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Abstract

Using X-ray microtomography, we describe the ossification events during the larval development of a non-teleost
actinopterygian species: the Cuban gar Atractosteus tristoechus from the order Lepisosteiformes. We provide
a detailed developmental series for each anatomical structure, covering a large sequence of mineralization
events going from an early stage (13 days post-hatching, 21mm total length) to an almost fully ossified larval
stage (118dph or 87mm in standard length). With this work, we expect to bring new developmental data to
be used in further comparative studies with other lineages of bony vertebrates. We also hope that the online
publication of these twelve successive 3D reconstructions, fully flagged, will be an educational tool for all students

in comparative anatomy.
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INTRODUCTION

Gars are non-teleost ray-finned fishes (Actinopterygii) be-
longing to the order Lepisosteiformes, whose only extant
family is Lepisosteidae. The seven extant species of gars
have been categorized in the genera Lepisosteus (4 species)
and Atractosteus (3 species). They are large (less than 1 me-
ter to more than 2 meters long) ambush predators inhabiting
freshwaters of North and Central America, up to Cuba (Wiley,
1976; Nelson et al., 2016). Lepisosteiformes belong to Ging-
lymodi, a group of actinopterygians that had its maximum
diversity during the Late Cretaceous (Wiley, 1976; Grande,
2010) and included one other extinct order, Semionotiformes,
according to the most recent evidence by Lépez-Arbarello
(2012) who placed the earliest re-assigned fossil of Lepiso-
steiformes during the Early Jurassic (around 190-200 million
years ago (Mya)).

Lepisosteiformes make up one of the few lineages of ray-
finned fishes that are not teleosts, referred to by many as
’basal’, "lower’ or ’primitive’ actinopterygians (e.g. Lauder,
1980; Gardiner and Schaeffer, 1989; Gardiner et al., 1996,
2005). The other extant lineages of non-teleost actinoptery-
gians are Amiiformes (or Halecomorphi; one species, Amia
calva), Acipenseriformes (or Chondrostei; sturgeons and pad-
dlefishes) and Polypteriformes (or Cladistia; bichirs). The
monophyly of Holostei (sistergroup to Teleostei) made up by
Lepisosteiformes and Amiiformes, is supported by most of
the recent molecular and anatomical/paleontological datasets
(Normark et al., 1991; Lecointre et al., 1994; Hurley et al.,
2007; Grande, 2010; Near et al., 2012; Betancur-R et al.,

2013; Broughton et al., 2013; Friedman, 2015). Near et al.
(2012) estimated the separation between gars and teleosts be-
tween 330 and 390 million years ago (Mya), somewhere from
Late Devonian to Early Carboniferous. According to the same
studies, Holostei and Teleostei make up the clade Neopterygii,
sister group to Acipenseriformes with which they make up
the clade Actinopteri. Finally, Polypteriformes diverged from
Actinopteri at the crown age of extant Actinopterygii, which
was estimated at 380-430 Mya (Near et al., 2012), roughly
between the Late Silurian and the Early Devonian.

Because of their phylogenetic position, gars have been a key
taxon to many morphological studies. Ancient literature is
available on comparative anatomy of actinopterygians includ-
ing gars: Gegenbauer (1887) and Sewertzoff (1895) described
the occipital region of fishes and its development, Schreiner
(1902) compared more specifically Lepisosteiformes and Amia,
Luther (1913) described cranial musculature and nerves with
comparison with lungfishes, and Schmalhausen (1913), Kry-
zanovsky (1927) and Jessen (1972) documented fins and their
development. Lauder (1980) studied the biomechanics of
feeding in Polypterus, Lepisosteus oculatus and Amia. Ar-
ratia and Schultze (1991) published an extensive study of
the morphology and development of the palatoquadrate (the
structure in the skull responsible for articulating the lower
jaw to the cranium, and that can be a significant component
of the upper jaw in non-teleost lineages) in actinopterygians
and some sarcopterygians. More recently, Britz and Johnson
(2010) documented the patterns of fusion of vertebrae to the
occiput in actinopterygians, showing that gars have a specific
pattern, where the two first vertebrae are fused to the occiput.
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Comparative studies involving gars have also helped to doc-
ument evolutionary convergences, such as the independent
acquisition of an elongated body shape in distantly related
ambush predators such as pikes (Esox), needlefishes (Belone)
and gars (Maxwell and Wilson, 2013). Another example is the
ability to breathe atmospheric oxygen with their swimblad-
der, analogous to the air-breathing swimbladder of Amia and
some basal Teleostei as well as the lungs of Polypteriformes,
lungfishes and tetrapods (Perry et al., 2001). Gars are also a
key taxon to understand the evolution of scales in vertebrates.
They have a peculiar type of scales, the ganoid scales, that
are a synapomorphy of actinopterygians but remain only in
Polypteriformes and gars (Helfman et al., 2009). Comparative
studies aimed at uncovering homology relationships between
ganoid scales, placoid scales of sharks, elasmoid scales of
teleosts and tooth-like structures in general (Sire et al., 1987,
2009, Sire, 1989, 1990; Huysseune and Sire, 1998; Vickary-
ous and Sire, 2009).

