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Evolutionary variation in anteroposterior patterning ofhe axial skeleton is a major
contributor to the evolution of the vertebrate body plan, wh ve canonical vertebral
types in tetrapods (cervical, thoracic, lumbar, sacral, cadal). However, less is known
about the evolutionary origin and variation in vertebral gionalization patterns outside
of tetrapods where described vertebral types range from asefw as two in some
chondrichthyans to eight or more in some teleost shes. The gnarcual is a specialized
adaptation of the anterior axial skeleton comprising a putasely fused array of vertebral
elements characteristic of jawed vertebrate (gnathostomeclades such as batoid and
chimaeroid chondrichthyans where they support enlarged petoral ns and dorsal n
spines respectively, as well as a fossil group known as the atoderms. Placoderms
represent the phylogenetically most basal jawed vertebras and the presence of
a synarcual in these and chondrichthyans may suggest a conseed vertebral type
for jawed vertebrates, predating the divergence of stem anctrown gnathostomes.
Alternatively, synarcuals may have evolved independently these lineages, exhibiting
a remarkable case of morphological convergence. In order t@ddress this question,
we investigated the early development of the cervicothorac synarcual of an emerging
model chondrichthyan: the Little skatd_eucoraja erinaceaBy combining x-ray computed
tomography, and classical histology, we show that the skatesynarcual is a complex
composite element which develops from a hollow, continuouscartilaginous element
devoid of any vertebral centra anterior to the pectoral gild, and fusion/remodeling
of initially distinct vertebrae posteriorly. Ade novo transcriptome assembly for two
developmental stages of the skate synarcual and post-synaual axial skeletal elements
supported this two-phase development, with differences inexpression levels of
several developmental genes, includingdox family transcription factors, which suggest
anterior-posterior regionalization along the vertebralaumn, potentially linked to the
synarcual. In addition, multiple genes related to skeletaemodeling were found to be
more highly expressed at stage 33, including genes relateatosteoclast activity, normally
associated with removal of bone, a tissue absent in chondritthyans. These genes are
potentially related to loss of mineralization as vertebralements are incorporated into the
synarcual.
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INTRODUCTION boundary of Hoxc6 marking the cervico-thoracic boundary,
across a variety of vertebrates, including zebra d¥io(in-

The vertebral column is a de ning feature of the vertebratesiensicki et al., 2002Chondrichthyans were previously thought
comprising a rostrocaudal series of serially repeated unit$g lack the HoxC gene clusteD(lion et al., 2010; King et al.,
Although individual vertebrae are modi ed in various vebt@te 2017, which would seem to accord with the work Gfriswell
groups, and di erent components can be present or absent, thet al. (2017)which claims that the synarcual is the remnant of
basic building blocks include a central element (centruto))g  a resorbing cartilaginous sheath rather than a speci edaegif
with dorsal (neural), ventral (haemal), and transversenelets  the vertebral column. However, as described further beloey,
(Arratia et aI., 2001, Criswell et aI., 201M0d| cations of found mu|t|p|e Hoxcgenes expressed ireucoraiawith some
the vertebrae can result from regionalization (morphol@di¢  notable di erentiation between the synarcual and more posteri
distinct sections of the vertebral CO|Umn), which is linkiedthe Vertebrae, Suggesting anterior regionaiization in thetelmal
anteriorly staggered expression boundarieslok genes (nested column.
expressionBurke et al., 1995; Mallo et aI., 2()190r example, in To investigate these hypotheseS, we examined mu|t|p|e
mammals, nestetiox expression produces the morphologically ontogenetic stages dfeucoraja erinaceaia x-ray computed
and fUnCtiona”y distinct CerVical, thoracic (Wlth ribSI)mear, tomography ('rCT_Scanning), classic hist0|ogy and tissue
sacral, and caudal regions. Vertebrae can also be modiad Vktaining, as well as transcriptomes from the synarcual regio
fusion, for example in the tetrapod sacrum, which involvesand a more posterior region of the vertebral column, from
the transformation of intervertebral tissue into bOﬂM(ﬁl’an two Ontogenetic Stages (28, Ballard et al., 1993; Maxwell
etal., 201p As well, in a variety of tetrapods, chondrichthyanset al., 200p In particular, histological sections from two early
(cartilaginous  shes) and a fossil group of early vertebsatedevelopmental stages suggest that the synarcual is a separate
known as the placoderms, the anterior region of the vertebradtructure compared to the rest of the vertebral column, supgbrt
column forms a structure known as the synarcuablfanson py the distinctHoxcgene expression in the synarcual relative to
et a'., 2009, 2013, 2015; C'aeson, 2010, ;ZQ)ZﬁCGI'ViCEﬂ in the more pOSterior column.
tetrapods, see review byn Buren and Evans (2017)

In placoderms, the synarcual is thought to result from the,
fusion of separately developed and discrete vertebral eImnerMATERlALS AND METHODS
composed of thin perichondral bone; these remain clearly Msib |_jttle Skate Husbandry
within the synarcual itselfJohanson et al., 2009, 2Q1Busion  The University of Sheeld is a licensed establishment under
of originally separate vertebral elements also appears toroccghe Animals (Scienti ¢ Procedures) Act 1986. All animals were
in one group of chondrichthyans, the chimaeroids (Holocelpha cylled by approved methods cited under Schedule 1 to the Act.
Johanson et al., 20).3n the other major chondrichthyan group, Embryos of the Little Skatéeucoraja erinaceavere purchased
the Batoidea (skates and rays), synarcual development appefitsim the Marine Biological Laboratory, Woods Hole MA, USA,
more complicated; previously, the batoid synarcual was alsgnd maintained in arti cial seawater aquariums at the Unisigy
thought to develop from the fusion of separate verteiféygke,  of She eld Department of Animal and Plant Sciences at €2
1988; Claeson, 20),0with vertebrae added to the synarcualynder a 12 h light/dark cycle. Embryos were removed fromrthei

posteriorly, indicated by the presence of distinct vertebragggcases and sacri ced with the anesthetic MS-222 (triyaine
elements thought to be in the process of being incorporated int300 mg/L in arti cial seawater.

