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Abstract

Compartmentalization is one of the principles of chromosome 3D organization and has been
suggested to be driven by the attraction of heterochromatin. The extent to which the
pericentromeric heterochromatin (PCH) impacts chromosome compartmentalization is yet
unclear. Here we produced a chromosome-level and fully phased diploid genome of an
aquaculture fish, zig-zag eel (Mastacembelus armatus), and identified the centromeric and
pericentromeric regions in the majority of chromosomes of both haploid genomes. The PCH is
on average 4.2 Mb long, covering 17.7% of the chromosomes, and is the major target of histone
3 lysine 9 trimethylation (H3K9me3). In nearly half of the chromosomes, the PCH drives the
chromosomes into two or three megascale chromatin domains with the PCH being a single one.
We further demonstrate that PCH has a major impact in submetacentric, metacentric and small
telocentric chromosomes in which the PCH drives the distribution of active and inactive
compartments along the chromosomes. Additionally, we identified the young and homomorphic
XY sex chromosomes that are submetacentric with the entire short-arm heterochromatinized.
Interestingly, the sex-determining region seems to arise within the PCH that has been in place
prior to the X-Y divergence and recombination suppression. Together, we demonstrate that the
PCH can cover a considerably large portion of the chromosomes, and when it does so, it drives
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chromosome compartmentalization; and we propose a new model for the origin and evolution of
homomorphic sex chromosomes in fish.

Keywords: Heterochromatin, centromere, chromosome compartment, sex chromosome, fish
genomics

Introduction

The eukaryotic chromosomes are highly folded and organized into three-dimensional space,
with different parts of the chromosomes exposed to different nuclear environments (Bonev and
Cavalli 2016; van Steensel and Belmont 2017). The chromatin is typically divided into active (A)
and inactive (B) compartments, and the same class of compartments tends to interact with each
other (Lieberman-Aiden et al. 2009). Recent studies have highlighted the role of liquid-liquid
phase separation in driving the organization of compartments, primarily due to attraction of
multivalent molecules including HP1 protein, H3K9me3 and H3K27me3, among others (Larson
et al. 2017; Strom et al. 2017). In particular, a recent study on inverted nuclei suggests that
attraction of heterochromatin is the major factor determining the genome compartmentalization
(Falk et al. 2019).

Centromeres and the pericentromeric regions have often been thought as a sink of
constitutive heterochromatin, harboring the major H3K9me3 targets (Pidoux and Allshire 2005;
Saksouk, Simboeck, and Déjardin 2015; Lehnertz et al. 2003). Moreover, centromeres and
pericentromeric heterochromatin (PCH) are often localised near nuclear lamina where the
chromatin are largely silenced (Guelen et al. 2008; van Steensel and Belmont 2017), and in
some taxa they may cluster together to form chromocenter (Jagannathan, Cummings, and
Yamashita 2018; Fransz et al. 2002; Jones 1970). Unfortunately, the centromeres are
composed of large arrays of tandem repeats and the pericentromeric regions are rich in
transposable elements and satellite repeats (Hartley and O’Neill 2019; Sullivan, Chew, and
Sullivan 2017; Melters et al. 2013), and their repetitive nature have impeded the study on their
functions and structures until recently (Miga et al. 2020; Jain et al. 2018; Miga 2020). Long-read
sequencing technology, particularly ultralong long Nanopore sequencing, has recently
demonstrated its power in assembling the complete sequence of human centromeres (Bzikadze
and Pevzner 2020). The low accuracy of Nanopore reads, however, required careful polishing
and manual curation for the assembled centromere sequences.

In this study, we took advantage of the HiFi sequencing technology (Wenger et al. 2019)
to produce long and accurate reads of an aquaculture fish zig-zag eel (Mastacembelus
armatus). The fully phased and chromosome levels assembly of the diploid genomes are highly
continuous, including centromeric satellite sequences for most chromosomes in the two haploid
genomes. The almost complete genomes provide us an unprecedented opportunity to study the
role of centromeric and pericentromeric heterochromatin in genome compartmentalization.

