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29 Abstract

30 Genomic studies of vertebrate chromosome evolution have long been hindered by
31 the scarcity of chromosome-scale DNA sequences of some key taxa. One of those
32 limiting taxa has been the elasmobranchs (sharks and rays), which harbor species
33  often with numerous chromosomes and enlarged genomes. Here, we report the

34 chromosome-scale genome assembly for the zebra shark Stegostoma tigrinum, an
35 endangered species that has the smallest genome sequenced to date among sharks
36 (3.71 Gb), as well as for the whale shark Rhincodon typus. Our analysis employing a
37 male—female comparison identified an X chromosome, the first genomically

38 characterized shark sex chromosome. The X chromosome harbors a Hox C cluster
39 whose intact linkage has not been shown for an elasmobranch fish. The sequenced
40 shark genomes exhibit a gradualism of chromosome length with remarkable length-
41 dependent characteristics—shorter chromosomes tend to have higher GC content,
42  gene density, synonymous substitution rate, and simple tandem repeat content as
43  well as smaller gene length, which resemble the edges of longer chromosomes. This
44  pattern of intragenomic heterogeneity, previously recognized as peculiar to species
45  with so-called microchromosomes, occurs in more vertebrates including

46  elasmobranchs. We challenge the traditional binary classification of karyotypes as
47  with and without microchromosomes, as even without microchromosomes, shorter
48 chromosomes tend to have higher contents of GC and simple tandem repeats and
49  harbor shorter and more rapid-evolving genes. Such characteristics also appear on
50 the edges of longer chromosomes. Our investigation of elasmobranch karyotypes

51 underpins their unique characteristics and provides clues for understanding how

52  vertebrate karyotypes accommodate intragenomic heterogeneity to realize a

53 complex readout.
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58 Introduction

59 Genomes accommodate coexisting regions with differential characteristics, and

60 these characteristics are manifested not only in DNA sequences (e.g., GC-content)
61 but also in intra-genomic heterogeneity of non-sequence features such as chromatin
62  openness, replication timing, and recombination frequency. These features are

63 thought to be associated with how karyotypes of individual species are organized.
64  For example, in the chicken genome, early replicating regions tend to be found in

65 small chromosomes, known as ‘microchromosomes’ (see below). It is still unknown
66  how such intragenomic heterogeneity is accommodated by variable karyotypes as
67 well as how it arose during evolution. To reconstruct the ancestor of all extant

68 vertebrates and the evolutionary process thereafter, information from the

69 evolutionary lineages that branched off in the early phase of vertebrate evolution is
70 instrumental. Among those lineages, whole genome sequence information for

71  cartilaginous fishes has been scarce. The importance of studying cartilaginous fishes
72  is doubled when we consider their genomic trends. No additional whole genome

73  duplication has been reported for cartilaginous fishes, while drastic lineage-specific
74  genomic changes are being reported for the other extant non-osteichthyan taxon,

75 cyclostomes (Nakatani et al. 2021).

76 Cartilaginous fishes (chondrichthyans) are divided into two groups,

77  Holocephala (chimaera and ratfish) and Elasmobranchii (sharks and rays). Even

78 long after whole genome sequences of a holocephalan species, Callorhinuchus milii,
79  were made available (Venkatesh et al. 2014), those sequences have not been

80 validated with any karyotyping report. This limitation stems mainly from the technical
81 difficulty in reproducibly preparing chromosome spreads from a stable supply of

82 metaphase cells. Only recently has our repeated sampling of fresh shark tissues
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83 (blood or embryos) (e.g., at aquariums) enabled karyotyping using culture cells for
84  four orectolobiform shark species in Elasmobranchii (Uno et al. 2020). This has
85 paved the way for rigid evaluation of whole genome sequences. Biological studies on
86 cartilaginous fishes have been hindered by low accessibility to fresh material.
87  Moreover, especially in studying elasmobranchs, genome analysis can encounter
88 inherent difficulty incurred by their large genome sizes (reviewed in Kuraku 2021).
89 These factors have prevented previous efforts on cartilaginous fishes from obtaining
90 a suite of genome sequences supported by karyotype and genome size estimate as
91 well as transcriptome sequencing (Rhie et al. 2021; Read et al. 2017; Tan et al.
92  2021; Weber et al. 2020; Marra et al. 2019; Zhang et al. 2020).
93 Chromosome-level analysis is broadening our scope of comparative
94 genomics (Rhie et al. 2021; Deakin et al. 2019). The difficulty of elasmobranch
95 genome sequencing is manifested in the retrieval of the Hox C cluster, an array of
96 homeobox-containing genes (reviewed in Kuraku 2021). While shark Hox A, B, and
97 D gene clusters have been reliably assembled with few gaps (Hara et al. 2018;
98 Mulley et al. 2009), assembling the Hox C cluster, which was initially reported as
99 missing from elasmobranch genomes (King et al. 2011), suffered from high GC-
100 content and frequent repetitive elements, resulting in fragmentary sequences (Hara
101 et al. 2018; reviewed in Kuraku 2021). This difficulty is expected to be overcome by
102 the application of a rising approach to scaffolding the genomic fragments up to the
103 chromosome scale using chromatin contact data (Yamaguchi et al. 2021,
104 Dudchenko et al. 2017) as well as long-read sequencing.
105 Another expectation from chromosome-level genome analysis is the
106 identification of sex chromosomes, although sequencing and assembling sex

107 chromosomes often suffer from difficulties caused by high repetitiveness or uneven
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108 sequence depth (Rhie et al. 2021; Ma et al. 2021). While sex determination

109 mechanisms have been revealed by an increasing number of studies on

110 osteichthyan vertebrates (Graves 2016; Pennell et al. 2018), no report is available
111 for vertebrate species outside osteichthyans, namely cyclostomes and

112  chondrichthyans. The quest for sex determination mechanisms can be initiated by
113  the identification of sex chromosomes as already improvised in several vertebrate
114  species (Franchini et al. 2018).

