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Teleost ﬁshes comprise approximately half of all living vertebrates. The extreme range of diversity in teleosts is remarkable,
especially, extensive morphological variation in their jaws and
dentition. Some of the most unusual dentitions are found among
members of the highly derived teleost order Tetraodontiformes,
which includes triggerﬁshes, boxﬁshes, ocean sunﬁshes, and
pufferﬁshes. Adult pufferﬁshes (Tetraodontidae) exhibit a distinctive parrot-like beaked jaw, forming a cutting edge, unlike in any
other group of teleosts. Here we show that despite novelty in the
structure and development of this “beak,” it is initiated by formation
of separate ﬁrst-generation teeth that line the embryonic pufferﬁsh
jaw, with timing of development and gene expression patterns
conserved from the last common ancestor of osteichthyans. Most
of these ﬁrst-generation larval teeth are lost in development. Continuous tooth replacement proceeds in only four parasymphyseal
teeth, as sequentially stacked, multigenerational, jaw-length dentine bands, before development of the functional beak. These data
suggest that dental novelties, such as the pufferﬁsh beak, can
develop later in ontogeny through modiﬁed continuous tooth
addition and replacement. We conclude that even highly derived
morphological structures like the pufferﬁsh beak form via a conserved developmental bauplan capable of modiﬁcation during
ontogeny by subtle respeciﬁcation of the developmental module.
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ertebrates offer an impressive range of morphological diversity, especially in dentitions. Morphological diversity in
teleost ﬁshes is unparalleled among vertebrates, exempliﬁed by
the bizarre forms assigned to the order Tetraodontiformes. Some
members of this teleost order, the Gymnodontes, are known for
their unusual jaws, superﬁcially resembling the beak of a parrot
(Fig. 1) (1). The members of one family of Gymnodontes, the
pufferﬁshes (Tetraodontidae), possess a unique oral dentition
of four teeth, two in the upper jaws and two in the lower jaws,
extending laterally from the midline (Fig. 1 C and D). These teeth
form paired opposing beak-shaped toothplates that can crush or
slice prey items, different from most other teleost dentitions
(Fig. 2 H and N) (2, 3). The ontogenetic and developmental
mechanisms that form the unique tetraodontid dentition have
been little studied; only a brief mention of larval teeth in pufferﬁshes (4) and descriptions of the adult dentition (5) have been
published to date.
However, when dental development is examined in detail, this
adult morphological novelty shows greater similarity and structural conservation in initial development to that of osteichthyans
than was previously appreciated (Fig. 2). The pufferﬁshes are a
morphologically derived group of teleosts with numerous reductive characteristics, including a lack of pelvic ﬁns, ribs, and
lower pharyngeal jaws, a reduced number of vertebrae, and absence of various cranial bones (6–9). Moreover, members of the
family Tetraodontidae possess some of the most concise vertebrate genomes known (10–13). In the present study, we focused
on the southern Asian freshwater pufferﬁsh genus Monotrete and
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examined embryos of several closely related species (M. abei,
M. cochinchinensis, M. leiurus, and M. suvattii) (Fig. 1). Our initial
hypothesis was that the pufferﬁsh “beak” (Fig. 2 I, N) represents
a unique dental structure from an unknown developmental genetic bauplan. We expected this genetic bauplan to be unique not
only among teleosts, but also among vertebrates.
To test this hypothesis, we investigated how this highly derived
beak-like pufferﬁsh dentition forms developmentally. Speciﬁcally, we examined how the spatial and temporal pattern of gene
expression unfolds, as related to tooth initiation and development, during sequential ontogenetic stages of the embryonic and
hatchling dentitions (Fig. 2). Gene expression associated with
developmental phases during formation of the pufferﬁsh dentition has received little attention so far (14). Thus, we have taken
advantage of this unique dentition to address more general
questions regarding genetic control related to the developmental
origins of teleost morphological diversity and the evolution of
these patterns. Here we document the morphogenetic progression
from initial stages of formation of the ﬁrst-generation dentition
through to transitional stages of beak initiation.
