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Editorial on the Research Topic

The evolution of biomineralization in metazoans

Biomineralization refers to the process by which living systems deposit minerals. This

process has shaped the face of the Earth over geological time, since the Archean with the

appearance of thefirst stromatolites around 3.5 billion years ago, but particularly with the almost

simultaneous emergence of multiple biologically-controlled animal mineralizations - both

skeletal and non-skeletal—at the dawn of the Cambrian times, circa 545 million year ago

(Knoll, 2003). Metazoan calcium carbonate, calcium phosphate and silica became then major

actors of the Earth machine: let us think for a moment that Australia’s Great Barrier Reef is the

only animal construction visible from space ! Throughout the Phanerozoic times, these three

minerals have contributed tomaintain Earth homeostasis and, concerning calcium carbonate, to

regulate the climate at global scale, by long-term sequestering carbon dioxide (Milliman, 1993).

This Frontiers Research Topic gathers fifteen articles that bring new insights into

biomineralization in many metazoan phyla, highlighting both the great diversity of

mechanisms as well as some ancient evolutionary events that shaped this important

biological process. Figure 1 illustrates the variety of contributions covering a large range

of metazoan phyla. Of course, encompassing the whole metazoans was a challenge and some

groups are missing in this volume: siliceous sponges for example, but also brachiopods,

bryozoans, calcifying annelids, or, among the ecdysozoans, crustaceans. However, the fifteen

articles presented here constitute a significant sampling of the research on evolutionary

processes that have been driving animal biomineralization for an eon.

Regarding non-bilaterians metazoans, Voigt et al. highlight the evolution of carbonic

anhydrases in calcareous sponges (Calcarea), distinguishing the different cellular locations of

this enzyme in the two subclasses Calcinea and Calcaronea. For cnidarians, Zaquin et al. show

how the skeletal matrix proteins of scleractinian corals result from the independent co-option

of ancestral genes predating cnidarian diversification, but also from posterior recruitment of

duplicated genes that are species-specific. Finally, Conci et al. review different cellular and

molecular aspects of the skeletal biomineralization of another cnidarian clade, Octocorallia,
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which can ‘handle’ the two calcium carbonate polymorphs, i.e.,

calcite—the predominant form—but also, more rarely, aragonite.

The four papers covering the protostome world deal with the

molecular aspects of shell biomineralization in molluscs, namely, three

bivalves and one gastropod. Sato et al. emphasize the seasonal plasticity

of the shell, by describing the microstructure of the winter layer and its

associated molecular markers, in the shell of the Japanese pearl oyster,

whileMcDougall et al. associate changes in gene expression in the pearl

sac to the pearl structural characteristics in the south sea pearl oyster

Pinctada maxima. Fundamental aspects of shell evolution are

examined with the contribution of Takeuchi et al. who identify the

complete protein shell repertoire of the Japanese crocus clam. At last,

Jackson reveals themodularity and plasticity of the calcifyingmantle of

the terrestrial grove snail, Cepaea nemoralis, by looking at the spatial

expression pattern of some key shell-forming genes.

A total of eight articles relate to biomineralisation in the skeleton

of deuterostomes, with a major focus on the derived calcium-

phosphate based skeleton of vertebrates. In particular, Pears et al.

describe in unprecedented detail the delicate mineralisation in the

cartilaginous skeleton of Holocephalans, while Clark et al. uncover

the various architectures of highlymineralised jaws in batoids (rays).

More general aspects of cartilaginous fish skeletal mineralisation are

exposed in the review of Atake and Eames and a research article

proposed by Berio et al. Specific aspects of skeletal gene evolution are

analysed for two vertebrate gene families:Mgp/Bgp Leurs et al., and

SPARC/SPARCL Romero et al., Deuterostomian calcium carbonate-

based biomineralizations are not to be outdone, with the

contribution of Le Roy et al. on the molecular toolkit for

building avian eggshell and with the review of Khor and

Ettenson on the skeletal function of Alx homeobox genes in

echinoderms and all deuterostomes in general.

While the Research Topic of these research and review articles

demonstrates the diversity of biomineralization forms in animals,

they also surprisingly underline major genetic variation at all levels

of comparisons, from the deepest nodes of metazoans, to more

recent divergent groups within vertebrates, molluscs, corals or

sponges. We hope that this Research Topic will inspire and

encourage the community to further explore this complex and

fascinating aspect of animal biology.
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FIGURE 1
The phylogenetic relationships of the 15 contributions of this Research Topic.
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Transcription Factors of the Alx 
Family: Evolutionarily Conserved 
Regulators of Deuterostome 
Skeletogenesis
Jian Ming Khor  and Charles A. Ettensohn *

Department of Biological Sciences, Carnegie Mellon University, Pittsburgh, PA, United States

Members of the alx gene family encode transcription factors that contain a highly conserved 
Paired-class, DNA-binding homeodomain, and a C-terminal OAR/Aristaless domain. 
Phylogenetic and comparative genomic studies have revealed complex patterns of alx 
gene duplications during deuterostome evolution. Remarkably, alx genes have been 
implicated in skeletogenesis in both echinoderms and vertebrates. In this review, we provide 
an overview of current knowledge concerning alx genes in deuterostomes. We highlight 
their evolutionarily conserved role in skeletogenesis and draw parallels and distinctions 
between the skeletogenic gene regulatory circuitries of diverse groups within 
the superphylum.

Keywords: Alx transcription factors, skeletogenesis, chondrogenesis, osteogenesis, deuterostome evolution, 
neural crest cell, biomineralization, calcification

INTRODUCTION

Biomineralization, the formation of mineral by living organisms, is an exceptionally widespread 
phenomenon and is thought to have evolved independently and rapidly in many different metazoan  
phyla through the deployment of a wide range of biomineralization mechanisms and chemistries. 
Depending on the type and extent of the mineral components, biomineralized tissues are used 
for structural support, resource acquisition, and protection. There are three predominant classes 
of biogenic mineral in metazoans: calcium carbonates, calcium phosphates, and silica. The carbonate 
and phosphate salts of calcium are widely used as skeletal material by vertebrates and invertebrates, 
while silica biomineralization is prevalent in sponges (Wang et  al., 2010b). The emergence of 
biomineralization during the Cambrian Explosion, followed by evolutionary modifications of these 
biomineralization programs, gave rise to the diverse biomineralized structures found in modern 
metazoans (Knoll, 2003; Zhuravlev and Wood, 2018).

Within the deuterostome superphylum, only vertebrates and echinoderms produce extensive 
biomineralized skeletal structures. The vertebrate endoskeleton consists primarily of the skull, 
vertebrae, ribs, and limb bones all of which are composed of matrix proteins (e.g., collagens) 
and calcium phosphate crystals. Vertebrate biomineralization is predominantly orchestrated by 
chondrogenic cells (chondrocytes) and osteogenic cells (osteoblasts and osteoclasts). The vertebrate 
skeleton is formed during early development by cartilage and/or connective tissue membranes, 
which are subsequently replaced by bony tissues through the process of ossification. There are 
two forms of ossification, endochondral and intramembranous ossification. Endochondral ossification 
is associated with the formation of long bones and requires the presence of a hyaline cartilage 
template formed by chondrocytes (Mackie et al., 2008). During vertebrate embryonic development, 
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chondrocytes are derived from neural crest cells, somitic 
mesodermal cells, and lateral plate mesodermal cells (see review 
by Hirasawa and Kuratani, 2015). Developmental cues signal 
the cartilage matrix to calcify. This prevents the diffusion of 
nutrients into the matrix and results in chondrocyte apoptosis, 
allowing blood vessels to invade the cartilage cavities. Osteoblasts, 
derived from common osteochondroprogenitor or directly from 
chondrocytes (Yang et  al., 2014), and osteoclasts, derived from 
erythron-myeloid progenitors (Jacome-Galarza et  al., 2019), 
then transform the calcified cartilage into biomineralized bone 
(Mackie et  al., 2008). During intramembranous ossification, 
spongy bones are formed when osteoblasts directly deposit 
biomineral on extracellular sheets of mesenchymal connective 
tissues (Percival and Richtsmeier, 2013). This process is 
commonly involved in the formation of flat bones found in 
the skull, mandible, and clavicles. Whether intramembranous 
or endochondral ossification arose first during vertebrate 
evolution remains unclear (Cervantes-Diaz et  al., 2017; 
Wood and Nakamura, 2018; Brazeau et  al., 2020).

All adult echinoderms produce calcite-based endoskeletons 
that consist of the test, teeth, and spines. In most species, the 
adult form arises from a swimming, feeding larva via 
metamorphosis, and these two life history stages bear little 
morphological resemblance to one another. In some echinoderm 
clades, specifically echinoids (sea urchins) and ophiuroids (brittle 
stars), the feeding larva also possesses an intricate and extensive 
calcitic endoskeleton, which is first laid down during embryonic 
development and further elaborated after feeding begins. The 
founder cells of the embryonic skeletogenic lineage, the large 
micromeres, arise early in development and are specified by 
a combination of localized maternal factors and unequal cell 
division. At the mesenchyme blastula stage, the large micromere 
descendants undergo an epithelial-to-mesenchyme transition 
(EMT) and ingress into the blastocoel as primary mesenchyme 
cells, or PMCs (see reviews by Ettensohn, 2020; McClay et  al., 
2020). After ingression, PMCs extend filopodia and migrate 
along the blastocoel wall, gradually adopting a ring-like 
configuration near the equator of the embryo. As the PMCs 
migrate, their filopodia fuse, forming a cable-like cytoplasmic 
strand that connects the cells in a syncytial network. Amorphous 
calcium carbonate and associated proteins are then secreted 
into an intercellular space within the cytoplasmic cable, where 
the biomineral matures and grows, eventually producing the 
elaborate, branched skeletal elements (spicules) of the larva 
(Wilt, 2002; McIntyre et  al., 2014; Shashikant et  al., 2018).

Due to differences in mechanisms underlying axial patterning, 
developmental timing, and embryological structures, it is often 
difficult to deduce morphological homology. Although the 
biomineralized tissues found in different metazoan phyla are 
not considered homologous in the strictest sense, recent comparative 
studies have revealed common elements across different 
biomineralization systems. This has led to the recognition of a 
possible “biomineralization toolkit;” an ancestral gene regulatory 
network (GRN) consisting of signaling and gene regulatory 
pathways that was independently co-opted and fine-tuned for 
biomineralization in diverse animal taxa. One common regulator 
of deuterostome skeletogenesis is the Alx transcription factor 

family, which has been shown to have an ancient, conserved 
role in this process in both vertebrates and echinoderms. In 
this review, we examine the current state of knowledge concerning 
deuterostome alx genes, with a focus on their role in skeletogenesis.

PHYLOGENETIC DISTRIBUTION OF ALX 
GENES IN DEUTEROSTOMES

The alx gene family encodes Paired-class homeodomain 
transcription factors that contain a highly conserved DNA-binding 
homeodomain and a C-terminal Otp, Aristaless, and Rax (OAR) 
domain, features that are shared by many Paired-class 
homeodomain proteins. Phylogenetic and comparative genomic 
studies have revealed considerable variability in the number of 
alx genes in different deuterostomes, pointing to a complex 
evolutionary pattern of lineage-specific gene duplication and loss 
(Figure 1; adapted from McGonnell et al., 2011; Koga et al., 2016). 
Hemichordates possess a single alx gene (Koga et  al., 2016) 
while echinoderms have two (alx1 and alx4; Ettensohn et al., 2003; 
Koga et  al., 2016). In contrast, humans and mammals possess 
three alx genes (alx1/cart1, alx3, and alx4) that arose through 
two duplication events. Through the course of evolution, one 
of the paralogues, alx3, was lost from amphibian and reptile 
lineages (McGonnell et al., 2011). Additionally, ray-finned fishes 
such as zebrafish acquired two paralogues of alx4, designated 
alx4a and alx4b, as a result of a separate, whole genome 
duplication event (McGonnell et  al., 2011). The lancelets have 
two alx genes. In Branchiostoma floridae, these two genes (Bf-alx1 
and Bf-alx2) are located close to each other in the genome and 
have very similar intron-exon organizations. Molecular phylogenetic 
analysis of Alx proteins indicate that Bf-Alx1 and Bf-Alx2 form 
a monophyletic group, providing further support for the view 
that they arose from a lineage-specific gene duplication event 
(Figure  1; Koga et  al., 2016).

DEVELOPMENTAL EXPRESSION AND 
FUNCTION OF ALX GENES IN JAWED 
VERTEBRATES

Members of the alx gene family are expressed in several 
mesenchymal tissues during the embryogenesis of jawed 
vertebrates (gnathostomes), a group that includes most of the 
vertebrate species used for developmental studies. These genes 
are expressed most prominently in distinct but partially 
overlapping patterns in neural crest-derived craniofacial 
mesenchyme and in mesenchyme of the limb bud, both of 
which are sources of cartilage and bone (Zhao et  al., 1994; 
Qu et al., 1997a; ten Berge et al., 1998; Beverdam and Meijlink, 
2001). Other sites of embryonic expression have also been 
reported, including the head mesoderm, sclerotome of the 
somite (another tissue that produces cartilage and bone), hair 
follicles, dental papillae of teeth, and parts of the developing 
urogenital system (Zhao et  al., 1994; Hudson et  al., 1998; 
ten Berge et  al., 1998; Bothe et  al., 2011; Wang et  al., 2019).
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In the developing head, genes of the alx family are expressed 
by neural crest cells, which give rise to cartilages and bones 
of the skull, jaw, and middle ear, as well as other derivatives 
(see reviews by Santagati and Rijli, 2003; Noden and Trainor, 
2005). Consistent with this pattern of expression, perturbations 
of alx genes commonly result in severe craniofacial malformations, 
including frontonasal dysplasia and the reduction or malformation 
of many neural crest-derived skeletal elements (Table  1). In 
mice, loss-of-function mutations of alx1/cart1 or alx4 also lead 
to other cranial abnormalities such as anencephaly and lacrimal 
gland aplasia (Zhao et  al., 1996; Garg et  al., 2017), although 
these effects are likely to be  secondary consequences of defects 
in neural crest cells, which provide essential signals that regulate 
the development of the brain and eye (Zhao et  al., 1996; 
Bhattacherjee et al., 2009; Le Douarin, 2012; Garg et al., 2017). 
While alx3-null mice appear normal, alx3/alx4 double mutant 
mice exhibit severe frontonasal dysplasia and cranial skeletal 
defects that are more extreme than those observed in alx4 
mutant mice, revealing non-equivalent but overlapping functions 
of these highly similar proteins (Beverdam et  al., 2001).

During early zebrafish development, the expression of alx1 
alone is detected in migrating neural crest cells, while at later 

stages, alx1, alx3, alx4a, and alx4b exhibit overlapping patterns 
of expression in the craniofacial mesenchyme (Dee et al., 2013; 
Wang et  al., 2019). Alx1 is also transiently expressed in the 
cranial paraxial mesoderm at early developmental stages (Wang 
et  al., 2019). Perturbation of Alx1 expression using antisense 
morpholino oligonucleotides (MOs) produces severe craniofacial 
defects in zebrafish, similar to results seen in the mouse, 
inhibition of alx3 alone results in no significant craniofacial 
abnormalities (Dee et  al., 2013). In developing frog and chick 
embryos, both alx1 and alx4 are expressed robustly in the 
craniofacial mesenchyme (Bothe and Dietrich, 2006; 
McGonnell et  al., 2011; Square et  al., 2015).

Genes of the alx family are also expressed in the mesodermal 
compartment of the limb buds. At early embryonic stages, 
these genes are expressed specifically in an anterior, proximal 
zone while later in development they are also expressed at the 
distal margin (Qu et  al., 1997b). The anterior, proximal zone 
of expression may include sites where skeletal elements of the 
shoulder and pelvic girdles (the scapula and pelvis, respectively) 
form, although this has not been shown directly. The skeletal 
elements of the limb girdles have complex embryological origins 
that are only partially understood. The scapula may arise from 

FIGURE 1 | Molecular phylogeny of Alx proteins (adapted from McGonnell et al., 2011; Koga et al., 2016). Branch lengths are arbitrary. Sk, Saccoglossus kowalevskii 
(acorn worm); Lv, Lytechinus variegatus (euechinoid sea urchin); Hp, Hemicentrotus pulcherrimus (euechinoid sea urchin); Sp, Strongylocentrotus purpuratus (euechinoid 
sea urchin); Mr, Metacrinus rotundus (sea lily); Ak, Amphipholis kochii (brittle star); Pm, Patiria miniata (sea star); Ppc, Patiria pectinifera (sea star); Bf, Branchiostoma 
floridae (lancelet); Dr, Danio rerio (zebrafish); Xt, Xenopus tropicalis (frog); Ac, Anolis carolinensis (lizard); Hs, Homo sapiens (human); Mm, Mus musculus (mouse).
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TABLE 1 | Summary of expression patterns, mutations, perturbations, and diseases associated with alx genes across different deuterostome phyla.

Organism Gene Expression Pattern Reference Mutation/Perturbation
Disease/Mutational 
Effect

Reference

Human

alx1 n.d. n.d.

Whole-gene deletion and 
homozygous homeodomain splice-
site mutation (c.531+1G>A)

Frontonasal dysplasia, 
characterized by 
microphthalmia and severe 
facial clefting

Uz et al., 2010

Reciprocal translocation t(1;12)
(p32.1;q21.3) resulting in enhanced 
gene expression

Microcephaly, language 
impairment, and mental 
retardation

Liao et al., 2011

alx3 n.d. n.d.

Nonsense (c.543T>A; p.Y191X), 
frameshift (c.578_581delCTGA;  
p.T193RfsX137), and splice-site  
(c.595-2A>T) mutations within 
homeodomain

Frontonasal dysplasia 
(frontorhiny)

Twigg et al., 
2009

Nonsense mutation within 
homeodomain (c.604C>T; p.Q202X), 
resulting in premature stop

Frontonasal dysplasia 
(frontorhiny)

Ullah et al., 
2018

alx4 n.d. n.d.

Deletion and insertion mutation  
(c.1080_1089delGACCCGGTGC 
insCTAAGATCTCAACAGAGATG 
GCAACT; p.D326fsX21), resulting in 
frameshift and loss of OAR domain

Mild frontonasal  
dysplasia and enlarge 
parietal foramina

Bertola et al., 
2013

Deletions (c.385_394del, 
c.417_418del), point mutation 
(c.620C>A), and duplication 
(c.456_465dup)

Enlarged parietal foramina
Mavrogiannis 
et al., 2006

Deletion (c.504delT; p.D169X), 
resulting in premature stop and loss  
of homeodomain; point mutation in 
homeodomain (c.815G>C; p.R272P)

Enlarged parietal foramina
Wuyts et al., 
2000

Nonsense mutation (c.793C>T; p.
R265X)

Frontonasal dysplasia
Kayserili et al., 
2009

Point mutation (c.653G>A; p.R218Q) 
in homeodomain nuclear localization 
signal

Enlarged parietal foramina
Valente et al., 
2004

Deletion (c.291delG; p.Q98SfsX83) 
resulting in frameshift and premature 
stop

Frontonasal dysplasia
El-Ruby et al., 
2018

Point mutations (c.19G_T; p.V7F, 
c.631A>G; p.K211E, c.917C>T;  
p.P306L)

Nonsyndromic 
craniosynostosis

Yagnik et al., 
2012

Mouse

alx1

Craniofacial region (frontonasal  
head mesenchyme), lateral plate 
mesoderm, and limb bud 
mesenchyme

Beverdam and 
Meijlink, 2001;  
Zhao et al., 1994

Homozygous null mutant
Acrania and  
anencephaly

Zhao et al., 
1996

alx3  
and  
alx4

Overlapping expression in the 
craniofacial region (frontonasal  
head mesenchyme), lateral plate 
mesoderm, and limb bud 
mesenchyme. alx3 is expressed in 
parts of the developing urogenital 
system. alx4 is expressed  
in hair follicles and dental papillae of 
teeth.

Qu et al., 1997a; 
Hudson et al., 
1998; ten Berge 
et al., 1998

Homozygous double alx3/alx4  
mutant

Frontonasal dysplasia and 
preaxial polydactyly

Beverdam et al., 
2001

Zebrafish

alx1, 
alx3, 
alx4a, 
and 
alx4b

Overlapping expression in the 
frontonasal mesenchyme, periocular 
mesenchyme, mandible arch, and 
the prospective palate. alx1 is 
expressed in the head mesoderm.

Dee et al., 2013; 
Wang et al., 2019

Knockdown using alx1 antisense 
morpholino oligonucleotide

Defective neural crest 
migration and craniofacial 
malformations

Dee et al., 2013

Knockdown using alx3 antisense 
morpholino oligonucleotide

No significant effect Dee et al., 2013

(Continued)
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three sources: somatic mesoderm of the lateral plate, somite-
derived dermamyotome, and neural crest, while the pelvis likely 
arises from somatic mesoderm and sclerotome (Young et  al., 
2019). Genetic knockouts in mice have revealed essential and 
partially redundant roles for alx1, alx3, and alx4 in the formation 
of the superior/anterior portion of the scapula blade (and in 
the development of the clavicle) and have shown that alx1 
expression in this region is under the direct control of the 
transcription factors Emx2 and Pbx1 (Kuijper et  al., 2005a,b; 
Capellini et  al., 2010). Similarly, compound alx1:alx4 and 
alx3:alx4 double mutants reveal overlapping roles for these 
genes in the formation of the pelvic skeleton (Kuijper et  al., 
2005b; Young et  al., 2019). Unlike the neural crest-derived 
skeleton of the head, the scapula and pelvis both form by 

endochondral ossification, and defects are observed in both 
the cartilaginous and bony compartments of these skeletal 
elements when the function of alx family genes is compromised.

A striking developmental consequence of alx4 null mutations 
is preaxial polydactyly – the formation of one or more 
supernumerary anterior digits (Forsthoefel, 1963; Qu et al., 1997b). 
This effect is associated with the formation of an ectopic, anterior 
zone of polarizing activity (ZPA) in the limb bud and concomitant, 
anterior expression of sonic hedgehog (shh; Chan et  al., 1995; 
Qu et  al., 1997a,b; Takahashi et  al., 1998). At relatively late 
developmental stages, Shh signaling is required for polydactyly 
to develop in alx4-null mutants, but it has been proposed that 
alx4 also plays an earlier, Shh-independent role in anterior-
posterior patterning (Kuijper et al., 2005b). The expression domains 

Organism Gene Expression Pattern Reference Mutation/Perturbation
Disease/Mutational 
Effect

Reference

Cattle alx4 n.d. n.d.
Duplication (c.714_734dupTCACCG
AGGCCCGCGTGCAG) within the 
homeodomain

Tibial hemimelia syndrome
Brenig et al., 
2015

Cat alx1 n.d. n.d.
In frame deletion of homeodomain 
sequences 
(c.496_507delCTCTCAGGACTG)

Frontonasal dysplasia
Lyons et al., 
2016

Frog
alx1 
and 
alx4

Frontal mesenchyme near the  
eyes

McGonnell et al., 
2011

n.d. n.d. n.d.

Chicken
alx1 
and 
alx4

Craniofacial region (frontonasal  
head mesenchyme)

Bothe et al., 2011; 
McGonnell et al., 
2011

n.d. n.d. n.d.

Lamprey alx

Trabecular cartilaginous elements 
near the eye, upper lip  
mesenchyme and parts of the 
branchial basket cartilage

Cattell et al., 2011; 
Kuratani et al., 
2016; Square 
et al., 2017

n.d. n.d. n.d.

Lancelet alx
Paraxial mesoderm, pharyngeal  
arch mesoderm, and gut 
diverticulum

Meulemans and 
Bronner-Fraser, 
2007

n.d. n.d. n.d.

Thin-spined 
sea urchin

alx1
Primary mesenchyme cells in 
embryos and juvenile skeletogenic 
centers in late stage larvae

Ettensohn et al., 
2003;

Knockdown using alx1 antisense 
morpholino oligonucleotide

Loss of skeletogenic cell 
specification

Ettensohn et al., 
2003

Gao and 
Davidson, 2008

Overexpression of Alx1 via mRNA 
microinjection into fertilized eggs

Ectopic activation of the 
skeletogenic program in 
mesodermal lineage cells

Ettensohn et al., 
2003

alx4
Primary mesenchyme cells and 
coelomic mesoderm in embryos

Rafiq et al., 2012; 
Koga et al., 2016

n.d. n.d. n.d.

Pencil 
urchin

alx1
Skeletogenic mesenchyme lineage 
cells

Erkenbrack and 
Davidson, 2015

Knockdown using alx1 antisense 
morpholino oligonucleotide

Loss of skeletogenic cell 
specification

Erkenbrack and 
Davidson, 2015

Sea star alx1
Juvenile skeletogenic centers in late 
stage larvae

Gao and 
Davidson, 2008

Overexpression of Alx1 via mRNA 
microinjection into fertilized eggs

Upregulation of sea star 
orthologues of sea urchin 
skeletogenic genes during 
embryogenesis

Koga et al., 
2016

Sea 
cucumber

alx1
Skeletogenic mesenchyme lineage 
cells

McCauley et al., 
2012

Knockdown using alx1 antisense 
morpholino oligonucleotide

Loss of skeletogenic cell 
specification

McCauley et al., 
2012

Brittle star alx1
Skeletogenic mesenchyme lineage 
cells and adult skeletogenic centers 
in juveniles

Czarkwiani et al., 
2013; Koga et al., 
2016

n.d. n.d. n.d.

Acorn 
worm

alx Coelomic mesoderm Koga et al., 2016 n.d. n.d. n.d.

n.d., not determined.

TABLE 1 | Continued
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of alx4 and shh during limp outgrowth are established, in part, 
by mutual repression (Kuijper et al., 2005b; Matsubara et al., 2017).

Consistent with the results of experimental gene perturbations, 
genetic association studies in several vertebrate species have shown 
that polymorphisms in alx genes are associated with phenotypic 
variations in skeletal development. A genome-wide scan of genetic 
diversity between two closely related species of Darwin’s finches 
has revealed that polymorphism within the alx1 gene is strongly 
associated with beak morphology (Lamichhaney et  al., 2015). 
Linkage analysis and genome-wide association studies have also 
identified a small 12 bp deletion in the alx1 gene that is associated 
with frontonasal dysplasia in Burmese cats (Lyons et  al., 2016). 
Furthermore, variations in the number of repeats in the coding 
region of alx4 are quantitatively associated with polydactyly in 
the Great Pyrenees dog breed (Fondon and Garner, 2004), and 
a 20 bp duplication in the alx4 gene is linked to congenital tibial 
hemimelia (loss or shortening of the tibia) in Gallow cattle (Brenig 
et al., 2015). Taken together, these findings suggest that an ancient 
alx gene may have constituted a conserved, core element of the 
ancestral vertebrate skeletogenic GRN and that gene duplication 
followed by divergence of the paralogs with respect to their 
developmental expression and/or biochemical properties has 
produced multiple alx family members with overlapping functions.

Considered as a whole, these studies show that members of 
the vertebrate alx gene family play a conserved, prominent role 
in the development of the cranial and appendicular skeletons. 
In contrast, they do not appear to mediate the development of 
the sclerotome-derived, axial skeleton of the trunk (the vertebrae 
and ribs). Members of the alx gene family may also have other, 
less well-characterized, developmental functions, although some 
of the effects of mutations in these genes on non-skeletal tissues 
are likely to be indirect. In the cranial region, it is well-established 
that alx-family genes are expressed robustly and selectively by 
neural crest cells (Rice et  al., 2003; Dee et  al., 2013; Garg et  al., 
2017), a cell population that gives rise to both cartilage and 
membranous bone. Expression of alx family genes is not uniform 
in all regions of the developing head, however, and it has been 
hypothesized that this contributes to a regulatory code that controls 
the region-specific identity of the cranial neural crest (Square 
et al., 2017). With respect to appendage development, the expression 
of alx-related genes is associated with skeleton-forming potential 
of mesenchymal cell that will form proximal elements of the 
limb girdles (clavicle, scapula, and pelvis; Young et  al., 2019). 
The embryological origins and the precise developmental fates 
of these cells, as well as that of other cells of the developing 
limb that express alx-related genes, are not well-characterized.

DEVELOPMENTAL EXPRESSION OF ALX 
GENES IN OTHER CHORDATES

In basally-derived (jawless) vertebrates and cephalochordates 
(amphioxus), animals that possess only cartilaginous skeletons, 
alx-family genes are expressed in patterns consistent with a role 
in skeletogenesis. The single lamprey alx gene is expressed at high 
levels in the trabecular cartilaginous elements near the eye, in 
a region that may be derived from mesoderm or from the cranial 

neural crest (Kuratani et  al., 2016; Square et  al., 2017). 
Cephalochordates have stiff, acellular pharyngeal endoskeletons 
that contain fibrillar collagen, and the adult form has a cartilaginous 
oral skeleton that supports the cirri (Jandzik et al., 2015). Amphioxus 
lacks a neural crest, and the embryonic cell lineage that produces the 
oral skeleton has not been identified. One study has examined the 
expression of alx-related genes in cephalochordates and reported 
expression in the somites and right gut diverticulum at neurula/early 
larval stages (Meulemans and Bronner-Fraser, 2007). At present, 
the function of alx-related genes in jawless vertebrates and 
amphioxus has not been explored through gene perturbation studies.

DEVELOPMENTAL EXPRESSION AND 
FUNCTION OF ALX GENES IN 
ECHINODERMS

In echinoderm clades that form larval skeletons, alx1 is one of 
the earliest regulatory genes expressed during development, and 
it plays a pivotal role in specifying the fate of PMCs, the 
embryonic skeletogenic cells (Ettensohn et  al., 2003; Erkenbrack 
and Davidson, 2015; Dylus et  al., 2016; Shashikant et  al., 2018). 
Transcription of alx1 can be  detected as early as the 56-cell 
stage specifically in the large micromeres (the progenitors of PMCs), 
and expression remains restricted to this cell lineage throughout 
embryogenesis (Ettensohn et  al., 2003). Perturbation of Alx1 
expression using MOs inhibits PMC specification while 
overexpression of Alx1 results in ectopic activation of the 
skeletogenic program in other mesodermal lineages. Furthermore, 
experimental ablation of PMCs leads to the activation of alx1 
and downstream components of the skeletogenic GRN by 
non-skeletogenic mesoderm (NSM) cells, which ultimately reform 
a larval skeleton (Ettensohn et  al., 2007). The ectopic activation 
of alx1 is essential for NSM cells to acquire skeletogenic properties, 
although this activation occurs by a mechanism distinct from 
that which normally operates in the large micromeres (Oliveri 
et al., 2008; Sharma and Ettensohn, 2011; Ettensohn and Adomako-
Ankomah, 2019). Remarkably, the removal of NSM cells via 
microsurgical removal of the archenteron as well as PMCs results 
in the activation of alx1 and formation of a skeleton by presumptive 
endoderm cells (Sharma and Ettensohn, 2011).

The role of alx1 in the skeletogenic GRN in euechinoid 
sea urchins has been especially well-characterized (Figure  2). 
Alx1 provides positive inputs into almost half of the ~420 
genes that are differentially expressed by PMCs, highlighting 
the pivotal role of Alx1 in establishing skeletogenic cell identity 
(Rafiq et  al., 2014). A recent chromatin immunoprecipitation 
sequencing (ChIP-seq) study determined that many of these 
genes, including both regulatory (i.e., transcription factor-
encoding) and effector (i.e., differentiation) genes, are direct 
targets of alx1 (Khor et  al., 2019). A second transcription 
factor, Ets1, collaborates with Alx1  in the co-regulation of a 
large fraction of genes differentially expressed by PMCs (Rafiq 
et al., 2014), in many cases through a feed-forward mechanism 
(i.e., Ets1  >  Alx1, Ets  +  Alx1  >  effector gene; Yamasu and 
Wilt, 1999; Amore and Davidson, 2006; Oliveri et  al., 2008; 
Yajima et  al., 2010; Shashikant et  al., 2018; Khor et  al., 2019). 
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Downstream effector genes that are regulated by Alx1 include 
those that directly mediate biomineralization (e.g., those that 
encode secreted spicule matrix proteins that are incorporated 
into the biomineral) and those that mediate skeletogenesis through 
signaling pathways and morphogenetic cell behaviors (Figure 2).

The alx1 gene is also expressed specifically in skeletogenic 
cells of cidaroids (pencil urchins) and holothuroids (sea 
cucumbers), and is required and for skeletogenesis in these 
species (McCauley et al., 2012; Erkenbrack and Davidson, 2015). 
The alx1 gene is robustly expressed in adult skeletogenic centers, 
even in sea stars, which lack a larval skeleton (Gao and 
Davidson, 2008; Czarkwiani et  al., 2013; Gao et  al., 2015). 
Comparative studies have revealed many similarities in the 
gene regulatory programs of skeletogenic cells in the larva 
and adult (Richardson et  al., 1989; Gao and Davidson, 2008; 
Killian et  al., 2010; Czarkwiani et  al., 2013; Gao et  al., 2015). 
Hence, it is widely thought that the larval skeleton arose within 
the echinoderms by co-option of an adult skeletogenic program. 
Moreover, ectopic expression of sea urchin or sea star alx1 

in sea star embryos is sufficient to activate several sea star 
orthologs of sea urchin skeletogenic genes (Koga et  al., 2016). 
These findings confirm the critical role that Alx1 plays in 
establishing skeletogenic identity across all echinoderms at all 
life history stages, supporting the view that this function was 
present in the last common ancestor of echinoderms.

Echinoderms also possess a paralog of alx1, known as alx4. 
The two genes are directly adjacent to one another in the sea 
urchin genome, suggesting that they arose through gene 
duplication. The sister group to echinoderms, the hemichordates, 
possess a single alx gene, suggesting that the gene duplication 
occurred after the divergence of echinoderms from hemichordates 
(Koga et  al., 2016). The alx4 gene, like alx1, is expressed by 
skeletogenic PMCs, but alx4 is also expressed by presumptive 
coelomic pouch cells at the tip of the archenteron (Rafiq et al., 
2012; Koga et  al., 2016). The function of alx4 has not been 
experimentally determined but it has been proposed to 
be  involved in coelom development as the single alx gene in 
hemichordates is expressed in the coelomic mesoderm. As 

FIGURE 2 | Activation of Alx1 in euechinoids (S. purpuratus) and regulatory inputs into primary mesenchyme cell (PMC) effector genes. Only a small number of 
more than 420 effector genes differentially expressed in PMCs (Rafiq et al., 2014) is shown here. A large subset of effector genes receives regulatory inputs from 
both Ets1 and Alx1 (Rafiq et al., 2014). Positive regulatory inputs by Ets1 and Alx1 into msp130, sm50, and vegf-Ig-10 are described in (Oliveri et al., 2008).  
Direct targets of the sea urchin Alx1 (Khor et al., 2019) define a genetic subcircuit that impinges on almost all aspect of PMC morphogenesis, including directional 
cell migration, extracellular matrix (ECM) remodeling, cell-cell fusion, and biomineralization. Dashed arrows indicate interactions that may be indirect. For additional 
information regarding the developmental functions of the specific effector genes shown here, see Shashikant et al. (2018) and references therein.
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adult hemichordates possess only small biomineralized elements 
(Cameron and Bishop, 2012), these observations suggest that 
alx1 gained enhanced skeletogenic function in echinoderms 
secondarily. Structure-function analysis of Alx1 and Alx4  in 
euechinoid sea urchins has revealed that the gene duplication 
event permitted the functional specialization of Alx1 through 
changes in intron-exon organization and the acquisition of a 
novel protein motif known as the D2 domain (Khor and 
Ettensohn, 2017). As noted above, a recent genome-wide 
ChIP-seq study showed that a large part of the embryonic 
skeletogenic GRN of sea urchins is directly regulated by Alx1, 
including many morphoeffector genes that are also expressed 
in adult skeletogenic centers. Hence, a heterochronic shift in 
alx1 expression from adult skeletogenic centers to the embryonic 
skeletogenic cells may have been sufficient to co-opt a substantial 
subcircuit of biomineralization genes and ultimately transfer 
skeletogenesis into the embryo (Khor et  al., 2019).

A SUITE OF DEUTEROSTOME 
BIOMINERALIZATION EFFECTOR 
GENES REGULATED BY ALX1 IN 
ECHINODERMS

Studies on vertebrates and echinoderms have identified many 
examples of closely related genes that mediate biomineralization 
in both taxa, such as collagens and carbonic anhydrases (see 
reviews by Veis, 2011; Le Roy et  al., 2014). Here, we  focus on 
effector genes that have been identified as direct targets of 
Alx1  in echinoderms (sea urchins) and that have vertebrate 
counterparts implicated in chondrogenesis or osteogenesis. Though 
much is known about the interactions between regulatory genes 
and signaling pathways in vertebrate neural crest and chondrogenic 
GRNs (Cole, 2011; Simoes-Costa and Bronner, 2015), direct 
transcriptional inputs into biomineralization genes that are the 
downstream effectors of these networks have not been elucidated. 
Such information will be crucial to definitively assess homology 
between echinoderm and vertebrate skeletogenic GRNs.

VEGF AND VEGFR

One of the direct targets of sea urchin alx1 in biomineralizing 
cells is the vascular endothelial growth factor (VEGF) receptor, 
vegfr-Ig-10, one of the two vegfr genes in sea urchins (Duloquin 
et  al., 2007; Rafiq et  al., 2014; Khor et  al., 2019). During 
embryonic development, vegfr-Ig-10 expression is restricted to 
PMCs, while its ligand, vegf3 is expressed in the ectoderm 
specifically in the regions that lie adjacent to two ventro-lateral 
clusters of PMCs that initiate biomineral formation. MO-based 
knockdown of Vegf3 or Vegfr-Ig-10 results in the downregulation 
of skeletogenic genes and lack of embryonic skeleton formation, 
while ectopic expression of Vegf3 results in supernumerary 
skeletal elements and irregular branching (Duloquin et  al., 
2007; Adomako-Ankomah and Ettensohn, 2013). The vegfr-Ig-
10 gene is also expressed in adult skeletogenic centers, even 

in clades that lack a larval skeleton (Gao and Davidson, 2008; 
Morino et al., 2012). Other comparative studies in echinoderms 
have found a strict correlation between the expression of 
vegf3/vegfr-Ig-10 and the formation of an embryonic skeleton 
(Duloquin et al., 2007; Morino et al., 2012; Adomako-Ankomah 
and Ettensohn, 2013; Erkenbrack and Petsios, 2017; Erkenbrack 
and Thompson, 2019). Remarkably, human VEGFA is able to 
rescue skeleton formation in sea urchin embryos that lack 
endogenous Vegf3 expression (Morgulis et  al., 2019).

During vertebrate endochondral ossification, the cartilage 
intermediate is replaced by bone in a process that is partly 
regulated by the formation of a vascular network (see review 
by Green et  al., 2015). Chondrocytes stimulate vasculogenesis 
through the secretion of VEGF ligands (Carlevaro et al., 2000). 
In vitro studies show that VEGF ligands (VEGFA, VEGFB, 
and VEGFC) and VEGF receptors (VEGFR2 and VEGFR3) 
are expressed by chondrocytes and chondrogenic cells, and 
autocrine signaling through this pathway regulates morphogenesis 
and differentiation (Carlevaro et al., 2000; Bluteau et al., 2007). 
Inhibition of Vegf signaling perturbs ossification and bone 
elongation by promoting chondrocyte proliferation rather than 
osteoblast differentiation (Gerber et  al., 1999; Jacobsen et  al., 
2008). Mice with conditional deletion of vegfa in skeletal lineage 
cells exhibit thinner bones and decreased skeletal mineralization 
(Duan et  al., 2015). Moreover, conditional deletion of vegfr2 
results in reduced osteogenic differentiation (Duan et al., 2015).

MMPS AND TIMPS

Another class of effector protein common to echinoderm and 
vertebrate biomineralization consists of matrix remodeling proteins 
such as matrix metalloproteases (MMPs) and tissue inhibitors 
of metalloproteinases (TIMPs). MMPs constitute a class of 
enzymes that function in the degradation of extracellular matrix 
(ECM) proteins (see review by Rose and Kooyman, 2016). In 
sea urchins, chemical inhibition of MMPs reversibly blocks 
spiculogenesis by PMCs in vivo and in vitro (Roe et  al., 1989; 
Ingersoll and Wilt, 1998). In vertebrates, mmp-13 (collagenase-3) 
is expressed specifically in chondrocytes (Tuckermann et  al., 
2000). Additionally, in vitro studies have shown that silencing 
of mmp-2 by siRNA disrupts chondrogenic differentiation of 
mesenchymal stem cells while treatment with a MMP-2 activator 
stimulates chondrogenesis (Jin et  al., 2007). TIMPs have been 
reported to be  the primary endogenous inhibitors of MMPs 
and are involved in regulating the function of MMPs in many 
systems (Brew and Nagase, 2010). Overexpression of timp-3 in 
mice induces defects in skeletal development and growth (Poulet 
et  al., 2016). In contrast, knockdown of timp-1 results in 
upregulated proliferation of mesenchymal stem cells while delaying 
osteogenic differentiation (Liang et  al., 2019).

SLC26

Many members of the solute carrier (SLC) family of membrane 
transport proteins are differentially expressed in the PMCs 
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(Rafiq et al., 2014; Barsi et al., 2015). In addition, Alx1 directly 
regulates the expression of several members of the SLC5 and 
SLC26 sub-families, including Slc26a5/1 and Slc5a11/2 (Rafiq 
et  al., 2014; Khor et  al., 2019). While there are data pointing 
to SLCs that are essential for echinoderm skeletogenesis, mainly 
Slc4a10 (Hu et  al., 2018) and Slc26a2/7 (Piacentino et  al., 
2016), the functions of the proteins that are directly regulated 
by Alx1 have not been tested. In vertebrates, Slc26a2, a sulfate 
transporter, has been shown to be highly expressed in developing 
and mature cartilage (Haila et  al., 2001). Mice homozygous 
for mutations in Slc26a2 exhibit chondrodysplasia, a condition 
characterized by growth defects and skeletal dysplasia due to 
reduced chondrocyte proliferation (Forlino et al., 2005). Similarly, 
mutations in human Slc26a2 also results in chondrodysplasia 
(Superti-Furga et  al., 1996; Jackson et  al., 2012).

FAM20C

One of the direct targets of sea urchin Alx1 is fam20C, which 
encodes a kinase of the FAM20 (family with sequence 
similarity 20) family (Rafiq et  al., 2014; Khor et  al., 2019). In 
vertebrates, members of this family are highly expressed in 
mineralized tissues, such as teeth and bone (Hao et  al., 2007; 
Wang et  al., 2010a). Fam20C is a secreted kinase responsible 
for the phosphorylation of secreted proteins, many of which 
are known to be  involved in biomineralization (Tagliabracci 
et  al., 2012). Mutations in the human fam20C gene cause 
Raine syndrome, an autosomal recessive disorder characterized 
by defects in bone development, including microcephaly, cleft 
palate, and osteosclerosis (Simpson et al., 2007; Rafaelsen et al., 
2013; Takeyari et  al., 2014; Seidahmed et  al., 2015). In vitro 
mutational analyses suggest that Fam20C is involved in the 
differentiation and mineralization of mouse mesenchymal cells 
(Hao et  al., 2007; Liu et  al., 2017), and fam20C-null mice 
exhibit severe biomineralization defects, such as lesions in 
bones and teeth (Vogel et  al., 2012; Wang et  al., 2012;  
Du et  al., 2015).

OTOPETRIN

Sea urchin Alx1 also provides positive inputs directly into 
otop2L, the single sea urchin ortholog of the vertebrate 
otopetrin genes (Rafiq et al., 2014; Khor et al., 2019). Otopetrins 
are multi-pass transmembrane proteins that function as proton 
channels (Saotome et al., 2019). In vertebrates, these proteins 
play an essential role in regulating the timing, size, and 
shape of the developing otoconia, extracellular calcium 
carbonate biominerals that are required for vestibular functions 
(Hughes et  al., 2004; Sollner et  al., 2004; Kim et  al., 2010). 
During mouse and zebrafish embryogenesis, otop1 is highly 
expressed in the developing sensory epithelium of the ear 
(Hurle et al., 2003; Hughes et al., 2004). In zebrafish, MO-based 
knockdown of Otop1 results in otolith malformations  
(Hughes et  al., 2004; Sollner et  al., 2004). Moreover, otop1 
knockout mice also lack otoconia, a phenotype that has 

been attributed to mis-regulation of intracellular calcium 
levels (Hughes et  al., 2007; Kim et  al., 2010). The function 
of the echinoderm Otop2L protein has not been examined.

ALX GENES AND THE EVOLUTION OF 
DEUTEROSTOME BIOMINERALIZATION

Among present-day deuterostomes, extensive biomineralized 
skeletons are found only in echinoderms and vertebrates. It 
is inherently difficult to reconstruct the underlying evolutionary 
relationships between the skeletogenic programs of these two 
groups, which diverged >600 million years ago (Peterson and 
Eernisse, 2016). It is widely accepted that the ancestral chordate 
possessed only a cartilaginous skeleton (Rychel et  al., 2006; 
Murdock and Donoghue, 2011; Jandzik et  al., 2015; Keating 
et  al., 2018), strongly supporting the view that biomineralized 
skeletons appeared independently in vertebrates and echinoderms, 
and therefore, are not homologous in the strictest sense. This 
does not, of course, resolve the question of whether common 
embryological and/or genetic mechanisms were deployed to 
create a biomineralized skeleton in these two groups; i.e., 
whether skeletogenesis in the two clades is an example of 
“deep homology” (Shubin et  al., 2009). The presence of 
collagenous pharyngeal cartilage in both cephalochordates and 
hemichordates supports the view that this was an ancestral 
feature of deuterostomes that was later lost in echinoderms 
(Rychel and Swalla, 2007; Jandzik et  al., 2015). Moreover, a 
recent analysis of chondrogenesis in protostomes (horseshoe 
crabs and cuttlefish) suggests that a more ancient, SoxE and 
collagen-based chondrogenic gene network was present in the 
last common ancestor of all Bilateria (Tarazona et  al., 2016), 
providing further support for the view that echinoderm ancestors 
at one time also possessed cartilage-forming cells. It should 
be  noted that although there is no evidence for definitive 
cartilage in modern echinoderms, there are mesoderm-derived 
populations of mesenchymal cells that produce connective tissue 
containing fibrillar collagen (Suzuki et  al., 1997; Whittaker 
et  al., 2006; Goh and Holmes, 2017).

The evolutionary relationships among the skeletogenic cell 
lineages of vertebrates that express alx-related genes and the 
alx1-expressing cells of echinoderms are uncertain. With  
respect to echinoderms, considerable evidence supports the 
view that alx1 arose very early in echinoderm evolution through 
gene duplication, relatively quickly acquired a robust, 
biomineralization-related function, and was subsequently 
co-opted into the early embryo in echinoderm taxa that possess 
larval skeletons (echinoids and ophiuroids; Khor and Ettensohn, 
2017; Shashikant et  al., 2018). The biomineralizing cells of the 
ancestral echinoderm, which were likely of mesodermal origins, 
expressed alx1, ets1, erg, vegfr, and other components of a 
core skeletogenic program, as well as an assortment of more 
rapidly evolving biomineralization effector proteins (Gao and 
Davidson, 2008; Dylus et al., 2018; Erkenbrack and Thompson, 
2019; Li et  al., 2020). To draw inferences concerning the 
evolution of alx gene expression and function more deeply 
within Ambulacraria (echinoderms and hemichordates), it will 
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be  important to learn more about the single alx gene of 
hemichordates, including its pattern of expression, gene targets, 
and role in the formation of the small, calcareous skeletal 
elements of adult hemichordates (Cameron and Bishop, 2012) 
and to more precisely determine the embryological origins of 
the alx1-expressing cells of adult echinoderms, which are more 
relevant to the ancestral echinoderm condition than the more 
commonly studied larval forms.

In vertebrates, as noted above, the embryonic lineages of 
cells in the limbs and limb girdles that express alx1-related 
genes have not been mapped precisely, although many of 
these cells are presumably derived from the somatic layer of 
the lateral plate mesoderm, a major source of limb skeletal 
tissue. There is evidence that chondrocytes and osteoblasts 
of the limb are derived from a common, mesenchymal precursor 
cell and that the specialization of these two cell types depends 
upon regulatory functions of sox9 (a member of a small 
number of paralogous, soxE-family genes in vertebrates) and 
other sox genes in the chondrogenic lineage, and runx2 and 
osterix in the osteoblast lineage (Akiyama et al., 2005; Cervantes-
Diaz et  al., 2017; Lefebvre, 2019; Marín-Llera et  al., 2019). 
Because alx-related genes have not been linked directly to 
the regulatory network that underlies limb skeletogenesis, and 
because Sox and Runx proteins are not currently known to 
be  associated with skeleton formation in echinoderms, there 
is presently no obvious similarity between the GRN circuitry 
that controls skeletal development in the vertebrate limb and 
the echinoderm skeleton. As noted above, during limb girdle 
(scapula) development, alx1 is co-regulated by Emx2 and 
Pbx1, but the orthologous echinoderm genes have not been 
studied in detail.

Perhaps the best-characterized cell population in vertebrates 
that employs alx-related genes in biomineralization is the cranial 
neural crest. There is agreement that a definitive neural crest 
is found only in vertebrates, but the evolutionary history of 
this cell population, particularly the origins of the skeletogenic 
(cranial) compartment, remains a subject of much debate 
(Jandzik et  al., 2015; Rothstein et  al., 2018; Cheung et  al., 
2019; York and McCauley, 2020). Like the program of 
skeletogenesis in the limb, the formation of cranial neural 
crest-derived cartilage and bone is believed to progress through 
the specification of a common osteochondral progenitor, with 
important contributions by Sox9 and Runx2  in chondrocyte 
and osteoblast differentiation, respectively (Martik and Bronner, 
2017; Dash and Trainor, 2020). The regulatory inputs into 
alx-family genes in the cranial neural crest are unknown, 
however, and only one direct target (fgf10) has been identified 
(Garg et  al., 2017). Thus, the precise role of alx-related genes 
in the dynamic differentiation program of skeletogenic cranial 
neural crest cells and their connections to the underlying gene 
regulatory circuitry remain to be  elucidated.

As noted above, in jawless vertebrates and cephalochordates, 
the expression patterns of alx-family genes are consistent with 
a possible function in the formation of the cartilaginous, 
pharyngeal skeletons of these animals. A detailed comparison 
of the expression patterns of alx-family genes in lampreys and 
jawed vertebrates has led to the hypothesis that an expansion 

of the domain of alx-expressing cells may have supported the 
expansion of the cranial skeleton during vertebrate evolution 
(Square et al., 2017). With the important caveat that expression 
data are sparse in these taxa and function studies are lacking, 
these observations are consistent with the hypothesis that 
alx-related genes were expressed (at least) in the anterior, 
pharyngeal mesoderm of ancient chordates, in cells that produced 
pharyngeal cartilage (Kaucka and Adameyko, 2019).

A hypothesis that emerges from these comparative studies 
is that a rudimentary, ancestral program of chondrogenesis, 
perhaps deployed in mesenchyme cells derived from embryonic 
mesoderm, was present in the ancestral deuterostome and 
provided a suitable gene regulatory system onto which 
biomineralization-promoting circuitry could be  layered. 
We propose that in echinoderms, gene duplication was followed 
by the neo-functionalization of alx1; i.e., the acquisition of a 
new role in robustly mediating biomineralization, as reflected 
by the direct transcriptional inputs this transcription factor 
provides into a large fraction of biomineralization effector genes 
(Rafiq et al., 2014; Khor et al., 2019). A similar (and presumably 
independent) neo-functionalization may have occurred in 
vertebrates, but the transcriptional targets of vertebrate alx-family 
genes have not been characterized, and therefore, it is not 
known whether they include effectors of biomineralization. 
It should be  noted that possible signals of evolutionary 
conservation between echinoderms and vertebrates in this 
context would likely be  obscured by the well-documented, 
rapid evolution of many biomineralization-related proteins 
(Kawasaki et  al., 2004; Livingston et  al., 2006; Marin et  al., 
2016; McDougall and Degnan, 2018). Presumably, the 
independent duplication of alx-family genes in echinoderms 
and vertebrates initially involved the sharing and/or duplication 
of cis-regulatory elements among paralogs, as indicated by the 
overlapping patterns of expression of paralogous alx-family 
genes in both taxa. The recruitment of duplicated, alx-related 
genes to a biomineralization-related function would likely have 
been facilitated if the ancestral gene was already expressed in 
an embryonic tissue that produced an extensive extracellular 
matrix, a prerequisite for the assembly and growth of biomineral 
(Bolean et  al., 2017; Murshed, 2018). In this regard, it will 
be  valuable to characterize more completely in representative 
deuterostomes the cell lineages that express alx-family genes 
and to better reconstruct the evolutionary relationships among 
those cell lineages.
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Members of the Chondrichthyes (Elasmobranchii and Holocephali) are distinguished by
their largely cartilaginous endoskeletons, which comprise an uncalcified core overlain
by a mineralized layer; in the Elasmobranchii (sharks, skates, rays) most of this
mineralization takes the form of calcified polygonal tiles known as tesserae. In recent
years, these skeletal tissues have been described in ever increasing detail in sharks
and rays, but those of Holocephali (chimaeroids) have been less well-studied, with
conflicting accounts as to whether or not tesserae are present. During embryonic
ontogeny in holocephalans, cervical vertebrae fuse to form a structure called the
synarcual. The synarcual mineralizes early and progressively, anteroposteriorly and
dorsoventrally, and therefore presents a good skeletal structure in which to observe
mineralized tissues in this group. Here, we describe the development and mineralization
of the synarcual in an adult and stage 36 elephant shark embryo (Callorhinchus milii).
Small, discrete, but irregular blocks of cortical mineralization are present in stage 36,
similar to what has been described recently in embryos of other chimaeroid taxa such as
Hydrolagus, while in Callorhinchus adults, the blocks of mineralization are more irregular,
but remain small. This differs from fossil members of the holocephalan crown group
(Edaphodon), as well as from stem group holocephalans (e.g., Symmorida, Helodus,
Iniopterygiformes), where tesserae are notably larger than in Callorhinchus and show
similarities to elasmobranch tesserae, for example with respect to polygonal shape.

Keywords: Holocephali, Callorhinchus, tesserae, mineralization, evolution, stem group Holocephali

INTRODUCTION

During ontogeny, most vertebrate skeletons are initially composed predominantly of hyaline
cartilage and largely replaced by bone via endochondral ossification (Hall, 1975, 2005). In contrast,
chondrichthyans, including elasmobranchs (sharks, skates, rays, and relatives) and holocephalans
(chimaeroids) do not develop osseous skeletons, having secondarily lost the ability to produce
endoskeletal bone (Coates et al., 1998; Dean and Summers, 2006; Ryll et al., 2014; Debiais-Thibaud,
2019; Brazeau et al., 2020). Instead, the chondrichthyan endoskeleton remains primarily composed
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of hyaline-like cartilage, with elasmobranchs developing a
comparatively thin outer layer of cortical mineralization over
most of their skeleton during ontogeny (Hall, 2005; Egerbacher
et al., 2006; Dean et al., 2009, 2015; Seidel et al., 2016, 2019b;
Atake et al., 2019; Debiais-Thibaud, 2019). This mineralized
tissue begins as small separated islets near the cartilage surface,
which gradually grow via mineral accretion to fill the intervening
spaces, eventually forming a cortex of abutting polygonal
tiles called tesserae (Dean and Summers, 2006; Dean et al.,
2009, 2015; Seidel et al., 2016, 2019b). These tiles cover the
uncalcified cartilage core and are themselves overlain by a distal
fibrous perichondrium (Dean and Summers, 2006; Dean et al.,
2009, 2015). This mosaic of uncalcified cartilage, tesserae and
perichondrium is called tessellated cartilage and comprises most
of the cranial and postcranial skeleton (Kemp and Westrin, 1979;
Dean and Summers, 2006; Seidel et al., 2016, 2017a).

Tessellated cartilage is therefore a major component of the
skeleton and is currently believed to be a synapomorphy for the
entire chondrichthyan group (e.g., Maisey et al., 2019, 2020, but
see comments therein regarding morphological and histological
disparity in stem-chondrichthyans). Contemporary examination
of extant chondrichthyan mineralized skeletons and their tissues,
however, have almost exclusively focused on sharks (Kemp and
Westrin, 1979; Peignoux-Deville et al., 1982; Clement, 1986,
1992; Bordat, 1987, 1988; Egerbacher et al., 2006; Eames et al.,
2007; Enault et al., 2016) and rays (Dean et al., 2009; Claeson,
2011; Seidel et al., 2016, 2017a,b; Criswell et al., 2017a,b).
In contrast, mineralized skeletal tissues of extant chimaeroids
(Holocephali) have been largely ignored, since the descriptions of
vertebral development and morphology in the late nineteenth to
mid-twentieth centuries (Hasse, 1879; Schauinsland, 1903; Dean,
1906); fossil holocephalans have faced similar neglect (but see
Moy-Thomas, 1936; Patterson, 1965; Maisey, 2013). This has
led to contradictory descriptions of chimaeroid tissues (Lund
and Grogan, 1997; Grogan and Lund, 2004; Pradel et al., 2009),
prompting calls for more research (Eames et al., 2007; Dean
et al., 2015; Enault et al., 2016). Notably, recent examination
of chimaeroid mineralized skeletal tissues identified tesseral
structures in the vertebral column (synarcual) and Meckel’s
cartilage of Chimaera and Hydrolagus (both Family Chimaeridae;
Finarelli and Coates, 2014; Debiais-Thibaud, 2019; Seidel et al.,
2019a, 2020) and in the fin skeleton of Callorhinchus (Family
Callorhinchidae; Maisey et al., 2020), seemingly refuting the view
that extant chimaeroids lack tessellated cartilage.

In order to address this controversy, and determine
whether tessellated cartilage is indeed a shared character
among cartilaginous fishes, we performed a correlated, multi-
technique examination of mineralization in the skeletal tissue of
Callorhinchus, focusing on the synarcual of the elephant shark
(Callorhinchus milii). The synarcual is a fused element in the
anterior vertebral column (Claeson, 2011; Johanson et al., 2013,
2015, 2019; VanBuren and Evans, 2017) and is one of the better
anatomical structures for mineralized tissue characterization,
being formed early in development and also mineralizing early
(Johanson et al., 2015, 2019). Whilst no developmental series
of synarcual mineralization in C. milii has yet been published,
two observations from the only study of its development

(Johanson et al., 2015) suggest its spatial pattern. The formation
of the cartilages that comprise the synarcual of C. milii occurs
anteroposteriorly. Micro-CT analysis of an adult sample, from
the same study, suggested an anterior-to-posterior/dorsal-
to-ventral mineralization front. Accordingly, we assume that
antero-dorsal mineralized tissues in C. milii are more advanced
developmentally than ventro-posterior mineralized tissues,
which appears to be reflected in the histological data examined
here. We report the presence of a layer of mineralization in the
Callorhinchus embryo, maintained in adults, comprising small,
irregularly shaped units, but lacking many of the characteristics
of tesserae in the elasmobranchs. To provide phylogenetic
context we also examined mineralized tissues in fossil members
of the Callorhinchidae (Edaphodon; Nelson et al., 2006), as well
as stem-group holocephalan taxa (e.g., Cladoselache, Cobelodus,
Helodus, Iniopterygiformes; Coates et al., 2017, 2018; Dearden
et al., 2019; Frey et al., 2019). The tesserae in these stem-group
holocephalans are larger than in Callorhinchus, and more similar
in shape to polygonal elasmobranch tesserae. Thus, the evolution
of skeletal mineralization in Chondrichthyes may have involved
a progressive reduction of mineralization in the Holocephali,
relative to the elasmobranchs.

MATERIALS AND METHODS

Histological Sections of Callorhinchus
milii Synarcual
To gain insight into the development of mineralized tissues,
stained slides of the synarcual from a sectioned embryo of an
elephant shark (Callorhinchus millii; section thickness ∼30
µm; Life Sciences Department, Natural History Museum,
London) were examined by light microscopy using an
Olympus BX51 compound microscope and Olympus DP70
camera and management software. These slides were prepared
sometime during the 1980s and no information aside from
the species was recorded with the slides. They are presumed
to be stained with haematoxylin and eosin. The animal is
estimated to represent stage 36 [near hatching, based on
the calculated size of the individual (110–135 mm; Didier
et al., 1998)]. This developmental stage is ideal to study
mineralization as it is small enough to section but mature enough
to show mineralization. As noted, given that holocephalan
synarcuals are known to mineralize first anterodorsally and
that mineralization subsequently progresses in a posteroventral
fashion (Johanson et al., 2015), this provides ontogenetic
information on how mineralization develops, in one individual.
Location of hard tissue was confirmed by micro-CT scanning
of the sections.

Adult Callorhinchus milii
Two adult females of C. milii were captured by rod and reel
from Western Port Bay, Victoria, Australia (Permits: RP1000,
RP 1003, and RP1112) with the authorization and direction of
the Monash University Animal Ethics Committee (Permit: MAS-
ARMI-2010-01) and kept according to established husbandry
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methods (Boisvert et al., 2015). These specimens died in captivity
and were frozen.

Scanning Electron Microscopy
The synarcual of one of these adult C. milii specimens was
dissected out and either small layers of mineralized tissue or
cross sections of the vertebrae were collected. Samples were
macerated in a trypsin solution (0.25 g Trypsin Sigma T-7409
Type II-S from porcine pancreas in 100 mL 10%PBS) and
warmed in a 38◦C water bath. Samples were extracted from
the solution every hour to remove macerated flesh and fascia
using scalpels, needles and forceps. This was repeated until
sufficient flesh had been removed to observe the mineralized
surface. To prevent distortion, samples were placed between
Teflon blocks before being air-dried until firm. Cross sections
were embedded in a Struers CitoVac using Struers EpoFix
Resin and EpoFix Hardener mixed in a 50:6 weight ratio and
polished using a Struers Tegramin-30. All samples were given a
3 nm conductive coating of pure platinum using a Cressington
208HR sputter coater. Samples were imaged using a TESCAN
MIRA3 XMU variable pressure field emission scanning electron
microscope (VP-FESEM) using backscatter mode (voltage: 15
kv; working distance: 6–15 mm; Tescan Mira3 VP-FESEM
instrumentation, John de Laeter Centre, Curtin University). The
synarcual from the remaining adult specimen (Johanson et al.,
2015; Figure 7) was dissected out, defleshed by immersion in
36◦C water and removal of muscle and fascia with needles
and forceps, and imaged using a FEI Quanta 650 FEG SEM
in secondary electron mode (voltage: 10 kv; working distance:
14.7 mm). Through this method mineralized tissues can be
easily distinguished from soft tissue through differences in
backscatter signal.

Macrophotography, CT-Scanning
Five fossil holocephalans from the Earth Sciences Department,
NHM (NHMUK PV P) were chosen to represent extinct taxa,
phylogenetically important with respect to the Callorhinchidae
and crown-group holocephalans (Coates et al., 2017, 2018;
Frey et al., 2019). These comprised: Cladoselache (NHMUK
PV P.9285), Cobelodus (NHMUK PV P.62281a), Sibirhynchus
(NHMUK PV P.62316b), Edaphodon (NHMUK PV P.10343),
and Helodus (NHMUK PV P.8212). One specimen preserving
mineralized cartilage was chosen from each taxon, and
photographed using a Canon EOS 600D camera, EOS Utility.
Five to ten images of each specimen were taken at different
focal depths and the resultant image stack imported into Helicon
Focus (v. 6.8.0) to create images with high depth of focus.
These specimens were also photographed using a Zeiss Axio
Zoom microscope with camera to provide closeup images;
tesseral width was determined using the measurement function
in the Zen Pro 2 software accompanying the Axio Zoom
microscope (Supplementary Info Table 1).

The second adult Callorhinichus milii synarcual was CT-
scanned (Johanson et al., 2015) using an X-Tek HMX ST CT
scanner (Image and Analysis Centre, NHM; kv = 165; µA = 175;
no filter applied; 3142 projections; resolution = 36.9µm), and

rendered using the programs Drishti1 and Avizo2. Subsequently,
the synarcual was air-dried and photographed using the Zeiss
Axio Zoom microscope to illustrate tesseral shape.

RESULTS

Histology
General Morphology
The axial skeleton of chondrichthyans typically includes a series
of cartilages dorsal and ventral to the notochord, and in the
elasmobranchs, centra associated with the notochord (e.g., Dean,
1895; Gadow and Abbott, 1895; Goodrich, 1930; Compagno,
1977; Criswell et al., 2017b). Mineralization of the axial skeleton
takes a variety of forms, recently summarized by Debiais-
Thibaud (2019), with the dorsal and ventral cartilages (i.e.,
neural and haemal arches) of most species, as well as the outer
centrum, composed of tessellated cartilage (Dean and Summers,
2006; Dean et al., 2009; Criswell et al., 2017b; Johanson et al.,
2019). Most of the spool-shaped vertebral centrum comprises
areolar mineralization, with substantial variation in patterns of
mineralization between elasmobranch species (Ridewood, 1921;
Dean and Summers, 2006; Porter et al., 2007). Holocephalans also
possess dorsal and ventral cartilages (e.g., Dean, 1895; Johanson
et al., 2013, 2015), but centra do not develop (Gadow and Abbott,
1895; Goodrich, 1909). Instead, the notochord is surrounded by
a fibrous chordal sheath, which contains many calcified rings,
except in the Callorhinchidae, where these rings are absent
(Goodrich, 1909; Patterson, 1965; Didier, 1995). Holocephalans,
unlike many elasmobranchs, possess a synarcual, which is the
focus of the following description.

In the Callorhinchus embryo examined (stage 36), several
tissue layers concentrically surround the notochord. Most
proximal is a thin basophilic membrane, the elastic interna,
adherent to the outside of the notochord (Figures 1A–D,
nc, el.int). Distal to this membrane is a thick (∼665 µm)
fibrous sheath (Figures 1A,B, fb.sh), which is largely composed
of spindle shaped cells (Figures 1C,D). Abutting the sheath
dorsally and ventrally are separate bilateral pairs of cartilages,
the basidorsals and basiventrals, respectively (Figures 1B,D,
bv, bd). Immediately dorsal to the sheath is the spinal cavity,
containing the spinal cord, which is surrounded ventrolaterally
by the basidorsal cartilages and dorsally by the neural arch
cartilage (Figure 1B, sp.c, sp.cd, bd, na). Spinal nerves are
also visible in section, with the dorsal root exiting the neural
tube toward the dorsal root ganglion situated lateral to the
vertebral column (Figures 1A,B, d.rt, d.rt.g). The hyaline
cartilages associated with the vertebral column—the neural
arch, basidorsals and basiventrals— fuse anteriorly to form the
synarcual, which surrounds the majority of the fibrous sheath
and spinal cavity, while maintaining foramina for the dorsal
root (Figure 1A).

In these histological slides, areas of mineralization, verified
via CT imaging, are limited to the superficial regions of

1https://github.com/AjayLimaye/drishti
2https://www.fei.com/software/avizo3d/
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FIGURE 1 | Histological sections through the synarcual (anterior fused vertebrae) of a stage 36 embryo of Callorhinchus milii (Holocephali; Callorhinchidae).
(A,B) Section showing neural arch surrounding the spinal cord and basidorsal and basiventral arches surrounding the notochord. (C) closeup of region indicated
in (A); (D) closeup of region indicated in (B). Black s in (C,D) indicate direction of appositional growth of the basiventral cartilage. bd, basidoral; bv, basiventral; cb,
chondroblast; ch, chondrocyte; CP, perichondrium including chondroblast cells; d.rt, dorsal root of the spinal nerve; d.rt.g, dorsal root ganglion of the spinal nerve;
el. ex, elastica externa; el.int, elastica interna; fb, fibroblasts; fb.sh, fibrous sheath surrounding the notochord; fc, fused cartilage; FP, perichondrium including
fibroblast cells; iso, isogenous group of chondrocytes; min, mineralization; msc, musculature; msch, mesenchymal cells; na, neural arch; nc, notochord; sp.c, spinal
cavity; sp.cd, spinal cord. Black silhouette of C. millii indicates approximate region shown in the figure.

the vertebral column-associated cartilages (Figures 1, 2,
min). These mineralized tissues are bordered externally by a
fibrous perichondrium and a thin, cell-rich layer of cartilage
(Figures 2, 3, FP, SC), similar to the supratesseral cartilage
intervening between tesserae and perichondrium in the stingray
Urobatis halleri (Seidel et al., 2017a).

Cellular Aspects
Cells within the neural arch, basidorsal and basiventral cartilages
can be categorized with respect to morphology, and distribution
within the cartilage. Chondrocytes located proximally inside the
cartilage (Figures 2A,B, 3A, IN, ch) are generally similar in terms
of cell morphology and density: ≥200 µm from the periphery,
cells are sparsely distributed within the cartilage matrix, with
most being ovoid in shape and located in open circular spaces
identified as lacunae (diameter: ∼15 µm). Chondrocytes often
occur in pairs (isogenous groups), indicative of recent mitotic
activity (Figures 2A,B, 3A, ch; Kheir and Shaw, 2009). This
proximal region (≥200 µm from the periphery) of cartilage also
contains relatively greater quantities of empty lacunae compared
to the more peripheral cartilage (Figures 2A,B, 3A, el). Closer
to the periphery, within 100–200 µm of the outer edge, and

immediately proximal to mineralized tissue, chondrocytes are
clustered within a distinct layer (Figures 2, 3B, CPL) and appear
uniformly ovoid. This area displays a greater variation in cell size,
as it contains many smaller chondrocytes (diameter: 5–10 µm)
and fewer empty lacunae compared to the interior. In addition,
this area contains notably more isogenous groups relative to
the interior, which may indicate higher rates of chondrocyte
proliferation (Figures 2A,B, 3B,E, iso; Kheir and Shaw, 2009). In
some regions, mineralization is absent at the periphery; in these
areas, cell distribution and morphology are more similar to the
interior (Figure 3A).

Mineralization
The layer of mineralization varies in its completeness in the
vertebral elements, but typically appears discontinuous, broken
into individual acellular units; we identify these units as tesserae,
although they are not entirely similar to the tesserae of sharks
and rays (discussed further below). In the neural arches, more
dorsally, the distribution of mineralized tissue is more complete,
extending along almost the entire periphery, excluding only
the ventro-mesial concave part of the arch (Figures 2C, 4B).
Within the basiventrals, mineralized tissue is also found near
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FIGURE 2 | Histological section through the anterior synarcual (anterior fused vertebrae) of a stage 36 embryo of Callorhinchus milii (Holocephali; Callorhinchidae).
(A,B) Closeups showing perichondrium, cartilage, and mineralization in the neural arch; (C) overview of section with locations of closeup views indicated by white
squares. Abbreviations: As in Figure 1, also cc, clustered chondrocytes CPL, chondrocyte proliferative layer; el, empty chondrocyte lacunae; gc, calcification
globule; ic, chondrocyte that is being engulfed or has been incorporated; uc, uncalcified cartilage; IN, internal cartilage; SC, supratesseral/mineral cartilage. Black
silhouette of C. millii indicates approximate region shown in the figure.

the periphery, but by comparison to the neural arches, is only
patchily distributed (Figures 3, 4), with individual units more
variable and irregular in shape (Figures 3B,E, 4, min). In
the neural arches, these units are more rectangular and flatter
(Figures 2A,B, 5A,B, 6). Nevertheless, mineralized tissues in all
vertebral elements lack a regular geometry and any differentiation

into inner and outer regions. Additionally, beyond being limited
to the cartilage periphery beneath the fibrous perichondrium,
these tissues lack obvious patterning, reflecting the lack of a
regular geometric shape to the individual units.

The least developed forms of tissue mineralization, which
are located in the more posterior vertebrae, take the form
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FIGURE 3 | Histological sections through the posterior synarcual (anterior fused vertebrae) of a stage 36 embryo of Callorhinchus milii (Holocephali; Callorhinchidae).
(A,B) Closeups showing initial mineralization in a basiventral and clustered chondrocytes in the same location in the preceding section; (C) overview with location of
closeup view of initial mineralization indicated by a black square; (D,E) close ups of (A,B) locations indicated by white squares. Abbreviations: As in previous figures,
also dm, developing mineralization. Black silhouette of C. millii indicates approximate region shown in the figure.

of small islands of calcification (≤25 µm width) situated
amongst concentrated clusters of chondrocytes beneath the
perichondrium (Figures 3A,D, 5B, cc, FP, gc). More developed
tesserae in the posterior vertebrae are smaller (50–100 µm)
and more regularly separated by regions of unmineralized
cartilage (Figures 4F, 5A,B, min, uc), reflecting their earlier
developmental stage. Unlike the more developed acellular units
in the anterior vertebrae (Figures 2A,B, min) some units in
the posterior vertebrae appear to contain vital chondrocytes
(Figures 3F, 5A, ic).

Scanning Electron Microscopy (SEM)
In planar views of the external surface of the synarcual of adult
Callorhinchus milii, the mineralized layer appears to comprise a
tessellated surface of irregular tiles that are separated by (∼5 µm)
thin strips of uncalcified cartilage (Figures 7A,B min, uc). These
tesserae do not have a uniform shape or size, ranging from 50 to
150 µm in width (Figure 7B and Supplementary Figure 1).

In transverse view, the mineralized tissue forms a single
layer of tesserae, tightly arranged units of irregular blocks
separated by very thin (<5 µm) strips of uncalcified cartilage
(Figure 7C, min, SC, IN, uc). In this perspective, the tesserae
are 30–50 µm thick and 30–150 µm wide (Figure 7C). Some

cracking of the mineralization during sample preparation is
visible, but individual tesserae can be identified by comparing
and matching Liesegang lines between adjacent fragments
(Figure 7C, ll, f). Liesegang lines are concentric, wave-like
patterns of varying mineral density visible in the mineralized
tissue, and are particularly prominent near the lateral margins of
the mineralized units (Figures 7C,D, ll).

Spheroidal mineralized regions, surrounded by Liesegang
lines and approximately the size and shape of chondrocytes
also permeate the tesserae (Figure 7D, ch). These are likely
calcified (micropetrotic) cells, are variously sized (∼1–5 µm),
and appear to be organized in clusters (isogenous groups),
suggesting some have either been calcified during mitosis or
immediately after mitosis, but before interstitial growth separated
the cells in an isogenous groups (Seidel et al., 2016, 2017b, 2019c;
Figure 7D, ch, iso).

Mineralization in Stem Holocephali and
Fossil Callorhinchidae
Following recent phylogenetic reviews (Coates et al., 2017, 2018;
Dearden et al., 2019; Frey et al., 2019), several taxa that were
previously resolved as stem group chondrichthyans (basal to the
clade Elasmobranchii + Holocephali; Pradel et al., 2011) are now
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FIGURE 4 | Histological section through the anterior synarcual (anterior fused vertebrae) of a stage 36 embryo of Callorhinchus milii (Holocephali; Callorhinchidae).
(A,C–F) Closeups showing perichondrium, cartilage, and mineralization in basiventrals; (B) overview of section through the neural arch with locations of closeup
views indicated by black squares. Abbreviations: As in previous figures. Black silhouette of C. millii indicates approximate region shown in the figure.

resolved as stem holocephalans. These taxa join more crownward
stem holocephalans including the Iniopterygiformes (Zangerl
and Case, 1973), Helodus (Moy-Thomas, 1936), Kawichthys,
Debeerius, and Chondrenchelys, the latter being the sister taxon
to the crown group Holocephali (chimaeroids) (Figure 8).
Tessellated calcified cartilage has been variously identified among
these stem-group Holocephali: this includes taxa assigned to the
Symmoriida, such as Dwykaselachus (Coates et al., 2017: extended
data Figure 1D), Ozarcus (Pradel et al., 2014), Cladoselache
(“minute granular calcifications,” Dean, 1894; Figures 9A,B),
Akmonistion (“prismatic calcified cartilage,” Coates and Sequeira,
2001), Damocles and Falcatus (Lund and Grogan, 1997), also
present in Cobelodus (Figure 9B). In all these taxa, the tessellated
layer is comprised of recognizable polygonal units, although
in Cladoselache, the edges of the units appear less regular,
and were referred to as “zig-zag tesserae” (Maisey et al.,
2020). This may represent the presence of mineralized “spokes”
extending between the tesserae (Maisey et al., 2020; Figure 9B,
arrows): spokes are hypermineralized tissue regions associated
with points of contact between elasmobranch tesserae, often
represented externally by lobulated extensions along tesseral
margins (Seidel et al., 2016; Atake et al., 2019; Jayasankar
et al., 2020; Figure 10). Such structural extensions, suggestive of
mineralized spokes, are even more clearly present in Cobelodus
(Figure 9C, arrows).

In the more crownward stem holocephalans, comparable
polygonal tesserae are also present, including in Kawichthys
(“tesserate prismatic calcified cartilage,” Pradel et al., 2011)

and the Iniopterygiformes (“calcified cartilage prisms,” Zangerl
and Case, 1973), represented by Sibirhynchus in Figure 9D.
Particularly small tesserae (Supplementary Info Table 1) are
present in Helodus (“minute tesserae,” Moy-Thomas, 1936;
Figure 9G), and Chondrenchelys (“tessellated calcified cartilage,”
Finarelli and Coates, 2014; Figure 7B). There appears to be
more variation in the shape of these polygons, and signs of
mineralized spokes are less apparent in these taxa, but this may
be due to postmortem distortion. With respect to the fossil
taxa assigned to the Callorhinchidae (crown group Holocephali),
mineralized tissue units in Edaphodon appear to maintain a
polygonal shape, compared to the stem holocephalans just
described (Figures 9E,F). The width of tesserae in these fossil taxa
was measured (Supplementary Info Table 1) for comparison to
the size of mineralized units in adult Callorhinchus (50–150 µm,
as noted above); the tesserae of all fossil taxa were notably larger
than in Callorhinchus, discussed further below.

DISCUSSION

Cartilage Growth and Cellular Aspects
The cartilages in the histological series examined here exhibit
tissue and cellular morphologies that suggest mechanisms of
growth and cell death were occurring in these tissues. The
perichondria of the cartilages, for example, most notably
the basidorsals and basiventrals, display a gradient of cell
morphology that may explain one of the means by which
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FIGURE 5 | Histological section through the posterior synarcual (anterior fused vertebrae) of a stage 36 embryo of Callorhinchus milii (Holocephali; Callorhinchidae).
(A,B) Closeups showing perichondrium, cartilage, and mineralization in the neural arch; (C) overview of section with locations of closeup views indicated by white
squares. Abbreviations: As in previous figures, also ellipses indicating areas not yet mineralized. Black silhouette of C. millii indicates approximate region shown
in the figure.

these cartilaginous tissues grow. From the perichondrium
through to the supratesseral cartilage, there is a transition in
cellular morphology from fibroblast cells in the perichondrium,
differentiating to chondroblasts in the supratesseral cartilage, and
then to chondrocytes in the main body of the cartilage, suggesting
a potential progressive differentiation of cell type between
regions, as described in Genten et al. (2009; Figures 1C,D, 2A,B,

CP, FP, fb, cb, ch). This is suggestive of appositional growth, in
which newly differentiated chondrocytes deposit matrix at the
cartilage margins. Interstitial growth, that is, growth through
chondrocyte mitosis and matrix deposition increasing the size of
the cartilage element from within, also appears to be occurring
as evidenced by the presence of isogenous groups (groups of
recently divided chondrocytes, e.g., Figures 1B–D, 2A,B, iso;
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FIGURE 6 | Histological section through the synarcual (anterior fused vertebrae) of a stage 36 embryo of Callorhinchus milii (Holocephali; Callorhinchidae).
(A,B) Closeups showing the potential formation of new mineralization foci between already existing units; (C) overview of section through the neural arch with
locations of closeup views indicated by white squares. Abbreviations: as in previous figures. Black silhouette of C. millii indicates approximate region shown in the
figure.

Hall, 2005; Kheir and Shaw, 2009). Both processes seem to be
involved in the formation of the synarcual. In several sections,
the basidorsal and basiventral cartilages are still separate (e.g.,
Figure 1B), but show marginal regions suggestive of appositional
and interstitial growth, which continues until these unite to
form the synarcual (Figures 1B–D, black arrows suggesting
direction of growth). Both modes of growth have similarly been
speculated to be involved in the growth and development of the
metapterygium in elasmobranchs (Marconi et al., 2020).

Regarding cell death, empty lacunae are found throughout
the cartilages examined here, but they appear in greater
numbers more proximally (>200 µm from the periphery)
(Figures 2A,B, 3A, el). This may indicate either an artifact of
sectioning or chondroptosis (chondrocyte apoptosis; Roach et al.,
2004), although the latter in vertebrates is normally associated
with chondrocyte hypertrophy, which has not been observed in
chondrichthyans (Dean et al., 2015; Seidel et al., 2017b; but see
Debiais-Thibaud (2019) for a summary of contrary opinions).

Mineralized Tissue Development
Currently, the ultrastructure and ontogeny of mineralized
endoskeletal tissues of chimaeroids is poorly described, with
previous work only providing a broad overview of developmental
trajectories, such as observations that mineralization in the
vertebral skeleton (in the synarcual) progresses from anterior to

posterior and dorsal to ventral, demonstrated by a recognizable
mineralization front in a micro-CT scan of a Callorhinchus milii
adult (Johanson et al., 2015; Figures 11A,B, white arrowheads).
The series described above in the stage 36 embryo goes beyond
this to capture fine histological detail related to the progression
of this mineralization.

The development of mineralized tissue described here for
C. milii shares some similarities with the development of
elasmobranch tesserae (Seidel et al., 2016; Debiais-Thibaud,
2019). Tesserae in elasmobranchs such as the batoid ray
Urobatis halleri initially develop as patches of globular
mineralization interposing within clusters of flattened,
subperichondral chondrocytes (at a distance from the
perichondrium). These chondrocytes become entombed by
the growth of these mineralized inter-chondrocyte septa,
apparently by mineral accretion (Dean et al., 2009; Seidel
et al., 2016). The morphologies associated with this accretion
and entombment process in elasmobranchs (e.g., the size
and shape of mineralized septae) are similar to those we
observed in C. milii, suggesting a similar inception and
progression of mineralization (Figures 4C,D, 5A,B). Through
development of U. halleri, the mineralized septae continue to
grow and engulf chondrocytes, eventually forming discrete,
but abutting tesserae, which contain vital chondrocytes and
closely border the perichondrium (Seidel et al., 2016; also in
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FIGURE 7 | SEM images of mineralization from the synarcual (anterior fused vertebrae) of an adult Callorhinchus milii (Holocephali; Callorhinchidae). (A) Overview of
tesselated mineralization from a planar perspective; (B) close up of mineralization from a planar perspective; (C) mineralization from a transverse perspective;
(D) close up of mineralization surface in transverse perspective; Note brightness and contrast of (C,D) have been altered to more clearly visualize morphology.
Abbreviations: As in previous Figures, also f, fragments ll, Liesegang lines.

the batoid Raja clavata, Debiais-Thibaud, 2019). In a general
sense, elasmobranch tesserae are not dissimilar to some of
the developing units of mineralization in C. milii (Figure 4F,
dm, ic), which also border the perichondrium, grow via
calcification of surrounding cartilage matrix and, at least early
in development, contain chondrocytes which appear to be
vital. Additionally, mineralized tissues in C. milii appear to be
overlain by a distinct layer of uncalcified cartilage, beneath the
perichondrium (Figure 2A, SC). This resembles the thin layer of
“supratesseral uncalcified cartilage” intervening between tesserae
and perichondrium in elasmobranchs such as U. halleri and
Scyliorhinus canicula (Kemp and Westrin, 1979; Bordat, 1988;
Egerbacher et al., 2006; Enault et al., 2015; Seidel et al., 2016,
2017a; Debiais-Thibaud, 2019).

Despite these similarities, however, mineralization in adult
C. milii appears to result in a distinct form of tessellated
calcified cartilage. From a planar perspective, the mineralized
tissue comprises a more irregular mosaic of tesserae than
typically seen in elasmobranchs, with near-abutting calcified
tiles separated by uncalcified cartilage (Figures 7A,B, min, uc;
Supplementary Figure 1). From a transverse perspective, these
tesserae are similar to those of the embryo, arranged as a single
layer of tightly arranged units separated by very thin strips of
uncalcified cartilage and sandwiched between a supratesseral

layer and internal uncalcified cartilage (Figures 7C,D, min, uc,
SC, IN). From this perspective, the tesserae of C. milii most
closely resemble the tesserae of the sevengill shark (Notorynchus
cepedianus) in terms of their arrangement, being very tightly
organized and separated by minimal uncalcified cartilage, while
also lacking vital chondrocytes; however, they are not comparable
in size, being ∼19–57% of the size (Seidel et al., 2016). This is
notable, as the Hexanchiformes, to which N. cepedianus belongs,
are considered one of the most primitive of modern selachian
groups (Barnett et al., 2012; Tanaka et al., 2013; da Cunha et al.,
2017). However, despite this resemblance, it is likely that this
tissue organization does not represent a plesiomorphic trait given
the morphology of the skeletal tissues of stem holocephalans such
as Cobelodus (see section “Mineralised Tissue Development”).
It may be that this similarity is an example of evolutionary
convergence resulting from common environmental factors.
Both C. milii and N. cepedianus are both known to inhabit lower
depths, 200–500 m, respectively (Last and Stevens, 2009; Buglass
et al., 2020). This particular skeletal morphology could potentially
be beneficial for coping with the conditions of these deep waters.
Some osteichthyan fish that also lack swim bladders and inhabit
mesopelagic waters (100–1,000 m in depth), have been thought to
adapt to the consequences of hydrostatic pressure of these depths
through a combination of light “poorly developed” skeletons and
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FIGURE 8 | Chondricthyan phylogeny (after Coates et al., 2018). 1, Crown–group Chondrichthyes (Holocephali + Elasmobranchii); 2, Holocephali; 3,
Elasmobranchii; 4, Crown–group Holocephali; 5, Crown–group Elasmobranchii.