Result
Fully phased chromosome-level assembly
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87 The CCS reads have a long read length (~15 kb) and our k-mer analysis suggests the error rate
88 isonly 0.086% (Fig. 1a, Supplementary Fig. S1). The long and accurate reads allow for a
89  more accurate estimate of the genome size (600.1 Mb) because of the use of a larger k-mer
90 size (256 in this case), and are useful to assemble the fully phased diploid genomes. The
91 principle of assembling two haploid genomes is to first produce a collapsed (or pseudo-haploid)
92 genome assembly which will be mapped by the CCS reads, followed by the partitioning of
93  haplotype-specific reads for separate genome assembly (Fig. 1b). The draft collapsed assembly
94  is already highly continuous, with only 228 contigs and a contig N50 value of 9.9 Mb. We then
95 linked the haploid contigs into chromosomes according to their anchoring positions in the
96 existing chromosomal assembly of zig-zag eel (fMasArm1.2) (Rhie et al. 2020). The CCS reads
97  were then mapped against the pseudo-chromosomal genome and were phased by combining
98 the phasing information derived from CCS reads and Hi-C read pairs sequenced from the same
99 individual (Fig. 2b). On average the largest phased blocks span 99.6% of the pseudo-
100 chromosomes, suggesting the chromosomes were able to be nearly completely phased for the
101  two haplotype (Supplementary Table 1).
102  The partitioned haplotype-specific CCS reads were assembled into two haploid genomes,
103 named as hap-X and hap-Y respectively (Fig. 2b). Both haploid genomes have comparable
104 genome size and contig N50 values with the haploid consensus assembly (Table 1). We further
105  extracted the hap-X and hap-Y specific Hi-C read-pairs, and used them to link the hap-X and
106  hap-Y contigs into chromosomes, respectively. Hence, we produced two independently
107  assembled chromosome-level haploid genomes (Fig. 2c-d) between which we did not detect
108 visible large-scale chromosome rearrangements (Fig. 2e), but detected a few inversions near
109 telomeres between our new assembly and the previous assembly (Supplementary Fig. S2). In
110 the following analyses we use the hap-Y assembly as the representative haploid genome unless
111 stated otherwise.

112
Table 1 The haploid and diploid genome assembly
Assembly Size (Mb) Contig N50 (Mb) # contig BUSCO (%)
Haploid consensus 595.7 9.9 474 94.6
Diploid Hap-X 582 7.8 364 94.4
Hap-Y 585.6 8.6 366 97.1
113
114

115 Phylogenomics

116  Using the whole genome data of seven Percomorpha species and one outgroup species

117  Acanthochaenus luetkenii (a basal Acanthopterygii fish) (Musilova et al. 2019), we placed zig-
118  zag eel as a close-related species of the Asian swamp eel (Monopterus albus), in the same
119  order Synbranchiformes (Tian, Hu, and Li 2021). We further dated the divergence among those
120 fish species, and estimated zig-zag eel and Asian swamp eel diverged from each other ~36

121 million years ago (Supplementary Fig. S3).

122

123  Percomorpha karyotype

124  The karyotype remains relatively stable in Percomorpha with most species having a

125  chromosome number of 48 (2n), but the variation of chromosome number has been observed in
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126  many taxa (Paim et al. 2017; Motta-Neto et al. 2019). We took advantage of two additional

127  chromosome-level genome assemblies of Percomorpha fish with varying chromosome number:
128  Nile tilapia (2n = 44) (Tao et al. 2021) and big-bellied seahorse (2n = 42), to reconstruct the

129  Percomorpha ancestral karyotype. Using a parsimonious approach, we inferred three fusions
130  having occurred in big-belly seahorse and two fusions in Nile tilapia (Supplementary Fig. S4).
131 Those inferred fusion events are sufficient to explain the difference in chromosome number

132  among the three Percomorpha species, confirming haploid number of 24 is likely an ancestral
133 feature of Percomorpha. Like other Percomorpha species, zig-zag eel does not possess

134  microchromosomes, with the smallest chromosome (15.2 Mb) being only half-size of the largest
135 chromosome (31.4 Mb) (Fig. 1c-d). There are five metacentric chromosomes that are all among
136 the top nine largest chromosomes; three chromosome pairs are submetacentric and the rest 16
137  chromosome pairs are telocentric (Fig. 2a).

138

139 Genomic and cytogenetic identification of centromeric satellites

140 To identify the centromeric satellite DNA, we set out to look for the most abundant satellite

141 sequences in the assembled genome (Melters et al. 2013). Two satellite sequences show

142  prominent sequence amount and copy number compared to the others, having a monomer

143  length of 524 and 190 bp respectively (Fig. 2b). Interestingly, the 524-bp satellite (Cen-524)
144  usually appears at one single loci on a chromosome, and in telocentric chromosome it appears
145  at the chromosomal ends while in metacentric and submetacentric it appears in the middle (Fig.
146  2c). This makes Cen-524 a strong candidate for the centromeric satellite. The 190-bp satellite
147  (Tel-190), on the other hand, appears exclusively at the chromosomal ends, and on metacentric
148 chromosomes it sometimes appears at both ends of the chromosomes (Fig. 2¢), suggesting
149  Tel-190 is associated with telomeres rather than centromeres. To further validate the candidate
150 centromeric satellite, we hybridized the probes of Cen-524 and Tel-190 using the fluorescent in
151  situ hybridization (FISH) technique on the chromosomes, and found their locations on the

152  chromosomes (Fig. 2d) are largely consistent with the genomic sequence assembly. We have
153  unfortunately not been able to assemble the conserved telomeric motif (TTAGGG)n (Meyne,
154  Ratliff, and Moyzis 1989) for most chromosomes, likely because the ends of contigs at

155 chromosomal tips break with long arrays of Tel-190 sequences, but our FISH experiments

156  nevertheless show the co-presence of the (TTAGGG)s motifs and Tel-190 (Supplementary
157  Fig. S5).

