cartilages
during jaw closure. Separate levator palatoquadrati and spiracularis muscles,
which are longitudinally oriented and attach the chondrocranium to the
palatoquadrate, are hypothesized to assist in the retraction of the palatoquad-
rate during the recovery phase of feeding kinematics. Morphological special-
izations for suction feeding that contribute to large subambient suction
pressures include hypertrophied coracohyoideus and coracobranchiales
muscles to depress the hyoid and branchial arches, a small oral aperture with
well-developed labial cartilages that occlude the gape laterally, and small
teeth. J. Morphol. 241:33–60, 1999. r 1999 Wiley-Liss, Inc.
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Functional studies on the feeding mecha-
nisms of fishes and amphibians have given
us insight into the evolution of vertebrate
feeding mechanisms and behaviors (Lauder,
’82; Lauder and Reilly, ’88; Wainwright et
al., ’89; Reilly, ’95). However, from a func-
tional standpoint the Chondrichthyes are
the least studied aquatic feeding verte-
brates. Chondrichthyes are particularly in-
teresting because they are derived from a
common ancestor with the Teleostomi, be-
fore the Devonian, and have existed as a
separate lineage for over 400 million years
(Romer, ’66; Schaeffer and Williams, ’77;

Zangerl, ’81; Carroll, ’88). Sharks are particu-
larly interesting because they include a vari-
ety of feeding morphologies and behaviors
despite their relatively simple and con-
served cranial morphology.

The skeletal elements associated with
feeding in sharks are a fused neurocranium,
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a cleaver-shaped palatoquadrate, a man-
dible or Meckel’s cartilage, a hyoid arch com-
posed of three elements, and a branchial
basket. The majority of Paleozoic sharks had
a more terminal mouth, long jaws, amphi-
stylic jaw suspension, and coronodont multi-
cuspid teeth characterized by a distal-proxi-
mal series of subequal cusps fused into a
multicuspid unit. These characters have in-
duced speculation that these sharks grasped
and tore their food. Prey capture in these
ancestral sharks perhaps involved swim-
ming over the prey (ram feeding), with less
reliance on suction. In modern sharks, the
jaws have shortened, resulting in greater
bite force, the mouth has become more sub-
terminal, and the suspensorium more ma-
neuverable, permitting protrusion of the
palatoquadrate (Schaeffer, ’67; Moy-Thomas
and Miles, ’71; Compagno, ’77; Zangerl, ’81;
Lund, ’85; Carroll, ’88; Lund and Grogan, ’97).

Modern sharks have undergone a radia-
tion in feeding types to include cutting, bit-
ing and gouging, filter feeding, biting and
crushing, suction and grasping, and suction
and crushing forms (Moss, ’77; Motta et al.,
’97; Wilga and Motta, ’98a). Specializations
for capturing prey by suction have repeat-
edly arisen in numerous elasmobranch taxa,
including the nurse shark Ginglymostoma
cirratum, wobbegong Orectolobus macula-
tus, epaulette shark Hemiscyllium ocella-
tum, and whale shark Rhincodon typus
(Orectolobiformes). The orectolobiform
sharks, which are proposed to have a novel
mechanism of jaw protrusion associated with
suction feeding, appear to encompass more
suction feeding species than other clades,
and are apparently the most specialized suc-
tion feeders based on their anatomy and
feeding kinematics (Tanaka, ’73; Moss, ’77;
Wu, ’94; Clark and Nelson, ’97). The nurse
shark, G. cirratum, is believed to demon-
strate specialization for suction feeding in-
cluding hypertrophied jaw abductor muscles,
reduced dentition, well-developed labial car-
tilages that laterally occlude a small mouth,
and generation of large subambient suction
pressures (Bigelow and Schroeder, ’48;
Moss, ’65, ’77; Compagno, ’73; Tanaka, ’73;
Dingerkus, ’86; Wu, ’94).

To understand the functional morphology
of the feeding apparatus of any organism,
knowledge of its anatomy is essential, includ-
ing knowledge of the skeletal and connective
tissue elements, the myology, and the kine-
matics during feeding. Compared to the Os-

teichthyes, there are fewer anatomical stud-
ies on elasmobranch feeding structures (see
Motta and Wilga, ’95, for a review), and even
fewer studies that provide comprehensive
descriptions of the musculature and connec-
tive tissue elements (Gadow, 1888; Daniel,
’15; Allis, ’23; Marinelli and Strenger, ’59;
Nobiling, ’77; Motta and Wilga, ’95), as well
as functional studies on live, feeding elasmo-
branchs (Wu, ’94; Motta et al., ’97; Wilga and
Motta, ’98a,b; Ferry-Graham, ’97, ’98a,b).
This study is part of a larger study on the
functional morphology and evolution of shark
feeding mechanisms. The goal of this study
is to provide an anatomical analysis of the
feeding apparatus of a suction feeding shark,
the nurse shark, Ginglymostoma cirratum.

In the western Atlantic, Ginglymostoma
cirratum is found from Cape Hatteras to
Brazil, and in the east from West Africa to
the Cape Verde Islands. In the eastern Pa-
cific it is found from the Gulf of California to
Peru (Castro, ’83). The species primarily uses
suction feeding to capture benthic inverte-
brates, including lobster, shrimp, crabs,
squid, urchins, octopus, snails, and bivalves
as well as small fishes (Bell and Nichols, ’21;
Gudger, ’21; Bigelow and Schroeder, ’48;
Castro, ’83; Compagno, ’84). G. cirratum was
chosen for this study because of its special-
ized suction feeding anatomy and behavior,
its proposed novel jaw protrusion mecha-
nism (Wu, ’94), and the fact that it keeps
well in captivity.

MATERIALS AND METHODS
Gross anatomy

A total of 21 Ginglymostoma cirratum
specimens of both sexes, ranging in size from
40–252 cm total length (TL), were dissected.
The specimens were acquired from the west
and east coasts of Florida and the Florida
Keys, primarily from commercial fishers and
collectors. In some cases, sex could not be
determined, as only the heads were avail-
able. Illustrations of fresh or preserved (for-
malin preserved, alcohol-glycerin stored)
specimens were prepared by photographing
dissected specimens and tracing the out-
lines of muscles and cartilages. Some illus-
trations were prepared with a camera lu-
cida. Fiber direction of the muscles was
verified independently by both authors.

Computer axial tomography
A series of images was taken of two male

fresh specimens of Ginglymostoma cirratum
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of 123 cm TL and 57 cm TL. The first series
was taken of the smaller shark with the
mouth in the closed, relaxed position, and
the second series of the larger shark with
the mouth propped open with the labial car-
tilages extended and the palatoquadrate
maximally protruded to simulate positions
of feeding movements revealed by video
analysis. A Siemens DRH Computer Axial
Tomography (CAT) scanner was used, with
imaging performed in a transverse plane from
the rostral margin of the head to the caudal
end of the ceratohyal. Images were made
every 4 mm with a 3 mm table, 3-sec expo-
sure, and 280 milliamps at 125 kilovolts. An
ISG Technologies Inc. CAMRA software pro-
gram, version 5.0.1, reconstructed the im-
ages to produce a three-dimensional picture
of the cartilaginous elements of the head.

Video and cine photography
Video and photographic images from a

related feeding study of Ginglymostoma cir-
ratum were used to visualize the position of
the labial cartilages with the jaw in the
maximally open position. A total of five male
and female specimens, ranging from 64 to 98
cm TL, were fed pieces of Atlantic thread
herring (Opisthonema oglinum) and crevalle
jack (Caranx hippos) of approximately half
the diameter of the mouth width. The sharks
were filmed with a high-speed video camera
(NAC HSV-200) at 200 fields/sec as well as
with a Photosonics 1-PL 16 mm cine camera
(with Kodak Tri-X reversal film) at 200
frames/sec. Illumination was provided by
approximately 3,000 watts of quartz-halo-
gen light. Video images were analyzed with
a Panasonic AG-1970 video player and moni-
tor and cine images with an LW Athena
analysis projector.

Anatomical nomenclature
The anatomical nomenclature for the chon-

drocranium and visceral arches primarily
follows that of Compagno (’88), with refer-
ence to Gegenbaur (1872), Daniel (’34), and
Allis (’13, ’14, ’23). However, there is no
standardized nomenclature for chondrocra-
nial structures in Chondrichthyes (Com-
pagno, ’88).

