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Abstract
Sirenians are a well-known example of morphological adaptation to a shallow-water grazing diet
characterized by a modified feeding apparatus and orofacial morphology. Such adaptations were
accompanied by an anterior tooth reduction associated with the development of keratinized pads, the
evolution of which remains elusive. Among sirenians, the recently extinct Steller's sea cow represents a
special case for being completely toothless. Here, we used pu-CT scans of sirenian crania to understand
how motor-sensor systems associated with tooth innervation responded to innovations such as
keratinized pads and continuous dental replacement. In addition, we surveyed nine genes associated with
dental reduction for signatures of loss of function. Our results reveal how patterns of innervation
changed with modifications of the dental formula, especially continuous replacement in manatees. Both
our morphological and genomic data show that dental development was not completely lost in the
edentulous Steller's sea cows. By tracing the phylogenetic history of tooth innervation, we illustrate the
role of development in promoting the innervation of keratinized pads, similar to the secondary use of

dental canals for innervating neomorphic keratinized structures in other tetrapod groups.

Keywords

Sirenians, tooth loss, keratinous pad, Steller’s sea cow, dental pseudogenes.
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1. Introduction

Teeth represent one of the main diagnostic traits of jawed vertebrates (gnathostomes) and were
selected very early on during their evolutionary history (around 450 mya; [1]). These complex structures
have functions for object manipulation and environmental sensing. They played a key role in the
diversification of feeding strategies [2] and enabled vertebrates to occupy a variety of ecological niches.
Despite these pivotal functions, the dentition has been secondarily lost or significantly reduced in a
number of tetrapod clades [1,3-5]. All extant avians and chelonians lack teeth, in lieu of the
development of a keratinized beak [3,6-9]. Some non-avian dinosaurs, such as ceratopsians or
maniraptoriforms [10,11], and non-mammalian synapsids, such as dicynodonts [12], also lost either
partially or completely their teeth and developed keratinized rhamphotheca, i.e., beaks.

Although toothlessness is less common in mammals than turtles and birds, the dentition in
several lineages is highly reduced or absent [13]. In these groups, secondary tooth loss or reduction are
often related with specific dietary regimes, such as ant- and termite-eating (anteaters and pangolins) or
filter feeding (baleen whales) [1]. As in other toothless tetrapods, mammalian tooth reduction frequently
co-occurs with the development of specialized structures that replace teeth topologically and/or
functionally such as baleens in cetaceans or sticky tongues and keratinous pads in anteaters [1].
However, traces of tooth development are still evident in some of these groups, as demonstrated by data
from p-CT (high-resolution computed tomography [14,15]. Furthermore, internal structures related to
tooth development, such as nerves and blood vessels, comprise indirect evidence of how tooth
development may be redeployed to serve new, specialized structures [13,16].

The evolution of the dentition, particularly when teeth are reduced or lost, is also quantifiable in
a genomic context. When the selective pressure on teeth is relaxed, certain genes underlying the

development of enamel and dentin can degrade into pseudogenes, characterized by various inactivating
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mutations, including frameshift indels, premature stop codons, and splice site mutations. Subsets of
these dental genes have been characterized as pseudogenes in enamelless mammals (e.g., aardvarks,
armadillos, sloths) and edentulous tetrapods (e.g., baleen whales, anteaters, pangolins, birds, turtles)
[3,4,17-20], pointing to their specific requirements in odontogenesis. Inactivation of these genes is also
associated with congenital diseases in humans, particularly amelogenesis imperfecta and dentinogenesis
imperfecta, and similar phenotypes in mouse models [21]. This provides a clear genotype—phenotype

link when these genes become dysfunctional.

Sirenians provide a compelling example of gradual tooth loss over deep time. Living sirenians
(i.e. manatees and dugongs) comprise only four species restricted to tropical and subtropical regions. By
contrast, their fossil record is rich and traces back to the early middle Eocene (~55 Mya, [22]). Sirenian
adaptation to a shallow-water grazing diet is characterized by a modified feeding apparatus and orofacial
morphology [23-27]. Such modifications were accompanied by the acquisition of unique muscular-
vibrissal complexes, combined with an anterior tooth reduction associated with the presence of shallow
empty pits, long assumed to represent vestigial incisor and canine alveoli [27,28]. These pits are covered
by masticatory horny pads, i.e. keratinized plates showing large abrasive surfaces that are mainly
involved in the food mastication in the oral cavity [27,29]. These pads are common to all four recent
species, but was especially pronounced in the recently extinct Steller’s sea cows, Hydrodamalis gigas,
which possessed completely edentulous jaws. In an opposite evolutionary trend, manatees have
developed a long row of six to eight molars that exhibit a constant addition of supernumerary teeth at the

back of the jaw, which then migrate anteriorly [25,30-32].

Here, we aim to understand how motor-sensorial systems associated with tooth innervation
responded to innovations such as the highly developed vibrissal complex, tooth loss and replacement by

thick keratinized pads, and continuous dental replacement. We used pu-CT scans of the skull of extant
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and extinct sirenians to investigate the morphology of the mandibular and superior alveolar canals as
osteological proxies of tooth innervation, and to understand the correlation between the evolution of
sirenian orofacial anatomy and tooth reduction. To further explore the degree of dental regression in
sirenians, we determined the functionality of nine genes whose proteins are tied to tooth development
and maintenance. Tracing the phylogenetic history of tooth innervation enabled us to shed light on the
way tooth development can promote the innervation and somatosensory role of evolutionary novelties
such as horny pads, as well as reveal how nerve branching patterns changed with modifications of the

dental formula, especially manatee continuous dental replacement.

2. Results

Variation of dorsal canaliculi in extant species - We investigated three-dimensional (3D) models
of the mandibles, teeth, and mandibular canals of all modern sirenian species (Figs. 1 and 2). The roots
of sirenian molars are particularly long, so that the innervation occasionally passes directly from the
mandibular canal to the alveolus without passing through a minute canal, here defined as canaliculus.
However, manatees and dugongs also display several groups of distinct dorsal canaliculi, which provide
passage for vessels and nerves that nourish and innervate the teeth. The most anterior grouping is thick
and formed of numerous canaliculi, some of which also connect to tooth alveoli. In the posterior area of
the mandible, canaliculi run either from the mandibular canal directly to the teeth or connect several
alveoli to each other (Figs. 1, 2, S2, and S3). In 7. manatus, two to three thick canaliculi diverge
anteriorly, and then separate into four or five ramifications at the level of the symphyseal pad (Figs. 1, 2,
and S2). In the tooth row area, the canaliculi are thin and antero-dorsally oriented. In 7. inunguis, up to
seven anterior canaliculi were identified, which constitutes the largest number in our sample. In the

tooth row area, the dorsal canaliculi are straight and dorso-ventrally oriented below the most anterior
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teeth; they are more antero-dorsally oriented in the posterior part of the mandible (S2). In T.
senegalensis, a single thick anterior branch diverges from the mandibular canal to then split into five
smaller branches. Posteriorly to these branches, a canaliculus is also oriented dorso-posteriorly and is
connected to the first tooth alveolus (S2). Below the tooth row, several canaliculi are clearly connected
to dental roots, the most posterior ones being longer and more inclined antero-dorsally. In the only
specimen of a fetal manatee in our sample (Figs. 1 and S4), vestigial teeth are present in the anterior part
of both hemimandibles, with a few dorsal canaliculi being distinguishable in the posterior part of the
dental pad. The low degree of ossification of the mandible at this ontogenetic stage partly prevents any
clear recognition of posterior canaliculi except in the most posterior part of the tooth row. In dugongs,
the anterior canaliculi usually derive from three main branches (Figs. 1, 2, and S3). Behind the
symphysis in all specimens, an isolated dorsal canaliculus bifurcates into one branch that opens into the
more posterior part of the pad and another branch that connects to the first dental alveolus (Figs. 1 and
2). More posteriorly, an intricate network of canaliculi connects the mandibular canal to the dental
alveoli or the alveoli to each other, except for the most distal dental locus that usually connects directly
to the mandibular canal. In our single specimen of a fetal dugong, several dorsal canaliculi are clearly
identifiable (Figs. 1 and S4). The four anteriormost ones are each closely associated with four shallow
pits, which would be covered by the dental pad in adults. Two of these dorsal canaliculi, the most
anterior and posterior ones, were found in association with vestigial tooth loci on both hemimandibles
(Figs. 1 and S4). An individualized dorsal canaliculus is located just posteriorly to these anterior
canaliculi; this canaliculus is associated with the anteriormost premolar alveolus where no tooth is yet