the synarcual Johanson et al., 20).8Batoid synarcuals are also

unusual in that mineralized centra appear to be substantiallRNA Extraction and Sequencing
reduced in size within the synarcual (absent in placodern anThe synarcual and post-synarcual regions of the axial shetsft
holocephalansleming et al., 20)5and absent from most of the two males at stage 28 and stage 33, respectitzelja¢d et al.,
synarcual, more anteriorlydlaeson, 2011; Johanson etal., 3013 1993; Maxwell et al., 20D8vere dissected in PBS at@ The
However,Criswell et al. (2017jecently demonstrated that central nervous system and axial musculature was removed an
in the ray Leucoraja erinaceLittle skate;Figure 1), vertebral the remaining skeletal tissue was ash frozen in liquid M
development began as a continuous rostrocaudal cartilagino gluminum foil envelopes. Frozen tissue was pulverized with a
sheath from which vertebrae were formed via division of thisnammer and total RNA was extracted using the Trfzahethod
sheath into separate elements. One implication of this is tha¥mploying a Qiagen TissueLyser Il to complete the dissociation
the synarcual inLeucorajarepresents the anterior or rostral The resulting total RNA was further puri ed using the Qiagen
remains of this cartilaginous sheath, rather than resgltfrom  RNeasy kit. Quality and quantity were assessed with the rigile
vertebral fusion. Another implication is that chondrichtays  Tapestation High Sensitivity RNA Screen Tape and only samples
possess the ability to resorb cartilage in order to form thgasate  with RIN values> 8.0 were processed for sequencing. In total,
vertebra, however, resorption is generally thought to beabi®#  four RNA samples were prepared: stage 28 synarcual (28Syn),
chondrichthyansDean et al., 2095 stage 28 post-synarcual (28PSyn), stage 33 synarcual §33Syn
Another consideration is the extent to which the synarcuaktage 33 post-synarcual (33PSyn). Total RNA from these four
represents axial regionalization resulting from nested egpion  samples was sent for lllumina next-generation sequencingéy t
of Hox genes. As demonstrated Wurke et al. (1995)the  She eld Diagnostic Genetics Service at the She eld Childke
anterior cervical region is associated with an anterior egspion  Hospital. Libraries were prepared using the Truseq RNA library
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FIGURE 1 | Leucoraja erinacea adult (BMNH 2018.9.26.1), 3D renderednCT scans (A,C—P), grayscale (A,C), and false colored(D—P). (A) Dorsal view,(C) lateral
view of entire individual{B) outline of dorsal view showing general morphology(D) lateral view of entire individual(E) dorsal view, (F) lateral view, of entire individual,
(Continued)
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FIGURE 1 | pectoral ns virtually removed;(G) dorsal view of posterior chondrocranium, synarcual and aetior unfused vertebrae (H) with mineralized tissues
partially virtually removed; I, lateral view of posterior olndrocranium, synarcual and anterior unfused vertebrag,J) with mineralized tissues partially virtually removed;
(K) dorsal view of pectoral arch, mineralized tesserae and deities; (L,M) dorsal view, dorsoventral section through pectoral arch ath median ridge of the synarcual
to expose anteriormost centra;(N—P) posterior synarcual,(N) lateral view,(O,P) sagittal section through synarcual to expose anteriormostentra. Black arrows
indicate separated vertebral elements being incorporate¢hto the synarcual. a.d.f, anterior dorsal n; art.l.st, aitulation for the lateral stay; cent, centrum; chond,
chondrocranium; cl.cart, clasper cartilage; dent, dentites; haem, haemal arch; hyom, hyomandibular; |.st, lateratay; ma, median ridge; Meck, Meckel's cartilage;
mesop, mesopterygium; metap, metapterygium; n.cap, nasatapsules; na, neural arch; o.cap, otic capsules; occ, occifial; p.d.f, posterior dorsal n; p. n, pectoral

n; pal, palatoquadrate; pec.ar, pectoral arch; pec.ar(cu}, pectoral arch, cut; pec.gir, pectoral girdle; pel.rad, plvic n radial; pel. n, pelvic n; pel.gir, pelvic girdle;
prop, proterygium; rost, rostrum; sp.for, spinooccipitalforamen; sp.for2, second series of spinoccipital foraminasyn, synarcual; tess, tesserae. Anterior to the left.

preparation kit v2 (2 100 bp, unstranded) and sequenced in awas run against each of the seven NCBI Refseq transcriptomes
pooled lane on a HiSeq2000 sequencer on high-throughput modend each transcript in the Ler_Trinity cDNA transcriptome
generating 132,470,224 reads and 12.32 Gbp (averagemg#d le was annotated with a single gene name, o cial gene symbol
D 93 bp). The raw sequences have been deposited in the Gefmembered if more than one homolog was predicted), and
Expression Omnibus (GEO) database, https://www.ncbi.nlm.n corresponding Refseq ID. Priority was given to references

gov/geo (accession no. GSE121572). with the most comprehensive GO annotations for functional
annotation in the orderH. sapiens> M. musculus> D. rerio
De novo Transcriptome Assembly > L. oculatus> L. chalumnae C. milii> R. typusThe resulting

Prior to assembly, prinseg-lite was used to lter and trimreemd ~ 'tered, parsed and annotated transcriptome, Ler_Trinity_(B3B
data by quality scorex(20), length & 50), sequence complexity Was used for all downstream analyses. _
and duplication levels using the following parameters [~ USing the unique Refseq ID assigned via CRBB, the

min_qual_mean 20 -min_len 50 -min_qual_mean 20 -ns_max_PAVID knowledgebase v 6.8Sferman et al., 20)7was
5 -trim_qual_left 20 -trim_qual_right 20 -trim_ns_left 1 used to extract functional annotations associated with the

rim_ns_right 1 -trim_qual_type min -trim_qual_rule It corresponding reference sequences, and these were extended
-trim_tail_left 10 -trim_tail right 10 —lc_method dust — the L. erinacearanscripts. GO molecular function (GO_MF),
Ic_threshold 7 -out_format 3]. Trinity v2.2.05(abherr et al., Cellular component (GO_CC), and biological process (GO_BP)
2017) was used to assemble all four libraries into a Sing@nnotatlons were annotated to aIItr'anscrlpts. Annotatiovere
reference assembly, Ler_Trinity_raw, using both pairedj anmapped to GO terms and to GOslims using the GO.db v3.6.0
unpaired data which passed QC, default kmer valup2%), R Package. Multiple sequence alignments were created using
and retaining all contigs with a minimum length of 300 bp. MAFFT v7.397 Katoh and Standley, 20).and visualized using
DETONATE v1.11 (i et al., 201)}and Transrate v1.0.G5nith- ~ ESPriptv3.0Robert and Gouet, 20)4

Unna et al., 201pwere used to lIter chimeric, fragmented, or

locally misassembled transcripts. Using empirically deteest  Expression Analysis

thresholds for RSEM-EVAL scores and Transrate contig scoreBxpression analyses were conducted via the pipeline packaged
transcripts which ranked below the threshold for both metkod with Trinity v2.2.0. Unltered read data for the 28Syn,
were removed. The cd-hit-est algorithini@nd Godzik, 2006; Fu 28PSyn, 33Syn, and 33PSyn reads were aligned to the referenc
et al., 201pwas used to cluster isoforms at a similarity thresholdLer_Trinity_ CRBB transcriptome using bowtie2ahgmead and

of 95% over at least 50% length of the shortest sequencedgc 0Salzberg, 20)2RSEM (i and Dewey, 20)Wwas used to estimate

—aS 50). transcript abundance by calculating TMM-corrected TPM values
for each transcript. Scatterplots and heatmaps were generated
Transcript Annotation from these datain R.