Nomenclature for the connective tissue
elements of elasmobranchs primarily fol-
lows Gadow (1888), with reference to Goodey
(’10), Daniel (’15), Allis (’23), Moss (’72), and
Nobiling (’77) (Table 1). However, descriptions
of the ligaments and their synonyms are often

ambiguous. We only describe and name dis-
tinct band-like ligaments and tendons. Dif-
fuse connective tissue elements or those with
extremely short fibers (such as in joint cap-
sules) are not described. The muscle termi-
nology is primarily taken from Luther (’09),
with modifications by Allis (’23), Daniel (’34),
Edgeworth (’35), and Lightoller (’39) (Table
2). Embryological muscle groupings follow
those of Miyake et al. (’92). Proximal and
distal refer to the distance of point of attach-
ment of the cartilage to the chondrocranium.

RESULTS

The orectolobid chondrocranium and jaws,
as pertaining to feeding, are described briefly
by Compagno (’77, ’88), Moss (’77), Dingerkus
(’86), and Wu (’94). Therefore, only the carti-
laginous elements of the jaws, jaw suspen-
sion, joints, and connective tissue elements
of the jaw apparatus, which are functionally
important but lacking in detail in the litera-
ture, are described in detail here.

Jaws and labial cartilages
The paired palatoquadrate and mandibu-

lar cartilages are each joined by symphyses
rostrally. The palatoquadrate bears a rostral
palatine process and a caudal quadrate pro-
cess. A small orbital process projects from
the medial surface of the ascending process
of the palatoquadrate, rostral to the attach-
ment of the inner quadratomandibular liga-
ment (LQI) (Figs. 1–4).

The mandible has a semicircular ridge
that projects laterally from its caudal end,
the sustentaculum (SUST) of Gegenbaur
(1872) (see also Denison, ’37) (Figs. 1, 4). The
dorsal surface of the sustentaculum forms
the socket of the lateral quadratomandibu-
lar joint (see below). Medial to the susten-
taculum is the large mandibular knob (MK)
(see Daniel, ’15; Motta and Wilga, ’95), the
caudal surface of which bears the socket for
the hyomandibulomandibular joint (Figs. 2,
3). Rostral to the mandibular knob, on the
dorsal surface of the palatoquadrate, is the
medial quadratomandibular joint.

The quadratomandibular diarthrodial
joint has a double articulation. The lateral
quadratomandibular joint between the sus-
tentactulum of the mandible and the palato-
quadrate lies in a frontal plane. This joint is
ellipsoidal, such that it resists lateral move-
ment between the mandible and the palato-
quadrate. The medial quadratomandibular-
joint lies rostromedial to the latter joint and
lies in the sagittal plane, further restricting
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TABLE 1. Synonymies of ligaments described for Ginglymostoma cirratum and Negaprion brevirostris (Motta and Wilga, ’95)

Ligament
Gegenbaur

(1865)
Parker
(1878)

Gadow
(1888)

Ridewood
(1895)

Goodey
(’10)

Daniel
(’15)

Allis
(’15, ’23)

Marinelli
and

Strenger
(’59)

Moss
(’72)

Nobiling
(’77)

Ethmopala-
tine

palatotra-
becular

X X

Chondrocra-
niopalato-
quadrate

Palatoquad-
rate sheath

Chondrocra-
niopalato-
quadrate
connective
tissue
sheath

oral mucous
membrane

Palato-
quadrato-
man-
dibular
connective
tissue
sheath

oral mucous
membrane

kollagenfas-
erbundel

Mandibulo-
hyoid con-
nective
tissue
sheath

basimandibu-
lar

Postspiracu-
laris supe-
rior*

X X X X

External hyo-
mandibu-
lar-palato-
quadrate*

hyomandibu-
lopalato-
quadratum

Internal hyo-
mandibu-
lar-palato-
quadrate*

hyomandibu-
loqua-
dratum

hyomandibu-
loqua-
dratum

quadratohyo-
mandibu-
lare

Inner
quadrato-
man-
dibular

quadrato-
mandibu-
lare
internum

quadrato-
mandibu-
lare
internum

quadrato-
mandibu-
lare

X quadrato-
mandibu-
lare
internum

Palato-
quadrato-
ceratohyal



TABLE 1. (Continued)

Hyoidioman-
dibular

mandibu-
lohyal

hyoideoman-
dibulare
laterale
inferius

hyoideoman-
dibulare
laterale
inferius

mandibulo-
ceratohyal

mandibulo-
hyoideum

hyoideoman-
dibulare

Medial hyoid-
ioman-
dibular

ausseres
hyoman-
dibular

meta-
pterygoid

hyoideoman-
dibulare
mediale 1
hyoman-
dibulohyoi-
deum pos-
terius

inferior
postspi-
racular

complexum complexum

Internal
hyoidio-
mandibular

mandibulo-
hyoideum
internum

glenoidale mediale ?

External
hyoid-man-
dibular*

hyoideoman-
dibulare
laterale
superius

mandibulo-
hyoideum
externum

mandibulo-
hyoman-
dibulare
externum

Hyomandibu-
locerato-
hyoman-
dibular

hyomandibu-
lomandibu-
lare

Hyomandibu-
locerato-
hyal

quadratohy-
oideo
internum

hyomandibu-
lohyoideum

quadrato-
hyoideo
internum

hyomandibu-
lohyoideum

hyomandibu-
lohyoideum

Palato-
quadra-
tolabial

Ceratohyoba-
sihyal

Knob-labium

X denotes the same nomenclature used in this work and that of Motta and Wilga (’95).
*These ligaments are present in the lemon shark but not in the nurse shark.



lateral displacement of the jaws. The medial
quadratomandibular joint is similar to a glid-
ing joint in having a shallow fossa in the
palatoquadrate and a small, circular con-
dyle on the mandible (Fig. 4).

The labial cartilages, which are placed
rostrally on the jaws (Compagno, ’88), are
composed of three cartilages, a dorsal, me-
dial, and ventral one. The proximal ends of
the dorsal and ventral labial cartilages are
ligamentously connected to the palatoquad-
rate and mandible, respectively, with their
distal ends connected ligamentously to the
medial labial cartilage. The medial labial
cartilage has a medially directed process
that abuts the palatoquadrate and acts as a
brace between the labial cartilages and the
jaw (Fig. 1).

Jaw suspension and related joints
The jaws are connected to the chondrocra-

nium caudally by the hyomandibulae and

rostrally at the ethmopalatine joint (Figs. 1,
2). Various ligaments, muscles, and the in-
tegument contribute to the suspension of the
jaws. The ethmopalatine joint articulates
the palatoquadrate to the ethmoid region of
the chondrocranium. The short orbital pro-
cess articulates with a groove formed by the
lateral edge of the antorbital shelf of the
chondrocranium (Fig. 3). The articular fac-
ets are enclosed within a joint capsule formed
in part by the thin sleeve-like ethmopalatine
ligament. In addition, the palatine process
of the palatoquadrate rests against the ven-
tral surface of the nasal capsule, and the
ascending process of the palatoquadrate rests
against the rostrodorsal end of the subor-
bital shelf. During jaw opening, the ethmo-
palatine joint permits gliding of the palato-
quadrate on the chondrocranium such that
the palatoquadrate protrudes slightly from
the head in a rostroventral direction.

Fig. 1. Left lateral view of the chondrocranium, jaws,
labial cartilages, and hyoid arch of a 114-cm TL male
Ginglymostoma cirratum with the skin and muscles
removed. Tendons and ligaments are indicated as well
as the outline of the anterior division of the preorbitalis
and the deep head of the posterior division of the preor-
bitalis. APQ, ascending process of palatoquadrate; CER,
ceratohyal; DLC, dorsal labial cartilage; HMD, hyoman-
dibula; JC, joint capsule; LCPP, chondrocraniopalato-
quadrate ligament; LHCM, hyomandibuloceratohyoman-
dibular ligament; LHM, hyoidiomandibular ligament;
LHMM, medial hyoidiomandibular ligament; LPC, pala-

toquadratoceratohyal ligament; LPL, palatoquadratola-
bial ligament; MC, mandibular cartilage; MK, mandibu-
lar knob; MLC, medial labial cartilage; NC, nasal
capsule; PMTS, palatoquadratomandibular connective
tissue sheath; POAD, anterior division of preorbitalis;
POADt, tendon of anterior division of preorbitalis;
PODPD, deep head of posterior division of preorbitalis;
PODPDt, tendon of deep head of posterior division of
preorbitalis; POSPDi, insertion of superficial head of
posterior division of preorbitalis; PPQ, palatine process
of palatoquadrate; PT, postorbital process; SUST, susten-
taculum; VLC, ventral labial cartilage.
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The short and stout hyomandibulae project
laterally from the chondrocranium. At the
joint between the hyomandibula and the
chondrocranium, the hyomandibula has a
rostral and a caudal condyle (Fig. 3). The
corresponding chondrocranial fossae are el-
lipsoidal, with their longitudinal axes ori-
ented rostroventrally. This diarthrosis al-
lows the distal end of the hyomandibula to
move rostroventrally, but restricts twisting
about its longitudinal axis. The distal end of
the hyomandibula articulates with the man-
dible rostrolaterally and with the ceratohyal
ventrally (Figs. 1–3). The hyomandibuloman-
dibular joint is a diarthrosis composed of a
shallow socket on the mandibular knob and
a condyle on the hyomandibula. The hyoman-
dibuloceratohyal articulation is a syndesmo-
sis (Fig. 1). The union between the hyoman-
dibula, mandible, and ceratohyal is tightly
surrounded by numerous ligaments (see Con-

nective tissue elements, below). The medi-
ally located basihyal is joined to the cerato-
hyal by a syndesmosis, and lies in the angle
of the mandible (Figs. 2, 3, 5).