Skeletal anatomy and development of gars have been doc-
umented by a great number of previous studies. Veit (1907)
described the development of the skull in L. osseus. Mayhew
(1924) and Hammarberg (1937) described in details the skull
of L. platostomus and its development. Jollie (1984) described
the development of the skull and the pectoral fins in L. osseus,
L. platostomus and A. spatula, and also the patterning of the
lateral line sensory system in the head of L. osseus. Long and
Ballard (2001) described the early external development of L.
osseus from the zygote until the yolk disappearance. In 2006,
Kammerer et al. studied the development and kinetics of the
jaws related to feeding behavior in L. osseus and A. spatula,
also looking at adults of other extant and extinct species of
gars. In a recent work, Hilton et al. (2014) described the devel-
opment of the lower jaw in L. osseus. The main reference
work on the skeleton of gars and its development is, however,
the published book by Grande (2010) who described fossil
and extant species and reviewed former descriptions. With
similar exhaustive studies on Amia (Grande and Bemis, 1998)
and Chondrostei (Grande and Bemis, 1991), this survey pro-
vides a synthetic framework on the morphology of non-teleost
actinopterygians.

A new concern has arisen on the utility of including more
developmental data in comparative studies, because they add
new characters and yield deeper analyses when combined with
traditional morphological data (Riicklin et al., 2014; Hilton
et al., 2015). To this aim, the usefulness of new non-invasive
techniques such as Micro Computed Tomography (uCT) has
been pinpointed by some authors for their potential to provide
good quality developmental data (Metscher, 2009; Riicklin et
al., 2014; Hilton et al., 2015), especially for skeletal structures.
Konstantinidis et al. (2015) investigated the development of
jaw musculature in L. osseus, capturing for the first time gar
development with pCT technology. Besides, uCT has yielded
skeletal developmental data for a variety of vertebrates: coela-
canths (Schultze and Cloutier, 1991), snakes (Boughner et al.,
2007; Palci et al., 2016), stingrays (Dean et al., 2009), frogs
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Characteristics

13 dph larva, 21 mm TL
16 dph larva, 26mm SL
19 dph larva, 27mm SL
22 dph larva, 30mm SL
26 dph larva, 32mm SL
31 dph larva, 39mm SL
37 dph larva, 43mm SL
52 dph larva, 46mm SL
74 dph larva, 61mm SL
89 dph larva, 63mm SL
104 dph larva, 70mm SL
118 dph larva, 87mm SL

Table 1. Inventory number, age and length characteristics for each
specimen. TL: total length. SL: Serial length

Inventory number

(Slater et al., 2009), mice (Shen et al., 2013; Ho et al., 2015),
crocodilians (Dufeau and Witmer, 2015), turtles (Rice et al.,
2016) and catsharks (Enault et al., 2016). To the best of our
knowledge, however, a description of the development of the
whole skeleton in gars with precise timings of ossification is
still lacking, and 3D surfaces of the whole ossified skeleton at
different stages are not available although it would be a valu-
able source of additional characters in comparative studies but
also in educational contexts.

With this aim in mind, we hereby provide a uCT develop-
mental series of the mineralized skeleton in the Cuban gar,
Atractosteus tristoechus, a species for which development has
never been investigated (see Table 1). Our high resolution
of larval stages allows us to give details on the ossification
times of most of the structures present in an adult skeleton.
Also, our hope is that our data will serve as a good support for
further work focusing on more detailed aspects of gar anatomy
and development, will motivate similar exploratory studies in
other species, and that the published 3D reconstructions will
be used in comparative anatomy classes.

METHODS

Individuals of Atractosteus tristoechus used for this study
were raised in the Centre for reproduction of the indigenous
ichthyofauna, National Park Zapata swamp, Cuba. Two fe-
males and four males were used for reproduction. The fer-
tilized eggs were transferred to fifty-liter aquaria and larvae
were fed ad libitum with live Moina sp. after hatching. During
this period the animals were reared in natural conditions with-
out control of environmental parameters. The temperature
ranged from 24 to 31°C and the water was taken directly from
the surrounding swamp.

Larvae were fixed in 70% ethanol, and then moved to a
PBS solution before scanning. The scans were obtained on
an X-ray microtomograph SkyScan 1076 at the University of
Montpellier (SkyScan/Bruker microCT, Kontich, Belgium).
The resolution was set to a voxel size of 18um. Images were
processed with the software NRECON (SkyScan/Bruker mi-
croCT, Kontich, Belgium) and Fiji (Schindelin et al., 2012)
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Figure 1. Lateral views of 3D models of the mineralized skull in Atractosteus tristoechus larvae: Atl 13dph — 21mm TL (A), At3 19dph —
27mm SL (B) and At5 26dph — 32mm SL (C). The postcranial skeleton is not shown as it is not (A, B) or very poorly (C) ossified at this stage.
For each stage, labels are given only for newly ossified structures. Tag color legend: please refer to the 3D models on the website.

M3 Journal 3 (3)-e3 ISSN: 2274-0422


https://doi.org/10.18563/m3.sf.94
https://doi.org/10.18563/m3.sf.96
https://doi.org/10.18563/m3.sf.98

Skeletal ossification during the Cuban gar larval development — 4/15

with the same settings for all the larvae. ’Iso-surface’ 3D
models, in PLY format, were reconstructed using AVIZO
v6.3 (Visualization Sciences Group Inc., Burlington, MA,
USA). For this step, X-ray density thresholds used to recon-
struct calcified areas were calibrated based on Alizarin-red
staining of the same larvae. Models were colored with the
open-source software MeshLab v1.3.3 (Cignoni et al., 2008;

). ISE-MeshTools (Lebrun,
2014) was used to label structures, to tag anatomical assem-
blages based on their color and to extract position matrices.
For each stage, one 3D model is available in a PLY file to-
gether with one FLG file containing “flags” (labels) and one
POS file containing a position matrix. One TAG file applying
to all the reconstructions is provided with the model.