mineralized.
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Variation of dorsal canaliculi in extinct species - All fossil taxa in our sample (Libysiren
sickenbergi, Prorastomus sirenoides, Halitherium taulannense, Rytiodus capgrandi, and Eosiren libyca)
showed more complete dental formulae than extant species. Also in our sample is the geologically oldest
species with continuous dental replacement, Ribodon limbatus, which has at least six functional molars
[30]. Stem sirenians were characterized by the following dental formula: I 3/3, C 1/1, P 5/5, M 3/3.
Their dental formulae depart from those of manatees and dugongs, which completely lack lower incisors
and canines and have lost numerous cheek teeth. Dorsal canaliculi were hard to delineate in
Prorastomus as its mandibles are characterized by large spongiosa (Figs. 3 and S5). All the identified
canaliculi associated with premolar and molar loci were dorso-ventrally oriented, joining the main
mandibular canal to the roots of the cheek teeth. On the left mandible (S5) an anterior dorsal canaliculus
associated to an incisor locus was also recognizable. Although both specimens of Libysiren sickenbergi
lacked complete teeth, they showed a number of dorsal canaliculi clearly linking the mandibular canal to
some empty alveolar sockets (Figs. 3 and S5). All of these canaliculi are relatively straight and antero-
dorsally oriented in the anterior part of the mandible; they are more postero-dorsally oriented in its
posterior part. No dorsal canaliculi are visible in the posterior part of the cheek tooth row in one
specimen (NHMUK MS82429); a few are recognizable in the other one (NHMUK M45675b). Dorsal
canaliculi are clearly recognizable in our single specimen of Eosiren libyca (Figs. 3 and S5). They are
divided into two clusters: one anterior grouping composed of thick canaliculi reaching empty dental
alveoli dorsally, and one posterior grouping composed of thinner canaliculi connecting the mandibular
canal to the roots of the cheek teeth. Most of these canaliculi are slightly antero-dorsally oriented. In
Halitherium taulannense (Figs. 3 and S5), dorsal canaliculi are poorly distinguishable in the posterior
part of the mandible. Several thin canaliculi are associated with the first premolars, while thick

canaliculi are connected to empty dental alveoli in the anterior part of the jaw. Rytiodus capgrandi
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displays a pattern very similar to that of extant dugongs, with dorsal canaliculi directly connected to the
cheek teeth, which are much larger; the anterior part of the specimen is slightly damaged but the rooting
of the anterior dorsal canaliculi could still be observed. The only hemi-mandible of Ribodon limbatus (a
manatee close relative) completely lacks teeth but displays identifiable tooth alveoli as well as a high
number of dorsal canaliculi. The most anterior canaliculi are slightly postero-dorsally oriented. They are
followed by antero-dorsally oriented canaliculi as well as numerous posterior canaliculi, which are
antero-dorsally oriented and almost horizontal. Despite being completely edentulous, Hydrodamalis
gigas displays several distinctive dorsal canaliculi (Figs. 2, 3, and S6). Their distribution along the jaw
partly mirrors that observed in toothed sirenians, especially dugongids, with anterior canaliculi joining
the mandibular canal to the dental pad and posterior canaliculi opening on the dorsal surface of the
mandibular horizontal ramus. The anterior canaliculi are thinner than in dugongs and manatees, and
show a smaller number of ramifications. The most posterior canaliculi are curvilinear, first antero-
dorsally oriented in their ventral part and postero-dorsally oriented in their dorsal part. The most
posterior canaliculus is very distinctive for originating far posteriorly and extending anteriorly

horizontally to the mandibular canal.

Genetic results - In the sirenians that retain teeth, we were able to recover the entire coding
sequence for each of the nine dental genes in the Trichechus manatus and two dugong individuals. The
lone exception was the middle portion of the repeat-rich 4™ exon of DSPP in the dugong genome
assemblies, which was difficult to assemble. Furthermore, we ignored exons 7-9 in AMBN due to their
duplication in humans [33] and consequently uncertain homology. All genes appear functionally intact
in these three assemblies, with one exception. ACP4 in Dugong looks intact in one individual

(BMBLO01), but a second individual (CAJQERO1) has a 1-bp (base pair) insertion just 14-bp upstream of
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the stop codon (Figure 4). This insertion is an extra G in a string of seven G’s (eight total), causing a
frameshift that results in the next stop codon appearing 275-bp downstream of the ancestral stop codon.
The validity of this insertion was tested by mapping reads to a 101-bp fragment encompassing the
insertion. Out of 34 mapped short reads (S7), seven have the extra G (eight total), one has two extra G’s
(nine total), and the remaining 26 do not possess an insertion (seven total). While this variation in the
short reads may be indicative of a polymorphism, it is perhaps better explained as the result of
sequencing errors. Sampling more dugong individuals should clarify this issue. Finally, of potential
significance, two DSPP sequences were found spread across four contigs of the CAJQERO1 assembly.
Whether this is simply an assembly artifact or evidence of a recent gene duplication is unclear and
warrants further investigation, particularly if there are functional consequences to possessing two DSPP
paralogs.

In contrast to the manatee and dugong, we found evidence of multiple dental pseudogenes in the
Steller’s sea cow. We recovered the entire coding sequences for all genes except a few small portions:
15-bp in exon 5 of AMBN, the 3’ end of exon 4 in DSPP, and the last 2-bp of exon 5 in ODAM. Among
the nine genes we examined, ACP4, AMBN, ENAM, MMP20, and ODAM show evidence suggestive of
pseudogenization (Fig. 4). ACP4 has a 1-bp insertion in exon 4 (supported by 12/12 short reads) and
AMBN possesses a premature stop codon 42-bp upstream of the ancestral stop codon (25/26 short reads)
(S7). In ENAM, we found a splice acceptor mutation in intron 2 (AG — CG), which was previously
reported by Springer et al. [5], suggesting that this mutation may have been fixed in this species. For
ODAM, the coverage depth is quite poor for the putative mutations. Indeed, most of the gene was not
found in the assembly itself (7/10 exons), and had to be constructed by mapping reads to a dugong

reference. However, we found evidence for three inactivating mutations: exon 4 has a 1-bp deletion (4/4
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short reads), intron 4 has a potentially polymorphic splice acceptor mutation (AG — GG) (3/5 short
reads), and exon 10 has a 2-bp deletion (1/1 short reads) (S7).

The functional status of the last potential pseudogene, MMP20, is more complicated. The
assembly’s contigs are suggestive of two inactivating mutations that would render the gene
dysfunctional. The first starts at the the 3” end of exon 2. Rather than 9-bp followed by the splice donor
and the rest of the intron, there is 154-bp of a nonhomologous sequence that does not align to any of the
other three sirenian MMP20 orthologs. Given that this gene is otherwise highly conserved in all three
species, it would suggest that this is a large insertion. Though short reads seem to support the exon 2
mutation when mapping to the Hydrodamalis gigas contig, mapping to the Dugong dugon contig
reconstructed a fully intact exon 2. The second putative mutation is a large deletion (699-bp) that
encompasses much of intron 7 and the 5° end of exon 8. However, a separate contig encompasses much
of the deleted portion, potentially suggesting an assembly error. Whereas mapping to a D. dugon
reference reconstructed an intact exon 8, with 100 short reads spanning the region right where the
deletion would end, mapping to the H. gigas reference resulted in 54 short reads supporting the validity
of this mutation (S8). These results may indicate that there were both functional and pseudogenic
MMP20 alleles in Steller’s sea cows. Alternatively, there may have been a gene duplication followed by
pseudogenization. Given that this is difficult to interpret with a discontiguous genome assembly, the

sampling of more Steller’s sea cow individuals is warranted.