Results
We examined the expression of a subset of highly conserved genes
(expressed similarly across many taxa) known to be active during
all similarly studied stages of tooth development in several teleosts, reptiles, and mammals (15–17) for comparison. We chose
the genes bmp4, pax9, pitx2, and shh for this study because they
include some of the most studied gene representatives across taxa
for tooth development from ﬁsh to mammals, allowing for generalizations across vertebrates (15, 16, 18–24). For this study, we
generated riboprobes from recently developed genomic resources
for closely related pufferﬁshes, Tetraodon (http://www.genoscope.
cns.fr/externe/tetranew/) and Fugu (http://www.fugu-sg.org/), to
examine temporal and spatial expression patterns by wholemount in situ hybridization (Figs. 3 and 4) and monitor how gene
expression changed during ontogenetic formation of the beak. We
aimed to test whether developmental mechanisms common to
other teleost dentitions were present in the pufferﬁsh dentition.
Pufferﬁsh First-Generation Dentition Originates from a Conserved
Osteichthyan Pattern. Timed development of the earliest Mono-

trete dentition can be seen in cleared and double-stained skeletal
preparations (Fig. 2) and also before morphological emergence
via gene expression patterns (Fig. 3). Both of these developmental
patterns show that a row of separate ﬁrst-generation teeth forms
in a timed sequence along the jaw margin, quite unlike in the
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Fig. 1. Adult freshwater pufferﬁsh, (A) Monotrete abei male guarding eggs
on the substrate. (B) Lateral view of the M. abei head showing the mouth
with a partly exposed beak; the large lips cover most of the beak. (C) Lateral
view of a typical pufferﬁsh skull of tetraodon lineatus (skeletal preparation;
scale bar: 2 cm) and (D) frontal view showing the extensive beak tissue fused
with the bone of the articulated jaws. (Scale bar: 1 cm.)

adult beak and before any stages of beak initiation. These ﬁrst
stages of tooth development reiterate those of other teleosts
studied to date. Importantly, the timing and spacing of tooth
initiation along the jaw follows the same pattern that is well
conserved across osteichthyan ﬁshes (Fig. 3) (15, 18, 19). As in
other bony ﬁshes, initial tooth germs on the lower jaw appear in

a temporal sequence not matched by tooth position along the
jaw. The ﬁrst tooth germ develops in position 2, followed ﬁrst by
position 3, then position 1 (roman numerals in Fig. 3 represent
the positional order along the jaw), and then by successive
proximal addition of tooth germs in positions 4–9 (Figs. 2 and 3).
There is a different arrangement of separate teeth in the upper
jaw comprising an oblique anteroposterior row with fewer teeth
(between four and six; Fig. 2 C–F), compared with a total of 14–
18 on the lower jaw. Comparable data have been reported in the
rainbow trout Oncorhynchus mykiss (25, 26). Later in both jaws,
two prominent parasymphyseal teeth at tooth position 1 in each
quadrant (Fig. 2 E, H, and M) are retained for, and involved in,
subsequent continuous tooth replacement (see below) during
beak formation (Fig. 2 H, I, M, and N).
The ﬁrst indication of tooth initiation is in restricted gene
expression in Monotrete spp. at 6 d postfertilization, localized to
a dentally competent epithelial strip, the odontogenic band
coexpressing pitx2 and shh (Fig. 3 A–G). Underlying this epithelial expression are aggregated mesenchymal cells showing
restricted expression of well-known “odontogenic-related” genes
bmp4 (Fig. 3 I–L) and pax9 (Fig. S1) in underlying tooth ﬁelds,
presumed to be reciprocal activity (18, 19, 27–29). However, pax9
is later restricted to those mesenchymal cells surrounding each
tooth unit (Fig. S1), following the conserved gene expression
domains of other teleosts (15, 18, 22). For example, identical
patterns of gene expression have been documented in the

Fig. 2. Developmental sequence from a conserved pattern of initial teeth to replacement dentine bands during the formation of the unique pufferﬁsh beak.
