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Abstract 14 
 15 
Development of tooth shape is regulated by the enamel knot signalling centre, at least in 16 
mammals. Fgf signalling regulates differential proliferation between the enamel knot and 17 
adjacent dental epithelia during tooth development, leading to formation of the dental cusp. 18 
The presence of an enamel knot in non-mammalian vertebrates is debated given differences 19 
in signalling. Here we show the conservation and restriction of fgf3, fgf10 and shh to the sites 20 
of future dental cusps in the shark (Scyliorhinus canicula), whilst also highlighting striking 21 
differences between the shark and mouse. We reveal shifts in tooth size, shape and cusp 22 
number following small molecule perturbations of canonical Wnt signalling. Resulting tooth 23 
phenotypes mirror observed effects in mammals, where canonical Wnt has been implicated as 24 
an upstream regulator of enamel knot signalling. In silico modelling of shark dental 25 
morphogenesis demonstrates how subtle changes in activatory and inhibitory signals can alter 26 
tooth shape, resembling developmental phenotypes and cusp shapes observed following 27 
experimental Wnt perturbation. Our results support the functional conservation of an enamel 28 
knot-like signalling centre throughout vertebrates and suggest that varied tooth types from 29 
sharks to mammals follow a similar developmental bauplan. Lineage-specific differences in 30 
signalling are not sufficient in refuting homology of this signalling centre, which is likely 31 
older than teeth themselves. 32 
 33 
Introduction 34 
 35 
Diversification of the dentition has been instrumental in the success of vertebrates. The 36 
dentition has become highly adapted to its respective environmental niche, and as a result has 37 
given rise to a plethora of unusual dental forms (Evans et al., 2007; Fraser et al., 2008; 38 
Hulsey et al., 2020; Jernvall and Thesleff, 2012; Kolmann et al., 2019; Thiery et al., 2017; 39 
Tucker and Fraser, 2014). It is generally observed that there is an overall increase in dental 40 
morphological complexity throughout evolution, culminating in mammals which possess 41 
multiple regionalised tooth types (heterodonty) (Jernvall and Thesleff, 2012; Kavanagh et al., 42 
2007; Tucker and Fraser, 2014). A trade-off between tooth morphological complexity and 43 
dental regenerative ability is thought to exist within the mammalian lineage, with precise 44 
occlusion favoured at the expense of dental regeneration (Jernvall and Thesleff, 2012). The 45 
study of dental development has mostly focussed on transcriptional regulators, which mediate 46 
growth, morphogenesis and cellular differentiation. Dental development is tightly regulated 47 
via interactions between the oral epithelium and underlying neural-crest derived mesenchyme 48 
(Zhang et al., 2005). Canonical Wnt, fibroblast growth factor (Fgf), hedgehog (Hh), bone 49 
morphogenetic protein (Bmp) and Notch signalling pathways have all been implicated as 50 
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important regulators of tooth development and morphogenesis (Thesleff and Sharpe, 1997). 51 
Importantly, a unifying characteristic for the progression of vertebrate tooth development is 52 
the high level of cellular expression of developmental keystone genes (Hallikas et al., 2021). 53 
This suggests an essential core gene set (Fraser et al., 2010; Rasch et al., 2016) and their 54 
interactive signalling might be robust evolutionarily and highly conserved, capable of shape 55 
modifications of a conserved core vertebrate unit - the tooth. 56 
 57 
Teeth begin their development from an initial epithelial placode, which proceeds to 58 
proliferate and grow in size during the subsequent bud stage. Following the bud stage, the 59 
tooth enters the cap stage, which marks the onset of morphogenesis. Morphogenesis of 60 
epithelial appendages coincides with a change in shape of the epithelial placode. This process 61 
can be driven via differential proliferation rates (i.e., teeth (Jernvall et al., 1994; Salazar-62 
Ciudad and Jernvall, 2010), cell shape changes (i.e., intestinal crypt (Sumigray et al., 2018), 63 
or cell migration (i.e., hair (Ahtiainen et al., 2014)). Signalling molecules drive reciprocal 64 
epithelial to mesenchymal signalling and regulate the morphogenesis of epithelial appendages 65 
(Mustonen et al., 2002; Thesleff and Sharpe, 1997).  66 
 67 
During morphogenesis the tooth acquires its defining morphological feature: the dental cusp. 68 
In mammals, dental cusps are regulated by an epithelial signalling centre found at the tip of 69 
the first cusp, known as the primary enamel knot (EK). The EK is molecularly identifiable as 70 
non-proliferative and expresses Wnt, Bmp, Fgf and Hh markers (Jernvall and Thesleff, 2012). 71 
Fgf signalling drives differential proliferation between the EK and rapidly proliferating 72 
adjacent dental epithelium, leading to folding of the epithelium at the site of dental cusps and 73 
the formation of the final tooth shape (Jernvall et al., 1998, 1994; Salazar-Ciudad and 74 
Jernvall, 2010). During the final stages of dental morphogenesis, the EK dramatically reduces 75 
in size as cells undergo apoptosis (Jernvall et al., 1998). In multi-cuspid teeth, such as 76 
mammalian molars, subsequent signalling centres termed secondary enamel knots (SEK) 77 
form at the site of each extra cusp and are thought to be induced by the EK. Folding of the 78 
dental epithelium between primary and secondary EKs leads to formation of cervical loops 79 
in-between each cusp (Jernvall et al., 1994; Salazar-Ciudad, 2012). Most of our 80 
understanding of tooth shape comes directly from the study of mammalian molar cusp 81 
development. Whilst it is known that EK signalling centres are found throughout mammals, 82 
their presence in other vertebrates is less clear. 83 
 84 
The Wnt/B-Catenin signalling pathway appears to govern a variety of events during tooth 85 
development from initiation to morphogenesis. Canonical Wnt signalling is active in major 86 
cellular contributions of the developing tooth, with varying roles in the mesenchyme and 87 
epithelium. For example, epithelial activation of Wnt/B-catenin signalling results in 88 
continuous initiation of new tooth units in mice, however, activation of Wnt signalling in the 89 
dental mesenchyme has an opposite effect, inhibiting sequential tooth emergence (Järvinen et 90 
al., 2018). Whilst over a dozen markers have been described within the mammalian EK, Wnt 91 
signalling appears to be a primary upstream regulator of EK patterning (Ahtiainen et al., 92 
2016; Järvinen et al., 2018, 2006). Given this association with Wnt signalling and the control 93 
of tooth shape, including EK patterning, it seems appropriate to investigate further upstream 94 
effects of Wnt perturbation in alternative vertebrate models (Fraser et al., 2013; Richman and 95 
Handrigan, 2011). Lef1-/- mutants exhibit arrested tooth development during bud stage, with 96 
the tooth cap and associated cusps failing to both form and express EK markers, including 97 
Fgf4, Shh and Bmp4 (Kratochwil et al., 2002). Fgf4 is capable of rescuing tooth development 98 
in Lef1-/- mutants (Kratochwil et al., 2002). Furthermore, the inhibition of Wnt signalling 99 
during early bud stage via ectopic expression of the Wnt antagonist Dickkopf-related protein 100 
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1 (Dkk1), leads to blunted cusps and a reduction in Bmp4 signalling (Liu et al., 2008). These 101 
results suggest that Wnt signalling falls upstream of Fgf and Bmp signalling in the EK. 102 
However, more complex feedback loops are involved, as mesenchymal specific knock-down 103 
of Bmp4 (Bmp4ncko/ncko) also leads to a reduction in Lef1 expression (Jia et al., 2016). 104 
 105 
In the subset of reptiles studied to date, there appears to be no clear histologically definable 106 
EK (Buchtová et al., 2008; Weeks et al., 2013), although in some species there is a thickening 107 
of the inner dental epithelium which leads to the asymmetric deposition of enamel and the 108 
formation of cusps (Zahradnicek et al., 2014). Furthermore, whilst in reptiles, cells of the 109 
inner dental epithelium are non-proliferative, this region is not as highly restricted to the cusp 110 
as in mammalian molars (Buchtová et al., 2008; Handrigan and Richman, 2011). However, 111 
there is conservation of signalling within an EK-like signalling centre (Richman and 112 
Handrigan, 2011). Similar EK-like signalling centres have been described in teleosts, with 113 
chemical perturbation of these signalling pathways resulting in shifts in cusp number (Fraser 114 
et al., 2013). Sharks, which are basal crown gnathostomes, also possess a variety of tooth 115 
types, with clearly defined cusps. In sharks and rays, there is a region of non-proliferative 116 
cells within the apical dental epithelium thought to be associated with the primary cusp (i.e., 117 
the primary enameloid knot; (Rasch et al., 2020, 2016), however the presence of a definitive 118 
EK has not yet reached a consensus (Debiais-Thibaud et al., 2015), and some have even 119 
argued that the EK is uniquely a mammalian innovation (Handrigan and Richman, 2011, 120 
2010; Richman and Handrigan, 2011; Weeks et al., 2013). 121 
 122 
Sharks and rays (elasmobranchs) represent two major subdivisions of the cartilaginous fishes, 123 
and house oral teeth in both the upper and lower jaws, and also possess tooth-like structures 124 
embedded within the skin, made of dentine and enamel-like (enameloid) tissues (Figure 1A). 125 
The diversity in tooth shape in the elasmobranchs is vast, ranging from flattened tooth units 126 
associated with crushing prey items, to multi-cuspid and serrated tooth units necessary for 127 
cutting (Jambura et al., 2020). The presence of multiple cusps as a standard tooth form for 128 
most sharks suggests conserved developmental control of tooth cusp morphogenesis across 129 
vertebrates. Given the conservation of general tooth development among vertebrates (Fraser 130 
et al., 2004; Martin et al., 2016; Rasch et al., 2020, 2016; Thiery et al., 2017; Weeks et al., 131 
2013), it seems appropriate that the epithelial and mesenchymal signals regulating dental 132 
morphogenesis would also be conserved, including the EK signalling centre. This would 133 
imply that this crucial tooth signalling centre is older than the mammalian clade. Therefore, 134 
due to the vast array of dental phenotypes in sharks and their position in the wider context of 135 
vertebrate phylogeny, we employ the shark as a developmental model for non-mammalian 136 
tooth morphogenesis. The small spotted catshark (Scyliorhinus canicula) has recently become 137 
a popular model for the study of developmental biology, including tooth and skin appendage 138 
development (Berio et al., 2021; Cooper et al., 2018, 2017; Debiais-Thibaud et al., 2015; 139 
Martin et al., 2016; Rasch et al., 2016). In addition to the oral dentition (Figure 1B and C), 140 
sharks house a unique set of tooth-like denticles embedded in the skin (Figure 1A; (Cooper et 141 
al., 2018)), which also display a vast diversity of cusp shapes (Ankhelyi et al., 2018; Gabler-142 
Smith et al., 2021; Sibert and Rubin, 2021).  143 
  144 
In order to determine the extent of signalling conservation between mammals and sharks 145 
during dental morphogenesis, we have documented the expression of mammalian EK 146 
markers in the small-spotted catshark, Scyliorhinus canicula. Furthermore, given the 147 