“watery” bodies (high water content) to assist with buoyancy and
the metabolic costs of locomotion (Blaxter et al., 1971; Blaxter,
1980). Indeed, the scant data on the skeletal biology of deeper-
water elasmobranchs (Somniosus, Hexanchus, Notorhynchus)
suggests mineralization is greatly reduced, even in adult animals,
with tessellation absent or only patchily distributed on skeletal
elements (Dean et al., 2015; Seidel et al., 2016; Maisey et al., 2020).
Whilst cartilaginous fish are known to control buoyancy through
the use of oil-filled livers (Bone and Roberts, 1969; Gleiss et al.,
2017), adaptations of the skeletons of these organisms to their
environment have never been thoroughly examined. Whether the
ostensible convergence in the taxa discussed here is related to
common environmental factors could be confirmed by further

investigation into the skeletal tissues and ecophysiology of other
deep-sea chondrichthyans.

Despite similarities in the early stages of development between
elasmobranch and C. milii tesserae (e.g., with early growth
surrounding vital chondrocytes; Figures 3B, 4E, 5B), the tesserae
of C. milii differ significantly from those elasmobranchs, and
particularly batoids, in terms of size and ultrastructure. The
tesserae observed in the stage 36 embryo and adult C. milii
(Figures 2, 4 and Supplementary Figure 1, min) are much
smaller compared to most elasmobranch tesserae that have been
examined (Seidel et al., 2016; Figure 10, t), generally being
less than 50 µm thick and ranging from 50 to 150 µm in
width (Figures 2A, 7C), comparable in size to the ∼100 µm
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FIGURE 9 | Mineralized cartilage in stem Holocephali and crown group Holocephali (Figure 8). (A) NHMUK PV P.9285, Cladoselache, stem Holocephali,
palatoquadrate, and Meckel’s cartilage; asterisk indicates area shown in (B), anterior to the left; (B) polygonal mineralization (tesserae), with irregular margins;
(B’) closeup of tessera, white arrow indicates contact along the tesseral margin which may represent “spokes” characterizing elasmobranch tesserae; (C) NHMUK
PV P.62281a, Cobelodus, stem Holocephali, cranium, more regular polygonal mineralization (tesserae); (C’) closeup of tessera, white arrow indicates “spokes” more
similar to those in elasmobranch tesserae; (D) NHMUK PV P.62316b, Sibirhynchus, stem Holocephali, cranium, polygonal mineralization (tesserae); (E,F) NHMUK
PV P.10343, Edaphodon, Family Callorhinchidae, crown group Holocephali (Figures 8, 2), (E) dorsal fin endoskeletal support (with dorsal fin spine, anterior to left),
asterisk indicates area shown in (F), anterior to the left; (F) closeup showing polygonal mineralization (tesserae); (G) NHMUK PV P.8212, Helodus, cranium,
polygonal mineralization. See Supplementary Info Table 1 for tessera sizes in these taxa.
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FIGURE 10 | Histological section of tessellated cartilage of a batoid ray (Raja). Abbreviations: as in previous Figures also bz, body zone; CP, chondrogenic
perichondrium cz, cap zone; ifz, intertesseral fibrous zone; itj, intertesseral joint; FP, fibrous perichondrium; sp., spoke; t, tesserae; vc, vital chondrocytes.

tesserae of the catshark Scyliorhinus (Egerbacher et al., 2006;
Seidel et al., 2016; Debiais-Thibaud, 2019). Additionally, C. milii
tesserae display no internal regionalization into the cap and
body zones (regions in elasmobranch tesserae delineated by
cell shape and collagen type, Figure 10, bz, cz; Kemp and
Westrin, 1979; Seidel et al., 2016; Chaumel et al., 2020), with
no differences observed between the surfaces closer to the
fibrous perichondrium, and surfaces surrounded by hyaline
cartilage (e.g., Figures 6A, 7C). Callorhinchus milii tesserae also
apparently lack the intertesseral joints and mineralized spokes
characteristic of elasmobranch tesserae (Figure 10, itj, sp.; Seidel
et al., 2016), as well as the Sharpey’s fibers that extend from
the perichondrium into the tesserae cap zone in elasmobranchs
(e.g., Kemp and Westrin, 1979; Peignoux-Deville et al., 1982;
Clement, 1992; Summers, 2000; Seidel et al., 2017a). With
respect to growth, the presence of Liesegang lines parallel to
tesseral edges (Figures 7C,D, ll) suggests calcification in C. milii
accretes at the margins of tesserae (Figures 2–5, min, dm, gc)
in the same manner as elasmobranch tesserae. Additionally
and/or alternatively, C. milii tesserae may grow through the
development and fusion of new, smaller mineralization foci
between existing tesserae (e.g., Figure 6A). Indeed, the irregular
and less concentric arrangement of Liesegang lines in C. milii
tesserae relative to those in elasmobranchs may be indicative of
a more multimodal and/or haphazard form of growth, perhaps
explaining the varied shape of the observed tesserae (Figure 7).

As noted, chondrocytes appear to be engulfed during
mineralization in C. milii (Figures 3B,E, 4E) and may be vital
in early stages (Figures 4C,D,F, 5, dm, ic). However, more
developed tesserae in embryos and adults appear to be acellular
(Figures 2, 4A, 6, min), with internal ultrastructures suggesting
previously entombed chondrocytes died and underwent

micropetrosis, calcifying their lacunae (Figure 7D, ch). Although
similar morphological suggestion of micropetrosis has been
observed in elasmobranch tesserae (Seidel et al., 2016, 2017b,
2019c), the indication of cell death accompanying mineralization
to yield completely acellular tesserae is a major difference to most
elasmobranch tesserae (Seidel et al., 2017a; Debiais-Thibaud,
2019; Figure 10). The absence of vital chondrocytes in the
tesserae of C. milii may have important implications for their
maintenance. In batoids, chondrocytes entombed in tesserae
(Figure 10) remain vital in uncalcified lacunar spaces and
form passages linking adjacent chondrocyte lacunae, similar
to the canalaculi found in bone (Dean et al., 2010; Seidel
et al., 2016; Chaumel et al., 2020). These chondrocytes and the
networks they form are thought to have important functions
with regard to maintaining the endoskeleton by communicating
information about the mechanical environment in a manner
similar to osteocytes in bone (Dean et al., 2010; Seidel et al., 2016;
Chaumel et al., 2020). Thus, vital chondrocytes are absent in the
mineralized tissues of the adult and the anterior older (anterior)
regions of the synarcual, suggesting that these are lost during
ontogeny, along with their associated putative mechanosensory
networks, and that these functions are either absent or achieved
through alternative means.

Chimaeroid Endoskeleton: Form Across
Phylogeny
The limited literature available on chimaeroid skeletal biology
offers conflicting descriptions of the endoskeletal mineralization:
tessellated calcified cartilage akin to that of elasmobranchs
(Hasse, 1879; Seidel et al., 2019b), smooth superficial sheets
of continuous calcified cartilage formed from the fusion of
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FIGURE 11 | (A,B) micro–CT scan of a synarcual from an adult Callorhinchus
milii (Holocephali; Callorhinchidae). (A) synarcual, lateral view; (B) coronal
section (virtual) through synarcual; (C) macrophotograph of lateral synarcual
surface showing mineralization with a granular appearance. Figures 11A,B
from Johanson et al. (2015). Usage permitted under CC BY licensing.

tesserae during ontogeny (Lund and Grogan, 1997; Grogan and
Lund, 2004; Pradel et al., 2009; Grogan et al., 2015), or a
granular texture (Hydrolagus, Finarelli and Coates, 2014). Recent
histological data from the synarcual of a sub-adult (20 cm)
Hydrolagus illustrates two forms of mineralized tissue (Debiais-
Thibaud, 2019: 116): (1) small (≤50 µm) subperichondral tissues
“reminiscent of globular mineralization” at the periphery of
the vertebral body and neural arch, that appear to follow a
tessellated pattern, and (2) a more irregular form of globular
mineralization deep within the vertebral body surrounding the
fibrous chordal sheath.

Based on these few recent reported data on chimaeroid
mineralization, tesserae in C. milii seem to share similarities
with those of Hydrolagus. In both taxa, mineralization is
tessellated and limited to the periphery of structures composed
of hyaline cartilage, including the neural arches, basidorsals
and basiventrals (vertebral body), though C. milii lacks the
second deeper layer of globular mineralization (Debiais-
Thibaud, 2019; Figure 6.1). The mineralized tissues of
Hydrolagus also take the form of small, irregular acellular
units, lacking clear separation into upper cap and lower
body zones (Seidel et al., 2016; Debiais-Thibaud, 2019).
Likewise, in Chimaera, mineralization more clearly takes
the form of tesserae, although differences with respect to
the more developed batoid tesserae have been described
(Seidel et al., 2019a).

These few recent descriptions of mineralization in modern
chimaeroids, including that provided here for C. millii, indicate
that these taxa neither possess sheets of continuous calcified
cartilage, nor a granular texture (Lund and Grogan, 1997;
Grogan and Lund, 2004; Pradel et al., 2009; Finarelli and Coates,
2014). Instead they appear to support more historical claims
(Hasse, 1879) that these organisms possess tesselated skeletal
tissues, though contrary to these sources, these are distinctly
different from most elasmobranch tesserae. These discrepant
accounts may arise from the tissue arrangements; in taxa such
as C. milii the tesserae are very tightly arranged, being separated
by very thin portions of uncalcified cartilage, which may give
the impression that the surface comprises a sheet. The tesserae
themselves are covered in a type of fascia (see Materials and
Methods, above), which could account for the observations of a
granular texture.

Given the quality, available perspectives, and challenging
surrounding matrices of many fossil specimens, the identification
of useful morphological correlates for identifying tesseral
ultrastructures is vital for understanding tesseral evolution and
comparing modern and extinct forms. Recently, Maisey et al.
(2020) provided a detailed description of the evolution of
tesserae in the total group Chondrichthyes, which includes
taxa known as acanthodians (Zhu et al., 2013; Coates et al.,
2017, 2018; Dearden et al., 2019; Frey et al., 2019). Notably,
certain acanthodian taxa, resolved closer to the base of
the Chondrichthyes showed “subtesselate calcified cartilage,”
where the mineralized layer was broken by fissures, but
these did not extend through the layer. More crownward,
Maisey et al. (2020) outlined the appearance of various
components of the tesserae, for example, the intertesseral
joint system in the stem-chondrichthyans Pucapampella and
Gladbachus, and division of the tesserae into cap and body
zones in the latter.

As well, the mineralized meshwork visible on jaw cartilages
of Gladbachus (Coates et al., 2018; Supplementary Figure 2F),
echoes a distinct stellate tesseral morphology that has been
observed in modern batoid fishes (Leucoraja erinacea, Bathyraja
eatonii, Urobatis halleri), termed “trabecular tesserae” by Atake
et al. (2019), and which has been shown to be associated with
tesserae with a dominant spoke component (i.e., where non-
spoke regions of tesserae have been reduced; Jayasankar et al.,
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2020). This meshwork tissue morphology was also visible when
observing the chondral aspect (the “underside”) of the tesseral
layer in skates, even in polygonal tesserae (Atake et al., 2019;
Figures 1H,I). The association of this meshwork morphology
with tesseral spokes and its observation in Gladbachus suggests
that the stellate/trabecular tesseral morphology and the presence
of spokes may be plesiomorphic for the Chondrichthyes and
that polygonal tesserae were acquired later in the group (Atake
et al., 2019). Although the structural complexity of tesserae is
increasingly well-understood (Dean and Summers, 2006; Dean
et al., 2009, 2010; Seidel et al., 2016, 2017a, 2019c), it is also
increasingly clear that tesserae have had a complex evolutionary
history, including the stepwise acquisition of characters.

By comparison, it appears that the Holocephali is
characterized by a progressive loss of tesseral features. In a
series of stem holocephalans, cartilage mineralization in what
are presumed to be adults occurs as small polygonal units that
are very similar among disparate taxa (Figure 9). The polygonal
shape is more comparable to tesserae in the Elasmobranchii,
including the suggested presence of mineralized spokes at tesseral
joints in taxa such as Cobelodus and potentially Cladoselache
(Figures 9A–C; Maisey et al., 2020). In contrast, polygonal
tesserae are more irregular in shape, and spokes appear absent, in
more crownward taxa, including Edaphodon (Callorhinchidae),
a member of the crown group Holocephali. In these features,
the tissues of crownward taxa bear the closest resemblance to
those of C. milii (Callorhinchidae), however, tesserae in C. milii
are more irregular in shape and much smaller than the irregular
polygonal tesserae of Edaphodon (Figure 11C, Supplementary
Info Table 1). The apparent loss of characteristics such as
spokes and intertesseral joints in the skeletal tissues of crown
holocephalans, may be related to their relatively irregular shape
and organization. It could potentially be the case that features
such as joints and spokes are important in or are a result of the
formation of the regular polygonal geometry of tesserae. The
presence of shape and structural features in some of the fossil
taxa examined that echo those in modern elasmobranch tesserae
suggests that substantial changes have occurred in mineralization
in living chimaeroids, with a loss of many characteristics of
tesserae seen in other chondrichthyans.

CONCLUSION

Whilst tessellated cartilage has been suggested to be a
shared characteristic of chondrichthyan endoskeletons (e.g.,
Maisey et al., 2020), the data presented here indicate that
this type of mineralization has been significantly modified
within the holocephalans. The mineralized layer of the
endoskeleton of Callorhinchus milii (Family Callorhinchidae)
consists of tightly arranged, irregularly shaped tesserae,
also present in Hydrolagus (Family Chimaeridae). These
tesserae in Callorhinchus and Hydrolagus differ in many
respects from most shark and ray tesserae, being smaller
and simpler, lacking features such as distinct cap and
body zones, mineralized spokes between the tesserae
and retention of lacunae housing vital chondrocytes.

Nevertheless some similarities in development are present,
such as the inter-chondrocyte septa that surround the
chondrocytes early in the development of the tesserae,
described above in Callorhinchus and the ray Urobatis
(Dean et al., 2009; Seidel et al., 2016). Tesserae in sharks
such as Notorynchus may also lack some features seen in
other elasmobranchs (Debiais-Thibaud, 2019; Figure 6.3;
Seidel et al., 2016; Figure 11A). Tesserae in stem group
holocephalans, as well as in fossil relatives of Callorhinchus
such as Edaphodon, within the Family Callorhinchidae
(Figure 9F), also appear to possess the polygonal shape
more characteristic of ray tesserae with these being larger and
better developed than the tesserae of adult Callorhinchus.
Thus it appears that these smaller units may be the
characteristic mineralized structure in extant holocephalans,
representing a reduction of mineralization occurring separately
within the Callorhinchidae and Chimaeridae, and within
the Elasmobranchii.
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Supplementary Figure 1 | SEM images of mineralization from the synarcual
(anterior fused vertebrae) of the second adult Callorhinchus milii (Holocephali;
Callorhinchidae). (A) Tesselated mineralization from a planar perspective; (B) close
up of mineralization from a planar perspective.

Supplementary Table 1 | Holocephali tesserae size (microns).
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Pearls are highly prized biomineralized gemstones produced by molluscs. The
appearance and mineralogy of cultured pearls can vary markedly, greatly affecting
their commercial value. To begin to understand the role of pearl sacs—organs that
form in host oysters from explanted mantle tissues that surround and synthesize
pearls—we undertook transcriptomic analyses to identify genes that are differentially
expressed in sacs producing pearls with different surface and structural characteristics.
Our results indicate that gene expression profiles correlate with different pearl defects,
suggesting that gene regulation in the pearl sac contributes to pearl appearance
and quality. For instance, pearl sacs that produced pearls with surface non-lustrous
calcification significantly down-regulate genes associated with cilia and microtubule
function compared to pearl sacs giving rise to lustrous pearls. These results suggest
that gene expression profiling can advance our understanding of processes that control
biomineralization, which may be of direct value to the pearl industry, particularly in
relation to defects that result in low value pearls.

Keywords: Pinctada maxima, pearl, pearl quality, nacre, biomineralization, CEL-Seq

INTRODUCTION

Pearls are stunning and structurally complex biominerals fabricated by a wide range of molluscs
(Strack, 2006; Southgate and Lucas, 2008; McDougall et al., 2013b). Some species produce pearls
composed of nacre (mother-of-pearl), and many of these species have been used for the production
of cultured pearls, resulting in a valuable aquaculture industry (Australian Bureau of Agricultural
and Resource Economics and Sciences [ABARES], 2018).

Cultured saltwater pearl production involves two oysters: a donor and a host. Small pieces
of the mantle—the organ responsible for shell formation in molluscs—are excised from the
donor oyster and surgically inserted into the gonad of the host, along with a spherical bead
known as the nucleus (Taylor and Strack, 2008). Over time, the explanted mantle grows around
the nucleus to form a continuous epithelial layer, the pearl sac (Taylor and Strack, 2008;
McDougall et al., 2013b). The pearl sac first secretes an organic layer onto the surface of the
nucleus (Taylor and Strack, 2008). This is followed by the deposition of successive layers of
calcium carbonate, first prismatic and then nacreous, although a large degree of variation can
be observed in individual pearls (Cuif et al., 2008, 2011; Mariom et al., 2019). This structural
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layering is similar to that observed within the pearl oyster shell
that also consists of three layers; an outer organic-rich layer (the
periostracum), a middle prismatic layer of calcite, and an inner
nacreous layer of aragonite. These similarities have led to the
generalized assertion that pearls are essentially inverted shells
(Farn, 1986; Taylor and Strack, 2008).

The formation of pearls and shells by similar processes is
evident at the molecular level. The proteinaceous component of
adult pearl oyster (Pinctada) shells is complex, comprising over
80 individual shell matrix proteins (SMPs), many of which are
specific to particular shell layers (Joubert et al., 2010; Marie et al.,
2012; Liu et al., 2015). Gene expression analysis of pearl sacs
has revealed that pearl formation also involves many of these
previously identified SMPs (Wang et al., 2009; Inoue et al., 2010;
McGinty et al., 2012; Zhan et al., 2013; Le Luyer et al., 2019);
however, pearl sac specific isoforms of known biomineralization
genes have also been reported (Kinoshita et al., 2011). Temporal
transcriptomic analysis has further revealed that SMPs associated
with the prismatic shell layer are up-regulated in the early stages
of pearl formation, whereas those associated with the nacreous
shell layer are up-regulated later (Mariom et al., 2019), suggesting
that the molecular process of pearl formation largely recapitulates
that observed in the shell.

From a commercial perspective, the ideal pearl is round,
highly lustrous (shiny), of a pleasing color, and has an
unblemished surface (Southgate and Lucas, 2008). However,
many cultured pearls do not have these characteristics. For pearl
oysters, seeding experiments have provided some insights into
the underlying causes of some of the undesirable characteristics
commonly found in pearls, and have indicated ways in which
they might be avoided. For example, pearl shape is influenced
by the skill of the grafting technician, and improvements can be
made by modification of seeding techniques (Ky et al., 2015).
Likewise, there is some evidence that luster (Figures 1A,B) and
color can be improved by careful selection of donor oysters (Ky
et al., 2014, 2019; Zhifeng et al., 2014; McDougall et al., 2016a;
Blay et al., 2017). Surface blemishes, or defects, continue to be a
problem for the pearl industry, despite some research indicating
that these defects can, in some cases, be associated with particular
host characteristics such as overall growth rate (McDougall et al.,
2016a), or nacre deposition rate (Blay et al., 2014).

Given that molecular processes within the pearl sac ultimately
regulate pearl formation, several studies have investigated
potential links between pearl quality and gene expression. Inoue
et al. (2010) assessed the expression levels of six candidate
SMPs in pearl sacs that produced low- or high-quality pearls,
assessed by the proportion of the pearl surface that displayed
no defects. One gene (msi31) was found to be consistently up-
regulated in high quality pearls. In a similar approach, Blay et al.
(2018) determined the expression levels of eight candidate genes,
representing both prismatic and nacreous SMPs, in pearl sacs.
They found that three of the prismatic SMPs were up-regulated
in sacs that produced pearls with low surface quality, whereas
PIF (characterized as a nacreous SMP) was up-regulated in pearls
with high surface quality (in this case, pearls with over 10 pits,
bumps, or scratches were determined to have low surface quality).
While these studies demonstrate that correlative differences can

be observed between gene expression and pearl quality, differing
expression of SMPs is likely to be a result of abnormal upstream
processes, rather than the root cause.

In a recent study, Le Luyer et al. (2019) performed whole
transcriptome analysis to compare gene expression between pearl
sacs producing pearls of differing quality. The study revealed
few genes (16) that were up-regulated in high quality pearls,
compared to 246 up-regulated in low quality pearls. Again,
an association between prismatic layer SMPs and poor pearl

FIGURE 1 | Examples of surface characteristics of pearls. (A) High luster, note
sharp reflection. (B) Low luster. (C) Major calcification, note opaque
appearance on right half of pearl. (D) Localized calcification (arrowhead).
(E) Spots, both raised (arrow) and depressed (arrowhead). (F) Hammer. (G,H)
Underskin.
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quality was detected. Although the study was not able to
determine specific mechanisms that control pearl quality, the
results did suggest a potential role for transposable elements,
and potentially alternative splicing of biomineralization genes, on
pearl characteristics.

The different ways in which pearl “quality” is determined
may explain why the causes of poor pearl quality remain elusive.
There are a number of different kinds of defects (McDougall
et al., 2016a), and each type may have a different underlying
cause. “Luster” describes the “shine” of the pearl, with high-
luster pearls having a mirror-like reflectance and low-luster pearls
appearing dull and are deemed low quality. Luster is ultimately
determined by the thickness of the brick-like nacre tablets, with
particular thicknesses inducing a phase-shift in reflected light
that produces an iridescence effect (Simkiss and Wada, 1980).
Poor luster can also be caused by a defect known within the
industry as “calcification.” The term “calcification” is clearly a
misnomer, as the entire pearl is clearly calcified, however, within
the pearling industry, the term refers to the presence of white or
opaque (non-lustrous) areas on the pearl surface (Figures 1C,D).
In freshwater pearls, a similar defect is caused by the deposition
of vaterite rather than aragonite (Ma and Lee, 2006; Bourrat et al.,
2012); however, it is not known how this shift is mediated. Other
pearls possess “spots” on their external surface, these can be either
raised or depressed, and can often be associated with localized
calcification (Figure 1E). In some cases, areas of the pearl surface
have a golf ball-like appearance, known as “hammer” (Figure 1F),
and in other cases, the pearl surface is bumpy or wrinkly, a
condition known as “underskin” (Figures 1G,H). It is unknown
whether any of these defects have similar underlying causes,
and therefore the pooling of pearls with these qualities into a
single “low quality” category possibly leads to low power for the
detection of the underlying causes of these disparate defects.

Here, we utilize a low-input RNA-Seq method (CEL-Seq2)
to evaluate gene expression in 28 individual pearl sacs from
Pinctada maxima. The method was originally derived for gene
expression analysis within single cells (Hashimshony et al., 2012,
2016), but has also been applied to multi-celled samples such
as individual embryos and larvae (Anavy et al., 2014; Levin
et al., 2016; Say and Degnan, 2020). Analysis of genes that
are differentially expressed between these pearl sacs reveals that
each investigated character or defect is associated with a distinct
molecular signature, and, therefore, that these defects likely have
different underlying causes. We predict that further investigation
of the mechanistic causes of these particular defects will not only
point the pearling industry toward possible methods for their
prevention, but will also reveal fundamental principles about the
biomineralization process that may be applicable across other
biocalcifying taxa.

MATERIALS AND METHODS

Transcriptome Sequencing
Pinctada maxima adult mantle, juvenile mantle, and pearl sac
tissues (six individuals per tissue) were provided by Clipper
Pearls, Broome, Western Australia. Tissues were dissected,

immediately placed in RNAlater (Sigma–Aldrich), and stored at
4◦C overnight before transportation and long-term storage at
−20◦C. Sampled mantle tissue consisted of all mantle zones, i.e.,
both edge and pallial. Pearl sacs were initially dissected along
with surrounding gonad tissue, and were further dissected to
isolate the pearl sac epithelium away from other tissues after
storage in RNAlater. RNA extractions were performed separately
for each individual mantle or pearl sac sample. Extractions were
performed using 1 mL of TRI Reagent (Sigma–Aldrich) as per
the manufacturer’s instructions, using 1-bromo-3-chloropropane
for phase separation, and 0.25 mL of isopropanol and 0.25 mL of
high salt precipitation solution (0.8 M sodium citrate and 1.2 M
sodium chloride) for precipitation. RNA from each sample was
pooled in equimolar amounts for each sample type (adult mantle,
juvenile mantle, and pearl sac) and quality was checked on a
Bioanalyzer (Agilent). RNA was sent to Macrogen (Seoul, Korea)
for library preparation using a TruSeq Stranded mRNA Sample
Prep Kit (Illumina) and sequencing on a HiSeq2000 to generate
between 60 and 70 million 100 bp paired-end reads per library.
A transcriptome assembly was performed using reads from all
three libraries (adult mantle, juvenile mantle, and pearl sac) using
Trinity v. 2014-04-13, with quality trimming via Trimmomatic
and normalization of reads. Resulting transcripts were annotated
using Trinotate pipeline 3.1.11 (Bryant et al., 2017) via similarity
searching against Swissprot by BLAST (Altschul et al., 1990),
Pfam (Finn et al., 2016) by hmmscan (Finn et al., 2011), and by
association with Gene Ontology terms (Ashburner et al., 2000).

Pearl Sac Sampling
Sampling was conducted during standard harvesting operations
of a cohort of pearls (24 months post seeding; originally seeded
within a 2-day period by a single technician) by Clipper Pearls
Pty Ltd., Broome, Western Australia. Harvesting operations were
observed and pearls with varying qualities identified. These pearls
were extracted, individually bagged, numbered, and graded by a
single expert pearl grader at Autore Pearls Pty Ltd., utilizing a
modification of the Autore pearl grading and classification system
known as the Autore Five S’sTM South Sea Pearl Classification
Guide (trademark and copyright held by Autore Pearls Pty
Ltd.) (Pearlautore International Pty Ltd,, 2006; McDougall et al.,
2016b). Host characteristics including shell dorso-ventral height,
anterior–posterior width, and sex at harvest (either male, female,
or non-reproductive) were recorded at time of harvest. Pearl
weight was calculated as the final weight of the pearl in momme
(1 momme = 3.75 g), minus the average weight of the inserted
nucleus. After pearls were harvested, a clean nucleus was inserted
into the pearl sac, which was then dissected from the animal
and stored in RNAlaterTM (Ambion) overnight at 4◦C before
long-term storage at−20◦C.

Gene Expression Analysis
For extraction of pearl sac epithelia, samples were placed in a petri
dish containing RNAlaterTM and dissected open to reveal the
embedded nucleus. The nucleus was removed, and surrounding
pearl sac tissue peeled away from the surrounding tissue using

1https://github.com/Trinotate/Trinotate.github.io/wiki
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TABLE 1 | Characteristics of pearls selected for this study.

Pearl ID Luster Spots Hammer Underskin Calcification Pearl weight (momme) Host sex at harvest

1 A Yes No No No 0.45 Male

2 C Yes No No No 0.35 Non-reproductive

3 C Yes No No No 0.25 Non-reproductive

4 C/D Yes No Yes Yes 0.30 Male

5 A Yes Yes No Yes 0.55 Male

6 A No No No No 0.50 Non-reproductive

7 A No No No No 0.70 Male

8 A Yes No No Yes 0.45 Non-reproductive

9 C Yes Yes Yes No 0.55 Male

10 A Yes No No No 0.30 Male

11 B No No No No 0.40 Non-reproductive

12 C Yes No No Yes 0.45 Non-reproductive

13 A Yes No No No 0.40 Non-reproductive

14 C Yes No Yes No 0.20 Male

15 C Yes No No No 0.30 Non-reproductive

16 A Yes No No No 0.50 Male

17 A Yes No No No 0.55 Male

18 C Yes No No Yes 0.65 Male

19 A No No Yes No 0.85 Non-reproductive

20 B No No No No 0.75 Non-reproductive

21 A Yes No No Yes 0.35 Non-reproductive

22 A No No No No 0.80 Male

23 C Yes No No Yes 0.15 Male

24 C Yes No Yes No 0.70 Male

25 A Yes No No No 0.45 Female

26 C Yes No No No 0.35 Male

27 A Yes No No No 0.70 Male

28 C/D Yes No Yes Yes 0.30 Non-reproductive

fine forceps. Any adhering non-epithelial tissue (displaying
distinct fluffy texture) was removed before the pearl sac tissue
was placed into TRI Reagent R© (Sigma–Aldrich). RNA extractions
were performed according to the manufacturer’s instructions.

Individual sequencing of pearl sac transcriptomes was
performed using the CEL-Seq2 protocol (Hashimshony et al.,
2016), which utilizes early sample barcoding, 3’ end-tagging,
and the inclusion of 6 nt unique molecule identifiers (UMIs)
to generate high-sensitivity transcriptomes from low input
starting material. 25 ng RNA and 0.5 µl ERCC spike-in (1:10,000
dilution) were added to the initial RNA/primer/ERCC/dNTP
mix for each sample. Paired-end sequencing was performed
on a HiSeq 2500 (rapid run mode), with a 15 bp read 1 and
a 55 bp read 2. Transcript counts were generated using the
CEL-Seq2 pipeline (Hashimshony et al., 2016), modified to
accommodate a 55 bp read 2, to use the –norc and –a commands
during BOWTIE mapping, and to perform counting using
a “fake”.gtf file. This was generated using faSize and the
following command: cat P_maxima_transcriptome_Sizes.fa |
awk ’{print $1"\tPinctada\texon\t1\t"$2"\t\.\t\ + \t.\tgene_id
\""$1"\""}’ > Pinctada_transcriptome_Fake.gtf. UMI counts
were converted to transcript numbers following the binomial
method outlined in previous studies (Grün et al., 2014).
Transcripts with very low counts (less than 30 reads across

all 28 samples after transformation) were removed from the
dataset entirely. Transcript isoforms with very similar counts
across all samples were collapsed using the “collapseRows”
and “connectivityBasedCollapsing” function within the
WGCNA program in R.

Differential gene expression analysis was performed for each
pearl attribute (luster, weight, spots, underskin, and calcification)
using DESeq2 (v 1.16.1) (Love et al., 2014) using an adjusted
p-value cut-off of 0.05. For the analysis of luster, the two
pearls exhibiting “B” grade luster were excluded from the
analysis. Transcript counts (normalized using blind variance
stabilizing transformation in DESeq2) were used to generate
heatmaps for visualization of differentially expressed genes
using the packages pheatmap version 1.0.12 (Kolde, 2012) and
RColorBrewer version 1.1-2 (Neuwirth, 2011) in R version 3.5.1
(R Core Team,, 2014). Expression was scaled by row z-scores
for visualization. Analysis for functional over-representation
within differentially expressed transcripts was performed using
hypergeometric tests of “biological process” gene ontology
categories within the BiNGO plugin (Maere et al., 2005) of
Cytoscape (Shannon et al., 2003), along with the Trinotate
annotation of the P. maxima transcriptome as a reference
and a p-value (Benjamini–Hochberg FDR correction) cut-
off of 0.01.
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FIGURE 2 | Heatmap of significantly differentially expressed transcripts associated with luster quality. The number at the bottom of each column corresponds to the
pearl sac that produced the pearl displayed in Supplementary Figure S1. Transcripts are displayed as horizontal rows and are clustered by similarity of expression
profiles, represented by the dendrogram to the left of the heatmap. Red indicates higher expression, and pearl sacs producing high luster pearls (A grade) are shown
on the left of the heatmap, as indicated by the gray bar. Transcript annotations are indicated to the right of the heatmap.

Differentially expressed transcripts were further investigated
to determine whether they (i) were likely to encode SMPs
based upon similarity to proteins that had previously been
identified from molluscan shells, (ii) possibly had regulatory
roles (specifically, whether they were likely to have transcription
regulatory or signaling activity), or (iii) whether they had
similarity to transcripts that had been associated with pearl
quality in a previous study (Le Luyer et al., 2019). Similarity to
SMPs was ascertained by performing BLASTP searches against
an in-house database of published proteins that had previously
been identified from the shells of other mollusc species (Marie
et al., 2010, 2011, 2012, 2013b, 2017; Bédouet et al., 2012; Mann
et al., 2012, 2018; Pavat et al., 2012; Zhang et al., 2012; Mann and
Jackson, 2014; Gao et al., 2015; Liao et al., 2015, 2019; Liu et al.,
2015; Arivalagan et al., 2016; Upadhyay et al., 2016; Le Pabic et al.,
2017; Shimizu et al., 2018), using an e-value cut-off of 1e−10.
Reciprocal BLAST searches were then performed against the
parent taxon of the top BLAST hit in NCBI to provide evidence
for transcript homology. As many SMPs possess repetitive, low
complexity domains (Sudo et al., 1997; Jackson et al., 2010; Marie
et al., 2010; McDougall et al., 2013a, 2016b), BLASTP searches
were conducted without filtering for low-complexity regions
and without compositional adjustment. Potential transcription
factor or signaling activity was ascertained by searching GO term
annotations for GO:0003700 (DNA-binding transcription factor

activity), or for the phrase “signal.” Finally, comparisons were
made between the differentially expressed transcripts identified
here and those identified in the study by Le Luyer et al. (2019).
As the sequence data from the Le Luyer manuscript were not
available at the time of writing, the top BLAST hits to the Le Luyer
transcripts (Supplementary Table S2 in Le Luyer et al., 2019)
were downloaded and used in reciprocal BLAST searches.

Phylogenetic Analyses
To provide support to computational annotation, alignments
of transcripts of interest and related sequences were performed
and edited within AliView (Larsson, 2014). Maximum likelihood
phylogenetic analyses were conducted using RAxML version
8.2.11 (Stamatakis, 2014), with automatic model selection and
100 rapid bootstrap inferences. Resulting phylogenetic trees were
visualized in FigTree (Rambaut, 2006).

RESULTS AND DISCUSSION

Transcriptome Sequencing and
Assembly
To obtain a comprehensive transcriptome to facilitate
investigation into P. maxima biomineralization, sequencing
was performed for three libraries (adult mantle, juvenile mantle,
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FIGURE 3 | Heatmap of the 100 most significant calcification-associated differentially expressed transcripts. Transcripts are displayed as horizontal rows and are
clustered by similarity of expression profiles. Red indicates higher expression, and pearl sacs producing pearls with calcification are shown on the right of the plot, as
indicated by the gray bar. Transcript annotations are indicated on the right.

and pearl sac; six individuals in each library) on an Illumina
HiSeq 2000. Reads from all three libraries were used to construct
a combined transcriptome assembly, consisting of 185,077
transcripts, with a contig N50 of 1740 bp. Raw sequences
and assembled transcripts are publicly available under NCBI
BioProject PRJNA636870.

Characteristics of Selected Pearls
Standard pearl harvesting operations were observed and 28 pearls
and their corresponding pearl sacs were selected for sampling
based upon pearl appearance. The characteristics of the selected
pearls are outlined in Table 1, and photographs of the pearls can
be found in Supplementary Figure S1. Gene expression in each
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TABLE 2 | The 10 most highly enriched biological processes of transcripts
differentially expressed between sacs producing calcified and uncalcified pearls.

Biological process GO accession Adjusted P-value

Cilium organization 0044782 3.56E-34

Cilium assembly 0060271 1.49E-31

Microtubule-based process 0007017 8.03E-30

Plasma membrane bounded
cell projection assembly

0120031 5.52E-29

Cell projection assembly 0030031 7.38E-29

Microtubule-based movement 0007018 1.66E-26

Organelle assembly 0070925 2.12E-25

Cell projection organization 0030030 1.01E-23

Axoneme assembly 0035082 1.33E-19

Plasma membrane bounded
cell projection organization

0120036 1.30E-18

pearl sac was assessed using CEL-Seq2, with a resulting average
sequencing depth of 6.4 million reads per sample (ranging from
461,492 to 14,789,883 reads), and an average mapping rate of
67% (ranging from 62 to 72%). Genes that were significantly
differentially expressed in pearl sacs producing pearls with
different characteristics were identified using DESeq2. Only two
pearls were found that exhibited “hammer” on their surface,
therefore this defect was not analyzed further.

Luster
Pearl luster is graded on a scale of A-D, with A grade
pearls possessing greater luster. 43 transcripts are found to
be significantly differentially expressed between pearl sacs
producing high (A) and low (C or C/D) luster pearls, of
which 19 have associated Swissprot annotations (Figure 2 and
Supplementary Table S1). No specific biological process is over-
represented in this dataset, most likely due to the low number of
annotated transcripts.

Four differentially expressed transcripts are found to be
highly similar to reported SMPs via reciprocal BLAST searches.
Three are found to be down-regulated in high luster pearl sacs:
c60479_g1_i1, which exhibits similarity to Pinctada margaritifera
NUSP-19 (Marie et al., 2012); c72013_g3_i1, which is annotated
as “acidic mammalian chitinase” and possesses similarity to SMPs
found in nine bivalve species and in Sepia officalis cuttlebone; and
c73701_g1_i2, which is annotated as perlwapin, a known SMP
from abalone shells that inhibits calcium carbonate crystal growth
in vitro (Treccani et al., 2006). The other transcript, c73128_g2_i3
(annotated as “tubulin alpha-3 chain”), is up-regulated in high
luster pearl sacs. This alpha tubulin is almost identical at the
amino acid level to proteins isolated from Perna viridis (99%
similarity) and Crassostrea gigas (60% similarity) shells (Zhang
et al., 2012; Liao et al., 2019). A number of intracellular proteins,
including tubulins, have been detected within shells; however, it
has been suggested that their presence is due to contamination
of biominerals by cellular remains, i.e., that they are not true
components of the organic matrix of shells (Marie et al., 2013a).
Aside from putative SMPs, other differentially expressed genes
exhibited similarity with genes that have been implicated in
biomineralization in other species, for example, peptidyl-prolyl

cis-trans isomerase (cyclophilin) (Amore and Davidson, 2006;
Jackson et al., 2010) and spondin (Kinoshita et al., 2011; Funabara
et al., 2014). Furthermore, five of the differentially expressed
transcripts are detected in the pearl quality study by Le Luyer et al.
(2019), including perlwapin, NUSP19, chitinase, “cysteine-rich
venom protein” (c73712_g1_i1) and an unannotated transcript
(c66069_g1_i1).

Three transcripts that are likely to have signaling functions
and may be components of a genetic regulatory network
that affects luster are co-expressed (Figure 2; c73060_g1_i1,
annotated as endothelin-converting enzyme homolog;
c73844_g1_i2, annotated as Ras-related and estrogen-regulated
growth inhibitor; and c75218_g1_i2, annotated as atrial
natriuretic peptide receptor-1). Although the functions of these
signaling proteins are unstudied in molluscs and may differ from
those in vertebrates (Grandchamp et al., 2019), the co-expression
of these genes suggests that the regulatory interplay between
these proteins (i.e., hydrolysis of atrial natriuretic peptide and
regulation of Ras proteins by endothelin-converting enzyme
(Foschi et al., 1997; Johnson et al., 1999) may be conserved.

Calcification
Eight pearls have some degree of calcification, and 315 transcripts
are significantly differentially expressed between these pearls
and those without the defect (Figure 3 displays the 100 most
significant transcripts, see Supplementary Table S2 for the full
list). 207 of these transcripts have Swissprot annotations, and
14 are similar to known SMPs. These include c72013_g3_i1,
the transcript annotated as mammalian acidic chitinase that
is also differentially expressed in the luster analysis, three
unannotated transcripts, five transcripts with similarity to dynein
proteins, and a number of other transcripts with similarity
to intracellular proteins such as beta tubulin, pyruvate kinase,
arginine kinase, and histone H3 (Supplementary Table S2).
Three differentially expressed transcripts have similarity with
transcripts associated with pearl quality in the study by Le
Luyer et al. (2019), including two unannotated transcripts
(c67849_g1_i1 and c72382_g1_i1), and a transcript annotated as
metalloproteinase inhibitor 3 (c70381_g2_i1). A number of genes
with potential signaling functions are differentially expressed
(Supplementary Table S2), and one transcript (c58003_g1_i1)
encoding the transcription factor forkhead box J1 (FoxJ1) is
down-regulated in pearls with calcification (Supplementary
Table S2 and Supplementary Figure S2). This result is congruent
with the recent identification of FoxJ1 as a candidate regulatory
gene for expression of nacre-associated SMPs in the clam
Laternula elliptica (Sleight et al., 2020).

Genes that are differentially expressed between sacs producing
calcified and non-calcified pearls are enriched for genes involved
in 96 biological processes (Supplementary Table S3, 10 most
highly significant shown in Table 2), and many of these were
associated with cilia or microtubule function, suggesting cellular
cytoskeletal elements contribute to pearl formation and quality.
Given that pearl sacs are located within the gonad of the host
animal, we considered the possibility that this result could be
due to sperm contamination from male gonads. This is unlikely
to be the case, as the eight calcified pearls were obtained from
four male hosts and four hosts that were reproductively inactive,
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FIGURE 4 | Heatmap of underskin-associated differentially expressed transcripts. Transcripts are displayed as horizontal rows and are clustered by similarity of
expression profiles. Red indicates higher expression, and pearl sacs producing pearls with underskin are shown on the left of the plot, as indicated by the gray bar.
One transcript was able to be annotated, indicated on the far right.

FIGURE 5 | Heatmap of weight-associated differentially expressed transcripts. Transcripts are displayed as horizontal rows and are clustered by similarity of
expression profiles. Red indicates higher expression, and pearl sacs producing heavier pearls are shown on the left of the plot, as indicated by the gray bar.
Transcript annotations are indicated on the far right.

and hosts producing non-calcified pearls had a similar sex
distribution (Table 1).

The mantles of several different bivalves are known to be
ciliated in different regions, including the larval and adult mantle
of Nodipecten nodosus (Audino et al., 2015), and the inner
mantle epithelium and folds of Velesunio ambiguus and Hyridella
depressa (Colville and Lim, 2003). Ciliated mantle cells are also

present in primary cell cultures from the bivalve clam Paphia
malabarica (Dessai, 2012). In P. margaritifera, cilia are present
in the epithelium of the inner fold, the periostracal groove, and
the outer fold, and cells within the mantle pallial have “short
protruding cell processes” (Jabbour-Zahab et al., 1992). There
are conflicting reports of cilia within pearl sacs. Some reports
indicate that cilia may be present in the early stages of pearl sac
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TABLE 3 | Multi-trait differentially expressed transcripts.

Transcript Annotation Luster (low) Calcification Underskin Weight (low)

c61489_g1_i2 – ↑ ↑ ↑

c71079_g1_i2 Lamin tail domain-containing protein 1 ↓ ↓

c71079_g2_i1 – ↓ ↓

c71948_g1_i2 – ↓ ↓

c63138_g1_i3 Spondin-1 ↓ ↓

c49420_g1_i1 – ↑ ↓

c53363_g1_i1 WAP four-disulfide core domain protein 18 ↓ ↓

c67428_g1_i1 – ↑ ↓

c75828_g1_i1 Fibrocystin-L ↓ ↓

c72013_g3_i1 Acidic mammalian chitinase ↑ ↑

c101215_g1_i1 – ↓ ↓

c66069_g1_i1 – ↑ ↑

c63208_g1_i1 WAP domain containing ↑ ↑

Arrows indicate an up- and down-regulated gene expression in relation to each pearl quality trait.

formation but not in later stages (Chatchavalvanich et al., 2010;
Cochennec-Laureau et al., 2010), whereas others report variation
in the presence or absence of cilia and the possible influence of
the grafting process in this trait (Kishore and Southgate, 2015,
2016). Intriguingly, Dix (1973) reported that sacs producing
nacreous pearls consist of a single, non-ciliated layer of epithelial
cells, whereas a sac producing a “periostracal” (brown, organic
layer) pearl consist of tall, ciliated epithelial cells. While no
“periostracal” pearl sacs were investigated in this study, our
findings are consistent with those of Dix (1973) and suggest a
role for ciliation in nacre deposition. The association between
cellular differentiation and the biomineralization of different
calcium carbonate polymorphs has already been proposed for
molluscs (Sud et al., 2002; Jolly et al., 2004; Jackson et al., 2006,
2007; McDougall et al., 2011; Marie et al., 2012) and bryozoans
(Jacob et al., 2019).

Underskin
Four transcripts are significantly differentially expressed in
pearl sacs that produced pearls with and without underskin
(n = 6; Figure 4 and Supplementary Table S4). Only one of
these transcripts, c52227_g1_i2, produced significant BLAST
or Pfam hits, displaying similarity to arthropod hemocyte
protein-glutamine gamma-glutamyltransferase. It is down-
regulated in pearl sacs that yield pearls with underskin defects.
Hemocyte protein-glutamine gamma-glutamyltransferase
(transglutaminases) have been implicated in the immune
response of the Pacific oyster C. gigas (Gueguen et al., 2003;
Hart et al., 2016), suggesting that the underskin defect may be
related to infection within the pearl sac. One of the unannotated
transcripts (c66069_g1_i1) was likely also identified as being
associated with pearl quality in the study by Le Luyer et al. (2019).

Spots
In this study, only six pearls did not possess at least one
“spot.” Despite the prevalence of this defect, no transcripts
are significantly differentially expressed between pearl sacs
producing pearls with and without spotting. We note that
there is a large degree of variation associated with this

defect, i.e., spots can either be raised or depressed, and either
nacreous or opaque (Figure 1). Each type of spot may have
a differing underlying cause, and it is possible that combining
this defect into a single category has masked underlying gene
expression differences.

Pearl Weight
The weight of deposited pearl material in this study varied
between 0.15 and 0.85 momme (0.56 and 3.19 g). 64 transcripts
are significantly differentially expressed in relation to pearl weight
(Figure 5 and Supplementary Table S5). Of these, 14 can be
annotated. There are no functional categories over-represented
within the differentially expressed genes.

Seven transcripts encode proteins with similarity to previously
identified SMPs (Supplementary Table S5). c69953_g2_i1
encodes PIF, a protein that is cleaved into two components;
Pif 80, an acidic protein that is involved in aragonite crystal
formation, and Pif 97 that binds to chitin, in P. fucata
(Suzuki et al., 2009, 2013). A second transcript encodes a
homolog of “uncharacterized shell protein 1,” originally isolated
from P. margaritifera shell (Joubert et al., 2010). Two other
transcripts (c73596_g2_i2, annotated as “spore cortex-lytic
enzyme,” and c76258_g1_i1, annotated as “probable sulfite
oxidase,” mitochondrial) are similar to proteins isolated from
C. gigas shell (Zhang et al., 2012), and the other three have
similarity to uncharacterized SMPs. Six of the differentially
expressed transcripts, including “uncharacterized shell protein
1,” were also likely identified by Le Luyer et al. (2019)
(Supplementary Table S5).

One gene that was over-expressed in pearls with lower weights
encodes an ETS4/PDEF transcription factor (Supplementary
Figure S3). The ETS family of transcription factors play a wide
range of roles in metazoans, including in neural development,
vasculogenesis, hematopoiesis (Sharrocks, 2001; Yagi et al., 2003),
and the regulation of spiculogenesis in sea urchins (Davidson
et al., 2002). PDEF regulates the specification of secretory cells in
vertebrates (Chen et al., 2009). It is possible that this transcription
factor affects pearl development via the specification of particular
biomineralization cell types.
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Proteins predicted from other differentially expressed
transcripts are similar to a range of proteins involved in general
metabolism, including sulfite oxidase, voltage-gated hydrogen
channel protein, and elongation factor 1-delta (Figure 5). These
transcripts have higher expression in heavier pearls, possibly
indicating overall higher metabolism in the corresponding
pearl sacs.

Multi-Character Differentially Expressed
Transcripts
In total, 13 genes are significantly differentially expressed for
more than one pearl characteristic (Table 3). Nine of the 43
genes that are differentially expressed between sacs producing
pearls with high or low luster are also differentially expressed
in association with calcification. Except for two genes, the
expression levels of these multi-character transcripts correlate
with high calcification and low luster pearls, suggesting an
association between these traits. However, it is worth noting that
pearls with high calcification are likely to be deemed to have a low
luster, especially if the calcified proportion of the surface is high.

The other traits share very few differentially expressed genes,
and no differentially expressed transcripts are shared between
sacs producing pearls of differing luster and differing pearl
weights. The lack of overlap in differentially expressed transcripts
between all the pearl characteristics demonstrates that each is
underpinned by unique transcriptional profiles.

Previous studies have investigated pearl sac gene expression
in relation to pearl quality; however, in these studies, quality
has generally been expressed as “high” or “low” without
distinguishing between defect types. We expect that our “multi-
character” genes are more likely to be uncovered by studies
using a broader quality classification system. Three of the multi-
character transcripts, c63208_g1_i1 (WAP-domain containing),
c66069_g1_i1 (unannotated), and c72013_g3_i1 (chitinase),
appear to have also been identified as quality-associated
transcripts by Le Luyer et al. (2019). Notably, none of the well-
studied SMPs that have previously been associated with pearl
quality (e.g., MSI60, aspein, prismalin, or any shematrins) (Inoue
et al., 2011a,b; Blay et al., 2018) are identified to be associated with
any of the pearl quality characteristics investigated here.

CONCLUSION

This study reveals that unique transcriptional profiles in pearl
sacs underlie different pearl characteristics. These transcriptional
profiles not only indicate possible causative mechanisms of
particular pearl defects or undesirable traits, but also reveal
hitherto unrecognized processes linked to biomineralization, for
example, the potential role of ciliation and cytoskeletal elements.
A number of known SMPs were differentially expressed in
pearls displaying different traits, and further analysis of the role
of these proteins will likely reveal their functional role across
different shell polymorphs, i.e., in calcite or nacre, and how
these are associated with particular pearl defects. The analysis
of gene expression within sacs producing pearls with different
characteristics also provides evidence for the involvement of
the transcription factors FoxJ1 and ETS4 in biomineralization,

providing candidates for the regulation of nacre formation and
specification of biomineralization cell types in molluscs.
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While recent strides have been made in understanding the biological process by which
stony corals calcify, much remains to be revealed, including the ubiquity across taxa of
specific biomolecules involved. Several proteins associated with this process have been
identified through proteomic profiling of the skeletal organic matrix (SOM) extracted
from three scleractinian species. However, the evolutionary history of this putative
“biomineralization toolkit,” including the appearance of these proteins’ throughout
metazoan evolution, remains to be resolved. Here we used a phylogenetic approach to
examine the evolution of the known scleractinians’ SOM proteins across the Metazoa.
Our analysis reveals an evolutionary process dominated by the co-option of genes that
originated before the cnidarian diversification. Each one of the three species appears
to express a unique set of the more ancient genes, representing the independent co-
option of SOM proteins, as well as a substantial proportion of proteins that evolved
independently. In addition, in some instances, the different species expressed multiple
orthologous proteins sharing the same evolutionary history. Furthermore, the non-
random clustering of multiple SOM proteins within scleractinian-specific branches
suggests the conservation of protein function between distinct species for what we
posit is part of the scleractinian “core biomineralization toolkit.” This “core set” contains
proteins that are likely fundamental to the scleractinian biomineralization mechanism.
From this analysis, we infer that the scleractinians’ ability to calcify was achieved
primarily through multiple lineage-specific protein expansions, which resulted in a new
functional role that was not present in the parent gene.

Keywords: skeleton evolution, co-option, SOM proteins, stony corals, phylogenetic analysis

INTRODUCTION

Scleractinian corals (commonly known as stony or hard corals) are foundation species in the
tropical marine ecosystem (Moberg and Folke, 1999). One of their most important roles is
reef formation through their ability to create a rigid aragonite exoskeleton by the process of
biomineralization. These exoskeletons are valuable as they provide the ecological framework that
supports high rates of primary production and permits extensive biological diversity in coral
reef ecosystems (Veron et al., 2009), as well as serving as a large reservoir of biogenic calcium
carbonate in the ocean (Cohen and McConnaughey, 2003). Scleractinians are among the oldest
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biomineralizing Metazoa, likely appearing in the late Ordovician
(∼445 Million years ago), and becoming highly diverse (Stolarski
et al., 2011; Drake et al., 2020). They are represented by different
morphologies and spatial distribution (Veron, 2000), and show
distinct molecular evolution, with the order split into two
major clades, known as the Complexa (complex corals) and
Robusta (robust corals) (Romano and Palumbi, 1996; Kitahara
et al., 2010; Ying et al., 2018), named for the extent of skeletal
calcification-specific patterns of corallite wall construction. While
the process of biomineralization in scleractinians has long
been studied (reviewed by Drake et al., 2020), its biomolecular
mechanisms have only recently begun to be revealed (reviewed
by Murdock, 2020), coinciding with advances in genomics and
protein identification.

The “biomineralization toolkit” is the collective term for
the many specific lipids, polysaccharides, and proteins both
documented and hypothesized to be involved in the formation
of the biomineral at various stages of an organism’s life
history, some of which may become embedded in its skeleton
(Livingston et al., 2006). Those organic molecules which are
retained in the skeleton (the skeletal organic matrix, SOM)
directly mediate and regulate the process by which many
organisms from across all kingdoms of life form biominerals
(Lowenstam and Weiner, 1989; Mann, 2001; Knoll, 2003), with
the resulting biominerals exhibiting characteristics different from
their abiogenic counterparts (Weiner, 2003; Gal et al., 2015). Out
of all the SOM molecules, the most intensively studied are the
proteins (Evans, 2019; Clark, 2020; Erwin, 2020; Murdock, 2020).
Proteomic studies have shown that different lineages use sets
of proteins with similar functional categories, including matrix
formers, nucleation assisters, signalers, and remodelers to form
their skeletal structure (Marin et al., 2016; Evans, 2019). Although
the SOM proteins from distant organisms share common
properties (Evans, 2019), each taxon-specific suite appears to
have evolved independently through convergent and co-option
evolution, resulting in varying contributions by lineage- and
species-specific novel proteins, which exhibit contrasting rates of
conservation between and within lineages (Drake et al., 2014).

In scleractinians, numerous SOM-related characteristics have
been studied (Tambutté et al., 2011), yet only a few proteomic
profiling experiments have been conducted, and then solely
for tropical species. Extensive proteomic studies using species-
specific genomes and transcriptomes include those of Stylophora
pistillata (Drake et al., 2013; Peled et al., 2020), Acropora
millepora (Ramos-Silva et al., 2013), and Acropora digitifera
(Takeuchi et al., 2016), which, when combined, revealed over 100
SOM protein, hence members of the “biomineralization toolkit.”
Similar to previous examinations of various metazoan lineages,
scleractinian SOM proteins appear to share functional roles
in carbohydrate-binding and catalytic activities (Ramos-Silva
and Marin, 2015). Notably, the most extensively studied SOM
proteins in scleractinians are the aspartic acid-rich proteins which
assist in mineral nucleation and modification (Lowenstam and
Weiner, 1989; Marin and Luquet, 2008; Mass et al., 2013; Gavriel
et al., 2018; Laipnik et al., 2019), and α-carbonic anhydrases that
play a role in both carbon supply and concentration (Bertucci
et al., 2013; Zoccola et al., 2016). However, many scleractinian

SOM proteins do not contain known functional domains and
remain to be functionally characterized. Furthermore, out of all
the known scleractinian SOM proteins, only a few were found
to be shared between the three species (Takeuchi et al., 2016;
Peled et al., 2020). The identification and characterization of
the suite of scleractinian SOM proteins to date has led to the
hypothesis that the proteins underlying scleractinian skeleton
formation developed through stepwise evolution, supplementing
proteins that are conserved across Metazoa with scleractinian-
specific and species-specific novel proteins (Ramos-Silva et al.,
2013; Takeuchi et al., 2016).

While useful for initial studies, most of the analyses that
examined SOM protein diversity across taxa were carried out
using heuristic methods of sequence similarity scores (e.g.,
BLAST), which estimates the phylogenetic relationships between
a set of genes by the premise that higher-scoring sequence
pairs are likely to have diverged more recently compared to
their lower-scoring counterparts (Fitch, 1970; Lafond et al.,
2018; Emms and Kelly, 2019). As a preliminary examination,
sequence similarity can aid in determining homologous gene
groups and are useful for function-related applications (Doyle
et al., 2010; Paps and Holland, 2018; Richter et al., 2018);
yet, the lack of a phylogenetic analysis based on a species
tree limits our understanding of the proteins’ origin and
evolutionary dynamics, as sequence duplication can result in
a high sequence differentiation and subsequently leads to
overlooking orthologous sequences (Lafond et al., 2018). To date,
Bhattacharya et al. (2016) have published the most intensive
phylogenetic study of the previously known scleractinian
biomineralization proteins. The authors provided the basis for
understanding scleractinian genomic evolutionary information,
revealing mechanisms for scleractinians to adapt to changing
environments while maintaining the ability to calcify. Recent
advances in genome and transcriptome sequencing and the
production of more gene databases are increasing our ability
to provide a higher resolution comparison of SOM proteins
and therefore, a better understanding of their evolutionary
dynamics. This will allow extrapolation of the occurrence
of the scleractinian “core biomineralization toolkit,” that is,
the biomineralization-related proteins that are shared across
scleractinian species and, as such, have a fundamental role in the
skeleton formation process across the order. While at first glance,
the most straightforward method may be to sequence more
scleractinian skeletal proteomes, in practice, direct proteomic
analyses are often incomplete and time-consuming (Marin et al.,
2016; Aguilera et al., 2017; Peled et al., 2020); predictions
based on transcriptomic and genomic data, therefore, become
essential. However, on their own, such predictions can result
in redundancies and overestimations, while at the same time
overlooking potential gene candidates due to unresolved and
incomplete genomes and transcriptomes (Eisenhaber, 2013;
Sinha et al., 2018). Therefore, it is essential to combine both
approaches, based on both proteins and DNA/RNA sequencing,
to generate a more holistic picture of SOM protein evolution.

Here, we used a phylogenetic approach of the known
scleractinian SOM proteins to study their evolution across the
metazoan tree of life. As we have used the orthology/paralogy
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relationships for each protein in one species at a time, our
results are independent for each lineage, providing a robust
evaluation of their evolution. Our results reveal part of the “core
biomineralization toolkit” across scleractinians, comprised of
multiple proteins sharing an evolutionary history across distinct
species. Since orthologous genes are more likely to share a
biological function (Fang et al., 2010; Gabaldón and Koonin,
2013; Altenhoff et al., 2019), our approach might allow us to
extrapolate the occurrence of proteins that play a fundamental
role in the skeleton formation across scleractinians. However,
the major fraction of each species SOM proteins were found
to be independently co-opted into their own “biomineralization
toolkit” from genes that evolved before the emergence of
scleractinians. These were coupled with scleractinian-specific
gene family expansions resulting in each scleractinian lineage and
species having a unique set of SOM proteins.

MATERIALS AND METHODS

Scleractinian SOM Protein Orthogroup
and Gene Tree Reconciliation
Our phylogenetic analysis was based on 43 annotated genomes
spanning the metazoan kingdom (Supplementary Table 1), with
the addition of seven Fungi species and two choanoflagellate
species as the outgroups. The outgroups were selected in order
to consider the Opisthokonta evolution. More specifically, the
Fungi kingdom was included as scleractinians were found to
share a complete histidine biosynthesis pathway, which is unique
across the Metazoa (Ying et al., 2018), indicating that the
consideration of fungi outgroup may be critical. Furthermore,
the Choanoflagellata class was also included as it is considered
to be the sister group of the Metazoa (King et al., 2008;
Schalchian-Tabrizi et al., 2008). The complete dataset includes
rigid skeleton/shell forming and non-forming taxa, including
representation of major marine calcifying phyla (Mollusca,
Echinodermata, Arthropoda, and Cnidaria) as we sought to
group the known scleractinian SOM proteins (Drake et al.,
2013; Ramos-Silva et al., 2013; Takeuchi et al., 2016; Peled
et al., 2020) into their respective orthogroups. An orthogroup
is defined as a set of genes descended from a single gene in
the last common ancestor of all the species being considered.
We limited our database of known scleractinian SOM proteins
to studies for which the skeletal proteomes were sequenced
against annotated genomes from the same species, limiting us to
representatives of scleractinian SOM proteins from A. digitifera,
A. millepora, and S. pistillata. We decided to use a larger
proportion of species from the cnidarian phylum and more
particularly, within the scleractinian order, as they are the focus of
this study. The annotated genomes in the analysis are comprised
of datasets with a median BUSCO score of 90.05% (Seppey
et al., 2019; Supplementary Table 1). To infer the scleractinian
SOM orthogroups, we clustered all the protein-coding sequences
from our entire database using OrthoFinder 2.2.7 (Emms and
Kelly, 2015, 2019), to give a total of ∼16,000 orthogroups.
After identifying all orthogroups from each sequence in our
known SOM protein dataset, we aligned the sequences in

each orthogroup separately using MAFFT (Katoh and Standley,
2013), followed by the removal of sequences and regions
based on inconsistencies in the consensus alignment; sequences
with both fewer than thirty aligned amino acids and less
than 50% of the sequence aligned columns with <2 aligned
sequences were removed. Gene trees were constructed in IQ-
TREE (Nguyen et al., 2015) using the best-fitted model (LG) and
discrete Gamma distribution of four rates across site categories
(Resulting trees can be found in Supplementary File 1). To
infer pairwise orthology relationships and to reconstruct the
sequences’ evolutionary histories, the gene trees were further
rooted and reconciled via the Orthofinder2 pipeline, using the
rooted species tree with the topology presented in Figure 1A,
which is based on the current knowledge of animal phylogeny
(Laumer et al., 2019; Fernández and Gabaldón, 2020). Then
we selected orthogroups that include known SOM proteins
of A. digitifera, A. millepora, and S. pistillata. Lastly, the
known scleractinian SOM protein orthogroups were used for
downstream analyses.

As data acquired from de novo transcriptomes are highly
fragmented and can lead to misinterpretation of downstream
analysis (Emms and Kelly, 2015), we did not include any
transcriptomic data sets as part of the Orthofinder2 pipeline.
However, the ability to produce a calcium carbonate rigid
skeleton is not unique to the scleractinian order within
Cnidaria, with several taxa, including hydrozoans and octocorals,
demonstrating this ability. Therefore, to further identify common
molecular traits between extant taxa, we searched for the
known scleractinian SOM proteins putative orthologs in the
transcriptome of a representative species, the blue octocoral
Heliopora coerulea (Guzman et al., 2018) using Conditional
Reciprocal Best BLAST 0.6.6 (CRB-BLAST) (Aubry et al.,
2014), that performs complementary BLAST alignments between
query and target sequences. Sequences with more than a
single hit across query and target of the same scleractinian
species, were removed.

Scleractinian SOM Protein Orthogroup
Gain and Duplication Patterns
We based our analysis on Dollo’s parsimony (Farris, 1977) and
phylostratigraphic profiling (Domazet-Lošo et al., 2007) to infer
the likely phylogenetic origin of each known scleractinian SOM
gene family. Dollo’s parsimony, implemented in COUNT 9.1106
(Csûös, 2010), is modeled on Dollo’s law (Dollo, 1893) that
argues the statistical improbability of an organism to transition
into a different state. It leads to a substantial simplification
of evolutionary scenarios as it assumes that genes, which have
been lost during evolution in a particular lineage, are unlikely
to be regained. This heuristic approach enables us to map the
scleractinian SOM proteins to the species tree based on the most
phylogenetically distant lineage present in their representative
orthogroup and to determine if SOM protein gains are the
product of a lineage-specific evolution rather than the co-option
of pre-existing genes into a skeleton formation role. If an SOM
protein was reported as not having an orthogroup, we assigned it
as a species-specific protein.
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FIGURE 1 | Evolutionary origin of SOM proteins (SOMP) and duplication rates across animal taxa. (A) In the species tree, each internal node represents an ancestral
lineage, where tips represent extant species. Accordingly, blue-filled bars near specific internal nodes represent the percentage of known SOM proteins that were
gained in a specific ancestral lineage, based on our results. Similarly, the gray-filled bar represents the percentage of known SOM proteins that evolved from a
protein whose last duplication occurred at specific ancestral species. Bottom-right bars represent gain at extant species. The mean (x) and standard deviation (s.d.)
values are indicated in each bar graph. Black shapes symbolize the different mineral phases of the species that form a rigid skeleton or shell. (B) The heatmap
describes the occurrences of each known SOM protein from Stylophora pistillata, Acropora digitifera, and A. millepora across the different orthogroups and their
coding sequence homologs among all species in this study. For a comprehensive list of the SOM proteins found in each orthogroup, see Supplementary Table 2.

Gene duplication rates were calculated using the phylogenetic
birth-and-death model implemented in COUNT 9.1106 (Csûös,
2010). Specifically, the rate model was calculated and optimized
under the gain-loss–duplication model with the Poisson

distribution at the root. The variation rate across families was
set to 4:1:1:4 gamma categories for the edge length, the loss rate,
gain rate, and the duplication rate, respectively. The convergence
criteria applied were set to 100 rounds for the optimization
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FIGURE 2 | Rooted gene tree of polycystin-like proteins (OG0006984) representing the independent co-option of orthologous proteins into the SOM of the
Acroporidae species. Node points represent the phylum (shape) and order (color). Tips that are labeled red indicate the occurrence of scleractinian known SOM
proteins. The highlighted cluster represents a “Scleractinia branch.” Node support values indicate percentage bootstrap values. Only values above 75 are indicated.

TABLE 1 | Known coral SOM proteins in “Scleractinia branches.”

Orthogroup Orthogroup description SOM protein occurrences in
“Scleractinia branch”

Size of “Scleractinia
branch”

SOM protein density in
“Scleractinian branch”

OG0000020 Trypsin 2 4 0.5

OG0000030 Uncharacterized SOM protein 5 3 40 0.075

OG0000034* Properdin 3 11 0.273

OG0000058* Pikachurin-like 5 33 0.152

OG0000097* MAM and LDL-receptor domain-containing proteins 3 11 0.273

OG0000102* Protocadherin 2 16 0.125

OG0000105* ZP domain-containing proteins 3 16 0.186

OG000606* Galaxin-2 5 18 0.278

OG0001324* Hephestin 3 18 0.167

OG0001947* Aspartic acid-rich proteins 6 23 0.261

OG0006984 Polycystin-like proteins 2 22 0.091

OG0009365 Uncharacterized SOM protein 8 2 11 0.182

The list represents only “Scleractinia branches” with at least two scleractinian known SOM proteins and their density in the branch. Asterisks symbolize “Scleractinia
branches” that contain SOM proteins from species of both the complex and robust scleractinian clades.

rounds with a likelihood threshold of 0.1. This model is based
on the assumption that the primary mechanism of gene gain in

eukaryotes is genomic duplications, while the possibility of gene
gain through horizontal gene transfer (HGT) between different
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FIGURE 3 | Rooted gene tree of scleractinian coral aspartic acid-rich proteins (OG0001947) representing the scleractinian-specific expansion of the gene family
involving species from both the complex and robust scleractinian clades. Node points represent the phylum (shape) and order (color). Tips that are labeled red
indicate the occurrence of scleractinian known SOM proteins. The two highlighted clades represent orthologous relationships between scleractinian sequences to
the known SOM protein(s) in their respective “Scleractinia branch.” Node support values indicate percentage bootstrap values. Only values above 75 are indicated.

nodes of the gene tree is less likely (Csûrös and Miklós, 2006).
However, as our methodological approach centered around
using gene phylogenies to infer pairwise orthology and paralogy
relationships for all genes in the analysis, it is robust to the
effect of HGT, genome completeness and variable genome size
(Huerta-Cepas et al., 2014; Emms and Kelly, 2015, 2019).

SOM-Enriched Branches and
Permutation Test Method
In each rooted gene tree (see above), we first detected
“Scleractinia branches,” namely: groups of proteins that evolved

from a single protein that existed in the last common ancestor
of complex/robust scleractinians. For each scleractinian branch,
we calculated the following values: (1) the total number of
proteins in that branch, PN; (2) the number of SOM proteins
known from previous studies (Drake et al., 2013; Ramos-Silva
et al., 2013; Takeuchi et al., 2016; Peled et al., 2020) in that
branch, pn; and (3) SOM protein density, pn/PN, if at least
one known SOM protein was observed, otherwise density = 0.
Our analysis tested whether known scleractinian SOM proteins
evolved independently as opposed to having evolved from an
SOM-related protein that existed in the most recent common
ancestor of scleractinia. We compared our observed “Scleractinia
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FIGURE 4 | Rooted gene tree of metal transport proteins (OG0001324) representing the scleractinian-specific expansion of the gene family. Node points represent
the phylum (shape) and order (color). Tips that are labeled red indicate the occurrence of scleractinian known SOM proteins. The highlighted cluster represents a
“Scleractinia branch.” Node support values indicate percentage bootstrap values. Only values above 75 are indicated.
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FIGURE 5 | Rooted gene tree of CAP-Gly domain-containing proteins (OG0004585) representing the independent co-option of a single S. pistillata protein into the
SOM. Node points represent the phylum (shape) and order (color). Tips that are labeled red indicate the occurrence of known SOM proteins. The highlighted cluster
represents a “Scleractinia branch.” Node support values indicate percentage bootstrap values. Only values above 75 are indicated.

branches” SOM protein density to an expected density obtained
by randomly selecting (n1) S. pistillata, (n2) A. digitifera, and
(n3) A. millepora proteins (where n1, 2, 3 are equal to the
counts of respective observed SOM proteins). The comparison
was conducted using a permutation test (n = 1,000 sums), where a
P-value was defined as the proportion of cases where the observed
sum of density is smaller than the expected sum. We also repeated
this test where density = 1 is assigned if species from both the
complex and robust scleractinian clade are found in a cluster, and
otherwise density = 0.

RESULTS

Scleractinian SOM Protein Evolutionary
History
Using OrthoFinder2, 123 known scleractinian SOM proteins
were clustered in 72 different orthogroups (i.e., all genes
descended from a single gene belonging to the last common
ancestor of the tested species). The identification of known
scleractinian SOM proteins was based on previously published
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scleractinian SOM proteomes (Figure 1B and Supplementary
Table 2). The majority of the orthogroups, 54 out of 72,
were found to include known SOM proteins from a single
species, while twelve orthogroups contain two species and seven
orthogroups are represented by all three species (Figure 1B
and Supplementary Table 1). In fourteen orthogroups, we
have identified the occurrence of scleractinian known SOM
protein paralogs (that is, proteins which separated by a
duplication event), from one or more species (Figure 1B and
Supplementary Table 2). Although most orthogroups included
known SOM proteins from a single species, we identified
orthologs of those proteins across most scleractinian species
with a mean of 67.5 (±1.78) orthogroups per scleractinian
species (Figure 1B).

Gene gain can involve the co-option of pre-existing molecular
traits to serve a new functional role as well as the evolution
of lineage-specific genes, through a multiple “birth” model
(True and Carroll, 2002; Choi and Kim, 2006; McLennan,
2008; Mello et al., 2018). As such, we evaluated these two
categories using a phylostratigraphic approach. We observed an
unbalanced gene distribution, where 76% of the SOM proteins
are descendants of genes that were gained before the cnidarian
diversification (Figure 1A and Supplementary Table 3). In
our analysis, we found only a single scleractinian-specific
orthogroup (OG0012228), representing species from both the
robust and complex scleractinian clades. This orthogroup
contains the S. pistillata SOM protein “Coral Acid-Rich Protein
2” (Supplementary Figure 1), which was observed to have an
essential role in the early life stages of scleractinians (Mass
et al., 2016; Akiva et al., 2018). However, ∼60% of the SOM
proteins, found in the different orthogroups, emerged during the
scleractinian evolution due to gene family expansion (Figure 1A
and Supplementary Table 3). Simultaneously, 10.53 and 7.41%
of the known SOM proteins from S. pistillata and A. millepora,
respectively, were not found in any a specific orthogroup
(Supplementary Table 2), suggesting a species-specific evolution.

Calculation of duplication rates across the tested orthogroups
(Supplementary Table 3) shows high rates at the Opisthokonta
and Choanimalia branches, followed by low rates at the
subsequent branches leading to the known SOM proteins’ species
(Supplementary Figure 2).

Using CRB-BLAST, 21 distinct transcripts from the
massive aragonite skeleton forming octocoral, H. coerulea,
were identified to be putative orthologs of 27 scleractinian
known biomineralization proteins, spanning 20 orthogroups
(Supplementary Table 4). All identified H. coerulea transcripts
were present in orthogroups with the phylogenetic origin at the
metazoan branch or earlier (Figure 1B). Furthermore, in all of
the respective orthogroups, at least two other non-rigid skeleton
forming octocoral species were identified (Figure 1B). In five
instances, the H. coerulea transcripts were identified as putative
orthologs of more than a single species in the same orthogroup.
Those orthogroups include putative enzymes, transporters,
and acidic proteins, suggesting functional conservation across
lineages. However, due to limitations of the transcriptomic
dataset, the evolutionary relationship between sequences was
not resolved. Our understanding of the evolutionary dynamics

that guide the biomineralization gene repertoire evolution will
increase through the growth in annotated genomic datasets.

Identification of Species-Specific vs.
Scleractinian-Conserved SOM Protein
Evolution
In the 72 gene trees tested, we detected multiple “Scleractinia
branches,” namely: groups of scleractinian genes that evolved
from a single gene copy of the most recent common ancestor
of scleractinians. Subsequently, we identified known SOM
proteins in S. pistillata (Drake et al., 2013; Peled et al.,
2020), A. digitifera (Takeuchi et al., 2016), and A. millepora
(Ramos-Silva et al., 2013) within each “Scleractinia branch.”
Accordingly, in 12 “Scleractinia branches,” we observed the
cross-species conservation of more than a single known SOM
protein (Figure 2 and Table 1). Moreover, in eight “Scleractinia
branches,” known SOM proteins from both the complex and
robust scleractinian clades were identified (Figures 3, 4 and Table
1). A permutation test revealed that this clustering pattern is non-
random (p < 0.001), with a significantly higher SOM protein
density per cluster than expected (Table 1 and Supplementary
Figure 2). Overall, these results indicate that the evolution of
SOM-related functions emerged in the last common ancestor
of scleractinians.

DISCUSSION

The mineralized skeleton is a paramount innovation, appearing
simultaneously across phyla during the Cambrian Explosion
(Murdock and Donoghue, 2011; Erwin, 2020; Murdock, 2020).
Currently, there is growing evidence that many animal taxa
inherited sets of ancestral genes that were then independently
co-opted to guide skeleton formation (Murdock, 2020). Here,
we sought to examine the evolutionary history of scleractinian
biomineralization proteins across the metazoan tree of life to
determine how modern stony corals evolved to form one of the
most significant biostructures on Earth (Veron et al., 2009).

Determining the age of the SOM proteins by phylostratigraphy
(Figure 1A) indicates that each scleractinian species’
“biomineralization toolkit” has a similar age profile, characterized
by progressively descending gene gain toward the tip of the tree.
The most substantial proportion of genes for which orthogroups
were found, appear to have evolved over 700 million years
ago, before the cnidarian diversification, through extensive
expansions of gene families. Of these ancestral genes, 96% of
orthogroups contain at least one species that does not form a
rigid skeleton (Figure 1B). The evidence that the scleractinian
SOM proteins have an ancient origin and are shared between
rigid skeleton forming and non-forming taxa further supports
the hypothesis that the “biomineralization toolkit” evolved by the
differential independent co-option of genes that had unrelated
skeleton forming functions (Erwin, 2020).

The independent co-option of ancient genes is not only
restricted to between-lineage relationships, but is also evident in
the same lineage, with taxa utilizing a unique set of proteins with
similar functional patterns (Evans, 2019). For example, mollusks
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have been found to express in their mantle a species-specific
unique set of genes that evolved before their evolutionary origins
(Aguilera et al., 2017). This tendency for different species to use
a separate set of ancient genes that converge toward the same
results is also found in stony corals. Orthogroup OG0006984
(Figure 2), was found to include polycystin-like sequences,
having calcium binding sites (Rastogi and Liberles, 2005). This
gene family has an evolutionary origin going back at least to the
Parahoxozoa lineage. Although the SOM proteins were found to
be orthologous to sequences from all three scleractinian species
with a published SOM proteome, only the Acroporidae family
proteins has been identified in the skeleton. In addition, solely
an S. pistillata known SOM protein was identified in the CAP-
Gly orthogroup (OG0004585, Figure 5) which contain genes that
are involved in the transport of vesicles along the cytoskeletal
network (Riehemann and Sorg, 1993). Similarly to the polycystin
orthogroup, the known SOM protein shares a 1:1 orthology
to sequences from the scleractinian species with a published
SOM proteome yet, was only identified in the S. pistillata’s
skeleton. It is noteworthy that this example can be a result of
the identification of different protein sets by the use of diverse
protein extraction methods, which can lead not only to different
yield but also different content of proteins as the various methods
are biased toward their own properties (Marin et al., 2016;
Klont et al., 2018; Peled et al., 2020). For example, mechanical
filtration is biased toward hydrophobic proteins, while acetone
precipitation increase the identification of hydrophilic proteins
(Thongboonkerd et al., 2002). As such, the use of multiple
extraction methods to retrieve SOM proteins makes it difficult to
fully compare across species, likely leading to underestimation of
the SOM protein repertoire.

Species-specific novel proteins are those with no orthologous
relationship outside the species of interest. This class of proteins
was also found to contribute to the scleractinian SOM protein
assemblage, although to a lesser extent than the co-option of
pre-existing molecular traits (Figure 1A and Supplementary
Table 2). While the variability in their detection is high between
our species of interest, as discussed above, it could also be
caused by underestimation due to different extraction methods.
In mollusks, species-specific proteins have been suggested to play
a considerable role in physiological adaptations to environmental
changes (Arivalagan et al., 2016) and in the formation of the
numerous shell morphologies and properties (Kocot et al., 2016).
However, to date, our knowledge of the functional roles of most
SOM proteins in scleractinians is still lacking. Therefore, the
clarification of novel biomineralization proteins from different
species, combined with experimental functional validation, is still
required to elucidate their significance.

Gene duplication events play a crucial role in the emergence
of novel genes (Singh and Bansal, 2019), and are thought
to have contributed to the evolution of morphological and
physiological diversity (True and Carroll, 2002; Kondrashov,
2012; Lallemand et al., 2020). The high rates of duplications that
occurred before the metazoan diversification (Supplementary
Figure 2) suggest that both ancient duplications and the
retention of duplicated genes have contributed to the expansion
of the gene families. This allowed the emergence of novel

functions and possibly promoting the specific evolution of
scleractinian SOM proteins. The mechanisms that may lead
to gene duplications in scleractinian lineages include tandem
duplications, transposable elements, retrotransposition and
transduplication, and segmental duplications (Lallemand et al.,
2020). Duplicated genes can acquire novel functions, namely,
undergoing neofunctionalization and subfunctionalization,
where paralogs may carry complementary functions
(Thongboonkerd et al., 2002). As we further explain here,
it seems that the scleractinian SOM protein evolution is
characterized by the gain of SOM-specific genes, supporting a
neofunctionalization model.

Despite the many scleractinian SOM protein gene
families that appear to be orthologous to diverse phyla, the
evolution of scleractinian-specific SOM lineages and their
neofunctionalization seem to be the primary force (Figure 1A).
For example, the aspartic acid-rich gene family (Figure 3) is
represented by several known SOM proteins from all three
scleractinian species with sequenced skeletal proteomes. While
known coral SOM proteins in this orthogroup have several
orthologous sequences across the cnidarian, molluscan and
brachiopod phyla, the orthogroup expansion resulted in the
speciation of two distinct scleractinian-specific clusters, each
with its own unique last common ancestor (i.e., being spread
across the robust and complex clades). A similar example can be
found for the metal transport gene tree family (Figure 4), where
the various scleractinian SOM proteins share diverse orthologous
relationships across many phyla, nonetheless converging into
a scleractinian-specific branch. Although the scleractinian
“biomineralization toolkit” bound in the skeleton seems to differ
between species, the presence of multiple orthologs to known
SOM proteins seems to indicate that SOM-related functionality
emerged in the last common ancestor of scleractinia (Table 1).
As such, these known SOM orthologs retained a fundamental
role in biomineralization and are therefore conserved across
scleractinian species.

Going further, we propose that for distinct scleractinian
species whose skeletal proteomes have not yet been sequenced,
the likelihood of orthologous genes to known SOM proteins
found under specific “Scleractinia branches,” will be further
identified upon proteomic profiling. Subsequently, the ability to
have SOM-related gene markers will increase our capability to
predict corals’ response to changing environments, without the
need to perform proteomic analysis on a large number of coral
species. However, we acknowledge that our predictions should
be taken with certain caveats. While proteomic data representing
both the complex and robust scleractinian clades are available,
our resolution may be limited, as very few scleractinian species
possess a published SOM proteome profile relative to the ∼1,600
known scleractinian species (WoRMS, 2020). Consequently, we
are likely missing groups of SOM proteins conserved across
species and affiliated with specific growth forms, life strategies
and habitats. As such, we suggest that the type of analysis used
here will become more robust with the addition of a diverse
representation of scleractinian SOM proteomes that will further
help identify the “core biomineralization toolkit” across, and
between, the scleractinian order.
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Altogether, our results clarify the differing evolutionary
dynamics of the scleractinian corals’ “biomineralization
toolkit” as illustrated in Supplementary Figure 4. First,
we provide further evidence that the evolution of a subset
of biomineralization proteins in scleractinians is through a
stepwise process (Ramos-Silva et al., 2013; Takeuchi et al.,
2016; Murdock, 2020). This is evident by the presence of pre-
existing genes shared by an assortment of skeleton forming
and non-forming taxa. It suggests that gene co-option played
an integral role in the initial development of an extracellular
organic matrix in the last common ancestor of the scleractinian
order. Second, the differential independent co-option, through
gene duplications, followed by sub and neofunctionalization
to form lineage-specific proteins and construct species-specific
organic matrix frameworks, can have a significant role in
distinct skeleton morphology between species. Third, this
would supplement the contribution of novel species-specific
proteins, crucially allowing organismal plasticity and adaptation
to environmental change. While the presence of such lineage-
and species-specific key innovations appears to have crucial
roles, our results emphasize the importance of the evolutionary
dynamics through gene duplications, although the mechanism
remains to be revealed.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://github.com/
OOassafOO/gene-set-overrepresentation-in-trees.

AUTHOR CONTRIBUTIONS

TZ, AM, and TM designed the study. TZ and AM analyzed the
data. All authors wrote the manuscript and approved it.

FUNDING

This project was received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
Research and Innovation Programme (grant agreement no.
755876 to TM) and from the Israeli Binational Science
Foundation (BSF 2016321 to HP and TM). JD was supported
by the Zuckerman STEM Leadership Program. Computations
presented in this work were performed on the Hive computer
cluster at the University of Haifa, which is partly funded by ISF
grant 2155/15.

ACKNOWLEDGMENTS

We thank Dr. R. Almuly, M. Morgulis, and Dr. M. Lalzar for
helpful discussions, which informed the ideas presented here.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2021.618517/full#supplementary-material

REFERENCES
Aguilera, F., McDougall, C., Degnan, B. M., and Irwin, D. (2017). Co-option and

de novo gene evolution underlie molluscan shell diversity. Mol. Biol. Evol. 34,
779–792. doi: 10.1093/molbev/msw294

Akiva, A., Neder, M., Kahil, K., Gavriel, R., Pinkas, I., Goobes, G., et al.
(2018). Minerals in the pre-settled coral Stylophora pistillata crystallize via
protein and ion changes. Nat. Commun. 9:1880. doi: 10.1038/s41467-018-
04285-7

Altenhoff, A. M., Glover, N. M., and Dessimoz, C. (2019). Inferring orthology and
paralogy in Methods in Molecular Biology.Totowa: Humana Press Inc. 149–175.
doi: 10.1007/978-1-4939-9074-0_5

Arivalagan, J., Yarra, T., Marie, B., Sleight, V. A., Duvernois-Berthet, E., Clark,
M. S., et al. (2016). Insights from the shell proteome: biomineralization
to adaptation. Mol. Biol. Evol. 34, 66–77. doi: 10.1093/molbev/
msw219

Aubry, S., Kelly, S., Kümpers, B. M. C., Smith-Unna, R. D., and Hibberd, J. M.
(2014). Deep evolutionary comparison of gene expression identifies parallel
recruitment of trans-factors in two independent origins of C4 photosynthesis.
PLoS Genet. 10:1004365. doi: 10.1371/journal.pgen.1004365

Bertucci, A., Moya, A., Tambutté, S., Allemand, D., Supuran, C. T., and Zoccola, D.
(2013). Carbonic anhydrases in anthozoan corals-A review. Bioorg. Med. Chem.
21, 1437–1450. doi: 10.1016/j.bmc.2012.10.024

Bhattacharya, D., Agrawal, S., Aranda, M., Baumgarten, S., Belcaid, M., Drake,
J. L., et al. (2016). Comparative genomics explains the evolutionary success of
reef-forming corals. Elife 5, 1–26. doi: 10.7554/eLife.13288

Choi, I. G., and Kim, S. H. (2006). Evolution of protein structural classes and
protein sequence families. Proc. Natl. Acad. Sci. U. S. A. 103, 14056–14061.
doi: 10.1073/pnas.0606239103

Clark, M. S. (2020). Molecular mechanisms of biomineralization in marine
invertebrates. J. Exp. Biol. 223:jeb206961. doi: 10.1242/jeb.206961

Cohen, A. L., and McConnaughey, T. A. (2003). Geochemical perspectives on
coral mineralization. Rev. Mineral. Geochem. 54, 151–187. doi: 10.2113/054
0151

Csûös, M. (2010). Count: evolutionary analysis of phylogenetic profiles with
parsimony and likelihood. Bioinformatics 26, 1910–1912. doi: 10.1093/
bioinformatics/btq315

Csûrös, M., and Miklós, I. (2006). “A probabilistic model for gene content
evolution with duplication, loss, and horizontal transfer,” in Research in
Computational Molecular Biology, eds A. Apostolico, C. Guerra, S. Istrail,
P. A. Pevzner, and M. Waterman (Heidelberg: Springer Berlin Heidelberg),
206–220.

