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SUMMARY Genetic and developmental alterations
associated with the evolution of amphibian direct
development remain largely unexplored. Specifically, little is
known of the underlying expression of skeletal regulatory
genes, which may reveal early modifications to cranial
ontogeny in direct-developing species. We describe
expression patterns of three key skeletal regulators (runx2,
sox9, and bmp4) along with the cartilage-dominant collagen
201 gene (col2at) during cranial development in the direct-
developing anuran, Eleutherodactylus coqui. Expression
patterns of these regulators reveal transient skeletogenic
anlagen that correspond to larval cartilages, but which never
fully form in E. coqui. Suprarostral anlagen in the frontonasal
processes are detected through runx2, sox9, and bmp4
expression. Previous studies have described these cartilages
as missing from Eleutherodactylus cranial ontogeny. These
transcriptionally active suprarostral anlagen fuse to the more
posterior cranial trabeculae before they are detectable with
col2a1 staining or with the staining techniques used in earlier

studies. Additionally, expression of sox9fails to reveal an early
anterior connection between the palatoquadrate and the
neurocranium, which is detectable through sox9 staining in
Xenopus laevis embryos (a metamorphosing species).
Absence of this connection validates an instance of
developmental repatterning, where the larval quadratocranial
commissure cartilage is lost in E. coqui. Expression of runx2
reveals dermal-bone precursors several developmental
stages before their detection with alizarin red. This early
expression of runx2 correlates with the accelerated embryonic
onset of bone formation characteristic of E. coqui and other
direct-developing anurans, but which differs from the
postembryonic bone formation of most metamorphosing
species. Together these results provide an earlier depiction
of cranial pattering in E. coqui by using earlier markers of
skeletogenic cell differentiation. These data both validate and
modify previously reported instances of larval recapitulation
and developmental repatterning associated with the evolution
of anuran direct development.

INTRODUCTION

All extant species of the neotropical frog genus
Eleutherodactylus  (Eleutherodactylidae) undergo “direct
development,” in contrast to the ancestral metamorphic
anuran life history. Direct-developing Eleutherodactylus
deposit small clutches of terrestrial eggs, which hatch as min-
iature froglets instead of aquatic tadpoles (Sampson 1900;
Orton 1951; Hanken 1992). The evolution of direct develop-
ment in Eleutherodactylus coqui correlates with loss of several
tadpole-specific cranial cartilages and acceleration of adult
bone and cartilage formation into embryonic stages (Lynn
1942; Hanken et al. 1992). This unique cranial development in
E. coqui is not associated with any obvious changes in the
timing and pattern of cranial neural-crest migration, which is
relatively conserved between E. coqui and metamorphosing
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anurans (Moury and Hanken 1995). E. coqui does exhibit
early distal-less mRNA expression (Fang and Elinson 1996)
and novel immunoreactivity with an HNK-1 antibody in mi-
gratory cranial neural crest (Olsson et al. 2002). However, no
causative link has been established between these early pat-
terns of gene and protein expression and the loss of tadpole-
specific cartilages.

Two previous studies have described cranial ontogeny of
Eleutherodactylus in detail. Lynn (1942) examined cranial
development of Eleutherodactylus nubicola using wax-plate
reconstructions of histological sections (Fig. 1, B-F). More
recently, Hanken et al. (1992) used immunohistochemistry
with an anticollagen IT antibody in whole-mount preparations
of embryonic E. coqui. Both species lack tadpole-specific up-
per and lower jaw cartilages (suprarostral and infrarostral
cartilages, respectively) as well as larval connections of the jaw
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suspension (palatoquadrate cartilage) to the neurocranium
(through the quadratocranial commissure, otic, and ascending
processes). Additionally, both species evince earlier forma-
tion, during embryogenesis, of typically postmetamorphic
cartilages and bones. Tadpole-specific cartilages missing
in E. coqui are presumably absent in all members of the
direct-developing Terrarana clade, which includes Eleuthero-
dactylidae (Heinicke et al. 2009). These cartilages (with the
exception of the otic process) are found in other, metamor-
phosing nobleobatrachians (e.g., the nonfeeding tadpoles of
Flectonotus goeldii: Hemiphractidae; Haas 1996), which form
a Terrarana outgroup. Loss of these larval structures reflects
evolutionary change in the initial (embryonic) patterning of
the cranial skeleton and provides an example of “develop-
mental repatterning” (sensu Hanken 1992), insofar as many
corresponding adult features appear de novo and do not first
recapitulate ancestral larval morphologies. The developmen-
tal basis of such evolutionary change is poorly understood,
but presumably involves modifications to early cell and tissue
interactions that lead to an altered cranial architecture in the
embryo.

