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Synopsis

Within vertebrates, teleost fishes provide a rich evolutionary context for studying the
mechanisms of dental divergence because of the numerous axes along which their teeth
have diverged phenotypically and presumably developmentally. Using both a review of
teleost in situ hybridization and de novo transcriptome sequencing in a cichlid fish, we
examined whether 341 gene homologs thought to play a role in developing mice teeth are
expressed in the tooth-bearing jaws of teleosts. The similarities and putative differences
in gene expression documented between the two most commonly used models, zebrafish
and cichlids, highlight what can be learned from using a greater diversity of teleost model
systems in studies of tooth development. Both types of gene expression analysis also
provide substantial evidence for conservation of tooth gene expression from teleosts to
mammals as well as between initial and replacement teeth. Additionally, we found that
the cichlid oral and pharyngeal jaws share expression for a large percentage of genes that
influence tooth development. Our transcriptome analyses also suggest sub-
functionalization between gene paralogs expressed in teeth and paralogs expressed in
other structures is likely a common pattern across teleost diversity. Teleost dentitions will
continue to provide a potent system in which to examine the importance of both gene

duplication as well as the conservation of gene expression for phenotypic diversification.
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Introduction

Teeth provide a powerful phenotype for integrating across biological disciplines ranging
from ecology to genomics. For instance, teeth are used to identify extant and fossil
species (Dieleman et al. 2015), to document ancient (Purnell et al. 2007) as well as recent
(Cuozzo et al. 2014) ecologies, and to understand tissue (Lumsden 1988; Mitsiadis et al.
1998; Tucker and Sharpe 2004), cell (Jernvall and Thesleff 2000; Sharpe 2001), and gene
interactions (Thesleff and Sharpe 1997; Jernvall and Thesleff 2012; Jackman et al. 2013).
Because human and teleost fish teeth are homologous and derived from mineralized
tooth-like structures present in a common early vertebrate ancestor (Smith and Coates
1998, 2000; Smith 2003; Fraser and Smith 2011; Rasch et al. 2016), teeth provide an
ideal organ system for determining how multiple levels of biological complexity have
comparatively contributed to vertebrate diversification. Additionally, since a wide array
of serially homologous but differentiated tooth phenotypes can co-occur within the same
trophic apparatus, we can also assess how independent mechanisms of tooth formation
contribute to differentiation within the same individual organism (Fraser et al. 2009;
Hlusko et al. 2011; Ellis et al. 2015). Furthermore, because well-studied mammalian
dentitions represent only a small subset of vertebrate dental diversity (Stock 2007,
Jernvall and Thesleff 2012), comparative studies in new vertebrate models will continue
to provide insights into the mechanisms structuring dental diversification (Tucker and
Fraser 2014).

Modularity, or the degree to which traits evolve independently, is often invoked
as a critical mechanism during phenotypic diversification. Phenotypic ‘modules’, units

that are semi-autonomous in evolution and potentially so in function, are therefore
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important to delineate mechanistically (Wagner and Altenberg 1996; Bolker 2000;
Hulsey et al. 2005). One potential advantage of unit autonomy is that the pleiotropic
effects of change in one component of the genotype to phenotype map, such as the
presence or absence of the expression of a particular gene, tend to fall to a greater degree
within modules than between modules (Wagner 1996). Generally, the degree to which
structural modules like teeth change independently during evolution is thought to be
enhanced if there is a corresponding modular organization, a qualitative as well as
quantitative difference, in the genetic pathways controlling the development of these
structures (Arone and Davidson 1997). Recently, we have come to appreciate that there is
a core set of genes that unites the development of all vertebrate teeth that includes
members of the bmp, fgf, hh and wnt/p-catenin signaling pathways (Rasch et al. 2016;
Fraser et al. 2009). Intriguingly, although every vertebrate tooth likely utilizes this core
developmental set of genes, these genes are not uniquely expressed in teeth. Indeed,
many other ectodermal appendages in addition to teeth e.g. hair, feathers, scales and
various ectodermal glands develop via signaling interactions that involve these same
developmental genes (Wu et al. 2004; Pummila et al. 2007; Sadier et al. 2013).
Therefore, a deep developmental homology unites many putative phenotypic modules
emerging from the ectoderm that like teeth exhibit reciprocal signaling involving the
underlying mesenchymal cells. Understanding what developmental genetic mechanisms
allow teeth to phenotypically differentiate during both ontogeny and evolution will
demand extending our comparative knowledge of what genes are shared with other
ectodermally derived modules as well as what genes are commonly expressed during the

formation of different types of vertebrate teeth.
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Serially homologous systems such as the leaves of plants, arthropod limbs, or
vertebrate teeth clearly contribute to organismal diversification, and the degree of genetic
independence among these iterative structures is likely to have substantial evolutionarily
consequences (Bateson 1894; Wagner 1989; Streelman and Albertson 2006; Smith et al.
2009). The teeth of teleost fish provide a rich evolutionary system for understanding how
the independence of developmental genetic modules contributes to phenotypic
divergence. There are numerous axes along which teleost teeth have diverged
phenotypically and presumably developmentally to meet the astonishing array of trophic
challenges their prey presents in aquatic environments (Figs. 1,2). For instance, many
teleost fishes can exhibit a large number of teeth in multiple rows on two independent
sets of jaws (oral and pharyngeal), differentially shaped teeth within a row (heterodonty),
and the production of replacement tooth germs throughout life (polyphyodonty) (Fryer
and Illes 1972; Motta 1984; Huysseune and Thesleff 2004; Huysseune 2006; Zhang et al.
2009; Fraser et al. 2009).

Among the many lineages of teleosts, cichlid fishes likely represent one of the
best groups for examining modularity in the dentition. Cichlids, like most fish, have two
toothed jaws (Fig. 1). They have oral jaws that are largely homologous to our jaws and
are used primarily to capture prey, and they also have pharyngeal jaws, modified gill
arches, that process prey (Liem 1973, Schaeffer and Rosen 1961). However, unlike any
other group of fish, cichlids exhibit an incredible amount of divergence in tooth
morphology, and the putative functional independence of their two toothed jaws could
have promoted both their trophic divergence as well as their unparalleled species richness

(Fryer and Iles 1972; Liem 1973; Hulsey et al. 2006).
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Generally, the degree that teeth in different regions of the teleost trophic
apparatus are evolutionarily or developmentally decoupled remains unclear. However,
several aspects of tooth morphology are conserved between vertebrates as divergent as
cichlids and humans (Kerr 1960; Sire et al. 2002). Additionally, tooth number is
correlated on the oral and pharyngeal jaws of cichlids, tooth size is associated with
variation in tooth number on their pharyngeal jaws, and the teeth on the two jaws of
cichlids do share a core network of gene expression (Fraser et al. 2009; Hulsey et al.
2015; Fig. 3). Cichlid tooth phenotypes could therefore be highly integrated at multiple
levels of biological design and constrained to diverge in concert. Alternatively, the
capacity of the cichlid dentition to diversify independently could be substantial as their
oral and pharyngeal jaw mechanics have been shown to diverge in a completely
independent fashion (Hulsey et al. 2006). Furthermore, cypriniform fish such as Danio
rerio, the most commonly used genetic model system the zebrafish, have lost their oral
jaw dentition while retaining teeth on only their lower pharyngeal jaw (Huysseune and
Sire 1998; Stock 2001; Aigler et al. 2014). Teeth on the two jaws of fish can also
diversify independently within populations. In cichlids, single polymorphic species like
Herichthys minckleyi show no apparent variation in their oral jaw teeth but are highly
polymorphic even among interbreeding individuals in the size and number of their
pharyngeal jaw teeth (Hulsey et al. 2005; Hulsey et al. 2015; Fig. 2G,H). Therefore, the
developmental genetic systems underlying the formation of teeth on the two jaws of
teleosts might be expected exist as highly distinct modules and often diverge

