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Abstract

Teeth have long served as a model system to study basic questions about vertebrate organogenesis,
morphogenesis, and evolution. In non-mammalian vertebrates, teeth typically regenerate
throughout adult life. Fish have evolved a tremendous diversity in dental patterning in both their
oral and pharyngeal dentitions, offering numerous opportunities to study how morphology
develops, regenerates, and evolves in different lineages. Threespine stickleback fish (Gasterosteus
aculeatus) have emerged as a new system to study how morphology evolves, and provide a
particularly powerful system to study the development and evolution of dental morphology. Here
we describe the oral and pharyngeal dentitions of stickleback fish, providing additional
morphological, histological, and molecular evidence for homology of oral and pharyngeal teeth.
Focusing on the ventral pharyngeal dentition in a dense developmental time course of lab-reared
fish, we describe the temporal and spatial consensus sequence of early tooth formation. Early in
development, this sequence is highly stereotypical and consists of seventeen primary teeth forming
the early tooth field, followed by the first tooth replacement event. Comparing this detailed
morphological and ontogenetic sequence to that described in other fish reveals that major changes
to how dental morphology arises and regenerates have evolved across different fish lineages.
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Introduction

Teeth are a classic model system for understanding vertebrate development and evolution.
Mice, a monophyodont (no tooth replacement) rodent, have served as the primary model for
understanding tooth formation (Jernvall and Thesleff, 2000; Tucker and Sharpe, 2004; Bei,
2009; Tummers and Thesleff, 2009; O’Connell et al., 2012; Lan et al., 2014).
Complementary systems are needed to understand tooth replacement in polyphyodonts
(vertebrates with life-long tooth replacement, the primitive jawed vertebrate condition; Reif,
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1982; Fraser et al., 2010; Brazeau and Friedman, 2014). Dental patterning has been studied
in a variety of polyphyodonts in the context of comparative morphology, development,
ecology, and evolution for decades (e.g. Owen, 1845; Osborn, 1971; Wake, 1976).
Polyphyodonty has been variously modified in different extant gnathostome lineages and
recent work in snakes (Buchtova et al., 2008; Handrigan and Richman, 2010; Gaete and
Tucker, 2013), geckos (Handrigan et al., 2010), alligators (Wu et al., 2013), and other
reptiles (Juuri et al., 2013) has begun to investigate the cellular and molecular mechanisms
of tooth replacement. Fish offer a powerful system to study these mechanisms due to high
numbers of offspring, external fertilization, rapid development, and rich diversity in tooth
patterning (Evans and Deubler, 1955; Berkovitz, 1977; Wakita et al., 1977; Motta, 1984;
Nakajima, 1987; Trapani and Schaefer, 2001; Bemis et al., 2005).

Teeth in fish can be located in the oral jaw (oral teeth) and/or internally in the branchial
skeleton (pharyngeal teeth). The branchial skeleton, comprised of posterior segmental
homologs of the mandibular and hyoid skeletons, is located in the throat of a fish and
functions as an interface between fish and their food (Sibbing, 1991). Prey mastication and
manipulation is typically performed by the pharyngeal jaw while oral teeth are primarily
used to capture prey (Lauder, 1983; Hulsey et al., 2005; Wainwright, 2006). Oral and
pharyngeal teeth have long been thought to be developmentally homologous (Owen, 1845),
and have recently been shown to form via similar mechanisms involving similar gene
expression patterns (Fraser et al., 2009). Furthermore, similar signaling pathways control
tooth development in both fish and mammals (Fraser et al., 2013). For example, genes
encoding the Ectodysplasin ligand and receptor, £daand Edar, are required for oral and
pharyngeal teeth in fish (Harris et al., 2008; Atukorala et al., 2011), and for oral teeth in
mice and humans (Mikkola and Thesleff, 2003). While mammalian teeth are restricted to a
single row along the dental arcade (Mikkola, 2009; Zhang et al., 2009), in non-mammalian
vertebrates the tooth field is often much larger and contains multiple rows of teeth.