Comparative studies of skeletal patterning rely on early
markers of cartilage and bone formation. The initiation of
skeletogenesis is recognized traditionally by the first appear-
ance of mesenchymal condensations in serial sections (Fell
1925; Holmgren 1933; Hanken and Hall 1988; Hall and
Miyake 2000), which in chondrocytes is coincident with
expression of the cartilage-dominant collagen col2al (Hall

Fig. 1. Illustrations depicting cartilages
and bones discussed in the text. (A) Lar-
val cranium of Rana temporaria, dorsal
view (modified from Pusey 1938). (B-F)
Crania of FEleutherodactylus nubicola
(modified from Lynn 1942). (B) Ten days
prehatching, dorsal view; (C, D) 7 days
pre- and 5 days posthatching, respec-
tively, left-lateral views; (E, F) adult skull,
dorsal and ventral views, respectively.
Stippled regions in all panels are carti-
lage; unshaded regions in (E) and (F) are
bone. AC, auditory capsule; CT, cranial
trabeculae; LON, lamina orbitonasalis;
MC, Meckel’s cartilage; MX, maxilla;
PM, premaxilla; PP, pterygoid process,
which connects the palatoquadrate to the
lamina orbitonasalis; PQ, palatoquad-
rate; PT, pterygoid; QC, quadratocrani-
al commissure; SQ, squamosal; SR,
suprarostral. Images are not depicted at
the same scale.

2005). Alternatively, early cartilage patterning can be revealed
through the distribution of type-II collagen immunoreactivity
(Linsenmayer and Hendrix 1980; Hanken et al. 1992; Seufert
et al. 1994; Wake and Shubin 1998; Franssen et al. 2005), high-
contrast microscopy (Shubin and Alberch 1986; Feduccia and
Nowicki 2002; Franssen et al. 2005), or *°SO, uptake by
chondroitin sulfate in cartilage (Searls 1965; Hinchliffe and
Griffiths 1982). Endochondral bone replaces a pre-existing
cartilaginous template, while intramembranous bones form
directly from mesenchymal condensations. In both ossification
processes osteoblast expression of collal, osteocalcin,
osteonectin, osteopontin, and alkaline phosphatase activity
(Sasano et al. 2000; Hall 2005) precede calcium deposition in
the extracellular matrix, which is detectable through alizarin
red and calcein (e.g., Kimmel et al. 2010). Each of these
visualization techniques identifies different cellular behaviors
during the developmental formation of the skeleton. The dis-
advantage of these techniques in assessing cartilage and bone
patterning is that they rely on relatively late stages of skeletal
cell differentiation. Therefore evolutionary patterning changes
that are detected with these techniques may not reflect true
differences in the initial patterning of skeletogenic cells. Here
we describe earlier stages of cranial patterning of E. coqui than
those reported in previous studies by examining mRNA
expression of the chondrocyte and osteoblast regulator runx2,
the neural crest and chondrocyte regulator sox9, and col2al.
The advantage of this approach is that it reveals differentiation
of skeletal precursors several stages before the extracellular
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synthesis of cartilage and bone matrices. Expression of these
skeletal differentiation regulators (sox9 and runx2) corre-
sponds to the initial morphological patterning of the skull,
which is controlled by “upstream” pattern regulators, such as
the signaling protein bmp4. Spatial and temporal expression of
these genes confirms previously described instances of both
cranial repatterning and recapitulation in E. coqui. Their
expression also reveals novel recapitulation of tadpole
morphologies, which were not detected in previous studies
that relied on later markers of skeletal differentiation.

MATERIALS AND METHODS

Adult E. coqui were collected from the Caribbean National Forest
near El Verde, Puerto Rico, under permission from the Depart-
amento de Recursos Naturales y Ambientales (DRNA 03-1C-067).
Rearing at Harvard University followed the Institutional Animal
Care and Use Committee protocol 99-09. An Animal Welfare
Assurance statement is on file with the university’s Office for
Laboratory Welfare (OLAW).

Cloning of E. coqui runx2 (GenBank EF428557), sox9
(EF428559), and col2al (EF428558) and preparation of probes fol-
low Kerney and Hanken (2008). E. coqui bmp4 was amplified with
the following degenerate primers: forward, 5-(GCTTCTAGAGC
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TS7.5

CT  Fig.2. Col2al expression in the develop-
ing head reveals early cartilage pattern-
ing. (A, B, D, G) lateral; (C, F) ventral;
(E) ventral oblique; and (H) anterior
views. Eyes and skin have been removed
from (G) and (H) to reveal underlying
staining. Townsend-Stewart (TS) devel-
opmental stage is indicated in the top
right corner of each frame. Additional
abbreviations: CH, ceratohyal; NO,
notochord; OV, otic vesicle; SN, septum
nasi; TP, trabecular plate; TT, taenia tecti
transversalis. Scale bars, 0.5 mm.

