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Gap-free X and Y chromosome assemblies of Salix arbutifolia
reveal an evolutionary change from male to female
heterogamety in willows, without a change in the position of the

sex-determining locus
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¢ In the Vetrix clade of Salix, a genus of woody flowering plants, sex determination involves
chromosome 15, but an XY system has changed to a ZW system. We studied the detailed
genetic changes involved.

¢ We used genome sequencing, with chromosome conformation capture (Hi-C) and PacBio
HiFi reads to assemble chromosome level gap-free X and Y of Salix arbutifolia, and distin-
guished the haplotypes in the 15X- and 15Y-linked regions, to study the evolutionary history
of the sex-linked regions (SLRs).

e Our sequencing revealed heteromorphism of the X and Y haplotypes of the SLR, with the
X-linked region being considerably larger than the corresponding Y region, mainly due to
accumulated repetitive sequences and gene duplications.

¢ The phylogenies of single-copy orthogroups within the SLRs indicate that S. arbutifolia and
Salix purpurea share an ancestral SLR within a repeat-rich region near the chromosome 15
centromere. During the change in heterogamety, the X-linked region changed to a W-linked

Key words: evolutionary strata,
heteromorphism, inversion, pericentromeric
regions, Salix arbutifolia, sex chromosome
turnovers.

Introduction

Genetic sex determination systems have evolved independently in
different angiosperm lineages, including male heterogametic
(XX/XY) and female heterogametic (ZZ/ZW) systems (Ming
et al., 2011; Renner, 2014; Kafer ez al., 2017). In plants, in which
separate sexes have evolved from cosexual ancestors (hermaphro-
ditic or monoecious populations), this initial step may involve
mutation in two genes, one with an essential male function,
creating females, and one creating males by a femaleness-
suppressing mutation, defining a Y-linked region (Charlesworth
& Charlesworth, 1978). An incompletely Y-linked region carry-
ing two such factors creates selection favoring closer linkage
between them, potentially leading to complete recombination
suppression between the Y- and X-linked regions, allowing the
Y to become differentiated. The single gene systems that have
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one, while the Z was derived from the Y.

recently been discovered (Akagi et al., 2014; Muller ez al., 2020),
including new ones generated by sex chromosome turnovers
(Vicoso, 2019), will not be selected for changed recombination
(reviewed in Charlesworth & Harkess, 2024). Moreover, Y- and
X-linked regions can also arise if sex-determining mutations arise
within a recombinationally inactive region (Charlesworth, 2019)
and examples of sex-linked regions (SLRs), within pericentro-
meric regions are now known in several plants (Zhou et al,
2018; Rifkin et al., 2021; She ez al., 2023; Yue et al., 2023).
Y-linked regions often accumulate repetitive elements (Char-
lesworth ez al., 1994), directly reducing gene density compared
with homologous X-linked regions, and with autosomal or
pseudo-autosomal regions (PARs), for example, in Silene latifolia
(Bergero et al., 2008). After enough evolutionary time, genetic
degeneration may also occur, sometimes eventually leading to
major gene losses, creating hemizygosity of genes and regions in
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males. Low recombination rates also allow the accumulation of
Y-specific gene duplications, chromosome rearrangements, and
eventual changes in size and heterochromatinization of the sex
chromosomes (Charlesworth ez al, 2005; Bergero & Charles-
worth, 2009). W chromosomes in species with female hetero-
gamety undergo similar changes (Fraisse ez al, 2017; Picard
etal,2018; L. Xu et al., 2019).

By contrast, the X and Z chromosomes, which recombine in
one sex, are expected to largely retain the characteristics of their
ancestors before sex linkage evolved, though, in XY species, the X
recombines only in females, reducing its recombination rate com-
pared with the autosomes, so it may also undergo some changes
(e.g. accumulation of repeats; Mrnjavac ez al., 2023). Although
empirical data are limited in plants, assemblies of the Silene latifo-
lia X and Salix dunnii X found a lower gene density, compared
with most autosomes (He et al., 2021; Yue et al., 2023).

