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SUMMARY

We resolve debate over the evolution of vertebrate hypermineralized tissues
through analyses of matrix protein-encoding secretory calcium-binding phospho-
protein (SCPP) genes and phylogenetic inference of hypermineralized tissues.
Among these genes, AMBN and ENAM are found in both sarcopterygians and ac-
tinopterygians, whereas AMEL and SCPP5 are found only in sarcopterygians and
actinopterygians, respectively. Actinopterygian AMBN, ENAM, and SCPP5 are
expressed during the formation of hypermineralized tissues on scales and teeth:
ganoin, acrodin, and collar enamel in gar, and acrodin and collar enameloid in ze-
brafish. Our phylogenetic analyses indicate the emergence of an ancestral enamel
in stem-osteichthyans, whereas ganoin emerged in stem-actinopterygians and
true enamel in stem-sarcopterygians. Thus, AMBN and ENAM originated in con-
cert with ancestral enamel, SCPP5 evolved in association with ganoin, and
AMEL evolved with true enamel. Shifts in gene expression domain and timing
explain the evolution of different hypermineralized tissues. We propose that hy-
permineralized tissues in osteichthyans coevolved with matrix SCPP genes.

INTRODUCTION

The vertebrate skeleton is composed principally of cartilage, bone, dentine, enamel, and enameloid
(Donoghue et al., 2006; Hall, 2015), all of which are critical to vertebrate adaptations, including protective
body armor, an endoskeleton for locomotion, and teeth for feeding (Donoghue and Keating, 2014). As
such, mineralized tissues comprise a key innovation underlying much of vertebrate evolutionary success.
Among these skeletal tissues, the origin of hypermineralized tissues, enamel, enameloid, and their histo-
logical derivatives, remains controversial, partly because their classification in fossils varies among re-
searchers (Friedman and Brazeau, 2010; Schultze, 2016) and partly because genes encoding their matrix
proteins are well understood only for true enamel in sarcopterygians. Here we investigate the evolution
of various hypermineralized tissues through genomic and developmental analyses, combined with estima-
tion of ancestral states based on data available from living and fossil vertebrates. We draw these disparate
approaches together to obtain a holistic understanding of the origin and diversification of vertebrate hy-
permineralized tissues. Our results reveal evidence for the coevolution of hypermineralized tissues in os-
teichthyans and their matrix secretory calcium-binding phosphoprotein (SCPP) genes.

RESULTS

Enamel and enameloid have been classified into different types depending on their location and histolog-
ical characteristics (Figure 1A). Mineralization of enamel and enameloid progresses in organic matrices
(Berkovitz and Shellis, 2016) that are subsequently removed as they mature into hypermineralized inorganic
tissues (Sasagawa, 1997; Fincham et al., 1999). Enamel grows in a non-collagenous matrix secreted by am-
eloblasts of epithelial origin (Fincham et al., 1999) and occurs in three main types: (1) true enamel, consid-
ered equivalent to mammalian tooth enamel (Smith, 1989); (2) multilayered ganoin (Schultze, 2016) on
scales and their derivatives, found only in bichirs and gars among extant clades, as well as in diverse fossil
actinopterygians (Sire et al., 2009); and (3) tooth collar enamel, which occurs in actinopterygians, including
bichirs, gars, and extinct clades (Smith, 1995; Ishiyama et al., 1999; Sasagawa et al., 2013). Enameloid forms
in a collagenous matrix secreted by both inner dental epithelial (IDE) cells and mesenchyme-derived
odontoblasts (Poole, 1967), often characterized histologically by protruding dentine tubules (Smith,
1995). Enameloid constitutes an acrodin tooth cap in various extant and extinct actinopterygians
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Figure 1. Phylogenetic distribution of enamel and enameloid matrix genes, and exon-intron structure of AMEL and SCPP5

(A) Phylogenetic distribution of enamel, enameloid, and their matrix genes. Hypermineralized tissues classified as enamel are denoted by an asterisk.
Divergence times are based on previous studies: most sarcopterygian taxa (Hedges and Kumar, 2009), actinopterygian taxa (Near et al., 2012), lungfish-
tetrapods and chondrichthyans-osteichthyans (Giles et al., 2017), and agnathans-gnathostomes (Kuraku and Kuratani, 2006).