3. Discussion
Sirenian tooth loss in deep time - In most mammals, dental roots are elongate and tooth alveoli
open directly into the mandibular canal [13]. In species with a reduced dentition, the link between the

main mandibular canal and the teeth is maintained via the development of an intricate network of dorsal
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canaliculi [13]. Our observations on sirenians confirm the existence of a link between the presence of
teeth and the development of dorsal canaliculi. On the one hand, fossil species with a full (or nearly so)
dental formula usually display dorsal canaliculi directly connected to tooth alveoli. On the other hand,
extant manatees and dugongs show dorsal canaliculi linked to their remaining cheek teeth. Dental
reduction occurs during growth in dugongs, with only two to three molars observed in old adult
individuals. We observed that, for some dental loci (i.e., premolars) that are rapidly lost, the associated
dorsal canaliculi persist throughout development and into adulthood (Figs 1D and 2B).

Extant sirenian species also display some anterior dorsal canaliculi with no apparent connection
to tooth alveoli. These canaliculi are connected to pairs of shallow pits covered by the dental pad that
can contain non-erupting vestigial teeth in adult specimens [27,28]. We argue that all these shallow pits
actually represent true dental alveoli and host several vestigial teeth that are expressed and then resorbed
in fetal stages (Figs. 1 and S4). Reconstructions of dental formulae of fossil taxa based on empty
anterior alveoli are therefore not straightforward, as such pits could be misinterpreted as alveoli hosting
functional teeth, with the development of the keratinous pad being potentially overlooked in some stem
sirenians. Dugongs often develop vestigial teeth ventral to the keratinised pad (S3, E and H, [27]). When
present, these vestigial teeth were systematically associated with an individual anterodorsal canaliculi
that contacts the tooth alveolus before reaching the bone surface (S3, E and H).

In the anterior part of the mandible of manatees and dugongs, the distribution of dorsal canaliculi
roughly coincides with the pattern observed in stem sirenians (Fig. 3), which typically have three
incisors and one canine. In humans, the innervation of incisors and canines starts from a thick common
branch that diverges from the main nerve, before splitting into thinner canals to innervate the tooth loci
[34]. The larger the nerve spindle, the greater the sensitivity, which implies that anterior teeth likely

require substantial vascularisation and innervation. This pattern may be analogous to the thick anterior
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branch of extant sirenians that innervates their keratinised plate through shallow pits [35]. We propose
that the anterior distribution of dorsal canaliculi in extant sirenians matches that of vestigial tooth loci,
as suggested by our prenatal data (Figs. 1 and S4), and that dental innervation is retained after tooth
resorption. The number of anterior dorsal canaliculi only roughly coincides with the sirenian ancestral
dental formula, which includes three incisors and one canine (Fig. 3). In dugongs, the anterior dorsal
canaliculi consistently derive from three main branches that can be multifurcated, but the number of
branches appears more variable in manatee species. An excessive number of branches compared to the
number of teeth may be explained by variation in the bifurcation pattern of nerves as previously
observed in humans [34], both intraspecifically and individually. The absence of bifurcations in fetuses
(Figs. 1 and S4) and their limited development in juvenile specimens (S2, A and D; S3, A-D) might

suggest that these bifurcated patterns actually develop along with bone, later during development.

A path through edentulism - The internal anatomy of partially or completely toothless sirenians
shows that they retained dental structures allowing for the passage of nerves and blood vessels, i.e.,
dorsal canaliculi. We think these are vestiges of actual tooth loci [13]. In humans, the development of
loci on the dental lamina is accompanied by a projection of a branch complex from the inferior alveolar
nerve [34]. The development of the neurovascular network occurs during the first two stages of tooth
development (initiation and budding; see [36]). Human tooth nerve bundles are retained after tooth loss
induced by senescence [37]. Ferreira-Cardoso et al. [13] proposed that tooth development maintains the
innervation and irrigation of the dorsal margin of the mandible in toothless mammals such as baleen
whales and anteaters. Hydrodamalis gigas was completely edentulous but still displayed an innervation
pattern that resembled that of extant toothed sirenians, with thick anterior canaliculi joining the

mandibular canal to the dental pad and posterior canaliculi opening on the dorsal surface of the
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mandible. This suggests that the developmental program for tooth development is not lost in Steller's sea
cows, as previously proposed by Nordmann [38], Murie [39], and Woodward [40].

Consistent with the morphological evidence of dental regression, elements of several genes were
disabled in the edentulous Steller’s sea cow. All of the inactivated genes (4CP4, AMBN, ENAM,
ODAM) encode proteins expressed in ameloblasts during enamel development [41], with two
specifically involved in forming the protein matrix laid down during amelogenesis (AMBN, ENAM).
One of the proteins (ODAM) continues to be expressed in the junctional epithelium [41,42], likely
contributing to the tight seal between the teeth and the gingiva. Notably, neither a gene tied to dentin
formation (DSPP) and tooth loss (ODAPH) [17,43] lacked evidence for pseudogenization, suggesting
that the genetic potential for developing teeth with dentin, possibly covered by weak enamel, may have
been retained in Hydrodamalis.

Compared to other edentulous vertebrates, the genetic repertoire for tooth development in
Steller’s sea cow appears relatively intact. In addition to having only a few genes clearly pseudogenized,
there is a paucity of accumulated inactivating mutations. By contrast, among placental mammals, baleen
whales (Mysticeti) [4,20], anteaters (Vermilingua) [17] and pangolins (Pholidota) [44] have more
depleted sets of dental genes, typically with far more inactivating mutations. For instance, all nine genes
are inactivated in anteaters. Whereas the Steller’s sea cow has a single inactivating mutation in ENAM,
over 40 have been reported for ENAM in the silky anteater (Cyclopes didactylus)[17]. Similarly, the
dugong [27], which presents a thin layer of enamel worn shortly after eruption, shows no unambiguous
evidence of pseudogenization in its set of dental genes. This contrasts with the long-nosed armadillos
(Dasypodidae), which similarly have simplistic teeth with thin enamel that wears away early in
development. All dasypodids possess pseudogenized orthologs of ACP4, AMTN and ODAM, with some

species variably presenting evidence of inactivated ENAM, AMBN and MMP20 [17].
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Two factors that may explain this contrast in pseudogenization patterns include the timing of
tooth loss and the tempo of evolution. Being large-bodied mammals with long generation times, elevated
longevity, and small population sizes, sirenians have a low rate of evolution, which leads to a decreased
nucleotide substitution rate [45—48]. As such, frameshift indels, premature stop codons and other such
mutations would presumably be fixed at a slow rate, especially if these genes are under relaxed
selection. The polymorphic inactivating mutations described here would be consistent with this
hypothesis, under the assumption that they are drifting and not yet at fixation. If edentulism is recent,
there should be correspondingly fewer inactivating mutations. Fossil evidence suggests that the lineage
leading to the Steller’s sea cow lost teeth relatively recently. The edentulous Hydrodamalis cuestae and
toothed Dusisiren spp. [49] are the Steller’s sea cow’s closest known relatives, successively, based on
two large sirenian phylogenetic datasets [5,22]. Whereas Dusisiren spp. ranged from approximately 16
to 5.3 million years ago (mya), the earliest H. cuestae specimen was described in the Tortonian (11.6—
7.2 mya) [50]. By contrast, anteaters began a process of dental regression roughly 58 mya which led to
complete tooth loss about 38 mya [17], and even slowly evolving mysticetes began losing enamel
perhaps as early as 35 mya before becoming edentulous 26—20 mya [51][4]. Future work that could help
clarify the genomic basis of dental erosion in these species includes detailed molecular evolutionary
analyses, sampling from multiple Steller’s sea cow and dugong individuals, and exploring patterns of

evolution in non-coding regulatory regions associated with tooth formation.