Kinematics of jaws and hyoid arch
CAT scans and dissection reveal that when

the mouth is closed and the palatoquadrate
retracted, the palatine process of the palato-
quadrate rests against the ventral surface of
the nasal capsule, and the ascending process
of the palatoquadrate rests against the ros-
trodorsal end of the suborbital shelf (Fig. 6).
During manual depression of the mandible
and protrusion of the palatoquadrate, the
palatine process of the palatoquadrate moves
ventrally and slightly rostrally. The palato-
quadrate loses its rostral connection to the
neurocranium and the folded ethmopalatine
ligament is extended. Concomitantly, the
distal end of the hyomandibula pivots ven-

Fig. 2. Medial view of the chondrocranium, palato-
quadrate, and mandible with attached hyomandibula,
ceratohyal and basihyal from a 114-cm TL male Gingly-
mostoma cirratum. Basihyal is cut mid-sagittally and
labial cartilages are removed. Hyoid arch elements are
overextended to expose the ligaments and the CPTS,
MHTS, and PMTS ligaments are removed. BH, basi-
hyal; CER, ceratohyal; FK, fibrous knob; HMD,
hyomandibula; LCP, ethmopalatine ligament; LCPP,
chondrocraniopalatoquadrate ligament; LHCC, hyoman-

dibuloceratohyal ligament; LHCM, hyomandibulocerato-
hyomandibular ligament; LHM, hyoidiomandibular liga-
ment; LHMI, internal hyoidiomandibular ligament;
LHMM, medial hyoidiomandibular ligament; LKL, knob-
labium ligament; LPL, palatoquadratolabial ligament;
LPS, palatoquadrate sheath ligament; LQI, inner
quadratomandibular ligament; MC, mandibular carti-
lage; MK, mandibular knob; NC, nasal capsule; OP,
orbital process of palatoquadrate; PPQ, palatine process
of palatoquadrate.
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Fig. 3. A: Left lateral view of the chondrocranium. B:
Medial view of the left hyoid arch and jaws, illustrating
the articulating surfaces between the hyomandibula
and the chondrocranium, and the joint between the
ceratohyal and basihyal in a 69-cm TL male Ginglymos-
toma cirratum. The skin, muscles, and distal portion of
the postorbital process have been removed, the basihyal
cut mid-sagittally, and the majority of ligaments re-
moved to expose the cartilages. BH, basihyal; CER,
ceratohyal; CHC, caudal hyomandibular condyle; CHF,

caudal hyomandibular fossa; EP, epaxialis; GF, glosso-
pharyngeal foramen; HMD, hyomandibula; LHMM, me-
dial hyoidiomandibular ligament; LQI, inner quadrato-
mandibular ligament; MC, mandibular cartilage; MK,
mandibular knob; NC, nasal capsule; OF, optic foramen;
OG, orbital groove; OP, orbital process of palatoquad-
rate; OT, otic capsule; PQ, palatoquadrate; PT, postor-
bital process; RHC, rostral hyomandibular condyle; RHF,
rostral hyomandibular fossa; TF, trigeminofacial fora-
men.
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Fig. 4. A: Left lateral view of the palatoquadrate and
mandible of an 123-cm TL male Ginglymostoma cirra-
tum (ligaments and muscles removed) with the upper
and lower jaw separated to expose the lateral and me-
dial quadratomandibular joints. B: Medial view of the

same. MC, mandibular cartilage; MK, mandibular knob;
OP, orbital process of palatoquadrate; PQ, palatoquad-
rate; QJL, lateral quadratomandibular joint; QJM, me-
dial quadratomandibular joint; SUST, sustentaculum.
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trally and slightly rostrally. The hyoman-
dibuloceratohyal joint is tightly bound to the
mandible in the region of the quadratoman-
dibular joint. Therefore, as the hyoman-
dibula pivots the palatoquadrate is moved
ventrally and slightly rostrally through its
connection with the mandible, resulting in
protrusion of the palatoquadrate rostroven-
trally.

The distal end of the ceratohyal rotates
caudoventrally such that the ceratohyal is
almost perpendicular to the chondrocra-
nium. The basihyal moves from its juxtaposi-
tion just caudal to the mandibular symphy-
sis to a more caudoventral position. When
the mouth is maximally open, the basihyal
and ceratohyal protrude ventrally, caudal to
the mandible.

Video analysis of live feeding sharks and
manual manipulation of fresh specimens re-
veals that in the closed position the labial

cartilages form a U, with the concave side
oriented rostrally. This is not well defined on
the CAT scans due to limited resolution of
the labial cartilages. As the jaw opens, the
medial labial cartilage and the distal ends of
the dorsal and ventral labial cartilages swing
rostrally to lie almost in the transverse plane.
Together with the palatoquadratomandibu-
lar connective tissue sheath (PMTS), they
laterally occlude the gape (Fig. 7). The labial
cartilages and the rostral ends of the jaws
form a laterally enclosed and somewhat
round oral aperture when the mouth is open.

Connective tissue elements
Ligaments of the
chondrocraniopalatoquadrate articulation

Ethmopalatine ligament (LCP; Fig. 2).
This short ligament arises from the lat-

eral edges of the antorbital ledge and ex-
tends laterally to the orbital process of the

Fig. 5. Ventral view of the hyoid arch of a 64-cm TL
female Ginglymostoma cirratum illustrating the cerato-
hyobasihyal articulation. The skin, muscles, and the
mandibulohyoid connective tissue sheath have been re-
moved and the hyoid arch depressed ventral to the
mandible to expose the cartilages and joints. The outline

of the head and ventral margin of the mandible is
indicated. BH, basihyal; CBL, ceratohyobasihyal liga-
ment; CBS, ceratohyobasihyal syndesmosis; CER, cera-
tohyal; HB1, first hypobranchial; LHMM, medial hyoid-
iomandibular ligament; MC, mandibular cartilage.
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palatoquadrate. A stout, elastic portion of
the ligament attaches to the caudal aspect of
the orbital process, and a thin, fibrous outer
sleeve (LCP in Fig. 2) completely enve-
lopes it.

Chondrocraniopalatoquadrate ligament
(LCPP; Figs. 1, 2, 8). This arises from the
caudal margin of the chondrocraniopalato-
quadrate connective tissue sheath (CPTS)
and caudal margins of the suborbital shelf.
It extends rostrolaterally to the dorsomedial
surface of the palatoquadrate caudal to the
ascending process and dorsal to the palato-
quadratomandibular articulations.

Palatoquadrate sheath ligament (LPS;
Figs. 2, 8). This arises from the medial
margin of CPTS caudal to the antorbital
ledge. It extends rostrolaterally to the me-
dial surface of the ascending process of the
palatoquadrate.

Chondrocraniopalatoquadrate connective
tissue sheath (CPTS; Fig. 8). This broad
connective tissue sheath arises from the ven-
tral surface of the hyomandibula and the
ventrolateral and rostroventral surfaces of
the chondrocranium; specifically, from the
suborbital shelf, antorbital ledge, nasal cap-
sule, and subnasal plate. It attaches to the
medial surface of the palatoquadrate
throughout its length.

Palatoquadratomandibular connective tis-
sue sheath (PMTS; Figs. 1, 7). The sheath
is continuous with the CPTS. The PMTS
spans the angle of the mouth, encompasses
the labial cartilages, and forms the internal
surface of the labial folds. This thick connec-
tive tissue sheath overlies the labial mar-
gins of the palatoquadrate and mandible.

Mandibulohyoid connective tissue sheath
(MHTS; not illustrated). MHTS (ventral
component of CPTS of Motta and Wilga, ’95)
is continuous with CPTS and PMTS. It arises
from the dorsolateral surface of the cerato-
hyal and the rostral and lateral edge of the
basihyal. It extends to the ventromedial sur-
face of the mandible and overlies the devel-
oping teeth. There are two oral valves aris-
ing from it on each side of the oral chamber.
The large, caudal valve lies between the
basihyal, ceratohyal, and the mandible. The
small, more rostral valve is continuous with
the connective tissue overlying the develop-
ing teeth. The mandibulohyoid connective
tissue sheath binds the ‘‘tongue’’ to the floor
of the mouth.