In total, 12 reconstructions are provided, each one corre-
sponding to a single stage from 13 days post-hatching (dph)
and 15mm in total length (TL) to 118 dph and 87mm in stan-
dard length (SL) (after Grande, 2010; see Table 1 for the
specimen list). One specimen was scanned per stage. Color
tags on the figures correspond to anatomical assemblages each
bone belongs to (see tags provided with model Atl). On mod-
els s and , only some structures that showed
changes over that time period have been tagged. Terminol-
ogy for anatomical structures follows the reference work of
Grande (2010) based on larval and adult gars.

RESULTS

In the following descriptions, structures which are symmet-
rically paired (with a left and a right copy e.g. the frontal
bones) are referred to by using the singular. Plural designates
structures that occur in more than one copy on one side (e.g.
lacrimomaxillae).

Endoskeleton — the skull

The actinopterygian skull is a complex mosaic with more
bones than the tetrapod skull (Gregory, 1959). In Atractosteus
tristoechus the skull is the first region of the skeleton to ossify
(Fig. 1). Globally, it mineralizes from anterior to posterior
(Fig. 2), starting around 13 days post-hatching (dph) or 21mm
in total length (TL), according to alizarin red staining (data not
shown). Most of the adult structures and connections between
bones are present at 118dph or 87mm in standard length (SL),
which was our oldest specimen (Fig. 3E and Fig. 4).

We first describe the jaw region: the snout, the lacrimo-
maxillary series (a lateral series of tooth-bearing bones along
the upper jaw), the palatopterygoquadrate (the complex of
bones constituting the upper jaw and its articulation to the
lower jaw and braincase), and the lower jaw. In a second part,
we describe the ossification timing for some ornamented su-
perficial bones arising from the dermatocranium: the temporal
region, the opercular apparatus, the circumorbital series, and
the dermal roof of the skull. Thirdly are presented internal
structures forming the braincase such as the otic complex and
the parasphenoid; and splanchnocranial structures (i.e. arising
from the pharyngeal arches) such as the hyoid complex and
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the gill arches. Finally, we describe the occipital region and
the most anterior part of the vertebral column.

Snout.

The premaxilla and vomer are ossified and connected at
13dph — 2Imm TL (Fig. 1A and model ). The nasal
and antorbital ossify, and the premaxilla connects to the der-
mopalatine at 26dph — 32mm SL (Fig. 1C and model ).
Ossification of the rostral bone is detected, and the antorbital
connects to the premaxilla, which connects to the nasal and
frontal, at 31dph — 39mm SL (model ). The vomer con-
nects to the anterior tip of the parasphenoid at 37dph — 43mm
SL (model ).

Lacrimomaxillary series.

The posterior-most bone of the lacrimomaxillary series, i.e.
the maxilla, is calcified at 13dph — 21mm TL (Fig. 1A). The
four left and five right anterior-most lacrimomaxillae are first
detected at 19dph — 27mm SL (Fig. 1B and model ). The
maxilla connects to the ectopterygoid at 26dph — 32mm SL
(see model ). The anterior lacrimomaxillae connect to the
dermopalatine-ectopterygoid at 31dph — 39mm SL, while the
posterior ones connect to the maxilla, which connects to the
anterior lacrimal (model ).

Palatopterygoquadrate.

Both the dermopalatine and ectopterygoid are mineralized
at 13dph — 21mm TL (Fig. 1A and model ) and connect
together at 16dph — 26mm SL (see model At2). Ossification
of the quadrate is detected at 19dph — 27mm SL (Fig. 1C
and model ) and is fully connected to the ectopterygoid
at 22dph — 30mm SL (model ). The metapterygoid cal-
cifies at 37dph — 43mm SL (Fig. 2C and model ). The
endopterygoid seems to ossify between 37dph — 43mm SL
and 52dph — 46mm SL (model ). The metapterygoid and
the endopterygoid connect to the ectopterygoid at 89dph —
63mm SL (see model ).

Lower jaw.

Ossification of the dentary is detected surrounding the Me-
ckel’s cartilage at 13dph —21mm TL (Fig. 1A and model Atl).
Ossification of the retroarticular and the angular is detected at
19dph — 27mm SL, the latter appearing in continuity with the
dentary (Fig. 1B, and see model for better details). The
prearticular and the supraangular ossify at 26dph — 32mm SL
(although light ossification of the right supraangular is already
visible at 19dph — 27mm SL (At3) but almost not in the 22dph
— 30mm SL specimen (At4)), with the prearticular already
connected to the dentary (Fig. 1C and model ). The artic-
ular mineralizes and the angular connects to the retroarticular
at 31dph — 39mm SL (Fig. 2B, model ). The dentary
connects to the supraangular while the articular connects to
the prearticular at 37dph — 43mm SL (see model At7).