From dental reduction to continuous dental replacement. The continuous dental replacement
represents a morphological innovation documented in extant manatee species [25,30,32,52]. Continuous
replacement represents a morphological characteristic common to most trichechines, including the late

Miocene Ribodon [30,53], which is absent in the early diverging Potamosiren that displayed a reduced



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

adult dentition (i.e., two to three molars; [30,52]). This peculiar mode of tooth replacement represents an
evolutionary convergence likely related to the ingestion of abrasive and tough items [30,31]. Both
sirenian evolutionary trends towards dental reduction and continuous dental replacement are tightly
related to different dietary properties, mostly soft seagrasses for the former and abrasive, fibrous
freshwater plants for the latter [30,54]. An important wear gradient has been observed in many sirenians,
in association with anterior tooth loss during ontogeny, meaning that the eruption of posteriormost
molars is likely delayed and then supplemented by a mesial drift (i.e. anterior migration) of teeth.

The anterior movement of dental roots during growth is allowed by combination of constant
alveolar bone resorption and apposition [31], and remodeling of the periodontal ligament [55], but we
did no observe any disruption of dorsal canaliculi. Such dental drift could explain the anterior tilt of
the posterior dorsal canaliculi observed in adults, and is consistent with the fact that juvenile specimens
display straighter anterior dorsal canaliculi. This orientation might then constitute a new feature defining
the intensity of the drift, a nearly horizontal orientation of dorsal canaliculi defining a strong or
continuous dental drift (sensu [31]). The pattern of dorsal canaliculi observed in Ribodon would then be
in line with previous propositions that continuous replacement evolved from the Late Miocene onward
in trichechids [30]. A moderate drift of distal molars was also described in modern dugongids (i.e.
dugong and Metaxytherium species; [27,56], inducing the loss of premolars and first molars.
Accordingly, we observed an anterior tilt of dorsal canaliculi for most cheek teeth during dugong
growth, but these canaliculi are shorter and more curved than in trichechids. Such a tilted pattern is also
present in extinct dugongids, especially Rytiodus, implying that dental drift and associated delayed

eruption probably appeared early in sirenians.
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Convergent redeployment of tooth developmental pathway for keratinized structures - In
mammals, dental innervation has a sensory role [57]. Following the discovery of a new sensory organ in
living mysticetes [58], Peredo et al. [59] proposed a mechanoreceptive-related role for dorsal canaliculi
in mysticetes, with the retention of canaliculi contributing to the control of rotation of the hemi-
mandibles, which are unfused. A similar sensorial role was hypothesized in toothless anteaters [13], with
the canaliculi putatively allowing the coordination between the protractile tongue and the two halves of
the jaw, which are also unfused. In sirenians, the canaliculi probably do not provide a function in
intramandibular coordination since their symphysis is fused and their hemi-mandibles cannot move
independently. Manatees and dugongs have vibrissae distributed in an arc around the keratinised pad
and on the lips. These vibrissae are used to collect and position food between the plates [60]. Seagrass is
then broken down mechanically by the upper and lower keratinised plates during transit to the jugal
teeth [27,29]. The crushing provided by the oral plates partially or completely compensates for the small
number of teeth in dugongs. This anatomical complex forms an efficient collection, transport, and
chewing system, which combines mechanical and sensory roles [60]. In fact, considering their small
gape and the lack of cheek pouches, Lanyon et al. [27] expressed doubt that dugongs could actually use
their teeth for chewing their food inside their mouth cavity. These hindgut fermenters would instead
mainly use their keratinised pads, which are better adapted for processing rapidly large quantities of low

fibre seagrass.

A close relationship between tooth development and the evolution of keratinized innovations of
the feeding apparatus was proposed in several toothless mammals [1,14,15,61]. In cetaceans, several
studies [62,63] proposed that the neurovascular anatomy of the upper teeth was co-opted for nourishing
baleen. Lanzetti [14] showed that baleen rudiments develop alongside tooth germs within the alveolar

canals of minke whales. Thewissen et al. [15] demonstrated that some signaling proteins are involved in
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both tooth and baleen formation in bowhead whales, so that early tooth development constitutes a
prerequisite to baleen development, as baleen is vascularized from the same artery that irrigates vestigial
teeth [61,63]. Myrmecophagous xenarthrans have tooth remnants in the form of dorsal canaliculi, which
were proposed to enable the innervation and vascularization of a mandibular keratinized pad [13]. In
platypuses, milk teeth are rapidly lost after birth at weaning time and replaced by horny pads, which are
used for food processing [64,65]. In dugongs, we showed that the canaliculi located just posterior to the
symphyseal area supply both the horny pad and the first dental alveolus. We presented ontogenetic,
paleontological, and genetic evidence for commonalities between the developmental programs for teeth
and keratinous pads. Lanyon et al. [27] noted that the occlusion of the lower and upper dental pads and
the occlusion of lower and upper cheekteeth occur simultaneously. We propose that the ascending
branches of the inferior alveolar nerve might be part of the somatosensory system involved in
mechanoreception, as such integrated movement would require a tactile feedback originating from the
dorsal margin of the mandible. Following this hypothesis, the dental sensory receptors that project via
the inferior alveolar nerve would were co-opted to confer a somatosensory role to the mandibular

keratinized pad.

4. Conclusion

The evolution of alternative feeding systems to teeth has long attracted attention of biologists
[6,7,14,59,61,66]. In birds, the intricate relationships between tooth loss and the development of
keratinized beaks was hypothesized to be due either to physical constraints on tooth initiation, the early
interruption of odontogenesis being initiated by the development of the keratinous ramphoteca [6], or to
pleiotropic effect of genes involved in both rhamphotheca development and tooth pathway signaling

(e.g., BMP4; [67,68]). This trend was supported, in part, by the bird fossil record showing the expansion
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of a keratinized rostrum associated with a reduced tooth number [6,69] or with the replacement of
portions of the dental rows by a beak during the ontogeny of ceratosaurian theropods [10].
Odontogenesis disruption might indeed be triggered by the early keratinisation of pads and beaks in
mammals and birds, respectively. However, Wang et al. [10,11] studied alveolar vestiges conserved in
the interior of the jaws of beaked theropod dinosaurs Limusaurus, whose juveniles develop teeth that are
replaced by a beak in adults. They showed that tooth alveoli in some edentulous dinosaurs are recycled
to improve the neurovascularisation of the mandible and are partially modified into structures that serve
to innervate and irrigate the beak. We think that the pattern of innervation of the keratinous pad in
sirenian resembles that of these Limusaurus beaks. Using a long and slow developmental process such
as tooth development might constitute a simple way for maintaining the dorsal innervation of keratinous
structures in order to preserve sensorial functions of the alveolar region, even while some selective
pressures later induced tooth loss [13]. Sirenians constitute a further example of a secondary use of

dental canals for innervating novel keratinized structures.

5. Materials and methods

Morphological data - We describe the mandibular canals of the four extant sirenian species: Trichechus
inunguis, T. manatus, T. senegalensis, and Dugong dugon. We also included seven key extinct taxa:
Prorastomus sirenoides (lower Lutetian), Libysiren sickenbergi (lower Lutetian), Halitherium
taulannense (Priabonian), Eosiren libyca (Priabonian), Rytiodus capgrandi (lower Miocene), Ribodon
limbatus (Late Miocene), and Hydrodamalis gigas (Steller’s sea cow, extinct since the 18th century).
Mandibles were chosen to study dental innervation patterns because they are composed of a single bone
enclosing the inferior alveolar nerves and arteries. The 47 specimens belong to the following collections:

Natural History Museum, London (NHMUK); Muséum National d’Histoire Naturelle, Paris (MNHN);
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Muséum d’Histoire Naturelle de Toulouse, Toulouse (MHNT); University Museum of Zoology,
Cambridge (UMZC); the Institut Royal des Sciences Naturelles de Belgique, Brussels (IRSNB); Institut
des Sciences de I’Evolution, Uniersity of Montpellier (UM). High-resolution microtomography (nCT)
was performed at Montpellier Rio Imaging (MRI) platform, the Imaging Analysis Center (NHMUK),
the Cambridge Biotomography Centre, and the AST-RX platform (MNHN) with different resolutions
(S1-6) The left hemi-mandibles (the right one was used if the left one was missing or broken) were
reconstructed, with respective mandibular canals and teeth. Avizo 2022.1 was used to perform the 3D
reconstructions and measurements. The virtually restored 3D models are deposited in MorphoMuseuM
[70]. Two ontogenetic stages were identified and distinguished: juveniles still presenting deciduous

premolars, and adults bearing only molars in manatees and dugongs [25,27].