(B) Exon-intron structure of AMEL and SCPP5. Separate boxes represent exons. Open areas in exons show 5 and 3’ untranslated regions. The areas encoding
the signal peptide and mature protein are shown in yellow and vermilion, respectively. Exon numbers are indicated for human AMEL (AMELX) and bichir
scpp5. Locations encoding phospho-Ser residues (S*) (Kawasaki and Amemiya, 2014) and Pro-Xaa-Yaa (Xaa and Yaa represent any amino acids; PXY) repeats
are illustrated within exon boxes. Regions encoding the three modules, the N-terminal aromatic residue-rich region (YY), the Pro/Gln-rich core region
containing uninterrupted PXY repeats (P/Q), and the C-terminal hydrophilic region (DE), are indicated below exon boxes. Scale bar, 100 nucleotides (nt). See
Figure STA for details.

(Shellis and Miles, 1974; Sasagawa et al., 2013; Schultze, 2016). Tooth collar enameloid occurs in teleosts
(Shellis and Miles, 1974, Sasagawa, 1988; Smith, 1995). Enameloid is also found on the dental and dermal
skeleton in chondrichthyans (including acanthodians), as well as in extinct jawed and jawless stem-gnathos-
tomes (Donoghue et al., 2006; Rucklin et al., 2011; Keating et al., 2015).

Enamel and enameloid matrix genes in sarcopterygians and actinopterygians

The amelogenin (AMEL), ameloblastin (AMBN), and enamelin (ENAM) genes encode the principal enamel
matrix proteins (Fincham et al., 1999) in tetrapods (presumably also coelacanth [Kawasaki and Amemiya,
2014]), whereas SCPP5is thought to encode an enameloid matrix protein in Fugu rubripes (fugu) and Danio
rerio (zebrafish) (Kawasaki et al., 2005, 2009). AMEL has been found only in sarcopterygians and SCPP5 only
in actinopterygians (Figure S1A) (Qu et al., 2015; Braasch et al., 2016; Kawasaki et al., 2017). AMBN and
ENAM are also found in actinopterygians, including Lepisosteus oculatus (referred to below as “gar”)
and zebrafish (Figures S1B and S1C) (Braasch et al., 2016; Kawasaki et al., 2017). All four genes belong
to the SCPP gene family that arose by gene duplication (Kawasaki and Weiss, 2003; Kawasaki et al.,
2017). It is notable that no SCPP genes have been identified in chondrichthyans (Figure 1A) (Venkatesh
et al., 2014; Enault et al., 2018).

We identified amel and ambn in Lepidosiren paradoxa (lungfish); ambn, enam, and scpp5 in Polypterus

senegalus (referred to below as “bichir”) and various teleosts; and ambn in Acipenser sinensis (sturgeon;
Figure S1); AMEL was not identified in actinopterygians. All three modules characteristic of tetrapod
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Figure 2. Expression of ambn, enam, and scpp5 in teeth and scales of gar and teeth of zebrafish

(A) Hematoxylin-eosin (H&E) staining of a developing gar tooth immediately after acrodin formation. Scale bar, 50 um.

(B-D) Our in situ hybridization (ISH) analysis reveals expression of gar ambn (B), enam (C), and scpp5 (D) in IDE cells during the matrix formation stage of
acrodin formation (closed arrowheads).

(E) H&E staining of a developing gar tooth forming collar enamel. Scale bar, 50 pm.

(F=H) ISH analysis reveals expression of gar ambn (F), enam (G), and scpp5 (H) in IDE cells during the secretory stage of collar enamel formation (closed
arrowheads).

(I) H&E staining of a gar scale forming ganoin. Ganoin was lost during decalcification. Scale bar, 50 pm.