158

159  Pericentromeric heterochromatin

160 The average size of the assembled core centromeres (satellite DNA) is ~27.1 kb, but the

161 pericentromeric regions rich in repetitive sequences appear to be much larger. To demarcate
162 the boundaries of pericentromeric regions, we examined the landscape of repeat abundance on
163  the chromosomes. It is readily recognized that a considerably large region (~4 Mb) around the
164  centromeres has an elevated repeat content of typically higher than 50%, compared to that of
165 the other part of the genomes (less than 16%) (Fig. 3a-c, Supplementary Table S2).

166  Furthermore, the highly-repetitive regions have a lower gene density, lower recombination rate
167  and more frequent H3k9me3 modifications (Fig. 3a-c, Supplementary Fig. S6-9), making them
168 the putative pericentromeric regions. Combining the information of repetitive levels, gene

169  density, recombination rate and H3K9me3 modification, we carefully demarcate the boundary of
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170  the pericentromeric region in each chromosome. Because the entire pericentromeric regions
171 show a high degree of H3K9me3 modification and accumulation of repetitive sequences, they
172  were further considered as pericentromeric heterochromatin (PCH). The total PCH accounts for
173 53.7% of the genome-wide H3K9me3 peaks (Supplementary Fig. S6-9), though it covers only
174  17.7% of the genome.

175 The sizes of PCH show only weak positive correlation with chromosome sizes without
176  statistical significance (Pearson's r = 0.34, P = 0.11), and the majority of PCH has a size around
177 4.2 Mb (Fig. 3d). As a consequence, smaller chromosomes, particularly for the telocentric ones,
178 tend to possess a larger portion of PCH (Fig. 3d). Because almost the entire short-arm of

179  submetacentric chromosomes have been heterochromatinized (Supplementary Fig. S6), this
180 type of chromosomes have larger PCH than metacentric or telocentric chromosomes (Fig. 3d).
181 Within PCH, chromatin interaction is more frequent than within non-PCH over various large

182  genomic distances, consistent with their higher degree of folding and compaction (Fig. 3e).

183  Unexpectedly, PCH regions have a larger portion of active genes whose expression has a high
184 level and breadth than those in non-PCH (Fig. 3f, Supplementary Fig. S10). This implies the
185  partial role of H3K9me3 in gene repression and the likely presence of other epigenetic

186  modifications that activate the expression of the genes within the PCH (Feng et al. 2020; Burton
187 et al. 2020; Saksouk, Simboeck, and Déjardin 2015).

188

189 Impact of PCH on chromosome compartmentalization

190  One characteristic of PCH is a wide spread of H3K9me3 histone modification that is expected to
191 drive the chromatin into distinct compartments from the other part of the genome (Bian et al.
192  2020; L. Wang et al. 2019). When the proportion of the PCH on the chromosome reach as high
193  as 25%, the impact of PCH on chromatin compartmentalization can extent to the entire

194  chromosome, but the extend of the impact varies among chromosome depending on the

195 chromosome size and the position of centromere. For metacentric chromosomes, the

196 chromosomes are typically divided into three megascale domains, with the PCH forming a

197  single small domain at the center and the two chromosome arms forming two domains (Fig. 3a,
198 Supplementary Fig. S6). This is consistent with previous understanding that the centromere
199  often serves as the chromatin barrier between the two arms (Muller, Gil, and Drinnenberg

200 2019). Interestingly, it's frequently observed that one of the arms tend to be embedded into

201 active compartments while the other tend to form inactive compartments, except for the largest
202  chromosome (Chr1) (Fig. 3a, Supplementary Fig. S6).

203 For submetacentric chromosomes, the chromosomes are roughly divided into two

204  domains, with the PCH forming a single inactive compartment while the rest part of the

205 chromosome tending to form active compartments (Fig. 3b, Supplementary Fig. S7). When
206  the chromosomes are large (e.g chrY), the PCH spreads only within the short arm, but in the
207  smaller chromosome (chr20), the PCH can extend beyond the centromere into the long arm
208 (Fig. 3b, Supplementary Fig. S7).

209 For telocentric chromosomes, the PCH is usually smaller; but in smaller chromosomes
210  when the proportions of PCH become larger, the impact of PCH imposing on chromosome

211 compartmentalization becomes more significant. Specifically, in chr15, chr17, chr22 and chr23,
212 the average proportion of PCH is 20.1% which drives the chromosomes into two large domains
213  (Fig. 3c, Supplementary Fig. 8). Additionally, the chromosome compartmentalization results in
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214  an B-A-B structure, with the PCH and the other chromosome tip forming single B compartments
215  and the rest chromosome body being an A compartment (Fig. 3c, Supplementary Fig. 8). In
216  the other telocentric chromosomes where the average proportion of PCH is 14.6%, frequent
217  transitions between A and B compartments along the chromosomes are observed

218  (Supplementary Fig. 9).