Genetic data - We obtained nine core dental genes from Trichechus manatus, Dugong dugon,
and Hydrodamalis gigas. These were ACP4 (acid phosphatase 4), AMBN (ameloblastin), AMELX
(amelogenin), AMTN (amelotin), DSPP (dentin sialophosphoprotein), ENAM (enamelin), MMP20
(metalloproteinase 20), ODAM (odontogenic, ameloblast-associated), and ODAPH (odontogenesis-
associated phosphoprotein). We first obtained human orthologs for each gene using mRNA transcripts
deposited in GenBank. Next, we searched each gene against the manatee assembly (GCF_000243295.1)
in NCBI’s RefSeq database using discontiguous megablast. We downloaded the whole genes for each
positive blast result and imported them into Geneious Prime [71]. Any long strings of N’s were reduced
to ~10 to prevent complications in sequence alignments. Next, we used the manatee sequence to search
against two dugong assemblies (WGS projects BMBLO1 and CAJQERO1) and one Steller’s sea cow
assembly [72] in NCBI’s whole genome shotgun contig database using discontiguous megablast. We

next imported the matching sequences into Geneious and aligned all sequences using MUSCLE [73].
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We examined each alignment by eye and adjusted them manually when likely nonhomologous bases
were erroneously aligned (SI Dataset). Non-coding exons were deleted when present, since our focus
was on coding sequences only. As such, our exon numbering only pertains to coding exons. Finally, we
examined each sequence for frameshift indels, premature stop codons, and variations in splice sites, and
start and stop codons. As the Steller’s sea cow genome assembly is relatively discontiguous (genome
coverage = 11x, contig N50 = 1,345, scaffold N50 = 1,430), in some cases we needed to fill in gaps in
the coding sequence and to validate putative inactivating mutations. We thus downloaded short reads
from the NCBI Sequence Read Archive [74] and mapped them to the assembled gene sequences using
the short read settings (-ax sr) of Minimap2 [75]. We used the dugong as a reference for gap filling, and
the Steller’s sea cow sequences as references for validating mutations. We examined the resulting
mapping files by eye in Geneious Prime and adjusted the reference length when there were excessive

mapped reads due to repetitive regions in the target sequence (Supplementary SI Dataset).
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666 ~FIGURE CAPTIONS
667  Figure 1 - Ontogenetic evidence of the association of dorsal canaliculi to tooth alveoli, vestigial or not,

668  and dental pad. (A—D) 3D models of the mandibles of sirenian fetuses (A, Trichechus manatus NHMUK
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1865-4-28-9; B, Dugong dugon IRSNB 5386, mirror image) and adults (C, Trichechus manatus
NHMUK 1950-1-23-1; D, Dugong dugon NHMUK 2005-51) in lateral views. In fetuses (A and B),
arrows indicate the location of vestigial tooth loci (but see also S4). Bone is transparent. Dorsal
canaliculi — orange; mental branches — purple; mandibular canal — cyan; teeth — dark blue; tooth alveoli

— green. Scale bars: 1 cm.

Figure 2 - Comparison of the internal mandibular morphology in (A) Trichechus manatus (NHMUK
1885-6-30-2) (B) Dugong dugon (NHMUK 2023.66), and (C) Hydrodamalis gigas (UMZC C1021)
showing the link between dorsal canaliculi, teeth and keratinous pad (same color code as Figure 1;
keratinized pad is in yellow). Upper left corner, small mandible silhouettes representing dental
replacement systems: green arrows indicate dental drift; red arrows indicate molar loss; yellow lines

indicate the position of the keratinous pad. Scale bars: 1 cm.

Figure 3 - Evolution of dorsal canaliculi linked to tooth reduction in five paleogene and four neogene
sirenian species (including two extant ones). Timetree (according to [22]) with corresponding 3D
reconstructions of the internal mandibular morphology (same color code as Figure 1). Some animal
silhouettes are colored in black (extant species and Steller's sea cow). Scale bars: 1 cm. Paintings by

Michelle S. Fabros.

Figure 4 - A. Summary of dental gene functionality in three sirenian species and their most recent
common ancestors. B. DNA sequence alignments of five dental genes derived from four sirenian
genome assemblies, highlighting putative inactivating mutations. Gray bars at the top of whole gene

assemblies indicate coding exons. Paintings by Michelle S. Fabros.
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SUPPORTING INFORMATION

S1. List of CTscanned specimens and associated information.

S2. 3D models showing the variation of dorsal canaliculi in six manatee mandibles (two juveniles and
four adults) in lateral view: A, Trichechus manatus NHMUK 1950-1-23-1 (juvenile with dp3-dp5 and
molars); B, 7. manatus NHMUK 1843-3-10-12 (adult with molars only); C, T. manatus NHMUK 1864-
6-5-1 (adult with molars only); D, T inunguis NHMUK 1968-12-19-2 (juvenile with dp3-dp5 and
molars); E, T. senegalensis NHMUK 1885-6-30-2 (adult with molars only); F, T. senegalensis UM V97
(adult with molars only). Bone is transparent. Related to Figures 1 and 2. Orange = dorsal canaliculi;
purple = mental branches; cyan = mandibular canal; dark blue = teeth; green = tooth alveoli. Scale bars:

1 cm.

S3. 3D models showing the variation of dorsal canaliculi in eight dugong mandibles (four juveniles and
four adults) in lateral view: A, NHMUK 1991-413 (juvenile with dp3-dp5 (m1)); B, NHMUK 1946-8-6-
2 (juvenile with dp3-m1l); C, NHMUK 2023-66 (juvenile with [dp3] dp4-ml (m2)); D, 1991-427
(juvenile with di3 dc dp3-ml (m2)); E, NHMUK 1027g (adult with (di2) [dp5] m1-m3); F, UMZC
2016-2 Ceylon V (adult with m1-m3); G, NHMUK 2005-51 (adult with m1-m3); H, UMZC 2017-3-9
(adult with m2-m3; mirror image). Related to Figures 1 and 2. Bone is transparent. Orange = dorsal
canaliculi; purple = mental branches; cyan = mandibular canal; dark blue = teeth; green = tooth alveoli.

Scale bars: 1 cm.
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S4. 3D models of the skull of a manatee (7richechus manatus NHMUK 1865-4-28-9, A and C) and a
dugong (Dugong dugon IRSNB 5386, B and D, mirror images) fetuses. A and B, lateral view of the
cranium and the mandible; C and D, frontal view of the mandibles. Related to Figures 1 and 2. Arrows
indicate the location of vestigial tooth loci. Bone is transparent. Orange = dorsal canaliculi; purple =

mental branches; cyan = mandibular canal; dark blue = teeth; green = tooth alveoli. Scale bars: 1 cm.

S5. 3D models of mandibles of extinct sirenians species in lateral view: A, Prorastomus sirenoides
(NHMUK OR-448976), left mandible; B, Prorastomus sirenoides (NHMUK OR-448976), right
mandible (mirror image); C, Libysiren sickenbergi NHMUK M82429); D, Eosiren libyca (NHMUK);
E, Halitherium taulannense (MNHN RGHP C0009); F, Rytiodus capgrandi (MHNT PAL 2017.8.1); G,
Ribodon limbatus (NHMUK M7073). Related to Figure 3. Bone is transparent. Orange = dorsal
canaliculi; purple = mental branches; cyan = mandibular canal; dark blue = teeth; green = tooth alveoli.

Scale bars: 1 cm.

S6. 3D models of mandibles of Steller’s sea cows (Hydrodamalis gigas) in lateral view: A, NHMUK
2023.67; B, NHMUK 1947-10-21-1; C, UMCZ C1021. Related to Figure 3. Bone is transparent. Orange
= dorsal canaliculi; purple = mental branches; cyan = mandibular canal; dark blue = teeth; green = tooth

alveoli. Scale bars: 1 cm.