independently during evolution.
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Studies of gene expression during the formation of teeth in cichlids and other
teleost fishes have produced at least two generalizable results. First, an extensive number
of genes are conserved in their expression during the formation of teeth from fish to
tetrapods (Stock 2001; Fraser et al. 2006; Wise and Stock 2006; Cleves et al. 2014).
Although these findings have not been extensively reviewed, many genes like bmp2,
bmp4, fgf8, pitx2, shh, dix2, as well as runx2 are all present during tooth development in
cichlids as well as in mice (Fraser et al. 2008, 2009). Second, there is likely substantial
conservation in the presence of the same basic set of genes wherever teeth are formed in
the trophic apparatus (Fraser et al. 2009). Both of these results support the ideas that all
vertebrate teeth are evolutionarily homologous structures, that they are ancient in origin,
and that they only evolved once (Smith and Johanson 2003; Ellis et al. 2015). Therefore,
much of the genome-to-phenome map governing tooth diversification in one clade of
vertebrates or in one part of the trophic apparatus could provide insight into how teeth
have diverged in other vertebrate lineages.

Yet, one of the problems with using the mouse, the most ubiquitously used
vertebrate genetic model, and its dental developmental network as a standard for all
vertebrate teeth is that unlike both humans and cichlid fishes, mice do not replace their
teeth (Fraser et al. 2004). Therefore, we know relatively little about whether the genes
responsible for phenotypic differentiation of vertebrate replacement teeth are generally
the same genes utilized in the formation of the initial dentition (Fraser et al. 2013). An
example of differential expression between first generation and the replacement dentition
is that of the single gene sonic hedgehog (shh). It appears that shh is necessary for tooth

initiation and the establishment of the odontogenic band in vertebrate dentitions but is not
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redeployed to initiate the replacement dentition across vertebrate taxa ranging from fish
(Fraser et al. 2006; Fraser et al. 2013) to reptiles (Handrigan and Richman, 2010). Thus,
there could be substantial differences in the genes generating replacement teeth as first
generation cichlid teeth are generally homogenous, simple, and are not generally as
phenotypically differentiated as replacement teeth (Fryer and Iles 1972; Streelman et al.
2003). Importantly, unlike mammals that replace their teeth at most a single time, cichlids
and most teleost fishes can replace their teeth once every 100 days repeatedly throughout
their life (Tuisku and Hildebrand 1994; Huysseune and Sire 1997; Stock et al. 1997;
Streelman et al. 2003). Much of the phenotypic diversity in the teleost dentition is also set
up during the time between when tooth replacement begins and the onset of reproductive
activity (Ellis et al. 2015; Hulsey et al. 2015). Therefore, teleost fish, including cichlids,
offer a system that could be used to determine what genes are conserved not only during
initial vertebrate tooth formation but also what genes are expressed as these structures are
replaced and differentiate phenotypically into adult dentitions.

The developmental genetic redundancy that follows whole genome duplication
has potentially played a major role in vertebrate diversification (Ohno 1970; Braasch et
al. 2016). Genome duplication could also have been fundamental to the diversification of
teeth because as compared to their distant relatives like tunicates or amphioxus, the clade
uniting jawed vertebrates from sharks to tetrapods have had two rounds of genome
duplication (Van de Peer and Meyer 2005). These genome duplications effectively gave
organisms like mice and humans four paralogous copies of many important craniofacial
genes that play a role in fundamental processes such as tooth development (Sharpe 2001).

Additionally, following their split from other vertebrate groups, the ancestor of most
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teleost fishes underwent another round of genome duplication approximately 350 million
years ago that gave them an additional copy of many genes when compared to tetrapods
(Amores et al. 1998; Wittbrodt et al. 1998; Meyer and Schartl 1999; Taylor et al. 2001;
Braasch et al. 2006, 2007; Arnegard et al. 2010; Opazo et al. 2013). When contrasted
with their sister group that contains only the seven species of gar and one species of
Amia, the success and unparalleled adaptive divergence of the over 28000 teleost species
is thought to be partly a consequence of this further genome duplication (Taylor et al.
2003; Santini et al. 2009). However, the mechanistic significance of this teleost specific
genome duplication during ontogeny and across phylogeny is only now being fully
appreciated as a diversity of fish species like the Mexican tetra (Astyanax mexicanus),
medaka (Oryzias latipes), pufferfishes (Tetraodontidae), stickleback (Gasterosteus
aculeatus), and cichlids have had their whole genome sequenced (Jones et al. 2012;
Hulsey 2009; McGaugh et al. 2014; Brawand et al. 2014; ; Braasch et al. 2016). It is
exciting that the genomic resources are now available to allow us to examine the role of
processes like gene duplication in the adaptive diversification of a species rich group like
teleosts.

One of the most widely proposed mechanisms whereby duplicate genes, or
paralogs, might contribute to diversification is through a process known as sub-
functionalization (Force et al. 1999; Yu et al. 2003; Postlethwait et al. 2004). Sub-
functionalization occurs when a gene that was ancestrally expressed in a number of
tissues is duplicated, and then over time, the functions of these paralogs evolve to become
subdivided in where or when they are expressed. For instance, immediately following

duplication both paralogs might be expressed in all tissues (i.e. both the oral and
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pharyngeal jaw teeth) where the originally unduplicated gene was expressed. But,
subsequently these paralogs could evolve to become narrowly expressed in a
complementary subset of the tissues in which they were originally found (i.e. one paralog
present only in oral teeth and one paralog present in only pharyngeal teeth). This
subdivision of gene function could thereby reduce pleiotropy between gene expression
modules and facilitate adaptive divergence in different tissues without the potentially
constraining effects of shared gene expression (Force et al. 1999; Guilllaume and Otto
2012).

Only a few studies of gene expression during the development of teleost teeth
have examined gene expression in paralogous duplicates (Wise and Stock 2006; Gibert et
al. 2015). Importantly, sub-functionalization of gene duplicates could occur in a number
of ways spatially between different phenotypic modules. Each complementary paralog
could be differentially expressed in one of the two original structures as suggested above.
For instance, one paralog of a duplicated wnt/0 gene could retain its expression in both
structures while the complementary paralog becomes sub-functionalized to a single
structure. Alternatively, expression of wnt/(a might be isolated to the pharyngeal jaw
teeth while its paralog wnt/0b might be isolated to the cichlid oral jaws. Another
possibility is that only one paralog, wntl0a, could be isolated to all forms of a particular
structure such as teeth on both the oral and pharyngeal jaws, while wnt/0b could be
isolated to another deeply homologous structure such as the scales that cover the fish
externally (Fraser et al. 2010). The teeth on the two jaws of cichlids represent a set of

serially homologous but evolutionarily divergent structures that could provide a rich
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system for investigating the role of gene sub-functionalization during vertebrate
phenotypic divergence.

Using both a review of in situ hybridization studies in teleosts as well as
transcriptome sequencing of the oral and pharyngeal jaws of a cichlid, we examined
several questions concerning the conservation and independence of gene expression in
teleost dentitions. First, we detailed a large number of genes expressed during tooth
development that are conserved in tooth bearing regions from mice to teleosts. Then, we
investigated the overlap of tooth gene expression between the oral and pharyngeal jaws.
Finally, we documented patterns of sub-functionalization in gene paralogs to understand
how this process might be generally playing a role in differentiating teleost oral and

pharyngeal dentitions.

Methods
To determine which genes have previously been found to show expression in teleost
teeth, we reviewed the literature and web-based resources (e.g. www.zfin.org) for studies
of in situ hybridization, the primary method used prior to RNA-seq to establish
localization of gene expression. We tabulated the gene name, taxon of teleost fish used in
the study, whether the in situ hybridization was performed on initial or replacement teeth,
and if oral or pharyngeal teeth were examined. We also compared these studies to our
analyses of tooth gene expression in the transcriptomes of juvenile cichlid oral and
pharyngeal jaws.