(A–D, F–H, M, and N) Frontal views (into the mouth) of the developing dentition (3.6 mm NL to 10.3 mm SL) of a pufferﬁsh (Monotrete suvattii). (E, I, and L)
Lateral views. (K) Medial view. A–M show specimens cleared and double- stained with alizarin red (staining calcium-rich tissues, e.g., bone and dentine) and
alcian blue (staining mucopolysaccharides in cartilage). The ﬁrst-generation dentition in pufferﬁsh is composed of individual teeth with acrodin (enameloid)
caps identical to those of other actinopterygians (A–H). From the youngest stage with 2 teeth in the lower jaw (LJ) (A, black arrowheads, T1), separate teeth
are added along the jaws [B, 4 teeth plus a developing tooth (black box) in the LJ, 2 teeth plus a developing tooth in the upper jaw (UJ), denoted by an
asterisk] with up to 14 (C) to 16 teeth (D) in the LJ and up to 6 teeth in the UJ (C and D). First-generation teeth and superﬁcial intertooth dentine are retained
until worn (H, asterisk). Strongly mineralized jaw length bands of dentine form from individual replacement teeth, stacked below the ﬁrst-generation teeth
in the UJ and LJ, increasing in number with size from one band in D to up to four bands in H and N, the largest stage that we studied (10.3 mm SL). These
stacks of dentine bands (R1–R4) form as multigeneration replacement teeth of only the four most medial teeth (D–H). H shows a frontal view of the lower jaw
beak, showing the four generations of replacement bands (R1–R4) of stacked dentine that will form the adult beak. The asterisk denotes the retained ﬁrstgeneration teeth at the beak surface; black arrows denote the symphysis between the left and right halves of the LJ (D, G, and H ). Dentine tubules from living
cells are present in ﬁrst-generation teeth (J) and in replacement dentine bands (L, black arrowheads). (N) Optical projection tomography image of the juvenile
M. suvattii beak in frontal view, showing the pink ﬂuorescent bands of stacks of replacement dentine bands forming the beak. (Scale bar: 200 μm.)
mc, Meckel’s cartilage; mx, maxillary; pmx, premaxillary. Lengths are provided as either NL or standard length SL in mm of embryonic and juvenile M. suvattii
(A, 3.6 mm NL; B, 3.75 mm NL; C, 4.8 mm SL; D–F, 5.6 mm SL; G, 8.5 mm SL; H, I, and N, 10.3 mm SL; J–M, 5.6 mm SL).
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rainbow trout, a phylogenetically basal teleost relative to pufferﬁshes (30), suggesting a high degree of conservation of developmental regulation despite highly disparate morphological
structures. We examined the expression of several highly conserved
genes including bmp4, pax9, pitx2, and shh, all of which exhibited
location and timing of expression during ﬁrst-generation tooth
patterning in pufferﬁsh identical to that of other studied teleosts
(18, 19, 22, 31).
There are subtle differences between initial tooth development
in pufferﬁsh and other known teleosts; for example, the ﬁrstgeneration tooth germs (Fig. 3) appear to develop entirely within
the surface epithelial layer rather than through invagination of
the entire tooth germ. This invaginated dental epithelium is
considered essential for tooth replacement in all other known
vertebrate dentitions (17, 21, 32, 33). The ﬁrst-generation parasymphyseal tooth germs in Monotrete spp., which also begin their
development in a superﬁcial position, later invaginate deep into
the underlying mesenchyme. Thus, pufferﬁsh acquire a deep dental
epithelium only in the four parasymphyseal teeth. Tooth replacement can occur only from this invaginated, extended dental epithelium (Fig. 3), as seen in all other dentition studied to date (34).
Once at least ﬁve ﬁrst-generation teeth have developed along
the Monotrete lower jaw, other changes occur that demonstrate
the uniqueness of this dental system. The pulp cavities of the
ﬁrst-generation marginal teeth ﬁll with dentine and fuse with
adjacent teeth at their bases (Fig. 2 J and K). All are surrounded
by a superﬁcial but extensive layer of “intertooth” dentine (Fig. 2
C–H and L) (35), providing a solid and robust functional biting
Fraser et al.