S7. DNA short read mappings for the inactivating mutations in ACP4, AMBN, and ODAM. The only
reads shown are those that clearly overlap the inferred inactivating mutations. Paintings by Michelle S.

Fabros.



735

736

737

738

739

740

S8. DNA short read mappings for the putative deletion in exon 8 of MMP2(. The only reads shown are
those that clearly overlap the portion of exon 8 that supports the deletion (Hydrodamalis gigas reference,
left alignment) or the identical location with the exon intact (Dugong dugon reference, right alignment).

Paintings by Michelle S. Fabros.
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Collection Specimen number Genus species Resolution
NHMUK 1946.8.6.1 Dugong dugon 0,112
NHMUK 1946.8.6.2 Dugong dugon 0,085
NHMUK 2005.51 Dugong dugon 0,123
NHMUK 2005.50 Dugong dugon 0.127
NHMUK 1991.427 Dugong dugon 0,127
NHMUK 1870.8.16.1 Dugong dugon 0,127
NHMUK 1946.8.6.1 Dugong dugon 0,127
NHMUK 1991.413 Dugong dugon 0,111
NHMUK 2023.68 Dugong dugon 0.093
NHMUK 2023.66 Dugong dugon 0,127
NHMUK 2023.65 Dugong dugon 0.127
NHMUK 1991.404 Dugong dugon 0.121
NHMUK 1991.411 Dugong dugon 0.112
UMZC 2016-2 Ceylon V Dugong dugon 0,25
UMZC 2017-3-9 Dugong dugon 0,25
NHMUK 1848.8.29.7/GERM 1027g Dugong dugon 0,119
IRSNB 5386 Dugong dugon 0,077
NHMUK 65.4.28.9 Trichechus 5. 0,105
AMNH 53939 Trichechus 5p. 0.5
NHMUK 1852.3.2.3 Trichechus 5. 0.062
NHMUK 1864.6.5.1 Trichechus manatus 0,123
NHMUK 1963.8.22.1 Trichechus manatus 0.115
NHMUK 1950.1.23.1 Trichechus manatus 0,122
NHMUK 1843.3.10.12 Trichechus manatus 0,101
Um ISEM V97 Trichechus manatus 0,12
NHMUK 1897.2.8.1 Trichechus inunguis 0.102
NHMUK 1868.12.19.2 Trichechus inunguis 0,08
NHMUK 1894.7.25.8 Trichechus senegalensis 0,064
NHMUK 1388f Trichechus senegalensis 0.127
NHMUK 1957.8.21.2 Trichechus senegalensis 0.127
NHMUK 1950.7.20.1 Trichechus senegalensis 0.127
NHMUK 1885.6.30.2 Trichechus senegalensis 0,116
NHMUK GERM 1388 Trichechus senegalensis 0,127
NHMUK OR.448976 Prorastomus sirenoides 0,121
NHMUK M.45675b Libysiren sickenbergi 0,127
NHMUK M.82424 Libysiren sickenbergi 0,112
NHMUK M.82428 Libysiren sickenbergi 0.104
NHMUK M.82429 Libysiren sickenbergi 0,101
NHMUK M.10175 Eosiren libyca 0,127
NHMUK 1913-22 Eosiren libyca 0,12
NHMUK M.82418 Rytiodus 5p. 0,118
MHNT PAL2017-8-1 Rytiodus capgrandi 0,094
NHMUK M.7073 Ribodon limbatus 0,115
MNHN RGHP C001 Halitherium taulannense 0,107
MMNHN RGHP C009 Halitherium taulannense 0,141
NHMUK 1947.10.21.1 Hydrodamalis gigas 0,127
UMZC C1021 Hydrodamalis gigas 0,125
NHMUK 2023.67 Hydrodamalis gigas 0,127



















'

Dugong dugon ACP4 exon 13, 1-bp insertion

0

2

Consensus

Dugong dugon CAJQER010001242

.119306766.1

REU

2263252031
163871747.1
2141311211
250008205.1

REv
Rey

1
1
1
FEU gnl| SRA| ERRS
1
1
1

1402.34698107...
REV 1402.346981077.1
REV 1402.356284108.1
95,

REY

>E>BPPPPB>B>E>EE>E>>E>>E>>>>>>> > Al>
nnNNNNNNNNNNNONNANNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

3

ANANNANANNANNNNANNNNANANNANNANANA
ANNNNNNNANNNNNNANNNNNNNNNNNNNNNNNA

b bal

3

>>PPPPPPPPP PP PP PP PP PP PP PP OB D>

ANNNNANNANANNANANNNNNNNANNNNANANA

<=+

ANANNANANNANNANANNNNNNANNANNANANA
ANNNNNNNNNNNNNNANNNNNNNNNANNNNNANA

=

@jj)l/‘m"

Hydrodamalis gigas AMBN exon 13, premature stop codon

Consensus
Hydrodamalis AMBN end of exon 13

ERRS559403. 89604551/1 _(reversed)
ERR5559403.89604551/2_
ERR5559398. 252539808/2 _(reversed)
ERR5559398.282539808/1
ERR5559388.83007641/2_(reversed)
ERR5559388.83007641/1_
ERR5559388.64292600/2
ERRS55307.1 1010418471 _(reversed)
ERR5559397.11010418:
ERR5559385.17641 3864/1 _lreversed)
ERR5559378.297623444/1 (reversed)
ERR5559378.200027426/1 (reversed)
ERRS559385.176413864/2_
ERR5559401.105951477/2_(reversed)
ERR5559398.26769919/2_(reversed)
ERR5559401.105951477/1_
ERR5559398.26769919/1_
ERR5559391.123750532/1
ERR5559397. 35227&772/1 _(reversed)
ERR5559397.3522787

ERR5559385. 92949046/1 (reversed)
ERR5559385.92949046/

ERR5559396. 208915554/2 _(reversed)
ERR5559396.208916554/1_
ERR55593972522610251_
ERR5559397.252261025/2_(reversed)

: 10

! 10 2
ACCGGGCTGCCTGAGGGCCTGGGGGGGE

2

¥ 3 @
CCCTGTGTGAGCCGAACCCT

=4
=4
EEE

[}
NNNNNNNNANNNNNNANNNNNNNNNNNNNNNNNN

@
@

A A A A A A A A A A A A A A A A A A A Al

-

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
ANNNNNNNNNNNNNNANANNANANNNNNNNANNNA
PPPPPPPPEPP PP P PP PP PP P22 > 22> > >l

ANNNNANANNANNANANNNNANNANANNANANA
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

PEPPPPPPPPPPPPPP PP PP P> 222> 22> >l
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> > >
nnNNNNANNDNNNNNNNANNNNNNNNNNNNNONN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNA
ANNNNNNNNNNNNNNANNNNANNNNNNNANN

000
A
EEEEEEE]

30 0 a3

! 10 2 30 43
TGCCAGGAAACAAGGCCCAGTAGCCCCAGGTTATGCATGATGC

ACAAGG
ACAA
CAA

o D Db Db D b B
[alalalalalalalalalalalqlal
nonNnanNnNNNNNNNNN
[alalalalalalslalslalslslalals]
PPPBPBPBBPBBPB>BDD

>

>

[alalalala)

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

>>>>>>>>>>>>>>>>
PEBEPOOBPBBB>D>

C
C
o
C:
C
%
C
C
C
C
C
C
=
C
C

>>>>>>>>>>>>>>

AAACAA
AAACAA
AACAA

Bonnonnnnnnnnnnnnnnnnnnnn

e}
[ala]n}
>>>
455
[alalq}
nnn

o
R RRRRRRR R
P P PSP
o e e e e e e e e e
[alalalalalalalalalalalalala)
[alalslalslalalalalslslalslsl
PPPBBBBBBBB B>
e e et e e et ety
[alalalalalalalalalalalalaln}
PEPBBBBBBBB S>>
o e e et e e e e e
[alalalalalalalaENalalalaln)
[slalslalslalalalalalalsla}

