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This is the first in a planned series of studies in which we examine the cranial muscle ontogeny of exemplar taxa of
actinopterygian clades to obtain a better understanding of the evolution of the cranial musculoskeletal system within
the Actinopterygii. The Longnose Gar, Lepisosteus osseus, is a member of the basal actinopterygian family Lepisosteidae.

Juvenile and adult gars are highly derived and anatomical characters can easily be misinterpreted, which makes
a comparison with other taxa difficult. Highly complex adult structures such as the cranial skeleton and musculature
are organized more simply early in development, making comparisons and homology assessments easier. Established
methods such as clearing and double staining are widely used to study skeletal structures. However, methods to analyze

the ontogeny of soft tissues are scarce. To study the development of the cranial musculature of L. osseus, we used
a combination of 3D-reconstruction of soft tissue mCT scans and whole-mount antibody staining. The elongation of the
palatoquadrate and the dentary that form the long snout of gars begins late in ontogeny. However, the adductor
mandibulae complex, which separates from the mandibular muscle primordium initially as a single portion, does not

follow the extension of the palatoquadrate. We also show that the ceratomandibular ligament that attaches the
ceratohyal with the retroarticular process of the lower jaw is homologous with the mandibulohyoid ligament.

E
XTANT gars of the family Lepisosteidae are classified
in two genera, with four species in the genus
Lepisosteus (L. osseus, L. platostomus, L. oculatus,

L. platyrhinchus) and three in the genus Atractosteus
(A. tropicus, A. spatula, A. tristoechus). The gars of the genus
Lepisosteus are known from central North America, whereas
the gars of the genus Atractosteus are known from south-
eastern North America, Central America, and Cuba. All
species are restricted to freshwater, but Atractosteus spatula,
A. tristoechus (Cavin, 2010; Grande, 2010), and L. osseus
occasionally occur also in brackish and saltwater environ-
ments (Jenkins and Burkhead, 1993). The lepisosteids are
the remnants of the Ginglymodi, a morphologically diverse
actinopterygian division that includes three orders, the
Lepisosteiformes, {Semionotiformes, and {Macrosemii-
formes. Members of the Ginglymodi first appeared in the
fossil record in deposits of the Early Cretaceous ({Obaichthys,
{Dentilepisosteus), showing their maximum diversity in the
Late Cretaceous (Wiley, 1976; Grande, 2010).

Together with the halecomorph and teleostean fishes, the
Ginglymodi form the Neopterygii. The relationships among
the three major divisions within Neopterygii were broadly
debated until recently. The Ginglymodi were either consid-
ered to be the sister of the Halecostomi, a clade formed by
the halecomorph and teleostean fishes (Gardiner, 1960;
Patterson, 1973; Wiley, 1976; Rosen et al., 1981; Lauder and
Liem, 1983; Gardiner et al., 1996) or the sister group of
Halecomorphi to form the Holostei, which was considered
to be the sistergroup of Teleostei (Huxley, 1861; Goodrich,
1930; Romer, 1966; Jarvik, 1980; Grande, 2010). Molecular
phylogenetic studies have generally supported the Holostei
hypothesis (Normark et al., 1991; Olsen and McCune, 1991;
Lecointre et al., 1994, Inoue et al., 2003; Betancur-R. et al.,
2013). However, it was not until Grande (2010) defined
a new family of lepisosteiforms from the Cretaceous

({Obaichthyidae) that Holostei was morphologically
diagnosed based on synapomorphies and displaced the
hypothesis of Halecostomi as a monophyletic group.

Due to their basal phylogenetic position, gars have been of
special interest to scientists since the nineteenth century.
Certain aspects of gar morphology were either included in
more comprehensive studies to uncover major evolutionary
trends in vertebrate evolution (Gegenbaur, 1887; Sewertzoff,
1895; Luther, 1913; Schmalhausen, 1913; Kryzanovsky,
1927; Edgeworth, 1935; Jessen, 1972; Lauder, 1980a, 1980b;
Arratia and Schultze, 1991; Britz and Johnson, 2010) or were
the sole taxonomic focus of study; Veit (1907), Mayhew,
(1924) and Hammarberg (1937) investigated the skull, Long
and Ballard (2001) described the external development of the
Longnose Gar, and Kammerer et al. (2006) and Hilton et al.
(2014) described certain aspects of the jaws. The most
extensive treatises on Lepisosteiformes are those of Wiley
(1976) and Grande (2010), covering aspects of anatomy,
phylogeny, and biogeography of both fossil and extant
representatives. Despite the extensive literature on gars,
studies of soft tissue, such as muscles and nerves, are rare
(Gegenbaur, 1887; Luther, 1913; Lauder, 1980a), and Edge-
worth’s (1911, 1929, 1935) work on the cranial musculature
of vertebrates are the only studies of soft tissues of gars to
include an ontogenetic perspective.