Cheek region.
At 16dph — 26mm SL, the quadratojugal starts to ossify
and then connects to the preopercle and the quadrate at 22dph
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Figure 2. Lateral views of 3D models of the mineralized skeleton in Atractosteus tristoechus larvae: At5 26dph — 32mm SL (A), At6 31dph
—39mm SL (B) and At7 37dph —43mm SL (C). For each stage, labels refer only to newly ossified structures.
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— 30mm SL (see model ). Between 37dph — 43mm SL
and 52dph — 46mm SL the symplectic and hyomandibula
bones appear, the latter being connected to the preopercle (see
model ). The symplectic connects to the preopercle and
the quadratojugal connects to the most ventral postinfraorbital
at 118dph — 87mm SL (model , Fig. 4).

Opercular apparatus.

The preopercle starts to ossify at 16dph — 26mm SL (see
model ). Ossification of the opercle and subopercle is
detected at 31dph — 39mm SL (Fig. 2B and model ).
Contact between the subopercle and preopercle is observed at
104dph — 70mm SL (model ), while connection between
the opercle and subopercle happens at 118dph — 87mm SL
(model , Fig. 4).

Circumorbital series.

The anterior-most lacrimals, which are fragmentary in gars
(Grande, 2010) are calcified at 31dph — 39mm SL (although
one right lacrimal is barely visible at 26dph — 32mm SL),
connected to the maxilla (see model ). The posterior
supraorbital is detected at 37dph — 43mm SL (Fig. 2C and
model At7). Between 37dph — 43mm SL and 52dph — 46mm
SL, ossification of the anterior supraorbital is detected and
the posterior supraorbital connects to the frontal (Fig. 3, see
model ). At 74dph — 61mm SL (At9), the subinfraorbitals
and the right dermosphenotic are first detected, the latter be-
ing connected to the posterior supraorbital (Fig. 3B, model

). At the same stage, anterior and posterior supraorbitals
connect together, and the anterior supraorbital connects to
some posterior lacrimals while the posterior supraorbital con-
nects to the frontal (on the left, then on both sides at 89dph —
63mm SL). In the 89dph — 63mm SL larva, both left and right
dermosphenotics are visible and connected to the posterior
supraorbital, which connects to the dermopterotic (observed
on the left side only, Fig. 3C, model ; then on the right
side at 104dph — 70mm SL ( )). The postinfraorbitals
also mineralize at 89dph — 63mm SL (Fig. 3C, model )
and then the most ventral postinfraorbital is connected to the
quadratojugal at 118dph — 87mm SL while another comes
into contact with the dermosphenotic (model , see left
side of the specimen). The series of small suborbital bones
supposed to cover the cheek (Grande, 2010) is still not visible
at 118dph — 87mm SL ( ).

Dermal roof.

The frontal is already calcified at 13dph — 21mm TL (Fig.
1A, model Atl) while the parietal starts mineralizing at 22dph
— 30mm SL (model ), and the dermopterotic at 26dph —
32mm SL (Fig. 1C and model ). The posttemporal cal-
cifies and grows in contact with the supracleithrum at 31dph
— 39mm SL while the frontal bone connects to the parietal,
the dermopterotic and the premaxilla (model At6). At 37dph
—43mm SL, ossification of the epioccipital is detected, con-
nected anteriorly to the parietal and the dermopterotic, and
posteriorly to the posttemporal (model ). The parietal and
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the dermopterotic come into contact between 37dph — 43mm
SL and 52dph — 46mm SL (model ). The lateral and the
medial extrascapulars arise at 74dph — 61mm SL, the latter
connected to the parietal and to the epioccipital (Fig. 3B,
model At9). Another pair of ossified extrascapulars appears
between the medial and the lateral one at 104dph — 70mm
SL, in contact with the dermopterotic and the posttemporal,
but also with the right parietal and the medial extrascapular
(model ). At the same time, the left medial extrascapular
connects to the posttemporal and the right lateral extrascapular
connects to the dermopterotic. At 118dph — 87mm SL ( ),
the intermediate pair of extrascapulars is fully connected to
the lateral pair.

Otic complex.

The two anterior-most pairs of otoliths (from anterior to
posterior: the lapilli and sagittae (Long and Snow, 2016)) are
already well mineralized at 13dph — 21mm TL (Fig. 1A and
model ) while the posterior-most pair (the asterisci) starts
to be visible in contact with the posterior zone of the sagittae
at 22dph — 30mm SL (see model At4). The sphenotic starts to
ossify at 37dph — 43mm SL (Fig. 2C and model ) and the
prootic can be detected between 37dph — 43mm SL and 52dph
—46mm SL (models and ). From 37dph — 43mm SL
to 118dph — 87mm SL, the sagittae and asterisci do not always
appear in contact, and sometimes they do so only on one side.

Hyoid complex.

The posterior part of the ceratohyal starts to ossify at 19dph
—27mm SL (Fig. 1B and model ) while the anterior cer-
atohyal is detected at 22dph — 30mm SL (model ). At
this time, the branchiostegal rays become visible (although
very small ossification patches are detected on the first pair
at 19dph — 27mm SL). Ossification of the hypohyal starts
between 37dph — 43mm SL and 52dph — 46mm SL (model

and ).

Gill arches.