To retain only putative chordate protein-coding sequences
and assign preliminary “Best-Blast” annotations to trais;  Micro-CT Imaging and Analysis
the Trinotate pipeline v 3.0.1 (https://trinotate.github.ivas  Scanning of.. erinaceapecimens was performed at the Imaging
executed using a chordate-only subset of the Uniprot/Swissnd Analysis Center, Natural History Museum, London. The
Prot (UPSP_chord) database for all blastx and blastp stegslult specimen was scanned using the Metris X-Tek HMX
(Altschul et al., 1990 Transcripts were further subject to ST 225 CT scanner, while embryonic specimens (whole) and
blastx searches against seven NCBI Refseq proteomes, ngludsynarcual regions (scout-and-zoom) were scanned on th&2EI
three sarcopterygianddpmo sapiensMus musculusLatimeria  Xradia 520 Versa CT-scanner using 0.1X and 4X apertures,
chalumnae) twaactinopterygians @anio rerioand Lepisosteus respectively. Embryonic samples for contrast-enhanced micro
oculatu$ and two chondrichthyans Gallorhinchus milii and CT analysis were stained with 0.1% phosphotungstic acid
Rhincodon typys Contigs with blast e-values 1 10 10 (PTA) wt/vol in 100% EtOH for 3 days with gentle agitation,
against either UPSP_chord or one of the 7 Refseq proteomes wered washed with 70% EtOH for at least 2 days prior to
retained in the Ler_Trinity_cDNA transcriptome. imaging in 70% EtOH. Three-dimensional reconstructions
In order to improve homology assignment, we usedand color visualizations were made using Avizo 9.0 (https://
Conditional Reciprocal Best Blast (CRBBupry et al., 20141t www.fei.com/software/amira-avizo/) using either opaque
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grayscale (Adult, Figures 1A,C hatchling Figures 3B,D,E these are absent from most of the anteroposterior length of the
embryos Figures 4E,H,J 5D,F) or semi-transparent rainbow synarcual Figures 1L,M,R 2B (adult), Figure 3E (hatchling),
(Adult and hatchling, Figures 1B,D,E—J 2, 3A,C; embryos cent). More posteriorly, the edges of the synarcual can be
Figures 4A-D,F,G,] 5A-C,B transfer functions. Further seen to surround the centra, which decrease in size antgrior
reconstructions [cigures 1IK-B were made with Drishti (Figures 1R 2B, 3E). These edges are aligned with the more

(github.com/AjayLimaye/drishti). posterior, separate, haemal archeg(res 2B,G haem).
] In lateral view, the synarcual is pierced by foramina for
Histology the spinal nerves; these are organized in pdtigyres 11,N—P

Little skate embryos sacri ced as described above were Xxeghdult), Figures 3D,E (hatchling), sp.for). More posteriorly,

in fresh 4% paraformaldehyde in PBS overnight aiC4 these foramina pierce the interdorsal and basiventral Yeale
Embryos were dehydrated in an ethanol series and retaineglements Figure 3D, int, bv). At the posterior edge of
at least overnight in 100% EtOH at20 C. Samples were the synarcual, three to four distinct vertebrae are visible,
vacuum-embedded in paran by the Histology Hub Service,although these are not completely separate (compared to
Dept. of Infection, Immunity and Cardiovascular Disease aimore posterior vertebrae), and can be considered part of the
the University of She eld according to standard protocols. synarcual. The most anterior of these is the least distinct,
Sections (14m) were cut using a Leica RM2145 microtome.with only anterior and posterior vertebral boundaries visipl
Rehydration was carried out with graded xylene/ethanoléwvat representing the interdorsaF{gures 1N,Q 3D, black arrows).
series according to standard methods. Trichrome stainiag w In Figures 1N,0,a second series of spinal foramina is present
carried out during progressive rehydration rst with 0.01% (sp.for2), dorsal to the regular pairs of spinal foramina in the
Alcian blue in 70% EtOH for 1-2h, followed by standardsynarcual, representing the foramina piercing the interdébrs
haematoxylin and eosin staining. Slides were imaged uging &lements incorporated into the posterior synarcual. These
Olympus BX63 compound microscope in the Sackler Imaginglements can also be seen in visualizations where more
Suite at the Natural History Museum, London. Images wergnighly mineralized tissue is shown in red, the foramina are
captured using an Olympus BX63 microscope, with Olympusepresented by small red dots (mineralization around their
DP73 camera and Cell Sens Dimension software, with imagesiges), arranged serially in register with the foramina ie th

modi ed (Adobe Photoshop) to improve contrast. interdorsal elements more posteriorlyFigures 2B,G white
o L arrows).
Institutional Abbreviations In sagittal section through the synarcual, the vertebrakiee
BMNH: Life Sciences Collection, Natural History Museum,are visible, being better developed posteriorly. These show
London. the “double cone” morphology that characterizes the areolar
mineralization in the centrumKigures 1R 2B (adult), Figure 3E
RESULTS (hatchling), cent), and diers from the surcial polygonal
L. tesselate mineralization seen in the rest of the skeletom, (e
Synarcual: General Description Adult, Figure 1K, tess). Centra decrease notably in size anteriorly,
Hatchling within the posterior synarcual, but still maintain the doulsiene

The synarcual forms the anterior region of the vertebralomh ~ morphology Figures 1M,R 2B, 3B,C,B. The most anterior

and articulates to the rear of the braincase via an extendeckntrum is substantially reducedFigures 1L,M (sections

lip or odontoid processNliyake, 1988; Claeson, 2011; da Silvan ventral view), Figure 1P (lateral view), Figures 3B,C,E

and de Carvalho, 2011; Moreira et al., 2D1h batoids like arrowhead). The anteroposterior extent of these reducedraen

Leucorajacharacterized by enlarged pectoral i&qures 1A-D  matches the three to four incompletely separate vertebral

(adult), Figure 3A (hatchling), p.n), one of the functions elements at the posterior margin of the synarcual, described

of the synarcual is to support these ns via lateral staysabove Figure 2B).

which are rectangular rods articulating to the synarcuad an

pectoral girdle Figures 1B,G(adult), Figures 3B,C(hatchling),

Lst, artlst). Dorsally, an anteroposterior median ridge Synarcual Development: Stages 24, 28, 30,

present Figures 1G,|,0(adult), Figures 3D,E(hatchling), ma), 33

which supports a series of large thorn-shaped dermal denticledtages 24Hgures 4A,B, 28 (Figures 4C—E At these early

(Figures 1K,N-O (adult), Figures 3A,D,E (hatchling), dent). embryonic stages (specimens PTA stained), the pharyngeal

These denticles continue more posteriorly, atop the neuradrches are developing, as are the pectoral and pelvic ns

arches, covering pairs of these arch&sggre 3D, na). The (Figures4B-0p.a,p. n, pelv. n). The pectoral ns are posterior

median ridge also supports the pectoral girdle via the pectorab the pharyngeal arches, and have not yet expanded anteriorly

arch, contacting the arch ventrallfFijgures 1G,H,K,N,O(adult), (Figures 1 2). The otic region is developingF{gure 4B, ot).