Dollo, L. (1893). The laws of evolution. Bull. Soc. Bel. Geol. Paleontol. 7,
164–166.
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Molluscs have evolved the capacity to fabricate a wide variety of shells over their 540+
million-year history. While modern sequencing and proteomic technologies continue
to expand the catalog of molluscan shell-forming proteins, a complete functional
understanding of how any mollusc constructs its shell remains an ambitious goal. This
lack of understanding also constrains our understanding of how evolution has generated
a plethora of molluscan shell morphologies. Taking advantage of a previous expression
atlas for shell-forming genes in Lymnaea stagnalis, I have characterized the spatial
expression patterns of seven shell-forming genes in the terrestrial gastropod Cepaea
nemoralis, with the aim of comparing and contrasting their expression patterns between
the two species. Four of these genes were selected from a previous proteomic screen of
the C. nemoralis shell, two were targeted by bioinformatics criteria designed to identify
likely shell-forming gene products, and the final one was a clear homolog of a peroxidase
sequence in the L. stagnalis dataset. While the spatial expression patterns of all seven
C. nemoralis genes could be recognized as falling into distinct zones within the mantle
tissue similar to those established in L. stagnalis, some zones have apparently been
modified. These similarities and differences hint at a modularity to the molluscan mantle
that may provide a mechanistic explanation as to how evolution has efficiently generated
a diversity of molluscan shells.

Keywords: biomineralization, plasticity, modularity, Cepaea nemoralis, shell formation, evolution, mantle, mollusc

INTRODUCTION

Animals fabricate a spectacular variety of biomineralized structures that serve almost all
conceivable biological functions. From predation (Dietl and Vega, 2008), defense (Edgell
et al., 2008), reproduction (Lodi and Koene, 2016) and vision (Aizenberg and Hendler, 2004),
to navigation (Söllner et al., 2003), locomotion (Wilkinson, 2008) and buoyancy control
(Greenwald and Ward, 2010), the evolution of the ability to precisely control the assembly
of mineralized structures was a milestone in the rise of complex life (Murdock, 2020).
From a molecular and cellular perspective, a complete understanding of the biomineralization
process in any animal model remains elusive. Related to this incomplete functional
understanding is a dearth of knowledge regarding the way in which evolution modifies

Frontiers in Genetics | www.frontiersin.org 1 February 2021 | Volume 12 | Article 62240067

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2021.622400
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fgene.2021.622400
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2021.622400&domain=pdf&date_stamp=2021-02-05
https://www.frontiersin.org/articles/10.3389/fgene.2021.622400/full
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-622400 January 30, 2021 Time: 18:30 # 2

Jackson Plastic Molluscan Mantles

the mechanisms of biomineralization to generate structures
that fulfill different biological requirements. This is perhaps
exemplified no better than within the phylum Mollusca.
Shelled molluscs, and in particular gastropods, have evolved an
impressive diversity of shells over the last 540+ million years.
The evolutionary plasticity of the shell is likely one of the reasons
molluscs have diversified so extensively, allowing them to occupy
almost every ecological niche on the planet. Despite this, and
the long-standing scientific and cultural fascination we have
for molluscan shells (Sakalauskaite et al., 2019; Marin, 2020), a
plausible and widely accepted hypothesis that can explain how
evolution has generated this shelled diversity remains elusive.

Molluscs employ a variety of proteins (and other important
biomolecules such as polysaccharides and lipids) to construct
(primarily) calcified shells. Despite their paucity in the mature
biomineral (often < 5% w/w), these biomolecules significantly
influence many features of the shell including, but not restricted
to, the crystallography (for example whether aragonite or calcite
is deposited; Arroyo-Loranca et al., 2020), the mechanical
properties (increased fracture resistance; Meyers et al., 2009)
and pigmentation (Williams, 2017). The importance of these
molecules has seen many proteomic, transcriptomic and
genomic screens of conchiferans (shelled molluscs) aimed at
the identification and comparison of their shell-forming protein
repertoires (Joubert et al., 2010; Berland et al., 2011; Marie et al.,
2011; Sleight et al., 2016; Yarra et al., 2016; Wang et al., 2017;
Le Luyer et al., 2019; Malachowicz and Wenne, 2019; Xu et al.,
2019). To this end, we previously surveyed and characterized
the shell-forming proteome of the freshwater gastropod Lymnaea
stagnalis (Herlitze et al., 2018). In that work we were able to
spatially map the expression patterns of more than 30 shell-
forming genes in developmental stages and in the adult shell-
forming mantle tissue. This allowed us to recognize a modularity
to the adult mantle tissue of L. stagnalis. We hypothesized
that this modularity may be a key feature of all molluscan
mantle tissues that would allow for the efficient modification and
evolution of distinct regions within the mantle tissue to generate
shells with novel features; for example increasing the thickness
of the nacreous layer independently of the outer pigmented
periostracum, or to modify the crystallographic orientation of
nacre tablets independently of the prismatic layer. To further
explore this idea of a modular organization of the shell-forming
mantle tissue I have characterized the spatial expression patterns
of seven major shell-forming genes in the terrestrial gastropod
Cepaea nemoralis, a representative of a clade of molluscs that
have received relatively little attention in terms of the molecular
biology of biomineralization. These seven genes include a set
of four previously identified shell-forming genes (Mann and
Jackson, 2014), and three additional typical shell-forming genes.
By comparing their spatial expression patterns with our previous
results for L. stagnalis (Herlitze et al., 2018). I observe both
striking similarities and differences. These observations provide
further support for the notion that the molluscan mantle tissue
can be subdivided into morphological modules (Eble et al.,
2005; Esteve-Altava, 2016, 2017). This hypothetical framework
provides a platform from which testable hypothesis of molluscan
shell evolution can be built and tested.

MATERIALS AND METHODS

Animals and in situ Hybridization
Preparation
Juvenile C. nemoralis (recognized by the absence of the
terminal pigmented lateral stripe in the shell) were collected
from the surrounds of Göttingen in the spring of 2020.
Juveniles were collected as they were assumed to be relatively
rapidly depositing shell material and therefore to be expressing
shell-forming genes. Total RNA was extracted from the
mantle tissue of several individuals using Qiazol (Qiagen
#79306) as a Trizol substitute. RNA integrity was observed
via denaturing gel electrophoresis and quantified using a
Nanodrop spectrophotometer. Complementary DNA (cDNA)
was synthesized by first combining 1 µg of total RNA with
5 µL of 10 µM oligodT primer in a 10 µL volume and heating
to 70◦C for 10 min. To this mixture 5 µL of MMLV-RT
buffer, 1 µL of 10 mM dNTPs, 8 µL of nuclease-free water
and 1 µL Promega’s MMLV-RT H− point mutant (#M3682)
was added, mixed and then incubated at 42◦C for 90 min.
This cDNA was used as template DNA in PCRs with primers
designed to amplify 4 shell-forming genes previously identified
in Mann and Jackson (2014), and 2 Glycine-rich shell forming
genes, similar to the Shematrin gene family known to play a
role in shell formation in oysters (Yano et al., 2006) and also
an “animal heme dependent peroxidase” gene product that is
a likely ortholog to Lstag-sfc-5 that we previously studied in
L. stagnalis (Herlitze et al., 2018). Details of the primers used to
amplify these genes and PCR amplicon lengths are provided in
Supplementary File 1. PCR products were cloned and confirmed
by Sanger sequencing using procedures described in Herlitze et al.
(2018). For in situ hybridization (ISH) a range of size classes
(approximately 10–15 mm shell length) were studied to minimize
the potential influence of age-specific gene expression patterns.
Prior to fixation for ISH the shells of juvenile snails were gently
cracked to allow for a more complete and rapid penetration of
the fixative. Juvenile snails were fixed in 3.7% formaldehyde in
PBSTw (1× PBS buffer with 0.1% Tween20) for 1 h at room
temperature. After 30 min the fixative solution was renewed.
Fixed snails were subsequently washed several times with PBSTw,
and then dehydrated through an increasing EtOH series. Animals
were given three washes in 100% EtOH and stored at−20◦C. ISH
was performed on at least 10 individuals for each gene.

Paraffin Embedding, Sectioning, ISH,
and Histology
Tissue preparation and ISH was broadly performed as described
in Herlitze et al. (2018). Individuals selected for ISH were brought
to room temperature and the shell was gently removed with a
scalpel and tweezers while submerged in 100% ethanol. Once de-
shelled each individual was cut sagittally using a razor blade such
that two approximately equal halves (a left and right side) were
produced. These halves were then further dehydrated in 100%
ethanol for 1 h at room temperature to ensure all remaining water
was displaced, and then incubated in xylene at room temperature
overnight with gentle rocking. The next day tissue pieces were
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given a rinse with fresh xylene and then placed into molten
paraffin which was allowed to perfuse the tissue for 24 h. The
opposing halves of several individuals were then arranged in
an embedding cassette such that the left and right half would
be located next to each other, and the paraffin was allowed
to set. Sections (12 µm thick) were then taken and collected
onto polysine slides (Roth #ET10.1) and allowed to dry at 37◦C
overnight. Sections were de-waxed with 3× 10-min washes in
xylene, and then re-hydrated through a descending ethanol series.
Slides were then installed into an Intavis (now CEM) InSituPro
Vsi liquid handling robot. An outline of the steps performed by
the InSituPro follows: All slides received 2× 5-min washes of
PBSTw before being treated with 0.1 U/mL Proteinase-K (NEB
#P8107) diluted in PBSTw for 10 min at room temperature.
Proteinase-K digestion was stopped with 2× 5-min washes of
0.2% glycine in PBSTw and 2× 5-min washes of PBSTw. Reactive
amino groups were acetylated first with 1× 5-min wash of 1%
(v/v) triethanolamine (TEA) in PBS, then with 2× 5-min washes
of 1% TEA + 0.3% acetic anhydride (AA). These solutions were
subsequently washed out with 2× 5-min washes of PBSTw. Tissue
sections were then brought into hybridization buffer (5× SSC;
5 mM EDTA; 50% formamide; 100 µg/mL heparin; 0.1% Tween;
100 µg/mL salmon sperm; 1×Denhardt’s) with 2× 5-min washes
at room temperature, followed by an elevation in temperature
to 50◦C for 30 min. Riboprobes were then added and the slides
were brought to 75◦C for 20 min to allow the probe and target to
denature, followed by an 18 h incubation at 50◦C. Excess probe
was washed out at 50◦C with one wash each of 4× (4× SSC,
50% formamide, 0.1% Tween), 2× (2× SSC, 50% formamide,
0.1% Tween) and 1× (1× SSC, 50% formamide, 0.1% Tween)
wash solutions. Slides were brought into 1× SSC + 0.1% Tween
and to room temperature before being rinsed 2× with PBSTw.
Non-specifically bound riboprobe was digested with a single wash
of 0.2 µg/mL RNAse A (NEB #T3018) in PBSTw followed by
2× PBSTw washes. Slides were brought into maleic acid buffer
(MAB = 0.1M maleic acid; 0.15M NaCl; pH 7.5) with a 10-
min wash, and were then blocked in 2% block (Roche #11 096
176 001) dissolved in MAB for 1 h at room temperature. Anti-
Digoxigenin-AP, Fab fragments (Roche #11093274910) diluted
1/5,000 in 2% block was then applied and incubated at room
temperature for 8 h. Excess antibody was washed out with 15×
15 min washes of PBSTw before tissue sections were brought into
alkaline phosphatase color development buffer (AP = 0.1M NaCl;
0.1M Tris; pH 9.5). Slides were then removed from the InSituPro
and 200 µL of color development solution (AP + 50 mM
MgCl2 + 450 µg/mL NBT + 175 µg/mL BCIP) was applied
manually to each slide and monitored for color development.
Once the signal intensity was deemed adequate, the color reaction
was stopped with several washes in water. Slides were finally
mounted in an aqueous resin (Roth #2848) and imaged with a
Zeiss StereoV8 and Axio ImagerM2.

De-waxed paraffin sections of L. stagnalis were also
prepared (as described above) and stained simultaneously
with C. nemoralis sections using Giemsa (Roth #T862.1). Briefly,
a working stock of Giemsa stain was prepared by taking 600 µL
of stock solution into 50 mL of distilled water. Sections were
stained overnight at room temperature, rinsed briefly in distilled

water, differentiated with 0.5% aqueous acetic acid for less than
30 s, washed in tap water for 10 min and mounted in an aqueous
medium with DAPI.

Sequence Alignments and Phylogenetic
Analysis
All peroxidase sequences with similarity to Lstag_sfc_5 (Herlitze
et al., 2018) were extracted from both the L. stagnalis genome
(submitted to NCBI) and a re-assembly of our previously
reported C. nemoralis transcriptome (Mann and Jackson,
2014) using tBLASTn. C. nemoralis sequences with similarity
to Lstag_sfc_22 (Herlitze et al., 2018) were identified using
tBLASTn. The best match (Cnem_R27072766) was aligned
to Lstag_sfc_22 using Seaview v. 4.7 with default parameters
(Gouy et al., 2010) and the resulting alignment submitted to
MView1. Other sequences with similarity to Cnem_R27072766
were identified from SwissProt, GenBank’s nr database and
the L. stagnalis genome using tBLASTn. Protein sequences
were aligned using Seaview (as above) and conserved regions
were identified using Gblocks (Talavera and Castresana, 2007).
See the Supplementary Material for both the complete and
Gblock-ed peroxidase (Supplementary Files 2, 3) and chitin-
binding periotrophin-A alignments (Supplementary Files 4, 5).
Phylogenetic analyses were performed with MrBayes v. 3.2.7a
(Ronquist et al., 2012) with the following parameters: lset
rates = gamma; prset aamodelpr = mixed; mcmcp nruns = 4,
ngen = 2,000,000, nchains = 4, savebrlens = yes temp = 0.2
stoprule = yes stopval = 0.005. This number of generations
was adequate for the stop value to be reached and the
convergence diagnostic (Potential Scale Reduction Factor) was
1.000 for both analyses.

RESULTS

Sequence Features
Four of the seven genes investigated here were previously
identified by proteomic work on shells of C. nemoralis (Mann
and Jackson, 2014). In that previous work 59 gene products
accounted for > 90% of all identifiable peptides in the shell
of C. nemoralis. Here, four of these gene products (R27072837,
R27072766, R27073283, and R27075188) which accounted for
a total of almost 40% of the shell-protein content (Mann and
Jackson, 2014), were cloned and studied further. The remaining
three genes were selected from an assembly of C. nemoralis
transcriptome data (Mann and Jackson, 2014) because they
either had features indicative of a role in shell-formation with
a distinctive expression pattern (glycine-rich-2 and -3 have
unusually high glycine contents and are expressed in zone 3 of the
L. stagnalis mantle) or provided a clear example of an ortholog
to a shell-forming gene previously spatially characterized in the
mantle tissue of L. stagnalis (Herlitze et al., 2018). All seven
of the derived protein sequences possess a signal sequence
and are therefore likely to be secreted from the mantle tissue
(Supplementary Files 6–8).

1https://www.ebi.ac.uk/Tools/msa/mview/

Frontiers in Genetics | www.frontiersin.org 3 February 2021 | Volume 12 | Article 62240069

https://www.ebi.ac.uk/Tools/msa/mview/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-622400 January 30, 2021 Time: 18:30 # 4

Jackson Plastic Molluscan Mantles

R27072766 (Chitin Binding Periotrophin-A Domain)
Cepaea nemoralis contig R27072766 is 2,716 nucleotides long and
encodes an open reading frame (ORF) of 727 amino acid residues.
BLASTp searches against SwissProt returned sequences with
significant similarity to several shell-associated proteins from
bivalves implicated in the formation of nacre (Supplementary
File 9) including Pif (Suzuki et al., 2009). A search for conserved
domains revealed a clear chitin binding periotrophin-A domain
(Figure 1 and Supplementary File 10). Searching the Cnem-
R27072766 sequence against the L. stagnalis transcriptome
reported in Herlitze et al. (2018) returned Lstag_sfc_22 as
the top hit. A phylogenetic analysis of all of these sequences
grouped the C. nemoralis R27072766 and L. stagnalis jg75923.t1
sequences (along with a Biomphalaria glabrata) sequence with
strong support (Figure 2), indicating that our proteomic screen

of the C. nemoralis shell (Mann and Jackson, 2014) identified the
ortholog of Lstag_sfc_22, a protein identified by our proteomic
screen of the L. stagnalis shell (Herlitze et al., 2018).

Peroxidase
Cepaea nemoralis contig R37577449 is 2,200 nucleotides
long, contains an “animal haem dependent peroxidase”
domain (Figure 3 and Supplementary File 10) and shares
sequence similarity with a diverse range of peroxidases from
vertebrates and invertebrates (Supplementary File 9). There
are a number of peroxidase-domain containing contigs in
both the C. nemoralis transcriptome and the L. stagnalis
genome (Supplementary File 11), however, a phylogenetic
analysis revealed that Cnem_R37577449 was more closely
related to Lsta_jg27188.t1 [the gene model for the previously

FIGURE 1 | Annotated alignment of Cnem-R27072766 and Lstag-sfc_22. These orthologous shell-forming proteins (see Figure 2) each possess a signal sequence
(underlined) and domains rich in Glu, Gln, Thr, Ser, and Asp. The locations of 24 Cys residues are conserved, and the chitin binding domain displays a high degree of
sequence conservation. Cnem-R27072766 was identified from a proteomic screen of the C. nemoralis shell (Mann and Jackson, 2014) and Lstag_sfc_22 was
identified from a proteomic screen of the L. stagnalis shell (Herlitze et al., 2018).
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FIGURE 2 | Bayesian phylogenetic analysis of homologous chitin binding Periotrophin-A sequences. The tree presented here is midpoint rooted and posterior
probabilities for each node are indicated. The previously studied peroxidase sequence from L. stagnalis Lsta_sfc_22 (see Herlitze et al., 2018) and the C. nemoralis
peroxidase sequence reported here, Cnem-R27072766, along with a sequence from Biomphalaria glabrata are highlighted in gray. See Supplementary Files 4, 5
for the aligned sequences used to generate this phylogeny.

reported Lstag_sfc_5 in Herlitze et al. (2018)] than to any other
sequence (Figure 4).

Glycine-Rich-2 and -3
A screen of a previous C. nemoralis mantle transcriptome
assembly (Mann and Jackson, 2014) for ORFs that possess a signal
sequence and mature protein sequences with anomalous amino
acid contents revealed several secreted glycine-rich contigs. Two
of these were cloned and apparently possess glycine contents of
>50% and high tyrosine contents (13.1 and 19.2%), however, it

must be noted that Cnem-gly-rich-2 (339 nucleotides long) is
apparently not full length as a stop codon could not be identified
(Figure 5 and Supplementary Files 7, 8). This sequence was
nonetheless selected for further characterization because of the
extremely glycine-rich domain evident at the amino-terminus of
the secreted protein.

Novel Genes R27072837, R27073283, and R27075188
Cnem-R27072837 (2,379 nucleotides), Cnem-R27073283 (1,878
nucleotides) and Cnem-R27075188 (1,827 nucleotides) encode
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FIGURE 3 | Annotated alignment of Cnem-R37577449 and Lsta_sfc_5. These orthologous shell-forming proteins (see Figure 4) each possess a signal sequence
(underlined), and conserved “Animal haem peroxidase” domains (see Supplementary File 10). Cnem-R37577449 was identified from a proteomic screen of the
C. nemoralis shell (Mann and Jackson, 2014) and Lstag_sfc_5 was identified from a proteomic screen of the L. stagnalis shell (Herlitze et al., 2018).

proteins that were previously identified in a proteomic screen
of the C. nemoralis shell (Mann and Jackson, 2014). None of
the translated products of these genes possessed recognizable
domains or shared similarity with sequences in the SwissProt
database (however, these sequences did return hits against the
nr database that were strictly gastropod, see Supplementary File
12). Cnem-R27072837 is notable as it was previously identified
as being the most abundant recognizable protein in the shell of
C. nemoralis (Mann and Jackson, 2014) accounting for more than
26% (by iBaq abundance) of all identifiable proteins. The mature
(secreted) protein is also predicted to have unusually high glycine
(12.4%) and proline (20.7%) contents (Supplementary Files 6, 8).
Cnem-R27072837 and Cnem-R27075188 are also likely orthologs
to proteins we previously identified in a proteomic screen of
the L. stagnalis shell [Lsta_sfc_27 and Lsta_sfc_20, respectively,
see Supplementary Files 13, 14; (Herlitze et al., 2018)]. While
Cnem-R27073283 has a likely ortholog in the L. stagnalis genome
(jg37438.t1) we have not yet studied the expression pattern of that
gene in L. stagnalis.

Comparative Histology
Giemsa stained paraffin sections of C. nemoralis and L. stagnalis
tissue sections revealed broad similarities and subtle differences
in the arrangement of cells within the mantle tissue of each
species (Figure 6). While zone 5 of the mantle (the proximal,

squamous epithelium that covers most of the animal) appears to
be largely similar between the two species (Figures 6E,E’), the
distal-most leading edge of the mantle that is comprised of zones
1–4 and is responsible for the growth of the shell at its very edge,
revealed clear differences. Perhaps the most noticeable difference
was in the morphology of the belt (zones 2 and 3; Figures 6C,D’).
In C. nemoralis the darkly stained belt appears to be comprised
of cells that are not oriented in any appreciable way. The nuclei
of these cells are not located basally, and the cells themselves do
not have a classic columnar morphology (Figure 6D). In contrast,
the belt of L. stagnalis is comprised of tall columnar cells with
the nucleus clearly basal to the cell (Figure 6D’). In addition,
in C. nemoralis at the base of the periostracal groove (which
is responsible for the secretion of the periostracum) there is a
population of cells with basally located nuclei that is not apparent
in L. stagnalis (cf. Figures 6D,D’).

ISH
All seven of the genes studied here gave consistent, clear and
distinct expression patterns in the mantle tissue of all of the
C. nemoralis individuals investigated. The four genes that were
previously identified by a proteomic screen of the C. nemoralis
shell (updated contig names R27072837, R27072766, R27073283,
R27075188) are all within the top 8 most abundant proteins
identified within the C. nemoralis shell, with contig R27072837
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FIGURE 4 | Bayesian phylogenetic analysis of L. stagnalis and C. nemoralis peroxidase sequences. The tree presented here is midpoint rooted and all L. stagnalis
sequences are highlighted in red. Posterior probabilities for each node are indicated and the previously studied peroxidase sequence from L. stagnalis Lsta_sfc_5
(see Herlitze et al., 2018) and the C. nemoralis peroxidase sequence reported here Cnem-R37577449 are highlighted in gray. See Supplementary Files 2, 3 for the
aligned sequences used to generate this phylogeny.

FIGURE 5 | Sequence features of C. nemoralis glycine-rich proteins expressed in the mantle. These contigs were identified from a C. nemoralis mantle
transcriptome after searching for translations that gave proteins with a detectable signal sequence and high glycine contents. For each sequence the signal
sequence is underlined. Note that Cnem-Gly-rich 2 is apparently not full-length.
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FIGURE 6 | Comparison of C. nemoralis and L. stagnalis mantle
morphologies. Giemsa stained paraffin sections of juvenile snails of each
species reveal similarities and differences in some of the main feature so the
mantle tissue. (A,A’) An overview of representative sections of each species
and the location of the mantle tissue in relation to the rest of the body. The
white dashed boxes indicate the magnified region shown in (B,B’). (B,B’) The
edge of the mantle tissue where new shell material is deposited. The black
dashed boxes indicate the magnified region shown in (C,C’,E,E’). (C,C’) The
mantle edge and the periostracal groove (indicated by asterisks) contains the
distinctive “belt” region (yellow dashed outline). The white dashed boxes

(Continued)

FIGURE 6 | Continued
indicate the magnified regions shown in (D,D’). (D,D’) Magnified view of the
periostracal groove (indicated by asterisks) and the belt. In C. nemoralis a
histologically distinct population of cells at the base of the periostracal groove
possess basal nuclei (stained sky blue with DAPI and indicated with white
arrows). Nuclei in the belt in C. nemoralis are not basally oriented (white arrow
heads in D). In L. stagnalis nuclei in belt cells are clearly basally oriented (white
arrow heads in D’) and the cells themselves are distinctly columnar. (E,E’)
Proximal regions of the mantle epithelia in zone 5 appear broadly similar
between the two species.

FIGURE 7 | Overview of C. nemoralis and L. stagnalis mantle tissue and ISH
of seven shell-forming genes in C. nemoralis juvenile mantle tissue sections.
The first image in each row provides an overview of the staining pattern for
each gene, with dashed boxes indicating regions that are magnified in
columns 2 and 4. The dashed box regions in all column 2 panels are magnified
in column 3. For Cnem-glycine-rich-2 and -3 and Cnem_R37577449, the lack
of expression in zone 5 reveals naturally brown pigmented mantle epithelium
(white arrows in E4–G4). For all panels a dark blue color can be interpreted as
the result of alkaline phosphatase activity (i.e., ISH signal). The opening of the
periostracal groove is indicated by a white asterisk in columns 2 and 3.

as the most abundant accounting for more than 25% of the
identifiable protein content of the shell (Mann and Jackson,
2014). All four of these genes are expressed exclusively in
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zone 5 of the mantle (Figures 7A1–D4). Cnem-R27072766,
which is the ortholog of Lstag_sfc_22 (Herlitze et al., 2018) and
possesses a chitin binding Periotrophin-A domain, appears to
have a homologous expression pattern to Lstag_sfc_22 in zone
5. The three genes bioinformatically targeted for characterization
due to their likely role in molluscan shell-formation, (glycine-
rich 2 and 3) and Cnem_R37577449 (peroxidase) due to its
orthology with Lstag_sfc5 (Herlitze et al., 2018), were all
expressed within zones 1–4 (Figures 7D1–G4). Glycine-rich
2 was broadly expressed throughout the “belt” region (zones
2–4) while glycine-rich 3 and the peroxidase homolog were
restricted to zone 1 and appear to be spatially co-expressed
(Figures 7F1–G4).

DISCUSSION

The catalog of proteins involved in molluscan shell-formation
continues to grow at an exponential rate, and many exciting
discoveries continue to be made based on high-throughput
sequence analyses of the shell itself, the mantle tissue and
the genomes of various molluscs (Zhang et al., 2012; Kocot
et al., 2016; McDougall et al., 2016; Aguilera et al., 2017;
Der Sarkissian et al., 2020; Marin, 2020). Due to the general
lack of in vivo gene manipulation assays for most molluscan
models, additional insight into the functions of these genes
(many of which share little to no sequence similarity with
non-molluscan species) can be gained by characterizing their
spatial expression patterns (Nederbragt et al., 2002; Jackson
et al., 2006; Grande and Patel, 2008; Samadi and Steiner, 2009).
With this approach we previously characterized the expression
patterns of 31 genes identified from a proteomic screen of the
L. stagnalis shell (Herlitze et al., 2018). In that previous work,
coupled with a previous histological analysis of L. stagnalis
mantle tissue (Timmermans, 1969), we were able to categorize
the spatial expression patterns of those 31 genes into five distinct
domains (Herlitze et al., 2018). The striking modularity of those
expression domains led us to hypothesize that this may be
a general feature of the molluscan mantle that facilitates the
evolution of new shell morphologies. The expression patterns
of the seven C. nemoralis genes I investigated here (four
of which are orthologs to L. stagnalis shell-forming genes)
provides an opportunity to explore this hypothesis further. While
L. stagnalis and C. nemoralis are both pulmonates, as respective
representatives of the families Lymnaeidae and Helicidae they
share an ancestor that lived ∼200 million years ago (Teasdale,
2017) placing this comparison in context.

As a first step toward characterizing the architecture of the
C. nemoralis mantle on a molecular level, I cloned four genes that
give rise to some of the most abundant proteins we previously
detected in the C. nemoralis shell (Mann and Jackson, 2014).
Three of these genes (Cnem_R27072837, Cnem_R27073283,
and Cnem_R27075188) have no recognizable domains and
share no sequence similarity with SwissProt sequences, while
Cnem_R27072766 contains a chitin binding Periotrophin-
A domain, shares sequence similarity with other molluscan
shell-forming proteins and is the ortholog of Lsta_sfc_22

(Figure 2 and Supplementary File 9; Herlitze et al., 2018).
Interestingly all four of these abundant genes were expressed in
zone 5 of the C. nemoralis mantle (Figure 7), as was Lsta_sfc_22
in L. stagnalis (Herlitze et al., 2018). While similar molluscan
shell-forming genes (notably Pif from Pinctada fucata) have
been associated with the production of nacre (Suzuki et al.,
2009), neither L. stagnalis nor C. nemoralis construct nacre and
so the functions of Cnem_R27072766 and Lsta_sfc_22 remain
unknown. Nonetheless it is a striking reminder that oysters and
pulmonates do share such similar downstream effector genes
in their biomineralization toolkits, along with other proteins
such as carbonic anhydrases, tyrosinases and peroxidases (Zhang
et al., 2006; Hohagen and Jackson, 2013; Le Roy et al., 2014;
Liu et al., 2014; Herlitze et al., 2018). The similarity in the
spatial expression patterns of Lsta_sfc_22 and Cnem_R27072766
(both within zone 5), and their clear orthology (Figure 2), also
supports the overall approach of comparing two mantle tissues
separated by ∼200 million years of evolution (Teasdale, 2017).
In addition, two of these 4 genes I selected from our previous
proteomic analysis of the C. nemoralis shell (Cnem_R27072837
and Cnem_R27075188) also appear to have orthologs in the set
of L. stagnalis shell-forming proteins we previously identified
(Lsta_sfc_27 and Lsta_sfc_20, respectively; Herlitze et al., 2018,
#91913). Cnem_R27072837 was the most abundant protein we
could identify in the shell of C. nemoralis (Mann and Jackson,
2014) and it is expressed exclusively in zone 5 (Figure 7).
This protein has high and exclusive sequence similarity with
Lsta_sfc_27 (Supplementary File 13; Herlitze et al., 2018) and
is therefore likely to be the ortholog of this protein. Lsta_sfc_27
is also exclusively expressed in zone 5 (Herlitze et al., 2018). In
contrast, Cnem_R27075188 which also has a very high sequence
similarity with Lsta_sfc_20 (Supplementary File 14) is expressed
exclusively in zone 5 (Figure 7), while Lsta_sfc_20 is expressed
in zone 4 (Herlitze et al., 2018), a subtle but noticeable difference.
BLASTp searches against SwissProt revealed no similar sequences
to Cnem_R27075188 (Supplementary File 9), while searches
against nr only returned gastropod sequences (Supplementary
File 12) suggesting that this is a lineage restricted gene.

Secreted, glycine-rich proteins are typical members of
molluscan shell-forming proteomes (Yano et al., 2006; Herlitze
et al., 2018) and may provide similar mechanical properties to the
shell as silk proteins do for spider silk (McDougall et al., 2016).
In addition, certain shell-forming proteins are known to possess
distinct domains rich in glycine (for example Lustrin (Shen et al.,
1997), and Nacrein (Miyamoto et al., 1996)]. As we previously
reported the spatial expression patterns for several of these genes
in L. stagnalis (Herlitze et al., 2018), all of which were restricted
to zone 3, I was interested to identify potential orthologous
glycine-rich shell-forming genes in C. nemoralis. I searched the
C. nemoralis mantle transcriptome and was able to identify
several secreted glycine-rich genes expressed in the mantle tissue.
I then cloned and determined the spatial expression patterns
for two of these. In L. stagnalis the “belt” zone (a narrow zone
of high columnar cells that is continuous with a low columnar
epithelium, which covers the remaining outer surface of the
mantle as described by Timmermans (1969) encompasses zones
2 and 3. All three of the glycine-rich genes we previously studied
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in L. stagnalis were exclusively expressed in zone 3 of the belt
(Herlitze et al., 2018). While assigning homology to regions of the
mantle between species should currently be done with caution,
if we assume these high columnar cells in the anterior region
of the mantles of C. nemoralis and L. stagnalis are homologous
“belts,” then there are significant differences in the expression
of the two glycine-rich genes I studied here: Cnem_Gly-rich-
2 was exclusively expressed throughout the belt (zones 2 and
3), while Cnem_Gly-rich-3 (Cnem_R37432942) was exclusively
expressed outside of the belt in the periostracal groove in zone 1
(Figure 7). The remaining problem in this comparison of glycine-
rich genes between C. nemoralis and L. stagnalis is the question
of homology between the genes themselves. Sequences such as
these that are so biased in composition cannot be confidently
homologized without additional information, for example gene
synteny (Vakirlis et al., 2020) that would require at least a
draft quality genome assembly for each species. Nonetheless,
one might provisionally assume that such extreme glycine-rich

proteins may be serving similar functions in the shells of
their respective species, and the observed differences in their
spatial expression patterns would therefore impart observable
differences to their shells. Due to these uncertainties I also
studied another protein for which the question of homology
was clear. Lsta_sfc_5 was identified in the shell of L. stagnalis
and has a peroxidase domain (Herlitze et al., 2018). I searched
the C. nemoralis transcriptome for similar sequences, and
although I was able to identify more than a dozen peroxidase-
like sequences (Supplementary File 11) Cnem_R37577449 was
clearly the ortholog of Lsta_sfc_5 (Figure 4). In L. stagnalis
mantle tissue Lsta_sfc_5 is exclusively expressed in zones 1 and 2,
a relatively broad expression domain that partly includes the belt
(Herlitze et al., 2018). In contrast Cnem_R37577449 is expressed
in the mantle tissue of C. nemoralis in a relatively restricted
pattern in zone 1 that is distal to the belt (Figure 7). This
expression domain apparently overlaps that of Cnem_Gly-rich-3
(Cnem_R37432942; Figure 7). While the precise functions of

FIGURE 8 | A schematic representation of L. stagnalis and C. nemoralis mantle tissues and orthologous shell-forming gene expression patterns highlights the
modularity of the molluscan mantle. The uppermost panel is adapted from Herlitze et al. (2018) and indicates the main mantle zones that Timmermans described in
her histological examination of L. stagnalis mantle tissue (Timmermans, 1969). Domains of enzymatic activity are shown and correlate well with cases where we were
able to locate the gene expression of responsible genes (for example peroxidase activity was detected in zones 1 and 2 and this is where we observed the expression
of Lsta_sfc_5, a peroxidase homolog). A more highly schematized representation of the mantle is presented in the lower panels, and facilitates the comparison of
orthologous shell-forming genes. Note the differences in the expression of the peroxidase orthologs (Cnem-R37577449 and Lsta_sfc_5) and the glycine-rich genes.
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these enzymes in the mantle tissues of molluscs are not accurately
known, these significant differences in spatial expression patterns
could be expected to influence the overall structure of the
mature biomineral. Specific gene function analyses are required
to verify this hypothesis. In addition to a larger collection of shell-
forming gene expression patterns from more diverse species,
draft genome sequences would allow for deeper inspection of
the loci that encode these genes, and would allow for the
identification of orthologous cis-regulatory elements (CREs) that
presumably drive shell-forming gene expression in zones 1–5.
The identification of “mantle-zone-specific” CREs would lend
strong support to the model of mantle modularity we previously
proposed (Herlitze et al., 2018). In this regard a comprehensive
study of such CREs across the Gastropoda (and beyond) would
be a stimulating exercise.

By characterizing the spatial expression patterns of the
C. nemoralis genes I have studied here, and comparing them with
those we previously studied in L. stagnalis (Herlitze et al., 2018),
a conceptually appealing modularity to the molluscan mantle
presents itself. When the expression patterns of orthologous
shell-forming genes are compared on a highly schematized
representation of the mantle (Figure 8) it appears as though
the spatial regulation of certain genes have been significantly
modified, most noticeably Cnem-R37577449 cf. Lsta_sfc_5
(homologs of a peroxidase gene) and the glycine rich genes.
Others (Cnem-R27072766 cf. Lsta_sfc_22, Cnem-R27072837 cf.
Lsta_sfc_27, and Cnem-R27075188 cf. Lsta_sfc_20) appear to
have been largely conserved over their ∼200 million years of
independent evolution (Teasdale, 2017). While these intriguing
observations require further investigation and an expansion of
the comparative gene-expression datasets, I propose that this
apparent modularity to the mantle tissue would have greatly
facilitated the evolution of novel molluscan shell types. With
the growing availability of conchiferan genomes, coupled with
advanced sequencing methods such as single cell RNASeq and the
development of gene-editing methods for more diverse species,
it will be possible to rigorously test this hypothesis, and to gain

further insight into the mechanisms by which evolution has
generated the diversity of molluscan shells we admire today.
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Octocorallia (class Anthozoa, phylum Cnidaria) is a group of calcifying corals displaying
a wide diversity of mineral skeletons. This includes skeletal structures composed
of different calcium carbonate polymorphs (aragonite and calcite). This represents
a unique feature among anthozoans, as scleractinian corals (subclass Hexacorallia),
main reef builders and focus of biomineralization research, are all characterized by an
aragonite exoskeleton. From an evolutionary perspective, the presence of aragonitic
skeletons in Octocorallia is puzzling as it is observed in very few species and
has apparently originated during a Calcite sea (i.e., time interval characterized by
calcite-inducing seawater conditions). Despite this, octocorals have been systematically
overlooked in biomineralization studies. Here we review what is known about
octocoral biomineralization, focusing on the evolutionary and biological processes
that underlie calcite and aragonite formation. Although differences in research focus
between octocorals and scleractinians are often mentioned, we highlight how strong
variability also exists between different octocoral groups. Different main aspects of
octocoral biomineralization have been in fact studied in a small set of species,
including the (calcitic) gorgonian Leptogorgia virgulata and/or the precious coral
Corallium rubrum. These include descriptions of calcifying cells (scleroblasts), calcium
transport and chemistry of the calcification fluids. With the exception of few histological
observations, no information on these features is available for aragonitic octocorals.
Availability of sequencing data is also heterogeneous between groups, with no
transcriptome or genome available, for instance, for the clade Calcaxonia. Although
calcite represents by far the most common polymorph deposited by octocorals,
we argue that studying aragonite-forming could provide insight on octocoral, and
more generally anthozoan, biomineralization. First and foremost it would allow to
compare calcification processes between octocoral groups, highlighting homologies
and differences. Secondly, similarities (exoskeleton) between Heliopora and scleractinian
skeletons, would provide further insight on which biomineralization features are driven by
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skeleton characteristics (shared by scleractinians and aragonitic octocorals) and those
driven by taxonomy (shared by octocorals regardless of skeleton polymorph). Including
the diversity of anthozoan mineralization strategies into biomineralization studies remains
thus essential to comprehensively study how skeletons form and evolved within this
ecologically important group of marine animals.

Keywords: octocorallia, biomineralization, aragonite, evolutionary biology, calcite

INTRODUCTION

Biomineralization refers to the process by which organisms
produce minerals. The ability to form biomineral structures is
taxonomically widespread and has evolved multiple times during
the Earth’s history, including twenty independent origins within
Metazoa and four within plants (Knoll, 2003). Biominerals serve
a wide variety of biological functions including, among others,
body support, defense against predation, navigation (Frankel
et al., 1997) and (in plants) the regulation of photosynthesis
and ion concentration (He et al., 2014 for review). Many
groups of marine invertebrates (e.g., sponges, molluscs, and
echinoderms) produce biominerals and among these, anthozoan
coral (Cnidaria: Anthozoa) calcium carbonate biomineralization
holds an extreme ecological significance, as it forms the 3D-
framework of one of the most biodiverse ecosystems on
the planet, coral reefs. Within Anthozoa, calcifying corals
are found in two distinctive clades: the order Scleractinia
(subclass Hexacorallia) and the subclass Octocorallia (Figure 1f).
Scleractinian corals currently are the major contributors to reef
accretion, and have thus been the focus of biomineralization
research over the years (e.g., Tambutté et al., 2011; Falini
et al., 2015). On the other hand, calcium carbonate (CaCO3)
production in octocorals, commonly referred to as soft corals, is
often modest and can be of several orders of magnitude lower
compared to scleractinians (Smith and Kinsey, 1976; Herrán
et al., 2017; Edinger et al., 2019). Despite this, some octocoral
species (primarily the order Helioporacea) can significantly
contribute to reef formation (Zann and Bolton, 1985) and
can become the main reef builders within different habitats
(Shaish et al., 2010; Yasuda et al., 2012). Octocorals can also
exhibit higher resilience to environmental conditions, enabling
them to outperform and replace scleractinians after events
such as coral bleaching, pollution and Acanthaster outbreaks
(Nishishira, 1974; Stobart et al., 2005; Ruzicka et al., 2013).
Moreover, from a biomineralogical perspective, octocorals are
more diverse than scleractinians, as they have evolved a wide
range of different biomineralization strategies. These include
the production of skeletal structures composed of different
calcium carbonate polymorphs (aragonite and calcite) and of
organic components (Gorgonin). On the other hand, all modern
scleractinian species are characterized by the production of
aragonite skeletons only.

In light of this, octocorals represent an interesting target
for biomineralization research. Yet they remain marginally
studied. One of the main questions surrounding octocoral
calcification is whether the morphological and compositional
diversity of their skeletons is related to differences in the

cellular and molecular mechanisms employed by them for
biomineralization. As in other animal groups, calcification in
Octocorallia is a biologically controlled process, in which the
precipitation mineral is not a byproduct of metabolic processes
(biologically induced mineralization), but is rather under strict
physiologic control (Lowenstam, 1981; Mann, 1983). In general,
biological control can be broadly subdivided into two main
processes, namely, the regulation of ion (e.g., calcium) transport
and concentration at the calcification sites (Kingsley and Watabe,
1985; Watabe and Kingsley, 1992; Bertucci et al., 2013), and the
secretion of an organic matrix into the mineral fraction of the
skeleton (Weiner et al., 1983). The composition of organic matrix
in octocorals is of particular interest, as it has been shown—in
other calcifying taxa—that it regulates in vitro precipitation of
different CaCO3 polymorphs (Goffredo et al., 2011; Laipnik et al.,
2019). Despite this, little is known about skeleton formation in
octocorals, especially whether these animals have (and how they
evolved) the ability to control the formation of different CaCO3
polymorphs. Finally, furthering our knowledge on octocoral
calcification would also allow to obtain comparative information
on the biomineralization strategies of two different groups of
calcifying corals, and better understand how biomineralization
evolved within the Anthozoa.

In this review, we examine the research status of calcite
and aragonite biomineralization in octocorals. After introducing
Octocorallia and highlighting the diversity of their skeletons,
we summarize what is known about the evolutionary histories
of biomineralization in octocorals, with a focus on polymorph
diversity. We then surveyed available information on the
cellular and molecular processes responsible for the formation
of different skeletons. The aim was to (1) highlight the
numerous current knowledge gaps characterizing octocoral
biomineralization (especially pertaining to aragonite-forming
species), and (2) propose novel potential approaches and/or
research avenues to gain insight on the molecular mechanisms
underlying such skeleton diversity.

OCTOCORALS: SOFT
BIOMINERALIZERS

The cnidarian subclass Octocorallia represents a group of
marine benthic organisms, currently comprising more than 3,400
described valid species (Williams and Cairns, 2015). They inhabit
all marine habitats, but do mostly occur in either shallow tropical
or deep sea environments. Around 75% of octocoral species
have been described from waters below 50 m and the deepest
specimen to date was recorded at 6,400 m depth (Roberts et al.,
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2009; Zapata Guardiola and López González, 2012). They are
globally distributed, albeit very few species are cosmopolitan,
with the highest diversity occurring in the Indo-Pacific region
(Williams and Cairns, 2013; Pérez et al., 2016). Octocorals
represent important marine community members and can
increase habitats’ spatial complexity (Quattrini et al., 2014). In
deep sea environments, for example, octocorals can occur at
high densities and sustain biodiverse ecosystems by providing
substratum and shelter to other organisms like fishes (Caley and
St John, 1996), or nudibranchs, crustaceans, and echinoderms
(Krieger and Wing, 2002; Mortensen and Buhl-Mortensen,
2005; De Clippele et al., 2015). As observed in scleractinians,
octocoral can also establish symbiotic relationships (obligate or
facultative) with photosynthetic microalgae (zooxanthellae) or be
non-symbiotic (Fabricius and Alderslade, 2001). This octocoral-
algae association is considered mutualistic: the symbiont obtains
inorganic nutrients from the coral, while the host receives
in turn organic compounds, the products of photosynthesis.
Primary productivity is nonetheless usually low, and octocorals
often rely also on heterotrophy (e.g., suspension feeding,
prey capture) (Sorokin, 1991; Fabricius and Klumpp, 1995;
Ribes et al., 1998).

With the sole exception of members of the genus Taiaroa
(Bayer and Muzik, 1976), octocorals are colonial, and consist
of multiple polyps embedded and interconnected by tissue
(coenenchyme). Octocoral colonies can be morphologically very
distinct and exhibit a wide range of forms from encrusting
to arborescent (Figures 1a–e). Nevertheless, polyps are always
characterized by an eightfold symmetry (i.e., they possess eight
tentacles and eight internal mesenteries). This represents the
synapomorphy of the group and separates Octocorallia from
all remaining anthozoan taxa, in which a sixfold symmetry is
present. In octocorals, polyp tentacles are also often characterized
by lateral branched structures called pinnulae. This does however
not constitute an octocoral synapomorphy as species with
smooth tentacles have also been described (Alderslade and
McFadden, 2007). Biomineralization is also not shared by all
octocorals, and species lacking any mineral structure have been
described in different groups (Alderslade and Mcfadden, 2011;
Benayahu et al., 2017; Lau and Reimer, 2019b).

Taxonomically, Octocorallia is currently divided into
three orders: Helioporacea, Pennatulacea, and Alcyonacea
(Bayer, 1981b). The first two are grouped based on well-
defined characters: the presence of an aragonite skeleton
(Helioporacea) and the oozoid, a differentiated polyp that
ensures attachment to the substratum (Pennatulacea). Order
Alcyonacea is subsequently divided into six sub-ordinal groups
based on their skeleton characteristics: Alcyoniina, Holaxonia,
Stolonifera, Calcaxonia, Scleraxonia, and Protoalcyonacea
(Grasshoff, 1999; Fabricius and Alderslade, 2001). Molecular
phylogenetic studies of Octocorallia, however, have repeatedly
shown that these groups are artificial and should be abandoned.
For example, the analysis McFadden et al. (2006) found
the suborders Stolonifera, Alcyoniina, and Scleraxonia
polyphyletic. Polyphyly for Scleraxonia was also observed
in Sánchez et al. (2003a), while Alcyoniina and Calcaxonia
appeared paraphyletic.

DIVERSITY AND COMPOSITION OF
OCTOCORAL SKELETONS

Compared to modern scleractinians, which all produce massive
aragonitic exoskeletons, octocorals have evolved a diverse array
of skeletal structures. In the vast majority of species, the skeletal
elements consist of multiple micro- or millimetric calcareous
structures called sclerites, which occur embedded within the
animal tissues. The overall sclerite morphology (e.g., spicule,
spindle, rod, plate) (Devictor and Morton, 2010) and the different
types of ornamentations can differ sensibly between species
(Figure 2) and have been thus used extensively for species
delimitation (Bayer, 1981a; Fabricius and Alderslade, 2001;
Tentori and van Ofwegen, 2011). Molecular phylogenies have
confirmed the taxonomic value of sclerite morphology to some
extent, despite also highlighting instances of homoplasy (Sánchez
et al., 2003b; Vargas et al., 2010c, 2014; Ament-Velásquez et al.,
2016; Poliseno et al., 2017). Morphological plasticity linked to
environmental conditions (Prada et al., 2008) and predation
(West, 1997) has also been reported. Intraspecific variability
is also present and different sclerite types and abundance
can be observed within single individuals (Van Alstyne et al.,
1992; Vargas et al., 2010a,b). In some species, different sclerite
morphologies appear to correlate with their different localization
(e.g., polyp, base) within the animal body (Williams, 1986, 1992;
Alderslade, 2000; Tentori and van Ofwegen, 2011). Sclerites are
found embedded within the mesoglea—a collagen-like substance
between the ectodermal and endodermal layers (Barzansky and
Lenhoff, 1974)—of the coenenchyme (tissue connecting the
polyps) and/or the polyp (Fabricius and Alderslade, 2001).

Mineralogy: Octocoral sclerites are all composed of CaCO3
in the form of high-magnesium calcite. More detailed
compositional analyses have been obtained for the sclerites
of Mediterranean gorgonians and precious corals. In the
former, magnesium concentrations ranged between 1.4 and
2.2% (Weinbauer and Vellmirov, 1995). Slightly higher values
(2.1–3.0%) have been found in C. rubrum (Family Corallidae),
although variability in magnesium content both within single
sclerites, individuals and between colonies was reported
(Weinbauer et al., 2000). Strontium is another common
component of octocoral sclerites and its concentration values
in gogonians can range between 0.1 and 0.2% (Weinbauer
and Vellmirov, 1995). Incorporated amounts of magnesium
and strontium have been extensively used to reconstruct
paleoclimatic conditions. For example, the concentration
of magnesium in octocoral sclerites is positively correlated
with seawater temperature (Weinbauer and Vellmirov,
1995; Yoshimura et al., 2011), although in C. rubrum this
correlation appears not to hold when colonies are exposed
to large temperature fluctuations (Vielzeuf et al., 2013).
Finally, several trace elements have been detected in the
sclerites of C. rubrum including lithium, iron, zinc and barium
(Vielzeuf et al., 2013, 2018).

In some octocoral groups a mineral axial skeleton is
deposited alongside sclerites. The axis provides support to
the colony and can be entirely composed of biogenic calcite
or be a combination of scleroproteins (collectively referred
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FIGURE 1 | (a) Tubipora musica (order Stolonifera) (scale bar: 1 cm). (b) Heliopora coerulea (order Helioporacea) (scale bar: 1 cm). (c) Paragorgia sp. (order
Alcyonacea). (d) Iridogorgia sp. (order Alcyonacea). (e) Corallium rubrum (order Alcyonacea). (f) Phylogenetic tree of class Anthozoa highlighting presence-absence
patterns of mineral skeletons. We based the Anthozoa phylogenetic tree on Kayal et al. (2018). Here, Ceriantharia was found as sister taxon to other members of
Hexacorallia. This has been recently corroborated in a phylogenomic analysis by McFadden et al. (2021). However, an alternative tree topology puts Ceriantharia as
sister to remaining Anthozoa (Stampar et al., 2014). Pictures credit: (a,b) Department of Earth and Environmental Science, Ludwig-Maximilians-Universität München,
(c) NOAA Office of Ocean Exploration and Research, Deep Connections 2019, and (d) NOAA Okeanos Explorer Program, Gulf of Mexico 2012 Expedition.

to as gorgonin; Bayer, 1981b) and calcite. Axial skeletons
can arise from different calcification mechanisms that often
entail the fusion of sclerites. In the precious coral Corallium
rubrum, for example, sclerites at the tips of colony branches
fuse to form the core of the axis, which is secondarily
thickened by subsequent deposition of mineral layers (Allemand,
1993; Debreuil et al., 2012). In C. johnsoni however, the

axial skeleton appears to be devoid of scleritic material
(Lawniczak, 1987). In Octocorallia, different biomineralization
strategies could have thus evolved within genera. In the family
Ellisellidae, sclerites forming the axial core are often markedly
different from those found in the coenenchyme (Devictor and
Morton, 2010). Alternatively, sclerites can also assemble into
reticulate structures (e.g., Melithaea) (Cuif, 2016). In octocorals
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FIGURE 2 | Overview of skeletal structures present in different octocoral clades. Images acquired by scanning electron microscopy (SEM). Images sources:
Gorgoniidae from Horvath (2019), Corallidae from Simpson and Watling (2011) (Cambridge Press©, reproduced with permission of copyright holder), Stolonifera
from Lau et al. (2019) and personal image, Helioporacea (personal images). Image from Conci (2020).

producing proteinaceous skeletons, the axis can be reinforced
with endogenous/biogenic (high magnesium calcite) or non-
endogenous (calcite, aragonite, or amorphous CaCO3) minerals
(Lewis et al., 1992). Amounts and origin of the axis mineral
fraction can differ between groups. In Calcaxonia, large amounts
of non-scleritic or scleritic calcite are present, while members

of the suborder Holaxonia are characterized by small quantities
of embedded calcium carbonate (Bayer and Macintyre, 2001).
In bamboo corals (Family Isididae), the proteinaceous and
mineral fractions of the axial skeleton are arranged to form
an alternation of flexible joints and rigid mineral internodes
(Noé and Dullo, 2006).
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Exceptions to the “calcite rule” are members of Order
Helioporacea, in which a trabecular skeleton of fibrous aragonite
is present (Hill, 1960). In the genus Heliopora and Nanipora,
only aragonite is observed, while in the genus Epiphaxum
calcite sclerites are formed alongside the aragonitic skeleton
(Lozouet and Molodtsova, 2008; Miyazaki and Reimer, 2015).
However, compared to the high-magnesium calcite of sclerites,
the magnesium content found in Heliopora’s aragonite skeleton is
lower (ca. 0.5 mol%) (Velimirov, 1980).

Finally, hydroxyapatite (Ca10(PO4)6(OH)2) has also been
detected in some gorgonians and currently represent the
only possible instance of likely biologically produced calcium
phosphate in cnidarians (Macintyre et al., 2000).

EVOLUTIONARY HISTORY OF
OCTOCORAL BIOMINERALIZATION

The origin of Octocorallia and the evolutionary relationships
between different skeletal structures, notably between aragonite
skeletons and calcite structures (sclerites and axis), remain largely
elusive. This is in part caused by the poor preservation (Cope,
2005) and challenging identification (Deflandre-Rigaud, 1957;
Kocurko and Kocurko, 1992) of octocoral skeletal elements in the
fossil record, and the current lack of robust phylogenetic analyses
for Octocorallia (but see Quattrini et al., 2020).

The earliest putative octocoral fossils currently date back to
the Ediacaran (Glaessner, 1985). A putative Cambrian bryozoan
fossil (genus Pywackia) (Landing et al., 2010) was later re-
classified as an octocoral (Ausich and Babcock, 1998; Taylor
et al., 2013), although this claim has been questioned (Landing
et al., 2015). Earliest undisputed specimens of the group currently
date back to the Ordovician, and belong to the gorgonian
genus Petilavenula (Cope, 2005). Paleozoic (Silurian) octocoral
fossils also include examples of a spiculite, a type of calcareous
rock composed of cemented sclerites (Bengtson, 1981). Other
octocoral groups appeared in the fossil record during the
Cretaceous period (Figure 3). These include sea pens (order
Pennatulacea) (Reich and Kutscher, 2011) and precious corals
(family Coralliidae) (Schlagintweit and Gawlick, 2009). The
oldest fossil specimens of aragonitic Heliopora and Epiphaxum
species also date back to the Creataceous (Eguchi, 1948; Colgan,
1984; Lozouet and Molodtsova, 2008). A recent time-calibrated
molecular phylogenetic analysis has corroborated the hypothesis
of a Cretaceous origin for helioporaceans, while the proposed
origin of pennatulaceans was pushed back to the Carboniferous
(Quattrini et al., 2020).

The emergence of aragonitic skeletons during the Cretaceous
is of evolutionary interest, as it lies in apparent disagreement with
the calcite-inducing conditions (i.e., low magnesium-calcium
molar ratio, or mMg:mCa) experienced by marine calcifiers
during that time (Hardie, 1996; Lowenstein et al., 2001). The
mMg:mCa of seawater has been hypothesized to represent one
of the main drivers of selective inorganic precipitation of CaCO3
polymorphs, with lower (<2) and higher (>2) values promoting
the formation of calcite and aragonite, respectively (Morse et al.,
1997; Balthasar and Cusack, 2015). Variations in mMg:mCa

during the last 500 Mya have created an alternation between
aragonite and calcite-favoring environments (referred to as the
so-called “Aragonite-” and “Calcite Seas”), and have been shown
to correlate with shifts in the skeleton polymorph produced
by major calcificiers (Hardie, 1996; Stanley and Hardie, 1998;
Knoll, 2003).

Aragonitic scleractinian corals, for example, represent the
main reef framework-builders today (mMg:mCa ca. 5.2) and
were responsible for reef formation during the Triassic
Aragonite Sea (Stanley, 1981). They were, however, replaced
by calcitic rudists (class Bivalvia, phylum Mollusca) during
the Cretaceous, when Calcite Sea conditions prevailed (Scott,
1988). In addition to driving shifts in the composition of reef
building communities, the seawater mMg:mCa appears to have
also influenced the polymorph initially adopted by different
organisms (Porter, 2010).

Aragonitic octocorals represent one of the very few exceptions
to these patterns, as they appear to have evolved the ability to
deposit aragonite skeletons during a Calcite Sea interval (Porter,
2010). On one hand, this could be explained by a currently
incomplete fossil record. Aragonite-forming octocorals might
have appeared earlier during aragonite-favoring conditions. This
would, however, imply an extensive gap in the fossil record.
On the other hand, precipitation of aragonite could have
been promoted by other environmental variables. During the
Cretaceous, several seawater properties differed compared to
today’s conditions. These include higher seawater temperatures
(above 32◦C at low latitudes) in shallow marine habitats
(Schouten et al., 2003; Bice et al., 2006), lower pH (Zeebe,
2001) and lower sulfate (SO4

2−) concentrations (Algeo et al.,
2015). Among these, higher seawater temperatures have been
shown to promote the co-precipitation of aragonite, alongside
calcite, even at mMg:mCa < 1 (Balthasar and Cusack, 2015).
The warm surface temperature characterizing the shallow
environments inhabited by H. coerulea during the Cretaceous
(Zann and Bolton, 1985), might thus have enabled this species to
deposit its aragonitic skeleton. A similar scenario has also been
proposed to explain the appearance of aragonitic brachiopod
shells in the Silurian and Ordovician (Balthasar et al., 2011;
Balthasar and Cusack, 2015).

Inferences on the evolution of octocoral biomineralization
are furthermore hampered by the current lack of robust
phylogenies for Octocorallia. The most comprehensive analysis,
published by McFadden et al. (2006), identified two major clades
(Holaxonia + Alcyoniina and Pennatulacea + Calcaxonia) plus
a third clade consisting of genus Anthomastus and the precious
coral Corallium ducale. The blue coral H. coeruela formed a
clade with sea pens and calcaxonians. The hypothesis of a
close evolutionary relationship between aragonitic octocorals
(genera Heliopora and Nanipora) was later corroborated by
Miyazaki and Reimer (2015) using different molecular markers.
In another phylogeny, based on mitochondrial protein-coding
genes, H. coerulea was, however, retrieved as sister to the rest
of Octocorallia (Kayal et al., 2013). Nonetheless, the latter
study aimed at resolving evolutionary relationships between
Cnidaria major clades, and included a smaller taxon sampling
of octocorals. In any case, no mitochondrial or nuclear
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FIGURE 3 | Current fossil record of different octocoral taxa and concurrent environmental conditions (magnesium-calcium molar ratio, mMg:mCa, and sea surface
water temperature) during the last 500 Mya. Fossil record based on Reich (2009). Seawater surface temperature and mMg:mCa based on Song et al. (2019) and
Hardie (1996), respectively. Skeleton images: Helioporacea (Gert Wörheide), Alcyoniina (McFadden and Ofwegen, 2017) (Magnolia Press© reproduced with
permission of copyright holder), Holaxonia (Dautova, 2019), Stolonifera (Lau et al., 2018) and Pennatulacea (Williams, 2015). Pre, Precambrian; Cam, Cambrian; Ord,
Ordovician; S, Silurian; Dev, Devonian; M, Mississippian; P, Pennsylvanian; Pm, Permian; Tr, Triassic; Jur, Jurassic; Cret, Cretaceous; Pg, Plaeogene; Ng, Neogene.
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marker have proved effective in resolving deep phylogenetic
relationships between octocoral clades to date. This suggests
that octocorals might have undergone a rapid radiation. Because
phylogenomic analyses with larger taxon sampling to reconstruct
the evolutionary history between octocoral groups are currently
lacking, there clearly is the need for increased transcriptome and
genome sequencing efforts to fill this knowledge gap (Rokas et al.,
2005; McFadden et al., 2010). Nonetheless, some sequencing
data is already available for some species and octocorals have
been included in broader phylogenomic and phylotranscriptomic
analyses to assess evolutionary relationships between cnidarian
(Zapata et al., 2015; Kayal et al., 2018) or metazoan (Simion
et al., 2017) groups. Several octocoral transcriptomes have been
sequenced in the last few years and three genomes were released
in the last 2 years (Table 1).

The majority of sequencing datasets is derived from octocorals
of the suborder Holaxonia, while for other groups the number
of species with a sequenced transcriptome/genome is extremely
limited. To date, to the best of our knowledge, no data
is available for Calcaxonia. Despite the recent increase in
availability of octocoral omic resources, dozens of genera remain
to be sequenced before phylogenomic (or phylotranscriptomic)
analyses, with taxon samplings equivalent to previous studies
(e.g., 103 species included in McFadden et al., 2006), can be
conducted. In this light, research efforts aimed at resolving the
origin and evolution of octocorals should (1) focus on filling the
gap in terms of availability of data for calcaxonian octocorals and
(2) examine existing phylogenies to prioritize the sequencing of
taxa belonging to unresolved clades.

SCLEROBLASTS: THE OCTOCORAL
CALCIFYING CELLS

Biological control over biomineralization often entails specialized
cell types carrying out skeleton formation. For example, cells
forming the scleractinian aboral ectoderm (or calicoblastic layer)
or the outer epithelium of the molluscan mantle are, respectively,
responsible for the deposition of skeletons or shells, respectively

TABLE 1 | Number of octocoral genomes and transcriptome publicly available.

Taxon Genome Transcriptome Species in McFadden et al. (2006)

Alcyoniina 2 3 37

Calcaxonia 12

Helioporacea 1 1

Holaxonia 1 8 29

Pennatulacea 1 2 10

Scleraxonia 2 7

Stolonifera 3 7

Number indicates number of species with at least one transcriptome and/or
genome sequenced. Numbers are compared to taxon sampling in McFadden
et al. (2006). Numbers based on NCBI Sequence Read Archive (SRA), NCBI
Transcriptome Shotgun Assembly (TSA) Database and the Cnidarian Blast
Database available at http://data.centrescientifique.mc (Karako-Lampert et al.,
2014). Assignment of species to subordinal groups based on the World Register of
Marine Species. All databases last accessed on 21.08.2020.

(Saleuddin, 1977; Johnston, 1980; Jolly et al., 2004). In octocorals,
sclerites are produced by calcifying cells called scleroblasts. These
cells likely originate in the ectodermal layer (Hickson, 1895;
Woodland, 1905; Bayer and Owre, 1967; Watabe and Kingsley,
1992) and from there migrate into the mesoglea. Scleroblasts
can exhibit varying morphological states, which appear to
be correlated with different developmental stages of sclerite
formation (Watabe and Kingsley, 1992). Based on histological
and electron microscopy observations, a two step growth
model for sclerite development has been proposed, involving
an intracellular and a possible extracellular formation phase
(see Watabe and Kingsley, 1992, for a review). Several authors
provided a description of scleroblasts associated with different
maturation stages in different octocorals, for example Leptogorgia
virgulata (Kingsley and Watabe, 1982), Sinularia (Jeng et al.,
2011), pennatulaceans (Dunkelberger and Watabe, 1974), and
the precious coral C. rubrum (Grillo et al., 1993). An entirely
intracellular growth model was initially proposed for the sea pen
Renilla reniformis (Dunkelberger and Watabe, 1974), but later
observations revealed the presence of an additional extracellular
growth phase also in this octocoral species (Watabe, 1981).

Sclerite deposition appears to initially occur within a
series of vacuoles present in the cytoplasm of scleroblasts
(Watabe and Kingsley, 1992). Secretion of an organic matrix
(discussed in the following section) into these vacuoles precedes
mineral deposition and continues throughout sclerite formation
(Kingsley and Watabe, 1982). The function of these organic
matrices apparently is to provide a scaffold for mineral deposition
(Lowenstam and Weiner, 1989). During the intracellular phase,
scleroblasts are characterized by a prominent nucleus and their
cytoplasm is rich in vesicles and mitochondria (Kingsley and
Watabe, 1982; Grillo et al., 1993; Figure 4.1a). At this stage,
scleroblasts are not solitary in the mesoglea but they instead form
cell aggregates (Grillo et al., 1993). As sclerites grow, vacuoles
occupy an increasingly larger space within the scleroblast, while
the nucleus and cytoplasm are now restricted to the periphery
of the cell (Watabe and Kingsley, 1992; Figure 4.1b). These
changes are followed by the extrusion of the sclerite into the
mesoglea (Figure 4.1c). A detailed description of the transition
between the intracellular and extracellular phase has been
provided for L. virgulata by Kinglsey and Watanabe (1982).
These authors have shown that the extrusion of sclerites involves
the fusion of the cell plasma membrane with the vacuole
containing the sclerite. The maturation stage at which the
sclerites become extracellular appears to vary between species.
In L. virgulata, for example, the emergence of sclerites from
the scleroblasts occurs at a late growth stage, and sclerites
already exhibit their characteristic wart-like branching structures
(Kingsley et al., 1987). In the gorgonian Pseudoplexaura
flagellosa, on the other hand, crystals are extruded and they
eventually aggregate into sclerites extracellularly (Goldberg and
Benayahu, 1987). Once extracellular, sclerites can be enveloped
by different scleroblasts, which are in contact by means of
pseudopod-like extensions (Grillo et al., 1993). In C. rubrum
for instance, two scleroblasts joined by septate junctions
surround growing sclerites in the mesoglea (Le Goff et al.,
2017; Figure 4.2). One or more scleroblasts associated with
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FIGURE 4 | (1) Different sclerite growth phases in Leptogorgia virgulata: (a) early intracellular deposition in a vacuole, (b) latest stage of intracellular deposition, and
(c) transition between intracellular and extracellular stage by expulsion from vacuole/cell into the mesogloea. During the latter, vacuole and cell membrane fuse
together and the sclerite is extruded from the scleroblasts (based on Watabe and Kingsley, 1992). (2) Extracellular growth of a sclerite in Corallium rubrum. Two
scleroblasts—connected by septate junctions (SJ) envelop a single sclerite, surrounded by an extracellular calcifying medium (based on Le Goff et al., 2017).

single sclerites have also been observed in Swiftia exserta
(Menzel et al., 2015).

In Sinularia species, an additional cementation phase takes
place at the base of the colony, where mature sclerites are fused
together by amorphous calcium carbonate (Jeng et al., 2011).
Sclerite fusion is also observed among different stoloniferous
octocoral species (Lau and Reimer, 2019a).

Less is known about the cells responsible for the growth of
axial skeletons. A description of the epithelial cells responsible
for the axis annular growth in C. rubrum has, however, been
provided by Grillo et al. (1993). These authors did not report
any observable differences between the cells enveloping the axial
skeleton and the scleroblasts found in the mesoglea. Based on
this, they proposed that these cells constitute actual scleroblasts
and that sclerite-forming cells might be the result of calcifying
epithelium fragmentation.

Information about calcifying cells in aragonite-forming
octocorals is extremely limited but the presence of a calcifying
epithelium in H. coerulea was already reported in an early
observation (Moseley, 1876). Calcifying cells in H. coerulea were
originally defined as “mesodermic” (Moseley, 1876), but were
later described as of ectodermal origin (Bourne and Lankester,
1895). The latter authors also reported an increase in size
and granule content during the diversification of calcifying

(calicoblastic) cells from epithelial cells. The calcifying epithelium
of H. coerulea was later further characterized by Le Tissier
(1991), who noted the presence of vesicles in the cytoplasm of
calicoblastic cells found in areas of active skeleton deposition.
However, whether these cells can be classified as “scleroblasts”
(homologous to those characterizing calcitic species) is not
currently known. In fact, although it appears that both aragonite
and calcite skeletons in Octocorallia are deposited by specialized
ectodermal calcifying cells, possible differences in cytological
characteristics and gene expression patterns between “calcite-
forming scleroblasts” and aragonite-forming cells have not
been investigated.

Biological Control I: Skeleton Organic
Matrix
Octocoral sclerites and skeletons are biocomposite materials
formed by a mineral (CaCO3) and an organic fraction. The
latter is also referred to as the skeleton organic matrix (SkOM).
In scleractinian corals, SkOM quantities can range between
0.3 and 2% of the total dried skeleton weight (Constantz
and Weiner, 1988; Allemand et al., 1994; Cuif et al., 2004;
Goffredo et al., 2011; Ramos-Silva et al., 2013). Higher amounts
have been reported in Octocorallia. In gorgonians, the SkOM
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represents between 1 and 5% of the skeleton weight (Silberberg
et al., 1972; Kingsley and Watabe, 1983). However, a sensibly
lower value (ca. 0.04%) was later obtained for the octocoral
Sinularia sp. (Rahman et al., 2013). Precisely quantifying organic
materials occluded within coral skeletal structures is, however,
a challenging task. Following skeleton/sclerites decalcification,
SkOM isolation requires a series of washing steps that can
contribute to loss of low-molecular weight components from
the sample, which in turn can lead to underestimations of
SkOM amounts (Puverel et al., 2007; Allemand et al., 2011).
Compositionally, the SkOM consists of a diverse mixture of
different macromolecules. Major components of both octocoral
and scleractinian matrices include proteins (Fukuda et al., 2003;
Ramos-Silva et al., 2013), both mono- and polysaccharides
(Goldberg, 2001; Naggi et al., 2018; Takeuchi et al., 2018) and
lipids (Farre et al., 2010; Reggi et al., 2016). In the gorgonian
Eugorgia ampla, lipids can represent ca. 60% of the SkOM and
are followed in abundance by proteins (Fox et al., 1969). In
Corallium species, for example, proteins constitute ca. 0.01%
of the total skeleton weight (Debreuil et al., 2011). Among
carbohydrates, glucose, galactose, galactosamine, and mannose
were the most represented in the sclerites of Pseudoplexaura
(Goldberg, 1988). Additional studies have also focused on the
pigments responsible for the coloration of skeletal elements in
gorgonians (carotenoids) (Leverette et al., 2008), H. coerulea
(biliverdin IXa) (Rüdiger et al., 1968; Hongo et al., 2017) and
precious corals (canthaxanthin) (Merlin and Delé-Dubois, 1986;
Cvejic et al., 2007; Bracco et al., 2016).

One property of the octocoral SOM, shared by many
different calcifying organisms (Puverel et al., 2005; Marin and
Luquet, 2007; Mann et al., 2010), is the abundance of proteins
highly enriched in acidic (isoelectric point < 4.5) amino acids,
primarily aspartic acid (Watabe and Kingsley, 1992; Rahman
and Oomori, 2009). One possible biological reason being the
proposed interaction of carboxylic groups, found in the side
chain of aspartic acid, interacting with calcium ions (Weiner and
Hood, 1975). The mechanisms underlying SkOM regulation over
coral calcification remain, however, elusive, and no functional
information is currently available. The first octocoral skeletal
protein to be characterized was extracted from the sclerites of
C. rubrum, and named scleritin (Debreuil et al., 2012). This
occurred almost a decade after the isolation of the first skeletal
protein (galaxin) from a scleractinian skeleton (Fukuda et al.,
2003). Scleritin does not possess any known protein domain and
appears solely expressed by scleroblasts found in the mesoglea,
but not by the cells in calcifying epithelium forming the axial
skeleton (Debreuil et al., 2012). As previously mentioned, the
latter have been classified as composed of scleroblasts, due to
the absence of morphological differences with the mesogleal
sclerite-producing cells (Grillo et al., 1993). However, the
expression pattern of scleritin suggests that cells involved in
these two calcification processes (i.e., sclerite formation and
axial skeleton deposition) employ different proteins and are
thus characterized by different gene expression profiles. Another
extracellular protein (ECMP-67), with the ability to regulate
CaCO3 polymorphism in vitro, was also isolated from the
sclerites of Lobophytum crassum (Rahman et al., 2011).

Over the years, different coral SkOM components - including
proteins, polysaccharides and lipids—have been in fact shown
to promote the formation of different calcium carbonate
polymorphs in vitro (Rahman and Oomori, 2009; Reggi et al.,
2016; Naggi et al., 2018; Laipnik et al., 2019). However, whether
these molecules possess the same properties in vivo remains to
be determined. More recently, the advent of mass spectroscopy
coupled with transcriptomics has enabled researchers to shift
from the analysis of single proteins to the characterization
of whole skeletal proteomes. This allowed to describe the
“skeletogenic proteins” (Jackson et al., 2007), “skeletome”
(Ramos-Silva et al., 2013) or “biomineralization toolkits” (Drake
et al., 2013) in different calcifying organisms. This approach
was recently applied to obtain the first proteomes found in
octocoral skeletons and sclerites and provide a comparative
analysis of octocorals producing aragonite (H. coerulea) and
calcite (Tubipora musica and S. cf. cruciata) (Conci et al.,
2020). An extremely low overlap was reported between aragonite
and calcite-producing species, pointing to different protein
repertoires being used by species forming different polymorphs.
The only instance of a shared protein was a carbonic anhydrase
homolog to CruCA-4. This protein was originally described,
alongside other five carbonic anhydrases, in C. rubrum and found
overexpressed in tissues enriched in calcifying cells (Le Goff et al.,
2016). Carbonic anhydrases (CAs) are a superfamily of enzymes
responsible for catalyzing the interconversion between carbon
dioxide (CO2) and bicarbonate (HCO3

−) (Supuran, 2008), and
are commonly found in different animal skeletons, including
scleractinian corals (Miyamoto et al., 1996; Mann et al., 2008;
Ramos-Silva et al., 2013; Mann, 2015). In anthozoan corals, CAs
can regulate the concentration of HCO3

− in calcification spaces
(see Bertucci et al., 2013 for a review). Scleritin was identified in
the organic matrix of both T. musica and S. cf. cruciata, but not in
the aragonitic H. coerulea (Conci et al., 2020), consistent with the
hypothesis of its involvement in sclerite formation. Nonetheless,
despite not being secreted into the skeleton, scleritin homologs
are actively being expressed in H. coerulea (Conci et al., 2019).
This could point on one hand to H. coerulea scleritin playing
a different role (not requiring secretion into the skeleton) in
calcification. Alternatively, the protein could hold an unrelated
function and could have been recruited for biomineralization by
octocorals producing calcite sclerites. In this light, comparison of
the characteristics and function of calcification-related proteins
in both aragonite and calcite-forming octocorals could highlight
differences between groups and detect co-option events of
proteins for biomineralization.

Biological Control II: Ion Transport and
Regulation
For CaCO3 precipitation to occur, different physio-chemical
conditions have to be reached within the calcification spaces. One
critical parameter is the saturation state (�) of the solution with
respect to a certain CaCO3 polymorph (�Aragonite or �Calcite).
This value is calculated as the ratio of Ca2+ and CO3

2− ion
activity products to the stoichiometric solubility product of
aragonite or calcite (Morse and Mackenzie, 1990). At � = 1
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solid mineral and seawater are in equilibrium, while at � >
1 and � < 1 precipitation and dissolution, respectively, occur.
The saturation state is also intimately linked to the pH of the
solution as this can influence the availability of CO3

2− ions. It
has been suggested that corals might be able to modulate the
composition of their calcifying fluids, with respect to seawater,
to promote CaCO3 precipitation and enhance calcification. In
scleractinian corals for example, �Ar of calcifying fluids can be
on average around 12 (DeCarlo et al., 2017) and display diurnal
cyclic variability (DeCarlo et al., 2019). This value is sensibly
higher compared to seawater in reef environments (�Ar ca. 3)
(Mongin et al., 2016).

Several chemical parameters of the calcifying fluids have been
studied in scleractinian corals (Cai et al., 2016; Comeau et al.,
2017; Sevilgen et al., 2019), while information on octocorals is
very limited. This is partly due to the presence of additional
tissue layers preventing direct access to the calcification space
(Le Goff et al., 2017). Information on the pH of calcifying fluids
(pHcf) in both coral groups is however available. In scleractinian
corals, pHcf is higher compared to the pHsw, but increases in
seawater acidity appear to cause declines in the pH of calcifying
fluids (Venn et al., 2013; Holcomb et al., 2014). Contrarily, early
analyses in C. rubrum (based on boron isotopic analysis) did
not detect the presence of significant pH upregulation between
seawater and the pHcf of the axial skeleton (McCulloch et al.,
2012). This was later corroborated by pH-sensitive dye-based
measurements showing that sclerites and axis growth occur at a
pH of 7.97 ± 0.15 and 7.89 ± 0.09, respectively (Le Goff et al.,
2017). In the same study however, pHcf was found more alkaline
compared to the cytoplasm of calcifying cells, which implies—
as in scleractinians (Zoccola et al., 2004)—the active proton
removal from calcification spaces, possibly operated by a Ca2+-
ATPase (Le Goff et al., 2017). Measurements for sclerites were
obtained during the extracellular phase (i.e., sclerites enveloped
by two scleroblasts), while no information is currently available
for pH of the calcifying medium within scleroblasts vacuoles (i.e.,
intracellular stage).

Analysis was then conducted at normal pHsw values.
Whether C. rubrum is able to maintain pH homeostasis under
seawater acidification conditions has not been determined.
Differences in pH regulation between scleractinian skeletons
and octocoral sclerites could be related to the different
localization or composition (aragonite vs. calcite) of the skeletal
structures. For example, the cells and/or mesoglea surrounding
octocoral sclerites could buffer the effects of seawater chemistry.
Surrounding tissues have, for instance, been proposed to act
as a protective barrier against the effects of ocean acidification
(OA) in octocorals (discussed in the next section; Gabay et al.,
2014). However, the multi-step (intracellular and extracellular)
growth model of octocoral sclerites previously described, opens
to the possibility that sclerites could experience different
environments—in terms of calcifying fluids chemistry and their
interaction with seawater—during their formation.

Ocean acidification also appears to impact CaCO3
polymorphs differently, with calcite being apparently less
affected (although depending on magnesium content) (Ries et al.,
2009). A possible approach to further elucidate pHcf regulation

mechanisms in octocorals could be the characterization of
calcifying fluids pH in H. coerulea, for which no information is
currently available. Such analysis could determine, on one hand,
whether the absence of pHcf regulation is indeed a common trait
among Octocorallia, independently of the characteristics of the
mineral structures (calcite sclerites/axis vs. aragonite skeleton).
Alternatively, aragonitic octocorals could exhibit pHcf increases
as observed in scleractinian, pointing to pH upregulation
representing a required feature for aragonite deposition in
both coral groups.

Within the calcification space, calcium concentration in
scleractinians is not necessarily higher compared to seawater,
but some species can modulate calcium levels in response to
decreases in seawater pH (DeCarlo et al., 2018). For octocorals,
to the best of our knowledge, no information has been obtained.
Calcium transport to calcification sites has been studied in
Leptogorgia virgulata and a general model of calcium transfer
has nonetheless been provided by Watabe and Kingsley (1992).
Transport of Ca2+ during the intracellular growth of sclerites
in octocorals represents a multi-step process (Figure 5). To
reach the calcification space, calcium first diffuses from seawater
into the outer epithelial cells and is actively extruded into
the mesoglea. Studies involving specific transporters inhibitors
have highlighted the action of Ca2+-ATPases during this
step, while Na+-K+ exchangers don’t appear to be involved
(Kingsley and Watabe, 1984). Once in the mesoglea, the
majority of calcium ions reach the axis epithelium and are
incorporated into the axial skeleton, while others diffuse into
the scleroblasts. Inside calcifying cells, calcium is transported
inside electron-dense bodies (Kingsley and Watabe, 1985) to
the calcifying vacuoles where sclerites form (Kingsley and
Watabe, 1982). Both the membrane of scleroblasts and calcium-
transporting vesicles exhibit signs of Ca2+-ATPases activity
(Kingsley and Watabe, 1984).

The origin and transport of carbon (CO2 and HCO3
−)

has also been investigated in L. virgulata (Lucas and Knapp,
1997). In this species, carbonic anhydrase represented the major
carbon source followed by bicarbonate. Inhibition of carbonic
anhydrases caused significant declines in incorporation rates
of both dissolved and metabolically produced CO2, pointing
to an important role of these enzymes in the regulation of
carbon availability. Carbonic anhydrases, for example, have been
proposed to operate on the membrane of calcifying vacuoles
and electron-dense bodies (Kingsley and Watabe, 1987; Lucas
and Knapp, 1996) and the aforementioned presence of CruCA-
4 homologs inside octocoral skeletons confirms the presence of
these enzymes within the calcifying medium (Conci et al., 2020).

ANTHROPOGENIC THREATS TO
OCTOCORAL BIOMINERALIZATION

The effects of anthropic stressors on the ability of marine
organisms to calcify have been the topic of a number of
studies. In corals, for example, changes in calcification rates
and growth have been studied in relation to different stressors,
such as seawater temperature (Howe and Marshall, 2002;
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FIGURE 5 | Proposed model of calcium transport from seawater to growing sclerites in Leptogorgia virgulata (based on Watabe and Kingsley, 1992).

Marshall and Clode, 2004), pollution (Spencer Davies, 1990;
Biscéré et al., 2015) and turbidity (Kendall et al., 1985;
Browne, 2012).

However, particular focus has been dedicated to study the
effects of the so-called “ocean acidification” (OA), i.e., the
decrease in sea surface water pH caused by the increase in
the atmospheric carbon dioxide (CO2) concentration (Hoegh-
Guldberg et al., 2007; Solomon et al., 2007). Ocean acidification
linked detrimental effects on biomineralization have been
reported for multiple marine groups including calcifying algae
(Kuffner et al., 2008), scleractinian corals (Marubini et al.,
2003; Hoegh-Guldberg et al., 2007; Mollica et al., 2018) and
molluscs (Comeau et al., 2009; Gazeau et al., 2013). Research
has however also highlighted several instances of resilience
to ocean acidification, highlighting species-specific responses
to low pH (Cross et al., 2015a,b; González-Pech et al., 2017;
Lenz and Edmunds, 2017).

Octocorals appear to exhibit varying responses to ocean
acidification. An inverse correlation between calcification rates
and pCO2 have been reported for Eunicea flexuosa when
exposed to a pH range of 8.1 and 7.1 (Gómez et al., 2015).
Contrarily, in another study no changes in branch extension
and sclerite structure could be observed in the same species at

pH 7.75 compared to control values (pH 8.1) (Enochs et al.,
2016). Lower pH (7.6 and 7.3) had no effects on polyp weight
and protein content in different octocorals nor in chlorophyll
abundance ordensity of its symbiotic algae (Gabay et al., 2013).
One possible explanation behind octocoral resilience could
be the location inside the mesoglea of their sclerites with
the surrounding tissues acting as a protective barrier (Gabay
et al., 2014). A similar scenario has also been proposed for
the organic layers protecting mollusc shells against dissolution
(Rodolfo-Metalpa et al., 2011). From an ecological perspective,
different tolerance to changing environmental conditions is of
importance as it can determine which species will thrive or
decline under future conditions, and cause profound changes
in marine communities composition (Fabricius et al., 2011).
And shifts from stony (more vulnerable) to soft coral (more
resistant)-dominated environments have already been observed
(Inoue et al., 2013).

DISCUSSION

Octocorals (Cnidaria: Anthozoa) represent a group of
benthic marine organisms that have evolved a wide variety
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of biomineralization strategies. The composite biomaterials
produced by these organisms include structures composed of
different calcium carbonate (CaCO3) polymorphs (aragonite
and calcite). From an evolutionary perspective, the presence of
aragonite skeletons in Octocorallia is puzzling as it is observed
in an extremely low number of species in a single clade, the
Helioporacea. Apparently, this occurrence represents one
of the very few instances of aragonite formation originating
during a Calcite Sea interval (Porter, 2010). Despite the
diversity of their skeletal elements, octocorals have only
been marginally studied for biomineralization research.
This has been partially caused by their low contribution to
CaCO3 production and reef formation (Smith and Kinsey,
1976; Herrán et al., 2017; Edinger et al., 2019) compared to
scleractinian corals, the other group of calcifying anthozoans
and main reef builders in today’s oceans. Additionally, octocoral
species often inhabit deeper marine habitats compared to
scleractinians (Roberts et al., 2009), which can hinder field
observation and the collection of specimens for follow-up
studies. With the aim to identify current knowledge gaps
and propose possible future research approaches, here we
reviewed the research status of octocoral biomineralization. We
focused and compared what is known about the evolutionary,
cellular and molecular processes underlying different octocoral
skeletons, with a focus on CaCO3 polymorph (i.e., aragonite and
calcite) diversity.

Although differences in research output between scleractinian
and octocoral calcification are often mentioned, we highlighted
how differences—both in terms of data availability and
scientific knowledge—exist with respect to the process of
biomineralization between different octocoral groups. Several
mechanisms and features of octocoral biomineralization, such
as the characteristics of the calcifying cells (e.g., scleroblasts)
or Ca2+ transport, have mostly been investigated in species
depositing calcite. Although calcite represents by far the
most commonly deposited polymorph in octocorals, studying
aragonite formation provides the opportunity to further our
understanding on multiple aspects of the origin and evolution of
octocoral and scleractinian biomineralization. Firstly, differences
between aragonite and calcite formation are not necessarily
limited to skeleton polymorphism. In fact, calcite and aragonite-
forming species also differ in terms of other calcification-
related properties, such as the composition of the organic
matrix proteome (Conci et al., 2020) and possibly the type
and characteristics of calcifying cells and epithelia. With the
exception of early descriptions from the late nineteenth century
(e.g., Bourne and Lankester (1895), no study has in fact
focused on the calcifying cells of aragonitic octocorals. In
addition, the different localization of calcitic and aragonitic
structures (i.e., surrounded by tissue or not) could also
entail the different regulation of the chemistry and pH of
the calcification fluids, as observed between scleractinians
(Venn et al., 2013; Holcomb et al., 2014) and Corallium
rubrum (Le Goff et al., 2017). In fact, the scleractinian-
like characteristics of helioporacean skeletons (i.e., aragonite
exoskeleton), provide the unique opportunity to compare
aragonite formation between Octocorallia and Scleractinia, and

in turn determine which biomineralization features are driven
by phylogeny (i.e., properties shared by octocorals producing
different polymorphs) and which are instead related to the
characteristics of the skeleton (i.e., properties shared by aragonitic
octocorals and scleractinians). So far, this research avenue has
not been fully explored, but at present the data at hand
suggest that the aragonitic Heliopora coerulea employs a different
biomineralization strategy compared to both calcitic octocorals
and scleractinians. The only aspect for which information is
currently available for all three groups concerns the composition
of the skeleton proteomes. Their analyses have shown that very
few proteins found in the skeleton of Heliopora coerulea are
also found in other calcifying corals, irrespective of whether
those are of calcite or aragonite (Ramos-Silva et al., 2013;
Conci et al., 2020).