Ontogenetic information has often provided a rich source
to uncover aspects of homology of complex anatomical
characters important for comparative morphology and
systematics of fishes (Hilton et al., 2015, in this volume),
especially in cases where species undergo drastic trans-
formational changes (Fig. 1). One reason for the lack of
ontogenetic studies of soft tissue was that it is not as
accessible as the skeleton, due to the lack of standard
methods (such as clearing and staining) that complements
the very detailed but cost- and labor-intensive histology.
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Fig. 1. Ontogenetic series of Lepisosteus osseus. The specimens are arranged in a developmental order rather than according to their actual size. The
diameter of the (A) egg is 4.5 mm and lengths of other specimens are as follows: (B) 2.6 mm NL; (C) 4.8 mm NL; (D) 5.6 mm NL; (E) 7.8 mm NL;
(F) 9.0 mm NL; (G) 13.2 mm NL; (H) 16.9 mm NL; (I) 16.3 mm SL; (J) 16.7 mm SL; (K) 18.6 mm SL; (L) 23.0 mm SL; (M) 34.0 mm SL.
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However, methods originally used in developmental biology
to study soft tissue have recently been used in comparative
morphological studies (e.g., immunohistochemical meth-
ods; Hernandez et al., 2002; Ericsson and Olsson, 2004;
Piekarski and Olsson, 2007; Staab and Hernandez, 2010; Uji
et al., 2010, 2013; Konstantinidis and Harris, 2011), and new
methods, such as mCT scanning, are becoming available
(Metscher, 2009a; Werneburg and Hertwig, 2009). In this
paper, we use a combination of immunohistochemistry, mCT
scanning and histology to analyze the ontogeny of the
mandibular and hyoid musculature of the Longnose Gar,
Lepisosteus osseus. The Longnose Gar, Lepisosteus osseus,
ranges from Montana to Quebec, south to Florida, and west
to northern Mexico. Longnose Gars inhabit slow moving
large rivers and lakes and are able to live in poorly
oxygenated waters due to their ability to inhale atmospheric
oxygen. In Virginia, spawning migration and aggregation to
preferred localities upriver occur from mid-May to mid-June
(McGrath et al., 2012). This is the first paper of a planned
series that will examine the ontogeny of the mandibular and
hyoid musculature of basal actinopterygian fishes to facili-
tate the homologization of individual muscle portions based
on their developmental origin.

MATERIALS AND METHODS

Specimens.—All specimens (eggs, larvae, juveniles; see Mate-
rial Examined) were collected from the Mattaponi River in
Virginia and preserved in 4% buffered paraformaldehyde at
4uC overnight and then transferred to 70% ethanol for long-
term storage. Specimens were examined and photographed
using a Zeiss Discovery V20 (Fig. 1). Some specimens at
selected stages were cleared and stained following Taylor
and Van Dyke (1985). Lengths were recorded as either
notochordal length (NL) or standard length (SL). Specimens
of similar developmental stage, which is often, but not
always, coherent with size, are described together in the
Results. The abbreviations in the subsections of the Results
indicate the method that is used (CT 5 computed tomog-
raphy, ABS 5 antibody staining, HIST 5 histology).

Specimen preparation and imaging.—For the micro-computed
tomographic scans (mCT), specimens were treated with
phosphotungstic acid following the procedure developed

by Metscher (2009a). Specimens were scanned with a X-radia
XCT scanner. Based on CT-image stacks of the gar heads, 3D-
reconstructions were made using Amira 5.2 (Visage Imaging,
Berlin, Germany).

Immunolabeling of the musculature followed a standard
protocol for the DAKO EnVision Flex system (Agilent
Technologies, Hamburg, Germany). Skeletal muscle tissue
was labeled with the monoclonal 12/101 primary antibody
(Developmental Studies Hybridoma Bank, University of
Iowa, Dept. of Biological Science, Iowa City, IA) and an
ALEXA 568 secondary antibody (Invitrogen, Thermo Fisher
Scientific Inc., Darmstadt, Germany). Images were taken
with a ZEISS LSM 510 controlled by the ZEISS software Zen
2009 and 2012. For histology, a NL 21.5 mm gar was
embedded in paraffin and sectioned in 8 mm transverse
sections with a HM360 Microm (Germany). The sections
were stained using the Heidenhain-Azan technique.