importance of Wnt signalling during dental morphogenesis and cusp formation in mammals, 148 
we sought to perturb Wnt signalling and determine its function during catshark tooth 149 
development. Following small-molecule Wnt signalling perturbation, we identify shifts in 150 
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tooth shape, size and cusp number, and model the resulting phenotypes in silico using the 151 
‘ToothMaker’ programme (Salazar-Ciudad and Jernvall, 2010; Savriama et al., 2018). Our 152 
results reveal that despite differences in molecular signalling between the catshark and 153 
mammals, the fundamental components of the enamel knot signalling centre are highly 154 
conserved. Therefore, EK signalling at the apex of the developing tooth cusp is a vertebrate 155 
innovation and contributes to the vast range of vertebrate dental phenotypes. 156 
 157 
Results 158 
 159 
Histological and morphological analysis of the catshark dentition 160 
 161 
The first dental generation develops relatively superficially on the oral surface before the 162 
dental lamina has fully invaginated (Figure 1D). As the dental lamina grows, more 163 
generations emerge. New teeth are initiated at the tip of the dental lamina and move 164 
anteriorly in a conveyor belt-like manner. As teeth move along this trajectory, they undergo 165 
morphogenesis and matrix secretion, before erupting on the oral surface on the labial side of 166 
the dental lamina (Figure 1E). Adjacent tooth families are staggered in the timing of their 167 
initiation (Figure 1C, J, L), resulting in differences in the developmental stages of adjacent 168 
teeth.  169 
 170 
There is an observable shift in cusp number between embryonic and juvenile catshark stages. 171 
Embryonic teeth generally develop with three cusps (Figure 1C, J and K). In contrast, adult 172 
catsharks can possess anywhere between three and seven cusps depending on the position of 173 
the tooth along the jaw margin (Figure 1 F-I). Given these changes in cusp number, we aimed 174 
to investigate how the development of cusps is regulated. To see if there is a conserved EK 175 
signalling centre in the catshark, we documented the expression of known mammalian EK 176 
markers during odontogenesis (Figure 2 and Figure 2 – Figure Supplement 1). In situ 177 
hybridisation was undertaken on sagittal paraffin sections to observe the expression of EK 178 
markers. We used embryonic catshark samples at late Stage 32 (~125 days post fertilisation 179 
(dpf)) (Ballard et al., 1993), as two to three dental generations had already undergone the 180 
process of dental initiation by this stage, allowing us to compare early and late stage dental 181 
morphogenesis. 182 
 183 
Key markers of tooth morphogenesis in sharks  184 
 185 
To identify genes associated with tooth morphogenesis in the shark and to appreciate the 186 
level of conservation in gene expression, several markers of tooth initiation and 187 
morphogenesis were investigated in the shark. First, we sought to characterise the expression 188 
of genes from known pathways (Fgf and Hh) associated with initial patterning of tooth cusps 189 
in mice (Ahtiainen et al., 2016; Du et al., 2017; Kettunen et al., 2000). Our results show the 190 
expression of three genes, fgf3, fgf10 and shh, all associated with early restricted epithelial 191 
expression in the first, superficial generation of teeth (Figure 2A, D, G), and later in 192 
morphogenesis (Figure 2B,C,E,F,H,I; Figure 3G,H) as tooth shape progresses, with the 193 
exception of fgf3 which is also expressed in the underlying mesenchymal apex of the dental 194 
papilla (Figure 2A-C). Importantly, the superficial nature of expression in these three genes is 195 
associated with the initiation of the first tooth placode (Figure 2A,D,G), and this could in fact 196 
mark the onset of the primary EK-like signalling in the shark tooth (see Discussion for further 197 
comparative information). 198 
 199 



5 
 

Interestingly, the expression of fgf3 and fgf10 is almost identical between the shark and the 200 
opossum (Monodelphis domestica), which shows a subtle shift in expression of Fgf10 201 
compared to placental mammals, with Fgf10 expressed in both the EK and the underlying 202 
dental mesenchyme in the opossum, and not in the EK of the mouse (Kettunen et al., 2000; 203 
Moustakas et al., 2011). We find fgf3 expressed in the tip of the dental epithelium, whilst its 204 
mesenchymal expression is confined just below the epithelium (Figure 3G). The expression 205 
of fgf10 is highly restricted to only a few epithelial cells at the tip of the developing tooth, 206 
during cap stage (Figure 3H). This expression is located precisely within a small cluster of 207 
non-proliferative dental epithelial cells (Figure 4Ab), marked by a lack of PCNA expression 208 
(Figure 4Aa). The importance of Fgf signals in regulating the differential proliferation of the 209 
EK relative to surrounding dental epithelium (Jernvall et al., 1994; Kettunen et al., 2000), 210 
together with the highly specific expression of fgf10 within this non-proliferative region 211 
provides strong support of an EK in the catshark. The similarity in expression between 212 
marsupial mammals and sharks raises the possibility that loss of Fgf10 in the EK in placental 213 
mammals is a lineage-specific modification in EK signalling. 214 
 215 
During the induction of mammalian molars, Bmp4 is involved in reciprocal epithelial to 216 
mesenchymal signalling, during which the odontogenic potential shifts from the dental 217 
epithelium to the dental mesenchyme. Concordant with this shift in odontogenic potential, 218 
bmp4 shifts from epithelial and mesenchymal expression, to mesenchymal only (Vainio et al., 219 
1993). As with fgf3 (Figure 3G), lef1 and β-catenin (Figure 3A and B) (Rasch et al., 2016), 220 
bmp4 is also expressed in the dental epithelium and condensing mesenchyme during bud 221 
stage in the catshark (Figure 2 – Figure Supplement 1A). The increase in mesenchymal bmp4 222 
expression between bud (Figure 2 – Figure Supplement 1A) and cap stages (Figure 2 – Figure 223 
Supplement 1B), reflects the epithelial to mesenchymal shift in odontogenic potential 224 
observed in mammals (Vainio et al., 1993). However, unlike in mammals, bmp4 remains 225 
expressed within sub-regions of the dental epithelium throughout the duration of 226 
morphogenesis (Figure 3I; Figure 2 – Figure Supplement 1). Given the epithelial expression 227 
of bmp4, during bud stage, it had previously been suggested that it may play a role in putative 228 
EK signalling in the catshark (Rasch et al., 2016). Following the epithelial to mesenchymal 229 
shift in Bmp4 of the mouse, it is then secondarily upregulated within the EK during late cap 230 
stage (Jernvall et al., 1998). However, we do not observe any secondary upregulation within 231 
the putative EK in the catshark. Instead, its expression is rapidly downregulated within the 232 
apical tip of the tooth (Figure 3I; Figure 4D). This region of bmp4 downregulation 233 
corresponds specifically to a restricted group of non-proliferative epithelial cells (Figure 234 
4Dc). Throughout later stages of morphogenesis, bmp4 becomes further restricted to only the 235 
lateral epithelial cells of the developing tooth (Figure 4E). The precise exclusion of bmp4 236 
from the non-proliferative tooth apex (Figure 4D and E) raises the possibility that instead of 237 
regulating putative EK signalling, it is involved in the restriction of other EK markers, and 238 
the signalling centre itself (Kassai et al., 2005). However, we cannot rule out the involvement 239 
of bmp4 in the induction of the later forming cusps of the shark tooth.  Interestingly, the 240 
expression of bmp4 in the shark tooth mirrors an equivalent expression pattern to the BMP-241 
inhibitor ectodin/sostdc1 in the inner dental epithelium (Figure 2 – Figure Supplement 1F); a 242 
phenocopy of the mouse tooth expression pattern that defines the region around the 243 
ectodermal signalling centre (Laurikkala et al., 2003). This expression pattern supports a 244 
conserved dental epithelial signalling centre between chondrichthyan and mammalian teeth. 245 
 246 
midkine (mdk) has previously been observed within the apical tip of developing teeth in the 247 
catshark (Scyliorhinus canicula) and little skate (Leucoraja erinacea), corresponding to the 248 
putative EK-like signalling centre (Rasch et al., 2020, 2016). We find mdk with an 249 
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overlapping expression pattern to fgf3 in both the apical epithelial cells and the underlying 250 
mesenchymal papilla (Figure 3N), whilst shh is found early in tooth bud formation, 251 
exclusively within the apical tip of the dental epithelium (Figure 3O; Figure 2G) before its 252 
expansion throughout the inner dental epithelium (Figure 2H, I). Another marker with a 253 
similar and restricted expression pattern to fgf10, is isl1 (Figure 3P). isl1 expression is only 254 
observed in a few apical cells associated with the putative primary EK.  255 
   256 
Canonical Wnt signalling plays a crucial role in the formation of dental cusps in mammals 257 
(Kratochwil et al., 2002; Liu et al., 2008). In the catshark, the transcription factor Lymphoid 258 
enhancer binding factor-1 (lef1) (Figure 3A) and the transcriptional co-factor β-catenin 259 
(Figure 3B) are both expressed within developing bell stage teeth. Weak expression can be 260 
seen in the dental mesenchyme (Figure 3: dm) and regions of the dental epithelium (Figure 3: 261 
de). However, there is also an observable upregulation of their expression within the apical 262 
dental epithelium (Figure 3: white arrowhead). Wnt11 has been previously identified as an 263 
activator of non-canonical Wnt signalling, although its expression has also been shown to 264 
stimulate canonical Wnt signalling in a case-specific context (Liu et al., 2008). We note the 265 
upregulation of wnt11 specifically within the apical dental epithelium during cap stage 266 
(Figure 3C). The downstream target of canonical Wnt signalling, axin2, is also expressed 267 
within the early dental epithelium; however, its expression is not specifically restricted to the 268 
apex (Figure 3D).  269 
 270 
Canonical Wnt antagonists Dickkopf 1 (dkk1) and Frizzled-related protein 3 (sfrp3) are also 271 
expressed within the developing tooth (Figure 3E and F, respectively). dkk1 is seen within 272 
both the dental papilla and throughout the dental epithelium in late morphogenesis (Figure 3E 273 
and 4C). Reduced proliferation is a key requirement of an EK, with differential proliferation 274 
rates within the dental epithelium leading to the formation of dental cusps (Jernvall et al., 275 
1994). Double in situ/immunohistochemistry for dkk1 and proliferative cell nuclear antigen 276 
(PCNA) revealed a small number of non-proliferative cells at the tip of the tooth during cap 277 
stage (Figure 4Ba), with a marked reduction in proliferation throughout the entire dental 278 
epithelium late morphogenesis (Figure 4Ca). Although dkk1 is expressed throughout the 279 
entire dental epithelium during late morphogenesis (Figure 3E), during cap stage its epithelial 280 
expression is specifically restricted to the non-proliferative cells corresponding to the putative 281 
EK (Figure 4B). In the pig (Wu et al., 2017), dkk1 expression is restricted to the dental 282 
mesenchyme, with no expression observed within the dental epithelium. In contrast to dkk1, 283 
sfrp3 is specifically restricted to the dental mesenchyme, with weak expression within the 284 