(J-L) ISH analysis reveals expression of gar ambn (J), enam (K), and scpp5 (L) in IGE cells during the secretory stage of ganoin formation (closed arrowheads).
Brown pigments are shown by asterisks.

(M) H&E staining of a developing zebrafish tooth. Scale bar, 50 pm.

(N and O) ISH analysis reveals expression of zebrafish ambn (N) in IDE cells (a closed arrowhead) and enam (O) in matrix-formation stage IDE cells and
odontoblasts (closed arrowheads).

(P) Summary of matrix SCPP gene expression in mineralized tissues. In gar scales, relative expression levels were determined by RNA-seq analysis (Table S1)
and the highest expression level of scpp5 among all SCPP genes is shown as “++."” Expression of zebrafish scpp5 (Kawasaki et al., 2017) and stages of
hypermineralized tissue formation in gar and teleosts were described previously (Sasagawa, 1995, 1997; Sasagawa and Ishiyama, 2005; Sasagawa et al., 2008,
2013). See Figure S2A for negative controls and more results. Abbreviations: acr, acrodin; bo, bone; cem, collar enamel; de, dentine; ga, ganoin; ide, inner
dental epithelial cells; ige, inner ganoin epithelial cells; od, odontoblasts.

and coelacanth amelogenins (YY-, P/Q-, and DE-rich regions; Figures 1B and STA) (Toyosawa et al., 1998;
Fincham et al., 1999) were detected in proteins encoded by amelin L. paradoxa and scpp5in bichir and gar.
Nevertheless, in most sarcopterygians these modules are encoded by five exons in AMEL, but twelve exons
in bichir and gar scpp5 genes (Figure 1B). Furthermore, AMEL differs from SCPP5 in genomic location,
exon-intron organization, and exons encoding phospho-Ser residues (Figure STA). These data support
interpretation independent origin of AMEL and SCPP5. Teleosts do not possess enamel, and their
scpp5 genes lack two of these three modules (P/Q and DE; Figures 1B and S1A).

Expression of ambn, enam, and scpp5 in teeth and scales of gar and teeth of zebrafish

In gar, expression of ambn, enam, and scpp5 was detected during tooth formation in IDE cells, initially dur-
ing acrodin matrix formation (matrix formation stage of enameloid; Figures 2A-2D) and then during collar
enamel matrix formation (secretory stage of enamel; Figures 2E-2H) (Sasagawa and Ishiyama, 2005; Sasa-
gawa et al., 2008). During scale formation, expression of ambn, enam, and scpp5 was detected in inner ga-
noin epithelial (IGE) cells that secrete the ganoin matrix on scales (secretory stage; Figures 21-2L). We de-
tected no other expression domains of these genes (Figure S2A). Given the limited expression domain of
these genes in gar skin, their relative expression levels in IGE cells can be determined by RNA sequencing
(RNA-seq) analysis of the skin (Qu et al., 2015; Braasch et al., 2016). Expression of scpp5 was the highest
among these genes and among all SCPP genes (Table S1).
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Figure 3. Distribution of gar Scpp5 in the matrix of teeth and scales detected using optical IHC analysis

(A-F) Optical IHC analysis of gar Scpp5 in acrodin (A and B) and collar enamel (C and D) in teeth, and ganoin in a scale (E
and F). The rectangular region in (A), (C), and (E) is enlarged in (B), (D), and (F), respectively. IHC signals in (A), (C), and (E)
are shown by closed arrowheads. Vertical lines in the ganoin layer (E and F) are artifacts of sectioning. See the legend of
Figure 2 for abbreviations. Scale bar, 100 um (A and C) or 20 um (E). The contrast of these images was enhanced uniformly
over the entire field (see Figure S2B for original images).

In zebrafish, expression of ambn and enam was detected in IDE cells in the matrix formation stages of acro-
din and collar enameloid (Figures 2M-20 and S2A); enam was also expressed in odontoblasts, but we de-
tected no significant expression of enam or ambn in bone cells (Figures 2N and 20). Expression of enamin
odontoblasts appears to initiate during acrodin matrix formation and continue throughout collar ename-
loid and dentine matrix formation (Figures 20 and S2A) (Shellis and Miles, 1974). Results of our expression
analysis are summarized in Figure 2P.