115 Some vertebrate karyotypes, including most bird karyotypes, consist of small-
116  sized chromosomes, or microchromosomes (Figure 1A) that were initially recognized
117  as shorter than 1 um in cytogenetic observations (Ohno et al. 1969; Ohno 1970).
118 Microchromosomes are known to have higher GC-content, higher gene density, and
119 different chromatin states compared with the remaining macrochromosomes

120 (International Chicken Genome Sequencing Consortium (ICGSC) 2004; Burt 2002;
121  Waters et al. 2021). Some genome sequence-based studies regard chromosomes
122 smaller than 20 Mb as microchromosomes and investigated their possible common
123  origin (Nakatani et al. 2021; ICGSC 2004), but they have not been unambiguously
124  defined on a cross-species basis. Accumulating information from synteny-based

125 analysis suggests that the last common jawed vertebrate ancestor already

126  possessed microchromosomes (Braasch et al. 2016; Waters et al. 2021; Nakatani et
127  al. 2007, 2021). However, this hypothesis needs to be examined by incorporating
128 more diverse vertebrate taxa into the comparison, on a solid basis of experimentally
129 validated karyotypic configurations of individual species.

130 In this study, we focused on the zebra shark Stegostoma tigrinum (or leopard
131  shark; Figure 1B) and report its whole-genome sequences for the first time. This

132  species has the smallest genome size (3.71 Gb) among the elasmobranch species
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133 whose genomes have been sequenced to date. Each of the resultant chromosome-
134  scale genome assemblies of the zebra shark, as well as the whale shark (Figure 1B),
135 have been constructed using samples from a single individual (which was not

136  achieved in earlier efforts: Tan et al. 2021; Read et al. 2017; Weber et al. 2020) and
137  controlled by referring to their karyotypes. Using the obtained sequences, we

138 performed comparative investigations to characterize the diversity of chromosomal

139  organization.
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141  Figure 1. Shark species studied and comparative statistics of their genome

142  assemblies. (A) The karyotypes of diverse vertebrate species are depicted with the
143  length of individual chromosomal DNA sequences. The maximum and minimum

144  chromosome lengths are based on the records in NCBI Genomes.

145  Microchromosomes for osteichthyans are shown in light blue according to individual
146  original reports (Nakatani et al. 2021; Suryamohan et al. 2020; Knief and Forstmeier
147  2016; ICGSC 2004), while the eMID and eMIC of the two shark species whose

148 genomes have been sequenced in the present study (see Results) are shown in

149  orange and light blue, respectively. (B) Zebra shark (left) and whale shark (right). (C)
150  Statistics of the genome assemblies. The identifiers of the genome assemblies, as
151  well as statistical comparison of more metrics, are included in Supplementary Table
152 1. Gene space completeness shows the proportions of selected one-to-one protein-
153  coding orthologs with ‘complete’ (green), ‘duplicated’ (yellow), and ‘fragmented’

154  (orange) coverages retrieved in the sequences by the BUSCO pipeline (see

155 Methods). The details of the genome sizes and karyotypes included are based on
156  existing literature (Uno et al. 2020; Schwartz and Maddock 1986, 2002; Hardie and
157  Hebert 2004).

158

159 Results

160 The smallest shark genome sequenced to date

161  We focused on the zebra shark (or leopard shark) Stegostoma tigrinum (formerly, S.
162  fasciatum) with the haploid nuclear DNA content of 3.79 pg (3.71 Gb; Kadota et al. in
163  prep) and the karyotype of 2n = 102 (Uno et al. 2020). Using genomic DNA extracted
164  from blood cells of a female adult, the whole genome was sequenced and

165 assembled with short reads. The resultant sequences were further scaffolded using
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166  Hi-C data obtained from blood cell nuclei of the same individual (see Methods). The
167 number of output scaffold sequences longer than 1 Mbp (thereafter tentatively

168 designated ‘chromosomes’) was 50, which closely approximates its chromosome
169 number revealed by the cytogenetic observation and karyotypic organization

170  previously characterized by us using primary cultured cells (Figure 1C). The retrieval
171 of the chromosomal scale was also guaranteed by the N50 scaffold length of 76.6
172 Mb (Figure 1C).

173 We also performed de novo whole genome sequencing of an adult male

174  whale shark, Rhincodon typus, using Linked-Read data and Hi-C scaffolding (see
175 Methods). The number of sequences greater than 1 Mbp matched the number of
176  chromosomes in the karyotype (n = 51) (Figure 1C), and the N50 scaffold length of
177  the resultant assembly reached 70.8 Mb, significantly exceeding that of the

178 assemblies previously published for this species (Figure 1C). To date, our product is
179 the only chromosome-scale genome assembly for this species that was built

180 consistently from a single individual.

181 While we recognize a significant gap between the estimated and retrieved
182 total sequence lengths, genome assemblies for the zebra shark and whale shark
183  exhibited high completeness of protein-coding gene space of more than 90% (Figure
184  1C). Prediction of protein-coding genes on the zebra shark and whale shark

185 genomes, performed by incorporating homolog sequences and transcriptome data,
186 resulted in 33,222 and 35,334 genes, respectively (Supplementary Tables 1 and 2),
187  which allowed downstream molecular biological analysis.

188

189 Karyotypic trends in sharks


https://doi.org/10.1101/2022.10.17.512540
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.17.512540; this version posted October 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

190 The obtained zebra shark genome assembly consisted of chromosome sequences
191  of highly variable length with a gradual slope, in accordance with our previous

192  cytogenetic observation (Uno et al. 2020), spanning from 187.0 Mb down to 4.3 Mb
193  (Figure 2A). This pattern does not resemble the length variation in the Callorhinchus
194  milii or the chicken (Figure 2A). The chicken especially exhibits a steep slope,

195 marked by a number of chromosomes shorter than 20 Mb (microchromosomes)

196  (Figures 1A and 2A). Gradualism in the chromosome length distribution is also

197 observed in the whale shark (Supplementary Figure 1), white-spotted bamboo shark
198 (Zhang et al. 2020), and thorny skate (Rhie et al. 2021), and is assumed to be typical
199 karyotypic organization of elasmobranchs (Supplementary Figure 2). For simplicity,
200 we tentatively designated (1) zebra shark chromosomes 1 to 14, longer than 70 Mb;
201  (2) chromosomes 15 to 33, between 30 and 70 Mb; and (3) chromosomes 34 to 50,
202  shorter than 30 Mb as elasmobranch macro-, middle-sized-, and micro-

203 chromosomes (abbreviated into eMAC, eMID, and eMIC, respectively) that are

204  differentially colored in Figures 1A and 2B. This categorization also applies directly to
205 the whale shark chromosomes (Figure 1A; Supplementary Figure 2).