dental papilla (Figure 3F). In the mouse, sfrp3 is also restricted to the mesenchyme (Sarkar 285 
and Sharpe, 1999), though its expression is much stronger than that observed in the shark 286 
(Figure 3F). Not all canonical Wnt-related markers are expressed in equivalent tissue types 287 
during the cap to early bell stage of dental development between mammals and the shark. 288 
However, there is expression of Wnt markers within both the dental epithelium and dental 289 
mesenchyme, with an isolated yet upregulated region of expression within the putative EK. 290 
The expression of canonical Wnt antagonists dkk1 and sfrp3 may also be playing a role in 291 
restricting Wnt activity within the dental mesenchyme. 292 
 293 
The Smad protein family plays a crucial role in TGFβ signal transduction, including Bmp 294 
signalling (Massagué, 2012). Here, we show the expression of smad1, smad3 and smad7 295 
during dental morphogenesis (Figure 3J, K, L). Smad1 and Smad3 are phosphorylated 296 
following Bmp signalling and enable its signal transduction, whilst Smad7 is a negative 297 
feedback regulator of TGFβ signalling (Massagué, 2012; Xu et al., 2003). smad1 (Figure 3J) 298 
is expressed within the putative EK at the tip of the developing tooth, whilst smad3 (Figure 299 
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3K) and smad7 (Figure 3L) are both expressed throughout the dental epithelium and dental 300 
mesenchyme. Furthermore, as with smad7, BMP and activin membrane-bound inhibitor 301 
(bambi) is expressed in both dental epithelium and dental papilla (Figure 3M). Although 302 
interactions between these signalling molecules are complex, the expression of Bmp markers 303 
within and around the putative EK, indicates a role for Bmp in EK signalling. 304 
 305 
EK-like units comprise a small number of cells at the very apical tip of a developing tooth 306 
and can be hard to morphologically distinguish from surrounding dental epithelium in sagittal 307 
cross-sections. Therefore, we also used whole mount in situ hybridisation to examine the 308 
expression of markers throughout the entire tooth unit. 309 
 310 
Whole mount gene expression patterns in first generation shark teeth 311 
 312 
As the first dental generation develops superficially, prior to full invagination of the dental 313 
lamina, teeth can be seen developing directly on the oral surface. We carried out whole 314 
mount in situ hybridisation experiments for fgf3, fgf10, bmp4 and shh on early Stage 32 315 
(~90dpf) catshark embryos, during which the first dental generation undergoes 316 
morphogenesis (Figure 5). This allowed us to identify whether markers expressed within the 317 
apical tip of developing teeth in sagittal sections were specifically restricted within cusp 318 
forming regions, in whole mount. 319 
 320 
As with our section in situ hybridisation data, bmp4 is excluded from the epithelium at the 321 
leading edge of the tooth, in whole mount. Instead, its expression appears to be primarily 322 
restricted to the dental papilla in both upper (Figure 5A) and lower jaws (Figure 5B). In 323 
contrast, shh expression can be seen within the dental epithelium and specifically upregulated 324 
within the leading edge of the tooth (Figure 5E and F; Figure 2). shh is confined to the EK in 325 
mammalian molars (Hardcastle et al., 1998; Vaahtokari et al., 1996), before spreading 326 
throughout the inner enamel epithelium later during tooth morphogenesis (Gritli-Linde et al., 327 
2002; Kavanagh et al., 2007), and interestingly we see strong complementary expression 328 
within both the primary cusp (Figure 5E and F: black arrowhead) and later morphogenesis in 329 
the shark cusps (Figure 5E and F: white arrowhead; Figure 2). Depending on the stage of 330 
morphogenesis, the extent of shh expression within the inter-cusp dental epithelium is 331 
variable (see Figure 2). Alongside playing a putative role in EK signalling, the expression of 332 
shh within the epithelium at the leading edge of the tooth suggests that it may also be 333 
involved in establishing an anterior to posterior growth gradient within the tooth unit. In 334 
whole mount, we observe an additional gradient of tooth stages that are reflected in the 335 
variation in observed shh expression, with more posterior tooth positions along the jaw arc at 336 
earlier stages of morphogenesis (Figure 5E and F). More anterior teeth show apical 337 
expression of shh in the secondary cusps, whereas the more posterior tooth positions have shh 338 
expression associated with initial tooth buds, primary cusp morphogenesis, and even the 339 
inter-tooth epithelium, where new tooth positions are being initiated (Figure 5E” and F”). 340 
Unlike with shh, fgf3 and fgf10 expression is clearly associated with both the primary cusp 341 
(Figure 5C, D and G: black arrowhead) and secondary cusps (Figure 5C, D and G: white 342 
arrowhead). Whilst there is expression of fgf3 within the dental mesenchyme, its epithelial 343 
expression is restricted solely to the site of future cusps. fgf10 is exclusively expressed within 344 
the cusp forming dental epithelium, in agreement with the expression pattern observed in 345 
section (Figure 4A). The expression patterns of shh, bmp4 and dkk1, in or around the dental 346 
cusps, and more importantly the precise restriction of fgf3 and fgf10 to these sites (Figure 5), 347 
demonstrate the conservation of an EK-like signalling centre at the dental cusp sites in the 348 
shark.  349 
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 350 
Wnt-signal perturbation and geometric morphometric analysis of shark tooth 351 
morphogenesis 352 
 353 
Wnt/β-catenin signalling has been implicated upstream of key signalling pathways (Bmp, 354 
Fgf) as well as in the regulation of transcription factors  (e.g., Msx genes) regulating during 355 
dental morphogenesis (Kratochwil et al., 2002; Liu et al., 2008). Having identified the 356 
presence of a putative EK during dental development in the catshark, we wanted to test the 357 
role of canonical Wnt signalling in the regulation of dental shape. IWR-1-endo is a canonical 358 
Wnt antagonist. It functions through stabilising cytoplasmic Axin2, in turn increasing 359 
proteasome-mediated degradation of cytoplasmic β-catenin, leading to a decrease in 360 
canonical Wnt signalling (Chen et al., 2009). In contrast, CHIR99021 selectively inhibits the 361 
kinase activity of GSK3 (Ring et al., 2003). This prevents the formation of the β-catenin 362 
destruction complex and in turn leads to a stabilisation of cytoplasmic β-catenin and a 363 
subsequent increase in canonical Wnt signalling (Wagman et al., 2004). Wnt signalling was 364 
both upregulated and downregulated using 2μM CHIR99021 and 1μM IWR-1-endo, 365 
respectively. We treated samples for 14 days, allowing for the initiation of, on average, one 366 
tooth generation. Samples were treated at approximately 100dpf (mid-stage 32), by which 367 
point, one to two generations are undergoing morphogenesis. 368 
 369 
Following treatment, samples were left to recover for a further 28-days before we examined 370 
the treatment effect upon final tooth shape. Drastic shifts in the shape of teeth were observed 371 
following treatment (Figure 6). Abnormalities in cusp development were seen across both 372 
IWR-1-endo and CHIR99021 treated samples (Figure 6; Figure 6 – Figure Supplement 1; and 373 
Figure 7), however, given the presence of reduced cusps and uneven tooth edges (serrated in 374 
appearance), quantifying the number of cusps was not feasible. To accurately compare 375 
changes in tooth shape following treatment, we carried out two-dimensional (2-D) geometric 376 
morphometric measurements of mineralised teeth following treatment (Figure 6C).  377 
 378 
Landmark-based geometric morphometrics uses Cartesian coordinates instead of traditional 379 
linear measurements in order to accurately measure biological shape (Seetah et al., 2014). A 380 
measure of size known as the Centroid size can then be obtained from these coordinates. This 381 
is calculated as the square root of the sum of squared distances from each landmark to the 382 
centroid (Klingenberg, 2016). The coordinates obtained from the landmarks are then 383 
transposed, scaled (relative to the centroid size) and rotated, giving a final measurement of 384 
shape which can be compared across different treatments (Klingenberg, 2016). For our 385 
analysis, we used a 2-D landmark based geometric morphometric approach. We placed two 386 
fixed homologous landmarks on each tooth, one at the tip of the primary cusp and one at the 387 
base of the tooth. 18 sliding-semi-landmarks were then distributed evenly between these two 388 
points on either side of the tooth, given that there were no other homologous features shared 389 
by all samples (Figure 6B). Sliding semi-landmarks are allowed to move between one another 390 
so that they best match corresponding points between other samples. The underlying 391 
assumption is that the curves along which the landmarks slide are homologous, even if the 392 
landmarks themselves are not (Perez et al., 2006). 393 
 394 
We chose to compare the shape of the three most lateral teeth of both the left and right lower 395 
jaw margins (Figure 6A) to mitigate variation observed between dental generations elsewhere 396 
in the jaw. Furthermore, there is substantial variation in tooth number during this stage of 397 
development and therefore a direct comparison of tooth positions elsewhere in the jaw is 398 
problematic. Dental differentiation and mineralisation also take place unidirectionally, from 399 
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the apex towards the base of the tooth. This wave of mineralisation could lead to further 400 
variability in measurements of final tooth shape. After carrying out a general Procrustes 401 
analysis (GPA), we found a significant effect of treatment on overall tooth shape (Procrustes 402 
ANOVA: R2 = 0.09174, F2,115 = 8.2771, p < 0.001), whilst controlling for variation within 403 
samples. We also found a significant effect of sample on shape (Procrustes ANOVA: R2 = 404 
0.27092, F20,115 = 2.4442, p < 0.001), highlighting variation found within sample 405 
measurements. 406 
 407 
To look at the variation in tooth shape as a result of treatment we averaged the six teeth 408 
measured per sample and carried out principal component analysis (PCA). PCA revealed that 409 
58.3% of the variation in tooth shape observed between samples can be explained by a single 410 
axis of variation (PC1), with a further 13.8% explained by a second axis of variation (PC2) 411 
(Figure 6C). As a result of high variation in dental shape, secondary cusps are not fully 412 
represented in the morphometric analysis. However, their presence can somewhat be revealed 413 
through a bulging of the tooth at sites adjacent to the primary cusp (Figure 6C: warpgrids). 414 
The shift in dental shape observed across PC1 attributes to a change in width of the tooth and 415 
an apparent change in cusp number. 4 out of 8, IWR-1-endo treated samples can be seen 416 
exhibiting extreme unicuspid dental morphologies (PC1 = 0.05 ~ 0.15), whilst 5 out of 8 417 
CHIR99021 treated samples exhibit wide teeth with more distinctive cusps (PC1 = -0.1 ~ 0). 418 
 419 
When looking at the variation in tooth shapes between individual teeth (not averaged by 420 
sample), we observe a significant increase in the variation of dental shapes across the PC1 421 
axis (38.2% of overall variation) following Wnt downregulation with IWR-1-endo (pairwise 422 
F-test: F41,47 = 0.277, p <0.001) (Figure 6 – Figure Supplement 5). These results show that 423 