Distribution of gar Scpp5 in acrodin and collar enamel on teeth and in ganoin on scales

The results of our in situ hybridization analysis for gar scpp5 are consistent with the results of our immuno-
histochemical (IHC) analysis using an antibody raised against gar Scpp5. In the mineralization stage of acro-
din formation, which begins after the matrix formation stage (Sasagawa and Ishiyama, 2005), high levels of
Scpp5 were detected near the outer surface, decreasing toward the core, close to odontoblasts (Figures 3A
and 3B). In the collar enamel matrix, Scpp5 was detected uniformly and strongly in the secretory stage,
except in proximity to acrodin (Figures 3C and 3D), where Scpp5 was presumably absorbed by IDE cells
that advanced to the maturation stage (Sasagawa et al., 2008). Scpp5 was also detected weakly in dentine
along the border with collar enamel. In scales, Scpp5 was detected uniformly and strongly in the ganoin
matrix in the secretory stage (Figure 3E) and underlying bone, decreasing immediately in a deeper region
of the bone (Figure 3F).

Since our optical IHC analysis detected specific distributions of Scpp5 in the matrix of developing teeth and
scales, we furthered IHC analysis using transmission electron microscopy (TEM). The results revealed an as-
sociation of Scpp5 with the edge of collagen fibrils in the mineralization stage of acrodin formation (Fig-
ure 4A). In the developing collar enamel, Scpp5 was associated with electron-dense fibrils (Figure 4B)
postulated to form as organic sheaths surrounding slender crystals (Warshawsky, 1989). Scpp5 was also de-
tected in the underlying dentine near the border with collar enamel (Figure 4C), corroborating optical
microscopic observations (Figure 3D). As in collar enamel, most Scpp5 signals in developing ganoin
were associated with electron-dense fibrils (Figures 4D and 4E), especially along fibril edges, suggesting
interactions of Scpp5 with minerals or mineral-associated organic molecules. Weak but significant signals
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Figure 4. Distribution of gar Scpp5 in the matrix of teeth and scales detected using TEM IHC analysis

(A-F) TEM IHC analysis of gar Scpp5 in acrodin (A), collar enamel near IDE cells (B), collar enamel near dentine (C), ganoin
near IGE cells (D), a middle portion of ganoin (E), and ganoin near bone (F). Dark dots show the distribution of Scpp5.
Scale bar, 500 nm (A, D, E, and F) or 200 nm (B and C). See the legend of Figure 2 for abbreviations and Figure S2C for
negative controls.

were also detected in bone underlying scale ganoin, but not in deeper regions (Figure 4F), as in dentine
underlying collar enamel (Figure 4C).

Reconstructing ancestral states of hypermineralized tissues

We explored the evolution of acrodin, enameloid, enamel, and ganoin by reconstructing the ancestral
states using data from living and fossil taxa (Table S2), stochastic character state mapping (Huelsenbeck
et al., 2003), and phylogenetic hypotheses in which (1) Guiyu, Achoania, and Psarolepis (GAP clade) are
constrained to stem-osteichthyans (King et al.,, 2017; Lu et al., 2017) and (2) these taxa are resolved as
stem-sarcopterygians (Lu et al., 2016; Qiao et al., 2016; Choo et al., 2017) (Figures S3A and S3B).