219

220 Young sex chromosome

221 Zig-zag eel is a sequentially hermaphroditic fish in which all individuals initially develop as

222  females but about half of them later develop into males. A recent study, interestingly, identified
223  male-specific markers, implying the existence of a sex chromosome pair (XY) in the genome
224  (Xue et al. 2020). To identify the sex chromosomes, we collected re-sequencing data from 10
225 males and 10 females, and screened for the sex-linked markers. A ~7 Mb sequence in the

226  second largest chromosome was found to be linked with sex (Fig. 4a), displaying male-specific
227  variants (Fig. 4b-c) and large population divergence between males and females

228  (Supplementary Fig. S11). The chromosome containing male-specific variants was therefore
229 named as the Y chromosome (in the hap-Y assembly) whereas the homozygous chromosome
230 was named as the X chromosome (in the hap-X assembly). The sex-determining (SD) region
231 spans the centromere, but the majority of its sequence is within the PCH (Fig. 4c-d). Despite
232  the large size of the SD region, the divergence of the X and Y is extremely low, with the X and Y
233  sequence similarity remaining at 99% (Fig. 4d). Moreover, we did not detect differences in gene
234  content between the X and Y chromosome in the SD region.

235 To identify genes that are responsible for sex reversal, we collected gonadal

236  transcriptomes from males and females as well as the intersex individuals. Among the 92 genes
237  in the SD region, 59 are expressed. In particular, gene SYCES3 has a significantly high

238  expression in testis and the late-stage of ovotestis (12 and 14) (Fig. 4e). In addition, HMGNG6 is
239  expressed in testis and every stage of ovotestis at a similar level, but at much lower level in

240 ovary (Fig. 4e). This suggests the role of HMGNG in development and maintenance of testis but
241 SYCE3 may be involved in spermatogenesis or other biological processes in mature testis.

242

243 New model of sex chromosome origin

244 A lack of inversions between the non-recombining regions of X and Y chromosome implies that
245  the suppression of recombination is not mechanistic (Fig. 5a). Though the non-recombining
246  region is as large as ~7 Mb, it's mainly in the PCH, spanning around the centromere. We further
247  found that similar to the Y chromosome, the X chromosome has a large PCH occupying almost
248 the entire short arm (Fig. 5b-c). This suggests the extensive spreading to PCH across the short
249 arm of the Y chromosome is not the consequence of recombination arrest, rather, the PCH has
250 already fully expanded in the proto-sex chromosome. If this were the case, the non-recombining
251 sex-linked region already had a low recombination rate in the proto-SD region prior to the

252 acquisition of the SD gene (He et al. 2021). The low recombination rate and gene density of the
253  PCH region thus provides excellent conditions for the SD gene to arise, without the costly need
254  to create a new non-recombining region in the genome from scratch. Without further expansion
255  of the non-recombining region, the sex chromosome can remain homomorphic as it was in the
256  proto-sex chromosomes in face of occasional recombination between sex chromosomes (Stéck
257  etal. 2011; Rodrigues et al. 2018).
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258

259  Conclusions

260 The nearly complete diploid genome of zig-zag eels provides an opportunity to elucidate the
261  sequences and organization of the centromeres and PCH (Lee et al. 2020). Despite the lack of
262  direct imaging of subnuclear organization (Su et al. 2020; Takei et al. 2021; S. Wang et al.

263  2016), the Hi-C data uncover the pattern of compartmentalization that differ between PCH and
264  euchromatin, allowing us to infer the possible spatial positioning of chromatin (J. Liu et al. 2021;
265 Lieberman-Aiden et al. 2009; Lesne et al. 2014). It has been suggested that similar

266  compartments tend to interact with each other and the centromeres in many taxa clusters form
267  chromocenter (Simon et al. 2015). We propose the position of centromeres and PCH can drive
268 the spatial organization of the entire chromosome, but the impact is dependent on the size and
269 type of chromosomes. Submetacentric and metacentric chromosomes seem to be more

270  extensively subject to the driving force of PCH on compartmentalization, in part because the
271 PCH takes up a larger proportion in relative to telocentric. However, it seems in the telocentric
272  chromosomes the PCH spread from the centromere to a similar range, leading to smaller

273  chromosomes having a larger portion of PCH. As a consequence, small telocentric

274  chromosomes are also frequently influenced by the PCH on compartmentalization. It is unclear,
275 however, whether the PCH associated chromosomal arms are positioned near the lamina or
276  surround the nucleoli (van Steensel and Belmont 2017). Identifying the lamina-associated

277  domains (LADs) and nucleolus-associated domains (NADs) will provide a more complete

278  picture of the spatial distribution of PCH in the cell nuclei. Moreover, how the PCH-driven

279  compartmentalization impacts gene regulation in the zig-zag eel remains elusive. Epigenetic
280  profiling from multiple tissues with various markers other than H3K9me3 should promote the
281 understanding of the regulatory landscape and mechanisms of gene expression across the
282 chromosome (Yang et al. 2020; Robson, Ringel, and Mundlos 2019).