Numerous fish species have been used to study tooth patterning and replacement including
zebrafish (Huysseune and Thesleff, 2004; Huysseune, 2006), cichlids (Huysseune, 1983;
Fraser et al., 2013), trout (Fraser, Berkovitz, et al., 2006; Smith, Fraser, et al., 2009), medaka
(Abduweli et al., 2014; Mantoku et al., 2015), and many others (Trapani and Schaefer, 2001;
Smith, Okabe, et al., 2009; Moriyama et al., 2010; Fraser et al., 2012; Vandenplas et al.,
2014; Underwood et al., 2015). These studies have uncovered differences in the location of
tooth fields, the arrangement and number of teeth in tooth families, and the positioning and
modes of tooth replacement. The spatiotemporal pattern of early tooth positioning within
developing tooth fields has also been studied in many of these models (Huysseune et al.,
1998; Van der heyden and Huysseune, 2000; Debiais-Thibaud et al., 2007; Stock, 2007; Le
Pabic et al., 2009; Atukorala and Franz-Odendaal, 2014) with major differences found in the
sequence and pattern of early tooth formation. Collectively, these studies highlight the
diversity of tooth patterning and replacement mechanisms among teleosts.

The threespine stickleback fish, Gasterosteus aculeatus, offers an excellent model system to
study the developmental and genetic basis of tooth development and replacement.
Sticklebacks have undergone an adaptive radiation, with oceanic marine populations
repeatedly colonizing and rapidly adapting to freshwater lakes and creeks throughout the
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northern hemisphere (Bell and Foster, 1994). A suite of morphological changes has evolved
including a substantial increase in pharyngeal tooth number in some freshwater populations
(Cleves et al., 2014; Miller et al., 2014; Ellis et al., 2015), likely adaptive to a shift in diet
towards larger prey (Hynes, 1950; Lemmetyinen and Mankki, 1975). Evolved tooth gain
arises late during larval development in two freshwater populations, and is associated with
an increased tooth replacement rate in both populations (Cleves et al., 2014; Ellis et al.,
2015). The natural variation present in dental patterning and replacement rates provides an
entry point to study the developmental genetic basis of tooth regeneration. However, a
detailed understanding of the early sequence of tooth formation and replacement is required
to interpret the evolved changes arising later in development. Here we present a careful
description of early stickleback pharyngeal tooth development and replacement to test three
hypotheses about tooth formation and replacement. First, we find morphological and
molecular support for the hypothesis of homology of oral and pharyngeal teeth. Second,
focusing on the ventral pharyngeal tooth plate, we find support for the hypothesis that the
early spatiotemporal pattern of tooth formation and replacement is stereotypical. Third,
comparing this early sequence of tooth formation to that described for other species of fish
supports the hypothesis that several changes in tooth field patterning have evolved in
different fish lineages.

Materials and Methods
Stickleback husbandry

Threespine stickleback fish, Gasterosteus aculeatus (Linnaeus, 1758) were all lab-reared in
brackish water (3.5 g/l Instant Ocean salt, 0.217 ml/I 10% sodium bicarbonate) at 18°C in
110 I aquaria. All freshwater fish were from the Paxton benthic population (British
Columbia) (Schluter and McPhail, 1992) and marine fish were from either the Rabbit Slough
(Alaska) or Little Campbell River (British Columbia) populations. Fish were fed live
Artemia as fry, Artemia and frozen Daphnia as juveniles, and frozen bloodworms and Mysis
shrimp as adults. All experiments were performed with approval of the Institutional Animal
Care and Use Committee of the University of California-Berkeley (protocol # R330).

Skeletal staining and visualization

For skeletal staining, fish were fixed in 10% neutral buffered formalin overnight at 4°C, and
washed in water. Juveniles and adults were stained in 0.008% Alizarin Red S in 1% KOH
for 24 h. Early time course fish (8-23 days post fertilization) were stained with an acid-free
Alizarin Red S and Alcian Blue two color protocol as described (Walker and Kimmel,
2007). Fish were rinsed in water and cleared in 50% glycerol, 0.25% KOH. Dissection and
mounting was performed as previously described (Miller et al., 2014; Ellis and Miller,
2016). Brightfield images were taken on a Leica DM2500 except Fig. 1B which was taken
on a Leica M165 stereomicroscope. Fluorescent images were taken on a Leica M165 using a
rhodamine filter.

To determine tooth positioning and the order of eruption, bilateral tooth plates in 53 Alizarin
and Alcian stained (see above) freshwater fish ranging from 8-23 days post fertilization (dpf)
were scored. To generate the consensus pattern, each tooth position was scored in individual
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fish. If at least 50% of the fish had the position filled, it was included for that time point. For
two later time points (16 and 18dpf) with more variable standard lengths, fish + one day
were also considered to determine the consensus. See the supplementary materials for raw
positioning data.