RESULTS

9.2 mm NL (CT); 6.0 mm NL (ABS); Figure 2.—The larvae are
comparable to the stage shown in Figure 1E. The yolk sac in
the two specimens is a large oval mass. The oral adhesive
disc has differentiated and appears to be functional in live
specimens. Larvae in this size range are generally passive but
start to swim in circles when disturbed. At this stage, skeletal
elements could be traced in neither the cleared-and-stained
material nor the CT scans. Two small, weakly stained
structures are present ventral to the eye (Fig. 2B). Although
we could not trace muscle fibers in these as we could in
more advanced stages, we interpret the smaller anterior
portion as the mandibular muscle and the larger portion as
the hyoid muscle primordium. The mandibular muscle
primordium is triangular in shape and located just ventral
to the eye and dorsoanterior to the dorsal extension of the
hyoid muscle primordium. The hyoid muscle primordium
(Fig. 2A) is posteroventral to the eye and the mandibular
muscle primordium. The hyoid muscle primordium is
slightly curved and extends from the dorsoposterior corner
of the eye to the ventral midline, and posterior to the mouth
(Fig. 2A). The most ventral section extends posteriorly and
reaches almost the anterior tip of the yolk sac. Although it is
still a single entity, the hyoid muscle primordium has
already started to separate, with the ventralmost portion
resembling the m. constrictor hyoideus ventralis of later stages.

Fig. 2. (A) Lateral view of a reconstruction of a mCT scan of a 6.2 mm NL Lepisosteus osseus. (B) Lateral view of a confocal image of a 7.2 mm NL
Longnose Gar. Abbreviations: prhy, hyomandibularis primordium; prma, mandibularis primordium.
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10.0 mm NL (CT); 8.3 and 9.5 mm NL (ABS); Figure 3.—The
larvae are comparable to the stage shown in Figure 1F. The
yolk sac in larvae of this stage is more elongate and smaller
in its diameter than in the previous stage. The larvae still lie
on the substrate (e.g., bottom or leaves) and only react to
disruptions. At this size range the palatoquadrate consists of
the pars quadrata and the pars metapterygoidea (Fig. 3A). The
processus pterygoideus has begun to develop. On the poster-
odorsal margin, the pars metapterygoidea has a small poster-
iorly oriented process. The pars quadrata, which forms the
ventral part of the palatoquadrate, articulates with Meckel’s
cartilage. Laterally the palatoquadrate is concave and houses
the m. adductor mandibulae (Fig. 3B). Meckel’s cartilage is
a stout element with a medially curved anterior tip (Fig. 3A).
The two rami of Meckel’s cartilage do not meet each other at
this stage. The posterior third of the element is wide, but it
tapers again posterior to its articulation with the palatoqua-
drate. A small socket on the dorsoposterior surface of
Meckel’s cartilage marks the articulation with the pars
quadrata (Fig. 3A).

The mandibular muscle primordium is enlarged and
divided into three subdivisions, the m. intermandibularis, the
m. adductor mandibulae, and the m. constrictor mandibularis
dorsalis (Fig. 3B). The most dorsal derivative of the mandib-
ular muscle primordium, the m. constrictor mandibularis
dorsalis, extends from the anterior part of the otic capsule to
the lateral surface of the hyosymplectic cartilage. An
extension of the m. constrictor mandibularis dorsalis reaches
the small process on the dorsoposterior end of the pars
metapterygoidea (Fig. 3B). The m. adductor mandibulae is
located ventral to the eye and occupies the lateral groove of
the palatoquadrate (Fig. 3B, D, F). The muscle has a pointed
posterior end, is wide in its middle section, and bifurcates
anteriorly into a broad dorsal and a slender ventral extension.
The ventral extension is attached to Meckel’s cartilage near its
wide anterior edge (Fig. 3B). The most ventral muscle, the
m. intermandibularis, is attached to the medial sides of
Meckel’s cartilages (Fig. 3B, C, E, G). In the mCT-scanned
specimen this muscle meets its antimere in the midline
(Fig. 3C), while in the stained specimens the muscle appears
U-shaped, with its open part pointing anteriorly (Fig. 3E, F).
The m. intermandibularis attaches to the anteriormost tip of
the two Meckel’s cartilages and is separated from those just
posterior to the jaw joint. This muscle becomes smaller in its
lateral extension and ends abruptly in the connective tissue of
the m. constrictor hyoideus ventralis.

Three skeletal elements of the hyoid arch are present at
this stage. The most dorsal element is the hyosymplectic
cartilage, which articulates with the otic capsule of the
neurocranium (Fig. 3A). It is pierced by the foramen for
a branch of the facialis nerve (VII). At the anterior tip of the
hyosymplectic cartilage, a small anteroventrally oriented
process marks the beginning of the symplectic process. The
process is not long enough to meet the palatoquadrate. The
interhyal cartilage is a small cartilaginous element that
connects the hyosymplectic cartilage with the ceratohyal
cartilage (we identify this element as the ceratohyal cartilage
because the hypohyal cartilage separates from the cera-
tohyal cartilage in a later stage [see below] and the anterior
and posterior ceratohyal will ossify in this portion of the
element). The ceratohyal cartilage is obliquely oriented,
with its anterior tip located medially and its posterior tip
laterally. Posteriorly, the ceratohyal cartilage articulates
with the interhyal cartilage (not shown in the 3D-recon-

struction in Fig. 3A). Anteriorly the hypohyal cartilage is not
yet separated from the ceratohyal cartilage.