283 It should be noted that the characterization of PCH and its role in genome

284  compartmentalization is limited to zig-zag eel in this study. It's unclear how pervasive the PCH
285 can take up a large portion of the genome and drive the organization of compartments, partly
286  because in very few organisms the full sequences of centromere and pericentromeres have
287 been assembled. Nevertheless, in zig-zag eel we identified one of the evolutionary

288  consequences of the large PCH, that is, creating an condition (low recombination) for a sex-
289 linked region to arise. A similar scenario has been reported in blue tilapia in which the sex-linked
290 region locate on LG3 is highly repetitive and heterochromatinized in both the Z and W

291 chromosome (Tao et al. 2021; Conte et al. 2020). This is in contrast with previous

292  understanding of the origin of heterochromatin on the sex chromosome (Bachtrog 2005;

293  Charlesworth 2017). Recent studies on ratites, an bird group with unusual homomorphic sex
294  chromosome, suggested that the change of chromatin configuration and recombination rate can
295  occur prior to sequence differentiation of the sex chromosomes (J. Liu et al. 2021; Xu et al.
296  2019). Expanding the study to more taxa with young sex chromosomes with the complete

297 genome decoded will provide more understandings of the role of chromatin organization in sex
298 chromosome origin and evolution.

299

300 Methods

301 Sample collection and genome sequencing
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302 Total DNA was extracted from muscle tissue of one male fish using a QlAamp DNA Blood Mini
303 Kit (Qiagen) according to the manufacturer’s instructions. Large-insert single-molecule real-time
304  circular consensus sequencing (HiFi CCS) library preparation was conducted following the

305 Pacific Biosciences recommended protocols. In brief, a total of 50 uyg genomic DNA was

306 sheared to ~20 kb targeted size by using Covaris g-TUBEs (Covaris). The sheared genomic
307 DNA was examined by Agilent 2100 Bioanalyzer DNA12000 Chip (Agilent Technologies) for
308 size distribution. Sequencing libraries ,were constructed using the PacBio DNA template

309 preparation kit 2.0 (Pacific Biosciences of California, Inc., Menlo Park, CA) for HiFi sequencing
310  onthe PacBio RS Il machine (Pacific Biosciences of California, Inc.) according to the

311 manufacturer’s instructions. The constructed libraries were sequenced on one SMRT cell on a
312  PacBio RSIl sequencer.

313 RNA-seq

314  The total RNA was isolated from eye, brain, skin, testis, ovary, liver, spleen, kidney, intestines,
315  muscle, blood, fin, gill, heart and pituitary gland tissues using the EasyPure RNA Kit (Transgen).
316  Sequencing libraries were generated using the NEBNext® UltraTM RNA Library Prep Kit for
317  lllumina® (NEB, Ipswich, MA, USA), following the manufacturer’s recommendations. the cDNA
318 libraries used for paired- end (2 x 125 bp) sequencing on an lllumina HiSeq Xten platform by
319  Annoroad Gene Technology Co. Ltd. (http://www.annoroad.com) .

320 Haplotype-resolved genome assembly

321  We used the peregrine (0.1.6.1) (Chin and Khalak 2019) assembler to assemble the ccs reads,
322  with default parameters. The assembled contigs were aligned to a chromosome-level assembly
323  of zig-zag eel GCF_900324485.2 (Rhie et al. 2020), and a pseudo-chromosome assembly of
324  the contigs was generated by the Ragoo (1.1) (Alonge et al. 2019) program. The CCS reads
325 were then mapped to the pseudo-chromosome assembly, using minimap2 (2.15-r905) (Heng Li
326  2018) with the parameter ‘ -k 19 -O 5,56 -E 4,1 -B 5 -z 400,50 -r 2k --eqx --secondary=no’. Each
327  of the Hi-C read pairs sequenced from the same individual was mapped to the genome with
328 BWA-MEM (0.7.16a) using the default parameters. Then the alignments of both reads were
329  paired using the script HiC_repair from the hapCUT2 (v1.2) (Edge, Bafna, and Bansal 2017)
330 package. To partition the haplotype-specific reads, we used a pipeline described in (Garg et al.
331 2020). Briefly, the CCS alignments were phased with Whatshap (0.18) (Patterson et al. 2015)
332 and hapCUP2, using the phasing information derived from the CCS reads themselves, as well
333 as the Hi-C read pairs. The two phased haplotypes were named hap-X and hap-Y respectively.
334  We then partitioned the reads mapping to the hap-X and hap-Y blocks. The hap-X and hap-Y
335  derived reads were then used for haploid genome assembly. The unphased reads, despite only
336  a small fraction of the total reads, were added to both the hap-X and hap-Y reads for genome
337 assembly. The peregrine assembler was again used for haploid genome assembly

338 Chromosome level assembly

339  We combined the two haploid genomes together as a diploid reference against which we

340 mapped the Hi-C reads pairs. Each of the Hi-C read-pair was mapped to the reference using
341 BWA-MEM with parameters “-A 1 -B 4 -E 50 -L 0”. We then extracted the read-pairs that were
342  mapped to hap-X and hap-Y contigs respectively. To do so, we required each of the Hi-C read
343  pairs to have zero mismatch, and both of the read pairs were mapped to either hap-X or hap-Y
344  contigs. The read-pairs mapped to the hap-X and hap-Y were used to do scaffolding for hap-X
345  and hap-Y contigs respectively. We used the 3D-DNA (180114) pipeline (Benson 1999;


https://doi.org/10.1101/2021.03.01.433482

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.01.433482; this version posted March 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