206 The zebra shark genome exhibits consistent intra-chromosomal GC-content
207 compared with other species, and its chromosome ends in general, as well as the
208 shorter chromosomes, tend to have relatively higher GC-content (Figure 2A). Zebra
209 shark DNA sequences show a uniformly high frequency of interspersed repeats

210 throughout the genome, while its shorter chromosomes tend to have higher simple
211 tandem repeat content (Figure 2A). These characteristics are also observed in the
212  whale shark genome (Supplementary Figure 1), but the co-occurrence of these two
213  features was not explicitly observed in the other species compared (Figure 2A,

214  Supplementary Figure 1).
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216  Figure 2. Chromosomal sequence compositions of the zebra shark and selected
217  vertebrate species. (A) Sequence characterization of different chromosomal

218 segments. The orange areas show GC-content (30%—70%), while the green and
219  black lines show content of simple tandem repeats (0%—25%) and interspersed
220 repeats (0%-100%), respectively, in 100-kb-long non-overlapping windows. (B) Two-
221  dimensional plots of GC-content and median values of gene length, gene density,
222  and the median of synonymous substitutions per synonymous site (Ks) for protein-
223  coding genes on individual chromosomes. Computation of Ks was performed for
224  each of the four species in order by involving a pair species, nhamely, whale shark
225 Rhincodon typus; small-eyed rabbitfish Hydrolagus affinis; helmeted guineafowl
226 Numida meleagris; and common marmoset Callithrix jacchus. Zebra shark

227 chromosomes are shown as three groups, eMAC, eMID, and eMIC (see text for
228 details), in black, magenta, and cyan, respectively.

229

230 Vertebrate-wide comparisons including elasmobranchs

231 To analyze how the karyotypes of these shark species were derived, chromosomal
232 nucleotide sequences were compared between species pairs with variable

233 divergence times (Figure 3A). The comparison between the zebra shark and the
234  whale shark exhibited a high similarity in chromosomal organization with few

235 intrachromosomal breaks (panel 1 in Figure 3A). The high similarity of this

236  orectolobiform shark species pair suggests high conservation of genomic sequences
237  from around or earlier than 50 million years ago (see Discussion), compared with

238  osteichthyan species pairs in a similar divergence time range—the human-marmoset

239 pair diverged about 43 million years ago (panel 3 in Figure 3A). The relatively high

240  conservation of chondrichthyan chromosome organization is also supported by the

11
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241  comparisons between more distantly related species pairs. The similarity of the

242  zebra shark genome sequences to the thorny skate (panel 4) and the C. milii (panel
243  6) exceeded those for the species pairs with about 300- and 400-million-year

244  divergences, respectively (panel 5 and panels 7 in Figure 3A).

245 Previous studies sought to reconstruct the process of karyotypic evolution of
246  vertebrates but often lacked elasmobranchs in the dataset (Nakatani et al. 2021;
247  Sacerdot et al. 2018). In the present study, we performed a gnathostome-wide

248  comparison of the syntenic location of one-to-one orthologs, including the zebra
249  shark (Figure 3B; Supplementary Figure 3). Remarkably, the majority of the genomic
250 regions in the zebra shark eMIC were shown not to share one-to-one orthologs with
251  the so-called microchromosomes of the chicken or spotted gar (Figure 3B).

252  Moreover, the smallest spotted gar chromosomes were frequently shown to be

253  homologous to zebra shark eMID (chromosomes 15-33), and not to its eMIC

254  (chromosomes 34-) (Figure 3B). It was also shown that zebra shark chromosomes
255 10, 25, 26, 27, and 28 have chicken homologs of similar size but their C. milii

256 homologs have been fused into larger chromosomes, while zebra shark

257 chromosomes 2, 3, 4, 5, 6, 8, 11, 18, 20, 23, 33, 34, and 36 are likely to be products
258  of fissions that occurred in the elasmobranch lineage (Figure 3C; Supplementary
259  Figure 3). These results refute the common origins of microchromosomes among
260  chicken, spotted gar, and zebra shark and indicate a more drastic reorganization of
261  karyotypes at the base of jawed vertebrates than previously inferred from the

262  comparison involving only the C. milii as a cartilaginous fish (Nakatani et al. 2021).

12
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264  Figure 3. Cross-species investigation of chromosomal homology. (A) Dot matrices
265 showing genome sequence similarities for selected pairs of vertebrate species with
266 variable divergence times. Sequences of high similarity are shown with diagonal

267 lines by the program D-GENIES (Cabanettes and Klopp 2018). The numbers given
268  to the individual panels,(1) to (8), correspond to those at the nodes in the

269  phylogenetic tree and are colored differentially to indicate comparable divergence
270 times. Diagonal lines are colored according to the level of sequence similarity (dark
271  green, 75-100%; light green, 50-74%; orange, 25-49%; yellow, 0-24%), and frequent
272  repetitive sequences cause yellow dotted signals in the background. (B)

273  Chromosomal homology suggested by synteny conservation of one-to-one ortholog
274  pairs. See Methods for details. The color of the ribbons connecting the synteny

275 represents each of the three categories of the zebra shark chromosomes: eMAC
276  (gray); eMID (magenta); and eMIC (cyan). (C) Chromosomal homology between the
277  zebra shark and other vertebrates. Conserved synteny is visualized with the inter-
278  specific correspondence of one-to-one orthologs (see Methods).

279

280 Length-dependent properties of chromosomes

281 To characterize shark chromosomes in depth, base compositions, gene distributions,
282 and molecular evolutionary rates quantified with genic synonymous substitutions (Ks)
283  were investigated (Figure 2B). As previously observed in birds and reptiles (Kuraku
284 et al. 2006; Matsubara et al. 2012; Burt 2002; Waters et al. 2021; Srikulnath et al.
285  2021), relatively short zebra shark chromosomes tend to have higher GC-content,
286  higher gene density, and smaller gene length than its larger chromosomes (Figure
287  2B). This chromosome length-dependent pattern is most pronounced in the chicken

288 in which microchromosomes are canonically implicated (Figure 2B). Remarkably,
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289  this chromosome length-dependent pattern is observed not only in the spotted gar
290 for which homology of microchromosomes to chicken was previously implicated

291 (Braasch et al. 2016) but also in the western clawed frog Xenopus tropicalis which
292  conventionally is thought to have no microchromosomes recognized cytogenetically
293  (Uno et al. 2012) (Supplementary Figures 2).

