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Preamble: Epistemology of Evo-Devo

Evolutionary developmental biology

For centuries researchers have been trying to understand how animals develop into very different
forms, how they change during their development and what are the processes underlying these
changes. This study has become the field of evolutionary developmental biology (Evo-Devo)
and its history is full with debate, conundrums and ever changing theories, similar to the animal

development they try to recapitulate.

Recapitulation

Johann Friedrich Meckel was a German pathologist, anatomist, zoologist and professor at the
University of Halle, Germany. Together with the French embryologist Etienne Serres, they
defined the “Meckel-Serres Law”: a theory of parallelism between embryonic developmental
stages and a hierarchical structure of life: the scala naturae (Ernst and Serres, 1828). This
law proposed that “higher” individuals in the scale of nature had to go through developmental
stages that represent “lower” individual in the scale, such that a frog, considered higher (or
more “evolved”) in the scale than a fish, had to go through a “fish developmental phase” before
actually becoming a frog. The law was further revised by Ernst Haeckel rejecting the proposed
“replay” of the scala naturae during development. He proposed the term heterochrony (i.e.
differences in the timing, rate or duration of developmental processes between organisms) and
incorporated evolutionary principles into a “Biogenic Law”, often described using his famous
phrase “ontogeny recapitulates phylogeny” (Haeckel, 1866). Haeckel believed that evolutionary
stages were repeated in the embryonic development of an animal (figure below). This theory was
largely debated and opposed mainly by Karl Ernst Von Baer who posited that embryos started
from one basic form, similar in different animals, and then they would develop in a branch-
ing pattern towards increasingly different forms (figure below; Abzhanov, 2013; Richtsmeier,
2018). The early work of Haeckel and Von Baer largely stimulated the growth of evolutionary
developmental biology and gave rise to two main hypotheses on the similarity of developmental
stages between species: the Funnel model (most similar very early, then divergent) and the

Hourglass model (divergent early, most similar in the middle and then divergent again later in

el



development), both of which have some degree of morphological and molecular support (Irie
and Kuratani, 2011).

Haeckel Von Baer
Developmental stages No recapitulation:
recapitulate adult embryo's development
evolutionary stages increasingly divergent
Adult | Fish |v | Frog [\ | Bird Fish Frog | | Bird
‘ Frog
Embryo Fish
Fish
0 | @ | @ | @ [

Haeckel vs Von Baer; redrawn diagram based on the original from Ian Alexander

Evolutionary morphology

Through most of the 19th and 20th century, zoologists described how animals developed into
adults displaying very different body plans but they knew little about the processes behind
embryonic development or how they had evolved. As Sean B. Carroll said it in the Origin of
Forms “Biologists could say, with confidence, that forms change, and that natural selection is
an important force for change. Yet they could say nothing about how that change is accom-
plished. How bodies or body parts change, or how new structures arise, remained complete
mysteries.” In the book On the Origin of Species, Charles Darwin argued that animals shar-
ing similar embryonic structures would imply a shared common ancestor. An example of this
is the finding of Alexander Kovalevskij (Kovalevskij, 1866) that tunicates were not molluscs,
because in their larval stage they presented a notochord and pharyngeal slits. Therefore tu-
nicates, sharing embryonic features with other chordates should be classified into said group.
Today, chordates are still a valid group which includes vertebrates. Thus, embryology became
an evolutionary science, classifying species based on homologies observed during development.

However, without molecular evidence research stalled for several decades (Gilbert, 2003).

Debut of developmental genetics

During the second half of the 20th century, with the arrival of recombinant DNA | bioinformatics

and genomics, developmental biology experienced a revolution. In 1978, Edward B. Lewis
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discovered homeotic genes that regulate the embryonic development in Drosophila flies. Quickly
after, William McGinnis, together with Michael S. Levine, discovered similar gene sequences in
other phyla such as vertebrates: the homeobox genes (McGinnis et al., 1984). This discovery
was the first molecular evidence of strong similarities in genes that controlled development
across all eukaryotes. Additional similarities were later found at deep phylogenetic scales: the
distal-less gene was found to be involved in the development of the limbs in fruit flies (Cohen
and Jirgens, 1989) and its vertebrate ortholog in the development of chicken wings and fish
fins (Panganiban et al., 1997). Evo-Devo was finally starting to uncover how animal bodies

were being built and changing during ontogeny at the molecular level.

Evolutionary syntheses

In the early 20th century, before the advances in developmental genetics, the so-called modern
synthesis was being formulated. The idea was to bring together Darwinian natural selection,
population-level thinking and mendelian inheritance into a joint mathematical framework. This
synthesis, widely accepted, was clear, neat and simple but it largely ignored development as
a source of phenotypic variation. Although Gavin de Beer argued in his book Embryos and
Ancestors (1930) that evolution could occur by heterochrony (Gould, 1977), the modern syn-
thesis still did not take into account embryonic development to explain the forms of organisms.
During the 1950s several biologists such as Conrad H. Waddington and Rupert Riedl called for
an extended synthesis based on their work in epigenetics and evolvability, respectively. These
subjects and many others, including Evo-Devo, have presented a growing number of challenges
to the classical model of evolution. In response to these challenges, an extended evolutionary
synthesis was proposed that takes into account the plurality of factors and causal relations in
evolutionary processes. Notably, in this synthesis, development assumes a constructive role, and
natural selection is not the only way through which variation in populations can be modified
(Miiller, 2017).

The more the merrier

More recently, developmental genetics has boomed thanks to next-generation sequencing tech-
nologies, but within vertebrates, functional genetics still focus on few, “model species” including
the mouse and the zebrafish. This has partially hindered the scale at which research in ver-
tebrate Evo-devo is carried out, since the discipline relies on comparative analyses between
species, and between these two species, one can only infer evolutionary events at the taxonom-
ical scale of bony fishes. To understand homologies at the jawed vertebrate scale, studies on
cartilaginous fish would be needed, and in a similar way, studies on cyclostomes are necessary
for understanding Evo-Devo at the vertebrate scale. This trend has begun to change, since

more and more researchers take an interest for the so-called non-model species. Evo-devo is
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now being studied at the chordate or even at the bilaterian scale. We are at a stage where we
can start to trace back homologies at very deep evolutionary scales, infer ancestral characters
and understand how they came to be (Tarazona et al., 2016).

In this manuscript, I will be presenting my Evo-Devo work on cartilaginous fishes using
the small-spotted catshark Scyliorhinus canicula as a model species. My work was aimed at
better understanding how the skeleton of the catshark develops from a developmental genet-
ics standpoint. Then through comparative analyses with bony fishes I tried to contribute to
our understanding of the evolution of the skeleton and the mineralized tissues among jawed

vertebrates.
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Chapter 1

Introduction

1.1 Vertebrate skeletal diversity

Vertebrates as a phylum was first proposed by Lamark in 1794 (Lamarck, 1794), distinguishing
them from invertebrates. The clade is partially defined by a major morphological feature: the
presence of a vertebral column (Fig 1.1). This structure is made up of segmentally arranged
cartilaginous elements (or bony nodules) associated with the notochord, called vertebrae (Arra-
tia et al., 2001; Janvier, 1996; Kardong, 1997; Walker, Liem, et al., 1994). Vertebrae are what
we call a “composite” organ. In general it is formed from several parts including the neural
arches that surround the spinal chord, the centrum which develops around the notochord and,
more posteriorly in the body, there can be hemal arches which will protect veins and arteries
going to the tail and back (Fig 1.2e, g). These structures develop and fuse together throughout
development to form the vertebrae (B. Hall, 2014b; Kardong, 1997). This internalized vertebral
skeleton, being an evolutionary innovation of vertebrates (Shimeld and Holland, 2000) is key
to understand the evolution of the clade.

Vertebrates are a rich and diverse group that diverged from other chordates at around 600
million years ago (S. Kumar et al., 2017) and underwent two rounds of whole genome dupli-
cations (Fig 1.1; Ohno, 1999). Since then, the skeleton has diversified within the clade giving
rise to novel molecules, cell-types, tissues and even modes of mineralization. Therefore, under-
standing the evolution of the vertebrate skeleton allows us to understand vertebrate evolution
as well. In the following I will be discussing the phylogeny of vertebrates in the light of their
skeletal characteristics. I will be differentiating two types of skeletons: the internal skeleton
(or endoskeleton) and the external skeleton (or exoskeleton). This distinction has been useful
in paleontology and Evo-Devo although the definition of each term is not fully accepted by all
authors. In particular, dermal bone (a type of bone that develops within the dermis and not
from cartilage) has traditionally been regarded as part of the exoskeleton by paleontologists
(Janvier, 1996), but from a developmental standpoint it is more accurate to include it as a

part of the endoskeleton (see B. Hall, 2014a for a review on these terms). Therefore, for all
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Figure 1.1: Vertebrate phylogeny and evolution of skeletal mineralization. Dotted branches
correspond to extinct lineages. Groups in quotation marks are considered paraphyletic. Black
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Chapter 1. Introduction 3

intents and purposes, I will consider the exoskeleton as all structures in direct contact with the
environment, which include teeth and scales, while the endoskeleton will include all the other

skeletal tissues such as various types of bone (e.g. dermal) and cartilage.

1.1.1 Cyclostomes

Cyclostomes are a vertebrate clade made up of both lampreys and hagfishes which represent
the only lineages of extant jawless vertebrates (Fig 1.1). Historically, the monophyly of the
cyclostomes was subject of long and intense debates because of discrepancies between mor-
phological and molecular data (Haeckel, 1892; B. K. Hall, 1999; Janvier, 1996). However,
it is currently accepted that both hagfishes and lampreys form a single clade sister to jawed
vertebrates (the cyclostome hypothesis; see Miyashita et al., 2019).

Hagfishes have been the most controversial in terms of their belonging in the vertebrate
clade. They have a very complex skull made up of cartilaginous bars with no proper braincase.
The post-cranial skeleton consists of a notochord reaching the midbrain anteriorly and the
caudal fin posteriorly (Janvier, 1996). Therefore, for a long time it was believed that hagfishes
lacked the axial skeletal system in the form of vertebral elements (Kardong, 1997; Walker,
Liem, et al., 1994). Assuming the monophyletic hypothesis of cyclostomes, it was unclear
whether the hagfish skeletal morphology was an ancestral or a derived condition. However,
vertebra-like elements have been reported in the hagfish Eptatretus burgeri, arising as small
sclerotome-derived cartilaginous vertebral elements under the notochord (Fig 1.2a, b), i.e. the
same anatomical positions as in jawed vertebrates (Fig 1.2e, f). These elements are evidenced
by an alcian blue staining, that specifically marks catilage. The authors suggested that these
nodules were homologous to the gnathostome (jawed vertebrate) vertebrae, although they do
not show a classical segmented pattern (Ota et al., 2011). Later, they were able to show that
these nodules undergo a suppression of the chondrification process in the mid-truck region
during embryonic development (Ota et al., 2014), suggesting a that the loss of clear segmented
vertebral elements is a derived condition in hagfishes rather than an ancestral vertebrate state.

Lampreys, the other cyclostome clade, share more similarities with the rest of the verte-
brates. Since the lamprey larvae (ammocoetes) are quite similar to some cephalochordates
(amphioxus), the life history of a lamprey was thought to recapitulate the origin of vertebrates
(Miyashita et al., 2021). However, this larval stage, has recently been shown to be a derived
feature of modern lampreys (Miyashita et al., 2021). Similar to hagfishes, lampreys possess a
cartilaginous skull with a more developed braincase that includes lateral walls and transverse
cartilaginous bars. They display a large notochord where, dorsally, a series of cartilaginous
nodes, called arcualia, can be observed (Fig 1.2¢, d; Janvier, 1996). These structures are con-
sidered to be rudimentary vertebral elements and have been suggested to be homologous to
neural arches in extant jawed vertebrates (Romer, Parsons, et al., 1978).

Although these clades present very derived skeletal features, it is still possible to see the
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hem, hemal arch; n, notochord; nsh, notochordal sheath; nt, neural tube; ve, vein. Scale bars, 1
mm. Modified from Ota et al., 2011. (g) The ideal vertebra, redrawn from Criswell et al., 2017.
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remnants of segmental cartilaginous elements in hagfish embryos, and clear rudimentary carti-
laginous nodules in adult lampreys. Coupled with conserved cartilaginous crania, these features
reflect an ancestral condition common to all vertebrates: a cartilaginous axial skeleton, made
of anterior structures associated with a brain and posterior repeated structures associated with

a notochord.

1.1.2 Armoured fishes

Fossil vertebrates denote a paraphyletic group of armoured fishes that appeared first during
the early Silurian (Janvier, 1996), after the split of extant cyclostomes. They can be divided
into two (again paraphyletic) groups depending on whether they possess a jaw or not (Fig 1.1).

The fossil jawless vertebrates are often loosely grouped as “ostracoderms” a paraphyletic
group that does not represent a single evolutionary lineage (Fig 1.1; Benton, 2014). However,
I will be using this term because the exact phylogenetic relationships of ostracoderms are not
needed to describe the diversity of skeletal tissues they used to displayed. Ostracoderms are
composed of anaspids, galeaspids, heterostracomorphs, osteostracans (e.g. Fig 1.3a, b) and
thelodonts (Donoghue and Sansom, 2002). The lack of axial skeleton preservation in fossil
jawless vertebrates is generally interpreted as being cartilaginous (Janvier, 1996; Stensio et al.,
1927) as in cyclostomes. However, in contrast to the “naked” cyclostomes, ostracoderms had
an extensively mineralized cephalic skeleton made up of dermal bone (Fig 1.3b, ¢; Janvier,
1996). In addition to this dermal bone, other types of mineralized tissues have been described
in ostracoderms. For instance, in an anaspid specimen from the Late Devonian, all the inter-
nal skeletal elements seem to be made up of calcified cartilage (Janvier and Arsenault, 2002).
Mineralized plaques of calcified cartilage in the heads of other ostracoderms have also been
described (Denison, 1967). Some groups have been shown to possess perichondral bone (i.e.
bone that develops superficially onto cartilaginous elements) limited to the head (osteostracans
and galeaspids) and the shoulder girdle (osteostracans) (Janvier, 1996). Additionally, in con-
trast to the typical cellular bone of other ostracoderms, the dermal skeleton of galeaspids and
heterostracomorphs has been shown to be composed of acellular bone (bone lacking expected
cell lacunae; Janvier, 1990; Min and Janvier, 1998). Ostracoderms represent the oldest known
fossils displaying instances of mineralized skeletons with a high diversity of tissues including cal-
cified cartilage, dermal and perichondral bone as well as acellular bone, suggesting a very quick
and concomitant evolution of a variety of mineralized tissues in early vertebrates (Donoghue
and Sansom, 2002).

The other class of armoured fishes are the placoderms (e.g. Fig 1.1 and Fig 1.4a), that
distinguish themselves from ostracoderms by possessing both a dermal skeleton, covering the
head and the anterior part of the trunk, and a jaw (Janvier, 1996) making them belong to
the clade of gnathostomes. Placoderms are further characterized by an axial and appendicu-

lar skeleton (another gnathostome shared derived character) made up of cartilage lined with
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Figure 1.3: Reconstruction of the cephalothoracic headshield and complete external anatomy in
the osteostracan Tremataspis mammillata; (a) Lateral view of the whole body and (b) dorsal view
of the headshield; modified from O’Shea et al., 2019. (c) Block diagram depicting the histology
of the cephalic dermal skeleton, modified from Denison, 1947. Abbreviations: AVC, ascending
vascular canal; BL, basal layer; C, connection between sensory and vascular canal systems; DC,
dentine-like canals; ML, middle layer; P, pore of sensory canal system; SC, sensory canal; SL,
superficial layer; T, tubercle; VS, vascular cavity for vascular sinus. Scale bars: a,b. 10mm.
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perichondral bone (Denison, 1978; Donoghue and Sansom, 2002; Janvier, 1996). Although the
monophyly of the clade is still debated today (King et al., 2017; Q. Li et al., 2021; Y.-a. Zhu
et al., 2021), placoderms show the first instance of a mineralized vertebral skeleton (Fig 1.4a;
but see Chevrinais et al., 2018). Placoderms do not seem to present novel ways of mineralizing
their skeletons compared to fossil jawless vertebrates (Giles et al., 2013), even though research
on placoderm dermal armour has been ongoing since the 19th century (e.g. Agassiz, 1844;
Giirich, 1891). However, a new instance of mineralized tissue was only recently described in a
Late Devonian placoderm (Brazeau et al., 2020): the endochondral bone (Fig 1.4b, c¢). This
type of bone appears not only ossified perichondrally, but also endochondrally (i.e. internally)

)

in the form of a “spongy” or porous bone, by replacement of the initial cartilaginous tissue.
This finding, if confirmed, completely changes our understanding of skeletal tissue evolution,
as endochondral bone is currently considered a derived feature of bony fishes only. Addition-
ally, placoderms display the oldest instances of mineralized vertebral elements. These elements
termed arcocentra are formed by ossification of cartilage extending from the arcualia around
the notochord. However, it has been shown that mineralized centra are not homologous among
vertebrates, and have been independently acquired in different lineages (Arratia et al., 2001).
However, the placoderm condition, including a persistent notochord and ossified arcocentra,
seems to be the ancestral condition of gnathostomes (Arratia et al., 2001).

It is clear that centuries of vertebrate fossil descriptions account for an already diversified
repertoire of mineralized tissues appearing in different anatomical structures. In the following

I will focus on extant jawed vertebrates and their specific skeletal innovations.

1.1.3 Extant jawed vertebrates

Extant jawed vertebrates (gnathostomes) are divided into two monophyletic clades based on
specific skeletal features. On the one hand bony fishes (osteichthyans) have a skeleton made up
of mostly bone, and on the other hand cartilaginous fishes (chondrichthyans) have a skeleton

made up of mostly mineralized and unmineralized cartilage devoid of bone (Fig 1.1).

Osteichthyans

Osteichthyans are the most diverse clade of vertebrates and have long been defined by a shared
derived character (a synapomorphy): the endochondral bone (Fig 1.1 and Fig 1.4d,e). It is
important to note that only one occurrence of endochondral bone in the headshield of an early
vertebrate fossil has been reported, questioning the origin of endochondral bone (Brazeau et al.,
2020). Although most of the skeleton of bony fishes is made out of endochondral bone, several
parts are essentially made out of dermal bones such as the cranium (Fig 1.4d, e) and part of the
pectoral girdle (Janvier, 1996). Osteichthyans are further divided into two lineages made up of
actinopterygians (ray-finned fishes) on the one hand, and sarcopterigyans (lobe-fined fishes) on
the other.
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Figure 1.4: (a) Reconstruction of the head, thoracic armour and post thoracic endoskeleton
of a placoderm Coccosteus cuspidatus; modified from Miles and Westoll, 1968. (b) A transverse
tomographic slice through an Early Devonian placoderm (Minjinia turgenensis) and (c) Three-
dimensional rendering of its trabecular bone structure. (d) A transverse tomographic section
through the braincase of the extinct osteichthyan Ligulalepis (e) Three-dimensional rendering of
the trabecular bone in Ligulalepis. Scale bars, 10mm (b,c); lmm (d,e). Modified from Brazeau
et al., 2020
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Within actinopterygians there are several skeletal features that are important to mention
when discussing their diversity. In particular this lineage displays considerable phenotypic vari-
ance among their vertebral elements (Arratia et al., 2001). Mainly, for this manuscript, some
species display arcocentra such as in placoderms, but also chordacentra: a type of vertebral
centrum that forms by mineralization of the middle fibrous part of the notochordal sheath.
A major clade of actinopterygian is called teleosteans, and are characterized by a movable
premaxila, allowing them to protrude their jaws outwards from the mouth. In this clade,
many species present a kind of acellular bone (anosteocytic bone), considered as a secondarily
derived character different from ostracoderm acellular bone (Davesne et al., 2019; Kolliker,
1859). Additionally, it has been shown in the zebrafish that “classical” endochondral bones
are quite reduced in number, and that a new type of bone called tubular bone has emerged as
a derived feature in this species (Weigele and Franz-Odendaal, 2016). In the other clades of
actinopterygians fishes, referred to as the non-teleostean fish group (Dornburg and Near, 2021),
other kinds of specific skeletal features can be observed. For example, acipenseriformes (stur-
geons and paddlefishes) display an extensively cartilaginous axial skeleton. Their cartilaginous
skeleton displays a persistent notochord throughout life and cartilaginous arcualia (reviewed
in Leprevost and Sire, 2014). Additionally, this clade presents extensively mineralized scutes
made up of dermal bone.

Sarcopterygians, the other clade of osteichthyans (Fig 1.1), are characterized by the struc-
ture of their paired fins, in which the appendicular skeleton articulates to the girdle by means of
a single element (i.e. monobasal articulation; Janvier, 1996). Within sarcopterygians, tetrapods
are a major clade, and are characterized by a very specific appendicular skeleton, no longer con-
sidered as a fin and made up of mostly long endochondral bones. In a non-tetrapod sarcoptery-
gian lineage, the actinistians, represented today by Latimeria chalumnae (the coelacanth), the
vertebral column consists of a large notochord surrounded by its fibrous sheaths and paired rows
of cartilaginous elements (remnants of arcualia; Arratia et al., 2001). Within sarcopterygians,
several clades display bony plaques covering most of the body called osteoderms. They can be
found in lizards, crocodillians, frogs and even some mammals such as armadillos (Hill, 2006;
Vickaryous et al., 2016; Vickaryous and Hall, 2008). Additionally, a unique bony structure
arose in the order testudines: the turtle shell, made out of several endoskeletal bones, both

dermal and endochondral, fused together and covered with keratin (Burke et al., 2015).

Chondrichthyans

Chondrichthyans are the other major clade of vertebrates, sister group to osteichthyans and are
divided into holocephalans (chimeras), batoids (rays and skates) and selachians (sharks), with
the last two forming a clade called the elasmobranchs (Fig 1.1). Cartilaginous fishes, as their
name indicates, are characterized by their cartilaginous skeleton devoid of bone (Janvier, 1996).
Nonetheless, the skeleton of these organisms is stiffened, albeit only by a thin layer of calcified

cartilage. The layer is made of a mosaic of small (=100 um) polygonal tiles called tesserae, a
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character stated to be “the critical defining character” for all chondrichthyans (Fig 1.5a, b, d
and e; Grogan et al., 2012; Seidel et al., 2020). Most chondrichthyans develop chordacentra but
in a different manner than actinopterygians. It is formed by cartilaginous cells that migrate
from the neural arches into the fibrous sheath of the notochord that grow into a typical bicon-
cave cartilage (Arratia et al., 2001). Therefore, the mineralized centra of chondrichthyans is
considered not homologous to the one of bony fishes. The skeleton of chondrichthyans displays
several types of derived calcification that have been classified based on their microstructure:
areolar, globular and prismatic (Dean and Summers, 2006). Areolar mineralization (or alveolar;
Moss, 1977) occurs in the vertebral chordacentra, and is laid down in concentric rings (Fig 1.5¢;
although it is not observed in holocephalans, Debiais-Thibaud, 2019). Globular calcification (or
spherulitic e.g. Janvier et al., 2004; Orvig, 1951) is a mineralized cartilaginous matrix formed
by ~40-55 nm spherules of mineral fused together. Prismatic calcification is always superficial
vis-a-vis the cartilaginous elements and was defined by its capacity to specularly reflect light
(i.e. in a mirror-like manner). Prismatic and globular calcification usually co-occur in the
tesserae while areolar calcification only occurs in the chordacentra (Dean and Summers, 2006).
When considering chondrichthyan mineralized tissues, there is a clear bias in studies towards
tesserae and therefore towards globular and prismatic types of mineralization. This however is
expected since most cartilaginous endoskeletal elements of selachians and batoids are covered
by tesserae (e.g., the jaws, fins, and most vertebral elements; Chaumel et al., 2020; Dean et al.,
2009).

Tesserae develop on the surface of cartilaginous elements but underneath the perichondrium
(i.e. defined as the connective tissue surrounding cartilaginous elements; Fig 1.5¢). They can
be divided into two zones, the body (cartilage side) and the cap (perichondrium side), each
of different composition and presenting cells of different shapes (Chaumel et al., 2020; Kemp
and Westrin, 1979; Seidel, Blumer, Pechriggl, et al., 2017). Because of a lack of bone forming
cells (but see Peignoux-Deville et al., 1982) and very derived forms of mineralization, chon-
drichthyans are thought to have lost the ability to make bone (Janvier, 1996). This hypothesis
might be reinforced with the recent discovery of endochondral bone in a placoderm which would
confirm that their mode of skeletal mineralization is a derived character instead of an ancestral
one (Brazeau et al., 2020). However, a fourth type of mineralization, lamellar in histologi-
cal sections, occurs in the neural arches of some chondrichthyans. It has been described and
repeatedly compared to bone tissue, because of the presence of elongated cells enclosed in a
collagen type I matrix similar to osteoblasts in bone, challenging the idea that this lineage has
lost the ability to make bone (Atake et al., 2019; Eames et al., 2007; Peignoux-Deville et al.,
1982).
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Figure 1.5: Mineralized cartilage in the endoskeleton of elasmobranchs (sharks and rays). A)
Photograph of round stingray Urobatis halleri (left), and CT image (right) showing most of the
skeleton is mineralized. Two major types of calcified cartilage are described in elasmobranchs: B)
tessellated calcified cartilage consisting of individually mineralized tiles called tesserae (shown here
in planar view), covering each skeletal elements’ surface and C) areolar calcified cartilage located
in the centre of the vertebrae. D) In cross sections of skeletal elements (here the hyomandibula),
tesserae can be seen in vertical view. E) General organization of the tissues forming elasmobranchs
endoskeletons showing a mineralized, tessellated layer that is sandwiched between a hyaline car-
tilage core and an outer fibrous, connective tissue called perichondrium. Modified from Seidel,
Blumer, Zaslansky, et al., 2017

1.1.4 What about the exoskeleton?

As explained above, the exoskeleton comprises mineralized structures that are in direct contact
with the external environment, and includes teeth and scales. These structures are formed by
different processes, cell and tissues compared to endoskeletal structures, therefore a separation
should be made between these structures. It is important to note that teeth and especially
scales are generic terms for several structures for which the homology relationships are not
completely resolved (reviewed in Dhouailly et al., 2019). For instance, cyclostome “teeth” are
not really teeth because they are made out of three keratinous cones one on top of each other,
that emerge from the base of their oral epithelium (Trott and Lucow, 1964). Similarly, what
is commonly referred to as scales in tetrapods are very different in terms of tissue composition
(most often keratin) to the dermal denticles of chondrichthyans or to teleostean scales. In the
following, I will be focusing on odontodes defined by @rvig as mineralizing units that develop in
the same manner as teeth (Orvig, 1967), although I will consider teeth themselves as odontodes.

Odontodes are essentially characterized as a dentine crown surrounding a pulp cavity and
covered by a hypermineralized tissue (Huysseune and Sire, 1998). In fossil fishes, odontodes

are abundant and present slight differences in the histology of their tissues (reviewed in Sire
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et al., 2009). However they can be found in isolated units such as in thelodonts or fixed on
a bone layer as in heterostracomorphs, osteostracans and placoderms (Donoghue and Sansom,
2002). In chondrichthyans, odontodes (e.g. placoid scales) cover the totality of the body (except
in holocephalans and some batoids) and are thought to be homologous to the aforementioned
fossil odontodes, but also to the dermal elements among actinopterygians, such as ganoid scales
(bichirs, lepisosteids) and the cosmoid to elasmoid scale of the coelacanth (sarcopterygian;
Huysseune and Sire, 1998). All these strctures can be considered odontodes due to a shared

developmental mode of morphogenesis.

1.1.5 Evolution of skeletal mineralization

In the previous sections I have illustrated the diversity of skeletal structures among vertebrates.
Fig 1.1 recapitulates the evolution of these structures along the vertebrate phylogeny, and
highlights the dynamics of gains and losses along several branches. Although many more events
have happened within each lineage, it is clear that anatomical characterization, histological
analyses and, most importantly, comparative analyses between extant and fossil vertebrates are
excellent tools to understand the evolution of the vertebrate skeleton. However, we can do better
and further characterize the processes that underlie the structures observed in extant species and
their evolutionary history. Understanding the processes through which, i.e. endochondral bone
is formed, or how prismatic cartilage is synthesized are important steps to improve comparative
analyses between vertebrates at the molecular, cellular and tissular levels. This will help us
elucidate how these structures arose and not just when. In the next sections, I will be describing

current knowledge on the developmental genetics of skeletal biology in extant vertebrates.

1.2 Skeletal development dynamics

It should first be noted that most of the current developmental studies concerning skeletal
biology are biased towards models species belonging to osteichthyans, in particular the mouse
model. Because of this bias, most of our understanding concerns ossification processes spe-
cific to bony fishes, and therefore conclusions are limited to this taxonomical level. However,
more and more recent studies are starting to look at other vertebrates such as cyclostomes or
chondrichthyans, increasing our understanding of the evolution of the skeleton. I will start by
describing the skeletal development as a general overview of what is known in bony fishes and
will later focus on its sister clades. In the following, descriptions will mostly concern tetrapods

unless another organism is explicitly mentioned.

1.2.1 Endochondral and intramembranous ossification

Endochondral ossification is the process by which endochondral bones (or long bones) are

built from cells of mesodermic origin. The first step is for these cells to make mesenchymal
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condensations and differentiate into cartilage producing cells: the chondrocytes. They will then
synthesize a cartilaginous anlagen to serve as a “blueprint” for the future bone (Mackie et al.,
2008). Importantly, the chondrocytes will change morphology becoming hypertrophic while the
cartilage is invaded by blood vessels, bone-synthesizing cells: osteoblasts, and bone-degrading
cells: osteoclasts. This event will create several ossification centers in the long bone (first
in the center then at the extremities) that will progressively degrade the cartilage matrix and
replace it with bone (Maes et al., 2010). The interplay, between cartilage degradation and bone
synthesis in this step is responsible for the typical spongy or porous structure of endochondral
bone. In parallel, osteoblast progenitors in the perichondrium differentiate into osteoblasts and
deposit cortical bone (perichondral bone) around the cartilage anlagen (Fig 1.6b; Berendsen
and Olsen, 2015).
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Figure 1.6: Types of ossification, modified from G. Zhu et al., 2021. (a) Intramembranous
ossification. (b) Endochondral ossification. MSC: Mesenchymal Stem Cells. cancellous=spongy

Compared to long bone ossification, intramembranous (or dermal) ossification is less under-
stood
(Abzhanov et al., 2007; Ai-Aql et al., 2008). It is through this process that dermal bones
(or flat bones) are constructed in bony fishes (and probably in armoured fishes). In general,
dermal bones are considered to be derived from neural-crest cells, a bundle of cells that separate
from the neural tube (ectoderm), migrate and differentiate into a variety of specialized cells
(B. K. Hall, 2008). In intramembranous ossification, neural-crest cells first become mesenchy-
mal cells (through an epithelial-mesenchymal transition; Simées-Costa and Bronner, 2015) that
condense and then differentiate into osteoblasts (Berendsen and Olsen, 2015; Karsenty, 2003;

Fig 1.6a). Although some differences exist in terms of developmental processes in intramem-
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branous versus endochondral ossification (Abzhanov et al., 2007), the specialized cells serve
the same purpose: mineralize an extracellular matrix.

In mature bone tissue, the most abundant cell-type are osteocytes that differentiate from
osteoblasts, embedded in the mineral matrix as a result of their own activity (Bellido, 2014).
Osteocytes are not isolated in the bone matrix since they communicate through a network of
canaliculi, called the lacuno-canalicular system, which together with osteocytes are critical for

bone homeostasis and remodelling (Burra et al., 2010).

1.2.2 Extracellular matrix composition

To understand the cellular and molecular processes that allow for the mineralization process, we
need to understand the biological material that is going to mineralize: the extracellular matrix
(ECM). An abundant ECM is the main characteristic of connective tissues such as cartilage or
bone. ECMs are defined as non-cellular three-dimensional macro-molecular networks, consisting
of a complex assembly of fibrous structural proteins (e.g. collagens and elastin), proteoglycans
and other specialized proteins that can vary from one tissue to another. In the following, I will
be describing some components of the extracellular matrix of bone and cartilage with a slight
focus on osteoblast-secreted proteins and their function in mineralization (Clause and Barker,
2013).