Difference in research focus and information availability
are not limited to calcite vs. aragonite species, but can also
be observed within the former. The majority of information
for calcite-forming octocorals has been obtained from a small
set of species, including the gorgonian Leptogorgia virgulata
and the precious coral Corallium rubrum. This includes
(1) the current knowledge on ion sources and transport
needed for calcification, (2) detailed description of scleroblasts,
and (3) both mechanisms of intracellular and extracellular
formation of sclerites. Although extremely informative, a
research approach focusing on very few “model species” may
lead to an underestimation of the diversity of biomineralization
strategies exhibited by different octocoral groups. The possible
presence of substantial differences in sclerites and/or skeleton
formation that can also occur even within a single genus (e.g.,
Corallium) (Lawniczak, 1987), requires extensive comparative
analyses instead.

In the light of this, a possible step could be to taxonomically
widen the generation of—omic resources, optimized to
encompass a broad diversity of octocoral skeletal structures.
The simultaneous presence, within Octocorallia, of calcite,
aragonite and aragonite + calcite skeletons represents an ideal
scenario to compare gene repertories across species producing
different polymorphs, and compare those with scleractinian
corals. Moreover, in addition to the aforementioned need
for DNA sequencing data from the Calcaxonia, sequencing
projects for skeleton-lacking octocorals (e.g., genus Phenganax)
(Alderslade and Mcfadden, 2011) would also be beneficial,
as they would allow to detect differences in the molecular
mechanisms of biomineralization between calcifying and
non-calcifying octocorals. The increase in the availability
of octocoral genomes and transcriptomes would then in
turn allow to progressively conduct more taxonomically
comprehensive phylogenetic analysis, and resolve deep
evolutionary relationships between clades, and ultimately
how biomineralization in Octocorallia evolved.
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Matrix Gla protein (Mgp) and bone Gla protein (Bgp) are vitamin-K dependent proteins
that bind calcium in their γ-carboxylated versions in mammals. They are recognized as
positive (Bgp) or negative (Mgp and Bgp) regulators of biomineralization in a number
of tissues, including skeletal tissues of bony vertebrates. The Mgp/Bgp gene family is
poorly known in cartilaginous fishes, which precludes the understanding of the evolution
of the biomineralization toolkit at the emergence of jawed vertebrates. Here we took
advantage of recently released genomic and transcriptomic data in cartilaginous fishes
and described the genomic loci and gene expression patterns of the Mgp/Bgp gene
family. We identified three genes, Mgp1, Mgp2, and Bgp, in cartilaginous fishes instead
of the single previously reported Mgp gene. We describe their genomic loci, resulting
in a dynamic evolutionary scenario for this gene family including several events of
local (tandem) duplications, but also of translocation events, along jawed vertebrate
evolution. We describe the expression patterns of Mgp1, Mgp2, and Bgp in embryonic
stages covering organogenesis in the small-spotted catshark Scyliorhinus canicula and
present a comparative analysis with Mgp/Bgp family members previously described in
bony vertebrates, highlighting ancestral features such as early embryonic, soft tissues,
and neuronal expressions, but also derived features of cartilaginous fishes such as
expression in fin supporting fibers. Our results support an ancestral function of Mgp
in skeletal mineralization and a later derived function of Bgp in skeletal development that
may be related to the divergence of bony vertebrates.

Keywords: Gla protein, osteocalcin, shark, skeleton, evo-devo, biomineralization, bglap

INTRODUCTION

Vertebrates display a range of skeletal tissues that are biomineralized through the regulation of
calcium phosphate crystal deposition (Janvier, 1996; Donoghue and Sansom, 2002; Omelon et al.,
2009), except in the extant cyclostome group (agnathan fishes: lampreys and hagfishes) where the
skeletal units are made of cartilage with no detection of calcium precipitates (Yao et al., 2011; Ota
et al., 2013). Several vitamin K-dependent (VKD) proteins were shown to be involved in skeletal
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tissue mineralization in jawed vertebrates (reviewed in Bordoloi
et al., 2018; Wen et al., 2018). Of these, Mgp (matrix Gla protein)
and Bgp (bone Gla protein, bglap, and osteocalcin) display
consistent similarities in their sequences and were considered to
belong to the same gene family (Laizé et al., 2005; Cancela et al.,
2014). Both these proteins display a Gla domain characterized
by the ability to undergo γ-carboxylation of several glutamate
residues, resulting in a putative ability of the protein to bind
calcium (reviewed in Yáñez et al., 2012).

Expression of the Mgp and Bgp genes in mouse first
appeared spatially exclusive, with Bgp expressed uniquely in
osteoblasts or osteocytes but also in odontoblasts, while Mgp
expression was restricted to hypertrophic chondrocytes (Ikeda
et al., 1992; D’Errico et al., 1997). More recent data support the
expression of Mgp in other skeletal cells, including osteoblasts
and osteoclasts (Coen et al., 2009). Mgp was also shown to
be largely expressed in many soft tissues such as kidney, lung,
heart, and spleen (Fraser and Price, 1988). Mgp was shown
to act as an inhibitor of several processes both in skeletal
and soft tissues: calcium precipitation in hyaline cartilage and
human vascular smooth muscle cells (Luo et al., 1997; Schurgers
et al., 2007; reviewed by Wen et al., 2018), and also dentin
or bone matrices mineralization and osteoclast differentiation
(Kaipatur et al., 2008; Zhang et al., 2019). The Bgp protein, on
the other hand, seems to function in two ways, either in its
carboxylated form by regulating hydroxyapatite crystal growth
in skeletal tissues or in its non-carboxylated form by potentially
acting as a circulating hormone that may be involved in energy
metabolism and other functions (Diegel et al., 2020). Focusing
on their skeletal functions, the data gathered from mammals
indicate that Bgp is involved in the regulation, both positive
and negative, of biomineralization processes in bone tissues,
while Mgp is an inhibitory protein for these biomineralization
processes (reviewed in Wen et al., 2018).

The evolutionary history of the Mgp/Bgp gene family has been
discussed for more than two decades, particularly in relation
to the evolution of a mineralized skeleton in vertebrates (Rice
et al., 1994; Cancela et al., 2001, 2014; Pinto et al., 2001;
Simes et al., 2003; Laizé et al., 2005; Gavaia et al., 2006; Viegas
et al., 2013). The search for Mgp and Bgp genes in a variety
of bony vertebrates led to the identification of two Bgp copies
in several teleost fishes [the most recently identified being
named OC2 (Laizé et al., 2005; Cancela et al., 2014; Cavaco
et al., 2014)] and also in some tetrapods [amphibians and
sauropsids, where the recently identified duplicate was named
OC3 (Cancela et al., 2014)] while Mgp was, until now, only
found to be present as a single gene (Cancela et al., 2014). The
hypothesis was raised that Mgp and Bgp genes originated from
an ancestral gene after the two whole-genome duplications in
vertebrates (Laizé et al., 2005) and that more recent events of
duplication of Bgp occurred more recently and independently
in the bony fish and the tetrapod lineages (Cancela et al.,
2014). Cartilaginous fishes, e.g., sharks (selachians), skates and
rays (batoids), and holocephalans, are crucial in this issue as
their lineage diverged from bony fishes more than 450 million
years ago and they display a skeleton devoid of bone tissue
but made of hyaline and mineralized cartilage (Janvier, 1996).

Several authors have previously described the presence of a Mgp
gene in two shark species, the school shark Galeorhinus galeus
(Rice et al., 1994) and the blue shark Prionace glauca (Ortiz-
Delgado et al., 2006) for which they showed high conservation
with tetrapod for (i) the Mgp amino-acid motifs which are critical
for post-translational modifications [serine phosphorylation and
glutamate γ-carboxylation (Price et al., 1994; Ortiz-Delgado
et al., 2006)]; (ii) Mgp expression pattern and Mgp sites of
accumulation [vertebral cartilage, endothelium, kidney, heart
(vascular endothelia and smooth muscle), and dentinal matrix
(Ortiz-Delgado et al., 2006)]. Previous studies have not identified
any sequence that would be homologous to Bgp in cartilaginous
fish genomes (Cancela et al., 2014).

The current explosion of genomic data, including in the
cartilaginous fish lineage, allows the better description of gene
complement and gene expression in this Mgp/Bgp family. Here
we collect transcriptomic and genomic data from different
jawed vertebrates, including several cartilaginous fishes where
we identify an unknown diversity of Mgp/Bgp sequences and
their genomic loci. We describe their gene expression patterns
in embryonic stages of the small-spotted catshark Scyliorhinus
canicula and uncover highly conserved but also previously
unknown sites of expression.

MATERIALS AND METHODS

Collection of Mgp/Bgp Sequences in the
Genomes and Transcriptomes of
Chondrichthyans
Synteny Analyses
Matrix Gla protein and bone Gla protein sequences for human,
mouse, and zebrafish were collected from GenBank and
were used to screen locally assembled small-spotted catshark
(Scyliorhinus canicula) and thornback ray (Raja clavata)
transcriptomic data (Debiais-Thibaud et al., 2019) as well as the
most recently assembled genome for S. canicula (sScyCan1.1,
GCA_902713615.1), using TBLASTN. Additional cDNA
sequences were obtained by screening accessible transcriptomic
data collected by the SkateBase project1 [little skate Leucoraja
erinacea transcriptome (Contig Build-2, GEO:GSM643957) and
small-spotted catshark transcriptome (GEO:GSM643958)] using
TBLASTN. Small-spotted catshark, little skate, and thornback
ray sequences were then used to screen other databases
for elephant shark genome assembly (GCA_000165045.2
Callorhinchus_milii-6.1.3) (Venkatesh et al., 2014) and
whale shark genome Rhincodon typus (GCA_001642345.2
ASM164234v2) (Tan et al., 2019). Thornback ray, small-
spotted catshark, and little skate cDNA sequences were used
to map synteny on the thorny skate Amblyraja radiata and the
smalltooth sawfish Pristis pectinata draft assembled genomes
using TBLASTN [data accessed from, and analyzed in agreement
with, Vertebrate Genome Project (Rhie et al., 2020), PriPec2.pri,
GCA_009764475.1]. Syntenic genes in chondrichthyans are

1http://skatebase.org/
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Ddx47 (elephant shark XM_007909802.1 in GenBank; thorny
skate ENSARAT00005031107 in Ensembl Rapid Release)
and Erp27 (elephant shark XM_007909813.1 in GenBank;
thorny skate ENSARAT00005031079 in Ensembl Rapid
Release). Synteny data in bony fish genomes were extracted
from the Ensembl database for selected genomes [human
genome assembly: (GRCh38.p10); mouse Mus musculus
(GRCm38.p6); chicken Gallus gallus (GRCg6a); tropical clawed
frog Xenopus tropicalis (Xenopus_tropicalis_v9.1); elephant
shark Callorhinchus milii (Callorhinchus_milii-6.1.3); gar
Lepisosteus oculatus (LepOcu1); zebrafish Danio rerio (GRCz10);
Chinese softshell turtle Pelodiscus sinensis (PelSin_1.0); central
bearded dragon Pogona vitticeps (pvi1.1); reedfish Erpetoichthys
calabaricus (fErpCal1.1); Asian bonytongue Scleropages formosus
(fSclFor1.1)] and from NCBI for the caecilian Microcaecilia
unicolor (aMicUni1.1).

Phylogenetic Reconstruction
Protein sequences for all identified Mgp and Bgp genes from
the different chondrichthyan species together with sequences
from osteichthyan species were used for phylogenetic tree
reconstruction. These protein sequences are preproteins as
they are obtained from the translation of either the cDNA
sequence or of a predicted gene from available genomes. All
sequences used in this study are detailed with IDs and origin
in the Supplementary Material 1. Sequences were aligned using
MAFFT (Katoh et al., 2002; Katoh and Standley, 2013) using
standard parameters (Supplementary Material 2). Because a
large proportion of the sequences is predicted from genomes
and may include false exons, this alignment was then cleaned
using HmmCleaner with standard parameters (option “–large”)
to remove low similarity segments (Di Franco et al., 2019). Our
final alignment used for subsequent phylogenetic reconstruction
was 129 amino-acid long and is available in the Supplementary
Material 3. Phylogenetic analyses were performed on the amino-
acid alignment to infer the evolutionary history of these genes.
This data set was used to reconstruct gene phylogenies in
Maximum Likelihood using IQ-TREE 1.6.1 (Nguyen et al., 2015)
under the JTT + I + G4 evolution model for amino-acid data.
Node support was estimated by performing a thousand ultra-fast
(UF) bootstrap replicates (Hoang et al., 2017) and single branch
tests (SH-aLRT; Guindon et al., 2010).

Protein Domain Description
Conservation of protein domains was evaluated by mapping
previously identified functional regions (Laizé et al., 2005) onto
the aligned sequences of human, mouse, chicken, zebrafish,
elephant shark, and small-spotted catshark Mgp or Bgp proteins.
Additional motif recognition was validated on the small-spotted
catshark and elephant shark protein sequences with InterPro
(Finn et al., 2017), SMART (Letunic et al., 2021), and FIMO
version 5.3.0 (Grant et al., 2011).

Reconciliation Between the Gene Phylogeny and
Species Phylogeny
Evolutionary scenario for gene duplication/loss was built
minimizing the duplication and loss score with standard

parameters in Treerecs (Comte et al., 2020), using contracted
versions of the gene and species trees (Supplementary
Material 4).

In situ Hybridization and Histology
Identified small-spotted catshark Mgp1, Mgp2, and Bgp
cDNA sequences were used to design the following
primers (sequences are given in the 5′-3′ orientation): Fw
TCACAGATTCACACTCGCTG and Rv GGCCGAACCAGAGC
TGCTG amplifying 702 bp for Mgp1; Fw CCGATCTCAC
AAACTGAGCT and Rv CACAGACTGCAGCAAATAGT
amplifying 817 bp for Mgp2; Fw CCAGAGAAGATGATGG
TCCT and Rv GGGGAATTAACAGAGTCGTC amplifying
675 bp for Bgp. Sequences were amplified from cDNA reverse-
transcribed from total RNA extractions of a mix of embryonic
stages. These PCR products were ligated into the pGEM-T
easy vector using the TA cloning kit (Promega). Inserts with
flanking T7 and SP6 sites were amplified using M13F/M13R
primers and sequenced to verify the amplicon sequence and
orientation, and these PCR products were then used as templates
for the synthesis of antisense DIG riboprobes [3 µl reaction,
100–200 ng PCR product, DIG RNA labeling mix (Roche) with
either T7 or SP6 (depending on the amplicon orientation) RNA
polymerase (Promega), following manufacturer’s instructions].
Before in situ hybridization, all DIG-labeled riboprobes
were purified on MicroSpin G50 column (GE Healthcare).
The obtained expression patterns were different for each
probe, excluding detectable cross-hybridization between
Mgp1/Mgp2/Bgp probes, so we did not use sense probes as
negative control.

Whole embryos of either 6 cm total length, 7.7 cm total
length, or 9 cm long hatchlings, were euthanized in buffered
tricaïne, eviscerated and fixed for 48 h in 4% paraformaldehyde
in 1× phosphate-buffered saline (PBS) solution at 4 ◦C,
rinsed in PBS 1× for an hour, and then transferred in
50% ethanol (EtOH)-PBS 1×, 75% EtOH-PBS 1×, and three
successive bathes of 100% EtOH before storage at −20◦C in
EtOH 100%. We then sampled (i) the lower jaw (hatchling)
and (ii) transversal slices in the posterior zone of the
branchial arches to allow visualization of gene expression
in, respectively, (i) teeth and the Meckel’s cartilage; and (ii)
abdominal vertebrae, pectoral fin, or branchial rays. Experiments
of in situ hybridization were performed on 14 µm thick
cryosections of the chosen samples that had been progressively
transferred back to PBS 1×, then equilibrated in sucrose
30% for 24 h before being transferred and frozen in Tissue-
Tek R© O.C.T.TM (Sakura Finetek France SAS). Consecutive
cryosections were distributed on 10 successive slides to a
maximum of 6–8 sections per slide and were stored at
−20◦C. In situ hybridization on sections was performed
as described previously (Enault et al., 2015) with stringent
conditions of hybridization at 70◦C. In situ hybridization
results were taken with Hamamatsu NanoZoomer 2.0-HT Slide
Scanner (Montpellier RIO Imaging facility, INM Optique)
with a 40× objective.

Histological staining (Hematoxylin-Eosine-Saffran) was
performed at the local histology platform (RHEM platform
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at IRCM, Montpellier) on 7 µm paraffin sections of
non-demineralized samples on a histology automaton.

RNA Isolation and qPCR Analysis
Early embryos (three or four for each stage) were collected
from embryonic stages 18–32 (Ballard et al., 1993), with stage
32 embryos <3.5 cm total length. Total RNA was isolated with
ReliaPrep RNA tissue Miniprep system according to the supplier’s
instructions (Promega), and their quality was verified on a
Bioanalyzer 2100 instrument (Agilent): 500 ng of total RNA were
used for cDNA preparation performed by Superscript II reverse
transcriptase (Invitrogen) with an oligodT primer.

For quantitative PCR, 1:20 dilution of each cDNA was run
in triplicate on a 384-well plate for each primer pair by using
thermal cycling parameters: 95◦C for 2 min, 95◦C for 10 s,
68◦C for 10 s, 72◦C for 10 s (45 cycles), and an additional
step 72◦C for 10 min performed on a Light Cycler 480 with
the SensiFAST SYBR No-ROX kit (Meridian Bioscience) (qPHD
UM2/GenomiX Platform, Montpellier – France). Results were
normalized with the expression of two reference genes Eef1a and
Rpl8 [previously used in elasmobranch fishes (O’Shaughnessy
et al., 2015; Onimaru et al., 2016)] by geometric mean, and data
were further analyzed with the Light Cycler 480 software 1.5.1.

We used Primer 3.0 to design all the sets of forward and
reverse primers to amplify selected genes (sequences are given in
the 5′-3′ orientation): Fw TCGGGAGGAGAGATGCACAT and
Rv TGCCACCAAAGTATCTGCCA amplifying 183 bp for Mgp1;
Fw CCTGATTCTGCTGTGCCTGT and Rv TTTTCCATAGGC
CGCCATGT amplifying 277 bp for Mgp2; Fw TGATGGT
CCTTTCCTCGGGA and Rv TGGTATCCAATCCTGTTTGC
CA amplifying 180 bp for Bgp; Fw GGTGTGGGTGAATTT
GAAGC and Rv TTGTCACCATGCCAACCAGA amplifying
245 bp for Eef1a; Fw TTCATTGCAGCGGAGGGAAT and Rv
TCAATACGACCACCACCAGC amplifying 302 bp for Rpl8.

The expression data obtained were compared over time to
test if any gene was differentially expressed in time with a one-
way ANOVA. A Shapiro–Wilk normality test was applied on the
log transformed data, and for each gene the null hypothesis of
normality was kept (P > 0.05). We tested for heteroscedasticity of
variance between developmental stages, and the null hypothesis
had to be rejected only for the Bgp gene (P < 0.05), even
after log transformation. Note that we are very constrained by
an unbalanced protocol (different number of observations in
each developmental stage) and small sample size, which limits
statistical power.

Embryo Collection and Ethics Statement
Embryos of the small-spotted catshark S. canicula originated
from a Mediterranean population of adult females housed
at Station Méditerranéenne de l’Environnement Littoral,
Sète, France. Handling of small-spotted catshark embryos
followed all institutional, national, and international guidelines
[European Communities Council Directive of September 22,
2010 (2010/63/UE)]: no further approval by an ethics committee
was necessary as the biological material is embryonic and no
live experimental procedures were carried out. Embryos were
raised in seawater tanks at 16–18 ◦C and euthanized by overdose

of tricaine (MS222, Sigma) at appropriate stages (Ballard et al.,
1993; Enault et al., 2016).

RESULTS

Evolution of the Mgp/Bgp Gene
Complement in Jawed Vertebrates
Three transcripts were identified as Mgp or Bgp genes in the
small-spotted catshark transcriptome and named after their
position in the phylogenetic reconstruction: Mgp1, Mgp2, and
Bgp (Figure 1). To perform this reconstruction, we screened
other available cartilaginous fish genomes as well as the genomes
of several bony fishes by reciprocal blasts to recover a maximum
of Mgp/Bgp sequences in the jawed vertebrate clade. The
produced alignment was 129 amino acid long after HmmCleaner
(alignment available as Supplementary Material 3). The major
limitation on the analysis of this phylogeny was the lack of an out-
group: no potential Mgp/Bgp sequence could be identified in the
available genomic and transcriptomic sequences for cyclostome
species (e.g., lamprey or hagfish), and there is currently no
identified closely related gene family in jawed vertebrates. Both
Mgp and Bgp clades in bony fishes were monophyletic and
had a closest monophyletic group made of cartilaginous fish
sequences (see Supplementary Material 5 for the unrooted tree),
which made us place the putative root of this tree as resulting
in Figure 1, leading to one Mgp and one Bgp clade for jawed
vertebrates. This choice implies that one ancestral Bgp and one
ancestral Mgp genes were already present in the last common
ancestor of extant jawed vertebrates, as previously suggested
(Laizé et al., 2005).

In this phylogenetic reconstruction, two cartilaginous fish
genes were identified as duplicated copies grouping together
as the sister group to a single Mgp copy in bony fishes (UF-
bootstrap and SH-aLRT support reach acceptable values at this
chondrichthyan node, although they are lower than for other
deep nodes): the two chondrichthyan copies were named Mgp1
and Mgp2 (Figure 1). In the Bgp clade, cartilaginous fish
sequences were monophyletic and strongly supported by the SH-
aLRT statistic and UF-bootstrap, with only one Bgp gene in each
species, whereas bony fish sequences grouped into two sister
clades, suggesting two osteichthyans Bgp paralogs well supported
by the UF-bootstraps and SH-aLRT (Figure 1). One of these
bony fish paralogs is best known as the osteocalcin/Bgp gene
product in all screened actinopterygians and sarcopterygians
(also previously named OC1; Cancela et al., 2014). To account
for the different nature of the described paralogs, we will
further identify this clade as Bgp1: although our phylogenetic
reconstruction leads to little resolution within this clade, its
monophyly is very robust in the tree (SH-aLRT = 99.4;
UFboot = 100). The second osteichthyan Bgp paralog is herein
named Bgp2: it includes sequences found only in lissamphibians
and sauropsids (including birds). This Bgp2 gene is predicted
but most frequently not annotated in the Ensembl or NCBI
databases (for Chrysemys, the kiwi bird and the tiger snake) or
named Mgp-like in Pogona, osteocalcin-like in Xenopus laevis and
other lissamphibians, osteocalcin in X. tropicalis or osteocalcin 3
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FIGURE 1 | Maximum likelihood phylogenetic tree based on Bgp and Mgp amino-acid sequences (107 sequences, 129 positions) with JTT + I + G4 evolution model
in IQ-TREE. Node support was evaluated with 1000 ultra-fast bootstrap replicates (shown on all nodes) and SH-aLRT (UFbootstrap/SH-aLRT), shown only on
deeper nodes. Colored boxes indicate osteichthyan and chondrichthyan monophyletic clades. See text for gene name nomenclature.
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in the chicken [see all references to the extracted sequences
in Supplementary Material 1; this paralog has also previously
been named OC3 (Cancela et al., 2014)]. As a consequence,
this topology suggests an event of duplication of an ancestral
bony fish Bgp gene leading to these Bgp1 and Bgp2 paralogs
(Figure 1). Another event of duplication is deduced from
the two sister clades observed within teleost fishes in the
Bgp1 group: this and synteny data (see below) support these
paralogs to originate from the teleost-specific whole-genome
duplication (Amores et al., 1998), so we followed the accepted
gene nomenclature and named them bgp1a (usually annotated
bglap or osteocalcin in public databases) and bgp1b [previously
named OC2 (Cancela et al., 2014), or bglap-like in databases, see
Supplementary Material 1].

Genomic Organization of the Mgp and
Bgp Genes in Jawed Vertebrates
All three coding sequences were predicted in the available
elephant shark genome and all assigned to a single genomic
contig (Figure 2) together with two genes bordering the syntenic
regions, Erp27 and Ddx47, as identified in other syntenic regions
from bony fishes (see Figure 3). The identified cDNA sequences
of Mgp1, Mgp2, and Bgp could be assigned to a single scaffold in
the small-spotted catshark draft genome in synteny with Ddx47
and Erp27 (see Figure 2). In two batoid genomes (Amblyraja
and Pristis), Mgp2 and Bgp genes could be assigned to a single
contig together with Erp27 and Ddx47. However, the Mgp1
gene was located on another scaffold in the Amblyraja genome,
outside of the locus identified by the presence of Erp27 and

FIGURE 2 | Genomic organization of the Mgp/Bgp gene clusters in reference chondrichthyan genomes: the elephant shark Callorhinchus milii; the small-spotted
catshark Scyliorhinus canicula; the smalltooth sawfish Pristis pectinata; the thorny skate Amblyraja radiata. Ddx47 and Erp27 were included to insure the
identification of homologous regions of the genome. Arrows indicate the transcription direction. Vertical colored bars indicate exon position. For Pristis and Amblyraja
genomic mapping, exon position was located by BLASTing cDNA sequences of distant species, so they are putative. Gene colors follow the color code used in
Figure 1. Position along the genomic scaffold or contig is indicated in base pair (gray numbering).
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FIGURE 3 | Genomic organization of the Mgp/Bgp gene clusters in reference osteichthyan genomes as annotated in currently available databases. (A) Two
mammalian genomes with separated Mgp and Bgp loci; (B) Two non-mammalian tetrapod genomes with one Bgp locus, and one tandem Bgp and Mgp genes on
homologous loci; (C) One non-teleost actinopterygian with only one locus where Mgp and Bgp genes are tandemly organized, and two teleost genomes with two
loci, where mgp and bgp are tandemly organized or single. (D) The elephant shark as a representative of chondrichthyans. Several syntenic genes were selected to
support the homology of the compared loci. Distance between genes is not to scale. Gene names and corresponding color refer to our phylogenetic analyses, and
the correspondence to gene names in databases is found in the Supplementary Material 1.
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Ddx47 (Figure 2), and no Mgp1 gene could be identified in the
P. pectinata genome.

The comparison to the genomic data in bony fishes was made
in two steps. First, an overview of the genomic locations in
tetrapods shows that in the human genome, there are separated
loci for the Mgp (chromosome 12) and the Bgp1 (BGLAP on
chromosome 1) genes for which we highlighted the position of
syntenic genes (Figure 3). All occurrences of the tetrapod Bgp2
gene (as identified in our phylogenetic reconstruction) are in
the Mgp locus in lissamphibians and sauropsids (Figure 3, and
verified by BLAST on Ensembl available genomes of P. sinensis,
M. unicolor, and P. vitticeps, not shown).

In a second step, we searched the homologous loci in
actinopterygians (ray-finned fishes) outside of teleost fishes: the
syntenic markers linked to Bgp1 in tetrapods would not co-
localize with any known sequence of either Bgp or Mgp in
actinopterygians (Figure 3). The actinopterygian Bgp1 gene was
located in the Mgp locus, as defined by the presence of syntenic
markers such as Erp27 and Ddx47 (Figure 3, and verified by
BLAST on the available genome of E. calabaricus). This Bgp1
copy is identified as Bglap or Osteocalcin-like (however, not
annotated in the spotted gar) in the available databases (but
see Supplementary Material 1 for predicted gene IDs). Within
teleost fishes, the zebrafish D. rerio is usually used as a reference
species, however, the contig where bgp1b is located is very short
and does not give syntenic gene markers, while bgp1a and mgp
are located close to each other on chromosome 3 (Figure 3). In
Figure 3, we illustrate the genomic loci in the Asian bonytongue
S. formosus, where each of the two teleost-specific copies of bgp1
are found adjacent to one mgp gene that we named mgpa and
mgpb, each of these genomic loci with either a sequence coding
for erp27 or ddx47, but both regions including a paralog of the
pde6h gene. In all other teleost genomes that we have screened
(see the sequences chosen for the phylogenetic reconstruction,
and Supplementary Material 1), the mgp sequence was found
in synteny with the bgp1a sequence, together with ddx47/wbp11,
while the bgp1b sequence was found with erp27 but without
another copy of mgp (not shown).

Protein Domains
The prediction of functional protein domains by InterproScan
and SMART led to the recognition of a signal peptide for all
sequences, but of a general Gla domain only in Bgp and Mgp1
proteins, excluding the Mgp2 sequences of the small-spotted
catshark or elephant shark. The FIMO algorithm also identified
a furin cleavage site in the Mgp2 sequence (see Figure 4). This
was unexpected as it is typical for Bgp proteins but not of Mgp
(Laizé et al., 2005). To further describe the presence, absence,
and conservation of functional protein domains, we aligned
characterized protein sequences of either Mgp or Bgp proteins
(from human, mouse or chicken, and zebrafish) to those of
the small-spotted catshark and elephant shark (Supplementary
Material 6 and 7) and identified the expected location of specific
functional domains of Mgp and Bgp proteins as previously
described (Laizé et al., 2005).

The central motif for the Gla domain ExxxExC could be
identified in the Mgp2, as well as in Mgp1 and Bgp sequences

(Figure 4). However, the C-terminal part of the Gla domain was
poorly aligned in the Mgp2 sequences, suggesting a divergent Gla
domain in the Mgp2 paralog. In addition, no phosphorylation site
could be identified in the Mgp2 sequences.

Mgp1 sequences (both from the small-spotted catshark
and elephant shark) displayed well-conserved signal peptide,
phosphorylation site, and general Gla domain (Figure 4). The
expected ANxF site upstream to the Gla domain and supposed to
participate in the docking site for the gamma-carboxylase (Viegas
et al., 2013) was conserved in the elephant shark but modified to
AHSF in the small spotted catshark questioning the functionality
of this site (Figure 4).

In Bgp protein sequences, a signal peptide was also well
conserved, followed by a furin cleavage site in the elephant
shark that was not predicted in the small spotted catshark
sequence because of a modification to KKSKR (Figure 4). A well-
conserved Gla domain including the highly conserved Gla motif
ExxxExC was present in the elephant shark and small-spotted
catshark Bgp sequences.

By aligning each cDNA sequence with the genomic locus,
we could map the exonic junctions on the full length protein
sequences of the small-spotted catshark: Mgp1 and Mgp2 display
conserved intron/exon structure [four exons, ATG and peptide
signal coding sequence in the first exon, docking site coding
sequence in the third exon, and Gla domain in the fourth exon:
see Figure 4 and compare to bony fishes (Laizé et al., 2005; Viegas
et al., 2013)]. On the other hand, the small-spotted catshark
Bgp sequence displayed a divergent exon-intron structure [as
compared to bony fishes (Laizé et al., 2005; Viegas et al., 2013)]: 13
exons and a series of imperfect repeat sequences between exons
3 and 12 (exons 3, 5, 7 code for very similar protein sequences),
revealing important divergence of the gene structure. Because our
cDNA sequence is reconstructed from RNAseq data, we cannot
exclude the existence of splicing variants that would not include
these extra-exons. Also, the elephant shark sequence does not
include these repeated exons so they may be specific for the lesser
spotted catshark (so a product of recent evolution).

Gene Expression Patterns in the
Embryonic Small-Spotted Catshark
Scyliorhinus canicula
All three identified Mgp/Bgp sequences generated distinct
expression patterns in the small-spotted catshark embryos by
in situ hybridization. The selected stages of development were
chosen in order to cover one time point before and another
after the initiation of mineralization in the developing vertebrae
(Enault et al., 2016) and during tooth development.

Mgp1 Expression
In the 6 cm long embryo, the expression of Mgp1 was detected
in the developing vertebrae: in the cartilaginous core of neural
arches, in a cartilaginous ring surrounding the notochord
and also in notochordal cells (Figures 5A,B). At this stage,
these zones of expression are not mineralized (Figure 5C;
see Enault et al., 2016), but neural arches and the cartilage
surrounding the notochord will show strong mineralization in
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FIGURE 4 | Conserved protein domains in the small-spotted catshark and the elephant shark Mgp/Bgp sequences. The small-spotted catshark Mgp/Bgp
sequences are predicted from RNAseq, with location of exonic junctions (ex2–3: junction between exon 2 and exon 3); the elephant shark Mgp/Bgp sequences are
predicted from genomic sequences (no exon junction showed). Domains predicted by InterPro, SMART, or FIMO are marked with an asterisk. Other domains are
highlighted from their conserved alignment with previously characterized protein domains. Question marks are for domains identified after alignment but showing
non-functional mutations. The small-spotted catshark Bgp sequence predicted from exons 3 to 11 is in bracket as it poorly aligns to any other vertebrate
Bgp sequences.

embryos measuring 7.7 cm (Figure 5E; see Enault et al., 2016).
On the 7.7 cm long embryo, the expression of Mgp1 was no
longer detected in neural arches, appeared faint in the cartilage
surrounding the notochord, but was still strong in the notochord
which is not a site of mineralization (Figure 5D). In the Meckel’s
cartilage, the expression of Mgp1 was not detected in developing
teeth but was detected in a sub-perichondral population of
chondrocytes (Figure 5F) at a time when no mineralization
has started in the lower jaw cartilage (Figure 5G), but in a
zone prefiguring the site of tesseral mineralization (Enault
et al., 2015). Further expression in chondrocytes was detected
in the pectoral girdle cartilages in a sub-perichondral layer of
chondrocytes located in a contact zone between two cartilages
(Figure 5H, filled arrowhead). Finally, expression of Mgp1
was observed in gills, both in the endothelium of the vascular
system and in undifferentiated mesenchyme surrounding
vascularization (Figure 5H).

Mgp2 Expression
The expression of the Mgp2 gene in the small-spotted catshark
was restricted and could be observed with very strong signal in

the developing fins, in 6 (Figures 6A,B) and 7.7 cm (not shown)
long embryos, in the mesenchymal tissue surrounding and most
probably synthesizing ceratotrichiae, the semi-rigid fibers that
make up the fin support in cartilaginous fishes. Weaker signal
was detected in developing unmineralized tooth bud of the lower
jaw (Figure 6C).

Bgp Expression
Bone Gla protein showed a widespread low-level expression
in many connective tissues in the 7.7 cm long embryo
(Figures 7A,B) but could not be detected in any chondrocyte
population, neither in early (data not shown) or late stage
vertebrae (Figure 7B) nor in Meckel’s cartilage (Figure 7E).
Stronger detection of Bgp expression was observed in the cells of
the nerve root (Figure 7B), the mesenchymal cells of scale buds
at a placode stage (Figure 7C, filled arrowhead), mesenchymal
cells in connective tissues surrounding muscles of the branchial
apparatus with strong expression in the zone of attachment
between muscle fibers and cartilaginous units (Figure 7D, black
arrow), few mesenchymal cells of mineralized teeth (Figure 7E).
Some weaker signal could be detected in the epithelium and
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FIGURE 5 | Mgp1 gene expression on sections of late developing embryos of the small-spotted catshark Scyliorhinus canicula. (A–C) A total of 6 cm long embryos
showing Mgp1 in situ hybridization, general (A) and closer (B) view on transverse sections at the level of the pectoral fin and Hematoxylin-Eosin-Saffron (HES)
staining of a comparable zone to B (C). (D,E,H) Transverse sections of 7.7 cm long embryos displaying Mgp1 in situ hybridization (D,H) or HES staining (E).
(F) Mgp1 in situ hybridization on a parasagittal section of the Meckel’s cartilage of a hatchling embryo with developing teeth [dotted line separates the epithelial (e)
and mesenchymal (m) compartments of teeth]. (G) HES staining on a comparable zone to (F). (H) Branchial basket with gills. Mgp1 expression is detected in neural
arch and vertebral body chondrocytes (filled arrowheads in B,D) before but not after mineralization (located with asterisks in D,E); in chondrocytes in the periphery of
the Meckel’s cartilage before mineralization (filled arrowhead in F) and of other skeletal elements (filled arrowhead in H); in the connective tissue cells that surround
vasculature in gills (open arrowhead in H). Mc, Meckel’s cartilage; nc, notochord; nt, neural tube. Scales are in µm.

mesenchyme of non-mineralized tooth buds (Figure 7E). Bgp
expression could also be detected in gill tissues, restricted to
the connective mesenchyme that surrounds the vascular system
(open arrow), but its expression could not be observed in the
vascular endothelium as seen with Mgp1 (Figures 7D,F and
compare with Figure 5H). Finally, Bgp expression was detected
in cells of the pectoral fin tip, in the mesenchymal tissue
surrounding ceratotrichia in 6 cm long (not shown) and 7.7 cm
long embryos (Figure 7C, open arrowhead).

Embryonic Patterns of Expression
Total RNA extracts obtained from whole embryos of the
small-spotted catshark from stage 18 (end of neurulation) to
stage 32 (late organogenesis) (Ballard et al., 1993) allowed the
evaluation of relative expression levels for Bgp, Mgp1, and Mgp2
over the course of organogenesis in the small-spotted catshark
(Figure 8). Bgp expression generally tended to be higher than
the expression of the Mgp genes during the stages 18–32, to
the exception of Mgp2 expression at stage 32 (Figure 8). The
results of the one-way ANOVA testing for gene expression

variation over developmental stages were non-significant for
the genes Mgp1 and Bgp. However, the one-way ANOVA for
the Mgp2 gene indicated a difference between group means at
the P < 0.1 threshold, probably due to the higher expression
level observed at the stage 32. Stage 32 may be the stage of
initiation of ceratotrichiae development (there is no sign of
ceratotrichiae in pectoral or pelvic fins in stage 30 embryos
in Tanaka et al., 2002) explaining the initiation of stronger
expression at stage 32.

DISCUSSION

An Evolutionary Scenario for Mgp/Bgp
Gene Duplicates
Syntenic and phylogenetic data gathered in this study allow
drawing an evolutionary scenario for the genomic organization
and diversification of the Mgp/Bgp gene family, under a most-
parsimonious model of evolution (Figure 9 and Supplementary
Material 4). In the bony fishes, our data allow testing previously
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FIGURE 6 | Mgp2 gene expression on sections of late developing embryos of
the small-spotted catshark Scyliorhinus canicula. (A–C) Mgp2 in situ
hybridization: general (A) and closer (B) views on transverse sections of a
6 cm long embryo. (C) Mgp2 in situ hybridization on a parasagittal section of
the Meckel’s cartilage (Mc) of a hatchling embryo with developing teeth (e,
epithelial compartment; m, mesenchymal compartment of tooth buds; dotted
line separates these two compartments). Expression detected in cells
surrounding ceratotrichiae (open arrowhead in B), epithelial and mesenchymal
cells of developing (unmineralized) tooth buds (in C). Mc, Meckel’s cartilage;
nc, notochord; st, stomach. Scales are in µm.

proposed hypotheses. The phylogenetic relationships between
Bgp1 and Bgp2 (Figure 1) suggest that these two copies emerged
from a gene duplication in the last common ancestor of bony
fishes which is congruent with previous identification and
phylogenetic reconstruction including Bgp2 [previously named
OC3 (Cancela et al., 2014)] where data from chondrichthyans
were missing. This node (and others) still displays poor
robustness when tested with SH-aLRT: these low values may be
dependent on the little number of positions in our alignment
(129 aa), a tendency which amplifies with higher number of
protein sequences in the alignment and which cannot be easily
corrected for, due to the small length of the studied proteins.

In addition, we show that a translocation of Bgp1 most
probably occurred in the sarcopterygian or tetrapod stem
lineages, while Bgp2 was lost convergently in actinopterygians
and mammals (Figure 9). Unfortunately, no sequence
homologous to Bgp could be identified in the available genomic
databases of the coelacanth (NCBI or Ensembl, by TBLASTN
search of the gar Bgp1 sequence), which could have helped in
determining more precisely the timing of the Bgp1 translocation.
Finally, our phylogenetic reconstruction and teleost genome
data-mining allowed the annotation of the previously named
OC2 gene (Cancela et al., 2014) as one of the two bgp1 paralogs
(Figures 1, 9) generated by the teleost-specific whole-genome
duplication (Amores et al., 1998). We also identified two mpg
co-orthologs in the Asian bonytongue genome, in tandem
organization with each of the bgp1a and bgp1b copies, with two
pde6h gene copies and located in synteny with either erp27 or
ddx47 (Figure 3), supporting that the duplicated genes could
have originated from the teleost-specific genome duplication.
However, these two mgp copies were found only in one species
within the genomes available in Ensembl: only one mgp, in
synteny with bgp1a, is found in all other examined teleost
genomes, which would imply a secondary loss of this mgpb
gene duplicate in all examined taxa. As a consequence, further
analysis of the genomic data in teleost fishes is still needed to
support this scenario.

In the chondrichthyan lineage, we uncovered a specific
tandem duplication in the Mgp locus leading to the Mgp1 and
Mgp2 genes. Within chondrichthyans, an additional event of
translocation may have occurred for the Mgp1 copy in the batoid
lineage (observed in A. radiata, Figure 2). However, because this
is a single observation and because the Amblyraja Mgp1 copy
was identified in a short scaffold, we still cannot rule out the
possibility of an assembly artifact. Additional genomic data from
batoids are necessary to test the robustness of this observation.

Our results demonstrate that the location of the
actinopterygian Bgp1 and of the chondrichthyan Bgp is in
the Ddx47/Erp27 locus, which suggests an ancestral location
of Bgp in this locus, later followed by tandem duplication that
generated Bgp1 and Bgp2 in bony fishes. The ancestral Mgp and
Bgp genes were, in this scenario, tandem duplicates in the last
common ancestor of jawed vertebrates (Figure 9). No other
closely related genes to Mgp/Bgp family have been reported for
jawed vertebrates. In addition, no similar sequence was found in
the genomic data of the lamprey (although the Ddx47/Wbp11
locus can be identified on chromosome 3 of the kPetMar1
assembly), nor in Amphioxus nucleotide dataset (NCBI). Taken
together, these three last arguments let us hypothesize that the
evolution of Mgp/Bgp family cannot be explained by two rounds
of whole genome duplications (Ohno, 1970), that occurred
before the divergence of jawed vertebrates and resulted in
expansion of many gene families from one to four genes located
in different paralogons (Dehal and Boore, 2005). The inability to
detect closely related gene families might be explained by several
scenarios: (i) complete loss of other paralogs, ancestrally to jawed
vertebrates [most frequently observed situation (Blomme et al.,
2006)], (ii) rapid and extensive evolution of the coding sequences
making sequence similarity searches inefficient, and (iii) de novo
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FIGURE 7 | Bgp gene expression on sections of late developing embryos of the small-spotted catshark Scyliorhinus canicula. (A–D) Bgp in situ hybridization:
general (A) and closer (B–D) views on transverse sections of a 7.7 cm long embryo. (E) Bgp in situ hybridization on a parasagittal section of the Meckel’s cartilage of
a hatchling embryo with developing teeth [dotted line separates the epithelial (e) and mesenchymal (m) compartments of teeth]. (F) HES staining of a comparable
zone to (D). Expression detected in nerve root (B), cells surrounding ceratotrichiae (open arrowhead in C), mesenchymal cells of scale placodes (filled arrowhead in
C), and mesenchyme of mature (dentin deposition) tooth buds (E), connective tissue at muscle attachment (black arrow in D,F) and at the tip of vasculature in gills
(open arrow in D,F). Mc, Meckel’s cartilage; nc, notochord; nt, neural tube; vr, nerve root. Scales are in µm.

evolution of an ancestral Bgp/Mgp gene after the two rounds of
genome duplication (Van Oss and Carvunis, 2019).

With the evolutionary scenario presented here, the orthology
relationships between jawed vertebrate genes of the Mgp/Bgp
family are more complex than usually considered, as the Bgp gene
found in cartilaginous fishes is not a one-to-one ortholog to the
Bgp copy (Bgp1) found in actinopterygian (non-teleost) fishes or
in mammals. In addition, the Bgp1 copy found in sarcopterygian
genomes has gone through a translocation event that may
have modified the transcriptional regulation, and therefore the
function, of its orthologous copy in sarcopterygian fishes.

Diversity of Expression Patterns in
Cartilaginous Fishes and Functional
Implications
Previous hypotheses accounting for the evolution of Mgp/Bgp
sequences relied on partial sequence data and proposed that
only a single Mgp gene was present in cartilaginous fishes
(Cancela et al., 2014). The survey of transcriptomic and
genomic data here reveals the presence of three genes, two

Mgp genes and one Bgp. Few significant aspects of Mgp/Bgp
gene evolution in chondrichthyans can be derived from the
conservation of functional protein domains. Mgp1, as partly
previously described in shark (Price et al., 1994; Rice et al.,
1994; Ortiz-Delgado et al., 2006), displays well-conserved signal
peptide, phosphorylation sites, carboxylase docking site, and
a full Gla domain. This Gla domain is known to be able to
bind calcium when secreted in the extracellular matrix and
then acts as an inhibitor of mineralization under the condition
that Mgp protein is phosphorylated (Schurgers et al., 2007).
On the other hand, our data suggest the divergence of the
Gla domain in the Mgp2 protein, although the core Gla motif
was observed in our alignments, together with a loss of the
phosphorylation domain that follows the signal peptide in other
Mgp proteins (Figure 4). From these observations, we could
expect Mgp1 to display a conserved Mgp function as known
in bony fishes, while Mgp2 may have undergone partial or
complete change of function. These observations suggest that
after the Mgp1/Mgp2 duplication event in cartilaginous fishes,
the Mgp2 copy underwent neofunctionalization, while Mgp1
kept the ancestral function (Ohno, 1970). The chondrichthyan
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FIGURE 8 | Relative levels of Mgp1, Mgp2, and Bgp mRNA expression in
early embryos of the small-spotted catshark (stage 18–32). The value set to 1
was chosen as the Bgp mean value at stage 20; for each gene, at each
developmental stage, mean values are represented with standard deviation.
At each point, 3 < n < 4.

Bgp preprotein as described from transcriptomic data of the
small-spotted catshark shows conserved signal peptide, followed
by a long stretch of non-conserved amino-acids that partly
originate from repeated sequences through addition of new exons
(Figure 4). No functional protein domain was predicted in this
zone of the protein. It was followed by a putative docking site,
and then a better conserved C-terminal sequence including a
well conserved Gla domain (Figure 4). In the elephant shark, a
furin site is conserved in the N-terminal side of the Gla domain.
Provided the cleavage site is indeed functional, the mature Bgp
protein would then be very similar to Bgp in bony vertebrates:
cleavage facilitates carboxylation and as a consequence the affinity
of Bgp for hydroxyapatite (Al Rifai et al., 2017).

We also questioned the function of chondrichthyans Mgp1,
Mgp2, and Bgp through the survey of their expression patterns
in the small-spotted catshark. Some observed expression patterns
are shared with bony vertebrates (Table 1), but some appear to
be specific to cartilaginous fishes. Of course, in situ hybridization
data show which cells express which genes, but do not help in
determining if the protein is produced, where and how much of
it is secreted, nor what is the gamma-carboxylation status of the
Mgp/Bgp proteins. Further proteomic studies would be necessary
to resolve the protein status in terms of post-translational
cleavage and carboxylation. As a result, the following discussion
only speculates on the functional implications of gene expression
patterns in the small-spotted catshark.

A specific site of expression in the small-spotted catshark
was found with a very restricted site of expression of Mgp2 in
the developing ceratotrichiae of the pectoral fin, also observed
for Bgp. These shark ceratotrichiae are massive collagenous
fibers that support the distal fin (Kemp, 1977) without being
mineralized. Similar collagen-based fibrils named actinotrichia
are found in teleost fishes (Durán et al., 2011), and together with
lepidotrichiae (bony hemi-segments), they build up the typical

fin rays found in actinopterygians fishes. These collagen-based
fibers are supposed to be homologous between cartilaginous and
actinopterygian fishes (Zhang et al., 2010). To our knowledge,
the expression of Mgp or Bgp1 has never been recorded in fish
actinotrichia, although the expression of Bgp1 was detected in
the dermal bone of fin rays in several teleost fishes (Stavri and
Zarnescu, 2013; Viegas et al., 2013) and in the cartilaginous
supports of fins (Gavaia et al., 2006). These data therefore
suggest a cartilaginous fish specific site of expression for Mgp2
and Bgp in developing ceratotrichiae, be it an evolutionary
innovation in this lineage, or a consequence of secondary loss
of this site of expression in bony fish. The fact that this is a
shared zone of expression between Mgp2 and Bgp could support
the hypothesis of an ancestral feature (that evolved before the
duplication of the gene ancestral to Bgp and Mgp) or a secondary
(chondrichthyan-specific) recruitment of both genes that may
share regulatory elements, given their genomic proximity. This
strong expression in fin ceratotrichiae, that are not mineralized
structures, is not congruent with a mineralization function of Bgp
proteins in the small-spotted catshark ceratotrichiae.

The remaining range of tissue with expression of the Bgp
gene in the small-spotted catshark is not congruent either with
the hypothesis of a function in the activation of mineralization:
it is expressed in several soft tissues such as connective tissues
surrounding muscles, nerve root and vasculature of the gills
(Figure 7). These sites of expression were previously identified
in tetrapods and actinopterygian fishes for both Mgp and Bgp
genes (see Table 1 and discussion below). In most of these soft
tissues, the expression of Mgp is considered to ensure inhibition
of mineralization, but the function of Bgp in these tissues is
still poorly understood. In the small-spotted catshark, the only
site of Bgp expression that correlates with tissue mineralization
is in the pulp of mineralized teeth, which is similar with other
observations in tetrapods and teleost fishes (see Table 1 for
references) but may be linked to non-mineralizing cells in the
dental pulp, e.g., vascular system or innervation.

Finally, only the expression of Mgp1 is strongly linked to the
dynamic of skeletal mineralization in the small-spotted catshark:
it is found expressed in subpopulations of chondrocytes that
are specifically pre-mineralization chondrocytes (before areolar
mineralization surrounding the notochord; before the initiation
of tesserae mineralization; before globular mineralization in the
neural arch (Debiais-Thibaud, 2019); and the expression goes
down at the time when mineralization initiates. Mgp1 is also
expressed in the cells of the notochord that never mineralizes.
These observations are more congruent with a function of Mgp1
in the inhibition of mineralization during the maturation of the
skeletal tissues in the small-spotted catshark.

Comparative Analyses and the Evolution
of Mgp and Bgp Functions
There is currently no possibility to compare the two Bgp copies
in tetrapods because expression data have been described only for
the Bgp1 copy in the chicken and the tropical clawed frog, and we
did not find any description of Bgp2 expression (see references
in Table 1).
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FIGURE 9 | Evolutionary scenario integrating all synteny and phylogenetic data obtained in the cartilaginous fish clade. Each schematic summarizes the identity and
location of each gene over the diversification of jawed vertebrates. Evolutionary events such as gene duplication, translocation and loss are marked with a red star.
Genes are labeled with the same color code as in Figures 1, 2.

The early and strong embryonic expression detected for
Bgp in the small-spotted catshark is reminiscent of other
studies showing an early expression of Bgp1 in the zebrafish
(Bensimon-Brito et al., 2012), although others detected neither
embryonic nor early larval expression of Bgp1 in other teleost
fish (Pinto et al., 2001). On the other hand, Mgp genes are
also expressed in early embryos: in the vascular system of
the avian embryo (Correia et al., 2016) and developing limbs
and lungs of the mouse as early as E10.5 (Luo et al., 1995;
Gilbert and Rannels, 2004). All these data suggest a shared
and ancestral function of Mgp and Bgp proteins during
embryogenesis, before tissue and cell differentiation. A function
in inhibitory interaction with Bmp proteins was shown for
the Mgp protein in human cells (Zebboudj et al., 2002) as
well as with the transforming growth factor-β pathway (Oh

et al., 2000) which may explain an early expression during
morphogenesis. Another conserved aspect of Mgp and Bgp genes
is their expression in the tissues surrounding certain muscles
and the vasculature along the embryonic and adult period. This
zone of expression is shared between Mgp1 and Bgp in the
small-spotted catshark, similar to previous descriptions in the
zebrafish and mammals (Hao et al., 2004; Simes et al., 2004;
Viegas et al., 2013). In these sites of expression, it is accepted
that Mgp and Bgp proteins act as mineralization inhibitors,
by interacting with the BMP pathway (Yao et al., 2006) or by
their properties in their uncarboxylated forms (Schurgers et al.,
2005, 2007; Zoch et al., 2016). These two properties might
be ancestral characteristics for both Mgp and Bgp in jawed
vertebrates, and of the ancestral gene that gave rise to Mgp and
Bgp by duplication.
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TABLE 1 | Described expression of Bgp and Mgp genes in selected tissues and selected species of jawed vertebrates compared to data obtained for the small-spotted
catshark (this study).

Small-spotted catshark Teleost fishes Xenopus Mammals Chicken

Mgp1 Mgp2 Bgp mgp bgp1a Mgp Bgp1 Mgp Bgp1 Mgp Bgp1

Embryonic + + + + (3) + (17) + (8)

Chord + − − + (3) + (8)

Chondrocyte + − − + (1) − + (10) − (10) + (11) − (14) + (18) − (12)

Chondrocyte
(mineralized matrix)

− − − + (1) + (1) + (10) − (10) + (11) − (14) + (18) + (12)

Osteoblasts na na na − (1) + (1, 5) − (10) +(10) + (6) + (14) − (18) + (12)

Early tooth/scale
bud

− + + + (15) regeneration − (13) na na

Late (mineralized)
tooth/scale

− − + + (4) + (4) + (13) na na

Muscle and its
connective tissue

− − + + heart (2, 5) + heart (5) − (7) + (19)

Vasculature and its
connective tissue

+ − + gills + heart (2, 5) + arteries(5) + (11,
16)

+ (16) + (8, 18)

Nerve root − − + + (9)

Ceratotrichia − + + − − (1) na na na na na na

Sources: (1) (Gavaia et al., 2006); (2) (Simes et al., 2003); (3) (Bensimon-Brito et al., 2012); (4) (Ortiz-Delgado et al., 2005); (5) (Viegas et al., 2013); (6) (Coen et al., 2009);
(7) (Cancela et al., 2001); (8) (Correia et al., 2016); (9) (Ichikawa and Sugimoto, 2002); (10) (Espinoza et al., 2010); (11) (Luo et al., 1997); (12) (Neugebauer et al., 1995);
(13) (Bleicher et al., 1999); (14) (Sommer et al., 1996); (15) (Iimura et al., 2012); (16) (Hao et al., 2004); (17) (Gilbert and Rannels, 2004); (18) (Dan et al., 2012); (19)
(Wiedemann et al., 1998). na, not applicable (the anatomical structure does not exist in the specified taxon).

Finally, the expression of the small-spotted catshark Bgp
in the nerve root is also a characteristic previously described
in the mouse (Ichikawa and Sugimoto, 2002) and therefore
suggests an ancestral role of the Bgp copy in the nervous
system of jawed vertebrates. The function of Bgp in the
nervous system has not been fully uncovered but it has been
proposed to be an active neuropeptide in sensory ganglia
(Patterson-Buckendahl et al., 2012).

We previously concluded on the putative function of Mgp1
in the inhibition of mineralization during the maturation of the
skeletal tissues in the small-spotted catshark. This observation
is shared with all described gene expression patterns in skeletal
tissues in other jawed vertebrates. As a consequence, it supports
the hypothesis of an ancestral involvement of the Mgp/Bgp
gene family in the regulation of skeletal mineralization, although
limited to the negative regulation of calcium deposition in the
cartilage by members of the Mgp clade.

CONCLUDING REMARKS

The description of the Mgp/Bgp complement in cartilaginous
fishes reveals complex dynamic evolution of this gene family
during jawed vertebrate evolution. Although previously
reported expression of Mgp and Bgp1 in tetrapods was
found involved in the regulation of mineralization in
skeletal tissues, only Mgp1 displays association with skeletal
tissue differentiation in the small-spotted catshark embryo,
and its expression pattern is congruent with an ability to
inhibit mineralization in the step preceding precipitation of
calcium in the cartilaginous matrix. The ability to activate
mineralization in skeletal tissues may finally be a specificity

of the Bgp1 bony fish copy: either because it evolved
after the divergence with cartilaginous fishes or because
cartilaginous fishes have secondarily lost bone-associated
genetic toolkits as they lost bone tissues (Donoghue et al., 2006;
Brazeau et al., 2020).
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Enzymes of the α-carbonic anhydrase gene family (CAs) are essential for the deposition
of calcium carbonate biominerals. In calcareous sponges (phylum Porifera, class
Calcarea), specific CAs are involved in the formation of calcite spicules, a unique trait
and synapomorphy of this class. However, detailed studies on the CA repertoire of
calcareous sponges exist for only two species of one of the two Calcarea subclasses,
the Calcaronea. The CA repertoire of the second subclass, the Calcinea, has not
been investigated so far, leaving a considerable gap in our knowledge about this
gene family in Calcarea. Here, using transcriptomic analysis, phylogenetics, and in situ
hybridization, we study the CA repertoire of four additional species of calcareous
sponges, including three from the previously unsampled subclass Calcinea. Our data
indicate that the last common ancestor of Calcarea had four ancestral CAs with defined
subcellular localizations and functions (mitochondrial/cytosolic, membrane-bound, and
secreted non-catalytic). The evolution of membrane-bound and secreted CAs involved
gene duplications and losses, whereas mitochondrial/cytosolic and non-catalytic CAs
are evidently orthologous genes. Mitochondrial/cytosolic CAs are biomineralization-
specific genes recruited for biomineralization in the last common ancestor of calcareous
sponges. The spatial–temporal expression of these CAs differs between species, which
may reflect differences between subclasses or be related to the secondary thickening of
spicules during biomineralization that does not occur in all species. With this study, we
extend the understanding of the role and the evolution of a key biomineralization gene
in calcareous sponges.

Keywords: carbonic anhydrases, Porifera: Calcarea, biomineralization and calcification, evolution, spicule
formation

INTRODUCTION

Animal biomineralization is a controlled process and leads to the production of mineral–organic
composite materials that considerably differ in shape and material properties from their purely
inorganic counterparts. The ability to form functional biominerals, such as endo- and exoskeletons,
protective shells, or teeth, had been a significant step in animal evolution. Calcium carbonate
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biomineralization, the most widespread type among animal
phyla (Murdock and Donoghue, 2011), evolved several times
independently, resulting in multiple recruitments of the same
genes for biomineralization in different lineages (Murdock,
2020). Among these genes, members of the α-carbonic anhydrase
gene family (CAs) are essential for biomineralization (Le Roy
et al., 2014). CAs are zinc-binding enzymes that catalyze the
reversible conversion of carbon dioxide and water to bicarbonate
and one proton (Tripp et al., 2001). The zinc-binding is
mediated by three histidine residues essential for the protein’s
catalytic function (Aspatwar et al., 2014; Kim et al., 2020).
CAs are involved in many physiological processes requiring
ion regulation or carbon transport (Supuran, 2016), both of
which are crucial for the controlled precipitation of carbonate
biominerals. In mammals, where they are best studied, 16
different CAs are expressed in specific tissues and active in
defined subcellular compartments (Imtaiyaz Hassan et al., 2013).
Cytosolic, mitochondrial, membrane-bound, and secreted CA
forms can be distinguished, and these groups got expanded
and reduced in different animal groups (Le Roy et al., 2014;
Voigt et al., 2014). Specific CAs are involved in the carbonate
biomineralization in distinct metazoan lineages (reviewed in Le
Roy et al., 2014), including sponges (Jackson et al., 2007; Voigt
et al., 2014; Germer et al., 2015).

Among extant sponges, only the calcareous sponges (class
Calcarea) can produce calcite spicules, whereas other classes’
spicules are siliceous. Some lineages among demosponges
and a few calcareans have massive calcium carbonate basal
skeletons, the so-called coralline sponges or sclerosponges. The
biomineralizing CAs used by carbonate-producing demosponges
are not orthologous to the CAs involved in the spicule formation
of calcareous sponges (Voigt et al., 2014), suggesting that
the two biomineralization types evolved independently. This
observation agrees with the idea that the formation of calcitic
spicules is an evolutionary innovation of calcareous sponges
(Manuel, 2006).

The shapes of calcareous sponge spicules are simple compared
with the sometimes very elaborate siliceous spicules found in
the other sponge classes. With only a few exceptions, calcareous
sponge spicules can be of three basic types: monaxonic, two-
tipped diactines, triactines with three spicules rays, and four-
rayed tetractines. Specialized cells, the sclerocytes, produce these
spicules, and only a few sclerocytes interact in the formation
of one specific spicule: Two sclerocytes produce a diactine, six
sclerocytes form a triactine, and seven a tetractines (Minchin,
1898; Woodland, 1905; Ledger and Jones, 1977). A pair of
sclerocytes is involved in the growth of each actine of these
spicules. After an initial phase, the so-called founder cell
promotes actine elongation, the second, so-called thickener
cell in some, but not all species deposit additional calcium
carbonate on the actine, as it migrates back toward the founder
cell (Figure 1, Ledger and Jones, 1977; Ilan et al., 1996).
Calcareous sponges can possess only one or any combination
of the three spicule types in their body, and in many cases,
certain spicule types are restricted to specific body parts. This
indicates that spicule formation is under strict genetic control
in calcareous sponges, and specific CAs play an essential role in

this genetic control (Voigt et al., 2017). Indeed, biomineralizing
CAs were identified in Calcaronea, one of the two subclasses
of calcareous sponges (Voigt et al., 2014). In each of the two
studied species, Sycon ciliatum (Sci) and Leucosolenia complicata
(Lco), sclerocytes express one intracellular CA (SciCA1 and
LcoCA1) and one secreted or membrane-bound CA (SciCA2 and
LcoCA3) during spicule formation. In Sycon, these two CAs have
specific spatial and temporal expression patterns during spicule
formation: Although early in spicule formation, all sclerocytes
express SciCA1 and SciCA2, in later stages, only SciCA2 is
produced in the founder cells. Simultaneously, the production
of certain spicular matrix proteins is induced in the thickener
cells, indicating an orchestrated regulation of biomineralization
gene expression during spicule formation (Voigt et al., 2017). In
addition to these two sclerocyte-specific CAs, several additional
secreted or membrane-bound CA proteins are present in both
species (six in Sycon and four in Leucosolenia) and are not
directly involved in the biomineralization process (Voigt et al.,
2014). Some of these probably lost their catalytic activity due to
substitutions of the zinc-binding histidine residues. Such inactive
proteins of the gene family are called carbonic anhydrase-
related proteins (CARPs, Aspatwar et al., 2014). Determination
of gene orthology is difficult for the secreted CAs because
of the several gene duplications and losses during evolution
that shaped this gene family (Voigt et al., 2014). Phylogenetic
analysis of the CAs from the subclass Calcaronea implied the
presence of at least three ancestral CAs in the last common
ancestor of this subclass (Voigt et al., 2014). Conclusions about
the set of CAs in the last common ancestor of all extant
calcareous sponges, however, require the study of additional
species from the second calcarean subclass, the Calcinea. To
gain further insights into the evolution of these essential
biomineralization genes of calcareous sponges, we explored the
CA repertoire of four additional species from both subclasses
by transcriptomic, phylogenetics, and in situ hybridization
(ISH) experiments.

METHODS

Sampling, RNA Extraction, and
Transcriptome Sequencing
RNA of two species of the subclass Calcinea was extracted. The
first species was isolated from our laboratory aquarium system
and belonged to the genus Clathrina sensu lato. The genus
Clathrina was recently revised (Klautau et al., 2013), but the
species belongs to a yet unnamed clade of calcareous sponges that,
in contrast to the new definition of the genus, bears tetractines
in addition to triactines. Therefore, in this work, we refer to it
as Clathrina sp. (Csp) in the sense of Clathrina sensu lato. It is
an asconoid sponge whose body consists of thin anastomosed
tubes. Small living specimens were incubated for 18 h in calcein
in seawater to stain spicules produced in this time frame and
confirm ongoing biomineralization as described before (Voigt
et al., 2014). Other specimens were processed for RNA extraction
or fixed for RNA ISH, according to previously described methods
(Fortunato et al., 2012).
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FIGURE 1 | Spicule formation by sclerocytes in calcareous sponges; (A) Movement of founder cell (f ) and thickener (t) cells during diactine and triactine formation;
(B) in vivo formation of spicules by sclerocytes (f = founder cell, t = thickener cell). Modified from Voigt et al. (2017).

The second calcinean species was Pericharax orientalis (Por),
sampled at the MaRHE center in the Fafuu Atoll in the Maldives.
RNA of both species was isolated using Trizol. RNA quality was
verified with an Agilent Bioanalyzer 2,100, and transcriptomic
libraries were prepared with the Illumina TruSeq2 kit (Clathrina
s. l.) or the Lexogen SENSE Total RNA-Seq Library Prep Kit.
Sequencing was performed on an Illumina Miniseq, NextSeq, and
1,500 HiSeq Sequencer.

Assembly and Identification of
α-Carbonic Anhydrases
In addition to the newly sequenced species, published raw reads
of two species from a phylogenomic study (Simion et al., 2017),
Clathrina coriacea (Cco and subclass Calcinea) and Grantia
compressa (Gco subclass Calcaronea), were downloaded from
the GenBank short read archive (SRX1719631 and SRX1719634,
respectively). The obtained raw reads were quality controlled,
trimmed, and assembled with Trinity (Grabherr et al., 2011);
ORFs were predicted for the Trinity contigs with TransDecoder
v.5.0.01 and used to create a Blast database in Geneious Prime
20192. Raw reads of transcriptomes were submitted to ENA
short read archive (Study accession PRJEB41034). Assemblies of
transcriptomes are available at LMU Open Data (doi: 10.5282/
ubm/data.202).

Protein sequences of S. ciliatum CA1 and CA9 (SciCA1,
SciCA2, Voigt et al., 2014) were used as BLAST queries against
these libraries. Only hits that were confirmed to be CAs by
blasting them against Swiss Prot (Katoh and Standley, 2013)
were considered further. Of these, we manually corrected some
5′ partial Transdecoder predictions because the potential CDS
was close to the 5’ end of the contig and comparison with
other CAs suggested (see alignments) that the start ATG was

1https://github.com/TransDecoder
2https://www.geneious.com

included and that the coding sequence was indeed complete
(Supplementary Table 1). As a measurement of each CA’s
expression level, their fragments per kilobase million (FPKM)
values were obtained with RSEM using Bowtie2 (Li and
Dewey, 2011) in a Galaxy environment (Afgan et al., 2018)
by mapping the reads back to the obtained transcriptome
assemblies. We used SignalP 5.0 (Armenteros et al., 2019) to
identify the presence of signal peptides, hence whether a protein
is secreted or not. TargetP (Emanuelsson et al., 2000) was used
to predict the subcellular localization of calcareous sponge CAs.
The presence of a glycosylphosphatidylinositol (GPI) anchor,
indicative for membrane-bound CAs, was determined with
PredGPI (Pierleoni et al., 2008).

Phylogenetic Analysis
We complemented the dataset of identified CA amino acid
sequences with published calcareous sponge CAs from
S. ciliatum and L. complicata and CAs from other sponge
classes (Supplementary Table 2) and from selected metazoans
with sequenced genomes (Homo sapiens, Strongylocentrotus
purpurea, and Mnemiopsis leidyi), and the scleractinian coral
Stylophora pistillata. Non-metazoan CAs (from the green algae
Chlamydomonas and two Enterobacteria) were added as an
outgroup. Sequences were aligned with MAFFT (G-INS-i, gap-
opening penalty 3, Katoh and Standley, 2013). We considered
one partial CA of each of the transcriptomes of P. orientalis and
C. coriacea to originate from commensals because they did not
group with other CAs of calcareous sponges and were only partial
transcripts with low FPKM values (Supplementary Table 1).
We excluded them from further analysis and also some variants
of other CAs with FPKM of 0. Gblocks (Castresana, 2000) was
used to select 205 sites for the phylogenetic analyses. The final
alignment, including the information of the selected sites, is
available from LMU Open Data (doi: 10.5282/ubm/data.202)
as a mase-file and can be inspected with the Seaview alignment
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editor (Gouy et al., 2010). A maximum-likelihood tree was
calculated with PhyML v3.0 (Guindon et al., 2010) using the best
fitting model (LG + G) determined using the AIC in ProTest
(Darriba et al., 2011). A Bayesian phylogeny was calculated
with MrBayes (Ronquist and Huelsenbeck, 2003) using the
same model, two runs and four chains each of five million
generations. The temperature setting for the heated chains
was decreased from the default of 0.1 to 0.05 to obtain better
mixing. Every 1,000th tree was sampled, and a consensus tree
was calculated with the sumt command with the first 25% of
trees discarded as burn-in. CAs of calcareous sponges that
were from the same Trinity sequence cluster but assembled
as different “genes” or “isoforms” were considered to be one
“gene” and collapsed in the phylogeny as they formed one clade
with only short internal branches (Supplementary Table 1).
Although some of these variants may be true isoforms or real
genes, at least some appear to be assembly artifacts because
several coded for incomplete proteins or had low FPKM values
(Supplementary Table 1).

Amplification of α-Carbonic Anhydrases
and Preparation of RNA Probes, RNA
in situ Hybridization
DNA and RNA were isolated from another specimen of Clathrina
s. l. using the ZR-DuetTM DNA/RNA MiniPrep (Zymo Research).
Complementary DNA was generated using the extracted RNA
and the ProtoScript(R) II First-Strand Complementary DNA
Synthesis Kit (NEB) and used as a template in PCRs with
gene-specific primers to amplify all six Clathrina sp. CAs
(Supplementary Table 1). PCR products were cloned into the
pCR4-TOPO vector (Invitrogen) and sequenced to determine
the insert orientation (presence of T3 or T7 initiation site
on the 3’ end of the gene’s sense strand). An additional
PCR with the corresponding reverse vector primer and a
probe-specific forward primer provided the template for the
synthesis of DIG-labeled RNA probes (DIG RNA Labeling Mix,
Roche) with the corresponding RNA polymerase to generate
antisense probes (T3 or T7 polymerase, Promega). RNA ISH
was performed as previously described (Fortunato et al., 2014)
on fixed tissues of complete small specimens of Clathrina sp.
The expression patterns of the different CAs were documented
using a Leica FM16 stereomicroscope and a Leica DMLB
compound microscope. To increase the depth of field, stacks of
images were combined with the Auto-Blend-Layers function of
Adobe Photoshop 2020.

RESULTS

In the assembled transcriptomes, we identified several complete
and incomplete CA genes (in a sense described in M&Ms): Six in
Clathrina sp. (CspCA1-CspCA6), eight in P. orientalis (PorCA1-
PorCA8), four in C. coriacea (CcoCA1-CcoCA4), and seven in
G. compressa (GcoCA1–GcoCA7). We arbitrarily labeled them
regarding their position in the phylogenetic tree (Figure 2),
and except for CA1, the numbers do not reflect orthology
among the species.

Our ISH experiments with Clathrina sp. revealed a
sclerocyte-specific expression of CspCA1 (Figure 3) that
matches the distribution of active spicule formation expected
from the calcein-staining experiments (Figure 3A and
Supplementary Figure 3). Also, different spicule formation
stages are recognizable by calcein-staining (Figures 3B–F) and
the detailed CspCA1 expression patterns (Figures 3G–L).

CspCA1 is not only expressed during early spicule formation
stages (Figures 3G–H) but additionally in thickener cells
during the later stages (Figures 3J–L). No sclerocyte-specific
expression patterns were observed for CspCA2, CspCA3, and
CspCA5 (Supplementary Figure 3). For CspCA4 and CspCA6,
we did not detect a signal in the RNA ISH experiments
(Supplementary Figure 3). These two CAs showed the
lowest expression levels among the CAs of this species
(Supplementary Table 1).

In the CA phylogeny, many deeper nodes have only low
support values (Figure 2). The relationship of coral CAs
of S. pistillata (SpiCA1–16, Figure 2) to calcareous sponge
CAs, therefore, remains unclear, but they are not specifically
closely related. Sponge CAs are not monophyletic. The CAs
of the sponge classes Demospongiae and Hexactinellida are
each monophyletic. They are sister clades in the ML analysis
(with low bootstrap support), but their relationships to each
other remain unresolved in the Bayesian reconstruction.
CAs of the sponge class Homoscleromorpha occur in three
distinct clades. CAs of calcareous sponges fall into four clades
(Calcarea clades I–IV, Figure 2). Each of these contains
CAs with predominantly the same subcellular localization
and is subdivided into monophyletic clades of calcinean and
calcaronean CAs.

Clade I comprises catalytic CAs (Supplementary Table 1)
without signal peptide (Supplementary Table 2) and, except for
LcoCA1, with a mitochondrial targeting sequence. A single CA
of each species is present. In addition to CspCA1 (see discussion
earlier), a sclerocyte-specific expression is documented for
SciCA1 and LcoCA1 (Voigt et al., 2014), suggesting a direct
involvement of clade I CAs in biomineralization. Compared with
CAs of the other clades, the protein sequences of clade I are more
conserved, with a sequence identity between species ranging
between 52 and 82% (Supplementary Figure 1).

Clades II and III together form a monophyletic clade with
high bootstrap and posterior probability support. Most of the
complete CAs of clades II and III have an identifiable signal
peptide (Supplementary Table 2). Two to six CAs per species are
found in clade II, and the CAs of each subclass are monophyletic
sister clades. Within the subclass clades, the CAs of the species
are not monophyletic but intermixed. Intra-clade divergence
in clade II is higher compared with the divergence of CAs in
clade I (Supplementary Figure 2). Besides SciCA6, GcoCA6,
and CspCA4, all proteins in this clade have a GPI anchor
and therefore are predicted to be membrane-bound. The three
zinc-binding histidine residues are generally conserved; only
SciCA4 is probably not catalytic due to a His-Asp replacement
of the third catalytic histidine (Supplementary Table 2). Clade II
includes two calcaronean CAs with a demonstrated expression in
sclerocytes (SciCA2, LcoCA3, Voigt et al., 2014).
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FIGURE 2 | Phylogenetic tree (ML) of CAs. Sponge CAs are highlighted in color: Class Calcarea: green, subclass Calcaronea: red, subclass Calcinea: blue,
remaining sponge classes shown as triangles representing their diversity. Monophyletic clades of other species’ CAs are collapsed (number of CAs is provided in
brackets). ML bootstrap (n = 200) >50 and posterior probability >0.5 are displayed at the corresponding nodes. Spicule symbols mark CAs with verified
sclerocyte-specific expression.
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FIGURE 3 | Spicule formation and CA1 expression in Clathrina sp.: (A–F) spicules formed within 18 h (calcein labeling, fluorescence microscopy); (A) Overview,
(B–F) progressing stages of spicule formation, isolated from (A) (overlapping fluorescent actines from adjacent spicules retouched for clarity). (G–L) Expression of
CA1 in sclerocytes with progressing spicule formation (spicules dissolved during ISH). Sclerocytes in (J–L) are thickener cells on the site of the spicules’ actines.

Clade III contains CAs from both subclasses, but not from
all species; CAs from S. ciliatum, G. compressa, and C. coriacea
are missing. These CAs possess a signal peptide but lack GPI
anchors and therefore are secreted. The three zinc-binding

residues are present in all CAs in this clade, so they are
likely catalytic.

Clade IV forms a sister clade to a clade containing
the H. sapiens CA X and XI and a CA from the urchin
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Strongylocentrotus. In clade IV, each species possesses a single
protein, which falls into two subclass-specific clades. Besides the
previously described SciCA9 and LcoCA6 (Voigt et al., 2014),
sequences of these clades’ CAs are partial. Where detectable,
a signal peptide is present, and no GPI anchor was predicted,
suggesting clade IV CAs are secreted (Supplementary Table 1).
The three zinc-binding histidine positions are not conserved
because the first histidine is substituted with arginine and the
third histidine with glutamine in the sequences that cover this
region of the protein. Therefore, the proteins of this clade
likely lost their catalytic function and can be considered to
represent CARPs.

DISCUSSION

The inclusion of additional CAs from both calcareous sponge
subclasses revealed four CA clades with a specific subcellular
localization: Clade I with sclerocyte-specific, mitochondrial, or
cytosolic CAs, clade II with (mostly) membrane-bound CAs,
including, at least for Calcaronea, sclerocyte-specific proteins,
clade III with secreted CAs, not present in some species, and clade
IV, a clade of secreted calcareous sponge CARPs.

The fact that each of these functional CA clades contains
CAs of both subclasses suggests that the last common ancestor
of calcareous sponges already possessed ancestral CA proteins
belonging to each clade. The phylogeny agrees with the previously
reported three clades of calcaronean CAs (Voigt et al., 2014), but
now a clear subdivision of clades II and III is evident.

However, especially deeper nodes in the tree are only weakly
supported by either bootstrap, posterior probabilities, or both,
hampering understanding of the relationship of poriferan and
coral CAs. The difficulties in obtaining robust phylogenies for
animal CAs are known (Le Roy et al., 2014) and probably not
surprising for such a single gene-family dataset, considering that
even phylogenomic studies with thousands of genes produce
conflicting relationships among animal phyla (King and Rokas,
2017). Nonetheless, the phylogeny of CAs again suggests that
CAs were independently recruited for biomineralization in non-
Bilateria. None of the CAs that have been suggested to be directly
involved in biomineralization in the stony coral Stylophora
(SpiCA1, SpiCA2: Moya et al., 2008; Bertucci et al., 2011) or
in the coralline demosponge Astrosclera (Jackson et al., 2007)
is particularly closely related to the sclerocyte-specific CAs we
report in the clades I and II. We focus our further discussion on
the four clades of calcareous sponge CAs, which show moderate
to good support values.

Gene orthology is most evident in clades I and IV, in which
only one CA per species was observed. Clade I CAs display a
conserved role in biomineralization, showing sclerocyte-specific
expression in Calcinea (CspCA1, Figures 3G–L) and Calcaronea
(Voigt et al., 2014). It seems, therefore, that the involvement of
mitochondrial CAs in biomineralization in calcareous sponges
is an ancient feature dating back to the origin of this subclass’s
key innovation, i.e., the formation of calcitic spicules. Whether
the lack of an identifiable mitochondrial target sequence in one
species (Leucosolenia) is due to limitations in the prediction of

such motifs or a modification of the basic pattern in Calcaronea
remains an open question. In this CA group, some variation
in the temporal–spatial expression patterns between species
appears to have evolved. In Clathrina sp., thickener cells in
later spicule formation stages also express this CA (Figures 2J–
L). In the calcaronean S. ciliatum, however, thickener cells in
later spicule formation stages cease CA expression, in agreement
with the observations that these cells deposit little or no calcite
in this species (Woodland, 1905; Ledger and Jones, 1977).
In contrast, our observations in Clathrina sp. implies that
thickener cells continue depositing calcite on the actines. Such
thickening activity may be specific for this species or possibly for
Calcinea in general.

In clade II, multiple gene-duplications and losses occurred in
both Calcaronea and Calcinea. However, the fact that CAs of both
subclasses are sister groups suggests that the duplication/loss
events detected in this clade postdated the split of the two
subclasses. The secreted, membrane-bound CAs SciCA2 of Sycon
and LcoCA3 of Leucosolenia are sclerocyte-specific and involved
directly in biomineralization (Voigt et al., 2014). We cannot yet
identify a calcinean CA with a sclerocyte-specific expression in
this clade. Thus, possibly, the recruitment for biomineralization
of secreted CAs happened only in the subclass Calcaronea.
Alternatively, our ISH experiments, which were limited by
material availability, failed to provide a clear signal, hindering
the interpretation of the expression patterns in this subclass.
Additional experiments, including also other species of Calcinea,
are required to address this question.

Clade III (secreted CAs) lacks CAs of Sycon, Grantia, and
C. coriacea. In the two latter species, of course, CAs of this
clade may not have been expressed in the sampled specimens
hampering their detection in the transcriptomes. However, in the
genome of S. ciliatum, a CA of this clade is also missing, pointing
to a loss of secreted CAs in some calcareous sponge species. In
this context, it seems relevant that for both, Sycon and Grantia,
one CA in clade II (SciCA6, GcoCA6, respectively) lacks a GPI
anchor, that is typical for other CAs of this clade, so these two
CAs seem to be secreted. Possibly, they could have functionally
replaced the now missing secreted CAs of clade III.

Calcareous sponge CARPs (clade IV) are easily identifiable
orthologous proteins (one gene per species) whose catalytic
function was already lost in the common ancestor of
calcareous sponges. We conclude this from the observation
that two of the zinc-binding histidines were replaced with
the same amino acids in all CAs in this clade, supporting
the hypothesis of a single loss of the CA activity in these
CAs. CARPs of other invertebrates also show the same amino
acid replacement (Le Goff et al., 2016), although they are
not phylogenetically closely related. The function of CARPs
in calcareous sponges remains unknown. In the fully grown
sponges studied here, CARPs had low expression levels
compared with most other CAs in the same species, and the
obtained sequences were incomplete (Supplementary Table 2).
However, in Sycon, expression of the CARP SciCA9 peaks
during early post-settlement stages, suggesting a role of these
calcareous sponge CARP proteins in early post-larval life stages
(Voigt et al., 2014).

Frontiers in Genetics | www.frontiersin.org 7 April 2021 | Volume 12 | Article 624533122

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-624533 March 30, 2021 Time: 13:30 # 8

Voigt et al. Carbonic Anhydrases of Calcareous Sponges

In stony corals, the best-studied non-bilaterian animals
regarding their biomineralization, only a few CAs have a
documented expression in the calcifying tissues. In Stylophora,
for example, two carbonic anhydrases, SpiCA1 and SpiCA2
(Figure 2), are expressed by calcifying cells (Moya et al., 2008;
Bertucci et al., 2011). Because both of these have a signal
peptide (Del Prete et al., 2019) and SpiCA2 was also found
in the coral skeletal matrix (Drake et al., 2013), these CAs
seem to be secreted or membrane-bound forms. The cytosolic
SpiCA3 is expressed ubiquitously in all tissues, not only in
calcifying cells (Del Prete et al., 2019). Although the role of this
intracellular CA in coral biomineralization remains uncertain
(Del Prete et al., 2019), our results confirm that intracellular
mitochondrial/cytosolic CAs are an essential component of
the calcareous sponge’s biomineralization tool kit. Accordingly,
mitochondrial or cytosolic carbonic anhydrases (clade I) were
recruited for biomineralization in the last common ancestor
of extant calcareous sponges. This suggests that metabolic
carbon may be an important constituent of the calcareous
sponge spicule’s carbonate. The expression pattern in later stages
of spicule formation may be subclass-specific and may be
correlated to the deposition of calcite by thickener cells on the
growing spicules. Secreted, membrane-bound CAs involved in
biomineralization only were identified in Calcaronea, but further
studies are required to investigate their role in calcification in
Calcinea. Future studies could investigate the detailed role of
CAs in the biomineralization process of calcareous sponges, for
example, by comparing the enzymatic activity of biomineralizing
versus non-biomineralizing CAs and tracing the carbon source of
the molecules that are transformed by these enzymes.
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The diversity of skeletal tissues in extant vertebrates includes mineralized and
unmineralized structures made of bone, cartilage, or tissues of intermediate nature. This
variability, together with the diverse nature of skeletal tissues in fossil species question the
origin of skeletonization in early vertebrates. In particular, the study of skeletal tissues in
cartilaginous fishes is currently mostly restrained to tessellated cartilage, a derived form
of mineralized cartilage that evolved at the origin of this group. In this work, we describe
the architectural and histological diversity of neural arch mineralization in cartilaginous
fishes. The observed variations in the architecture include tessellated cartilage, with
or without more massive sites of mineralization, and continuously mineralized neural
arches devoid of tesserae. The histology of these various architectures always includes
globular mineralization that takes place in the cartilaginous matrix. In many instances,
the mineralized structures also include a fibrous component that seems to emerge
from the perichondrium and they may display intermediate features, ranging from partly
cartilaginous to mostly fibrous matrix, similar to fibrocartilage. Among these perichondrial
mineralized tissues is also found, in few species, a lamellar arrangement of the
mineralized extracellular matrix. The evolution of the mineralized tissues in cartilaginous
fishes is discussed in light of current knowledge of their phylogenetic relationships.

Keywords: cartilaginous fishes (chondrichthyes), gnathostomes, lamellar mineralization, neural arches,

perichondrium, tesserae

1. INTRODUCTION

The classical view in vertebrate skeletal biology is mainly driven by the extensive work made in
tetrapod species, in which clear distinctions are made between several cartilaginous and bony
tissues (Hall, 2015). According to this classical view, cartilaginous tissues are retained in only
a few sites in the adult skeleton and are classified into hyaline, elastic, and fibro-cartilages that
display various assemblages of collagen fibers (Wachsmuth et al., 2006). Hyaline cartilage appears
as a transparent tissue whose extracellular matrix does not display histologically observable fibers.
The extracellular matrix of hyaline cartilage is characterized by type II collagen running through
high contents of proteoglycans with acidic glycosaminoglycans that sequestrate water (Hall, 2015).
Bone is defined by the deposition of type I collagen-rich extracellular matrix with little to no acidic
glycosaminoglycans deposited, which undergoes mineralization through the activity of osteocytes
(Hall, 2015).
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Molecular and paleontological evidence has allowed the
elaboration of a timeframe for the emergence of the various
vertebrate skeletal tissues. Hyaline cartilage is ancestral to
vertebrates (Zhang and Cohn, 2006) and most probably
evolved earlier than vertebrates (Tarazona et al., 2016), while
dermal and perichondrial bone, but also globular mineralized
cartilage, is found in early agnathan vertebrates (Donoghue and
Sansom, 2002). Among jawed vertebrates, the skeleton of extant
cartilaginous fishes (chondrichthyans) is considered to be made
exclusively of cartilage, with different types of mineralization that
were described in early classical works (Hasse, 1879; Ridewood
and MacBride, 1921; Ørvig, 1951; Applegate, 1967). Cartilage
mineralization in chondrichthyans mainly occurs under the
form of tesserae that are small articulated units of cartilage
impregnated with apatite and are a shared derived character
of this group (reviewed in Maisey et al., 2020). Paleontological
evidence, therefore, implies that cartilaginous fishes have lost
dermal and perichondrial bone more than 400 million years
ago (Donoghue and Sansom, 2002). Several genetic data were
interpreted in light of this evolutionary framework for skeletal
tissues, however, our knowledge of chondrichthyan genomes
remains scarce (Ryll et al., 2014; Enault et al., 2015; Debiais-
Thibaud et al., 2019; Leurs et al., 2021).