To further explore the mouse tooth gene homologs expressed in teleost tooth

bearing regions, we separately assembled two transcriptome libraries: one for the oral and
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one for the pharyngeal jaws of the cichlid Herichthys cyanoguttatus. This cichlid was
utilized because it belongs to the sister group of the endangered and polymorphic cichlid
Herichthys minckleyi (Hulsey et al. 2010; Hulsey et al. 2016), that shows substantial
phenotypic divergence in teeth on the pharyngeal jaws but little variation in oral jaw teeth
(Hulsey et al. 2005, 2006, 2015). To generate the oral jaw library, we dissected the
toothed premaxilla and dentary from an ontogenetic series of 65 fish ranging in size from
20 mm to 70 mm standard length and pooled their jaws. Using these same individuals, we
removed the toothed lower pharyngeal jaw to generate a single pharyngeal jaw
transcriptome. Because these species are polyphyodont with tooth replacement
continuously occurring at these sizes and since teeth should be one of the most
transcriptionally active structures in these bony regions (Schneider et al. 2014), we
assumed that we would be capturing primarily RNA that is expressed in developing
cichlid replacement teeth. In the closely related species H. minckleyi, tooth numbers are
generally not increasing at the body sizes examined (Hulsey et al. 2015). Although we
cannot rule out that some initial teeth are forming in the sizes of fish examined here, this
suggests that the teeth forming in the fish we examined were likely primarily
replacements for teeth lost from previously formed tooth crypts.

Once the jaws were dissected, we placed these tissues immediately into RNAlater
and shipped them on dry ice to LC Sciences (Houston, Texas, USA) for sequencing. Our
two RNA-seq libraries were generated using Illumina Truseq RNA Sample Preparation
Kits. Sequencing of the resulting cDNA libraries was carried out with an Illumina HiSeq
2000. The resulting Illumina libraries were then filtered and only paired-end reads were

used for further assembly. De novo transcript assembly was conducted using Trinity
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release 20130216 that consists of three successive software programs: Inchworm,
Chrysalis, and Butterfly (Grabherr et al. 2011).

We utilized a custom comparative genomics pipeline to isolate putative tooth
genes from the transcriptome of the cichlid H. cyanoguttatus. To isolate these loci, we
first documented all the genes and their paralogs that have been examined in teleost tooth
in situ hybridization studies (Table 1). Then, we augmented this list with genes annotated
in the “bite-it” tooth gene expression database (http://bite-it.helsinki.fi/) that catalogues
genes that have been screened for roles in mouse tooth development. From this database,
we isolated 268 genes and their currently accepted abbreviations. Individual gene
abbreviations were then queried against the annotated Tilapia (Oreochromis niloticus)
ensembl genome database (Cunningham et al. 2015) resulting in 341 cichlid homologs to
genes known to be expressed in mouse teeth. For these loci, 146 genes, or 73 pairs,
represented two duplicated paralogs.

The transcript sequence for each gene from Tilapia was then used to query an un-
annotated transcriptome database for the model Central American cichlid Amphilophus
citrinellus using ‘blastn’ algorithms run using default parameters as implemented in
Viroblast (Deng et al. 2007). The transcriptome and genome of this cichlid have been
well-characterized using genomic and transcriptomic analyses of multiple life-stages and
multiple tissue types (Henning et al. 2013; Elmer et al. 2014; Franchini et al. 2014;
Kratochwil et al. 2015), and the species is relatively closely related to H. cyanoguttatus
(Hulsey et al. 2010, 2016). Only Tilapia tooth gene sequences that returned an
unambiguous single best match and A. citrinellus sequences that subsequently generated

a reciprocal best blast hit to the same gene in Tilapia were used in further analyses.
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The assembled oral jaw transcriptome was composed of 182,230 contigs and had
a mean contig size of 657 base pairs. The assembled pharyngeal jaw transcriptome was
composed of 156,892 contigs and had a mean contig size of 585 base pairs. Subsequently,
all H. cyanoguttatus transcriptome contigs produced for each jaw were aligned against
individual A. citrinellus transcripts of each gene. Using the program Sequencher 4.8
(Genecodes, Ann Arbor, MI), we isolated tooth gene homologs in the H. cyanoguttatus
transcriptome using an initial cutoff of 90% sequence similarity that permitted large
alignment gaps. This sequence similarity ensured that homologs would align but paralogs
that diverged before the last common ancestor with Tilapia would not align. We
constrained the searches to only return sequences with a minimum alignment of 40
nucleotides with A. citrinellus genes. Then, the alignments for these genes were
individually inspected visually to ensure protein-coding alignment of at least 200 base
pairs thereby providing high confidence in the homology of our annotations.

Genes recovered were sorted into four categories: 1) those that appeared in the
transcriptome of both jaws, 2) the transcriptome of the oral jaw only, 3) the transcriptome
of the pharyngeal jaw only, and 4) putative tooth genes that were not present in either
transcriptome. We also annotated the 73 pairs of paralogs based on three potential kinds
of differential expression and putative sub-functionalization. The first group contained
one tooth gene paralog that was expressed in both jaws but another paralog that was
isolated to a single jaw. The second group examined were complementary paralogs that
were alternatively expressed in the two jaw transcriptomes. The third group we
demarcated contained genes that have one paralog expressed in the jaws but another

paralog presumably expressed in other tissues since the protein retains an open reading



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

15

frame in the cichlid genomes.

Results and Discussion

We documented several general patterns concerning the presence and absence of teleost
tooth gene expression. Both in situ hybridization and RNA-seq transcriptomes provided
substantial evidence for conservation of tooth gene expression from teleosts to mammals
and between initial and replacement teeth. Additionally, we found that the oral and
pharyngeal jaws share expression in a substantial percentage of genes that influence tooth
development indicating that the dentitions on these two jaws are not exceptionally
independent at the level of the presence or absence of genes expressed. Our transcriptome
analyses of paralog expression also suggest sub-functionalization between gene paralogs
expressed in teeth and paralogs expressed in other structures is likely a common pattern

across teleost diversity.

Teleost teeth and in situ hybridization

There are 76 genes that have been implicated in mouse tooth development that have also
been verified via in sifu hybridization to play a role in the formation of teleost dentitions
(Table 1). The reviewed studies further support the idea that there is extensive
conservation in the genetic underpinnings of tooth development from mice to teleosts.
Additionally, eleven of these genes have been shown via in sifu hybridization to be
expressed in both the oral and pharyngeal teeth of teleosts suggesting there might be
substantial similarity in the developmental genetic basis of tooth formation on both jaws

(Fraser et al. 2009). However, 34 of the tooth markers have only been studied in the oral
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jaws and 31 genes have been exclusively examined in the pharyngeal dentition.
Therefore, whether the proportion of genes shared between the dentition on the two jaws
is as low as 10% or is much greater is unclear from the in situ hybridization studies.
Because most pharyngeal tooth gene expression has been performed in zebrafish, which
only houses teeth on their lower fifth ceratobranchial element (Stock et al. 2006; Stock
2007) and because most of the remaining studies have examined expression in cichlid
teeth but on only the oral jaw, the degree of developmental genetic independence of the
dentitions on these two jaws requires further investigation.