dental shape is being affected as a result of canonical Wnt manipulation, although it is 424 
difficult to discern directional changes in morphology. We observe not only shifts in shape as 425 
a result of treatment, but also substantial changes in the size of teeth. Centroid size derived 426 
from GPA is a measure of an object's scale. This provides more detail than directional 427 
measurements such as length or area which are affected by an object's shape (Seetah et al., 428 
2014; Klingenberg, 2016). Following treatment, we found a significant effect of treatment on 429 
Centroid size (ANOVA: F2,115 = 235.5886, p <0.001), whilst controlling for variation 430 
within samples (Figure 6D). However, there was also a significant effect of the sample on 431 
Centroid size (ANOVA: F20,115 = 7.2957, p <0.001). 432 
 433 
In order to compare the mean Centroid size between treatments, we carried out post hoc 434 
Tukey multiple comparisons of means test. There is a significant decrease in Centroid size (-435 
35.9%) following IWR-1-endo treatment (Tukey: p <0.001), whilst conversely there is a 436 
significant increase in Centroid size (+12.8%) as a result of CHIR99021 treatment relative to 437 
control samples (Tukey: p < 0.001) (Figure 6D). These findings reveal a directional change in 438 
tooth shape as a result of canonical Wnt signalling manipulation, given that IWR-1-endo and 439 
CHIR99021 downregulate and upregulate Wnt signalling, respectively. 440 
 441 
Canonical Wnt signalling during development of dental cusps 442 
 443 
Representative images of lateral teeth included in the geometric morphometric analysis reveal 444 
clear changes in tooth size (Figure 6 – Figure Supplement 1). IWR-1-endo treatment resulted 445 
in stunted teeth, with the developed teeth failing to undergo normal morphogenesis yet 446 
successfully undergoing mineralisation (Figure 6 – Figure Supplement 1C). Most lateral teeth 447 
exhibit a reduction in secondary cusp size, with some teeth exhibiting a unicuspid 448 
morphology with a complete loss of secondary cusps. Observations of dental morphology at 449 
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other sites along the jaw reveal a range of dental defects following treatment (Figure 7). 450 
There is a consistent loss/reduction in secondary cusps along the jaw (Figure 7B1 and 7B2), 451 
which is concurrent with the morphologies observed in the lateral teeth included in the 452 
geometric morphometric analysis, although not all teeth exhibit this phenotype (Figure 7B3). 453 
We also observed the development of duplicated teeth (Figure 7B3). This may arise from 454 
fusion of tooth buds belonging to adjacent tooth families, as a result of a loss in the zone of 455 
inhibition between tooth sites. However, given that adjacent teeth are staggered in the timing 456 
of their development, it is more likely that shifts in signalling during early morphogenesis has 457 
resulted in defects in the folding of the dental epithelium resulting in the formation of two 458 
primary cusps. 459 
 460 
In contrast, upregulation of canonical Wnt signalling via CHIR99021 treatment resulted in 461 
teeth more similar in appearance to the standard catshark dentition. Lateral CHIR99021 teeth 462 
(Figure 6 – Figure Supplement 1D and Figure Supplement 4) are clearly larger and wider 463 
than controls (Figure 6 – Figure Supplement 1B and Figure Supplement 2), with regions of 464 
the teeth appearing to initiate the formation of ectopic cusps, although these do not always 465 
fully form (Figure 6 – Figure Supplement 1Db: black arrowheads). Interestingly, within other 466 
regions of the jaw we do see the development of fully formed 4th cusps (Figure 7C2 and C3). 467 
This is similar to the phenotypes we see in juvenile catsharks, which develop teeth with up to 468 
7 cusps. The development of 4th cusps can also be seen within some of the control teeth 469 
(Figure 7A3). However, the proportion of teeth exhibiting 4th cusps is significantly lower in 470 
control samples (1%), than CHIR99021 treated samples (12%) (chi-square: X-squared = 471 
16.887, df = 1, p-value <0.001). Furthermore, the position and size of cusps in DMSO 472 
(Figure 6 – Figure Supplement 2) treated samples is very consistent. There is a clear single 473 
primary cusp, with two secondary cusps equal in size. Extra cusps develop laterally and are 474 
smaller in size than the initial secondary cusps. This is not the case in CHIR99021 treated 475 
specimens. We note cases whereby secondary cusps are enlarged and can be difficult to 476 
distinguish apart from the primary cusp. We also observe teeth bearing multiple small cusps 477 
which resemble serrated teeth. The defects observed in final tooth shape highlight an 478 
important role for Wnt during dental morphogenesis. The specific directional shifts in the 479 
number of cusps associated with down and up regulation through IWR-1-endo (Figure 6 – 480 
Figure Supplement 3) and CHIR99021 treatment (Figure 6 – Figure Supplement 4) 481 
respectively, implicate canonical Wnt in the regulation of shark cusp morphogenesis. 482 
 483 
In silico modelling of wild type tooth shape 484 
 485 
Salazar-Ciudad & Jernvall (Salazar-Ciudad and Jernvall, 2010) developed a computational 486 
model (Tooth-Maker) capable of modelling vertebrate dentitions based on 12 cellular and 14 487 
gene-network parameters with predetermined values.To establish the baseline parameters 488 
capable of generating a wild-type catshark tooth, we started with parameters established in 489 
modelling the seal dentition (Salazar-Ciudad and Jernvall, 2010). We iterated through each 490 
parameter at 10% intervals; using a process of elimination to refine the final tooth parameters 491 
(Figure 8D; Supplementary File 1: seal). A shift in cusp number is observed throughout 492 
ontogeny, with an increase from 3 cusps in the embryo, to 5 or 6 cusps in juveniles (Figure 493 
8A-C). When attempting to simulate this increase in cusp number, we observed that changing 494 
the width of the initial tooth site (Bwi) together with activator-autoactivation (Act) is capable 495 
of recreating 5 and 6 cusped teeth (Figure 8E-F). As sharks grow, the size of new dental 496 
generations increases (Figure 8A-C). It is therefore possible that during successive rounds of 497 
dental regeneration the size of the initial tooth site increases, in turn generating larger teeth 498 
with more numerous cusps. 499 
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 500 
Despite successfully modelling an increase in cusp number using these baseline seal 501 
parameters, the modelled teeth did not exhibit a pointed shark-like dental morphology. After 502 
correspondence with the software developers (Savriama et al., 2018)  we developed a 503 
modified set of baseline parameters (Supplementary File 1: shark) which generated a tri-504 
cuspid tooth closely resembling the embryonic shark dental morphology. When attempting to 505 
replicate the normal shark tooth development in ontogeny from tri-cuspid through to the 6-506 
cusp phenotype, we found that there were two parameter-modules which influenced the final 507 
shape (Figure 8H-I; Supplementary File 1). The first module concerns the balance of the 508 
activatory and inhibitory propensity of the gene-network. Starting from a tricuspid baseline 509 
(Figure 8G), a 10% increase in activator-autoactivation together with an increase in protein 510 
degradation results in a 5-cusp tooth (Figure 8H). Both the adjustment to protein degradation 511 
and activator/inhibitor levels needs to be met to move toward the 6-cusp phenotype (Figure 512 
8I), and a concordant increase in inhibitor diffusion. Also required are adjustments to the 513 
second module of parameters, which concerns physical characteristics. An increase to the 514 
original border width of the tooth site and the border-growth rate is necessary to 515 
accommodate the larger tooth (Figure 8I, Supplementary File 1). In S. canicula, tooth buds 516 
are closely packed and during development form an inhibitory zone between units, which 517 
could represent a constraint on border size. Thus, the shift from 5 to 6-cusps is more complex 518 
than increasing the overall level of activation, simply doing so results in additional enamel 519 
knots forming outside of the anterior-posterior axis. To obtain 6-cusp teeth, the anterior-520 
posterior bias can be skewed. Combined with the wider initial border, in this case one larger 521 
cusp still sits centrally, as seen in wildtype shark teeth (Figure 8A-C). 522 
 523 
 524 
In silico modelling of tooth shape following perturbation of Wnt signalling 525 
 526 
Following shifts in dental morphology because of canonical Wnt manipulation, we sought to 527 
determine which parameters could generate comparable shifts in silico (Figure 9). We 528 
identified two genetic parameters, which were individually capable of generating comparable 529 
phenotypes to the chemically treated samples. Both decreasing the activator auto-activation 530 
(Act) (seal baseline: Act = 0.1; shark baseline: Act = 0.25) or increasing the inhibition of the 531 
activator (Inh) (seal baseline: Inh = 8; shark baseline: Inh 52) (Figure 9A, D), resulted in 532 
unicuspid phenotypes strikingly like IWR-1-endo treated samples (Figure 9G). These results 533 
are biologically relevant. IWR-1-endo increases the production of the canonical Wnt inhibitor 534 
Axin2 (Chen et al., 2009). The resulting function of increasing Axin2 in vivo, can be equally 535 
compared to increasing the inhibitor (Inh) or decreasing the effect of an activator (Act) due to 536 
increased inhibition, in silico. The converse is true for CHIR99021, which stabilises 537 
cytoplasmic β-catenin leading to upregulated canonical Wnt signalling (Wagman et al., 538 
2004). This can be compared to decreasing the effect of an inhibitor, which would lead to 539 
higher cytoplasmic β-catenin (seal baseline: Inh = 1.2; shark baseline: 10.4) or increasing the 540 
activator itself (seal baseline: Act = 0.22; shark baseline: 0.12) (Figure 9C). 541 
 542 
The phenotypes generated by the model resulted in both wider teeth, and an increase in cusp 543 
number. This is directly comparable to the phenotypes observed following treatment with 544 
CHIR99021 (Figure 9I). In the model, the regulation of the inhibitor and activator stems from 545 
the EK signaling centre (Salazar-Ciudad and Jernvall, 2010). The recreation of comparable 546 
phenotypes through the alteration of biologically relevant model parameters, suggests a 547 
potential role of canonical Wnt signaling in the regulation of cusp number in the catshark 548 
(Figure 9). Our findings show that increasing canonical Wnt activation results in teeth more 549 
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similar to the adult phenotype, seen through an increase in cusp number following 550 
CHIR99021 treatment. 551 
 552 
Discussion 553 
 554 
Overall, our results demonstrate that signalling centres comparable to mammalian enamel 555 
knots are present in the shark during tooth morphogenesis. Our data implies that these dental 556 
signalling centres function to generate cusps in the shark. Although, how functionally similar 557 
these are to mammalian EKs requires further investigation. We identify restricted expression 558 
of Fgf markers within the non-proliferative apical dental epithelium corresponding to the 559 
same patterns of expression in the mammalian EK. We highlight shifts in cusp number and 560 
tooth shape following canonical Wnt manipulation, with similar results simulated via in silico 561 