Collagens are the most ubiquitous proteins in metazoans and the most common template for
the formation of skeletal elements (Weiner and Addadi, 1997). They can form different macro-
molecular structures such as fibrils (fibrilar collagens e.g. collagen I or II) or networks (e.g.
collagen VI or X; reviewed in Gordon and Hahn, 2010), giving the ECM different mechanical
and biological properties. For example, in cartilage, networks of collagen type VI form a
pericellular matrix that immediately surrounds chondrocytes forming a unique structure: the
chondron. This creates a micro-environment allowing the cells to be more resilient to external
stimuli (e.g. mechanical) or regulate specific signals (e.g. apoptotic signal; reviewed in Z.
Zhang, 2015). Complementing the pericellular matrix of chondrocytes, is the interstitial matrix
(i.e. everything in-between chondrons), which in hyaline cartilage is mainly composed of water
sequestered in a mesh made of type II collagen, hyaluronan and aggrecan (two proteoglycans).
This interstitial matrix is highly resistant to tension due to the collagen fibrils, but also to
compression due to the accumulation of negatively charged aggrecan on hyluronan chains. The
anionic groups on aggrecan carry with them mobile counter ions such as Na™, which in turn
draw in water swelling and expanding the cartilage (Hardingham, 2006). Furthermore, the
main protein in bone, Collagen I, is more closely linked to the mineralization process. It has
been shown that this particular fibril forming protein serves as a scaffold for direct mineral
deposition in bone (Robinson and Watson, 1955; Weiner and Traub, 1992). Another example
is Collagen X, a network forming collagen, which is crucial for endochondral ossification. Its

expression in hypertrophic chondrocytes contributes to the initiation of calcium deposition
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in the cartilaginous matrix (Kirsch and Wuthier, 1994). Expression of this gene has been
observed in osteoblasts of amphibians (Aldea et al., 2013) and actinopterygians (Albertson et
al., 2010; Eames et al., 2012; Laue et al., 2008), which suggests that it was originally involved
in mineralization of both cartilage and bone.

Non-collagenous proteins (NCPs) are also abundant in ECMs. In particular, a subclass
of proteoglycans called the Small Leucine-Rich Proteoglycans (SLRPs) possess multivalent
binding abilities that can modulate the assembly of collagens in ECMs (reviewed in S. Chen
and Birk, 2013). Although not all of them seem to be associated with mineralization (Ustriyana
et al., 2021), some, such as Decorin (Dcn) have been proposed to play an inhibitory role of
mineralization (Hoshi et al., 1999) by occupying the space between collagen fibers destined to
be filled with mineral (Scott and Orford, 1981; Scott et al., 1981).

Two other proteins have been of particular interest in mineralization studies: the vitamin K-
dependant or Gla proteins (matrix Gla protein: Mgp and bone Gla protein: Bgp or osteocalcin).
Both of these proteins possess a “Gla” domain characterized by the ability to undergo vy-
carboxylation of glutamate residues, resulting in a putative ability to bind calcium (Yénez et
al., 2012). Mgp has been shown to be an inhibitor of several processes including precipitation
of calcium in cartilage and blood vessels (reviewed in Wen et al., 2018). On the other hand,
large amounts of Bgp are deposited in the bone matrix (endochondral and dermal), and seems
to incorporate calcium ions in the mineral crystals of the bone matrix (reviewed in Wen et al.,
2018).

Another family of NCPs is involved in mineralization: Sparc (Secreted Protein Acidic and
Rich in Cysteine, formerly called osteonectin), Sparc-L1 (Sparc-likel) and the Scpps (Secretory
Calcium-binding Phosphoproteins). In short, Sparc and Sparc-L1 arose from a whole genome
duplication event, while the Scpps would be the result of tandem duplications from Sparc-L
(Bertrand et al., 2013; Kawasaki et al., 2007). The Sparc protein is secreted by osteoblasts
and functions by binding both collagen fibrils and calcium (Kessels et al., 2014; Schreiweis et
al., 2007). However, it was later shown that Sparc modulates cell-matrix interactions without
having structural roles in the matrix (Bornstein and Sage, 2002). Similarly, Sparc-L1 has been
shown to be spatially co-expressed with Sparc in tissues that undergo ossification (Weigele
et al., 2015). Lastly, the Scpp subfamily includes a large number of members with most of
them having a role in mineralizing tissues. For example, two Scpps osteopontin (Opn) and
bone sialoprotein (Bsp) are thought to be respectively an inhibitor and a nucleator of mineral

formation in bone (reviewed in Qin et al., 2004).

1.2.3 Extracellular matrix mineralization

The mineral in bone is composed of apatite crystals (Cajg(POy4)gX2, X = mostly F or OH;
(Lowenstam, Weiner, et al., 1989; and see Eliaz and Metoki, 2017 for a comprehensive review),

one of the most common forms of calcium phosphate minerals. However, the majority of min-
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eral structures in metazoans is calcium carbonate. Therefore, why apatite is the main mineral
component of bone is still an open question, but it would seem that the properties of apatite
being a “sparingly soluble salt” would make it a safe reservoir for calcium and phosphorus (see
Pasteris et al., 2008). Additionally, the spatial and chemical mechanisms that precipitate ap-
atite on collagen fibrils are not fully understood (Grynpas and Omelon, 2007; Murshed, 2018;
Weiner, 2006). In 2009, Omelon and collaborators proposed an interesting hypothesis on the
control of skeletal mineralization by polyphosphates. These polyphosphates are the result of
the condensation (or merging) of orthophosphates (PO;’[) into linear ions (Wazer and Holst,
1950) and were identified in several active ossification sites. Thanks to polyphophates, high con-
centrations of phosphate and calcium can be transported as calcium-polyphosphate complexes
while remaining below the saturation level of apatite and therefore preventing its precipitation.
When mineralization is initiated, an osteoblast-secreted enzyme called alkaline phosphatase
(Alp) hydrolytically degrades the polyphosphates. This action releases orthophosphates and
sequestered calcium, increasing their concentrations, raising apatite saturation levels and sup-
plying the driving force for apatite formation (Omelon et al., 2009). This mechanims was later
shown to happen in chodnrichthyan tesserae, suggesting that this may be a general regulating

feature in the mineralization of vertebrate skeletons (Omelon et al., 2014).

1.2.4 Odontode development and matrix proteins

Contrary to other skeletal tissues, odontodes possess their very own developmental process
and mineralization patterns. Odontodes formation in mammals starts with a thickening of the
epithelium, followed by a condensation of the underlying mesenchyme, made of neural crest cells.
Subsequent morphogenesis is driven by cell proliferation leading to the formation of a enamel
knot which regulates the growth and folding of the epithelium. Finally, cell differentiation
directs ameloblast formation in the epithelial compartment and odontoblast formation in the
mesenchymal compartment. These cells will respectively secrete enamel and dentin matrices,
the odontode specific tissues (Fig 1.7; reviewed in Catén and Tucker, 2009). In mammals,
dentin and enamel are very special tissues because the matrix proteins they display are almost
always part of the Scpp family. In dentin, the bulk of the odontode tissues, the secreted matrix
proteins are collagen type I but also dentin sialoprotein (Dsp) and dentin phosphoprotein (Dpp),
two Scpp proteins. However, in enamel the very hard outer layer of the odontode, the ECM is

composed of 2 other Scpps, enamelin (Enam) and amelogenin (Amel) but not collagen (B. Hall,

2014D).

1.2.5 Outside bony fishes

The questions that immediately comes to mind from an evolutionary perspective is how gen-
eralized are these processes and structures, how can we compare them in vertebrate organisms

and how can we identify the ancestral features that evolved at the origin of vertebrates? Cy-
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Figure 1.7: The process of tooth development. The dental placode and enamel knots are signalling
centres regulating tooth morphogenesis; Thesleff, 2014

clostomes do not present mineralized skeletons, but another important aspect of their skeletal
biology must be taken into account. Contrary to all extant gnathostomes that present a type
of cartilage that is predominantly composed of collagen type II, lampreys and hagfishes possess
a non-collagenous type of cartilage. In lampreys, the ECM lacks recognizable collagen fibrils
and form a dense network of randomly arranged fibrils. Their cartilages also react to Verhoeft’s
stain, an elastin specific stain (Wright et al., 2001). These elements along with some others
indicate that lamprey cartilages are based on an elastin-like protein that was named Lamprin.
Similar observations were made in the hagfish, with the main cartilage protein being named
Myxinin. Additionally, in hagfishes a special type of cartilage (denoted type II) is unique in that
it is apparently made up of collagen I (reviewed in Wright et al., 2001). Hagfish and lamprey
cartilages probably represent derived features among vertebrates. Although still little is known
about cyclostome skeletal biology, another lineage can be useful to understand the evolution
of the skeleton and of mineralization: the cartilaginous fishes. This lineage has lost the ability
to make bone, but still kept the capacity to mineralize some tissues. Chondrichthyans are
therefore an important taxa to study for the understanding of the evolution of mineralization.
In the following sections, I will be focusing on the latest work on chondrichthyan development,

skeletal biology and mineralization.

1.3 Chondrichthyans unchained

1.3.1 Development of the tesselated skeleton

As mentioned above, the majority of the skeleton of elasmobranch fishes (sharks, rays and rel-
atives) is tessellated. The onset of calcium phosphate mineralization might be similar to bony
fishes as suggested by localized alkaline phosphatase activity that precedes tesserae formation

in the swell shark, Cephaloscyllium ventriosum (Eames et al., 2007). Additionally, similar to
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bony fishes, chondrocytes seem to play an important role in mineralization since most of the
profound changes in chondrocyte morphology coincide with the start of tesseral formation in the
round sting ray Urobatis halleri. However, in contrast to bony fishes, cartilage mineralization is
associated with flattened peripheral chondrocytes rather than deep, hypertrophied cells (Dean
et al., 2009). Once mineralization has begun, tesserae grow both in depth and width and by ac-
cretion of mineral on all surfaces, such that they increase in size and mineral content throughout
ontogeny (Dean et al., 2009; Doyle, 1968). As a result, chondrocytes find themselves embedded
alive in the tesserae, engulfed into gaps (lacunae) in the mineralized tissue, making the tesserae
a cellular tissue (Dean et al., 2009; Seidel et al., 2020). Chondrocytes within tesserae main-
tain an unmineralized pericellular matrix (Dean et al., 2009; Kemp and Westrin, 1979; Moss,
1977; Seidel, Blumer, Pechriggl, et al., 2017; Seidel et al., 2016), suggesting local inhibition
of mineralization by chondrocytes (Seidel et al., 2016). These intra-tesseral cells however are
not completely isolated, since it has been shown that the lacunae where they reside are con-
nected to each other through small canaliculi forming a continuous lacuno-canalicular network
(Chaumel et al., 2020; Dean et al., 2010), similar to what has been observed in cellular bone
tissue. As tesserae start to grow, they can end up touching each other. In some places, tesserae
are in direct contact, while in others they are separated by gaps filled with unmineralized ECM
including cells and dense fiber bundles. These zones are called inter-tesseral joints and are com-
posed of at least three types of collagens (Type I, IT and X) in Urobatis halleri (Seidel, Blumer,
Pechriggl, et al., 2017). Therefore, tessellated cartilage growth follows early organization of
isolated, surface mineralization centers that grow appositionally to maintain contact as the
underlying uncalcified matrix expands in volume (Dean et al., 2009). Tesserae morphogenesis
groups together two main types of mineralization: (i) globular mineralization at the subperi-
chondral level in many chondrichthyan skeletal units, involving standard chondrocytes and (ii)
prismatic mineralization occuring at the junction between cartilage units and perichondrium
probably involving cells of both tissues (chondrocytes and fibroblasts; Debiais-Thibaud, 2019).

Tesserae however are not the only mineralized structures in chondrichthyan skeletons. In
a recent article by Berio et al., 2021 a thorough description of the diversity of mineralized
tissues in a series of chondrichthyans species is presented. These descriptions are restricted to
the neural arches of the vertebrae and therefore do not include the diversity of areolar miner-
alization specific to chondrichthyan chordacentra. One of the scales of organization described
focuses on cells and ECMs involved in mineralization (microscale; Dean and Summers, 2006)
and allows for the distinction of three histotypes, while taking into account previous descrip-
tions : globular, fibrous and lamellar mineralizations (respectively “g”, “f” and “la” in Fig
1.8). Prismatic mineralization (typical of the cap zone of the tesserae) was not included in
these histotypes since this mineralization type is identified through polarized light microscopy,
incompatible with histological techniques. However, interesting data is presented in link with
the “bone-like” tissues previously reported (Atake et al., 2019; Eames et al., 2007; Peignoux-
Deville et al., 1982). The authors suggest that this tissue might actually be two different types
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Figure 1.8: Mineralized tissues in the anterior vertebrae of the small-spotted catshark Scyliorhi-
nus 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; ¢, 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 pm. Berio et al., 2021

of mineralization (fibrous and lamellar) with different growth processes and cell behaviours.
Fibrous mineralization is defined by the presence of fibrocyte-shaped cells enclosed in a fibrous
matrix, and occurs in the distal part of the neural arches (muscle side). It is shown to be
of perichondral nature and therefore must grow by external appostion (as also suggested by
Atake et al., 2019). In contrast, lamellar mineralization displays a more linearly organized
ECM but with an extremely low cell density, compared to fibrous mineralization. It occurs
in the proximal part of the neural arches (neural tube side) and the growth is suggested to
be appositional from cells (here: fibro-chondrocytes) facing the neural tube, where no thick
unmineralized perichondrium is detected (Fig 1.8).

Vertebral centra studies in chondrichthyans are scarce. Some studies focus on the timing
of mineralization showing that, typically, centra are among the first element to mineralize in
chondrichthyans (Eames et al., 2007 but see Enault et al., 2016). In Atake and Eames, 2021
a review on morphological and molecular features of mineralized tissues in chondrichthyans, a

paragraph focuses on centra evolution but with no comments on areolar mineralization. Ride-
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Figure 1.9: Schematics of lamniform and carcharhiniform abdominal vertebrae. (a) 3D rep-
resentation of a lamniform vertebral centra with some material shown transparent so that the
cross-section of the structure can be seen. c¢ - hourglass-shaped corpus calcarea, i — intermedialia,
L — lamella. (b) 3D representation of a carcharhiniform vertebra with material cut away to reveal
the cross-sectional structure. Symbols as in panel a, W — wedge. Modified from Morse et al., 2022

wood and MacBride, 1921 is the only study where a thorough description of chondrichthyan
centra can be found. Centra are composed of three main components: an hourglass-shaped
(or double cone) wall, an internal tissue, sandwiched between the hourglass walls, called “in-
termedialia” and several mineralized structures embedded in the intermedialia, either lamellae
(e.g. in lamniforms, Fig 1.9a), or more bulky wedges (e.g. in carchariniformes, Fig 1.9b; Morse
et al., 2022; Ridewood and MacBride, 1921). The term areolar mineralization refers to the
mesostructure of the mineralized matrix which forms calcified layers arranged in a concentrical
manner in the vertebral bodies (Ridewood and MacBride, 1921). However, when looking more
in detail, it would seem that two different tissues are involved. The innermost zone of mineral-
ization in the fibrous sheath of the notochord has been described as fibrous mineralization (or
fibro-cartilage) while in the periphery of this mineralized layer, the initially hyaline cartilage
mineralizes as globular mineralization (Debiais-Thibaud, 2019; Ridewood and MacBride, 1921).
More recently Morse et al., 2022 scanned some centra in 3D for six shark species in an effort to
characterise these structures from a biomineralization standpoint, i.e. describing the structures
following Dean and Summers, 2006 scales of organization. However, the authors discuss their
results in terms of mechanical constraints and differences in mineral density but no specifics on
areolar mineralization are mentioned. Nonetheless, it is worth mentioning the observation of
cartilage canals running radially in the intermedialia of all species with somewhat higher levels
of mineralization around them (Morse et al., 2022).

Concerning odontodes it has been suggested that the modes of development from a gene
regulation standpoint are ancestral to all vertebrates who display these structures (albeit with
slight variations Debiais-Thibaud et al., 2015; Debiais-Thibaud et al., 2011). This seems to be
true for morphogenesis (except the enamel knots) but is it also true for later development (dis-
cussed below). It is generally accepted that chondrichthyans teeth and scales are mostly made

up of typical dentine while the outermost capping hypermineralized tissue is not enamel but
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a similar structure called enameloid. Mature enameloid ressembles enamel both topologically
and functionally, but the crystalline arrangement is less ordered and not prismatic because of
the presence of collagen fibrills prior to maturation. Additionally, its matrix includes collagen
fibers considered to be produced by odontoblasts (Sire et al., 2009). However, little is known

about the actual genes related to the mineralization of these structures in chondrichthyans.

1.3.2 Developmental genetics in chondrichthyans

In the previous section I reviewed current knowledge on structure and development of skeletal
elements in chondrichthyans, with a strong focus on the endoskeleton. Gene expression in these
structures can give us essential information on the regulation of mineralization and therefore
insights into the vertebrate ancestral mineralization toolkit. Chondrichthyans are indeed ex-
tremely interesting from this point of view because: (i) they lost the ability to make bone, (ii)
they have developed a derived form of mineralization, (iii) they display at least four types of
mineralization, some of them resembling bone structures and (iv) they possess both oral and
dermal odontodes that are also understudied in terms of mineralization. Additionally, chon-
drichthyans occupy an ideal phylogenetic position which combined with the aforementioned
features, makes them excellent models for mineralization studies in vertebrates through com-
parative analyses. In the following I will be discussing the latest work on developmental genetics
in link with mineralization in chondrichthyans.

First, although not in direct link with mineralization, Aleksandra et al., 2020 characterized
how the cartilage of a skate Leucoraja erinacea develops, grows and heals. Importantly they
show that the chondrocytes in this species express the markers of classic bony fish cartilage,
i.e. collagen IT and aggrecan. Showing that this tissue has kept the general features of a
“classic” cartilage. Similarly, Eames et al., 2007 showed than in the swell shark, as described
in other vertebrates, alkaline phosphatase activity predicts mineralization patterns and that
Collagen type I shows a more perichondral-associated distribution which is mutually exclusive
with collagen type II (cartilage associated; also see Enault et al., 2015).

In another study, this time in direct link with mineralization in cartilaginous fishes, Debiais-
Thibaud et al., 2019 looked at a specific gene involved in endochondral ossification: Collagen
type X. The authors explain that the Collagen X gene is a great candidate gene for mineraliza-
tion because (i) it contributes to the initiation of calcium deposition in the cartilaginous matrix
(Kirsch and Wuthier, 1994), (ii) it has been seen expressed in bony fish osteoblasts (Albertson
et al., 2010; Eames et al., 2012; Laue et al., 2008) and (iii) it emerged through the two rounds
of whole genome duplication before vertebrate diversification (Aldea et al., 2013) and should
therefore be present in cartilaginous fishes. The authors offer the first description of Col10a1
in cartilaginous fishes, with an unexpected expansion of this gene family, accounting for a total
of six Col10al chondrichthyan-specific genes. All the six paralogs showed a mineralization-

associated expression pattern in the small-spotted catshark Scyliorhinus canicula. Coll0al.1
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and Coll0al.2 were transcribed in ameloblasts (secretory and maturation stages), whereas
Col10al.4, Coll0al.5, and Coll0al.6 were transcribed in the mesenchymal cells of odontodes
(future odontoblasts). The Col10al.3 duplicate showed expression in both the epithelium
(ameloblasts) and mesenchyme (odontoblasts) and Coll0al.j expression was detected in cells
going through globular, fibrous and lamellar mineralization types. These results show remark-
able differences between bony and cartilaginous fishes both in gene repertoires but also in the
way they are used. Importantly, this suggest a previously unknown involvement of a non-fibrilar
collagen in enameloid formation. The authors propose, based on their results, that Col10al was
part of an ancestral biomineralization toolkit used in all mineralizing cells of early vertebrates.
Then, the duplicates in chondrichthyans underwent gene subfunctionalization in different min-
eralizing tissues, following a duplication-degeneration-complementaion model (DDC; Force et
al., 1999) which explains that duplicates are intrinsically redundant and therefore will either be
purged from the genome (degeneration), or must divide the ancestral function between paralogs
(complementation). Alternatively, if the original function is an essential one, the new duplicate
can acquire a new function altogether insuring the preservation of a non mutated copy.
Additional studies highlight the importance of the Sparc/Sparc-L1/Scpp gene family in
cartilaginous fishes. As mentioned earlier, the classical scenario for the evolution of this family
proposes that Sparc and Sparc-L1 arose through two rounds of vertebrate-specific genome
duplications (Bertrand et al., 2013; Kawasaki et al., 2007), while the Scpp gene family is thought
to have originated from a series of tandem duplications of the Sparc-L1 gene (Kawasaki et al.,
2017; Ryll et al., 2014; Venkatesh, Lee, Ravi, Maurya, Korzh, et al., 2014). However, the
evolutionary history of this family is more complicated. The gar and the coelacanth genomes
to contain a Sparc-L2, which was shown to be an ancestral duplication common to osteichthyan
and to be subsequently lost in tetrapods and teleosteans (Enault et al., 2018). Additionally,
Scpps are though to be duplicates of Sparc-L1 but the high rate of evolution of these genes do
not allow for a correct phylogenetic reconstruction. The paralogy relationships with Sparc-L1
are therefore only based on intron-exon structure, and the Scpp orthology relationships between
osteichthyans lineages are still unclear (Kawasaki and Amemiya, 2014; Kawasaki et al., 2017).
Moreover Scpps are though to be specific to osteichthyans because none have been detected in
the elephant shark genome, which was one of the only available chondrichthyans genome at the
time (Venkatesh, Lee, Ravi, Maurya, Lian, et al., 2014), and might not be representative of
the whole clade. The study that identified the loss of Sparc-L2 in osteichtyan lineage (Enault
et al., 2018), used de novo assembled chondrichthyan transcriptomes to identify Sparc and
Sparc-L and show that they are well conserved in this clade. The authors focus on teeth and
scale comparisons between two elasmobranch species as well as the western clawed frog. Their
results show a conserved module made up of three genes co -expressed in the odontoblasts of the
studied species: Sparc, Collal and Colla?2 (both needed for collagen I fibril formation), which
coupled with similar results in teleoteans and mammals, confirm the hypothesis of dentin being

homologous across jawed vertebrates. Moreover, the authors found a specific expression of
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Sparc-L in chondrichthyan ameloblasts, which is not observed in bony fishes, but is very similar
to their expression patterns of some Scpps. Therefore, they suggest that these differences
in expression could result from the inheritance of an ameloblast-specific expression from the
ancestral Sparc-L gene (before the chondrichthyan / osteichthyan split). What this hypothesis
implies, is that the characteristic matrix proteins of enamel (i.e. Scpps such as enamelin and
amelogenin) might reflect osteichthyan-specific innovations, deriving from a common odontode
mineralization toolkit ancestral to vertebrates and making all outer odontode layers homologous
to each other (ganoine, enameloid, enamel, etc...).

These studies highlight how different mineralization-associated genes underwent parallel
evolutionary events in chondrichthyans and osteichthyans but are derived from an ancestral
biomineralization toolkit that may have evolved independently in different cell types and or-
ganism lineages. However, the number of studies looking into these subjects are scarce, and
our understanding of chondrichthyans developmental genetics in link with mineralization is still
very poor. An important element that these studies (Collagen X and Sparc/Sparc-L) have in
common is the use of novel transcriptomes for representatives of different chondrichthyans lin-
eages. This data is essential for the identification and study of the candidate genes, which will
only be further improved with well-sequenced genomes and better assembled transcriptomes.
Additionally, these studies do fall in the domain of genetics although it is important to note
that they do not concern functional genetics. Chondrichthyan mutants are logistically impossi-
ble to generate for several reasons so the real function of the studied genes and proteins cannot
be evaluated in these models. However, with fresh tissues and in situ hybridizations, the cells

expressing genes of interest can be identified, allowing for robust functional hypotheses.

1.3.3 How to identify mineralization genes in chondrichthyans

The previously cited articles have in common their general approach which is the candidate gene
approach. This approach is quite intuitive, candidates genes would be chosen based on known
functions in bony fishes and then studied in cartilaginous fishes. A candidate gene approach
can be very proficient at detecting commonalities or differences between lineages, but it has a
major flaw. By approaching chondrichthyan mineralization through a candidate gene approach,
we are basing our studies on possibly derived features proper to osteichthyans. Therefore, we
could be missing important chondrichthyan-specific innovations that have no direct link to the
mode of ossification in other lineages or ancestral features that were lost secondarily in bony
fishes. There is, however, another approach that can be used to avoid this issue. A more
general approach using “omic” data, such as genomic, transcriptomic or proteomic data-sets
can provide intrinsic chondrichthyan elements linked to mineralization, which could later be
compared to existing literature on ossification. For example, transcriptomic analyses of only
mineralized tissues cartilaginous fishes can help find out the most highly expressed genes in

these tissues, or proteomic analyses of the mineralized and unmineralized matrices of these
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tissues could point toward the most abundant proteins present in them. These very appealing
techniques however, have not been used until now because of a very poor repertoire of well-
assembled genomes and transcriptomes in chondrichthyans. Nonetheless, in recent years more
and more chromosome-level assemblies of these genomes have been published granting us access
to these techniques. This way we can potentially continue elucidating the chondrichthyan bio-
mineralization toolkit, comparing it to the bony fish toolkit, and inferring the ancestral state
of jawed vertebrates mineralization genes.

Several chondrichthyan species have now fully assembled genomes, but only one is a species
that has been long used by researchers in laboratories : the small-spotted catshark (Seyliorhinus
canicula). This catshark of the family Scyliorhinidae is the species on which I worked during
my PhD. It is one of the most abundant elasmobranch species of the northeast Atlantic and the
Mediterranean, with stable populations in most areas (Ballard et al., 1993). Its reproductive
biology is well known: it is an oviparous species with embryos that take about 6 months
to develop depending on sea temperature, the female possesses a spermatheca which allows
for continuous fertilization throughout the year after the mating season and, at least in the
Mediterranean sea, there is a seasonal pattern to the laying of the eggs from December to June
(Ellis and Shackley, 1997). Additionally, a series of developmental stages have been thoroughly
described for this species by Ballard et al., 1993. This means that we can acquire females right
after the mating season, keep them in the lab during the laying period, pick up the eggs and then
release the females while we wait for the embryos to reach the appropriates stages. Therefore,
the knowledge of its development, life cycle and reproductive biology, its easy maintenance in
aquariums and its abundance in European coasts makes Scyliorhinus canicula a perfect non-
conventional model to study the development of chondrichthyans, known to European marine
biology stations since the XIXth century (Chevrel, 1889).

1.4 Outline of the thesis

In this thesis I focus on the developmental genetics of the skeletal mineralization in a cartilagi-
nous fish: the small-spotted catshark Scyliorhinus canicula. 1 describe in detail putative genetic
factors underlying the mineralization process, and I do this through two approaches, by candi-
date gene study and transcriptomics. This allows me to better characterize the mineralization
toolkit in a chondrichthyan species, so that through comparative analysis an ancestral state for
jawed vertebrates can be inferred, at least partially. First, with the candidate gene approach,
I test the level of conservation (or non-conservation) concerning several known mineralization-
associated genes. In addition, this is the default approach when omic data is not available,
which was my case when I started this project. Next, I describe how I used recently generated
genomic and transcriptomic data from the small-spotted catshark to study the intrinsic genes
expressed specifically in mineralizing tissues. Both of these approaches allow me to detect

interesting genes which are then studied through phylogenetic analyses, quantification and lo-
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calization of expression as well as comparative analyses with bony fishes (whenever possible).
In the last part, I present two articles in preparation that result from the work we realized
with the help of two master students. These articles come from a candidate gene approach but
concern ample gene families and in an effort to include all paralogs, the articles shift towards

a molecular evolution framework rather than an Evo-Devo one.






Chapter 2

Bony fish mineralization genes in the

catshark

2.1 Introduction

In this first chapter I will be presenting my work on several candidate genes, studied in the
small-spotted catshark. This candidate gene approach was the first and main one used during
my thesis, since very little omic data was available in 2019. I have already mentioned the
pros and contras of this approach, but I will now focus on the general procedure common to
all the following articles. First when considering a candidate gene, known to have a specific
function in mineralization in bony fishes, the first step is to verify whether this gene exits in
chondrichthyans and more particularly in my model species. This is where the little omic data I
had access to, comes into play: one bulk jaw transcriptome and one bulk vertebra transcriptome
of Scyliorhinus canicula that were available in the lab and were used as an assembled reference
transcriptome. These transcriptomes however, might not contain the transcript of a candidate
gene, simply because of the tissular specificity or because of assembly errors. However, as the
jaw and the vertebrae both contain tissues that mineralize I would expect to find my candidate
genes most of the time. Further screening of other available chondrichthyan transcriptomes can
further validate the presence/absence of the candidate gene in chondrichthyans as a whole. By
this time, the analysis is already interesting as I can (i) not find my candidate gene which could
relate to bone loss in chondrichthyans, (ii) find the gene and potentially have a conserved feature
of the vertebrate mineralization toolkit or (iii) even more thrilling, find an expansion of the
candidate genes in chondrichthyans (i.e. a 1:2 or 1:3, etc... orthology relationship between bony
and cartilaginous fishes). Other specific cases are possible such as pseudogenization, but are
harder to identify. Every one of these cases calls for a phylogenetic analysis since it represents
a robust way of making sure the candidate gene identified in chondrichthyans is indeed the
true ortholog of the known (or targeted) bony fish gene. This is also important since many

genes are members of a bigger functional class where conserved domains can be source of miss-
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identification. Such phylogenetic reconstruction, can be coupled with synteny analyses, when
good genomic data is available, to further retrace the evolutionary history of the genes.

Identifying candidate genes, and reconstructing their evolutionary history is not enough
since this gives us no evidence of functional conservation. In fact, functional studies in non-
model species are very challenging if not impossible. In particular the techniques used for
these experiments must be perfectly adapted to the species life cycle which can present a few
obstacles. For instance, Scyliorhinus canicula is an oviparous species and when the eggs are
laid the embryos are already at a far too advanced stage for mutagenesis/knockout experiments
to be carried out. How to get around these biological limitations to figure out the functional
similarities between bony/cartilaginous fishes orthologs? What I did is try and find lines of
evidence that point toward the putative function of the studied gene (and protein) and compare
them between species. One way to do this is to characterize the intron-exon structure of the
protein as well as functional domains, such as catalytic, phosphorylation, acetylation or calcium
binding domains (among many others). Possible non-functional mutations can be identified in
these domains, i.e. deviations from the consensus motifs defined for a given domain, but also
good conservation can be identified and therefore it may be extrapolated as conservation of
the putative function. Another way of doing this is to more precisely quantify and localize the
expression of the candidate genes through RT-qPCR and in situ hybridizations. Studying of the
ontogenic trajectories of gene expression during embryonic development can also hint toward
a specific putative function. For example, a rise of gene expression at a given developmental
stage can be linked to the onset of mineralization if that time frame is known. For localization,
mRNA in situ hybridization can localize the expression of the candidate genes to specific cells
in the tissues and show whether these are linked to mineralization processes.

The identification of candidate genes in chondrichthyans, reconstruction of their evolution-
ary history at the gnathostome/vertebrate scale, protein domain conservation and both quan-
tification and localization of expression in tissues and through development are the main tools
I have used to elucidate part of the chondrichthyan mineralization toolkit and the ancestral
state of this toolkit in gnathostomes. In the following, I will describe and discuss three articles
related to several mineralization-associated genes previously mentioned. First I will be focus-
ing on Mgp and Bgp two calcium binding vitamin K-dependent proteins, identified as positive
(Bgp) and negative (Bgp and Mgp) regulators of biomineralization in bony fishes. Then, I will
be presenting an article on sparc and sparc-L two paralogs known respectively for being ex-
tremely abundant in bone and for being the origin of all the scpp genes in bony fishes. Lastly, 1
will be focusing on said scpps, since they are expressed in many mineralized structures in bony
fishes and were thought to be absent from chondrichthyan genomes, until now. I collaborated
with Tatjana Haitina and Sylvain Marcellini which were of great help for comparative analyses

of the catshark with the zebrafish and the tropical clawed frog and respectively.
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Matrix Gla protein (Mgp) and bone Gla protein (Bgp) are vitamin-K dependent proteins
that bind calcium in their y-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
etal., 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 y-carboxylation of several glutamate
residues, resulting in a putative ability of the protein to bind
calcium (reviewed in Yanez 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 y-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 (sScyCanl.1,
GCA_902713615.1), using TBLASTN. Additional cDNA
sequences were obtained by screening accessible transcriptomic
data collected by the SkateBase project' [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

'http://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 (LepOcul); zebrafish Danio rerio (GRCz10);
Chinese softshell turtle Pelodiscus sinensis (PelSin_1.0); central
bearded dragon Pogona vitticeps (pvil.1); reedfish Erpetoichthys
calabaricus (fErpCall.1); Asian bonytongue Scleropages formosus
(fSclForl1.1)] and from NCBI for the caecilian Microcaecilia
unicolor (aMicUnil.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 Mgpl, 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 Mgpl; 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 pl 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
tricaine, eviscerated and fixed for 48 h in 4% paraformaldehyde
in 1x phosphate-buffered saline (PBS) solution at 4 °C,
rinsed in PBS 1x for an hour, and then transferred in
50% ethanol (EtOH)-PBS 1x, 75% EtOH-PBS 1x, 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 pm thick
cryosections of the chosen samples that had been progressively
transferred back to PBS 1x, then equilibrated in sucrose
30% for 24 h before being transferred and frozen in Tissue-
Tek® O.C.T.™ (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 40x objective.