Our results indicate that acrodin evolved in the actinopterygian stem-lineage (Cheirolepis and more crown-
ward taxa); its presence in Ligulalepis is a consequence of convergence or the isolated tooth from which
these data derive does not belong to Ligulalepis (Figures 5A, 5B, S3C, and S3D). Dental enameloid evolved
late in the chondrichthyan stem-lineage (Pucapampella or more crown-ward taxa; Figures 5A, 5B, S3E, and
S3F); the presence of dental enameloid in acanthodians is convergent. Dermal enameloid was resolved as
primitive to the chondrichthyan total-group and, although it is also present in ostracoderms (Donoghue
and Sansom, 2002; Keating et al., 2015), it is inferred absent from the dermal skeleton of stem-os-
teichthyans (Figures 5C, 5D, S3G, and S3H). Thus, dermal enameloid was lost in placoderms (Giles et al.,
2013) and evolved convergently in stem-chondrichthyans after the divergence of Ramirosuarezia (Figures
S3G and S3H). Taken together, these results suggest that, in both the dental and dermal skeletons, os-
teichthyan enameloid originated independently from chondrichthyan enameloid (but see below).

Our estimates of ancestral states were invariant to whether the GAP clade is resolved as stem-osteichthyan
or stem-sarcopterygian (Figure 5). Dental enamel evolved early in the sarcopterygian stem-lineage
(Onychodus and more crown-ward taxa), arising convergently as collar enamel in non-teleost actinoptery-
gians (bichir and gar; Figures 5A, 5B, S3I, and S3J). Dermal enamel evolved deep in the osteichthyan stem-
lineage (Andreolepis and more crown-ward taxa), was lost among early stem-actinopterygians (Cheirolepis
and more crown-ward taxa), but retained in crown-sarcopterygians (Figures 5C, 5D, S3K, and S3L). Ganoin
evolved among early stem-actinopterygians (Cheirolepis and more crown-ward taxa; Figures 5C, 5D, S3M,
and S3N); the ganoin-like (Drvig, 1978; Schultze, 2016) overlapping enamel in Ligulalepis (Schultze and
Maérss, 2004; Schultze, 2016) is resolved as convergent. If dermal enamel and ganoin are considered homol-
ogous, consistent with the expression patterns of AMBN and ENAM in both sarcopterygian enamel and gar
ganoin, the ancestral tissue evolved deep in the osteichthyan-stem (Andreolepis and more crown-ward

iScience 24, 102023, January 22, 2021 5
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Figure 5. Reconstructing ancestral states of hypermineralized tissues

(A-D) Ancestral state reconstruction of the presence of hypermineralized tissues in the dental (A and B) and dermal

(C and D) skeletons for trees, in which the GAP clade is resolved through unconstrained analysis to a stem-sarcopterygian
affinity (A and C), or constrained to a stem-osteichthyan affinity (B and D). Diamonds at nodes express probability of the
presence of a specific hypermineralized tissue, with the proportion of the color fill reflecting probability. The crown-
chondrichthyans (Chond.), crown-actinopterygians (Actinop.), and crown-sarcopterygians (Sarcop.) are shown as
triangles, and important stem taxa by bars (e.g., Meemannia). Tables S2 and S3 show data used to construct these trees.

taxa; Figures 5C, 5D, S30, and S3P). Given the absence of SCPP genes in chondrichthyans, early enamel
matrix SCPP genes likely evolved in concert with a prototypic enamel in stem-osteichthyans, from which

true enamel and ganoin arose, respectively, in sarcopterygians and actinopterygians, as discussed below
(Figure 1A).

Dermal enameloid is present in stem-gnathostomes, early members of placoderm plesia, and chon-
drichthyans (Giles et al., 2013). It has been hypothesized that enamel replaced enameloid through shifts
in the timing of ameloblast and odontoblast activity (Smith, 1992, 1995). Ancestral state estimation pro-
vides support for this switch in a combined coding of dermal enamel, ganoin, and enameloid (Figures
5C, 5D, S3Q, and S3R). The initial enamel matrix SCPP gene may have originated in stem-gnathostomes
and may have subsequently been lost in stem-chondrichthyans. As we discuss below, however, it is
more likely that the enamel matrix SCPP genes are primitively absent from chondrichthyans and were never
involved in dermal enameloid development. The origin of AMBN and ENAM in stem-osteichthyans may be
invoked in the developmental evolution of enamel from an ancestral dermal enameloid (Donoghue and
Sansom, 2002; Donoghue et al., 2006; Keating et al., 2015).