294 Although this chromosome length-dependent pattern seems prevalent among
295 phylogenetically diverse vertebrate species, some short chromosomes exhibit

296  exceptionally low GC-content, such as chromosome 26 of the C. milii, chromosome
297 29 and 33 of the chicken, and Linkage Group 29 of the spotted gar (Figure 2;

298 Supplementary Figures 1 and 2). These exceptions evoke a caution for the

299 generalization of common characteristics of short chromosomes. It needs to be

300 carefully examined whether the relatively short sequences with exceptionally low
301 GC-content are fragments of large chromosomes that failed to be assembled to a
302 chromosome scale.

303

304 Do ‘macrochromosome’ ends resemble microchromosomes?

305 We analyzed regional variations within individual chromosomes of diverse

306 vertebrates, including the zebra shark. To further characterize the distinct trend of
307 chromosomal ends indicated in Figure 2, we separated the 1-Mb-long ends from
308 relatively large chromosomes and analyzed the trends of genomic sequences as well
309 as those of the coding genes (Figure 4A). Intact chromosome ends are known to be
310 occupied by telomeric or subtelomeric simple repeats. Thus, we first examined

311 whether the end of the chromosomal sequences used in this study harbor sufficient
312 protein-coding genome segments that provide unambiguous trends. Our comparison

313 detected a remarkable difference in GC-content of protein-coding regions between
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314 the 1-Mb-long chromosome ends and the remainder of the chromosome

315 (Supplementary Figure 4), which resembled the pattern of the genomic sequences
316  (Figure 4A). This observation suggests that the 1-Mb-long margins of the

317 chromosomal DNA sequences employed in this study are not occupied solely by
318 telomeric or subtelomeric simple repeats, but also engulf functional protein-coding
319 genes that are affected by the trends of flanking genomic environments. This

320 prompted us to analyze more genomic and genic properties of chromosome

321 sequence ends. Our further comparison consistently revealed an increase of gene
322 density and synonymous substitution rate, as well as a decrease in gene length, in
323 the ends of relatively large chromosomes, compared with their remainders (Figure
324  4B). In both the zebra shark and chicken, the characteristics of chromosome ends

325 resemble those of relatively small chromosomes (Figure 4B).
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328 Figure 4. Intrachromosomal heterogeneity of sequence characteristics. (A)

329 Comparison of global GC-content in 10 Kb-long non-overlapping windows between
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330 the 1-Mb-long ends and the remainders of relatively large chromosomes for diverse
331 vertebrates. (B) Comparison of global GC-content of protein-coding regions, gene
332 length, gene density, and synonymous substitution rate (Ks) in 10 Kb-long windows
333 among the 1 Mb-long chromosome ends, their remainders, and relatively small

334 chromosomes (zebra shark eMIC and chicken microchromosomes (MIC)), for the
335 zebra shark and chicken, respectively. (C) Differential distribution of simple tandem
336 repeats and interspersed repeats. Proportions of the sequences identified as simple
337 tandem repeats and interspersed repeats in 10 Kb-long windows were compared
338 between the 1 Mb-long ends of relatively large chromosomes (zebra shark eMAC
339 and chicken macrochromosomes (MAC)), their remainders, and relatively small

340 chromosomes (zebra shark eMIC and chicken MIC).

341

342 Intra-genomic repetitive element distribution

343 We also analyzed the distribution of repetitive elements on chromosomes of variable
344  length. In fact, previous studies yielded equivocal observations. Some of those

345  studies showed a higher abundance of repetitive elements on larger chromosomes
346  (Koochekian et al. 2022), whereas others indicated localization biased toward

347  smaller chromosomes (Hara et al. 2018). So far, no solid cross-species comparison
348 has been made by taking the difference of repeat classes into account. In the newly
349 obtained shark genome sequences, we separately quantified the sequence

350 proportions identified as interspersed repeats (LINE, SINE, LTR, and DNA elements)
351 and simple tandem repeats (simple repeats and low-complexity DNA sequences,
352 including satellites). This resulted in contrasting patterns between these two repeat
353 categories. Along with chromosome length increase, the interspersed repeat content

354 increases, whereas the simple tandem repeat content decreases (Figure 2A;
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355  Supplementary Figure 1). Remarkably, the higher frequency of simple tandem

356 repeats on smaller chromosomes is commonly observed in other vertebrates,

357 including the chicken and the C. milii (Figure 2A).

358 As examined above for other characteristics, we dissected the observed

359 chromosome length-dependent trend of repeat distribution, again by isolating the 1-
360 Mb-long ends versus the remainder of relatively large chromosomes (Figure 4C). In
361 this comparison, we observed a higher content of interspersed repeats in the ends of
362 relatively large chromosomes, namely zebra shark eMAC and chicken MAC (Figure
363 4C). The higher repeat content was commonly observed in relatively small

364 chromosomes (zebra shark eMIC and chicken MIC), except that interspersed repeat
365 contentis reduced in zebra shark eMIC (Figure 4C).

366

367 First genomic characterization of a shark sex chromosome

368 So far, there has been no intensive DNA sequence-based characterization of sex
369 chromosomes for chondrichthyan species. Expecting that a sex chromosome will
370 exhibit a distinct male—female ratio of sequencing depth (Palmer et al. 2019), we
371 performed short-read sequencing of the whole genomes for both sexes in zebra
372 shark and whale shark. For these species, our previous cytogenetic analysis did not
373 detect any heteromorphic sex chromosomes (Uno et al. 2020). Our comparison

374 among different chromosomes detected a remarkably lower male-to-female

375 sequencing depth ratio of close to 0.5 for chromosome 41 of both these species
376  (Figure 5A). This suggests male as a heterogametic sex and the XY system for

377 these species. Next, we investigated the origin of this putative X chromosome of
378 these species by locating human and chicken orthologs of the genes on shark

379 chromosomes (Figure 5B, magenta). This revealed chromosome-level homology of
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380 the putative X chromosomes of the zebra shark to a part of human chromosome 12
381 and chicken chromosome 34 (Figure 5B, magenta). Neither the human X, human'Y,
382  chicken Z, nor chicken W chromosomes exhibited pronounced homology to the

383 putative zebra shark X chromosome. The putative shark X chromosome identified in
384 this study do harbor orthologs of a number of well-studied regulatory factors but do
385 not harbor the orthologs of the sex determination genes identified in other

386 vertebrates, Dmrtl- or Sox3-related transcription factors as well as components of
387 TGF-B signaling pathway, such as Amh, Amhr2, Bmprlb, Gsdf, and Gdf6 (Bertho et
388 al. 2021).