Histological staining (Hematoxylin-Eosine-Saffran) was
performed at the local histology platform (RHEM platform
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at IRCM, Montpellier) on 7 pm 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 Eefla 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 MgpI;
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 Eefla; 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 Meéditerranéenne de I’Environnement Littoral,
Sete, 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: Mgpl, 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 OCI; Cancela et al,, 2014). To account
for the different nature of the described paralogs, we will
further identify this clade as Bgpl: 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 + | + 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 Bgpl and Bgp2 paralogs
(Figure 1). Another event of duplication is deduced from
the two sister clades observed within teleost fishes in the
Bgpl 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 bgpla (usually annotated
bglap or osteocalcin in public databases) and bgplb [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 Mgpl, 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 Mgpl
gene was located on another scaffold in the Amblyraja genome,
outside of the locus identified by the presence of Erp27 and
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——(]1]1
ot
Bgp

=
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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 Mgpl 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 Bgpl (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 Bgpl in tetrapods would not co-
localize with any known sequence of either Bgp or Mgp in
actinopterygians (Figure 3). The actinopterygian Bgpl 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 Bgpl
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 bgpla 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 bgpla sequence, together with ddx47/wbpl1,
while the bgplb 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 Mgpl
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 Mgpl 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.

Mgpl 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: MgpI 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 Mgpl 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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Scyliorhinus canicula Mgp1

P domain Docking site ? Gla domain*
MKTLVFLSVCALAAVCTADSSESNEIDDVLFLGRRDAHSFMRQPRPPHHWDSSRVRYKSPREMTREICEEHRPCERLARQVGLKRAY[GRYFGGRRQRPSSYERMRPRKHRDTRYRNHHYRF
Signal peptide* ANxF

ex1-2 ex2-3 ex3-4
Callorhinchus milii Mgp1
P domain Docking site Gla domain*

MRILLLLMLSVLTAICVADSSESNEIDEALFIKRRDANSFVRQAKRHSPWESSRDRFKTLRERNRERCEEYRPCDRLARQVGLKRAIGKFFRSGRQRFSGYRRLRAGRNRRLRKNNRNRRRRF
Signal peptide* ANxF

Scyliorhinus canicula Mgp2
Docking site Furin* Gla domain ?

MRTLILLCLCTLVAVCMGAPKEFVGPAEKEETFMDRQSANNFVRRKRHAYGYYHHIPSYESVRELYKSPA KGYPYMAAYGKGYGYGYGGYQGYYAPYYQSAKY
Signal peptide* ANXF

ex1-2 ex2-3 ex3-4
Callorhinchus milii Mgp2

Docking site Furin* Gla domain ?

MRTLIVLSLCALAVVCLAAPQESSQANEDTFVDKQQANNFNRRLKRNVGYYPAYYQYPTYESVREIYKSPVEVAKEYCDGDAQGGKGYPGYMGYMGYMGYMGKGLGYYRPHVKAAPAPVKG

Signal peptide* ANxF

Scyliorhinus canicula Bgp
MRHLLLITLLALVGQSCC
Signal peptide*

ex2-3
[RVISSRSDESLGDDKREAADIKGFSSHSDESLGDDKQQADGIEGFSSHSDESLGDDKQGSVAIEiSGRSDESLTEDSDEVANRKSKVIGSREDDDSVENESEADTKG]
ex8-9 ex9-10 ex10-11

ex3-4 ex4-5 ex5-6 ex6-7 ex7-8 ex11-12

PFLGKREASSVVKKSKRSIQEYYERQHEYYYKTPYEKYKEICEAYYPCDYLANRIGYQNAYJQYFGYY
Docking site? Furin? Gla domain*

ex12-13
Callorhinchus milii Bgp

MKCLLLLILLGLGTLCTSRGVDSVENNSDVADSTENETHSDDSASAQVTRNVKNGPFLEKTKANSMMKRHKREYPNYYERLREQYYKTPYERRKESCESYYPCDILANRIGYRNAYRQYFGDYY
Signal peptide* Docking site? Furin* Gla domain*

FIGURE 4 | Conserved protein domains in the small-spotted catshark and the elephant shark Mgp/Bgp sequences. The small-spotted catshark Mgp/Bgp

Evolution of Mgp/Bgp in Vertebrates

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 Mgpl 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 Mgpl
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 (filed 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 um.

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 Mgpl (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 Mgpl 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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nc

st

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 um.

proposed hypotheses. The phylogenetic relationships between
Bgpl 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 Bgpl 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 Bgpl 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 bgpl 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 bgpla 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 bgpla, 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 MgpI and
Mgp2 genes. Within chondrichthyans, an additional event of
translocation may have occurred for the MgpI copy in the batoid
lineage (observed in A. radiata, Figure 2). However, because this
is a single observation and because the Amblyraja Mgpl 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 Bgpl 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 Bgpl 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/Wbpll
locus can be identified on chromosome 3 of the kPetMarl
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 (€) 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 wm.

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 (Bgpl) found in actinopterygian (non-teleost) fishes or
in mammals. In addition, the BgpI 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. Mgpl, 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 Mgpl 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 Mgpl
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 MgpI,
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 (Duran 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 Bgpl has never been recorded in fish
actinotrichia, although the expression of Bgpl 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 Mgpl 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. MgpI 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 BgpI copy in the chicken and the tropical clawed frog, and we
did not find any description of Bgp2 expression (see references
in Table 1).

Frontiers in Genetics | www.frontiersin.org

March 2021 | Volume 12 | Article 620659



Leurs et al.

Evolution of Mgp/Bgp in Vertebrates

jawed vertebrate ancestor
Ddx47

Eri27

Mgp

Bgp

Tandem duplication
of Bgp

bony fish ancestor
Ddx47 Ermp27

Bgp2 Bgp1 Mgp

andem duplication
of Mgp

cartilaginous fish ancestor
Ddx47 Erp27

Bgp Mgp1 Mgp2

Translocation Loss
of Bgp1 of Bgp2
tetrapod ancestor actinopterygian ancestor
Ddx47 Erp27
i ddx47 erp27
Bgp2  Mgp
Pmf1 Pair6 bgp1 mgp
Bgp1 Teleost
L whole-genome
0SS duplication
of Bgp2
mammalian ancestor teleost ancestor
Ddx47 Eri27 ddx47
selachian and holocephalan
Mgp bgp1a mgpa lineages
Pmf1 PairS erp27 Dix47 Eri27
Bgp1 bgp1b mgpb Bgp Mgp1 Mgp2

Genes are labeled with the same color code as in Figures 1, 2.

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.

The early and strong embryonic expression detected for
Bgp in the small-spotted catshark is reminiscent of other
studies showing an early expression of Bgpl in the zebrafish
(Bensimon-Brito et al., 2012), although others detected neither
embryonic nor early larval expression of Bgpl in other teleost
fish (Pinto etal,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-p 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 Mgpl 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 bgpia Mgp Bgp1 Mgp Bgp1 Mgp Bgp1
Embryonic + + + + @) +(17) +(8)
Chord + - - + Q) +(8)
Chondrocyte + - - +(1) - + (10) —(10) +(11) —(14) + (18) - (12)
Chondrocyte - - - +(1) +() +(10) -0 +(1) (4 +(§  +(12
(mineralized matrix)
Osteoblasts na na na —(1) +(1,5) —(10) +(10) + (6) +(14) —(18) +(12)
Early tooth/scale - + + + (15) regeneration - (18 na na
bud
Late (mineralized) — — + + (4) +4) +(13) na na
tooth/scale
Muscle and its — — + + heart (2, 5) + heart (5) —(7) +(19)
connective tissue
Vasculature and its + - + gills + heart (2, 5) + arteries(5) + (11, + (16) +(8,18)
connective tissue 16)
Nerve root — - + + 9
Ceratotrichia — + + — - 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) (limura 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 Mgpl
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 Bgpl in tetrapods was
found involved in the regulation of mineralization in
skeletal tissues, only Mgpl 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 Bgpl 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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Divergent Expression of SPARC,
SPARC-L, and SCPP Genes During
Jawed Vertebrate Cartilage
Mineralization

Adrian Romero ", Nicolas Leurs?', David Mufioz’, Mélanie Debiais-Thibaud?* and
Sylvain Marcellini*

"Laboratory of Development and Evolution (LADE), University of Concepcién, Concepcion, Chile, ZInstitut des Sciences de
I’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 evolved more 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 (Orvig,
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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spARC-L1and
SPARC-L2105S

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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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 (@rvig, 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-LI 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 (DMPI) 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
zebrafish Danio rerio the expression of distinct SCPP members 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 SCPP members during
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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 1x 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 um-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 pm 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

Evolution of Cartilage Mineralization

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,EF), 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 2LJ). 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 detection method 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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intermediate stage 32 late stage 32

Alizarine red S

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 view with 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 (fo), 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 (€) and mesenchymal (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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Scales represent 200 um, except in scale insets where they represent 50 um.

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.

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). DMPI 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 3G’).

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
4B’,C’), 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,D’,E,E’). 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,F’). DMPI 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,G’). 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,H").

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 SCPPA?2 exhibits a much stronger expression at
the diaphysis than the epiphysis region (Figures 3G,G’). 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, DMPI, 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
DMPI1 (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 Trpsl
(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
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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, G’). Pictures show the diaphysis in (A-G) and the epiphysis in (G’). 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 um 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,B’), von Kossa staining (C,C’), or in situ hybridization using a negative control [SPARC sense probe, (D,D’)] or an
antisense probe for SPARC (E,E’), BSP (F,F’), DMP1 (G, G’), and SCPPA2 (H,H’). Pictures are orientated with dorsal to the top and show the whole vertebrae (A), the
neural arch (B-H) or the vertebral body (B’-H’). 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 pym; (B), 100 um in (B-D’); (E), 50 um in (E-H’).
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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.

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 1al 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

Frontiers in Genetics | www.frontiersin.org

November 2021 | Volume 12 | Article 788346



Romero et al.

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 DMPI 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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Abstract

In bony vertebrates, skeletal mineralization relies on the secretory calcium-binding phosphoproteins (Scpp) family
whose members are acidic extracellular proteins posttranslationally regulated by the Fam20°C kinase. As scpp genes
are absent from the elephant shark genome, they are currently thought to be specific to bony fishes (osteichthyans).
Here, we report a scpp gene present in elasmobranchs (sharks and rays) that evolved from local tandem duplication
of sparc-L 5’ exons and show that both genes experienced recent gene conversion in sharks. The elasmobranch scpp is
remarkably similar to the osteichthyan scpp members as they share syntenic and gene structure features, code for a
conserved signal peptide, tyrosine-rich and aspartate/glutamate-rich regions, and harbor putative Fam20°C phos-
phorylation sites. In addition, the catshark scpp is coexpressed with sparc-L and fam20°C in tooth and scale amelo-
blasts, similarly to some osteichthyan scpp genes. Despite these strong similarities, molecular clock and phylogenetic
data demonstrate that the elasmobranch scpp gene originated independently from the osteichthyan scpp gene fam-
ily. Our study reveals convergent events at the sparc-L locus in the two sister clades of jawed vertebrates, leading to
parallel diversification of the skeletal biomineralization toolkit. The molecular evolution of sparc-L and its coexpres-
sion with fam20°C in catshark ameloblasts provides a unifying genetic basis that suggests that all convergent scpp
duplicates inherited similar features from their sparc-L precursor. This conclusion supports a single origin for
the hypermineralized outer odontode layer as produced by an ancestral developmental process performed by
Sparc-L, implying the homology of the enamel and enameloid tissues in all vertebrates.

Key words: fam20°C, sparc-L, scpp, Scyliorhinus canicula, jawed vertebrate evolution, genomic convergence, gene con-
version, ameloblasts, enamel, enameloid.

and Weiss 2003; Kawasaki et al. 2005, 2017, 2021,
Kawasaki 2009, 2011; Kawasaki and Amemiya 2014;
Venkatesh, Lee, Ravi, Maurya, Korzh, et al. 2014
Venkatesh, Lee, Ravi, Maurya, Lian, et al. 2014; Qu et al.
2015; Braasch et al. 2016; Lin et al. 2016; Lv et al. 2017;
Cheng et al. 2021). The two rounds of whole genome du-
plication in the vertebrate lineage produced the sparc and
sparc-L paralogs (Kawasaki and Weiss 2003; Kawasaki et al.
2005; Kawasaki 2009; Bertrand et al. 2013; Enault et al.
2018). In the osteichthyan lineage, sparc-L locally dupli-

Introduction

The secretory calcium-binding phosphoproteins (Scpp)
family comprises extracellular proteins playing pivotal
roles during bony vertebrate (osteichthyan) skeletal min-
eralization (Kawasaki and Weiss 2003; Kawasaki 2011).
The scpp genes are organized into genomic clusters coding
for acidic proteins involved in enamel, bone, and dentin
matrix mineralization (Nikoloudaki 2021; Ustriyana et al.
2021). Bony fish scpp genes are grouped in a single family

from their shared intron—exon structure rather than from
shared sequence features as these have quickly diverged
and are mostly nonalignable (Kawasaki and Weiss 2003).
Notwithstanding, distinct Scpp members expressed in
ameloblasts, osteoblasts, and odontoblasts share a com-
mon functional feature based on their posttranslational
regulation by Fam20°C kinase  phosphorylation
(Tagliabracci et al. 2012; Wang et al. 2013; Liu et al. 2017;
Zhang et al. 2018; Schytte et al. 2020; Shin et al. 2020).
The evolutionary history of the scpp gene family has
been the focus of intense research with regard to the evo-
lution of the vertebrate mineralized skeleton (Kawasaki

cated into sparc-L1 and sparc-L2 (Bertrand et al. 2013;
Enault et al. 2018), and multiple duplications and losses
at this locus also produced a broad array of scpp members
(Kawasaki et al. 2005; Kawasaki 2009, 2011). Some of these
duplications occurred concomitantly with the origin of
mammals and are associated with evolutionary innov-
ation, as is the case for the milk Caseins and the saliva
Muc7 gene (Kawasaki et al. 2011; Xu et al. 2016; Luis
Villanueva-Caias et al. 2017). Genome projects have iden-
tified scpp genes at the sparc-L1/sparc-L2 locus in all os-
teichthyan species examined to date, although with poor
support of 1-to-1 orthology between teleosts and
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tetrapods, reflecting a high rate of sequence divergence
and gene turnover (Kawasaki and Amemiya 2014; Qu
et al. 2015; Braasch et al. 2016; Lin et al. 2016; Kawasaki
et al. 2017; Lv et al. 2017; Cheng et al. 2021).

As careful examination of the elephant shark genome
failed to identify any scpp gene around sparc-L
(Venkatesh, Lee, Ravi, Maurya, Lian, et al. 2014), the scpp
family was considered to be osteichthyan-specific
(Venkatesh, Lee, Ravi, Maurya, Korzh, et al. 2014
Venkatesh, Lee, Ravi, Maurya, Lian, et al. 2014; Kawasaki
et al. 2017, 2021), implying that chondrichthyans use a de-
fault mineralization genetic toolkit merely composed of
Sparc and Sparc-L. This argument was also used as a sup-
port to the conclusion that chondrichthyan enameloid,
the outer hypermineralized tissue of teeth and scales, is
not homologous to the osteichthyan enamel (in tetra-
pods) nor ganoin (in actinopterygians, coelacanth, and
lungfish) that critically rely on Scpp proteins for their min-
eralization (Qu et al. 2015; Kawasaki et al. 2017, 2021).

Chondrichthyans and stem jawed vertebrates, however,
exhibit a rich diversity of mineralized skeletal tissues with
similarity to those of bony fish (@rvig 1951; Min and
Janvier 1998; Donoghue and Sansom 2002; Donoghue
et al. 2006; Johanson et al. 2012; Brazeau and Friedman
2015; Keating et al. 2018; Lemierre and Germain 2019;
Brazeau et al. 2020; Berio et al. 2021), which seems at
odds with the idea of a Sparc/Sparc-L default toolkit. To
address this issue, it remains of utmost importance to bet-
ter characterize the genetic basis of skeletal mineralization
in chondrichthyans. By exploring high-quality genome as-
semblies, we show here for the first time that elasmo-
branchs (a chondrichthyan monophyletic  group
including sharks and rays) have independently evolved a
scpp gene. Our data reveal that distinct mutational and
evolutionary processes at the chondrichthyan sparc-L lo-
cus mimic many of the key features that are emblematic
of osteichthyan scpp genes and illustrate how molecular
parallelism has continuously enriched the vertebrate skel-
etal mineralization genetic repertoire. Taken together, our
genomic and expression data provide a unifying genetic
basis that supports the homology of developmental pro-
cesses for enamel and enameloid in all jawed vertebrates.

Results

A Novel Elasmobranch scpp Gene

We identified a nonannotated gene at the sparc-L locus in
high-quality genome assemblies of two elasmobranch spe-
cies, the lesser spotted catshark Scyliorhinus canicula and
the skate Amblyraja radiata (fig. 1). We named this gene
scpp because it is genomic, structural, and expression fea-
tures are remarkably similar to the osteichthyan scpp
genes. The syntenic location of the elasmobranch scpp
gene and its tail-to-tail orientation with respect to
sparc-L are equivalent to the osteichthyan acidic scpp
gene cluster (fig. 1; see Kawasaki 2009; Braasch et al.
2016). In addition, the intron/exon structure of the

2

catshark and skate scpp genes is identical to the 5’ in-
tron/exon structure of the nearby sparc-L gene, supporting
its origin from partial local duplication of the sparc-L locus
(fig. 1). Hence, the first three introns located in the open
reading frame of the elasmobranch scpp are in phase 0
(fig. 1), which is the phase most commonly observed in os-
teichthyan scpp genes (fig. 1; see Kawasaki and Weiss
2003). A fourth intron is located in phase 1 in scpp and
sparc-L (fig. 1). We searched genomic and transcriptomic
data and identified a similar scpp gene in other elasmo-
branch species belonging to selachimorphs (the sharks
Scyliorhinus  torazame, Chiloscyllium punctatum, and
Carcharodon carcharias) and batoids (the ray Raja clavata
and the skate Okamejei kenojei, supplementary material S1,
Supplementary Material online). In all cases, the encoded
elasmobranch Scpp protein displays a signal peptide con-
served with Sparc, Sparc-L/L1/L2, and the osteichthyan
Scpp sequences, together with an enrichment of aspar-
tate/glutamate (D/E) residues and the presence of con-
spicuous putative Fam20°C phosphorylation SxE sites
(ig. 1 and table 1; see Kawasaki et al. 2005, 2007;
Kawasaki 2009; Qu et al. 2015). Furthermore, similarly to
the osteichthyan Scpps, the elasmobranch Scpp protein
lacks the Kazal/calcium-binding domain located in the
C-terminal region of Sparc and Sparc-L/L1/L2 (fig. 1 and ta-
ble 1; see Kawasaki et al. 2005, 2007; Kawasaki 2009;
Bertrand et al. 2013; Qu et al. 2015). The elasmobranch
Scpp protein also includes a N-terminal tyrosine-rich
(Y-rich) region absent from Sparc and Sparc-L/L1/L2 but
present in a wide array of osteichthyan Scpps (fig. 1 and
table 1; see Kawasaki and Amemiya 2014; Kawasaki et al.
2021). The prediction for any novel scpp gene is that it
should be expressed at sites that are relevant for biominer-
alization during skeletal development. We, therefore, per-
formed in situ hybridizations on developing catshark
embryos and found that scpp is expressed in ameloblasts
from both teeth and scales, specifically at the secretory
stage (fig. 2A, B, E, and F). By contrast, sparc-L and
fam?20°C are expressed in ameloblasts, both at the secre-
tory and maturation stages, with an additional expression
of fam20°C in odontoblasts (fig. 2C, D, G, and H ). The spa-
tially restricted scpp expression to the catshark secretory
ameloblasts is strikingly similar to the situation reported
for a variety of osteichthyan acidic and P/Q rich scpp
gene members (table 1; see MacDougall et al. 1998;
Kawasaki 2009; Gasse and Sire 2015; Kawasaki et al.
2021). Taken together, genomic, structural, and expression
features support the classification of this novel elasmo-
branch gene as a bona fide member of the scpp gene family,
with similarities to both the acidic and the P/Q rich os-
teichthyan members (table 1).

Scpp and Sparc-L Share Specific Sequence Features
in Elasmobranchs

Although the signal peptide is the only similar domain be-
tween Sparc-L1/L2 and the Scpp proteins in osteichthyans
(Kawasaki et al. 2005, 2007), the elasmobranch Sparc-L and
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Fic. 1. Characterization of a novel scpp gene in shark and ray genomes. Synteny and intron—exon structure of the sparc-L and scpp loci for the
indicated osteichthyan (Lepisosteus oculatus) and chondrichthyan species (the holocephalan Callorhinchus milii; the shark S. canicula; the ray
A. radiata). For synteny, triangles show relative gene position and orientation. The osteichthyan scpp members are represented as whole
P/Q-rich or acidic clusters and not individually. For each exon, a color code legend identifies the UTRs or the encoded protein domains.
Numbers at the bottom right corner of each exon indicate the position of the last encoded amino-acid, and numbers between two consecutive
coding exons indicate the translation phase. Putative Fam20°C phosphorylation sites (SXE) are shown along each sequence. All exons are drawn
to scale, except for the last exon which is trimmed. The position of the sparc-L and scpp in situ hybridization probes is indicated.

Scpp sequences can be readily aligned and compared
(fig. 1, supplementary materials S2 and S3, Supplementary
Material online). Notably, elasmobranch Sparc-L and Scpp
proteins both contain a variable 8 amino acid-long periodic
motif whose consensus is PDYXXPXX and that is absent
from the elephant shark Sparc-L (fig. 1 and table 1,
supplementary materials S1, S3, and S4, Supplementary
Material online) and from all the osteichthyan Sparc-L1/
L2 proteins we examined (not shown). The elasmobranch
Sparc-L and Scpp proteins also share a well-conserved in-
ternal region which is absent from the elephant shark
Sparc-L and from the osteichthyan Sparc-L1/L2 homolo-
gues (fig. 1, supplementary material S3, Supplementary
Material online). We envision three possible evolutionary
scenarios for the evolution of the jawed vertebrate scpp
genes, each of which is associated with a specific phylogen-
etic tree topology (fig. 3A). According to Hypothesis 1,
scpp genes in bony and cartilaginous fishes are orthologous
and evolved from a single scpp duplication in all jawed ver-
tebrates and a subsequent loss in holocephalans.

Hypothesis 2 states that parallel duplication events gener-
ated scpp sequences in bony and cartilaginous fishes, fol-
lowed by a scpp loss in holocephalans. Finally, according
to Hypothesis 3, parallel events of duplication generated
scpp sequences in bony and elasmobranch fishes.
Alignments and phylogenetic analyses were performed
with full-length Scpp and Sparc-L sequences from cartil-
aginous fishes and osteichthyan Sparc-L1/L2 sequences
(supplementary materials S2 and S3, Supplementary
Material online). The scpp sequences from two bony fishes
(Lepisosteus oculatus and Erpetoichthys calabaricus) were
too divergent to generate an informative alignment
(supplementary material S5, Supplementary Material on-
line). Our phylogenetic reconstruction shows that the
elasmobranch Sparc-L and Scpp group together in a well-
supported node with the elephant shark Sparc-L sequence
as an outgroup (fig. 3B). This result is consistent with an
independent origin of the elasmobranch scpp gene by du-
plication of the sparc-L 5’ exons after the split from holo-
cephalans, thereby supporting Hypothesis 3 (fig. 3A).
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Table 1. Comparison of the Structure of the Scpp and Sparc-L/L1/L2 Proteins and of the Expression Patterns of Their Corresponding Genes.

Osteichthyan acidic Scpps Osteichthyan Elasmobranch Sparc-L/-L1/-L2

PIQrich Scpps Scpp N-terminal Region C-terminal
Region
Signal peptide (A) ++ ++ ++ ++ -
Presence of SxE sites (B) ++ ++ ++ 44 _
Kazal and calcium-binding domains (C) — — — — ++
Y-rich domain (D) + + ++ — _
D/E-rich domain (E) ++ - ++ 44 _
P/Q-rich domain (F) — ++ — — _
PDYXXPXX repeated motif and — — ++ + (only in _
conserved internal domain (G) elasmobranch Sparc-L)
Ameloblastic expression (H) + (mouse Dpm1, ++ ++ + (only for the elasmobranch sparc-L)
zebrafish spp1)
Odontoblastic expression (1) ++ + — _

NoTe.—The table recapitulates the presence (+, in all or most examined members; and +, at least in some members, shown in green) or the absence (—) of structural and
expression features for the indicated proteins and their corresponding genes. Sources: (A) this study and see Kawasaki et al. (2005, 2007); (B) this study and see Kawasaki et al.
(2005, 2007); (C) this study and see Kawasaki et al. (2005, 2007), Kawasaki (2009), Bertrand et al. (2013); (D) this study and see Kawasaki and Amemiya (2014), Kawasaki et al.
(2021); (E) this study and see Kawasaki et al. (2005, 2007), Kawasaki (2009), Qu et al. (2015); (F) Kawasaki and Amemiya (2014), Kawasaki et al. (2017); (G) this study; (H) In
osteichthyans, P/Q-rich scpp members are typically expressed in ameloblasts (Kawasaki 2009). Similarly to the elasmobranch scpp gene, a specific expression at the early
secretory stage has been reported for a variety of P/Q-rich scpps such as the lizard and salamander amtn gene (Gasse and Sire 2015) and the gar ambn, enam, and
scpp5 genes (Kawasaki et al. 2021). Osteichthyan acidic scpps are typically associated with dentine and bone (Kawasaki 2009), but a specific expression in secretory amelo-
blasts has also been reported for zebrafish spp1 (Kawasaki 2009) and mouse Dmp1 (MacDougall et al. 1998). Although the mouse Sparc-L1 gene is not expressed in teeth, nor
in any other skeletal tissue (Soderling et al. 1997), the elasmobranch sparc-L gene harbors a pan-ameloblastic expression (this study and see Enault et al. 2018); (I) this study
and see Enault et al. (2018), Kawasaki et al. (2005, 2021), Kawasaki (2009), Yonekura et al. (2013).

] _Tooth bug

fam20C

Fic. 2. The lesser spotted catshark scpp gene is coexpressed with sparc-L and fam20°C in tooth and scale ameloblasts. Sections were performed at
the level of developing scales (A-D, 8 cm-long embryos) and teeth (E-H, 9.5 cm-long embryos). Hematoxylin-Eosin-Safran histological staining
(A and E) shows cells in the epithelium (ameloblasts, am) and the mesenchyme (odontoblasts, od), as well as the mineralized extracellular matrix
(m). White arrowheads indicate secretory ameloblasts (sec am) and black arrowheads indicate maturation-stage ameloblasts (mat am). In situ
hybridization signal identifies cells expressing scpp (B and F), sparc-L (C and G), or fam20°C (D and H).

The Elasmobranch scpp Gene Experienced Nonallelic
Gene Conversion with sparc-L Specifically in
Selachimorphs

The phylogenetic analysis using full-length proteins shows
that the Sparc-L and Scpp sequences consistently group
together as species pairs in the shark clade (fig. 3B), a phe-
nomenon reminiscent of concerted evolution due to non-
allelic gene conversion between paralogs (Zhou et al.
2019). From this tree topology, it is impossible to deduce

4

if the scpp gene evolved once at the base of the elasmo-
branchs, or if it results from independent duplications in
selachimorphs and batoids. Performing a stringent genom-
ic alignment reveals that gene conversion has occurred in
four discrete genomic regions shared between the catshark
sparc-L and scpp genes that encompass the coding exons 1
and 2, and overlaps with the end of the coding exon 3
(fig. 4A, supplementary material S6, Supplementary
Material online). Accordingly, a phylogenetic reconstruction
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Fic. 3. Evolution of scpp from the sparc-L locus. (A) The cladograms represent three possible evolutionary scenarios: scpp genes in bony and
cartilaginous fishes are orthologous and evolved from a single scpp duplication in all jawed vertebrates, followed by a scpp loss in holocephalans
(Hypothesis 1); parallel duplication events generated scpp sequences in bony fishes and in cartilaginous fishes, followed by a scpp loss in holo-

cephalans (Hypothesis 2); parallel duplication events generated

scpp sequences in bony and elasmobranch fishes (Hypothesis 3).

(B) Phylogenetic reconstruction of chondrichthyan Sparc-L and Scpp proteins. The phylogeny was performed with full-length Scpp and
Sparc-L sequences and was rooted with the sea lamprey Sparc-L sequence (refer to supplementary material S14, Supplementary Material online
for species names and accession numbers). The evolutionary model used was JTT + |+ G4 and the alignment was 538 amino acid long
(supplementary material S3, Supplementary Material online). Node support was evaluated with sh-Irt and 5000 ultra-fast bootstrap replicates,
values are indicated on each node. Scpp proteins are shown in orange and red dots indicate bootstraps values superior to 95.

performed solely with the regions subjected to gene con-
version (i.e, amino acid sequences encoded by coding
exons 1 and 2 and the end of coding exon 3) groups se-
quences by shark species pairs, whereas the ray sequences
form two distinct Sparc-L and Scpp clades (fig. 4B,

supplementary material S7, Supplementary Material on-
line). By contrast, a phylogenetic analysis excluding the
conversion regions the variable PDYXXPXX repeat to-
gether with the Kazal and calcium-binding domains separ-
ate the elasmobranch sequences into two well-supported
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Sparc-L and Scpp clades (fig. 4C, supplementary material
S8, Supplementary Material online), which is also recov-
ered in a phylogenetic reconstruction with the full species
sampling  (supplementary materials S9 and S10,
Supplementary Material online). These analyses support
both: (1) recent gene conversion in the shark lineage be-
tween sparc-L and scpp and (2) a single evolutionary origin
for a scpp gene in all elasmobranchs. We reasoned that
using the Ks value as a proxy to the timing of divergence
between the sparc-L and scpp duplicates would represent
an unbiased way to further test Hypothesis 3 (fig. 3A).
Hence, we calculated a synonymous mutation rate (Ks)
in the nucleotide sequence located outside of the conver-
sion zone (supplementary materials S11 and S12,
Supplementary Material online), and used the available
median value for selachimorph neutral mutation rate (Ks
~0.2/100 My, according to Hara et al. 2018). Ks calcula-
tions between pairs of paralogs from the same selachi-
morph species had mean values of ~0.7 (see branch
lengths in supplementary material S12, Supplementary
Material online) corresponding to a timing of divergence
between the sparc-L and scpp genes of about 350 My.
These values, therefore, confirm an origin of scpp from a
local duplication of sparc-L in an ancestor of all elasmo-
branch fishes (265-400 My; third hypothesis in fig. 3A).

An Acidic N-terminal Domain and Fam20°C
Phosphorylation Sites are Ancestral Features of
Chondrichthyan Sparc-L Proteins

In elasmobranchs, exon—-intron structure, protein align-
ment, and phylogeny show that the Scpp proteins evolved
from the Sparc-L N-terminal region (i.e, excluding the
Kazal/calcium-binding  domain). As the Sparc-L
N-terminal region from sharks and rays is enriched in acid-
ic residues and contains SxE consensus sites (fig. 1 and ta-
ble 1, supplementary material S1, Supplementary Material
online), we speculate that both structural features were al-
ready present in the last common ancestor of all elasmo-
branchs and were inherited by Scpp upon its emergence
in this lineage. Similarly, previous work had noted that
the elephant shark Sparc-L N-terminal region is highly
acidic in nature (Kawasaki et al. 2017). Here, we further
show that elephant shark Sparc-L acidity is dramatically
exacerbated by the amplification of a 24 amino acid-long
motif (containing 39.3% of D/E residues, fig. 1, see
supplementary materials S1 and S4, Supplementary
Material online) that suffices to decrease the theoretical
isoelectric point of the protein (4.14 with 11 repeats vs.
4.52 with one repeat). In addition, the region encompassed
by the duplicated motif contains 26 putative Fam20°C
phosphorylation sites (fig. 1, supplementary material S1
and S4, Supplementary Material online) generating in
the N-terminal region of elephant shark Sparc-L the high-
est abundance of SxE motifs of all sequences examined in
this study (5.1 sites per 100 a.a. vs. 1.7 and 1.8 sites per 100
a.a. on average for the elasmobranch Sparc-L N-terminal
regions and Scpp proteins, respectively). Despite being

poorly alignable, the elasmobranch and holocephalan
Sparc-L N-terminal regions display both an enrichment
in acidic residues and the conspicuous presence of puta-
tive Fam20°C phosphorylation sites, which can be inferred
to represent ancestral characters of all chondrichthyan
Sparc-L proteins, and to have been inherited by Scpp
upon its emergence in elasmobranchs.