surface with ﬁrm tooth attachment. This dentition of ﬁrst-generation teeth plus their intertooth dentine consolidation is
functional in the ﬁrst few weeks after hatching (Fig. 2 C–H and
L) (35). But although composed of dentine, this surface differs
signiﬁcantly from that of the adult beak, with a minimal covering
of dentine around the teeth, far less mineralized than the substantial and highly mineralized, repeated bands of beak dentine.
Although the pufferﬁsh ﬁrst-generation teeth represent the conserved pattern of osteichthyan odontogenesis, the stage of consolidation of the superﬁcial teeth is different, transitory, and not
comparable to the beak structure seen in adults.
Replacing Initial Teeth in Pufferﬁsh with a Unique Beak via Continuous Replacement. The ﬁrst signs of pufferﬁsh beak forma-

tion appear at 5.6 mm standard length (SL) as a highly mineralized band in a cavity of the jaw bone below the ﬁrst-generation
teeth. In the upper and lower jaws, new successional replacement
teeth are initiated in each quadrant exclusively below the parasymphyseal teeth (Fig. 2 D–I). Only these develop an epithelial
invagination (as a type of successional lamina) extending from
these ﬁrst-generation tooth germs and the ﬁrst-generation superﬁcial odontogenic band. The ﬁrst-generation parasymphyseal
teeth extend into the underlying jaw mesenchyme and are likely
regulated by cells expressing the epithelial and mesenchymal
gene bmp4, a marker for where the beak will arise (Figs. 3 and 5).
Thus, the ﬁrst-generation dentition is respeciﬁed from the common
pattern in osteichthyans. However, tooth replacement proceeds
only in the four successive parasymphyseal teeth with separate
PNAS Early Edition | 3 of 6
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Fig. 3. A conserved gene expression program initiates the ﬁrst-generation teeth in pufferﬁsh. (A–H) shh and pitx2 are coexpressed in the developing tooth
bud epithelium of the ﬁrst- generation dentition in M. abei embryonic lower jaws. (A, B, E, F, I, and J) Dorsal view of the embryonic lower jaw. Tooth position
number along the jaw (B) does not reﬂect the time order in which the teeth develop; position 2 is the ﬁrst tooth germ initiated (see the Roman numerals in
the right quadrant of F), then 3, then 1 as shown (nos. 2, 3, 1, 4, and 5 in the left quadrant of F). This represents an osteichthyan-speciﬁc pattern for ﬁrst tooth
initiation order (the 5 in parentheses is not in the focal plane). Superﬁcial tooth buds (2–5 in B and F) expressing shh (black arrow in D) and pitx2 (asterisks in G
and H) are never replaced. OB, extended odontogenic band (white arrow in A and white arrowhead in B). The lack of shh around later-stage ﬁrst tooth
development (white arrow in B) marks the loss of surface shh expression in the odontogenic band as shh expression transfers to tooth morphogenesis (C, black
arrowheads). Note the deep invagination of the two parasymphyseal teeth in C and G (black arrowheads); only these will be replaced with dentine bands to
become the beak. (H) Intertooth dentine (red arrowheads) occurs between each ﬁrst-generation tooth. Dentine forms and joins all teeth together as an
extension of durable dentine, an attachment mechanism. Expression of pitx2 (white arrowhead in F) might deﬁne the initial region for intertooth dentine
secretion associated with the remaining OB. (I–L) bmp4 expression present in both epithelium and mesenchyme of the developing ﬁrst-generation tooth
(black arrowhead in I). bmp4 expression is extended labially into deep mesenchyme of the ﬁrst tooth (parasymphyseal) positions (black arrow in K) associated
with continued invagination of the parasymphyseal teeth and interdentine production as opposed to the superﬁcial mesenchymal expression (black arrow in
L) in teeth 2–5 that are not replaced, and are not related to the beak formation. OC, oral cavity; OB, odontogenic band; MC, Meckel’s cartilage. (Scale bars:
20 μm in A, C, E, G, and I; 50 μm in B, F, H, J, K, and L.)