Tissue was processed and sectioned as previously described (Ellis et al., 2015). Briefly,
samples were fixed overnight in 10% neutral buffered formalin (NBF) at 4°C and decalcified
using Humason’s formic acid A (Humason, 1962) at a working concentration of 6% formic
acid and 2.5% NBF (~1% formaldehyde). Histoclear (National Diagnostics) was used in the
place of xylene as a clearing agent. Tissue was embedded in Paraplast (Fisher), sectioned
with a Microm HM340E (Thermo Scientific), baked overnight at 50°C, stained with
hematoxylin and eosin, and cover-slipped with Permount (Fisher). The number of samples
was: n =5 26 dpf marine specimens to image and compare oral and pharyngeal teeth; n =14
freshwater (5 15 millimeters standard length (mm), 525 mm, and 4 40 mm) and n = 15
marine (5 15 mm, 6 25 mm, and 40 mm) specimens to characterize tooth replacement.

In situ hybridization

Results

In situ hybridization was performed essentially as described (Xu et al., 1994; Fraser et al.,
2008) with the following exceptions: samples were fixed overnight in 4% paraformaldehyde
in 1X PBS with 1% DMSO at 4°C, digested with 20 ug/mL proteinase K for 30 minutes at
room temperature, and blocked with 20% sheep serum, 2% Boehringer blocking reagent in
maleic acid buffer with Tween-20. For sections, whole-mount in situs were embedded in
gelatin-albumin cross-linked with 1.75% glutaraldehyde and sectioned at 40 um on a Pelco
101 Vibratome Series 1000. Pitx2and Bmp6 riboprobes have been published (Cleves et al.,
2014). For each probe, at least four fish were analyzed and representative results presented.

Location and homology of teeth in the threespine stickleback

Two sets of jaws are present in threespine stickleback fish, one oral jaw and another at the
posterior of the branchial skeleton, the pharyngeal jaw (Fig. 1A, B, Fig. 2A) (Swinnerton,
1902; Anker, 1974). In the oral jaw, teeth are restricted to the premaxilla (upper jaw, Fig.
2D) and the dentary (lower jaw, Fig. 2E). No teeth are present on the maxilla early in
development (Fig. 2H) or late (Fig. 1A). Pharyngeal teeth are restricted ventrally to the fifth
ceratobranchial (Fig. 2C), hereafter referred to as the ventral tooth plate (VTP), and dorsally
to the 2"d and fused 394t pharyngobranchials (Fig. 2B), hereafter referred to as dorsal
tooth plate 1 (DTP1) and dorsal tooth plate 2 (DTP2) respectively. These tooth fields are
specified during embryonic development, and then teeth are added continuously from early
larval pre-hatching stages throughout adult stages (compare Fig. 2F to 2B, 2G to 2C, and 2H
to 2D,E).

To test whether pharyngeal and oral teeth have similar cellular morphologies, we compared
histological sections through both sets of jaws. Detailed comparisons of sections revealed
pharyngeal and oral teeth are morphologically similar across the ventral tooth plate (Fig.
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3A-C), dorsal tooth plate (Fig. 3D), dentary (Fig. 3E-F), and premaxilla (Fig. 3G-J) with
each tooth mostly embedded in a mucosal layer and consisting of an inner dental pulp
containing odontoblasts, a mineralized dentine cone, and an enameloid cap covering the tip
(apparent in whole mount as yellow tinted tips in Fig. 2B-E). In section, pharyngeal and oral
teeth appear morphologically indistinguishable.

To test the hypothesis that similar gene expression patterns occur during stickleback
pharyngeal and oral tooth development, we performed in situ hybridization with two known
markers of tooth development. PjtxZ, a marker of the inner and outer dental epithelium
(Fraser et al., 2004, 2008; Fraser, Graham, et al., 2006), is expressed in both domains in all
developing pharyngeal (Fig. 4A, C, Fig. S1A, B, B'), and oral teeth (Fig. 4E, Fig. S1A', A",
B"). Bmpé6, a marker dynamically expressed in both the inner dental epithelium and
odontogenic mesenchyme of early developing tooth germs, but restricted to the dental
mesenchyme in later stage tooth germs (Cleves et al., 2014), is also expressed in a similar
pattern across all teeth (Fig. 4B,D,F, Fig. S1C, C', D, D"). Thus, as was found in trout (Fraser
et al., 2004) and cichlids (Fraser et al., 2009), similar gene expression patterns are seen in
developing stickleback oral and pharyngeal teeth.