Figures 3A,D,E(hatchling), pec.ar, pec.ar(cut)]. External dermal denticles are absent. The dorsal root gangl
In ventral view, the edges of the synarcual meet medially, budf the spinal nerves are visibleé=igures 4B,D,E drg), but

not posteriorly, where a shallow furrow is presehigures 3B,C  there is little indication that the vertebrae or synarcuak a

small white arrow). InLeucoraja the synarcual incorporates developing. These are not apparent until the next available

a small number of mineralized centra posteriorly, althoughembryonic stage, stage 30idures 4F-). Because PTA staining
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FIGURE 2 | Leucoraja erinacea adult (BMNH 2018.9.26.1), 3D renderedmCT scans, false colored.(A) Lateral view, entire specimen(B) lateral view, sagittal section
through synarcual and anterior vertebrae(C) lateral view, synarcual and anterior vertebrae. White am indicate vertebral mineralization within the synarcu@inarking
sp.for2), continuous with mineralization in unfused vertgae more posteriorly. Abbreviations as irFigure 1, also: int, intervertebral element. Anterior to the left.

does not stain cartilage, these elements are representelddly b  Notably at this stage, the synarcual appears to be divided
spaces (e.g., pec.ar, syn, iRigures 4H-J, although colorized at multiple points Figures 4G,H,J white arrowheads), but
manipulation of the CT-scan images makes these structurgmimarily ventrally (between the two ventral arrowheads,
clearer Figures 4F,G,). Figures 4G,H. The degree of separation in this ventral region
At stage 30 Figures 4F—), the synarcual has developedis uneven, appearing stronger anteriorly (lines of separation
anteriorly (Figures 4F—H,J syn), with individual and distinct just anterior to the more posterior arrowhead being shallqwer
vertebrae developing more posteriorligures 4F,G-1,Jna, int, Figure 4G. These deeper lines of separation are irregular
bv), the transition between these marked by the position ef th (Figure 4G, which can also be seen in black and white
pectoral arch Figures 4F—| pec.ar). Associated musculature isimages inFigures 4H,J(arrowheads), where separation between
also visible Figures 4H—J m). The centra are situated ventral to cartilaginous elements (black spaces) is represented by gray
the neural tube Figures 41,J cent, nt), and as described above lines. InFigures 4G,H the separation between the distinct more
decrease in size anteriorly. posterior vertebral elements is clear and regular, while more
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FIGURE 3 | Leucoraja erinacea hatchling (BMNH 2018.9.26.2), 3D renderednCT scans, false colored(A,C), grayscale (B,D,E). (A) Dorsal view of entire specimen;
(B, C) ventral view of posterior braincase, synarcual and anteniainfused vertebrae. White arrows indicate shallow furrowiventral surface of the synarcual(D,E)
lateral view, of posterior braincase, synarcual and anteni unfused vertebrae;(E) sagittal section. Black arrows(D) indicate separation of vertebral elements within the
posterior synarcual. White arrowheadE) indicates reduced centra within the posterior synarcual. Bbreviations as inFigures 1, 2, also: by, basiventral; int.t,
intervertebral tissue. Anterior to the left.
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FIGURE 4 | Leucoraja erinacea PTA staining, 3D renderedmCT scans, false colored(A-D,F,G) grayscale(E, H, J). (A, B) st. 24, Dorsal view of entire individual(B)
dorsal view including developing cranium, pharyngeal ar@s, pectoral n; (C-E)st. 28 (BMNH 2018.9.26.5),(C) dorsal view of individual(D) lateral view of developing
pharyngeal arches, pectoral n;(E) virtual sagittal section showing internal morphology;F-J) st. 30 (BMNH 2018.9.26.4).(F,G) Posterior cranium, synarcual and
more posterior vertebrae, white arrowheads indicate sepation of vertebrae within synarcual(H-J) virtual sagittal section showing internal morphology (ctitages as
black spaces),(J) white arrowheads indicate separation of vertebrae withinygarcual. Abbreviations as irFigures 1 -3, also: drg, dorsal spinal nerve root ganglia;
int.t, intervertebral tissues; m, musculature; nc, notocbrd; ot, otic region; p.a, pharyngeal arches. Anterior to th left. Scale bars:(A,C) D 1 mm; (B,D,E-J) D 500 um.

anteriorly between the white arrowheads, lines of sepamatiovertebrae with thicker and more regular intervertebrakties
are weaker and more irregular. This is also seeffrigure 4]  (int.t).

with cartilages below the pectoral arch (pa) more irregular in In stage 33 Figure 5), this division within the synarcual
size and shape (white arrowheads), compared to more posteri@ largely absent, with more posterior vertebral elementsemor
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FIGURE 5 | Leucoraja erinaceast. 33 (BMNH 2018.9.26.3), PTA staining, 3D renderednCT scans, false colored(A,B,E) grayscale(C,D,F). (A) Dorsal view of
individual;(B) virtual sagittal section showing internal morphology of syarcual and more posterior vertebrae(C,F) dorsoventral virtual section through synarcual;
(D,E) virtual sagittal section showing internal morphology (Witrespect to vertebral column, cartilage® black spaces; intervertbral tissu®light gray,
mineralizatioDwhite). Abbreviations as irFigures 1 -4, as well, n.sp, neural spines. Scale barsA) D 1 cm; (B) D 1 mm; (C-F)D 500 um.

clearly separated into interdorsal, neural arch and neuraHistology

spines Figure 5B int, na, n.sp). These elements and theSections in the horizontal plane provide dorsal-ventral isest
centra are mineralizing, with the anteriormost 3-4 interdal  through individuals of stages 31 and 33, which illuminate the
vertebrae and centra being smaller than those more posteriatevelopment of the synarcual as well as the more posterior axial
(Figures 5B,G. In Figure 5C this anterior reduction in the skeleton, particularly the vertebral cent@r{swell et al., 2007
centra appears regular, along with an absence of mineralizati  In stage 31Figures 6C—F, the development of the synarcual
that characterizes more posterior centra (lighter gray repnes  relative to the axial skeleton is best shown at the posteriagima
higher mineralisation). Ongoing mineralization of the syoual  of the synarcual. Here, there are two distinct cartilagin@gons

is represented by the appearance of distinct tesserae déorming. The rstis a central axis of cartilage associatéithwhe

the cartilage surfacedrigures 5C—E tess). The anterior and notochord (nc;Criswell et al., 2007 and a second, large region
posterior margins of the interdorsals are also mineralifingite  of cartilage more anteriorly, representing the synarcudie T
edges,Figure 5D, red edgesFigure 5B, with the interdorsal separation between these two regions is indicated by a dtiigs®
separated by intervertebral tissu€idures 5D-F int.t). The strongly stained (Alcian) cartilage anteriorly (black@nheads,
thickness of this tissue, and degree of mineralization & thFigure 6C0). Posteriorly, the developing synarcual surrounds
interdorsal margins decreases anteriorly toward the pattmch  the central cartilage axis and notochorBigures 6C—F white

and the posterior margin of the synarcual, involving 3-4 ebeits  arrows). The synarcual cartilage is surrounded by a stained
(transverse white linefrigures 5D,F. Distinct basiventrals are layer of cells, representing the perichondriufRigures 6C—F
also visible ventrallyHigure 5D, bv). pc). It appears that mesenchymal cells in the perichondrium are