TAATACAGTGTGTTCTTTYCAYCAYGARG-3'), and reverse,
(5-CCACATCCTTCCACCACCATRTCYTGRTA-3'). These prim-
ers amplified an 872 base-pair (bp) fragment, which is a subset of
the previously accessioned 1203bp E. coqui bmp4 (NCBI
accession number, AY525159). Xenopus laevis sox9 in situ hybrid-
ization follows Kerney et al. (2007) and Spokony et al. (2002).
E. coqui whole-mount in situ hybridization follows Kerney and
Hanken (2008). Anatomical terminology is based on previous
reports of skull development in X. laevis (Trueb and Hanken 1992)
and E. coqui (Hanken et al. 1992).

RESULTS
Col2at

Embryonic expression of col2al mRNA reveals early mor-
phology of the cartilaginous skeleton in E. coqui. At stage 5,
there is nonskeletal expression of col2al in the notochord and
otic vesicles (Fig. 2A). During stage 6, col2al is expressed in
presumptive cranial trabeculae, which extend anteriorly to the
mid nasal capsule region (Fig. 2B). The transcript is detectable
early in stage 7 in cranial trabeculae, palatoquadrate precur-
sors, and precursors of the lateral arms of the ceratohyal
within the hyobranchial skeleton, with faint expression in
lateral portions of Meckel’s cartilage (Fig. 2C). Col2al

TS6  Fig.3. Sox9 expression in the developing
head. (A, D, G) lateral; (B, E) ventral; and
(F, H) anterior views. Eyes and skin have
been removed from (H) to reveal under-
lying staining. (C) depicts a Nieuwkoop—
Faber (1994) stage-40 (NF-40)Xenopus
laevis embryo stained with the ortho-
logous sox9 probe, seen in ventral view.
The cement gland has been removed to
reveal underlying staining. Arrow in (B)
indicates absence of quadratocranial
commissure in early Eleutherodactylus
coqui, arrow in (C) reveals this commis-
sure in Xenopus. Additional abbreviations:
BA, branchial-arch neural crest; FN,
frontonasal process; MA, mandibular-
arch neural crest. Scale bars, 0.5 mm.
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expression in Meckel’s cartilage extends toward the midline by
stage 7.5 (Fig. 2D), when col2al expression closely corresponds
with sox9 (Fig. 3F). Both genes are strongly expressed in the
palatoquadrate, Meckel’s cartilage, cranial trabeculae and
auditory capsules. While the auditory capsules and Meckel’s
cartilage also have begun to form type-II collagen-rich con-
densations by this stage, only the cranial trabeculae have
formed Alcian-positive cartilage (Hanken et al. 1992; Table 1).

Col2al continues to be strictly co-expressed with sox9 in
the developing skeleton during stages 8 and 9 (Figs. 2E and
3F). During stage 8, col2al staining reveals an extended
pterygoid process on each palatoquadrate cartilage; this pro-
cess connects the palatoquadrate to the braincase through a
lamina orbitonasalis (Fig. 2E). By stage 9, expression of
col2al in the anterior cranial trabeculae shifts toward the
midline, with rostralmost ends directed ventrally (Fig. 2F).
There also are dorsal extensions of col2al expression in
cranial trabeculae that later extend to form the septum nasi.
Posterior to the septum, cranial trabeculae fuse in an anterior-
to-posterior direction, forming the trabecular plate (not
shown). The dorsal-most extension of the taenia tecti trans-
versalis appears above the eye.

Col2al is strongly expressed throughout the entire carti-
laginous head skeleton during stage 10. Col2al is co-expressed
with sox9 in newly formed taenia tecti transversalis (Fig. 2G)
and the septum nasi (Fig. 2H). Unlike s0x9, col2al expression
along the ventral border of each lamina orbitonasalis persists
through stage 10. The distribution of col2al gives definition to
each cartilage element, with no appreciable expression outside
the cartilaginous skeleton. Col2al mRNA expression now
strictly colocalizes with type-II collagen antibody reactivity
(Hanken et al. 1992; Table 1).

Sox9

Distribution of sox9 mRNA reveals early cartilage anlagen
and their neural-crest precursors. Early sox9 expression

labels migratory neural-crest streams along with the otic ves-
icles during stage 5 (Fig. 3A). However, unlike col2al, sox9
is not expressed in the notochord. Early in stage 6, sox9
expression reveals well-defined palatoquadrate cartilage
precursors in the mandibular arch and paired co-expression
with bmp4 and runx2 in the frontonasal processes (Fig. 3B).
Sox9-positive palatoquadrate anlagen extend dorsally but
do not connect with the anterodorsal portions of sox9
staining in the neurocranium (Fig. 3B). Palatoquadrate
cartilages are connected to the anterior neurocranium through
paired quadratocranial commissure cartilages in the metamor-
phic anuran, X. laevis (Trueb and Hanken 1992). Sox9-
positive palatoquadrate and neurocranium anlagen are con-
nected by paired sox9-positive quadratocranial commissures in
X. laevis embryos (Fig. 3C). These commissures are tadpole-
specific cartilages, which are found in many metamorphic an-
urans but missing in several direct-developing species, includ-
ing E. coqui (reviewed in Kerney et al. 2007).