Spatial and temporal development of pharyngeal teeth

Tooth development begins prior to hatching with a pioneer tooth germ specified on VTP and
DTP2 by 6 days post fertilization (dpf). Upon hatching at 8 dpf, both of these teeth are
calcified and are flanked by two developing tooth germs (Fig. 5A, B). At 10 dpf, the first
developing DTP1 tooth germ is visible and medial positions are added to both VTP and
DTP2 (Fig. 5C, D). By 12 dpf, the first DTP1 tooth is calcified and individual teeth on VTP
and DTP2 further ossify around the base of the tooth, forming the tooth plate (Fig. 5E, F).
Both DTPs form juxtaposed and immediately ventral to the pharyngobranchial cartilages
(Fig. S2A-B, white arrowhead). In contrast, VTP teeth form posterior and medial to
chondrocytes of the fifth ceratobranchial (Fig. S2B). By 18 dpf, many teeth are calcified and
the underlying tooth plate has formed by fusing the extended ossification around the base of
teeth together (Fig. 5G, H). Notably, the DTP2 tooth plate extends medially past the field of
developing teeth (Fig. 5H).

To test the hypothesis that the early sequence of tooth formation is hard-wired and
stereotypical during early development, we scored each tooth position across a dense
developmental time course of freshwater fish. Each position was ordered numerically by
when a tooth typically arises in that position and scored as absent, developing germ (present,
but uncalcified), calcified, or ankylosed (attached to the tooth plate). The pioneer tooth on
each tooth plate was numbered as one. We generated a diagram summarizing the consensus
sequence of tooth formation, with teeth shown as circles with colors ranging from dark red
to light yellow corresponding to the day the individual tooth typically calcifies. For example,
the pioneer tooth on VTP and DTP2 calcified at 8 dpf and is colored dark red while the
DTP1 pioneer tooth did not calcify until 12 dpf and is colored lighter red (Fig. 6A).

The order of teeth developing on the tooth plate was highly stereotypical early and became
more variable with later positions. Focusing on the VTP, the order of tooth formation and
ankylosing to the tooth plate was invariant through position 7. However, here position 6
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arose and calcified before position 7, but position 7 ankylosed to the tooth plate first,
suggesting the sequences of tooth calcification and ankylosing to the tooth plate are
different. Also at this stage, around 12 dpf, symmetry broke down between the left and right
tooth plates where each side occasionally had a different number of calcified teeth. After 12
dpf and after position 7, the order of teeth arising had more variation. However, by scoring
an additional 35 fish at time points between 13 and 23 dpf, a consensus emerged (Fig. 6B).
For example, position 10 generally formed before position 11, but this was not always the
case (see Supplementary Materials) and the sequence of later positions was even more
variable. Qualitatively, an early marine time course appears similar in patterning through
20dpf (pers. obs.)

Pharyngeal tooth replacement in sticklebacks

To examine the histological basis of tooth replacement, we cut serial sections through
developing tooth plates and focused on the VTP. We used four histological criteria to
distinguish primary from replacement teeth. First, replacement teeth appear at the base of an
existing tooth, and asymmetrically erode bone away from the base of the primary tooth they
are replacing (Wakita et al., 1977). Second, primary teeth form superficially, near the buccal
cavity, while replacement teeth form deeper in the tooth plate tissue. Third, primary teeth
form extraosseously (outside of bone; Trapani and Schaefer, 2001), while replacement teeth
form intraosseously in sticklebacks (Huysseune and Witten, 2006). Fourth, the epithelium of
replacement teeth appears locally connected to the epithelium of the tooth they are replacing,
and extends deep into the tooth plate tissue (Huysseune and Thesleff, 2004; Huysseune,
2006).

Using these criteria, seventeen primary teeth typically form on the tooth plate before the first
replacement tooth forms laterally to position one (Fig. 7A). In section, this replacement
tooth formed intraosseously within the fifth ceratobranchial and immediately adjacent to
position one. The base of the tooth located at position one was eroded on the side of the new
replacement tooth (Fig. 7B), a phenomenon also seen in adult stage tooth replacement events
(Fig. 7C, D). Other late stage replacement teeth also form intraosseously (Fig. 7F, G). While
primary teeth form at the interface of the epithelium and mesenchyme (Fig. 7E),
replacement teeth formed deep in the mesenchyme (Fig. 7E, E'). However, the epithelium of
all replacement teeth was continuous with the lumenal pharyngeal epithelium in adjacent
serial sections (see Fig. S3). The first replacement tooth on VTP erupted between ~25-30
dpf while the first DTP2 replacement tooth erupted between ~20-24 dpf.