389 In the approximately 17 Mb-long sequence of the putative zebra shark X

390 chromosome, one 1.5 Mb-long end exhibited a male—female sequencing depth ratio
391 of nearly 1.0 (Figure 5D). This region, with a sequence depth comparable to that of
392 the autosomes, is deduced to be a pseudoautosomal region (PAR) that is likely

393 shared between the heterogametic sex chromosomes X and Y (Smeds et al. 2014;
394  Palmer et al. 2019). We characterized possible unique patterns of molecular

395 evolution typical of sex chromosomes (Figure 5C). In the X chromosome, protein-
396 coding genes exhibited a relatively low synonymous substitution rate (Ks) and high
397 non-synonymous substitution rate (K,), resulting in an increased K./Ks ratio. Our
398 comparison also revealed higher frequency of low-complexity repeats as well as
399 higher GC-content in the PAR (Figure 5C and D).

400 Our comparison of the ortholog location between the putative X chromosomes
401  of the two species supported a high cross-species conservation of the chromosome
402  structure (Figure 5D). In the current whale shark assembly, chromosome 41, which
403 corresponds to the putative X chromosome, may not cover the whole chromosome,

404  possibly excluding one end of the PAR (Figure 5D).
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407  Figure 5. Genomic identification of the zebra shark X chromosome. (A) Male—female
408 ratio of short-read sequencing depth in the shark chromosomes. (B) Cross-species
409  synteny of sex chromosome-linked genes based on 1-to-1 orthologs. (C)

410 Characteristic comparisons between the different chromosome categories in the

411  zebra shark. K¢ (synonymous substitution rate) and K, (honsynonymous substitution
412  rate) values were calculated for 1-to-1 ortholog shared with the whale shark. Only for
413 GC-content, the PAR was shown separately, because it contained few genes. (D)
414  Structural comparison between the zebra shark and whale shark X chromosome

415  sequences.

416

417  Identification of Hox C cluster on the putative X chromosome
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418 In the newly obtained sequence of the putative zebra shark X chromosome, we

419 identified an array of orthologs of the non-shark genes encoding homeobox proteins
420 Hox C (Figure 5D). In elasmobranchs, Hox C genes were long thought missing from
421  the genome (King et al. 2011) but later identified in several shark species, as rogue
422  open reading frames (ORFs) flanked by massively repetitive sequences (Hara et al.
423  2018; Kuraku 2021). Our genome-wide gene prediction for the zebra shark detected
424  the ORF of Hoxc8, -c11, and -c12, while the partial ORF of the putative Hoxc6

425  ortholog was also identified by a manual search of the raw genomic sequence

426  (Figure 6A). These Hox C genes were located in a 180 Kb-long genomic segment in
427  the PAR of the putative X chromosome (Figure 6A), identified as a single cluster in
428  an elasmobranch fish for the first time. Their orthologies were confirmed with

429 molecular phylogenetic trees, which also indicated elevated molecular evolutionary
430 rates with long branches for elasmobranch Hox C genes (Figure 6B). Our RNA-seq
431 data showed the transcription of these Hox C genes (except for Hoxc12) in embryos
432  and juvenile tissues (Figure 6C). The identified zebra shark Hox C cluster is

433 massively invaded by repetitive elements unlike the other Hox gene clusters (A, B,
434  and D clusters) of this and many other vertebrate species (Figure 6A), as in the Hox
435 C-containing genomic segments of other shark species (Hara et al. 2018). Our

436  search for zebra shark orthologs of the protein-coding genes located near the human
437 Hox C cluster (e.g., ATF7, CBX5) revealed poor conservation of the gene

438 compositions. Some of the zebra shark orthologs were not identified in its entire

439 genome sequence, suggesting a divergent nature of the genomic regions flanking

440 the Hox C cluster.
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442  Figure 6. Zebra shark Hox C genes. (A) Genomic structure of the zebra shark Hox
443  clusters and their neighboring regions. The exons of the Hox genes are shown in red
444 boxes. (B) Molecular phylogenetic tree of Hox12 group of genes. The tree was

445 inferred with the maximum-likelihood method as described in Methods. (C)

446  Expression profiles of the zebra shark Hox genes in embryos and various tissues of
447  ajuvenile.

448

449 Discussion
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450 In this study, we chose two orectolobiform shark species (zebra shark and whale

451  shark) in Elasmobranchii and characterized their genomic organization with

452  chromosome-scale DNA sequences. This study was achieved in support of

453  epigenome and transcriptome data prepared using fresh tissue samples and

454  previously obtained karyotype information. Our results suggest that their karyotypes
455  are organized by chromosomes of gradual sizes marked with size-dependent

456  sequence properties (Figure 2). The pattern in the shark chromosomal organization
457 s unique in its diversity among vertebrates (Uno et al. 2020), which is characterized
458 by abundant chromosomes (up to 106 for diploids) and variable chromosome sizes.
459  The abundance and highly variable sizes of chromosomes are known for some avian
460 species, but the shark genome organization is distinct from avian counterparts in that
461 shark chromosomes generally have higher repeat content than those of the chicken
462  (Figure 2). In our comparison, the shark karyotype is also characterized by the ratio
463  of the largest and smallest chromosome lengths of 40 to 100, compared with < 10 for
464  most vertebrates, except for species with microchromosomes (Figure 1A). In fact,
465 the length of the shortest chromosomal sequence in typical genome assemblies

466  deposited currently in public databases is often dependent on sequence length cutoff
467 by researchers’ decision. Especially for species with no solid karyotypic reference
468  such as Callorhinchus milii, the range of sequences considered as chromosomes
469 needs to be carefully examined.

470 Our chromosome-scale genome sequencing and analysis were enabled by
471  access to fresh tissue samples. Because of low accessibility, no previous efforts

472  could provide a set of DNA sequences, karyotypic configuration, and reliable

473  measure of nuclear DNA content for a single chondrichthyan species. Of these, the

474 two latter elements serve as indispensable references to validate the output of
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475 sequencing. These requirements are satisfied for both zebra shark and whale shark
476  in our study. Especially for the whale shark, no published studies employed

477  chromatin contact data for Hi-C scaffolding and transcriptome sequencing (Tan et al.
478  2021; Marra et al. 2019; Weber et al. 2020) . In our study, the access to embryos
479  and blood not only enabled chromosome-scale genome scaffolding but also provided
480 transcriptional evidence of most shark Hox C genes that have been shown to exist in
481  a cluster for the first time (Figure 6).