In later stage-6 embryos sox9 expression expands to
include the auditory capsules, Meckel’s cartilage and cranial
trabeculae anlagen (Fig. 3D). Palatoquadrate precursors
extend anteriorly to connect with short Meckel’s cartilage
precursors in the “mid-metamorphic” pattern described by
Hanken et al. (1992).

Sox9 expression continues to prefigure the cartilaginous
skeleton throughout stage 7. Early in the stage, sox9 is
co-expressed with runx2 in Meckel’s cartilage and the fronto-
nasal processes (Figs. 3E and 4C). Expression of sox9 in more
posterior cranial trabeculae extends anteriorly to connect with
staining in the frontonasal processes by stage 7.5 (Fig. 3F).
Pterygoid processes are also discernable through sox9 expres-
sion by stage 7.5.

Sox9 expression changes little between stages 7.5 and 8.
However, the pterygoid process of each palatoquadrate car-
tilage is fully revealed, connecting to the cranial trabeculae
dorsally (Fig. 3G).

Table 1. The sequence and timing of formation of the notochord, otic vesicles, and cranial skeletal elements as assessed
by different whole-mount staining techniques

Alcian blue Type-II collagen antibody Col2al Sox9 Runx2
Stage 5 NO, OV NO, OV ov
Stage 6 CT AC, CT, FN, MC, PQ CT, FN, MC, PQ
Stage 7 CT AC, CT, MC AC, MC, PQ PP PM'
Stage 8 AC, MC, PQ PQ LON, PP LON AN!
Stage 9 LON, PP, TP LON, PP, TP, TT TP, TT TP, TT SQ!
Stage 10 SN, TT SN SN SN MX!

Alcian blue and type-II collagen antibody staining methods are described by Hanken et al. (1992).
"Premaxillary, angulosplenial and squamosal bones are first detectable at stage 12, and maxillary bones at stage 13, through Hall-Brunt quadruple

staining (Hall 1986) of serial sections (Hanken et al. 1992).

AC, auditory capsule; AN, angulosplenial; CT, cranial trabeculae; FN, frontonasal process; LON, lamina orbitonasalis; MC, Meckel’s cartilage; MX,
maxilla; NO, notochord; SN, septum nasi; OV, otic vesicle; PM, premaxilla; PP, pterygoid process; PQ, palatoquadrate; SQ, squamosal; TP, trabecular

plate; TT, taenia tecti transversalis.




Kerney et al.

Sox9 and col2al continue to be co-expressed in the pre-
sumptive skeleton during stage 9, with additional expression
at this stage in the trabecular plate and taenia tecti transver-
salis (Table 1). The two genes continue to be expressed in
cranial trabeculae and the septum nasi. However in contrast
to col2al, sox9 expression weakens as new cartilages are
formed. Sox9 expression is faint in Meckel’s cartilage by stage
10, despite strong col2al expression (Fig. 3H).

Runx2

Runx2 is expressed initially in a subset of sox9-expressing
cells. By stage 7, runx2 and sox9 are co-expressed in several
skeletogenic anlagen. Their expression patterns diverge in
subsequent stages. Sox9 expression labels early chondrocytes,
whereas runx2 is expressed in differentiating osteoblasts.
Runx2 is not expressed in migratory neural crest, noto-
chord, or otic vesicle during stage 5 (not shown). Its expres-
sion begins as paired clusters of cells in the frontonasal
processes of early stage-6 embryos (Fig. 4A). Soon after these

Early cranial patterning in E. coqui 377

Fig.4. Runx?2 expression in the develop-
ing head. (A, C, D, F) ventral; (B, E)
lateral; and (H) anterior views. Eyes and
skin have been removed from (G) and
(H) to reveal underlying staining. Aster-
isk in (F) indicates transient runx2 ex-
pression along the ventromedial border
of the external nares during stage 8. Ad-
ditional abbreviation: AN, angulosplenial
precursor. Scale bars, 0.5 mm.

elements appear, runx2 staining of palatoquadrate precursors
becomes visible as broad, horizontal anlagen ventral to the
eyes (Fig. 3B). Runx2 also is co-expressed with sox9 in pre-
cursors to Meckel’s cartilage, and there is faint runx2 staining
in the cranial trabeculae.

Runx2 and sox9 are co-expressed in the head during stage
7.0 (Figs. 3E and 4C). Both exhibit paired staining in the
frontonasal processes, Meckel’s cartilage and palatoquadrate
precursors.

Meckel’s cartilage and palatoquadrate precursors continue
to co-express runx2 and sox9 by stage 7.5 (Fig. 4, D and E).
However anterior runx2 staining in frontonasal processes be-
gins to form hollow triangular elements, which correspond to
the position and form of the future premaxillary bones (Figs.
1, E-F, and 4D). These elements are not seen in sox9 staining
(Fig. 3F). Faint runx2 staining also occurs in cranial
trabeculae posterior to, and separate from, the presumptive
premaxillae.