modelling. Of course, care should be taken when interpreting the results of a model compared 562 
to real biological signalling, where a model cannot simply account for the complexity of a 563 
single pathway. Overall our data imply that a common set of developmental principles 564 
account for tooth morphogenesis between mammals and sharks. These common principles 565 
include the tip-down development of teeth from an apical signalling centre, and we suggest 566 
that Wnt signalling may take part in the activation-inhibition mechanisms that influence cusp 567 
patterning related to this signalling centre. Therefore, we suggest that the basic 568 
developmental principles of mammalian tooth morphogenesis are shared with sharks, and that 569 
perhaps shark tooth shape variation can be modelled with the same developmental principles. 570 
Future work will address whether there are indeed shared functional relationships between 571 
the mammalian and shark dental signalling centres.  572 
 573 
Sharks possess a comparable enamel knot-like signalling centre to the mammalian EK 574 
 575 
Low levels of proliferation at the apical tip of the developing tooth have hinted at the 576 
presence of an EK in sharks (Rasch et al., 2016), although three-dimensional restriction of 577 
signalling molecules within a distinct signalling centre is yet to be described. We note the 578 
expression of fgf10 and the canonical Wnt inhibitor dkk1 within the non-proliferative dental 579 
epithelium (Figure 4). Furthermore, our whole mount in situ hybridisation data reveals 580 
restricted upregulation of fgf3 and fgf10 within both primary (Figure 2) and secondary cusp 581 
regions (Figure 5) and therefore the presence of a spatially restricted dental epithelial 582 
signalling centre. In mammals, the expression of EK markers precedes dental shape change 583 
(Vaahtokari et al., 1996). Similarly, we observe the restricted expression of fgf3 (Figure 3F), 584 
fgf10 (Figure 4A) and shh (Figure 2), very early during dental morphogenesis, prior to the 585 
establishment of the overall tooth shape. This suggests that signalling precedes dental shape 586 
change and suggests that Fgf and Hh signalling may be driving this process in sharks, as in 587 
mammals (Jernvall et al., 1994; Kettunen et al., 2000).  588 
 589 
Even at the earliest initiation of teeth in Scyliorhinus canicula, an initial, restricted expression 590 
pattern of these three markers (fgf3, fgf10, and shh) demarcates the emergence of the 591 
superficial first-generation tooth in the shark (Figure 2; Figure 10). This superficial and 592 
specific unit of epithelial expression appears to resemble initiation of the incisor tooth in the 593 
mouse, especially at stages E12.5-13.5 (Ahtiainen et al., 2016; Du et al., 2017; Hovorakova et 594 
al., 2016). The similarity between the superficial expression of fgf3, fgf10 and shh in the first-595 
generation tooth in the shark (Figure 2) compared to the initiation knot (IK), in the incisor 596 
region of the mouse, is striking. In the mouse, the IK is an initial signalling centre similar to 597 
the primary EK, that marks a defining position between what will become the epithelial 598 
prominences of the vestibular lamina and the dental lamina (i.e., the incisor tooth bud; (Du et 599 
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al., 2017; Hovorakova et al., 2016)). Soon after the expression of Shh related to the IK in 600 
mice, the primary EK forms separately at the cap stage in the incisor tooth bud (Du et al., 601 
2017). A vestibular lamina (the division between the epithelial tissues of the lips and teeth in 602 
mammals) does not form in the shark, at least not in S. canicula, however, other fish species 603 
e.g., pufferfish do have a cleft that separates teeth and fleshy lips (Thiery et al., 2017). In the 604 
shark, the superficial and initial EK-like structure in the first tooth generation appears similar 605 
to the superficial IK in mice. Further investigation of EK markers prior to dental 606 
morphogenesis is key to discerning the role and regulation of EK driven dental 607 
morphogenesis in the shark. 608 
 609 
Importantly, the mammalian EK itself is unable to respond to the Fgf signals, which it emits 610 
as it lacks Fgf receptors (Kettunen et al., 1998). Instead, these receptors are found within 611 
adjacent dental epithelial cells, and are important for the induction of differential proliferation 612 
between the EK and surrounding epithelial tissue (Kettunen et al., 2000). Further research is 613 
needed to identify whether this lack of receptors predates the evolution of the mammalian 614 
dentition, and whether it is fundamentally required for the formation of cusped teeth. Given 615 
the conservation of localised Fgf signalling within the shark EK, we hypothesise that a 616 
similar lack of receptors drives differential proliferation between the EK and surrounding 617 
dental epithelium in the basal gnathostome lineage. 618 
 619 
Various developmental characteristics have been used to define the presence of an EK, 620 
including spatial restriction of the signalling centre, a lack of cell proliferation, and apoptosis 621 
of the epithelial cells within the EK. Apoptosis has been implicated as an important 622 
developmental process in regulating the silencing of embryonic signalling centres (Kettunen 623 
et al., 2000; Vaahtokari et al., 1996). Apoptosis has been described in both primary and 624 
secondary mammalian EK through TUNEL assays and the expression of the pre-apoptotic 625 
marker, p21 (Jernvall et al., 1998; Vaahtokari et al., 1996). Such assays have so far revealed a 626 
lack of apoptosis within the inner dental epithelium of reptiles (Buchtová et al., 2008; 627 
Handrigan and Richman, 2010) and the catshark (Debiais-Thibaud et al., 2015) - this has 628 
been used to refute the presence of an EK altogether (Debiais-Thibaud et al., 2015). 629 
However, it has also been shown that mice develop cusps following the loss of apoptosis in 630 
caspase-3 deficient mice (Matalova et al., 2006). Although morphological defects are 631 
identified in non-apoptotic mouse molars (Matalova et al., 2006), these results suggest that 632 
apoptosis is not fundamentally required in the formation of dental cusps (Richman and 633 
Handrigan, 2011). 634 
 635 
Whilst there are observable differences in signalling between the mammalian and 636 
chondrichthyan EKs (Debiais-Thibaud et al., 2015), this does not refute the presence of an 637 
EK in sharks. Instead, these differences highlight potential lineage specific modifications 638 
which have led to the diversification of vertebrate dental morphology. Given the presence of 639 
enameloid, as opposed to ‘true’ enamel within the Chondrichthyes (Gillis and Donoghue, 640 
2007), it has been proposed to term this signalling centre in sharks the ‘enameloid knot’ 641 
(Rasch et al., 2016). Our results reveal a complete lack of bmp4 expression within the non-642 
proliferative apical dental epithelium. bmp4 expression in surrounding tissues suggests that 643 
unlike in mammals, where Bmp4 is secondarily upregulated within the EK, bmp4 may play a 644 
role in restricting the expression of other signalling molecules to the EK in the shark. 645 
Furthermore, Shh is a key marker of the EK in mammals. Although we note its expression 646 
within the apical dental epithelium, there is little downregulation of its expression within the 647 
inter-cusp dental epithelium. Asymmetric Shh expression is thought to regulate polarised 648 
growth of the developing feather bud (Ting-Berreth and Chuong, 1996) as it does in the zone 649 
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of polarising activity (ZPA) within the vertebrate limb bud (Riddle et al., 1993). It is possible 650 
that shh is playing a similar role in teeth of sharks; shh may be regulating polarised growth of 651 
the tooth along the oral/aboral axis, but not the medial/lateral axis along which the cusps 652 
form. Despite differences in the gene specific expression patterns of the mammalian and 653 
chondrichthyan EKs, representative markers of canonical Wnt, Fgf, Bmp and Hh signalling 654 
are all found expressed within the apical dental epithelium. 655 
 656 
Canonical Wnt signalling as a regulator of natural shark dental variation 657 
 658 
Chondrichthyan dental morphology is highly variable between species (Corn et al., 2016; 659 
Jambura et al., 2020). This variability allows for fossil samples to be commonly identified on 660 
their dentition alone (Whitenack and Gottfried, et al., 2010). Variation in chondrichthyan 661 
tooth shape is typically observable as a modification of the cusp. Examples include: the 662 
multi-cuspid saw-like teeth of the sixgill shark (Hexanchus griseus); the elongated primary 663 
cusp of mako shark teeth (Isurus oxyrinchus); serrated teeth of the tiger shark (Galeocerdo 664 
cuvier); and the ontogenetic shift from tricuspid-heptacuspid teeth of the small-spotted 665 
catshark (S. canicula) (Corn et al., 2016; Jambura et al., 2020). Our small-molecule 666 
manipulations of the canonical Wnt signalling pathway result in a shift in cusp number and 667 
an increase in the variability of tooth shape. Furthermore, the diversity of phenotypes 668 
observed following treatment include: unicuspid, multicuspid and serrated-like teeth. 669 
Interestingly, the factors and developmental mechanisms that can lead to the formation of 670 
serrated teeth in any vertebrate are largely unknown. Restriction of tooth positions in more 671 
posterior regions of the jaw could reflect the size shifts in the jaw along a gradient, from the 672 
medial to lateral (posterior) sites, which may be related to constraints on cusp number in 673 
other vertebrates (Renvoisé et al., 2017; Sadier et al., 2019; Savriama et al., 2018). However, 674 
in the catshark at least, the site restriction of potential activatory and inhibitory signals in the 675 
oral epithelium may not affect the number of cusps, as this seems less affected. The posterior 676 
teeth in the catshark appear to become smaller but retain multiple cusps (Figure 1; Figure 5). 677 
 678 
Canonical Wnt pathway signalling is known to lie upstream of EK signalling during 679 
mammalian molar morphogenesis, with its upregulation and downregulation leading to 680 
supernumerary EKs and the formation of blunted cusps respectively (Järvinen et al., 2006; 681 
Liu et al., 2008). In the shark, our findings indicate a similar role for Wnt signalling during 682 
dental morphogenesis. Here, Wnt manipulation dramatically disrupts cusp development. As a 683 
result, we speculate that alterations to the canonical Wnt pathway may also underlie the 684 
natural diversity of tooth shape found between chondrichthyan species. However, although 685 
our chemical manipulation phenotypes match what would be expected as a result of disrupted 686 
EK signalling, we cannot exclude the possibility that the observed shifts in shape arise as a 687 
result of changes in size of the teeth or developmental arrest of tooth morphogenesis. 688 
Analysis of canonical Wnt signalling targets within the EK following chemical manipulation, 689 
could provide further clarity as to which of these developmental processes is driving shape 690 
change. 691 
 692 
An in silico model of dental morphogenesis developed by Salazar-Ciudad and Jernvall 693 
(Salazar-Ciudad and Jernvall, 2010)  demonstrates how dental shape can be regulated by a 694 
variety of cellular and genetic parameters in the EK. Subtle changes to these parameters lead 695 
to a drastic change in dental shape and cusp number. We show that small changes to two 696 