The examination of multiple lineages of teleosts can clearly provide interesting
insight into the conservation and divergence of dental developmental networks. For
instance, six orthologous genes that are shared during dental development between
zebrafish and mouse (bmp2a, dkkl1b, dix2b, Ihx7, scppl, and scpp9) have likely been lost
from the genomes of cichlids and medaka (Table 1). In some cases, paralogs of these
genes are known to be involved during tooth development and this developmental
redundancy leading to loss of paralogs might be a general feature of teleost evolution.
However, only the paralogs of bmp2, dix2, dix4, and rara have been documented through
in situ hybridization to both be expressed in teleost teeth. Additionally, only for bmp2 in
medaka have the two paralogs of any duplicated gene been recorded from both the oral
and pharyngeal dentitions (Wise et al. 2006). Interestingly, the Tilapia genome appears to
have lost the bmp2a paralog making the redundancy in bmp?2 ortholog expression for
cichlids likely dispensable as has been suggested for bmp?2 paralogs in zebrafish (Wise
and Stock 2010). Although teleosts such as the Mexican tetra, medaka, pufferfishes, and

stickleback have only been used in a comparatively few studies, more extensive
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examinations of tooth gene expression in these and additional lineages of fish will likely
continue to shed important light on the conservation and divergence of vertebrate dental
development. It is also clear that many studies of in situ hybridization have not
adequately detailed which paralog of duplicated genes they have studied during tooth
development (Table 1). Further analyses of the presence and absence of paralogs within
the developing dentitions of teleosts could provide a more general understanding of the
importance of redundancy, neo-functionalization, and sub-functionalization, as well as
whether the same genes are involved in forming teeth during different stages of ontogeny.

Our understanding of the genes involved in teleost tooth replacement is primarily
confined to studies of the teeth on the oral jaws of cichlids. There are only seven genes
that teleost in situ hybridization studies have shown to be involved in both initial tooth
formation as well as tooth replacement (Table 1). However, because we know that a
substantial number of genes are involved in tooth initiation from in situ studies and that
many of these genes are present in the transcriptomes analyses of primarily replacement
teeth examined here, the combination of these two techniques suggest the majority of
genes that are involved in the formation of initial teeth are likely to be involved in the
formation of replacement teeth (Table 1). A total of 91% of the genes that have been
examined in teleost in sifu studies and that are present in the Tilapia genome are present
in at least one of the cichlid jaw transcriptomes. Some notable exceptions include evel/
and several Hox genes. These genes have been implicated in the formation of initial teeth
in the oral and pharyngeal jaws (Laurenti et al. 2004; Debiais-Thibau et al. 2007; Fraser
et al. 2009), but they are absent from the transcriptome of the jaws. Combining single

gene studies using methods such as in situ hybridization with high throughput analyses of
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388  expression as provided via RNA-seq will continue to provide synergistic insight into the
389  genes underlying dental diversification.

390

391 Cichlid Oral and Pharyngeal Jaw Transcriptomes

392  Using transcriptome sequences, we were able to more than double the list of genes

393  expressed in mouse teeth that are also expressed in the toothed jaws of teleosts.

394  Approximately 80% of the genes we screened are present in the oral and/or pharyngeal
395  jaw tooth transcriptomes. This supports the idea that a substantial number of the genes
396 that function to generate vertebrate tooth phenotypes are likely to be conserved in that
397  role in the over 60,000 vertebrates descended from the last common ancestor of mammals
398 and teleosts. This extensive conservation in gene expression might represent a general
399  pattern for many types of organismal structures like eyes and hearts that have a single
400 ancient origin but have been maintained across much of vertebrate diversity (Meng et al.
401  2013; Richards et al. 2013; McGaugh et al. 2014).

402 The oral and pharyngeal jaw transcriptomes indicate that there is shared

403  expression for a large number, 137, of the tooth genes between the two jaws of cichlids.
404  Although there are a number of interesting exceptions, many of the genes that have only
405  been examined in one jaw using in sifu hybridization tended to also be present in the
406  transcriptomes from both jaws (Table 1). This sharing of over 1/3 of the genes examined
407  between both toothed components of the cichlid trophic apparatus indicates that

408 pleiotropy could commonly constrain tooth differentiation on the two jaws of cichlids.

409  The morphological correlations that have been observed among species in phenotypes
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like oral and pharyngeal jaw tooth number could well be a result of this substantial
sharing of conserved gene expression during tooth formation (Fraser et al. 2009).

We recovered a higher proportion of the mouse tooth genes homologs from the
oral jaw transcriptome (Table 2). There were 136 genes, almost the same number that
present in both jaw transcriptomes, that were recovered exclusively from the oral jaw
transcriptome. Howver, only 11 genes were isolated exclusively from the pharyngeal
transcriptome. This bias between the two jaws in observed expression could be due in
part to the fact that mouse tooth development takes place on one of the same bones, the
dentary, that is toothed in the oral jaws of cichlids (Smith and Coates 1998; Fraser et al.
2004, 2008). However, this pattern could also be due to the vagaries of RNA-seq or the
fact that only the lower pharyngeal jaw was examined whereas both the upper as well as
the lower jaw were analyzed in the oral jaw transcriptome. However, if the tooth genes
shared across vertebrates do show a bias towards expression only in the oral jaw, then
teleost fishes like cichlids, that do have teeth on their oral jaws, might provide greater
insight into human and mammalian tooth development when compared to teleosts such as
zebrafish that only have teeth on their lower pharyngeal jaw (Stock 2007; Fraser et al.
2009). These data also suggest that cichlids with their two toothed jaws could provide a
framework in which to uncover developmental discrepancies between teeth from what
are seemingly the disparate structural units of the oral and pharyngeal jaws (Fraser et al.
2009). Because distinct developmental programs could even define anterior (incisors) to
posterior (premolars) teeth in the oral jaw of mammals (Hlusko et al. 2011), expression
differences among tooth bearing regions like the jaws of cichlids could provide intriguing

insights into the origins and evolution of the vertebrate dentition.
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A substantial number of mouse tooth genes were not recovered in either cichlid
jaw transcriptome. Of the 57 genes that we screened that were not recovered in the
transcriptomes of cichlid tooth-bearing regions, 20 of these genes were represented by the
paralogs of the genes bcl2, cspg5, dabl, foxf2, foxjl, lrrn3, ngfr, nrp2, ntrk3, and wtl.
Although all of these genes could be absent from developing teeth, caution might be
warranted in completely excluding their presence from developing cichlid dentitions. As
in any transcriptome study, genes that show low transcript abundance, as important
morphogens and transcription factors often do, could have been missed (Garcia-Ortega
and Martinez 2015). Additionally, many of these genes might be expressed only in the
formation of first generation teeth that develop during the first few weeks following
hatching. The transcriptomes presented here were generated from fish that ranged from a
month to several months old making our inferences about gene expression primarily
relevant to the formation of replacement teeth (Fraser et al. 2009; Kratochwil et al. 2015).
The absence of many of these genes during the development of teeth in cichlids could
also reflect a lack of conservation across vertebrate tooth development. Because of their
morphological differentiation, mammalian teeth as represented by the mouse dentition
could readily have a suite of genes that are not expressed in the teeth of other vertebrate
groups. The monophyodont mouse dentition is also unusual compared to most mammals
that possess a diphyodont dentition characterized by a round of tooth replacement.
Furthermore, gene expression from the mouse dental model has been predominantly
compiled from their non-replacing molars (Miletich and Sharpe, 2003). As gene

expression is investigated in more non-model organisms, the presence and absence of
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genes unique to the teeth of particular lineages will undoubtedly become apparent (Rasch

et al. 2016).

Tooth Gene Paralog Expression

The expression patterns of paralogs provide several interesting insights into the potential
role of gene duplicates in dental diversification. In approximately 12% of the paralogs
examined, both paralogs were conserved and expressed in both the oral and pharyngeal
jaw transcriptomes. The retained duplicates included the paralogs of collanl, col4a,
ctnnbl, nfkbia, pstpipl, timp2, tjpl, and tuftl. In all these cases where both paralogs are
present, it would be interesting to know if the duplicates have somehow diverged in
function in time or space among different morphological components of individual teeth.
It is also possible that the co-expression of the duplicates might have been conserved
simply to ensure functional redundancy in critical aspects of tooth development (Wagner
2008; Chen et al. 2013). Cichlid teeth could provide a powerful replicated framework on
multiple levels to examine how co-expressed paralogs become temporally or spatially
differentiated within serially homologous structures.