Fig. 4. The unique pufferﬁsh beak develops as a result of replacement from only the four parasymphyseal teeth. (A and E) Frontal whole-mount views of
lower jaw beak. (B–D and F–H) Sagittal thin sections. A–C and E–G show epithelial expression of shh and pitx2, respectively (white arrowheads). These genes
are redeployed for replacement tooth morphogenesis, forming the extended dentine bands that provide units parallel to the oral surface that compose the
beak in M. abei. (A and E) Frontal view of gene expression in the beak after in situ hybridization. S, symphyseal suture (black arrow). (B) Epithelial (labial)
downgrowth (with green dotted outline, white arrow, and black dashes marking the dentine beak boundary) provides odontogenic epithelial cells for
continued replacement bands (R1, white arrowhead; upper and lower beak sections together). (D) H&E-stained coronal section through the early beak. Seen
are the developing dentine band (R2, white arrowhead) and underlying cluster of odontogenic cells for the newest successive dentine band (R3, white arrow)
forming within the bone cavity (BC) of the beak. Medial ﬁrst teeth are still present as T1 (black arrowheads in A–C and E–G). (H) Schematic drawing of the
pufferﬁsh beak in sagittal section, showing pale-green oral epithelium and labial downgrowth (as in B), acrodin cap (red) with dentine of a functional tooth
(T1, dark blue), and bone of the cavity wall (purple). Expression of shh, pitx2, and bmp4 would be within the dental epithelium (dark green) surrounding the
successive developing dentine bands R1 (already showing mineralized acrodin in red and dentine in dark blue) and R2 bud stage with condensing mesenchyme (pale blue), where bmp4 expression would occur (Fig. S2), underlying the dental epithelium (dark green), where shh, pitx2, and bmp4 would be
expressed. The cavity mesenchyme is in light gray. (Scale bar in A: 200 μm.)

cusps of acrodin, below the ﬁrst ones (Fig. 2M, arrows). For all
other ﬁrst-generation tooth positions (from position 2 along the
jaw proximally), the process of tooth replacement is inhibited.
Another unique feature is the extension of dentine proximally
from these parasymphyseal replacement teeth in a continuous
growth mode for each tooth to form the distinctive jaw quadrant
length, stacked dentine bands characteristic of phylogenetically
derived pufferﬁshes such as Monotrete (Figs. 2 D–I and N and
5 C and D). These vertical stacks of dentine bands serve as the
replacement tissue for the ﬁrst-generation tooth set embedded
in superﬁcial intertooth dentine. Each dentine band represents
one replacement tooth with proximally extended growth (Fig. 4)
occurring simultaneously in each quadrant. New bands are added
continuously throughout life, and through the process of wear
each dentine band eventually becomes the functional biting
(tritural) surface as many stacked dentine bands form to replace
a single tooth position (a system known as many-for-one replacement). As noted earlier, the replacement teeth are initiated
where coexpression of key regulators of tooth initiation, shh,
pitx2 (Fig. 4), and bmp4 (Fig. S2), are redeployed to form these
dentine bands during beak morphogenesis.