More recent studies have reassessed the diversity of poorly
described features of mineralization in cartilaginous fishes
(Eames et al., 2007; Enault et al., 2015; Seidel et al., 2017, 2020;
Atake et al., 2019; Debiais-Thibaud, 2019; Smith et al., 2019;
Chaumel et al., 2020; Pears et al., 2020), raising new questions
on the origin and evolution of mineralized tissues in this clade
and therefore in vertebrates. Comparative studies of skeletal
tissues in non-tetrapods have uncovered a wide range of skeletal
tissues that had remained unknown from the sole study of
tetrapods (discussed by Witten and Huysseune, 2009 and Hall
and Witten, 2019). Teleost fishes display for example a wide
variety of skeletal tissues with intermediate features (e.g., hyaline,
elastic, fibrous, whether mineralized or not) of what is classically
associated to either bone or cartilage and for which standard
characterization by histology has been proposed (Witten et al.,
2010; Hall andWitten, 2019). A wider description of the diversity
of skeletal tissues in non-tetrapod species is therefore still needed
to understand the origin and the diversification of mineralized
tissues in vertebrates. In this study, we chose to focus on the
comparative analysis of mineralized cartilage in the neural arches
of chondrichthyans.

Extant chondrichthyans include three major clades.
Holocephalans are divided into the three extant families
Callorhinchidae, Chimaeridae, and Rhinochimaeridae and have
long been considered to have a non-mineralized cartilaginous
endoskeleton but are now recognized to have tesserae (Finarelli
and Coates, 2014; Maisey et al., 2020; Pears et al., 2020; Seidel
et al., 2020). Sister to holocephalans, elasmobranchs include
selachians (sharks) that are grouped into Galeomorphii (orders:
Carcharhiniformes, Heterodontiformes, Lamniformes, and
Orectolobiformes) and Squalomorphii (orders: Hexanchiformes,
Pristiophoriformes, Squaliformes, Squatiniformes, and the
family Echinorhinidae) and batoids (rays, guitarfishes,
skates, and sawfishes) that are divided into Myliobatiformes,

Rhinopristiformes, Rajiformes, and Torpediniformes (Naylor
et al., 2012; Ebert et al., 2013; Last et al., 2016). Most cartilaginous
endoskeletal elements of selachians and batoids are covered by
tesserae (e.g., the jaws, fins, and most vertebral elements) (Dean
et al., 2009; Chaumel et al., 2020). The tesseral body (the internal
part of a tessera) contains type II collagen, round cells enclosed
in lacunae, and Liesegang lines typical of globular mineralization
(Kemp and Westrin, 1979; Seidel et al., 2017; Chaumel et al.,
2020). The tesseral cap zone (the external part of a tessera) is
located on the perichondrial side and is characterized by flatter
cells engulfed in a type I collagen matrix (Ørvig, 1951; Kemp and
Westrin, 1979; Seidel et al., 2017; Chaumel et al., 2020). This cap
zone has been discussed as a remnant, or derived version of an
ancestral bony tissue in jawed vertebrates (Kemp and Westrin,
1979; Seidel et al., 2017).

Less studied than tesserae are two other mineralized tissues,
also reported in the elasmobranch endoskeleton by Ørvig (1951),
and reviewed byDean and Summers (2006) andDebiais-Thibaud
(2019). On the one hand, areolar mineralization characterizes
the vertebral centra of elasmobranchs (Ridewood and MacBride,
1921). On the other hand, a type of lamellar mineralization
has been identified only in the vertebral neural arches and
repeatedly compared to bone tissue (Peignoux-Deville et al.,
1982; Eames et al., 2007; Atake et al., 2019). Until now, this
lamellar mineralization, or bone-like tissue, was reported in
two shark species within Carcharhiniformes [the small-spotted
catshark Scyliorhinus canicula (Peignoux-Deville et al., 1982)
and the swellshark Cephaloscyllium ventriosum (Eames et al.,
2007)], and in two batoid species belonging to Rajiformes [the
Eaton’s skate Bathyraja eatonii and the little skate Leucoraja
erinacea (Atake et al., 2019)]. The similarity between lamellar
mineralization and bone tissue was raised several times—it was
first termed osseous tissue by Peignoux-Deville et al. (1982)—
because of the occurrence of elongated cells similar to osteoblasts
in bone (Peignoux-Deville et al., 1982) that express type I collagen
genes (Enault et al., 2015) and because these cells are enclosed
in a type I collagen-rich extracellular matrix, which is able to
mineralize (Eames et al., 2007). This type of mineralization
differs from the classical globular mineralization described in the
cartilage of fossils (Ørvig, 1951) and the body zone of tesserae
(Kemp and Westrin, 1979; Seidel et al., 2017).

In this study, we first provide microCT images to visualize
the architecture of mineralized tissues in the neural arches in ten
orders of elasmobranchs and one holocephalan family. We then
use classical histology to illustrate cell shape and extracellular
matrix characteristics (e.g., fibrous or hyaline nature, presence
of acidic proteoglycans) to describe the mineralized tissues.
The results provide insights into the evolutionary history
of endoskeletal mineralization among chondrichthyans and
question the nature of the mineralized tissues described in early
gnathostomes and vertebrates.

2. MATERIALS AND METHODS

2.1. Biological Sampling
The dataset includes 19 specimens from 16 species of
chondrichthyans (Table 1) and covers six of the eight orders
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TABLE 1 | Chondrichthyan samples used for histology and microCT scanning.

Subclass Superorder Order Family Species Growth stage Fixation Decalcification Section

Elasmobranchii Galeomorphii Heterodontiformes Heterodontidae Heterodontus francisci Subadult (Meese and Lowe,
2020)

80% ethanol Yes posterior

Elasmobranchii Galeomorphii Orectolobiformes Hemiscyllidae Chiloscyllium punctatum Juvenile (Compagno, 1984) 4% PFA No anterior

Elasmobranchii Galeomorphii Lamniformes Odontaspididae Carcharias taurus Sexually mature (Lucifora
et al., 2002)

4% PFA Yes anterior

Elasmobranchii Galeomorphii Carcharhiniformes Triakidae Galeorhinus galeus Juvenile (Lucifora et al.,
2004)

80% ethanol Yes anterior

Elasmobranchii Galeomorphii Carcharhiniformes Carcharhinidae Prionace glauca Juvenile (Bustamante and
Bennett, 2013)

100% ethanol Yes posterior

Elasmobranchii Galeomorphii Carcharhiniformes Scyliorhinidae Scyliorhinus canicula Embryo (Enault et al., 2016) 4% PFA No anterior

Elasmobranchii Galeomorphii Carcharhiniformes Scyliorhinidae Scyliorhinus canicula Juvenile (Capapé et al.,
2008)

4% PFA No anterior

Elasmobranchii Galeomorphii Carcharhiniformes Sphyrnidae Sphyrna lewini Juvenile (Bejarano-Álvarez
et al., 2011)

80% ethanol Yes posterior

Elasmobranchii Squalomorphii Squaliformes Somniosidae Centroscymnus crepidater* Juvenile (Moore et al., 2013) 70% ethanol No posterior

Elasmobranchii Squalomorphii Squaliformes Etmopteridae Etmopterus spinax* Juvenile (Porcu et al., 2014) 70% ethanol No posterior

Elasmobranchii Squalomorphii Squatiniformes Squatinidae Squatina californica Sexually mature
(Romero-Caicedo et al.,
2016)

80% ethanol Yes posterior

Elasmobranchii Batoidea Myliobatiformes Gymnuridae Gymnura micrura* Sexually mature (Yokota
et al., 2012)

70% ethanol Yes posterior

Elasmobranchii Batoidea Rhinopristiformes Rhinobatidae Pseudobatos productus Sexually mature
(Márquez-Farías, 2007)

80% ethanol Yes posterior

Elasmobranchii Batoidea Rhinopristiformes Rhinidae Rhina ancylostoma 147 cm TL 4% PFA Yes posterior

Elasmobranchii Batoidea Torpediniformes Torpedinidae Torpedo sp.* 16 cm DW 70% ethanol Yes posterior

Elasmobranchii Batoidea Rajiformes Rajidae Raja clavata Hatchling 4% PFA No ant, posterior

Elasmobranchii Batoidea Rajiformes Rajidae Raja clavata Juvenile (Capapé et al.,
2007)

70% ethanol No posterior

Holocephali – Chimaeriformes Chimaeridae Hydrolagus colliei Hatchling 100% ethanol No anterior (sy)

Holocephali – Chimaeriformes Chimaeridae Hydrolagus colliei* Juvenile (Barnett et al.,
2009)

70% ethanol No anterior (sy)

DW, disc width; PFA, paraformaldehyde; sy, synarcual; TL, total length. When no literature data are available on the size at sexual maturity for a species, the TL or DW are indicated. Asterisks indicate the specimens that have been

preserved in ethanol for several decades.
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of extant sharks, the four orders of extant batoids, and one of
the three families of extant Chimaeriformes (Naylor et al., 2012;
Ebert et al., 2013; Last et al., 2016). The samples were kindly
provided by the University of Montpellier, by the Aquarium
of Montpellier (Planet Ocean Montpellier), or were bought at
fish markets. No handling of live specimens was necessary for
this study. The ontogenetic stages were determined based on
literature data, using the total length (TL) or disc width (DW)
as proxies (Table 1). When no data were available about the
ontogenetic stages of the species sampled, the TL, DW, or both
were provided (Table 1). When fresh or frozen material was
available, the vertebra or neural arch were sampled and fixed
in 4% paraformaldehyde in Phosphate-Buffered Saline 1X (PBS
1X). Anterior and posterior vertebrae were sampled anterior and
posterior to the pelvic girdle, respectively. Samples made from
long-term stored material were first rinsed in fresh ethanol for
48 h before further processing (note that some specimens come
from collections in ethanol that date back from the 90’s, see
details in Table 1).

2.2. Histological Staining
Alizarin Red S staining on thick (circa 1 mm) slices was
performed overnight in a potassium hydroxide (KOH) 0.5%
solution with a concentration of Alizarin Red S of 0.005% for
samples of S. canicula and the thornback ray Raja clavata,
or 0.05% for samples of the spotted ratfish Hydrolagus colliei.
Stained samples were progressively equilibrated in 25% glycerol
in KOH 0.5%, 50% glycerol in KOH 0.5%, 75% glycerol in KOH
0.5%, and glycerol 100% before being imaged under a binocular
(Leica Microsystems). Only samples fixed in paraformaldehyde
were used for this staining procedure.

A double Alizarin Red S and Alcian Blue staining was
performed on a 14 µm-thick cryostat section made in a non-
demineralized portion of the anterior vertebral column of an
embryonic lesser spotted catshark fixed in 4% PFA. The section
was rinsed in PBS 1X, then in KOH 0.5% before a bath of Alizarin
Red S 0.005% in KOH 0.5% for 1 min. The slide was rinsed once
in PBS 1X, incubated for 2min in a 0.02%Alcian blue 8G solution
(8:2 ethanol/glacial acetic acid), washed once in EtOH 100%, and
once in PBS 1X before being mounted in Mowiol.

For other histological staining protocols, samples exhibiting
strong vertebral mineralization were first rehydrated and
then demineralized with Thermo Scientific Shandon TBD-
2 decalcifier during 24–48 h before the embedding process
(Table 1). Samples were progressively dehydrated in 70, 96, and
100% ethanol before paraffin embedding. Paraffin-embedded
tissue was cut into 7 µm-thick sections, mounted on slides in
an alternate consecutive fashion, and dried at 37 ◦C overnight.
Tissue sections were stained with Hematoxylin, Eosin, and
Saffron with HMS 740 autostainer (MM France) for preliminary
analysis. The Hematoxylin-Eosin-Saffron (HES) protocol stains
basophilic components in deep violet [nuclei and basophilic
extracellular matrices (H)], cytoplasm in pink (E), and collagen
fibers in bright orange (S), allowing a fine description of cell and
matrix morphologies. HES has poor staining contrast on hyaline
cartilage (gray or beige uniform staining) but allows contrasting
the cartilaginous matrix with perichondrial tissue because of the

eosinophilic and Saffron-positive staining of the fibrous matrix
(Hilton et al., 2005). The modified cartilaginous extracellular
matrix in cartilage mineralizing zones is also contrasted in HES
(Mayoral et al., 2014), possibly because it is basophilic. Tissue
sections were also stained with PAS-AB, which associates the
standard Alcian blue method (AB, pH 2.5, standard staining
for acid mucins in hyaline cartilage matrix, blue staining) with
the Periodic Acid Schiff (PAS) technique to distinguish with
neutral mucins (magenta staining). PAS-AB staining is a standard
for the detection of hyaline cartilage matrix, as the staining
is associated with the acidic glycosaminoglycan content of the
matrix (Whiteman, 1973). Previous work has shown that Alcian
blue stains best in the proliferative and resting chondrocyte
zone of endochondral bone, while the PAS magenta stains both
the fibrous perichondrium and the hypertrophic chondrocyte
zones (Xiong et al., 2005). Some variation in the intensity and
color of HES and PAS-AB assays between samples are observed,
which most probably results from variations in the fixation,
decalcification, and storage solutions, but also from an important
variation in the storage time of our samples. Despite these
variations, cell shape was still well-preserved and there was
good correspondence between the locations of mineralization (as
defined by microCT images) and the places of modified staining
with HES in the cartilaginous and fibrous extracellular matrices.
Mounted histological slides were scanned with a Hamamatsu
NanoZoomer 2.0-HT scanner in the local MRI platform and
images were visualized with the NDP.view software (v1.2.47).

2.3. Micro-Computed Tomography
Micro-computed tomography (microCT) was performed on
selected vertebral samples preserved in alcohol with EasyTom
150 and reconstructed with the Xact software (v11025). The
images were subsequently analyzed with the Avizo Lite software
(v2019.3).

2.4. Ancestral Character State
Reconstruction
For each character identified in our results, we built a
character matrix and used phylogenetic relationships from
Licht et al. (2012), Naylor et al. (2012), and Last et al. (2016).
We reconstructed the ancestral state for each character
(globular mineralization, fibrous mineralization, and lamellar
mineralization: presence/absence; mineralization architecture:
continuous/semi-discontinuous/discontinuous (tessellated or
reduced) with Mesquite (v3.61) (Maddison and Maddison,
2019).

3. RESULTS

3.1. Anatomical and Histological Features
of Neural Arches in Three Reference
Species
We first selected reference species among the three main
chondrichthyan clades: S. canicula (Carcharhiniformes,
Galeomorphii) (Figures 1, 2), R. clavata (Rajiformes, Batoidea)
(Figure 3), and H. colliei (Chimaeriformes, Holocephali)
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FIGURE 1 | Mineralized tissues in the anterior vertebrae of the small-spotted
catshark Scyliorhinus canicula at juvenile stages [20 cm TL in (A–C) and 31
cm TL in (F)] and embryonic stages [8.4 cm TL in (D) and 8.0 cm TL in (E)].
(A–C) Micro-computed tomography imaging, frontal view (A) and lateral view
(B) of 3D isosurfaces and virtual section (C, as located by the double sided
dashed arrow on B). (D) Alizarin Red S staining of a thick section. (E) Alizarin
Red S and Alcian Blue double staining on a cryostat section. (F) HES,
histological staining; c, centrum; f, fibrous perichondrial mineralization; g,
globular mineralized cartilage; in, interneural element; la, lamellar perichondrial
mineralization; na, neural arch; no, notochord; nt, neural tube; t, tesserae; uc,
unmineralized cartilage. Scale bars are in µm.

(Figure 4). The description of the vertebrae of these species
is provided first because of their representativeness in the
chondrichthyan phylogeny, also because literature data
shows a strong variation in the type of mineralized tissues
in their neural arches (Debiais-Thibaud, 2019), and because
we had specimens of successive ontogenetic stages allowing
developmental comparisons.

3.1.1. Neural Arch Mineralization in Scyliorhinus

canicula
Each anterior (thoracic) vertebra of S. canicula includes a
mineralized, hourglass-shaped, centrum (Figures 1A,B). Each
centrum is dorsally overlaid by a mineralized neural arch
that alternates with interneural elements, both (neural and
interneural elements) appearing similar in shape but interneurals
are located dorsal to the junction between two centra
(Figures 1A,B). The vertebral body surface also shows thin
zones of mineralization (lace-like mineralization, Figures 1A,B)
that are small tesserae (see details below and in Figure 5).
The neural arches and interneural elements externally appear

FIGURE 2 | Histological characterization of the mineralized tissues in the
anterior vertebrae of the small-spotted catshark Scyliorhinus canicula at an
embryonic stage [7 cm TL in (A,B)] and a juvenile stage [31 cm TL in (C,D)].
Serial sections were stained with HES (A,C) and PAS-AB (B,D). (A’,C’)
Close-ups of the boxed zones in (A,C), respectively. Close-up on the lamellar
(la), globular (g), and fibrous (f) mineralized tissues: (C1–C3,D1–D3) are details
of (C’,D), respectively. f, fibrous perichondrial mineralization; fib,
fibrocyte-shaped cell; g, globular mineralized cartilage; hc, hyaline cartilage; la,
lamellar perichondrial mineralization; lam, lamella; Li, Liesegang lines; m,
muscle tissue; no, notochord; nt, neural tube; pc, perichondrium; ps,
pericellular space; uc, unmineralized cartilage. Vertical lines in (C’,D) delimit
the fibrous and hyaline cartilaginous matrices. Dashed lines in (C’,D) locate the
zones of mineralized matrix. Black arrow points to fibrous extracellular matrix.
Scale bars are in µm.

as continuously mineralized structures (Figures 1A,B) but the
virtual (microCT) and histological sections reveal that the
mineralized layer encloses an inner core of unmineralized
tissue (Figures 1C,E,F) of cartilaginous nature (Figures 1E,F). In
the following, we used HES and PAS-AB histological staining
protocols to characterize cells and their extracellular matrix
in each vertebral tissue. We previously successfully used HES
staining to characterize cartilaginous matrix mineralization in
chondrichthyans (Enault et al., 2015; Debiais-Thibaud, 2019).
Mineralized zones (stained with Alizarin Red S in Figure 1D)
appear dark pink in comparison to the unmineralized matrix
(Figure 1F, compare g with uc zones), probably because of an
eosinophilic nature. The comparison between the virtual and
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FIGURE 3 | Mineralized tissues in the vertebrae of the thornback ray Raja clavata at hatching [8.0 cm DW (A–M)] and juvenile stage [13.0 cm DW (N,O)].
(A–D,I,J,N,O) Posterior vertebrae, (E–H,K–M) anterior vertebrae. (A–C,E–H,K) Micro-computed tomography imaging, frontal views (A,E) and lateral views (B,F) of
3D isosurfaces and closer views on virtual sections (C: as located by the double sided dashed arrow on B; G,H,K: as located by the double sided dashed arrows on
F). (D) Alizarin Red S staining of a thick section. (I,J,L–O) Histological staining on serial sections with HES (I,L,N) and PAS-AB (J,M,O). (I’,L’,N’) Close-ups of the
boxed zones in (I,L,N), respectively. Cellular details from the proximal (N1,O1), central (N2,O2), and distal (N3,O3) zones are zooms taken from the sample in (N’,O).
c, centrum; ct, corner tessera; f, fibrous perichondrial mineralization; fib, fibrocyte-shaped cell; g, globular mineralized cartilage; hs, hemal spine; in, interneural
element; Li, Liesegang lines; m, muscle tissue; na, neural arch; no, notochord; ns, neural spine; nt, neural tube; ps, pericellular space; t, tesserae; tp, transverse
process; uc, unmineralized cartilage. Scale bars are in µm.

histological sections (Figures 1C,F) allows identifying several
types of mineralized tissue. First, there is a zone displaying cell
spherical lacunae, where mineralization is less dense (lower gray
level in Figure 1C), and that is located in the dorsal-most zone
of the cartilaginous core (g in Figure 1). Denser mineralized
zones (deeper white in Figure 1C) cover the inner unmineralized
cartilage rod (uc in Figure 1). These perichondrial zones are
further differentiated in the proximal perichondrium (facing the
neural tube, la in Figure 1) and the distal perichondrium (facing
the thoracic muscles, f in Figure 1) through the HES and PAS-AB
staining protocols.

In the embryonic developing neural arches (Figures 2A,B),
at a stage when mineralization initiates (Enault et al., 2016), the
fibrous perichondrial tissue is characterized by flat cells enclosed
in a fibrous extracellular matrix (pc in Figure 2A’), while the
internal cartilaginous tissue stains positive for Alcian blue (hc in
Figure 2B).

In the juvenile specimen in which structures are fully
mineralized, the neural arch is organized as a central,
unmineralized cartilaginous rod (uc in Figures 2C’,D). This
internal cartilaginous rod is no more than 100 µm wide in
the juvenile specimen, which is similar to what is observed
in the hatchling specimen, suggesting that this internal
tissue does not significantly grow between these ontogenetic
stages (Figures 2A,C). In continuity with this cartilaginous
unmineralized rod, the most dorsal and ventral aspects appear
mineralized (Figures 1C,E,F, 2C’,D) together with the contact
surface with the perichondrium (g in Figures 2C’,D). The
perichondrium is characterized by low to absent Alcian blue
staining in the PAS-AB assay (Figure 2D) and by elongated
cells engulfed in a Saffron stained extracellular matrix in the
HES assay (Figure 2C’). Several differences in cell density and
matrix organization can be detected when comparing the distal
mineralized perichondrium (toward the trunk muscles) with the
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FIGURE 4 | Anterior synarcual mineralization in the spotted ratfish Hydrolagus
colliei at hatchling [9.5 cm TL, (A–F)] and juvenile [14.0 cm TL (G,H)] stages.
(A–C) Micro-computed tomography imaging, frontal view (A) and lateral view
(B) of 3D isosurfaces and virtual section on a closer view (C, as located by the
double sided dashed arrow on B). (D) Alizarin Red S staining of a thick
section. (E–H) Histological staining on serial sections with HES (E,E’,G,G’)

and PAS-AB (F,H). (E’,G’) are close-ups of the boxed zones in (E,G),
respectively. hc, hyaline cartilage; m, muscle tissue; nf, nerve foramina; no,
notochord; nt, neural tube; pc, perichondrium; t, tesserae (dashed contours
delineate single tessera). Scale bars are in µm.

proximal mineralized perichondrium (facing the neural tube)
(compare Figures 2C1,C3,D1,D3).

As a result, three mineralized histotypes can be described
in the neural arch of S. canicula. The first one is superficial
lamellar mineralization that arises from the perichondrium
located in the proximal side of the neural arch. The mineralized
matrix displays a lamellar organization, cell density appears
very low, and the few cells found in the mineralized
matrix are elongated (Figures 2C1,D1). The second type is
globular mineralization, which occurs in the matrix surrounding
chondrocytes in the dorsal part of the neural arch and the contact
zone with perichondrial mineralized tissues. HES staining in
the mineralized matrix shows concentric rings around the
chondrocyte lacunae that we interpret as the marks of previously
described Liesegang lines (Figure 2C2), typical of globular
mineralization in hyaline cartilage (Ørvig, 1951; Peignoux-
Deville et al., 1982; Seidel et al., 2016). The pericellular space is
positive for Alcian blue (ps in Figure 2D2). The third type is a

fibrous mineralized tissue in the perichondrium that is located in
the distal side of the neural arch. The cells also appear elongated
as expected with fibrocytes and their matrix is characterized
by loosely arranged fibers that stain with Saffron (arrows in
Figure 2C3). The thin pericellular space is positive for Alcian
blue (Figure 2D3).

3.1.2. Neural Arch Mineralization in Raja clavata
The posterior vertebrae of R. clavata are composed of a centrum
associated with one neural arch located dorsally, at the junction
between two neural spine-interdorsal complexes (Figures 3A,B).
The neural arches and interneural elements are not covered
by tesserae, as opposed to the neural spines (Figure 3B). The
virtual section shows that the whole depth of the posterior neural
arches is mineralized (Figure 3C). In both hatchling and juvenile
specimens, this architecture is similar in the posterior vertebral
column (not shown). HES histological staining highlights the
presence of subspherical cells in the center of these neural arches
(Figures 3I’,J,N’,O,N2,O2). Their extracellular matrix displays
Liesegang lines with HES and an Alcian blue positive pericellullar
space with PAS-AB, making this zone similar to the globular
mineralization observed in S. canicula (Figures 3N2,O2). This
internal mineralized cartilaginous rod does not seem to differ in
size between the hatchling and juvenile specimens, suggesting
little growth of this internal zone between the corresponding
ontogenetic stages (Figure 3, compare the g zone in I’ with N’).

Surrounding this mineralized cartilage core is a tissue with
fibrocyte-shaped cells, engulfed in a fibrous matrix devoid
of Alcian blue staining except for a thin pericellular matrix
(Figures 3I’,J,N’,O,N1,N3,O1,O3). This mineralized fibrous
tissue lines both the proximal and distal sides of the neural
arch and is thicker in the juvenile than in the hatchling
specimen (compare Figures 3I’,N’). We assume this tissue
to have a perichondrial nature, and it appears similar to
the fibrous mineralization in the distal perichondrium of
the S. canicula neural arches. Similar to the observations in
S. canicula, perichondrial mineralization appears denser than
globular cartilage mineralization (Figure 3C). In contrast to
S. canicula, no lamellar organization of the extracellular matrix
was observed in either the proximal or distal perichondrium
of R. clavata (Figures 3N1,N3,O1,O3). In S. canicula, the
architecture of neural arch mineralization is the same along the
anterior-posterior axis of the vertebral column (no difference is
observed between the anterior and posterior vertebrae) although
the timing of centrum mineralization differs between these
regions (Enault et al., 2016). In R. clavata, the mineralization
architecture in the neural arches differs between anterior and
posterior vertebrae (Figures 3B,F). In anterior vertebrae, we
identified only interneural elements, located dorsal to the
junctions between two centra and that were partly covered
with tesserae (Figures 3F,H), while more massive mineralized
units cover the anterior and posterior faces of the interneural
elements (Figures 3F,K). A longitudinal frontal section in an
interneural element shows that these massive units have a
U-shape delineating the anterior and posterior faces of each
interneural element (Figure 3K). As such, we considered them
to be “corner tesserae” as previously proposed in the jaw of
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FIGURE 5 | Vertebral tissues with various tesseral mineralization patterns in selected species stained with HES (A,C,E) and PAS-AB (B,D,F). (A,B) Subperichondrial
tesserae in the cartilaginous vertebral body of a juvenile (20 cm TL) small-spotted catshark S. canicula; anterior vertebra. (C,D) Tesserae in the neural spine of a
juvenile (13 cm DW) thornback ray R. clavata; posterior vertebra. (E,F) Tesserae in the neural arch of a (147 cm TL) bowmouth guitarfish Rhina ancylostoma; posterior
vertebra. bz, body zone of a tessera; cz, cap zone of a tessera; itj, intertesseral joint; Li, Liesegang lines; m, muscle tissue; no, notochord; nt, neural tube; pc,
perichondrium; t, tesserae (dashed contours delineate single tessera); sp, spoke; uc, unmineralized cartilage. The white dotted line separates bz and cz. Arrows point
to Sharpey’s fibers. (A’,B,C’,D,E’,F) are close-ups of the zones located by the rectangles in (A,C,E), respectively. Scale bars are in µm except in (E).

the Haller’s round ray Urobatis halleri (Dean et al., 2009),
although their size relative to the closest tesserae is higher
than that of previously observed “corner tesserae” (Figure 3F).
Histological staining showed the occurrence of mineralized
globular cartilage in the center of these elements and layers of
fibrous perichondrial mineralization on their proximal and distal
surface (Figures 3L,M).

As a consequence, the interneural elements and neural
arches of S. canicula and R. clavata in the caudal zone of the
vertebral column display continuous mineralization, while the
anterior vertebrae of R. clavata (immediately posterior to the
synarcual) display a combination of tesserae and massive “corner
tesserae”. All these mineralized structures are characterized
by a mineralized perichondrial tissue that covers a partly
(S. canicula) or more extensively (R. clavata) mineralized
cartilaginous rod. Perichondrial mineralization occurs as lamellar
mineralization only in the proximal zone of the neural
arches of S. canicula and as fibrous mineralization in all
other occurrences.

3.1.3. Synarcual Mineralization in Hydrolagus colliei
The synarcual of H. colliei is a post-cranial element pierced by
dorsal and ventral nerve foramina (Figures 4A,B) that develops
from the fusion of successive embryonic vertebrae and that
does not display discrete neural arch or interneural elements
(Johanson et al., 2015). The equivalent zone of elasmobranch
neural arches in the synarcual is considered to be the zone
dorsal to a ventral foramen (Goodrich, 1930; Eames et al., 2007;
Criswell et al., 2017). We hypothesized a similar situation for
chimaeras, and focused on the portion of the synarcual located
dorsally to a ventral foramen, although our observations were
similar in all other parts of the synarcual (including in the
vertebral body, see Figures 4A,D,E,G). Previous studies showed
poorly developed cartilaginous tissue in the posterior vertebrae
of juvenile H. colliei, where histology displayed no sign of
modified cartilaginous matrix that could be linked to cartilage
mineralization (Debiais-Thibaud, 2019). However, more recent
publications pointed out the thin layer of mineralized matrix in
the synarcual of the elephant shark Callorhinchus milii (Pears
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et al., 2020) and recognized thin tesserae in the adult C. milii
and rabbit fishes Chimaera monstrosa (Pears et al., 2020; Seidel
et al., 2020). In our H. colliei sample, we detect a similar thin
layer of mineralized tissue in the synarcual of a hatchling and
a juvenile specimen (Figures 4A,G). This pattern is found as
a peripheral delineation of the ventral part (corresponding to
the vertebral body) and the dorsal part (corresponding to the
neural arches) of the synarcual, but also in the inner contact
with the notochord (Figures 4A,D,G). Most tesserae are not
more than 10 µm wide in their chondral-perichondrial axis
(Figures 4E’,F,G’,H). The line of modified cartilaginous matrix
can be observed at the hatching stage and is more obvious in the
juvenile specimen (Figures 4E–H). Thematrix stains deep purple
with HES (Figures 4E’,G’) and does not stain with Alcian blue
(Figures 4F,H), suggesting a difference in the glycosaminoglycan
content at this mineralization location. This site of mineralization
is located in the subperichondrial zone of the cartilaginous
unit. The cells located on the perichondrial side of this line
are enclosed in lacunae in a matrix of cartilaginous nature
[as supported by positive Alcian blue staining (Figures 4F,H)],
although the cells are flattened (Figures 4E’,G’). Moreover,
no cells can be observed fully embedded in the mineralized
cartilaginous matrix, either at the hatching or juvenile stage
and themineralized layer appears discontinuous (Figures 4G’,H),
supporting the presence of aligned tesserae as described in other
holocephalan species (Pears et al., 2020).

3.1.4. Diverse Combinations of Histotypes in

Chondrichthyan Tesserae
To better compare our observations with literature data on
tesserae, these mineralized structures were also illustrated in
selected species (Figure 5). As previously noted, focal cartilage
mineralization is detected with microCT outside the neural
arches and surrounding the vertebral body of S. canicula
(Figures 1A,B). Such sites also appear on histology sections, they
are stained dark pink with HES and purple with PAS-AB and
occur in a subperichondrial location within the cartilaginous
matrix (Figures 5A,B). Although poorly developed, these sites
can be interpreted as thin tesserae engulfing chondrocytes and
display intertesseral joint regions (Figures 5A’,B), as previously
described (Seidel et al., 2016). The tesserae are separated from
the perichondrium by a subperichondrial and unmineralized
cartilaginous layer (Figures 5A’,B). They are comparable to
the discontinuous pattern of mineralization described in
H. colliei (Figures 4G’,H) but are thicker (up to 50 µm) and
engulf chondrocytes in the mineralized matrix (Figure 5A’)
in S. canicula.

The neural spines of R. clavata, as well as the neural arches
of the bowmouth guitarfish Rhina ancylostoma are covered
by tesserae (Figures 3B, 5C–F). The tesserae are separated by
unmineralized intertesseral joints (itj in Figures 5C’,D,E’,F) and
display internal spokes (sp in Figures 5C’,D,E’,F) as defined by
Seidel et al. (2016). Two zones can further be distinguished in the
tesserae that correspond to the previously defined body and cap
zones of a tessera (Kemp and Westrin, 1979; Seidel et al., 2016,
2017). In both species, the cap zone is characterized by flat cells, a
higher content in collagen fibers, and a matrix poorly stained by

Alcian blue except in the pericellular layer (Figures 5D,F). The
cells in the body zone are subspherical and surrounded by an
extracellular matrix displaying Liesegang lines with HES staining
(Figures 5C’,E’). In both batoids (R. clavata and R. ancylostoma),
the maximumwidth of a tessera (tangential axis) is about 200µm
and does not seem to depend on the specimen body size as R.
clavata is a young juvenile of 13 cm DW and 21 cm TL, while R.
ancylostoma is 147 cm long. However, the depth of the tesserae
(along the chondral-perichondrial axis) is less than 100 µm in
R. clavata, while it is more than 200 µm in R. ancylostoma
(compare Figures 5D,F). There are no obvious Sharpey’s fibers
radiating from the tesserae of R. clavata, whereas they are well-
defined in the tesserae of R. ancylostoma (Figures 5C’,D,E’F).
Sharpey’s fibers are thick collagenous fibers previously described
in tesserae (Kemp and Westrin, 1979; Seidel et al., 2017).

3.2. Neural Arch Mineralization and
Elasmobranch Diversity
In the following, we describe the variation of neural arch
mineralized histotypes and architectures in several species
covering a broad part of the elasmobranch taxonomic diversity.

3.2.1. Batoids
Most of the neural arch of the smooth butterfly ray Gymnura
micrura and Torpedo sp. is covered by tesserae that are
250 µm wide in their tangential axis (Figures 6A,B,E,F). Two
larger mineralized elements are found on the anteriormost and
posteriormost surfaces of each neural arch, similar to the corner
tesserae described in R. clavata. These elements are more than
500 µm in their longer dimension (Figures 6A,E). The virtual
sections made through the center of the neural arches show
regular-sized tesserae on the neural arch surface (Figures 6B,F).
The histological sections made through the corner tesserae
(Figures 6C,G) show a central zone of globular mineralized
cartilage covered by fibrous mineralization (Figures 6C’,D,G’,H).

The neural arches of the shovelnose guitarfish Pseudobatos
productus are covered by classically organized tesserae with
no massive corner tesserae (Figure 6I). The tesserae of the
neural arch reach 400 µm long (in their tangential axis) and
100 µm wide (along the chondral-perichondrial axis, Figure 6J)
and display intertesseral joints (Figures 6K’,L). The cap zone
of a tessera contains elongated cells in a fibrous (Saffron-
positive) matrix with little acidic glycosaminoglycan content
(Figures 6K’,L), while cells in the body zone are similar in shape
to chondrocytes in the unmineralized matrix (Figures 6K’,L).
The neural arch of R. ancylostoma also is covered by standard
tesserae only (Figures 6E,F) without enlarged elements (data
not shown).

3.2.2. Selachians, Squalomorphs, Order:

Squaliformes
In both the velvet belly Etmopterus spinax and the longnose
velvet dogfish Centroscymnus crepidater, the neural arches
display thin zones of mineralization dorsal to the centra
(Figures 7A,B,E,F). Virtual sections passing through the neural
arches show a thin, discontinuous layer of mineralization
(Figures 7B,F). The histological staining results show that the
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FIGURE 6 | (Continued)

FIGURE 6 | Mineralization patterns in the neural arches of posterior vertebrae
in batoids. (A–D) Smooth butterfly ray Gymnura micrura (40.5 cm DW). (E–H)
Torpedo sp. (16 cm DW). (I–L) Shovelnose guitarfish Pseudobatos productus
(60 cm TL). (A,E,I) 3D isosurfaces. (B,F,J) Virtual cross sections following the
plane indicated by the double sided dashed arrow in (A,E,I). (C,G,K) HES
staining on transverse sections following the plane indicated by the double
sided dashed arrow in (A,E,I). (C’,G’,K’) Close-ups of the boxes in (C,G,K).
(D,H,L) PAS-AB staining of similar zones as in (C’,G’,K’), respectively.
Legends as in Figures 1–5.

thin mineralization layer is both proximal (facing the neural
tube) and subperichondrial (Figures 7C,D,G,H). Although the
majority of the neural arch is composed of unmineralized
cartilage matrix containing round chondrocytes (Figures 7D,H),
the HES staining shows thin purple-stained blocks within the
cartilaginousmatrix that do not embed any cells (Figures 7C’,G’),
similar to the thin tesserae described in H. colliei. The
tesserae are 10 µm wide (in their chondral-perichondrial axis,
Figures 7C’,G’) and are separated from the neural tube by a layer
of cartilaginous matrix in C. crepidater (Figure 7G’), while it
occurs in contact with the very thin perichondrium in E. spinax
(Figure 7C’).

3.2.3. Selachians, Squalomorphs, Order:

Squatiniformes
In the Pacific angelshark Squatina californica, the dorsal
neural arches and interneural elements appear as continuously
mineralized structures that are contiguous with the tesserae
covering the neural spine and the basidorsal and basiventral
elements (Figure 8I). The virtual section of the S. californica
vertebra shows an internal variation in the mineral density of
this structure, with denser peripheral mineralization than in the
core (Figure 8J). On the histological sections, the cartilaginous
tissue core contains round chondrocytes in a modified matrix
(Figures 8K’,L), similar to our previous description of globular
mineralization. This central cartilaginous zone is covered
proximally and distally by a fibrous mineralized tissue that
contains flattened cells, similar to what we already described for
fibrous mineralization of the perichondrium (Figures 8K’,L).

3.2.4. Selachians, Galeomorphs, Order:

Carchariniformes
In all three Carchariniformes considered in the following,
neural arch and interneural mineralization builds up continuous
structures (Figures 8A,E,I). Neural arch mineralization is
ventrally contiguous with tesserae from the vertebral body in the
tope shark Galeorhinus galeus and the scalloped hammerhead
Sphyrna lewini (Figures 8A,B,E,F).

The continuously mineralized elements of G. galeus and
S. lewini include neural arches and interneural elements
(Figures 8A,E). In both species, neural arch mineralization
encloses an unmineralized core and appears denser on the
proximal and distal faces than on the dorsal zone (Figures 8B,F).
The dorsal zone and the contact zone with the mineralized
perichondrium are composed of globular mineralization (g in
Figures 8C’,D,G’,H). The perichondrial layer of the mineralized
tissue is similar to the fibrousmineralization sites described in the
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FIGURE 7 | (Continued)

FIGURE 7 | Mineralization patterns in the neural arches of posterior vertebrae
in Squaliformes. (A–D) Velvet belly Etmopterus spinax (23 cm TL). (E–H)
Longnose velvet dogfish Centroscymnus crepidater (31 cm TL). (I–L) Pacific
angelshark Squatina californica (75 cm TL). (A,E,I) 3D isosurfaces. (B,F,J)
Virtual cross sections following the plane indicated in (A,E,I), respectively.
(C,G,K) HES staining on transverse sections following the plane indicated in
(A,E,I). (C’,G’,K’) Close-ups of the boxes in (C,G,K). (D,H,L) PAS-AB staining
of similar zones as in (C’,G’,K’), respectively. Legends as in Figures 1–5.

distal side of the S. canicula neural arch, with enclosed fibrocyte-
shaped cells and no observable lamellae (Figures 8C’,D,G’,H).

In the blue shark Prionace glauca, neural arch and
interneural mineralization sites alternate dorsal to the large
centrum and no tesserae can be observed on the whole
vertebral unit (Figure 8I). Mineralization is very restricted
to the dorsoventral axis of the neural arch. The neural
arch mineralization is superficial to only one location of
the unmineralized cartilaginous neural arch (Figure 8K). The
mineralized tissue includes globular mineralization in its
innermost zone, together with outer perichondrial layers on both
proximal and distal sides of the neural arch (Figures 8K’,L).
These perichondrial layers are not homogeneous because the cells
undergo a morphological transition from flat—in the contact
zone with globular mineralization—to subspherical—in the
external zone (Figures 8K’,L). Besides, the extracellular matrix of
the external zone shows HES and Alcian blue staining similar
to unmineralized cartilage, suggesting the presence of hyaline
cartilaginous matrix in this perichondrial zone (Figures 8K’,L).
However, this external layer also displays numerous bundles
of collagen fibers similar to Sharpey’s fibers (Figure 8K’). The
progressive centrifugal transition from a fibrous to a cartilaginous
nature of the outer layers corresponds to a progressive decrease
of mineralization, as shown in the virtual section (Figure 8J).

3.2.5. Selachians, Galeomorphs, Orders:

Heterodontiformes, Orectolobiformes, and

Lamniformes
In the horn shark Heterodontus francisci and the brownbanded
bambooshark Chiloscyllium punctatum, alternate neural arches
and interneural elements display a fully mineralized surface
(Figures 9A,E). Tesseral mineralization is also located ventral to
the neural and interneural elements of H. francisci (Figure 9A).
In both species, the neural arch displays an unmineralized
central core (Figures 9B,F) made of cartilage (Figures 9C’,G’).
However, globular mineralization is detected in the cartilaginous
core in contact with the mineralized perichondrial layers
(Figures 9C’,G’). In H. francisci, the perichondrial mineralized
layers are highly fibrous, in particular in the distal layer
where numerous Sharpey’s fibers are observed and incorporate
numerous flattened cells (arrows, Figures 9C’,D). On the
contrary, the proximal perichondrium of theC. punctatum neural
arch contains very few cells and the matrix is arranged in lamellae
(Figures 9G’,H). Overall, the organization and composition of
the C. punctatum neural arch are very similar to what is observed
in the S. canicula neural arch (compare with Figures 1C,
2A’,B,C’,D).
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FIGURE 8 | (Continued)

FIGURE 8 | Mineralization patterns of the neural arches in Carcharhiniformes.
(A–D) Anterior vertebra of a tope shark Galeorhinus galeus (50 cm TL). (E–H)
Posterior vertebra of a scalloped hammerhead Sphyrna lewini (60 cm TL).
(I–L) Posterior vertebra of a blue shark Prionace glauca (80 cm TL). (A,E,I) 3D
isosurfaces. (B,F,J) virtual cross sections following the plane indicated in
(A,E,I). (C,G,K) HES staining on transverse sections following the plane
indicated in (A,E,I). (C’,G’,K’) Close-ups of the boxes in (C,G,K). (D,H,L)
PAS-AB staining of similar zones as in (C’,G’,K’), respectively. Legends as in
Figures 1–5.

The neural arch of the bull shark Carcharias taurus displays
superficial mineralization in the form of standard size tesserae,
while the core of the neural arch remains unmineralized
(Figures 9I,J) and cartilaginous (Figure 9K). The tesserae are
about 300 µm long (tangential axis) and 150 µm wide
(along the chondral-perichondrial axis, Figures 9K’,L). The cap
and body zones cannot be properly distinguished from our
sample, probably because of a tilted section plan (Figures 9K’,L).
However, we observe Sharpey’s fibers anchoring the tesserae to
the distal fibrous layer of the neural arch (arrows, Figures 9K’,L)
and unmineralized intertesseral joints (Figures 9K’,L).

4. DISCUSSION

In the following, we discuss our results at two scales of
organization, as previously defined by Dean and Summers
(2006). The description of the cells and extracellular matrices
involved in the mineralization (microscale description)
allows defining three histotypes: globular mineralization (as
reported by Ørvig, 1951), fibrous mineralization, and lamellar
mineralization (as reported by Peignoux-Deville et al., 1982).
On the other hand, the description of the whole skeletal
elements (mesoscale description) provides insights into three
mineralization architectures: discontinuous with tessellated
cartilage, continuous over the whole neural arch, and semi-
discontinuous in which tesserae are found associated with larger
elements that we herein named corner tesserae.

4.1. Microscale Characterization of the
Diversity of the Chondrichthyan
Mineralized Tissues
In this work, we described the distribution of three histotypes
in the neural arches of a wide taxonomic range of cartilaginous
fishes. These results highlight the combined contribution
of cartilaginous and perichondrial tissues in building the
mineralized skeletal units of most chondrichthyans.

First, we identified globular mineralization that initiates in the
hyaline cartilaginous matrix of the neural arches of all sampled
species, in all architectures. It occurs in poorly developed tesserae
of a holocephalan and the two Squaliformes examined in this
study, in the body zone of tesserae of several elasmobranch
species, in the most internal layer of the corner tesserae, and in
the continuously mineralized neural arches of the other species.
The classical description of tessellated cartilage includes such
globular mineralization in the body zone (Kemp and Westrin,
1979; Seidel et al., 2016, 2017; Maisey et al., 2020), where the
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FIGURE 9 | (Continued)

FIGURE 9 | Mineralization patterns of the neural arches in galeomorphs
(excluding Carcharhiniformes). (A–D) posterior vertebra of a horn shark
Heterodontus francisci (55 cm TL). (E–H) Anterior vertebra of a brownbanded
bambooshark Chiloscyllium punctatum (19.3 cm TL). (I–L) Anterior vertebra of
a bull shark Carcharias taurus (270 cm TL). (A,E,I) 3D isosurfaces. (B,F,J)
Virtual cross sections following the plane indicated in (A,E,I). (C,G,K) HES
staining on transverse sections following the plane indicated in (A,E,I).
(C’,G’,K’) Close-ups of the boxes in (C,G,K). (D,H,L) PAS-AB staining of
similar zones as in (C’,G’,K’), respectively. Legends as in Figures 1–5.

surrounding matrix is hyaline and cells display a chondrocyte
morphology with some shape variations (Chaumel et al., 2020).
In both standard and corner tesserae, our observations are
consistent with globular mineralization, from the observation of
heterogeneous staining marking the presence of Liesegang lines.
Although the exact nature of these Liesegang lines is not clear,
they were hypothesized to be produced by the rhythmic activity
of chondrocytes in their matrix (Kemp and Westrin, 1979).
Because chondrocytes are not embedded in the mineralized
matrix of the poorly developed tesserae of E. spinax,C. crepidater,
and H. colliei, we could not detect Liesegang lines. However,
Liesegang lines have been described in the thin tesserae of
other holocephalan species (Pears et al., 2020; Seidel et al.,
2020), defining these tesserae as sites of globular mineralization.
Previous studies also showed that fully developed tesserae first
appear only as subperichondrial focal mineralization sites (Enault
et al., 2015; Seidel et al., 2016). This suggests that tesserae
remain in an “under-developed” stage in holocephalan species
as they do not engulf chondrocytes and are devoid of cap
zone mineralization (Pears et al., 2020; Seidel et al., 2020),
although chondrocytes in the mineralized matrix were described
at an early stage of tesseral growth in C. milii (Pears et al.,
2020). Our findings extend the occurrence of this thin globular
mineralization outside of holocephalans, in selachian species
with secondarily poorly mineralized skeletons (E. spinax and C.
crepidater) but also in sites of poor development of these tesserae
(in the S. canicula vertebral body).

Although they did not study and precisely describe neural
arches, Ridewood and MacBride (1921) first illustrated several
transverse sections of vertebrae that showed the diversity of
mineralized tissues in elasmobranchs. More recent studies
have interpreted some aspects of the mineralized neural arch
tissues as “bone-like” in few elasmobranch species (Eames
et al., 2007; Enault et al., 2015; Atake et al., 2019). Here
we show that such tissues may be of at least two different
types that we both hypothesize to be of perichondrial origin.
Of these two types, fibrous mineralization is found in all
occurrences of a continuously mineralized neural arch, is
defined by the presence of fibrocyte-shaped cells enclosed in a
fibrous matrix often crossed by Sharpey’s fibers, and stands in
continuity with the peripheral unmineralized connective tissue
that links the neural arches to the surrounding muscles. Our
histological results support a perichondrial nature of the tissue
and therefore a growth by external apposition, as previously
suggested (Atake et al., 2019). Also, we show that the inner
cartilaginous core keeps a stable thickness in embryonic and
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juvenile stages of development, supporting the fact that growth
of the outer layers of the neural arches is generated through the
activity of perichondrial cells (Figures 2, 3). In our histological
assays, there is no staining difference between the fibrous
continuous mineralization in neural arches and the cap zone
of fully developed tesserae. The cap zone has classically been
described as a tissue with a derived type of mineralization
(prismatic mineralization in Ørvig, 1951). Because prismatic
mineralization can only be identified through polarized light
microscopy, our sample preparation does not allow identifying
the prismatic nature of the observed mineralization. However,
the perichondrial characteristics of the cap zone have also been
discussed recurrently in both the continuous neural arch tissues
and the cap zone of tesserae because of the presence of type
I collagen fibers and the observation of fibrocyte-shaped cells
(Kemp and Westrin, 1979; Dean and Summers, 2006; Seidel
et al., 2017). Further comparison to bone tissue was also often
raised about the cap zone because of its dense mineralization and
because of its topological location, similar to the perichondrial
bone described in early vertebrates (Ørvig, 1951; Donoghue and
Sansom, 2002). In our microCT images, we also detected internal
variation of mineral density, suggesting lower density in globular
mineralization as compared to fibrous mineralization. A more
detailed tissue characterization, including recognition of cellular
and lacunar shape or density, would have involved microCT
scans of a much higher resolution than those analyzed here.

The third mineralized tissue identified in our samples is
another type of perichondrial tissue that we named lamellar
mineralization and that is only observed on the proximal side of
the neural arches of S. canicula and C. punctatum. This lamellar
tissue in C. punctatum is thin and our sampled individual was
a young juvenile (19.3 cm TL) so it remains difficult to be
properly compared to our observation in S. canicula. In S.
canicula, the extracellular matrix content of this tissue appears
more linearly organized than in fibrous mineralization (hence
the lamellar denomination). The cell density is extremely low
as compared to both cartilaginous and fibrous tissues and the
rare cells observed in the matrix are similar to fibrocytes encased
in the lamellar matrix, which is particularly visible in the elder
S. canicula sample (Figures 1C’,D,C1,D1). The growth of this
tissue has to be appositional from cells located on the proximal
surface of the neural arch, facing the neural tube, where no thick
unmineralized perichondrium was apparent in our samples but
only a monolayer of fibrocytes (see Figure 9G’). This observation
highlights the potential for very different growth processes
between the fibrous and lamellar mineralized tissues, as cells do
not seem to behave similarly, being either engulfed and kept alive
(distal side) or dead or excluded from the mineralized matrix
(proximal side).

4.2. Mesoscale Mineralization Patterns:
Continuous vs. Discontinuous
Architectures
At mesoscale, we chose to classify our observations into
several types. We defined the mineralization architecture as
discontinuous when the neural surface is covered by tesserae
of homogeneous size, either fully developed with a body and

cap zones (Dean et al., 2009; Seidel et al., 2020) as in C. taurus
and in Rhinopristiformes, or reduced in size and acellular
(Maisey et al., 2020; Pears et al., 2020) as in Squaliformes
and in H. colliei (Table 2 and Figure 10, yellow silhouettes).
We further observed discontinuous architecture in the neural
arches of the posterior vertebrae of another batoid (in the white-
blotched river stingray Potamotrygon leopoldi, data not shown).
On the opposite extreme, we termed continuous architecture the
neural arch surface that is mineralized as a whole (Figure 10,
green silhouettes). Continuous mineralization involves globular,
fibrous, and eventually lamellar mineralizations and is reported
in Squatiniformes, Rajiformes, and all galeomorphs except in
Lamniformes (Table 2 and Figure 10, green silhouettes).

The third mesoscale architectural pattern is characterized
by the co-occurrence of homogeneous tesserae covering most
of the neural arch surface in addition to two larger elements
located on the anteriormost and posteriormost sides of the neural
arch, which we named corner tesserae after Dean et al. (2009).
From histology, these large elements are comparable both to
tesserae and to continuously mineralized neural arches because
they involve an internal (chondral) globular mineralization and
an external (perichondrial) fibrous mineralization. However,
they differ from standard tesserae because of their size and
also because they cover the surface of the proximo-distal face
of the element, in addition to having two parallel faces, one
on the proximal surface and the other one on the distal
surface of the neural arch, making them U-shaped in their
anterior-posterior axis (Figure 3K). As a result, they could be
interpreted either as highly modified and enlarged tesserae,
or as continuous mineralization that is restricted to only part
of the neural arch surface. We termed this situation a semi-
discontinuous architecture, considering it an intermediate state
between discontinuous and continuous architectures (Figure 10,
red silhouettes).

We described the semi-discontinuous architecture
only in batoids, in the posterior vertebrae of G. micrura
(Myliobatiformes) and Torpedo sp. (Torpediniformes) (Table 2
and Figure 10, red silhouettes). Besides, we report its occurrence
in the anterior vertebrae of R. clavata (Rajiformes), whereas
the posterior vertebrae displayed continuous mineralization.
Within Rajiformes, a semi-discontinuous architecture was
reported in the Eaton’s skate anterior vertebrae Bathyraja eatonii
(Rajiformes) (Atake et al., 2019), while continuously mineralized
neural arches were observed in the little skate posterior vertebrae
Leucoraja erinacea (Criswell et al., 2017). The co-occurrence
of continuous and semi-discontinuous architectures in R.
clavata calls for more complete descriptions of the mineralized
structures in vertebral columns in a wider range of Rajiformes,
and other batoids, to allow making any inference on the ancestral
state of mineralization architecture in this group.

4.3. Prospects on the Evolution of
Mineralized Histotypes in Vertebrates
4.3.1. The Putative Nature of Fibrous Mineralization
Our work provides a histological examination in an
unprecedented taxonomic range of elasmobranch fishes.
We uncover the occurrence of fibrous mineralization in
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TABLE 2 | Description and categorization of the mineralized tissues in the neural arches of the chondrichthyan species examined in this study.

Species Order

Mineralization histotypes (microscale)

Mineralization architecture (mesoscale)
Globular (c) Fibrous (pc) Lamellar (pc)

S. canicula Carcharhiniformes + +, dist +, prox

Continuous

C. punctatum Orectolobiformes + +, dist +, prox

P. glauca Carcharhiniformes + + −

G. galeus Carcharhiniformes + + −

S. lewini Carcharhiniformes + + −

H. francisci Heterodontiformes + + −

S. californica Squatiniformes + + −

R. clavata Rajiformes + + − Continuous and semi-discontinuous (corner tesserae)

G. micrura Myliobatiformes + + −
Semi-discontinuous (corner tesserae)

Torpedo sp. Torpediniformes + + −

R. ancylostoma Rhinopristiformes +, t +, t −

Discontinuous (tessellated)P. productus Rhinopristiformes +, t +, t −

C. taurus Lamniformes +, t +, t −

H. colliei Chimaeriformes +, t − −

Discontinuous (reduced)C. crepidater Squaliformes +, t − −

E. spinax Squaliformes +, t − −

+ indicates that the mineralized tissue is detected, as opposed to −, t indicates that the tissue is located within a tessera, and prox and dist are specified when the tissue is restricted

to the proximal (facing the neural tube) and distal (facing muscular attachments) sides of the neural arch, respectively. c, cartilage; pc, perichondrium.

FIGURE 10 | Phylogenetic relationships of the main chondrichthyan groups sampled in this study showing the distribution of neural arch mineralization architecture
(silhouettes: green, continuous mineralization; red, semi-discontinuous mineralization; yellow, discontinuous mineralization) and histotypes (F, fibrous mineralization; G,
globular mineralization; L, lamellar mineralization). Evolutionary events are located on the tree branches based on reconstructions following a most parsimonious
model.
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continuously mineralized neural arches in an Heterodontiform,
a Squatiniform, most Carcharhiniformes examined in this
study, and a Rajiform (Figure 10). Fibrous mineralization is also
identified in the perichondrial zone of both corner and standard
tesserae (Table 2). Here we wish to discuss the hypothesis of
fibrous mineralization to be naturally mineralizing fibrocartilage,
as previously suggested by Ørvig (1951) and Eames et al. (2007).
Mineralized fibrocartilages were described in tetrapod entheses
that join tendons to bones (Benjamin and Ralphs, 1998) and
surrounding rib cartilage (Claassen et al., 1996). Fibrocartilage
histology shows strong variation, ranging from almost hyaline
to highly fibrous (similar to tendons) in mammals (Wachsmuth
et al., 2006) and bony fishes (Benjamin, 1990). Similar variation is
observed in our sample, where fibrous mineralization resembles
more hyaline-type cartilage crossed by fibers in P. glauca
(Figures 8K,L). This hypothesis would also explain the presence
of type II collagen and a thin layer identified as “supra-tesseral
cartilage” in the perichondrial surface of tesserae in some species
(Seidel et al., 2017). Further histochemical, histological, and
cellular characterization is therefore needed to better define the
nature of this tissue and compare it to tetrapod tissues.

Beyond the nature of this tissue, we show that perichondrial
fibrous mineralization is widely present in skeletal tissues
of elasmobranchs. Ancestral character state reconstruction by
a most-parsimonious model (Supplementary Material 1 and
summarized in Figure 10) suggests that this histotype is
ancestral to elasmobranchs (as previously hypothesized by
Atake et al., 2019). This scenario implies a secondary loss
of fibrous mineralization in C. crepidater and E. spinax.
Considering the secondary loss of mineralization observed in
extant holocephalans (Maisey et al., 2020; Pears et al., 2020),
it is also plausible that fibrous mineralization is ancestral
to all chondrichthyans but lost in holocephalans. Fibrous
mineralization may then be a remnant of forms of mineralization
found in early vertebrates. As a consequence, a review of the
paleontological data is needed, especially in stem gnathostomes
and agnathan taxa where several forms of perichondrial bone
(cellular or acellular, as described in placoderm taxa Ørvig,
1951 or galeaspid and osteostracan taxa, as reviewed by
Donoghue and Sansom, 2002) may be revised in light of this
fibrous mineralization that covers cartilaginous skeletal units.
Further comparison with extant and extinct taxa of bony fishes
may also uncover similar tissues outside of chondrichthyans.
Only this information may shed light on the evolution of
fibrous mineralization and its significance to the evolution of a
mineralized skeleton in vertebrates.

4.3.2. Lamellar Mineralization and Putative Bone in

Cartilaginous Fishes
The continuous architecture always includes fibrous
mineralization in the distal part of the neural arch but we
identified lamellar, instead of fibrous, mineralization in the
proximal side of the neural arch of two galeomorph species
(Table 2). The fibrous and lamellar mineralizations histologically
differ in that the former contains numerous cells, as opposed
to the latter where only very few cells are observed, and
by the arrangement of fibers. Another difference is the lack

of a thick unmineralized connective tissue surrounding the
lamellar mineralization (see Figure 2C’, as opposed to the
situation in other galeomorphs, see Figures 9G’,K’). Bone-
like tissue was previously reported in the neural arches of
Carcharhiniformes (Peignoux-Deville et al., 1982; Eames et al.,
2007) and Rajiformes (Atake et al., 2019). These previous
studies did not distinguish the cellular from almost acellular
tissues and the histological staining results in the work of
Atake et al. (2019) better support the presence of fibrous
mineralization in both the proximal and distal sides of the
neural arches of L. erinacea and B. eatonii. As a consequence,
the lamellar mineralized pattern as defined in our work has only
been described so far in S. canicula and most probably in C.
ventriosum (Eames et al., 2007) (both Carcharhiniformes),
and in C. punctatum (Orectolobiformes). Considering
these results, ancestral character state reconstruction with a
most-parsimonious model suggests parallel evolution of this
lamellar pattern in Carcharhiniformes and Orectolobiformes
(Supplementary Material 2, summarized in Figure 10). Still, our
observations and hypothesis need to be confirmed with broader
sampling among Orectolobiform species, including older
specimens. As a broader conclusion, our results support a recent
evolution of this trait, making it unlikely to be homologous to
any bone type found in early vertebrates.

4.4. Concluding Remarks
Tessellated cartilage is considered a synapomorphy of
chondrichthyans (reviewed in Maisey, 2013) and displays a
high variety of tessera morphologies and spatial arrangements
(Summers et al., 1998; Seidel et al., 2016; Maisey et al., 2020;
Pears et al., 2020). What could be considered classical, polygonal
and flat tesserae as described in extant batoids are assumed
to be the ancestral morphology of chondrichthyan tesserae
and to have further undergone size and shape alterations
during the evolution of different groups, including strong
size regression as found in holocephalans (Pears et al., 2020).
Here we have described other mineralization architectures in
elasmobranchs, where cartilage surfaces can be continuously
mineralized or covered by a combination of tesserae and larger
mineralized elements. The reconstruction of an ancestral state
for the architecture character under maximum parsimony
only suggests that mineralization of the neural arches was
ancestrally continuous in selachians, considering a secondary
reduction of mineralization in our sampled Lamniform
(Supplementary Material 3). More samples are necessary to
generate hypotheses on chondrichthyans and elasmobranchs.

Besides, we never observed any complete absence of
mineralization in our samples. What could be considered a
minimal state of mineralization was located in a subperichondrial
zone of the hyaline cartilaginous matrix of neural arches
(in H. colliei, E. spinax, and C. crepidater). This zone was
previously considered as the initiator for further mineralization
that would propagate from the hyaline cartilage toward the
perichondrium (Ørvig, 1951). It is plausible that the process and
pattern of tissue mineralization in elasmobranchs (microscale
analysis) might be completely independent of the process of
architecture regulation (mesoscale analysis) that has led to
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the derived evolution of tesserae in chondrichthyans. As a
consequence, if mineralized tissues are comparable in continuous
and discontinuous mineralized architectures, evolution between
these two states may simply entail a variation in the intensity
of one regulatory signal (as suggested by Maisey et al., 2020)
that would constrain the size of the mineralized elements, from
tesserae as minimal objects to fully mineralized structures, with
intermediate states involving the massive elements described in
some neural arches of batoids.

Finally, the occurrence of a reduced tessellated pattern
in phylogenetically distant groups (Squaliformes and
holocephalans) questions the existence of ecological signals
able to drive such convergent evolution. Deep-water shark
species are known to display reduced mineralization of the
endoskeleton as compared to shallower species (Dean et al.,
2015; Seidel et al., 2016). H. colliei is not restricted to deep
water habitats (Barnett et al., 2012) but holocephalans are
characterized by a reduction of mineralized structures (Pears
et al., 2020) and are the chondrichthyan group found in deepest
waters (Priede and Froese, 2013). As a conclusion, ecological
constraints, such as deep-water habitat may have convergently
driven loss of mineralization in chondrichthyans. It is assumed
that such a reduced amount of mineralization could contribute to
energetic trade-offs by impacting buoyancy and metabolic costs
of locomotion (Blaxter et al., 1971; Blaxter, 1980), however, more
data on chondrichthyans are needed to challenge this hypothesis.
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The avian eggshell is a remarkable biomineral, which is essential for avian reproduction;
its properties permit embryonic development in the desiccating terrestrial environment,
and moreover, are critically important to preserve unfertilized egg quality for human
consumption. This calcium carbonate (CaCO3) bioceramic is made of 95% calcite
and 3.5% organic matrix; it protects the egg contents against microbial penetration
and mechanical damage, allows gaseous exchange, and provides calcium for
development of the embryonic skeleton. In vertebrates, eggshell occurs in the
Sauropsida and in a lesser extent in Mammalia taxa; avian eggshell calcification
is one of the fastest known CaCO3 biomineralization processes, and results in
a material with excellent mechanical properties. Thus, its study has triggered
a strong interest from the researcher community. The investigation of eggshell
biomineralization in birds over the past decades has led to detailed characterization
of its protein and mineral constituents. Recently, our understanding of this process
has been significantly improved using high-throughput technologies (i.e., proteomics,
transcriptomics, genomics, and bioinformatics). Presently, more or less complete
eggshell proteomes are available for nine birds, and therefore, key proteins that comprise
the eggshell biomineralization toolkit are beginning to be identified. In this article, we
review current knowledge on organic matrix components from calcified eggshell. We
use these data to analyze the evolution of selected matrix proteins and underline their
role in the biological toolkit required for eggshell calcification in avian species. Amongst
the panel of eggshell-associated proteins, key functional domains are present such
as calcium-binding, vesicle-binding and protein-binding. These technical advances,
combined with progress in mineral ultrastructure analyses, have opened the way for new
hypotheses of mineral nucleation and crystal growth in formation of the avian eggshell,
including transfer of amorphous CaCO3 in vesicles from uterine cells to the eggshell
mineralization site. The enrichment of multi-omics datasets for bird species is critical
to understand the evolutionary context for development of CaCO3 biomineralization
in metazoans, leading to the acquisition of the robust eggshell in birds (and formerly
dinosaurs).
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INTRODUCTION

The avian eggshell is a calcitic biomineral that surrounds
the telolecithal egg (i.e., possessing an uneven distribution of
vitellus). The eggshell is essential to prevent desiccation during
embryonic development and to regulate metabolic gas exchange.
The shell is a remarkable physical barrier to protect the embryo
against pathogens and mechanical shocks (Hincke et al., 2012;
Gautron et al., 2021); moreover, the shell is a source of calcium
for embryonic bone mineralization (Hincke et al., 2019). The egg
is an autonomous source of all nutritive elements for embryo
development, and therefore the unfertilized chicken egg is a high
quality nutrient in the human diet. The study of the eggshell
calcification process is of great importance to provide new
insights into mechanisms of biomineralization, and to provide
new tools to ensure the quality of the egg and its food safety for
human consumption.

The oviduct is the organ of egg production in birds; it
consists of six distinctly specialized segments that secrete the
constituents of each egg compartment: infundibulum (vitelline
membrane to enclose the egg yolk), magnum (secretion of
egg white), white isthmus (elaboration of eggshell membranes),
red isthmus (initiation of shell mineralization on mammillary
cores), uterus (eggshell formation, cuticle deposition) and vagina
(expulsion of mature egg). After ovulation of the ovocyte and
its egg yolk, the egg white is secreted and deposited around the
forming egg while it transits through the magnum segment. The
eggshell membranes are deposited in the isthmus, and the calcitic
eggshell is mineralized while it remains in the uterus (Nys et al.,
2004). Eggshell mineralization takes place in an acellular uterine
fluid secreted by uterine tissue, which contains mineral and
organic precursors essential for shell mineralization (Gautron
et al., 1997; Jonchère et al., 2012). In vitro crystallization tests
using chicken uterine fluid have shown that this fluid strongly
modifies the kinetics of calcite crystal formation and the resulting
crystal morphology (Dominguez-Vera et al., 2000; Hernandez-
Hernandez et al., 2008b). Finally, shell biomineralization is
arrested with deposition of the phosphate-rich cuticle and the egg
is laid. Eggshell mineralization follows five major stages: briefly,
(1) amorphous calcium carbonate (ACC) is deposited on the
entire surface of the outer eggshell membranes, which then (2)
transforms into calcite at organic matrix clusters (mammillary
cores); (3) calcite crystals nucleate from these sites and (4) grow
rapidly with their c-axis becoming increasingly perpendicular
to the eggshell surface. Two hours before egg expulsion, (5)
mineralization is arrested and a thin layer of organic cuticle is
deposited that covers the calcified layer and plugs the respiratory
pores (Nys et al., 2004; Rodríguez-Navarro et al., 2015). For more
detail regarding eggshell mineralization, the reader is referred to
a new review by Gautron et al. (2021).

The avian eggshell is the result of an exceptional evolutionary
strategy. Since the Late Devonian geological period (∼360 MYA –
million years ago), the conquest of the terrestrial landscape
challenged vertebrates to fulfill various vital functions such as
breathing, locomotion and reproduction. Birds belong to the
Sauropsida clade (that includes modern and extinct reptiles –
turtles, lizards, snakes, crocodiles etc. – and birds) that appeared

315 MYA (Falcon-Lang et al., 2007). While amphibians have
retained a need to lay their eggs in water, birds produce an
impervious calcified barrier around the egg that they lay in
terrestrial nests. Amongst laying-egg animals, birds possess the
most solid eggshell; the soft-shelled eggs of turtles, lizards
and snakes are less mineralized than bird eggshells, whereas
crocodiles produce intermediate hard-shelled eggs (Choi et al.,
2018). According to the fossil record, the first evidence of a
calcified eggshell occurred at the Late Triassic/Early Jurassic,
and belonged to a crocodilian (Bonaparte and Vince, 1979;
Carpenter, 2000). In dinosaurs, the groups from which birds
emerged, the oldest eggshells have been identified in the Early
Jurassic, for which microstructural studies reveal a very thin
shell (Garcia et al., 2006; Stein et al., 2019). According to
numerous observations, the microstructure of dinosaur and bird
eggshells is highly similar, with calcareous crystals forming an
inner mammillary zone and outer palisade structure (Mikhailov,
1991). A recent study provided evidence for the independent
evolution of calcified eggs in dinosaurs, with soft-shelled eggs
as the ancestral character and the occurrence of at least three
hard-shelled egg events (Norell et al., 2020).

Much knowledge of eggshell biomineralization has been
obtained from studies utilizing the chicken egg. For decades,
a combination of physical and biological approaches has led
to increased understanding of this process. Microscopies (SEM
and TEM), infrared and Raman spectroscopies, and X-ray
diffraction have characterized the mineral phase (Rodríguez-
Navarro et al., 2015; Pérez-Huerta and Dauphin, 2016; Choi
et al., 2019). Protein purification, immunochemistry (Western
blotting, colloidal gold immunocytochemistry) and proteomics
were essential to identify occluded organic matrix constituents
(Hincke et al., 2012; Gautron et al., 2021). Hundreds of proteins
have been identified in eggshell proteomes from a small number
of species (Table 1). Amongst this protein cortege, major
functions have been assigned such as calcium-binding, matrix-
organization, antimicrobial function, and so on (Marie et al.,
2015a). The present review aims to describe six major proteins
that have been identified as key actors in eggshell mineralization:
Ovocalyxin-32 (OCX-32), Ovocalyxin-36 (OCX-36), Ovocleidin-
116 (OC-116), Osteopontin (OPN), EGF (epidermal growth
factor)-like repeats and discoidin domains 3 (EDIL3), and
Ovocleidin-17 and its homologs (OC-17 and XCA). These six
proteins possess essential functions (antimicrobial properties,
regulation of CaCO3 crystallization or vesicular transport of
ACC) and are present in significant abundance to be considered
as major members of the eggshell biomineralization toolkit
(Figure 1); it is likely that they were recruited during evolutionary
acquisition of eggshell formation.

AVIAN EGGSHELL: AN EXCEPTIONAL
VERTEBRATE CALCIUM CARBONATE
BIOMINERAL

The bird eggshell is a remarkable bioceramic that demonstrates
exceptional mechanical properties; the eggshell appeared in
the last common ancestor of amniotes around 326 MYA
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TABLE 1 | List of eggshell proteomes and the presence of transcriptome/genome in bird and reptile species.

Species Common name Eggshell
proteins

Uterine
transcriptome/genome

Proteome references

Neognathae → Galloanserae

Gallus gallus Chicken 904 Yes/yes Mann et al., 2006; Marie
et al., 2015a

Meleagris gallopavo Turkey 697 No/yes Mann and Mann, 2013

Numida meleagris Guinea fowl 154 Yes/no Le Roy et al., 2019

Coturnix japonica Japanese quail 622 Yes/yes Mann and Mann, 2015

Anas platyrhynchos Mallard duck 484 Yes/yes Zhu et al., 2019

Neognathae → Neoaves

Taeniopygia guttata Zebra finch 475 No/yes Mann, 2015

Palaeognathae

Struthio camelus Common ostrich 2 No/yes Mann and Siedler, 2004

Dromaius novaehollandiae Emu 2 No/yes Mann and Siedler, 2006

Rhea americana Greater rhea 2 No/yes Mann and Siedler, 2006

Crocodilia

Crocodylus siamensis Siamese crocodile 58 No/no Mikšík et al., 2018

Hundreds of proteins have been identified in eggshell proteomes in a small number of species. The presence of uterine transcriptome characterization and/or genome
annotation in these species was checked in NCBI databases.

FIGURE 1 | Schematic representation illustrating the presence of the 6 major proteins at the key events of chicken eggshell mineralization adapted from Marie et al.
(2015a) and Gautron et al. (2021). Size of characters is relative to their level at individual stages [based on hierarchical ranking of the emPAI value from Marie et al.
(2015a) for stages from 5 to 16 h and from Rose-Martel et al. (2012) – cuticle proteome – for the stage 23 h]. Overabundant proteins at each stage are indicated in
red [based on spectral counting label free quantitative method and ANOVA statistical analysis from Marie et al. (2015a)].

(Blair and Hedges, 2005; Ford and Benson, 2020). Across various
bird species, eggshell strength is positively correlated with
egg weight (Ar et al., 1979). Guinea fowl shows an elevated
strength (Figure 2), which is related to its unique shell

texture (Pérez-Huerta and Dauphin, 2016). In general, calcium
carbonate crystal units of the bird eggshell palisade layer are
parallel to each other and grow following the c-axis, i.e.,
perpendicular to the eggshell membranes and eventual eggshell
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FIGURE 2 | Eggshell strength as function of egg weight in thirteen bird species [adapted from Ar et al. (1979)].

surface (Hernandez-Hernandez et al., 2008a,b; Rodríguez-
Navarro et al., 2015). This organization is also observed in
fossilized dinosaur eggshells (Mikhailov, 1991; Voris et al., 2018;
Dawson et al., 2020). In Guinea fowl (Numida meleagris), the
first third of deposited shell is similar in structure to that of
other species, whereas the outer two-thirds are composed of
smaller crystal units with varying crystallographic orientations
that form an intricate interlacing pattern that greatly improves
shell strength (Petersen and Tyler, 1966; Panheleux et al.,
1999a; Song et al., 2000; Pérez-Huerta and Dauphin, 2016).
These animals are endemic to Central Africa and lay their
eggs on the ground. The elevated breaking strength of their
eggshell is likely the result of a specific adaptation to their
environment (e.g., predation). A recent microstructural study
of other bird eggshells suggested that Guinea fowl is not
the only avian species to demonstrate this peculiar feature,
since Rhea eggshell also has a similar crystalline organization
(Choi et al., 2019). Since both are ground-nesting species, it
is tempting to correlate their vulnerable nest location to the
interlaced crystalline organization of their strengthened eggshell,
which could better protect the egg. However, in other ground-
nesting species, such as ostrich, chicken, turkey, etc., the eggshell
ultrastructure is columnar.

The ultrastructure, polymorph and nucleation/growth
of calcium carbonate crystals are controlled by a specific
macromolecular toolkit, the organic matrix (OM) (Chien
et al., 2008; Hernandez-Hernandez et al., 2008a,b; Zhao
et al., 2013; Gautron et al., 2019, 2021). The bird eggshell
OM represents 3.5% of the total shell weight including shell

membranes. In the calcified part, the OM represents 1.5–2%
of the overall contents (Panheleux et al., 2000). This eggshell
OM is composed of proteins and proteoglycans, and has been
studied for several decades, especially in chicken, Gallus gallus
(Leach, 1982; Hincke et al., 1995, 2012; Pines et al., 1995;
Gautron et al., 1997, 2021; Nys et al., 1999; Panheleux et al.,
1999b; Arias and Fernandez, 2001). Eggshell membranes are
the physical support for initiation of shell formation and are
composed of a collagen-rich network of fibers (Wong et al.,
1984; Arias et al., 1991; Ahmed et al., 2017). As in other
metazoan biomineralization systems (e.g., molluscan shell,
coral exoskeleton, echinoderm skeleton, etc.), the proteins of
the OM possess various functional domains that regulate the
matrix organization and control mineral formation (Marie
et al., 2010; Ramos-Silva et al., 2013; Gautron et al., 2021).
In addition, antimicrobial activities have been identified in
avian eggshell that reinforce protection of the embryo against
pathogens (Wellman-Labadie et al., 2008a,b,c; Cordeiro et al.,
2013; Marie et al., 2015a,b; Gautron et al., 2021). Multiple studies
of the evolution of calcium carbonate biomineralization in
metazoans have demonstrated that certain homologous proteins
were independently recruited to support this process, such
as carbonic anhydrases and C-type lectins (Blank et al., 2003;
Matsubara et al., 2008; Moya et al., 2008; Le Roy et al., 2014;
Voigt et al., 2014; Karakostis et al., 2016; Weber et al., 2016).
In other cases, newly arisen genes became specific and essential
in the biomineralization process; for instance, the Enam gene
product (Enamelin) in mammals is involved in dental enamel
mineralization. This gene either emerged in mammals after
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the mammal/bird divergence or was lost in birds (Kawasaki
et al., 2007). There are other examples of taxon-specific proteins
involved in metazoan biomineralization, such as scleritin in
the calcitic skeleton of octocorals (Conci et al., 2019; Le Roy
et al., 2021), galaxin in the calcitic and aragonitic skeleton of
corals (Conci et al., 2020), and pearlin in nacre of pearl oysters
(Marie et al., 2011).

MULTI-OMICS: A SIGNIFICANT
CONTRIBUTION TO THE
IDENTIFICATION OF EGGSHELL
ORGANIC MATRIX PROTEINS

In the past few years, a huge enrichment of the genomic and
transcriptomic databases in Aves has widely contributed to
the identification of eggshell OM proteins in diverse species.
The current Ensembl database1 contains genomes from 40 bird
and 18 reptile species (Figure 3A), while NCBI lists genome
assemblies from 507 bird (487 Neognathae and 20 Palaeognathae)
and 64 reptile species. The 10,000 Genomes Project (B10K2)

1http://www.ensembl.org/index.html
2https://b10k.genomics.cn/index.html

recently reported the genomes for 363 bird species including
267 new genomes, establishing a new pipeline to analyze the
unprecedented scale of genomic data, and illustrating how
these resources give improved resolution for genomic evolution
analyses (Feng et al., 2020). The recent enrichment of genomic
databases provides a critical tool for identification of bird eggshell
proteome constituents by high-throughput mass spectrometry
analysis (Figure 3B) (Mann et al., 2006, 2007a; Rose-Martel
et al., 2012, 2015; Mann and Mann, 2013, 2015; Mann, 2015;
Marie et al., 2015a; Gautron, 2019; Gautron et al., 2019, 2021;
Le Roy et al., 2019; Zhu et al., 2019). Accurate gene annotation
is critical to support proteomic approaches. For example, more
than 1,300 chicken eggshell protein sequences with different
identifiers were aligned to eliminate all redundancies; with this
approach, 904 unique proteins were identified in the eggshell
layers including membranes and cuticle (Gautron, 2019; Gautron
et al., 2019). Another integrated analysis of chicken eggshell
matrix enumerated a total of 676 eggshell matrix proteins in the
mineralized shell (Yang et al., 2020). Additional bird eggshell
proteomes have been studied quite extensively, identifying 697,
622, 475, and 484 proteins in the mineralized eggshell of
turkey (Meleagris gallopavo), quail (Coturnix japonica), zebra
finch (Taeniopygia guttata) and mallard (Anas platyrhynchos)
eggshells, respectively (Mann and Mann, 2013, 2015; Mann, 2015;

FIGURE 3 | Number of genomes sequenced in birds and reptiles, and the proteins identified in eggshell of different avian species. (A) Increase in number of bird and
reptile genomes available in NCBI (upper: https://www.ncbi.nlm.nih.gov/), and Ensembl (lower: http://www.ensembl.org/index.html) databases since the chicken
genome assembly in 2004. (B) Number of identified proteins using proteomics (upper) and non-proteomics (lower) approaches. Data were compiled from Hincke
et al. (1995, 1999), Panheleux et al. (1999b), Gautron et al. (2001, 2007),Mann et al. (2006), Mann and Mann (2013, 2015), Mann (2015), Marie et al. (2015a), Zhu
et al. (2019), and Le Roy et al. (2019).
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Zhu et al., 2019), and 149 proteins in the entire eggshell of Guinea
fowl (Numida meleagris) (Le Roy et al., 2019). This low number
of identified proteins in Guinea fowl eggshell is possibly due to
incomplete annotation of its genome (NumMel1.0.).

The next section will describe the evolutionary context for
six major proteins that have been identified as key actors in
chicken eggshell mineralization (OCX-36, OCX-32, OC-116,
OPN, EDIL3, and OC-17/XCA).

VERTEBRATE PROTEINS RECRUITED IN
THE EGGSHELL BIOMINERALIZATION
PROCESS

Ovocalyxin-32: An Antimicrobial Protein
That Influences Eggshell Quality
Ovocalyxin-32 (OCX-32) was originally identified in chicken as
an eggshell-specific protein, and its gene is highly expressed in
the uterus and the isthmus regions of the oviduct (Gautron
et al., 2001). This last study localized OCX-32 in the outer
shell (outer palisade layer, the vertical crystal layer and the
cuticle). Proteomic analyses revealed abundant OCX-32 in the
uterine fluid during the initial phase of mineralization, and its
relative enrichment in the palisade region of the eggshell (Marie
et al., 2015b,a). OCX-32 was also identified in the proteome
of the insoluble fraction of the chicken eggshell organic matrix
(Mikšík et al., 2007). OCX-32 possesses 32% identity with
mammalian carboxypeptidase inhibitors, latexin and the retinoic
acid receptor-responder 1 (RARRES1). Recombinant OCX-32
inhibited bovine carboxypeptidase and the growth of Bacillus
subtilis (Xing et al., 2007), suggesting an antimicrobial role for
OCX-32 in providing protection to the developing avian embryo.
Proteomic analysis of the chicken eggshell cuticle demonstrated
that OCX-32 is one of the most abundant constituents of this
non-mineralized region, and could play a major role in the
antimicrobial properties of the cuticle (Rose-Martel et al., 2012;
Bain et al., 2013). Polymorphisms in the gene coding for OCX-32,
RARRES1 (gene synonym: OCX32), are significantly associated
with egg production traits (Uemoto et al., 2009; Romé and Le
Roy, 2016). In another study, the quantitative trait loci (QTLs)
on chromosome 9 were investigated in an F2 generation that
was an intercross between two chicken lines divergently selected
for eggshell strength (Takahashi et al., 2010). RARRES1/OCX32
was identified as a candidate gene influencing eggshell quality
(e.g., egg weight, egg dimensions and eggshell weight), and
RARRES1/OCX32 SNPs (single-nucleotide polymorphisms) are
associated with eggshell quality and mammillary knob layer
thickness (Dunn et al., 2008). Trait association studies of non-
synonymous SNPs also revealed a significant effect of OCX-32 on
shell color in white egg lines and line-specific significant effects
on albumen height, early egg weight, puncture score, and yolk
weight (Fulton et al., 2012).

Recent proteomics analyses failed to identify OCX-32 in
the turkey and quail eggshell (Mann and Mann, 2013, 2015).
Nevertheless, in addition to the chicken eggshell organic matrix,
this protein has been identified in the eggshell proteome of zebra

finch, Guinea fowl and mallard duck (Mann, 2015; Le Roy et al.,
2019; Zhu et al., 2019). Synteny analysis of the RARRES1/OCX32
gene using NCBI database, demonstrates that it is homologous
from fishes to mammals (Figure 4), suggesting a common
ancestor in vertebrates. In addition, the chromosomal location
of the RARRES1/OCX32 gene is highly conserved in a syntenous
gene locus from fishes to mammals (Figure 4). Therefore, while
OCX-32 is highly conserved and may be an important member
of the eggshell mineralization toolkit, it does not appear to be
present in all eggshell proteomes, nor is it unique to calcium
carbonate biomineralizing organisms.

The LBP/BPI/PLUNC Family Protein,
Ovocalyxin-36
Ovocalyxin-36 (OCX-36) is a protein belonging to the
bactericidal/permeability-increasing (BPI), lipopolysaccharide-
binding proteins (LBP), and palate, lung and nasal epithelial
clone (PLUNC) protein family (Chiang et al., 2011; Krasity
et al., 2011; Baron et al., 2013). OCX-36 was first identified in
the chicken eggshell; expression of its gene was detected in the
uterus and to a lesser degree in red isthmus, which are located
where eggshell mineralization occurs (Gautron et al., 2007).
This protein is detected in uterine fluid and throughout the
entire eggshell, especially at the inner part of the shell and at
the mammillary layer (Gautron et al., 2007; Mikšík et al., 2007).
Purification of OCX-36 revealed its antimicrobial activity against
Staphylococcus aureus, and ability to bind lipopolysaccharide
(LPS) from Escherichia coli and S. aureus lipoteichoic acid (LTA)
(Cordeiro et al., 2013). These results support the proposed
involvement of OCX-36 in the innate immune response, similar
to other homologous members of the BPI/LBP/PLUNC family
(Gautron et al., 2007, 2011). The OCX-36 protein sequence is
composed of two lipid-binding domains BPI1 (BPI/LBP/CETP
N-terminal domain) and BPI2 (BPI/LBP/CETP C-terminal
domain) of about 200 amino acids each (Supplementary
Figure 1) (Gautron et al., 2007). OCX-36 was initially thought
to be eggshell-specific since this protein was first identified
in chicken eggshell membranes and eggshell organic matrix.
However, in addition to the distal oviduct, it is also expressed
in the chicken intestine (Gautron et al., 2007; Tian et al., 2010;
Chiang et al., 2011).