Discussion

Location and use of stickleback teeth

Fish retain the primitive jawed vertebrate condition of constant tooth regeneration (Reif,
1982; Fraser et al., 2010; Brazeau and Friedman, 2014) and provide model systems to study
tooth replacement. Toothed locations are highly modular and variable across teleosts. While
some fish have teeth covering most bones of their branchial skeletons (Liem and
Greenwood, 1981), others, such as zebrafish, have lost all oral and dorsal pharyngeal teeth
and rely solely on the ventral pharyngeal tooth plate attached to the fifth ceratobranchial
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(Stock, 2007). As previously described (Swinnerton, 1902; Anker, 1974) sticklebacks have
teeth on the premaxilla and dentary in the oral jaw, and on the fifth ceratobranchial and the
2"d and fused 3'9/4! pharyngobranchials in the branchial skeleton.

Variation in tooth number has been identified in the oral premaxillary (upper jaw) (Caldecutt
et al., 2001), ventral pharyngeal (Cleves et al., 2014; Miller et al., 2014; Ellis et al., 2015),
and dorsal pharyngeal (Ellis et al., 2015) dentitions in sticklebacks. Variation in pharyngeal
tooth number is heritable, and appears to correlate with trophic niche, as benthic lake and
creek freshwater populations are higher toothed than oceanic populations (Cleves et al.,
2014; Ellis et al., 2015). Stickleback feeding kinematics suggest the oral jaw is primarily
used for prey capture and suction feeding (McGee et al., 2013). Instead, food mastication
likely involves the pharyngeal jaw and teeth. In cichlid fish, evolved changes in pharyngeal
jaw morphology (Meyer, 1990; Huysseune, 1995) also correlate with trophic niche
(Muschick et al., 2012), suggesting pharyngeal jaw patterning is likely an important
ecological trait. Tooth number in cichlids has a phenotypically plastic component in
response to diet (Huysseune, 1995). It remains to be determined whether shifts in diet can
result in phenotypically plastic changes in tooth patterning in sticklebacks.

Oral and pharyngeal tooth homology

Stickleback pharyngeal teeth resemble oral teeth morphologically in whole-mount and in
histological sections, and molecularly by gene expression patterns. These morphological and
molecular parallels further support the classically proposed homology between oral and
pharyngeal teeth (Owen, 1845), also supported by recent developmental genetic studies. For
example, both oral and pharyngeal tooth formation require Ectodysplasin signaling
(reviewed in Sadier et al., 2014). Furthermore, ectopic expression of Ectodysplasin is
remarkably sufficient to restore dorsal pharyngeal tooth formation in zebrafish (Aigler et al.,
2014). A previous study found evidence for the conservation of a dental gene network
between oral and pharyngeal teeth in two species of cichlids, M. zebraand L. fuelleborni
(Fraser et al., 2009). In sticklebacks, Pitx2, Bmp6, and Shhare expressed in developing
pharyngeal teeth (Cleves et al., 2014). Here we show Pitx2and Bmpé6 are also expressed in
similar patterns in developing stickleback oral teeth. Pitx2and Shhare also expressed in
epithelia of developing pharyngeal teeth in zebrafish (Jackman et al., 2004, 2010) and in
developing oral teeth in Mexican tetra (Stock et al., 2006). Interestingly, two transcriptional
enhancers have been identified which drive expression in all developing oral and pharyngeal
teeth. A 4 kb enhancer of the zebrafish d/x2b gene drives expression in teeth in both sets of
jaws in tetras, despite zebrafish not having oral teeth (Jackman and Stock, 2006). Similarly,
in sticklebacks, a 190 bp Bmpé6 enhancer drives expression in all teeth in both sets of jaws
(Erickson et al., 2015). In axolotls, oral tooth epithelia have been shown to be derived from
the ectoderm, endoderm, or even mixed ecto/endoderm origin within a single tooth,
suggesting the embryonic source of the dental epithelium can be either ectoderm or
endoderm, and further supporting homology of oral and pharyngeal teeth (Soukup et al.,
2008). Collectively the current and these former studies strongly support developmental
homology between oral and pharyngeal teeth.
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Initial patterning of pharyngeal dentition