482 Peculiar fractions of vertebrate karyotypes with small sizes and higher GC-
483  content have traditionally been designated as microchromosomes, which usually
484  denote chromosomes shorter than 20 Mb (e.g., Nakatani et al. 2021) but have no
485 uniform definition (see Introduction). Our investigation, focusing on various aspects
486  of chromosomal DNA sequences, provided a novel view of vertebrate karyotypes
487  that cannot be understood with a simple binary classification, namely with or without
488  microchromosomes, or between macro- and microchromosomes. This view is

489  supported by the common pattern of high intrachromosomal heterogeneity within
490 individual macrochromosomes (Figure 4; Supplementary Figure 4) as well as

491 interchromosomal heterogeneity among different microchromosomes (Figure 2;

492  Supplementary Figures 1 and 2). In particular, the heterogeneity within

493  macrochromosomes, marked with high GC-content, high gene density, and small
494  gene length of their ends, may be shared widely among diverse vertebrates (Figure
495 4A, B). Intragenomic heterogeneity of GC-content was previously suggested to be
496 caused by GC-biased gene conversion (Mugal et al. 2015). In addition, the uniform
497  numbers of recombination per chromosome (Dumont and Payseur 2008) have been
498 thought to explain the chromosome length-dependent GC-content variation between

499  different chromosomes. Our observations did not show pronounced length-
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500 dependent variation of GC-content for chromosomes that were longer than 100 Mb
501 (Figure 2B; Supplementary Figure 2). Taken together, we speculate that the peculiar
502 nature of chromosome ends mainly account for the variation of GC-content among
503 different chromosomes (Figure 4B). Importantly, ‘chromosome ends’ in this context
504 not only harbor telomeric or other simple repeats but also hold complex sequences
505 including protein-coding genes in sequence stretches that are longer than 1 Mb

506 (Figure 4B; Supplementary Figure 4). In the X. tropicalis genome, such sequence
507 stretches marked with elevated GC-content span much longer ranges than in other
508 genomes (Supplementary Figure 1 and 2). The observed features of smaller

509 chromosomes with larger proportions of such ‘ends’ in length are more affected than
510 those of longer chromosomes, which likely explains the length-dependent nature of
511 chromosomes. The nature of macrochromosome ends (e.g., with higher GC -

512 content) is thought to be a remnant of the fusion of one or more

513 microchromosome(s) to a macrochromosome (Waters et al. 2021). This hypothesis
514 is not supported by our observation that even species possessing no explicit

515 microchromosomes (e.g., Xenopus tropicalis) have chromosome ends with the

516 peculiar nature of DNA sequences (SupplementaySupplementary Figures 1, 4).

517 Remarkably no close relatives of X. tropicalis have been shown to possess

518 microchromosomes ),(Tymowska 1991), and thus microchromosome fusions cannot
519 account for the characteristics of their chromosome ends with higher GC-content.
520 Our genome-wide sequencing depth investigation covering both sexes

521 revealed the XY system for the two studied shark species and enabled the first

522  sequence-based identification of shark sex chromosomes (nhamely, X chromosomes;
523  Figure 5A). The genes on the shark X chromosome tend to exhibit larger non-

524  synonymous substitution rates (K,) and smaller synonymous substitution rates (Ks)
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525 than those on autosomes, resulting in a higher K,/Ks ratio (Figure 5D). This

526  resembles the pattern known in other species including birds and insects, which is
527  known as the ‘Faster X (Faster Z) hypothesis’ (Meisel and Connallon 2013;

528 Charlesworth et al. 2018; Xu et al. 2019; Mank et al. 2007). The smaller K value is
529 also indicative of the support for the male-driven hypothesis (Li 2002; Miyata et al.
530 1987), which is also to be examined by higher K values for genes on the

531 presumptive Y chromosome even though it remains unidentified. Our comparison of
532  protein-coding gene compositions showed that the zebra shark and the whale shark
533 largely share the X chromosome that is homologous to each other (Figure 5D). The
534 X chromosome harbors the Hox C cluster that was previously shown to be highly
535 divergent and degenerative, but its localization in the PAR (Figure 5D) suggests a
536 balanced dosage between males and females.

537 The whale shark is known as the largest extant ‘fish’, and one of its extant
538 closest relatives is the zebra shark (Naylor et al. 2012). In elasmobranch evolution,
539 the lineages leading to these two species diverged no earlier than 48.6 million years
540 ago (Long 1992). The remarkably high similarity of the chromosome-scale sequence
541 organization (panel 1 in Figure 3; Supplementary Figure 3) as well as the gene

542  compositions on the X chromosome between these two species (Figure 5D)

543 indicates a lower rate of chromosomal rearrangement in these lineages compared
544  with those of species pairs of similar divergence times in other vertebrate lineages
545  (Figure 3A). Among vertebrates, mammals and birds have relatively long-standing
546  sex chromosomes (X/Y and Z/W, respectively) shared throughout these individual
547  taxa that arose more than 48.6 million years ago (Long 1992). Although still limited in
548 number, sex chromosomes have been identified in some elasmobranch species by

549  cytogenetic analyses, all of which have a male-heterogametic system (Uno et al.
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550 2020), as shown for the zebra shark and whale shark with genome sequencing in
551 this study. Sharks, or a phylogenetically wider subset of cartilaginous fishes, may
552  possess even older sex chromosomes, depending on phylogenetic prevalence of
553  their homologs in more distantly related shark and even ray species.

554 Our synteny analysis yielded novel insights into genome evolution

555 encompassing the whole diversity of vertebrates. It showed homology of the shark X
556  chromosome to human chromosome 12 and chicken chromosome 34 (Figure 5B),
557  which suggests an independent origin of the sex chromosome in elasmobranchs.
558 The synteny analysis involving sharks also provided clues to the origin of

559  microchromosomes. It suggests that eMIC, the shark’s small chromosomes, are
560 homologous to several of the large chromosomes in both chicken and spotted gar
561 and are not necessarily homologous to their microchromosomes (Figure 3B). Also,
562 microchromosomes of the chicken and gar were not shown to be homologous to
563 eMICs (Figure 3B). It is crucial for any effort to reconstruct the diversity of

564 chromosome organization in vertebrates to incorporate elasmobranchs into the

565 comparisons.