Frontiers in Ecology and Evolution | www.frontiersin.org 9 February 2019 | Volume 7 | Article 12



Johanson et al. The Synarcual ofLeucoraja

FIGURE 6 | Leucoraja erinaceast. 31, horizontal histological sections, stained with alan blue, haematoxylin, and eosin(A) overview of vertebral column and
synarcual; (B) closeup of posterior synarcual and separate vertebral cohan (central axis)(C) closeup of posterior synarcual and anterior vertebral axisvhite arrows
indicate developing cartilaginous cells (als€—F) black arrowhead indicates developing intervertebral tiage; asterisk in(B,D) indicates anterior end of central vertebral
axis; (D), closeup of area indicated in(C); (E) closeup of posterior synarcual and central vertebral axiflack arrowhead indicates developing intervertebral tisge; (F)
closeup of area indicated in(E); (G) more posterior central vertebral axis, showing medial spaes and intervertebral tissues fusing to become single unifdlack
arrowhead indicates developing intervertebral tissugH) closeup of anterior vertebral axis indicated iffC) rotated, showing developing notches (developing into
intervertebral tissue) and protrusions (developing intoentra). Abbreviations as irFigures 1 -4, also: ¢, concavity; ml, middle layer; m.sp, medial space; nnotch; pc,
perichondrium. Scale bars:(B,C,F—H) D 2mm; (D) D 0.05 mm.
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transforming to distinct cells, chondroblastEigures 6D,F black  The cartilage beneath the tesserae appears to be regulanédyali
asterisk), contributing to the posterior growth of the syoaal. cartilage, rather than globular cartilagedan et al., 2009

Within the con nes of the synarcual, the central cartilagirs With respect to the centra, more posterior vertebrae
axis continues anteriorly and appears to end at a boundarghow that the medial spaces in stage 31 have increased in
between the notochord and neural tube, where it curves 8ligh size (m.sp,Figures 8C,B, with the cells within the space
medially Figures 6B,C black asterisk). More anteriorly, the now having transformed into chondroblasts. Cartilage matr
cartilage of the axis is continuous, and the boundary betwee(staining blue, Alizarin) continues to be deposited. Again,
the cartilage and the notochord is straightigures 6C,E .  this represents the inner layer of cartilage, closest to the
However, more posteriorly, this boundary becomes wavy, witimotochord Criswell et al., 2017 di ering from the more lateral
a notch forming in the boundary that subsequently widens intoouter cartilage layer in having relatively more extracalul
a concavity Figures 6C,H n, c). The e ect of this is to create matrix. Mineralization is occurring within the middle layer,
cartilage protrusions medially and to constrict the notoatho representing areolar mineralization of the centra (ar.c/ml,
at regular intervalsKigure 6B Criswell et al., 201)7 The cells Figures 8CE), with more lateral tissues, including the cartilage
lateral to the notch appear to be transforming into new cellsand intervertebral tissue appearing to also contribute to the
(eosin-staining a reddish color), suggested to be cellswlih  increasing mineralization of these centra. This includgisdrom
form the intervertebral tissud<{gures 6C,F H int.t). the more laterally positioned hyaline cartilag€igures 8H,],

These regions of eosin-staining cells enlarge along wigh thblack arrowheads), which are rounded, mineralized (stanin
enlargement of the notch into a wider and deeper concavityreddish, with haematoxylin and eosin), and appear continuous
A distinctly staining ridge of cells forms within this regip morphologically with the more lateral chondroblasts of the
originally in proximity to the cartilage, but then separating hyaline cartilage (staining blue). In addition, cells formithe
the concavity into two sections more posteriorly along theintervertebral tissue also contribute; these are more geated
central vertebral axisHigures 6C,Evs. Figure 6G large black cells, again, mineralized within the centrurfigure 8I, black
arrowheads). As well, a medial space appears within tha&row), and are morphologically continuous with the elorgat
cartilage separated by the concavities (mEsgures 6C,E,F—H  cells of the intervertebral tissuEigure 8G black arrow). As well,
lled with mesenchymal cells surrounded by alcian-stagin the centrum develops and mineralizes external to the innezray
matrix, distinct from the cartilaginous chondroblasts (e.g of cartilage Figure 8H, ic).
Figures6H 7C). More posteriorly, these opposing spaces Continuing anteriorly, the medial cartilages forming the
and their cells meet in the midlineF{gure 70, as do the internal cartilage layer are reducing in size, as are thesnailized
eosin-staining regions bisected by the distinctly stajniidge  areolar cartilagesHgures 8B,3. The size and shape of the
(Figures 6G 7C, black arrowheads). Dierences between theanterior two vertebral elements appears to be controlled
lateral and medial cartilages (chondrocytes vs. mesenahymby the shape of the V-shaped perichondrium (eosin-stained
cells) suggest that these are two separate layers of ceytilatayer of cellsFigure 8C pc). In particular, the anteriormost
previously identied as inner and outer layers associatediertebral element is associated with a triangular cawmilag
with the development of the centrum (cfCriswell et al., and areolar mineralization. Following the description above,
2017, with the outer layer developing rst. Between thesethis should represent the internal cartilage layer next te th
two layers, a separate region is developing, called the middfetochord and the developing centrum, separated from the more
layer Criswell et al., 201 7eosin-staining Figures 6E,G ml).  posterior vertebra by a thick intervertebral tissue (a.cewnt
Given these observations, it appears that the developmefrigures 8B—D. However, the most anterior cartilage resembles
of the distinct cartilaginous axis proceeds from posterior tathe outer layer of hyaline cartilage, with less extracelloatrix,
anterior. compared to the internal layer, which has fewer cells and more

In sections taken slightly more ventrally, a line of cellsmatrix (Figure 8D, a.cent vs. ic). The shape and size of these
extending within the cartilage is apparent, running laterall anterior vertebrae conforms to those seenni®€T scans (eg.,
from the concavity lled with eosin-staining cell§igures 7A,B  Figure 3B.
cells between the black arrowheads). We suggest this line
of cells also represents the intervertebral tissue, marking Transcriptomes
point of developing separation within the cartilagéidure 7B.  Transcriptomes were evaluated frobeucorajastages 28 and
Separation of the cartilages of the central vertebral axis in 33 (Tables S15), and between the synarcual region and the
smaller interdorsal and basiventral elements is also aooyr more posterior vertebral column. The absence of replicates
(Figure 7D, asterisk). precludes a statistically relevant investigation of di eiah