The BPI/LBP/PLUNC protein family belongs to the TULIP
(tubular lipid-binding) superfamily, which split into two
groups before the last eukaryote common ancestor: SMP-like
proteins (synaptotagmin-like, mitochondrial and lipid-binding
proteins) and BPI-like proteins (Alva and Lupas, 2016). The
BPI/LBP/PLUNC family is only present in animals (Alva and
Lupas, 2016). Indeed, members of this gene family are found
in both vertebrate and invertebrate species (Solstad et al.,
2007; Chiang et al., 2011; Krasity et al., 2011). In vertebrates,
although 20–30% of amino acid identity was observed between
chicken OCX-36 and other BPI family B proteins (also called
LPLUNCs) (Supplementary Table 1), the similar organization of
exons/introns in members of this gene family strongly suggests a
common origin by multiple duplication events (Gautron et al.,
2007; Tian et al., 2010). Synteny analysis of this gene family
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FIGURE 4 | Synteny of RARRES1/OCX32 genes in vertebrates. The RARRES1/OCX32 gene is represented by a red box and the flanking genes MLF1 (myeloid
leukemia factor 1), GFM1 (G elongation factor mitochondrial 1) and MFSD1 (major facilitator superfamily domain containing 1) are represented by gray boxes. ChUn,
chromosome unknown. Gene IDs are listed in Supplementary Table 2. The left part of the figure depicts the phylogenetic relationship between vertebrate species
(adapted from www.tolweb.org and Kapusta et al., 2017).

confirms a common ancestor for the genes encoding chicken
OCX-36, BPIFB3 (gene synonym: OCX36) and other BPI family
B members (Tian et al., 2010; Gautron et al., 2011) (Figure 5
and Supplementary Table 1). Since these previous analyses were
performed, substantial new genomic and transcriptomic data has
enriched this story. The synteny presented in Figure 5 shows the
presence of a BPIFB3/OCX36 orthologous gene in reptiles (turtle
and alligator), and other bird species from Palaeognathae (kiwi),
Neoaves (zebra finch), and Galloanserae (duck). In addition,
analysis of the platypus genome (Ornithorhynchus anatinus),
an egg-laying mammal (Monotremata), reveals the presence of
BPIFB4-like gene at the same location as BPIFB3/OCX36 in
birds and reptiles (Figure 5). Identity and similarity levels are
higher between platypus BPIFB4-like and chicken OCX-36 than
between chicken OCX-36 and other chicken BPIFB paralogs
(Supplementary Table 1), suggesting that platypus BPIFB4-like
is the ortholog of avian OCX-36. Phylogenetic analysis of OCX-
36 and its relatives shows a first cluster containing chicken OCX-
36, BPIFB4-like from other birds, OCX-36-like from reptiles
and BPIFB4-like from platypus (Figure 6). This cluster, in
addition to the results of synteny analysis, strongly suggests
that all these genes are orthologs of chicken OCX-36. These
new inputs expand the presence of BPIFB3/OCX36 orthologous
genes to Archelosauria (turtles, crocodiles, and birds) and
Monotremata (egg-laying mammals) phyla. Finally, these new
insights invalidate the previous hypothesis that BPIFB3/OCX36
arose after the divergence of birds and mammals (Tian et al.,
2010; Chiang et al., 2011; Gautron et al., 2011). The phylogenetic
tree coupled with synteny strongly support that BPIFB3/OCX36

appeared before the divergence of birds and mammals, which
was likely lost in therian mammals (placentals and marsupials)
(Figures 5, 6). This phylogeny indicates that another member,
TENP (transiently expressed in neural precursors), is the
oldest gene in the BPI/LBP/LPLUNC family, and that the
BPIFB3/OCX36 gene is the result of three duplication events
before tetrapod diversification and one event in amniotes.

New support for the specificity of OCX-36 protein orthologs
to eggshell should be sought by investigation of diverse eggshell
proteomes such as ratites, reptiles and monotremes. In the
shell proteome of a crocodilian egg, an OCX-36 ortholog
was not identified, but, as in birds, its paralog TENP-like
is present in the shell organic matrix (Mann et al., 2006;
Mikšík et al., 2018). In chicken, TENP is also found in
egg white, vitelline membranes and egg yolk (Guérin-Dubiard
et al., 2006; Mann, 2007; D’Ambrosio et al., 2008; Mann and
Mann, 2008; Farinazzo et al., 2009). Apparently, TENP was
recruited to the egg immune system in birds, while mammalian
orthologs, BPIL1/BPIFB2/LPLUNC2, were recruited in ORL
(olfactory epithelium, larynx, and tongue) tissue immunity
(Andrault et al., 2003).

Co-option of SIBLING Bone Proteins,
Osteopontin (OPN/SPP1) and
Ovocleidin-116 (OC-116/MEPE) in
Eggshell Biomineralization
OPN is a phosphoprotein (SPP1, secreted phosphoprotein 1,
is the mammalian ortholog) found in both avian bone and
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FIGURE 5 | Synteny of BPIFB3/OCX36 genes in birds and its relatives in vertebrates. The BPIFB3/OCX36 gene is represented by a dark purple box and its relatives
are represented by light purple boxes. Flanking genes DNA (cytosine-5)-methyltransferase 3B (DNMT3B), Microtubule-associated protein RP/EB family member 1
(MAPRE1) and Mitochondrial tRNA methylthiotransferase (CDK5RAP1) are represented by gray boxes. ChUn, chromosome unknown. Gene IDs are listed in
Supplementary Table 2. The left part of the figure depicts the phylogenetic relationship between vertebrate species (adapted from www.tolweb.org and Kapusta
et al., 2017).

eggshell, as well as a variety of other tissue and cell types
(Moore et al., 1991; Pines et al., 1995; Sodek et al., 2000;
Fernandez et al., 2003; Chien et al., 2009; Hincke et al., 2012).
In mice, OPN is strongly implicated in bone remodeling and
fracture healing (McKee et al., 2011). In chicken, the oviduct
expression of the OPN gene (SPP1) is entirely uterine-specific
and is temporally associated with eggshell calcification through
mechano-transcriptomic coupling of physical distension of the
uterine wall to SPP1 expression (Pines et al., 1995; Lavelin et al.,
1998). Moreover, unusual patterns of uterine SPP1 expression
are associated with eggshell mineralization defects (Arazi et al.,
2009). Localization by colloidal gold immunocytochemistry
shows that OPN is concentrated in the palisade layer of the
eggshell, where it is associated with parallel protein sheets of
organic matrix, and more diffusely with the (104) crystallographic
faces of eggshell calcite (Chien et al., 2008, 2009; Hincke et al.,
2008). Specific OPN binding to the growing (104) crystal face
during mineralization could modify the resistance of the shell to
fracture along this plane. A functional interaction between OPN
and the (104) eggshell calcite faces was supported by in vitro
studies where synthetic calcite crystal growth at the (104) face was
inhibited by added OPN (Chien et al., 2008). Nanoindentation
and atomic force microscopy measurements suggest that OPN
influences eggshell hardness and nanostructure, which in turn
control the mechanical properties of the shell (Athanasiadou
et al., 2018). SNPs in chicken SPP1 are associated with eggshell
fracture toughness (Dunn et al., 2009; Romé and Le Roy, 2016),
which supports a regulatory role for OPN in mineralization.
From fishes to mammals, OPN possesses a poly-aspartate motif,

which is able to bind calcium and mediates binding to the
mineral surface (Supplementary Figure 2; Sodek et al., 2000;
Athanasiadou et al., 2018; Weber, 2018). However, in birds and
reptiles, the OPN protein sequence exhibits a unique feature,
a histidine-rich region that is suspected to originate from a
microbial gene via a horizontal gene transfer event in early
reptiles (Supplementary Figure 2; Weber, 2018). In mollusk
shell, perlinhibin is a histidine-rich protein that inhibits calcium
carbonate crystallization (Mann et al., 2007b), suggesting that this
motif in eggshell OPN could play a similar calcite-specific role.
In addition to the histidine-rich region, the C-terminal region
is different between reptiles and non-reptilian vertebrates. In
reptiles, the C-terminus is highly conserved, which supports a
specialization of this protein with an important functional role
in this vertebrate group (Supplementary Figure 2).

Ovocleidin-116 (OC-116; MEPE, matrix extracellular
phosphoglycoprotein, is the mammalian ortholog) is a major
component of the chicken uterine fluid, and is the most abundant
matrix protein in the eggshell (Hincke et al., 1999; Mann et al.,
2002, 2006; Marie et al., 2015a). It is an eggshell dermatan
sulfate proteoglycan, which also possesses two N-glycosylated
sites as well as N-glycan structures with fucosylated LacdiNAc
(Nimtz et al., 2004). Immunostaining of the decalcified eggshell
demonstrated the presence of OC-116 throughout the palisade
layer and in the mammillary cone layer (Hincke et al., 1999).
OC-116 is present in both soluble and insoluble fractions of the
chicken eggshell matrix (Mann et al., 2002, 2006; Mikšík et al.,
2007). Proteomics studies have identified OC-116 in the eggshell
of chicken, turkey, quail, mallard duck and Guinea fowl, where
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FIGURE 6 | Phylogenetic reconstruction of OCX-36 and its orthologs and paralogs in vertebrates. For phylogeny multiple alignment was performed using ClustalW
and Gblocks (www.phylogeny.fr). Model of protein evolution used is JTT + G (MEGAX v10.1.8; https://www.megasoftware.net/). Topology of the tree corresponds to
maximum likelihood method with 100 repetitions (MEGAX v10.1.8). Bootstrap values from maximum likelihood/Bayesian inference are indicated at each node when
value is >50.

it is one of the most abundant eggshell constituent (Mann and
Mann, 2013, 2015; Marie et al., 2015a; Le Roy et al., 2019; Zhu
et al., 2019). In addition to the eggshell, OC-116 was reported

in the chicken cortical and medullary bone (Horvat-Gordon
et al., 2008). SNP analysis revealed that the MEPE/OC116 gene
is associated with shell thickness, elastic modulus and egg shape

Frontiers in Genetics | www.frontiersin.org 9 May 2021 | Volume 12 | Article 672433152

http://www.phylogeny.fr
https://www.megasoftware.net/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-672433 May 5, 2021 Time: 18:26 # 10

Le Roy et al. Avian Eggshell Biomineralization Protein Toolkit

(Dunn et al., 2009; Romé and Le Roy, 2016). The mammalian
ortholog MEPE is involved in bone and teeth mineralization
(Bardet et al., 2010a). Inactivation of the Mepe gene in mouse
causes an increase in bone mass and mineralization due to
an increase in osteoblast number and activity (Gowen et al.,
2003). The role of OC-116/MEPE in mineralization is supported
by the ASARM (acidic serine-aspartate rich MEPE-associated
motif) sequence located at the C-terminus of the protein. When
ASARM is phosphorylated, it inhibits mineralization by binding
to hydroxyapatite crystals (Addison et al., 2008). This peptide
is also involved in phosphatemia regulation (Rowe et al., 2004).
Multiple sequence alignment of OC-116/MEPE proteins shows a
high conservation of the ASARM peptide throughout tetrapods
(Figure 7). The presence of numerous putative phosphorylation
sites (7 in bird orthologs) suggests that its role in mineralization
is also conserved in both bone and eggshell.

Both OPN/SPP1 and OC-116/MEPE belong to the SIBLING
(small integrin-binding ligand N-linked glycoprotein) family,
with three other protein members: integrin-binding sialoprotein
(IBSP), dentin sialophosphoprotein (DSPP) and dentin matrix
protein 1 (DMP1). Genes coding for these five proteins are
clustered together through tetrapods (Figure 8A), and they all
have a role in biomineralization (Rowe, 2012); however, none
of them appears to be specific to calcium carbonate (eggshell)
or calcium phosphate (bone, teeth) mineralization. They possess
similar molecular properties such as integrin-binding and
calcium-binding (Bardet et al., 2010b). Among the five SIBLING
members, OPN and OC-116 have been widely studied in the
chicken eggshell, as described above. Moreover, DMP1 and
IBSP were detected in the eggshell matrix (by proteomics and
Western blotting), and their genes are expressed in uterine
tissue (Mann et al., 2006; Horvat-Gordon et al., 2008); however,
DSPP gene, involved in dentin formation, was secondarily lost
in ancestors of birds during late Cretaceous when they become
toothless (Figure 8A) (Kawasaki and Weiss, 2008; Sire et al., 2008;
Mcknight and Fisher, 2009; Kawasaki, 2011; Sire and Kawasaki,
2012). It has been suggested that the entire SIBLING gene
family, including OC-116/MEPE and OPN/SPP1, which were
initially involved in bone formation, was co-opted for the eggshell
calcium carbonate mineralization process in birds (Sire and
Kawasaki, 2012). In the phylogenetic reconstruction of OC-116
and OPN, the distribution of both proteins follows the accepted
phylogenetic relationships in tetrapods, with a clear split between
mammals and reptiles including birds (Figures 8B,C). In the Aves
clade, Palaeognathae is the basal group; while in Neognathae,
Neoaves sequences are well separated from Galloanserae for
OPN, and from Galliformae for OC-116. In the recent crocodilian
eggshell proteome, OC-116 was identified but not OPN (Mikšík
et al., 2018), suggesting the recruitment of OC-116, at least for
eggshell mineralization, in the Archosauria linage (Aves and
Crocodylia). In seven turtle species and platypus (O. anatinus,
the only monotreme genome in NCBI database), although gene
coding for SPP1 is present, synteny analysis reveals the absence
of MEPE/OC116 from the SIBLING locus (Figure 8A), which
implies a loss of this gene in these two lineages.

The Glycoprotein EDIL3: A Novel
Candidate for Calcium Carbonate
Delivery in Eggshell Mineralization
The glycoprotein EDIL3 (EGF-like repeats and discoidin
domains 3) was identified in the chicken eggshell by proteomics
analysis (Mann et al., 2006; Marie et al., 2015a). The EDIL3
sequence contains three EGF-like domains and two F5/8C
(discoidin) domains; it was first identified as an extracellular
matrix protein involved in embryonic vascular development in
mouse (Hidai et al., 1998). The three EGF-like domains are
present in EDIL3 orthologs in all vertebrates except in fishes
(Stapane et al., 2019), and the third domain possesses a calcium-
binding site, which suggests a potential role of EDIL3 in calcium
carbonate crystallization (Marie et al., 2015a). In addition, an
RGD (arginine, glycine, and aspartate) motif is present in the
second EGF-like domain, through which it can bind integrins
(Stapane et al., 2019). Integrins are transmembrane proteins
involved in cell-cell and cell-extracellular matrix interactions,
and vesicular trafficking (Théry et al., 1999; Hynes, 2002;
Gatti et al., 2005; Bridgewater et al., 2012). The second F5/8C
domain exhibits a phospholipid-binding site, which give to the
protein the ability to complex vesicle and/or cell membranes
(Supplementary Figure 3A; Stapane et al., 2019). In the EDIL3
sequence of some bird species (G. gallus, A. platyrhynchos,
Aquila chrysaetos, Dromaius novaehollandiae, etc.), the first EGF-
like domain also contains an RGD motif suggesting an even
higher affinity of the protein for integrins (Supplementary
Figure 3B). Proteomics demonstrate the presence of EDIL3 in
bird and crocodile eggshell (Marie et al., 2015a; Mikšík et al.,
2018; Le Roy et al., 2019). However, in the eggshell proteome
of Crocodylus siamensis, EDIL3 protein was identified with six
peptides matching with EDIL3 from Alligator mississippiensis
(NCBI accession KYO21076.1) (Mikšík et al., 2018). Surprisingly,
amongst the six peptides, only one matched with a domain
present in EDIL3 proteins (first F5/8C domain); however, the
five other peptides matched with the IG-like (immunoglobulin-
like) and LINK_2 domain (hyaluronan-binding region) that is
found in HAPLN1 (hyaluronan and proteoglycan link protein
1). Moreover, the annotated A. mississippiensis EDIL3 protein
is 843 aa in length instead of about 480 aa for the other
EDIL3 proteins, and seems to be composed of both EDIL3
and HAPLN1 protein features (Supplementary Figure 3C).
Indeed, the N-terminal part of alligator EDIL3 shows 53.8% of
identity with chicken EDIL3 and the C-terminal part of alligator
EDIL3 possesses 54.3% of identity with chicken HAPLN1. These
contradictions indicate that the potential identification of the
EDIL3 ortholog in crocodilian eggshell requires confirmation
(Supplementary Figure 3). In chicken, EDIL3 is not an eggshell-
specific protein, although it exhibits a high relative abundance
in the shell OM (Marie et al., 2015a). According to the emPAI
(exponentially modified protein abundance index) values of
proteins from chicken eggshell proteome at four calcification
stages, EDIL3 is the fifth most abundant protein at the early
stages of biomineralization, corresponding to the transformation
of ACC into calcite crystals (Marie et al., 2015a).
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FIGURE 7 | Multiple alignment of OC-116/MEPE proteins in tetrapods. The alignment was built with ClustalW (www.phylogeny.fr) and edited with Jalview v2.11.1.4
(https://www.jalview.org/). Gray colors of letters correspond to percentage of identity (dark gray > 80% identity, medium gray > 60% identity, and light gray > 40%
identity). The dentonin region identified in human MEPE, and regions with amino acid consensus in birds, are, respectively, framed in red and blue. Putative
phosphorylated sites of the ASARM (acidic, serine, and aspartic acid-rich motif) peptide are indicated by green dots above the alignment. Sequences aligned are
from Gallus gallus (AAF00982.3), Coturnix japonica (XP_015716951.1), Numida meleagris (XP_021251779.1), Taeniopygia guttata (XP_030127798.1), Apteryx rowi
(XP_025920573.1), Alligator mississippiensis (XP_019343676.1), Python bivittatus (XP_025029286.1), Podarcis muralis (XP_028598766.1), Homo sapiens
(XP_006714341.1), Monodelphis domestica (XP_007495981.1), and Xenopus tropicalis (XP_002938672.2).

In chicken, EDIL3 gene expression is up-regulated in
isthmus and uterus compared with bone, duodenum, kidney,
liver and magnum, and is significantly higher in the oviduct
segments at early stages (6 and 7 h post-ovulation, initiation of
mineralization) than at 16 h post-ovulation (mid-calcification)
(Stapane et al., 2019, 2020). Immunohistochemistry in uterine
cross-sections confirms the presence of high levels of EDIL3 at
the early stages of mineralization in tubular gland cells (5 and

6 h post-ovulation) (Stapane et al., 2020). Moreover, proteomics
and Western blot analyses revealed the presence of EDIL3 in
extracellular vesicles isolated from chicken uterine fluid (Stapane
et al., 2019, 2020). These vesicles are proposed to mediate the
transportation of ACC to the mineralization site. Indeed, vesicles
have been demonstrated to play roles in ACC stabilization
in invertebrate biomineralization models such as sea urchins,
molluscan shell and coral skeleton (Levi-Kalisman et al., 2002;
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FIGURE 8 | Synteny and phylogeny of OPN/SPP1 and MEPE/OC116 genes and corresponding proteins in vertebrates. (A) OPN/SPP1 is represented by a light blue
box and MEPE/OC116 is represented by a dark blue box. The other SIBLING genes are integrin-binding sialoprotein (IBSP), dentin sialophosphoprotein (DSPP) and
dentin matrix protein 1 (DMP1), which are represented by empty boxes with oblique blue lines. In Gymnophiona (amphibian), instead of MEPE we observed the
presence of the transcription initiation factor TFIID subunit 1-like gene (LOC115462518, XP_030048369.1). Flanking genes are polycystin 2 (PKD2), SPARC-like 1
(SPARCL1) and nudix hydrolase 9 (NUDT9), which are represented by gray boxes. ChUn: Chromosome Unknown. Blue asterisk indicates that SCPPA2 is a
hypothetical ortholog of spp1 (Kawasaki, 2011). Gene IDs are listed in Supplementary Table 2. In the left part, the phylogenetic tree for vertebrate species is
represented (adapted from www.tolweb.org and Kapusta et al., 2017). (B) Phylogeny of OPN/SPP1 in vertebrates, which was reconstructed using multiple
alignment performed with ClustalW and Gblocks (www.phylogeny.fr) and JTT + G model of protein evolution (MEGAX v10.1.8; https://www.megasoftware.net/).
Topology of the tree corresponds to maximum likelihood method (MEGAX v10.1.8). Bootstrap values from maximum likelihood are indicated at each node. The
symbol//indicates a gap of 0.8 substitution rate to add to the basal branch. Black asterisks indicate species where the protein was identified in the eggshell.
(C) Phylogenetic reconstruction of OC-116/MEPE in vertebrates was performed using multiple alignment constructed with ClustalW and Gblocks (www.phylogeny.fr)
and JTT + G + F model of protein evolution (MEGAX v10.1.8). Topology of the tree corresponds to maximum likelihood method (MEGAX v10.1.8). Bootstrap values
from maximum likelihood are indicated at each node. Black asterisks indicate species where the protein was identified in the eggshell and the gray asterisk indicates
a related species (C. siamensis) where the protein was identified in the eggshell.
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Addadi et al., 2003; Weiner and Dove, 2003; Mass et al.,
2017). In chicken uterus samples examined by transmission
electron microscopy, extracellular vesicles are observed in uterine
cells and fluid, and vesicles are seen budding from cells into
the uterine lumen. Energy-dispersive electron spectroscopy and
selected area electron diffraction revealed the presence of ACC
in extracellular vesicles purified from the uterine fluid (Stapane
et al., 2020). Based on these and other results, extracellular
vesicles are proposed to play a role in ACC-mediated calcification
of the eggshell. EDIL3 is proposed to bind vesicle membrane
(phospholipid-binding site/integrin-binding site) and to guide
these vesicles from uterine cell cytosol to the mineralization site
(calcium-binding site/integrin-binding site) in the uterine fluid
of chicken (Stapane et al., 2019, 2020).

The gene EDIL3 is highly conserved in vertebrates
(Supplementary Figure 4) (Stapane et al., 2019). The flanking
genes in this locus are versican (VCAN) and hyaluronan and
proteoglycan link protein 1 (HAPLN1). Phylogenetic analysis
of EDIL3 and its paralog MFGE8 in animals demonstrates
the appearance of both proteins after a duplication event
in vertebrates 480 MYA (Stapane et al., 2019). EDIL3 was
subsequently recruited to the eggshell mineralization process,
at least in the Aves phylum. Interestingly, its paralog MFGE8
is also detected in the eggshell proteome of birds; however, its
abundance is much lower than EDIL3, and MFGE8 expression is
not specific to tissues responsible for eggshell mineralization or
to the initial stages of mineralization (Stapane et al., 2019).

A PROTEIN SPECIFIC TO THE
EGGSHELL BIOMINERALIZATION
PROCESS

C-Type Lectin Proteins in Eggshell
Organic Matrix: Ovocleidin-17 Homologs
The C-type lectin protein Ovocleidin-17 (OC-17) is an eggshell-
specific protein, which was first purified and partially sequenced
from the chicken eggshell (Hincke et al., 1995). The mRNA
sequence was determined only recently by de novo transcriptomic
assembly (Zhang et al., 2014). OC-17 contains a C-type lectin
(CTL) domain and possesses two phosphorylated serine residues
(Mann, 1999; Mann and Siedler, 1999). The CTL proteins are a
huge family of proteins including at least seven subgroups such
as hyalectans, asialoglycoprotein receptors, collectins, selectins,
natural killer group transmembrane receptors, macrophage
mannose receptors and simple lectins (Zelensky and Gready,
2005). OC-17 and its homologs correspond to a simple lectin,
with a short amino acid sequence (about 150 aa) and only one
CTL domain. Proteomics analysis demonstrated that OC-17 is
a highly abundant protein in the eggshell matrix in chicken and
Guinea fowl (Marie et al., 2015a; Le Roy et al., 2019). Moreover,
CTL proteins that are homologs of OC-17 have been identified
in eggshells of many bird species, including ostrich, emu, and
rhea (Mann and Siedler, 2004, 2006). In each of these ratites, two
homologous CTL eggshell proteins were identified and named
according to the bird species: Struthiocalcin-1 and 2 (SCA-1 and

-2) for ostrich, Dromaiocalcin-1 and -2 (DCA-1 and -2) for emu
and Rheacalcin-1 and -2 (RCA-1 and -2) for rhea. For easier
reading in the present review, we have termed these proteins
XCA-1 and XCA-2. In contrast, only one CTL protein (OC-17)
is present in chicken eggshell, which aligns with the XCA-2 group
of other bird species.

C-type lectin proteins have been identified in the
biomineralization process of invertebrates. For instance, in
the sea urchin Strongylocentrotus purpuratus, SM50 is a protein
containing a C-type lectin domain in addition to glycine-rich
and proline-rich regions. The study of this C-type lectin domain
revealed that it influences the biomineralization of CaCO3 (Rao
et al., 2013). In the same manner, in the freshwater pearl mussel,
a C-type lectin protein called perlucin, already identified in the
shell proteomes of mollusks, is involved in nacre formation
(Lin et al., 2013). Purified OC-17 modifies calcite crystallization
in vitro (Reyes-Grajeda et al., 2004). In silico molecular dynamics
simulations suggest three protein configurations of OC-17,
which is able to bind calcium carbonate surfaces through its
positively charged guanidino group of specific arginine residues
(Freeman et al., 2010, 2011). Thus, CTL proteins could play a role
in eggshell formation by binding to specific calcite crystal faces
(Wallace and Schiffbauer, 2016). In addition, chicken OC-17
and its goose ortholog (ansocalcin) exhibit an antimicrobial
activity, and could play a potential role in innate immunity of
the avian embryo (Wellman-Labadie et al., 2008a). Although
the presence of one versus two OC-17 paralogs in the eggshell
of Palaeognathae birds has been proposed to correlate with
eggshell thickness (Mann and Mann, 2015), there is currently no
experimental evidence to support this hypothesis.

Synteny, protein multiple alignment and phylogenetic analysis
of XCA-1, XCA-2 and OC-17-like confirm that XCA-2 is ortholog
to OC-17-like and XCA-1 is paralog to OC-17-like/XCA-2
(Figures 9, 10, and Supplementary Figure 5). OC-17-like and
XCAs are also similar to other vertebrate C-type lectin (CTL)
proteins, such as REG4 (Regenerating Islet-derived protein 4) and
Lithostathine (also known as REG1A and REG1B) in humans.
REG1 is a pancreatic CTL protein involved in the inhibition
of CaCO3 precipitation in the bicarbonate-rich pancreatic juice
(Bernard et al., 1992). The gene encoding REG1/Lithostathine is
not found in the genome of reptiles and birds, whereas REG4 is
present in numerous bird and crocodilian species. The OC-17-
like/XCAs gene symbol in reptiles and birds is different for each
species (i.e., LOC numbers; Supplementary Table 3); in order to
simplify our discussion, we use the arbitrary nomenclature OC17-
like/XCA2 and XCA1. Synteny analysis shows that the REG4 gene
is located on a different chromosome than the OC17-like/XCA2
and XCA1 gene locus (e.g., in tufted duck REG4 is located on
chromosome 8 and OC17-like/XCA2 and XCA1 are located on
chromosome 1; Figure 9). REG4 is flanked by the same genes
in crocodiles, birds and in mammals, but it is absent in turtles
and lepidosaurs (lizards, snakes, etc.) at the same locus. On the
other hand, OC17-like/XCA2 and/or XCA1 genes are clustered
together and flanked by the same genes in birds and reptiles;
however, they are absent from the same locus in mammalian and
amphibian genomes. These data support the hypothesis that OC-
17-like/XCA-2 and XCA-1 are eggshell specific proteins and that
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FIGURE 9 | Synteny of OC17-like, XCA and REG orthologs and paralogs in birds and its relatives in vertebrates. OC17-like/XCA2 is represented by a dark orange
box and XCA1 by a light orange box. REG4 (regenerating Islet-derived protein 4) is represented by a yellow box and REG1 A and B (Lithostathine) are represented by
a brown box. Flanking genes are represented by gray boxes: lipase maturation factor 2 (LMF2), condensing-2 complex subunit H2 (NCAPH2), thymidine
phosphorylase (TYMP), outer dense fiber protein 3B (ODF3B), carnitine O-palmitoyltransferase 1 (CPT1B), choline/ethanolamine kinase (CHKB), vesicle-trafficking
protein (SCE22B), neurogenic locus notch homolog protein 2 (NOTCH2), hydroxymethylglutaryl-CoA synthase (HMGCS2) and D-3-phosphoglycerate
dehydrogenase (PHGDH). Gene IDs are listed in Supplementary Table 2. The left part of the figure depicts the phylogenetic relationship between vertebrate
species (adapted from www.tolweb.org and Kapusta et al., 2017).

these genes are specific to vertebrates that produce a calcitic shell;
however, no ortholog has yet been identified in the crocodilian
eggshell proteome (Mikšík et al., 2018). Deeper investigation
needs to be done in crocodilian eggshells, but also in other reptile
eggshells (e.g., snakes, lizards, and turtles), in order to determine
if OC-17-like/XCA-2 and/or XCA-1 are widespread in reptile and
bird eggshells or if they strictly correspond to the bird eggshell
biomineralization process.

The pairwise alignment of chicken REG4 and OC-17 amino
acid sequences exhibits 29.2% identity (58.4% similarity), which
supports a common origin of both proteins (Supplementary
Table 4). Phylogenetic reconstruction shows that REG4 and OC-
17-like/XCAs are divided into two distinct groups (Figure 10).
Regarding these observations, the phylogeny indicates that OC-
17-like/XCAs arose from a duplication event in Sauropsida.
In this clade, squamates (lizards and snakes) are in basal
position with only one form of XCA. Then, three groups
split: bird OC-17-like/XCA-2 (including crocodilian XCA-2),
turtle XCA-1 and bird XCA-1 (Figure 10). The synteny of
OC17-like/XCA2 and XCA1 shows that duplication of the
ancestral gene occurred on the same chromosome and the
phylogeny suggests that XCA1 is closer to the ancestral form
of the duplicated gene. These observations might indicate
that OC17-like/XCA2 is the result of a duplication event in
archosaurs with a loss of XCA1 in crocodilians. In turtles,
two XCA1 paralogs are also present but they are clustered
together suggesting an independent duplication event in
the turtle phylum.

In birds, XCA paralogs are present in both Neognathae
(Neoaves and Galloanserae), and Palaeognathae (ratites) phyla.
Nevertheless, in Neognathae, each bird species does not possess

the two paralogs inside sub groups. In Neoaves we notice
that only XCA-1 is present in common starling (Sturnus
vulgaris), falcons (Falco cherrug and Falco rusticolis) and zebra
finch (Taeniopygia guttata), whereas both paralogs are present
in golden eagle (A. chrysaetos chrysaetos) (Supplementary
Figure 6). In Galloanserae, some species exhibit one paralog such
as chicken (G. gallus) and pheasant (Phasianus colchicus) (Mann
et al., 2006; Marie et al., 2015a), for which the genome position
is unknown. Conversely, other Galloanserae species possess both
paralogs such as Guinea fowl, black swan (Cygnus atratus) and
tufted duck (Athya fuligula) (Supplementary Figure 6) (Le Roy
et al., 2019). The mallard duck eggshell proteome demonstrated
the presence of an ortholog to chicken OC-17 protein (Zhu
et al., 2019), which may correspond to mallard SCA-2-like
protein translated from the newly submitted (December 2020)
mallard genome in NCBI (Accession XP_038024161.1; Gene
ID: 119713911). In this genome, the gene coding for SCA-2-
like is located next to RCA-1-like (Gene ID: 119713283) in
the same gene cluster containing OC17-like/XCA2 and XCA1,
as observed in other birds (Figure 9 and Supplementary
Figure 6). In Palaeognathae, both paralogs are present in
emu, ostrich and rhea eggshells, but in two Apteryx species
(kiwis), for which eggshell proteomes are not available, one
species exhibits two adjacent paralogs and the other species
has only one paralog in its genome (Supplementary Figure 6).
Nevertheless, the lack of genome data (gene sequencing and
scaffolding genome assembly) is possibly the reason for the
absence of the second paralog in all these species of birds,
crocodilian etc. Indeed, the chicken OC-17 transcript has a
very high GC content (72.17%), which could account for the
observed difficulty to sequence this gene in the chicken genome

Frontiers in Genetics | www.frontiersin.org 14 May 2021 | Volume 12 | Article 672433157

http://www.tolweb.org
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-672433 May 5, 2021 Time: 18:26 # 15

Le Roy et al. Avian Eggshell Biomineralization Protein Toolkit

FIGURE 10 | Phylogenetic reconstruction of OC-17 and its orthologs and paralogs in vertebrates. Phylogeny was performed using the maximum likelihood method
with 100 repetitions (MEGAX v10.1.8; https://www.megasoftware.net/) using ClustalW multiple alignment and Gblocks (www.phylogeny.fr), and the WAG + G model
of protein evolution. Bootstrap values from maximum likelihood are indicated at each node when value is >50. Synteny of OC-17-like/XCA-2 and XCA-1 genes is
represented for five reptilian species (Pogona vitticeps, Anolis carolinensis, Chrysemys picta bellii, Terrapene carolina triunguis, and Crocodylus porosus) and one
bird (Numida meleagris).

and in genome projects of other bird species. Hence, this
lack of OC17-like/XCAs annotation in bird genomes reduces
the possibility to identify orthologous OC-17 peptides using
proteomics approaches. This is the case in turkey and quail
eggshell proteomes (Mann and Mann, 2013; Mann, 2015). In
the Guinea fowl, OC-17-like (71.56% GC) and DCA-1-like
(72.01% GC) were detected in its eggshell proteome, likely
because the genome assembly of Numida meleagris that is
available in the NCBI database (NumMel1.0) was built using the
G. gallus genome.

EVOLUTION OF ORGANIC MATRIX
PROTEINS IN EGGSHELL
BIOMINERALIZATION

During amniote evolution, reproduction was freed from reliance
on the aquatic environment with the emergence of two
possible reproductive strategies: egg-laying vs. placentation.

In sauropsids and some mammals (Monotremata), the egg-
laying strategy was based on a soft or hard-shelled egg to
protect the embryo. This adaptation has reached its most
advanced development in birds that emerged 102 MYA. The
avian eggshell proteome exhibits both co-opted proteins and
eggshell-specific proteins. Over the last several decades, the
development of high-throughput technologies has helped to
characterize and enumerate the complexity of the organic
matrices in multiple avian species. The evolution of the eggshell
reproductive strategy in sauropsids was accompanied by (1)
the recruitment of existing genes for eggshell biomineralization
(OCX-32, EDIL3, OC-116/MEPE, and OPN), and (2) the
birth of new genes from duplication events, which are highly
specialized for this process (XCA-1 and OCX-36; Figure 11).
It is intriguing that avian OPN orthologs appear to have
acquired a His-rich domain which may be related to calcitic
biomineralization. Therefore, insight into the common eggshell
toolkit which is responsible for eggshell mineralization in
birds is emerging.
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FIGURE 11 | Schematic summary of the presence of genes encoding investigated proteins in vertebrate genomes and the identification of their related proteins in
Sauropsida eggshells. Filled squares indicate the presence of the protein in eggshell organic matrix whereas empty squares indicate the presence in genome but the
absence in eggshell. Squares with a dotted line indicate a putative presence in genome (lack of data). The absence of square in the figure illustrates an absence in
genome with respect to synteny. The “?” in the crocodilian EDIL3 square indicates the uncertainty of true identification of this protein in the crocodilian eggshell
proteome (see Supplementary Figure 3). Genomic data can come from different species inside the same apical group. The divergent times and topology of the
tree are from (www.tolweb.org; Warren et al., 2008; Phillips et al., 2009; Shen et al., 2011; Jarvis et al., 2014; Kapusta et al., 2017).

The huge outpouring of genomic data for bird species
from the Bird 10,000 Genomes Project (2015–2020) is of vital
importance to better understand the evolution of genes coding
for eggshell proteins inside Aves (Palaeognathae vs. Neognathae;
Neoaves vs. Galloanserae). In addition, this genomic database
enrichment is crucial for future eggshell proteome studies
in other bird groups (especially in Palaeognathae, for which
only 2 proteins – the paralogs XCA-1 and XCA-2 – have
yet been identified in the eggshell organic matrix). Finally,
in order to enrich the evolutionary perspective, expanded
analysis of eggshell proteomes should be performed in several
reptilian species for which genomic/transcriptomic dataset
are available, and in monotreme species such as platypus.
Although the only crocodilian eggshell proteome exhibits

common proteins with bird eggshell proteomes, it suffers
from a very low number of identified proteins (58 against
904 for the chicken eggshell proteome), likely due to the
absence of genomic/transcriptomic data for this species and
incomplete annotation of genomic datasets of other crocodilians.
And finally, the eggshell matrix databases must be enriched
with post-translational modification (PTM) information,
especially phosphorylation and glycosylation, which will permit
cross-species comparisons for further insight. Currently, this
information only exists in a comprehensive manner for the
chicken eggshell phospho-proteome (Mann et al., 2007a).

This review identifies challenges and proposes new strategies
to better understand the evolution of eggshell biomineralization,
such as the multiplication of eggshell proteomics analyses in
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basal birds (ratites), sister groups of birds (crocodiles, turtles,
squamates), and in more distant groups (monotremes).
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Molluscan shells are among the most fascinating research objects because of their
diverse morphologies and textures. The formation of these delicate biomineralized
structures is a matrix-mediated process. A question that arises is what are the essential
components required to build these exoskeletons. In order to understand the molecular
mechanisms of molluscan shell formation, it is crucial to identify organic macromolecules
in different shells from diverse taxa. In the case of bivalves, however, taxon sampling
in previous shell proteomics studies are focused predominantly on representatives of
the class Pteriomorphia such as pearl oysters, edible oysters and mussels. In this
study, we have characterized the shell organic matrix from the crocus clam, Tridacna
crocea, (Heterodonta) using various biochemical techniques, including SDS-PAGE, FT-
IR, monosaccharide analysis, and enzyme-linked lectin assay (ELLA). Furthermore,
we have identified a number of shell matrix proteins (SMPs) using a comprehensive
proteomics approach combined to RNA-seq. The biochemical studies confirmed the
presence of proteins, polysaccharides, and sulfates in the T. crocea shell organic matrix.
Proteomics analysis revealed that the majority of the T. crocea SMPs are novel and
dissimilar to known SMPs identified from the other bivalve species. Meanwhile, the
SMP repertoire of the crocus clam also includes proteins with conserved functional
domains such as chitin-binding domain, VWA domain, and protease inhibitor domain.
We also identified BMSP (Blue Mussel Shell Protein, originally reported from Mytilus),
which is widely distributed among molluscan shell matrix proteins. Tridacna SMPs also
include low-complexity regions (LCRs) that are absent in the other molluscan genomes,
indicating that these genes may have evolved in specific lineage. These results highlight
the diversity of the organic molecules – in particular proteins – that are essential for
molluscan shell formation.

Keywords: biomineralization, transcriptome, proteome, Mollusca, Bivalvia, Tridacna crocea, shell formation
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INTRODUCTION

The shell of mollusks represents a major biological innovation
that largely contributed to the great evolutionary and ecological
success of the phylum throughout Phanerozoic times. As the
shell offered a robust shelter against predation and an effective
protection against desiccation, it allowed mollusks to conquer –
from shallow epicontinental marine seas – all kinds of habitats,
including deep-sea hydrothermal vents, brackish and freshwater
domains or a large array of terrestrial environments: in this
latter case, even the most hostile ones like deserts, caves, polar
territories and high mountains were colonized and still are.

Beside complex genetic equipment involved in development,
the formation of mollusk shell is a highly regulated process
that requires a large set of macromolecules, i.e., proteins,
polysaccharides and lipids, secreted from the dorsal mantle tissue,
and which self-assemble into an organic matrix, the framework
for shell mineralization. These macromolecules – in particular
shell matrix proteins, defined here as SMPs - also play crucial
role in nucleation and growth of calcium carbonate crystal. They
are in addition considered to be key-players for controlling shell
microstructures and mineralogy (Marin et al., 2007).

Our knowledge of mollusk SMP repertoires is rapidly
expanding, due to the combined use of transcriptomics on
calcifying mollusk mantle tissues and proteomics on shell
macromolecular extracts (Joubert et al., 2010; Marie et al., 2011a;
Marin et al., 2013). Accumulating data of shell matrix proteomes
- referred to as ‘shellomes’ – from different species highlights
extensive but unsuspected diversification of SMP repertoires, in
particular in bivalves, the most studied mollusk class from a
biomineralization viewpoint (Kocot et al., 2016; Marin, 2020).
This diversity expresses not only from genus to genus but also
between different shell microstructures of a single shell. For
instance, the pearl oysters (genus Pinctada) synthesize nacreous
aragonitic layer in the inner side of their shells and a calcitic
prismatic one in the outer part. To this end, they secrete two
different SMP repertoires from corresponding mantle region
(Marie et al., 2012; Zhao et al., 2018). Furthermore, to render
the situation more complex, it has been shown that larval shell
SMP repertoires are almost entirely different from that of adult
shells (Zhao et al., 2018). Beside this diversity, some common
characteristics can be identified: they include the presence of
shared functional domains and the abundance of low complexity
regions, referred to as LCRs (Kocot et al., 2016; Marie et al.,
2017). These conserved elements may be a clue to understand the
evolutionary origin of shell biomineralization. In order to draw
a general view of biomineralization process and its evolutionary
origin, it is essential to compile a “dictionary” of SMPs that is
identified from diverse range of taxa.

To date, shell matrix proteomes, ‘shellomes,’ were reported
from 20 bivalve genera (Marin, 2020). Among them, half
belong to Pteriomorphia sub-class, including the pearl oysters
Pinctada margaritifera, Pinctada maxima, and Pinctada fucata
(Joubert et al., 2010; Marie et al., 2012; Liu et al., 2015; Zhao
et al., 2018), the Pacific cupped oyster Crassostrea gigas (Zhang
et al., 2012; Arivalagan et al., 2017; Zhao et al., 2018), the
edible mussels including Mytilus edulis, Mytilus galloprovincialis,

Mytilus californianus, Mytilus coruscus, and Perna viridis (Marie
et al., 2011a; Gao et al., 2015; Liao et al., 2015, 2019; Arivalagan
et al., 2017), and the king scallop Pecten maximus (Arivalagan
et al., 2017). In contrast, SMPs of sub-classes Palaeoheterodonta
and Heterodonta (Plazzi and Passamonti, 2010) have been far
less studied. To our knowledge, the shell proteomes supported
by a transcriptome of 3 Palaeoheterodonta species have been
analyzed in detail, corresponding to unionoid freshwater mussels:
Hyriopsis cumingii, Elliptio complanata, and Villosa lienosa
(Berland et al., 2013; Marie et al., 2017). For Heterodonta sensu
lato (including Anomalodesmata), “shellomic” data supported
by transcriptome are scarce too: they include that of the clams
Venerupis philippinarum (Marie et al., 2011b), Mya truncata
(Arivalagan et al., 2016), and Laternula elliptica (Sleight et al.,
2015). Despite the increasing list of SMPs, it should be noted
that our present view of biomineralization process in bivalves
is extremely partial, given the size of this class (12,000 living
species). Entire clades, like heterodont or protobranch bivalves,
remain to be investigated.

To this end, we analyzed the shell organic components of the
crocus clam, Tridacna crocea, a heterodont bivalve and one of
the modest-sized representatives of the giant clam taxon. Giant
clams, in particular T. gigas, are one of the most fascinating
models in biomineralization research since they produce the
largest and heaviest shells among mollusks. All Tridacna species
produce thick, dense and rigid shells mostly of crossed lamellar
microstructure (Taylor, 1973; Dauphin and Denis, 2000; Agbaje
et al., 2017; Gannon et al., 2017). As the giant clams continue to
grow their shells throughout the life, shells are precise recorders
of environmental conditions such as seawater temperature
(Arias-Ruiz et al., 2017; Yan et al., 2020). The longevity of
giant clams allows the shells to archive long-term environmental
conditions, with a resolution ranging from century to month, or
even higher (Yan et al., 2020).

The crocus clam, T. crocea, is distributed in tropical seawaters
spreading from the western Pacific (Japan, New Caledonia)
to the eastern Indian Ocean (Lucas, 1988). T. crocea hosts
photosymbiotic dinoflagellate algae (Hirose et al., 2006; Ikeda
et al., 2017) and they acquire nutrition from both filter-
feeding and photosynthesis via zooxanthellae, allowing their fast
growth. Despite their ability to produce large amount of calcium
carbonate shells, the molecular basis underlying their shell
formation has never been explored. In this study, we conducted
a biochemical characterization of T. crocea organic shell matrix
and furthermore identified SMPs constituting the ‘shellomes’
of the crocus clam by using a combination of proteomics
on shell extracts and transcriptomics on mantle tissue. Our
results highlight essential components for shell formation in this
peculiar crossed-lamellar bivalve model.

MATERIALS AND METHODS

Sample Collection
An adult of T. crocea (approx. 8 cm in length) was collected
at the Onna fisheries corporation, Okinawa, Japan. Soft tissues
were separated from the shells and the mantle tissues were
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immediately used for RNA extraction (see below). The two valves
were immersed in 1% NaOCl solution for 24 h (initial bleaching),
mechanically cleaned to remove remaining tissues, superficial
epibionts and periostracum and rinsed with deionized water (DI
water, 18 M�). The shells were crushed into ∼2 mm fragments
with a Jaw-crusher (Retsch BB200), followed by incubating in
1% NaOCl for 60 h (second bleaching). The fragments were
then washed twice with DI water, dried, and powdered using a
mortar grinder (Frisch Pulverisette 2). The powder (81.6 g) was
sieved (pore size <200 µm) and separated into two batches. The
first was subsequently decalcified, while the second was bleached
for an additional 16 h in 1% NaOCl solution (third bleaching),
then thoroughly washed (DI water) and air-dried at 37◦C before
decalcification.

Extraction of Shell Matrices
The cleaned powder samples (second or third bleaching, approx.
40 g each) were suspended in cold water and decalcified
overnight at 4◦C by progressively adding (100 µL every 5 s.)
cold dilute acetic acid (10% vol/vol) with an electronic burette
(Titronic Universal, Schott, Mainz, Germany). The solution was
centrifuged at 3,900 g for 30 min to separate the supernatant
and the pellet. The supernatant was filtered (5 µm) on a Nalgene
filtration apparatus and concentrated by ultrafiltration (Amicon
stirred cell 400 mL) on a 10 kDa cutoff membrane (Millipore,
ref. PLGC07610). The concentrated solution (approx. 16 mL)
was dialyzed 4 days against MilliQ water with several water
changes, and lyophilized to obtain the acid-soluble matrix (ASM).
The pellet was resuspended in Milli-Q water, centrifuged, and
the supernatant discarded. After three cycles of resuspension-
centrifugation-supernatant discarding, the pellet was lyophilized,
forming the acid-insoluble matrix (AIM).

SDS-PAGE
AIM and ASM were suspended in 1× Laemmli sample buffer
(Laemmli, 1970) containing β-mercaptoethanol. Samples were
denatured for 5 min at 99◦C, cooled on ice and briefly
centrifuged. Note that for AIM only a fraction of this matrix can
be dissolved in Laemmli buffer. This soluble matrix is referred
to as LS-AIM (Laemmli-soluble – Acid-insoluble matrix). Then,
supernatant were run on precast 4–20% gradient polyacrylamide
mini-gels (Bio-Rad) in mini-Protean III system. Gels were stained
with silver nitrate (Morrissey, 1981), Stains-all for putative
calcium-binding proteins (Campbell et al., 1983; Marin et al.,
2005) and Alcian blue, for polyanionic macromolecules/sulfated
sugars (Thornton et al., 1996) at pH 1.0.

FT-IR Spectroscopy
FT-IR spectra were acquired on all AIM extracts and on the
different cleaned shell powders. In this latter case (not illustrated
here), we verified that the powders were all aragonitic, with the
double absorption band at 700–712 cm−1, the one at 857 cm−1,
the thin low amplitude absorption band at 1,083 cm−1 and
the main absorption band at 1,474 cm−1. All samples were
measured using a Bruker Vector 22 FT-IR spectrometer (Bruker
Optics Sarl, Marne la Vallée, France) equipped with a Specac
Golden Gate Attenuated Total Reflectance (ATR) device (Specac

Ltd., Orpington, United Kingdom) in the wavenumber range
4,000–500 cm−1 (12 scans at a spectral resolution of 4 cm−1).
The background was recorded before each measurement. The
qualitative assignment of absorption bands was performed
manually by comparison with previously described spectra,
carried out by our group or available in the bibliography.

Monosaccharide Analysis
Monosaccharide quantification of AIMs after two or three
bleaching steps was performed according to the HPAE-
PAD technology (High Pressure Anion-Exchange - Pulsed
Amperometric Detection) on an ICS-3000, Dionex system
equipped with a Dionex CarboPacTM PA-20 (3 mm × 150 mm)
analytical column. In short, lyophilized samples were hydrolyzed
in 2 M trifluoroacetic acid at 105◦C for 4 h (100 µg/100 µL),
and the solution was neutralized with sodium hydroxide.
Hydrolytic conditions deacetylate N-acetyl-glucosamine and
N-acetyl-galactosamine, which are subsequently analyzed as
glucosamine and galactosamine, respectively. Filtered samples
(20 µL) were eluted at 0.4 mL/min (35◦C) using the following
sodium hydroxide gradient: pure water 99.2%/250 mM NaOH
0.8%: 0 ∼ 20 min; pure water 75%/250 mM NaOH 20%/NaOAc
(1M)- NaOH (20 mM) 5%: 20 ∼ 37 min; pure water
40%/250 mM NaOH 20%/NaOAc (1M)-NaOH (20 mM) 40%:
37 ∼ 41 min. Each elution was followed by a wash and
subsequent equilibration time. External sugar and uronic acids
standards were used for calibration (7 points per curve):
fucose, glucose, xylose, galactose, mannose, rhamnose, arabinose,
glucosamine, galactosamine, galacturonic acid, and glucuronic
acid (all provided by Sigma-Aldrich).

Enzyme-Linked Lectin Assay (ELLA)
Enzyme Linked Lectin Assay (ELLA) was conducted as described
previously (Immel et al., 2016; Takeuchi et al., 2018) on ASM
fractions only. Briefly, 96-well plates (MaxiSorp, Nunc/Thermo
Scientific, Nunc A/S, Roskilde, Denmark) were coated with ASM
(50 ng/well) and incubated for 90 min at 37◦C. They were washed
three times with a solution of TBS/Tween-20 (0.5 mL Tween 20
per L) spread using a manual microplate 8-channel washer (Nunc
Immuno Wash), and subsequently blocked with Carbo-free
blocking solution (Vector Laboratories, ref. SP-5040) for 60 min
at 37◦C. Three sets of 7 biotinylated lectins were used (Vector
Laboratories, Peterborough, United Kingdom, ref. BK-1000, BK-
2000, and BK-3000). Lectins were applied to the wells (dilution to
10 µg/mL) and incubated for 90 min at 37◦C. Unbound lectins
were washed five times with TBS/Tween-20. Then, a solution
containing alkaline phosphatase-conjugated avidin (Avidin-AP,
Sigma A7294, St. Louis, MO, United States) diluted 70,000
times was added (100 µL per well) and incubated for 90 min
at 37◦C. Microplates were washed again and incubated with
ELISA substrate solution (10% vol/vol diethanolamine in Milli-Q
water, pH 9.8) containing phosphatase substrate [0.5 mg/mL, 4-
nitrophenyl phosphate disodium salt hexahydrate (pNPP) tablet,
Sigma, ref. UN3500-A] at 37◦C. They were read every 15 min at
405 nm using a Bio-Rad Model 680 micro-plate reader. Results
were normalized and converted to percentage of reactivity by
subtracting the background (negative control comprising ASM
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without lectin but with Avidin-AP) from all values and by
considering the highest response as 100%. The test was repeated
three times. For detailed information on the saccharidic target
binding-sites of each lectin, see one of our previous references
(Immel et al., 2016).

Mantle Transcriptome
Total RNA of T. crocea was extracted from an adult mantle
tissue using Trizol reagent (Invitrogen) and purified using an
RNeasy micro kit with DNase (QIAGEN). RNA-seq libraries were
prepared using a TruSeq RNA sample Prep Kit v2 (Illumina)
following the manufacture’s protocol and sequenced with the
Illumina GAIIx platform. Raw sequences were quality filtered
and trimmed with Trimmomatic 0.36 (Bolger et al., 2014).
Reads were then assembled using Trinity version r20140413p1
(Grabherr et al., 2011).

Shell Proteome
Proteomic analyses were conducted on the bulk ASM and AIM
matrices (obtained after two and three bleaching treatments)
after an in-gel digestion with trypsin, as previously published
(Immel et al., 2016). For MS and MS/MS ORBITRAP, analyses
were performed using an Ultimate 3000 Rapid Separation Liquid
Chromatographic (RSLC) system (Thermo Fisher Scientific)
online with a hybrid LTQ-Orbitrap-Velos mass spectrometer
(Thermo Fisher Scientific). All technical details are provided
in earlier work (Immel et al., 2016). Database searches were
carried out using Mascot version 2.4 and 2.5 (Matrix Science,
London, United Kingdom) on the transcriptome of T. crocea.
The false discovery rate was set to 0.05. Proteins supported by
more than one peptide sequence were identified as shell matrix
proteins (SMPs) in this study. The most significant results are
presented in this study.

Characterization of Protein Sequences
Protein sequences identified through proteomic analysis were
analyzed using the InterProscan (ver. 5.14-53.0) platform (Jones
et al., 2014) in order to search for functional domains. Signal
peptide prediction was conducted with SignalP 4.0 (Petersen
et al., 2011). Transmembrane domains were assessed with
TMHMM version 2.0 (Krogh et al., 2001). Protein sequences were
also Blastp-searched against nr or UniProt databases. Theoretical
molecular weights and isoelectric points of the proteins were
calculated based on their amino acid sequences using IPC 1.0
(Kozlowski, 2016). Phosphorylation sites in protein sequences
were predicted using NetPhos 3.1 (Blom et al., 1999). In order
to identify LCRs in protein sequences, we searched polypeptide
sequences where majority of the amino acids were composed
of one or two amino acids. LCRs were defined based on the
following criteria; (i) single amino acid occupies ≥50% of the
10 amino acid sequence window in more than 14 successive
polypeptides or (ii) the most abundant amino acid occupies
≥40% and the second abundant amino acid occupies ≥20%
of the 10 amino acid sequence window in more than 19
successive polypeptides.

RESULTS

SDS-PAGE
After fractionation on SDS-PAGE, the macromolecules in the
ASM and the LS-AIM fractions were characterized using three
staining methods: silver nitrate, Stains-all, and Alcian blue
staining (Figure 1). All three show that the two ASMs (2bl
and 3bl) exhibited the same electrophoretic pattern, and the
two AIMs (2bl and 3bl) too. However, between ASMs and
AIMS, differences were noticed. With silver, 5–7 successive
discrete bands were detected between 17 and 43 kDa, with
two major ones at 35 and 45 kDa in the ASMs. In the
two AIMs, a single band at 70 kDa was observed. A band
at high molecular weight (>170 kDa) was also visible in
all extracts. The overall signals were, however, dominated by
smeary ‘polydisperse’ macromolecules (Figure 1A). With Stains-
all staining, a broad blue to purple signal was present from about
17 kDa to high molecular weights (>170 kDa) in both ASM
fractions (Figure 1B), suggesting that these molecules may bind
calcium. In contrast, both AIM fractions were mostly stained
pink to red, except a band just below the 70 kDa one, which
was slightly stained blue. Note the presence of scaling pattern
between 17 and 43 kDa in both AIMs; this scaling pattern was not
detected with silver. With Alcian blue staining at low pH (1.0),
which detects sulfated polysaccharides and glycosaminoglycans,
significant discrete signals were visible at 25 and 50 kDa in ASMs
and at 70 kDa in AIMs (Figure 1C), in spite of the intense
smearing staining in all extracts.

FT-IR
FT-IR spectra of AIM showed typical absorption bands derived
from proteins, lipids, and saccharides (Figure 2). In 2nd
bleaching fraction, major signals of a protein backbone were
found at around 3,300–3,400, 1,645, and 1,535 cm−1, which
correspond to amide A (νN−H), amide I (νC=O), and amide II
(νC−N) bands, respectively. Absorptions in the range of 2,850–
2,950 cm−1 corresponding to νC−H stretching vibrations, were
also detected and may correspond to lipids. An absorption
band specific to carbohydrate was observed near 1,061 cm−1

(νC−O). In addition, peaks are detected at 1,454–1,456 and
1,376–1,377 cm−1, corresponding to adsorptions by carboxylic
groups and by νC−H bending, respectively (Marxen et al., 1998).
These sharp signals in AIM 2bl were significantly reduced after
3rd bleaching. In contrast, bands located around 550–640 and
1,150–1,200 cm−1 can be attributed to characteristic vibrations
of phosphate groups, νP−O (stretching) and δO−P−O (bending)
respectively (Jastrzębski et al., 2011; Campos et al., 2021), which
were sharply highlighted after 3rd bleaching. This result indicates
that the proteins, lipids, and saccharides moieties were reduced
by the 3rd bleaching while phosphate groups were retained after
this last cleaning step.

Saccharide Analyses
Monosaccharide analyses performed on the AIM fractions
showed that the relative proportions of each hexose did not vary
significantly after 2 or 3rd bleaching steps (Figure 3). The four
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FIGURE 1 | SDS-PAGE of shell organic matrices. (A) Silver staining, (B) stains-all staining, (C) alcian blue staining. Ten microliter of sample solution was loaded in
each lane for silver staining and 15 µl for Stains-all staining and alcian blue staining. ASM, acid-soluble matrix. LS-AIM, Laemmli-soluble acid-insoluble matrix. 2bl,
second bleaching. 3bl, third bleaching. MM, molecular weight markers.

FIGURE 2 | FT-IR spectra of shell organic matrices. The signals in colors indicate the presence of proteins or saccharides (i), lipids (ii), phosphates (iii), and
saccharides (iv). AIM, acid-insoluble matrix. 2bl, second bleaching. 3bl, third bleaching.

major monosaccharides in 2bl AIM included xylose (19.4%),
galactose (18.9%), glucose (17.7%), and arabinose (12.1%). In
the 3bl AIM, each of these monosaccharides represented more
than 15% of total amount. Glucosamine and galactosamine
showed moderate percentage (around 10%) and mannose and
fucose, around 5%. Galacturonic acid was only detected in 3bl
fraction. Glucuronic acid was absent from both extracts and
rhamnose present in extremely low amounts (<1%). In order to
investigate polysaccharidic structure in the ASM fractions, and to
obtain their respective lectin-binding signatures, we conducted

enzyme-linked lectin assay (ELLA, Figure 4). Both ASM fractions
showed the strongest affinities for jacalin, and for Datura
stramonium lectin (DSL). Jacalin is a α-D galactose-binding
lectin that is specific of O-linked oligosaccharides while DSL,
which binds oligomers and monomers of N-acetylglucosamine,
is usually considered as a chitin-binding lectin. Signals of
weaker amplitude (between 25 and 50% of that of jacalin,
for the two extracts) were obtained with LEL, STL, and PSA.
The two first are chitin-binding lectins while the third one
binds α-linked mannose-containing oligosaccharides. Additional
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FIGURE 3 | Monosaccharide composition of AIM after two (left) or three (right) bleachings. The third bleaching did not produce any significant change in the relative
percentages of monosaccharides in AIM.

lectins (DBA, ConA, SBA, PHA-L, ECL, and GSL-1) gave signals
higher than 25% for the 2bl extracts but lower than this value
for 3bl one. All the other lectins were almost unreactive with
the two extracts. Interestingly, DSL was the single lectin for
which a significant increase of the relative intensity was obtained
after 3rd bleaching; this signal was maintained for LEL and STL
but significantly reduced for all other tested lectins, after 3bl
treatment.

Proteomic Analysis
In total, 39 SMPs were identified from the T. crocea shells, as
shown by the Venn diagram of Figure 5. Fourteen SMPs were
common to the four extracts, and two additional SMPs to three
of the four extracts. Six SMPs were found solely in ASM extracts
(“ASM-specific”) while 17 were “AIM-specific.” We classified
these SMPs on the basis of three criteria: the presence of known
conserved domains (11 hits), the occurrence of LCRs (19 hits),
the absence of these two primary structure characteristics (9
hits). The results are shown in Table 1. Conserved domains were
sub-categorized according to their putative functions: affinity
to polysaccharides (7 hits), enzymatic activities (2 hits), and
protease inhibitors (2 hits). Because some of the identified
proteins with conserved domains exhibit modular architecture
containing LCRs, we are aware that grouping them in three
categories is simplistic and may not reflect the fact that they likely
exert different molecular functions in biomineralization.

Seven SMPs were characterized by possible affinity to
polysaccharides based on functional domain prediction
(Figure 6A and Table 1). These SMPs have one or more chitin-
binding domain(s) (ChBD) except for Tcr_713741. Among the
ChBD-containing proteins, three SMPs including Tcr_63362,
Tcr_684124, and Tcr_684094, also carry functional domains such
as Concanavalin-A, von Willebrand factor type A (VWA), and
Thrombospondin type-1 (TSP-1) domains. These domains are
typically found in proteins of the extracellular matrix (ECM).
In particular, a SMP Tcr_684124 exhibits four VWA domains
followed by ChBD domain(s), showing the characteristic domain

architecture of blue mussel shell proteins, i.e., BMSPs identified
in pteriomophid bivalves (Figure 7) (Suzuki et al., 2011; Zhao
et al., 2018). This is the first report of BMSP ortholog from
heterodont bivalves. We consequently name this protein Tcr-
BMSP. At last, one SMP (Tcr_713741), which sequence exhibits
a calcium-dependent (C-type) lectin fold is also classified in this
category (Figure 6A).

Our proteomic search also identified 2 SMPs that have
conserved functional domain related to enzymatic activity
(Figure 6B and Table 1). The two hits include glycoside
hydrolase (Tcr_575573) and tyrosinase copper-binding domains
(Tcr_588947). The first one is involved in hydrolyzing glycosidic
bonds between two saccharides or between a saccharide and a
non-saccharidic moiety. Such domains may be involved in matrix
remodeling and reorganization in extracellular environment. The
second one, tyrosinase copper-binding domain, catalyzes the
hydroxylation of monophenols and the oxidation of o-diphenols
to o-quinols and thus, may be involved either in matrix cross-
linking or in shell pigmentation, or both.

At last, two SMPs carried protease inhibitor domains,
including trypsin inhibitor Kunitz domain (Tcr_824966) and
serine protease inhibitor Kazal domain (Tcr_531040). These
domains are known to inhibit the proteolytic activity of a large
set of proteases. They are consequently considered as exerting a
protective function regarding the shell matrix.

The second category of SMPs comprise 19 proteins
characterized by low-complexity regions, abbreviated as LCRs.
Hereafter we refer to these proteins as low-complexity region-
containing proteins or LCR-CPs. They are all characterized by
a significant enrichment of their overall sequence in one or
two amino acid residues, as indicated in Table 1. The residues
involved in the enrichment can be aliphatic (G, A, V, L, I,
and P), basic (K and R), hydroxylated (S and T), acidic (D),
amidated (Q), sulfur-containing (M), or aromatic (F). Only
four LCR-CPs showed partial sequence similarity to known
proteins in the public database: Tcr_393634 to serine protease
inhibitor (although this SMP did not have the functional
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FIGURE 4 | Enzyme-linked lectin assay (ELLA) on ASMs. The test was
performed with 21 lectins after two or three bleaching steps. Absorbance
values at 405 nm were normalized to the highest value (Jacalin),
corresponding to 100% reactivity (n = 3, means ± S.D.). Please refer Table 3
of Kanold et al. (2015) for lectin targets. ConA, concanavalin A; DBA, Dolichos
biflorus agglutinin; DSL, Datura stramonium lectin; ECL, Erythrina crista-galli
lectin; GSL I, Griffonia simplicifolia lectin I; GSL II, Griffonia simplicifolia lectin II;
LCA, Lens culinaris agglutinin; LEL, Lycopersicon esculentum lectin; PHA-E,
Phaseolus vulgaris lectin E; PHA-L, Phaseolus vulgaris lectin L; PNA, peanut
agglutinin; PSA, Pisum sativum agglutinin; RCA, Ricinus communis agglutinin;
SBA, soybean agglutinin; SJA, Styphnolobium japonicum agglutinin; STL,
Solanum tuberosum lectin; UEA I, Ulex europaeus agglutinin I; VVA, Vicia
villosa agglutinin; WGA,wheat germ agglutinin.

domain), Tcr_589629 to uncharacterized shell matrix protein
of Lottia gigantea (Table 1). Other two proteins (Tcr_529389
and Tcr_564223) were hit to hypothetical proteins. In addition,
LCRs were found in 4 ChBD-containing proteins (Tcr_714405,
Tcr_356908, Tcr_684209, and Tcr_684124) and in 2 enzymatic
domain-containing SMPs (Tcr_824966 and Tcr_531040) (Table 1
and Supplementary Table 1).

Among the LCR-CPs, the most common are those with
hydrophobic aliphatic amino (Table 1), since they represent
16 hits out of 19. Paired hydrophobic amino acids residues
compose LCR in Tcr_325918 (AP-rich), Tcr_402398 (AG-
rich), Tcr_393634 (AP-rich), and Tcr_459507 (GP-rich). Acidic
LCR is found in one hit only, Tcr_654638, having 2–15
consecutive aspartic acids in its C-terminus (Table 1 and

FIGURE 5 | Number of proteins identified from different sample treatments. In
total, 39 proteins were identified. ASM, acid-soluble matrix. AIM,
acid-insoluble matrix. 2bl, second bleaching. 3bl, third bleaching.

Supplementary Table 1). Its theoretical isoelectric point is 3.44,
which classifies this SMP as very acidic. Note that one G- and
R-rich protein (Tcr_618259) has a poly-Asp(5) sequence in the
C-terminus (Supplementary Table 2), although this pattern did
not fit to criteria for LCR in this study. Basic LCRs composed of
lysin or arginine residues are present in 4 proteins (Tcr_618259,
Tcr_366778, Tcr_597367, and Tcr_647748).

Low-complexity regions exhibiting several putative
phosphorylation sites on serine or threonine residues were
found in 6 LCR-CPs (Tcr_696598, Tcr_438950, Tcr_589629,
Tcr_459507, Tcr_647748, and Tcr_467133). T-rich LCRs are
also present in 4 ChBD-containing proteins (Tcr_714405,
Tcr_356908, Tcr_684209, and Tcr_684124). A computational
prediction of phosphorylation sites demonstrated that these
S- or T-rich LCRs are often phosphorylated (Figure 8). For
example, SMP Tcr_459507 exhibited 12 LCRs including a S-rich
and a T-rich LCRs, and showed significant phosphorylation
probabilities in both the S-rich and T-rich regions (Figure 8).
Phosphorylation sites were also likely present on S-rich and
T-rich LCRs of ChBD-containing proteins such as BMSP.

At last, the third category of T. crocea SMPs comprises
9 hits (23% of the SMPs identified here) that did not show
any significant similarities to proteins with known conserved
domains. One of them (Tcr_311651) exhibits a high similarity
with a hypothetical protein of unknown function from the edible
oyster C. gigas.

DISCUSSION

Here we report the first biochemical and molecular
characterization of the shell organic constituents of the
Western Pacific crocus clam, T. crocea. Our analysis confirms
the complex nature of this skeletal matrix, which contains
proteins, polysaccharides and lipids; this latter fraction, detected
only via FT-IR spectroscopy, was not investigated further. Our
discussion focuses, first on the saccharide moiety, secondly on
the protein one.
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TABLE 1 | Classification of T. crocea shell matrix proteins.

Category Protein ID Signal
peptide

Trans-
membrane

LCR
1AA*

LCR
2AA*

Pfam/Prositeprofiles/Superfamily

Affinity to polysaccharides Tcr_63362 Yes No Chitin binding domain (PF01607)
Concanavalin A-like lectin/glucanase domain (SF49899)

Tcr_356908 Yes No T-rich Chitin binding domain (IPR002557)

Tcr_684094 Yes Yes TSP1 (PF00090)
Chitin binding domain (PF01607)
VWA (SSF53300)

Tcr_684124 Yes No P-rich
T-rich

GQ-rich
GS-rich
GT-rich

VWA (PF00092)
Chitin binding domain (IPR002557)

Tcr_684209 No No G-rich
P-rich
T-rich

GM-rich
GP-rich

Chitin-binding, domain 3 (PF03067)

Tcr_713741 Yes Yes C-type lectin fold (SSF56436)

Tcr_714405 Yes Yes T-rich Chitin-binding, domain 3 (PF03067)

Enzymes Tcr_0.575573 Yes No Glycoside hydrolase, family 5 (PF00150)

Tcr_588947 Yes No Tyrosinase copper-binding domain (PF00264)

Protease inhibitors Tcr_531040 Yes Yes P-rich Kazal domain (IPR002350)

Tcr_824966 No No Pancreatic trypsin inhibitor Kunitz domain (PF00014)

Uncharacterized proteins Tcr_53656 No No –

Tcr_292514 Yes No –

Tcr_311651 Yes No –

Tcr_425966 Yes No –

Tcr_428448 No No –

Tcr_453318 Yes No –

Tcr_526755 Yes Yes –

Tcr_595442 Yes No –

Tcr_652688 Yes No –

LCR-containing proteins Tcr_16185 Yes Yes G-rich GY-rich
PQ-rich

–

Tcr_83017 Yes Yes G-rich –

Tcr_325918 Yes No P-rich AP-rich –

Tcr_366778 Yes No K-rich PT-rich –

Tcr_393634 Yes No A-rich AP-rich –

Tcr_402398 No No AG-rich
GS-rich

–

Tcr_438950 No Yes T-rich –

Tcr_459507 Yes Yes A-rich
G-rich
P-rich
S-rich
T-rich

AG-rich
GP-rich
KV-rich

–

Tcr_467133 No No P-rich
T-rich

–

Tcr_529389 No No GM-rich
GP-rich
GQ-rich

–

Tcr_564223 Yes No Q-rich –

Tcr_589629 No No GS-rich –

Tcr_597367 Yes No G-rich
K-rich

GM-rich
PV-rich

–

Tcr_618259 No Yes G-rich
R-rich

GI-rich
RS-rich

–

Tcr_647748 Yes No K-rich
T-rich

RS-rich –

Tcr_654638 No Yes D-rich DK-rich
DL-rich
DN-rich

–

Tcr_675074 Yes Yes L-rich GR-rich –

Tcr_696598 Yes Yes L-rich
T-rich

–

Tcr_714321 Yes No GM-rich –

*Low complexity region composed of one (1AA) or two (2AA) major amino acid(s).
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FIGURE 6 | Functional domain architecture of T. crocea SMPs. (A) Affinity to polysaccharides. (B) Enzymes. (C) Protease inhibitors. Lengths of amino acid
sequences are shown at the right of each protein.

Saccharide Moiety
Both AIMs exhibit peculiar monosaccharide composition, with
xylose, galactose, glucose and arabinose as the main residues.
Note that xylose is not frequently represented in such proportions
in matrices associated to CaCO3 skeletons (Cuif et al., 1996). The
case of glucosamine should be emphasized: the detection of this
residue can result from the hydrolysis of glucosamine-containing
polysaccharides or can ensue from the deacetylation of N-acetyl-
glucosamine - the monomer of chitin – during hydrolysis.
Thus, glucosamine in skeletal matrices is often interpreted as
a marker of chitin. In our AIM characterization, glucosamine,
although relatively abundant, is not dominant, suggesting that the
saccharide moiety consists of a mixture of chitin and other types
of saccharides of unknown primary structure. This finding is
confirmed by ELLA test on ASM where jacalin, the most reactive

lectin, indicates the prominence of D-galactose or of O-linked
oligosaccharides. DSL, the second most reactive lectin, marks
the presence of monomers/oligomers of N-acetylglucosamine,
suggesting that soluble derived products of chitin are present in
the ASM. We suppose that the release of such soluble components
ensue from the partial hydrolysis and solubilization of chitin
by bleach, similarly to what occurs in a chitin-rich biomineral
(Oudot et al., 2020). This also suggests that chitin - accessible to
bleach – is intercrystalline.

The presence of chitin in shells has been reported among
several pteriomorph ‘nacro-prismatic’ bivalves: histochemical
studies detected chitin in the prismatic layer of the pearl oyster
P. fucata (Suzuki et al., 2007), in the nacreous layer of the winged
oyster Pteria hirundo (Osuna-Mascaró et al., 2015), and in the
larval shell of the Mediterranean mussel M. galloprovincialis
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FIGURE 7 | Conserved domain architecture of BMSPs in mollusks. BMSPs carry more than one VWA domain at their N-termini, immediately followed by one or more
chitin-binding domains. This domain architecture is only found in molluscan genomes. Asterisks indicate that proteomic analyses confirmed the presence of BMSP in
the shells. Species name abbreviation: Aca, Aplysia californica, Bgl, Biomphalaria glabrata, Bpl, Bathymodiolus platifrons, Cfa, Chlamys farreri, Cgi, Crassostrea
gigas, Cte, Capitella teleta, Hro, Helobdella robusta, Lan, Lingula anatina, Lgi, Lottia gigantea, Mga, Mytilus galloprovincialis, Mph, Modiolus philippinarum, Mye,
Mizuhopecten yessoensis, Nge, Notospermus geniculatus, Obi, Octopus bimaculoides, Pau, Phoronis australis, Pfu, Pinctada fucata, Tca, Tridacna crocea.

(Weiss and Schönitzer, 2006). A recent study found chitin and
its derivative, chitosan, in the crossed lamellar shell layer of two
heterodont bivalves, the thin-ribbed cockle Fulvia tenuicostata
and the giant clam T. gigas, a closely-related species to T. crocea
(Agbaje et al., 2019). Our results obtained by two different
techniques (HPAE-PAD and ELLA) confirms this latter finding:
the presence of chitin in a ‘non-pteriomorph,’ crossed-lamellar

bivalve model, where it is believed to participate – via the
formation of chitin-protein complexes - to the 3D-structuring of
the organic framework. Recent data (Agbaje et al., 2018; Oudot
et al., 2020) show that chitin, which importance in shell formation
is commonly admitted, is not universally distributed in this
exoskeleton. Understanding its exact role in mineral deposition,
analyzing its distribution and abundance across the Mollusca and
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FIGURE 8 | Phosphorylation sites of 10 T. crocea SMPs. Each protein primary structure corresponds to the gray horizontal trait with figurations symbolizing
conserved functional domains (LCRs, VWA, and ChBDs) dispersed along the sequence. In the rectangles above, vertical lines (gray or blue) represent the positions
of putative phosphorylation sites along the sequences, as predicted by NetPhos 3.1. Blue bars indicate likely phosphorylation sites (probability > 0.5), and gray lines,
unlikely phosphorylation sites. (A) Six LCR-containing proteins. (B) Four Chitin-binding domain-containing proteins. Note that the protein regions with the highest
density of likely phosphorylation sites often correspond to T-, MT-, PT-, S-, GS-, ST-rich LCRs.

detecting which polymer replaced it functionally in chitin-less
shells are major evolutionary questions that deserve attention.

Proteins of the Shell Matrix
Our proteomic data give a snapshot of the protein composition
of the crocus clam’s shell matrix. Thirty-nine proteins were

identified, they divide in three groups: those with one or
more well identified domain (like enzymatic domains, protease
inhibitors or domains interacting with chitin), those with
Low Complexity Regions (LCRs), and finally, uncharacterized
proteins, i.e., proteins that cannot be affiliated to any of
these two categories. Our data give a glimpse on the
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macroevolution of shell mineralizing matrices in a poorly
investigated bivalve clade.

Chitin and Chitin-Binding Proteins
While sugar analyses strongly suggests the presence of chitin
in the matrix of T. crocea, another major clue is the proteomic
identification of six shell proteins that contain chitin-binding
domains (ChBDs). Formerly, several proteome analyses detected
several ChBD-containing proteins in bivalve shells (Arivalagan
et al., 2017; Marie et al., 2017; Zhao et al., 2018). Despite their
commonality, their evolutionary relationships are not clarified
because their sequence similarity is restricted to the ChBD, and
their overall primary structures are highly divergent, due to
their modular architectures. Interestingly, we have identified, in
the T. crocea shell proteome, an ortholog of BMSP, a ChBD-
containing protein originally identified in the blue mussel shell
(Suzuki et al., 2011). The BMSP family members are clearly
distinguishable from other ChBD-containing proteins from their
primary structure, by exhibiting four N-terminal VWA domains
in tandem followed by one or two ChBDs (Suzuki et al.,
2011). Genes encoding proteins with such domain architecture
(Figure 7) are exclusively found in bivalve genomes (Zhao
et al., 2018). In contrast, gastropod genomes have one or more
putative BMSP gene homologs that encode proteins with only
two or three VWA domains followed by one/two ChBDs (Zhao
et al., 2018). Many SMPs, in particular those with LCDs or
RLCDs, show rapid molecular evolutionary rate (McDougall
et al., 2013; Kocot et al., 2016) and putative extensive domain
shuffling (Marin et al., 2007). The finding of T. crocea BMSP
shows that the architecture of the four tandem N-terminal VWA
domains was established before the split between Pteriomorphia
and Heterodonta sub-classes, an event that dates back to
500 Mya (Plazzi and Passamonti, 2010). The intact conserved
domain architecture of BMSPs in two phylogenetically distant
bivalve clades indicates that these secreted proteins play likely
essential role in shell formation, and that strong functional
constraints have maintained the domain architecture of bivalve
BMSPs across the Phanerozoic eon. In summary, besides fast-
evolving SMPs, ‘shellomes’ also contain SMPs that are remarkably
evolutionarily conserved.

In addition to SMPs with ChBDs, LCR-containing proteins
may also be involved in binding chitin, such as the GY-rich
LCR of Prismalin-14, identified in the calcitic prismatic layer of
P. fucata (Suzuki et al., 2004; Suzuki and Nagasawa, 2007). In the
T. crocea shell proteome, Tcr_16185 contains a GY-rich LCR in
its C-terminus that may display similar function. Interestingly,
GY-rich sequences that putatively bind chitin were also found
in pearl oyster SMPs like MSI31 (Sudo et al., 1997), shematrins
(Yano et al., 2006), or KRMPs (Liang et al., 2015). So far, the
chitin-binding ability of these SMPs has not been tested yet
in vitro.

Enzymes and Protease Inhibitors
Tyrosinases represent a family of copper-containing enzymes
that oxidize phenol groups of tyrosine into o-quinones to induce
cross-links. They are responsible for melanogenesis in diverse
organisms. They are incorporated as SMPs in the prismatic

and nacreous layers on P. fucata shells (Nagai et al., 2007;
Liu et al., 2015) and nacre of unionoid shells (Marie et al.,
2017). Tyrosinases are also identified from different bivalve shell
microstructures, including that of three pteriomorphid and one
heterodont species (Arivalagan et al., 2017). The presence of
tyrosinase in the crossed lamellar shell of T. crocea (Figure 6)
underlines the widespread utilization of this protein family for
shell formation in bivalves, where it works in hardening the
organic matrix (cross-linking), in innate immunity, in wound
healing and not solely in shell pigmentation (Nagai et al.,
2007). Tyrosinases are probably part of an ancient toolkit
in mollusk evolution, recruited early for shell mineralization:
it was shown that this gene family has undergone complex
evolutionary history, with multiple independent evolutions and
gene expansion, inactivation or loss in different bivalve lineages
(Aguilera et al., 2014).

Protease inhibitors become a ‘recurrent theme’ in mollusc
shell proteomes as proteins with protease inhibitor domains
have been detected in several shell matrices (Marie et al., 2012;
Arivalagan et al., 2017). In T. crocea SMPs, we identified two
protease inhibitors, a trypsin inhibitor with a Kunitz domain
(Tcr_824966) and a serine protease inhibitor with Kazal domains
(Tcr_531040). It is generally believed that such proteins are part
of a protective mechanism of the calcifying matrix during its
secretion, by preventing its premature degradation by proteolytic
enzymes in the extracellular environment. We cannot exclude
that such domains perform additional unsuspected functions in
the context of shell mineralization.

LCR-Containing Proteins
Despite the prevalence of LCRs in SMPs, the function of
most of them in shell formation is still elusive. Among the
compositionally biased amino acids in LCRs, hydrophobic
aliphatic amino acids (alanine and glycine) are common, as
shown by Table 1. Gly-rich or Ala-rich domains are usually
considered to exert ‘structural’ (cement between crystal units) or
‘mechanical’ (enhancer of fracture toughness) functions. Because
of their hydrophobicity, they may also play a completely different
role by expelling water molecules from the system, catalyzing
the conversion of amorphous transient water-rich minerals to
a crystalline stable form, aragonite. Proline-rich domains are
also to be noted because they provide rigid rod-like structures
(such as in mucins), but their functional significance is unknown.
Basic domains (lysine-rich and arginine-rich) are found in 4
SMPs and their functions give rise to different hypotheses.
Two families of basic domain-containing shell proteins have
been identified in pteriomorphid bivalves, KRMPs (Liang et al.,
2015) and shematrins (Yano et al., 2006). In KRMPs, the basic
domains are suspected to inhibit the precipitation of calcium
carbonate, to interact with calcite and modify its morphology
and to inhibit the growth of aragonite (Liang et al., 2015). We
may suggest additional roles: interaction with bicarbonate ions,
anchoring of polyanionic polymers via electrostatic interactions.
However, these putative functions need to be tested in vitro.
At last, Table 1 lists a couple of proteins with glutamine-rich
domains. Proteins with similar property have been detected in the
shell matrix of the gastropod Haliotis asinina (Marie et al., 2010)
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and it has been proposed that they might be involved in
protein aggregation. Here again, this hypothesis requires in vitro
experimental evidences.

Acidic Proteins
Acidic proteins, i.e., polyanionic proteins in physiological pH
conditions, are key components of calcification process: they are
indeed supposed to be involved in nucleation, inhibition, and
orientation of crystal growth (Addadi and Weiner, 1985; Albeck
et al., 1993; Marin and Luquet, 2008). In particular, Asp-/Glu-
rich or poly-Asp/poly-Glu domains – a special case of LCRs –
are usually considered as regions that bind high amount of
Ca2+ ions with a moderate affinity, via the negatively charged
side chains of Asp/Glu residues (Hare, 1963; Weiner and Hood,
1975; Takeuchi et al., 2008; Suzuki et al., 2009). Bulk amino acid
composition demonstrated that Asp was significantly enriched in
bivalve shell matrices (Weiner and Hood, 1975; Weiner, 1979,
1983). However, to date, few acidic SMPs with high proportion
of acidic AA residues (Asp + Glu >20%) and low theoretical
pI (<3.5) have been identified from pteriomorph bivalves: they
include MSP-1 and MSP-2 of the scallop Patinopecten yessoensis
(Sarashina and Endo, 1998, 2001; Hasegawa and Uchiyama,
2005), Aspein of the Japanese pearl oyster P. fucata (Tsukamoto
et al., 2004; Isowa et al., 2012) and a collection of isoforms,
the Asprich family of the rigid pen shell Atrina rigida (Gotliv
et al., 2005). The shell matrix of T. crocea conforms, to a certain
extent, to the concepts outlined above on acidic shell proteins.
Firstly, it exhibits polyanionic properties, as shown by Alcian
blue staining (ASM + AIM) and has the likely ability to bind
calcium ions, as indicated by Stains-all (ASM, only). Secondly,
we have identified the full sequence of a novel acidic protein
(Tcr_654638, pI = 3.44, Asp+Glu = 32.4%) with a D-rich LCR in
its C-terminus (Table 1 and Supplementary Table 2), which does
not show any significant sequence similarity to known proteins
in public databases. This suggests its independent origin from
pteriomorph D-rich proteins (MSP-1, Aspein) and possibly, a
clade-specific recruitment within heterodont bivalves.

In addition to the presence of acidic residues, phosphorylation
may contribute to the acidic nature of some SMPs (Marin
and Luquet, 2007). Phosphate groups are detected in matrices
associated to calcium carbonate biominerals of diverse metazoan
animals such as the sea urchin Arbacia lixula (Kanold et al., 2015),
the zebra mussel Dreissena polymorpha (Immel et al., 2016), or
the scleractinian coral Porites australiensis (Takeuchi et al., 2018).
Our FT-IR result showed that phosphate groups are retained in
the matrices (AIMs) after intense bleach, suggesting their strong
affinity with the biomineral (Figure 2).

Phosphorylated proteins, in particular those with Ser-
rich/Thr-rich LCRs, are found in various biominerals. In
vertebrates, they include osteopontin, a bone matrix protein
(Gericke et al., 2005) but also dentin matrix protein (DMP-1) and
phosphophoryn (aka DMP2) two highly phosphorylated teeth
proteins (George et al., 1993; He et al., 2005). Phosphorylation
is crucial for both proper folding and calcium binding ability
of phosphophoryn (He et al., 2005). Among non-vertebrate
calcium carbonate biominerals, Orchestin (Hecker et al., 2003)
and CAP-1 (Inoue et al., 2003) are phosphorylated proteins

involved in calcium storage during ecdysis in crustaceans,
and their calcium-binding ability depends on phosphorylation.
Phosphorylated acidic proteins (phosphodontin) were found
in the teeth system (Aristotle’s lantern) of the sea urchin
Strongylocentrotus purpuratus (Mann et al., 2010).

In the T. crocea shell proteome, 10 SMPs have S- or T-
rich LCRs that are likely phosphorylated (Figure 8). Four
ChBD-containing proteins including BMSP exhibit putative
phosphorylated LCRs, which certainly increase their affinity to
calcium ions. We suggest that the combination of ChBDs and
T-rich LCRs in some SMP sequences may be an essential requisite
to form a molecular bridge between chitin and calcium carbonate.
Phosphorylation may also change the conformation of SMPs
to build proper structure in the shell organic framework. Our
results highlight the phosphorylation of SMPs as an alternative
mechanism to ’acidify’ the shell organic matrix, regardless of the
presence of Asp-rich proteins.

CONCLUSION

In this study, we conducted a biochemical characterization of the
crossed lamellar shell of T. crocea, the crocus clam. We identified
39 proteins that show little homology with that of other bivalves
studied so far. Beside evolutionary aspects, the SMP repertoire
of T. crocea provides a large set of molecular markers, usable
to check how this species reacts to environmental stress, in
particular ocean acidification, known to induce deleterious effects
on shell calcification. We have every reason to think that these
effects may be quantifiable by analyzing the SMP gene expression.