The hyoid muscle primordium is divided into two
portions (Fig. 3B, D, F). The smaller of the two portions,
the m. constrictor hyoideus dorsalis, is attached to the medial
side of the hyosymplectic cartilage. Both the m. constrictor
hyoideus dorsalis and the m. constrictor mandibularis dorsalis
are attached to the otic capsule, the former at a more medial
and ventral position than the latter. The m. constrictor
hyoideus ventralis is the largest muscle at this size. Anteriorly,
the m. constrictor hyoideus ventralis overlaps the posterior part
of the m. intermandibularis dorsally. It is attached to the
ceratohyal cartilages but extends past them both anteriorly
and posteriorly (Fig. 3B, C).

12.8 mm NL (CT); 10.9 mm NL (ABS); Figure 4.—The larvae are
comparable to the stages shown in Figure 1F and G. The
larvae are similar in their external appearance compared to
the previous stage. They also do still not actively swim but
do attach to leaves using their adhesive organ. At this size,
the most notable difference of the palatoquadrate com-
pared to the previous stage is the initial development of an
anterodorsal processus pterygoideus (Fig. 4A). The pars
metapterygoidea extends farther posteriorly and overlaps
the symplectic process of the hyosymplectic cartilage.
Meckel’s cartilage is more elongated than in the previous
stage. In addition to the overall elongation of Meckel’s
cartilage, the left and right rami anterior to the
m. intermandibularis are recurved and continuous across
the midline (Fig. 4C).

The m. constrictor mandibularis dorsalis has not changed
significantly compared to the previous stage. The most
prominent difference is that the anterior extension of the
muscle has established a solid connection with the pars
metapterygoidea (Fig. 4B). The m. adductor mandibulae has
followed the overall elongation of the palatoquadrate. The
tapered posterior end of the muscle is attached to the pars
metapterygoidea just ventral to the anterior tip of the
m. constrictor mandibularis dorsalis (Fig. 4B, D). The widened
anterior portion of the m. adductor mandibulae spans the jaw
joint and is attached to Meckel’s cartilage with a longer base
(Fig. 4B). The dorsally oriented portion, which corresponds
to the m. preorbitalis, is enlarged as well and reaches the
anteroventral margin of the eye.

The hyosymplectic cartilage now has a distinct symplectic
process at its anteroventral border that is located ventral to
the pars metapterygoidea (Fig. 4A). The posterior end of the
hyosymplectic cartilage has also differentiated to form the
opercular process (Fig. 4A). The anterior end of the cera-
tohyal cartilage forms a hook-shaped structure that repre-
sents the initial development of the hypohyal cartilage
(Fig. 4A, B).

The m. constrictor hyoideus dorsalis is still an ill-defined
muscle on the medial side of the hyosymplectic cartilage.
The muscle stretches from the hyosymplectic cartilage
posterodorsal to the otic capsule (Fig. 4B). In general the
muscle has not changed much in its overall shape compared
to the previous stage. In contrast to the dorsal musculature,
the m. constrictor hyoideus ventralis has changed drastically
and is now greatly expanded and more well defined (Fig. 4B,
C). The anterior part of this ventral muscle, which is
attached to the ceratohyal cartilage, shows an initial
separation into the anterior m. interhyoideus and the
posterior m. hyohyoideus (Fig. 4B, C, E).
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Fig. 3. Reconstructions of a mCT scan of a 10.0 mm NL Lepisosteus osseus. (A) Lateral view of a reconstruction of the skeletal elements and (B) of
the musculature of the mandibular and hyoid arch. (C) Ventral view of the right side of the ventral portions of the musculature. (D) Lateral and (E)
ventral views of confocal images of an 8.3 mm NL and (F) lateral and (G) ventral view of confocal images of a 9.5 mm NL Lepisosteus osseus.
Abbreviations: am, musculus adductor mandibulae; coh d, musculus constrictor hyoideus dorsalis; coh v, musculus constrictor hyoideus ventralis;
chy, ceratohyal cartilage; com d, musculus constrictor dorsalis; hys, hyosymplectic cartilage; ihy, interhyal cartilage; im, musculus intermandibularis;
mc, Meckel’s cartilage; pq, palatoquadrate.
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16.1 mm SL (CT); 16.1 mm SL (ABS); Figure 5.—The larvae are
comparable to the stage shown in Figure 1J. The yolk sac is
absorbed and the adhesive disc is reduced at this stage. The
larvae are standing upright under the water surface and feed
on small zooplankton and other larval fishes. The different
regions of the palatoquadrate are more defined compared to
previous stages. The processus pterygoideus is elongate and
follows the growth of the snout (Fig. 5A). Its anterior tip,
the pars autopalatina, is pointed. The pars quadrata has

shifted its position anteriorly and the jaw joint is now
located below the anterior margin of the eye (Fig. 5A). The
pars metapterygoidea contacts the hyosymplectic cartilage. In
addition to the mandibular ramus, Meckel’s cartilage has
two additional rami: an anterodorsally oriented coronoid
process that almost reaches the processus pterygoideus, and
a retroarticular process that extends from its posteroventral
margin (Fig. 5A). The left and right Meckel’s cartilages are
continuous anteriorly.