346  Dudchenko et al. 2017) to scaffold the contigs. The Hi-C reads were mapped to the haploid
347  genome using the Juicer (1.7.6) pipeline (Durand, Shamim, et al. 2016). The alignment

348 information was used by the 3D-DNA pipeline for scaffolding and producing the final Hi-C

349  contact map. The Hi-C contact map was then visualized by Juicebox (1.11.08) (Durand,

350 Robinson, et al. 2016) which allowed for manual curations. We corrected inversion errors in the
351  Juicebox interactive interface and re-joined contigs that failed to be linked by 3D-DNA.

352 Genome annotation

353  We used RepeatModeler to predict new repeat families in the zig-zag eel genome. To annotate
354  tandem repeats, we searched for candidate repeat units using Tandem Repeat Finder (Benson
355  1999) with the parameter “2 7 7 80 10 20 2000 -l 6”. The results were filtered by pyTanFinder
356  (Kirov et al. 2018) which removed the redundancy of the repeat units. The predicted new repeat
357 families and tandem repeats were combined with the existing fish repeat library from Dfam (3.1)
358 and RepBase (20170127) as the input library for repeat annotation and masking. We used the
359  Liftoff (1.2.1) (Shumate and Salzberg 2020) program to translate the existing RefSeq gene

360 model annotations (GCF_900324485.2) into the new assemblies of both haplotypes, with

361  default parameters.

362 Phylogenomics

363 We used Last (1042) (Kietbasa et al. 2011) to align the genomes of seven species, swamp eel
364  (Monopterus albus) (Zhao et al. 2018), Nile tilapia (Oreochromis niloticus) (Tao et al. 2021),
365  yellow perch (Perca flavescens) (Feron et al. 2020), threespine stickleback (Gasterosteus

366  aculeatus) (Peichel et al. 2020), yellowbelly pufferfish (Takifugu flavidus), big-bellied seahorse
367  (Hippocampus abdominalis) and pricklefish (Acanthochaenus luetkenii) (Musilova et al. 2019),
368 against the hap-Y reference genome with the option “-m100 -E0.05 -C2”. The one-to-one best
369  alignments were retained to build 7-way multiple alignments using MULTIZ (v11.2) (Blanchette
370 et al. 2004). We then reconstructed the phylogenetic tree using IQTREE (2.0-rc1) (Minh et al.
371 2020) with 1000 times bootstrapping. The inferred phylogeny was used for estimation of species
372  divergence time with Beast (2.6.0). The range of 98.0 - 100.5 million year was set for age

373  calibration according to the fossil records of Acanthopterygii (Musilova et al. 2019).

374  FISH experiment

375  Amplification of the centromeric (Cen-524) and telomeric (Tel-190) sequences was conducted
376  using the primers listed in the Supplementary Table S2. PCR amplification was performed in a
377  50-pL volume containing 1x ExTaq buffer, 500 nM primers, 200 uM dNTPs and 1.25 U ExTaq
378 DNA polymerase (TaKaRa Bio, Kusatsu, Shiga, Japan). PCR was conducted using the

379  following parameters: denaturation at 95 °C for 3 min; 35 amplification cycles of 95 °C for 30 s;
380 55°Cfor30s; 72 °C for 30 s; and an extension at 72 °C for 10 min. The PCR products were
381 checked using agarose gel electrophoresis, and then purified and eluted in water using a

382  QIAquick PCR purification kit (Qiagen, Hilden, Germany). The purified PCR products of Cen-
383 524 and Tel-190 were labeled with Cy5-dUTP and FITC-dUTP using Nick Translation Mix

384  (Roche, Mannheim, Germany), respectively. Nick translation was performed at 15°C for 1.5 h.
385 These two probes were checked via agarose gel electrophoresis.

386 Chromosomal preparation of M. armatus was used for a FISH experiment as previously
387  described (J. D. Liu et al. 2002). Briefly, the slides were treated with 0.01% pepsin solution in
388 0.1 N HClat37°C for 1 h, and then a 5-min wash using 2x SSC was performed. Next, they
389  were fixed for 1 min in 4% formaldehyde in 2x SSC, rinsed three times for 3 min in 2x SSC,
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390 dehydrated with 70%, 95%, and 100% ethanol series at room temperature for 3 min each, and
391 finally air-dried. The chromosome preparations were denatured in 70% formamide for 1 min at
392 70°C. The slides were dehydrated in 70%, 95% and 100% ethanol series at -20°C, 5 min each.
393  The 20 ul of the hybridization mix contains 50% formamide, 10 mg/mL dextran sulfate, 2x SSC
394  and 100 ng of each probe was heated to 95°C for 10 min and stored at 4 °C until use.