Sub-functionalization of putative tooth gene paralogs has occurred in a number of
ways in the jaws of cichlids. Notably, in about 16% of the paralogs examined, one
paralog was present in both jaw transcriptomes but the other paralog appeared to be sub-
functionalized to a particular jaw. Examples of this included crabp1b, jag2bh, and
sema3aa in the oral jaw transcriptome as well as baxb, fnla, and oclna that were found in
the pharyngeal jaw transcriptome. There were only a few genes that displayed a pattern

of alternative transcription with one paralog expressed exclusively in the oral jaw and one
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paralog expressed exclusively in the pharyngeal jaw (Table 2). The paralogs of co/2al as
well as wnt10 exhibited this pattern. In the oral jaws, col2alb and wnt10b were
recovered, but in the pharyngeal jaws co/2ala and wntl0Oa were expressed.
Complementary sub-functionalization is clearly not a major axis of developmental
genetic divergence of the tooth genes examined. Interestingly, approximately 20% of the
genes we screened and were not recovered in either transcriptome did have paralogs that
were expressed in at least one of the jaw transcriptomes. Some notable examples of this
type of sub-functionalization included the paralogs of bmp7, fgf1, and ndrgl.
Importantly, these tooth genes that show jaw specific expression could provide candidate
loci for the dental divergence of polymorphic cichlid species like Herichthys minckleyi
that show exceptional phenotypic differentiation in teeth on only one jaw (Hulsey and
Garcia de Leon 2013; Hulsey et al. 2015).

Gene duplication is a common phenomenon and appears to be playing a
substantial role in developmental differentiation of cichlid teeth. Importantly, whole
genome duplications are only the most obvious and large-scale manifestation of genetic
duplication. Gene copy number variation is now recognized as ubiquitous in most
populations and its influence on micro-evolutionary divergence is receiving increasing
attention (Cheng et al. 2005; Hastings et al. 2009). This potential for individual genes to
duplicate means that for many of the genes examined we cannot unambiguously ascribe
their duplication to the initial telelost whole genome duplication event. Detailing the
patterns and timescale over which tooth genes become sub-functionalized will demand a
much better understanding of the homology and origin of many of these genes. As our

knowledge of teleost genomics and gene duplication increases, it will be interesting to
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evaluate whether gene expression changes in structures such as teeth following macro-
evolutionary events like whole genome duplication mirror those consequences found on a

more micro-evolutionary level when individual genes are duplicated.

Future Directions

The presence and absence of particular tooth genes as we examined here only provides an
initial window into the qualitative divergence that characterizes the developmental
genetics of dental diversity of cichlids and other vertebrates. Quantitative variation in
many layers of developmental genetic mechanisms are critical to how phenotypes are
shaped and undoubtedly are playing a large role in cichlid dental modularity. For
instance, alternative enhancers on the same gene that influence the abundance of gene
transcripts, the presence of alternative transcripts of the same proteins, as well as the
timing and patterning of micro-RNAs are all likely to be modified substantially during
the differentiation of serially homologous structures like teeth (Jackman and Stock 2006;
Kratochwil and Meyer 2015). With the ever-increasing availability of genomic resources,
it is now also feasible to extensively manipulate gene expression and perform functional
assays to experimentally test the independence of gene networks in different structures
like the jaws of cichlids. Coupling these experimental approaches with modeling of the
potential interactions among genes will further allow us to test the distinctiveness of
individual dental modules. As our understanding of the genome to phenome map
continues to expand for conserved structures like teeth, we will be able to increasingly
appreciate how the organization of developmental genetic modules influences vertebrate

phenotypic diversification.



524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

24

Acknowledgements The U.S. National Science Foundation (NSF 10S-0919459) and
(NSF Meeting’s Initiative-1539880), Deutsche Forschungsgemeinschaft, the University

of Konstanz, as well as DCB and DVM of SICB provided funding.

References

Ablooglu, A.J., Kang, J., Handin, R.I., Traver, D., and Shattil, S.J. (2007) The zebrafish
vitronectin receptor: Characterization of integrin alphaV and beta3 expression
patterns in early vertebrate development. Dev. Dyn. 236(8): 2268-2276.

Aigler SR, Jandzik D, Hatta K, Uesugi K, Stock DW. 2014. Selection and constraint
underlie irreversibility of tooth loss in cypriniform fishes. Proc Nat Acad Sci USA
111:7707-7712.

Amores A, Force A, Yan YL, Joly L, Amemiya C, Fritz A, Ho RK, Langeland J, Prince
V, Wang YL, Westerfield M, Ekker M, Postlethwait JH. 1998. Zebrafish hox
clusters and vertebrate genome evolution. Science 282:1711-1714.

Arnegard ME, Zwickl DJ, Lu Y, Zakon HH. 2010. Old gene duplication facilitates origin
and diversification of an innovative communication system—twice. Proc Natl
Acad Sci USA. 51:22172-221777.

Arone MI, Davidson EH. 1997. The hard-wiring of development: organization and
function of genomic regulatory systems. Development 124:1851-1864.

Bateson W. 1984. Materials for the study of variation. Cambridge University Press.



545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

25

Bloomquist RF, Parnell NF, Phillips KA, Fowler TE, Yu TY, Sharpe PT, Streelman JT.
2015. Coevolutionary patterning of teeth and taste buds. Proc Natl Acad Sci USA.
112: E5954-E5962

Bolker JA. 2000. Modularity in development and why it matters to evo-devo. American
Zoologist 40, 770-776.

Borday-Birraux V, Van der Heyden C, Debiais-Thibaud M, Verreijdt L, Stock DW,
Huysseune A, Sire JY. 2006. Expression of DIx genes during the development of
the zebrafish pharyngeal dentition: evolutionary implications. 8:130-141.

Brawand D,Wagner CE, Li YI, Malinsky M, et al. 2014. The genomic substrate for
adaptive radiation in African cichlid fish. Nature 513:375-81.

Braasch I, Salzburger W, Meyer A. 2006. Asymmetric evolution in two fish-specifically
duplicated receptor tyrosine kinase paralogons involved in teleost
coloration. Molec Biol Evol 23:1192-1202.

Braasch I, Schartl M, Volff J. 2007. Evolution of pigment synthesis pathways by gene
and genome duplication in fish. BMC Evol Biol 7:74.

Braasch I, Gehrke AR, Smith, JJ, et al. 2016. The spotted gar genome illuminates
vertebrate evolution and facilitates human-teleost comparisons. Nat Genet
48:427-437.

Chen W, Zhao X, Noort V, Bork P. 2013. Human Monogenic Disease Genes Have
Frequently Functionally Redundant Paralogs. PLoS Comp Biol 9:¢100307.

Cheng Z. Ventura M, She X, Khaitovich P, Graves T, Osoegawa K, Church D, Dejong P,
Wilson K, Pdibo S, Rocchi M, Eichler EE. 2005. A genome-wide comparison of

recent chimpanzee and human segmental duplications. Nature 437:88-93.



568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

26

Cleves PA, Ellis NA, Jimenez MT, Nunez SM, Schluter D., Kingsley DM, Miller CT.
2014. Evolved tooth gain in sticklebacks is associated with a cis-regulatory allele
of Bmp6. Proc Nat Acad USA. 111:13912-13917.