Runx2 expression becomes weaker in anteromedial
portions of Meckel’s cartilage by the beginning of stage 8

TS

Fig.5. Bmp4 expression in the develop-
ing head. (A, B, D, E) lateral and (C, F)
ventral views. Asterisk in (A) indicates
early expression in the maxillary region of
the stage-5 embryo. Additional abbrevi-
ations: DS, dorsal stomodeum; LB, limb
bud; VS, ventral stomodeum. Scale bars,
0.5mm.
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(Fig. 4F). There is, however, strong runx2 expression on the
labial edges of posterolateral portions of Meckel’s cartilage,
which correspond to the presumptive angulosplenial bones.
Expression in the anterior cranial trabeculae is also absent,
and presumptive premaxillae remain triangular. Palatoquad-
rate precursors no longer express runx2 staining anteriorly.
Transient expression of runx2 in the ventromedial borders of
the external nares is only found during stage 8, and does not
correspond to any specific cartilage or bone. By stage 10,
expression of runx2 in palatoquadrate cartilages is restricted
to their posterior edges, which correspond to the future
location of the paired squamosal bones.

Distribution of runx2 by stage 10 prefigures several later-
developing bones. There is strong expression in an-
gulosplenial, premaxilla, and squamosal precursors (Fig. 4,
G and H). Staining of paired squamosal condensations con-
nect to the otic capsules posteriorly through their otic ramus
and extend toward the lower jaw through their ventral ramus.
Additional expression in the presumptive maxillae occurs
anterior to the eyes, and diffuse staining is evident around the
cartilaginous nasal capsules.

Bmp4

Bmp4 is broadly expressed in the maxillary region of the head
and the otic vesicle by stage 5 (Fig. SA). Expression becomes
restricted to dorsal and ventral stomodeal ectoderm later in
the stage (Fig. 5B). Dorsal stomodeal expression continues
during stage 6, whereas expression disappears from the
ventral stomodeum (Fig. 5C). During stage 6, paired bmp4
expression appears in frontonasal processes, where bmp4 is
co-expressed with runx2 and sox9. These regions are anterior
to and separate from transient hmp4 expression in cranial
trabeculac (Fig. 5, C and D). More posterior cranial
trabeculae expression disappears by stage 7, but frontonasal
process expression persists (Fig. 5, E and F). Bmp4 is not
detected in the head during later developmental stages (data
not shown).

DISCUSSION

A variety of whole-mount skeletal staining techniques are
used to visualize cranial cartilage and bone development
(Table 1). These techniques assay different aspects of cellular
differentiation, revealing patterning at different stages of skel-
eton formation. For example, the presence of sulfated pro-
teoglycans in the cartilaginous extracellular matrix is revealed
using Alcian blue (Lev and Spicer 1964), whereas earlier
deposition of collagen fibers can be detected with type-II
collagen immunohistochemistry (Linsenmayer and Hendrix
1980). Successively earlier stages of cartilage differentiation
can be visualized through in situ hybridizations that detect the

type-II collagen precursor mRNA, col2al (e.g., Su et al.
1991), or mRNA of the transcription factor sox9 (e.g., Wright
et al. 1995), the protein of which is required for col2al
transcription in chondrocytes (Bell et al. 1997). Additionally,
runx2 in situ hybridization stains early chondrocytes as well as
presumptive ossification centers several developmental stages
before they are detected by whole-mount staining with aliz-
arin red (Table 1). Assaying earlier stages of skeletal cellular
differentiation may reveal unexpected aspects of cranial
patterning that are not observed with conventional staining
techniques (e.g., Welten et al. 2005).

The missing suprarostral cartilages

Most metamorphosing tadpoles have paired suprarostral
cartilages, which support the upper jaw. These cartilages are
resorbed during metamorphosis, although some authors
contend that they persist as the inferior prenasal cartilages
of the adult (reviewed in Rocek 2003). Distinctly paired
suprarostral cartilages, however, are not present in either the
family Pipidae, which includes Xenopus (Trueb and Hanken
1992), or the direct-developing Eleutherodactylus (Lynn 1942;
Lynn and Lutz 1946; Hanken et al. 1992). Yet, early runx2
and sox9 expression in Xenopus reveal paired cellular anlagen
that contribute to the unpaired suprarostral plate, which
forms the upper larval jaw in the family Pipidae (Kerney et al.
2007). This implies that the plate is homologous to supraros-
tral cartilages of other metamorphosing species. These pre-
cursors fuse medially into a single plate and fuse posteriorly
with the neurocranium, before formation of the histologically
distinct cartilaginous anlagen (as described by Sadaghiani and
Thiébaud 1987). In Eleutherodactylus, paired skeletal precur-
sors in the frontonasal processes are not detectable through
histology (Lynn 1942), Alcian blue or type-II collagen
antibody staining (Hanken et al. 1992). Interestingly, other
frog lineages that have convergently evolved direct-develop-
ment do form transient suprarostral cartilages in the embryo,
which are quickly resorbed before hatching (e.g., Philautus;
Kerney et al. 2007), or form transient condensations attached
to the anterior cranial trabeculae (e.g., Breviceps; Swanepoel
1970).