Fig. 4. Lateral and ventral views of reconstructions of a mCT scan of a NL 12.8 mm Lepisosteus osseus. (A) Lateral view of the skeletal elements and
(B) lateral view of the musculature of the mandibular and hyoid arch. (C) Ventral view of the right side of the ventral portions of the musculature. (D)
Lateral and (E) ventral views of confocal images of a 10.9 mm NL Lepisosteus osseus. Abbreviations: am, musculus adductor mandibulae; chy,
ceratohyal cartilage; coh d, musculus constrictor hyoideus dorsalis; com d, musculus constrictor dorsalis; hh, musculus hyohyoideus; hhy, hypohyal
cartilage; hys, hyosymplectic cartilage; ih, musculus interhyoideus; ihy, interhyal cartilage; im, musculus intermandibularis; mc, Meckel’s cartilage;
pq, palatoquadrate.
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Fig. 5. Lateral and ventral views of reconstructions of a mCT scan of a 16.1 mm SL Lepisosteus osseus. (A) Lateral view of the skeletal elements and
(B) lateral view of the musculature of the mandibular and hyoid arch. (C) Ventral view of the right side of the ventral portions of the musculature.
(D) Lateral and (E) ventral views of confocal images of a 16.1 mm SL Lepisosteus osseus. Abbreviations: aap, musculus adductor arcus palatini; ahy,
musculus adductor hyomandibulae; am, musculus adductor mandibulae; aop, musculus adductor operculi; chy, ceratohyal cartilage; cml,
ceratomandibular ligament; dop, musculus dilatator operculi; hh, musculus hyohyoideus; hys, hyosymplectic cartilage; ih, musculus interhyoideus;
ihy, interhyal cartilage; im, musculus intermandibularis; lap; musculus levator adductor palatini; mc, Meckel’s cartilage; phy, musculus protractor
hyomandibulae; porb, musculus preorbitalis; pq, palatoquadrate.
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The m. constrictor mandibularis dorsalis is divided into two
partitions at this stage. The anterior partition forms the

m. levator arcus palatini, which originates on the anterior

edge of the otic capsule where the autosphenotic will ossify

in later stages (Fig. 5B, E). The muscle inserts on the pars

metapterygoidea medial to the posterior part of the

m. adductor mandibulae. The musculature posterior to the

m. levator arcus palatini represents the m. protractor hyoman-

dibulae and the m. dilatator operculi (Fig. 5B, E). At this stage

the muscle attaches to the lateral surface of the hyosym-

plectic cartilage and extends down to the foramen hyo-

mandibularis. The m. adductor mandibulae is greatly enlarged

and its origin is expanded onto the posterior portion of the

hyosymplectic cartilage (Fig. 5B, E). Anteriorly the muscle

inserts on the medial side of Meckel’s cartilage anterior to

the coronoid process. The anterodorsal extension of the

m. adductor mandibulae is much larger as well and is almost

separated to become the m. preorbitalis superficialis and

profundus (Fig. 5B, D). The m. preorbitalis extends from the

insertion point on the proximal end of the coronoid process,

up the lamina orbitonasalis, until it reaches the roof of the

chondrocranium anterior to the eye. Between the proximal

part of the m. preorbitalis and the pars quadrata, a thin

muscle bundle has separated from the m. adductor mandibu-

lae to form the m. palatomandibularis (not shown in figure).

It also inserts on the posterior end of Meckel’s cartilage. The

m. intermandibularis attaches to the middle portion of

Meckel’s cartilage and ends abruptly anterior to the split of

the m. interhyoideus (Fig. 5C, E).

The anteroventral pars symplectica of the hyosymplectic
cartilage is more pronounced in this stage than earlier ones
and is in contact with the palatoquadrate (Fig. 5A). The
posterodorsal head of the hyosymplectic cartilage has
widened. The interhyal cartilage is now in contact with
both the hyosymplectic cartilage and the ceratohyal carti-
lage. The ceratohyal cartilage has shifted its position, and its
anterior half is located medial to the palatoquadrate (Fig. 5
A). At its anterior tip, the ceratohyal cartilage is separated
from the hypohyal cartilage.