Cunningham F, Amode MR, Barrell D, et al. 2015. Ensembl 2015. Nuc Acid Res
43:D662-D669

Cuozzo FP, Head BR, Sauther ML, Ungar PS, O'Mara MT. 2014. Sources of tooth wear
variation early in life among known-aged wild ring-tailed lemurs (Lemur catta) at
the Beza Mahafaly Special Reserve, Madagascar. Am J Primatol 76:1037-1048.

Debiais-Thibaud M, Borday-Birraux V, Germon I, Bourrat F, Metcalfe CJ, Casane D,
Laurenti P. 2007. Development of oral and pharyngeal teeth in the medaka
(Oryzias latipes): comparison of morphology and expression of evel gene. J Exp
Zool B Mol Dev Evol. 308:693-708.

Deng W, Nickle DC, Learn GH, Maust B, and Mullins JI. 2007. ViroBLAST: A stand-
alone BLAST web server for flexible queries of multiple databases and user's
datasets. Bioinform 23:2334-2336.

Dieleman J, Van Bocxlaer B, Manntschke C, Nyingi DW, Adriaens D, Verschuren D.
Tracing functional adaptation in African cichlid fishes through morphometric
analysis of fossil teeth: exploring the methods. Hydrobiologia 755:73—88.

Ellis NA, Glazer AM, Donde NN, Cleves PA, Agoglia RM, Miller CT. 2015. Distinct
developmental genetic mechanisms underlie convergently evolved tooth gain in

sticklebacks. Development 142:2442-2451.



589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

27

Elmer KR, Fan S, Kusche H, Luise Spreitzer M, Kautt AF, Franchini P, et al. 2014.
Parallel evolution of Nicaraguan crater lake cichlid fishes via non-parallel routes.
Nat Commun 5:5168.

Fraser GJ, Graham A, Smith MM. 2004. Conserved deployment of genes during
odontogenesis across osteichthyans. Proc Roy Soc B. 271:2311-2317.

Force A, Lynch M, Pickett FB, Amores A, Yan YL, Postlethwait J. 1999. Preservation of
duplicate genes by complementary, degenerative mutations. Genetics 151:1531—
1545.

Franchini P, Fruciano C, Frickey T, Jones JC Meyer A. 2014. The gut microbial
community of Midas cichlid fish in repeatedly evolved limnetic-benthic species
pairs. PLoS ONE 9:¢95027.

Fraser GJ, Berkovitz BK, Graham A, Smith MM. 2006. Gene deployment for tooth
replacement in the rainbow trout (Oncorhynchus mykiss): a developmental model
for evolution of the osteichthyan dentition. Evol Dev 8:446-457.

Fraser GJ, Bloomquist RF, Streelman JT. 2008. A periodic pattern generator for dental
diversity. BMC Biol. 6:32.

Fraser GJ, Hulsey CD, Bloomquist RF, Uyesugi K, Manley NR, Streelman JT. 2009. An
ancient gene network is co-opted for teeth on old and new jaws. PLoS Biol 7:e31.

Fraser GJ, Cerny R, Soukup V, Bronner-Fraser M, Streelman JT. 2010. The odontode
explosion: the origin of tooth-like structures in vertebrates. Bioessays 32:808-817.

Fraser GJ, Smith MM. 2011. Evolution of developmental pattern for vertebrate

dentitions: an oro-pharyngeal specific mechanism. J Exp Zool B: 316B:99-112.



611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

28

Fraser GJ, Britz R, Hall A, Johanson Z, Smith MM. 2012. Replacing the first-generation
dentition in pufferfish with a unique beak. Proc Natl Acad Sci USA 109:8179—
8184.

Fraser GJ, Bloomquist RF, Streelman JT. 2013. Common developmental pathways link
tooth shape to regeneration. Dev Biol 377: 399-414.

Fryer G, Illes TD. 1972. The cichlid fishes of the great lakes of Africa: their biology and
evolution. Edinburgh: Oliver and Boyd.

Garcia-Ortega LF, Martinez O. 2015. How many genes are expressed in a transcriptome?
estimation and results for RNA-seq. PLoS One 10: e0130262.

Gibert Y, Bernard L, Debiais-Thibaud M, Bourrat F, Joly JS, Pottin K, Meyer A, Retaux
S, Stock DW, Jackman WR, Seritrakul P, Begemann G, Laudet V. 2010.
Formation of oral and pharyngeal dentition in teleosts depends on differential
recruitment of retinoic acid signaling. FASEB J 9:3298-3309.

Gibert Y, Samarut E, Pasco-Viel E, Bernard L, Borday-Birraux V, Sadier A, Labbé C,
Viriot L, Laudet V. 2015. Altered retinoic acid signalling underpins dentition
evolution. Proc Biol Sci Ser B 282:20142764.

Go W, Korzh V. 2013. Plasma membrane Ca(2+) ATPase Atp2b1a regulates bone
mineralization in zebrafish. Bone 54: 48-57.

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, Adiconis X, Fan
L, Raychowdhury R, Zeng Q, Chen Z, Mauceli E, Hacohen N, Gnirke A, Rhind
N, di Palma F, Birren BW, Nusbaum C, Lindblad-Toh K, Friedman N, Regev A.
2011. Full-length transcriptome assembly from RNA-seq data without a reference

genome. Nat Biotechnol 29:644-52.



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

29

Guilllaume F, Otto SP. 2012. Gene functional trade-offs and the evolution of pleiotropy.
Genetics 192:1389-1409.

Handrigan GR, Richman JM. 2010. Autocrine and paracrine Shh signaling are necessary
for tooth morphogenesis, but not tooth replacement in snakes and lizards
(Squamata). Dev Biol. 337:171-86.

Hastings PJ, Lupski JR, Rosenberg SM, Ira G. 2009. Mechanisms of change in gene copy
number. Nat Rev Genet 10:551-564.

Henning F, Jones JC, Franchini P, Meyer A. 2013. Transcriptomics of morphological
color change in polychromatic Midas cichlids. BMC Genom 14:171.

Hlusko LJ, Sage RD, Mahaney MC. 2011. Modularity in the mammalian dentition: mice
and monkeys share a common dental genetic architecture. J] Exp Zool B Mol Dev

Evol. 316:21-49.

Hulsey CD. 2009. Cichlid genomics and phenotypic diversity in a comparative context.
Integrat Comp Biol 49:618-629.

Hulsey CD, Fraser GJ, Streelman JT. 2005. Evolution and development of complex
biomechanical systems: 300 million years of fish jaws. Zebrafish 2:243-257.

Hulsey, CD, Hendrickson DA, Garcia de Leon FJ. 2005. Trophic morphology, feeding
performance, and prey use in the polymorphic fish Herichthys minckleyi. Evol
Ecol Res 7:303-324.

Hulsey CD, Garcia de Ledn FJ, Rodiles-Hernandez R. 2006. Micro- and
macroevolutionary decoupling of cichlid jaws: a test of Liem’s key innovation

hypothesis. Evolution 60:2096-2109.



657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

30

Hulsey CD, Hollingsworth PR, Fordyce JA. 2010. Temporal diversification of Central
American cichlids. BMC Evol Biol 10:279.

Hulsey CD, Garcia de Ledn FJ. 2013. Introgressive hybridization in a trophically
polymorphic cichlid. Ecol Evol 3:4536-4547.

Hulsey CD, Garcia de Ledn FJ, Meyer A. 2015. Sexual dimorphism in a trophically
polymorphic cichlid fish? J Morph 276:1448—-1454.

Hulsey CD, Bell K, Garcia de Leon FJ, Nice C, Meyer, A. 2016. Do relaxed selection
and habitat temperature facilitate biased mitogenomic introgression in a narrowly
endemic fish? Ecol Evol in press.

Huysseune A, Sire JY. 1997. Structure and development of first-generation teeth in the
cichlid Hemichromis bimaculatus (Teleostei, Cichlidae). Tissue Cell 29:679—697.