Discussion

We demonstrate that a scpp gene evolved by duplication
of the sparc-L 5'exons of in elasmobranchs, similarly to
their evolution through the duplication of the sparc-L1
and/or L2 in osteichthyans, revealing at least two inde-
pendent origins of scpp genes in jawed vertebrates.
Independent evolution of the bony fish and elasmobranch
scpp genes is supported both by our phylogenetic recon-
structions and by molecular clock analysis. Despite conver-
gent origins of the elasmobranch and the osteichthyan
scpp genes, we chose to name this duplicate accordingly,
because the duplication events that generated scpp genes
in osteichthyans are largely unknown (discussed in
Kawasaki et al. 2017) and may also include parallel dupli-
cation events. Furthermore, we reveal a history of gene
conversion between scpp and sparc-L in selachimorphs,
which is comparable to other cases of lineage-specific
gene conversion between tandem duplicates in vertebrate
genomes, as reported for the protocadherin and beta-
globin genes (Noonan et al. 2004; Hoffmann et al. 2018).
Remarkably, the elasmobranch Scpp convergently evolved
emblematic characteristics of the osteichthyan Scpp pro-
teins, as it lacks the Sparc-L Kazal/calcium-binding domain
(Kawasaki et al. 2004) and acquired an N-terminal
tyrosine-rich domain (Kawasaki and Amemiya 2014;
Kawasaki et al. 2021). An additional level of convergence
results from the highly specific expression patterns of
scpp genes in presecretory ameloblasts (fig. 2). Indeed, ex-
pression data in shark and ray showed that sparc-L was al-
ready a pan-ameloblastic gene in the last common
ancestor of all elasmobranchs (Enault et al. 2018), implying
that, upon duplication, scpp diverged to restrict its expres-
sion pattern to the secretory phase of amelogenesis, as has
been observed for several osteichthyan scpp genes (table 1;
see Gasse et al. 2015; Kawasaki et al. 2021). In this respect,
the parallel evolution of osteichthyan and elasmobranch
Scpp proteins involved coordinated changes at: (1) the
genomic level (i.e,, a lineage-specific duplication of 5" exons
of the ancestral sparc-L or sparc-L1 or -L2 that excludes the
exons coding for the C-terminal Kazal/calcium-binding do-
main); (2) the structural level (i.e, the emergence of a
Y-rich domain, the maintenance of acidic residues and
SxE sites in spite of significant sequence turnover); and
(3) the regulatory level (i.e, the restriction of expression
to the secretory ameloblasts). Scpp parallel evolution,
therefore, represents a unique scenario that improves
our understanding of independently evolved genes.
Indeed, our proposed model (fig. 5) differs from other
cases of independently evolved proteins that have
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Fic. 5. Evolutionary scenario for the turnover of the jawed vertebrate ameloblastic genetic toolkit. The composition of the enamel/enameloid
mineralization toolkit is shown for the hypothetical stem jawed vertebrates (A), holocephalans (B), elasmobranchs (C), and osteichthyans (D),
whose odontodes contain a dentine core (Dn) covered by an enamel/enameloid layer (En). Arrows indicate the phosphorylation (P) of Sparc-L
(orange) and/or Scpp (red) proteins by Fam20°C (yellow). Sparc-L harbors a C-terminal Kazal/calcium-binding domain (Ca2+) absent from Scpp
proteins. The holocephalan Sparc-L N-terminal domain contains 11 tandem duplications of an acidic motif (vertical lines) enriched in SxE sites. A
cladogram shows for each jawed vertebrate lineage the ameloblastic expression of sparc-L and scpp genes (orange and red branches, respect-
ively). Asterisks indicate parallel scpp duplication events. According to this model the ancestral enamel/enameloid mineralization toolkit was
based on Sparc-L, a situation maintained in holocephalans. The elasmobranch toolkit includes Sparc-L and Scpp, whereas Sparc-L1 and Sparc-L2

were functionally replaced by the Scpp family in osteichthyans.

originated from parallel fixation of mutations in different
paralogs belonging to relatively large preexisting gene fam-
ilies (Christin et al. 2007; Flores-Aldama et al. 2020; Barua
et al. 2021), from the progressive accumulation of muta-
tions to produce a similar motif (Kriener et al. 2000), or
from the emergence of biased amino-acid domains in pro-
teins of completely unrelated origins (Calatayud et al.
2021).

The specific expression of scpp in secretory ameloblasts
during catshark tooth and scale development strongly sug-
gests that the elasmobranch scpp is a functional gene in-
volved in enameloid matrix secretion and/or maturation.
This idea is further supported by the presence of acidic do-
mains and conspicuous putative Fam20°C phosphoryl-
ation sites in the elasmobranch Scpp proteins, as well as
by the expression of fam20°C in catshark ameloblasts.
Hence, in elasmobranchs, sequence and expression data
support the hypothesis that Scpp binds calcium ions and
is phosphorylated by Fam20°C during matrix mineraliza-
tion, as has been reported for osteichthyan Scpp proteins
(Tagliabracci et al. 2012; Wang et al. 2013; Klaning et al.
2014; Liu et al. 2017; Zhang et al. 2018; Schytte et al.
2020). Intriguingly, in the elephant shark, the Sparc-L pro-
tein is the most acidic and most enriched in putative
Fam20°C phosphorylation sites, whereas the enameloid
cap is relatively thin (Gillis and Donoghue 2007; Jerve
et al. 2014). This apparent paradox might be resolved by
considering that enameloid reduction in Callorhinchus
milii is a derived character, and that holocephalan stem
group specimen displays a well-mineralized outer
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odontode layer (Gillis and Donoghue 2007; Jerve et al.
2014). In addition to the chondrichthyan Sparc-L, the os-
teichthyan Sparc-L1/L2 proteins also harbor an
N-terminal domain enriched in acidic residues (Kawasaki
and Weiss 2006; Kawasaki et al. 2017) and in SxE sites
(1.9 sites per 100 a.a. on average, data not shown). As a re-
sult, we conclude that, in the jawed vertebrate lineage, an
acidic Sparc-L protein was ancestrally phosphorylated by
Fam20°C and was also binding calcium during enameloid
formation, a situation that probably already existed in os-
teostracans and placoderms (fig. 5A), and that remained
largely unchanged in the holocephalan lineage (fig. 5B).
Elasmobranchs and osteichthyans convergently evolved
Scpp proteins that respectively function redundantly
with Sparc-L (fig. 5C) or eventually took over the role an-
cestrally played by Sparc-L1/L2 (fig. 5D).

Previously, the absence of scpp genes in holocephalans
was thought to be representative of the whole chon-
drichthyan group, and has been used as an argument to
propose that osteichthyan enamel and chondrichthyan
enameloid are not homologous tissues (Qu et al. 2015;
Kawasaki et al. 2017, 2021). Here, we reinforce arguments
supporting the homology of some developmental pro-
cesses that generate an outer hypermineralized layer in
vertebrate odontodes (also discussed in Kawasaki et al.
2017). We consolidate the idea that an acidic Sparc-L sub-
jected to Fam20°C posttranslational regulation represents
a crucial molecular element of the ancestral ameloblastic
genetic toolkit. Although Sparc-L and Scpp are probably
still partially redundant in elasmobranchs, the dramatic
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expansion of the Scpp gene family in osteichthyans has
clearly minimized, or even abolished, the skeletal expres-
sion and function of Sparc-L1/L2 in this group (Bertrand
et al. 2013; Enault et al. 2018), explaining why enamel
was previously thought to be fundamentally different
from chondrichthyan enameloid. One of the earliest works
on the scpp genes employed the term “phenogenetic drift”
to illustrate how homologous enamel and ganoin extracel-
lular matrices from distinct osteichthyan lineages have
progressively modified the nature and composition of
the Scpp proteins they contain (Kawasaki et al. 2005).
Our study expands the concept of phenogenetic drift by
showing that the ameloblastic cassette is subjected to a
high rate of turnover in jawed vertebrates, leading to dif-
ferent sets of proteins being secreted to the mineralizing
front of the outer odontode layer of holocephalans,
elasmobranchs, and osteichthyans. In this context, the hy-
pothesis of an ancestral regulation of Sparc-L by Fam20°C
represents a unifying genetic basis that, if demonstrated,
would prove the homology of developmental processes
that evolved in the remarkably diverse enamel/ganoin/en-
ameloid cap covering the teeth and scales of extant and ex-
tinct jawed vertebrates.

Materials and Methods

Animal care, staging, histology, and in situ hybridization
procedures of embryonic lesser spotted catshark S. canicula
were performed as previously described (Enault et al. 2018).
The scpp and fam20°C sequences were amplified and
cloned using lesser spotted catshark vertebrae cDNA and
the following primers (5'-3'): scpp-Forward GATTTGGG
CAGCAACAGTCA, scpp-Reverse TGTCTAACCCCGGTG
TGAAA; fam20°C-Forward GGCTGCTGATCATCATGG
TG, fam20°C-Reverse GGAAAGCAGCAATCTCCGAG, to
be used for RNA probe synthesis. Refer to Enault et al.
(2018) for sparc-L probe synthesis. All in situ hybridizations
included two negative control slides (no probe and sense
probe), which were devoid of signal (supplementary
material S13, Supplementary Material online).

All accession numbers and genomic coordinates are
available in supplementary material $S14, Supplementary
Material online. Amino acid enrichments were detected
with CAST (Promponas et al. 2000), internal repeats
were searched with XSTREAM (Newman and Cooper
2007), and repeat logos were generated with the
GGSEQLOGO R package (Wagih 2017). Isoelectric point
was computed using Expasy online tool (Gasteiger et al.
2003). Highly similar sequences between the Sparc-L and
Scpp loci were searched using BLAST 2.2.19 with default
parameters (Altschul et al. 1997).

Sequences used for phylogenetic reconstructions were
aligned using MAFFT (Katoh et al. 2002; Katoh and
Standley 2013), using standard parameters. Alignments
were cleaned using HmmCleaner with standard para-
meters (Di Franco et al. 2019). Phylogenetic analyses
were performed using Maximum Likelihood under
IQ-TREE 1.6.12 (Nguyen et al. 2015). Node support was

estimated by performing five thousand ultra-fast (UF)
bootstrap replicates (Hoang et al. 2018) and single branch
tests (SH-aLRT, see Guindon et al. 2010). The minimum
correlation coefficient for UF bootstrap convergence cri-
terion was set to 0.90 and evolutionary models were cho-
sen by ModelFinder (Kalyaanamoorthy et al. 2017). CDS
nucleotide sequences for chondrichthyan scpp and
sparc-L were aligned using MACSE (Ranwez et al. 2018).
The resulting alignments were trimmed to exclude the
conversion zones and Kazal domains. The trimmed align-
ment (supplementary material S11, Supplementary
Material online) and the topology of the concatenated
phylogeny (fig 4C) with C. milii as an outgroup were
used to compute Ks values for each branch using PAML
v4.9¢ (Yang 2007).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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2.5 Discussion: Candidates genes and comparative anal-

yses in Evo-Devo

Mineralization-associated candidate genes are the result of an initial comparative analysis be-
tween bony and cartilaginous fishes in an effort to explore gene expression in an non-model
species, here the small-spotted catshark. This is a powerful method to describe gene reper-
toires (when the full gene family is considered) and expression patterns in major gnathostome
lineages that might explain different skeletal features. As illustrated by the three articles pre-
sented in this chapter, there might be substantial variation in the gene repertoire in some
families, but also divergence in the expression patterns of homologous genes.

In the case of mgp and bgp each paralog underwent a specific duplication in different lin-
eages: mgp in chondrichthyans and bgp in osteichthyans. Functionally, the bony fish mgp gene
is associated with the inhibition of mineralization while the bgp! gene is associated with hy-
droxyapatite deposition. Furthermore, no descriptions of bgp2 expression exist in the literature.
In chondrichthyans, mgpI has a conserved expression pattern compared to bony fish mgp, while
the mgp2 paralog presented a completely different expression pattern in non-mineralizing tis-
sues, probably as a consequence of neofunctionalization. Regarding the chondrichthyan bgp we
did not find any congruent expression with the hypothesis of the activation of mineralization.
These results suggest a gnathostome ancestral mgp gene whose expression pattern in mineral-
izing tissues may reflect a role in the inhibition of mineralization, while the ancestral bgp gene
was either recruited in the bony fish mineralization toolkit or lost in the chondrichthyan toolkit.

We showed that chondrichthyans, teleosteans and tetrapods differ in the expression patterns
for sparc, sparc-L and the scpp genes. First, sparc is expressed solely in mineralizing tissues
of the endoskeleton of chondrichthyans. It has also been shown that it is expressed in bone
and odontoblasts of both teleosteans and tetrapods (P. Holland et al., 1987; N. Li et al., 2009).
This suggests that an ancestral sparc gene was already expressed in these mineralizing tissues
before gnathostome diversification. Conversely, scpps show a shared expression pattern in pre-
secretory ameloblasts in both elasmobranch and osteichthyans. Although both elasmobranch
and osteichthyan scpps originated from duplications of the sparc-L gene, these events appear
to have happened independently. The logical conclusion is that these genes are convergent and
not inherited from the common ancestor of jawed vertebrates. Additionally, since the scpp
genes in elasmobranchs and osteichthyans originated from independent duplications of their
respective sparc-L and still kept similar functions, it suggests that the ancestral sparc-L gene
already displayed an ancestral role in ameloblasts and therefore in mineralization. Therefore,
the genes are convergent, but their expression patterns are ancestral because inherited from
sparc-L.

These articles showcase various differences of gene repertoires and expression patterns that

can be observed when comparing gnathostome lineages. We observed genes that kept the an-
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cestral expression pattern (mgp! and sparc) and genes that acquired new functions altogether
(bgp! and mgp2). Surprisingly, we even observed genes that originated from independent
duplications of the same gene and still display convergent expression patterns (scpps). Un-
derstanding these dynamics is key to inferring the origins of the mineralization processes in
vertebrates (cf Chapter 5).

Along with these articles I produced some additional data that is still preliminary and
unpublished, but that will be useful for the following sections. This data concerns in situ
hybridizations of alp in vertebrae and scales, and both fam20c and scpp in the vertebrae. The
alp protein has been previously shown to be active at sites of mineralization in old embryos of
the swell shark (Cephaloscyllium ventriosum) such as the surface of Meckel’s cartilage and in
the developing tooth (Eames et al., 2007). Additionally, the in situ hybridizations of this gene
on transversal sections of 6.5cm TL S. canicula embryos (Fig 2.1) highlight that the expression
of this gene is localized in sites of mineralization such as the centra, the neural arches and both
compartments of the scales. In this figure additional ISH assays of fam20C and scpp extend
their expression patterns to endoskeletal structures, since we have only seen them in odontodes
in Chapter 1. While fam20c is clearly not detected in chondrocytes, scpp seems to be associated

with mineralizing chondrocytes although this remain to be confirmed.
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Figure 2.1: Expression patterns of alp, fam20c and scpp in 6.5cm TL S. canicula embryos. White
arrowheads indicate sites of expression whitin the vertebrae or the scales (only for alp). The dotted
line separates the epithelial and mesodermic compartments of the scale. nt: notochord, sc: spinal
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Chapter 3

The transcriptomic approach that was

supposed to work better

3.1 Introduction

As mentioned above, when I started my PhD, only a partial and poorly assembled Scyliorhinus
canicula genome was available, and RNAseq data was scarce. The only data I had was a
de novo assembled transcriptome based on RNAseq data from a variety of labs around the
world (including some unpublished data) resulting from a collaboration with Sylvie Mazan
(Observatoire Océanologique Banyuls). This data however was not exploitable in and of itself
for finding mineralization associated genes, since the raw data was not necessarily accessible nor
useful (e.g. sampling done in unmineralized tissues such as liver, retina, etc...). This reference
transcriptome therefore served as a replacement for the non-existing genome. This means that
the main way I worked at first was through a candidate gene approach, using this reference to
check whether I could find the orthologs of interest.

Candidate gene approaches are useful, although sometimes a studied gene might not be
associated with mineralization in chondrichthyans when it is in bony fishes despite all the
efforts to carry out the study. Most importantly I might be missing important innovations
in chondrichthyans that have no link to what is known in bony fishes. Therefore, I had a
strong eagerness to explore transcriptomics in an attempt to have an unbiased assessment of
mineralization-associated genes in the small spotted catshark, and to increase the power of our
analyses to more genes than what I had done previously. Indeed a transcriptomic approach
could allow me to screen many potential mineralization genes, while the candidate gene was
more of a one by one step-wise approach.

When I started to work on transcriptomic data generated in the lab (reads produced in early
2020), my main reference was the transcriptome assembled by Hélene Mayeur, in the team of
Sylvie Mazan, so all the analyses produced were dependent on this reference (read mapping,

see below). However, the small-spotted catshark species was then chosen for genome and RNA
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sequencing as part of the commemoration of the 25 years of the Sanger Institute (december
2019). The institute produced a chromosome-level assembly of the genome of my model species
as well as an improved reference transcriptome based on fifty RNAseq libraries including major
tissues of every organ system (received in may 2020). Therefore, all my transcriptomic data
and analyses could benefit from these new references, and I adjusted all the work I did onto this
new and improved data. However, very quickly, Sylvie Mazan and her collaborators created yet
another reference, this time a gene model (Mayeur et al., 2021), based on the old transcriptome,
Sanger Institute’s new reference and NCBI predictions and annotations. Accordingly, in an
effort to have the best quality reference, I overhauled my previous analyses to match this latest
most complete reference.

In the following, I will be explaining how I used these different data sets (both our locally
sequenced RNAseq, as well as Sanger Institute’s RNAseq and the latest gene model from Sylvie
Mazan) to try and isolate mineralization-associated genes in Scyliorhinus canicula. The idea
was to find differentially expressed genes between young and old embryonic vertebrae to isolate
the mineralization-associated ones. Although this straight forward approach did not seem to
work at first, I used the Sanger Institute RNAseq libraries to define putative skeletal markers
and check for differential expression only in this subset. Below, I will present the bio-informatic
methods only for the latest version of this analysis, which is still ongoing and unpublished.
Finally, a more detailed study of these genes was performed using phylogenies, mRNA in situ

hybridizations and comparative analyses with functional data on bony fishes.

3.2 Materials and methods

Step-wise procedure for all materials and methods are illustrated in Fig 3.1

3.2.1 Transcriptomic data generated by the Sanger’s Institute

S. canicula tissue libraries from whole embryos at stages 12, 22, 24, 26, 30 and 31 (Ballard
et al., 1993) and adult tissues sampled from three individuals (BioSample accessions: 21694013
to 21694062) as following: “Tissue (number of biological replicates)”

Ampullae of Lorenzini (2), Blood (2), Brain+Olfactory sac (3), Chondrocranium (3), Dermal
denticles (3), Dental lamina (3), Esophagus (1), Eye (2), Gills (1), Heart (1), Kidney (1), Liver
(1), Meckel’s cartilage (3), Muscle (2), Ovary (1), Pancreas (2), Rectal gland (2), Spinal cord
(1), Spiral intestine (2), Spleen (1), Stomach (1), Seminal vesicle (1), Testis (2), Uterus (1) and
Vertebrae (2).

The paired-end RNAseq reads from adult and embryonic S. canicula tissue samples were
mapped onto the reference gene model (Mayeur et al., 2021) using BWA MEM (H. Li, 2013).
After converting the resulting alignments to BAM files using samtools, mapped reads were
filtered (Flag 0x904, MAPQ > 3) and sorted in order to extract counts for each library. Count
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data was also normalized as Transcripts Per Kilobase Millions (TPMs). When a tissue had
several replicates (max 3 replicates), TPM values were averaged, leading to a final number of
31 tissues compared. For each gene, Z-scores were then calculated to evaluate tissue-biased

expression as

n

Z=(c)-

Where for any gene: x is the observed TPM value in a given tissue, u is the mean of all
tissues, o is the standard deviation of all tissues and n is the number of tissues.

For all subsequent analyses only genes which are over-represented in skeletal tissues and
under-represented in skeletal muscle were used. Under-representation in muscle was used as it
is the main contaminant tissue in our samples. This filtering step was performed by selecting
genes with Z-scores > 4 in all three skeletal tissues and with Z-scores < 1 in skeletal muscle.

This results in a list of 681 genes, defined as reference skeletal markers.

3.2.2 Mineralization-focused RN Aseq data

The delineation of our RNA sequencing design was based on current knowledge of catshark
endoskeleton mineralization. Three main things were relevant in our decision making: the
mineralization of Scyliorhinus canicula vertebrae (i) begins in neural arches when embryos
reach ~6.5cm total length (TL), (ii) at ~8cm TL all structures meant to mineralize already have
and (iii) mineralization occurs first in anterior vertebral centra followed by posterior vertebrae
(Enault et al., 2016). Following this, anterior and posterior vertebrae of younger (4.8, 4.9,
5.3cm) and older (8.0, 8.3, 8.5cm) S. canicula male embryos were dissected and isolated for
RNAseq library preparation. Twelve RNAseq libraries were prepared using TrueSeq mRNA
library preparation kit (Illumina, San Diego, California, USA) with 1 pg scale total RNA per
library. All RNA had an RNA integrity number above 7,6 as determined with a Bioanalyser
2100 (Agilent Technologies, Santa Clara, California, USA). Single end (100 bp) sequencing of
RNAseq libraries was performed using Illumina NovaSeq 6000 by MGX. I received and analyzed
this raw data. Single end RNAseq reads were mapped and counts extracted exactly as above.
Count data was also normalized as Transcripts Per Kilobase Millions (TPMs)

Embryonic vertebrae counts data was kept only for the 681 putative skeletal markers iden-
tified above. Additionally, as dissection and isolation of vertebrae was done manually under
the stereomicroscope, perfect isolation of embryonic skeletal elements is virtually impossible.
To account for differences in cartilage proportion due to size in our samples, a normalization
by a known cartilage marker was performed. Counts for each gene, in each sample, were thus
divided by (col2al counts/10000) and then rounded up into integers. The resulting data set
was subsequently used to perform a differential expression analysis using DESeq2 R package
(Love et al., 2014), contrasting young and old embryos. This allows for the identification of up-

regulated genes (i.e. stronger values) in older embryos, possibly associated with mineralization.
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Differentially Expressed Genes (DEGs) were identified using standard DESeq2 parameters, but
using an adaptive shrinkage estimator (Stephens, 2017). Finally, gene names of the data sets
before and after screening for skeletal markers were used as input for enrichment analyses using
enrichr (E. Y. Chen et al., 2013) and the Jensen tissues database (Palasca et al., 2018).

3.2.3 mRNA in situ Hybridization

In situ hybridizations were performed on 14 pm thick cryostat sections of 6,5 cm TL S. canicula
embryos, cut transversely in the body trunk, at the level of the pectoral fins. All subsequent
procedures were previously described (Leurs et al., 2021; see journal article of chapter 1). Slides
were scanned on a Hamamatsu nanozoomer. Primers designed to generate the DNA matrix

used for RNA probe synthesis are available on demand.

3.2.4 Phylogenetic reconstructions

Protein sequences sampled from vertebrate genomes were used to reconstruct phylogenies. To
generate each phylogenetic reconstruction, selected sequences were aligned with MAFFT (Ka-
toh and Standley, 2013; standard parameters and —auto strategy). Because a large proportion
of the sequences is predicted from genomes and may include false exons, alignments were then
cleaned with HmmCleaner (Di Franco et al., 2019) to remove low similarity segments. Phyloge-
nies were then inferred by Maximum Likelihood via IQ-Tree (version 1.6.1; Nguyen et al., 2014).
The best model of amino-acid evolution was selected using ModelFinder (Kalyaanamoorthy et
al., 2017) and the Bayesian Information Criterion (Schwarz, 1978). Node support was esti-
mated by performing a thousand ultra-fast bootstrap replicates (UFBoot; Hoang et al., 2017),
and single branch tests (SH-aLRT; Guindon et al., 2010). Models and alignment lengths are

indicated in figure legends, and full alignments are available on demand.

3.2.5 Synteny analyses

Synteny was explored in seven reference genomes available on NCBI: M. musculus (GCF_00000-
1635.27), S. canicula (GCF_902713615.1), Lepisosteus oculatus (GCF_000242695.1), D. rerio
(GCF_000002035.6) and C. milis (GCF_000165045.1), Carcharodon carcharias (GCF_01763951-
5.1) and Amblyraja radiata (GCF_010909765.2).

3.3 Results and Discussion

3.3.1 Bulk vertebra RNAseq characterization

To discover novel mineralization associated genes in the small-spotted catshark a differen-

tial gene expression analysis was performed between RNAseq data of young embryos vertebra
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Figure 3.1: Graphical representation of the step-wise procedure for RN Aseq analysis
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(before the onset of mineralization) and old embryos vertebra (all structures undergoing min-
eralization). This analysis uncovered 632 differentially expressed genes (DEGs), upregulated
in older embryos and presenting a log2 fold-change > 2 (i.e. 4 fold the expression levels). An
enrichment analysis of the annotated DEGs (Fig 3.2) highlights an unexpected result with most
GO-terms associated with muscle or nervous tissues. It is noteworthy to mention that many
of the genes in Scyliorhinus canicula are unannotated (387 out of 632 ~ 61%) and that the
ontogeny predictions are based on mammal functions, therefore these results should be inter-
preted with care. Our first examination of the DE analysis therefore seemed blurred by the

presence of the muscle and spinal cord tissue that show strong differences in gene expression.

Jensen TISSUES
Fiber *2.23e-07

Muscle *3.11e-07

Oocyte *1.67e-06
Peripheral nerve *2.33e-06
Schwann cell *1.41e-05
Ganglion *1.92e-05
Myotube *3.12e-05
Filament *4.04e-04

Lens 7.66e-04

Internode 9.13e-04

0 1 2 3 4 5 6
—logio(p-value)

Figure 3.2: Bar chart of top enriched terms for the 632 up-regulated genes from young to old
embryonic vertebrae (Log2 fold-change > 2). Data was extracted from the GO Biological Process
2021 gene set library. The top 10 enriched terms for the input gene set are displayed based on the
-log10(p-value), with the actual p-value shown next to each term. The term at the top has the
most significant overlap with the input query gene set.

The vertebra used for our RNA sequencing are relatively small (=2mm), which makes com-
plete isolation of the vertebral element from its surrounding muscle tissue virtually impossible
by hand. Moreover, the vertebra has neural arches that protect the spinal chord, another tissue
that is hard to remove especially since it is not very cohesive and breaks down easily. Sim-
ilarly, in posterior vertebrae veins and arteries are found in the hemal canals. These tissues
are all potentially masking the signal associated with mineralization. However, the results of
the enrichment analysis indicate that the main signal being captured, is one of muscle and not
skeletal development.

Sequenced samples such as ours are commonly referred to as bulk RNAseq data (i.e. a
mix a several tissues in RNAseq) and there are computational methods to try and interpret
these data sets, notably one called deconvolution (Avila Cobos et al., 2020). This method in

RNAseq consists in estimating the proportions of each tissue in the bulk data using Additional
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Figure 3.3: Graphical representation of estimated tissue proportions of within embryonic vertebra
libraries, using CDSeq (Kang et al., 2019) and Sanger Institute’s RNAseq data of Blood, Embryo
Stage 31, Muscle, Cartilage and Spinal Cord. (a) Estimations on old embryos anterior vertebrae,
(b) Estimations on old embryos posterior vertebrae, (c) Estimations on young embryos anterior
vertebrae, (d) Estimations on young embryos posterior vertebrae. VA: vertebrae, anterior; VP:

vertebrae, posterior

RNAseq data from unique cell lineages (i.e. single-cell RNAseq). There are several ways
to deconvolute bulk RNA seq data, the most intuitive being identifying many cell-specific
markers (e.g. myocyte markers, neuron markers and chondrocyte markers) such that when the
expression profiles are compared to the bulk RNAseq, cell-type proportions can be estimated.
However, single cell RNAseq data for the small spotted catshark was not available, and instead
only “pure” tissue RNAseq data sets from Sanger Institute were available. We decided, after
discussing with Marie Sémon during my PhD committee meeting, to try this method using these
fifty Sanger libraries, and estimate tissue proportions instead of cell proportions. However, the
method would either estimate unreasonable tissue proportions (e.g. >25% of spinal chord in
older embryos; Fig 3.3a, b) or estimate close to equal proportions for each tissue, which might be
the result of random assignment (e.g. 20% of each tissue Fig 3.3c, d). Additionally, the method
would estimate any requested tissue, even when it should not be present in the sample with
non-negligible proportions (e.g. 10% of uterus; not shown). The main reason this did not work
was that the available data was not optimal for the deconvolution method. Indeed, a “pure”

tissue is not realistic since cartilage for instance, is made up of several cell-types. Additionally,
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the data was hardly comparable: our RNAseq data was mostly embryonic vertebrae while the
Sanger data was mainly adult tissue or whole embryonic stages. Moreover, the Sanger data
had a much greater sequencing depth than ours which can highly influence the number of
counts and complicate comparisons. Lastly, some of the Sanger data may not have been as
pure as previously thought (one chondrocranium library was contaminated with brain tissue,
not shown). Therefore, comparing tissues with intrinsically different molecular fingerprints

(embryo wvs adults), and libraries with hugely different sequencing depths was misleading.

3.3.2 Sorting RNAseq data to extract skeleton-relevant data

In order to overcome the problem of mixed tissues and of various tissue proportions, we adapted
some elements of the deconvolution methods. Using the fifty sanger libraries, count data was
normalized as TPMs and Z-scores were calculated. Here, Z-scores are a measure of over or
under-representation of expression of a gene in a tissue relative to the mean of expression of
that gene in all tissues (so that the sum of all the Z-scores for one gene = 0). Therefore through
careful screening of the data through Z-scores, skeleton-specific markers can be isolated. Here
only genes with a Z-score > 4 in all three skeletal tissues (chondrocranium, Meckel’s cartilage
and vetrebra) all the while having a Z-score < 1 in the muscle (the major contaminant in
our samples) were kept. This produced a list of 681 genes, considered as reference skeletal
markers. Despite the small number of reference genes, the result is not so strongly biased
toward "skeleton only” from a Z-score > 4 (and see Fig 3.5). Our own RNAseq data was
then simplified to only this list of genes and analyzed through differential expression analysis.
However, one last element had to be taken into account. Comparing small embryos vs big ones is
intrinsically flawed since tissue proportions vary through development, specifically here in terms
of muscle and cartilage. Therefore a higher number of cartilage cells expressing a given gene in
older embryos compared to younger ones will generate higher TPM values that might bias the
analysis by masking or promoting a signal because of cell proliferation or variable proportion
of a tissue compared to another. This is one of the most prominent issues in transcriptomics
and is nicely reviewed in Pantalacci and Sémon, 2015. To solve this, the cross-referenced genes
were normalized by a known chondrocyte-specific marker : col2al.

Differential expression analysis of this data set with a log2 fold-change of two, resulted in
only eleven DEGs. Considering that our signal might not be as strong as previously thought,
genes with a log2 fold-change of one (= two-fold) instead of two, were kept which this time
yielded eighty DEGs up regulated in older embryos compared to younger ones. An enrichment
analysis of these DEGs (Fig 3.4) shows mostly nervous tissue enrichment but not expected
GOterms associated with the skeleton. This, however, might be explained by two main rea-
sons. First, only 50% of these genes are correctly annotated, which means that only forty DEGs
are taken into account for the enrichment analysis and may not be representative of the up reg-

ulated genes. Second, GOterms are based on functions in mammals, which does not necessarily
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Figure 3.4: Bar chart of top enriched terms for the 80 up-regulated genes from young to old
embryonic vertebrae (Log2 fold-change > 1). Data was extracted from the GO Biological Process
2021 gene set library. The top 10 enriched terms for the input gene set are displayed based on the
-logl10(p-value), with the actual p-value shown next to each term. The term at the top has the
most significant overlap with the input query gene set.

mean that a gene involved in e.g. corpus callosum in these models is not involved in cartilage
development and mineralization in the catshark. Overall, GOterms are very generic and only

allow for a global view of the genes putative functions, when these are correctly annotated.