Consensus
Hydrodamalis gigas

ERRSS59404 32253514512 (reversed)
ERR5559404322535145/
ERRS550385.21520712 lreversed)
ERR5559385.215:

ERRassoi0e 31 dadrager2
ERR5559396.300593700/2
ERRSS: il
ERRSS50401 15677391 /1 _(reversed)
ERRSS80399 95s80850rs  (reversed)
ERR559385.130475 189/ lreversed)
ERR5359386.139475189

Consensus

Dugong dugon

ERR5559392. 130754547/1 _(reversed)
075

ERR5559392.13(
ERR5559399.. 270894068/
ERRS559399.270894068/2_

Consensus

Dugong dugon
ERR5559384.6235955/2

ERR5559384.50048039/1_(reversed)

ERR5559384.50048039/2_
ERR5559398.173205220/1

ERR5559386.159280749/1 (reversed)

! 1 2 3 o 5 & » s
CCGGABMGCTGGAGAGCGCTCAGGCCAACCTAGCCGGGCTCTTCCCCCGAGGCTGCCCCGGGGACCCCTGAGTCCAGCTGGCGGCCAAT

TGGCGGCCAAT

AAAAAAAAAANN @
AAAAnAAnnAAA
AnAAnnAAnnnnA
AAAnAAAnNAAA
AAAAAAAAAAAA

5
T
T
T
T
B
T
T
i
s
T
s

! 0 20 30 40 50 60 7
GGACTCTCCCAGTTCTCTTCACCAACCCTAGATCAATTTGCEGGAMTGTTCCCAAATCAGATEICCTTCCCCAGG

GGACTCTCCCAGTTCTCTTCACCAACCCTAGATCAATTTGCTGGA TGTTCCCAAA
GGACTCTCCCAGTTCTCTTCACCAACCCTAGATCAATTTGCTGGA TGTTCCCAAA
ACTCTCCCAGTTCT CCAACCCTAGATC GCTGGA TGTTCCCAAATCAGATGCCTTCCCCAG
ACTCTCCCAGTTCTCTTCACCAACCCTAGATCAATTTGCTGGA TGTTCCCAAATCAGATGCCTTCCCCAGG
i)
Hydrodamalis gigas ODAM intron 4, splice acceptor mutation
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ATGATTCCTTTCTTGGC-GGTGATGCCTTACGTGGTCTCCTTCAAATTGCCCCAAGAGCAGGCACAGGTAAATGAATAGTATAC
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Hydrodamalis gigas MMP20 exon 8, mapped to H. gigas Hydrodamalis gigas MMP20 exon 8, mapped to Dugong dugon