Huysseune A, Sire JY. 1998. Evolution of patterns and processes in teeth and tooth-
related tissues in non-mammalian vertebrates. Eur J Oral Sci 106S1:437-481.

Huysseune A. 2006. Formation of a successional dental lamina in the zebrafish (Danio
rerio): support for a local control of replacement tooth initiation. Int J Dev Biol
50:637—-643.

Huysseune A, Thesleff I. 2004. Continuous tooth replacement: the possible involvement
of epithelial stem cells. Bioessays 26:665-671.

Huysseune A, Soenens M, Elderweirdt F. 2014. Wnt signaling during tooth replacement
in zebrafish (Danio rerio): pitfalls and perspectives. Front Physiol 5:386.

Jackman WR, Draper BW, Stock DW. 2004. Figf'signaling is required for zebrafish tooth

development. Dev Biol 274:139-157.



679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

31

Jackman WR, Stock DW. 2006. Transgenic analysis of Dlx regulation in fish tooth
development reveals evolutionary retention of enhancer function despite organ
loss. Proc Natl Acad Sci USA 103:19390-19395.

Jackman WR, Yoo JJ, Stock DW. 2010. Hedgehog signaling is required at multiple
stages of zebrafish tooth development. BMC Dev Biol 10:119

Jackman WR, Davies SH, Lyons DB, Stauder CK, Denton-Schneider BR, Jowdry A,
Aigller SR, Vogel SA, Stock DW. 2013. Manipulation of Figf'and Bmp signaling
in teleost fishes suggests potential pathways for the evolutionary origin of
multicuspid teeth. Evol Dev 15:107-118.

Jernvall J, Thesleff I. 2000. Reiterative signaling and patterning during mammalian tooth
morphogenesis. Mech Dev 92:19-29.

Jernvall J, Thesleff I. 2012. Tooth shape formation and tooth renewal: evolving with the
same signals. Development 139:3487-97.

Jones FC, Grabherr MG, Chan YF, Russell P, Mauceli E, Johnson J, et al. 2012. The
genomic basis of adaptive evolution in threespine sticklebacks. Nature 484:55-61.

Kawasaki K. 2009 The SCPP gene repertoire in bony vertebrates and graded differences
in mineralized tissues. Dev Genes Evol 219:147-157.

Kerr T. 1960. Development and structure of some actinopterygian and urodele teeth. Proc
Zool Soc London 133:401-423.

Kratochwil CF, Meyer A. 2015. Closing the genotype-phenotype gap: Emerging
technologies for evolutionary genetics in ecological model vertebrate

systems. BioEssays 37:213-226.



701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

32

Kratochwil C, Sefton M, Meyer A. 2015. Embryonic and larval development of the
Midas cichlid fish species flock (Amphilophus spp.): a new evo-devo model
system in the investigation of adaptive novelties and species differences. BMC
Developmental Biology 15: 2.

Laurenti P, Thaéron C, Allizard F, Huysseune A, Sire JY. 2004. Cellular expression of
evel suggests its requirement for the differentiation of the ameloblasts and for the
initiation and morphogenesis of the first tooth in the zebrafish (Danio rerio). Dev
Dynam 230:727-733.

Liem KF. 1973. Evolutionary strategies and morphological innovations: cichlid
pharyngeal jaws. Syst Zool 22:425-441.

Lumsden AG. 1988. Spatial organization of the epithelium and the role of neural crest
cells in the initiation of the mammalian tooth germ. Development 103:155-169

McGaugh SE, Gross JB, Aken B, Blin M, Borowsky R, Chalopin D, et al. 2014. The
cavefish genome reveals candidate genes for eye loss. Nature Comm 5:5307.

Meng F, Braasch I, Phillips JB, Lin X, Titus T, Zhang C, Postlethwait JH. 2013.
Evolution of the eye transcriptome under constant darkness. Mol Biol Evol
30:1527-1543.

Meyer A, Mélaga-Trillo, E 1999. Vertebrate genomics: More fishy tales about fish Hox
genes. Curr Biol 9:R210-213.

Meyer A, Schartl M. 1999. Gene and genome duplications in vertebrates: the one-to-four
(to eight in fish) rule and the evolution of novel gene functions. Curr Opinin Cell

Biol 11:699-704.



723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

33

Miletich I, Sharpe PT. 2003. Normal and abnormal dental development. Hum Mol Genet.
12: R69-73.

Mitsiadis TA, Hirsinger E, Lendahl U, Goridis C. 1998. Delta-notch signaling in
odontogenesis: correlation with cyto-differentiation and evidence for feedback
regulation. Dev Biol 204:420-431.

Motta PJ. 1984. Tooth attachment, replacement, and growth in the butterflyfish,
(Chaetodon miliaris) Chaetodontidae, Perciformes. Can J Zool 62:183—189.

Ohno S. 1970. Evolution by Gene Duplication, Springer Verlag.

Opazo JC, Butts GT, Nery MF, Storz JF, Hofmann FG. 2013. Whole-genomce
duplication and the functional diversification of teleost fish hemoglobins. Mol
Biol Evol 30: 140-153.

Postlethwait J, Amores A, Cresko W, Singer A, Yan YL. 2004. Subfunction partitioning,
the teleost radiation and the annotation of the human genome. Trends
Genet 20:481-490.

Pummila M, Fliniaux I, Jaatinen R, James MJ, Laurikkala J, Schneider P, Thesleff I,
Mikkola ML. 2007. Ectodysplasin has a dual role in ectodermal organogenesis:
inhibition of Bmp activity and induction of Shh expression. Development.
134:117-25.

Purnell MA, Bell MA, Baines DC, Hart PJB, Travis MP. 2007. Correlated evolution and
dietary change in fossil stickleback. Science 317:1887.

Rasch LJ, Martin KJ, Cooper RL, Metscher BD, Underwood CJ, Fraser GJ. 2016. An
ancient dental gene set governs development and continuous regeneration of teeth

in sharks. Dev Biol (in press)



746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

34

Richards VP, Suzuki H, Stanhope MJ, Shivji MS. 2013. Characterization of the
transcriptome of the white shark. (Carcharodon carcharias). BMC Genom
14:697.

Sadier A, Viriot L, Pantalacci S, Laudet V. 2014. The ectodysplasin pathway: from
diseases to adaptations. Trends Genet. 30:24-31.

Santini F, Harmon LJ, Carnevale G, Alfaro ME. 2009. Did genome duplication drive the
origin of teleosts? A comparative study of diversification in ray-finned fishes.
BMC Evol Biol 9:194.

Schaeffer B, Rosen DE. 1961. Major adaptive levels in the evolution of the

actinopterygian feeding mechanism. Amer Zool 1:187-204.

Schneider RF, Li Y, Meyer A, Gunter, H. 2014. Regulatory gene networks that shape the

development of adaptive phenotypic plasticity in a cichlid fish. Molec. Ecol

23:4511-4526.
Sharpe PT. 2001. Neural crest and tooth morphogenesis. Adv Dent Res. 15:4-7.

Sire JY, Davit-Beal T, Delgado S, Van Der Heyden C, Huysseune A. 2002. First-
generation teeth in nonmammalian lineages: evidence for a conserved ancestral
character? Microsc Res Tech 59:408—434.

Smith MM, 2003. Vertebrate dentitions at the origin of jaws: when and how pattern
evolved. Evol Dev 5:394—413.

Smith MM, Coates MI. 1998. Evolutionary origins of the vertebrate dentition:
phylogenetic patterns and developmental evolution. Eur J Oral Sci 106 S1:482—

500.



768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

35

Smith MM, Coates MI. 2000. Evolutionary origins of teeth and jaws: develop- mental
models and phylogenetic patterns. In: Teaford, M.F., Smith, M.M., Ferguson, R.
(Eds.), Development, Function and Evolution of Teeth. Cambridge University
Press, Cambridge, pp. 133—151.