Ligaments of the
palatoquadratomandibular articulation

Inner quadratomandibular ligament (LQI;
Figs. 2, 3). Dorsally, this large ligament
has a broad attachment on the medial sur-
face of the palatoquadrate, caudal to the
orbital process. It extends ventrally to the
ventromedial surface of the mandible with
some fibers attaching to the rostral surface
of the mandibular knob. The ligament twists
180° as it extends ventrally such that the
rostral fibers on the palatoquadrate attach
caudally on the mandible and vice versa.

Ligaments of the palatoquadratoceratohyal
articulation

Palatoquadratoceratohyal ligament (LPC;
Figs. 1, 8). This thin ligament arises from
the dorsolateral proximal end of the cerato-
hyal and extends rostromedially to attach to
the medial surface of the palatoquadrate
dorsal to the medial quadratomandibular
joint.

Ligaments of the ceratohyomandibular
articulation

Hyoidiomandibular ligament (LHM; Figs.
1, 2, 9). This arises from the rostrolateral
edge of the proximal ceratohyal. It attaches
to the ventral edge of the mandible, superfi-
cial to MHTS, and continues rostrally to
eventually attach to a fibrous knob. This
fibrous knob lies adjacent to the caudoven-
tral surface of the mandibular symphysis
and is connected to the symphysis and both
mandibles by dense connective tissue. The
knob-labium ligament (LKL; Figs. 2, 9) arises
from the fibrous knob and fans out, attach-
ing to the dense connective tissue of the
ventral labium.

Medial hyoidiomandibular ligament
(LHMM; Figs. 1, 2, 3, 5, 8, 9). This thick
ligament is the largest ligament of the cra-
nium. It has two attachments at its proxi-
mal end. The longer head arises from the
ventral surface of the chondrocranium from
the region of the hyomandibulochondrocra-
nial joint to the caudal suborbital shelf. The
shorter head arises from the ventral surface
of the hyomandibula. The long head extends
ventrally to merge with the short head, then
extends laterally to wrap around the proxi-
mal end of the ceratohyal to which some of
the deeper fibers are attached. Coursing ros-
troventrally, it attaches to the caudal sur-
face of the sustentaculum and the caudome-
dial surface of the mandible.
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Internal hyoidiomandibular ligament
(LHMI; Fig. 2). Arising on the proximal
ceratohyal caudal to the attachment of the
hyomandibuloceratohyal ligament (LHCC),
this ligament extends dorsally to attach to
the medial aspect of the mandibular knob.

Ligaments of the hyomandibulomandibular
articulation

Hyomandibuloceratohyomandibular lig-
ament (LHCM; Figs. 1, 2, 8). This thin
ligament arises from the rostrodorsal sur-

face of the distal hyomandibula. The liga-
ment then extends ventromedially, attach-
ing to the dorsomedial surface of the
mandibular knob medial to the inner quadra-
tomandibular ligament (LQI) ligament.

Ligaments of the hyomandibuloceratohyal
articulation

Hyomandibuloceratohyal ligament (LHCC;
Fig. 2). This thick ligament arises from
the lateral end of the hyomandibula and
lateral hyomandibuloceratohyal joint cap-

Fig. 6. The chondrocranium, mandibular, and hyoid
arches of two intact Ginglymostoma cirratum heads
reconstructed through CAT scan. Left figures with jaw
closed are from a male 57-cm TL shark and right figures
with mandible manually depressed, labial cartilages
extended, and palatoquadrate maximally protruded are
from a male 123-cm TL shark. A: Dorsal view indicating
position of the hyomandibula and ceratohyal. B: Dorsal
view indicating position of the hyomandibula and cerato-
hyal. C: Ventral view showing position of the ceratohyal
and rostral position of the basihyal. D: Ventral view
indicating the relative position of the basihyal and cera-
tohyal when the mouth is open. E: Left lateral view
illustrating jaw closed with the hyomandibula, cerato-
hyal and labial cartilages in the resting position. F: Left
lateral view with the palatoquadrate slightly protruded,
the distal end of the hyomandibula pivoted ventrally

and slightly rostrally, the distal ceratohyal pivoted cau-
doventrally, and the basihyal and distal ceratohyal bulg-
ing ventrally below the head. The labial cartilages swing
rostrally to lie almost in a vertical orientation although
this is not well defined in these images. G: Right mid-
sagittal view showing the position of the ceratohyal and
basihyal and the palatoquadrate in the resting position.
H: Right mid-sagittal view with the mouth open and
palatoquadrate protruded, showing the caudoventral
excursion of the ceratohyal and basihyal. APQ, ascend-
ing process of palatoquadrate; BH, basihyal; CER, cera-
tohyal; DLC, dorsal labial cartilage; HMD, hyoman-
dibula; MC, mandibular cartilage; MLC, medial labial
cartilage; NC, nasal capsule; OT, otic capsule; PPQ,
palatine process of palatoquadrate; PQ, palatoquadrate;
SUST, sustentaculum; VLC, ventral labial cartilage.
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sule. Wrapping around the joint capsule, it
extends rostroventrally to attach to the dor-
solateral surface of the ceratohyal nearly at
its mid-length. Viewed medially, this liga-
ment lies in the angle of the ceratohyal.

Ligaments of the palatoquadratolabial
articulation

Palatoquadratolabial ligament (LPL; Figs.
1, 2). Arising on the mid-lateral surface of
the palatoquadrate, this ligament extends
rostrodorsally along the surface of the pala-
toquadrate under the medially directed pro-
cess of the medial labial cartilage. Rostral to
this, some fibers of the cranial tendon of the
deep head of the posterior division of the
preorbitalis merge with it. The LPL then
continues rostrally and some of the fibers
attach to the ventromedial surface of the
nasal capsule, while the remaining fibers
cross over the dorsal labial cartilage, span

the rostral surface of the palatoquadrate,
and merge with the fibers of its contralateral
counterpart.

Ligaments of the ceratohyobasihyal
articulation

Ceratohyobasihyal ligament (CBL; Fig. 5).
This thin, short ligament arises from the

rostrolateral edge of the distal ceratohyal.
Lying deep to CPTS, it extends rostrally to
attach to the rostrolateral edge of the ven-
tral surface of the basihyal.

Head musculature
Muscles of the mandibular muscle plate

Levator palatoquadratii (LP; Fig. 10).
This muscle lies deep to the orbit and is a

compound muscle composed of the levator
palatoquadrati proper and the first dorsal
constrictor, the spiracularis (Table 2). Both
muscles lie almost in the frontal plane. The

Figure 6 (Continued)
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spiracularis has a muscular and tendinous
origin from the otic capsule caudoventral to
the postorbital process. Its fibers run ros-
trally to insert by a large tendon on the
ascending process of the palatoquadrate. The
levator palatoquadratii originates on the otic
capsule ventral to the base of the postorbital
process, immediately rostromedial to the ori-
gin of the spiracularis. Its fibers course ros-
trolaterally to insert by a muscular insertion
deep to the inner quadratomandibular liga-
ment (LQI) on the ventromedial edge of the
ascending process of the palatoquadrate.

Adductor mandibulae complex. This is
considered by Lightoller (’39) to be a func-
tional complex comprised of the preorbitalis
and quadratomandibularis muscles.

Preorbitalis. This muscle is divided into
‘‘anterior’’ and ‘‘posterior’’ divisions (Moss,
’65), with the posterior division again being
distinctly divided into two heads. The ante-
rior division of the preorbitalis (POAD; Figs.
1, 11) originates on the ventral rim of the
mandible, partially overlying the insertion
of the rostral quadratomandibularis divi-

sion (QM1). The rostral portion has a tendi-
nous connection to the caudal surface of the
ventral labial cartilage and the labial fold
(Fig. 1). The majority of this division courses
dorsally to merge with the insertional ten-
don of the deep head of the posterior division
of the preorbitalis. This common tendon lies
caudal to the palatoquadratomandibular con-
nective tissue sheath that spans the angle of
the mouth and forms the labial folds.

The superficial head of the posterior divi-
sion of the preorbitalis (POSPD; Figs. 12, 13)
originates on the dorsal surface of the neuro-
cranium from the anterior fontanelle to the
parietal fossa, on the rostral edge of the
epaxialis, and on the dorsal surface of the
proximal postorbital process. Some fibers
from the deep head merge with fibers of the
superficial head as it descends over the mar-
gin of the palatoquadrate. The superficial
head inserts by a large thick tendon on the
craniolateral edge of the ventral rim of the
mandible (POSPDi; Fig. 1).