3.3.3 Listing candidate genes

Despite limited enrichment results, eighty DEGs is a manageable number to go through indi-
vidually, in order to assess their viability as future candidate genes. This assessment was done
in several ways. First an assessment of TPM values in our data and their patterns across adult
tissues (Sanger institute data) was made to make sure DEGs are highly expressed in embryonic
vertebra (TPM > 50) and that they show expression patterns with a skew towards skeletal tis-
sues in adults. In addition, BLASTs were used to investigate unannotated genes as well as to
check whether annotated ones seem correct. This step can reveal some unannotated genes that,
for instance, do not translate into credibly functional proteins making these genes non-coding
RNA genes (here 25/80 genes = 31.25%; Table 3.1 and 3.2). Finally, genes with higher TPM
values in old embryos will be preferred for the final step: in situ mRNA hybridization (ISH),

which will localize the expression of these genes, potentially in mineralizing tissues.
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Assessment of TPM and fold-change values is an important step since several DEGs can
present strong fold-changes as a consequence of low TPM values. For instance, a gene having
one TPM in young embryos and four in old embryos will show as a DEG having a four-fold
increase in expression and come out as a significant result. However, although this result can
be seen as an artifact of the analysis, it might also be the result of a small cellular population
whose gene expression is diluted in a bigger cellular mass. Finally, an overall view of the gene
expression in adult tissues can point towards a specific putative function of the genes. Several
cases of gene expression patterns in the Sanger institute’s RNAseq data can be identified (Fig
3.5). For example, several genes had quite ubiquitous expression patterns (38/80 genes =
47.5%, Table 3.1, 3.2 and Fig 3.5a) while others had a more bi-modal expression pattern with
an expected specificity in skeletal tissues (6/80 genes = 7.5%, Table 3.1, 3.2 and Fig 3.5Db).
Lastly, some genes had a very skeletal-specific expression patterns with expression detected
almost exclusively in skeletal tissues (11/80 genes = 13.75%, Table 3.1, 3.2 and Fig 3.5¢). The
genes having patterns such as in Fig 3.5¢ were chosen as the main candidates for this study
although some genes having patterns such as in Fig 3.5b and ¢ were also considered (in orange
in table 3.1).

Based on these features a total of nineteen genes were studied, presenting all three types of
TPM expression patterns (ubiquitous, skeleton skewed and bimodal; Fig 3.5). An encouraging
result is to find a previously studied gene: scpp which has been presented in Chapter 1 and
seems to be expressed in old embryonic vertebrae. This shows that the procedure to isolate some
mineralization associated genes did work to some degree. However, another gene presented in
Chapter 1: bgp shown to be expressed in nervous tissues was also found in this analysis. This
indicates a clear contamination of the spinal cord or dorsal ganglia in the vertebral dataset of
both our embryonic samples and the adults samples sent to the Sanger Institute. Nonetheless,
another interesting result is the presence of four genes, all annotated as spp2. This probably
means that these are genes of the same family but that do not have a 1:1 orthology relationship
to bony fishes hindering correct annotation. These genes were examined through ISH in order
to investigate their potential association to mineralized tissues. However, the spp2 genes turn
out to have very similar sequences, therefore primers were defined so that they would amplify
all the spp2 sequences simultaneously. Finally, mia could not be successfully cloned for probe
synthesis (Table 3.1).

Therefore, excluding bgp, scpp, mia and reducing the four spp2 genes to only one assay,
result in a total of thirteen genes studied through ISH. Fig 3.6 recapitulates the results of
ISH assays on 8cm TL catshark transversal sections. A histological section of vertebra (HES)
serves as reference, showing the tissues present as well as mineralizing sites (Fig 3.6a, white
arrowheads) and a col2a1 staining in the vertebra highlights cartilaginous tissues (Fig 3.6b).
Expected expression in skeletal tissues was only found for three genes out of thirteen: spp2,
clec3a and otos (Fig 3.6¢c, d, e). The spp2 gene is expressed exclusively in cells that will later

mineralize, both in sites of areolar mineralization (in the vertebral body) and in the outer zones
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Figure 3.5: Expression patterns of three genes representing the main patterns observed in the
gene list. E.St.X = Embryo Stage X; OS = Olfactory Sac, AOL = Ampullae of Lorenzini. (a)
Ubiquitous, (b) Bimodal, (¢) Skeleton skewed. Z-scores are indicated for all three endoskeletal
tissues.

of the neural arches (black arrowheads). Both otos and clec3a however, seem to be less spatially
restricted, showing a more general expression pattern in most chondrocytes. For all the other
genes no expression was detected in the skeletal tissues but showed instead expression in the
spinal chord, exemplified with coch (Fig 3.6f). Surprisingly, genes such as coch with expression
patterns biased toward skeletal tissues in adults and having strong log2 fold-change values in
our RNAseq (here 3.07) are not detected in older embryonic skeletal tissues. The most intuitive
way to explain this is to consider coch and the other genes as having a function in adult skeletal
tissues but not in embryonic ones.

Despite several screenings and a tissue contamination, a signal associated with cartilage
was extracted, albeit not as strong as expected. This is explained partly by a spinal cord
contamination that was probably quite predominant but also, as mentioned above, by the fact
that adult and embryonic tissues are hardly comparable. In fact, our results suggest that adult

skeletal markers do not translate perfectly into embryonic skeletal markers.
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: olZ% otos : coch

Figure 3.6: Histological staining (a) and ISH assays (b-f) in transversal sections of small-spotted
catshark vertebra (8cm TL). (b-e) Cartilage specific genes; (f) coch stains specifically the spinal
cord, and presents the same pattern as the rest of the genes not shown here. White arrowheads
indicate sites of mineralization, black arrowheads indicate sites of expression. nt = notochord; sc
= gpinal cord

3.3.4 Case studies: clec3a, otos, spp2

To further characterize the cartilage associated genes in this study, namely clec3a, otos and
spp2, we proceeded to phylogenetic analyses. This allows for correct identification of the genes
(i.e. clec3a or possibly clec3b), particularly important for the several spp2 genes, and is essential

to compare expression patterns between major vertebrate lineages.

clec3a

Phylogenetic reconstruction of clec3 protein sequences shows that the Scyliorhinus canicula
predicted gene is correctly annotated, albeit with an unexpected placement of chondrichthyans
within this clade (Fig 3.7, bold leaf). Only one clec3 sequence was found in the sea lamprey
and was used to root the tree. This probably means that clec3a and clec3b were generated
through a whole genome duplication specific to jawed vertebrates. Clec3a is part of a family

of carbohydrate-binding proteins called lectins. Although the protein is still poorly known, it
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is known to be expressed specifically in mice vertebral cartilage and is though to have a role in
the differentiation of chondrocytes in intervertebral discs (X. Chen et al., 2022). Additionally,
in mammals, the gene has been shown to have higher expression in osteoarthritic cartilage
(Karlsson et al., 2010) and it may function as an oncogene since its suppression seems to
inhibit osteosarcoma cell proliferation (Ren et al., 2020). These lines of evidence coupled with
the expression pattern in the catshark as well as the up-regulation through development, all

point towards an ancestral role of clec3a in cartilage development in jawed vertebrates.
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Figure 3.7: Phylogenetic reconstruction of vertebrate clec3 protein sequences. The alignment
was made of 54 sequences and was 213 aa long and the cleaning step was used with the —large
argument. The model of amino acid evolution used was JTT+I+G4. The bold leaf corresponds
to the DEG studied here.
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otos

Phylogenetic reconstruction using otospiralin (otos) protein sequences produces an expected
tree albeit with low support values in deeper nodes. This is most probably due to the otos
proteins being quite short and being well conserved, therefore carrying little phylogenetic in-
formation. Nonetheless, the phylogeny shows that the Scyliorhinus canicula sequence is indeed
an otos sequence and that the annotation was correct (Fig 3.8, bold leaf).

Otos is expressed by the fibrocytes of cochlea of mammals and is essential to normal audi-
tory function (Delprat et al., 2005). However it was also identified as a novel protein potentially
involved in zebrafish skeletal development (Kessels et al., 2014) while the paralog of this gene
(in teleosts, otos-like), has been shown to be expressed in the notochord of zebrafish embryos
(Baanannou et al., 2020). Although otos is expressed in cochlea, its detection in the skeletal
ECM of zebrafish might suggest an additional role in the skeleton of this species. This obser-
vation, albeit with no specifics on the tissue this genes might be expressed (bone or cartilage),
coupled with the specific expression in the catshark chondrocytes might suggest an ancestral

function of otos in skeletal development.
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58578 o, Otos Rhincodon typus
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71.
Otos Mus musculus

Otos Petromyzon marinus

Figure 3.8: Phylogenetic reconstruction of vertebrate otos protein sequences. The alignment was
made of 21 sequences and was 98 aa long. The model of amino acid evolution used was JTT+I4+G4.
The bold leaf corresponds to the DEG studied here.
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spp2

Phylogenetic reconstruction of the evolutionary history of the spp2 (or spp24; Fig 3.9) family
shows an unexpected expansion of this gene family in chondrichthyan fishes compared to bony
fishes. The phylogeny was rooted using members of the kininogen family, since there is a com-
parable level of sequence identity between spp2 genes and the cystatin domains of kininogens
(Hu et al., 1995). Inside chondrichthyans there is a variable number of spp2 genes ranging
from one in Callorhinchus milii to seventeen in Amblyraja radiata. The phylogeny sets apart
three main clades in chondrichthyans herein called spp2.1, spp2.2 and spp2.3. The branching
of the first two suggests that they have been lost in C. maliz, while spp2.3 is the gene that
has undergone several tandem duplications at different rates in several chondrichthyan species.
The short branches in this phylogeny coupled with high sequence similarity indicates quick
and successive duplications happening independently in each of the studied species. However,
it is interesting to note that these duplications have happened at a higher taxonomical level
in Orectolobiformes (i.e. R. typus + C. plagiosum; ~100My; Hara et al., 2018) based on the
topology of this tree. These spp2 copies have been called following the taxonomical level at
which they happened: Spp2.3.al-15 for A. radiata, spp2.3.s1-7 for S. canicula and spp2.3.01-6
in Orectolobiformes. Bold leaves in the tree (Fig 3.9) indicate the four spp2 sequences which
show up as DEGs and are all part of the spp2.3 clade.

Synteny analysis of these sequences in their genomic context show good conservation of
genetic markers (grey colored genes) across jawed vertebrates (Fig 3.10) and further validates
their pseudo-orthology relationship (i.e. a 1:9 orthology between bony fishes and S. canicula).

The expansion of the spp2 family in chondrichthyans coupled with the extremely specific
expression in mineralizing chondrocytes and in other mineralizing tissues (Fig 3.6¢) suggests
that these novel genes have been recruited to play a role in the mineralization process at least
in the small-spotted catshark. It is important to note that the primers we used for the in situ
hybridization can amplify the four identified DEGs (spp2.3.s2 and spp2.3.s5-7) but also the
other S. canicula spp2 genes in this phylogeny with the exception of spp2.2.

In bony fishes spp2 is thought to modulate the rate and magnitude of bone formation
(Murray et al., 2015). It is one of the components, together with Fetuin-A and Mgp, that
form calciprotein particles. These particles carry calcium and phosphate ions and can remain
in suspension under physiological conditions without precipitating, suggesting that it may be
a mechanism to avoid ectopic mineralization, e.g. in vascular tissues (Turner et al., 2021).
Additionally, transgenic mice over-expressing spp2 have been observed to have reduced femoral
and vertebral bone mineral density (Sintuu et al., 2008), while in zebrafish a strong increase
in abundance of the spp2 protein was found during development in the skeletal ECM (Kessels
et al., 2014). These findings, highlight the role of spp2 in bone development in bony fishes.
This however, contrasts the underwhelming amount of publications on the role of bony fish

spp2 in skeletal development which explains why we might have missed this gene in classical
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Figure 3.9: Phylogenetic reconstruction of vertebrate spp2 protein sequences. The alignment
was made of 75 sequences and was 394 aa long. The model of amino acid evolution used was
JTT+I+G4 and the cleaning step was used with the —large argument. Bold sequences correspond
to the DEGs identified here.



Chapter 3. The transcriptomic approach that was supposed to work better

89

Sh3bp4 Arl4c

Mm

//

Spp2

Dr

/!

y

/l/

I/

Spp2

vps8

arl4c sh3bp4
LO*<—<p

i

Spp2.3 nme9 vps8

sh3bp4
Cm {

< &

/)) B
KRR

&

arldc sh3bp4
Cc H

LY 3

sh3bp4 arl4c
sc—4p

h3bp4. arldc &

o

%QQ nme9 vps8

Figure 3.10: Synteny of the spp2 genes in several vertebrate species in cluding: Mus musculus
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charias (Cc), Scyliorhinus canicula (Sc) and Amblyraja radiata (Ar), double and triple bar indicate
long genomic stretches. Colors correspond to clades in Fig 3.9

candidate gene approaches.

It is noteworthy to mention three spp2-like genes in S. canicula and two in C. carcharias

located in another locus but in the same chromosome, although one of the S. canicula copies

is actually in another chromosome. RNAseq data for the S. canicula copies show divergent

expression patterns with high specificity for odontodes (Fig 3.11) and alignments with the

other spp2 genes shows that these sequences do not align very well (not shown), avoiding

their use in the phylogenetic reconstruction. They also present highly repeated motifs and

are sometimes incorrectly annotated as yeast genes. Although displaying surprising expression

patterns in RNAseq data (Fig 3.11), these genes are not differentially expressed in our data,

and therefore fall out of the scope of this project. Additionally, there is a possibility that the

spp2.3.s4 gene actually represent two different spp2 genes in S. canicula as a consequence of an

incorrect gene prediction (not shown). This however, only impacts the number of spp2 copies

in S. canicula.

An ancestral state reconstruction based on the phylogeny indicates that only one spp2 gene

was present in the ancestor of jawed vertebrates.

Additionally, a function of this gene in
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Figure 3.11: TPM distribution among adult tissues for all the identified spp2 genes, as well as the
three spp2-like genes in Scyliorhinus canicula. Orange colored genes correspond to the identified
DEGs in this study. Genes not amplified by the defined probe are marked by an asterisk.

bony fish bone and it expression exclusively in mineralizing cells of the catshark, suggests that
this mineralization associated expression was already present in the ancestral jawed vertebrate
gene. However, the fact that the expression pattern in the catshark engulfs several very similar
sequences and show a very spatially restricted pattern might suggest two different scenarios: (i)
that these duplicates are extremely recent and have not had the time to acquire new functions,
or become pseudogenized, and are therefore quite redundant or (ii) that these genes operate in
a dose dependent manner which would positively select the multiplication of many duplicates
sharing high similarity in sequence and function. The latter scenario is more credible when
taking into account the fact that the degree of mineralization in each species is correlated with
the number of spp2 copies: from only one copy in C. milii a species that displays relatively
low levels of mineralization, to seventeen copies in A. radiata whose skeleton is extremely

mineralized (Berio et al., 2021).
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3.4 Concluding remarks

In this chapter I explained the several steps, challenges and results of a project that highlights
the challenges of using and comparing transcriptomic data in Evo-Devo studies. First, while
classical transcriptomic analyses are quite straight forward, here our sampling (dissection)
was sub-optimal which significantly increased complications in downstream analyses. In order
to overcome the problem of tissue-mix in our sampling, we used several screening methods
including, Z-scores, cross referencing, differential expression analyses, manual identification
and expression pattern selection to isolate potential genes linked to the mineralization process
in the small spotted catshark. Once a set of genes was selected, we further studied these genes
through ISH assays as well as phylogenies (and synteny if needed) and comparative analyses
with bony fishes, to understand the putative functions of these genes and their evolutionary
history.

This project was the first attempt to explore mineralization of chondrichthyans through a
transcriptomic approach, in an effort to increase efficiency of mineralization associated gene
identification. However, although in theory a transcriptomic approach is more optimal in
terms of gene number (especially when trying to be exhaustive) there is one inconvenient to
this approach. Since the genes are necessarily selected through differential expression, there
are many biological processes that can influence this analysis. For instance, even in pure
tissues such as chondrichthyan cartilage, cellular proliferation, differentiation can scramble the
desired signal. Additionally, even a “pure” tissue is not made up of a unique cell lineage,
therefore containing several molecular fingerprints, e.g. in cartilage we can find fibroblasts and
chondrocytes, or in nervous tissue, neurons and glial cells.

We demonstrated that even with sub-optimal sampling, mineralization associated genes
such as the chondrichthyan scpp can be identified through transcriptomic approaches therefore
loosening the dependence from the very derived skeletal biology of bony fishes on which we relied
heavily at first. It is worth mentioning that other mineralization associated genes were missed
using this approach, such as collagen X that does not present Z-scores > 4 in endoskeletal
tissues (Z-scores = -1.5, -1.3 and 0.3 in chondrocranium, vertebra and meckel’s respectively),
or mgp that does not display significant variation between young and old embryos.

We identified several genes specifically expressed in the cartilage of the catshark, however
only the spp2 gene family seems to be associated to the mineralization process with the number
of copies being positively correlated with the degree of mineralization in chondrichthyan species.
These genes might not have been identified through classical candidate gene approaches because
of a publication bias: our capacity on defining candidate genes depends strongly on the selected

genes that are being studied and published in the literature.






Chapter 4

The genes that do not want to fall into

ranks

4.1 Introduction

Studying candidate mineralization-associated genes in the catshark, has often led to careful
examination of the whole gene family to understand their evolutionary history. This, however,
can result in a high number of studied genes (when the gene family is big), with many paralogs
that end up having no strong link to mineralized tissues. Often, every member of the family
is studied in an attempt to be as exhaustive as possible and not miss potentially important
orthologs or paralogs for mineralization. In these cases, we have chosen to shift the focus of
our study towards a molecular evolution approach by engulfing the gene family as a whole
instead of a more classical Evo-Devo approach where only one or two genes are studied at
several developmental stages. Therefore, a compromise was made between the number of genes
studied and the number of developmental stages included in the studies. A molecular evolution
study includes more genes at one stage, while an Evo-Devo approach includes less genes at
more stages.

In this chapter I will be presenting some of these molecular evolution approaches that
represent the work produced through the supervision of two interns : Nathan Gil (01/21-
06/21) and Amirhossein Karimizadeh (04/22-06/22). Nathan worked on the sirp gene family
and the corresponding article is ready for submission, while Amirhossein did his work on the
mmyp genes which is still a work in progress. Each of these two studies will be presented in this

chapter under the form of preliminary manuscripts.
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4.2 Genomic and transcriptomic characterization of the

slrp family in S. canicula

Nicolas Leurs, Nathan Gil, Camille Martinand-Mari and Mélanie Debiais- Thibaud
Institut des Sciences de I’Evolution de Montpellier, ISEM, Univ Montpellier, CNRS, IRD,
EPHE, Montpellier, France.

4.2.1 Introduction

A diversity of connective tissues has emerged with the evolution of vertebrates (Root et al., 2022;
Root et al., 2021). The macromolecular content of their extracellular matrices (ECM) consists
firstly of collagen fibers (e.g. Collagen type I in bone and Collagen type II in cartilage; in bony
fishes), together with other types of proteins, and lipids. Among non-collagenous proteins,
proteoglycans are particularly abundant in the highly hydrated ECMs (proteoglycan content
in cartilage: 5-7% w/w; Hardingham, 2006). Proteoglycans constitute a class of proteins linked
by post-translational modifications to long un-ramified chains of disaccharide repetitions, called
glycosaminoglycans (GAGs). GAGs are negatively charged, highly hydrophilic and participate
widely in the function of their proteoglycan (Hardingham, 2006; Karamanos et al., 2018).

Within proteoglycans, the largest known vertebrate family is the Small Leucine-Rich Pro-
teoglycans (SLRPs). In this family, the protein moiety is relatively small (36-42 kDa) and has a
distinctive leucine-rich repeat (LRR) (Iozzo and Schaefer, 2015; Nikitovic et al., 2012). SLRPs
play critical roles in the structure and assembly of various ECMs and hence in the development,
structure and homeostasis of connective tissues (Boskey, 2010; Hardingham, 2006; Nikitovic
et al., 2012; Park et al., 2008). For instance, they are known to interact with several types of
collagen fibers by regulating their assembly via their protein moiety, while their GAGs control
the correct spacing between fibers. SLRPs can also regulate apatite formation and interact
with skeletal growth factors such as TGFs and BMPs (Boskey, 2010; Iozzo and Schaefer, 2015;
Nikitovic et al., 2012; Schaefer and Iozzo, 2008).

The evolution of early vertebrates was characterized by two rounds of whole genome du-
plications (2R event; Ohno, 1970). As a result, several preexisting gene families have been
expanded and the newly duplicated copies may have either acquired new functions, divided
the original function between paralogs or simply become pseudogenic (following a duplication-
degeneration-complementation model, Force et al., 1999). In bony vertebrates, twenty-three
SLRP paralogs have been identified and most can be found along four different chromosomes
(Costa et al., 2018; Tozzo and Schaefer, 2015; Park et al., 2008; Schaefer and lozzo, 2008).
They are classically divided into 5 classes depending on protein sequence similarity and gene
chromosomal localization (Schaefer and lozzo, 2008). Among these five classes, Class I con-
tains asporin (Aspn), biglycan (Bgn), decorin (Den), and four “ECM proteins” (Ecm2, Ecm2L,
EcmX and EcmXL). Class II includes fibromodulin (Fmod), keratocan (Kera), lumican (Lum),
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lumican-like (LumL), osteomodulin (or osteoadherin, Omd) and prolargin (Prelp). Class III
consists of epiphycan (Epyc), opticin (Optc) and osteoglycin (or mimecan, Ogn). Class [V en-
closes chondroadherin (Chad), chondroadherin-like (ChadL), nyctalopin (Nyx) and tsukushin
(Tsku). Class V encompasses podocan (Podn) and podocan-like (PodnL). Nephrocan (Npc)
does not belong to any of these classes for structural reasons, despite its classification into
SLRPs (Costa et al., 2018; Iozzo and Schaefer, 2015; Mochida et al., 2006; Schaefer and Iozzo,
2008). The sixteen SLRPs from classes I to III are considered as “canonical” since they present
an extended repeat (called “ear” repeat) in the LRR C-terminal capping motif (LRRCE) of
their protein moieties (Park et al., 2008). Despite the expectations of an already diverse SLRP
repertoire prior to vertebrate evolution, only few sequences have been identified in the verte-
brate sister-group (two Ciona SLRPs with LRRCEs in Park et al., 2008).

Because previous studies were highly biased towards bony vertebrate (osteichthyans) sam-
pling, we took advantage of newly available high-quality genomic data in the cartilaginous fish
(chondrichthyan) lineage to assess the evolution of the SLRP gene family in vertebrates. We
identified the products of the 2R duplications on clustered and non-clustered SLRPs, which al-
lows us to describe the ancestral state prior to the 2R event. We further identified gnathostome
lineage-specific gene losses, and evaluated the divergence of expression patterns following these
2R duplications. In particular, we focused on new data brought by genomic and transcriptomic
data in the small-spotted catshark (Scyliorhinus canicula), for which tissue-specific expression

patterns can be described.

4.2.2 Materials and Methods

Protein sequence sampling

SLRP protein sequences were recovered from public databases (NCBI, Ensembl and the euro-
pean seabass genome) via BLASTP or TBLASTN on nine sarcopterygians [Mus musculus, Gal-
lus gallus, Vombatus ursinus, Tinamus guttatus, Podarcis muralis, Chelonia mydas, Xenopus
tropicalis, Microcaecilia unicolor, Latimeria chalumnae], seven actinopterygians [Lepisosteus
oculatus, Danio rerio, Dicentrarchus labrax, Erpetoichthys calabaricus, Sparus aurata, Gadus
morhua, Anguilla anguilla] and three chondrichthyans |[Callorhinchus milii, Rhincodon typus
and Amblyraja radiata]. Whenever a M. musculus, G. gallus, X. tropicalis or M. unicolor se-
quence was not identified in the databases, they were respectively replaced by a sequence from
Bos taurus, Meleagris gallopavo, Nanorana parkeri or Rhinatrema bivittatum. Domestic mouse
and zebrafish sequences were further used to screen the small-spotted catshark (Scyliorhinus
canicula) reference gene model (Mayeur et al., 2021) as well as the locally assembled transcrip-
tome of the thornback ray (Raja clavata, Debiais-Thibaud, 2019). Reciprocal BLASTs were
performed to restrain the recovered S. canicula and R. clavata sequences to actual SLRPs.
Two sequences recovered for C. milii (PodnL: XP_007905284.1 + XP_007905354.1) and two
for R. clavata (Ecm2: ¢112061_gl1.i2 + ¢112061_g10_i1) were fused together as alignments
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showed they were partial sequences of the same gene. Moreover, seven teleostean sequences
for EemXL [Astyanaz mezicanus, Chanos chanos, Electrophorus electricus, Ictalurus puncta-
tus, Pangasianodon hypophthalmus, Pygocentrus nattereri, Sinocyclocheilus rhinocerous| were
recovered via BLAST of the D. rerio sequence, to strengthen the resolution in teleosts. Ad-
ditional Petromyzon marinus SLRP sequences from (Ota et al., 2013; Park et al., 2008) were
used to screen the P. marinus genome in NCBI for additional sequences that may have been
missed by the previous studies. Twenty-three SLRP amino-acid sequences were found on the
S. canicula reference gene model (Mayeur et al., 2021). Alignments of four sequences identified
as “Chad-like” with the reference genome (GCF_902713615.1) showed that some of them were
overlapping (XM_038783897.1 and XM _038783978.1; XM_038783861.1 and XM_038783855.1),
which suggests a reconstruction error during the genome assembly: only two sequences seem to
be fully independent. Following alignments with C. milii, R. clavata and A. radiata, only two
sequences were kept (XM_038783897.1 and XM_038783861.1). As a result, a total of twenty-
one protein coding sequences in S. canicula were identified for the phylogenetic reconstructions:
Aspn, Bgn, Chad, two ChadL, two Dcn, Ecm2, Ecm2L, Epyc, Fmod, Kera, Lum, Npc, Nyx,
Ogn, Omd, Podn, PodnL, Prelp and Tsku. All sequences used in this study are listed with

accession numbers (Suppl Mat on demand).

Phylogenetic analysis of SLRP phylogeny

The sampled protein sequences from vertebrate genomes (n= 470) were used to reconstruct
several phylogenies: one on the whole data set and four others on selected subsets (clades
1-4, as defined below). To generate each phylogenetic reconstruction, selected sequences were
aligned with MAFFT (Katoh and Standley, 2013; standard parameters and —auto strategy).
Because a large proportion of the sequences is predicted from genomes and may include false
exons, alignments were then cleaned with HmmCleaner (Franco et al., 2019; with —large option)
to remove low similarity segments. Our final alignments used for subsequent phylogenetic
reconstruction included: Full: 1142, clade 1: 548, clade 2: 383, clade 3: 384 and clade 4:
361 amino acids and are available (Suppl Mat on demand). Phylogenies were then inferred
by Maximum Likelihood via IQ-Tree (version 1.6.1; Nguyen et al., 2014). The best model of
amino-acid evolution was selected using ModelFinder (Kalyaanamoorthy et al., 2017) and the
Bayesian Information Criterion (Schwarz, 1978). The two models used were: LG+I14+G4 (Full,
clades 3 and 4) and JTT+I+G4 (clades 1 and 2). Node support was estimated by performing a
thousand ultra-fast bootstrap replicates (UFBoot; Hoang et al., 2017), coupled with the —bnni
option in case of model violations, and single branch tests (SH-aLRT; Guindon et al., 2010).
Phylogeny tree files can be found in (Suppl Mat on demand).
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Synteny analysis of SLRPs

SLRP synteny was explored in five reference genomes available on NCBI: M. musculus (GCF_00-
0001635.27), S. canicula (GCF_902713615.1), E. calabaricus (GCF_900747795.1), D. rerio (GC-
F_000002035.6) and C. milii (GCF_000165045.1). Data from D. rerio and C. milii are shown
only when they differ from FE. calabaricus and S. canicula, respectively. FE. calabaricus was

chosen over D. rerio as a non-teleost actinopterygian devoid of the 3R-generated duplicates.

SLRP protein domain screening

S. canicula SLRPs where screened using LRR finder (Bej et al., 2014), EML (M. Kumar et al.,
2019; cell compartment: extracellular) and Sulfinator (Monigatti et al., 2002) that predict,
respectively, putative positions for Leucine-Rich Repeats (LRRs), glycosylation, and tyrosine
sulfation sites. Additionally, the proteins were screened for two LRRCE motifs: (i) the standard
one from Park et al., 2008 typical of canonical SLRPs; and (ii) an unconstrained in the C-
terminal region using the ScanProsite tool (de Castro et al., 2006). The model LRRCE motif
was (PROSITE syntax):

Standard LRRCE Motif
[LIV]-X(2)-[LVIYFMA]J-X-[LIFM]-X(2)-[NH}-X-[ILVF]-X(2)-[VIMFLY]-X (4)-[FIMLV]-C-
X(7,20)-[LYIMV]-X(2)-[ILVTMF]-X-[LVMI]-X(2)-N-X-[IVLMAFT]-X(8,9)-[FYMPVAIS]-
X-C

LRRCE Motif Unconstrained at C-terminal
[LIV]-X(2)-[LVIYFMA]-X-[LIFM]-X(2)-[NH]-X-[ILVF]-X(2)-[VIMFLY]-X (4)-[FIMLV]-C-
X(7,20)-[LYIMV]-X(2)-[ILVTMF]-X-[LVMI]-X(2)-N-X-[IVLMAFT]-X(8,12)-C

Primers for qPCR and in situ mRNA hybridization

Forward and reverse primers were defined using Primer3Input version 4.1.0. Primers were
constrained to the coding portion of genes and the designed product had to include at least
one intron-exon boundary, following the NCBI prediction of these features. The product size
ranges were 250-350bp for primer couples designed for RT-qPCR amplification, and 650-800bp
for amplifications designed to generate the DNA matrix for RNA probe synthesis (see below in
situ mRNA hybridization). Only three primers per gene were defined in some instances, one
being common to both the RT-qPCR and the in situ hybridization (primers are given in Suppl
Mat on demand).

RN Aseq mapping on the catshark reference gene model

S. canicula tissue libraries from whole embryos at stages 12, 22, 24, 26, 30 and 31 (Ballard et al.,

1993) and adult tissues sampled from three individuals were recovered from NCBI (BioSam-
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ple accessions: 21694013 to 21694062) and are as following: “Tissue (biological replicates)”
Ampullae of Lorenzini (2), Blood (2), Brain+Olfactory sac (3), Chondrocranium (3), Dermal
denticles (3), Dental lamina (3), Esophagus (1), Eye (2), Gills (1), Heart (1), Kidney (1), Liver
(1), Meckel’s cartilage (3), Muscle (2), Ovary (1), Pancreas (2), Rectal gland (2), Spinal cord
(1), Spiral intestine (2), Spleen (1), Stomach (1), Seminal vesicle (1), Testis (2), Uterus (1)
and Vertebrae (2). The paired end RNAseq reads from adult and embryonic S. canicula tissue
samples were mapped onto the reference gene model (Mayeur et al., 2021) using BWA MEM
(H. Li, 2013). After sorting and converting the resulting alignments to BAM files using sam-
tools, counts for each library were extracted. Count data was then normalized as Transcripts
Per Kilobase Millions (TPMs) and used as such for quantification of expression. When a tissue
had several replicates (max 3 replicates), TPM values were averaged, leading to a final number
of 31 tissues compared. For each gene, Z-scores were then calculated to evaluate tissue-biased

expression as

Z=(c w2 (1.1

Where for any sample: x is the observed TPM value in a given tissue, u is the mean of all

tissues, o is the standard deviation of all tissues and n is the number of tissues.