Discussion
Our developmental and gene expression data obtained at early
ontogenetic stages of Monotrete spp. demonstrate that the ﬁrstgeneration set of marginal teeth is induced in a spatiotemporal
series that represents the typical teleost and likely a general
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osteichthyan pattern (Fig. 3 A–C), the latter being conserved
since the actinopterygian/sarcopterygian split at least 416 Mya
(36). Thus, the pufferﬁsh beak is not developed de novo, but
rather emerges ontogenetically as a modiﬁcation of the program
for tooth replacement. Our new data show how, after the conserved tooth program has unfolded in time and space as in most
osteichthyan developmental programs (Figs. 2 and 3), the dental
module is modiﬁed during the ﬁrst replacement phase via
respeciﬁcation of continuous rounds of tooth addition and replacement to produce a unique beak capable of crushing or slicing
prey (Figs. 1, 2, 4, and 5). Only the four parasymphyseal teeth
form replacement teeth, and through the activity of odontoblasts
extend dentine growth to form the beak within cavities (intramedullary bone spaces) of both the upper and lower jaws (Figs. 2
D–I and M and 5 B and C). As a new testable hypothesis, we
suggest that despite their highly diverse and divergent dental
structure, teleost dentitions will be initiated in ontogeny with the
same conserved program, and that dental diversity and novelty will
be manifested only during cyclical replacement. This offers insight
into another question: Is a complete initial tooth row necessary for
correct pufferﬁsh beak formation? We suggest that pufferﬁsh require only the formation of two parasymphyseal teeth (on the
upper and lower jaws) in the correct position for the beak to
initiate and form continuous replacement tooth bands for each
jaw. It is in this medial location that the dental epithelium extends
(invaginates) ventrally from the superﬁcial tooth germs to initiate
parasymphyseal replacement teeth. This parasymphyseal location
Fraser et al.

is essential for both the sutured bony linkage of the two upper and
two lower jaw halves and for the addition of their replacement
dentine bands for a functional beak. Thus, it appears that no teeth
of the ﬁrst-generation dentition except the four parasymphyseal
teeth play an obvious role in the development of the adult dental
structure. However, these teeth are required for earlier larval
feeding and are lost, essentially through the process of wear, as
they become the ﬁrst trituration (biting) surface of the jaw.
The beak-like dentition in the Monotrete pufferﬁsh (Fig. 1)
differs from that of other Gymnodontes, including the phylogenetically basal family Triodontidae (4). In the Triodontidae, the
beak results from the coalescence of numerous separate tooth
units, whereas the Monotrete beak develops from compaction of
consecutive replacement dentine bands (5) that continue to form
via modiﬁed tooth replacement established in the second generation of tooth development. In contrast, in the Triodontidae
the separate tooth units develop within separate small cavities on
the lateral surface of the jaw bones. This indicates that tooth
replacement has shifted to a cavity inside the jaw bones (37, 38)
during pufferﬁsh evolution, although replacement mechanisms
have undergone further signiﬁcant changes with diversiﬁcation of
the group.
Our results indicate that the highly modiﬁed dentition of pufferﬁshes is derived by tinkering with a developmental plan of
a generalized osteichthyan dentition, itself retained over 400 million
Fraser et al.

years, highlighting the gradual nature of evolutionary change and
the principle of natura non facit saltus (“nature does not make
jumps”). Future research should consider how highly distinctive
vertebrate morphological structures are derived developmentally
and how individual developmental modiﬁcations facilitate evolution away from a conserved bauplan. We have demonstrated
how respeciﬁcation of continuous tooth replacement can be reorganized to form a specialized, unique mechanism for dental tissues.
The unique morphological structure of pufferﬁshes should promote
their use as a new evo-devo model for the study of developmental
modiﬁcation and evolutionary novelty.
Materials and Methods
Fish Husbandry. Embryos and larvae of Monotrete pufferﬁsh were raised to
the required stage in a recirculating aquarium system at 20–23 °C at the
Natural History Museum, London. Lengths given refer to either notochord
length (NL) before ﬂexion or SL after ﬂexion of larvae.
cDNA and Riboprobes. Cloned cDNA sequences used to generate digoxigeninlabeled antisense riboprobes from Monotrete spp. were identiﬁed through
partial genome assemblies of Fugu and Tetraodon spp. (http://www.genoscope.