Compared to other fish such as medaka where adult teeth are in a regular array (Debiais-
Thibaud et al., 2007; Abduweli et al., 2014) the adult pharyngeal dentition seems relatively
unorganized in sticklebacks. However, the early sequence of tooth formation follows a
highly stereotypical pattern. Initially, a pioneer tooth arises on each pharyngeal tooth plate.
Subsequent teeth then form in a stereotypical sequence around this pioneer tooth. The
pioneer tooth is calcified by 8 dpf on VTP and DTP2 while DTP1 calcifies by 12 dpf. The
second tooth forms posterior and lateral to position one with the third tooth forming anterior
and medial to position one in quick succession. This initial pattern of three teeth is
conserved across all three pharyngeal tooth plates with a slight shift of position 3 on DTP1.
After the fourth tooth forms, each tooth plate follows a unique pattern with no two
consecutive teeth forming next to one another. Several similarities in extended positions are
shared between DTP1 and DTP2. Notably, position 1-5, and 7 all are generally conserved
while position 6 and 8 form in a different spatial location (see Fig. 6). As tooth number and
complexity of the pattern increases, more variation is present in the order of eruption of
teeth, however each discrete position is present (see Supplementary Materials). Variation in
eruption times in humans also increases at later developmental stages (Parner et al., 2001;
Woodroffe et al., 2010).

Comparing the stickleback early tooth formation sequence in the ventral pharyngeal
dentition to the sequence described in other fish reveals some significant evolved differences
in how the tooth field in different fish arises. In zebrafish (D. rerio), the first four teeth
follow the same spatial pattern as sticklebacks (Van der heyden and Huysseune, 2000).
However in this system, the fourth tooth to form (termed 4V3) is described as a replacement
of the pioneer tooth (termed 4V;). Additionally, the first row to form is the medially most
row (termed ventral) and subsequent primary positions form 2 distinct rows lateral to the
pioneer tooth in zebrafish (termed mediodorsal and dorsal rows) (Van der heyden and
Huysseune, 2000; Huysseune and Witten, 2006) (see Nakajima, 1984, 1987; Stock, 2007 for
discussion of other cypriniform patterns). In stark contrast, all stickleback subsequent
primary positions form medially to the pioneer tooth. The only teeth that form lateral to the
pioneer tooth in sticklebacks are replacements for the primary teeth adjacent to the fifth
ceratobranchial. Compared to the Mexican tetra (A. mexicanus), the first 2 positions match.
However, the third tooth in Mexican tetra instead forms medially and all subsequent teeth
form medially or posteriorly to the pioneer tooth (Atukorala and Franz-Odendaal, 2014)
whereas sticklebacks continue to add teeth anteriorly as well. Medaka (O. /atipes) early
pharyngeal tooth patterning is quite similar to the early stickleback positions. Positions 1-5
are spatially identical but temporally different, with positions 2 and 3 having opposite
sequence of formation relative to sticklebacks. Despite this early similarity, the medaka
pharyngeal dentition resolves into discrete rows late in development (Debiais-Thibaud et al.,
2007), which is not seen in sticklebacks. Thus, within the ventral pharyngeal jaw, different
fish species have evolved changes in (1) the number of primary teeth that form before
replacement occurs, (2) the spatial sequence of tooth addition in both the mediolateral and
anteroposterior directions, (3) the temporal sequence of early tooth position formation, and
(4) the regularity of tooth row formation.
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Early tooth patterning data for the dorsal pharyngeal tooth plates is more rare, likely in part
due to their absence in many cypriniforms (Stock, 2007). In medaka, the first four dorsal
teeth form in the same spatial pattern as the first four teeth in stickleback DTP2. The fifth
medaka tooth, referred to as the ‘second tooth ridge’ forms more medially, but in close
proximity to the fifth stickleback position. The next few medaka positions continue these
two mediolateral ‘ridges’ or rows of teeth, while the next few stickleback positions form
across the tooth field in an anteroposterior direction as well (Debiais-Thibaud et al., 2007).
Compared to the Mexican tetra, the first two dorsal positions again match the stickleback
positions with the next few tetra positions all forming posteriorly (Atukorala and Franz-
Odendaal, 2014) while sticklebacks add tooth positions anteriorly as well. In one species of
cichlid (Astatotilapia elegans) with the dorsal tooth pattern recorded, positions after the
pioneer tooth form anterolateral through 20 dpf (Huysseune, 1983), the opposite direction of
the tetra. These early similarities yet late differences highlight the diversity of developmental
programs governing teleost pharyngeal tooth patterning. Future studies will address the
underlying molecular genetic and cellular bases of these programs, and how evolved
changes in establishing and replacing these tooth fields arise.