RT-qPCR

Total RNAs from 22 anterior vertebrae (AV) of S. canicula embryos from 5 to 8cm Total Length
(TL) were isolated with ReliaPrep RNA tissue Miniprep system according to the supplier’s
instructions (Promega) and used for cDNA preparation performed by Superscript II reverse
transcription (Invitrogen) with an oligodT primer. Each 1:20 diluted cDNA was run in triplicate
on a 384-well plate for each primer pair by using thermal cycling parameters: 950 C for 2 min,
950 C for 10 s, 680C for 10 s, 720C for 10 s (45 cycles), and an additional step 720C for 10 min
performed on a LightCycler 480 with the SensiFAST SYBR No-ROX kit (Meridian Bioscience)
(qPHD UM2/GenomiX Platform, Montpellier — France). Results were normalized with the
expression of three reference genes eefla, actin and gapdh by geometric mean, and data were
further analyzed with the LightCycler 480 software 1.5.1. The reference point used was the
highest value of ACp for a given gene: all expression values of any given gene are all above
or equal to 1-fold. Developmental trajectories were plotted on R (v4.04) using the ggplot2
package.

In situ mRINA hybridization

In situ hybridizations were performed on 14 pm thick cryostat sections of 6,5 cm TL S. canicula
embryos, cut transversely in the body trunk, at the level of the pectoral fins. All subsequent
procedures were previously described (Leurs et al., 2021). Slides were scanned on a Hamamatsu

nanozoomer. Primers designed to generate the DNA matrix used for RNA probe synthesis are
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given in Suppl Mat on demand.

Embryo collection and ethics statement

Embryos of the small-spotted catshark S. canicula originated from a Mediterranean popu-
lation of adult females housed at Observatoire Océanique de Banyuls, 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
1618 °C and euthanized by overdose of tricaine (MS222, Sigma) at appropriate stages. Whole
embryos were fixed in PFA4% for 48h and then stocked in ethanol 100% before the tissue was

sampled for cryostat sectioning.

4.2.3 Results

A conserved SLRP repertoire in gnathostomes

The complete SLRP phylogeny (herein ‘Full phylogeny’) was rooted using Npc and its sister
clade as outgroups (Fig 4.1) since these SLRPs were shown to be structurally different to other
SLRPs (Mochida et al., 2006). This root branches to a wide multi-furcation where several
well-supported monophyletic clades group together (Fig 4.1, Suppl Mat on demand): a Tsku
clade, a Nyx and Chad-related clade, a Podn-related clade, and four independent clades for
the canonical SLRPs. Well-supported gnathostome orthology groups were recovered within
these wide clades for all non-canonical SLRPS in class V (Podn and PodnL) and Class VI
(Nyx, Chad and Tsku) and the non-classified member: Npc (Mochida et al., 2006). However,
we found two ChadL gnathostome orthology groups. The previously identified ChadL clade
is herein identified as “ChadL1” and the newly identified clade is named “Chadl.2”. ChadL2
sequences were only found in chondrichthyans and in non-amniote sarcopterygians and a single
P. marinus sequence was associated with these Chad clades. ChadL1 and chadL2 are tandem
genes on orthologous loci in both C. milii and S. canicula (data not shown) while chad, npe, nyz,
podn, podnL and tsku are all located as single SLRPs on different loci, with synteny markers
supporting their orthology to other gnathostomes’ loci (not shown). The npcL gene (sister
group to Npc, Fig 4.1) however, was absent in S. canicula. The remaining SLRP clades 1-4
consist of canonical SLRPs (Iozzo and Schaefer, 2015; Schaefer and lozzo, 2008). Support for
the monophyly of clades 2, 3 and 4 in our full phylogeny is strong (Fig 4.1). Inclusion of the
Ecm2L clade into clade 1 (Fig 4.1) will be further discussed with synteny data (see below).
Internal relationships within each clade are not well supported in this full phylogeny, especially
those in clade 4 (Fig 4.1, but see below).
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Figure 4.1: Phylogenetic relationships of SLRP sequences in vertebrates. Maximum likelihood
phylogenetic tree based on amino-acid sequences (470 sequences, 1142 positions) with LG4+I+G4
evolution model in IQ-TREE. Node support was evaluated with 1000 ultra-fast bootstrap replicates
(and single branch test SH-aLRT, Supp Mat S2). Nodes with values < 80 bootstrap were collapsed
into multi-furcations. Clades (1-4) of canonical SLRPs are shown in color.

Genomic organization and the evolution of canonical SLRPs within gnathostomes

To better describe orthology relationships in canonical SLRPs, we performed a synteny analysis
in several vertebrate genomes and generated four focused phylogenies by sub-sampling the
sequences of interest. Canonical SLRPs are clustered along four loci that appear conserved
between jawed vertebrate genomes (Fig 4.2). These gene clusters will be referred to as clusters
A, B, C and D. Genes in cluster A are ecm?2, aspn, omd and ogn; in cluster B: ecmX (found
only in E. calabaricus) and bgn; in cluster C: ecm2L (not in E. calabaricus nor in M. musculus),
denl, lum, kera, and epyc; in cluster D: fmod, den2 (only in cartilaginous fishes), lumL (found
in E. calabaricus and C. milii), prelp, and optc (only found in bony fishes). For each cluster, at
least one synteny marker is conserved to support orthology relationships in compared genomes

(Fig 4.2). Common placement on the first position of ecm2L (cluster C), ecm?2 (cluster A) and
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ecmX (cluster B) supports the inclusion of Ecm2L in clade 1, despite low phylogenetic support
(Fig 4.1). Clade 4 genes (ogn, epyc, optc) are always located on the last position of the cluster
(but absent on cluster B). Clade 2 and 3 genes show less conserved positions (Fig 4.2). Clade
2 genes (aspn, bgn, and denl) are well positioned on the second locus in clusters A, B and C
but den2 is positioned between fmod and lumL on cluster D (Fig 4.2). No Clade 3 gene was
found on cluster B: one paralog was identified on cluster A (omd), two paralogs on cluster C
(lum and kera) and a maximum of three paralogs on cluster D (fmod, lumL and prelp).
Independent phylogenies for each canonical SLRP clade (1 to 4; Fig 4.3) were performed
to further characterize internal relationships and assess secondary losses or gains through the
evolution of gnathostome SLRPs. Despite its position in the full phylogeny (Fig 4.1), Ecm2L
was included in the clade 1 phylogeny for its homologous position in cluster C (Fig 4.2C). In
clade 1, Ecm?2 is the sister group to EcmX albeit low support values (15.9/61; Fig 4.3). Ecm2L
was lost in most tetrapods and EcmX was lost in chondrichthyans and birds (Suppl Mat on
demand). A previously identified gene called EcmXL (see Suppl Mat on demand; Costa et
al., 2018) was identified only in teleost fishes and branches as a sister clade of teleost EcnX
sequences (Suppl Mat on demand). This topology is typical of the teleost-specific third whole
genome duplication (3R event, Jaillon et al., 2004; Kasahara et al., 2007), and in accordance
with the current consensus nomenclature (ZFIN Zebrafish Nomenclature Conventions; Ruzicka
et al., 2018) teleost ecmX and ecmXL will be referred to as ecmXa and ecmXb respectively.
No such conservation of duplicates from the teleost whole genome duplication (WGD) was
identified in the Ecm2 or Ecm2L clades (Suppl Mat on demand). In clade 2, Bgn and Aspn are
closer to each other than they are to Dcn. The Dcen clade included one osteichthyan clade and
two chondrichthyan clades that we named Denl and Den2, suggesting a duplication for which
both duplicates were conserved only in chondrichthyans (see Fig 4.1 clade 2, and Fig 4.2D).
The monophyly of Den+Denl is weakly supported (12.4/56) but our synteny analysis suggests
that the osteichthyan Dcn and the chondrichthyan Denl are found on the orthologous locus on
cluster C while Dcn2 is found on cluster D, thus supporting the orthology relationship between
the chondrichthyan Denl and the osteichthyan ‘Den’ (Fig 4.2C and D). The 3R duplication
in teleosts was only partially conserved in clade 2 with two teleost copies of Bgn (bgna and
bgnb). In clade 3, Lum, Fmod and LumL form a monophyletic group, sister to another one
formed by Kera and Prelp. Omd comes as an outgroup of these orthology groups. LumL
was secondarily lost in elasmobranchs but identified in C. milii, and lost in tetrapods while
Omd was partially lost in teleost fishes (Suppl Mat on demand). Teleost 3R duplicates were
only partially conserved in the Fmod clade. In clade 4, gnathostome Optc sequences are
recovered monophyletic despite low support values (46.1/58). The Optc paralog was lost in
chondrichthyans and the teleost-specific duplication is partially conserved (ogna and ognb) as

previously shown by Costa et al. (Costa et al., 2018).
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Figure 4.2: Genomic organization of canonical SLRP gene clusters in reference osteichthyan and
chondrichthyan genomes. Letters (A-D) represent the name of each cluster. Distance between
genes is indicated (not to scale). Gene names and color code are similar to Figure 1 (for gene
accession numbers, see Suppl Mat on demand).
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Figure 4.3: Phylogenetic relationships in each canonical SLRP clade in vertebrates Maximum
likelihood phylogenetic trees based on SLRP amino-acid sequences in IQ-TREE. clade 1: 86 se-
quences, 548 positions, JTT+I+G4 model; clade 2: 100 sequences, 383 positions, JTT+I4+G4
model; clade 3: 147 sequences, 384 positions, LG+I4+G4 model; clade 4: 92 sequences, 361 po-
sitions, LG+I4+G4 model. Node support was evaluated with 1000 ultra-fast bootstrap replicates
(and single branch test SH-aLRT, see Sup Mat 2). Nodes with Ufbootstrap > 80 are shown as
black dots. All nodes with Ufbootstrap < 80 were collapsed except when SH-alrt was higher than
85 or when nodes are discussed in the text. Color code is the same as in Figure 1.

Conservation of SLRP protein domains in the catshark

We screened specific SLRP protein domains, such as LRR number and length and putative
glycosylation sites, to better understand the degree of conservation or divergence of these
proteins relative to bony fishes (see Supp Mat S5). Compared to previously published studies
on bony fish SLRP (Matsushima et al., 2021) we found a small degree of variation in the number
of LRRs in catshark proteins which for the most part lacked one to two LRRs, compared to
mammal sequences. Within catshark canonical SLRPs, we found a standard LRRCE motif in
Aspn, Ecm2, Denl, Den2, Lum, Ogn and Epyc. In the remaining sequences only a screening
with the C-terminal unconstrained LRRCE yielded hits. The annotated Bgn sequence from the
reference genome appeared truncated (only 7 LRRs and no LRRCE motif of any kind) so we
used an RNAseq derived sequence (locally assembled transcriptome; Debiais-Thibaud, 2019;
Suppl Mat on demand) which included 10 LRRs and a standard LRRCE motif. In addition
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to the LRR and LRRCE motifs, protein alignment showed good conservation of the cysteine
rich motifs on the N terminal capping region of all catshark SLRPs (Low et al., 2021). We
found that several S. canicula SLRPs sequences showed high similarity in terms of number and
position of putative glycosylation sites (e.g. clade 3 SLRPs except Omd) compared to their
bony fish orthologs, when data is available.

Tissue- and embryonic stage-specific expression of SLRP genes in the small-spotted

catshark

Transcriptomic data in a variety of catshark embryonic stages and adult tissues were compared
through TPM values (to quantify expression) and Z-score values (a proxy to measure expression
bias), both summarized in Table 4.1 (raw Z-score data in Suppl Mat on demand). SLRPs display
wide variability in terms of expression levels. Some SLRPs display very low TPM values across
all tissues (den?2, kera, chadL2, npc, nyz, podn and podnL, mean TPM < 15), while others reach
high expression levels in some tissues (e.g. chad in vertebrae > 2700 TPMs; Table 4.1).

In most sampled tissues, bgn displays high levels of expression (TPM > 50). Expression of
most SLRPs is strongly biased (Z-score > 1) towards endoskeletal tissues (the Meckel’s cartilage,
vertebrae and chondrocranium samples) and/or exoskeletal tissues (skin denticles and dental
lamina). Exceptions to this trend are den2, kera and ecm2L in canonical SLRPs, together with
chadL?2 and npc in non-canonical SLRPs. Chad, chadLl, epyc and fmod are the only SLRPs
enriched exclusively in the skeletal system. Several SLRPs from different clusters and different
clades have an enriched and strong expression in the ampullae of Lorenzini (AOL), the eye or
both (bgn, lum, ogn and prelp, Table 4.1), making these sensory organs another major site of
SLRP expression. Biased expression is also found for bgn and prelp in the heart and spleen and
for ogn and prelp in the esophagus (Table 4.1). Compared to the other SLRPs, tsku displays
a more divergent expression pattern being the only one enriched in both the spiral intestine
and the uterus but not in endoskeletal tissues. Finally, ecm2L is exclusively enriched in early
embryonic stages. Most SLRPs also show strong and/or biased expression in late embryonic
stages (stages 30 and 31), when the skeleton is known to engage in cell differentiation. Based on
parallel higher enrichment in the skeletal tissues and in late embryonic stages, we further studied

SLRPs expression in later S. canicula embryonic stages focusing on skeletal development.
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HES

collal

col2al

Figure 4.4: Histology and gene expression in 6.5 cm S. canicula embryo anterior cross sections.
A-C: HES staining, D-F: collal in situ hybridization; G-I: col2al in situ hybridization in vertebra
(zoom 1; B, E, H) and skin layers (zoom 2; C, F, I). d: dermis; e: epithelium; m: mesenchyme; mu:
muscle; nt: notochord; sc: spinal cord. Black arrowheads indicate expression in the perichondrium;
White arrowheads indicate expression in a chondrocyte. Dotted lines mark separations between
tissues. Scale bars are in pm.

Cell-specific expression of SLRPs in developing skeletal tissues of the catshark

We tested the timing and location dynamics of genes expected to be expressed in endoskeletal
tissues (vertebrae) first by relative qPCR measurement (Suppl Mat on demand) and then by
in situ hybridization on sections of selected developmental stages. In 5- to 8-cm TL catshark
embryos, skeletal tissues develop from poorly differentiated cell populations to a variety of dif-
ferentiated tissues including: non-mineralized and mineralized cartilages, non-mineralized and
mineralized perichondrium, mineralized fibrous sheath of the notochord and non-mineralized
notochord (Figure 4 and Berio et al., 2021; Enault et al., 2016). Over this embryonic period,
skin denticles develop as the dermis and epidermis differentiate; muscle tissue also differentiates
(Figure 4). Tested genes were selected based upon TPM values (mean endoskeletal TPM > 30,
Table 4.1) or results of qPCR amplification, therefore lowly expressed or not amplified genes
were not selected, which was the case of kera, ecm2L, den2, chadL2, podn, podnL, npc, nyr and
tsku.

No expression could be detected by in situ hybridization for ecm2 and fmod (6,5cm TL,
not shown). Other SLRPs’ expression follow two main patterns comparable to either col2a1 or
collal expression (Fig 4.4 and Table 4.2) and therefore assigned to chondrocyte or perichondrial
cells. The aspn, chad, chadlLl1, epyc, omd, ogn and prelp genes are expressed by chondrocytes
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(Fig 4.5, A-E and K-L), while bgn, denl and lum display perichondrial cell expression (Fig 4.5,
M-0). Additional expression in chordocytes of the notochord was observed for both chad and
epyc and in neural cells of the spinal cord for omd. In developing scales, ameloblastic expression
is apparent for bgn, lum, omd and ogn (Fig 4.5, J, P, R and T), while odontoblastic expression
is observed for den! and lum (Fig 4.5, R and S). Additionally, expression was detected in the
mesenchyme of scale roots for aspn, chadL1, lum and omd (Fig 4.5, F, H, J and R). Expression
in the dermal cells is detected for bgn, deni, lum, omd and ogn (Fig 4.5, J, P and R-T). Finally,

muscle expression was detected for denl, lum, omd and bgn (Fig 4.5, J and R-T).

Vertebra Vertebra

chad

chadLl

epyc

omd

Figure 4.5: Expression data in 6.5 cm S. canicula embryo anterior cross sections. : mRNA in
situ hybridizations of several canonical SLRPs in vertebrae (A-E and K-O) and skin layers (F-J
and P-T). a: ameloblast; b: scale base; d: dermis; e: epithelium; m: mesenchyme; mu: muscle;
nt: notochord; sc: spinal cord. Black arrowheads indicate expression in the perichondrium; White
arrowheads indicate expression in a chondrocyte. Dotted lines mark separations between tissues.
Scale bars are in pym.
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Table 4.2 Collagen I or II expression | SLRP expression

Nervous system | - omd

Notochord - chad, epyc

Cartilage col2al aspn, chad, chadLl, epyc, ogn, omd, prelp
Perichondrium | colial bgn, denl, lum

Ameloblasts - bgn, lum, ogn, omd

Odontoblasts collal denl, lum

Scale base collal aspn, chadL1, lum, omd

Dermis collal bgn, denl, lum, ogn, omd

Muscle collal bgn, denl, lum, omd

Table 4.2: Recap of slrp expression in S.canicula tissues / cells

4.2.4 Discussion

Reevaluation of vertebrate SLRP gene repertoire

Chondrichthyans and their phylogenetic placement have proven valuable for inferring general
and specific properties regarding the evolution of vertebrate gene families (Debiais-Thibaud,
2019; Leurs et al., 2021; Romero et al., 2021). In this study we recovered previously described
orthology groups with high confidence values and discovered several new vertebrate members of
the SLRP family, one canonical Dcn2, and two non-canonical: Npcl and Chadl.2. We showed
that EecmXL is not a vertebrate SLRP orthology group, but is instead a teleost specific gene
whose emergence is the consequence of a third WGD event, similar to results published by
Costa et al. regarding ogn (Costa et al., 2018). From their branching to canonical SLRPs; all
non-canonical SLRP clades emerged before the vertebrate 2R but our results do not allow for
a more accurate understanding of their evolutionary history. A phylogenetic analysis including
the five most similar cephalochordate sequences (Branchiostoma floridae) did not help resolve
deep nodes in our phylogeny nor proposed orthology relationships between the amphioxus and
vertebrate sequences, questioning the belonging of these sequences to the SLRP family (Supp
Mat S1 and S8). SLRP-related sequences in Ciona are scarce (Jones et al., 2007; Park et al.,
2008) suggesting that SLRPs have undergone extensive evolution, both by coding-sequence
evolution and gene duplication events, in the period just pre-dating the 2Rs in vertebrates.
The lamprey P. marinus was used as the sister group of jawed vertebrate sequences but its
sequences do not show a 1:1 orthology relationship with the rest of the vertebrate sequences,
congruent with the hypothesis of parallel second WGD in cyclostomes and gnathostomes (L. Z.
Holland and Dagza, 2018; Kuraku et al., 2008; Sacerdot et al., 2018; Smith and Keinath, 2015;
Smith et al., 2018). Out of the nineteen lamprey SLRPs recovered, twelve of them branch
within canonical clades. Out of those, ten have a standard LRRCE motif (Pm1-8, 10 and 12;
not shown). P. marinus SLRPs contain a variable number of LRRs ranging from six to twenty-
five. This number variation, however, is coherent with the results on the catshark sequences
(i.e. closely related sequences have a similar number of LRRs). In the sea lamprey genome,
several gene tandems are identified. First, SLRP5 is found with SLRP6 (respectively clade 1
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and 3 genes); and SLRP3 with SLRP12 (respectively clade 2 and 4 genes) which supports a
vertebrate-ancestral cluster of genes from clades 1 to 4. This suggests that the SLRP clusters
identified in extant species are derived from a single four-gene ancestral cluster that predates

the vertebrate 2R events.

Evolutionary scenario for canonical SLRPs expansion in vertebrates

The clustering of gnathostome canonical SLRPs along four different loci and the branching of
paralogs in clade phylogenies are all congruent with the expected pattern for cluster multiplica-
tions by the 2R whole genome duplications (Dehal and Boore, 2005) following a ((A,B),(C,D))
relation. For instance, within clade 2, aspn (cluster A) and bgn (cluster B) are closer to each
other, while dent (cluster C) and den2 (cluster D) are closer together (Fig 4.3). This pattern
is also visible for clades 1 and 4 if we consider gene loss for the sister genes to ecm2L and
ogn respectively (Fig 4.3 and Fig 4.6). However, this is not the observed topology for clade 3
that cannot be explained using only two rounds of WGD and gene loss. To explain the several
additional paralogs of clade 3 observed in clusters C and D, we propose a most-parsimonious
scenario where two serial events of tandem duplication occurred between the two rounds of
WGD from a single ancestral copy (Fig 4.6). Before the second round of WGD, one ancestral
cluster with four SLRPs duplicated into clusters A and B, and another ancestral cluster with
six SLRP paralogs gave rise to clusters C and D (Fig 4.6). Subsequent gene loss (and addi-
tional WGD in teleosts) would explain the genomic organization of extant gnathostomes and
the inferred phylogenies. It is relevant to mention that the synteny markers on either side of the
SLRP clusters are annotated as genes belonging to the same gene families (namely atp2b and
btg). A recent study showed a clear case of clustered, tandemly duplicated genes diversifying
through the 2R-event in the zone neighboring SLRPs with similar ((A,B),(C,D)) relationship
(Daza et al., 2022), making the excellent conservation of the gnathostome SLRP loci a wider
characteristic of a whole chromosomal section.

In the sea lamprey, two tandems each made of two clade 3 genes can be found in two different
loci: SLRPs 7 with 10, and SLRPs 8 with 9, also supporting a vertebrate ancestral tandem
duplication of a clade 3 gene along one of the ancestral clusters. The lamprey sequences branch
together in the phylogeny (Fig 4.3) as (748) and (9+10), which is the expected topology for the
products of the cyclostome specific WGD. The cluster with internal clade 3 duplication therefore
subsequently underwent the 2nd WGD (independently in the cyclostome and gnathostome
lineages). The ancestral vertebrate four-gene cluster has therefore expanded first by means of
clade 3 tandem duplications and then by a parallel 2nd WGD event in both gnathostomes and
cyclostomes (Fig6).
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Figure 4.6: Hypothesized scenario for canonical SLRP evolution in gnathostomes. Color code is
the same as in Figure 4.1. X indicates gene loss.
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Gnathostome-conserved and S. canicula derived features of SLRP expression in

skeletal tissues

Two main types of SLRP expression patterns can be observed in embryonic endoskeletal tissues:
perichondrium or chondrocyte-associated expressions. For instance, bgn, denl and lum all show
a perichondrium-associated expression pattern congruent with these genes being described to
interact with collagen I in mice (Fig 4.5; S. Chen and Birk, 2013). The chondrocyte expression
of chad, chadL1, epyc, omd, ogn and prelp (Fig 4.5) is a conserved feature between the catshark
and bony fishes (Funderburgh et al., 1997; Grover and Roughley, 2001; Shinomura and Kimata,
1992; Tillgren et al., 2015; Wilda et al., 2000). A major exception to this conservation status
is aspn, that was shown to interact with Collagen type I in mice (Kalamajski et al., 2009) and
to be expressed in the perichondrium but not in differentiated cartilage (Henry et al., 2001). In
the catshark however, aspn was only detected in chondrocytes and not in the perichondrium,
suggesting divergent evolution of aspn expression patterns. In addition, the catshark Omd
protein sequence is one of the most divergent SLRPs when comparing it to its bony fish ortholog
as: it showed no GAG attachment sites but six N-glycosylation sites; there were no detected
putative tyrosine sulfation sites while several are found in bony fishes; no acidic C-terminal
region was found. Its expression was located in chondrocytes in the embryonic catshark while it
has been detected in mice osteoblasts (Ninomiya et al., 2007) and in rat fetal femur bone with a
function in binding hydroxyapatite (Wendel et al., 1998). Since chondrichthyans lost the ability
to make bone and have novel modes of mineralization (Seidel et al., 2016), evolution of the aspn
and omd expression patterns and sequences could be linked to this skeletal transition. The bgn
and lum genes are expressed in mice chondrocytes and known to interact with Collagen IT and
Aggrecan (S. Chen and Birk, 2013; Wilda et al., 2000) but their expression was not detectable
in the cartilage in the catshark (Fig 4.5). Expression in catshark embryonic exoskeletal tissues
in this study was focused on dermal denticles that develop similarly to teeth (Debiais-Thibaud
et al., 2015). The observed patterns in the catshark can be ameloblast-associated (bgn, ogn,
omd), odontoblast-associated (denl) or both (lum; Fig 4.5). In mice teeth, bgn and omd were
detected in both ameloblasts and odontoblasts while aspn, denl, lum, ogn and fmod were only
found in odontoblasts (Buchaille et al., 2000; Hou et al., 2011; Houari et al., 2014; Matsuura
et al., 2001; Randilini et al., 2020). Therefore, we can speculate on a conserved function
of bgn and omd in enamel/enameloid formation and of den! and lum in dentin formation.
Odontoblasts, the dentine-producing cells, show more differences in SLRP expression between
bony and cartilaginous fishes than ameloblasts, which is surprising as dentine is considered a
stable tissue in vertebrates, while the evolution of extant enamels and enameloids are considered
more derived tissues (Kawasaki and Weiss, 2008). The odontoblasts are thought to be very
similar to osteocytes in their differentiation and secretion pathways and again, the lack of aspn

expression in catshark odontoblasts might be a signature of bone loss consequences.
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Specific SLRP evolutionary trends in cartilaginous species

From our phylogenetic data, Dcn2 was kept only in chondrichthyans and lost in all other
gnathostome lineages. Screening of the protein motifs showed high similarity with its paralog
Denl which is itself very similar to its bony fish orthologs (Kalamajski and Oldberg, 2010;
Low et al., 2021). However, dcn2 shows very low TPM values which coupled with its sequence
similarity with denl may support functional redundancy between these genes. However, dcn2
expression enrichment in the catshark kidney is not found for denl, which may be a reason
for its maintenance in chondrichthyan genomes. In contrast to other SLRPs, ecm2L and kera
expression is enriched in early embryonic stages. However, ecm2L is unknown from functional
studies since it was lost in amniotes and the catshark ortholog is very peculiar since we found
eighteen putative N-glycosylation sites before the LRRs. Functional implications of these fea-
tures remain unknown since there is no point of comparison. However, kera is quite similar
to its ortholog in bony fishes and has been shown to be expressed very early during chick
embryogenesis with possible roles in neural-crest cells migration (Conrad and Conrad, 2003).
An enrichment of expression for ecm2, bgn, lum, ogn, prelp was detected in the ampullae of
Lorenzini (AOL), which are a cartilaginous fish evolutionary innovation: they are sensory or-
gans that can detect electromagnetic fields and temperature gradients, and are filled with a
keratan sulfate rich gel. Previous studies on AOL did not identify the proteoglycans to which
these keratan sulfate chains might be linked to (Melrose, 2019; X. Zhang et al., 2018), but
specifically lum, ogn, prelp have been reported to carry keratan sulfate GAGs in mammals
(Funderburgh et al., 1997; Hultgardh-Nilsson et al., 2015; Iozzo and Schaefer, 2015). Our pre-
dictions of glycosylation sites in the catshark SLRP sequences recovered conserved positions,
including those where keratan sulfate attachment was shown in mammals (Low et al., 2021;
Suppl Mat on demand). Therefore, lum, ogn and prelp are excellent candidates for structural
SLRPs involved in the secretion of the specialized gel of the AOL in chondrichthyan fishes.
More surprising are bgn and ecm2 expression in the AOL. The catshark ecm?2 is divergent
when compared to its bony fish ortholog: it is predicted to have five possibly sulfated tyrosines
in the N-terminal region (none predicted in mice), four putative GAG attachment sites (only
one in mice) and three N-glycosylation sites (none in mice), all possible sites for keratan sulfate
attachment. This SLRP might carry keratan sulfate chains in cartilaginous fishes, but these
results are highly speculative since Ecm proteins have been very poorly studied in bony fishes,
and our data are only predictions which are more permissive than the actual observation of
GAG attachment (Kalamajski and Oldberg, 2010). A better characterization of GAG chain
linkage of chondrichthyan SLRPs is still critical to better understand lineage specific similarities

or differences associated with the function of these proteoglycans.
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4.2.5 Concluding remarks

Our results support a major expansion of the canonical SLRP gene repertoire firstly by tandem
duplications in early vertebrates predating the two events of whole genome duplication, then
by the 2R events in extant lineages of vertebrates. This expansion co-occurred with the great
diversification of connective tissues, including skeletal tissues, that characterize the vertebrate
lineage. Additionally, specific SLRP expression in cartilaginous fish evolutionary innovations
such as the ampullae of Lorenzini, highlights the potential modularity of these genes by being
recruited for the function of new structures. More gene expression data from the cyclostome
lineage might help understanding the deeper conservation of SLRP function and therefore the

evolution connective tissue at the origins of vertebrates.
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4.3.1 Introduction

Matrix metalloproteinase (Mmps) are a group of calcium-dependent zinc-containing endopepti-
dases that have been shown to cleave both extracellular matrix (ECM) and non-ECM proteins
(Paiva and Granjeiro, 2014). Mmp proteins, found in all kingdoms of life, are involved in many
vital biological processes such as matrix remodeling (Stamenkovic, 2003), cell differentiation
(Brizzi et al., 2012; George, 2004 ), apoptosis (Si-Tayeb et al., 2006), cell migration (Gifford and
Itoh, 2019), cell motility (Shipley et al., 1996), cell proliferation (Sans-Fons et al., 2010), cell
cycle (Golubkov et al., 2005) and tissue repair (reviewed in Paiva and Granjeiro, 2014). In hu-
mans, twenty-three Mmp proteins have been identified and, based on their substrate affinity and
tridimensional structure, are divided into six subgroups, which are collagenases (Mmp1, Mmp8,
and Mmp13), gelatinases (Mmp2 and Mmp9), matrilysins (Mmp7 and Mmp26), stromelysins
(Mmp3, Mmpl0 and Mmpl1l), membrane type metalloproteinases (Mmp14-17, Mmp24-25),
and others (Mmp12, Mmp19-21, Mmp23, Mmp27, and Mmp28) (Nagase et al., 2006).

Some Mmps have been shown to be involved in bone and cartilage development, ossification
and bone remodeling (Paiva and Granjeiro, 2014). This is particularly relevant because these
proteins may potentially contribute to lineage specific differences between bony and cartilagi-
nous fishes. Bony fish cartilage and bone development involves a variety of processes intimately
linked to degradation and regeneration of the extracellular matrices of these connective tissues.
Cartilaginous fishes however, have lost the ability to make bone (Gillis, 2019); but show a de-
rived form of mineralized cartilage, the tessellated cartilage, and a fibrous perichondrium in the
neural arches, which has been described as a bone-like tissue (Berio et al., 2021). The genetic
control of the development of these structures, however, is still poorly known.

Mmp proteins have also been shown to function in regeneration of injured limb in amphibians
(Santosh et al., 2011; Vinarsky et al., 2005). Recently, in this lineage, a considerable expansion
of a subclade of Mmps has been demonstrated (Baddar et al., 2021). Chondrichthyans display
continuous growth throughout their life and recently the little skate Leucoraja erinacea has
been shown to have the ability to regenerate its cartilage (Gillis, 2019; Marconi et al., 2020),
which raises the question of the state of Mmp repertoire in chondrichthyans fishes.

Previous studies on Mmp family are biased towards bony fishes (Fanjul-Fernandez et al.,
2010), probably due to the lack of available sequence data on chondrichthyans. Here, we take

advantage of newly available high-quality genomic data in the cartilaginous fish lineages to
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assess the evolution of the mmp gene family at the vertebrate scale. In this context, phylogeny
and synteny analyses have been performed to identify lineage-specific losses or duplications and
RNAseq data was used to evaluate the divergence of expression patterns in a chondrichthyan:

the small-spotted catshark Scyliorhinus canicula.

4.3.2 Material and Methods
Phylogeny

Mmp protein sequences from 6 species of tetrapods (Homo sapiens, Xenopus tropicalis, Mus
musculus, Gallus gallus, Cynopus pyrrhogaster, Amblystoma mexicanus), 6 species of chon-
drichthyans (Scyliorhinus canicula, Amblyraja radiata, Callorhinchus milii, Rhincodon typus,
Carcharodon carcharias, Chiloscyllium plagiosum) and 5 species of actinopterygians (Erpeto-
ichthys calabaricus, Lepisosteus oculatus, Danio rerio, Astyanax mezicanus, Oryzias latipes),
and one species of cyclostome (Petromyzon marinus) were downloaded from both NCBI (chon-
drichthyans and actinopterygians) and from Al Haj Baddar et al. 2021 (tetrapods). The
searches on NCBI were performed using tBLASTN with Mus musculus Mmps as a query due
to the confidence in the gene annotation and quality of data available on NCBI for this species.
The identified Mmps were subsequently used to further retrieve lineage specific sequences (i.e.
chondrichthyan Mmps blasted onto chondrichthyan genomes). Mmp protein sequences were
also recovered by blasting on a Raja clavata jaw transcriptome generated in the lab (Debiais-
Thibaud, 2019) using TBLASTN from the Blast+ software (Camacho et al., 2009). Reciprocal
BLASTSs were performed on Amblyraja radiata, to insure their belonging to the Mmp family.
The CDS sequences were translated into amino acids using expasy translation tool (Gasteiger
et al., 2003). We removed the human Mmp26 sequence because this sequence is human specific
and did not align well with other Mmps.