In adults of Atractosteus, the ventral arches are made of
two medial and unpaired basibranchials, four pairs of hypo-
branchials and five pairs of ceratobranchials; while the dorsal
arches are made of three pairs of infrapharyngobranchials and
four pairs of epibranchials (Grande, 2010). What seems to be
one of the numerous bones constituting the upper pharyngeal
tooth plate (a tooth bearing plate attached to the ventral face
of the third infrapharyngobranchial (Grande, 2010)) calcifies
at 19dph — 27mm SL (Fig. 1B and model ). It might
be the third infrapharyngobranchial itself, but we cannot de-
termine it solely with our reconstructions. The fifth pair of
ceratobranchials arises at 31dph — 39mm SL (Fig. 2B and
model ). The first and second, anterior-most pairs of cer-
atobranchials are detected between 37dph — 43mm SL and
52dph — 46mm SL (models and At8). The third and fourth
pairs of ceratobranchials start mineralizing at 89dph — 63mm
SL, as well as the first and second pairs of hypobranchials
(model ). The third pair of hypobranchials is detected at
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Figure 3. Lateral views of 3D models of the mineralized skeleton in Atractosteus tristoechus larvae: At8 52dph — 46mm SL (A), At9 74dph
—61mm SL (B), At10 89dph — 63mm SL (C), Atl1 104dph — 70mm SL (D) and At12 118dph — 87mm SL (E). B-D: light-yellow refers to the
postcranial skeleton while dark-yellow refers to the skull. For each stage, labels refer only to newly ossified structures.
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104dph — 70mm SL (model ). Finally, the fourth pair of
hypobranchials starts to ossify at 118dph — 87mm SL (model
).

Parasphenoid.

The parasphenoid is a long bone at the ventral surface of
the skull, oriented along the antero-posterior axis. To better
locate the elements, we refer to the following regions from
the anterior-most to the posterior-most location: snout region;
orbital region; otic region and occipital region. Figures en-
closed in the manuscript do not visibly display the growth of
these structures; better observation is available with the 3D
models.

The orbito-otic region of the parasphenoid is already de-
tected at 13dph — 21mm TL (Fig. 1A and model ). The
occipital region mineralizes at 19dph — 27mm SL, separated
from the anterior part (Fig. 1B and model ). The orbital
region expands forwards to form the snout region, and the otic
and occipital regions fuse at 31dph — 39mm SL (model ).

Occiput.

The basioccipital ossifies at 19dph — 27mm SL, in con-
tact with the occipital region of the parasphenoid (Fig. 1B,
model ). The anterior-most vertebral centrum fuses with
the basioccipital-parasphenoid complex at 22dph — 30mm
SL (only the ventral part of the centrum is ossified). At this
stage, the second centrum is ossified ventrally but still inde-
pendent from the occiput. The exoccipital is first detected
at 26dph — 32mm SL, while the second centrum fuses to the
first one and the first arterial foramens become visible in the
occiput (Fig. 1C, model ). At the same time, the first
pair of neural arches ossifies, detached from the centrum. At
31dph — 39mm SL, the two occipital vertebrae are peripher-
ally ossified, with their neural arches attached and their centra
fused together and to the occiput. The exoccipital comes into
contact with the anterior-most pair of neural arches between
37dph — 43mm SL and 52dph — 46mm SL (models and

). Finally, at 118dph — 87mm SL, the exoccipital connects
to the epioccipital (model ).

Endoskeleton - the vertebral axis

Here we refer to the different regions of the column as
follows: (i) the occipital region made of the first two verte-
brae fused with the occiput; (ii) the abdominal region (sensu
Grande, 2010) is the subsequent large region covering almost
all the body and ending at the deep insertion of the radials
of the dorsal and anal fins; (iii) the caudal region is the most
posterior part of the body.

Centra.

The two first centra ossify at 22dph — 30mm SL and then
fuse to the occiput as described in the previous section. Calci-
fication starts in the anterior part of the abdominal region at
22dph — 30mm SL (although the very first few centra of this
region are not detected before 26dph — 32mm SL) and spreads
backwards to reach the caudal region at 37dph — 43mm SL
(models and ). Mineralization of a centrum starts with
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two focal spots; a ventral one and a dorsal one. Both spread
peripherally to the putative notochord to meet halfway and
form the whole centrum. The parapophyses (lateral processes
of the centra that bear the ribs) are detected in the anterior
abdominal centra at 37dph — 43mm SL (At7) and their ossi-
fication spreads backwards, being visible up until the tail at
118dph — 87mm SL ( ). The two posterior-most vertebrae
in the tail do not display ossified centra in the 118dph — 87mm
SL specimen ( ).

Neural arches and spines.

Ossification of the neural arches starts with the occipital
vertebrae at 26dph — 32mm SL (model , as described in the
Occiput section) and spreads posteriorly, same as the centra
but with a delay. Neural arches are detected in the abdominal
region at 31dph — 39mm SL (model ) and in the caudal
region at 37dph — 43mm SL (model At7), while those in the
abdominal region fuse with their centra. At this stage, the first
neural spines (which are paired in gars; Grande, 2010) become
distinguishable from their neural arches (which they are in
continuity with) in the anterior part of the abdominal region
(Fig. 2C and model ). Neural arches attach to their centra
in the caudal region between 37dph — 43mm SL (At7) and
52dph — 46mm SL (Fig. 3A and model ). Neural spines
reach the caudal region around 89dph — 63mm SL ( ,
neural spines and arches reach the most posterior vertebrae,
unlike vertebral centra).