395  Hybridization was performed during 16 h at 37°C. After hybridization, slides were washed three
396 times for 5 min in 2x SSC, then washed again in 1x PBS at room temperature for 5 min. Slides
397  were mounted with DAPI (Vector Laboratories, Odessa, Florida, United States). Chromosomes
398 and FISH signals were visualized with an Olympus BX63 fluorescence microscope (Olympus,
399 Tokyo, Japan). Images were captured on cellSens Dimension v. 1.9 and an Olympus DP80

400 CCD camera (Olympus, Tokyo, Japan). Images were adjusted with Adobe Photoshop v. 8.0
401  (Adobe, San Jose, CA, USA).

402  Hi-C analysis

403 We mapped the haploid-specific Hi-C read pairs to the corresponding haploid assemblies using
404  the Juicer pipeline mentioned above. To generate the Hi-C contact matrix, we applied the ‘pre’
405 function of juicebox_tools from the Juicer package. Only intra-chromosomal interactions were
406 calculated. Then we extracted the count values by applying the ‘dump’ function for each

407 chromosome, normalizing the data with the KR method. The interaction frequency was

408 calculated with a bin size of 50 kb. For each pair-wise interaction, we required the count number
409 larger than 10. When visualizing the chromosome-wide matrix, we further used the log

410 transformed matrix. To call the compartments, we applied the ‘eigenvector’ function of

411  juicebox_tools with KR normalization. We calculated the eigenvector at 250 kb resolution. The
412  first principal component of the Pearson's correlation matrix based on the intrachromosomal
413  matrix was used as the eigenvectors.

414  H3K9me3 histone modification

415 CUT&Tag assay was performed as described previously with modifications (Kaya-Okur et al.
416  2019). Briefly, native nuclei were purified from frozen samples as previously described (Corces
417  etal. 2017) and were washed twice gently with wash buffer (20 mM HEPES pH 7.5; 150 mM
418 NaCl; 0.5 mM Spermidine; 1x Protease inhibitor cocktail). A 1:50 dilution of H3K9me3 (ab8898)
419  or IgG control antibody (normal rabbit IgG: Millipore cat. no. 12-370) was used for incubation.
420 The secondary antibody (Anti-Rabbit IgG antibody, Goat monoclonal: Millipore AP132) was

421  diluted to 1:100 in the dig wash buffer. DNA was purified using the phenol-chloroform-isoamyl
422  alcohol extraction and ethanol precipitation. The libraries were amplified by mixing the DNA with
423  2uL of a universal i5 and uniquely barcoded i7 primer. The size distribution of libraries was

424  determined by Agilent 4200 TapeStation analysis. Sequencing was performed in the lllumina
425 Novaseq 6000 using 150bp paired-end following the manufacturer’s instructions. We followed
426  the bioinformatic pipeline described in (Kaya-Okur et al. 2019) to process the sequencing reads.
427  Briefly, we used Bowtie2 (2.3.5.1) (Langmead and Salzberg 2012) to map the raw reads against
428 the genome with the options “--local --very-sensitive-local --no-unal --no-mixed --no-discordant -
429 10 -X 700”. Read redundancy was removed by the rmdup command of SAMtools (1.11) (H. Li et
430 al. 2009). We used macs2 (2.2.7.1) (Zhang et al. 2008) to call peaks, and selected peaks with -
431 log10 p-values larger than 8.

432  Sex-linked regions
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433  We collected re-sequencing data from ten males and ten females. The sex of zig-zag eel was
434  identified through histological analysis of gonad. Once the sex was identified, we extract DNA
435  from the individual muscle tissue. The extracted DNA molecules were sequenced with lllumina
436 X Ten platform (San Diego, CA, USA), a paired-end library was constructed with an insert size
437  of 250 base pairs (bp) according to the protocol provided by the manufacturer. The raw reads
438 were mapped against the genome with BWA-MEN using the default parameters. After marking
439  the duplicates, we call single-nucleotide polymorphic sites (SNPs) with the GATK (4.1.4.0) joint
440 calling pipeline. To filter the variants, we applied the parameters “QD < 2.0 || FS > 60.0 ||

441 MQRankSum < -12.5 || RedPosRankSum < -8.0 || SOR > 3.0 || MQ < 40.0”. We used SNPeff to
442  select the SNPs that are heterozygous in one sex but homozygous in the other sex. We further
443  used the EMMAX (8.22) pipeline to identify the SNPs that are associated with sex.

444  Gene expression

445 The RNA-seq data of gonads from five males, five females and five intersex individuals was
446  produced in Xue et al. (submitted). The raw reads were mapped against the genome using

447  HiSat2 (2.1.0) with the option “-k 4”. The numbers of reads that map to transcripts of coding
448  genes were counted with featureCount using default parameters. The expression levels were
449  quantified using the TPM (transcripts per million) value.

450 Recombination rate

451  We used the ReLERNN (1.0.0) method to estimate recombination rates using the resequencing
452  data of 20 individuals. We used the filtered variants mentioned above with the non-biallelic

453  variants further removed. Since the sex chromosomes are not diploid, they are excluded from
454  analyses. We simulated and trained the datasets with the default parameters. Finally, we

455  estimated the recombination rates in non-overlapping windows whose sizes were decided by
456 ReLERNN.