The deep head of the posterior division of
the preorbitalis (PODPD; Fig. 1) is deep to

Fig. 7. Craniolateral view of a 98-cm TL male Ginglymostoma cirratum suction feeding on a
piece of fish. Labial folds and palatoquadratomandibular connective tissue sheath are laterally
occluding the rostrally directed gape. Grid in front of shark indicates 1-cm squares. LF, labial
fold; PMTS, palatoquadratomandibular connective tissue sheath.
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the superficial head of the posterior division
of the preorbitalis. It originates on the antor-
bital wall, the antorbital shelf, and the ros-
tromedial edge of the postorbital process.
The fibers course rostrolaterally to pass over
the ascending process of the palatoquadrate,

where it splits into two long tendons. The
lateral tendon passes ventrally to merge with
the insertional tendon of the anterior divi-
sion of the preorbitalis. The cranial tendon
passes over the dorsal margin of the palato-
quadrate, coursing rostrally along its outer

Fig. 8. Dorsal view of the chondrocranium, mandibu-
lar, hyoid, and branchial arches and pectoral girdle with
pectoral fin of a 79-cm TL male Ginglymostoma cirra-
tum with the skin and muscles removed and the right
postorbital process removed. Ligaments are indicated.
CER, ceratohyal; CPTS, chondrocraniopalatoquadrate
connective tissue sheath; EB, extrabranchial cartilage;
ES, extra-septalia; HMD, hyomandibula; LCPP, chondro-
craniopalatoquadrate ligament (covered by postorbital

process on left side); LHCM, hyomandibuloceratohyo-
mandibular ligament; LHMM, medial hyoidiomandibu-
lar ligament; LPC, palatoquadratoceratohyal ligament;
LPS, palatoquadrate sheath ligament; MLC, medial la-
bial cartilage; NC, nasal capsule; OT, otic capsule; PB,
pharyngobranchial; PQ, palatoquadrate; PT, postorbital
process; SC, scapular cartilage; SOC, supraorbital crest;
VC, vertebral column.
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surface with some fibers merging with the
LPL. The remaining fibers insert on the
juncture of the dorsal and medial labial car-
tilages.

Quadratomandibularis (QM; Figs. 11–13).
This is a complex of five divisions. A broad

tendon sheath covers the rostrolateral sur-
face of division 4 (QM4), and encases divi-
sion 2 (QM2), except for its caudal and me-

Fig. 9. Ventral view of the chondrocranium, hyoid
arch, branchial cartilages, and pectoral girdle of a 79-cm
TL male Ginglymostoma cirratum with the MHTS
removed. BB, basibranchial; BH, basihyal; CB, cerato-
branchial; CER, ceratohyal; COR, coracoid; DLC, dorsal
labial cartilage; EB, extrabranchial cartilage; ES, extra-
septalia; FK, fibrous knob; FM, floor of mouth; HB1, first

hypobranchial; HB2, second hypobranchial; LHM, hyoid-
iomandibular ligament; LHMM, medial hyoidiomandibu-
lar ligament; LKL, knob-labium ligament; MC, mandibu-
lar cartilage; MLC, medial labial cartilage; NC, nasal
capsule; PQ, palatoquadrate; RO, rostral cartilage; SC,
scapular cartilage; VLC, ventral labial cartilage.

Fig. 10. Deep dorsal view of the left chondrocra-
nium, mandibular and hyoid arch of a 123-cm TL male
Ginglymostoma cirratum. The orbit and postorbital pro-
cess is removed to expose the levator palatoquadrati and
spiracularis muscles. APQ, ascending process of palato-
quadrate; CER, ceratohyal; DLC, dorsal labial cartilage;
EP, epaxialis; HMD, hyomandibula; LCPP, chondrocra-
niopalatoquadrate ligament; LP, levator palatoquadrati;
MLC, medial labial cartilage; NC, nasal capsule; OT,
otic capsule; SOC, supraorbital crest; SP, spiracularis.
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TABLE 2. Synonymies of muscles described for Ginglymostoma cirratum and Negaprion brevirostris (Motta and Wilga, ’95)

Muscle

Vetter
(1874,
1878)

Luther
(’09)

Allis
(’17, ’23)

Daniel
(’34)

Edgeworth
(’35)

Lightoller
(’39)

Marinelli
& Strenger

(’59)
Moss

(’72, ’77)
Nobiling

(’77)
Compagno

(’88)

Levator pala-
toquadrati

L. maxillae
superioris

X L. maxillae
superioris

L. maxillae
superioris

X 1st levator X X, L. max-
illae

X X

Spiracularis C.S. dorsalis X, L. palpe-
brae nicti-
tanis

nictitator spiracularis,
L. palpe-
brae nicti-
tanis

pars cranio-
maxillaris

X 1st dorsal C. X L. palpebrae
nictitans

Preorbitalis L. labii supe-
rioris

X L. labii supe-
rioris

L. labii supe-
rioris

suborbitalis X X X, intrinsic
labial

X X, L. labii
superioris

Quadrato-
mandibu-
laris

adductor
man-
dibulae

adductor
man-
dibulae

adductor
man-
dibulae

adductor
man-
dibulae

adductor
man-
dibulae

X adductor
man-
dibulae

X adductor
man-
dibulae

X, adductor
man-
dibulae

Interman-
dibularis

C.S. ventralis X X 1st ventral C. X X, arcuata
mandibu-
laris

X, C. pro-
fundus
ventralis
VII

X X, C. ven-
tralis

Levator hyo-
mandibu-
laris

2nd C.S. dor-
salis

X X, L. hyoi-
deus

X, 2nd dorsal
C.

X, 2nd dorsal
C.

L. hyo-man-
dibulae
5 2nd

levator
1 pars epi-
hyoidea

X, L. hyoi-
deus

X X

Constrictor
hyoideus
dorsalis

2nd C.S. dor-
salis

C. dorsalis 2nd C.S. dor-
salis

2nd dorsal C. X inscription-
alis dorsal

C.S. dorsalis dorsal C. C. dorsalis

Constrictor
hyoideus
ventralis

2nd C.S. ven-
tralis

C. ventralis 2nd C.S. ven-
tralis

2nd ventral C. X inscription-
alis ven-
tralis

C.S. ventralis ventral C. C. hyoman-
dibularis

Interhyoi-
deus

C.S. ventralis X 2nd ventral C. C. hyoideus
ventralis

interhyoidea C. profundus
ventralis V

X C. hyoman-
dibularis

Cucullaris trapezius trapezius trapezius X, trapezius cucullaris L. scapulae trapezius X
Coracobran-

chiales
X X X X X X

Coracoarcua-
lis

coracoarcua-
lis com-
munis

coracoarcua-
lis com-
munis

X, arcus com-
munes

rectus cer-
vicus

coracoarcua-
lis com-
munis

Coracoman-
dibularis

X X X X, geniocora-
coideus

geniocora-
coideus

X X X

Coracohyoi-
deus

X X X, rectus cer-
vicis

rectus cer-
vicus

X X

Epaxialis dorsal spi-
nale

dorsal bundle dorsal spinal dorsal longi-
tudinal
bundle

parietalis
parepax-
onica

X X

Abbreviations: C., constrictor; L., levator; S., superficialis. X denotes the same nomenclature used in this work and that of Motta and Wilga (’95).



dial surfaces. A rostral deep extension of the
sheath turns caudomedially to separate QM2
and QM5. The tendon sheath continues ros-
tromedially, deep to divisions 1 and 3, to
insert on the lateral surface of the palato-
quadrate on and ventral to the ascending
process. A slip of this sheath extends ven-
trally to separate QM1 and QM3. The broad

sheath has several tendinous connections to
the overlying skin.

The most rostral division (QM1) origi-
nates on the dorsal surface of the palatoquad-
rate caudal to the ascending process. The
fibers run ventrally, wrapping around QM2,
to insert by muscular and tendinous connec-
tions on the ventral ridge of the mandible,

Fig. 11. Ventral view of the head of a 97-cm TL male
Ginglymostoma cirratum with the skin removed and
muscle fiber direction indicated. The intermandibularis
and ventral superficial branchial constrictor is cut on
both sides to expose deeper muscles. The coracomandibu-
laris is removed on the right side, exposing the deeper
coracohyoideus. Branchial constrictors are removed on
the right side to expose the cartilaginous extra-septalia.
CC, coracoarcualis; CH, coracohyoideus; CHV, constric-

tor hyoideus ventralis; CM, coracomandibularis; COR,
coracoid; ES, extra-septalia; HYP, hypaxialis; IMD, inter-
mandibularis; LF, labial folds; LKL, knob-labium liga-
ment; MC, mandibular cartilage; NC, nasal capsule;
POAD, anterior division of preorbitalis; PQ, palatoquad-
rate; QM1, quadratomandibularis division 1; QM3,
quadratomandibularis division 3; QM4, quadratoman-
dibularis division 4; RO, rostral cartilage; VSBC, ven-
tral superficial branchial constrictor.
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caudal to the insertion of the superficial
head of the posterior division of the preorbi-
talis. The ventromedial portion is attached to
the tendon sheath separating QM1 and QM3.