At last, the SMP repertoire of living T. crocea opens a window
on the shell repertoire of similar fossil shell materials. Recently,
we have identified SMPs from well-dated (2,880 ± 30 BC)
Tridacna sp. subfossils of French Polynesia (Marin et al., 2018).
Our study shows the good potential for preservation of some
SMPs across archaeological times. It consequently paves the
road of an emerging discipline, ‘palaeoshellomics’ (Wallace and
Schiffbauer, 2016; Sakalauskaite et al., 2020).
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Divergent Expression of SPARC,
SPARC-L, and SCPP Genes During
Jawed Vertebrate Cartilage
Mineralization
Adrian Romero1†, Nicolas Leurs2†, David Muñoz1, Mélanie Debiais-Thibaud2* and
Sylvain Marcellini 1*

1Laboratory of Development and Evolution (LADE), University of Concepción, Concepción, Chile, 2Institut des Sciences de
l’Evolution de Montpellier, ISEM, Univ Montpellier, CNRS, IRD, EPHE, Montpellier, France

While cartilage is an ancient tissue found both in protostomes and deuterostomes, its
mineralization evolvedmore recently, within the vertebrate lineage. SPARC, SPARC-L, and
the SCPP members (Secretory Calcium-binding PhosphoProtein genes which evolved
from SPARC-L) are major players of dentine and bone mineralization, but their involvement
in the emergence of the vertebrate mineralized cartilage remains unclear. We performed in
situ hybridization on mineralizing cartilaginous skeletal elements of the frog Xenopus
tropicalis (Xt) and the shark Scyliorhinus canicula (Sc) to examine the expression of SPARC
(present in both species), SPARC-L (present in Sc only) and the SCPP members (present
in Xt only). We show that while mineralizing cartilage expresses SPARC (but not SPARC-L)
in Sc, it expresses the SCPP genes (but not SPARC) in Xt, and propose two possible
evolutionary scenarios to explain these opposite expression patterns. In spite of these
genetic divergences, our data draw the attention on an overlooked and evolutionarily
conserved peripheral cartilage subdomain expressing SPARC or the SCPP genes and
exhibiting a high propensity to mineralize.

Keywords: SPARC, SPARC-L, SCPP, cartilage mineralization, Xenopus tropicalis, Scyliorhinus canicula, vertebrate
evolution

INTRODUCTION

The evolution of a mineralized skeleton occurred in early vertebrates, in a variety of tissues including
superficial dermal scales and teeth, together with internal cartilages, and perichondral bones (Ørvig,
1951; Donoghue and Sansom, 2002). In the internal skeleton, several cell types are associated with
biomineralization, and the most studied cell model in mammalian organisms is the osteoblast active
in the endochondral ossification process (Long and Ornitz, 2013). These osteoblasts are derived from
periosteal tissues or from hypertrophic transdifferentiated chondrocytes (Tsang et al., 2015). The
process of endochondral ossification, or replacement of cartilage matrix by bone marrow and bone
trabeculae, is absent from chondrichthyans and has long been thought to be a derived feature specific
to osteichthyans (reviewed in Donoghue and Sansom, 2002; Hirasawa and Kuratani, 2015), although
recent paleontological data has challenged this view (Brazeau et al., 2020). Also known to mineralize
their matrix are the chondrocytes, not only at the ossification front of endochondral bone growth (in
the case of hyaline cartilage), but also in stable forms of mineralized cartilage such as fibrocartilages
and other forms of cartilage displaying striking similarities to bony tissues (Beresford, 1981; Dyment
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et al., 2015; Paul et al., 2016; Pears et al., 2020; Berio et al., 2021).
Even though both perichondral bones and cartilaginous tissues
displayed mineralization in the earliest forms of mineralized
internal skeletons (Ørvig, 1951; Min and Janvier, 1998;
Donoghue et al., 2006; Johanson et al., 2010, 2012; Pears et al.,
2020), mineralizing cartilages have been understudied from a
genetic and evolutionary perspective in extant vertebrates. A
better understanding of the genetic underpinning of the
mineralizing chondrocytes is therefore necessary to understand
the early steps of the evolution of endoskeletal mineralization in
vertebrates.

The evolution of vertebrate endoskeletal mineralization
has been discussed in the light of the two rounds of whole-
genome duplication (2Rs). These duplications occurred
before the diversification of extant jawed vertebrates
(Nakatani et al., 2021) and generated gene families with
diverging gene functions which may have produced the
genetic toolkit required for the cellular ability to mineralize
an extracellular matrix (Zhang and Cohn, 2008). The
evolution of the SPARC/SPARC-L/SCPP gene family has
been of great interest in this perspective (Kawasaki and
Weiss, 2003; Kawasaki et al., 2005; Kawasaki, 2009;
Bertrand et al., 2013; Enault et al., 2018), and is
summarized in Figure 1. SPARC-L and SPARC are two
paralogues having originated from the 2Rs (Kawasaki and
Weiss, 2003; Kawasaki et al., 2005; Kawasaki, 2009; Bertrand
et al., 2013; Enault et al., 2018). In bony fishes, independent
local duplications at the SPARC-L locus generated SPARC-L1
and SPARC-L2 and a variable number of tandemly located
genes coding for Secretory Calcium-binding PhosphoProteins
(SCPPs) that have evolved rapidly since their origin (see
Supplementary Figure S1 and Kawasaki and Weiss, 2003;
Kawasaki et al., 2005; Enault et al., 2018). Hence outside of
amniotes, homology relationships between SCPP duplicates
are obscured by independent gene gains and losses together
with a high rate of sequence divergence (Kawasaki, 2009). No
SCPP genes have been identified in cartilaginous fish genomes,
making the chondrichthyan SPARC-L gene the single
orthologue to all SCPP genes of bony vertebrates (see

Figure 1, Supplementary Figure S1 and Ryll et al., 2014;
Venkatesh et al., 2014; Enault et al., 2018).

The SPARC gene (Secreted Protein Acidic and Rich in
Cysteine, formerly coined Osteonectin) encodes a matricellular
protein which is one of the most abundant non-collagenous
matrix proteins in mammalian and teleost bone (Schreiweis
et al., 2007; Kessels et al., 2014). Secreted by osteoblasts, the
SPARC protein functions in mineralized tissues by binding both
collagen fibrils and calcium, but also by signaling to bone cells
(reviewed by Rosset and Bradshaw, 2016). In osteichthyans, the
expression of SPARC is evolutionary conserved in osteoblasts as
well as in odontoblasts (Holland et al., 1987; Li et al., 2009;
Espinoza et al., 2010; Enault et al., 2018). In chondrichthyans
having secondarily lost the bone tissue (and the osteoblast cell
type), SPARC is highly expressed in odontoblasts (Enault et al.,
2018). The single SPARC-L gene in cartilaginous fishes is
expressed in enameloid secreting cells in teeth and scales of
the catshark Scyliorhinus canicula (Enault et al., 2018). In
osteichthyans it seems that SPARC-L1 and SPARC-L2 are not
specifically expressed nor functionally required in the skeleton
(McKinnon et al., 2000; Bertrand et al., 2013). In addition,
SPARC-L2 was independently lost in tetrapods and teleosts,
and SPARC-L1 was also lost in amphibians (see Figure 1 and
Kawasaki et al., 2007; Bertrand et al., 2013; Enault et al., 2018),
suggesting that these two genes are functionally dispensable.
Rather, in osteichthyans, SCPP family members are key players
of skeletal mineralization. Within amniote SCPP genes, Bone
sialoprotein (BSP), Osteopontin (OPN or SPP1) and Dentin
matrix protein 1 (DMP1) are strongly expressed by osteoblasts
and their protein products are stored in the mineral phase of bone
tissue (Ustriyana et al., 2021). Most members of this family are also
expressed and functional during tooth development in mammals
(either in the production of enamel or/and dentin, reviewed by
Nikoloudaki, 2021). In the clawed frog Xenopus tropicalis and the
zebrafishDanio rerio the expression of distinct SCPPmembers has
been reported in ameloblasts, odontoblasts, and osteoblasts
(Kawasaki et al., 2005; Kawasaki, 2009; Espinoza et al., 2010;
Enault et al., 2018). Overall, our knowledge of the evolution of
the expression of SPARC, SPARC-L and the SCPPmembers during

FIGURE 1 | A simplified evolutionary scenario for the SPARC/SPARC-L/SCPP family. Vertebrate-specific whole genome duplications produced the ancestral
SPARC (S) and SPARC-L (L) paralogues. These loci were not overtly altered in the chondrichthyan lineage as both genes are clearly identifiable in sharks. In the
osteichthyan lineage, local duplications at the SPARC-L locus produced SPARC-L1 (L1), SPARC-L2 (L2) and the SCPP members (triangles). Triangles in different
orientations symbolize the fact that SCPP genes are subject to independent local duplications events and a high rate of evolutionary divergence, hindering
homology relationships. SPARC-L2 was independently lost in tetrapods and teleosts and SPARC-L1 was also lost in amphibians. See text for details and references.
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cartilage mineralization remains limited, and, in this study, we
examined the expression of these genes during endoskeletal
development in Xenopus tropicalis and Scyliorhinus canicula.

METHODS

Specimens, Histological Staining and
Cryo-Sections
Lesser spotted catshark (Scyliorhinus canicula) embryos were
maintained at 17°C at the University of Montpellier, France, until
they reached development stage 32 (Ballard et al., 1993;Maxwell et al.,
2008). Embryos were taken out of their eggshell, anesthetized and
subsequently euthanized by overdose of MS-222 (Sigma) following
European animal-care specifications. As substantial growth occurs
during stage 32, each individual was measured before fixation and
classified into early, intermediate and late stages whose body length
measured respectively 5.3, 6.6, and 8.5 cm for histological analyses,
and respectively 5.0, 6.3, and 7.9 cm for the Alizarin red S and in situ
hybridization procedures. Abdominal vertebral portions were fixed
48 h in PFA 4% in PBS 1× at 4°C and were subsequently transferred
in ethanol and stored at −20°C until needed.

Adult Xenopus tropicalis were maintained following standard
protocols established for this species, at the University of
Concepcion. Embryos and tadpoles were raised after natural
mating and staged according to the Nieuwkoop and Faber
developmental table (Nieuwkoop and Faber, 1967). Anesthesia
of tadpoles was performed with a MS-222 (Sigma) solution at
2 mg/ml and each specimen was subsequently decapitated in
agreement with international bioethical recommendations (Close
et al., 1996; Ramlochansingh et al., 2014).

Dissected organs of both species were embedded in paraffin to
generate 7 μm-thick histological sections that were stained with
standard protocols [eosin, hematoxylin and safran reaction for
catshark (RHEM platform at IRCM, Montpellier); hematoxylin
and chromotrope 2R (C3143 Sigma) for frog sections]. The von
Kossa protocol was used on paraffin sections of Xenopus tropicalis
to detect calcium on tissue sections (#10241, Diapath, Italy)
following the manufacturer’s instruction. Briefly, the von Kossa
method is based on the transformation of calcium ions, bound to
phosphates, into silver ions brought by a solution of silver nitrate.

Spotted catshark alizarin red S and in situ hybridizations were
performed on serial, 14 μm thick cryostat sections, cut transversal
in the body trunk, at the level of the pectoral fins. Parts of the
specimens that were not used for this study were conserved in
ethanol at − 20°C for further studies on gene expression. Alizarin
red S staining was used to detect calcium deposits with a single
bath of 0.05% Alizarin Red S (Sigma) in KOH 0.5%, 5 min, before
mounting in Mowiol. All slides generated with catshark samples
were scanned on a Hamamatsu nanozoomer.

In situ Hybridizations
All probes and in situ hybridization procedures used here with
Scyliorhinus canicula and Xenopus tropicalis were previously
described (Espinoza et al., 2010; Enault et al., 2018), except for
the frog SCPPA2 gene (GenBank EU642617) for which a 968 bp
product was amplified and cloned into pBluescript using the

following primers (5′ to 3′) Forward- GAG TCA TAC TAC AGG
ACC TGC, Reverse-CAT GCA ACT CAG CCA AAG CT.

RESULTS

SPARC and SPARC-L Expression in the
Development of Vertebrae in the Lesser
Spotted Catshark Scyliorhinus canicula
The catshark vertebral tissue mineralizes at the level of the neural
arches and of the vertebral body (Enault et al., 2015). In the neural
arches, mineralization occurs at two juxtaposed sites: the matrix of
the most peripheral chondrocytes and the fibrous perichondrial
tissue surrounding each neural arch (Figures 2A–H). In the neural
arch peripheral cartilage, a faint Alizarin red-positive signal is
observable in early stage 32 embryos (Figures 2A,B,E,F), and
becomes more intense in intermediate and late stage 32 embryos
(Figures 2C,D,G,H). Note that neural arch mineralization never
extends to the center of the cartilaginous scaffold (Figures 2A–H
and Berio et al., 2021). In addition, the fibrous perichondrial tissue
surrounding each neural arch displays a robust mineralization in
intermediate and late stage 32 embryos. In the vertebral body, a
mineralization ring appears in the cartilage surrounding the
notochord of intermediate stage 32 embryos and becomes more
mineralized in late stage 32 embryos (Figures 2F–H).

The expression of the SPARC gene was detected in the neural
tube and several connective tissues such as the dermis and
perimysium at all tested developmental stages (Figures 2I–L).
We report three major sites of SPARC expression in the Sc
developing vertebrae: the neural arch chondrocytes, the neural
arch fibrous perichondrium, and the vertebral body. In the neural
arches of early stage 32 embryos, SPARC expression localizes to
peripheral chondrocytes (i.e., specifically to the mineralizing
cartilage) and to the cells of the fibrous perichondrium
(Figures 2I,J). In intermediate stage 32 embryos SPARC
expression extends to most chondrocytes of the neural arches
(Figure 2K). Cells of the mineralized fibrous perichondrial tissue
surrounding the neural arches also express SPARC in
intermediate and late stage 32 embryos (Figures 2J,K). In the
vertebral body from early and intermediate stage 32 embryos,
SPARC is detected as a ring of expression in chondrocytes
surrounding the notochord (Figures 2I–K). Our results on
late stage 32 embryos show little gene expression of SPARC in
the vertebral tissues, as only a faint signal was observed in some
chondrocytes, (Figure 2L), revealing that the expression of this
gene is dynamic and transient in relation to the mineralization
processes. We had previously shown that SPARC is expressed in
developing scales (Enault et al., 2018), and the expected signal in
odontoblasts presents on the same section strongly argues against
a possible technical problem for the detectionmethod in late stage
32 embryos (Figure 2L, inset).

On the other hand, the expression of SPARC-L could not be
detected in any endoskeletal tissues, while its expression in the
epithelium (i.e., the ameloblast layer) of developing and
mineralized scales was observable at all stages (Figures
2M–P), as expected (Enault et al., 2018).
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FIGURE 2 | Histology, mineralization dynamics and SPARC and SPARC-L expression pattern in the vertebrae and scales of the small-spotted catshark
Scyliorhinus canicula. (A–D)Hematoxylin-Eosin Safran (HES) histological staining on transverse sections at the level of thoracic vertebrae: A, general viewwith location of
the neural tube (nt) and notochord (nc); B-D, closer views on vertebral tissues as boxed in A, with identification of the fibrous perichondrium (fp), unmineralized cartilage
(uc) and peripheral chondrocytes (pc) of the neural arch (na), as well as the unmineralized cartilage (uc) and fibrous cartilage (fc) of the vertebral body (vb); insets in
B-D, closer view of the dorsal scales as boxed in A, indicating the location of the epithelial (e) andmesenchymal (m) compartments of scale buds. Stage 32 embryos were
staged according to their total length into “early,” “intermediate,” and “late” categories as described in the Material and Method section. (E) Periodic Acid Schiff-Alcian

(Continued )
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SPARC and SCPPs Expression in the
Development of Limbs and Vertebrae in the
Western Clawed Frog Xenopus tropicalis
We examined gene expression in NF58 Xt limbs because at this
stage hypertrophic cartilage is in its most mature state and
becomes eliminated and replaced by bone marrow at the
diaphysis (Figure 3A). von Kossa staining showed an intense
signal in the bone matrix and revealed that the Xt hypertrophic
cartilage does not mineralize at the diaphysis of NF58 femoral
bones (Figure 3B). SPARC transcripts were specifically detected
in osteocytes and in osteoblasts of the periosteum and endosteum,
but not in the cartilage (Figures 3C,D). A similar situation was
observed for BSP (Figure 3E). DMP1 was detected in osteocytes
as well as in some chondrocytes of the diaphysis (Figure 3F).
Transcripts from the SCPPA2 gene were detected in osteocytes
and some osteoblasts, and in many chondrocytes located at the
cartilage to bone marrow transition and in the vicinity of the bone
matrix of the diaphysis (Figure 3G) and of the epiphysis
(Figure 3G9).

Stage NF58 vertebrae (Figure 4A) were subjected to von Kossa
staining, revealing cartilage mineralization in the dorsal region of
the neural arches (Figures 4B,C), as well as in the ventral region
located between the neural tube and the notochord (Figures
4B9,C9), in agreement with previous observations performed with
Alizarin red S (Enault et al., 2015). We found that each of the
examined genes displays a distinctive expression pattern. SPARC
is specifically expressed in osteoblasts of the dorsal neural arches
and of the ventral region, but not in chondrocytes (Figures
4D,D9,E,E9). BSP is expressed in osteoblasts and chondrocytes
of both regions, albeit its expression is much stronger in the
cartilage of the ventral vertebrae (Figures 4F,F9). DMP1 is
expressed in osteocytes and in chondrocytes located close to
the bone matrix of the dorsal neural arch, but is not expressed in
the ventral vertebra at this stage (Figures 4G,G9). SCPPA2 is
moderately expressed in some osteocytes and osteoblasts of the
dorsal neural arch, and very strongly in chondrocytes of the
mineralizing cartilage of both vertebral regions (Figures 4H,H9).

DISCUSSION

Our findings in Xt reveal an evolutionary conservation of the
cartilaginous expression of the SCPP genes in tetrapods. Indeed,
similarly to the situation in Xt, SPARC is not expressed in mouse
chondrocytes (Holland et al., 1987). Rather, SCPP genes such as
DMP1 and BSP are expressed and required for mouse cartilage
development (Chen et al., 1991; Ye et al., 2005; Bouleftour et al.,
2014; Fujikawa et al., 2015). As indicated by other studies
(Yagami et al., 1999; Bandyopadhyay et al., 2008), gene

expression in cartilaginous elements can be subdivided in two
distinct domains which we will use to discuss our results. First,
SCPP genes become activated at late stages of hypertrophy, when
the cartilage matrix becomes replaced by bone marrow at the
mammalian diaphysis (Chen et al., 1991; Fujikawa et al., 2015).
Likewise, in Xt, DMP1 is exclusively expressed at the diaphysis
(Figure 3F), and SCPPA2 exhibits a much stronger expression at
the diaphysis than the epiphysis region (Figures 3G,G9). A
similar situation is observed at the level of the Xt vertebrae,
where the expression of SCPP genes tightly correlates with
cartilage maturation and mineralization in the neural arch (for
BSP, DMP1, and SCPPA2) as well as in the ventral vertebral
region (for BSP and SCPPA2). Second, the SCPP genes harbor a
stronger expression in the non-mineralized peripheral cartilage,
as observed in mouse for osteopontin (Heilig et al., 2016) and
DMP1 (Fujikawa et al., 2015). This situation is similar to the
expression of Xt SSCP genes in chondrocytes located in the
vicinity of the bone matrix in long bones and vertebrae
(Figures 3, 4). Such a peripheral cartilage domain expresses
specific genes, as reported in chick (Bandyopadhyay et al.,
2008), and undergoes ectopic mineralization in mutant mouse
animals for the Mgp (Marulanda et al., 2017) and Trps1
(Napierala et al., 2008) genes. In summary, SCPP genes from
frog and mouse are expressed in the mature cartilage of the
diaphysis and neural arches, as well as in peripherally located
chondrocytes.

Available expression analyses did not report any cartilaginous
expression for SCPP genes in teleosts (Kawasaki et al., 2005;
Kawasaki, 2009; Weigele et al., 2015). Rather, the expression of
the SPARC gene has been associated to cartilage development in
zebrafish, gilthead seabream and the cichlid mouth breeder
(Estevao et al., 2005; Redruello et al., 2005; Rotllant et al.,
2008; Estevao et al., 2011; Weigele et al., 2015), albeit not in
medaka, at least at the examined stages (Renn et al., 2006). Hence
the reported cartilaginous expression patterns in teleosts (SPARC
positive and SCPP negative) are opposite to the tetrapod situation
(SPARC negative and SCPP positive), which might be related to
drastic difference in the mode of endochondral ossification
between these two groups (Cervantes-Diaz et al., 2017). In this
respect, our data in the chondrichthyan representative Sc is
instrumental to understand the evolution of the expression of
these genes in the jawed vertebrate endoskeleton.

As no SCPP genes have been reported in chondrichthyan
genomes to date, we focused on the evolutionarily related gene
SPARC-L (Kawasaki and Weiss, 2003; Bertrand et al., 2013;
Venkatesh et al., 2014; Enault et al., 2018). Our finding that Sc
SPARC-L is not expressed in the vertebral cartilage is further
confirmed by the robust and expected Sc SPARC-L expression in
the odontodes present on the same sections and serving as
convenient internal positive controls (Enault et al., 2018). By

FIGURE 2 | Blue (PAS-BA) histological staining of a section consecutive to A: BA (blue) stains the acid glycosaminoglycans of the hyaline cartilage and PAS (pink) stains
the fibrous content of the perichondrium. (F–H) Alizarin red S staining locates calcium deposits in mineralizing matrices [of the peripheral chondrocytes (pc), fibrous
perichondrium (fp) or fibrous cartilage (fc), and scale enameloid/dentin], in embryos of similar total length as A-D. (I–L) SPARC gene expression patterns, for sections that
are consecutive to those shown in (F–H) respectively. (M–P) SPARC-L gene expression patterns for sections that are consecutive to those shown in (F–H) respectively.
Scales represent 200 μm, except in scale insets where they represent 50 µm.
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FIGURE 3 | SPARC and SCPP gene expression in Xenopus tropicalis stage NF58 hindlimbs. Longitudinal sections of Xenopus tropicalis stage NF58 femoral bones
were subjected to Hematoxylin-Eosin staining (A), von Kossa staining (B), or in situ hybridization using a negative control [SPARC sense probe, (C)] or an antisense
probe for SPARC (D), BSP (E),DMP1 (F), and SCPPA2 (G, G9). Pictures show the diaphysis in (A–G) and the epiphysis in (G9). White and black arrowheads show in situ
hybridization signal in osteoblasts and chondrocytes, respectively. Abbreviations: BM, bone marrow, Oc osteocytes showing in situ hybridization signal. Scale bar
in (A) represents 100 µm and applies to all panels. The asterisk shows an artifact due to the cartilage which teared apart and contracted in this region of the section.
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FIGURE 4 | SPARC and SCPP gene expression in Xenopus tropicalis stage NF58 vertebrae. Transversal sections of Xenopus tropicalis stage NF58 vertebrae were
subjected to Hematoxylin-Eosin staining (A,B,B9), von Kossa staining (C,C9), or in situ hybridization using a negative control [SPARC sense probe, (D,D9)] or an
antisense probe for SPARC (E,E9), BSP (F,F9), DMP1 (G, G9), and SCPPA2 (H,H9). Pictures are orientated with dorsal to the top and show the whole vertebrae (A), the
neural arch (B–H) or the vertebral body (B9–H9). White and black arrowheads show in situ hybridization signal in osteoblasts and chondrocytes, respectively.
Abbreviations: uc, unmineralized cartilage, Oc osteocytes showing in situ hybridization signal. Scale bars: (A), 100 μm; (B), 100 µm in (B–D9); (E), 50 µm in (E–H9).
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contrast, SPARC expression clearly co-localizes with sites of
vertebral mineralization. In the neural arches of early stage 32
embryos, SPARC is restricted to the mineralizing peripheral
cartilage matrix, thereby paralleling the expression of SCPP
genes in frog (Figures 2, 4) and mouse (Fujikawa et al., 2015;
Heilig et al., 2016). Hence, we uncover a novel evolutionarily
conserved cartilage domain, as defined by peripherally located
chondrocytes expressing SPARC in chondrichthyans and the
SCPP genes in tetrapods. One difference is that this domain
mineralizes in chondricthyans, but not in tetrapods. We propose
that dosage variations between pro- and anti-mineralizing
proteins might explain evolutionary differences between
vertebrate lineages, as might be the case for instance for MGP
which is a well-conserved cartilage mineralization inhibitor
(Yagami et al., 1999; Espinoza et al., 2010; Viegas et al., 2013;
Marulanda et al., 2017; Leurs et al., 2021). By examining the

centrum of Sc specimens from different developmental stages we
show that a ring of SPARC expression is already present in
Alizarin red-negative early stage 32 embryos, suggesting that
the presence of the SPARC protein plays a crucial role in the
initiation of mineralization. The functional interaction between
the mammalian SPARC and collagen 1 proteins is important for
mineralization (Termine et al., 1981). However, as the shark
chondrocytes embedded within a mineralizing cartilage matrix
neither expresses collagen 1a1 nor collagen 1a2 (Enault et al.,
2015), Sc SPARC function might be related to other aspects of
matrix mineralization, such as its interaction with calcium and
hydroxyapatite crystals (Engel et al., 1987; Maurer et al., 1995;
Fujisawa et al., 1996).

Our data suggest that chondrichthyans are more similar to
teleosts than to tetrapods because the Sc mineralizing cartilage is
SPARC positive and SPARC-L negative. Here, we propose two

FIGURE 5 | A model for the evolution of the SPARC/SPARC-L/SCPP cartilaginous expression in jawed vertebrates. Evolutionary changes are polarized onto
vertebrate cladograms. According to the “multiple losses” model (left), the mineralizing cartilage of the jawed vertebrate last common ancestor expressed both the
SPARC and SPARC-L ancestral genes (A). This expression was inherited by the SCPP members when they evolved through SPARC-L local duplications. Expression
losses occurred at least three times independently in distinct lineages: SPARC-L expression was lost in chondrichthyans (B), SCPP expression was lost in teleosts
(C) and SPARC expression was lost in tetrapods (D). According to the “expression swap”model (right), the mineralizing cartilage of the jawed vertebrate last common
ancestor only expressed SPARC (E), a situation which remained unchanged in the chondrichthyan and teleost lineages. However, the tetrapod lineage experienced
drastic regulatory changes at both loci, leading to the activation of the SCPP genes (F) and the repression of SPARC (G) in chondrocytes.
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evolutionary models to explain these divergent expression
patterns (see Figure 5 and Supplementary Figure S1). Both
models are based on the assumption that SPARC, SPARC-L, and
SCPP share some level of functional redundancy, at least during
chondrogenesis, as suggested by the fact that both SPARC and
SCPP proteins are extracellular transglutaminase substrates
(Aeschlimann et al., 1995; Forsprecher et al., 2011) and bind
calcium ions (Engel et al., 1987; Chen et al., 1992; Maurer et al.,
1995; Klaning et al., 2014). The “multiple losses” model is
reminiscent of the Duplication Degeneration
Complementation (DDC) phenomenon (Force et al., 1999)
and involves at least three independent changes which
abrogated the cartilaginous expression of SPARC, of SPARC-L
or of the SCPP genes in distinct lineages (Figure 5, left panel). The
“expression swap” model involves two changes and implies that,
in the tetrapod lineage, cartilaginous expression was gained for
the SCPP genes and lost for SPARC (Figure 5, right panel). While
the SPARC/SPARC-L/SCPP family exhibit a unique evolutionary
trajectory (Bertrand et al., 2013; Enault et al., 2018), the
“expression swap” model would be similar to the dynamic
expression turnover observed between members of the
Keratin, Vitellogenin, and Globin vertebrate families (Finn
et al., 2009; Vandebergh and Bossuyt, 2012; Opazo et al.,
2015). Both scenarios imply regulatory changes that switched
off (“multiple losses model”) or on (“expression swap model”)
several SCPP genes (Figure 5). From a regulatory perspective, the
idea of coordinated change in the expression of tandemly located
SCPP genes is consistent with the fact that BSP and DMP1 are
included within the same topological association domain in
human chromatin (Krietenstein et al., 2020), and that multiple
genes can be co-regulated by the same enhancer (reviewed in
Zheng and Xie, 2019). To the best of our knowledge, current
experimental evidence is not sufficient to discriminate between
the two models shown in Figure 5. Hence, a detailed analysis of
the expression and regulation of SPARC/SPARC-L/SCPP genes in
chondrocyte from a broader array of chondrichthyan and
osteichthyan species will be required to shed light on the
genetic mechanisms involved in the evolution of cartilage
mineralization that originated deep in the vertebrate lineage
(Min and Janvier, 1998; Donoghue et al., 2006; Johanson
et al., 2010; 2012).
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Mineralized Cartilage and Bone-Like
Tissues in Chondrichthyans Offer
Potential Insights Into the Evolution
and Development of Mineralized
Tissues in the Vertebrate
Endoskeleton
Oghenevwogaga J. Atake and B. Frank Eames*

Department of Anatomy, Physiology, and Pharmacology, University of Saskatchewan, Saskatoon, SK, Canada

The impregnation of biominerals into the extracellular matrix of living organisms, a process
termed biomineralization, gives rise to diverse mineralized (or calcified) tissues in vertebrates.
Preservation of mineralized tissues in the fossil record has provided insights into the
evolutionary history of vertebrates and their skeletons. However, current understanding of
the vertebrate skeleton and of the processes underlying its formation is biased towards
biomedical models such as the tetrapodsmouse and chick. Chondrichthyans (sharks, skates,
rays, and chimaeras) and osteichthyans are the only vertebrate groups with extant (living)
representatives that have a mineralized skeleton, but the basal phylogenetic position of
chondrichthyans could potentially offer unique insights into skeletal evolution. For example,
bone is a vertebrate novelty, but the internal supporting skeleton (endoskeleton) of extant
chondrichthyans is commonly described as lacking bone. The molecular and developmental
basis for this assertion is yet to be tested. Subperichondral tissues in the endoskeleton of some
chondrichthyans display mineralization patterns and histological and molecular features of
bone, thereby challenging the notion that extant chondrichthyans lack endoskeletal bone.
Additionally, the chondrichthyan endoskeleton demonstrates some unique features and
others that are potentially homologous with other vertebrates, including a polygonal
mineralization pattern, a trabecular mineralization pattern, and an unconstricted perichordal
sheath. Because of the basal phylogenetic position of chondrichthyans among all other extant
vertebrates with a mineralized skeleton, developmental and molecular studies of
chondrichthyans are critical to flesh out the evolution of vertebrate skeletal tissues, but
only a handful of such studies have been carried out to date. This review discusses
morphological and molecular features of chondrichthyan endoskeletal tissues and cell
types, ultimately emphasizing how comparative embryology and transcriptomics can
reveal homology of mineralized skeletal tissues (and their cell types) between
chondrichthyans and other vertebrates.

Keywords: chondrichthyan endoskeleton, sharks, skates, vertebrate mineralization patterns, skeletal evolution and
development (EvoDevo), molecular fingerprints, homology
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THE BASAL PHYLOGENETIC POSITION OF
CHONDRICHTHYANS CAN PROVIDE
UNIQUE INSIGHTS INTO ENDOSKELETAL
EVOLUTION AMONG VERTEBRATES

Many organisms utilize biominerals to harden the deep (endo-
) or more superficial (exo-) supporting skeleton through a
process termed biomineralization. Specialized cell types
(generally referred to as scleroblasts) drive
biomineralization by synthesizing and secreting both the
biominerals and the organic extracellular matrices into
which they are incorporated (Moss, 1964; Francillon-
Vieillot et al., 1990; Checa, 2018). In vertebrates,
biomineralization occurs by deposition of biological apatite
into collagen-/amelogenin-rich matrices, and this process
gives rise to the main types of mineralized (or calcified)
tissues: bone, mineralized cartilage, dentine, enamel, and
enameloid (Hall, 1975; Kemp, 1989; Donoghue et al., 2006).
Given that these mineralized tissue types were already distinct
in ancestral vertebrates, later-diverged vertebrate groups
mostly modified ancestral mineral and organic components
in order to mineralize their skeletal tissues (Enlow and Brown,
1958; Francillon-Vieillot et al., 1990).

The representation of mineralized tissues in the fossil
record has fleshed out the evolutionary history of
vertebrates (Janvier, 1996). Chondrichthyans (sharks,
skates, rays, and chimaeras) and osteichthyans (bony fishes
and tetrapods) are the only vertebrate groups with extant
(living) representatives that have a mineralized skeleton.
Paleontological and molecular analyses have led to the
recognition of chondrichthyans as phylogenetically basal
to all living jawed vertebrates (Janvier, 1996; Venkatesh
et al., 2001; Kikugawa et al., 2004). Thus, the basal
phylogenetic position of chondrichthyans makes them
excellent model organisms for revealing the evolution of
mineralized endoskeletal tissues among vertebrate groups.
Extant chondrichthyans are subdivided into two groups:
elasmobranchs (sharks, skates, and rays) and
holocephalans (chimaeras), which last shared a common
ancestor at least 385 million years ago (Janvier and Pradel,
2015; Frey et al., 2019; Cohen et al., 2021). Despite their
predominantly cartilaginous endoskeleton, chondrichthyans
exhibit a great diversity of derived and ancestral mineralized
tissues. For example, tesserae, which are discrete blocks of
mineralized tissue lining endoskeletal elements, are a derived
and unique skeletal feature of chondrichthyans (Kemp and
Westrin, 1979; Dean and Summers, 2006). The centrum
(i.e., vertebral body) of chimaeras exhibits an
unconstricted perichordal sheath, considered an ancestral
vertebrate feature (Miles, 1970; Schmitz, 1998). On the
other hand, structural and developmental features of
chondrichthyan teeth are considered homologous to those
of other vertebrates and likely reflect the ancestral state of
jawed vertebrates (Gillis and Donoghue, 2007; Rasch et al.,
2016; Rücklin et al., 2021). In this review, we consider how
recent analyses of chondrichthyan tesserae and centra shed

light upon the evolution of mineralized tissues in the
vertebrate endoskeleton, including examining whether
chondrichthyans make bone, but first we briefly
summarize some basic concepts in skeletal biology (mostly
from studies of tetrapods).

MINERALIZATION PATTERNS AND
DEVELOPMENTAL PROCESSES OF BONE
AND CARTILAGE
A common approach to characterize bone and generally the
morphological diversity of vertebrate mineralized tissues is
based on their spatial patterns (herein referred to as
mineralization patterns). Mineralization patterns of the
vertebrate skeleton are often described at the gross
anatomical level (i.e., patterns of skeletal elements across
the whole skeleton), at the macro- or micro-structural level
(i.e., patterns of discrete skeletal tissues), and at the
nanostructural level (e.g., patterns of collagen fibrils)
(Francillon-Vieillot et al., 1990; Rho et al., 1998).
Mineralization patterns at the gross anatomical and
nanostructural levels have been reviewed elsewhere (Kemp,
1984; Maisey, 1988; Katz et al., 1989; Huysseune and Sire,
1998; Wiesmann et al., 2005), so we will focus mainly on
mineralization patterns of skeletal tissues, particularly that of
bone and mineralized cartilage.

Bone is a pervasive endoskeletal tissue that exhibits two
basic mineralization patterns: compact and trabecular
(Francillon-Vieillot et al., 1990; Rho et al., 1998). The
compact mineralization pattern is continuous and smooth,
whereas the trabecular pattern has many branching, rod-like
struts with unmineralized regions between them (Figures
1A–C). Compact and trabecular mineralization patterns are
commonly used to characterize the microstructure of bone, but
they also can apply to other vertebrate mineralized tissues,
such as dentine or mineralized cartilage (Ørvig, 1951; Sire and
Huysseune, 2003).

Osteoblasts are the scleroblast type that form vertebrate bone,
and the process of bone formation can be either direct from
isolated mesenchyme (intramembranous ossification) or indirect
using a cartilage template (endochondral and/or perichondral
ossification) (Olsen et al., 2000; Galea et al., 2021). In a polarized
fashion, osteoblasts synthesize osteoid, the organic component of
bone extracellular matrix (ECM), which contains abundant type 1
collagen (Col1) (Rossert and de Crombrugghe, 2002). Osteoblasts
also secrete vesicles that initiate bone ECM mineralization
(Anderson et al., 2005; Golub, 2009). Osteoblasts are usually
trapped in bone ECM where they mature into osteocytes (Franz-
Odendaal et al., 2006), but some bony fishes (e.g., teleosts) have
acellular (anosteocytic) bone, where osteoblasts are located at the
bone ECM surface. In cellular bone, osteocytes extend
cytoplasmic extensions through the bone ECM in a network of
nano-channels (called canaliculi) that act as mechanosensors and
communication channels between neighbouring osteocytes
(Aarden et al., 1994; Kamioka et al., 2001; Kerschnitzki et al.,
2011).
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Compared to bone, mineralized cartilage is less abundant in
most vertebrate endoskeletons, found in such places as the
growth plate of bones forming by endochondral ossification,
articular surfaces between bones, medial portions of reptilian
and mammalian ribs, and mammalian thyroid cartilages
(Lohmander and Hjerpe, 1975; Ballock and O’Keefe, 2003;
Claassen et al., 2017). In growth plates and thyroid cartilages,
mineralized cartilage can exhibit a trabecular mineralization
pattern containing wave-like running lines (termed Liesegang
lines) resulting from rhythmic deposition of biological apatite
in the cartilage ECM (Gerstenfeld and Shapiro, 1996; Kimpel
et al., 1999; Sawae et al., 2003; Claassen et al., 2014; Jaroszewicz
et al., 2016; Claassen et al., 2017; Estefa et al., 2021).
Specifically, the trabecular pattern of mineralization in the
growth plate involves rod-like mineralized struts of cartilage
that run the longitudinal length of the skeletal element
alongside columns of hypertrophic chondrocytes (Sawae
et al., 2003; Jaroszewicz et al., 2016). During endochondral
ossification, mineralized cartilage also can serve as a scaffold
for the formation of trabecular-patterned endochondral bone

(Gerstenfeld and Shapiro, 1996; Rauch, 2005; Touaitahuata
et al., 2014), but the patterning relationships between these
events are unclear.

Chondrocytes are the scleroblast type that form vertebrate
cartilage, and the process of cartilage formation (chondrogenesis)
is exemplified during endochondral ossification. During
chondrogenesis, mesenchymal cells are converted to
chondrocytes with a very transient chondroblast stage, because
as soon as they begin to differentiate, they immerse themselves
immediately in cartilage ECM, which contains abundant type 2
collagen (Col2) (Goldring et al., 2006). During endochondral
ossification, chondrocytes form the cartilage template for
subsequent bone formation and undergo a specific process
called chondrocyte maturation (Eames et al., 2003).
Morphologically, chondrocyte maturation includes
hypertrophy (i.e., increase in cell size) and mineralization of
the cartilage ECM, such as noted above in growth plates.
Perhaps in an identical fashion to osteoblasts, mature
chondrocytes secrete vesicles that initiate cartilage ECM
mineralization (Anderson, 2003; Bottini et al., 2018).

FIGURE 1 | Mineralization patterns of vertebrate mineralized tissues. 3D rendered images of micro-CT scan of vertebrae from rat (A) and little skate (Leucoraja
erinacea) (D) showing compact (B), trabecular (C), polygonal tesseral (E), trabecular tesseral (F), areolar (G), and bone-like/compact (H) mineralization patterns.
Abbreviations: TS � trabecular struts; UMRs � unmineralized regions; NS � neural spine; NA � neural arch; TP � transverse process; VB � vertebral body; A � anterior;
P � posterior; R � right; L � left.
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Molecularly, expression of Runt-related transcription factor 2
(Runx2) and Indian hedgehog (Ihh) in mature chondrocytes links
developing cartilage to surrounding bone (Lefebvre and Smits,
2005). Runx2 induces Ihh expression in mature chondrocytes,
and Ihh diffuses to adjacent perichondral cells, inducing
differentiation of osteoblasts to form compact-patterned
perichondral bone (Lefebvre and Smits, 2005; Komori, 2011).
We will discuss the possibility that these basic skeletal biology
concepts, largely derived from studies of tetrapods, apply to
chondrichthyan endoskeletal tissues below.

WHAT HISTOLOGICAL REGIONS OF
TESSERAE PRODUCE TESSERAL
MINERALIZATION PATTERNS?
Tesserae are a defining feature of the extant chondrichthyan
endoskeleton, and recent work leads toward a new view on how
mineralization patterns of tesserae are organized in discrete
histological compartments. Traditionally, tesserae were
described as a distinctive polygonal mineralization pattern in
chondrichthyans that is unique among vertebrates
(Figures 1D,E; Kemp and Westrin, 1979; Maisey, 2013;
Maisey et al., 2021). This polygonal mineralization pattern
forms a superficial tiled structure beneath the perichondrium
(i.e., subperichondral) of chondrichthyan endoskeletal elements.
In addition to the polygonal pattern, recent work on endoskeletal
tissues in Eaton’s and little skates revealed a previously-
unappreciated trabecular mineralization pattern (Atake et al.,
2019).

All chondrichthyan tesserae do not necessarily exhibit a
polygonal mineralization pattern, but they all appear to
exhibit a trabecular mineralization pattern, characterized by
branching, rod-like struts (Figure 1F; Atake et al., 2019). The
trabecular mineralization pattern (also described as stellate) can
occur either underlying the polygonal mineralization pattern or
can occur independently in the absence of the traditional
polygonal mineralization pattern (Atake et al., 2019;
Jayasankar et al., 2020). Large unmineralized regions between
mineralized rod-like struts clearly distinguish the trabecular
mineralization pattern from the polygonal mineralization
pattern (Figures 1E,F; Atake et al., 2019). Of note, the exact
mineralization patterns of tesserae can vary among endoskeletal
elements in the same animal; sometimes the patterns even vary
within different regions of the same skeletal element. One
example of many is the little skate vertebra, the transverse
processes of which exhibit polygonal and trabecular tesseral
mineralization patterns, while the neural spine of the vertebra
exhibits the trabecular pattern only (Figures 1D–F). Recent
work highlighting the importance of mechanical forces in
shaping the morphology and function of chondrichthyan
tesserae might shed light on what actually generates this
dimorphism of mineralization patterns (Jayasankar et al.,
2020; Seidel et al., 2021).

Histological and molecular analyses of tesserae help clarify the
nature of the tissues underlying tesseral mineralization patterns.
There are two histological regions in tesserae: the cap zone and

the body zone (Kemp and Westrin, 1979). The cap zone is
subperichondral while the body zone underlies the cap zone
(Figure 2). As we discuss in more detail below, cells within the
cap zone of tesserae have morphological similarities to osteocytes
and seem to secrete Col1 (Kemp and Westrin, 1979; Seidel et al.,
2016; Seidel et al., 2017; Atake et al., 2019). By contrast, the body
zone of tesserae consists of chondrocytes with round lacunae,
large, mineral-dense, acellular regions termed spokes, and a Col2-
rich ECM (Enault et al., 2015; Seidel et al., 2017). Prismatic
mineralization and globular mineralization are traditional
paleontological terms that distinguish biomineralization in the
cap zone and body zone, respectively. Prismatic mineralization in
the cap zone involves lime-prisms, while globular mineralization
in the body zone involves globules of mineralized cartilage
enriched in Liesegang lines and acellular spokes (Ørvig, 1951;
Kemp andWestrin, 1979; Ørvig, 1989; Dean and Summers, 2006;
Seidel et al., 2016). These histological features highlight two
distinct regions in tesserae: a cap zone that exhibits bony
features and a body zone that contains unmineralized and
mineralized cartilage.

What regions of the tesserae actually produce these two
tesseral mineralization patterns? The polygonal mineralization
pattern in sharks and skates appears to occur subperichondrally,
exclusively within the cap zone (Seidel et al., 2016; Maisey et al.,
2021). Current data are not conclusive regarding how the
trabecular mineralization pattern relates to histological features
of tesserae. The cap zone of polygonal tesserae is much larger than
the cap zone of trabecular tesserae (Atake et al., 2019). When

FIGURE 2 | Tesseral development might reflect the evolution of tesseral
mineralization patterns. Current limited data suggest that during tesseral
development, the body zone of mineralized cartilage (MC) develops first, and
the cap zone develops later atop the body zone. The fossil record can
test whether this developmental sequence reflects the evolutionary history of
tesseral mineralization patterns. Irregular patterns of mineralized cartilage in
some acanthodians suggest that ill-defined mineralization patterns preceded
well-defined trabecular and polygonal tesseral mineralization patterns in
modern chondrichthyans. The emergence of the polygonal tesseral pattern
after the trabecular tesseral pattern both in development and evolution needs
to be ascertained.
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occurring in association with the polygonal pattern, the
trabecular pattern either derives from the deep portion of the
cap zone or mineralized cartilage in the body zone. When
occurring in isolation, the trabecular pattern might derive
from the small cap zone or mineralized cartilage in the body
zone (Atake et al., 2019). Again, the radiating pattern of acellular,
mineral-dense spokes of the deep zone suggest that spokes are
strong candidates for the trabecular mineralization pattern
(Figure 1F; Seidel et al., 2016). Careful measurements
correlating mineralized portions with histology can resolve
between these two possibilities.

DEVELOPMENTAL STUDIES OF
CHONDRICHTHYANTESSERAECANSHED
LIGHT ON MINERALIZATION PATTERN
EVOLUTION

Recent studies have begun to clarify how morphological features
of tesserae are conserved or vary across chondrichthyan clades.
Most extant chondrichthyan studies have focussed on
elasmobranchs, where polygonal tesserae are widespread
(Kemp and Westrin, 1979; Maisey, 2013; Seidel et al., 2016;
Seidel et al., 2017; Atake et al., 2019; Marrama et al., 2019).
Trabecular (or stellate) tesserae have not been widely described
using those terms, but various studies suggest that this
mineralization pattern is also widespread among extant
elasmobranchs and some fossil chondrichthyans. For example,
trabecular/stellate tesserae are present in the propterygium of the
round stingray Urobatis halleri and in the cranium of the stem-
holocephalan Cladoselache (Frey et al., 2019; Jayasankar et al.,
2020; Maisey et al., 2021).

Studies of the skeleton in chimaeras were extremely limited
until the past couple of years, but these recent analyses are
providing much-needed data to understand the evolution of
the “classical” chondrichthyan trait of tesserae. For example,
tesserae in the synarcual of the adult elephant shark
Callorhinchus milii and in the chondrocranium of the adult
rabbit fish Chimaera monstrosa do not exhibit either
trabecular or polygonal mineralization patterns, instead
showing an irregular mineralization pattern (Pears et al., 2020;
Seidel et al., 2020). It is unclear which region of tesserae creates
the irregular mineralization pattern, because “classical” features
of tesserae, such as the cap and body zones, are not discernable.
However, histological analyses show that tesserae in chimaeras
appear acellular, which is a characteristic of the body zone in
elasmobranch tesserae (Debiais-Thibaud, 2018; Pears et al., 2020;
Seidel et al., 2020).

Despite these limited data on extant chimaeras, fossil data
suggest that the last common ancestor of extant chondrichthyans
had polygonal and trabecular tesserae. For example, tesserae in
the braincase of fossil chimaeras exhibit polygonal and trabecular
mineralization patterns, but their histological features are not
known (Finarelli and Coates, 2014; Coates et al., 2017; Pears et al.,
2020). Furthermore, recent analyses of tesseral features in fossil
chondrichthyans suggest that ill-defined (irregular) patterns of

mineralized cartilage, such as those in some acanthodians, might
be evolutionary precursors of well-defined trabecular and
polygonal mineralization patterns in modern chondrichthyans
(Figure 2; Burrow et al., 2018; Maisey et al., 2021).

Fossil data argue that the trabecular mineralization pattern
recently described in extant chondrichthyans actually appeared
very far back during vertebrate evolution. Radiating “trabecles of
mineralized cartilage” have been described in tesserae of the stem-
elasmobranch Palaeobates polaris (Figure 3; Ørvig, 1951).
Dermal skeletal tissues, such as dentine and dermal bones
(i.e., those forming from intramembranous ossification), in the
exoskeleton of jawless fishes (e.g., heterostracans) and jawed
fishes (e.g., placoderms, acanthodians, and osteichthyans) have
a cancellous microstructure similar to the trabecular
mineralization pattern (Figure 3; Ørvig, 1951; Smith and Hall,

FIGURE 3 | Evolutionary appearances of mineralization patterns of bone
and cartilage in vertebrates. Dermal bones in fossil and extant jawless and
jawed vertebrates have a cancellous microstructure that is similar to that of
trabecular endochondral bone. The recently-described trabecular
mineralization pattern of cartilage in chondrichthyans argues that a trabecular
mineralization pattern is an ancestral feature of vertebrates, so the presence of
trabecular mineralized cartilage should be re-evaluated in ancestral jawless
and jawed vertebrates. Compact subperichondral bone-like tissue is an
elasmobranch synapomorphy, but endoskeletal tissues in chimaeras need to
be examined to ascertain whether this feature would be symplesiomorphic in
extant chondrichthyans. The presence of compact perichondral bone in the
ancestors of chondrichthyans and osteichthyans suggest that
subperichondral bone-like tissue and perichondral bone are homologous.
Paraphyletic groups are represented by doubled, dashed lines.
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1990; Sanchez et al., 2012; Giles et al., 2013; Keating et al., 2015).
The trabecular mineralization pattern in the vertebrate
endoskeleton is commonly illustrated by endochondral bone
(i.e., bone deposited within a degrading cartilage template),
which was long argued to appear first in osteichthyans
(Donoghue and Sansom, 2002; Donoghue et al., 2006). New
fossil data describe endochondral bone with a trabecular
mineralization pattern also in placoderm-like fish (Brazeau
et al., 2020), suggesting that the trabecular mineralization
pattern is present in the endoskeleton of ancestral vertebrates
(Figure 3). Given that ostracoderms and placoderms also had
mineralized cartilage in their endoskeletons, further work should
clarify whether a trabecular mineralization pattern in cartilage
was pervasive in these ancestral vertebrates.

Perhaps reflecting shared ancestry, the trabecular
mineralization pattern of chondrichthyan tesserae and
trabecular bone of other vertebrates share morphological
features. In fact, we named the trabecular mineralization
pattern of chondrichthyan tesserae after the well-described
trabecular bone (i.e., true endochondral bone) that forms
during endochondral ossification. Both trabecular tesserae and
endochondral bone share morphological similarities, such as
trabecular struts and unmineralized regions between them
(Figures 1C,F). The average thickness of trabecular struts is a
relatively constant measure of endochondral bone in tetrapods
(Mullender et al., 1996; Swartz et al., 1998; Holzer et al., 2012;
Tsegai et al., 2017). Interestingly, trabecular thickness is
indistinguishable between trabecular mineralization patterns of
chondrichthyan tesserae and endochondral bone in tetrapods
(Atake et al., 2019). While both examples of trabecular
mineralization patterns have unmineralized regions between
them, those regions contain fat (and marrow in tetrapods) in
endochondral bone and cartilage in trabecular tesserae. In
addition, the trabecular pattern of endochondral bone projects
in three dimensions, while the trabecular pattern of trabecular
tesserae only extends in two dimensions. Despite these
differences, similarities in the mineralization patterns of
trabecular tesserae and trabecular bone suggest that, if these
mineralization patterns are not homologous, then at least the
same set of genes dictating the trabecular patterning process
might have been co-opted during evolution of these tissues.

Comparing the development of the trabecular mineralization
patterns of endochondral bone and trabecular tesserae will no
doubt help to assess any homology between them. Mineralized
cartilage is the scaffold upon which endochondral bone is formed,
but how endochondral bone derives its trabecular mineralization
pattern remains unclear. During endochondral ossification,
cartilage ECM in the hypertrophic zone of the growth plate is
organized into longitudinal and transverse septa; ECM of the
longitudinal septa becomes mineralized, while the transverse
septa are unmineralized (Gerstenfeld and Shapiro, 1996; Sawae
et al., 2003; Jaroszewicz et al., 2016). Sometimes, trabeculae of
mineralized cartilage even persist after cartilage ECM
degradation, and osteoblasts deposit bone matrix on these
cartilage remnants to form endochondral bone (Rauch, 2005;
Touaitahuata et al., 2014). Despite common misunderstanding in
the skeletal biology field, studies demonstrate clearly that matrix

degradation of growth plate cartilage occurs by proteolytic
activity of vascular endothelial cells, not chondro-/osteoclasts
(Lewinson and Silbermann, 1992; Lee et al., 1995; Romeo et al.,
2019). Molecularly, the Notch pathway in endothelial cells
appears to drive the pattern of cartilage degradation, and thus
Notch signalling is the only known molecular determinant of
trabecular bone patterning (Ramasamy et al., 2014). While
previous studies of this process were in 2D (Lewinson and
Silbermann, 1992; Gerstenfeld and Shapiro, 1996; Sawae et al.,
2003), recent studies using high resolution 3D images will provide
unique insights into the trabecular patterning mechanism of
endochondral bone (Ramasamy et al., 2014; Jaroszewicz et al.,
2016).

Developmental studies of tesserae might reveal evolution of
chondrichthyan mineralization patterns. Unfortunately, only
limited studies on chondrichthyan skeletal development have
been published (Lorch, 1949; Jollie, 1971; Reif, 1980; Miyake
et al., 1992; Dahn et al., 2007; Eames et al., 2007; Dean et al.,
2009; Gillis et al., 2009a; Gillis et al., 2009b; Gillis et al., 2011;
Johanson et al., 2013; Johanson et al., 2015; O’Shaughnessy et al.,
2015; Seidel et al., 2016; Criswell et al., 2017; Johanson et al.,
2019; Smith et al., 2019; Marconi et al., 2020; Pears et al., 2020;
Smith et al., 2020), and none of these has looked carefully at
tesseral development. During development of polygonal
tesserae in the round stingray, an early stage is deposition of
islets of globular mineralized cartilage (Seidel et al., 2016). Given
that the body zone of adult tesserae contains globular
mineralization, these data support previous speculation that
the body zone precedes the cap zone during tesseral
development (Figure 2; Kemp and Westrin, 1979; Ørvig,
1989). If the trabecular mineralization pattern derives from
the body zone, then it would be interesting to reveal if the
trabecular mineralization pattern precedes the polygonal
mineralization pattern during development. Such a finding
might shed light on the evolution of these two mineralization
patterns, since traits that appear earlier in development often
appear earlier in evolution (Figure 2; De Beer, 1930; Haeckel,
1866; Ørvig, 1989). In addition, homology of trabecular
mineralization patterns of tesserae and endochondral bone
would be strengthened by analyses of Notch signalling during
tesseral development.

THE ELASMOBRANCH CENTRUM
EXHIBITS A UNIQUE AREOLAR
MINERALIZATION PATTERN
In the centrum (mineralized portion of the vertebral body) of
sharks and skates, mineralization occurs in concentric rings of the
perichordal sheath surrounding the notochord in what is termed
an areolar mineralization pattern (Ridewood and MacBride,
1921; Ørvig, 1951; Dean and Summers, 2006). While the
areolar mineralization pattern is considered one of the
hallmarks of the chondrichthyan endoskeleton, it has never
been described in the centra of chimaeras. Unconstricted
mineralized perichordal sheaths have been described in some
chimaeras (Gadow and Abbott, 1895; Didier, 1995), but whether
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they reflect the areolar mineralization pattern and its histological
features is yet to be clearly ascertained.

An elastic interna, a middle fibrous sheath, and an elastic
externa form the perichordal sheath, which supports the
development and mineralization of the centrum (for a review
of the different types of vertebral centra, see Gadow and Abbott,
1895; Arratia et al., 2001). During development, migrating
mesenchymal cells that will form cartilage of the vertebral
body are thought to constrict the perichordal sheath, giving
the elasmobranch centrum a biconcave morphology
(Figure 1G; Gadow and Abbott, 1895). Some mesenchymal
cells actually invade the perichordal sheath and help to
differentiate the middle fibrous sheath into three distinct
layers: inner, middle, and outer (Ridewood and MacBride,
1921; Eames et al., 2007; Criswell et al., 2017). Rounded cell
lacunae of the inner and outer centrum layers reflect
chondrocytes embedded in cartilage matrix. Cells of the
middle centrum layer, which have elongated cell lacunae, are
thought to produce the areolar mineralization pattern.

Centra in both elasmobranchs and ray-finned fishes
demonstrate a biconcave morphology (Gadow and Abbott,
1895; Laerm, 1976), but they might not be homologous. Like
elasmobranch centra, centra in ray-finned fishes also derive their
biconcave morphology from the constriction of the perichordal
sheath by migrating mesenchymal cells (Gadow and Abbott,
1895). Unlike centrum development in elasmobranchs,
however, mesenchymal cells do not invade the perichordal
sheath during centrum development in ray-finned fishes
(Gadow and Abbott, 1895; Grotmol et al., 2003).
Consequently, biconcave centra in elasmobranchs and ray-
finned fishes derive from cellular and acellular mineralization
of the perichordal sheath, respectively. This difference in the
developmental processes of biconcave centra in elasmobranchs
and ray-finned fishes has made their homology contentious, and
despite tremendous similarities in morphology, centra in these
two animal groups are thought to have evolved independently
(Arratia et al., 2001; Grotmol et al., 2003; Fleming et al., 2015;
Maisey et al., 2021). Developmental differences also suggest that
centra evolved independently in different lineages of ray-finned
fishes (Laerm, 1982; López-Arbarello and Sferco, 2018).

CHONDRICHTHYAN SUBPERICHONDRAL
BONE-LIKE TISSUES MIGHT BE
HOMOLOGOUS TO PERICHONDRAL BONE
Bone is one of the novelties characterizing vertebrate evolution
(Hyman, 1943; Zhang and Cohn, 2008), and bone was
widespread among vertebrates prior to the evolution of jaws
(Stensiö, 1927; Janvier, 1990; Smith and Hall, 1990; Min and
Janvier, 1998; Keating et al., 2015). Furthermore, the two main
extant jawed vertebrate groups, chondrichthyans and
osteichthyans, diverged from a common bony ancestor about
420 million years ago (Inoue et al., 2010). Acanthodians have long
been recognized as a group of extinct jawed vertebrates with
endoskeletal bone, and analyses over the past decade have led to
the understanding that some members of this group are actually

stem chondrichthyans (Davis et al., 2012; Brazeau and de Winter
2015; Maisey et al., 2021). So, both ancestral jawed vertebrates
and stem chondrichthyans had endoskeletal bone. What about
living chondrichthyans, which are thought to retain the most
ancestral vertebrate features (Criswell and Gillis, 2020;
Hirschberger et al., 2021)? Despite all of these phylogenetic
data, the chondrichthyan endoskeleton has traditionally been
characterized as lacking bone (Ørvig, 1951; Zangerl, 1966; Moss,
1977; Janvier, 1981; Maisey, 1988; Clement, 1992). Like
chondrichthyans, Acipenseriformes (sturgeons and
paddlefishes) have a predominantly cartilaginous endoskeleton
and retain features of ancestral vertebrates (Cheng et al., 2020).
The presence of endoskeletal bone in Acipenseriformes is also yet
to be clearly demonstrated despite reports of mineralized bone-
like tissue in Siberian sturgeons (Leprévost et al., 2017; Warth
et al., 2017).

Current data lead to the idea that extant chondrichthyans
might not have lost the endoskeletal bone that was present in their
ancestors. Two locations within the elasmobranch endoskeleton
have received much attention in this respect: the neural arches,
which are dorsal extensions from the vertebral body that protect
the neural tube (Arratia et al., 2001), and the cap zone of tesserae.
Specifically, subperichondral neural arch tissue and the cap zone
of tesserae (hereafter referred to as subperichondral bone-like
tissues) show histological and molecular features that are
consistent with bone. Back in 1932, Wurmbach observed that
subperichondral neural arch tissue of some sharks is compact and
develops appositionally (Wurmbach, 1932). Subsequent work
supported this finding, not only in many species of shark, but
also in skates and other batoids, suggesting that this bone-like
tissue in the neural arch might at least be an elasmobranch
synapomorphy (Figure 1H; Figure 3; Eames et al., 2007;
Atake et al., 2019; Berio et al., 2021). Data on chimaeras are
needed in order to understand whether this might be an ancestral
trait of all living chondrichthyans. Similarly, Kemp and Westrin
proposed that the cap zone of tesserae might also be bone-like
(Kemp and Westrin, 1979). The mineralization pattern in
polygonal tesserae of both sharks and skates is compact, and
as discussed above, new data on chimaera tesserae suggest that
they have a somewhat compact mineralization pattern (Pears
et al., 2020; Seidel et al., 2020). In sum, morphological data
demonstrate that both tesserae and neural arches exhibit bone-
like features, and such features might have been present in the last
common ancestor to extant chondrichthyans.

Cell morphological and limited molecular studies also support
the idea that extant chondrichthyans make endoskeletal bone. In
typical vertebrate perichondral bone, osteocyte lacunae
demonstrate an elongate morphology, and bone ECM has high
levels of Col1 (Rossert and de Crombrugghe, 2002; Currey, 2003;
Atkins and Findlay, 2012). Indeed, cell lacunae in
chondrichthyan subperichondral bone-like tissues also exhibit
an elongate morphology, and histological, immunohistochemical,
and electron microscopy analyses show the presence of tightly
packed Col1 in the ECM of subperichondral bone-like tissues
(Kemp and Westrin, 1979; Peignoux-Deville et al., 1982; Eames
et al., 2007; Seidel et al., 2017). Interestingly, similar to osteocyte
canaliculi, cell lacunae in subperichondral neural arch tissue of
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the catshark might be connected by nano-channels (Bordat,
1987). Bone is a metabolically active tissue that undergoes
remodelling (Hadjidakis and Androulakis, 2006). While Sox9/
Sox5/Sox6-expressing perichondral cells were shown recently to
mediate cartilage regeneration in the little skate (Marconi et al.,
2020), the capability of chondrichthyan bone-like tissues to
undergo (cellular- or acellular-mediated) remodelling is
currently untested. Nevertheless, morphological, histological,
and molecular features suggest that chondrichthyan
subperichondral bone-like tissues and perichondral bone are
homologous.

Two criteria must be met for chondrichthyan subperichondral
bone-like tissues to be homologous with perichondral bone:
shared ancestry and shared developmental programs.
Homologous characters are classically defined by descent from
a common ancestor (Jardine, 1967). Clearly, the last common
ancestor of chondrichthyans and osteichthyans had perichondral
bone (Figure 3; Ørvig, 1951; Donoghue and Sansom, 2002;
Donoghue et al., 2006; Maisey, 2013), so extant
chondrichthyan subperichondral bone-like tissues might be a
modified perichondral bone. Homology of chondrichthyan
subperichondral bone-like tissues and perichondral bone
should be further assessed by comparative embryology,
because homologous characters must share a developmental
program, even though each clade might have modified that
ancestral program independently (Boyden, 1947; Sachs, 1982;
Van Valen, 1982; Roth, 1984; Stevens, 1984; Tomlinson, 1984;
Wagner, 1989; Roth, 1991; Gilbert and Bolker, 2001).
Perichondral bone formation has been well-studied, but only
limited features of chondrichthyan neural arch or tesseral
development have been described (Eames et al., 2007; Seidel

et al., 2016), so research is desperately needed on the development
of chondrichthyan bone-like tissues.

If chondrichthyan subperichondral bone-like tissues and
perichondral bone were homologous, then what
developmental features might they share? Chondrichthyan
subperichondral bone-like tissues appear to develop in
association with a cartilage template (Eames et al., 2007), so
that aspect seems conserved with perichondral bone
(Figure 4). Runx2 and Ihh expression during cartilage
maturation is required for induction of adjacent
perichondral bone in osteichthyans (Figure 4; Lanske et al.,
1996; Vortkamp et al., 1996; Hoshi et al., 1999; Inada et al.,
1999; Kim et al., 1999; St-Jacques et al., 1999; Long et al., 2001;
Kronenberg, 2003; Hammond and Schulte-Merker, 2009;
Eames et al., 2011). Interestingly, Runx2 is expressed in
developing cartilages of the dogfish shark, and the ability of
Runx proteins to induce Hedgehog genes might be an ancestral
trait of all chordates (Hecht et al., 2008). However, it remains
unclear what molecules drive the differentiation of
chondrichthyan subperichondral bone-like tissues.
Furthermore, perichondral bone in osteichthyans derives
from perichondral osteoprogenitor cells, while some true
endochondral bone derives from mature chondrocytes
trans-differentiating into osteoblasts (Moskalewski and
Malejczyk, 1989; Roach, 1992; Hammond and Schulte-
Merker, 2009; Zhou et al., 2014; Giovannone et al., 2019).
Whether chondrichthyan bone-like tissues derive from the
perichondrium or from chondrocyte trans-differentiation is
unknown.

To summarize, in order to assess correspondence of the
developmental programs of chondrichthyan subperichondral

FIGURE 4 | Chondrichthyan subperichondral bone-like tissues and osteichthyan perichondral bone might share a developmental program. Chondrichthyan
subperichondral bone-like tissue (BLT) and osteichthyan perichondral bone (PB) develop in association with a cartilage template that expresses Runx2. In osteichthyans,
the cartilage template undergoes a maturation process involving the creation of mature hypertrophic chondrocytes (HC) and expression of Ihh, which induces
perichondral bone. If cartilage maturation occurs during the development of chondrichthyan subperichondral bone-like tissues, then the persistence of mineralized
cartilage (MC) in chondrichthyans (and early vertebrates outside the gnathostome crown group such as placoderms and ostracoderms) and the additional cartilage
degradation step occurring in osteichthyans argues that cartilage maturation is evolvable.
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bone-like tissues and perichondral bone, some key aspects of
chondrichthyan endoskeletal development must be revealed:

1) Do chondrocytes in the cartilage template of chondrichthyan
subperichondral bone-like tissues undergo hypertrophy and
express maturation genes, such as Runx2 and Ihh?

2) Does Hedgehog signalling induce bone-like tissues?
3) Do chondrichthyan subperichondral bone-like tissues derive

from the perichondrium and/or chondrocytes?

More broadly, elucidating the process of perichondral ossification
in ancestral vertebrates would be key to understanding the
evolutionary history of perichondral ossification. However, direct
assessment of the developmental process of perichondral bone in
extinct ancestral jawless and jawed vertebrates is not feasible, unless
many fossilized embryos and larvae of different stages are identified,
such as the remarkable discoveries of ptyctodontid placoderm
embryos and acanthodian larvae (Zidek, 1985; Long et al., 2008;
Chevrinais et al., 2017). Also, living jawless vertebrates (lampreys
and hagfishes) do not mineralize their skeleton (Shimeld and
Donoghue, 2012). Thus, the basal phylogenetic position of
chondrichthyans makes their subperichondral bone-like tissues an
excellent proxy for assessing the mechanism of perichondral
ossification in ancestral vertebrates. In jawless (e.g., osteostracans)
and jawed (e.g., placoderms) vertebrates, perichondral bone typically
overlies a persistent mineralized cartilage (Ørvig, 1951; Wang et al.,
2005; Long et al., 2015). Similarly, subperichondral bone-like tissues
in chondrichthyans overlie a persistent mineralized cartilage, which
would be the body zone in the case of tesserae and the cartilage core
in the case of the neural arches (Figure 2; Eames et al., 2007; Seidel
et al., 2016; Atake et al., 2019). These data argue that the process of
cartilage maturation is highly evolvable as mineralized cartilage
persists (and induces perichondral bone?) in stem-pan-
gnathostomes (e.g., heterostracans and placoderms), whereas a
subsequent cartilage degradation step occurs in crown-
gnathostomes (e.g., osteichthyans) to facilitate endochondral bone
formation (Figure 4).

USING COMPARATIVE
TRANSCRIPTOMICS TO TEST FOR
CHONDRICHTHYAN BONE
If chondrichthyan bone-like tissues and perichondral bone are
homologous, then they would derive from a homologous cell
type: the osteoblast. Homologous cell types are evolutionary units
defined by descent from a common ancestor (Arendt, 2008;
Arendt et al., 2016). Each cell type expresses a characteristic
set of genes, termed a molecular fingerprint, which can be
conserved across phylogenetic lineages (Sudmant et al., 2015;
Liang et al., 2018).

A few candidate genes have been used conventionally to
characterize evolution of skeletal cell types, but this approach is
very limited. For example, Collagen type 10 alpha 1 (Col10a1) is
expressed by mature chondrocytes and osteoblasts in teleosts
and other ray-finned fishes, including medaka, zebrafish, and
spotted gar (Laue et al., 2008; Albertson et al., 2010; Renn and

Winkler, 2010; Eames et al., 2012). Only one of six identified
duplicates of Col10a1 in the catshark is expressed specifically by
cells in subperichondral neural arch tissue (Debiais-Thibaud
et al., 2019). This shared expression of a given gene by
osteoblasts, mature chondrocytes, and cells of bone-like
tissue highlights some of the limitations in adopting
candidate gene approaches to demonstrate cell type
homology. Are cells that form chondrichthyan bone-like
tissue best characterized as osteoblasts or mineralizing
chondrocytes?

Comparative transcriptomics of osteoblasts, mineralizing
chondrocytes, and cells forming chondrichthyan bone-like
tissues can resolve the molecular fingerprints of cells forming
chondrichthyan subperichondral bone-like tissues. Unbiassed
transcriptomic profiling of cell types is readily achievable
following the advent of deep RNA sequencing. The molecular
fingerprint should be revealed by RNA sequencing of a specific
cell type at a developmental stage when differentiation genes are
highly expressed (Arendt, 2008). Cells that form chondrichthyan
bone-like tissues would be best characterized as osteoblasts if they
demonstrate the osteoblast molecular fingerprint. However,
osteoblasts can evolve in clade-specific fashions (Nguyen and
Eames, 2020), so what, if anything, is the vertebrate osteoblast
molecular fingerprint to which chondrichthyan data should be
compared?

Defining the osteoblast molecular fingerprint must involve
transcriptomic profiling of osteoblasts from several vertebrate
groups. In addition to unravelling a conserved suite of genes,
these data need to be coupled to phylogenetic bioinformatic
analyses to estimate the ancestral osteoblast molecular fingerprint.
A survey of unbiased transcriptomic profiles of osteoblasts reveals
that transcripts have been mainly from studies on mammals
(Ayturk, 2019). More efforts are therefore needed to uncover the
transcriptome of osteoblasts in non-mammalian vertebrates to
enable a comprehensive definition of the vertebrate osteoblast
molecular fingerprint. In addition, bioinformatics techniques need
to be developed to compare networks of transcriptomic data
quantitatively and infer ancestral gene networks (for a recent
review, see Ovens et al., 2021).

CONCLUSION

The designation of chondrichthyans as “cartilaginous fishes” was
clearly made at a time when research tools were very limited. The
advent of high-resolution imaging and contemporary molecular
techniques has renewed investigative interests on morphological
and molecular features of the chondrichthyan endoskeleton.
Unraveling the developmental mechanisms underlying the
formation of tesserae and subperichondral bone-like tissues
generally will provide tremendous insight into the evolutionary
history of endochondral and perichondral bone among
vertebrates, guiding future investigations on vertebrate
mineralized skeletal tissues. Employing comparative
embryology and transcriptomics can robustly test the
hypothesis that the chondrichthyan endoskeleton lacks bone.
The question “Do sharks and relatives make bone?” has lasted
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for many centuries, but for the first time the answers are now
within experimental reach.
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Phenotypic plasticity in molluscan shell microstructures may be related to environmental
changes. The “winter diffusion layer,” a shell microstructure of the Japanese pearl
oyster Pinctada fucata, is an example of this phenomenon. In this study, we used
P. fucata specimens with shared genetic background to evaluate the seasonal
plasticity of shell microstructures, at molecular level. To detect the seasonal changes
in shell microstructure and mineral composition, shells of multiple individuals were
periodically collected and analyzed using scanning electron microscopy and Raman
spectrophotometry. Our observations of the winter diffusion layer revealed that this
irregular shell layer, located between the outer and middle shell layers, had a sphenoid
shape in radial section. This distinct shape might be caused by the internal extension
of the outer shell layer resulting from growth halts. The winter diffusion layer could
be distinguished from the calcitic outer shell layer by its aragonitic components and
microstructures. Moreover, the components of the winter diffusion layer were irregular
simple prismatic (the outer and inner sublayers) and homogeneous structures (the
middle sublayer). This irregular formation occurred until April, when the animals resumed
their “normal” shell formation after hibernation. To check for a correlation between
gene expression and the changes in microstructures, we conducted qPCR of seven
major biomineralization-related shell matrix protein-coding genes (aspein, prismalin-14,
msi7, msi60, nacrein, n16, and n19) in the shell-forming mantle tissue. Tissue samples
were collected from the mantle edge (tissue secreting the outer shell layer) and mantle
pallium (where the middle shell layer is constructed) of the same individuals used for
microstructural observation and mineral identification that were collected in January
(winter growth break period), April (irregular shell formation period), and August (normal
shell formation period). Statistically significant differences in gene expression levels were
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observed between mantle edge and mantle pallium, but no seasonal differences were
detected in the seasonal expression patterns of these genes. These results suggest that
the formation of the irregular shell layer in P. fucata is caused by a currently unknown
genetic mechanism unrelated to the genes targeted in the present study. Further studies
using big data (transcriptomics and manipulation of gene expression) are required to
answer the questions herein raised. Nevertheless, the results herein presented are
essential to unravel the intriguing mystery of the formation of the winter diffusion
layer, which may allow us to understand how marine mollusks adapt or acclimate to
climate changes.

Keywords: biomineralization, shell matrix protein, shell microstructure, Pinctada fucata, winter diffusion layer,
phenotypic plasticity, gene expression pattern, nacreous structure

INTRODUCTION

Biominerals are inorganic minerals precipitated by living
organisms that are mainly used to form external hard structures
(i.e., exoskeletons and shells) and internal hard tissues (i.e.,
endoskeletons) (Crenshaw, 1990). Such structures are composed
of both minerals and minor organic matrix, and their formation
and organization, including at the microscale (e.g., mineral
composition, crystallographic axes, and microstructures), seem
to be under genetic control, at least to some degree (Carter,
1990). The presence of an external, mineralized shell is one of the
defining characteristics of mollusks (Kocot et al., 2016). Calcium
carbonate-based biominerals (e.g., aragonite, calcite, and rarely
vaterite) are the main components of molluscan shells (Spann
et al., 2010; Frenzel and Harper, 2011). Shells are not uniform
but composed of few superimposed layers that are characterized
by different arrangements – defined as “shell microstructures” –
of their elementary crystallites (Marin et al., 2012). Many studies
admit that the shell construction in mollusks is an organic
matrix-mediated process (Weiner et al., 1983): according to
this view, cells or tissues secrete organic biomolecules that
self-assemble in framework in which inorganic salts precipitate
(Lowenstam, 1981).

Molecular studies on the genetics of shell formation (e.g., its
microstructure and mineral composition) have been successful
in identifying major shell matrix proteins (SMPs) such as
Nacrein (Miyamoto et al., 1996), MSI60, and MSI31 (Sudo et al.,
1997). Follow-up functional studies were also conducted to gain
insights into their function in the regulation of microstructural
formation and crystal polymorphism. For example, Suzuki
et al. (2009) conducted knockdown on the Pif coding gene,
and their experiment revealed that it is essential for nacre
formation. To understand the involvement of Aspein in
calcification, Takeuchi et al. (2008) conducted an in vitro CaCO3
crystallization experiment, in which they found that it promotes
calcite precipitation. Recent developments in gene and protein
sequencing have allowed for the accumulation of data on
complete gene sequences of novel shell proteins, their molecular
evolution, and the comparison of analogs and homologs of
various SMPs found in different species with similar shell
microstructures (Marie et al., 2011, 2012, 2017; Isowa et al., 2012;
Zhang et al., 2018; Setiamarga et al., 2021).

The results of above-mentioned biological studies have
indicated that mollusks might have undergone a specific
evolution in their shell mineralization process. However, these
studies have not tackled the drastic microstructural evolutions
that occurred throughout the geological periods. For example,
such studies have targeted mollusk species with nacreous
structures (mother of pearl) in their shells, partly due to scientific
interests stemming from their commercial value. Originally,
the nacreous structure was thought to be a symplesiomorphy
in Conchiferan mollusks because it is present in the shell
microstructures of the group’s four major classes (Bivalvia,
Gastropoda, Cephalopoda, and Monoplacophora). However,
recent findings in paleontology indicate that the nacreous
structure might have evolved independently in each class, and
thus is probably a result of convergence (Checa et al., 2009;
Vendrasco et al., 2011, 2013). Moreover, a recent phylogenetic
study of Sato et al. (2020a) showed that in Protobranch
bivalves (a basal taxon of bivalves), the nacreous structure
was repeatedly lost in various lineages. Most Protobranch
lineages that have lost the nacre tend to show a homogeneous
structure. A similar pattern of shell microstructural evolution
(nacre to homogeneous) was also found in Thraciid bivalves
(Anomalodesmata) (Taylor et al., 1973). These examples suggest
that even within a class, the nacreous structure is probably not
homologous. From group to group, crystallographic variations
in the crossed lamellar structure, another major molluscan
shell microstructure, may also indicate convergent evolution
(Kogure et al., 2014).

Moreover, phenotypic plasticity in the microstructures of
molluscan shells among different individuals of the same
lineage/species was also observed. One such variation is
the thermal dependence of the crystallization and shell
microstructures. For example, Höche et al. (2021) reported
variations in crystal size in Arctica islandica shells depending
on water temperature. Füllenbach et al. (2014) reported that
the first-order lamellar orientation of the crossed lamellar
structure in the freshwater gastropod Viviparus viviparus
becomes uniform in stable and warm conditions. Gilbert et al.
(2017) also reported thermal dependence in the thickness of
molluscan nacre tablet crystals. Moreover, variations in the
shell microstructure were reported by Lutz and Clark (1984:
Geukensia demissa) and Nishida et al. (2012, 2015: Scapharca
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broughtonii). Other than thermal dependence variation, Carter
et al. (1998) reported nested occurrences of aragonitic and calcitic
microstructures within the same shell layers in some bivalves,
which were probably related to habitat conditions. A similar
phenomenon was later confirmed by Sato et al. (2020b) in
Pectinodontid limpets.

Most of the aforementioned reports on microstructural
plasticity were studied in nacreless species. However, a similar
phenomenon was observed for species with nacre. Moini et al.
(2014) observed that Nautilus pompilius in aquaria forms
shells with a disordered crystalline structure. Moreover, unique
microstructures were observed from the repaired shells of
nacre-bearing species (e.g., Mytilus edulis, Suzuki and Uozumi,
1979; Haliotis tuberculata, Fleury et al., 2008), suggesting
that the molluscan mantle is originally capable of controlling
microstructural plasticity. A similar phenomenon was also
described in the Japanese pearl oyster Pinctada fucata by Wada
(1961); he reported the formation of the “winter diffusion layer,”
a layer in the shell microstructure showing an irregular formation
of mineral crystals formed only in winter, although he did
not provide detailed images. These examples imply that the
physiological condition of an animal, which in most cases occurs
as a response to environmental changes, might somehow affect
shell formation at the microstructural level.

The margaritid Japanese pearl oyster, P. fucata, is an important
aquaculture species that has been industrially raised and cultured
because of its pearl. However, it has been further developed as
a model system for biological research, with its whole genome
sequenced and published recently (Takeuchi et al., 2012, 2016).
Some studies on P. fucata have focused on the molecular
evolution of its genes (Koga et al., 2013; Setiamarga et al.,
2013). The species has also been used as a model organism in
several molluscan biomineralization studies (Suzuki et al., 2009).
Thus, not only because of the availability of experimental tools,
protocols, and a breadth of biological data, but also because it also
has a winter diffusion layer, whose formation is probably related
to low temperatures in winter, P. fucata is an appropriate model
system for studying the mechanisms of seasonal phenotypic
plasticity in the shell microstructure.

To our knowledge, no study has explicitly addressed the
effect of low temperature on gene expression to explain the
genetic mechanisms behind the formation of the winter diffusion
layer. Therefore, in this study, we focused on the formation
of the winter diffusion layer in P. fucata and examined its
shell microstructure in samples taken in time series throughout
the year. We also obtained mantle tissue samples from
various months corresponding to seasonal changes throughout
the year, and studied the expression patterns of seven shell
matrix protein-coding genes. Our study on the expression of
the shell matrix protein-coding gene in time series samples
allows us to determine whether there is a correlation between
possible fluctuations in gene expression and water temperatures
caused by seasonal changes, and thus, a glimpse into the
mechanisms of microstructural phenotypic plasticity in nacre-
bearing Conchiferan mollusks. This also allows us to discuss
the possible implications for the evolution of the biomineralized
shell in mollusks.

MATERIALS AND METHODS

Materials
This study examined cultured individuals of the Japanese pearl
oyster, P. fucata, at the MIKIMOTO Pearl Research Laboratory
(Mie Prefecture, Japan). Pearl oysters in this institution are
bred for commercial purposes. Our specimens were chosen at
random from a single congenic breed to standardize their genetic
background and placed in Ago Bay in front of the laboratory.

Pinctada fucata has a nacroprismatic shell; the outer shell layer
has a calcitic columnar regular simple prismatic structure, the
middle layer is of a sheet nacreous structure, the myostracum
layer has an irregular simple prismatic structure, and the inner
layer is again of a sheet nacreous structure (Taylor et al., 1969;
Carter and Sato, 2020). Following the description of Wada
(1961, 1972), the seasonal cycle of nacre formation in Japanese
pearl oysters was defined for descriptive purposes as follows:
(1) Winter growth break: shell formation in P. fucata ceases
when the seawater temperature falls below 14◦C; (2) Brief period
of irregular shell formation: P. fucata resumes shell formation
once the water temperature increases above 14◦C; and (3) the
normal nacroprismatic shells are secreted at a proper temperature
(normal shell formation period). Wada (1961) mentioned that
during the period of irregular shell formation, the middle and
inner shell layers consist of incondite crystals called “a winter
diffusion layer,” although their microstructural diagnosis was
unclear. Thus, to describe these incondite nacre crystals in detail
and then evaluate intraspecific variations in the gene expression
profile of the SMPs, five individuals of P. fucata were collected
at each of the following dates: January 26 (winter growth break
period), April 4 (irregular shell formation period), and August 2
(normal shell formation period), 2018. The seawater temperature
at the sampling locality (2-m depth) was logged every 2 h on
each collection date, and the daily averaged values were recorded
as 11.0, 16.7, and 28.4◦C, respectively (Figure 1). Samples were
immediately dissected to collect mantle edges that secrete the
calcitic columnar regular simple prismatic structure of the outer
shell layer and interior parts of the mantle (mantle pallium),
which is essential for the formation of the nacreous structure.
Both parts were isolated from the dissected mantle piece based
on the visual inspection of their color (mantle edge is brown and
mantle pallium is faint yellow). Each mantle was cut into small
(up to 5-mm square) pieces and fixed using RNA stabilization
reagent (RNAlater, Qiagen, Hilden, Germany), and stored at
–80◦C until subsequent experiments. Remaining shells were used
for shell microstructural observations and mineral identification.
Furthermore, three shell samples were collected from each
respective population at the end of each month from February
to August 2018 for the observation of shell microstructures to
assess the accurate period of the incondite nacre crystal formation
and any individual specificities (see Supplementary Table 1 for
details of sample use).

Mantle Gene Expression Level Analysis
Total cellular RNA was isolated using the RNeasy Mini Kit
(Qiagen, Valencia, CA, United States) from each mantle sample.
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FIGURE 1 | Daily mean water temperature at the sampling point (2-m depth). Stars indicate the sampling dates (January 26, April 4, and August 2, 2018).

RNA was quantified, and its integrity was assessed using a
NanoDrop Lite spectrophotometer (NanoDrop Technologies
Inc., Wilmington, DE, United States). Then, reverse transcription
was carried out using ReverTra Ace qPCR-RT Master Mix
Kit (TOYOBO, Osaka, Japan) according to the manufacturer’s
instructions. The expression levels of seven biomineralization-
related (aspein, prismalin-14, msi7, msi60, nacrein, n16, and n19)
and two housekeeping genes (gapdh and ef1α) were analyzed
by quantitative RT-PCR analysis using a set of forward and
reverse primers (Table 1). aspein (Tsukamoto et al., 2004) and
prismalin-14 (Suzuki et al., 2004) are biomineralization-related
shell matrix protein genes, which were discovered from the
prismatic structure and are predominantly produced both at
the mantle edge and center. Those discovered from nacreous
structures such as msi60 (Sudo et al., 1997), nacrein (Miyamoto
et al., 1996), and n16 (Samata et al., 1999) are dominant in the
mantle pallium (Kinoshita et al., 2011). In addition, the gene
expression level of n19 (Yano et al., 2007), which is isolated
from the nacreous structure, is moderate in the mantle center
and high in the pearl sac (Wang et al., 2009). msi7, found by
Zhang et al. (2003), is produced at both the mantle edge and
center. The expression levels of the two housekeeping genes
were analyzed to normalize the expression levels of the seven
target genes based on the assumption that the expression levels
of these housekeeping genes do not exhibit seasonal variation
(Lee and Nam, 2016; Li et al., 2019). Quantitative PCR (qPCR)
amplification using a Rotor-Gene SYBR Green PCR kit (Qiagen,
Hilden, Germany) was carried out on a Rotor-Gene Q real-
time PCR cycler (Qiagen, Hilden, Germany), using the following
profile, based on the manufacturer’s protocol: initial denaturation
for 5 min at 95◦C, followed by 40 cycles of denaturation for
5 s at 95◦C and annealing/extension for 10 s at 60◦C. After
qPCR, the amplicon melting temperature curve was analyzed to
confirm the absence of non-specific products (55–95◦C with a
heating rate of 1◦C for each step, with continuous fluorescence
measurement). The comparative threshold cycle (Ct) method
was applied to analyze the expression levels of the examined

genes using the Rotor-Gene Q Series Software ver. 2.0.2 (Qiagen,
Hilden, Germany).

Statistics
Data distribution of the gene expression levels of SMPs from
each of the five specimens collected in January, April, and
August and two different parts of the mantle (mantle edge/mantle
pallial) were analyzed using the Kolmogorov–Smirnov test and
two-sample t-test, respectively. Then, a non-parametric Kruskal–
Wallis test was applied to assess the significant differences among
the three groups (January, April, and August). Statistical analyses
were performed with EZR version 1.50 (Kanda, 2013), which is a
graphical user interface for R version 4.0.2 (R Core Team, 2020),
and the statistical tools in Microsoft Excel (version 2008).