Smith MM, Johanson Z. 2003. Separate evolutionary origins of teeth from evidence in
fossil jawed vertebrates. Science 299:1235-1236.

Smith MM, Fraser GJ, Chaplin N, Hobbs C, Graham A. 2009. Reiterative pattern of sonic
hedgehog expression in the catshark dentition reveals a phylogenetic template for
jawed vertebrates. Proc Biol Sci 276:1225-1233.

Sperber SM, Dawid IB. 2008. barx1 is necessary for ectomesenchyme proliferation and
osteochondroprogenitor condensation in the zebrafish pharyngeal arches. Dev
Biol 321:101-110.

Steinke D, Salzburger W, Braasch I, Meyer, A. 2006. Many genes in fish have species-
specific asymmetric rates of molecular evolution. BMC Genom. 7:20.

Stock DW. 2001. The genetic basis of modularity in the development and evolution of

the vertebrate dentition. Philos Trans R Soc Lond B 356:1633—-1653.
Stock DW. 2007. Zebrafish dentition in comparative context. J Exp Zool B 30B:523-549.
Stock DW, Weiss KM, Zhao Z. 1997. Patterning of the mammalian dentition in
development and evolution. Bioessays 19:481-490.

Stock DW, Jackman WR, Trapani J. 2006. Developmental genetic mechanisms of
evolutionary tooth loss in cypriniform fishes. Development 133:3127-3137.

Streelman JT, Webb JF, Albertson RC, Kocher TD. 2003 The cusp of evolution and

development: a model of cichlid tooth shape diversity. Evol Devel 5:600-608



791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

36

Streelman JT, Albertson RC. 2006. Evolution of novelty in the cichlid dentition. J Exp
Zool B 306:216-226.

Streelman JT, Bloomquist RF, Fowler TE. 2015. Developmental plasticity of patterned
and regenerating oral organs. Curr Top Dev Biol 115:321-333.

Taylor J, Van de Peer Y, Meyer A. 2001. Genome duplication, divergent resolution and
speciation. Trend Genet 17:299-301.

Taylor J, Braash I, Frickey T, Meyer A, Van de Peer Y. 2003. Genome duplication, a trait
shared by 22,000 species of ray-finned fish. Genom Res 13:382-390

Thesleff I, Sharpe P. 1997. Signaling networks regulating dental development. Mech Dev
67:111-123.

Thomas BL, Sharpe PT. 1998. Patterning of the murine dentition by homeobox genes.
Eur J Oral Sci. 106S1:48-54.

Thomas BL, Tucker AS, Ferguson C, Qiu M, Rubenstein JLR, Sharpe PT. 1998.
Molecular control of odontogenic patterning: positional dependent initiation and
morphogenesis. Eur J Oral Sci 106S1:44-47.

Tucker A, Sharpe P. 2004. The cutting-edge of mammalian development: how the
embryo makes teeth. Nat Rev Genet 5:499-508.

Tucker AS, Fraser GJ. 2014. Evolution and developmental diversity of tooth
regeneration. Semin Cell Dev Biol. 25-26:71-80.

Tuisku F, Hildebrand C. 1994. Evidence for a neural influence on tooth germ generation
in a polyphyodont species. Dev Biol 165:1-9.

Van de Peer Y, Meyer A. 2005. Large-scale gene and ancient genome duplication.

In: The evolution of the genome. T. R. Gregory. Ed. Elsevier Press. pp. 329-368.



814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

37

Wagner GP. 1989. Origin of morphological characters and the biological basis of
homology. Evolution 43:1157-1171.

Wagner GP. 1996. Homologues, natural kinds and the evolution of modularity. American
Zoologist, 36:36-43.

Wagner GP, Altenberg L. 1996. Perspective: complex adaptations and the evolution of
evolvability. Evolution 50:967-976.

Wagner A. 2008. Gene duplications, robustness and evolutionary innovations. BioEssays
30:367-373

Wise SB, Stock DW. 2006. Conservation and divergence of Bmp2a, Bmp2b, and Bmp4
expression patterns within and between dentitions of teleost fishes. Evol Dev
8:511-523.

Wise SB, Stock DW. 2010. Bmp2b and bmp4 are dispensable for zebrafish tooth
development. Dev Dynam 239:2534-2546.

Wittbrodt J, Meyer A, Schartl M. 1998. More genes in fish? BioEssays 20: 511-515.

Wiweger M1, Zhao Z, van Merkesteyn RJ, Roehl HH, Hogendoornm PC. 2012. HSPG-
deficient zebrafish uncovers dental aspect of multiple osteochondromas. PLoS
One 7:€29734.

Wu P, Hou L, Plikus M, Hughes M, Scehnet J, Suksaweang S, Widelitz R, Jiang TX,
Chuong CM. 2004. Evo-Devo of amniote integuments and appendages. Int J Dev
Biol 48:249-70.

Yu W, Brenner S, Venkatesh B. 2003. Duplication, degeneration, and
subfunctionalization of the nested synapsin-Timp genes in Fugu. Trend Genet

19:180-183.



837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

38

Zhang Z, Lan Y, Chai Y, Jiang R. 2009. Antagonistic actions of Msx/ and Osr2 pattern

mammalian teeth into a single row. Science 323:1232-1234.

Fig. 1 Cichlids, like most fishes, have two sets of toothed jaws: the oral (A) and
pharyngeal (B) jaws. The oral jaw is fairly homologous to our jaw and the premaxilla and
dentary bones are both toothed in cichlids. The pharyngeal jaws are modified gill arches.

In cichlids, the fused 5" ceratobranchials form the toothed lower pharyngeal jaw.

Fig. 2. Axes of cichlid fish tooth diversity. The dentition of different cichlid species
varies extensively in whether it is heterodont (A), with variation in tooth shape and
number in the many rows that can occur on the same jaw, or homodont (B), fairly
uniformly shaped teeth throughout a jaw. Cichlids commonly vary in whether their teeth
or tricuspid (C), bicuspid (D), or unicuspid (E). The lines depict where teeth with these
shapes are located in the heterodont and homodont cichlid dentitions. Cichlids also vary
extensively in patterns of tooth replacement (F) as is shown in the lateral CT-scan of a
cichlid lower pharyngeal jaw. Substantial variation in cichlid tooth morphology that is
only seen after several rounds of tooth replacement can also occur within populations as
well as in radiations of species that have diverged over very short timeframes. For
instance, the papilliform (G) and molariform (H) lower pharyngeal jaw dental phenotypes
depicted represent morphological variants that interbreed within populations of the

cichlid Herichthys minckleyi.
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Fig. 3. Testing for evolutionary independence of phenotypes among species. The
evolutionary independence of any two phenotypes (A) can be tested explicitly using
phylogenies and correlations of independent contrasts. In the example shown, the number
of teeth on the pharyngeal jaw (Trait X) and the number of teeth on the oral jaw (Trait Y)
are evolving independently. Effectively, when there is lots of change in the pharyngeal
jaw teeth number, there is very little change in oral jaw tooth number. Conversely, when
there is lots of change in the oral jaw tooth number there is very little change in
pharyngeal jaw tooth number. This is the kind of macro-evolutionary change we would
expect if these traits evolve independently during evolution (B). If trait evolution is
alternatively highly correlated, we would expect change in trait X and trait Y to change in
concert and show a correlation (C). In Malawi cichlids at least, changes in tooth number
on the two jaws evolve in a surprising integrated manner. These phenotypic correlations
characterizing this classic adaptive radiation suggest there are likely shared mechanistic
forces, such as the shared presence of the same tooth genes, structuring phenotypic

evolution of teeth on the two distinct jaws.