DISCUSSION
Similar formation of ganoin and collar enamel, and of acrodin and collar enameloid

We detected a similar expression pattern of gar scpp5, ambn, and enam in secretory-stage IGE cells and
the uniform distribution of gar Scpp5 in the ganoin matrix (Figures 2J-2L, 3E, and 3F), which suggests that
all these three genes encode ganoin matrix proteins. During collar enamel formation, expression of scpp5,
ambn, and enam in IDE cells (Figures 2F-2H) and the uniform distribution of Scpp5 in the collar enamel
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matrix (Figures 3C and 3D) were also detected. These results imply that ganoin and collar enamel formin a
similar manner. Thus, collar enamel of gar is better described as collar ganoin, which corroborates the hy-
pothesis obtained by histological studies of gars and many fossil actinopterygians (Orvig, 1978; Schultze,
2016).

Acrodin forms below the basal lamina (BL) that originally separates odontoblasts from IDE cells (Smith,
1995). During acrodin formation in gar, odontoblasts retreat from the BL and secrete the bulk of the collag-
enous matrix (Sasagawa and Ishiyama, 2005), similar to dentine formation, while IDE cells secrete Scpp5,
and presumably also Ambn and Enam, as suggested by the expression of ambn and enam in matrix forma-
tion-stage IDE cells. Thus, the region distal to the BL is formed principally by odontoblasts, whereas the
contribution of IDE cells is large in the BL-proximal region (we observed the distribution of Scpp5 only
near the outer surface; Figures 3A and 3B). This result suggests that gar acrodin forms as a dentine-ganoin
composite, supporting the hypothesis for acrodin formation in teleosts (Shellis and Miles, 1974). Associa-
tion of Scpp5 with collagen in the acrodin matrix during mineralization (Figure 4A) probably affects the
mineralization and/or maturation processes, as previously inferred for teleosts (Shellis and Miles, 1974).

During acrodin formation in zebrafish, ambn and enam are expressed in IDE cells and enam are additionally
expressed in odontoblasts. Similar to zebrafish enam, zebrafish and fugu scpp5 genes are also expressed in
both IDE cells and odontoblasts (Kawasaki et al., 2005; Kawasaki, 2009), unlike their gar orthologs (Fig-
ure 2P). Although the expression of these genes suggests conservation of acrodin in gar and zebrafish,
expression of zebrafish scpp5 and enam and fugu scpp5 in odontoblasts implies a modification of acrodin.
Because ENAM is expressed primarily in cells of epithelial origin during the formation of hypermineralized
tissues in gar and sarcopterygians, the modification of acrodin is inferred to have occurred in teleosts. In
zebrafish, a similar expression pattern of ambn, enam, and scpp5 in IDE cells and odontoblasts was also
detected during collar enameloid formation (Figure 2P) (Kawasaki, 2009). These results suggest that acro-
din and collar enameloid form in a similar matrix in zebrafish and support the inference, obtained by study-
ing various teleosts, that acrodin and collar enameloid are homologous, formed by both IDE cells and
odontoblasts in a similar manner (Shellis and Miles, 1974; Sasagawa and Ishiyama, 1988).

Coevolution of hypermineralized tissues and SCPP genes

Our results suggest that enameloid evolved independently in chondrichthyans and actinopterygians.
Although it is difficult to distinguish enameloid of chondrichthyans from enameloid of actinopterygians
by histological characteristics (Reif, 1979), independent evolution of these tissues is supported by their
different mineralization processes. In various actinopterygians, mineralization of enameloid initiates in ma-
trix vesicles, and fine crystals accumulate along collagen fibrils, similar to mineralization of bone and
dentine (Shellis and Miles, 1976; Sasagawa, 1988, 1997; Sasagawa et al., 2019). By contrast, mineralization
of enameloid in various chondrichthyans begins in tubular vesicles, which are not found in osteichthyans,
and no crystals concentrate along fibrillar structures (Sasagawa, 1998, 2002). The unique mineralization pro-
cess of chondrichthyan enameloid reinforces the idea that this tissue evolved independently of SCPP genes
(Kawasaki et al., 2017).