genetic parameters regulating activation (Act) or inhibition (Inh) of the activator in the EK, is 697 
sufficient in generating teeth representative of upregulation and downregulation of canonical 698 
Wnt signalling, respectively. However, the parameters necessary to produce an ontogenetic 699 
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shift in shark-specific tooth shape may be more complex (Figure 9). The similarities observed 700 
following Wnt treatments and in silico EK signalling manipulations, provide both an element 701 
of validation for the in-silico model and further evidence of a role for canonical Wnt 702 
signalling in the chondrichthyan EK. 703 
 704 
Was an EK-like signalling centre present prior to the evolution of teeth? 705 
 706 
Odontodes (tooth-like structures) are thought to have initially evolved outside of the oral 707 
cavity, with teeth arising through co-option of the underlying odontode gene regulatory 708 
network (Donoghue and Rücklin, 2016; Fraser et al., 2010; Martin et al., 2016). Dermal 709 
denticles (non-regenerative odontodes present on the skin surface of chondrichthyans) and 710 
teeth are deeply homologous, sharing a high degree of structural and developmental 711 
conservation (Cooper et al., 2018, 2017; Martin et al., 2016). We observe identical expression 712 
patterns for fgf3, bmp4 and shh, within and around the apical tip of developing teeth (Figure 713 
3; Figure 5) and dermal denticles in the catshark (Cooper et al., 2018, 2017). As a result, we 714 
believe it is likely that the origin of an apical epithelial signalling centre, regulating 715 
differential epithelial proliferation in epithelial appendages evolved early within the 716 
vertebrate lineage and likely predates the evolution of teeth. Therefore, to account for this 717 
regulation of shape among disparate developmental structures we propose a new term to 718 
reflect the conservation of this signalling unit, the ‘Apical Epithelial Knot’ (AEK). This then 719 
suggests that this signalling centre is not limited to teeth but can be present in a number of 720 
protrusible developmental elements, including non-oral odontodes e.g. skin denticles in 721 
sharks (Figure 1A). We acknowledge that the term enamel knot should perhaps be reserved 722 
exclusively for mammalian tooth signalling. This would allow a distinction to be drawn 723 
between mammals and other vertebrates e.g., fishes due to the distinction between the enamel 724 
and the enameloid capping mineral layer observed in fish teeth and denticles, and other 725 
odontodes. This, however, should not distract from the incredible level of conservation and 726 
the shared characters that unite this signalling centre among the vast evolutionary history of 727 
vertebrates.  728 
 729 
Conclusion 730 
 731 
Although there are differences in the expression of key mammalian EK markers in the shark, 732 
there is also a high level of conservation in the expression of key Wnt, Fgf, Bmp, and Hh 733 
markers. This level of conservation unites all toothed vertebrates in several ways: (i) the co-734 
expression of a set of common genes; (ii) the patterning and morphogenesis of cusps (i.e., 735 
observed between simulations of shark and seal/mammalian teeth); and (iii) the presence of a 736 
comparable and functionally similar signalling centre, known in mammals as the enamel knot 737 
(EK) and now could be collectively be known among vertebrates as an apical epithelial knot 738 
(AEK). Contrary to prior assertions, these results provide evidence of an EK signalling centre 739 
in an early vertebrate lineage. We therefore suggest that mammalian-specific gene expression 740 
patterns within the EK are merely lineage specific modifications of an ancestral signalling 741 
centre (AEK) that likely evolved prior to the appearance of oral teeth.  742 
 743 
Methods 744 
 745 
Animal husbandry 746 
The University of Sheffield is a licensed establishment under the Animals (Scientific 747 
Procedures) Act 1986. All animals were culled by approved methods cited under Schedule 1 748 
to the Act. Small-spotted catshark embryos (S. canicula) were obtained from North Wales 749 
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Biologicals, Bangor, UK. Embryos were raised in recirculating artificial seawater (Instant 750 
Ocean) at 16°C. At the required stage, embryos were anaesthetised using 300mg/L MS-222 751 
and fixed overnight in 4% paraformaldehyde at 4°C. Samples were then dehydrated through a 752 
graded series of DEPC-PBS/EtOH and kept at -20°C. 753 
 754 
Sectioning and Histology 755 
Following dehydration, samples were cleared with xylene and embedded in paraffin. 14μm 756 
sagittal sections were obtained using a Leica RM2145 microtome. For histological study, 757 
sections were stained with 50% Haematoxylin Gill no.3 and Eosin Y. Slides were mounted 758 
with Fluoromount (Sigma) and imaged using a BX51 Olympus compound microscope. 759 
 760 
Scanning Electron Microscopy (SEM) 761 
SEM images were obtained using a Hitachi TM3030Plus Benchtop SEM at 15000 Volts. 762 
 763 
In situ hybridisation probe synthesis 764 
Protein coding sequences for S. canicula were obtained from a de-novo transcriptome 765 
assembly (Thiery et al. unpublished). Sequences were compared with a range of other 766 
vertebrate sequences taken from ensembl.org in order to verify sequence identity. S. canicula 767 
total RNA was extracted using phenol/chloroform phase separation and cleaned through 768 
EtOH/LiCL precipitation. RT-cDNA was made using the RETRO script 1710 kit (Ambion). 769 
Probes were made using forward and reverse primers designed through Primer3. Primer 770 
sequences are available in Supplementary File 2. Probes were chosen to be ~400-800bp in 771 
length. Sequences of interest were amplified from the cDNA through PCR and ligated into 772 
the pGEM-T-Easy vector (Promega). Ligation products were cloned into JM109 cells. 773 
Plasmid DNA was then extracted from chosen colonies using a Qiaprep spin Mini-prep kit 774 
(Qiagen) and sequenced (Applied Biosystems' 3730 DNA Analyser) through the Core 775 
Genomics Facility, University of Sheffield. Verified vectors were then amplified through 776 
PCR and used as a template for probe synthesis. Sense and anti-sense probes were made 777 
using a Riboprobe Systems kit (Promega) and SP6/T7 polymerases (Promega). Probes were 778 
labelled with Digoxigenin-11-UTP (Roche) for detection during in situ hybridisation. A final 779 
EtOH precipitation step was carried out to purify the RNA probe. 780 
 781 
Section in situ hybridisation 782 
Sagittal paraffin sections were obtained as previously described. Slides were deparaffinised 783 
using Xylene and rehydrated through a graded series of EtOH/PBS. Slides were incubated in 784 
pre-heated pre-hybridisation solution pH 6 [250ml deionised-formamide, 125ml 20x saline 785 
sodium citrate (SSC), 5ml 1M sodium citrate, 500μl Tween-20 and 119.7ml DEPC-treated 786 
ddH20] at 61°C for 2 hours. Slides were transferred to pre-heated pre-hybridisation solution 787 
containing DIG labelled RNA probe (1:500) and incubated overnight at 61°C. The following 788 
day, slides underwent a series of 61°C SSC stringency washes to remove unspecific probe 789 
binding [2x30m 50:50 pre-hybridisation solution:2x SSC; 2x30m 2x SSC; 2x30m 0.2x SSC]. 790 
Following the stringency washes, samples were incubated in blocking solution (2% Roche 791 
Blocking Reagent (Roche)) for 2hr at room temperature and then incubated in blocking 792 
solution containing anti-Digoxigenin-AP antibody (1:2000; Roche) overnight at 4°C. Excess 793 
antibody was washed off through 6x1hr MAB-T (0.1% tween-20) washes. Slides were then 794 
washed in NTMT and colour reacted with BM-purple (Roche) at room temperature and left 795 
until sufficient colouration had taken place. Following the colour reaction, a DAPI nuclear 796 
counterstain (1μg/ml) was carried out before mounting the slides using Fluoromount (Sigma). 797 
Images were taken using a BX51 Olympus compound microscope. Images were contrast 798 
enhanced and merged in Adobe Photoshop. 799 
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 800 
Double in situ hybridisation/immunohistochemistry 801 
For double in situ hybridisation/immunohistochemistry, samples first underwent in situ 802 
hybridisation as previously described. Immediately after colour reaction, samples were fixed 803 
for 1 minute in 4% paraformaldehyde in PBS. Samples were then blocked with 5% goat 804 
serum and 1% bovine serum albumin in PBS-T (0.05% tween-20). Blocking solution was 805 
replaced with blocking solution containing mouse anti-PCNA primary antibody (ab29; 806 
Abcam) at a concentration of 1:2000. Goat anti-rabbit Alexa-Fluor 647 (1:250) (A-20721245; 807 
Thermo) and goat anti-mouse Alexa-Fluor 488 (1:250) (A-11-001; Thermo) secondary 808 
antibodies were used for immunodetection. Samples were counterstained with DAPI 809 
(1μg/ml) and mounted using Fluoromount (Sigma). Images were taken using a BX51 810 
Olympus compound microscope. Images were contrast enhanced and merged in Adobe 811 
Photoshop. 812 
 813 
Whole mount in situ hybridisation 814 
Whole mount in situ hybridisation was carried out in accordance with the section in situ 815 
hybridisation protocol with some minor modifications. Following rehydration, samples were 816 
treated with 0.2μg/ml proteinase K for 1hr at room temperature and then fixed for 20m in 4% 817 
paraformaldehyde in PBS. Samples were then placed in pre-hybridisation and probe solution 818 
as previously described. Stringency washes were carried out at 61°C [3x30m 2xSSC-T 819 
(0.05% tween-20); 3x30m 0.2xSSC-T (0.05% tween-20)]. Blocking, antibody incubation and 820 
colour reaction were carried out as previously described. Following colour reaction, samples 821 
were stored in PBS with 10% EtOH. 822 
 823 
Small molecule Wnt perturbations 824 
10mM IWR-1-endo (TOCRIS; product no: 3532) and 5mM CHIR99021 (TOCRIS; product 825 
no: 4423) stock solutions were made using dimethyl sulfoxide (DMSO) as a solvent. At 826 
~100dpf (mid stage 32), catshark samples were extracted from their egg cases and incubated 827 
in 70ml polypropylene containers. Samples were treated with 1μM (1:10000 stock dilution) 828 
IWR-1-endo (N = 8), 2μM (1:2500 stock dilution) CHIR99021 (N = 8). 0.1% DMSO was 829 
used as a control (N = 7). Chemical stock solutions were diluted in artificial seawater with 830 
1% Penicillin/Streptomycin. Samples were treated with 20ml of solution, which was replaced 831 
every two days for a total treatment period of two weeks. Following treatment, samples were 832 
raised in artificial seawater for a further 4 weeks. After recovery, samples were sacrificed 833 
using 300mg/L MS-222 and fixed overnight in 4% paraformaldehyde at 4°C. Samples were 834 
then stained with 0.02% alizarin red in 0.1% KOH overnight in the dark and subsequently 835 
cleared in 0.1% KOH. Once residual alizarin red had been removed, samples were transferred 836 
into glycerol through a glycerol/0.1%KOH graded series and imaged using a Nikon 837 
SMZ1500. Images of chemical perturbation experiments on whole mount jaws are presented 838 
in Figure 6 – Figure Supplement 2-4. 839 
 840 
Geometric morphometric analysis 841 
Images taken from the small molecule treated clear and stained specimens were analysed 842 
using 2-D geometric morphometrics. Images of the three most lateral teeth on both the left 843 
and right side of the lower jaw were included in the analysis. TPS files containing the 844 
treatment images were generated in tpsUtil (F. J. Rohlf, 2009; J. F. Rohlf, 2009). Landmark 845 