Tooth replacement

Similar to cichlids (Huysseune, 1995; Fraser et al., 2013) and rainbow trout (Fraser,
Berkovitz, et al., 2006), stickleback tooth replacement appears to occur on a one-for-one
basis, where a replacement tooth directly replaces a primary tooth and is not connected to an
extended tooth family with other replacement teeth already forming. A new epithelial down
growth, termed the successional dental lamina, forms for each replacement tooth, budding
off the reduced enamel organ of the predecessor tooth (Huysseune, 2006). The dental lamina
in sticklebacks appears discontinuous (separate invagination for each tooth family) and
nonpermanent (reforms for each individual replacement tooth; after the definitions in Reif,
1982): some but not all positions have a detectable dental lamina at a given time point. This
pattern of replacement is dissimilar to other teleosts such as zebrafish and medaka where
multiple replacements have been proposed to be present for a single position (Van der
heyden and Huysseune, 2000; Abduweli et al., 2014).

First generation teeth form extraosseously (outside the bone) in teleosts, while replacement
teeth can from either extraosseously or intraosseously (reviewed in Trapani and Schaefer,
2001). First generation teeth arise individually from the pharyngeal epithelium in zebrafish,
while replacement teeth form in crypts associated with the erupted primary tooth
(Huysseune et al., 1998; Huysseune and Thesleff, 2004; Huysseune, 2006; Stock, 2007).
These replacement teeth form extraosseously in zebrafish, but intraosseously in cichlids
(Huysseune et al., 1994; Huysseune and Witten, 2006; Fraser et al., 2013). In sticklebacks,
primary teeth form extraosseously at the interface of the epithelium and the mesenchyme.
Replacement teeth in sticklebacks form intraosseously, surrounded by a bony crypt, though
not fully encased on all sides (see Fig. 7F, G and Fig. S3). Replacement teeth form deep in
the tooth plate, connected to but several cell diameters away from the pharyngeal epithelium,
below or adjacent to the predecessor tooth. While stickleback replacement teeth share an
epithelium with the tooth they will replace (see Fig. 7), this epithelium extends directly to
the lumenal pharyngeal epithelium (see Fig. S3). The replacement may displace or arise next
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to the original tooth. The pattern of tooth replacement appears to initially follow the primary
tooth eruption pattern with position one generally replacing first and positions 2 and 3
following. The early sequence and pattern of stickleback tooth development and replacement
described here will facilitate future developmental genetic studies of tooth formation and
replacement, as well as provide another comparison for understanding how dental
morphology forms and is regenerated throughout development, and is modified during
evolution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Stickleback oral and pharyngeal jaws
(A) Adult 6-month-old freshwater stickleback head (anterior to the left) stained with

Alizarin red in whole-mount, imaged under fluorescence (color inverted) after removal of
the opercle and subopercle. (B) Hematoxylin and eosin 6 um sagittal section of 26 days post
fertilization marine stickleback. Two sets of toothed jaws are present, the oral jaw in the
mouth and the pharyngeal jaw at the back of the branchial skeleton, anterior to the gut. Mx =
maxilla, Pmx = premaxilla, Den = dentary bone. Scale bars =5 mm (A) and 500 pm (B).
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Fig. 2. Oral and pharyngeal jaw morphology
(A-E) Alizarin red stained, flat-mounted branchial skeleton (A-C) and oral jaw (D-E) from a

6-month-old freshwater adult stickleback. (B-C) Magnified view of left dorsal pharyngeal
tooth plate 1 and 2 (B) and the ventral pharyngeal tooth plates (C). (D) Premaxilla (upper or
dorsal oral jaw) dentition. (E) Dentary (lower or ventral oral jaw) dentition. (F-H) Tooth
plates from Alizarin red and Alcian blue stained 20 days post fertilization freshwater larval
stickleback. (F) Left dorsal pharyngeal tooth plate 1 and 2. (G) Ventral pharyngeal tooth
plates. (H) Oral jaw containing both premaxillary and dentary dentition. DTP1 = dorsal
tooth plate 1, DTP2 = dorsal tooth plate 2, VTP = ventral tooth plate, Mx = maxilla, Pmx =
premaxilla, Den = dentary bone. Scale bars = 1 mm (A-C), 500 um (D-E), and 100 um (F-
H).
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Fig. 3. Oral and pharyngeal teeth are morphologically indistinguishable