In stage 33 Figure 8), the synarcual, the separate vertebralexpression. It should also be noted that although blastxcbesr
elements and centra have begun to mineralize. In the symércuwere conducted against two chondrichthyanSallorhinchus
and vertebral elements, this mineralization involves thamilii and Rhincodon typys most search results involvédomo
formation of tesserae (tesEjgures 8C—E Dean et al., 2015; sapiensWe assume homology across Vertebrata in this instance
Criswell et al., 2017; Seidel et al., 201At this stage, these and that relevant orthologs have been identi ed. With these
tesserae are sur cial, although more than one layer can beaveats, general observations can be made regarding tles gen
present Dean and Summers, 206and are rounded, with no expressed and more speci cally with the di erent regions of
visible intertesserae connections yet forméckén et al., 2005 the vertebral column at these two stagésg(res 9-12). For
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FIGURE 7 | Leucoraja erinaceast. 31, horizontal histological sections, stained with alan blue, haematoxylin and eosin(A,B) Showing developing intervertebral
tissue, along with aligned and differentiating cells extefing from developing intervertebral tissue to lateral mang of the cartilage (between black arrowheads), these
staining with haemotoxylin more posteriorlyB); (C) more posteriorly along central vertebral axis, showing deloping internal cartilage (ic), resulting from midlinedion
of medial spaces lled with mesenchymal cells. More posteridy, extracellular matrix (staining blue) is being deposi (asterisk);(D) separation of vertebral elements
(asterisks) from originally continous cartilage sheath.bireviations as in previous gures, also, ic, internal layeof cartilage. Scale bars:(B,C) D 0.05 mm.

example, normalized expression levels between the four samplestilage block, for example Hox-like gendsble S5, along
were highly similar Figure 9), as were the annotations to with those annotated to cartilage development (GO:0051216)
transcripts expressed in the four samples. These results woutdteoclast development (GO:0045453) and bone resorption
be expected since all four samples are of the same tiss(@0:0045453) HKigures 16-12; Tables S24).  Although
type. However, by examining the heatmaps for particular geneshondrichthyans lack bone Dean et al., 2007 multiple
more closely, we can recover di erences in expression that agenes related to bone resorption and osteoclast development
potentially relevant to synarcual development. were recovered Figure 11), and our prediction would be
From the mCT scans and histological sections describedhat these would show higher levels of expression at stage 33
above, the synarcual appears to develop initially as a blodkigure 5).
of cartilage surrounding the vertebral columrFigure 6).
Development continues posteriorly, with incorporation of Cartilage
anterior mineralized vertebrae via deposition of cartilagd loss  Cartilage takes multiple forms in vertebrates, but much of
of mineralization of incorporated vertebra&igures 2 3). We  the skeleton in early development comprises hyaline cartilage
were interested in transcripts related to these processelssan (Hall, 200%. Formation of hyaline cartilage involves a series
focussed on those associated with anteroposterior regeatan  of steps, including the proliferation of mesenchymal cells and
(designating an anterior area linked to development of a spar transformation of these into chondrocytes. These chongies
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FIGURE 8 | Leucoraja erinaceast. 33, horizontal sections, stained with alcian blue, hamatoxylin and eosin.(A) Overview of vertebral column and synarcualB)
closeup of posterior synarcual and separate vertebral colan (central axis), including anteriormost centrun(C) closeup of posterior synarcual and anterior vertebral
axis, with anteriormost centrum and surrounding perichondum; (D) closeup of area indicated in(C) showing differences between internal cartilage and antenmost
centrum, tesserae developing along cartilage surfacegE) closeup of central vertebral axis, with internal cartilagdeveloping within medial cartilages and meeting in
midline, areolar mineralization in centra occuring in mideel layer;(F—I) mineralizing centra, showing contribution of cells from #outer layer of cartilagelf,!, black
arrowheads) and intervertebral tissueQ,|, black arrow). Mineralization is occurring around inner yar of cartilage(H). Abbreviations as inFigures 1 -7, also: a.cent,
anteriormost centrum; ar.c/ml, areolar cartilage/middle Iger; ic, internal cartilage layer; m.sp/ic, medial space/ietnal cartilage layer. Scale bars(B—F) D 2 mm.

deposit extracellular matrix resulting in interstitial ¢idgge A variety of expressed genes related to cartilage development
growth, while growth can also be appositional, via additiothte  have been found in bothLeucorajastages Table S3. For
cartilage surface. example, a large component of the extracellular matrix is
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FIGURE 9 | Heatmap of normalized expression. Expression levels for ¢hfour
samples are similar, which is expected since the samples arieom the same
tissue type. The samples cluster in pairs by stage with the age 28 and stage
33 sample expression being more similar to each other than tthe other stage.

composed of Type Il collagen, which forms brils within the
matrix, and depends on the expression GbI2A1 Sox9is
expressed in the mesenchymal condensation di erentiatirig in
chondrocytes and then has a role in regulating chondrogyte
binding to sequences i@ol2Aland Collla2genes, these being
chondrocyte speci c markers( et al., 1999; Obha et al., 2015
Sox9like is recovered from théeucorajatranscriptome, as are
Col11A2like andCol2Atlike.

Heatmaps based on normalized expression levégaife 10
show highest expression of genes related to cartilage gewelut
in the stage 33 synarcual and postsynarcual.

These includeCol2Atlike, and other collagen genes such as
Col10Allike and Col11Allike, which encode Type X and XI
collagen, respectivelZol10Alis also expressed in hypertrophic
cells as part of the process of endochondral bone formation,
while Col11Alhas an important role in endochondral bone
formation (Hafez et al., 20)5LectT1is also upregulated in stage
33 (skeletal system development, cartilage developmertt)isan | FIGURE 10 | Heatmap of normalized expression for genes annotated to the
related to vascularization, including the calci ed cate, post- gene ontology term “cartilage development” (GO:0051216)A cluster of these
hypertrophy. AIthough not part of the group of genes showing genes, includingCQIZAl—Iike Col10A1-like,and Col11Al-likegenes, have
the highest expressioMefc2is known as a master regulator of | ¢reased expression at stage 33.
cell hypertrophy promoting expression @ol10A1(Dy et al.,

2012; Obha et al., 200with Mefc2like also expressed at higher
levels in stage 3%ox9is also expressed, but not at the levels obf mineralization, the tesseraeD¢an et al., 20)5 and

Uy

Col2Atlike andCol11A2like. mineralization in the vertebral centra, known as areolar
_ mineralization (Mioss, 1977; Dean and Summers, 2006; Porter
Bone Resorption et al., 2005 Although mineralization occurs, chondrichthyans

Bone is absent from the chondrichthyan skeleton, withare thought to lack the capacity to resorb this mineralization
mineralization taking the form of small surcial blocks with clastic cells being abserib¢an et al., 2007 Nevertheless,
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multiple genes associated with bone resorption and osteoclastosteoclasts, where they are induced by RANKL signaliry, wi
development are expressingaples S3 4). The osteoclasts RANKL signaling through the gene TRAF6 to control MMP-
associated with bone resorption, and the genes associated w® (Sundaram et al., 200.7These genes are expressing in the
these cells are well-known, particularly because of thée o synarcual and postsynarcual in stages 28 and 33, but at lower
diseases such as osteoarthritis. levels.

In the expression heatmag-igure 11), six of these genes
are highly expressed in the synarcual region and postsyniarcua
at both stage 28 and 33, and associated via the accompanying
dendogram. These includ®acllike which is annotated to
bone resorption, and others related to osteoclasts thenselv
Raclbelongs to the Rho family of small GTPases, involved in
regulation of cellular eventdtgstein et al., 2011; Weivoda and
Oursler, 201} including osteoclasts and such features as the
lamellipodium and the characteristic ru ed margin asso@t
with the cell.