Early expression of bmp4, sox9 and runx2 in E. coqui re-
veal paired regions of staining in the frontonasal processes
(Figs. 3E, 4, B-C, 5, C-F and 6), which are comparable to
anterior regions of runx2 and sox9 staining in X. laevis. These
regions correspond to the “missing” tadpole-specific supra-
rostral cartilages in E. coqui. As observed in X. laevis, this
staining does not correspond to distinct paired anterior
cartilages. Instead, the distribution of each gene changes as
col2al-positive cranial trabeculaec extend anteriorly and
cartilaginous extracellular matrix is produced (Fig. 6). Bmp4
expression in the frontonasal mesenchyme disappears while
sox9 staining fuses posteriorly with col2al-positive cranial
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Fig. 6. Schematic depiction of the ethmoid region in coronal view,
summarizing changes in gene expression between stages 6 and 8.
Green indicates early skeletal anlagen that are detectable with gene
expression (bmp4, runx2, and sox9), but have no type-1I collagen
positive extracellular matrix. Early cranial trabeculae (CT) also
express col2al mRNA, but not the type-II collagen protein. Blue
indicates type-II collagen positive cartilage, based on previously
reported whole-mount immunohistochemistry (Hanken et al.
1992). Red indicates runx2 expression in the future premaxillary
bones (PM). Early anlagen express bmp4 while later type-II col-
lagen positive cartilage and dermal bone precursors do not. Anl-
agen of the advancing CT fuse with the frontonasal process
anlagen (FN), while runx2 expression becomes confined to the
future premaxillac and bmip4 expression dissipates.

trabeculae, and paired runx2 staining assumes distinct hollow
triangular shapes, which correspond to the future premaxil-
lary bones. Coordinated changes in the expression patterns of
these genes coincide with an anterior extension of type-II
collagen-positive cranial trabeculae during stage 7 (Hanken
et al. 1992).

Early expression of these genes in the frontonasal processes
reveal separate paired precursors to the anterior neurocrani-
um, which are among the first skeletogenic cells detectable in
early embryos (Fig. 6). Similarly, in metamorphosing species
such as Rana temporaria, the suprarostrals are among the first
cranial cartilages to form during embryogenesis (Spemann
1898). Two distinct neural crest contributions have been
mapped for the anterior ethmoid cartilage in zebrafish (Danio
rerio). A separate anterior neural crest-derived population
fuses to lateral and posterior cranial trabeculae in zebrafish
before the cartilage begins to differentiate (Wada
et al. 2005). It is possible that the paired anterior skeletal
progenitors described in X. laevis, and now E. coqui, corre-
spond to the anterior ethmoid precursors in zebrafish, given
their shared developmental features. Both cartilage precursors
appear in the anterior neurocranium and fuse to adjacent
cartilage precursors before cartilage extracellular matrix for-
mation. By extension, the suprarostral cartilages of most
metamorphosing anuran tadpoles may also be derived from a
distinct anterior crest population. Several early morphologists
believed the suprarostrals originated as anterior extensions of
the trabeculae (e.g., Stor 1882; reviewed in Rocek 2003). If the
anuran suprarostral cartilages are derived from a neural crest
population that is homologous with the zebrafish ethmoid
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precursors, then a trabecular extension hypothesis would not
be supported.

The missing quadratocranial commissure

A previously reported instance of developmental repatterning
in Eleutherodactylus is the evolutionary loss of the larval
quadratocranial commissure, a cartilaginous connection
between the anterior palatoquadrate cartilage and cranial
trabeculae in tadpoles of metamorphosing species (Fig. 1;
Lynn 1942; Lynn and Lutz 1946; Hanken et al. 1992). In
Xenopus embryos, sox9-expressing cells connect each anterior
palatoquadrate precursor to cartilage precursors in the
neurocranium, yet this connection never forms in E. coqui
(Fig. 3). This failure of cartilage precursors to fuse precedes
the absence of the quadratocranial commissure cartilage in
embryonic E. coqui. Instead sox9-positive palatoquadrate
anlagen later connect dorsally to the lamina orbitonasalis
through the pterygoid process, which forms during metamor-
phosis in anurans with free-living tadpoles (Reiss 1998).
This connection is visible during stage 8, in sox9 in situ
hybridizations, and during stage 9, through col2al in situ
hybridizations and type-II collagen antibody staining
(Hanken et al. 1992).