Hematoxylin and eosin stained 6 um sagittal sections of pharyngeal (A-D) and oral (E-J)
teeth on the ventral pharyngeal tooth plate (A-C), dorsal pharyngeal tooth plate 1 (D),
dentary (E-F) and premaxilla (G-J). Asterisks mark the tips of teeth, all of which are
unicuspid mineralized cones (dashed lines in B,C and G,H). Cells in the pulp cavity likely
include presumptive odontoblasts (arrowheads). All sections are from a 26 days post
fertilization marine fish. Scale bars = 50 pm.
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Fig. 4. Oral and pharyngeal teeth have similar gene expression patterns during development
Whole-mount in situ hybridization of Pitx2 (A, C, E) and Bmp6 (B, D, F) expression in the
ventral pharyngeal tooth plate (VTP) (A, B), dorsal pharyngeal tooth plate (DTP) (C, D),
and in the oral jaw (E, F) in 15 day post fertilization freshwater larvae. Pitx2expression is
detected in the inner and outer dental epithelium and not in dental mesenchyme. Bmpé6is
detected in the inner (but not outer) dental epithelium and condensing dental mesenchyme in
early tooth germs. After calcification begins, Bmp6 expression is only detected in dental
mesenchyme (see panel D). Expression of both genes is detected in similar patterns in
developing oral and pharyngeal tooth germs. Inner dental epithelium = black arrowheads
(black caret on late stage), outer dental epithelium = white arrowheads (white caret on late
stage), dental mesenchyme = black caret. Also see Fig. S1. Scale bar = 50 pm.
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Fig. 5. Developmental time cour se of pharyngeal tooth formation
In each panel, bilateral ventral pharyngeal tooth plates (A, C, E, G) or unilateral dorsal

pharyngeal tooth plates 1 and 2 (B, D, F, H) of freshwater larvae are shown on the left, and a
diagram depicting the tooth positions at each stage on the right. In all panels, anterior is
towards the top. (A, B) 8 days post fertilization (dpf), (C, D) 10 dpf, (E, F) 12 dpf, and (G,
H) 18 dpf tooth plates stained with Alizarin red and Alcian blue to label bone and cartilage,
respectively. Open circles depict developing, but uncalcified tooth germs. Red triangles
depict calcified, developing teeth and dark red circles beneath depict ossification of the tooth
plate. Scale bars = 100 pm.
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Fig. 6. Sequence of pharyngeal tooth development
(A) Unilateral (left side) tooth plate diagrams following the flat-mounted orientation from

Fig. 2A. Each circle indicates the position where a tooth will form and each number
corresponds to the order in which that position typically arises on each tooth plate. The color
scheme follows the consensus sequence (B) and is color-coded dark red to light yellow for
each day of development. Circles are colored according to the day they typically first ossify.
(B) Consensus sequence of the number of teeth present across early development. Each
position is scored as no tooth (white), developing germ (light gray), calcified tooth (dark
gray), and ankylosed tooth (black) for each day. See Supplementary Materials for raw data.
Note that the VTP diagram is a dorsal view and the DTP diagrams are a ventral view, as the
tooth plates appear in flat-mounts (as in Figures 2 and 5).
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Fig. 7. Histological sections of tooth replacement
(A) Whole-mount 29 days post fertilization Alizarin red stained freshwater ventral

pharyngeal tooth plate with position #1 and position #2 shed and the first replacement tooth
arising (black asterisk). (B) Hematoxylin and eosin section through the first ventral
pharyngeal tooth replacement event in a 30 day marine larvae. The eighteenth tooth to form
is the replacement of the initial pioneer tooth forming lateral to and at the base of position
one, within the fifth ceratobranchial bone. Bone resorption (black arrowheads) has occurred
at the base of position one adjacent to the replacement tooth. (C,D) Examples of adult tooth
replacement occurring similarly. Bone resorption is present on the side with the replacement
tooth (black arrowheads). (E) Primary tooth germs form at the interface of the epithelium
and the mesenchyme (left tooth germ, white caret), replacement teeth form deep in the
mesenchyme (right germ, white asterisks), but with deeply invaginating epithelium that is
continuous with the lumenal pharyngeal epithelium (see Fig. S3). (E") Adjacent serial
section showing the adult tooth above the replacement germ (white asterisks). (F, G)
Stickleback replacement teeth form intraosseously, though not completely encased in bone
(tooth germs marked with black caret). (C-F) Adult freshwater, (G) adult marine. Scale bars
=50 pm.
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