Other expressing genes annotated to bone resorption
include ATP6AP1like and Ca2like, associated with positive
regulation of osteoclast development and regulation of bong
resorption, Csklike (negative regulation of bone resorption),
and Rab7Alike. Among these more highly expressed genes,
Rab7Alike showed the highest levels of expression if
the synarcual region of stage 28, and is involved in th
formation of the distinctive rued border of osteoclasts
(Itzstein et al., 2011

Other well-known genes involved in bone resorption
(Table S3 include TRAP, as a marker for osteoclasts (also know|
as ACP5,Hayman et al., 2000; Logar et al., 2RONMMP-9
(Matrix metalloproteinase-9) and Cathepsin K are also exjietss

D

1%}

=}

FIGURE 12 | Heatmap of normalized expression for genes annotated withhe

FIGURE 11 | Heatmap of normalized expression for genes annotated to the SMART hox domain (SM00389). There are ve regions within thedatmap
gene ontology terms “bone resorption” (GO:0045453) and “oteoclast relevant to synarcual developmen{A-E). Although chondrichthyans were
development” (GO:0036035). Although chondrichthyans aréhought to lack previously thought to lack HoxC genes, aHoxc6-like, and aHoxc9-like are
these processes, several genes are expressed in the four saptes. expressed, in addition to a large number of other Hox genes.

Frontiers in Ecology and Evolution | www.frontiersin.org 15 February 2019 | Volume 7 | Article 12



Johanson et al. The Synarcual ofLeucoraja

Hox the pectoral girdle. Among other chondrichthyans, the syt
Concerning the separate development of the synarcual relativs absent in sharks, but present in the chimaeroids (HolocEpha
to the remainder of the vertebral column, this may be relatedvhere it supports a dorsal n spine, and was suggested to form
to an anteroposterior regionalization of the vertebral eohy  via fusion of normally developed vertebragéofianson et al.,
observed in many other vertebrate taxa and associated witD15. This was also suggested to be the case for the Batoidea
anterior boundaries of expression of particular nested Hmege (e.g.,Claeson, 2011; Johanson et al., J0®% illustrated by
(Burke et al., 1995; Morin-Kensicki et al., 2002; Head anthe posterior margin of the synarcual, where a small number
Polly, 2015; Bohmer, 201Table S§. For example, anterior of vertebrae appear to be in the process of being incorporated
expression oHoxc6was linked to the boundary between theinto the synarcual. Here, partial separation of the vertebrae
cervical and thoracic region, also recovered in zebraBbrke (Figures 10-R black arrows, 3D) and a remnant series of
et al., 1995; Morin-Kensicki et al., 2002Chondrichthyans spinooccipital foramina within the synarcudtigures 1N, 2B,Q
were previously thought to lack HoxC geneKir{g et al., otherwise associated with the intervertebral elements emor
2011, but these have been recently recognized in the sharkmsteriorly in the axial skeleton, suggest that vertebraebaing
Chiloscyllium punctatum, Scyliorhinus torazame, Hetemags fused into the main body of the synarcual. Fusion occurs ireot
zebra,and the batoid Okamejei kenoje{Hara et al., 2013  parts of the vertebrate axial skeleton, such as the sacrsuitirey
including Hoxc8and Hoxcllbeing expressed more posteriorly from a transformation of intervertebral tissue®i¢ran et al.,
and so conforming to the anteroposterior nested expressiof019; this type of transformation is also seen in cases where
seen in other taxa. By comparisoffoxc4like, Hoxc6like, fusion results from external stresses, such as in farmedaosal
and Hoxc9like are expressed iheucoraja(Regions A and B, (Witten etal., 2006, 2009
Figure 12 and their predicted proteins have sequence similarity However, this incorporation of individual vertebrae is not
with those found in other sharks, and with their CRBB hit apparent more anteriorly, with histological sections thrbug
(Supplementary Information, Figure 1), particularly across the the synarcual and vertebral column indicating instead that
conserved homeobox domains. the synarcual is separate from the column and continues
With respect to levels of gene expression indicated byo develop around it posteriorly Higure 6), as indicated by
the heatmap Figure 12, and groups of genes indicated by actively transforming cells from the perichondrium, postelyor
accompanying dendrogram, there are ve regions of interest. (Figure 6D). These developmental processes in synarcual
the rst, several genes are more highly expressed in stage @8velopment are supported by patterns of gene expression
(Region A), compared to stage 33, and three genes with highewolved in cartilage development, bone resorption and
expression in the stage 28 synarcual. These inclddgA2- anteroposterior patterning. For example, ongoing synarcual
like, involved in hindbrain developmentl(impel et al., 2003  growth posteriorly involves ongoing cartilage depositiorthw
Genes expressed in Region C also seem to be related to edlyl2Alike, linked to Type Il collagen Table S2, a major
development such &3tx2-like, BarxXlike, andGbx2like. component of hyaline cartilage, showing higher expression
One region of interest on the heatmap is Region B, wher&evels at stage 33, compared to stage 28. Incorporation of
a number of genes have low expression levels in the synarcuatlividual vertebrae at the posterior margin of the synarcual
of stage 28. These include multiple Hox genes, includingvould require a loss of the mineralization visible in more
Hoxa'-like, Hoxal0like, HoxB8like, Hoxc6like, Hoxd8like, posterior vertebrae, and remnants of this mineralization ban
andHoxa%like Hoxd8like. In Region EHoxB8like andHoxB8  visualized inmCT-scans. This is supported by higher expression
like are both more highly expressed in stage 28 postsynarksial. of a range of genes linked to bone resorption, including
noted aboveHoxcélike is of particular interest, and may mark osteoclast development, again in stage 33. These would be
the posterior boundary of the synarcual region lieucoraja active in resorption mineralization associated with tessera
while the absence of more posterior Hox genes from this regiothe sur cial mineralization characterizing chondrichthgs
conforms to general Hox expression patterns in a range dfDean et al., 2007 Finally, the development of the bulk of
vertebrates (e.gBurke et al., 1995and supports an anterior the Leucorajasynarcual as a separate structure at the anterior
regionalization inLeucoraja part of the vertebral column suggests that regionalizatidn o
Additionally, a number of genes in Regions D and E are alsthe column is occurring anteriorly, supported by absence of
involved in anterior-posterior patterning, and show highevéls more posterior Hox genes from the stage 28 synarcual region,
of expression in stage 28. These includlel-like, Emx2like  when this regionalization would be establishedokat-like,
(Region D), andPbxtlike (Region E)Lhx1-like, MsxZXlike, and HoxalOlike, HoxB8like, Hoxc6Glike, Hoxd&like, and Hoxa$
Alx4-like are more highly expressed in the stage 28 synarcubike Hoxd8like; Table S§. Hoxcélike is particularly important,
(Region D). because Hox genes are nested anteroposteriorly along the
body, the anterior expression boundary is of relevance in
regionalization. Absence éfoxc6like from the synarcual region
DISCUSSION of stage 28 but presence in the postsynarcual region suggests
the presence of this boundary and associated with anterior
The synarcual in batoids such d&fucoraja erinacedas an regionalization. Thus, multiple transcripts support observas
important function in supporting the enlarged pectoral ns, asof morphology and development froonmCT-scanning and
indicated by the lateral stays that run between the synd@o@d histology.
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As well, the histological data supports recent work on thedeveloped vertebrae, but appears as a separate structurgeelati
Leucorajavertebral column Criswell et al., 201)7and previous to the rest of the vertebral column. Normal development
observations (e.gle Beer, 1924hat early developmentinvolves of the vertebral column is terminated anteriorly, within,
a continuous mesenchymal sheath extending anteropostgrior and potentially associated with, the large cartilaginous
from which separate cartilaginous vertebral elements andtructure representing the synarcual. In the sense that the
mineralized centra later develop. As part of this processsynarcual articulates to the rear of the braincase, it eweyi
shallow notches and then deeper concavities in the centraéplaces the notochord and vertebral column in this region.
cartilaginous sheath develop, along with protrusions of thi€xpressed genes not previously identi ed in chondrichthyans
cartilage into the notochordRigure 6C Criswell et al., 2007 such asHoxc6like (HoxC genes in general) and transcripts
The protrusions will develop into the centra, while cellsannotated related to osteoclasts and bone resorption, hase be
associated with the concavities develop into intervedébr identi ed.
tissue, with lines of similarly-staining cells extendiragekally, This synarcual development is markedly dierent from
marking the separation of vertebral elements within the caint that in placoderms and chimaeroid holocephalans, which
sheath. Prior to this, cells appear to be aligning within thewere suggested to develop from the fusion of normally
cartilage and transforming along this lin€&igures 7A,B black  developing vertebrae throughout. In tetrapods the comparable
arrowheads). It seems that the position and initiation ofstructure is known as the syncervical and also appears to
notches along the medial margin of the cartilage may servieave developed from initially normal and separate vertebrae
to pattern the position of these divisions between vertebralvan Buren and Evans, 201Figure 2), comparable to other
elements. instances of fusion in the tetrapod vertebral column, such