The m. constrictor hyoideus dorsalis shows signs of partition-
ing. The thin anterior part, which will presumably give rise to
the m. adductor arcus palatini and m. adductor hyomandibulae,
inserts on the hyosymplectic cartilage, while the posterior
muscle fibers fade into the opercular flap (Fig. 5B, D). The
m. constrictor hyoideus ventralis is now completely subdivided
into the m. hyohyoideus posteriorly and the m. interhyoideus
anteriorly. The m. interhyoideus is attached to the ceratohyal
cartilages and merges into the m. hyohyoideus posteriorly. The
anterior fibers of the m. hyohyoideus are attached to the
ceratohyal anteriorly and extend into the opercular flap
posteriorly to meet the posteriormost muscle fibers of the
m. constrictor hyoideus dorsalis, representing the precursor of
the m. adductor arcus palatini, m. adductor hyomandibulae, and
m. adductor operculi (Fig. 5D).

At this stage, we were able to identify the ceratomandib-
ular ligament described by Wiley (1976). As the name of the
ligament suggests, it connects the ceratohyal cartilage with
Meckel’s cartilage (Fig. 5A–C; see also Fig. 6A inset). The
anterior attachment of the ligament is on the posterodorsal
surface of the ceratohyal cartilage anterior to the interhyal
cartilage, and its posterior attachment is on the retro-
articular process of Meckel’s cartilage.

22.0 mm SL (CT); 21.5 mm SL (HIST); Figures 6 and 7.—The
larvae are comparable to the stages shown in Figure 1K and
L. The juveniles at this developmental stage swim actively
and externally resemble adult gars. The processus pterygoideus
has stopped following the elongation of the ethmoid region
and is in a relatively more posterior position when
compared to the previous stage described above (Fig. 6A).
The posterior end of the pars metapterygoidea now provides
a wide surface for attachment of the m. levator arcus palatini
(Fig. 6A, B, D). The pars quadrata and the jaw joint have
shifted their positions, and the jaw joint is now located
anterior to the eye (Fig. 6A). The left and right Meckel’s
cartilages are still fused together at the recurved anterior tip
(Fig. 6E). The coronoid process has become larger and its
distal tip is widened.

The m. adductor mandibulae is larger but otherwise appears
similar to the condition in the previous stage (Fig. 6B, C).
The m. preorbitalis superficialis has increased in size as well
and surrounds the anterior half of the eyeball (Figs. 6B–D, F,
7D). The smaller m. preorbitalis profundus is now present as
well and is represented by a small, squarish portion medial
to the eye (Figs. 6B–D, F). The two preorbitalis muscles
embrace the m. obliquus superior eye muscle. The m. levator
arcus palatini has become larger, and the m. protractor
hyomandibulae and the m. dilatator operculi are still united
as one large muscle (Fig. 6B).

The pars symplectica of the hyosymplectic cartilage is
elongated and reaches the ventral rim of the pars quadrata.
The anterior part of the ceratohyal cartilage is separated to
form the hypohyal cartilage and serves as the insertion point
for the m. sternohyoideus (Fig. 6A inset). The hypohyal
cartilage has a posterodorsally oriented process.

At this stage, the m. constrictor hyoideus dorsalis is divided
in two partitions (Fig. 6F). The anterior portion represents
the m. adductor arcus palatini and the m. adductor hyomandi-
bulae, attaches to the medial side of the hyosymplectic
cartilage, and partially covers the foramen for the ramus
hyomandibularis. The posterior part, the m. adductor operculi,
is similar to the situation in the previous stage. The ventral
hyoid muscles resemble the situation of the previous stage
(Figs. 6E, F, 7A–C).

DISCUSSION

Only a few descriptions of the cranial musculature of adult
lepisosteids are available. Luther (1913) described the
mandibular and hyoid musculature in Lepisosteus osseus;
Lauder (1980a) described these in L. oculatus. Bodemer
(1957) described the development of the extrinsic eye
musculature in L. osseus. Wiley (1976) described briefly the
mandibular and hyoid musculature in lepisosteids generally.
Edgeworth’s (1911, 1929, 1935) works on the cranial
musculature of vertebrates are the only publication that
provides ontogenetic data on a wide range of lower
actinopterygians, including lepisosteids.