coordinates were assigned using tpsDig2 (F. J. Rohlf, 2009). Two fixed landmarks were 846 
placed on each tooth, one at the tip of the primary cusp and one at the base of the tooth. 18 847 
sliding-semi landmarks were then distributed evenly between these two points on either side 848 
of the tooth. TPS files were analysed using the R package geomorph (Adams D Collyer M 849 
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Kaliontzopoulou, 2018). A generalised Procrustes analysis (GPA) was carried out in order to 850 
rotate, centre and rescale image coordinates. Following GPA, we measured the effect of 851 
treatment and sample on Centroid size using a linear model, with both factors included as 852 
fixed effects. Comparisons between treatments were made using a post hoc Tukey test. Next, 853 
we assessed the contribution of treatment and sample to shape (Procrustes aligned 854 
coordinates) using a linear model procD.lm function in the geomorph R package (Adams D 855 
Collyer M Kaliontzopoulou, 2018) with both factors included as fixed effects. In order to plot 856 
the shape data, a principle component analysis was conducted on the Procrustes aligned co-857 
ordinates and plotted based on the principle components which explain the most variation in 858 
the data (Figure 6C). We measured the variance for principal component 1 within treatments 859 
and carried out a pairwise F-test to test for changes in variance as a result of treatment. 860 
 861 
ToothMaker modelling of catshark dentition 862 
In silico models of the catshark dentition through ontogeny were generated using the 863 
computational model ToothMaker (Salazar-Ciudad and Jernvall, 2010), together with the 864 
equivalent cusp number changes in the baseline seal tooth parameters (Salazar-Ciudad and 865 
Jernvall, 2010). Initial shark phenotype baseline parameters were established with assistance 866 
from the program creator (Jukka Jernvall, Pers. Comm.). We iterated through each parameter 867 
at 10% intervals; using a process of elimination to refine the final wild type tooth parameters 868 
for the modified seal tooth phenotypes to so cusp number equivalence to the catshark 869 
(Supplementary File 1). Trial and error was then used to determine which parameters were 870 
capable of generating teeth resembling those produced following small molecule treatment 871 
(Figure 9) and in normal development (Figure 8).  11000 iterations of the model were run 872 
when modelling the ontogenetic shifts in the dentition. 873 
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 883 
Figure Legends 884 
 885 
Figure 1. Pattern and morphology of the catshark dentition. Images of catshark samples 886 
cleared and stained with alizarin red, reveal pattern and morphology of the dentition in the 887 
lower jaw (A-C and F-I). A) Dorsal view of hatchling stage catshark (Stage 34) revealing 888 
denticle on the body surface. B) Dorsal view of hatchling stage (Stage 34) lower jaw. C) 889 
Magnification of B, showing staggered pattern of adjacent tooth families. Histological 890 
staining with haematoxylin and eosin on sagittal cross sections through early stage 32 (D) and 891 
late stage 32 (E) lower jaws shows the growth of the DL during dental development. The first 892 
dental generation (tg1) develop relatively superficially at the oral surface, before full 893 
invagination and elongation of the DL (D). The DL then grows deep into the underlying 894 
mesenchyme, with the second (tg2) and subsequent dental generations initiated at the SL (E). 895 
The addition of numerous successional dental generations can be seen in the adult jaw (F and 896 
H). At the jaw symphysis (F), teeth often remain tricuspid (G). However, in lateral regions 897 
(H), teeth develop 5-7 cusps (I). Scanning electron microscope (SEM) images reveal tricuspid 898 
teeth in the embryo (stage 33) (J-K) and pentacuspid teeth in the adult (L and M). Scale bars 899 
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are 10mm in A; 1mm in B, F and H; 250μm in C, G, I and M; 50μm in D, E and K; 125μm in 900 
J and 500μm in L. ora; oral, abo; aboral, lin; lingual, lab; labial. 901 
 902 
Figure 2. Expression of fgf3, fgf10 and shh during three key stages of shark tooth 903 
morphogenesis. First tooth initiation (A,D,G); early morphogenesis (B, E, H) and late 904 
morphogenesis (C,F,I). First tooth initiation is superficial with expression of the fgf3, fgf10 905 
and shh in a restricted compartment of the dental epithelium; fgf3 expression extends into the 906 
underlying papilla mesenchyme (arrowhead). During early morphogenesis both fgf3 and 907 
fgf10 continue to show restricted expression to the site of the EK-like unit (although the 908 
underlying mesenchymal expression of fgf3 does expand further throughout the mesenchymal 909 
papilla at later stages). shh expression at this stage, however, starts to expand away from the 910 
EK-like unit of the dental epithelium (H). At late morphogenesis (C,F,I) fgf3 has an even 911 
more expanded expression pattern in the mesenchymal papilla, yet the epithelial expression is 912 
still very restricted the apex of the tooth cusp, C. fgf10 expression is always confined to the 913 
apical tip (F), and shh expression expands further throughout the inner dental epithelium in 914 
the labial cusp sites (I). Scale bar in I = 100μm. 915 
 916 
Figure 2 – Figure Supplement 1. Expression of bmp4 and sostdc1 in the shark dentition. 917 
Expression of bmp4 across three stages of tooth morphogenesis in the developing lower jaw 918 
dentition (A-C): early replacement tooth. (A) expression is present in both the inner dental 919 
epithelium (IDE) and underlying mesenchymal papilla cells. (B and C) as tooth 920 
morphogenesis progresses the expression of bmp4 extends throughout the IDE and dental 921 
papilla, however expression is down-regulated in the epithelial apex (B; EK-like unit), and 922 
this continues to down-regulated further in the IDE away from the apex (C). (D and E) 923 
expression of bmp4 in the upper jaw teeth during morphogenesis showing equivalent 924 
expression pattern to (B and C). (F) sostdc1 expression showing a complementary expression 925 
pattern to bmp4 in the IDE, similarly no expression is noted within the apex epithelium at this 926 
stage. Scale bar in D is 100μm; in A-C scale bars are 50μm. 927 
 928 
Figure 3. Expression of enamel knot markers during catshark dental morphogenesis. In 929 
situ hybridisation assay on sagittal paraffin sections of late stage 32 catshark jaws, reveal the 930 
expression of markers involved in major developmental pathways, including canonical Wnt 931 
signalling (A-F), Fgf signalling (G and H) and Bmp signalling (I-L). Wnt markers, lef1 (A), 932 
β-catenin (B) and wnt11 (C) are all expressed within the apical tip of the developing tooth 933 
during cap stage. Axin2 is expressed in the early dental epithelium, not specifically 934 
associated with the apical tip (D). Weak expression can also be seen within the dental 935 
mesenchyme and surrounding dental epithelium in lef1 (A) and β-catenin (B). Weak 936 
expression of the Wnt inhibitor, sfrp3 (F) is found within the dental mesenchyme during cap 937 
stage, whereas dkk1 is also found within the dental epithelium later in morphogenesis (E). 938 
The expression of Fgf markers fgf3 (G) and fgf10 (H) is highly specific to the EK during late 939 
bud to early cap stage, with fgf3 weakly expressed in the dental mesenchyme, below the EK. 940 
bmp4 (I) expression is absent from the EK during late morphogenesis, but is strongly 941 
expressed within both the rest of the dental epithelium and dental papilla. smad1 (J) is found 942 
within the apical tip of the dental epithelium, whilst smad3 (K) is also expressed in the dental 943 
mesenchyme during late cap stage. Bmp inhibitors smad7 (L) and bambi (M) are both 944 
expressed throughout both epithelium and mesenchyme of developing teeth. mdk (N) and isl1 945 
(P) expression is restricted to a few cells of the EK, with mdk also expressed within the 946 
underlying dental mesenchyme. In contrast, shh (O) expression is extensive and broad, but is 947 
still restricted to the apical tip of the dental epithelium. Gene expression is false coloured in 948 
magenta. White arrowhead points to expression within the apical tip of developing teeth and 949 
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putative EK. White dotted lines depict the columnar basal epithelial cells of the dental lamina 950 
and dental epithelium. DAPI nuclear stain is false coloured in grey. All images are of lower 951 
jaws, except H, which is of the upper jaw. Scale bars are 50μm. de, dental epithelium; dm, 952 
dental mesenchyme. 953 
 954 
Figure 4. Co-expression of odontogenic markers regulating dental morphogenesis with 955 
PCNA. Double section in situ hybridisation/immunohistochemistry on catshark jaws reveals 956 
co-expression of markers involved in EK signalling and proliferative cell nuclear antigen 957 
(PCNA), within teeth undergoing cap stage (A, B and D) and late morphogenesis (C and E). 958 
Images Aa-Ea reveal expression of PCNA. Images Ab-Eb reveal expression of in situ 959 
hybridisation markers. Images Ac-Ec reveal co-expression of PCNA and in situ hybridisation 960 
markers. PCNA expression is absent from the tip of the dental epithelium, corresponding to 961 
the EK in cap stage teeth (Aa, Ba and Da). The extent of PCNA expression within developing 962 
teeth decreases as teeth undergo morphogenesis (Ca and Ea). fgf10 is expressed within a 963 
small subset of dental epithelial cells corresponding to the EK (Ab). Its expression is 964 
inversely complementary to the expression of PCNA (Ac). dkk1 expression is initially 965 
upregulated in the dental mesenchyme during cap stage (Bb), with restricted epithelial 966 
expression present only within non-proliferative cells of the EK (Bc). During late 967 
morphogenesis dkk1 expression weakens within the dental mesenchyme, with observable 968 
upregulation of its expression throughout the entire dental epithelium (Cb and Cc). Unlike 969 
dkk1 and fgf10, bmp4 is absent from the apical tip of the dental epithelium throughout dental 970 
morphogenesis (Db and Eb). fgf10 (A) is shown in the upper jaw; dkk1 (B and C) and bmp4 971 
(D and E) are shown in the lower jaw. Gene expression is shown in magenta, PCNA protein 972 
expression is in green and DAPI nuclear stain in grey. White dotted lines depict the outer 973 
dental epithelium of the developing tooth. Scale bars are 50μm. de, dental epithelium; dm, 974 
dental mesenchyme. 975 
 976 
Figure 5. Whole mount in situ hybridisation reveals enamel knot-specific gene 977 
expression. Whole mount in situ hybridisation on catshark lower (A, C and E) and upper (B, 978 
D, F and G) jaws highlights the expression of bmp4 (A and B), fgf3 (C and D), shh (E and F) 979 
and fgf10 (G) across the jaw. Images are of early stage 32 (~90dpf) samples, with developing 980 
first generation teeth visible on the jaw margin. Images A-G are low magnification images. 981 
Images A’-G’ are magnified images of the central teeth along the jaw. Images A’’-G’’ are 982 
magnified images of the left lateral side of the jaw. bmp4 expression is visible throughout the 983 
dental papilla, but appears absent from the dental epithelium (A’, A’’, B’ and B’’). fgf3 984 
expression is strongly upregulated within both primary EKs (D’: black arrowheads) and 985 
secondary EKs (C’, C’’, D’ and D’’: white arrowheads). Weaker fgf3 expression is also noted 986 
within the dental mesenchyme (C’, C’’, D’ and D’’). shh expression is absent from the dental 987 