457

458

459  Data availability

460 The genome assemblies and sequencing data are deposited at NCBI under the accession

461 PRJNA608290. A full list of accession IDs is available in the Supplementary Table S3.

462

463 Code availability

464  The scripts used in this study have been reposed at Github

465  (https://github.com/lurebgi/zigzigEelSexchr/).
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475  Figure legend

476  Fig. 1 Phased diploid genome assembly.
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477  a) Estimation of genome size and heterozygosity by the distribution of k-mers (k = 256) of HiFi
478 reads. The haploid peak at ~19X is nearly as high as the dipoid peak despite. b) The workflow
479  of phased diploid genome assembly. The haploid consensus was generated by the Peregrine
480 assembler. Both the HiFi reads and Hi-C reads were used to phase and partition the haplotype-
481 specific HiFi reads. The two haplotypes are named as Hap-X and Hap-Y. ¢-d) The assembled
482 chromosomes of both Hap-X and Hap-Y genomes. One color (black or grey) represents a

483  continuous sequence (contig). The Y chromosome has no gap. e) The genomic synteny

484  between the Hap-X and Hap-Y genome assemblies. The unanchored scaffolds are shown at the
485 right and top edges.

486

487  Fig. 2 The karyotype and the identification of centromeres.

488 a) The chromosomes were grouped according to the chromosome types. The chromosome IDs
489  were assigned according the size of the assembled chromosomes. Most telocentric

490 chromosome cannot be differentiated. b) The total length and copy number of the top 10

491 abundant satellite DNA. The putative centromeric repeats (Cen-524 and Tel-190) were

492  highlighted in color. ¢) The distribution of Cen-524 and Tel-190 satellite DNA along the

493 chromosomes. The chromosomes were grouped according to their morphological classification
494 ina). In a few chromosomes (e.g. Chr4) the satellite DNA sequence have not been assembled.
495 d) The FISH results of Cen-524 (red) and Tel-190 (green) on the chromosomes. The scale of
496  the white baris 1um.

497

498 Fig. 3 The impact of PCH on genome compartmentalization

499 a-c) Three chromosomes (Chr7, Chr20, Chr23) representing the metacentric, submetacentric
500 and telocentric chromosomes, respectively. In the top panel, the colors of dots measure the

501 frequency of chromatin interacting between 100 kb windows. When the repeat content of a 50
502 kb sequence (a dot) is larger than 40%, it is highlighted in dark purple, otherwise in orange. The
503  portion (%) of Cen-524 satellite DNA in 100 kb windows is shown in pink. The peaks represent
504 the locations of centromeres. The gene density is measured as the number of genes in 100 kb
505 windows. The recombination rate (Rec.) is estimated with selected window size based on the
506  available variants. The Y-axis of the H3K9me3 panel shows the -log 10 transformed p-values for
507 the H3K9me3 peaks. The PC1 panel shows the PC1 values of Hi-C epivector: the positive

508 values (red) represent active (A) compartments and the negative values (blue) represent

509 inactive (B) compartments. The PCH regions are highlighted with blue background d) Weak
510  positive correlation of chromosome size and PCH size. The colors measures the proportions of
511 PCH on the chromosomes. e) Interaction is more frequent between PCH chromatin over various
512  genomic distance than between non-PCH. f) Gene are expressed at a higher level in PCH than
513  in non-PCH.

514

515 Fig. 4 Identification of the sex-linked region and genes.

516  a) p-values (log10 transformed) for genome-wide association study for the sex trait (male or
517 female). Re-sequencing data of ten male and ten female individuals were used. b) The density
518  (number per 50 kb windows) of male-specific SNPs. Those SNPs are present in all ten males
519  but not in females. ¢) The zoom-in view of b) on the Y chromosome. The vertical dashed line
520 denote the position of centromere. PCH is highlighted with blue background. d) The sequence


https://doi.org/10.1101/2021.03.01.433482

521
522
523
524
525
526
527
528
529
530
531
532
533
534

535
536

537

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.01.433482; this version posted March 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

similarity between the introns of the X and Y chromosomes. The similarity was calculated in
every 100 kb window (black dot). Gene deserts were frequently seen in the sex-linked region. e)
expression profiling of the gonads of five individuals of male (M), female (F) and intersex (l).
SYCES3 has a testis-specific expression and HMGNG6 is expressed in both testis and ovotestis.

Fig. 5 comparison of chromosome configuration between the sex chromosomes.

a) sequence synteny between the X and Y chromosome. No large-scale inversions spanning
the non-recombining region were observed. b-¢) Similar pattern of chromosome
compartmentalization between the X and Y chromosome. The legends for the Hi-C contact
map, repeat content, distribution of Cen-524, gene density, H3K9me3 modification and A/B
compartments are similar to these described in Fig. 3a-c. The PCH region is highlighted with

blue background.
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Fig. 1 Phased diploid genome assembly.
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542  Fig. 3 The impact of PCH on genome compartmentalization
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