To understand the evolutionary history of Mmp proteins in vertebrates, we performed a
phylogenetic analysis using the sampled protein sequences. The 429 sequences were aligned
using Mafft (Katoh and Standley, 2013; —auto —reorder) and subsequently cleaned using Hmm-
Cleaner (Franco et al., 2019; —large) to remove low similarity segments leading to an alignment
with 1138 positions. The appropriate amino-acid evolution model for maximum likelihood
analysis was found using ModelFinder (Kalyaanamoorthy et al., 2017). The best model was
chosen using the lowest BIC (Bayesian information criterion). Phylogenetic reconstruction was
performed using Maximum likelihood in IQ-TREE v1.6.1 (Nguyen et al., 2014; -alrt 1000 -bb
5000 -bcor 0.9). Node support was evaluated using 5000 ultra-fast-bootstraps (Hoang et al.,
2017) and SH-alrt single branch tests (Guindon et al., 2010). Minimum correlation coefficient

for UF bootstrap convergence criterion was set to 0.90.
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Synteny

In order to understand the homology relationships among several Mmp clades, we performed a
synteny analysis. Syntenic data was retrieved from reference genomes of Scyliorhinus canicula
(GCF_902713615.1), Carcharodon carcharias (GCF_017639515.1), Amblyraja radiata (GCF_01-
0909765.2), Chiloscyllium plagiosum (GCF_004010195.1), Callorhinchus milii (GCF_00016504-
5.1), Erpetoichthys calabaricus (GCF_900747795.1), Lepisosteus oculatus (GCF_000242695.1),
Danio rerio (GCF_000002035.6), Mus muculus (GCF_000001635.27), and Homo sapiens (GC-
F_000001405.40). In some cases the genomes of Rhincodon typus (GCF_021869965.1) and Xeno-
pus tropicalis (GCF_000004195.4) were also used.

RNAseq

S. canicula tissue libraries from whole embryos at stages 12, 22, 24, 26, 30 and 31 (Ballard et al.,
1993) and adult tissues sampled from three individuals were recovered from NCBI (BioSam-
ple accessions: 21694013 to 21694062) and are as following: “Tissue (biological replicates)”
Ampullae of Lorenzini (2), Blood (2), Brain+Olfactory sac (3), Chondrocranium (3), Dermal
denticles (3), Dental lamina (3), Esophagus (1), Eye (2), Gills (1), Heart (1), Kidney (1), Liver
(1), Meckel’s cartilage (3), Muscle (2), Ovary (1), Pancreas (2), Rectal gland (2), Spinal cord
(1), Spiral intestine (2), Spleen (1), Stomach (1), Seminal vesicle (1), Testis (2), Uterus (1)
and Vertebrae (2). The paired end RNAseq reads from adult and embryonic S. canicula tissue
samples were mapped onto the reference gene model (Mayeur et al., 2021) using BWA MEM
(H. Li, 2013). After sorting and converting the resulting alignments to BAM files using sam-
tools, counts for each library were extracted. Count data was then normalized as Transcripts
Per Kilobase Millions (TPMs) and used as such for quantification of expression. When a tissue
had several replicates (max 3 replicates), TPM values were averaged, leading to a final number
of 31 tissues compared. For each gene, Z-scores were then calculated to evaluate tissue-biased
expression as

Z—(x- - L (12)

o
Where for any sample: x is the observed TPM value in a given tissue, u is the mean of all

tissues, o is the standard deviation of all tissues and n is the number of tissues.

4.3.3 Results

Evolution of Mmp genes in jawed vertebrates and their genomic organization

In total 429 sequences of Mmp proteins were used to make the complete phylogenetic tree
(Fig 4.7, and Suppl Mat on demand). Since there is no identified outgroup for the complete

tree, we used midpoint rooting (the root is at the midpoint of the most divergent taxonomic
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group). This method is useful when an outgroup is not known (Hess and Russo, 2007). Over-
all, the phylogeny shows conserved monophyletic groups with 1:1 orthology relationships, at
the gnathostome levels for most Mmp paralogs (e.g. Mmp2, Mmp9, Figl) making the origi-
nal/ancestral gnathostome Mmp repertoire of at least 14 paralogs. However, this is not true
for Mmp21, where we find four chondrichthyan copies for only one in humans. Additionally, a
second big clade of Mmps shows internal relationships with low robustness. Within this clade
relationships between orthologs are quite complex, e.g. many specific duplicates at different
taxonomical levels and a more detailed phylogeny was needed. In the following, this clade
is called the “clustered” clade (Fig 4.7) because the human sequences present in this Mmp
clade (denoted Mmp2, Mmp3, Mmp7, Mmp8, Mmp10, Mmp12, Mmp13, Mmp20, and Mmp27
in this species), show a clustered genomic organization. Additionally, Mmpl7b and Mmp19
families do not have chondrichthyan orthologs suggesting that these genes have been lost in
the chondrichthyan ancestor. Most teleosts have two copies for Mmp11, Mmp14, Mmp15, and
Mmp16, probably resulting from their additional 3R of whole-genome duplication (Suppl Mat
on demand).

We generated two new alignments and phylogenies by subsampling sequences from the
Mmp21 and the clusterd Mmp caldes. The phylogeny for the Mmp21 clade (Fig 4.8) shows four
gnathostome groups of orthology here named A, B, C, and D. Only Mmp21C includes members
of all major gnathostome lineages. Mmp21A, however, was secondarily lost in amniotes while
Mmp21B and D were lost in both tetrapods and teleosteans (Fig 4.8). Syntenic analyses of
these clades show conserved genetic markers between species and for each locus (Suppl Mat on
demand). Only chondrichthyans and non-teleostean actinopterygians have kept all four Mmp21
paralogs.

In the clustered Mmp phylogeny, we isolated six different gnathostome orthology groups
(named clades 1 to 6; Fig 4.9). Mmp clade 1 is only made of chondrichthyan sequences (Fig
4.9). This group seems to have been lost in the last common ancestor of osteichthyans. It also
includes recent duplication events specific to Scyliorhinus canicula, Carcharodon carcharias
and Amblyraja radiata. Additionally, a duplication event specific to both Rhincodon typus and
Chiloscyllium plagiosum, suggests that this event happened in the last common ancestor of
orectolobiformes. Mmp clade 2 shows that this gene has been lost in sarcopterygians but kept
in other lineages, albeit with an unexpected placement of Callorhinchus milii, with low support
values. Mmp clade 3 consists of sequences of all major gnathostome clades. However, the
topology suggests that a duplication of this gene happened in the ancestor of actinopterygians,
and that one of the copies was lost in sarcopterygians (Fig 4.9). Mmp clade 4 lacks chon-
drichthyan orthologs, meaning that this clade has been completely lost in chondrichthyans. In
contrast, this clade presents multiple duplications in bony fish and up to seven copies in hu-
mans (Fig 4.9). In particular, this is the clade where Baddar et al., 2021 found the expansion
of Mmps in amphibians, and seems to be made up of several independent duplications more

generally in actinopteygians. In Mmp clade 5, there is a specific duplication in Scyliorhinus
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Figure 4.7: Vertebrate Mmp phylogeny. The alignment was 429 sequences with 1138 positions
and the model for amino acid evolution used was LG+I4+G4. Nodes with bootstraps > 90 are
represented by black dots. The phylogeny was rooted at the midpoint. Colored branches correspond
to lamprey sequences

canicula, and in the ancestor of rajidae. Two additional duplications of the Mmp clade 5
sequence happened leading to four sequences in Amblyraja radiata, while Callorhinchus mailii
has also experienced two duplications (Fig 4.9). Mmp clade 6 consists of genes belonging to
chondrichthyans and non-teleostean actinopterygians with multiple independent duplications
(except in Callorhinchus milii). Scyliorhinus canicula has five copies, Chiloscyllium plagiosum
has two and Carcharodon carcharias has only one (Fig 4.9).

In mice and humans, these mmps are all located between two genetic markers: dcunldd
(mouse) or pdgfd (human) and cfap300 (Fig 4.10). These markers are also found in chon-

drichthyans although the chromosomal portion seem to have moved farther at some point in
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Amblyraja radiata Mmp21A
Carcharodon carcharias Mmp21A
Chiloscglllium plagi\i/?sum Mmp21A
Rhincodon typus Mmp21A
Scyliorhinus canicula Mmp21A
Callorhinchus milii Mmp21A
Erpetoichthys calabaricus Mmp21A
Ambystoma mexicana Mm521A
Cynops pyrrhogaster Mmp21A
Xenopus tropicalis Mmp21A
Amblyraja radiata Mmp21B

Raja clavata Mmp21B

Scyliorhinus canicula Mmp21B
Chiloscyllium plagiosum Mmp21B
93.1/95 - Callorhinchus milii Mmp21B

-~ Erpetoichthys calabaricus Mmp21B
- Lepisosteus oculatus Mmp21
Amblyraja radiata Mmp21C
Carcharodon carcharias Mmp21C
Scyliorhinus canicula Mmp21C
Ch.llosca/lllum pla%?sum Mmp21C
Rhincodon typus Mmp21C
Callorhinchus milii Mmp21C
Erpetoichthys calabaricus Mmp21C
Astyanax mexicanus Mmp21

Danio rerio Mmp21C

Oryzias latipes Mmp21C

Cynops p¥rrhpgaster Mmp21C
Xenopus tropicalis Mmp21C

Homo sapiens Mmp21

Mus musculus Mmp21C
Erpetoichthys calabaricus Mmp21D
Lepisosteus oculatus Mmp21
Carcharodon carcharias Mmp21D

—1 99/10(

Scyliorhinus canicula Mmp21D
Amblyrajla radiata Mmp21D
Chiloscg lium plagiosum Mmp21D
Rhincodon typus Mmp21D

.......................................................................... Petromyzon marinus Mmp21.1
—e900 Petromyzon marinus Mmp21.2

Figure 4.8: Mmp 21 phylogeny. The alignment contained 40 sequences and was 641 aa long.
The model for amino acid evolution used was JTT+I+G4. The single Human mmp21C sequence
corresponds to the actual human mmp21

their evolution (Fig 4.10). Nonetheless, mmps are found near these markers, belonging to the
clustered Mmp clade, and most of them (on the cfap300 side) show a clustered organization
similar to what is observed in mammals. In non-teleostean fishes a cluster is also observed but
genetic markers are not conserved in these species as indicated by different genes instead: acer?
and tmprss2 (Fig 4.10).

Tissue- and embryonic stage-specific expression of mmp genes in the small-spotted

catshark

Tables 4.3 and 4.4 report RNAseq expression data for every one of the twenty-six identified S.
canicula mmp genes. First, among the S. canicula mmp genes whose orthology relationship to
other vertebrates is 1:1, mmp2, mmp9 and mmp14 are the most highly expressed ones having
TPM values > 50. All three of these genes are over-represented in all skeletal tissues with the
exception of mmp9 who is specific to odontodes and the dental lamina. Additionally, mmp2
and mmp14 are highly expressed in sensory organs such as the eye (mmp2) and the ampullae of
Lorenzini (mmp2 and mmp14). These genes are also over-expressed in the circulatory system
with mmp2 in the gills and the heart while mmp9 shows up in blood and the spleen along
with mmp14. Mmp2 and mmpl4 are both over represented in the esophagus while mmp9
seems to be specifically expressed in testis. Only mmpl4 is found to be highly expressed an

over represented in almost all embryonic stages. The other mmps with a 1:1 orthology, seem
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Figure 4.9: Clustered Mmp phylogeny. The alignment contained 140 sequences and was 951
aa long. The model for amino acid evolution used was JTT+I+G4. Human mmps are also
indicated by their usual names. Note that gene names ending by .1, .2, etc... strictly represent
duplicates within a species, with an arbitrary numbering, and do not correspond to orthologues
among vertebrates.
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to show small expression values in most tissues, although many have expression values biased
towards embryonic stages, skeletal tissues or the nervous system.

The mmp21 genes are much more restricted in terms of expression, with mmp21A being
solely over represented in endoskeletal tissues and mmp21B having a very specific expression
in the seminal vesicle and to a lesser extent in the uterus. In contrast, mmp21C and mmp21D
display low expression values with a maximum of ~ 15 TPMs. These very low expression values
suggest a possible degeneration of these extra duplicates in S. canicula.

Finally within the clustered mmp clade (in pink in Table 4.4) the different copies seem to
have specific expression patterns. Several duplicates, such as mmp clade 3, mmp clade 6.2 and
mmp clade 6.5, only display expression values > 5 in denticles and/or dental lamina. Similarly,
mmp clade 1.2, mmp clade 5.2 and mmp clade 6.3, display extremely low expression values
(TPM < 15) in all tissues, therefore questioning the function of these genes and indicating a
possible degeneration of these duplicates. In addition, mmpI1.1 is specifically expressed in the
rectal gland, while mmp clade 2 is expressed in blood and the spleen, as well as in the testis.
The mmp clade 6.1 gene seems to be specifically expressed in dermal denticles similar to mmp

clade 6.4 who is additionally expressed in the Meckel’s cartilage as well as the dental lamina.

4.3.4 Discussion

Evolution of gnathostome mmp members

Novel Mmp orthologs have been previously found in different organisms such as amphibians
(Baddar et al., 2021) or primates (Pan et al., 2022). In this study, we explored the evolution
of Mmp proteins using phylogenetic, synteny, and transcriptomic data in chondrichthyans and
more specifically in the small spotted catshark: S. canicula. Our analyses suggest that multiple
duplication and gene loss events have happened at a high rate and independently in major
lineages of jawed vertebrates especially in the clustered clade of Mmps. In chondrichthyans we
also showed a loss of the Mmp17b, Mmp19, and Mmp clade 4 orthologs while also discovering
an unknown diversity of mmp genes in this clade. For instance, our findings show that Mmp
clade 1 is only found in chondrichthyans as a consequence of a secondary loss in osteichthyans
(Fig 4.9). Similarly, chondrichthyans seem to have lost the orthologs corresponding to the clade
4 and possibly one of the clade 5 paralogs, although for the latter, our data cannot distinguish
whether the duplication in this clade happened before gnathostome or before osteichthyan
diversification. This is mostly due to the low support of the node linked to this duplication
in our phylogeny (Fig 4.9; 29.7/72 and Fig 4.11). Most of the clustered mmps in bony fishes
result from tandem duplications of an ancestral mmp of clade 4 while in cartilaginous fishes
most tandem duplicates come from the ancestral genes of clade 1, 6 or 5 depending of the
species (Fig 4.9 and 5.10).
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Integrating phylogenetic and synteny data of the clustered mmps, helped us to propose an
evolutionary scenario for this clustered calde (Fig 4.11). This scenario points towards six or
seven (depending on the timing of the clade 5 duplication) mmp genes already present in a
cluster, in the last common ancestor of extant gnathostomes. However, we cannot reject the
hypothesis that both osteichthyan clade 5 genes are sister groups, in which case they would
result from a duplication in the ancestor of osteichthyans, and there would be only one clade
5 copy in the ancestor of gnathostomes. The clade 4 ancestral gene was duplicated in the
osteichthyan ancestor while it was lost in chondrichthyans. Similarly, the clade 3 ancestral gene

also would have duplicated in the osteichthyan ancestor.

Chondrichthyan ancestor Osteichthyan ancestor

Gnathostome ancestor
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Figure 4.11: Ancestral state of clustered mmps

Chondrichtyan specific expression of novel mmp genes

Transcriptomic data in §. canicula show highly specific expression zones of some mmp genes.
Particularly relevant are the mmps that are highly expressed and over-represented in chon-
drichthyan specific derived anatomical features. For instance Mmp clade 1.1 is highly expressed
in the rectal gland, a specialized elasmobranch organ, important for osmoregulation. Moreover,
we detected expression of mmp2 and mmpl4 in the ampullae of Lorenzini, a chondrichthyan
specific sensory organ specialized in electroception. Our data suggest that these mmps have
been recruited in these novel structures although their functional significance is still unknown.

Another relevant feature specific to chondrichthyans is their ability to regenerate teeth
throughout their life (Rasch et al., 2016). Moreover, it has been shown that Mmp proteins are
involved in tooth development, mineralisation and regeneration (Guirado and George, 2021).
Here, we found five mmps that are highly expressed and over-represented in S. canicula dermal

denticles and dental lamina (mmp2, mmp9, mmp14, mmpc6.1 and mmpc6.}) suggesting a
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potential role of these genes in the development, regeneration and maintenance of teeth and
scales in S. canicula.

Lastly, several mmp genes were detected in endoskeletal tissues including mmp2, mmp14,
mmp21A and mmpc6.4. These expression patterns could indicate a potential contribution of
these genes in the evolution of the chondrichthyan skeleton, and explain some of the observed
differences between them and bony fishes. For instance in mmp14 null mice, strong skeletal
defects can be observed due to delayed cartilage resorption during endochondral ossification
(Holmbeck et al., 1999; Zhou et al., 2000). Similarly, mmp2 null mice show disrupted bone
development as well as decreased mineralization and osteoblast / osteoclast numbers (Mosig
et al., 2007). Comparisons for the other two genes are more complex since both mmp21A and

mmpc6.4 orthologs have been lost in mammals.

4.4 Discussion: Evolutionary dynamics of clustered gene

families

In this chapter I focused on genes that evolved into clusters through tandem duplications and
the dynamics behind these genomic structures. In general a gene cluster is defined as two or
more paralogs that encode similar proteins and are located next to each other on the same
chromosome. A gene cluster can arise through several tandem duplications at a particular loci.
This effect can be further exacerbated through non homologous recombination if the dupli-
cated sequences are very similar to each other, increasing the number of duplicates (Hastings
et al., 2009). In general, duplicated genes, whether they are generated through tandem or
whole genome duplications, are first functionally redundant and therefore one of the duplicated
go through either the acquisition of a new function (neofunctionalization), become degenerate
(pseudogenization) or share the ancestral function with the other duplicate (subfunctionaliza-
tion; DDC model Force et al., 1999). However, when many duplicates are beneficial (such as
in dosage-sensitive genes), there can be positive selection for an increase in duplicate conser-
vation, therefore resulting in a higher apparent duplication rate (Hahn, 2009; Margres et al.,
2017; Schrider and Hahn, 2010).

These tandem duplications can be seen in many gene families studied in this thesis such as
the scpp genes in bony fishes, the spp2 genes in cartilaginous fishes and both the (clustered) sirp
and the (clustered) mmp genes in gnathostomes. All these gene families code for structural (or
enzymatic, for mmps) proteins of the ECM. In particular for the slrps and clustered mmps, we
showed there was already an ancestral cluster of these genes in the ancestor of jawed vertebrates,
suggesting an already diversified repertoire in this last common ancestor. However, how these
ancestral clusters evolved thereafter varies greatly depending on the studied family.

On the one hand, slrps have retained a clear signature of the 2R of whole genome duplica-

tions before vertebrate diversification. Therefore, the ancestral four-gene cluster was duplicated
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such as to display four slrp clusters in different chromosomes. Although not all paralogs were
retained in every species, slrps do show a relatively static condition in terms of gene conser-
vation. This static condition is uncommon following WGD events since they are hypothesized
to be followed by massive and rapid genomic reorganizations and gene deletions (Hufton and
Panopoulou, 2009; Sémon and Wolfe, 2007 but also see Berthelot et al., 2014).

On the other hand, the clustered mmps subsequently diversified through additional tandem
duplication in extant gnathostomes. Surprisingly, the ancestral copy from which these recent
tandem duplicated emerged are not the same depending in cartilaginous fishes when compared
to bony fishes. This suggests that similar requirements for larger mmp repertoires may exist in
these species. Compared to slrps, clustered mmps are not as conserved and show high turn-over
and high duplication rates.

These differences between slrps and mmps highlight two types of cluster: one very well
conserved at the gnathostome scale with little alterations, and another not so well conserved
and seemingly very dynamic. Why these differences exist is still to be determined, however, slrps
seem to have stabilized after vertebrate diversification while clustered mmps have continued
duplicating and evolving afterwards. Within the studied genes in this manuscript, the condition
of the mmp gene cluster seems to be the standard since similar dynamics can be seen in the
bony fishes scpps as well as in the cartilaginous fishes spp2 genes. The slrp condition is more

intriguing and the constraints that force them to remain clustered should be studied further.






Chapter 5

Conclusion: Evolution of the
biomineralization toolkit in

gnathostomes

5.1 O tissue, who art thou

As an evolutionary developmental biologist, the ideal situation would be that all the homology
relationships between structures are easily inferred from simple comparative data. However,
complex organisms such as vertebrates are not too keen in letting their secrets be known. In
particular, this comes from several levels of organization that are integrated into each other,
such that homology relationships become blurry. For instance, homologous genes can be easily
identified but their homology does not answer the question of the homology of genetic inter-
actions. This problem is further exacerbated by long evolutionary times that tend to create
derived features, at all levels of organization, which further complicates the retracing of ho-
mology. In the case of, but not restricted to, vertebrate skeletal biology this is an issue that
must always be considered such that our deductions stay as true to the reality as possible. For
instance, the homology of skeletal tissues among vertebrates has been the subject of intense
debate. In odontodes, dentin is mostly considered to be a tissue with stable features, shared
among wide taxonomical ranges so interpreted as homologous among vertebrates, but the ex-
tant enamels and enameloids are considered more derived tissues, with homology relationships
that were long debated first based on tissular morphology (Janvier, 1996), then on protein
content which depends on cell-specific gene expression (Kawasaki and Weiss, 2008). One of
the main arguments against enamel/enameloid homology is the contribution of odontoblasts in
enameloid formation with collagen I fibrils (Orvig, 1967). However, we could argue that this
was an ancestral condition that was subsequently lost in mammalian enamel (or earlier, see Qu

et al., 2015). Already in odontodes, tissular homology is not clear and depends of morphology,



130 5.2. Cell homology conundrum

which is strongly influenced by protein content, which is itself directly linked to gene expres-
sion, controlled by cells. Therefore, it is essential to better understand these cells and how they
relate to each other during evolution. However, it must be taken into account that, similar to
the evolution of sequences and morphological features, working on tissues and cells requires a
sufficiently big sampling and well chosen outgroup(s) that allows us to polarize the changes in
characters.

In endoskeletal tissues, cartilage seems to be a very ancient tissue and is probably homolo-
gous among all of vertebrates and possibly bilaterians (Tarazona et al., 2016, but see below).
Bones on the other hand are more complicated since e.g. endochondral and dermal bones do
not develop through the same developmental processes (endochondral vs intramembranous os-
sification, respectively). It is possible to argue that because not all of these tissues receive the
same contribution of different cellular types (i.e. absence of chondrocytes in dermal bones),
they look different morphologically, but that they are in fact homologous since derived from
an ancestral form of bone that used osteoblasts. To illustrate this, a 2016 study (Weigele and
Franz-Odendaal, 2016) on the histology of adult zebrafish revealed that most of the zebrafish
skull bones are either cellular or acellular compact bones (formed through intramembranous
ossification). The remaining endochondral bones are formed by two different endochondral
ossification processes named type I and II. Type I endochondral ossification is similar to mam-
malian endochondral ossification while Type II lacks both a degradation zone with osteoblasts
and a mineralization zone adjacent to the hypertrophic chondrocytes. Bones formed through
Type II endochondral ossification are called tubular bones, they lack a bony trabecular net-
work, blood vessels and nerves and are instead filled with adipose tissue. The authors of the
article hypothesize that these represent a derived skeletal feature specific to the zebrafish. In
this case, the novel tubular bones of the zebrafish are most probably derived from the “classic”
endochondral bone, and are simply morphologically different because they lack a contribution
of osteoblasts in the innermost part of the bone.

Therefore, the problem of tissular homology seems to boil down to what are the cells that
are participating in the formation of the tissue, and most importantly whether these cells
are homologous or not. However, we will see in the following that cell homology is a quite

challenging topic to tackle.

5.2 Cell homology conundrum

Classically there are two ways of classifying a cell: through overall morphological (most of-
ten histological) attributes (e.g. rod and cone cells in the retina) or through their function.
Cellular function depends on many proteins that constitute the toolkit of the cell, and find-
ing what is each cell’s toolkit is a common approach for defining a cell-type. Other studies
have attempted to characterize cells through their gene expression profile: a cell’s “molecular

fingerprint”, mostly fueled by high-throughput approaches such as single-cell RNAseq. How-
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ever, these characterizations do have their limitations, in particular since cell-type similarity
can evolve through several processes (such as true homology through inheritance, but also con-
vergence or concerted evolution; Arendt et al., 2016), and current cell-type characterizations
cannot differentiate between these scenarios easily. More recent definitions of cell-type are
based on the concept of gene regulatory networks (GRNs), representing a regulatory signature
specific to a single cell-type, influencing morphology and function and allowing the cell to act
as a single evolutionary unit (Arendt et al., 2016). This concept, is also employed in decon-
volution methods (cf. chapter 2). Still, this definition is not optimal since it is not clear on
where the homology lies. This is well illustrated in Tarazona et al., 2016 where the authors
explore different hypotheses for the evolution of cartilage and more specifically chondrocytes
in bilaterians. Two main hypotheses compete in this paper: (i) the independent origin of the
chondrocytes happened through the recruitment of a homologous GRN, by the same homolo-
gous progenitor cell-type, or (ii) independent evolution by activation of the same homologous
GRN but in different, non-homologous progenitor cell-types. These results highlight that the
homology of cell-types cannot be sharply defined because it integrates two independent classical
arguments to identify homology: of cell provenance (embryonic origin) and of GRNs. Therefore,
GRNs cannot alone be the defining character of a cell-type. However, it seems that homologous
GRNSs in different cell progenitors can trigger the differentiation of similar cell-types, resulting
in morphologically and functionally similar tissues (Tarazona et al., 2016).

Following these lines of evidence, the best way to study the evolution of tissues through the
lens of Evo-Devo is to understand how GRNs were co-opted in the different cell progenitors
they are built from. We could argue that what we call bone in bony fishes is in fact any tissue
formed by any cell progenitor containing a precise homologous GRN specialized in collagen
secretion and calcium phosphate precipitation. This hypothesis implies a common GRN in
all osteoblast-type cells. However, several elements must be taken into account such as the
independent evolution of these GRNs in separate taxonomic (or organismal) lineages (e.g.
shark vs mice chondrocytes) and/or independent evolution of a given GRN compared to others
within a single organism (e.g. fibrous mineralization cells vs areolar mineralization cells).
Among the many other cell-types that mineralize, including but not limited to odontoblasts,
ameloblasts and chondrocytes, is there a common GRN between all of these? Several studies
have already argued the existence of an ancient “skeletal” genetic network (reviewed in Fisher
and Franz-Odendaal, 2012), however, they mainly focussed on early master regulators of cell
differentiation. In the following section I will expand on this ancient skeletal genetic network,
although I will be focusing on the set of genes I worked with: proximal actors of mineralization.
Can we describe the mineralization part of an ancestral skeletal GRN (herein referred to as
mineralization toolkit), specific to some or common to all mineralizing skeletal cell progenitors?
Is our data sufficient to characterize skeletal cells as early as the chondrichtyan/osteichtyan
split? Can we conclude on the loss of bone or not in cartilaginous fishes? And can we classify

these cells based on their gene expression resemblance?
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5.3 The biomineralization toolkit of gnathostomes

Along this manuscript a variety of genes, cells and tissues have been studied in order to under-
stand their evolution, homology relationships and hopefully their origin. The focus was made
on several structural proteins but also in secreted proteins directly linked to calcium phos-
phate precipitation. Table 5.1 summarizes the expression patterns of all the genes studied in
this manuscript in three main lineages: chondrichthyans, actinopterygians and tetrapods. The
presence or absence of expression was extracted either from data presented here of from the
available literature. Additional unpublished data presented in chapter I for alp, fam20c and
the chondrichthyan scpp have been added to complete the analysis. This data was then used
to trace back the evolution of the characters. For the inference of the mgp ancestral state, it
must be mentioned that as long as one of the duplicates (mgp! and mgp2) in chondrichthyans
displays presence of expression in a given tissue, then we consider it as part of the ancestral
expression before duplication in this clade. In addition, because the scpps independently in-
herited the expression pattern of sparc-L, for instance in ameloblasts, both in bony fishes and
cartilaginous fishes, we considered that sparc-L displayed this expression pattern ancestrally
despite loosing it subsequently in bony fishes. Therefore, similar to mgp! and mgp2 these
genes will be considered as just one unit in subsequent analyses. Lastly, the slrps are not very
well conserved in terms of expression among tissues and among lineages: different slrps seem to
have been recruited individually in different tissues. Thus, they will not be further considered.
In addition, since spp2 is missing so much data that we also chose to remove it from subsequent
analyses.

Actinopterygian endochondral bone data must be interpreted with care. This comes from
several biases and gaps in knowledge concerning the main animal model in this clade: the
zebrafish. Endochondral bones in the zebrafish (and more generally in teleostean species) are
under-studied compared to dermal bones because they are less abundant, especially in the
skull, the focus of most studies (see sources in Table 5.1). Moreover, since zebrafish embryos
are so small, labelling of expression (through in situ hybridization for instance) is often done as
whole mount, and therefore does not allow for a detailed separation between perichondral and
endochondral compartments. Surprisingly, little is known about the adult zebrafish skeleton,
thus most publications focus on early bone development, before endochondral bone is formed. In
addition, given the fact that sharks do not have bones (dermal, perichondral and endochondral)
comparisons for these tissues are limited to actinopterygians and tetrapods, therefore limiting
inferences to the bony fish ancestor. Moreover, because bony fishes are the only extant species
presenting bone and therefore osteoblasts, there can be a confounding effect between bony fish-
specific and osteoblast-specific toolkits linked to mineralization. Therefore, I might not be able
differentiate whether these genes were recruited in the last common ancestor of bony fishes, or

before that when osteoblasts first appeared (which is still a matter of debate).
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If we consider an evolutionary scenario where an ancestral GRN evolved freely in each
diverging cell type (that evolved in an early agnathan vertebrate) and then again freely in each
diverging taxonomic lineages of jawed vertebrates, then we would expect a tree topology as
in Fig 5.1, where each cell-type (e.g. ameloblasts) forms a monophyletic clade. This is what
I will consider as my null hypothesis. In this tree however, there are some missing elements,
such as the internal relationships of mineralized cartilage cells, bone tissue types and deeper
relationships between ancestral tissues. All major cell type branches multifurcate at their base
because we hypothesize that all mineralizing cells share a mineralization toolkit that has a

single origin.
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Figure 5.1: Null hypothesis of the evolution of mineralization-associated cells and tissues in jawed
vertebrates

From the gene expression data presented above, a final list of only ten characters can be
derived into a presence / absence matrix for only a list of sixteen tissues (e.g. Table 5.2).
This matrix was used to produce several equally probable tree topologies through a maximum
parsimony approach. In total 48 trees were recovered. From these tree topologies a consensus
tree was built and is presented in Fig 5.2. This tree falls far from the null hypothesis and despite
the very faint robustness of this result (due to the very few data available), I will discuss several
relevant elements. First the topology suggests non-independent evolution of osteoblasts and

odontoblasts (at least in bony fishes), a result in accordance with several other authors that
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have already proposed that osteoblasts are derived from odontoblasts (as early as Klaatsch
1890, cited in Orvig, 1951). However, this clade is supported by just one evolutionary event:
the hypothetical gain of sp7 expression (node “8”, Fig 5.2 and Table 5.2), despite incertitude
of the ancestral state at the root of the tree (node “1”, Fig 5.2 and Table 5.2).