In gar, scpp5 and presumably also ambn and enam encode ganoin matrix proteins, whereas AMEL, AMBN,
and ENAM encode true enamel matrix proteins in sarcopterygians. The difference in matrix proteins of ga-
noin in gar and true enamel in sarcopterygians supports histological classification of true dental enamel in
most stem- and crown-sarcopterygians and ganoin on scales in total-group actinopterygians (Qu et al.,
2015). AMEL is found only in sarcopterygians; SCPP5 only in actinopterygians (Figure S1). Gar scpp5 shows
the highest expression level among all SCPP genes in the skin during ganoin formation (Table S1), reminis-
cent of AMEL that encodes the most abundant enamel matrix protein (Fincham et al., 1999). Sarcopterygian
AMEL genes and gar and bichir scpp5 genes encode a similar modular structure, which is not encoded by
scpp5 in teleosts that do not possess enamel (Figure 1). Furthermore, expression of bichir scop5 was
confirmed in the skin during ganoin formation (Figure STA). These results suggest that sarcopterygian
AMEL genes and gar and bichir scpp5 genes have overlapping functions and that either AMEL or scpp5
is sufficient for these overlapping functions during the formation of true enamel and ganoin. We thus
assume that AMEL evolved in concert with true enamel and SCPP5 evolved with ganoin.

Given the narrow expression domains and timings of AMBN and ENAM, similar spatiotemporal expression
patterns of these genes during the formation of true enamel in sarcopterygians and ganoin in gar imply an
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evolutionary relationship of these two tissues, rather than independent and coincidental employment of
AMBN and ENAM in sarcopterygian true enamel and gar ganoin. Since sarcopterygians and gar phyloge-
netically bracket sarcopterygians and actinopterygians (Figure 1A) (Witmer, 1995), we hypothesize that
both AMBN and ENAM were expressed during the formation of ancestral enamel (see below) in the
most recent common ancestor of sarcopterygians and actinopterygians. The evolutionary relationship of
true enamel and ganoin in gar and many fossil actinopterygians is supported by the common rod-like
arrangement of crystallites, known as the protoprismatic microstructure (Jrvig, 1978; Smith, 1989; Sasa-
gawa et al., 2016). A unique mineralization process of true enamel and ganoin in gar and bichir also sup-
ports their evolutionary relationship. During the formation of true enamel and ganoin, enamel ribbons
form the mineralization front along the distal membrane of ameloblasts or IGE cells (Sire, 1995; Simmer
et al., 2010). The close relationship of true enamel and ganoin suggests their homology: either one tissue
derived from the other or both derived from an ancestral enamel.

Enamel and ganoin are considered homologous (Sire et al., 1987; Sasagawa et al., 2013; Qu et al., 2015),
and the ancestral character estimation analysis assuming this (Figures 5C and 5D) is phylogenetically
congruent, requiring an ancestral dermal hypermineralized tissue in stem-osteichthyans. Within the
context of SCPP gene evolution, either AMEL or SCPP5 was initially employed during the formation of
an ancestral enamel in stem-osteichthyans; SCPP5was subsequently replaced by AMEL in sarcopterygians,
or AMEL was replaced by SCPP5 in actinopterygians. It is also conceivable, however, that AMEL arose in
sarcopterygians and SCPP5 in actinopterygians. Studies of gene-disrupted mice showed that both
AMBN and ENAM are necessary for enamel ribbon formation, the unique mineralization process of
enamel, whereas AMEL is not (Smith et al., 2016; Liang et al., 2019). Furthermore, a thin enamel can
form in AMEL-deficient mice and in toothed whales that have deleterious mutations in AMEL, if both
AMBN and ENAM are functional (Gibson et al., 2001; Kawasaki et al., 2020). These studies support the pres-
ence of ancestral enamel that formed enamel ribbons in a matrix containing AMBN and ENAM, but no
AMEL or SCPP5. We hypothesize that both true enamel and ganoin originated from this ancestral enamel
(Figures 1A and 5).