cns.fr/externe/tetranew/; http://www.fugu-sg.org/) and cloned from M. abei
cDNA libraries. The following primers were used to generate the M. abei
cDNA fragments for cloning and riboprobe synthesis from exact matching
sequences from the foregoing databases: bmp4 forward, CCTTAGCAGCATTCCAGAGG; bmp4 reverse, CCCAGGCTCTTGGTGTAAAG; pax9 forward,
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Fig. 5. Conserved developmental origins in pufferﬁsh
with teeth in order before appearance of the unique beak
represented by schematic drawings of the transitional
stages forming the beak constructed via tooth replacement
(representing only the lower jaw dentition). (A) In stage A,
ﬁrst-generation superﬁcial tooth development exempliﬁes
the osteichthyan pattern. The order of initiation is different from the order along the jaw in a conserved pattern:
T2, T3, and T1, with the number referring to position along
the jaw from most proximal (parasymphyseal), T1. In addition, expression of key “tooth” genes (bmp4, shh, and
pitx2) is conserved during this phase of development. All
teeth form a cap of acrodin (red), but parasymphyseal
teeth (T1) are larger. (B) In stage B, development of the
parasymphyseal (medial, T1) teeth progresses to provide
a deep extension (arrow) of dental epithelium from the
tooth germ for initiation of beak morphogenesis. At this
time, new intertooth dentine (purple) develops to surround ﬁrst-generation teeth and join bases together for
a functional surface, the “ﬁrst bite.” (C) In stage C, restricted replacement teeth form (R1) only for the parasymphyseal teeth. Proximal tooth positions (e.g., T2, T3)
are lost (X) and never replaced. Replacement teeth (R1) are
structurally very different from the ﬁrst- generation teeth,
as growth extends to the length of the jaw and each
dentine band forms in the cavity within the bone of the
jaws. First and future generations of replacement teeth are
formed of single bands of dentine for each replacement
round, as successive events within the bone. Expression of
pitx2, shh, and bmp4 continues to be redeployed for further morphogenesis of the replacement teeth into the
characteristic bands of dentine (dark blue) to form the
beak structure. The medial tips of each replacement band
(stage D, R1–R3) contain an acrodin cap (red). (D) In stage
D, further rounds of replacement (R1–R3) continue before
the stacked dentine bands become a fully functional and
novel structure as the beak. Each quadrant of the beak is
separated by a complex sutured symphysis (S, dashed line).
Dental epithelium (green) expresses bmp4, pitx2, and shh
during both tooth initiation and continued replacement
and initiation of dentine bands. Dental mesenchyme (light
blue) expresses bmp4 at all stages of tooth initiation and
replacement band initiation and development.

GCACATTCGGACATACAAGC; pax9 reverse, TTGGAGGTCGGGTAGGAGTA; pitx2
forward, TTGGTTCAAGAACCGGAGAG; pitx2 reverse, AGTGCTGCTTGGCTTTCAGT; shh forward, GTCGGTCTCCTCTGCTTGTC; shh reverse, CACCGGTGTTCTCTTCATCC.
In Situ Hybridization. To ensure that the embryos of comparison were of
equivalent stages (especially during gene expression comparisons), specimens used from the same brood were stage-matched based on external
features, including pectoral and caudal ﬁn development and eye development and maturity. Specimens for whole-mount in situ hybridization
were anesthetized in tricaine methanesulfonate (MS-222; Argent Chemical
Laboratories) and ﬁxed overnight in 4% (wt/vol) paraformaldehyde (PFA)
in PBS at 4 °C. Whole-mount in situ hybridization experiments were based
on published protocols (15), modiﬁed as follows. Embryos were transferred
to methanol for dehydration and stored at −20 °C. Specimens were rehydrated through to PBS with Tween-20 and digested with 4–10 μg/mL of
proteinase K. After hybridization, embryos were washed in 10 mM NaCl,
10 mM Tris-HCl, and Tween-20 in diethylpyrocarbonate-treated H2O.
During the color reaction stage of the protocol, all embryos were allowed
to fully develop the color. Thus, embryos were continuously transferred
into fresh NBT/BCIP solution (Roche) in NTMT until full staining was complete; this was determined after multiple regions of known expression
became positive. All in situ hybridization experiments were performed
with multiple specimens (with multiple individuals ﬁxed at regular inter1. Cuvier G (1805) Leçons d’Anatomie Comparee: La Première Partie des Organes de la
Digestion (Crochard, Paris), Vol III.
2. Konstantinidis P, Harris MP (2011) Same but different: Ontogeny and evolution of the
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