With respect to the vertebral centra, a medial space develops the sacrum Noran et al., 2016 These dierences may
within the cartilaginous protrusions mentioned above, bmgtg  be related to the function of the synarcual, developing in
separated from the more lateral cartilage by a distinct neddl early embryonic stages and before hatching, supporting the
layer Figures 6E,G8C,B). The inner layer of cartilagetiswell expanded pectoral ns inLeucoraja(Figure 1), as opposed
et al., 201y appears to form from the mesenchymal cellsto only supporting a dorsal n spine in the holocephalans
that Il these medial spaces, transforming into chondrobgast (Johanson et al., 20)L5In this instance, the synarcual of
(Figures 8C,E m.splic). Areolar mineralization begins within batoids with smaller pectoral ns such as the Torpediniformes
the middle layer Criswell et al., 20%7Figures 6E 8C,E (electric rays) and Rhinopristiformes (guitar shes) may be
ar.c/ml), to separate the inner and outer layer of cartilagenore comparable to other taxa. These are also the batoid
(the latter representing the original cartilaginous shéath groups with predominantly caudal n (tail) propulsion
There are distinct dierences in these cartilages at thigRosenberger, 20))lcompared to pectoral n propulsion in
stage, with relatively more extracellular matrix in the @mn Leucoraja(Rajiformes; e.ggi Santo et al., 20)7supporting a
layer Figures 8D,B. Areolar mineralization seems to involve functional explanation for early development of the synaftcua
cells from the lateral, outer cartilage layer (rounded s;ell as a separate, complete cartilaginous tube supporting the
Figures 8H,l) along with cells from the intervertebral tissue ns.

(elongate cellssigures 8G,).
The most anterior part of the cartilaginous sheath is marke

d
by a distinct reduction in the size of the centra, reIatedAUTHoR CONTRIBUTIONS

to a termination Of_ this ;heath. A trlangulz_ar cartl_lage 'S This project was conceived by ZJ and GF. KM and GF were
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- L ._responsible for the transcriptomic analysis. KM performed
cartilage appears to be more similar to the outer hyalin L . : . -
. ) . . he initial transcriptome analysis, produced histologicides,
cartilage than the inner layer of cartilage (relatively mmor .
. . . . prepared and CT-scanned specimens, 3D rendered CT-scans, and
cells compared to matrix), and marks the anterior terminatio : . - - -
of the notochord. This termination occurs iust within the contributed toFigures 5. ZJ photographed histological slides,
' J 3D rendered CT-scans, and produdeidures 8. KJ performed

posterior margin of the synarcual. The anterior triangular . .
. . : the nal transcriptome analysis, produced the heatmaps shown
cartilage may derive entirely from the lateral outer layer.

s . in Figures 9-12 and all tables. ZJ, KJ, and GF were responsible
of cartilage, or perhaps from the synarcual itself, as theﬁ%rwritin the nal manuscriot
share a perichondrium Kigure 8D), suggesting a common 9 pL
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with termination of the central cartilaginous axis at this ACKNOWLEDGMENTS
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SUPPLEMENTARY MATERIAL

Leucoraja erinacea NP_008828.1, Homo sapiens CRBB hit; Hetze0000003,
Heterodontus zebra

The Supplementary Material for this article can be foundTable S1 | Annotation of the Ler_Trinity_ CRBB transcriptome. Annoteéns were

online at: https://www.frontiersin.org/articles/10.38&vo.
2019.00012/full#supplementary-material

Figure S1 | Multiple sequence alignments of HoxC-like proteins. Aminacid
sequence alignments of the putative_eucoraja erinaceaHoxC proteins with their
Conditional Reciprocal Best Blast hit and HoxC proteins ideti ed in other shark
species. Identical residues are shown a s solid red blocks witwhite text, while
residues with more than 70% similarity in physico-chemicgroperties are shown
as red text and framed in blue. A, HocC4: NP_705897.1Homo sapiens CRBB
hit; TRINITY_DN27817_c0_g2 and TRINITY_DN30588_c0_glleucoraja
erinacea B., HoxC6: NP_710160.1, Homo sapiens CRBB hit; Hetze0000001,
Heterodontus zebrg TRINITY_DN24527_c1_glleucoraja erinacea
Chipu2000064, Chiloscyllium punctatum C, HoxC9: TRINITY_DN27775_c0_g1,

extracted from the DAVID knowledgebase v 6.8 and transferretb the Leucoraja
erinaceatranscripts based on the unique Refseq ID.

Table S2 | Cartilage genes. The subset of transcripts annotated to thgene
ontology term “cartilage development” (GO:0051216).

Table S3 | Bone resorption genes. The subset of transcripts annotatedo the
gene ontology term “bone resorption” (GO:0045453).

Table S4 | Osteoclast genes. The subset of transcripts annotated to tb gene
ontology term “osteoclast” (GO:0045453).

Table S5 | Hox genes. The subset of transcripts annotated with the SMART ho
domain (SM00389).
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