566

567 Methods

568 Animals

569  Fresh blood from a female adult zebra shark (total length, 2.2 m); Individual ID,

570 sSteFasl and a male adult whale shark (total length, 8.8 m; Individual ID, sRhiTyp1)
571  were sampled at Okinawa Churaumi Aquarium and used for the preparation of

572  whole-genome shotgun DNA libraries, Hi-C libraries, and RNA-seq libraries as well
573 as for measuring nuclear DNA content by flow cytometry. Likewise, fresh blood of a

574 male zebra shark (total length, 2.1 m; Individual ID, sSteFas2) and a female whale
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575 shark (total length, 8.0 m; Individual 1D, sRhiTyp2) were sampled and used for

576  quantifying the male/female ratios of individual chromosomal regions. Extraction of
577 ultra-high molecular weight DNA was performed by collecting blood cells by

578  centrifugation, and the collected cells were embedded in agarose plugs (4.0 x 10°
579 cells/plug). The agarose gel plugs were prepared and processed with the CHEF

580 Mammalian Genomic DNA Plug Kit (BioRad, Cat. No. #1703591). Total RNAs used
581 to construct RNA-seq libraries were extracted from various tissues of a female

582 juvenile zebra shark (total length, 30 cm) born at Okinawa Churaumi Aquarium and a
583 female juvenile whale shark (total length, 7.7 m; Individual 1D, sRhiTyp3)

584  (Supplementary Table 3). These animals were introduced into the aquarium in

585 accordance with local regulations before those species were assessed as

586 endangered. Animal handling and sample collections at the aquarium were

587 conducted by veterinary staff without restraining the individuals under the experiment
588 ID AT19002 approved by Institutional Animal Care and Use Committee of Okinawa
589 Churashima Foundation in accordance with the Husbandry Guidelines approved by
590 the Ethics and Welfare Committee of Japanese Association of Zoos and Aquariums.
591  All other experiments were conducted in accordance with the Guideline of the

592 Institutional Animal Care and Use Committee (IACUC) of RIKEN Kobe Branch

593 (Approval ID: H16-11).

594

595 Genome sequencing and scaffolding

596 For a female zebra shark, paired-end and mate-pair DNA libraries for de novo

597 genome sequencing were prepared and sequenced as previously described (Hara et
598 al. 2018; Yamaguchi et al. 2021). The amount of starting DNA and numbers of PCR

599 cycles for the library preparation are included in Supplementary Table 3. The total
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600 sequencing coverage amounted to 95.8 times the genome size based on the

601 reference measured previously by flow cytometry (3.71 Gb; Kadota et al., in

602 preparation). Low-quality bases from paired-end reads were removed by TrimGalore
603  v0.6.6 with the options ‘--stringency 2 --quality 20 --length 25 --paired --

604 retain_unpaired’. As described previously (Hara et al. 2018), short-read assembly of
605 the zebra shark, as well as scaffolding with mate-pair reads followed by gap closure,
606  was performed using Platanus v1.2.4 (Kajitani et al. 2014).

607 Whole genome sequencing for a male whale shark employed the 10x

608 Genomics Chromium to produce Linked-Read data. A DNA library was prepared
609 using 12 ng of gDNA extracted from blood cells according to the user guide of the
610  Chromium Genome Library Kit v2 Chemistry using the Chromium Genome Library
611 Kit & Gel Bead Kit v2 (10x Genomics, Cat. No. #120258) and the Chromium

612 Genome Chip Kit v2 (10x Genomics, Cat. No. #120257). The library was sequenced
613 on a HiSeq X (lllumina) platform to obtain 151 nt-long paired-end reads. Sequence
614 assembly using the Linked-Read data of 46.4 times the genome size was performed
615  with the program Supernova v2.0. The resultant sequences were subjected to

616  scaffolding with the program P_RNA_scaffolder (commit 7941e0f in GitHub) (Zhu et
617 al. 2018) using the result of the alignment of transcriptome sequence reads

618 (obtained as described below) performed with the program HISAT2 v2.1.0 onto

619 those genome sequences (Kim et al. 2019).

620

621 Hi-C data production and chromosome-scale genome scaffolding

622  Hi-C libraries of the zebra shark and whale shark were constructed using restriction
623 enzymes Dpnll and Hindlll, respectively, as previously reported (Kadota et al. 2020).

624  Blood cells collected as described above were fixed in 1% formaldehyde solution. A
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625 fixed tissue containing 10 ug of DNA was used for the preparation of Hi-C DNA via in
626  situ restriction digestion and ligation. The Hi-C library was prepared using 2 ug of the
627 ligated DNA with five cycles of PCR amplification. Quality controls of the ligated DNA
628 and the Hi-C libraries were performed as described previously (Kadota et al. 2020).
629 Each of the zebra shark and the whale shark genome assemblies was used
630 for Hi-C read mapping with Juicer v1.5 and chromosome-scale scaffolding with the
631 program 3d-dna (v180922) (Dudchenko et al. 2017). In the scaffolding, three

632 different lengths were tested (5, 10, and 15 kb) for the option *-i’ defining the input
633  sequence length threshold. For each species, the three resulting scaffolding outputs,
634 as well as the original assembly before Hi-C scaffolding, were assessed based on
635 sequence length distribution and protein-coding gene completeness. Among all the
636  scaffolding outputs compared, the output with the option *-i 10000’ was judged to be
637  optimal and was subjected to a “review” of the scaffolding results on Juicebox

638 v1.11.08 (Durand et al. 2016) to minimize inconsistent signals of chromatin contacts
639 (Supplementary Figure 5). The review was facilitated by referring to nucleotide

640 sequence-level similarity between different scaffolding outputs visualized by SyMAP
641 v5.0 (Soderlund et al. 2011). After the review, the sequences judged as

642 contaminants from other organisms were removed, as previously reported (Hara et
643 al. 2018). The resulting sequences were deposited as JAHMAHO000000000 and

644  JAFIRC000000000 in DDBJ/NCBI under BioProject PRINA703743.

645

646 Repeat identification

647  To obtain a species-specific repeat library, RepeatModeler v2.0.2a was run on the
648 genome assembly of the individual species with default parameters (Smit and

649 Hubley 2008). Detection of repeat elements in the genome was performed by
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650 RepeatMasker v4.1.2-p1 (Smit et al. 2013) with RMBlast v2.6.0+, using the species-
651  specific repeat library obtained above. For quantification of the content of

652 interspersed repeats and simple tandem repeats, RepeatMasker was run separately
653  with the options ‘-nolow -norna’ and ‘-noint -norna’, respectively.