mesenchyme. However, its expression can be seen throughout the dental epithelium at the 988 
leading edge of the developing tooth (E’, E’’, F’ and F’’). Although its expression is not 989 
restricted to the EK throughout morphogenesis, clear shh expression within both the primary 990 
EKs (E’ and F’: black arrowheads) and secondary EKs (E’, E’’ and F’’: white arrowheads). 991 
As with fgf3, fgf10 expression is also restricted to the future cusp forming primary (G’ and 992 
G’’: black arrowheads) and secondary EKs (G’ and G’’: white arrowhead), however its 993 
expression does not extend into the dental mesenchyme. Dotted black boxes in A – G depict a 994 
magnified region in A’ – G’ and A’’ – G’’. Scale bars are 250μm in A-G and 125μm in A’ – 995 
G’ and A’’ – G’’. 996 
 997 
Figure 6. Geometric morphometric analysis reveals change in shape and size following 998 
canonical Wnt manipulation. Small molecule treatments consisted of a two-week treatment 999 
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with 0.1% DMSO (control), 1μM IWR-1-endo and 2μM CHIR99021 and a subsequent four-1000 
week recovery. The three most lateral teeth at both left and right lower jaw margins (A) were 1001 
included in the geometric morphometric analysis. A total of 38 landmarks were used to label 1002 
tooth shape (B). Two fixed landmarks were placed at the tip of the primary cusp and at the 1003 
base of the tooth, represented by black circles. 18 sliding semi-landmarks were placed on 1004 
either side of the tooth (white circles), which were allowed to move relative to adjacent 1005 
landmarks. The direction of movement is depicted by directional arrows in the schematic (B). 1006 
Following Procrustes alignment of landmark coordinates and principal component analysis of 1007 
the resulting shapes, the average PC1 and PC2 scores for each sample were plotted in order to 1008 
depict the position of treated samples within a given shape space (C). PC1 accounted for 1009 
58.3% of the variation observed between samples, whereas PC2 accounted for 13.8%. 1010 
Warpgrids shown in C reveal representative shapes at maximum and minimum PC1 and PC2 1011 
values. There is a significant effect of treatment on overall tooth shape (Procrustes ANOVA: 1012 
R2 = 0.09174, F2,115 = 8.2771, p < 0.001), whilst controlling for variation within samples. 1013 
There is also a significant effect of sample on shape (Procrustes ANOVA: R2 = 0.27092, 1014 
F20,115 = 2.4442, p <0.001). Aside from shape, Centroid size was also measured following 1015 
treatment (D). There is a significant effect of treatment on Centroid size (ANOVA: F2,115 = 1016 
235.5886, p <0.001), whilst controlling for variation within samples. There is also a 1017 
significant effect of sample on Centroid size (ANOVA: F20,115 = 7.2957, p <0.001). Faint 1018 
circular points are plots of each individual data point, revealing the distribution of the data. 1019 
Error bars represent standard error. 1020 
 1021 
Figure 6 – Figure Supplement 1. Representative experimental images from geometric 1022 
morphometric principal component analysis. (A) Principal component analysis from 1023 
Figure 6C, highlighting one sample from each treatment depicted in B-D. Representative 1024 
images of 0.1% DMSO (control) (B), 1μM IWR-1-endo (C) and 2μM CHIR9902 (D) treated 1025 
lower jaws following two-week treatment and four-week recovery. Samples have been clear 1026 
and stained. Ba-Da and Bb-Db are magnified images of left and right lateral jaw regions 1027 
respectively. A tricuspid dentition is visible in 0.1% DMSO treated teeth (Ba and Bb). A shift 1028 
to a unicuspid morphology takes place following treatment with 1μM IWR-1-endo (Ca and 1029 
Cb). In contrast, a widening of the teeth is observed following 2μM CHIR9902 (Da and Dc). 1030 
Black arrowheads represent the addition of putative supernumerary cusps. Scale bars are 1031 
500μm in B-D and 100μm in Ba – Da and Bb – Db. 1032 
 1033 
Figure 6 – Figure Supplement 2. Canonical Wnt Signalling Control experiments: 1034 
Cleared and Stained (Alizarin Red S) lower jaws (dorsal views) of Scyliorhinus canicula, 1035 
DMSO Controls. A set of DMSO 1% (delivery solution without chemical/pharmacological 1036 
agent) controls in 7 specimens (S1-7). Labelled teeth (Left (L)1-3 and Right (R) 1-3) were 1037 
used in the morphometric analysis (in Figure 6). Scale bars are all 500μm. 1038 
 1039 
Figure 6 – Figure Supplement 3. Canonical Wnt Signalling Inhibition experiments: 1040 
Cleared and Stained (Alizarin Red S) lower jaws (dorsal views) of Scyliorhinus canicula, 1041 
treated with 1μM IWR1-Endo (Wnt Pathway Inhibitor). A set of 8 specimens treated with 1042 
1μM IWR1-Endo 1 (S1-8). Labelled teeth (Left (L)1-3 and Right (R) 1-3) were used in the 1043 
morphometric analysis (in Figure 6). Scale bars are all 500μm. 1044 
 1045 
Figure 6 – Figure Supplement 4. Canonical Wnt Signalling Activation experiments: 1046 
Cleared and Stained (Alizarin Red S) lower jaws (dorsal views) of Scyliorhinus canicula, 1047 
treated with 2μM CHIR-99021 (small molecule Wnt Pathway Activator; GSK3-inhibitor). A 1048 
set of 8 specimens treated with 2μM CHIR-99021 (S1-8). Labelled teeth (Left (L)1-3 and 1049 
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Right (R) 1-3) were used in the morphometric analysis (in Figure 6). Scale bars are all 1050 
500μm. 1051 
 1052 
Figure 6 – Figure Supplement 5. Scatter plot illustrating all individual tooth data points 1053 
from principle component analysis illustrated in Figure 6C. There is an increase in the 1054 
variation of dental shapes across the PC1 axis following Wnt downregulation with IWR-1-1055 
endo relative to DMSO control teeth (pairwise F-test: F41,47 = 0.277, p <0.001). 1056 
 1057 
Figure 7. Dental diversity following canonical Wnt manipulation. Selected images 1058 
depicting dental diversity following 0.1% DMSO (control) (A1-A3), 1μM IWR-1-endo (B1 1059 
B3) and 2μM CHIR9902 (C1-C3) treated lower jaws following two-week treatment and four-1060 
week recovery. 0.1% DMSO are relatively similar in shape, although the presence of four 1061 
cusps is observed in a small subset of teeth (A3). Following 1μM IWR-1-endo treatment, 1062 
there are numerous mineralised unicuspid and stunted teeth (B1 and B2). There are also teeth 1063 
which appear duplicated in nature, but which are connected to a single root (B3). In contrast, 1064 
2μM CHIR9902 treatment leads to a widening of the teeth and defects in the position of cups 1065 
(C1) and the development of supernumerary cusps (C2 and C3). Black arrowheads point to 1066 
cusp defects and/or shifts from the typical tricuspid dental morphology. Scale bars are 1067 
100μm. 1068 
 1069 
Figure 8. In silico modelling of the catshark dentition. Wild type SEM images of 1070 
embryonic (A) and juvenile (B and C) catshark samples show a shift in cusp number from 3 1071 
to 6 cusps during ontogeny. The computational model ‘ToothMaker’ (Salazar-Ciudad and 1072 
Jernvall, 2010) was used to generate in silico models of the dentition using baseline seal 1073 
parameters (D-F) and parameters refined to produce the characteristic shark dental 1074 
morphology (G-I). Modification to the default seal (D; Supplementary File 1: seal) and 1075 
default shark (G; Supplementary File 1: shark) parameters to generate 5-cusped (E and H) or 1076 
6-cusped (H-I) teeth are displayed in the individual panels. 11000 iterations of the model 1077 
were run when modelling dentition. White arrowheads represent the addition of extra cusps 1078 
during ontogeny. Scale bars are 50μm, and 200μm in B and C. 1079 
 1080 
Figure 9. In silico modelling recreates catshark tooth phenotypes comparable to 1081 
canonical Wnt manipulation. in silico modelling using baseline seal parameters (A-C) and 1082 
parameters refined to produce the characteristic shark dental morphology (D-F) is also 1083 
capable of reproducing dental morphologies observed following chemical treatment (G, I). 1084 
1μM IWR-1-endo resulted in unicuspid teeth (G), whereas 2μM CHIR9902 (I) resulted in the 1085 
development of supernumerary cusps. DMSO controls exhibit a normal tricuspid dentition 1086 
(H). Either an increase in activator auto activation (Act) or decrease in inhibition of activator 1087 
(Inh) is sufficient to shift teeth from a unicuspid (A,D) to tricuspid (B,E) and quadricuspid 1088 
(C) morphology. Modification to the default seal (B; Supplementary File 1: seal) and default 1089 
shark (E; Supplementary File 1: shark) are displayed in the individual panels. 11000 1090 
iterations of the model were run when modelling the effect of small molecule treatment. 1091 
Scale bars are 50μm in D-F. 1092 
 1093 
Figure 10. Schematic summary of the progression of EK-like signaling centres in shark 1094 
teeth versus the EKs during mouse molar development. A-C, representative sagittal 1095 
images (based on histological sections) through stages of tooth morphogenesis in the shark 1096 
(Scyliorhinus canicula); A, initial expression within cells of the pEK-like structure (red; fgf3, 1097 
fgf10, shh, lef1, mdk, wnt11) in the first, superficial upper jaw tooth position. B, expression of 1098 
shh expands in the inner dental epithelium beyond the restriction of the EK-like unit (red in 1099 
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A), together with expression of other markers of the IDE (blue) e.g., smad1, smad3, and dkk1. 1100 
Other markers of the apical cells remain restricted e.g., fgf3, fgf10. C, further apical signalling 1101 
occurs as new replacement teeth emerge within the successional lamina. Mesenchymal 1102 
expression is shown in grey (bmp4, bambi, fgf3, lef1, mdk and smad7). D-F, Comparative 1103 
coronal sections through stages of shark tooth morphogenesis, with (F) additional secondary 1104 
EK-like signalling centres (sEK) associated with accessory cusps (2 and 3) in the shark tri-1105 
cuspid tooth (red); F, expanded shh expression observed in the primary cusp (blue) during 1106 
later morphogenesis. G-I, Documented expression of genes in the pEK (G and H; although 1107 
these two signalling centres in G and H represent different structures in time and place (as 1108 
described by Prochazka et al., 2010)) and sEK (I) during mammalian molar morphogenesis, 1109 
showing somewhat equivalent expression and expanded Shh expression in the inner dental 1110 
epithelial cells (IDE; I). EK and EK-like units in mouse and shark, respectively, both are 1111 
restrictive and non-proliferative cell clusters, however, mouse EKs (magenta) are also 1112 
apoptotic, a character not yet defined in the shark EK-like unit. 1113 
 1114 
Supplementary File 1. ToothMaker Parameters. Default ToothMaker parameters set for baseline 1115 
seal tricuspid tooth and baseline shark tricuspid tooth in Figures 8 and 9. (Savriama et al., 1116 
2018). Shifted parameters in red. 1117 
 1118 
Supplementary File 2. Primer Sequences. Primer sequences used to generate the RNA 1119 
probes for in situ hybridization in Figures 2-5 (and Figure 2-Figure Supplement 1). 1120 
 1121 
Source Data (Supplemental): 1122 
 1123 
Figure 6 – Source Data 1. PCA data 1124 
Figure 6 – Source Data 2. Procrustes Shape Data 1125 
Figure 6 – Source Data 3. PCA Landmarks/Scale 1126 
Figure 6 – Source Data 4. Csize by treatment 1127 
Figure 6 – Source Data 5. GMM Metadata 1128 
Figure 6 – Source Data 6. CurveSlide 1129 
 1130 
Code Availability 1131 
 1132 
Our analysis code, plots and morphometrics data can be found and re-ran at 1133 
https://github.com/alexthiery/scanicula-aek. We have also included a Docker container for 1134 
reproducibility docker://alexthiery/scanicula-aek:v1.0.  1135 
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