Location of deletion

Location of deletion
: 0 » & « 0 @
10 20 30 40 50 60 G Consensus
Consensus : 10 » » @ 50 @
1 Dugong dugon BMBLO1111100 GTTCCAAATGCAAGGCCCTCCTCGGAGTATTTATGACTTTGGGTTCCCAAAGTGCGTGCA
Hydrodamalis gigas JACANZ010907588 ATGGGITACCAACCCCATGACACATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAAIGTGCGTGCA ¢ exon8
intron 7 FU0 ERR5559432.120315039/1 _(rever... CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC GGGTTCCCAAAGTGCOTGCA
o X 0392 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGACTTITGGGTTCCCAAAGTGC
0 ERRSS50432.67036043 1. ATGACACATCAGCACTCTCCCT i e CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC
FEU ERRG559410.236223518) ACACATCAGCACTCTCCCT 0 ERRS950413 2949577211 revers.. CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC
0 ERRSG20432. 6703600317 (reversed] GACACATCAGCACTCTCCCT 710 ERR3359408.115195602/1 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC
FID = ERR5559410.240290397/1 GACACATCAGCACTCTCCCT F10=- ERRS559411.109755716/1 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC c
Fu = ERR5559410.49303018/1 ACACATCAGCACTCTCCCT 710 ERRS559413,20495772/2_ CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC
fevm- 70 = ERRS550411.109755716/2 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC c
ERRS55041049303018/2 ACACATCAGCACTCTCCCT e
Reve = ERRsss0a2 12218020411 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC C
ERR5550410.240290397/. ACACATCAGCACTCTCCCT e Cacansasiaaisanl T s A S N
FID ERR5559414.62563458/1 (reversed] ACACATCAGCACTCTCCCT D B Saheestan b, A e e e B ML e
FID ERR5559418.254962404/1_ ACACATCAGCACTCTCC A AT aCAnaec e LTt E A AT TTATCAS €
#UD ERR5559418.254962404/2 (reversed) ACACATCAGCACTCTCCHT - CCARATCCAAGGCCCTCCTCCRACTATTTATGAC TTC
0 ERRS050474.46684061/2.(reversed) ACACATCAGCACTCTCCCT CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTC
FID ERR5559474.46684661/ ACACATCAGCACTCTCCCT CCAAATGCAAGGCCCTCCTCGMAMTATTTATAAC
F“DERR5559474A558754|IZ(reversed] ACACATCAGCACTCTCCCT CCAAATGCANGGCCCTCCTCGGAGTATTTATGAC ¢
FUO ERRSS50474 46687541 ACACATCAGCACTCTCCCT
FID ERRS55940: ACACATCAGCACTCTCCCT SCAMMILGEARECECCTECTCOOATTATITRIGAC 5
mDERR555941515157447/2(reversed) ACACATCAGCACTCTCCCT T G T T Ca A CTATTTATCAC
FID ERR5559415.16157- ACACATCAGCACTCTCCCT A A NI e N
70 ERR5559411.170914173/1 ACACATCAGCACTCTCCCT S A AT AT e AT TTATCAC &
FID ERR5559408.260482374/2_ ACACATCAGCACTCTCCCT CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC
FID ERRS559411.185545775/2 ACACATCAGCACTCTCCCT CCAAATGCAAGGECCTCCTCGGAGTATTTATGAC c
a0 ERRS550408.260482374/1 reversed) ACACATCAGCACTCTCCCT CCAAATGCAAGGICCTCCTCGGAGTATTTATGAC c
FID ERR5559418.83279311/1 ACACATCAGCACTCTCCCT 50432.122180294/. CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC C
FIl ERR5559418.83279311/2. (rwersed) ACACATCAGCACTCTCCCT FEV - ERR5559432.122199405/2 CCAAATGCAA CCCTCCTC A A A AC C
FID ERR5559416.201317973/1 ACACATCAGCACTCTCCCTTTATGACTTT TTCCCAA U0 ERRSSS0413.191 23017312 (rever.. CCARATGCAAGECCCTCCTCGGAGTATTTATEAC ¢
WDERR555941553648857/1 _(reversed) ACACATCAGCACTCTCCCTTTATGACTTT TTCCCAA el A A B A RN T I B o <R e
0 ERRS550415.53648857 ACACATCAGCACTCTCCCTTTATGACTTT TTCCCAA SRR oot Jasei T A Ao CC TR AT aATen
10 ERRGSBoATT 37093417472 _(reversed) ACACATCAGCACTCTCCCTTTATGACTTT TTCCCAAT F10 ERR550417 240828172/2 (rever... CCAAATGCAAGGCHICTCCTCGGAGTATTTAT GAM
FMDERRSSSQAH|14825428/2(reversed) ACACATCAGCACTCTCCCTTTATGACTTT TTCCCAA 10 ERRSS80417 17727144211 CCAAATGCAAGGCCCTCCTCCRACGTATTTATGAC TTCCCA
#U0 ERR5559411.114825872/2(reversed) ACACATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA F10 ERR5559415.247893779/2 rever... CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTCCCA
FID ERRS559411.114825428/1_ ACACATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA 248/1 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTCCCA
FID ERR5559411.114825872/1 ACACATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTCCCA
o0 ERRSS50413.87970016/1 _{reversed) ACACATCAGCACTCTCCCTTTATGACTTT CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTCCCA
FIIC ERR5559413.87970016: ACACATCAGCACTCTCCCTTTATGACTTT Ccﬁﬁﬁ gﬁﬁ EEE gg E ﬁ ﬁ ﬁ ﬁg $ EEEA
FWDERR555941181409137/1 ACACATCAGCACTCTCCCTTTATGACTTTGGGTT g oLt AT A AT C Ao o T AT AT TTEECA
FID ERR5559411.81409137/2 (reversed) ACACATCAGCACTCTCCCTTTATGACTTTGGGTT D ERnoseodis l0s1oneea e A AT EANG eI C T e AT A TTTATEAS TICEEA
FID ERR5559412.82820265/2_(reversed) ACACATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA O ERRSE59418 1 o397 950" A AT AN T an e TATTTATEAS LRLRSIIN
70 ERR5559412.82820265/1 ACACATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA 10 ERRSS89418 15720451012 CCAAATGCAAGGCCCTCCTCGRAGTATTTATGAC TTCCCA
FID ERR5559411.200116520/1 ACAMATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA F10 ERR5559415.6065514/1 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTCCCAAAGTGCGTGCA
FUD ERR5559389.24033629/1 ACATCAGCACTCTCCCTTTATGACTTTGGGTTCCC £10 ERR5559415.6965749/1 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTCCCAAAGTGCGTGCA
FID ERR5559409.101000201/1_(reversed) CATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA #10 ERRS559417,17727144212 (rever. CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTCCC
F0 = ERR5559411.206113928/1 CATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA 559413,192036557/2 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTCCCAAAGTGCETGCA
FEVm- ERR5559411.206113928/2 CATCAGCACTCTCCCTTTATGACTTT GTTCCCAA Filo ERRS5559418.28720499/1. CHAAATGCAAGGCCCTCCTCGGAGTA ATGAC TTCC
FID = ERR5559411.59330692/1 CATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA 0 ERRSS59: CCAAATGCAAGGCCCTCCTCGGAGTA ATGAC TICCC
F10 ERR5559412.236455¢ CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTCCC
FEVm- ERR5550411.50330692/2 CATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA g ey A AT ARG o T T aEAGTATTITATEAS TICEEA
FID ERR5559417.8582936/1 (reversed) CATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA O ERR2229415 307 Eo7049 A ATCCANC e TEETE R TATTTATEAS TTEEER
Fa0 ERRS55940.10100020172._ CATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA #10 ERR3559413.54464931/1 CCAAATGCAAGGCHCTCCTMGGAGTATTTATGAC TTCCCAAAGTGCGTGCA
FID ERR5559417.85829: CATCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA F10 ERR555941  (rever.. CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTCCCAAAGTGCGTGCA
"“DERR5559411219058466/2(reversed) TCAGCACTCTCCCTTTATGACTTT FI0 ERR5559413.157805003/1_ CCAAATGCAAGGCCCTCCTCGGAGTA ATGAC TTCCCAAAGTGCGTGCA
FID ERRG559411.70847697/1 TCAGCACTCTCCCTTTATGACTTT F10 ERR5559411.181543145/1 (rever... CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC
FID ERR5559411.219058466/1_ TCAGCACTCTCCCTTTATGACTTT #10 ERRS559411 » CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC
YD ERRSSE0A11 7084760712 feversed) TCAGCACTCTCCCTTTATGACTTT 10 ERRSS59416.125540476/1 rever. CCAAATGCAAGGCCCTCCTCGGAGTATTTATGACTTITGGGTTC
FID ERR5559390. 1(reversed) TCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA PIDERRSS594 47612 CCAAATGCAAGGCCCTCCTCGGAGTA ATGAC GGGTT
1 ERR3930418 2872049072 (evers.. CHAAATGCAAGGCCCTCCTCGGAGTATTTATGACTTITGGGTTCC
FWDERR55594181410889M/2(reversed) TCAGCACTCTCCCTTTATGACTTTGGGTTCCCAA o0 ARt s aap e A AT o CAACCCECTEC e AT AT T I AT eAc I aaal s
FID ERR5559432.123761925/1_(reversed) CACTCTCCCTTTATGACTTTGGGTTCCCAA £00 ERRS920417.180233285/ 1 (rever... A AATCCANCCECEETCCTCRCACTATTTATCACTTTECETTE
FID ERRS559432.114474237/2 (rever... CCAAATGCAA CCCTCCTC A A A AC
F10 ERR5559476.97571560/1 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGACTTTGGGTTCCCAA
£10 ERR5559432.114474237/1_ CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC
F10 ERR5559417.229481901/2 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGACTTTE CCCAAAGTGCGTGCA
710 ERR5550482.12271802 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC CCCAAAGTGC
FIl ERR5559¢ 122718020/1_(rever. CCAAA CAA CCCTCCTC A A A AC CCCAAAGTGCH
#10 ERR5559409,13656152 CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC CCCAAAGTGCGTGCA
£10 ERR5559410 CCAAATGCAAGGCCCTCCTMGGAGTATTTATGAC CCCAAAGTGCGTGCA
F10 ERR5559410.148018512/2_ CCAAATGCAAGGCCCTCCTCGGAGTATTTATEAC CCCAAA
F10 ERR5550411.68048380/2. BWTTCCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC
rulDERRSSSQMO148018512/'\ _(rever... CCAAATGCAA CCCTCCTC A A A AC GGTTCCC
#10 ERR5559410,132889701/ BWTTCCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC GETTCCCAAAGTEICGTGCA
FUD ERR5559390.68375129/1 (re'\lers... CCAAATGCAA CCCTCCTC A A A AC
#10 ERR5559411.68948380/1 (revers. CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC
#10 ERR5550472,55332002/2 (revers. CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC TTCCCAAAG
FI0 6 ers.. CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC CCCAAAGTGCGTGCA
710 ERR5559410,8662680/1 (reversed) CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC ccc
FIIb ERR5559410.8662579/1_(reversed) CCAAA CAA CCCTCCTC A A A AC ccc
#10 ERR5559415.208151353/1 (rever. CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC CCCAAAGTGCGTGCA
#10 ERR5559390,18548131/2_(revers. CCAAATGCAAGGCCCTCCTCGGAGTATTTATGAC
F10 ERR5559417.119674523/2_(rever CAAATGCAAGGCCCTCCTCGGAGTATTTATGAC CECANAGTGCS
#10 ERR5550418,145812737/2.(rever CAAATGCAAGGCCCTCCTCGGAGTATTTATGAC CCCAAAGTGCGTGC
FIIC ERR5559408.155722531/1_(rever AAA CAA CCCTCCTC A A A AC CCCAAAGTGCGTGCA
#10 ERR5559417.11521659/2_(rever AAATGCAAGGCCCTCCTCGGAGTATTTATGAC CCCAAAGTGCGTGCA
F10 ERR5559414.123111407/1 (rever CAAGGCCCTCCTCGGAGTATTTATGAC CCCAAAGTGCGTGCA
#10 ERR5559413.213920687/2 (rever CAAGGCCCTCCTCGGAGTATTTATGAC CCCAAAGTGCG
£10 ERR5559413.204741885/2 (rever AAGGCCCTCCTMGGAGTATTTATGAC CCCAAAGTGCGTGCA
FIIC ERR5559413.204199924/2_(rever AA CCCTCCTH A A A AC CCCAAAGTGCGTGCA
0 ERRSS50471, 2749008612 evers AAGGCCCTCCTCGGAGTATTTATGAC CCCAAAGTGCGTGCA
FIIC ERRS559411.14324  ( CCCTCCTC A A A AC CCCAAAGTGCGTGCA
1 ERRG50415 4582212072 (rvers CCCTCCTCGGAGTATTTATGAC CCCAAAGTGEGTGCA
£10 ERR5559411.179257340/2_(rever CCTCGGAGTATTTATGAC WCCAAAGTGCGTGCA
F10 ERR5559415.107404480/2 (rever CTCGGAGTATTTATGAC CCCAAAGTGCGTGCA
#10 ERR5559415.107408903/2.( CTCGGAGTATTTATGAC CCCAAAGTGCGTGCA
FIIC ERR5559415.107413299/2_(rever CTC A A A AC CCCAAAGTGCGTGCA
FiI0 ERR5559409.23012806/2_(revers. TCGGAGTATTTATGAC CCCAAAGTGCGTGCA