Supraneurals.

Supraneurals are small unpaired elements born by the neural
spines. They are detected at §89dph — 63mm SL in the abdom-
inal region (Fig. 3C and model ) and their ossification
spreads posteriorly to reach the anterior of the caudal region
at 104dph — 70mm SL ( ). They do not grow posteriorly
to the insertion of the dorsal fin.

Epurals.

Epurals are also born dorsally by the neural spines, but are
present at the very tip of the tail only. They ossify at §9dph —
63mm SL (model ).

Ribs.

Ribs are first detected at 89dph — 63mm SL in the occipital
and anterior abdominal region (the posterior-most occipital
centrum bears small ribs, also see Grande, 2010). They pro-
gressively ossify posteriorly to the middle of the abdominal
region at 118dph — 87mm SL (Fig. 3, models s ,
and ).

Haemal arches, haemal spines and hypurals.

Haemal arches are paired elements ventral to the centra
located in the caudal region, and bear unpaired and elongated
haemal spines. The haemal canal goes in between the arches.
Hypurals are the posterior-most haemal spines (Arratia and
Schultze, 1992), but are not born by haemal arches since the
canal does not reach the tip of the tail. They are therefore
directly connected to the centra. The distinction between
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hypurals and haemal spines is made hard in 3D models since it
is sometimes impossible to tell whether an elongated element
is supported or not by a bifurcating, haemal arch (if the arch is
not ossified). To identify hypurals, we used the position of a
series of lepidotrichia in the caudal fin that are systematically
folded (hence identifiable since caudal lepidotrichia ossify
early, see below) at their proximal tip, where they attach to
the hypurals (Grande, 2010). The anterior-most ray of this
series and the ray anterior to it both branch onto hypural 2 in
Grande (2010), and the ray before branches onto hypural 1.
To be sure of the identity of hypural 1, we also checked that it
was not bifurcating at its tip.

The first haemal arches and spines (connected together), and
the first hypurals, are detected in the tail at 31dph — 39mm SL
(Fig.2B and model At6). The ossification of hypurals spreads
backwards, further than the neural arches, neural spines and
epurals (model ). On the contrary, ossification of haemal
arches spreads forwards and reaches the posterior limit of
the abdominal region at 89dph — 63mm SL (haemal spines
ossification does not reach the anterior limit of the haemal
arches, see model ).

Endoskeleton — the appendicular skeleton

In actinopterygians, fin rays are bony segmented elements
called lepidotrichia. The fin is attached to the body either
directly (dorsal, anal and caudal, unpaired fins) or via a girdle
(pectoral and pelvic, paired fins). Except for the pelvic fins,
all fins have their lepidotrichia born by bony support elements
called radials. In the dorsal and anal fins, radials are organized
in pterygiophores, each of which is made of a proximal, a
middle and a distal radial, of which only the latter bears the
rays. Distal radials remain cartilaginous in gars (Grande,
2010) and are the only radials occurring in the caudal fin.

Pectoral girdle.

The cleithrum and supracleithrum are already mineralized at
13dph — 21mm TL (Fig. 1A) and connect to one another at
22dph — 30mm SL (model ), although they are separate
in our 26dph — 32mm SL specimen (model ). The post-
cleithrum is first detected on the left side of the specimen at
37dph — 43mm SL (Fig. 2C, and model At7) barely connected
with the supracleithrum, and then bilaterally at 52dph — 46mm
SL (At8). The cleithrum connects to the postcleithrum on the
right side, at 89dph — 63mm SL ( ). There is still no
ossified trace of the pectoral fins at 118dph — 87mm SL (see
model ). Alcian blue colorations show that they remain
cartilaginous until this advanced stage (data not shown).

Pelvic girdle.

The basipterygium (the single bone of the pelvic girdle)
mineralizes between 37dph — 43mm SL (see model ) and
52dph — 46mm SL (Fig. 3A and model ).

Caudal, anal and dorsal fins.
The first dorsal and anal proximal radials ossify at 37dph —
43mm SL (see model ). We did not detect in our larval
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series any ossification of the middle and distal radials in any
of the fins.

Exoskeleton
Fin rays.

The first caudal lepidotrichia are detected at 19dph — 27mm
SL (see model ). The first anal and dorsal lepidotrichia
calcify at 26dph — 32mm SL (Fig. 2A and model ). The
first pelvic lepidotrichia ossify at 31dph — 39mm SL (Fig.
2B). Rudimentary fin rays, which are unsegmented rays at the
edges of the fins, start to ossify in the dorsal fin and in the
ventral and dorsal edges of the caudal fin at 31dph — 39mm
SL (see model ), and in the anal fin at 37dph — 43mm SL
(Fig. 2C and At7). Finally, a basal fulcrum, which is the first
small ray at the edge of a fin (before the rudimentary fin rays),
was detected at the dorsal and ventral edges of the caudal fin
at 74dph — 61mm SL (see model At9). Pectoral lepidotrichia
are still not ossified at 118dph — 87mm SL ( ).

Fangs.