Mandibulohyoid ligament.—Wiley (1976) described a cerato-
mandibular ligament in gars that connects the posterior
ceratohyal to the retroarticular process of the lower jaw
(Figs. 5, 6A inset). He hypothesized that this ligament is the
functional equivalent of the m. protractor hyoideus (herein m.
interhyoideus; see Winterbottom, 1974) of halecomorph and
teleostean fishes, a muscle that Wiley interpreted as only
weakly developed in gars. However, the m. interhyoideus is
a fully developed and large muscle in our specimens (Figs. 4C,
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Fig. 6. Lateral and ventral views of reconstructions of a mCT scan of a 22.0 mm SL Lepisosteus osseus. (A) Lateral view of the skeletal elements with
a close up of the cml and (B) lateral view of the musculature of the mandibular and hyoid arch. (C and D) Lateral views of the musculature
(superficial muscles removed in C). (E) Ventral view of the ventral portions of the musculature. (F) Similar view as in D, but with the hyosymplectic
cartilage removed. Abbreviations: aap, musculus arcus palatini; ahy, musculus adductor hyomandibulae; am, musculus adductor mandibulae; aop,
musculus adductor operculi; chy, ceratohyal cartilage; cml, ceratomandibular ligament; dop, musculus dilator operculi; hh, musculus hyohyoideus;
hhy, hypohyal cartilage; hys, hyosymplectic cartilage; ih, musculus interhyoideus; ihy, interhyal cartilage; im, musculus intermandibularis; lap,
musculus levator adductor palatini; mc, Meckel’s cartilage; phy, musculus protractor hyomandibulae; pm, musculus palatomandibularis; porb p,
musculus preorbitalis profundus; porb s, musculus preorbitalis superficialis; pq, palatoquadrate.
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5C, 6E, 7B, C). Further, Lauder (1980a) demonstrated that the
muscle is active in the expansive phase during the feeding
cycle, as in Amia, and therefore appears to be fully functional.

In Amia the mandibulohyoid ligament originates on the
posterior ceratohyal and attaches to the retroarticular (e.g.,
Allis, 1897; Lauder, 1982) as does the ceratomandibular
ligament in lepisosteids; we consider the ligaments to be
homologs. The ligament likely serves as the basal mechan-
ical pathway for mandibular depression via the hypaxial
musculature, the pectoral girdle, the m. sternohyoideus, and
the ventral elements of the hyoid arch, that is present in
basal actinopterygian and teleostean fishes (Lauder, 1982).
Further, Lauder (1982) and Lauder and Liem (1983)
hypothesized that the mandibulohyoid ligament of Amia
and basal teleostean fishes is homologous to the interoper-
culohyoid ligament of more derived teleostean fishes
(Eurypterygia of Wiley and Johnson, 2010) and that its
insertion point shifted from the lower jaw to the inter-
opercle during the course of the evolution of actinopter-
ygian feeding mechanisms.

Timing of partitioning of the cranial musculature.—The cranial
musculature appears to follow a developmental sequence
from single to more complex structures. Both the mandibular
and the hyoid primordia begin ontogeny as single entities,
and, during the course of development, they divide to

become the complex musculature that can be seen in the
adult condition. The increasing complexity of the cranial
musculature is correlated with the increasing complexity of
the supporting skeletal jaw elements and especially with the
elongation of the jaws and the ethmoid region. The muscles
of the ventral part of the mandibular primordium
(m. intermandibularis and m. adductor mandibulae) differenti-
ate sooner than the muscles of the hyoid primordium
(m. interhyoideus and m. hyohyoideus). Even considering
shortcomings of Haeckel’s biogenetic law (Haeckel, 1866)
and von Baer’s four laws of embryology (von Baer, 1828) that
are well known (Johnson and Britz, 2005; Konstantinidis and
Johnson, 2012), the cranial musculature of L. osseus exem-
plifies the value of ontogenetic data for phylogenetic studies.

Phylogenetic context of ontogeny of the m. adductor mandibu-
lae.—The adductor mandibulae complex of juvenile and
adult lepisosteids consists of a main portion, the m. adductor
mandibulae, and its derivatives, which include the
m. preorbitalis superficialis et profundus and the m. palatoman-
dibularis major et minor (Figs. 5B, E, F, 6B–D, F; subdivisions of
the m. palatomandibularis are not shown). This complex
develops as a single entity after its initial separation from the
m. intermandibularis and the m. constrictor dorsalis mandibu-
laris. Although the complexity of the m. adductor mandibulae
differs greatly among actinopterygians, a single initial

Fig. 7. Histological sections of 21.5 mm SL Lepisosteus osseus. (A, B, C) Sections from a mid-region of the head. (D) Section from a more anterior
region. Abbreviations: am, musculus adductor mandibulae; bbr, basibranchial cartilage; chy, ceratohyal cartilage; hbr, hypobranchial cartilage; hh,
musculus hyohyoideus; hys, hyosymplectic cartilage; ih, musculus interhyoideus; mc, Meckel’s cartilage; pch, parachordal cartilage; pm, musculus
palatomandibularis; porb p, musculus preorbitalis profundus; pq, palatoquadrate; sth, sternohyoideus.
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portion is shown for many other taxa for which ontogeny is
known, such as Amia (Jarvik, 1980), Danio rerio (Hernandez et
al., 2005), loricariids (Geerinckx et al., 2007; Huysentruyt et
al., 2007), pleuronectiforms (Uji et al., 2010), and tetra-
odontiforms (Konstantinidis and Harris, 2011). Having
a single entity early in development is therefore interpreted
to be the plesiomorphic condition for actinopterygian fishes.
As a similar condition is found also in chondrichthyans
(Edgeworth, 1935) and sarcopterygians (Edgeworth, 1935;
Ericsson and Olsson, 2004; Ericsson et al., 2004), it is likely
a gnathostome character.