Second, this topology groups chondrichthyan mineralized cartilages with chondrichthyan
odontoblasts breaking the putative monophyly of odontoblasts. However, this result is also only
supported by one evolutionary transition: the loss of sparc-L/scpp expression (node “5”, Fig
5.2 and Table 5.2). If further supported, this suggests these tissues derived recently and/or that
there was a concerted evolution of the GRNs in these cell types in the chondrichthyan lineage.
The former hypothesis would imply that chondrichthyan odontoblasts are not homologous to
bony fish odontoblasts, a hypothesis with no support in the literature. As a consequence
we consider more credible that there is concerted evolution in this lineage. In this regard the
hypothesis of chondrichthyan lamellar mineralization (by fibrocyte-shaped cells) being a derived
version of bone (bone-like tissue; e.g. Atake et al., 2019) cannot even be tested through gene
expression comparisons, as these would keep a stronger taxonomic lineage signal, than cell type

signal.
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Figure 5.2: Maximum parsimony reconstruction based of gene expression presence / absence in
several cells and tissues among jawed vertebrates

The concerted evolution hypothesis relies on very little support, and will probably be chal-

lenged with the acquisition of new mineralization-associated gene expression data. For instance,
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Gene/Node 2 3 4 6 7 9 10 11 12
collagen I 1 0 0 1 0 1 1 1 1
collagen I1 0 0 0 0 0 0 O 0 01
collagen X 1 1 1 1 1 1 1 1 1
sparc 0 0 0 1 1 1 1 1 1
sparc-L/scpp 1 1 1 0 0 1 1 1 1
bgp 0 01 01 0 0 1 1 1 1
mgp 1 1 1 1 1 1 01 01 O
alp 1 1 1 1 1 1 1 1 1
fam20c 1 1 1 0 0 1 1 1 1
sp7 01 01 01 01 01 1 1 1 1

Table 5.2: Ancestral character reconstruction along the maximum parsimony reconstruction

expression of spp2 genes, might be a specific feature common to all mineralized endoskeletal tis-
sues of chondrichthyans (Table 5.1). Similarly, the expression sp7, a gene that is considered to
be a master regulator of osteoblast differentiation in bony fishes, has no published data in carti-
laginous fishes. The bias in the studied species for each of these two genes might give the wrong
impression that their expression is specific to one lineage or another. Therefore, more work on
spp2 and sp7 is needed to better understand whether their condition, in chondrichthyans and
bony fishes respectively, is a derived or a conserved feature among vertebrates.

Lastly, ameloblasts are not monophyletic, some are grouped with bony fish globular chon-
drocytes (the chondrocytes found in the globular mineralization type of tissue). This result
might be artefactual and probably due to the low number of characters taken into considera-
tion for this analysis (only ten), also showing there is no synapomorphy specific to ameloblasts
nor to globular chondrocytes. Ancestral character reconstruction based on this topology results
in an ancestral state, before gnathostome diversification and common to all tissues and cells
types (node “1”7, Fig 5.2 and Table 5.2), made up of the co-expression of collagen I, collagen
X, sparc, sparc-L/scpp, mgp, alp, fam20c and possibly sp7. This can be considered to be the
ancestral mineralization toolkit of jawed vertebrates.

Modifying the null hypothesis with regards to the parsimony reconstruction, we propose a
scenario of skeletal cell GRN evolution among jawed vertebrates as in Fig 5.3. In this figure,
cell type-specific GRNs partly evolve independently from each other, although odontoblasts are
considered the sister clade of osteoblasts. Mineralized cartilage cells are monophyletic, with
chondrichthyan ones being lineage-specific innovations or following concerted evolution. Finally,
we considered ameloblasts as monophyletic and diverging earlier that the other cell types. This
scenario should be further refined using more gene expression data that may highlight cell-type
interrelationships such as lineage concerted evolution, convergence and/or recent innovation,
further strengthening our understanding of GRNs, cell and tissue evolution in jawed vertebrate

skeletons.
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Figure 5.3: Evolutionary scenario of mineralization-associated cells and tissues in jawed verte-

brates
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Résumé étendu en francais

Introduction

Les poissons osseux présentent un squelette se développant principalement sous la forme de car-
tilage, localement remplacé par du tissu osseux endochondral. Les poissons cartilagineux, eux,
présentent un squelette de nature cartilagineuse, localement minéralisé selon diverses modalités
dont certaines sont probablement des innovations évolutives propres a cette lignée (le cartilage
prismatique, par exemple). Les cellules associées a ces tissus sont capables de biominéralisation
par précipitation de phosphate de calcium, une propriété qui semble limitée au groupe des
vertébrés. Au cours de cette these, je focalise mon étude sur la génétique du développement et
de la minéralisation du squelette chez un poisson cartilagineux, la petite roussette (Scyliorhi-
nus canicula), pour décrire de maniere la plus fine possible la boite a outils génétique associée
a 'ontogenese du squelette et au processus de minéralisation. Ceci est ensuite complété par
une étude comparative a I’échelle des vertébrés, pour inférer 1’état ancestral de cette boite a
outils, et améliorer notre compréhension sur 'origine de la biominéralisation a cette échelle

taxonomique.

I - Objectifs de la these

Je me suis concentré sur la génétique du développement de la minéralisation du squelette chez un
poisson cartilagineux : la petite roussette Scyliorhinus canicula. Je décris en détail I’évolution
moléculaire et 'expression de facteurs génétiques impliqués dans le processus de minéralisation,
et je le fais principalement grace a deux approches : une approche par genes candidats et une
approche transcriptomique.

Dans une approche par genes candidats, les genes sont choisis en fonction de données fonc-
tionnelles connues chez les poissons osseux, puis étudiés chez les poissons cartilagineux. Une
approche par gene candidat peut étre tres efficace pour détecter les points communs ou les
différences entre deux lignées, mais est biaisée vers I’étude de caractéristiques conservées ou
propres aux ostéichtyens. Par conséquent, nous pouvons passer a coté d’innovations impor-
tantes spécifiques aux chondrichtyens, ou de caractéristiques ancestrales qui ont été perdues

secondairement chez les poissons osseux.
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La deuxieme approche utilise des données “omiques”, telles que des données génomiques,
transcriptomiques ou protéomiques. Celles-ci peuvent fournir des éléments intrinseques des
chondrichtyens liés a la minéralisation, qui pourraient ensuite étre comparés a la littérature
existante sur l'ossification. Ces techniques tres attrayantes n’avaient cependant pas été utilisées
jusqu’a présent en raison d’un répertoire tres pauvre de génomes et de transcriptomes bien
assemblés chez les chondrichtyens. Ces dernieres années, de nouveaux assemblages de génomes
au niveau chromosomique chez des requins et des raies ont été publiés, permettant de mieux
identifier la boite a outils moléculaire de la minéralisation des chondrichtyens, la comparer a
celle des poissons osseux, et déduire 1'état ancestral des genes de la minéralisation chez les
vertébrés a machoire.

Ces approches m’ont permis de mieux caractériser les bases génétiques de la minéralisation
chez une espece de chondrichtyens (la petite roussette), et grace a une analyse comparative,
de proposer un état ancestral pour les vertébrés a machoire. Notre premiere approche par
genes candidats nous a donné un aper¢u du niveau de conservation (ou de non-conservation)
de plusieurs genes connus et associés a la minéralisation. Ensuite, j’ai pu analyser des données
génomiques et transcriptomiques récemment générées chez la petite roussette pour étudier les
genes intrinseques exprimés spécifiquement dans les tissus minéralisants. Ces deux approches
m’ont permis de détecter des genes intéressants qui ont ensuite été étudiés a travers des anal-
yses phylogénétiques, de quantification / localisation de leur expression dans les tissus, suivis
d’analyses comparatives avec les poissons osseux (lorsque a été possible). Dans une troisieme
partie découlant des deux premieres, je présente des travaux sur deux familles de genes qui se

sont orientés vers un cadre d’évolution moléculaire plutot qu’un cadre d’Evo-devo.

IT - Des genes de la minéralisation chez les poissons car-
tilagineux

L’approche par genes candidats s’est révélée puissante pour décrire les répertoires de genes
et les patrons d’expression ont pu étre comparés dans les principales lignées de gnathostomes
qui pourraient expliquer les différentes caractéristiques du squelette. Ainsi, mes trois premiers
articles illustrent ’évolution substantielle du répertoire de genes dans certaines familles, mais
aussi la divergence du patron d’expression des genes homologues.

Article 1: nous avons reconstruit ’histoire évolutive de la famille des genes mgp/bgp: chaque
paralogue, ancestral aux gnathostomes, a subi une duplication spécifique dans des lignées
différentes : mgp chez les chondrichthyens et bgp chez les ostéichthyens. Dans la littérature,
le gene mgp des poissons osseux est associé a linhibition de la minéralisation tandis que le
gene bgpl est associé au dépot d’hydroxyapatite. En outre, il n’existe aucune description de
I'expression du gene bgp2 dans la littérature. Chez les chondrichtyens, nous avons montré que

le gene mgpl présente un profil d’expression conservé par rapport au gene mgp des pois-
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sons osseux, tandis que le paralogue mgp2 présente un profil d’expression dans les tissus
non minéralisés, probablement en raison d’une néofonctionnalisation. En ce qui concerne le
bgp des chondrichtyens, nous n’avons trouvé aucune expression congruente avec l'’hypothese
de l'activation de la minéralisation. Ces résultats suggerent quun gene mgp ancestral de
gnathostome avait un role dans l'inhibition de la minéralisation, y compris dans le proces-
sus de biominéralisation du squelette, tandis que le gene ancestral bgp a été soit recruté chez
les poissons osseux, soit perdu chez les chondrichtyens.

Articles 2 et 3: Nous avons montré que les chondrichtyens, les téléostéens et les tétrapodes
different dans les profils d’expression des genes sparc, sparc-L et scpp. Tout d’abord, sparc
est exprimé uniquement dans les tissus en cours de minéralisation de I’endosquelette des chon-
drichthyens. Par ailleurs, il est exprimé dans les ostéoblastes et les odontoblastes des téléostéens
et des tétrapodes (P. Holland et al., 1987; N. Li et al., 2009). Ceci suggére qu'un géne ances-
tral sparc était déja exprimé dans tous ces tissus avant la diversification des gnathostomes.
A Tinverse, les scpps présentent un profil d’expression commun dans les améloblastes des
élasmobranches et des ostéichthyens. Les scpps des élasmobranches et des ostéichtyens provi-
ennent de duplications paralléles (ou indépendantes) du gene sparc-L. Ces geénes sont donc
convergents et n’ont pas été hérités de 'ancétre commun des vertébrés a machoire. De plus,
étant donné que les genes scpps des élasmobranches et des ostéichtyens sont issus de dupli-
cations indépendantes de leur sparc-L respectif et qu’ils ont conservé des fonctions similaires,
cela suggere que le gene ancestral sparc-L jouait déja un role ancestral dans les améloblastes.
Par conséquent, les génes sont convergents, mais leurs patrons d’expression sont ancestraux car
hérités de sparc-L.

Ces articles mettent en évidence les variations de répertoires de genes et de patrons d’expre-
ssion que 'on peut observer en comparant les lignées de gnathostomes. Nous avons observé
des genes qui ont conservé des caractéristiques ancestrales d’expression (mgpl et sparc) et des
genes qui ont acquis de nouvelles caractéristiques (bgp! et mgp2). De manieére surprenante, nous
avons meéme observé des genes issus de duplications indépendantes du méme gene qui présentent
encore des profils d’expression ancestraux (scpps). La compréhension de cette dynamique est
essentielle pour comprendre les parametres initiaux a l'origine des processus de minéralisation

chez les vertébrés.

IIT — Une approche transcriptomique

Dans ce chapitre, j'explique les différentes étapes, les défis et les résultats de cette approche
transcriptomique. Pour isoler les genes potentiellement liés au processus de minéralisation
chez la petite roussette, nous avons utilisé des analyses d’expression différentielle, et plusieurs
méthodes de sélection supplémentaires (Z-scores issus d’autres données transcriptomiques). Un
ensemble de genes a été sélectionné et nous avons poursuivi I’étude de ces genes par des tests

HiS ainsi que par des phylogénies (et synténie si nécessaire) et des analyses comparatives avec
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des poissons osseux, afin de comprendre les fonctions putatives de ces genes et leur histoire
évolutive.

Ce projet est la premiere tentative d’exploration du processus de minéralisation chez les
chondrichtyens par une approche transcriptomique. Cependant, comme les genes sont sélection-
nés par expression différentielle, de nombreux processus biologiques peuvent influencer cette
analyse. Par exemple, méme dans des tissus “purs” comme le cartilage de chondrichtyen, les
marqueurs de la différenciation cellulaire autre que la minéralisation peuvent brouiller le signal
recherché. Enfin, méme un tissu “pur” n’est pas composé d’une seule lignée cellulaire, il contient
plusieurs signatures moléculaires, par exemple dans le cartilage on peut trouver des fibroblastes
et des chondrocytes.

Nous avons démontré que malgré un échantillonnage sous-optimal, les genes associés a la
minéralisation, tels que le scpp des chondrichtyens, peuvent étre identifiés par notre approche
transcriptomique, ceci permet de nous affranchir des a priori issus de la situation tres dérivée des
poissons osseux, sur laquelle nous nous sommes fortement appuyée dans le chapitre précédent.
En revanche, d’autres genes précédemment associés a la minéralisation ne sont pas ressortis par
cette approche (e.g. collagéne X pas présent dans les tissus endosquelettiques, ou mgp qui ne
montre pas de variation significative entre les deux stades de développement étudiés).

Finalement, nous avons identifié plusieurs genes spécifiquement exprimés dans le cartilage de
la petite roussette, en particulier la famille de genes spp2 qui semble étre associée au processus
de minéralisation, avec le nombre de copies qui semble étre positivement corrélé au degré de

minéralisation chez les especes de chondrichtyens.

IV - Les genes qui ne veulent pas tomber dans les rangs

Dans ce chapitre, je me suis concentré sur les genes qui évoluent en complexes de genes, par
duplications en tandem et sur la dynamique évolutive qui sous-tend ces structures génomiques.
En général, un complexe de genes est défini comme plusieurs paralogues qui codent pour des
protéines similaires et sont situés I'un a coté de l'autre sur le méme chromosome. Un com-
plexe de genes peut résulter de plusieurs duplications en tandem sur un locus particulier, de
maniere exacerbée par la recombinaison non homologue si les séquences dupliquées sont tres
similaires (Hastings et al., 2009). En général, les genes dupliqués, qu’ils soient générés par
des duplications en tandem ou par des duplications completes de génome, sont initialement
fonctionnellement redondants et, par conséquent, I'un des duplicats acquiert une nouvelle fonc-
tion (néofonctionnalisation), dégénere (pseudogénisation) ou partage la fonction ancestrale avec
l'autre duplicat (sous-fonctionnalisation ; modele DDC; Force et al., 1999). Cependant, lorsque
de nombreuses duplications sont bénéfiques (comme dans le cas de genes dose-dépendants), il
peut y avoir une sélection positive pour la conservation des duplicats, qui entraine un taux de
duplication apparent plus élevé (Hahn, 2009; Margres et al., 2017; Schrider and Hahn, 2010).

Les duplications en tandem peuvent étre observées dans de nombreuses familles de genes
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étudiées dans ce manuscrit, comme les genes scpps chez les poissons osseux, les genes spp2 chez
les poissons cartilagineux et les genes slrps et mmps chez les gnathostomes. Toutes ces familles
de geénes codent pour des protéines structurelles (ou enzymatiques, pour les mmps) de la matrice
extracellulaire. En particulier pour les slrps et les mmps, il existait déja un groupe ancestral
de ces genes avant la diversification des vertébrés, ce qui suggere un répertoire déja diversifié
chez leur dernier ancétre commun. Cependant, la maniere dont ces complexes ancestraux ont
évolué par la suite varie fortement en fonction de la famille étudiée.

Les slrps ont conservé une signature claire des deux évenements de duplications du génome
entier qui ont eu lieu avant la diversification des vertébrés a machoire. Par conséquent, le
complexe ancestral de quatre genes a été dupliqué de maniere a produire quatre complexes
de slrps dans différents chromosomes. Bien que tous les paralogues n’aient pas été conservés
chez toutes les especes, les slrps présentent une certaine stabilité en termes de conservation des
duplicats. Cette stabilité est rare apres les événements de duplication du génome entier, car on
suppose qu’ils sont suivis de réorganisations génomiques et de suppressions de genes massives
et rapides (Hufton and Panopoulou, 2009; Sémon and Wolfe, 2007 mais aussi voir Berthelot
et al., 2014).

De maniere opposée, le complexe de mmps s’est largement diversifié dans les lignées de
gnathostomes par plusieurs séries de duplications en tandem. La copie ancestrale ayant généré
ces récentes duplications, n’est pas la méme chez les poissons cartilagineux et chez les poissons
osseux. Cela suggere que des exigences similaires pour des répertoires mmp plus grands ont pu
exister chez ces especes, produisant une amplification convergente du nombre de copies dans
les deux lignées. Par rapport aux slrps, les mmps ne sont pas aussi conservés et présentent des
taux de renouvellement et de duplication élevés.

Ces différences entre slrps et mmps illustrent deux types de complexes : un tres bien
conservé a ’échelle des gnathostomes, et un autre moins bien conservé et apparemment tres
dynamique. L’origine de ces différences de dynamique évolutive reste a déterminer, cependant,
les slrps semblent s’étre stabilisés apres la diversification des vertébrés alors que les mmps ont
continué a se dupliquer et a évoluer par la suite. Parmi les genes étudiés dans ce manuscrit, la
situation des mmps semble étre plus fréquente puisque des dynamiques similaires peuvent étre
observées chez les scpps de poissons osseux ainsi que chez les spp2 de poissons cartilagineux. La
condition des slrps est plus intrigante et les contraintes ayant mené a leur meilleure conservation

devraient étre étudiées plus en profondeur.

V - Discussion générale

Homologie de tissu

Pour un biologiste EVO—DeVO, la situation idéale est celle ou toutes les relations d’homologie

entre les structures sont connues et comprises. Cependant, les organismes complexes, tels que
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les vertébrés, ne sont pas tres enclins a laisser percer leurs secrets. Cela vient notamment
du fait que plusieurs niveaux d’organisation sont intégrés les uns aux autres, de sorte que
les relations d’homologie deviennent floues. Ce probleme est encore exacerbé dans le cas de
processus s’étendant sur de longues périodes évolutives, qui ont tendance a créer des structures
dérivées qui compliquent encore plus le retracage de I’homologie. Dans le cas, entre autres, du
développement du squelette des vertébrés, il s’agit d’'un probléeme qui doit toujours étre pris
en compte afin que nos déductions restent aussi fideles que possible a la réalité. Par exemple,
I’homologie des tissus du squelette chez les vertébrés a fait 'objet d’un débat intense. Dans
les odontodes, la dentine est généralement considérée comme un tissu stable, homologue au
sein des vertébrés, mais 1’émail et I’émailloide sont considérés comme des tissus dérivés, avec
des relations d’homologie qui ont été longtemps débattues (et le sont encore), d’abord sur la
base de la morphologie tissulaire (Janvier, 1996), puis sur la composition protéique, qui dépend
elle-méme de l'expression génique spécifique a la cellule (Kawasaki and Weiss, 2008). L’un
des principaux arguments contre ’homologie entre I’émail et 1’émalloide est la contribution
des odontoblastes dans la formation des fibres de collagene I dans I’émalloide (Orvig, 1967).
Cependant, ce pourrait étre une condition ancestrale qui a été perdue par la suite dans 1’émail
des mammiferes (ou plus tot Qu et al., 2015). Ainsi, dans les odontodes, ’homologie tissulaire
n’est pas claire et dépend de I'histologie, qui est fortement influencée par le contenu en protéines,
lui-méme directement lié a 'expression des genes, elle-méme controlée par les cellules. 11 est
donc essentiel de mieux connaitre ces cellules a différents niveaux d’organisation pour mieux
comprendre leurs relations au cours de I'évolution. Cependant, il faut tenir compte du fait que,
comme pour ’évolution des séquences et des caractéristiques morphologiques, travailler sur les
tissus et les cellules nécessite un échantillonnage suffisamment important et un outgroup bien
choisi qui permet de polariser les changements de caracteres.

Dans les tissus squelettiques, le cartilage semble étre un tissu tres ancien et est probable-
ment homologue chez tous les vertébrés et peut-étre méme chez les bilatériens (Tarazona et al.,
2016, mais voir ci-dessous). L’os, par contre, est un cas plus complexe puisque trois types
d’ossification (endochondrale, périchondrale, dermique) existent, qui ne se développent pas de
la méme maniere. On peut considérer que ces tissus sont morphologiquement différents parce
qu’ils ne regoivent pas la méme contribution de différents types cellulaires (par exemple les
chondrocytes sont absents dans l'ossification dermique) mais qu’ils sont en fait homologues a
condition qu’ils dérivent d’une forme d’os ancestrale. Pour illustrer cela, une étude de 2016
(Weigele and Franz-Odendaal, 2016) sur I’histologie du poisson zeébre adulte a révélé que la plu-
part des os du crane du poisson zebre sont des os compacts cellulaires ou acellulaires (formés
par ossification dermique). Les autres os sont formés par deux processus d’ossification endo-
chondrale différents, appelés type I et II. L’ossification endochondrale de type I est similaire
a l'ossification endochondrale des mammiferes, tandis que le type II est dépourvu a la fois
d’une zone de dégradation et d’une zone de minéralisation adjacente aux chondrocytes hyper-

trophiques. Les os formés par 'ossification endochondrale de type II sont appelés os tubulaires.
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Ils sont dépourvus de réseau trabéculaire osseux, de vaisseaux sanguins et de nerfs et sont
remplis de tissu adipeux. Les auteurs de l'article émettent I’hypothese qu’ils représentent une
caractéristique squelettique dérivée spécifique au poisson zebre. Dans ce cas, les nouveaux os
tubulaires du poisson-zebre sont tres probablement dérivés de ’os endochondral “classique”, et
sont simplement différents sur le plan morphologique parce qu’il leur manque une contribution
des ostéoblastes dans la partie la plus interne de 1’os.

Par conséquent, le probleme de I’homologie tissulaire semble se résumer a savoir quelles sont
les cellules qui participent a la formation du tissu, et a reporter la question de I’homologie des

tissus vers celle de 'homologie des cellules.

Homologie de cellule

Classiquement, il existe deux fagons de typer une cellule : par ses attributs morphologiques
(par exemple, les batonnets et les cones de la rétine) ou par sa fonction. La fonction cellulaire
dépend de nombreuses protéines sécrétées par la cellule, et trouver cette signature moléculaire
est une approche courante pour déterminer un type de cellule. D’autres études ont tenté de car-
actériser les cellules par leur profil d’expression génétique, principalement grace a des approches
a haut débit telles que le single-cell RNAseq. D’un point de vue évolutif, ces caractérisations
ne sont pas optimales et ont leurs limites. La similarité des types cellulaires entre groupes
taxonomiques, et la similarité entre cellules d’'un méme organisme, peut évoluer par le biais de
plusieurs processus (tels que la véritable homologie par héritage, mais aussi la convergence ou
I’évolution concertée ; Arendt et al., 2016) et les caractérisations actuelles des types cellulaires
ne peuvent pas différencier facilement ces scénarios. Des définitions plus récentes des types cel-
lulaires sont basées sur le concept de réseaux de régulation des génes (gene requlatory network;
GRN), représentant une signature moléculaire spécifique a un seul type de cellule, influengant
la morphologie et la fonction et permettant a la cellule d’agir comme une seule unité évolutive
(Arendt et al., 2016). Ce concept est illustré dans Tarazona et al., 2016 ou les auteurs explorent
différentes hypotheses pour I’évolution des chondrocytes chez les bilatériens. Deux hypotheses
principales s’affrontent dans cet article : (i) 'origine indépendante des chondrocytes s’est pro-
duite par le recrutement d'un GRN homologue, dans un méme type de progéniteur, lui-méme
homologue, ou (ii) une évolution indépendante par I'activation du méme GRN homologue mais
dans différents types de progéniteurs, non homologues. Ces résultats soulignent que I’homologie
des types cellulaires ne peut pas toujours étre définie car elle integre deux niveaux indépendants
d’homologie : I'origine développementale des cellules et les GRNs. Par conséquent, les GRNs ne
peuvent pas constituer a eux seuls le caractere déterminant d’un type de cellule. Cependant, il
semble que des GRN homologues dans des progéniteurs cellulaires différents peuvent déclencher
la différenciation de types cellulaires similaires, donnant lieu a des tissus morphologiquement
et fonctionnellement similaires.

Par conséquent, la meilleure facon d’étudier 1’évolution des tissus a travers le prisme de
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I’évolution est de comprendre comment les GRN ont été co-optés dans les différents types cel-
lulaires. Ainsi, ce que nous appelons os chez les poissons osseux serait un tissu formé par un
type cellulaire contenant un GRN homologue commun spécialisé dans la sécrétion de collagene
et la précipitation du phosphate de calcium. Cette hypothese implique I'existence d’'un GRN
commun a toutes les cellules de type ostéoblaste. Cependant, de nombreux autres types cellu-
laires minéralisent eux aussi leur matrice, notamment les odontoblastes, les améloblastes et les
chondrocytes. Existe-t-il un GRN commun a tous ces types cellulaires ? Plusieurs études ont
déja soutenu l'existence d'un ancien réseau génétique “squelettique” (revue dans Fisher and
Franz-Odendaal, 2012), cependant, elles se concentrent principalement sur les génes maitres
régulateurs de la différenciation cellulaire. Dans cette discussion, j'étendrai la question de
cet ancien GRN du squelette, a ’ensemble des genes avec lesquels j’ai travaillé : les acteurs
proximaux de la minéralisation. Pouvons-nous décrire un GRN ancestral (appelé ici toolkit
de minéralisation), spécifique a certains ou commun a tous les types de cellules squelettiques
minéralisantes 7 Nos données sont-elles suffisantes pour caractériser les cellules squelettiques
des la séparation entre chondrichtyens et osteichtyens ? Peut-on conclure a la perte ou non d’os
chez les poissons cartilagineux ? Et peut-on classer ces cellules en fonction de leur ressemblance

en termes d’expression génétique ?

Le toolkit de minéralisation des gnathostomes

Au cours de cette these, une variété de genes, de cellules et de tissus a été étudiée afin de
discuter de leur évolution, de leurs relations d’homologie et, éventuellement de leur origine.
Ces genes sont impliqués dans le développement du squelette et plus particulierement dans
le processus de minéralisation. L’objectif était de décrire ces genes chez un représentant des
chondrichtyens afin de comparer leur expression chez les vertébrés a machoires. Cette analyse
comparative permet d’inférer une partie d’'un GRN squelettique ancestral des gnathostomes
: la boite a outils de la minéralisation. Dans ce manuscrit, 'accent a été mis sur plusieurs
protéines structurelles mais aussi sur des protéines sécrétées directement liées a la précipitation
du phosphate de calcium.

Notre hypothese "nulle” considere ’évolution indépendante des lignées cellulaires que nous
avons confrontée aux données acquises chez la petite roussette et aux données déja publiées chez
d’autres especes. La reconstruction d’un arbre sur la base de ces caracteres, sous un modele
d’évolution par maximum de parcimonie, nous permet de proposer un scénario d’évolution
du GRN des cellules squelettiques chez les vertébrés a machoire, comme le montre la figure
ci dessous. Dans cette figure, certaines relations supposent que le GRN de certaines cellules
évoluent de maniere indépendante (améloblastes). Les odontoblastes sont le groupe frere des
ostéoblastes, mais nos résultats peuvent aussi soutenir une évolution concertée des odontoblastes
et ostéoblastes dans la lignée des poissons osseux. Les cellules cartilagineuses minéralisées sont

monophylétiques, celles des chondrichtyens formant un groupe monophylétique, produit soit



Chapter 5. Conclusion: Evolution of the biomineralization toolkit in gnathostomes 147

parce qu’elles sont des innovations spécifiques a la lignée, soit parce que leur GRN a évolué
de maniere concertée dans cette lignée. Ce scénario devrait étre affiné en utilisant davantage
de données sur 'expression des genes qui pourraient mettre en évidence les interrelations entre
les types cellulaires, comme 1’évolution concertée des lignées, la convergence et/ou I'innovation
récente, renforcant ainsi notre compréhension des GRN, de I’évolution des cellules et des tissus

dans les squelettes des vertébrés a machoire.
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Scénario évolutif des cellules et tissus associés a la minéralisation chez les vetébrés & machoire

VI - Conclusion

Dans cette these, j’ai étudié une variété de genes, connus pour étre associés a la minéralisation.
J’ai démontré que certains de ces genes sont impliqués dans la minéralisation depuis plus
de 400 millions d’années (avant la séparation entre ostéichtyens / chondrichtyens) alors que
d’autres sont des acquisitions plus récentes selon la lignée, mettant en évidence la dynamique
de I’évolution de ces genes au cours de 1’évolution des vertébrés. Ces résultats font des chon-
drichtyens, et de la petite roussette en particulier, un groupe taxonomique précieux pour les

analyses comparatives et l'inférence des états ancestraux chez les vertébrés a machoire. Ceci
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est vrai pour l'objet principal de ma these (la boite a outils de minéralisation) mais aussi pour
de nombreux autres processus et structures. Bien que les chercheurs commencent a se rendre
compte de la valeur de ces especes en tant que modeles biologiques, il est encore assez difficile
de travailler sur elles, en particulier dans le domaine de I’Evo-Devo, en raison du manque de
matériel embryonnaire, de leur long cycle de vie, de leurs exigences écologiques, ou encore de
leur grande taille. La poursuite des recherches sur ces especes permettra sans aucun doute de

renforcer notre compréhension de leur histoire évolutive et de celle du groupe des vertébrés.
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Abstract

Bony fish display a skeleton that develops mainly as cartilage, locally replaced by endochondral
bone tissue. Cartilaginous fish, however, have a cartilaginous skeleton, locally mineralized in var-
ious ways, some of which are evolutionary innovations specific to this lineage (prismatic cartilage,
for instance). The cells associated with these tissues are thus capable of biomineralization by pre-
cipitation of calcium phosphate, a property that seems to be limited to the vertebrate clade. In
this thesis, I focus on the genetics of skeletal mineralization development in a cartilaginous fish:
the small-spotted catshark (Scyliorhinus canicula). 1 describe in detail the putative genetic factors
underlying the mineralization process, and I do so through two approaches: through candidate gene
studies and through transcriptomic studies. This allows me to better characterize the set of genetic
mineralization tools in chondrichthyans, so that through comparative analysis, an ancestral state for
jawed vertebrates can be inferred, at least partially. First, through the candidate gene approach, I
test the level of conservation regarding genes known to be associated with mineralization in bony
fish. Second, I describe how I used recently generated genomic and transcriptomic data in the small-
spotted catshark to study intrinsic genes specifically expressed in mineralizing tissues. These two
approaches allow me to detect interesting genes that are then studied through phylogenetic analyses,
quantification /localization of expression in tissues, as well as comparative analyses with bony fish
(when possible). In the last part, I present two papers in preparation that result from the work we
have done with the help of two master students. These papers stem from a candidate gene approach
but involve large gene families and in an effort to include all paralogs, the papers move towards a
molecular evolutionary framework rather than an Evo-Devo framework.

Résumé

Les poissons osseux présentent un squelette se développant principalement sous la forme de cartilage,
localement remplacé par du tissu osseux endochondral. Les poissons cartilagineux, eux, présentent
un squelette de nature cartilagineuse, localement minéralisé selon diverses modalités dont certaines
sont des innovations évolutives propres a cette lignée (le cartilage prismatique, par exemple). Les
cellules associées a ces tissus sont donc capables de biominéralisation par précipitation de phosphate
de calcium, une propriété qui semble limitée au groupe des vertébrés. Au cours de cette these, je
me concentre sur la génétique du développement de la minéralisation du squelette chez un poisson
cartilagineux : la petite roussette (Scyliorhinus canicula). Je décris en détail les facteurs génétiques
putatifs qui sous-tendent le processus de minéralisation, et je le fais par deux approches: par 1’étude
de genes candidats et par la transcriptomique. Cela me permet de mieux caractériser ’ensemble
des outils de minéralisation chez les chondrichtyens, de sorte que par une analyse comparative, un
état ancestral pour les vertébrés a machoire peut étre déduit, au moins partiellement. Tout d’abord,
a travers 'approche par genes candidats, je teste le niveau de conservation concernant des genes
connus par leur association a la minéralisation chez les poissons osseux. Ensuite, je décris comment
j’ai utilisé les données génomiques et transcriptomiques récemment générées chez la petite roussette
pour étudier les genes intrinseques exprimés spécifiquement dans les tissus minéralisants. Ces deux
approches me permettent de détecter des genes intéressants qui sont ensuite étudiés a travers des
analyses phylogénétiques, de quantification/localisation de I’expression dans les tissues, ainsi que des
analyses comparatives avec les poissons osseux (lorsque cela est possible). Dans la derniere partie,
je présente deux articles en préparation qui résultent du travail que nous avons réalisé avec ’aide de
deux étudiants de master. Ces articles sont issus d’une approche gene candidat mais concernent des
familles de genes étendues et dans un effort d’inclure tous les paralogues, les articles s’orientent vers
un cadre d’évolution moléculaire plutoét qu'un cadre Evo-Devo.
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