Recapitulation versus repatterning

The term “repatterning” has seen several uses in studies of
evolutionary developmental biology. Zelditch (2003) differen-
tiates between temporal and spatial repatterning in the
evolution of developmental processes. She points out that
“repatterning” alone can be too inclusive, and therefore
meaningless, in describing the developmental basis of mor-
phological evolution. “Ontogenetic repatterning” is used to
describe the new morphogenetic pathways that may evolve
following the loss of developmental constraints. These include
constraints on adult morphology associated with a metamor-
phic ontogeny in some taxa (Roth and Wake 1985; Wake and
Roth 1989). Our use of “developmental repatterning” refers
to reorganization of initial spatial patterning in the embryo,
such that adult structures form de novo and not on templates
provided by pre-existing larval components, which instead are
absent or highly reduced (Hanken et al. 1992; Hanken et al.
1997). One instance of developmental repatterning reported
here involves the complete absence of the quadratocranial
commissure from the outset of sox9-detectable cartilage
patterning. Instead, the adult connection between the jaw
suspension and neurocranium, through the pterygoid process,
forms at a later developmental stage without the preceding
larval connection. This instance of repatterning suggests
changes to upstream patterning mechanisms (e.g., the DIx
genes; Depew et al. 2002), instead of a simple acceleration of
the ancestral metamorphic ontogeny during embryonic stages.
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In E. coqui, evolutionary loss of the quadratocranial com-
missure represents a different mechanism from that which
underlies the evolutionary loss of suprarostral cartilages. Our
finding of previously undetectable skeletogenic precursors of
the suprarostrals, in the early frontonasal processes, suggests
that loss of these cartilages is attributable to a change in the
timing of chondrocyte differentiation instead of patterning
changes per se (repatterning). The suprarostrals are typically
resorbed during metamorphosis in anuran species with a
distinct free-living tadpole stage (Pusey 1938). In E. coqui,
however, this change occurs in the early embryo, before car-
tilage extracellular matrix production (Hanken et al. 1992)
or even expression of col2al (Fig. 6). Earlier studies of
Eleutherodactylus cranial patterning used histological or
whole-mount staining techniques that could not detect these
skeletogenic anlagen before they fused (Lynn 1942; Hanken
et al. 1992). Instead of developmental repatterning, E. coqui
undergoes embryonic recapitulation of both the larval supra-
rostral patterning mechanisms and subsequent metamorphic
transformation of the suprarostral anlagen, before these an-
lagen are detectable with conventional techniques. The reca-
pitulation of suprarostral precursors in E. coqui suggests that
these elements play a conserved and possibly critical role in
anuran cranial morphogenesis, even in species in which the
corresponding cartilages are neither functional nor fully de-
veloped at any time of their life history.

Bmp4 expression

Bmp4 is a signaling molecule from the TGF-3 superfamily. It
is implicated in the morphogenesis (e.g., Foppiano et al. 2007)
and evolution of maxillary (Abzhanov et al. 2004) and man-
dibular (Albertson et al. 2005) skeletal elements. Expression
of bmp4 in mouse (Semba et al. 2000) and chicken (Shigetani
et al. 2000) is dynamic, rapidly changing between different
tissue types during embryonic development. The pattern of
bmp4 expression in E. coqui also changes quickly within and
between developmental stages (Fig. 5). Early pan-stomodeal
expression in ectoderm and later expression in mesenchyme of
frontonasal processes (Fig. 5C) is consistent with previous
reports of an early ectodermal-to-mesenchymal change in
bmp4 expression in facial processes of Darwin’s finches
(Abzhanov et al. 2004). Bmp4 co-expression with runx2 and
sox9 in frontonasal processes also is consistent with its
expression in prechondrogenic maxillary mesenchyme of
large-billed finch species (e.g., Geospiza magnirostris) before
cartilage extracellular matrix deposition. Bmp4 expression in
E. coqui maxillary mesenchyme disappears by stage 8, when
anterior extensions of type-1II collagen-positive cranial trabe-
culae reach their rostral-most limit (Fig. 6). The expression
pattern of hmp4 in this region suggests that this gene plays a
role in craniofacial morphogenesis in E. coqui, as has been
demonstrated in several other vertebrate groups (reviewed in

Parsons and Albertson 2009). Further comparative research
with metamorphosing outgroups is required to determine the
extent to which changes in bmp4 expression may account for
evolutionary changes in cranial development in E. coqui.