Observations of Shell Microstructures
and Determining Their Mineralogy
Miyamura and Makido (1958) confirmed that the characteristics
of the pearl from various parts of the mantle are more
continuous in P. fucata than in the freshwater pearl-producing
bivalve (Hyriopsis schlegeli) (Mizumoto, 1965). Therefore, the
posterodorsal parts of the shells were cut into small pieces
(approximately 1 × 2 cm square) using a hand cutter and
observed under a scanning electron microscope (SEM, Hitachi-
S3400N, Tokyo, Japan). The left valves were used for most
specimens, but the right valve was used in one specimen (sample
ID: 180802-1). Both the inner shell surfaces and polished planes
of the radial section of the shells were observed to characterize
the shell microstructures around the mineralization front of
the nacreous layer (i.e., the boundary between the outer and
middle shell layers). The polished planes were filled with epoxy
resin (Crystal Resin II super clear, Nisshin Resin Co., Kanagawa,
Japan) before cutting using a low-speed saw (Minitom, Struers,
Copenhagen, Denmark) and were prepared using a graded series
of carborundum powder. After these processes, they were treated
through: (1) removal of organic matter contained in the shell
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TABLE 1 | Nucleotide sequences of primers used in real-time PCR.

Primer name Sequence References

Prismalin14 Forward primer ATTTCCCGCGTTTCTCCTAT Takeuchi and Endo, 2006

Reverse primer CCTCCGTAACCACCGTTAAA Takeuchi and Endo, 2006

Aspein Forward primer TACTTTCCCAGTGGCTGACC Takeuchi and Endo, 2006

Reverse primer CATCACTGGGCTCCGATACT Takeuchi and Endo, 2006

MSI7 Forward primer GATAAAAGGTCGGTGCCCAAC Zhang and He, 2011

Reverse primer AAGGTTGATGCCAGGTCCGTA Zhang and He, 2011

N16 Forward primer CTCATACTGCTGGATACCCTACGA Miyazaki et al., 2010

Reverse primer TCATTCCACATCTAAGCCACTCA Miyazaki et al., 2010

N19 Forward primer TGGCAACAAAGCAGTCATAACCG Zhang and He, 2011

Reverse primer GGCGTCGTTGTAGCATTGAAGG Zhang and He, 2011

MSI60 Forward primer GATCTCCCCACACAACATAGATAGAG Miyazaki et al., 2010

Reverse primer TGAATTGAAGCCTAATACTGGTCTGT Miyazaki et al., 2010

Nacrein Forward primer CTTCATTGCATGTGGAATTGGA Miyazaki et al., 2010

Reverse primer TCGGTTCTGATGATTGGTCACT Miyazaki et al., 2010

GAPDH Forward primer TATTTCTGCACCGTCTGCTG Takeuchi and Endo, 2006

Reverse primer ATCTTGGCGAGTGGAGCTAA Takeuchi and Endo, 2006

EF1-α Forward primer CCTGGCCACAGAGATTTCAT Takeuchi and Endo, 2006

Reverse primer AATTCCCCAACACCAGCAG Takeuchi and Endo, 2006

with sodium hypochlorite for 30 min, and (2) etching with 0.2%
(vol/vol) HCl for 1 min. The surfaces of the polished planes
were coated with gold, but some were re-polished after SEM
observation or not coated for mineral identification. Raman
spectroscopy (inVia RefreX, Renishaw) was used to determine
the calcium carbonate phase of the irregular shell layer, using
a 532-nm laser with a holographic notch filter as a laser
excitation source. The shell surfaces were carefully observed
using SEM prior to Raman analysis to verify the position of
the irregular shell layer. Each layer was marked by carbon
adhesive tape or felt pen immediately after SEM observation (see
Figures 2A,C). These landmarks were corrected by repeated SEM
observations, and minor amendments of their positions were
performed. The regions of interest were selected through SEM
imaging and subsequently analyzed with Raman spectroscopy.
Several spots in a single sample were analyzed to identify the
mineralogy of each shell layer. The Raman peaks were identified
based on Kontoyannis and Vagenas (2000).

RESULTS

Shell Microstructure Surrounding the
Nacre Growth Front
Scanning electron microscope images obtained from the small
pieces of P. fucata shells collected monthly from January
to August 2018 are shown in Figures 3–5. Outer calcitic
columnar regular simple prismatic and middle sheet nacreous
structures were observed in all specimens, and the outer prismatic
structure was composed of wide prominent first-order prisms
(more than 20 µm on average) perpendicularly aligned to
the shell surface (Figures 3A,B). Each prism was filled with
second-order fine granular to lamella crystals (Figure 3C) and
ensheathed by the organic wall. Second-order lamella crystals

were stacked horizontally or obliquely to the shell surface,
and their angle changed depending on the prism (Figure 3C).
A thin layer (<20 µm in thickness), the so-called initial
nacreous layer (Dauphin et al., 2008; Saruwatari et al., 2009),
was inserted between the prismatic and nacreous structures
in all the observed specimens (Figure 3C). This layer was
the aggregation of hemispherical prisms with second-order
irregularly shaped acicular crystals radiating from the center of
the hemisphere (high-angle non-denticular composite prismatic
structure). The middle sheet nacreous structure consisted of
flattened polygonal column-to-circular cylindrical tablets stacked
vertically to the shell surface (Figures 3D–I). Their bottom shape
varied according to the individuals and/or dorsoventral axes
(i.e., the mineralization front of the nacre to the thickened part
of the middle shell layer). Regarding the bottom morphology
of the nacre tablets near the mineralization front, their shape
changed from circular to elliptic from winter to summer
(Figures 3E,F,H,I).

Another thin sphenoid layer in the radial shell section often
lied next to the initial nacreous layer (Figures 4, 5) in the
area where the outer prisms were discontinued in a wedge
shape (Figures 4A,D,G,H). Aragonite was detected in this layer
(sample ID 180226-1, Figures 4A–C) using Raman spectrometry
(Figure 2). This layer comprised three components: a middle
sublayer consisting of fine-grained crystals (less than 1 µm in
diameter) sandwiched between the outer and inner sublayers
of irregularly shaped acicular crystals (Figures 4C,E,I). The
boundary of the initial nacreous layer was sometimes difficult to
identify (Figures 4B,E). The middle sublayer sometimes did not
appear depending on the specimens (aragonitic simple prismatic
structure; Figures 4G,H). Organic walls stood perpendicular to
the shell surface and surrounded the crystals irregularly in this
layer at the side close to the outer shell layer (Figures 4B,E,I);
moreover, they decreased distal to the outer shell layer
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FIGURE 2 | Scanning electron micrographs (A,C) of the areas where Raman analyses were conducted, and the resulting Raman spectra (B,D). The broken-lined
circle roughly indicates the part from which the Raman spectra were acquired (1–6). (A) Radial section of ID 180226-1. A similar position before re-polishing to
remove evaporated gold for Raman analysis is shown in Figure 4B. A carbon tape was attached to the right as a landmark. (B) Inner shell surface of ID 180226-1
(Figure 5A). Dots on the right side were used as landmarks. (B,D) Raman spectra of calcitic columnar regular simple prismatic structures are indicated by 3 and 4;
the sheet nacreous structure is indicated by 2; the winter diffusion layers are indicated by 1, 5, and 6. Aragonite peaks (152, 205) are clear in 1, 2, 5, and 6, whereas
calcite peaks (154, 280) are detected in 3 and 4.

(Figure 4A). As a result, the appearance of irregular pits
(Figures 5C,E) at the inner shell surfaces also decreased toward
the dorsal side in the middle sublayer, and then this sublayer
became analogous to the homogeneous structure because it had
no apparent structural unit (Figures 4C, 5C). Discontinued and
irregular networks of organic walls (Figure 5B) and adjoined
or collapsed nacre tablet-shaped prisms (Figures 5F,G) were
observed on the inner shell surfaces of the outer and inner
sublayers. This layer appeared in the inner shell surface of
specimens collected from February to April, but it was distant
from the nacre mineralization front of the remaining specimens
(collected from May to August).

Expression Patterns of Shell Matrix
Protein Genes
The expression levels of the seven biomineralization-related
genes were analyzed using quantitative real-time PCR (qPCR)
(Figure 6). Statistically significant differences were observed

between mantle edge and mantle pallium in the expression
levels of n16, msi60, and aspein in ef1α normalized data and of
n16, nacrein, and aspein in gapdh normalized data. Although
not statistically significant, the expression levels of msi60, n16,
and n19 were higher in mantle pallium than in mantle edges
in all three groups (collected in January, April, and August).
Conversely, aspein and prismalin-14 were generally expressed
significantly in the mantle edge. The expression levels of nacrein
and msi7 in the mantle exhibited no clear statistical significances.

Regarding seasonal expression patterns, no statistically
significant pattern was noted in any of the analyzed genes.
Nonetheless, msi60 and n16 expression patterns were lower
in April. n19 had the highest expression levels in the mantle
pallium of January individuals and the second-highest in
those of April individuals. April individuals had the lowest
expression of prismalin-14 and aspein in the mantle edge when
considering ef1α-normalized data, but their expression was
lowest in August individuals considering gapdh-normalized data.
When considering ef1α-normalized data, nacrein expression
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FIGURE 3 | Scanning electron micrographs of microstructures of Pinctada fucata. (A–C) Radial sections of the polished plane. Growth directions (i.e., direction of
the shell margin) are on the right side. (A) Outer calcitic columnar regular simple prismatic to middle sheet nacreous structures of a specimen collected on June 26,
2018 (ID: 180626-1). (B) Detailed view of panel (A); a thin initial nacreous layer is visible between the outer and middle shell layers. (C) Detailed view of the outer shell
layer of specimen collected on January 26, 2018; ID: 180126-5). (D–I): growth front of nacre on the inner surfaces and the upper sides of these images indicate the
direction of the shell margins. (D,E) Specimen collected on May 28, 2018, ID: 180528-1. (F) Specimen collected on June 26, 2018, ID: 180626-1; (G,H). Specimen
collected on July 25, 2018, ID: 180725-1. (I) Specimen collected on August 2, 2018, ID: 180802-1. The outer calcitic columnar regular simple prismatic structure
and the middle sheet nacreous structure appear on the upper and lower sides of panels (D,G), respectively.

levels showed a trend similar to those of msi60 and n16 in
the mantle pallium, with April individuals having the lowest
expression levels; however, no clear trend was noted for nacrein
expression levels when considering gapdh-normalized data. The
expression levels of msi7 were the lowest in August.

DISCUSSION

Diagnosis of the Irregular Shell Layer
We carefully described the microstructural characteristics of the
irregular shell layer formed within the sheet nacreous structure
of the middle shell layer. This layer was found on or close to
the inner shell surfaces of cultured P. fucata individuals collected
from February to April. We consider this seasonal formation to
be analogous to that of the “winter diffusion layer” reported by
Wada (1961). Our analysis revealed that this irregular layer (1)
has a sphenoid shape in the radial section of the shell, (2) is found
between the initial and regular nacreous layers, (3) is aragonitic

(Figure 2), and (4) is composed of three sublayers: outer and
inner layers of irregular simple prismatic structures, and middle
layer with homogeneous to aragonitic simple prismatic structures
(Figures 4, 5). Wada (1961) described the “winter diffusion layer”
as being composed of four components: (1) a granular layer
constructed before hibernation, (2) a roughened surface resulting
from shell dissolution during hibernation, (3) a conchiolin layer
constructed immediately after the end of hibernation, and (4)
a granular layer constructed after hibernation. The difference
between our observations and those of Wada (1961) probably
results from the method used, as the latter was mainly conducted
on the inner shell surface, which makes the microstructural
diagnosis unclear. Although further verification is needed, the
granular layers of Wada (1961) probably coincide with our
irregular shell layer comprising three sublayers.

The sphenoid shape entering the outer shell layer herein
shown is similar to the extension of the outer shell layer into
the inner shell layer observed in some unioid bivalves (Checa,
2000). The irregularly layered unioid shells are considered to
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FIGURE 4 | Scanning electron micrographs of the microstructure of the irregular shell layer in P. fucata. All images show radial sections in polished planes. Growth
direction of the shells are on the right side of images. White double-headed arrows indicate the middle sublayer of the irregular shell layer between the outer and
middle layers. Black arrows show the distribution of the outer and inner sublayers. (A) Outer to middle shell layers of ID 180226-1, collected on February 26, 2018.
Detailed views in panels (B,C). (D) Outer to middle shell layers of ID 180404-4, collected on April 4, 2018. Detailed views in panels (E,F). (G–I) Show the same
structures as in panels (A,D), but are of different individuals collected on April 4, 2018 [ID 180404-1 (G), ID 180404-3 (H), and ID 180404-2 (I)].

result from the retraction of the outer mantle fold during annual
or semi-annual growth halts [see description by Checa (2000)].
Some arcid bivalves also have an annual sphenoid insertion of the
composite prismatic structure into the crossed lamellar structure
within the outer shell layer (Kobayashi, 1976a,b; Nishida et al.,
2012). Nishida et al. (2015) experimentally confirmed that the
variation in thickness of the composite prismatic structure was
synchronized with water temperature. A similar physical reaction
(i.e., retraction of the mantle due to the low water temperature)
is likely to have occurred during the formation of the winter
diffusion layer in P. fucata; therefore, this layer can be considered
a unique type of annual disturbance ring.

Putative Mechanisms of Formation of
the Winter Diffusion Layer
Genetic or epigenetic mechanisms might be a component in
the formation of peculiar microstructures such as the winter
diffusion layer. In vitro studies by Takeuchi et al. (2008),

genetic manipulation studies by Suzuki et al. (2009), and
other biochemical and physicochemical studies (e.g., Olson
et al., 2012; Zhang et al., 2018) have strongly suggested
that physics and chemistry cannot thoroughly explain the
intricate mechanisms of biomineralization in living organisms.
Meanwhile, several studies have also examined the expression of
some shell matrix protein-coding genes in margaritid bivalves
and found a correlation between gene expression patterns and
variations in environmental conditions (e.g., food supply and
high temperature) (Joubert et al., 2014; Latchere et al., 2017).
We hypothesized that the expression pattern of SMPs changes
at low temperature, leading to the formation of the winter
diffusion layer.

We herein focused on the genes coding for SMPs as they
are possibly directly related to the biomineralization process
during shell formation, as shown by Suzuki et al. (2009)
and Zhang et al. (2018). No information is available on the
signaling pathway controlling the expression of SMP-coding
genes. However, our working hypothesis was that this does
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FIGURE 5 | Scanning electron micrographs of the microstructure of the irregular shell layer in P. fucata. All images show inner shell surfaces. Shell margins are on the
upper sides of the images. (A) Inner shell surface of ID 180226-1, collected on February 26, 2018. Gray arrow indicates the outer calcitic columnar regular simple
prismatic structure. The irregular shell layer covers the inner surface of the outer layer (B,C) and the middle sheet nacreous gradually accumulates (D) on it (indicated
by the white and black arrow). Variations of the irregular shell layer are shown in panel (E) (ID 180424-1, collected on April 24, 2018), (F) (ID 180404-1, collected on
April 4, 2018), and (G) (ID 180404-3, collected on April 4, 2018).

not matter because all upstream mechanisms controlling the
expression of the SMP-coding genes must affect the expression
of the SMP-coding genes themselves, with a possible feedback
loop to the signaling pathways causing possible attenuation or
suppression of the downstream genes controlling the phenotypes
(Venturelli et al., 2012; Zhang et al., 2012; Liu et al., 2017).
Changes in SMP-coding genes must then be translated into
the actual biomineralization process. Thus, we examined the
expression levels of seven biomineralization-related proteins in
specimens collected in different seasons to cover the herein
defined seasonal cycle of nacre formation (i.e., winter growth
break, irregular shell formation, and normal shell formation).
However, no statistical significance was detected in the SMP
gene expression levels among seasons, which interestingly shows
that these seven SMPs, although important for shell formation,
are probably not affected by temperature changes, and are thus
not involved in the formation of the winter diffusion layer of
P. fucata. Nevertheless, whether changes in the expression levels
of other SMPs with varying environmental factors influence the

formation and irregularities of shell microstructures remains
to be tested. Moreover, further experiments using samples
cultured in a controlled environment to cancel other parameters
(e.g., food supply) that could affect the gene expression of
SMPs should be performed. Genetic mechanisms may also be
indirectly involved in the formation of irregular microstructures.
For example, the increased expression of housekeeping genes
as a result of environmental cues might be involved in the
subsequent induction of the appropriate expression of upstream
genes (regulatory genes and transcription factors) related to
development, growth, and cell proliferation (e.g., dpp) (Rogulja
and Irvine, 2005; Shimizu et al., 2013) or to direct metabolic
and physiological responses to such changes (Shinomiya et al.,
1999). Although the stability of the expression of downstream
genes such as the SMP-coding genes is controlled by homeostasis
(as is also suggested by our results), cells expressing SMPs
are either physically or chemically different as they respond
to environmental cues, which in turn may cause variations in
their phenotypes.
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FIGURE 6 | Relative gene expression of biomineralization-related shell matrix genes normalized by housekeeping genes (blue, EF1α; orange, GAPDH). Each value
represents the mean ± SD of the data analyzed on up to five individuals.

The thermodynamic process is another candidate driving
force of the formation of the winter diffusion layer. Olson
et al. (2012) hypothesized that the crystallographic axes and
morphology of nacre crystals could be related to environmental
factors (water temperature and pressure), and Gilbert et al.
(2017) demonstrated that the thickness of nacre tablets is
correlated with water temperature. Both studies attributed these
changes to thermodynamics, whereas Cartwright et al. (2020)
considered that changes in nacre thickness were rather a type of
biological control determined by the position of the interlamellar
membranes, which are secreted before nacre formation. Olson
et al. (2012) and Gilbert et al. (2017) also hypothesized that
the addition of some proteins to chitin nanocrystals affects
the thermally dependent thickening of nacre tablets, besides
suggesting the existence of gaps in the knowledge on the role
of SMPs on nacre thickness and irregular shell formation,
which could be driven by other genetic mechanisms involving
transcription factors, cell metabolism-controlling genes, and
other upstream genes. We herein observed that the interlamellar
membranes surrounding the nacre tablets reduced and showed
an irregular distribution or even disappeared, which may have
resulted from the low expression of specific insoluble SMPs.
Moreover, the downsized and deformed crystals were found
in the winter diffusion layer. These may be linked to the

change in calcium carbonate deposition and/or nucleation rate;
or. from a biological perspective, they may have been caused
by the inhibitory activity of SMPs on the crystallization of
CaCO3. SMPs other than those herein tested may be directly
or indirectly involved in the formation of these microstructural
changes. Furthermore, the time gap between our sampling
and the animals’ irregular shell formation and the number
of individuals for statistical analysis should be considered in
further studies.

Some of the SMP genes herein tested (aspein, prismalin-14,
n19, and msi7) had higher expression in the mantle pallium
of winter individuals, although these data were not statistically
significant. These expression patterns were consistent with the
development of nacre tablets. Wada (1972) showed that the (001)
planes of aragonite in the middle and inner nacreous layers (i.e.,
basal planes of nacre tablets) became larger during winter until
animal hibernation, when the calcification process was slow. This
relationship between nacre growth and SMP expression may be
statistically significant in a sampling period larger than that used
in the present study. Therefore, future studies with DNA chip
analysis and exhaustive exploration of the mantle transcriptome
and shell proteomics might provide biological insights into the
genetic mechanisms of the formation of the winter diffusion layer
in P. fucata shells.
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The Formation of the Irregular Shell
Microstructures and Its Implication to
Molluscan Shell Evolution
As previously mentioned, some Protobranchia and Thraciidae
bivalves that presented a nacreous structure lost their nacreous
shells and acquired a homogeneous structure mostly in the
Paleozoic and Mesozoic (Taylor et al., 1973; Sato et al., 2020a).
Many studies have suggested that the nacreous structure is
costly and has gradually lost its “market share” in the course of
molluscan evolution (Cartwright and Checa, 2007; Frýda et al.,
2010; Vendrasco et al., 2013). Meanwhile, the similar appearance
of a homogeneous structure with an irregular microstructure
within the nacreous structure as in winter P. fucata has also been
reported for Nautilus pompilius in the aquarium [see Figure 7 in
Moini et al. (2014)]. The phenotypic plasticity of the shells in
these two species seems to be triggered by adverse conditions,
and may thus be a biological response to produce a low-cost
shell. The production cost of molluscan shells can be estimated
from their organic content (Palmer, 1992), and the homogeneous
structure is presumed to be a low-cost material compared to the
nacreous structure (Taylor and Layman, 1972). Consequently,
the biomineralization mechanism that controls the phenotypic
plasticity from a nacreous to a homogeneous structure also seems
to drive shell microstructural evolutions. Therefore, in addition
to exploring the genes involved in the formation of the irregular
structure of the winter diffusion layer in P. fucata, assessing the
homology between SMP genes in the homogeneous structure
of mollusks (e.g., protobranchs) should be tackled in future
paleobiological studies.
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Crushing and eating hard prey (durophagy) is mechanically demanding. The

cartilage jaws of durophagous stingrays are known to be reinforced relative to

non-durophagous relatives, with a thickened external cortex of mineralized

blocks (tesserae), reinforcing struts inside the jaw (trabeculae), and pavement-

like dentition. These strategies for skeletal strengthening against durophagy,

however, are largely understood only from myliobatiform stingrays, although a

hard prey diet has evolved multiple times in batoid fishes (rays, skates,

guitarfishes). We perform a quantitative analysis of micro-CT data, describing

jaw strengthening mechanisms in Rhina ancylostoma (Bowmouth Guitarfish)

and Rhynchobatus australiae (White-spotted Wedgefish), durophagous

members of the Rhinopristiformes, the sister taxon to Myliobatiformes. Both

species possess trabeculae, more numerous and densely packed in Rhina, albeit

simpler structurally than those in stingrays like Aetobatus and Rhinoptera. Rhina

and Rhynchobatus exhibit impressively thickened jaw cortices, often

involving >10 tesseral layers, most pronounced in regions where dentition is

thickest, particularly in Rhynchobatus. Age series of both species illustrate that

tesserae increase in size during growth, with enlarged and irregular tesserae

associated with the jaws’ oral surface in larger (older) individuals of both species,

perhaps a feature of ageing. Unlike the flattened teeth of durophagous

myliobatiform stingrays, both rhinopristiform species have oddly undulating

dentitions, comprised of pebble-like teeth interlocked to form compound

“meta-teeth” (large spheroidal structures involving multiple teeth). This is

particularly striking in Rhina, where the upper/lower occlusal surfaces are

mirrored undulations, fitting together like rounded woodworking finger-

joints. Trabeculae were previously thought to have arisen twice

independently in Batoidea; our results show they are more widespread

among batoid groups than previously appreciated, albeit apparently absent

in the phylogenetically basal Rajiformes. Comparisons with several other

durophagous and non-durophagous species illustrate that batoid skeletal

reinforcement architectures are modular: trabeculae can be variously

oriented and are dominant in some species (e.g. Rhina, Aetobatus), whereas

OPEN ACCESS

EDITED BY

Sylvain Marcellini,
University of Concepcion, Chile

REVIEWED BY

Tatjana Haitina,
Uppsala University, Sweden
Jake Leyhr,
Uppsala University, Sweden, in
collaboration with reviewer TH
Jonathan Huie,
George Washington University,
United States
Matthew Vickaryous,
University of Guelph, Canada

*CORRESPONDENCE

Mason N. Dean,
mndean@cityu.edu.hk,
mason.dean@mpikg.mpg.de

†These authors have contributed equally
to this work and share first authorship

SPECIALTY SECTION

This article was submitted to
Evolutionary Developmental Biology,
a section of the journal
Frontiers in Cell and Developmental
Biology

RECEIVED 29 April 2022
ACCEPTED 22 August 2022
PUBLISHED 12 October 2022

CITATION

Clark B, Chaumel J, Johanson Z,
Underwood C, Smith MM and Dean MN
(2022), Bricks, trusses and
superstructures: Strategies for skeletal
reinforcement in batoid fishes (rays
and skates).
Front. Cell Dev. Biol. 10:932341.
doi: 10.3389/fcell.2022.932341

COPYRIGHT

© 2022 Clark, Chaumel, Johanson,
Underwood, Smith and Dean. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Cell and Developmental Biology frontiersin.org01

TYPE Original Research
PUBLISHED 12 October 2022
DOI 10.3389/fcell.2022.932341

219

https://www.frontiersin.org/articles/10.3389/fcell.2022.932341/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.932341/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.932341/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.932341/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.932341&domain=pdf&date_stamp=2022-10-12
mailto:mndean@cityu.edu.hk
mailto:mason.dean@mpikg.mpg.de
https://doi.org/10.3389/fcell.2022.932341
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.932341


cortical thickening is more significant in others (e.g. Rhynchobatus), or both

reinforcing features can be lacking (e.g. Raja, Urobatis). We discuss interactions

and implications of character states, framing a classification scheme for

exploring cartilage structure evolution in the cartilaginous fishes.

KEYWORDS

Batoidea, durophagy, jaw, trabeculae, tesserae, tessellated cartilage, skeletal
biomaterials

Introduction

Among cartilaginous fishes (Chondrichthyes), the

consumption of hard prey (durophagy) is most common in

the clade of skates and rays (Batoidea; Elasmobranchii),

particularly in the subfamilies Rhinopterinae and Myliobatinae

(both Myliobatiformes: Myliobatidae), which contain only

durophagous taxa (Figure 1). Durophagy in batoid fishes takes

a variety of forms: diets can involve comparatively thin-shelled

crustaceans, thick-shelled molluscs and/or prey with softer,

tougher exoskeletons (e.g. shrimp or even insects) (Wilga and

Motta, 2000; Kolmann et al., 2015b, 2016). Hard prey processing

has not been extensively surveyed in batoid fishes, but at least two

strategies exist (Figure 1): what we will call “chemical

durophagy,” where predators rely on low stomach pH or

chinitase to break down prey exoskeletons (Fänge et al., 1979;

Holmgren and Nilsson, 1999; Cortés et al., 2008; Anderson et al.,

2010) and “mechanical durophagy,” where predators crush prey

before ingestion (Summers, 2000; Summers et al., 2004; Kolmann

et al., 2015b; Rutledge et al., 2019; Ajemian et al., 2021). The

limited current knowledge of the phylogenetic distribution of

these two strategies suggests they could be mutually exclusive in

batoid fishes (Figure 1), perhaps also indicating that these prey

processing modes demand a level of anatomical and

physiological specialization, in gut physiology for chemical

durophagy and in skeletal reinforcement for mechanical

durophagy.

From an anatomical perspective, mechanical durophagy is a

particularly impressive dietary mode for elasmobranch fishes, as

shark and ray skeletons are composed predominantly of

unmineralized cartilage covered by a mineralized crust of

blocks called tesserae, typically arranged in a monolayer

merely hundreds of microns thick (Maisey, 2013; Atake and

Eames, 2021; Berio et al., 2021; Maisey et al., 2021). A variety of

morphological features have been found to be associated with

mechanical durophagy (e.g. Summers, 2000; Summers et al.,

2004; Dean et al., 2007, 2015; Herbert and Motta, 2018;

Rutledge et al., 2019; Seidel et al., 2021; Huie et al., 2022),

particularly within durophagous myliobatiform stingrays

(Myliobatiformes): flat pavement-like teeth; large adductor

muscles; relatively shortened jaws with high leverage, fused at

the midline symphysis; and structural reinforcements of the jaw

tissues in the form of thickening of the mineralized cortex (the

tesseral layer) and/or mineralized struts (trabeculae) coursing

through the unmineralized cartilage. Some of these structural

features, however, may support functions not associated with

durophagy. For example, the cownose ray (Rhinoptera bonasus;

Myliobatiformes) was previously considered to be an obligate

durophage, its jaws bearing all the anatomical indicators of

durophagy, yet this species has also been shown to suction

feed opportunistically on soft-bodied prey (Collins et al.,

2007). Conversely, the jaws of the non-durophagous electric

ray, Narcine brasilinensis (Torpediniformes) have a thickened

cortex and trabeculae, but these features likely support this

species’ predation on buried polychaetes, preventing the

highly protrusible jaws from buckling when they are used in

benthic excavation of prey (Dean et al., 2006). The disparate

feeding modes and phylogenetic positions of Myliobatiformes

and Torpediniformes (Dean et al., 2006, 2007; Aschliman et al.,

2012) suggest that reinforcing features such as trabeculae and

cortical thickening may be more widespread in Batoidea than

currently appreciated (Figure 1).

In the last ~20 years, much of the research into both

elasmobranch skeletal biology and the functional

morphology of durophagy has centered on myliobatiform

stingrays (e.g. Summers, 2000; Summers et al., 2004; Dean

et al., 2009; Kolmann et al., 2015a, 2015b; Seidel et al., 2016,

2017, 2021; Rutledge et al., 2019). Yet, batoid taxa offer a

valuable diversity of species for exploring links between

skeletal anatomy and ecology and clarifying how a cartilage

skeleton can be modified through evolution to meet diverse

functional demands. In this study, we use X-ray

microcomputed tomography (micro-CT) to investigate

whether jaw and dentition characters associated with

stingray durophagy are also present in two durophagous

members of the Rhinopristiformes, sister taxon to the

Myliobatiformes (Dean et al., 2007; Aschliman et al., 2012;

Aschliman, 2014) (Figure 1). We investigate two

rhinopristiform species, Rhina ancylostoma (Bowmouth

guitarfish; Rhinidae) and Rhynchobatus australiae (White-

spotted wedgefish; Rhynchobatidae), large-bodied species

with small, rounded, and ornamented teeth. In both species,

these teeth form an unusual and striking dental battery, where

multiple teeth are arrayed into spheroidal “meta-

teeth”—bulbous structures constructed from multiple teeth,

and particularly massive in Rhina—fitting into concave

regions in the opposing jaw (Figures 2, 3A, 4A). These

undulating dentitions are conspicuously different from the
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FIGURE 1
Durophagy in Chondrichthyes, with a focus on batoid relationships. Taxa of interest are indicated with numbers as follows: 1) Rajiformes, 2)
Torpediniformes, 3) Rhinopristiformes and 4) Myliobatiformes. The Rhinidae is shown to genus level to indicate the two genera investigated in this
study (Rhina and Rhynchobatus). Species examined in this study are highlighted in blue. In groups with some durophagous members, the most
common types are highlighted, either chemical (where shelled prey is digested) or mechanical (where shelled prey is crushed). Groups where it
is unclear if durophagy exists are marked with a question mark. Phylogenetic relationships based on (Franklin et al., 2014; Underwood et al., 2015).
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familiar, flat pavements of myliobatiform stingray teeth (e.g.

Underwood et al., 2015), suggesting that the Rhinopristiformes

may employ alternative anatomical strategies for durophagy.

Given that much previous research into cartilaginous fish

durophagy has focused on myliobatiform stingrays, the

Rhinopristiformes offer great potential for understanding

the degree to which known anatomical modifications for a

hard prey diet are group-specific or more general tissue-level

modifications. Biomaterials and functional morphology

studies (e.g. Summers, 2000; Dean et al., 2006; Liu et al.,

2014; Seidel et al., 2019, 2020) have shown that tessellated

cartilage (at least in some stingrays) has a distinct multi-scale

mechanical anisotropy, with tesserae oriented parallel to the

direction of loading (e.g. the biting direction) having a higher

stiffness than those oriented perpendicular to it. Similarly,

excised blocks of jaw cartilage are stiffer when they contain

trabecular struts, and when the struts (and the tesserae

forming them) are oriented in-line with the direction of

applied load (Summers et al., 1998). The effect of tesserae

orientation on skeletal stiffness presents a structural

conundrum: the jaws of myliobatiform stingrays must have

an appreciably broad, flat area to accommodate their

pavement-like dentitions, yet this necessitates a wide

skeletal surface where tesserae are oriented perpendicular to

the biting load (i.e. in their less stiff orientation). This may

explain the incredibly high density of trabeculae supporting

the jaws in myliobatiform rays (i.e. buttressing occlusal areas

with more tesserae oriented in-line with biting loads), while

also suggesting that such supporting mechanisms may be less

relevant for those durophagous batoids that lack flattened

platform regions on their jaws (e.g. Rhinopristiformes) and/

or that structural reinforcement may be accomplished by other

means. It is possible, for example, that the shape of tesserae

beneath the dentition may be altered, perhaps taking on the

dome-like “voussoir” tesserae morphology known to be

associated with arched skeletal surfaces (Maisey et al.,

2021). Additionally, the jaw’s cortex could be reinforced by

accessory tesseral layers (>10 have been described in some

large species; Dean et al., 2015, 2017). We dissect these options

in the current study, providing the first three-dimensional

characterization of jaw-strengthening anatomies in batoids,

comparing features among the range of durophagous and non-

durophagous species examined in this study and previous

works, to synopsize the diversity of strategies by which

FIGURE 2
Anatomical terminology used in this study. 3D reconstruction (top) and cross-sections of the lower jaw (bottom) of Rhina indicate the different
anatomical positions and orientation terminology used in the text.
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FIGURE 3
3D reconstruction and cross sections of a Rhina ancylostoma jaw. (A) 3D reconstruction of upper and lower jaws, showing the distinctive
undulating dentition and several bulbous “meta-teeth” (Mt) on the upper and lower jaw. Asterisk indicates an area of the jaw with broken teeth.
Vertical white lines indicate the position in the jaw of cross sections shown in (B,C). Slices of the upper (B) and lower (C) jaws show trabeculae running
parallel (trab) and perpendicular (trab*) to the section plane. Both globular (tess) and columnar (c-tess) tesserae form the jaw cortex, with
hypermineralized “spokes” (sp) visible as regions of higher grayscale intensity, reinforcing the joints between tesserae. Tooth developmental stages
can be distinguished in both sections, where newly formed teeth are hollow and progressively filled with mineralized dentin. Teeth typically exhibit
surface ornamentation in the form of eight ridges, sculpted from the enameloid of each tooth crown. A bulk of unmineralized connective tissue
(including jaw perichondrium and dental ligament) is visible between the teeth and tesserae (star). All scale bars 1 cm. Abbreviations: dent, dentin;
enam, enameloid; ri, ridges; sp, spokes; tess, tesserae; c-tess, columnar tesserae; t, tooth; trab, trabeculae. Images from sample BMNH 2015.1.25.5
(24 cm).
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FIGURE 4
3D reconstruction and cross section of a Rhynchobatus australiae jaw. (A) 3D reconstruction of upper and lower jaws, showing the distinctive
undulating dentition and several bulbous “meta-teeth” (Mt) on the upper and lower jaw. Vertical white lines indicate the position in the jaw of cross
sections shown in (B,C). Slices of the upper (B) and lower (C) jaws show trabeculae (trab) running largely parallel to the section plane (compare with
the Rhina jaw in Figures 3B,C). Both globular (tess) and columnar (c-tess) tesserae form the jaw cortex, with hypermineralized “spokes” (sp)
visible as regions of higher grayscale intensity, reinforcing the joints between tesserae (compare with the cortex of the Rhina jaw in Figure 3B,
constructed from more numerous and smaller tesserae). Tooth developmental stages can be distinguished in both sections, where newly formed
teeth are hollow and progressively filled with mineralized dentin. Teeth typically exhibit surface ornamentation in the form of low ridges, sculpted
from the enameloid of each tooth crown. A bulk of unmineralized connective tissue (including jaw perichondrium and dental ligament) is visible
between the teeth and tesserae (star). All scale bars 1 cm. Abbreviations: dent, dentin; enam, enameloid; ri, ridges; sp, spokes; tess, tesserae; c-tess,
columnar tesserae; t, tooth; trab, trabeculae. Images from sample BMNH 2017.7.11.1 (28 cm).
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cartilage has been modified throughout elasmobranch

evolution to meet varied performance demands.

Materials and methods

Sample selection and X-ray tomography
acquisition

The dried jaw specimens examined in this study are from the

Life Sciences Collections, Natural History Museum, London

(BMNH) (Supplementary Table S1). Two specimens were

used for the bulk of detailed analysis—Rhina ancylostoma

(BMNH 2015.1.25.5) and Rhynchobatus australiae (BMNH

2017.7.11.1)—with additional higher-resolution scans focused

on the regions of interest at the proximal ends of the lower

and upper jaws. Other specimens of different sizes—Rhina

(BMNH 2014.11.11.1) and Rhynchobatus (NHMUK PV

P4048 and two unregistered specimens) — were scanned to

investigate how tesserae and jaw trabeculae vary with age. The

original body sizes of the animals from which specimens came

were unknown and so jaw size (i.e. the outer jaw width at the jaw

joints) was used as a proxy for age (i.e. larger jaws were assumed

to come from larger and therefore older animals). A previous

study (Dean et al., 2017) estimated Rhynchobatus jaw width to be

~7–11% of total length and our measurements from two intact

Rhina specimens (95.5 and 147 cm TL) and dried jaws from six

specimens from animals of known total length suggest a similar

ratio (~11–15% of TL). Based on available size at maturity

information for both species (Last et al., 2016; Purushottama

et al., 2020), the jaw specimens used in our study (Supplementary

Table S1) are likely all from mature individuals, an assertion

supported by the high degree of mineralization of the skeleton

(Seidel et al., 2016). It should be noted that two of the

Rhynchobatus jaws could not be confidently identified to

species; although available information indicates that all

Rhynchobatus species include some amount of hard-shelled

prey in their diet (e.g. Darracott, 1977; Moazzam and

Osmany, 2020; Purushottama et al., 2020). Additionally, for

comparative purposes, the upper and lower jaws of the

durophagous stingray Aetobatus ex. gr. narinari (BMNH

2015.1.25.4; Myliobatiformes) and of the non-durophagous

skate Raja clavata (BMNH 2015.1.25.2; Rajiformes) were

scanned and examined.

Micro-CT imaging was performed at the Imaging and

Analysis Centre, Natural History Museum, London, using a

Nikon Metrology HMX ST 225 with a reflection target. The

eight specimens listed above were scanned, as well as several

selected regions imaged at smaller voxel sizes in both Rhina and

Rhynchobatus, producing 12 separate data sets. X-ray source

conditions ranged from 100 to 190 kV adjusted for field of view

differences and sample density. A range of voxel sizes were

achieved (26–121 µm), with smaller image pixel sizes utilized

for quantifying tesserae dimensions. For a detailed list of micro-

CT scan parameters and specimen information, see

Supplementary Information, Supplementary Table S1.

Image processing

All scans were processed, rendered, and analysed using

Avizo/Amira (version 9.4 and above or Amira ZIB Edition).

Each acquisition was enhanced using a “low level” non-local

means filter to reduce imaging noise from the data. Individual

jaw elements were separated (segmented) for comparative

analysis, using volume editing tools to isolate the lower jaw

(Meckel’s cartilage) from the upper jaw (palatoquadrate), and to

separate the left and right jaw moieties at the symphyses.

Terminology

Anatomical terminology used is presented visually in

Figure 2. “Proximal” indicates a position or direction toward

the jaw joint and “distal” toward the jaw symphysis.

“Symphyseal” refers to the (distal) midline joint between the

two jaw halves, with “parasymphyseal” regions flanking the jaw

symphysis laterally (e.g. Underwood et al., 2015). “Oral” is

towards the biting surface of the jaw or teeth, with “aboral”

indicating the opposing surface. “Labial” refers to the outer

surface of the jaw, and “lingual” to the inner (pharyngeal)

surface of the jaw. “Cortical” refers to a position or direction

toward the jaw’s cortex, the outer mineralized rind comprising

single or multiple layers of tesserae. “Perichondral” is used

similarly, to indicate tesserae or portions of tesserae associated

with the unmineralized, collagenous perichondrium that wraps

the outer surface of tessellated cartilage skeletons (Seidel et al.,

2020, 2021).

Measurements

Cortical and tooth thickness
The thickness of the jaw cortex and the dentition was

measured from the full jaws of Rhina (Figure 3) and

Rhynchobatus (Figure 4), on a mesh generated from the

segmented volumes of the whole jaw specimen scans. Meshes

were generated for the upper and lower jaws, and the upper and

lower dentitions for each species; the upper and lower jaw

cartilages were analysed independently from the dentition.

The use of meshes simplified the process of bulk linear

measurements and allowed thickness to be color-coded over

the entire jaw surface: meshed surfaces were minimally

smoothed and simplified to reduce computational resources

needed, then thickness was determined by measuring the

distance between two opposing vertices in the mesh that were
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both nearest and parallel (or very close to parallel) to each other.

To visualize thickness variation, measurements were then

represented by a surface scalar field for each vertex and a

physics color map with a range of 0 to >5 mm, with thickness

above 5 mm represented as red (Figures 5, 6). This process

allowed quantification and visualization of the bulk thickness

of the jaw cortex (regardless of the number of tesseral layers) and

the dentition (i.e. tooth height, including the contributions of

enameloid and dentin). For comparative purposes, additional

meshes were generated and similarly quantified for the upper and

lower jaw cartilages and dentitions of Aetobatus ex. gr. narinari

(Figure 7) and Raja clavata (Figure 8).

Tesserae
Qualitative evaluation of the arrangements and

morphologies of tesserae in the jaw cortex were performed

on scan slice data and volume-renderings. To quantify aspects

of tesseral morphology, the smallest possible voxel size was

necessary to resolve tesserae boundaries successfully, but this

came at the expense of scan volume: whereas entire jaws could

be scanned from smaller specimens (i.e. the two smallest

Rhynchobatus jaws, 11 and 18 cm [unregistered

specimens]), ROI-scans were necessary to quantify tesserae

morphometrics in larger specimens (lower right jaws of

Rhynchobatus, NHMUK PV P4048 and BMNH 2015.1.25.5;

lower right jaw of Rhina, BMNH 2014.11.11.1 and 2015.1.25.5;

Supplementary Table S1). The dimensions of individual

tesserae were investigated in the entire jaws of the small

specimens and across four ROIs at the proximal ends of

both the upper and lower jaws of the larger Rhina and

Rhynchobatus (Figures 9, 10 and Supplementary Table S2);

these regions were chosen for their comparatively simple

cross-sections and the fact that they could be consistently

compared across individuals and species (avoiding the

undulating morphologies of the symphyseal regions, which

become more pronounced with age). The mineralized tissue

was segmented and individual tesserae isolated using the

Separate Objects module with a marker extent of “2”

(relating to the size of the seeds marking objects for

separation). Segmentation of individual tesserae was

possible due to the narrow gaps between tesserae (i.e.

intertesseral joints) and with a high level of accuracy,

particularly where high magnification was achieved. The

Separate Objects module applies the Chamfer method

which splits volumetric bodies that touch only partially

with neighbouring bodies (e.g. at the “intertesseral contact

zones,” where tesserae abut; Seidel et al., 2016; Jayasankar

et al., 2020). Using this method, structures with strong overlap

are not separated. In our data, once tesserae were segmented

from one another, we recorded their locations (X, Y and Z

FIGURE 5
Dentition and tessellated cartilage thickness in the jaws of Rhina ancylostoma. (A,B) Color-coded dentition thickness, and (C,D) jaw cortex
(tessellated cartilage) thickness. Both upper and lower jaws are shown in labial (A,C) and lingual (B,D) views. Black arrows in (A) indicate the positions
of the meta-teeth in the lower and upper jaw. Asterisk in (A) indicates a region of tooth breakage (see also Figure 3A). Note also the gap between left
and right jaw moieties, illustrating the lack of symphyseal fusion. Thickness is represented by a physics color map, with regions in red being
thicker than 5 mm. Images from sample BMNH 2015.1.25 (24 cm).

Frontiers in Cell and Developmental Biology frontiersin.org08

Clark et al. 10.3389/fcell.2022.932341

226

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.932341


FIGURE 6
Dentition and tessellated cartilage thickness of the left jaw moieties of Rhynchobatus australiae. (A,B) Color-coded dentition thickness, and
(C,D) jaw cortex (tessellated cartilage) thickness. Both upper and lower jaws are shown in labial (A,C) and lingual (B,D) views. As in the Rhina jaws
(Figures 5C,D), the symphysis is unfused (note the anatomical edge of the jaw halves). Thickness is represented by a physics colormap, with regions in
red being thicker than 5 mm. Images from sample BMNH 2017.7.11.1 (28 cm).

FIGURE 7
3D reconstruction, cross section and thickness analysis of the jaw of an eagle ray jaw (Aetobatus ex. gr. narinari). (A) 3D reconstruction of upper
and lower jaw and teeth in labial view. The inset shows the fused symphysis beneath the dentition. (B) Slices through the opposing upper (B1) and
lower (B2) jaws, showing a cross section of the jaw skeleton, comprising a cortex of tesserae and internal trabeculae, and surmounted by interlocked
teeth. Note that the cortex is comprised of fewer layers of tesserae and trabeculae exhibit more of a hierarchical branching pattern than in the
jaws of Rhina (Figure 3) and Rhynchobatus (Figure 4). A visible progression of teeth development can be seen (moving from right to left in B1 and B2),
characterized by a more porous dentin in newly formed teeth, infilled with mineralized dentin as teeth become functional. (C,D) Jaw cortex and
tooth thickness are represented by a physics color map with regions in red being thicker than 5 mm. Abbreviations: enam, enameloid; dent, dentin;
tess, tesserae; t, tooth; trab, trabeculae. Images from sample BMNH 2015.25.4 (7.5 cm).
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coordinates of their centroids) and also approximated their

sizes by measuring the major, intermediate and minor axis

lengths of a bounding box enclosing all of the voxels belonging

to each tessera (Supplementary Figure S1). Although this high-

throughput size estimation calculates the length, width and

thickness of every tessera’s bounding box, it does not

determine how the bounding box’s orientation is linked to

the tessera’s anatomical orientation. In other words, the

method can calculate, for example, the longest dimension of

a tessera’s bounding box, but not whether this is the tessera’s

“width” or its “thickness” (i.e. the dimension parallel to the

surface of the jaw vs perpendicular to it; see Supplementary

Figure S1); addressing this challenge requires a method for

identifying which tesseral face is associated with the skeletal

surface, a feature unavailable in the segmentation and analysis

software. As a result, in the current study, we only report the

bounding box’s smallest linear dimension as an indication of

“tesseral size.” We found this to be a reliable and usefully

conservative general measurement for illustrating local

variations in tesseral size, particularly since the longest

bounding box dimension is heavily biased by tesseral

fusions (see Results) and since length is a more

anatomically intuitive metric than volume for tesserae.

Measured values for tesserae size (Supplementary Table S2)

were in reasonable agreement with 2D measurements from

previous works (e.g. Dean et al., 2009; Seidel et al., 2016, 2021;

Maisey et al., 2021), supporting the validity of our method.

Comparisons of the various possible tesseral measurements

and the development of methods for anatomical orientation of

bounding boxes will be addressed in a future work (B. Yang

et al., in preparation). Tesserae size distributions were plotted

for all specimens of both species across eight size bins,

distributed equally between each species’ minimum and

maximum tesseral sizes (Figure 11). Tesseral size was also

represented in jaw volume renderings with color maps grading

from dark red to pale yellow (Figures 9, 10 and Supplementary

Figures S1, S2, Supplementary Table S2).

Trabeculae
Trabeculae position and orientation were examined from

scan slice data and volume-renderings. In addition, trabeculae

were manually segmented from the full jaw scans of both

species—the right upper and lower jaw moieties in Rhina

(BMNH 2015.1.25.5) and the left upper and lower jaw

FIGURE 8
3D reconstruction, cross section and thickness analysis of a skate jaw (Raja clavata). 3D reconstruction of upper and lower jawwith labial (A) and
lingual (B) views of the jaws and teeth. Vertical white lines in A indicate the position in the jaw of cross sections shown in C1 and C2. (C) Slices show
cross sections of the upper and lower jaws at two positions (C1,C2). Tooth developmental stages can be distinguished in both sections, where newly
formed teeth are hollow and progressively filled with mineralized dentin. Note that the cortex comprises only a single layer of tesserae, with a
single potential trabecula (trab?) passing through the jaw. (D) Jaw cortex and tooth thickness are represented by a physics color map with regions in
red being thicker than 5 mm (D1 labial view, D2 lingual view). All scale bars 1 cm. Abbreviations: enam, enameloid; dent, dentin; tess, tesserae; t,
tooth; trab?, potential trabecula. Images from sample BMNH 2015.25.2 (9 cm).
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moieties in Rhynchobatus (BMNH 2017.7.11.1) — by

combining region-growing and selective thresholding, using

a brush tool to separate the trabeculae from the cortical

mineralized cartilage. Trabeculae prevalence was then

quantified as a percent volume fraction relative to the total

volume of mineralized jaw cartilage (including trabeculae;

Supplementary Table S3). To further visualize interspecies

differences, trabeculae were also volume-rendered

using a red to light yellow color map with

the remaining (non-trabecular) mineralized tissue

(i.e. the jaw cortex) visualised in transparent grayscale

(Figure 12).

FIGURE 9
Tesserae size variation in the jaws of Rhina ancylostoma. (A,B) 3D rendering of Rhina ancylostoma jaws, in labial (A) and lingual (B) views,
showing the regions of interest (yellow) used for tesserae size analysis. The scale for tesserae size color-coding is shown at the bottom of figure.
(C–E) Tesserae color-coded according to their size in labial, cross-section and lingual views of the upper (C–E) and lower (F–H) jaw. The pores
visible in the labial cortical surface are openings for trabeculae canals (C,H), and volume-rendered trabeculae can be seen running through the
cross-section (D,G). (F–H)Columnar tesserae (c-tess) form the superficial portion of the cortex in both upper and lower jaws. Note that tessera size is
not uniform, but rather varies across the cortical surface. All scale bars 1 cm. Abbreviations: c-tess, Columnar tesserae; tess, tesserae; trab,
trabeculae. Full jaw images are from sample BMNH 2015.1.25.5 (24 cm) and regions of interest images are from sample BMNH 2014.11.11.1 (35 cm).
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FIGURE 10
Tesserae size variation in the jaws of Rhynchobatus australiae. (A,B) 3D rendering of Rhynchobatus australiae jaws, in labial (A) and lingual (B)
views, showing the regions of interest (yellow) used for tesserae size analysis. Tesserae color-coded according to their size in labial, cross section and
lingual views of the upper (C–E) and lower (F–H) jaw. Volume-rendered trabeculae can be observed running across the cross sections of the upper
(D) and lower jaws (G). Columnar tesserae (c-tess) form the superficial portion of the cortex (inset in D,G). In labial (F) and lingual (H) views, a
barb/sting from a stingray can be observed embedded in the jaw, being surroundedwith amineralized callus (seeDean et al., 2017). Note that tessera
size is not uniform, but rather varies across the cortical surface. Abbreviations: Ca, callus; St, sting; tess, tesserae; c-tess, columnar tesserae; f-tess,
fused tesserae; trab, trabeculae. Full jaw images are from sample Unregistered specimen (11 cm) and region of interest Images are from sample
BMNH 2017.7.11.1 (28 cm).
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Results

Rhina and Rhynchobatus

Gross morphology, jaw cortex and cortical
tesserae

Although similar-sized jaws were examined for Rhina and

Rhynchobatus, jaw morphologies and tissue arrangements varied

considerably (Figures 3, 4). Our scans revealed that the oral/

occlusal edges of both species’ jaws echo the undulating

morphology of their meta-tooth arrays. The symphyseal

regions were exceptions to this, where the largest meta-teeth

(on the lower jaw in both species) encircled the unfused

symphyseal joint (labeled meta-tooth in Figures 2–4). The

symphyseal mandibular meta-tooth was most striking in

Rhina, forming a robust, denticulate torus around the

symphysis (Figure 3). The meta-teeth themselves were not

solid masses of mineralized tissue, but rather spheroidal

constructions of slightly larger-than-average teeth (see section

3.1.3 below), forming a shell around an underlying mass of

unmineralized dental ligament and perichondrium (star in

Figures 3B,C, 4B,C). In both species, a single ovoid tessellated

sesamoid cartilage was seen embedded in the connective tissue of

the mandibular meta-tooth, between the tooth layer and

symphysis (Figure 12 and Supplementary Figure S1).

Significant differences were also apparent between the species

in the thickness of the jaw cortex, how this thickness was

constructed, and in the morphologies of the tesserae

themselves. The general gross tissue arrangements, however,

were similar between the species: beneath the teeth, the jaws

were roughly sigmoid or pear-shaped in cross-section, with a

pronounced lingual depression housing the youngest portion of

the tooth array (hollow, incipient teeth; see section 3.1.3 below)

and with connective tissue linkages between the tooth array and

jaw cortex as described above (dark areas marked with stars in

Figures 3B,C, 4B,C). The thickness of the mineralized cortex

(composed of tesserae) varied across regions of the jaws in both

taxa, in general thickest along the oral jaw surfaces, and thinnest

FIGURE 11
Variation of tesserae size across different jaw sizes (ages) in Rhina and Rhynchobatus. (A,B) Density graph (A) and boxplot (B) showing the
distribution differences of tesserae size between two different Rhina specimens of different jaw sizes. (C,D) Density graph (C) and boxplot (D)
showing the distribution differences of tesserae size among four Rhynchobatus specimens of different jaw sizes. All graphs illustrate an increase in
tesseral size and a broadening of the size distributions with age. Note the size scale differences between the Rhina and Rhynchobatus graphs,
with relatively larger tesserae in Rhynchobatus.
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near the jaw joint and symphysis (Figures 3B,C, 4B,C, 5C,D,

6C,D). In Rhina, the cortex was generally between 0.5 and

1.5 mm thick, however with the cortex visibly thicker along

the biting (oral) and contralateral aboral margins (~2–3 mm

and up to nearly 5 mm in some areas) (Figures 5C,D). The labial

side of the lower jaw was also noticeably thicker than the

contralateral lingual face (~2–3 mm; Figures 5C,D), this

thickened cortex continuing from the symphysis to the area of

the proximal termination of the dentition, approaching the jaw

joint. In Rhynchobatus, the cortex of the upper and lower jaws

was overall notably thicker than in Rhina (in most areas >3 mm),

with the labial cortex often more than 1 mm thicker than the

lingual, and the oral jaw margins strikingly reinforced (>5 mm

thick; Figures 6C,D).

In both Rhina (Figures 3B,C, Supplementary Figures S2B,C,

Supplementary Movies S1, S2) and Rhynchobatus (Figures 4B,C,

Supplementary Figures S1B,C, Supplementary Movie S3), the jaw

cortex is formed from multiple monolayers of tesserae. In virtual

sections, a high variation in tesseral shape and size is apparent,

with tesserae noticeably larger and fewer in number in

Rhynchobatus than in Rhina, even for jaws of similar sizes

(Figures 3B,C versus Figures 4B,C). Unlike the thin plate-like

tesserae described for other batoid species (e.g. see Fig. 10 in

Seidel et al., 2016), in Rhina and Rhynchobatus, tesserae shapes

tended toward columnar (tall and narrow; c-tess in Figures 3C,

4C, 9G, 10D) or globular forms (more common; Figures 3B,C,

4B,C), but varied locally across the cross-sections of both species’

jaws. In Rhina, tesserae in the labial jaw cortex tended to be larger

and columnar in shape (Figures 3B,C), in comparison with

tesserae of the lingual cortex, which were smaller and

arranged in fewer layers, particularly in the lower jaw

(Figure 3C). In Rhynchobatus, labial and lingual tesserae were

more comparable in size (Figures 4B,C).

Within the multiple tesseral layers of the jaw cortex, the

outermost/surface layer typically had a more regular morphology

(in size and shape) relative to the inner layers, readily

distinguishable by eye (see below; e.g. Figures 3B,C, 4B,C).

Most jaw regions examined in both Rhina and Rhynchobatus

exhibited from three to seven layers of tesserae, with the most

numerous tesseral layers observed in association with the jaw’s

oral surface (beneath the teeth; Figures 3B,C, 4B,C). Oral (sub-

dental) multi-layers were observed even in the smallest specimen

examined (Rhynchobatus, Supplementary Figures 1B,C),

although in the largest Rhina, the number of oral tesseral

layers appeared reduced, compared to the medium Rhina

(compare Figures 3B,C to Supplementary Figures 2B,C). In

sub-dental regions, the number of tesseral layers was

challenging to count, as the smaller tesserae there formed a

FIGURE 12
3D rendering and volumetric measures of trabeculae in Rhina and Rhynchobatus jaws. (A) 3D rendering of the full jaw of Rhina ancylostoma,
with trabeculae (trab) highlighted in orange. A higher magnification view (left inset) shows trabeculae of relatively consistent orientation in the
parasymphyseal region and a cross-section of themeta-teeth (right inset) shows the sesamoid cartilage (white arrow). (B) 3D rendering of the left jaw
moiety of Rhynchobatus australiae, showing that, although less dense than in Rhina, trabeculae are also present, especially in the region
surrounding the jaw joint (bottom inset). The mandibular sesamoid of Rhynchobatus is visible in the volume rendering in (B) (white arrow). The
interspecies difference in trabecular density is also quantified in terms of volume percentage of trabeculae at the top of the figure. All scale bars 1 cm.
Abbreviations: trab, trabeculae. Images from samples BMNH 2015.1.25.5 (Rhina ancylostoma, 24 cm) and BMNH 2017.7.11.1 (Rhynchobatus
australiae, 28 cm).
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disorganized scree nearly filling the narrow, labiolingually-

compressed interior of the jaw (Figures 3C, 4C, 9D,G, 10D,G).

This “tesseral scree” was also occasionally visible in the narrow

aboral regions of the jaw (e.g. Figure 4B). Although a multi-

layered tesseral cortex was the norm in both taxa, monolayers

were present in localized areas of the aboral-lingual margin of the

lower jaw of Rhynchobatus (Figure 4C). Convex regions of the

jaw cortex in all scans had abundant columnar tesserae, often

twice as thick as tesserae in flatter areas of the skeleton (Figures

3C, 4C, 9D,G, 10D,G). These tesserae were often somewhat

wedge-shaped, slightly wider at their perichondral side.

The tesserae of both species were typically hundreds of

micrometers wide, with those of Rhynchobatus on average

larger than those of Rhina (note the scale differences in the

color-coding in Figures 9–11 and Supplementary Table S2).

Although only region-of-interest scans were performed for

larger specimens, all datasets examined included tens of

thousands of tesserae (and more than 100,000 tesserae in one

case), with the small age series examined exhibiting the same

trend for both species: with increasing jaw (and, therefore,

animal) size, the distribution of tesseral sizes broadened and

shifted toward larger tesserae (Figure 11). Compared to the 24 cm

Rhina jaw, for example, tesserae in the 35 cm Rhina jaw were

nearly 40% larger (from 456.8 ± 120.3 µm to 632.3 ± 199.7 µm:

mean ± standard deviation; Supplementary Table S2). Similarly,

in Rhynchobatus, tesserae showed almost a twofold average size

increase from the smallest animal to the largest, ranging from

606.6 ± 186.4 µm in the 11 cm jaw to 1086.4 ± 338.6 µm in the

28 cm jaw (Supplementary Table S2). The largest tesserae

recorded in both species (2315.4 µm in Rhina, 4504.6 µm in

Rhynchobatus) represent the tesserae we observed beneath the

teeth, fused together into mineralized sheets (see below;

Figures 9, 10).

In jaw cross sections, tesserae showed differences in

orientation and connectivity within and among the different

tesseral layers (Figures 3B,C, 4B,C and Supplementary Figures

S1B,C, S2B,C). In the outermost layer, the contacts between

adjacent columnar tesserae appeared tightest peripherally

(nearest the perichondrium), especially compared to the looser

packing of scree tesserae in deeper layers. Throughout the jaw

cortex, minute projections were regularly seen bridging adjacent

tesserae (see insets in Figures 3B, 4B); these were often very bright

in tomographic slices, indicating they are the hypermineralized

“spokes” known to reinforce intertesseral joints in other species

(Seidel et al., 2016, 2019, 2020). In Rhina and Rhynchobatus,

multiple spokes could often be seen spanning a single joint space,

particularly in the perichondral layer (e.g. Figures 3B, 4B insets).

Spokes appeared irregularly distributed in both taxa (i.e. not

visible between every tessera in every slice) and were more

numerous in Rhynchobatus. Spokes were not as apparent in

the smallest individual sampled (Rhynchobatus,

Supplementary Figures 1B,C), nor in the largest (Rhina,

Supplementary Figures S2B,C). It is unclear from the current

data whether this was a function of the spokes being less

prevalent (as in younger animals; Seidel et al., 2016), or their

presence being masked by the lower resolution resulting from the

large field of view needed to scan the largest specimen

(Supplementary Table S1).

The density of tesserae (based on gray values, calculated from

the attenuation coefficient) appeared generally consistent within

datasets, similar to tooth dentin and skin denticles, but less

mineral-dense than tooth enameloid (e.g. Figures 3B,C, 4B,C).

Whereas smaller specimens of Rhina and Rhynchobatus showed

more consistent density contrast in all tesseral layers (Figures

3B,C and Supplementary Figures S1B,C), in the largest Rhina

(Supplementary Figures S2B,C) and especially the largest

Rhynchobatus (Figures 4B,C), tesserae had a visibly lower

density in areas directly below the dentition, implying a lower

degree of mineralization. In these regions in Rhynchobatus and in

the very large Rhina, tesserae at the oral surface were large and

often partially fused together into irregular mineralized masses

(e.g. Supplementary Figure S2), in extreme cases resulting in the

tesseral pattern being obliterated and replaced by a nearly

homogeneous tissue of lower mineral density (Figures 4B,C).

Trabeculae and trabecular tesserae
Trabeculae (reinforcing struts passing through the core of

the jaws) were present in both species (Figures 3, 4, 9D,G,

10D,G, 12 and Supplementary Figures 1B,C, 2B,C,

Supplementary Movies S1–S3). Trabeculae in Rhynchobatus

were tessellated tubes with walls one tesseral layer thick

(Figures 4B,C, 10D,G). In contrast, in Rhina, trabeculae

often appeared only partially mineralized (Figures 3B,C), as

darker gray (less-mineralized) tubes studded with tesserae. It

was impossible to determine, however, the degree to which

these trabeculae might have collapsed, lost tesserae, or become

degraded as these museum specimens were dried and the

internal cartilage pulled away during dehydration.

In both species, trabeculae typically ran between the labial

and lingual cortical surfaces (e.g. Figures 3C,D, 4C,D, 12), but

with some exceptions (see below). The internal canals formed by

trabeculae were often open at each end, communicating to the

perichondrium through visible pores, particularly in Rhina (e.g.

Figures 9C,H and Supplementary Figure 2G). In Rhina,

trabeculae represented 13.6% and 12.2% of the volume of the

mineralized tissue in the upper and lower jaws, respectively

(Figure 12A and Supplementary Table S3). In contrast,

trabeculae were far less dominant in Rhynchobatus,

representing only 5.2% and 4.7% of the upper and lower jaw

volumes, respectively (Figure 12B and Supplementary Table S3).

The abundance of trabeculae in Rhina was particularly apparent

in the distal jaw region associated with teeth, where trabeculae

dominated the interior of the jaw, orientated in numerous

directions (oral-aboral, labio-lingual; Figures 9D,G, 12A), and

even appearing to course parallel to the cortex of the oral surface

(i.e. in the proximo-distal direction) in some areas (e.g. circular
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trabecular sections in Figures 3B, 12A [trab*] and Supplementary

Movies S1–S3). In contrast, trabeculae in Rhynchobatus, tended

to be oriented labio-lingually, although some proximo-distal

trabeculae were also observed (Figures 4B,C, 10D,G, 12B).

Teeth
Our tomographic slices provided clear views of the process of

tooth development in both species (Figures 3B,C, 4B,C and

Supplementary Figures S1B,C, 2B,C). New teeth arose at the

lingual side of the jaw, appearing in our micro-CT data as hollow

shells covered by dense enameloid caps and anchored to the

dental lamina by thin dentin bases. As the teeth developed and

progressed labially, the enameloid layers became thicker and the

interior pulp cavities were gradually filled with mineralized

dentin, before the teeth reached their functional positions. In

some sections, the enameloid layer of post-functional teeth

appeared slightly thinner, suggesting some wear. The

enameloid layer was thicker on average in Rhina (Figures

3B,C versus Figures 4B,C). Both species showed surface

ornamentation on their teeth: a single latero-medial ridge on

each tooth crown of Rhynchobatus (occasionally with smaller

secondary ridges visible in cross section; inset in Figure 4B), in

contrast to a series of labio-lingual ridges in Rhina (typically eight

per tooth; inset in Figure 3C). These ornamentations were

sculpted predominantly from enameloid, with only a slight

associated undulation of the enameloid-dentin junction. In

cross-section, points of direct labio-lingual contact were visible

between teeth in a tooth file (labio-lingual series; Figures 3B,C,

4B,C), the teeth touching at only a single point in Rhynchobatus,

but effectively interlocking in Rhina. In both species, points of

contact always appeared to be between enameloid-coated tooth

regions, not where dentin was exposed.

Teeth in both taxa were largest and the dentitions thickest

where associated with the meta-teeth: at the symphysis on the

lower jaw and parasymphyseally on the upper jaw in both species,

with additional less pronounced meta-teeth also present

parasymphyseally on the lower jaw in Rhina (Figures 3A,B,

4A,B, 5A,B, 6A,B). Conversely, the concave regions of the

undulating dentition (i.e. those that “received” the meta-teeth)

were covered by comparatively small teeth. The largest teeth

(those forming the meta-teeth) were also slightly more bulbous,

whereas the teeth associated with concave regions of the jaws and

the proximal end of the dentition were slightly flatter (Figures 3,

4). In jaws of similar size (e.g. Figures 5A,B, 6A,B), the dentition

of Rhina was more robust (typically ≥1 mm thicker).

Myliobatiformes (Aetobatus), Rajiformes
(Raja)

The dentition of the durophagous stingray Aetobatus

(Myliobatiformes) consists of a single symphyseal file of

elongate teeth in both the upper and lower jaws (Figure 7).

Aetobatus teeth were much thicker than the jaw’s cortex (Figures

7C,D), which bore several tesseral layers in the upper jaw (four to

five layers, in some areas), but fewer in the lower jaw (Figures

7B1,B2 and Supplementary Movie S4). As with Rhina and

Rhynchobatus, the regions with the most cortical tesseral

layers were directly beneath the functional teeth, although the

number of cortical tesseral layers was generally far fewer than in

the rhinopristiform taxa. Aetobatus tesserae ranged in size from

~100 to 500 μm, with no irregularly-shaped tesserae observed

(e.g. the perichondral columnar tesserae of Rhina and

Rhynchobatus). The teeth were capped by a thin layer of

enameloid (<300 µm thick), with the bulk of the tooth

thickness provided by dentin. As with Rhina and

Rhynchobatus, gray values of micro-CT data show that

internal teeth tissues gradually mineralize during development,

with the dentin of the newest forming teeth being poorly

mineralized, compared to the more highly mineralized

functional teeth. In Aetobatus, however, older teeth were

considerably worn, being only ~10% their starting height

(apparently due to removal of both enameloid and dentin).

Trabeculae were far more numerous than in either Rhina or

Rhynchobatus, representing 37.1% and 33.2% of the mineralized

tissue volume of the upper and lower jaws, respectively.

Aetobatus trabeculae occurred throughout the jaw (Figures

7B1,B2 and Supplementary Movies S1–S6), running primarily

from the oral to aboral jaw surfaces. Trabeculae in this species

were also more irregularly-shaped than in either rhinopristiform

species, appearing to branch and anastomose toward the oral jaw

surface. Although trabeculae were tessellated near the oral

surface of the jaw, aborally, trabeculae appeared to lack

tesserae (as in Rhina, described above).

In Raja, the teeth were small and pointed with a thin

enameloid cover (Figure 8; a male specimen, in females the

teeth are also small, but flatter and rounded; Underwood

et al., 2015), and of similar thickness to the jaw cortex

(Figure 10D). Tesserae in Raja range between 400 and 900 μm

in size, having the regular prismatic shape previously described

for batoid fishes (Seidel et al., 2020). In cross section, the cortical

tesserae appeared thicker than those of Aetobatus, although only

a single layer was present in Raja, except beneath the dentition,

where additional layers of smaller tesserae occurred (Figure 8C).

Trabeculae were absent, although what appeared to be an

unmineralized or poorly mineralized strut was visible in one

section (Figure 8C2).

Discussion

The rhinopristiform species investigated here demonstrate

multiple strategies for jaw reinforcement against a hard prey diet,

indicating species- and order-level differences, while also

illustrating that the accepted anatomical correlates of

durophagy in elasmobranchs (e.g. Summers, 2000; Dean et al.,
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2006; Seidel et al., 2021) are more varied and modular than

previously appreciated.

Tesserae

Although closely related, Rhina and Rhynchobatus exhibited

clear differences in overall thickness of the jaw cortex; in degrees

of mineralization in tesserae associated with the jaw cartilage; in

size, shape and arrangement of individual tesserae; in number,

location, orientation and degree of mineralization of trabeculae;

and in thickness of enameloid and the functional dentition

(Figures 1, 3, 4). Both species, however, shared an obvious

reinforcement of dental and skeletal features in association

with the occlusal regions of the jaw. In both taxa, larger jaws

exhibit greater cortical thickness distally along the jaw at the oral

surface (Figures 5, 6). In Rhynchobatus, the cortical thickness

below the dentition (in the form of multiple layers of tesserae)

can be more than double that of Rhina (Figures 3–6, 9, 10). This

thickening, however, is not the result of Rhynchobatus possessing

more layers of tesserae, but rather having larger tesserae overall

(Figures 9,10 and Supplementary Table S2). In contrast, in Rhina,

local cortical thickening is accomplished through assemblies of

smaller tesserae arranged into a thickened, disorganized scree

(Figure 3).

In the rhinopristiform species we examined, dentition-

associated cortical thickening apparently becomes more

pronounced with age, suggestive of an adaptive response.

Tessellated cartilage is believed to have limited to no

remodeling ability (Clement, 1992; Dean et al., 2015; Marconi

et al., 2020) and therefore the mineralized layer can only grow

through addition of new material (Dean et al., 2009, 2017; Seidel

et al., 2016). Across the Rhina and Rhynchobatus specimens

examined, the distribution of tesseral sizes broadens and shifts in

the direction of increasingly larger tesserae as animals increase in

size (Figure 11 and Supplementary Table S2). These data

FIGURE 13
Comparison of jaws and upper jaw cross sections of durophagous (left) and non-durophagous batoid species (right). The durophagous batoid
jaws shown here are highly “structured,” involving large tesserae and/or numerous tesseral layers reinforcing the cortex, and well-defined tessellated
trabeculae (trab), but the preponderance of these characters varies among the species shown here. The non-durophagous jaws are simpler in their
cross-sectional shape and sheathed mostly in a single layer of tesserae, but some regions bear features previously associated only with
durophagous taxa. For example, multiple tesseral layers are visible in the jaw cortex at the oral ends of all jaw cross sections (beneath the teeth) and
sparse load-leading trabeculae are visible in the jaws of Narcine bancroftii and perhaps in Raja clavata (trab?), that of the latter albeit not surrounded
by tesserae. In contrast, the jaws ofUrobatis halleriwere entirely devoid of trabeculae and bore a comparatively thin cortex. TheNarcine andUrobatis
scans are from unregistered specimens, scanned for other studies.
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therefore provide the first broadscale support of a tessellated

cartilage growth hypothesis based previously only on 2D slices

from limited numbers of tesserae, arguing that skeletal growth is

accomplished (at least in part) by tesserae increasing in size with

age (Dean et al., 2009; Seidel et al., 2016, 2019). Growth of the

cortex could also be a function of the addition of new (small)

tesserae interstitially in the tesseral layer; however, the rightward

shifting of our tesseral size distributions away from smaller

tesserae argues this mechanism is either not occurring or is

comparatively uncommon.

Our data also suggest that tesserae may not be growing at

uniform rates. In Rhynchobatus, tesseral size appears to become

more heterogeneous with age: in comparison with the smaller

individuals, tesserae size in the larger Rhynchobatus specimen is

more variable (Figures 11C, D and Supplementary FigureS1). In

both Rhynchobatus and Rhina, the perichondral (outermost)

tesseral layers involve massive tesserae with striking columnar

morphologies (Figures 3, 4, 9, 10). Such high-aspect-ratio

tesserae have been likened by Maisey et al. (2021) to the

“voussoir” stones used by stonemasons to build the curved

portions of archways; similarly, most images of voussoir

tesserae suggesting they have a quite local distribution,

associated with skeletal ridges and the margins of foramina in

tessellated cartilage (Seidel et al., 2016; Maisey et al., 2021). Our

data, however, show columnar tesserae to be the primary tesseral

morphology of the perichondral tesseral layer in the jaws of

durophagous Rhynchobatus and Rhina, not only limited to

curved regions. This argues that these large tesserae may be

important for resisting high mechanical loads, as well as for

constructing strongly curved surfaces (i.e. regions with small

radii of curvature). Also, accepting that tesserae increase in size

with age, the larger size of voussoir tesserae could indicate that

the perichondral tesseral layer is the oldest in the jaw skeleton.

This would suggest that the inner (chondral) layers of smaller

scree tesserae developed after perichondral tesserae, within the

unmineralized cartilage (Maisey et al., 2021), their

disorganization perhaps suggesting a more rapid development

in response to increased feeding stresses as the animals grew.

Alternatively, columnar tesserae might be larger due to more

rapid growth (e.g. in response to high mechanical loads) and

scree layering could simply be a constructional constraint of

building highly curved cross-sections from individual brick-like

elements (tesserae). The hypothesis that larger tesserae and/or a

thicker jaw cortex develop in response to load (or at least are

involved in resisting higher loads) is also supported by the

occurrence of thicker tesseral layers below the dentition (in

Rhina and Rhynchobatus, but also in Aetobatus and Raja) and

associated with the jaw joint (Rhina, Rhynchobatus, Raja)

(Figures 5C,D, 6C,D, 7C,D, 8D). The presence of tessellated

sesamoid cartilages beneath the symphyseal meta-teeth in both

rhinopristiform species is further suggestive of high local

mechanical stresses (Sarin et al., 1999; Fontenelle et al., 2018).

The largest tesserae we measured were irregular and less-

mineralized, observed in the oral cortex of larger Rhina and

especially Rhynchobatus specimens (Figures 9, 10 and

Supplementary Figure S2, Supplementary Table S2). We

believe these to be the product of fusions of individual

tesserae. It is possible that these structures instead represent

groups of tesserae with particularly narrow gaps between them

(i.e. beyond the resolutions of our scans), but we find this

unlikely, given that individual tesserae were successfully

resolved in all other scan regions. The irregular shape of these

tesserae is a significant departure from the polygonal (or at least

symmetrical) tesserae of other batoid taxa (e.g. Urobatis,

Aetobatus, Raja; Seidel et al., 2016, 2020, 2021; Atake and

Eames, 2021) and of the smaller Rhina and Rhynchobatus

sampled here (Figures 9, 10 and Supplementary Figure S2).

Similar irregular tesserae, fused together at their perichondral

surfaces, have been observed in the jaw cortices of other species,

either in healthy tissues (Maisey, 2013; Maisey et al., 2021) or

associated with a callus-building damage response (Dean et al.,

2017). Maisey (2013) hypothesized this morphology represented

a breakdown of the inhibition of mineralization in the joints

between tesserae, noting that this morphology did not always

occur in regions of high stress. The similar irregular

mineralization we observed in larger Rhina and Rhynchobatus

could therefore be associated with age, however, the lower level of

mineralization in these tesserae is more difficult to explain.

Perhaps these morphologies indicate tesserae with an

especially high organic content (e.g. particularly large

Sharpey’s fibers; Seidel et al., 2017), as might be needed where

the fibrous dental ligament is anchored into the skeleton.

Trabeculae

In addition to surface reinforcements of the skeleton,

trabeculae were present in the jaws of all durophagous

species examined (Rhynchobatus, Rhina and Aetobatus), but

absent in Raja and also Urobatis (see summary diagram,

Figure 13). In both Rhynchobatus and Rhina, trabeculae

were simple, relatively linear tubes (Figure 12). Whereas

trabeculae were typically covered by a single layer of stout

tesserae in Rhynchobatus, they apparently bore only a patchy

tessellated covering in some regions in Rhina, although

trabeculae in this species were roughly three times as

densely packed as in Rhynchobatus (Figures 3, 4 and

Supplementary Movies S1–S3). The patchy tessellation of

Rhina trabeculae is similar to the trabeculae of the

Aetobatus jaw we examined (Figure 7 and Figures 9, 10 and

Supplementary Movie S4), where trabeculae appeared to lack

tesserae at their aboral ends (but see caveat above about the

dried nature of the specimens). In contrast to the

rhinopristiform species, the trabeculae of
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Aetobatus were hierarchically branched and far more densely

populated.

The orientations of trabeculae in all three durophagous

species suggest differences in loading patterns associated with

feeding. “Load leading” trabeculae (oriented in-line with the

bite force; Dean et al., 2006) were situated beneath the

dentition in both the upper and lower jaw cartilages of

Rhina and Aetobatus; the durophagous diets of these

species can explain the need for such support, preventing

collapse of the jaw cortex when exerting the force necessary

to fracture invertebrate exoskeletons. The irregular and

branching nature of Aetobatus trabeculae may compensate

for their comparatively thin walls, but may also indicate this

species employs more diverse (e.g. multi-axial) prey-

processing behaviors. Conversely, the apparent lack of load-

leading trabeculae in Rhynchobatus may be accounted for by

the species’ particularly robust jaw cortex. Both Rhina and

Rhynchobatus also exhibited trabeculae oriented

perpendicular to the direction of bite force, “truss

trabeculae” bridging the labial and lingual jaw cortices

(Dean et al., 2006), particularly in narrow regions of the

jaw cross-section (Figures 3B,C, 4B,C, 9D,G, 10D,G). As

with horizontal tie-bars used to brace and strengthen

brickwork walls (e.g. Spina et al., 2004; Zielińska, 2017),

truss trabeculae likely help maintain the jaw shape during

biting by preventing structural buckling (Dean et al., 2006).

Whereas truss trabeculae were largely found in the mid-shaft

(parasymphyseal regions) of the jaw in both rhinopristiform

species, load-leading trabeculae were absent in Rhynchobatus

and concentrated closer to the symphysis in Rhina, suggesting

some local division of labor in the jaws, perhaps associated

with the undulating dentitions of these species. A third class of

trabeculae was observed in both rhinopristiform species,

perpendicular to both load-leading and truss trabeculae, in

line with the long (proximo-distal) axis of the jaws (trab* in

Figure 3B and Figures 9, 10 and Supplementary Movies

S1–S6). To our knowledge, such trabeculae have not been

previously described. Although their role is unclear, their

orientation could argue they provide either additional

structural support (e.g. like longitudinal bars in steel-

reinforced concrete beams) or even a non-mechanical

function (e.g. nutrient transport). Mapping the full

trabecular network in hydrated samples would help to

clarify the true diversity of their functional roles.

Teeth

The teeth of durophagous species are in a battle of contact

and fracture mechanics with their prey, working to cause

damage to prey shells and exoskeletons, but without tooth

materials being damaged in return (Lucas et al., 2008; Amini

et al., 2020). The nature of contact between tooth and prey is a

deciding factor in which surface is damaged (e.g. tooth or

shell) with the radius of curvature of the contacting tooth

being hugely important to the type of damage caused (Lucas

et al., 2008; Crofts and Summers, 2014). For a given prey item,

as teeth become flatter (i.e. with larger radius of curvature),

they will tend to cause more far-field damage (at a distance

from the contact point) and through-thickness shell failure

(Lucas et al., 2008). These are more destructive damage modes

than produced by near-contact stresses (Lucas et al., 2008),

although smaller indenters, like pointed tooth cusps, can be

quite effective in initiating cracks (Crofts and Summers, 2014).

Furthermore, for a given tooth diameter and prey item, flat

and domed teeth require less force than concave ones to

initiate crack propagation in prey exoskeletons, although

this is conversely also dependent on the size of the prey

item, relative to the concavity (Crofts and Summers, 2014).

The distinctive curved dentitions of Rhina and Rhynchobatus

take advantage of the geometric factors facilitating prey fracture.

Although containing smaller teeth with far smaller radii of

curvature than myliobatiform stingray dentitions (this study;

Kolmann et al., 2015a), the bulbous meta-teeth of the

rhinopristiform species, particularly pronounced in Rhina,

massively increase the radius of curvature of contact with prey

items, creating larger “effective cusps” more suited for

pulverizing shells. Additionally, although the cross-sectional

shape of myliobatiform jaws has been shown to have little

impact on shell crushing performance (Kolmann et al.,

2015a), the undulating oral jaw surfaces of Rhina and

Rhynchobatus provide a sculptured loading platform for prey

items, the biological equivalent of an engineering three-point

bending rig, allowing the meta-teeth to act as large, local stress

concentrators.

Compared to most other examined batoid fishes, Rhina

and Rhynchobatus have thicker enameloid, comprising a

compact outer layer of randomly-orientated crystallites and

an inner parallel-organized layer, with crystallites orientated

perpendicular to the tooth surface (Enault et al., 2013;

Manzanares et al., 2016). This thickened microstructure is

believed to impart compression resistance to the enameloid

(Gillis and Donoghue, 2006; Enault et al., 2013; Amini et al.,

2020). Coupled with teeth being interlocked, and tooth ridges

and meta-teeth surely enhancing the grip on prey (particularly

in Rhina), these dental features create a stabilized platform for

crushing behaviors. The comparatively large teeth that

comprise meta-teeth (Figures 3–6) and the broken cusps

observed in two of our specimens’ meta-teeth (asterisk in

Figures 3A, 5A) are perhaps indications of the exceptional

local stresses generated in these areas. The robust and self-

supporting nature of Rhina and Rhynchobatus dentitions is

also demonstrated by their spanning of the jaw symphyses,

which we show are unfused and flanked by the distal jaw tips,

which have surprisingly thin-walled cortices (Figures 3, 4).

This is in stark contrast to the jaws of Aetobatus, where the jaw
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halves are fused at the midline into stout, single elements

(Figure 7). In Rhina and Rhynchobatus,

the dentitions (and perhaps, sesamoid cartilages)

must therefore also act as structural girders to support

the jaws at the midline, a function not typically

attributed to teeth.

Toward a synthesis of elasmobranch
durophagy

It is clear that “durophagy” is too general a descriptor for the

diverse diets and morphologies of elasmobranch fishes typically

placed in this category. For example, whereas the diet of

Aetobatus is dominated by hard-shelled molluscs (Schluessel

et al., 2010), Rhina is known to feed on fish, prawns, and

cephalopods, in addition to crabs and bivalves (Compagno

and Last, 1999; Raje, 2006). The stomach contents of

Rhynchobatus, by comparison, indicate a predominantly

shrimp-based diet, with fish and crabs eaten only by larger

individuals (Nasir, 2000; Abdurahiman et al., 2010), while a

recent study, based on spines embedded in the jaws (see also

Figure 10F), suggested that Rhynchobatus may also prey on

smaller stingrays (Dean et al., 2017). Anyone who has eaten

seafood knows that the strategies for crushing mollusc shells

differ considerably from those for processing crustaceans like

shrimp. Yet to date, no experimental study has looked broadly

enough at durophagous feeding anatomy and performance in

elasmobranchs to resolve more subtle ecomorphological

connections.

Our data, combined with anatomical data from previous

works (e.g. Summers, 2000; Kolmann et al., 2015a; Rutledge

et al., 2019) begin to frame a more holistic view of

elasmobranch durophagy, mapping out a suite of modular

morphological characters, which can be diversely combined to

reinforce against extreme feeding loads. A comparison of

several of the batoid fishes most-studied in anatomical

research (Figure 13) illustrates the potential

interrelationships of morphological characters, underlining

differences in diet, tesseral shape and layering, trabecular

presence and orientation, and dentition (including

enameloid thickness and surface ornamentation). Cortical

tesserae, for example, can vary in their size and shape, and

in how orderly and numerous their layers are. Thicker cortices

are certainly associated with regions of high load, even in non-

durophagous species, but this can be variously achieved, by

employing massive tesserae (e.g. perichondral columnar

tesserae), numerous tesseral layers, or both. Such

reinforcements seem to come with departures from the

“typical” polygonal tesseral forms, in perichondral and

chondral tesseral layers. Symphyseal fusion, more massive

and flatter teeth, and teeth interacting to form

superstructures (e.g. meta-teeth) also occur in species

experiencing high feeding stresses. Trabeculae, also present

in their “truss” (labio-lingual) orientation in non-

durophagous species, occur in far higher densities and with

telltale load-leading (oral-aboral) alignment in species with

molluscs in their diets.

These characters can all be involved in jaw reinforcement for

durophagy, yet they appear to trade-off in their preponderance:

Rhynchobatus possesses a thicker jaw cortex (comprised of fewer,

but more massive tesserae, fused into mineralized concretions

beneath the teeth), but no load-leading trabeculae, an unfused

symphysis, and shorter teeth with a low degree of interlocking

and tooth superstructuring (i.e. assembly into meta-teeth).

Rhina’s unfused symphysis and thinner jaw cortex (from

smaller, but more numerous tesserae), is compensated for by

thick-walled trabeculae (albeit in some regions only partially

tessellated), oriented in line with loading and a more robust

dentition, with thicker teeth, thicker enameloid and massive

meta-teeth. The jaws of Aetobatus have a comparatively thin

cortex (comprised of several layers of thin, platelike tesserae), but

are filled with a dense stand of load-leading trabeculae (thin-

walled, but branching), the jaws fused at the symphysis, and the

extremely thick and interlocking teeth creating a monolithic

dental plate.

Previous comparisons of durophagous shark and ray

species have suggested that elasmobranch lineages invest to

different degrees in shape-vs. structure-vs. material-solutions

for jaw reinforcement (Summers et al., 2004; Huie et al., 2022).

Including our data, these observations of varied reinforcement

strategies argue that durophagy is an interestingly multivariate

problem in elasmobranchs with diverse solutions, yet the

pressures driving the evolution of the different character

combinations are unclear. The key to clarifying this is

multi-disciplinary: by examining and integrating feeding

behavior and mechanics, gut content, anatomical, and

biological materials data, we can better resolve the factors

that have shaped extreme feeding modes and

determine their links to phylogeny, prey co-evolution and

biogeography.
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