Future of comparative ontogenetic myology.—Over the past 40
years, clearing and double staining has become widely used
and has advanced the field of comparative anatomy
tremendously. This technique allows examination of fully
articulated specimens in large quantities and is relatively
inexpensive compared to other approaches to studying early
skeletal development (e.g., histological sections and mCT
scans). However, a disadvantage of most clearing-and-
staining techniques is that soft tissues, such as musculature
and nerves, are digested and therefore lost for further
analyses. As a consequence, osteological studies, including
those with an ontogenetic perspective (although these are
still relatively few), greatly outnumber studies of soft tissue.
Broadly comparative studies of soft tissue are relatively rare
because of difficulties of the lack of sufficient methods and
visualization techniques in the past, e.g., antibody staining
and computed tomography.

The recent increase in studies of soft tissue development is
at least partially related to the adoption of methods (e.g.,
antibody staining) used in related biological fields, such as
developmental biology and genetics. This is concomitant
with improved techniques that are in use in morphological
studies (e.g., mCT scanning). Antibody staining techniques
are a standard method in developmental and molecular
biology and have been used for decades, but they are not
commonly used in ichthyology and comparative anatomy.
Klymkowsky and Hanken (1991) described the technique in
Xenopus, and Smith (1994) traced the development of the
craniofacial musculature in Monodelphis domestica. After the
initial introduction of the antibody staining method for
morphological studies, research groups working on teleos-
tean fishes and tetrapods co-opted the technique for
comparative studies (Schilling and Kimmel, 1997; Hernan-
dez et al., 2002, 2005; Ericsson and Olsson, 2004; Olsson et
al., 2005; Ziermann and Olsson, 2007; Uji et al., 2010, 2013;
Konstantinidis and Harris, 2011).

Micro x-ray computed tomography, or mCT-scanning, has
been used for the analysis of skeletal structures in the past, but
only very recently has the technique been used to trace the
development of soft tissues (Schmidt et al., 2011; Hilton et al.,
2015, in this volume). In particular, mCT scans provide three-
dimensional data with high resolution that can easily be
reconstructed to produce detailed 3D models (for details see
Metscher, 2009a, 2009b). These techniques do not replace
older ones such as histology and clearing and staining, but
rather provide complementary approaches for detailed in-
formation (Hilton et al., 2015, in this volume). Further, CT
approaches, and to a lesser degree antibody staining, are non-
destructive, which makes the techniques attractive for rare
specimens. New techniques in morphology such as these have
the potential to advance the field of systematic ichthyology
and the comparative anatomy of fishes, and we hope that, as

the clearing-and-staining method did over four decades ago,
they will induce a revolution and motivate ichthyologists to
include the development of soft tissue characters in their
analyses.

MATERIAL EXAMINED

Institutional abbreviations follow Sabaj Pérez (2014).

Lepisosteus osseus: VIMS 9078 (1 CS); VIMS 12762 (5 CS);
VIMS 12968 (6 CS); VIMS 13551 (1 CS); VIMS 13554 (1 CS);
VIMS 13559 (developmental series of 285 individuals,
including 4 CS and 2 serially sectioned specimens); VIMS
13571 (1 ds); VIMS 13572 (1 ds). Six specimens were scanned
for the 3D-reconstructions: VIMS 22683, 9.2 mm NL; VIMS
22684, 10.0 mm NL; VIMS 22685 12.8 mm NL; VIMS 22686,
16.1 mm SL; VIMS 22687, 22.0 mm SL. The six specimens for
the immunohistochemistry are combined and listed in one
catalogue number, VIMS 22688 (7.1 mm NL, 8.3 mm NL, 9.5
mm NL, 10.9 mm NL, 13.6 mm NL, 16.1 mm SL).
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Kölliker zur Feier seines siebenzigsten Geburtstages ge-
widmet von seinen Schülern. W. Engelmann, Leipzig.

Goodrich, E. S. 1930. Studies on the Structure and
Development of Vertebrates. Macmillan, London.

Grande, L. 2010. An empirical synthetic pattern study of
gars (Lepisosteiformes) and closely related species, based
mostly on skeletal anatomy. The resurrection of Holostei.
American Society of Ichthyologists and Herpetologists,
Special Publication 6.

Haeckel, E. H. P. A. 1866. Generelle Morphologie der
Organismen. II. Georg Reimer, Berlin.

Hammarberg, F. 1937. Zur Kenntnis der Ontogenetischen
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