Runx2 expression and embryonic bone formation

Embryonic distribution of runx2 and sox9 in E. coqui differs
from that in the metamorphic frog, X. laevis. Whereas both
genes are expressed during embryonic formation of the
chondrocranium in Xenopus, expression of sox9 and of runx2
decrease dramatically as larval anlagen chondrify (Spokony
et al. 2002; Kerney et al. 2007). Sox9 and col2al mRNA
expression reappears during metamorphic formation of adult
cartilage (Kerney et al. 2010), and runx2 expression reappears
during formation of adult bone (Moriishi et al. 2005). In
E. coqui, sox9 and runx2 colocalize early in development in
the presumptive chondrocranium, where they prefigure the
distribution of col2al (Table 1). However, runx2 transitions
from co-expression with sox9 to a separate and distinct
expression pattern, which corresponds to future elements of
the bony skull. This transition begins during stage 7 and is
complete by stage 10 (Fig. 4). A similar transition of runx2
expression occurs in the limb skeleton of E. coqui. While both
runx2 and sox9 are co-expressed initially in anlagen of long-
bone elements, runx2 expression is sequestered to developing
long-bone perichondria and periostea also during stage 7
(Kerney and Hanken 2008).

E. coqui embryos undergo several developmental changes,
often associated with metamorphosis, between stages 9 and 12
(Jennings and Hanken 1998; Callery and Elinson 2000a;
Schlosser and Roth 1997). Further, E. coqui embryos treated
with the thyroid inhibitor methimazole arrest development at
stage 12 (Callery and Elinson 2000b). The transition of runx2
expression to nascent osteoblasts occurs earlier (stage 7).
Hence, runx2 expression in osteoblast precursors may not be
dependent on precocious activation of the thyroid axis in
E. coqui.

Runx2 protein is essential for the formation of larval vis-
cerocranial cartilages in X. laevis (Kerney et al. 2007) and
zebrafish (Flores et al. 2006). While runx2 staining does reveal
early cranial cartilages in E. coqui, it does not stain the septum
nasi. This adult cartilage is, however, apparent with sox9 and
col2al staining (Figs. 2H and 3H). Absence of runx2 staining
indicates that this gene is not essential for differentiation of all
adult cartilages. A clearer role for runx2 in anuran cartilage
differentiation awaits verification using assays of runx2 pro-
tein function (e.g., overexpression and knock-down experi-
ments) during skeletal metamorphosis.

Later expression of runx2 strictly corresponds to future
cranial bones, with one exception. Transient runx2 staining
appears on the ventromedial corner of the external nares
during stage 8 but is absent in later stages (Fig. 4). While this
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transient expression might correspond to the future septom-
axillary bone, which forms later on the ventrolateral corner of
the olfactory organ during stage 13 (Hanken et al. 1992),
absence of this staining by stage 10 suggests that it does not. A
similar region of cells that surrounds the external nares in
X. laevis tadpoles also expresses osteogenic markers but does
not correlate anatomically to any dermal bone anlagen (R.
Kerney, personal observation). Investigation into the function
of these putatively osteogenic cells is currently underway.

Limitations of whole mount in situ hybridizations
in detecting skeletal anlagen

Early detection of col2al and sox9 transcripts provides de-
tailed information about the initiation of chondrocyte pat-
terning. However resolution of the morphology of certain
cartilage anlagen obtained from these markers is less precise
than that obtained from type-II collagen antibody and Alcian
blue staining. For instance, cartilages of the lateral braincase
(pilae antotica and metotica) were not detectable in any of our
in situ hybridizations even though these elements are visible
through type-II antibody staining by stage 8 (Hanken et al.
1992). These delicate cartilages form deep within cranial me-
senchyme, medial to the eyes. Similarly, hyobranchial skeletal
staining is variable using our in situ hybridization method-
ology in E. coqui. For instance, some col2al preparations
reveal distinct hyobranchial skeletons (Fig. 2F), while in
others the staining is not apparent (Fig. 2H). This lack of
detectable staining may be due to the overlying mesenchymal
tissues preventing proper penetration of mRNA probes, dig-
oxygenin-conjugated antibodies, or alkaline phosphatase
chromagens used in our in situ hybridization protocol. None
of the staining patterns described in this study occurs deep
within mesenchymal tissues, and all were consistent between
replicate samples.

Conclusion

This study uses gene expression to describe early skeletal
patterning during cranial development in E. coqui. The dis-
tribution of bmp4, sox9 and runx2 links previous studies of
neural-crest migration (Moury and Hanken 1995) and gene
(Fang and Elinson 1996) and protein (Olsson et al. 2002)
expression to later observations of cranial skeletal patterning
in a direct-developing anuran (Hanken et al. 1992). Expres-
sion of these key skeletal regulators reveals marked repat-
terning of cranial cartilages as well as transient suprarostral
precursors in the frontonasal processes, which never form
as distinct cartilages in E. coqui. Additionally, expression of
runx2 reveals the early location of osteogenic precursors
several stages before they form bone. By examining differen-
tiation markers of chondrogenic and osteogenic cells we
find an early instance of developmental repatterning and an
unexpected developmental recapitulation in E. coqui. These
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results will inform future studies on the evolutionary changes
to genes that mediate cranial patterning (such as the signaling
molecule bmp4) or on modifications to thyroid hormone
signaling, which may account for the dramatic changes in
ontogeny associated with anuran direct development.
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