The second division (QM2), a bipinnate
muscle with its apex pointing ventrally, lies
between QM1 and QM4. It originates on the
broad tendon sheath and the caudolateral
surface of the palatoquadrate. It inserts by a
broad tendon and a muscular insertion on
the lateral rim of the sustentaculum.

The third division (QM3) is a triangular
muscle lying between QM1 and QM4, with
its apex oriented dorsally. It originates by a
muscular and tendinous connection on the
caudal portion of the mandibular lateral
ridge. Its fibers extend dorsally to insert on
the broad tendon sheath that in turn inserts
on the lateral surface of the palatoquadrate.
The rostral portion is attached to the tendon
sheath separating QM1 and QM3.

QM4 is the most caudal division of the
quadratomandibularis and overlies the sus-

tentaculum, hyomandibula, and ceratohyal.
Its dorsal origin is by a long tendon that is
fused to the medial hyoidiomandibular liga-
ment (LHMM) (which in turn is attached to
the chondrocranium). A small portion origi-
nates from the caudolateral surface of the
ceratohyal. Its ventral portion inserts by
many small tendons to the caudolateral sur-
face of the sustentaculum. The fibers run
rostrally to insert on the broad tendon sheath
that inserts on the lateral surface of the
palatoquadrate.

The triangular-shaped deep division (QM5,
not illustrated) lies within the mandibular
fossa. It originates on the ventrolateral sur-
face of the palatoquadrate, ventral to the
ascending process, and on the deep exten-
sion of the broad tendon sheath. The fibers
run ventrally, fanning out to insert on the
dorsal surface on the mandibular ridge, the
lateral surface of the mandible, and the ros-
tral surface of the sustentaculum.

Fig. 12. Left lateral view of the head of a 97-cm TL
male Ginglymostoma cirratum with the skin removed
and the muscle fiber direction indicated. Myosepta of
the epaxialis are indicated without fiber direction. AP,
aponeurosis over QM2 and QM4; CHD, constrictor hyoi-
deus dorsalis; CHV, constrictor hyoideus ventralis; DLC,
dorsal labial cartilage; DSBC, dorsal superficial bran-
chial constrictor; EP, epaxialis; HYP, hypaxialis; LH,

levator hyomandibularis; NC, nasal capsule; POSPD,
superficial head of posterior division of preorbitalis;
QM1, quadratomandibularis division 1; QM2, quadrato-
mandibularis division 2; QM3, quadratomandibularis
division 3; QM4, quadratomandibularis division 4; RO,
rostral cartilage; S, spiracle; VLC, ventral labial carti-
lage.
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Intermandibularis (IMD; Figs. 11, 14).
This originates on the entire ventral rim of
the mandible and fascia of the adjacent ad-
ductor mandibulae. The rostral-most fibers
extend directly to the opposite mandible with
no intervening aponeurosis. The remaining

fibers extend caudomedially, inserting on a
central aponeurosis that overlies the coraco-
mandibularis and extends as far caudally as
the rostral process of the coracoid bar. The
caudal two-thirds of the intermandibularis
overlies the interhyoideus.

Fig. 13. Dorsal view of the head of a 97-cm TL male
Ginglymostoma cirratum with the skin removed and
muscle fiber direction indicated. Myosepta of the epaxi-
alis are indicated without fiber direction. CHD, constric-
tor hyoideus dorsalis; CU, cucullaris; DSBC, dorsal su-
perficial branchial constrictor; EP, epaxialis; LH, levator

hyomandibularis; NC, nasal capsule; NEU, neurocra-
nium; POSPD, superficial head of posterior division of
preorbitalis; PT, postorbital process; QM1, quadratoman-
dibularis division 1; QM2, quadratomandibularis divi-
sion 2; QM4, quadratomandibularis division 4; RO, ros-
tral cartilage.
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Muscles of the hyoid muscle plate
Levator hyomandibularis (LH; Figs. 12,

13). Originating on the sphenopterotic
ridge and on the lateral edge of the epaxialis
from the caudal portion of the orbital pro-
cess to the constrictor hyoideus dorsalis, this
muscle inserts on the dorsal and caudodor-
sal surfaces of the hyomandibula. This
muscle is not arranged into superficial and
deep heads as in Negaprion brevirostris
(Motta and Wilga, ’95).

Constrictor hyoideus dorsalis (CHD; Figs.
12, 13). This muscle originates on the dor-
solateral epaxialis fascia, underlying the LH
rostrally. The caudal margin is formed by
the first dorsal superficial branchial constric-
tor and the first branchial cleft. Ventrally, its
fibers merge with those of the constrictor
hyoideus ventralis. The small spiracle passes
through its most rostral margin in the angle
formed by QM4 and LH.

Constrictor hyoideus ventralis (CHV; Figs.
11, 12). Its fibers originate on the fascia
overlying the coracoarcualis and the myosep-

tum of the ventral portion of the first bran-
chial arch. Rostrally it abuts the caudal mar-
gin of the intermandibularis and the
interhyoideus. Its fibers continue dorsally to
merge with those of the constrictor hyoideus
dorsalis.

Interhyoideus (not illustrated). This
muscle is thicker than the intermandibu-
laris and lies deep to the caudal two-thirds
of the intermandibularis. The interhyoideus
originates on the ventral surface of the proxi-
mal portion of the ceratohyal. The fibers
extend from slightly rostromedial at its ros-
tral end to caudomedial at its caudal end,
fanning out to insert on the aponeurosis
overlying the coracomandibularis.

Muscles of the branchial muscle plate
Cucullaris (CU; Fig. 13). This origi-

nates on the fascia of the lateral surface of
the epaxialis and from the scapular process
to the otic capsule of the chondrocranium.
This muscle is small and thin rostral to the
fourth branchial arch, then thickens and

Fig. 14. Sagittal view of the hypobranchial muscles
of a 75-cm TL female Ginglymostoma cirratum. The
view, which is slightly off mid-sagittal, exposes the 1st

and 2nd coracobranchiales; the 3rd, 4th, and 5th fan out
laterally and are not visible. The thin intermandibularis
is deep to the integument only at the rostral end of the
coracomandibularis; the interhyoideus is joined by an
aponeurosis in the mid-sagittal region and is therefore

not visible. AB, afferent branchial arteries; AT, atrium;
BB, basibranchial; BH, hasihyal; CBR1, first coracobran-
chialis; CBR2, second coracobranchialis; CC, coracoar-
cualis; CH, coracohyoideus; CM, coracomandibularis;
COR, coracoid; HB2,3,4, second, third, fourth hypobran-
chial; HYP, hypaxialis; IMD, intermandibularis; MC,
mandibular cartilage; PER, pericardium; VEN, ven-
tricle.
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fans out to insert on the cranial surface of
the scapular process. A small slip separates
from the bulk of the muscle to insert on the
dorsal surface of the fifth epibranchial carti-
lage.

Coracobranchiales (CBR; Fig. 14). There
are five of these muscles. The first coraco-
branchialis is the largest and is fusiform in
shape. It originates from the fascia of the
rostrodorsal surface of the coracoarcualis and
extends rostrally to insert by a tendon on the
medial end of the first hypobranchial (Figs.
5, 9). The modified first hypobranchial at-
taches by ligaments to the caudal end of the
basihyal near the basihyoceratohyal joint,
the caudomedial surface of the ceratohyal,
and the rostromedial end of the first cerato-
branchial.

The second, third, and fourth coracobran-
chiales are thin sheet-like muscles, with the
two contralateral sides separated by the ven-
tral aorta rostrally and the pericardium cau-
dally. The second coracobranchialis origi-
nates on the ventral surface of the rostral
portion of the coracoarcualis. The fibers run
rostromedially to insert on the caudal sur-
face of the second hypobranchial, the medial
surface of the second ceratobranchial, and
by a lateral tendon to the ventral surface of
the third ceratobranchial at the base of the
extrabranchial cartilage (Figs. 9, 14). The
third coracobranchialis originates on the ven-
tral surface of the rostral coracoarcualis.
The fibers course rostromedially to insert on
the caudal surface of the third hypobran-
chial, the caudomedial surface of the third
ceratobranchial, and by a lateral tendon to
the ventral surface of the fourth ceratobran-
chial at the base of the extrabranchial carti-
lage. The fourth coracobranchialis origi-
nates on the caudodorsal surface of the
coracoarcualis, the lateral fibrous pericar-
dium, and on the craniolateral surface of the
coracoid bar dorsal to the origin of the cora-
coarcualis. Its caudal-most fibers run rostro-
medially, narrowing to a fibromuscular neck
over the fifth ceratobranchial, then course
rostrally to insert on the caudal surface of
the fourth hypobranchial, the caudomedial
surface of the fourth ceratobranchial, and by
a tendon to the ventral surface of the fifth
ceratobranchial.