654

655 Gene model construction

656  The program Braker v2.1.6 was employed for gene prediction by inputting the results
657 of RNA-seq read mapping to a genome assembly in which repetitive sequences are
658 soft-masked by RepeatMasker with the options ‘-nolow -xsmall’, as well as amino
659 acid sequences of closely related species as homolog hints (Brlna et al. 2021; Smit
660 et al. 2013). To build the homolog hints based on the amino acid sequences, we

661 used the previously reported amino acid sequence sets of the brownbanded bamboo
662 shark and the whale shark.

663 Gene space completeness in Figure 1C was obtained by the BUSCO pipeline
664 ver. 5 (Seppey et al. 2019) using the BUSCOQO's Vertebrata ortholog set.

665

666 Synonymous and non-synonymous substitution quantification

667 In order to calculate the number of synonymous substitutions per synonymous site
668 (Ks) and the number of nonsynonymous substitutions per non-synonymous site (Ka),
669 the 1-to-1 orthologs shared by the four elasmobranch species (zebra shark, whale
670 shark, brownbanded bamboo shark, and cloudy catshark) were selected by

671  SonicParanoid v1.3.4 (Cosentino and Iwasaki 2019) as follows. First, peptide

672 sequences of the retrieved orthologs were aligned with MAFFT v7.475 with the

673  option ‘-linsi’ (Katoh and Standley 2013). The individual alignments were trimmed

674  and back-translated into nucleotides with trimal v1.4.rev15 with the options ‘-
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675 automatedl -backtrans’ followed by the removal of gapped sites using trimAl with the
676 option ‘-nogaps’ (Capella-Gutiérrez et al. 2009). Ortholog groups containing fewer
677 than 100 aligned codons or a stop codon were discarded. For the selected ortholog
678 groups, Ks and K, were computed with yn00 in the PAML v4.9¢88 (Yang 2007).

679 Computed values larger than 0.01 and smaller than 99 were included in the results
680  (Figures 2B, 4B, and 5C).

681

682 RNA-seq and transcriptome data processing

683  Total RNAs were extracted with Trizol reagent (Thermo Fisher Scientific). Quality
684  control of the RNA treated with DNase | was performed with Bioanalyzer 2100

685 (Agilent Technologies). Libraries were prepared with TruSeq RNA Sample Prep Kit
686  (lllumina) or TruSeq Stranded mRNA LT Sample Prep Kit (lllumina) as previously
687 described (Hara et al. 2018). The amount of starting total RNA and numbers of PCR
688 cycles are included in Supplementary Table 3. To remove adaptor sequences and
689 low-quality bases, the obtained sequence reads were trimmed with TrimGalore

690 VvO0.6.6 as outlined above, and de novo transcriptome assembly was performed with
691 the program Trinity v2.11.0 with the option ‘--SS_lib_type RF’ (Grabherr et al. 2011).
692 The trimmed RNA-seq reads were aligned to the genome assembly using the

693 program HISAT2 v2.1.1 (Kim et al. 2019), which was followed by gene expression
694  quantification with StringTie v2.0.6 (Pertea et al. 2016).

695

696 Conserved synteny detection

697 Characterization of chromosomal homology among different species employed

698 predicted protein sequence datasets available at the NCBI RefSeq database. After

699 alternative splicing variants were removed, one-to-one orthologs were selected by
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700  SonicParanoid v1.3.4 with the option ‘most-sensitive’ (Cosentino and Iwasaki 2019).
701  Conserved synteny between species was visualized based on single copy 1-to-1
702  orthologs using Rldeogram (Hao et al. 2020).

703

704  Molecular phylogeny inference

705 Amino acid sequences were retrieved from aLeaves (Kuraku et al. 2013). Multiple
706  sequence alignment was performed with MAFFT with the option ‘-linsi’. The aligned
707  sequence sets were processed using trimAl v1.4 revl5 with the option ‘-automatedl’
708 (Capella-Gutiérrez et al. 2009). This was followed by another trimAl run with the

709  option ‘-nogaps’. Molecular phylogenetic trees were inferred by RAXML with the ‘-m
710 PROTCATWAG -f a -# 1000’ options unless stated otherwise (Stamatakis 2014).
711  Tree inference in the Bayesian framework was performed with the program

712  PhyloBayes v4.1c with the options ‘-cat -dgam 4 -wag -nchain 2 1000 0.3 50’ unless
713  stated otherwise. This was followed by an execution of bpcomp in the PhyloBayes
714  v4.1lc package with the option ‘-x 100’ (Lartillot et al. 2009). The support values at
715 the nodes of molecular phylogenetic trees included are, in order, bootstrap values
716 and Bayesian posterior probabilities. The latter was shown only when the

717  relationship at the node in the visualized tree was supported by the Bayesian

718 inference.

719

720 Identification of the X chromosome

721  To identify a chromosome-scale scaffold with a distinct male—-female sequencing
722  depth ratio in the zebra shark, the same number of trimmed genomic shotgun reads
723  (293,686,584) was prepared for both sexes. The reads were mapped with BWA-

724  mem?2 (v2.2.1) onto a genome assembly (Li and Durbin 2009). Mapped reads were
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725 counted for male and female using the bamtobed program in the package bedtools
726  v2.29.2, for each scaffold in 10 Kb non-overlapping windows, and male—female ratios
727  were calculated (Quinlan and Hall 2010). Sequencing depth of male and female

728 reads on the identified X chromosome was also calculated for 10 Kb non-overlapping
729  windows. Windows with the proportion of ambiguous bases of more than 50% were
730 excluded from computation. This procedure was also applied to the whale shark,
731  using 220,785,436 trimmed reads.

732

733 Data access

734  The sequence data resulting from the present study were deposited as

735 JAHMAHO000000000 and JAFIRC000000000 in DDBJ/NCBI under BioProject

736 PRJNA703743.
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