Because we set the resolution of the pCT at 18um voxel
size, only the biggest teeth (the fangs, sensu Grande, 2010)
are visible on our 3D reconstructions. The first fangs are
detected on the premaxilla at 19dph — 27mm SL (see model

). More fangs are visible on the dermopalatine and the
dentary at 26dph — 32mm SL (see model At5) and additional
fangs appear on the vomer and the lacrimomaxillae at 31dph
—39mm SL (see model ).

Scales.

Several rows of ganoid scales are first detected on the flanks
between the dorsal-anal fins and the caudal fin area at 118dph
— 87mm SL (Fig. 3E and model ).

Entoglossals.

Two parallel, antero-posteriorly oriented rows of bony plates
are present on the top of the tongue and detected at 89dph —
63mm SL (see model ). They are referred to as entoglos-
sals and form the basihyal tooth plate, attached to the hyoid
complex in adults (Grande, 2010).

DISCUSSION

In this study we describe a large sequence of ossification
events throughout larval development in Atractosteus tris-
toechus, thanks to a high density of stages (12 stages). We
show that the first bones mineralize around the stage 13dph
—21mm TL (see model ) and that at 118dph — 87mm SL
(see model ) most of the adult bones are ossified.

Missing steps.

Still, some structures are lacking in our reconstructions,
or not clearly visible. In the skull, this is the case for: the
coronoids that are supposed to cover the mandible and bear
teeth (Grande, 2010); the pterosphenoid and orbitosphenoid
in the braincase region; a second dermopalatine, smaller and
posterior to the first one (although not present in all adult
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Figure 4. Dorsal (A) and left lateral (B) view of the cranial skeleton described in the oldest larval stage ( At12 118dph — 87mm SL).
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specimens in Grande, 2010); the large series of small dermal
suborbital bones covering the cheeks posterior to the orbit;
and the dermohyal bone, an ornamented and superficial der-
mal bone in the temporal area, overlaying the dorsal limits
of the preopercle and opercle. Some bony elements of the
gill arches are also lacking at 118dph — 87mm SL (see model
), probably still cartilaginous. All the elements of the
dorsal arches (i.e. infrapharyngobranchials and epibranchials)
but the upper pharyngeal tooth plate are lacking, although it
is difficult to assess whether the third pair of infrapharyngob-
ranchials is really missing since it is supposed to be attached
to the tooth plate, and our limited resolution does not allow
this observation. In the ventral arches, a small spot of the
second median and unpaired basibranchial element is sup-
posed to ossify (Grande, 2010) but we do not detect it in
our reconstructions. In the vertebral axis, some elements are
lacking in the caudal region such as the very last vertebral
centra and arches which are not completely ossified. In the
fins, not all the rays are ossified, especially the rudimentary
rays that constitute the edges of the fins, or the fringing fulcra,
which are small unsegmented bony rays supposed to attach
to the long lepidotrichia on the edge of a fin (Arratia, 2009).
The middle radial elements of the dorsal and anal fins, that
ossify in A. spatula (Grande, 2010), did not ossify in our
specimens. Notably, the pectoral fins remain in a complete
cartilaginous state (both the rays and the support elements;
data not shown), while the pectoral girdle ossifies early in
the development. The first pectoral fin rays are supposed to
ossify between 52mm SL and 61mm SL in A. spatula, and
they are already present in the smallest specimen of A. tris-
toechus and ossify early in L. osseus (Grande, 2010). This
retention of a cartilaginous, larval fin late in the development
of A. tristoechus could therefore be a unique, derived feature
of this species within Lepisosteiformes. Finally, the ganoid
scales that cover the body of all adult species of gars are only
mineralized in the caudal region of our oldest specimen.

Technical limitations.

Our developmental series are based on X-ray microtomog-
raphy only, which does not allow capturing the finest scale
anatomical details, because of the limited resolution of our
protocol (voxel size: 18um) and a pre-set threshold for sur-
face complexity (the number of vertices of each surface). For
instance, small teeth are supposed to be abundant on many
bones of the oral cavity early in the development (Grande,
2010), but we were able to detect only the largest fangs and
could not reconstruct a surface showing the small-tooth plates
on the vomer, the parasphenoid, the ectopterygoid, the en-
dopterygoid, the prearticular as well as the lower pharyngeal
tooth plate on the fifth ceratobranchial.

Asymmetry.

According to Grande (2010) some paired elements may
display a left-right asymmetry in gars. Here we find a sim-
ilar result with the lacrimomaxillae and lacrimal bones of
some of our developmental stages of A. tristoechus. In the

M3 Journal 3 (3)-e3

lacrimomaxillary series, a difference of one element between
the left and right sides is detected at 19dph — 27mm SL (At3);
74dph — 61mm SL (At9) and 118dph — 87mm SL ( ), see
Fig. 4. A difference of two elements in the lacrimomaxillary
series is detected at 89dph — 63mm SL (see model ).
A one-difference asymmetry is also detected in lacrimals at
26dph — 32mm SL (At5); 31dph — 39mm SL ( ); 37dph —
43mm SL (At7); 74dph — 61mm SL (At9) and 89dph — 62mm
SL ( ). No asymmetry is observed for the extrascapulars
in our specimen, unlike Grande (2010). We often observed
asynchronous ossifications or connections between left and
right elements of paired structures. Such asymmetries were
detected for the ossification of the supraangular, lacrimals,
dermosphenotic, otoliths and postcleithrum; as well as for
the connections between the intermediate extrascapular and
the parietal, the medial extrascapular and the posttemporal,
the lateral extrascapular and the dermopterotic, the posterior
supraorbital and the dermopterotic, and the postinfraorbitals
and the dermosphenotic.