The fifth coracobranchialis lies dorsal to
the caudal portion of the fourth coracobran-
chialis. This muscle has a broad origin on
the lateral walls of the fibrous pericardium
and the coracoid bar dorsal to the origin of

the fourth coracobranchialis. It runs rostro-
medially to insert on the ventromedial por-
tion of the fifth ceratobranchial.

Muscles of the hypobranchial muscle plate
Coracoarcualis (CC; Figs. 11, 14). This

originates on the lateral surface of the cora-
coid process, the lateral fibrous pericardium,
the cranial surface of the coracoid bar, and
the myoseptum separating the cranial edge
of the hypaxialis from the coracoarcualis.
The muscle extends rostrally to insert at an
acute angle on the fascia of the caudal half of
the dorsal surface of the coracohyoideus.
This muscle is comprised of nine myomeres,
with caudodorsally to rostroventrally ori-
ented myosepta throughout its length, and
one horizontally oriented dorsal myomere.

Coracomandibularis (CM; Figs. 11, 14).
This unpaired muscle lies deep to the inter-

hyoideus and intermandibularis and super-
ficial to the coracohyoideus and coracoarcua-
lis. The coracomandibularis originates on
the cranial surface of the coracoid process
and the cranioventral surface of the fibrous
pericardium. This caudal portion of the cora-
comandibularis lies in a V-shaped groove
formed by the rostral coracoarcualis and the
caudal coracohyoideus. The fibers then ex-
tend rostrally and split to form a tendinous
insertion on the mandible lateral to the man-
dibular symphysis and dorsal to the rostral
edge of the intermandibularis.

Coracohyoideus (CH; Figs. 11, 14). This
paired muscle originates on the ventral sur-
face of the rostral half of the coracoarcualis
at an acute angle. Extending rostrally, the
right and left muscles fuse at its mid-length.
The muscle inserts on the ventromedial sur-
face of the ceratohyobasihyal joint and the
caudal and ventral surfaces of the basihyal
by means of a broad muscular insertion and
a thick ventral tendon sheath. Some of the
tendons of insertion cross to the contralat-
eral side.

Axial muscle
Epaxialis (EP; Figs. 12, 13). This group

inserts on the dorsal surface of the otic cap-
sule. The cranial margin is the rostral edge
of the postorbital process and the caudal
portion of the supraorbital crest, the lateral
margin is the sphenopterotic ridge, and its
medial margin is the parietal fossa.
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DISCUSSION
Suspensorium and jaw kinesis

The palatoquadrate cartilages of Gingly-
mostoma cirratum articulate indirectly with
the chondrocranium caudally through the
hyomandibulae, and directly by means of
the ethmoorbital articulations rostrally (Mai-
sey, ’80; Compagno, ’88; Motta and Wilga,
’95). The ethmoorbital articulation consists
in part of the ethmopalatine joint, in which
the small, orbital process of the palatoquad-
rate is bound to the ethmoid region of the
chondrocranium by a short, thin ethmopala-
tine ligament. The orbital process articu-
lates with a groove formed by the lateral
edge of the antorbital shelf. The type of
orbital process and the bracing of the palato-
quadrate against the cranium in G. cirra-
tum appears to be a derived character shared
with the heterodontoids (Compagno, ’77, ’88).
Furthermore, in the closed, retracted posi-
tion the palatine process of the palatoquad-
rate rests against the ventral surfaces of the
nasal capsule and the ascending process of
the palatoquadrate rests against the rostro-
dorsal end of the suborbital shelf (see also
Compagno, ’73). When the jaw is maximally
open and the palatoquadrate protrudes, the
orbital process of the palatoquadrate glides
in the groove formed by the lateral edge of
the antorbital shelf such that the palatoquad-
rate moves away from its support on the
neurocranium rostrally. Together, the ethmo-
palatine ligament and the chondrocranio-
palatoquadrate connective tissue sheath per-
mit only slight rostroventral protrusion of
the palatoquadrate.

The caudal jaw articulation of Ginglymos-
toma cirratum is stabilized by short and
stout hyomandibulae (Moss, ’77), a complex
series of ligaments, and indirectly by the
skin and muscles. The hyomandibulochon-
drocranial joint is composed of rostral and
caudal condyles that sit in approximately
ellipsoidal sockets. This prevents twisting of
the hyomandibulae about their longitudinal
axes, yet allows the hyomandibulae to pivot
rostroventrally. Distally, the hyomandibulae
have a diarthrodial articulation with a shal-
low socket on the mandibular knob and a
fibrous joint with the proximal ceratohyal.
The hyomandibulomandibuloceratohyal
union is tightly bound by numerous liga-
ments, including the thick medial hyoidiom-
andibular ligament (LHMM) that courses
from the chondrocranium and hyoman-

dibula, wrapping around the proximal cera-
tohyal to insert on the mandible.

As the mandible depresses and the palato-
quadrate protrudes slightly, the distal end of
the hyomandibula pivots ventrally and
slightly rostrally, the distal end of the cerato-
hyal pivots caudoventrally, and the basihyal
moves from its rostral position just caudal to
the mandibular symphysis to a more caudo-
ventral position. Consequently, the floor of
the mouth is depressed, increasing the buc-
cal volume. We did not detect any noticeable
change in the angle formed by the mandibles
during maximum jaw opening (during
manual manipulation) as reported for Orec-
tolobus maculatus by Wu (’94). He proposed
a method of jaw protrusion in orectolobiform
sharks involving lateral compression of the
jaw joints by means of the interhyoideus.
This is hypothesized to squeeze the palato-
quadrate cartilages together, as well as the
mandibular cartilages, effectively increas-
ing their length as their angles become more
acute. Moss (’65, ’77) previously proposed a
mechanism of palatoquadrate protrusion in
Ginglymostoma cirratum involving contrac-
tion of the quadratomandibularis muscle as
well as the anterior division of the preorbit-
alis, such that the palatoquadrate is pulled
ventrally towards the abducted mandible.
Electromyographic and kinematic experi-
ments should, therefore, reveal contraction
of the interhyoideus coincident with palato-
quadrate protrusion, along with a signifi-
cant decrease in the angle subtended by the
mandibular cartilages according to Wu’s (’94)
model, whereas, according to Moss (’77), pro-
trusion would be coincident with contraction
of the preorbitalis anterior and the quadrato-
mandibularis (but see Preorbitalis, below).
In the latter case, the interhyoideus would
most likely be active after the initiation of
palatoquadrate protrusion, perhaps during
the compressive phase when the mandible is
being adducted, as occurs during the com-
pressive phase of respiration in the dogfish,
Scyliorhinus canicula (Hughes and Ball-
intijn, ’65). In addition, there should be mini-
mal change in the angle subtended by the
mandibular cartilages. Verification of this
awaits our electromyographic and kine-
matic analyses.

Ginglymostoma cirratum has a double ar-
ticulation of the quadratomandibular joint,
characteristic of cladodont level sharks
(Schaeffer, ’67). Cladodont level sharks had
extensive bracing of the palatoquadrate on
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the neurocranium, yet also had a double
quadratomandibular joint, although it is not
clear as to the extent of stability conferred
by the joint (Schaeffer, ’67; Moy-Thomas and
Miles, ’71). In G. cirratum, the lateral
quadratomandibular joint lies in a frontal
plane. This joint is ellipsoidal, such that it
resists lateral movement between the man-
dible and the palatoquadrate. The medial
quadratomandibular joint lies rostromedial
to the latter joint and lies in the sagittal
plane, further restricting lateral displace-
ment of the jaws. The medial quadratoman-
dibular joint is similar to a gliding joint in
having a shallow fossa in the palatoquad-
rate and a small, circular condyle on the
mandible. Similar to Negaprion brevirostris
(Motta and Wilga, ’95), this joint, along with
numerous ligaments such as the inner
quadratomandibular ligament (LQI), stabi-
lize the mandible on the palatoquadrate.

Musculature
The musculature of numerous sharks has

been described (reviewed by Motta and
Wilga, ’95), with descriptions of orectolobi-
form muscles by Denison (’37), Lightoller
(’39), Moss (’65, ’77), Gilbert (’70), and Wu
(’94). Two muscle groups require further dis-
cussion.