Dental acrodin arose with dermal ganoin among stem-actinopterygians. It was previously hypothesized
that acrodin of teleosts is a composite of dentine and enamel (Shellis and Miles, 1974). Our observation
of acrodin formation in gar confirms this hypothesis. Thus, acrodin evolution can be explained partly by
early expression of ganoin matrix genes on the tooth cap during dentine formation, as previously sug-
gested (Smith, 1992, 1995). Acrodin is similar in gar and zebrafish, but odontoblasts contribute more to
acrodin formation in zebrafish by expressing scpp5 and enam.

Ancestral state estimates suggest that dental enamel arose independently in stem-sarcopterygians and
non-teleost actinopterygians. As we discussed above, collar enamel is better described as collar ganoin
in gar and many fossil actinopterygians, which suggests that ganoin matrix gene expression on the tooth
collar was critical to the evolution of collar enamel. Expression of scpp5, ambn, and enam during the for-
mation of collar enamel in gar and collar enameloid in zebrafish suggests an evolutionary relationship of
these two tissues and reinforces the previous hypothesis that the evolution of collar enameloid involved
early expression of ganoin matrix genes during dentine formation (Smith, 1992, 1995). Consequently, collar
enamel found in various non-teleost actinopterygians (Jrvig, 1978; Schultze, 2016) was replaced by collar
enameloid in teleosts (Figure 1A). Enameloid is also found on teeth in larval urodeles (Assaraf-Weill et al.,
2014; Berkovitz and Shellis, 2016), but in no other sarcopterygians (Figures S3C-S3F), indicating its inde-
pendent origin in urodeles.

The results of our present study and previous studies using other methods and other species suggest that
various hypermineralized tissues in modern osteichthyans can be classified genetically into true enamel,
ganoin, and a diversity of enameloids; collar enamel, acrodin, and collar enameloid in actinopterygians
are evolutionarily related to scale ganoin. A previous study supported the homology between ganoin
and enamel largely based on the expression of gar ambn and enam in the skin (Qu et al., 2015); however,
if acrodin and collar enameloid arose as a composite of dentine and ganoin, neither acrodin nor collar en-
ameloid could be a ganoin homolog, even though AMBN and ENAM are expressed during formation. Our
results show that orthologous SCPP gene expression may be insufficient to explain the differences between
these tissues. The evolution of true enamel, ganoin, and enameloids can be better explained by various
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changes of matrix SCPP genes, including spatiotemporal shifts in their expression. Hypermineralized tis-
sues in osteichthyans appear to have coevolved with their matrix SCPP genes.

Limitations of the study

In extant actinopterygians, ganoin is found only in bichirs and gars. Although scales of bichirs consist of
ganoin, dentine, and bone, scales of gars lack dentine. However, ganoin formation is similar in both clades
(Sire, 1995), and bichir ambn, enam, and scpp5 are presumably also expressed during scale and tooth for-
mation in a manner similar to their gar orthologs. In teleosts, comprising ~30,000 species (Nelson et al.,
2016), both acrodin and collar enameloid are found in various species. It was reported, however, that acro-
din and collar enameloid of the common eel are covered with a hypermineralized layer formed by IDE cells,
hence a type of enamel (Shellis and Miles, 1976). Although this layer remains to be confirmed, hypermin-
eralized tissues may vary in some teleosts. Moreover, ambn, enam, and scpp5 are all found in zebrafish
and fugu (Figure S1), whereas ambn and/or enam were secondarily lost in some teleosts (Lv et al., 2017).
The lack of these genes suggests modifications of acrodin and collar enameloid, or a loss of hyperminer-
alized tissues. Examination of hypermineralized tissues in various teleosts would elucidate the evolution
and adaptation of hypermineralized tissues in diverse teleosts.

Resource availability
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