Inter-individual variability.

Intra-population variability may arise in left-right asymme-
try but also in the tempos of ossification. Here, asymmetry
was not constant for all specimens, which may suggest that
within a sample of specimens of the same age, some will
display asymmetry and others not. Second, some reductions
in numbers of repeated elements from one stage to the next
one also imply intra-population variability. For example, six
left lacrimomaxillae are detected at 74dph — 61mm (At9) SL
while only five are detected at 89dph — 63mm SL ( );
and eight left lacrimals are detected at 89dph — 63mm SL
( ) while only seven are detected at 104dph — 70mm SL
( ). Thus, different individuals may have different ossifi-
cation rhythms, but may also have a different final number of
elements of each type, consistently with Grande (2010) who
shows that all adult individuals do not share the same number
of lacrimomacxillae, lacrimals, suborbitals, extrascapulars and
dermopalatines. One may notice that the number of lacrimo-
maxillae is reduced in the 118dph — 87mm SL specimen (see
model : five and six lacrimomaxillae, Fig. 4, versus
seven on both sides at 104dph — 70mm SL, see model ).
It might be due to intra-population variability, but such a big
reduction can also be due to a fusion of lacrimomaxillae as
proposed by Grande (2010). Lastly, it is also likely that for a
same age, all specimens do not share the same standard length.
With regard to these arguments, scanning several specimens
per stage could be useful to cover and assess inter-individual
variability.

Directional ossification.

Overall, ossification seems directed from anterior to pos-
terior of the body, but this pattern is also seen at smaller
scales e.g. within the skull. First, several cranial bones are
already ossified at 13dph — 21mm TL (Fig. 1A and model

) while the first post-cranial elements truly independent
from the skull (i.e. not the pectoral girdles) are the caudal
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lepidotrichia, detected at 19dph — 27mm SL (At3) and the
first non-occipital vertebral centra ossify at 22dph — 30mm SL
(At4). Second, the same pattern holds for the appendicular
development. Pectoral girdles start to develop before 13dph
—21mm TL (Fig. 1A and model ) and are well ossified
as early as 52dph — 46mm SL (Fig. 3A and model ), con-
trasting with posterior fins that ossify later. Third, the skull
ossifies backwards as well: the earlier ossifying bones are
the anterior-most. The snout and jaw elements are already
present at 13dph — 21mm TL (Fig. 1A and model ), in
particular the premaxilla, the maxilla, the dermopalatine, the
ectopterygoid and the dentary. All the more posterior ele-
ments come later in the development: otic bones (prootic,
sphenotic); gill arches; hyomandibular-symplectic apparatus;
and the posterior ornamented dermatocranial bones (parietal,
dermopterotic, extrascapulars, opercle, subopercle, posttem-
poral). Finally, vertebral ossification is also generally directed
from anterior to posterior, with the specificity that ossifica-
tions of all the different types of elements are delayed in time.
Vertebral centra (both dorsal and ventral origins of ossifica-
tion) mineralize first, then neural arches and neural spines,
while ribs and supraneurals come at last. Exceptions to this
general anterior-posterior pattern of ossification include the
scales that start ossifying on the flanks of the caudal region,
the haemal arches whose calcification spreads forward, and
the fin rays that mineralize first in the caudal fin, then in the
dorsal, anal and pelvic fins, and that are still missing at 118dph
—87mm SL ( ) in the pectoral fins.

Specificities in Atractosteus

Some features of Atractosteus tristoechus are shared with
A. spatula but are different from the genus Lepisosteus. In
adult A. spatula and A. tristoechus the dermosphenotic bone is
not part of the circumorbital ring (which is therefore made of
supraorbitals, postinfraorbitals, subinfraorbitals and a lacrimal)
while it is in Lepisosteus and A. tropicus, and two extinct
species: TA. falipoui and TA. simplex, as well as in many
other actinopterygians. Grande (2010) showed that the der-
mosphenotic reaches the orbital margin in young A. spatula
and is then moved backwards by the growth of the posterior
supraorbital somewhere between 242mm SL and 529mm SL.
Consistently, in A. tristoechus we detect the dermosphenotic
as surrounding the orbit until 118dph — 87mm SL (Fig. 4
and ), suggesting that any displacement occurs later on.
Another point is that we do not find in A. tristoechus any
structure resembling the mobile posterior maxillae fragments
of Lepisosteus, a result similar to A. spatula in which there is
only a fibrous element covering the supraangular in adults but
that does not display any clue for homology with a maxilla
(Grande, 2010). We could not detect such a fibrous element
in A. tristoechus as it is not mineralized.

CONCLUSION

Our results provide a new point of view for a detailed de-
scription of the development of the skeleton in Atractosteus
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tristoechus. Ossification times of many structures could be
assessed, thanks to a high density in developmental stages.
Still, some questions remain open, such as structures that do
not ossify within our developmental range, or the degree of
intra-population variability. The study of more specimens and
the use of alternative skeletal staining techniques (Alizarine
red and Alcian blue) will allow a more detailed and more
accurate description of these developmental events.
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