Preorbitalis
Ginglymostoma cirratum has a single pre-

orbitalis similar to other orectolobiform
sharks (Lightoller, ’39; Compagno, ’73, ’88).
The muscle is divided into anterior and pos-
terior divisions (Moss, ’65). The broad origin
of the posterior division on the dorsal sur-
face of the neurocranium, and the origin of
the anterior division on the mandible rostral
to the quadratomandibularis, is considered
a derived condition (Compagno, ’88; deCar-
valho, ’96; Shirai, ’92, ’96). Moss (’65, ’77)
described an insertion of the anterior divi-
sion of the preorbitalis onto the palatoquad-
rate in G. cirratum, a finding we could not
substantiate. We believe this insertion is
unlikely, as this is a derived condition found
only in carcharhiniform sharks. In carcha-
rhiniform sharks the preorbitalis is divided
into a preorbitalis dorsal and ventral. The
dorsal preorbitalis originates from the
quadratomandibularis in common with the
ventral division, but extends horizontally
and rostrally to insert on the palatoquadrate
rather than the nasal region (Moss, ’72; Com-
pagno, ’88; Motta and Wilga, ’95). Contrac-

tion of the dorsal and ventral preorbitalis in
carcharhinid sharks is involved with protru-
sion of the palatoquadrate (Motta et al., ’97).

In Ginglymostoma cirratum, the anterior
division of the preorbitalis inserts on the
ventral labial cartilage, labial fold, and
merges with the insertional tendon of the
deep head of the posterior division of the
preorbitalis. The deep head of the posterior
division of the preorbitalis also partially in-
serts on the dorsal and medial labial carti-
lages. Therefore, it appears that contraction
of the preorbitalis in G. cirratum may not
assist palatoquadrate protrusion as sug-
gested by Moss (’77) and Wu (’94); rather, it
may contribute to closure of the jaws during
crushing of its hard prey, as it does in the
batoid guitarfish Rhinobatos lentiginosus
(Bell and Nichols, ’21; Gudger, ’21; Bigelow
and Schroeder, ’48; Castro, ’83; Compagno,
’84; Wilga and Motta, ’98b), and perhaps
retraction of the labial cartilages as the
mouth is closing. A vertically oriented preor-
bitalis is shared by orectolobiform and heter-
odontiform sharks, in contrast to carcha-
rhiniform, lamniform, and squaliform
sharks, in which it is horizontally oriented
(Luther, ’09; Edgeworth, ’35; Compagno, ’88;
Shirai, ’96).

Levator palatoquadrati and spiracularis
The levator palatoquadrati and spiracu-

laris (first dorsal constrictor) are distinct
muscles that lie deep to the orbital region in
Ginglymostoma cirratum. This agrees with
Lightoller (’39), Compagno (’88), and Shirai
(’96), who found the spiracularis to be sepa-
rate from the levator palatoquadrati in Orec-
tolobus, but differs with deCarvalho (’96),
who states that orectolobiforms have a spi-
racularis not separated from the levator pala-
toquadrati.

The small and localized origin of the leva-
tor palatoquadrati in the region of the post-
orbital process in Ginglymostoma cirratum
is believed to reflect the ancestral condition
(Nakaya, ’75). Unlike the vertically oriented
ancestral condition in which it inserts onto
the mid-dorsal surface of the palatoquad-
rate, such as in the spiny dogfish Squalus
acanthias (Nakaya, ’75; Wilga and Motta,
’98a), the levator palatoquadrati in G. cirra-
tum extends rostrally to insert onto the ros-
trodorsal surface of the palatoquadrate, re-
sulting in the horizontal orientation of the
muscle. In contrast, the levator palatoqua-
drati of Negaprion brevirostris, as in most
carcharhinids, originates from the orbit of
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the preorbital wall, across the supraorbital
region to the postorbital process, and ex-
tends caudally to insert on the mid-dorsal
region of the palatoquadrate (Motta and
Wilga, ’95). As such, the obliquely oriented
levator palatoquadrati, along with the preor-
bitalis, assists palatoquadrate protrusion by
pulling the palatoquadrate rostrodorsally
(Motta et al., ’97). Due to the caudal origin
and rostral insertion of the levator palato-
quadrati (and spiracularis) in G. cirratum,
its contraction can only result in retraction
of the palatoquadrate, and we suspect it
contracts during the recovery phase of jaw
kinematics during feeding.

Functional modifications for suction feeding
Specialization for capturing prey by suc-

tion has repeatedly arisen in numerous elas-
mobranch taxa. Within the orectolobiforms,
suction feeding is the dominant form of prey
capture (Tanaka, ’73; Russo, ’75; Talent, ’76;
Moss, ’77; Tricas, ’82; Castro, ’83; Com-
pagno, ’84, ’90; Strong, ’89; Fouts, ’94; Wu,
’94; Clark and Nelson, ’97; Wilga and Motta,
’98a). The nurse shark, Ginglymostoma cir-
ratum is a benthic feeder that locates its
prey primarily by olfactory and gustatory
gradient searching or klinotaxis (Gilbert, ’70;
Hodgson and Mathewson, ’71). Its prey of
benthic invertebrates and small fish (Bell
and Nichols, ’21; Gudger, ’21; Bigelow and
Schroeder, ’48; Castro, ’83; Compagno, ’84) is
either transported directly into the pharynx
during the suction capture, or crushed by
the teeth after the initial suction capture.
The suction capture may be so powerful as to
dismember portions of the prey (personal
observation).

Morphological specializations for suction
feeding in this species include apparently
hypertrophied depressor muscles of the hy-
oid and branchial arches when compared to
carcharhinid sharks (Moss, ’65, ’77), notably
the coracohyoideus and coracobranchiales,
small mouth with well-developed labial car-
tilages that laterally enclose the mouth, teeth
reduced in size, and generation of large sub-
ambient suction pressures (Bigelow and
Schroeder, ’48; Compagno, ’73; Tanaka, ’73;
Moss, ’77; Dingerkus, ’86; Wu, ’94). In addi-
tion, the mouth is close to the tip of the snout
(Bigelow and Schroeder, ’48) and function-
ally terminal when maximally open, a de-
rived character of orectoloboids (Compagno,
’88). Although we did not quantify hypertro-
phy of the depressor muscles (Moss, ’65, ’77),
the coracohyoideus and first coracobranchia-
lis appear hypertrophied as compared to

Negaprion brevirostris, a ram-feeding car-
charhinid shark (Motta and Wilga, ’95; Motta
et al., ’97).

Advanced teleosts specialized for suction
prey capture show convergence in many of
these characters, including small or no teeth
that do not interfere with water inflow into
the mouth, rapid buccal expansion, and a
protrusible upper jaw that creates a small,
terminal, and laterally enclosed mouth (Al-
exander, ’74; Lauder, ’79, ’85; Liem, ’80, ’93;
Motta, ’84, ’85, ’88; Muller and Osse, ’84).
Formation of a circular, laterally enclosed
orifice during suction capture is important
for directing the streamlines cranially (Alex-
ander, ’74; Lauder, ’79, ’85; Muller et al., ’82;
Muller and Osse, ’84).

During prey capture, the mouth of Gingly-
mostoma cirratum forms a somewhat round,
laterally enclosed aperture. This is primar-
ily due to the three prominent labial carti-
lages that border the rostrolateral margins
of the mouth, and less to palatoquadrate
protrusion. During maximum jaw opening
the ligamentous connections of the dorsal
and ventral labial cartilages to the palato-
quadrate and mandible respectively, and
their connections to the medial labial carti-
lage result in the labial cartilages swinging
into an almost vertical orientation. Together
with the PMTS, they laterally occlude the
mouth. Occlusion of the lateral sides of the
gape by the labial cartilages also occurs in
the suction feeding dogfish, Squalus acan-
thias, and leopard shark, Triakis semifas-
ciata (Ferry-Graham, ’98a; Wilga and Motta,
’98a). In. G. cirratum, a medially directed
process of the medial labial cartilage abuts
the palatoquadrate, holding the labial carti-
lages away from the jaws. This mechanical
stay may be important in bracing the labial
cartilages during the powerful subambient
suction forces, preventing their collapse into
the oral aperture.

Moss (’65, ’77) reported a prominent intrin-
sic muscle of the labial cartilages, passing
from the caudal face of the ventral cartilage
to the caudal face of the medial cartilage.
This muscle supposedly extends the labial
cartilages, producing the almost tubular
mouth opening. Repeated dissection, even of
large adult (252 cm TL) Ginglymostoma cir-
ratum, failed to discern this muscle. We be-
lieve Moss’ intrinsic labial muscle is part of
the anterior division of the preorbitalis (see
Preorbitalis). Rostral pivoting of the labial
cartilages in G. cirratum may be mechani-
cally linked to depression of the mandible by
their ligamentous connections.
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