If recombination suppression has occurred, study of the
mechanism(s) is important. It has sometimes spread along the sex
chromosome, forming ‘evolutionary strata’ with different levels
of Y-X sequence divergence, reflecting different times when
recombination stopped (Lahn & Page, 1999). Although data are
very scarce, strata have been detected in a few flowering plants,
namely Silene latifolia, Cannabis sativa, and Humulus lupulus
(Lahn & Page, 1999; Papadopulos ez al., 2015; Prentout et al.,
2021) with heteromorphic, highly degenerated, sex chromo-
somes. Lahn & Page (1999) suggested that inversions initiate
new sex chromosome strata. Flowering plants are well-suited to
testing for inversions, because dioecy has often evolved recently
(Charlesworth & Harkess, 2024) so that later rearrangements
have not had time to obscure such events. Inversions were identi-
fied in the papaya SLR (Wang ez al., 2012).

In the family Salicaceae, turnovers have occurred, creating
young sex-determining regions (Yang er al, 2021; Wang
et al., 2023), and strata have been suggested, possibly involving an
inversion, in the SLR of Populus euphratica (S. Zhang et al., 2022).

In Salix viminalis, two strata were suggested, but the assemblies
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were low quality, especially in the SLR (Almeida ez 2/, 2020).
Further studies in this family are therefore needed. The Salicaceae
also display sex chromosome turnovers, including ‘heterogametic’
transitions between XY and ZW systems transitions, as well as
turnovers retaining the same heterogametic sex. Like homogametic
transitions, in which the heterogametic sex is unchanged, heteroga-
metic ones can involve the same or different chromosomes
(Bull, 1983; Saunders ez al., 2018). However, it has been suggested
that W-linked regions are likely to evolve from ancestral X-linked
regions (or vice versa), because these carry feminizing genes, while
the Z and Y may often carry masculinizing genes (Miura, 2007;
Ma et al., 2018; Ogata ez al., 2018; Furman ez al., 2020).

In Salix, recent analyses of genome-wide sequences from many
species show that the traditional subgenera Chamactia, Vetrix,
Longifoliae, Protitea, and Salix, for example in Argus ez al. (2010),
are inconsistent with the phylogenetic trees, which indicate two
main clades, Salix and Vetrix (Gulyaev et al., 2022; Sanderson
et al., 2023). Under this phylogenetic framework, an XY to ZW
transition has been found in Vetrix species, whose SLRs are on
chromosome 15. Basal Verrix species (Fig. 1a) have male hetero-
gamety (abbreviated to 15XY), but other species, including Sa/ix
purpurea, have female heterogamety (15ZW; Wang et al., 2023;
Xue et al., 2024). Reference genome sequences of several Salix
species, including S. purpurea, and the Salix clade 7XY outgroup
species, S. dunnii, include SLRs occupying between ¢. 18% and
44% of their sex chromosomes, with larger X- or W-linked
regions than Y or Z ones (Zhou ez al., 2020; He ez al., 2023).

The mechanism of the XY to ZW change remains to be under-
stood. In the Salicaceae, an ARRI7like gene (in a cytokinin
response regulator family) has been shown to be essential for female
development. CRISPR-Cas9-induced mutation in a Populus species
with male heterogamety (Muller ¢z al, 2020) showed that when
ARRI7like gene expression is silenced or absent, individuals
develop into males, and partial duplicates in the SLRs can act as
male-determining factors, by producing small RNAs that silence
intact ARRI7like copies. The SLRs of both Salix arbutifolia
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Fig. 1 (a) Phylogenetic relationships of species with known sex determination systems in Salix and turnover events in the Vetrix clade, adapted from Xue
et al. (2024). (b) Microsynteny between the Salix dunnii, Populus trichocarpa autosome 15, and the Salix arbutifolia sex chromosomes 15X and 15Y,
showing the heteromorphism due to a large region present only in the 15X sex-linked region. The dark gray lines indicate genes inferred to be within the
S. arbutifolia sex-linked regions and the corresponding regions of S. dunnii and Populus trichocarpa.
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(15XY) and Salix chaenomeloides (7XY) also show these properties
and produce small RNAs that can silence intact ARRI 7like copies
on chromosome 19 (Wang et al, 2022). ARRI7-like genes might
therefore be involved in sex determination across the Salicaceae
family (Yang ez al, 2021; Wang ez al, 2022). If the partial dupli-
cates are the male-determining genes in these species, they should
be located in the oldest-established SLR(s), which can potentially
be identified by comparing closely related species whose chromo-
somes have not undergone too many rearrangements, though rear-
rangements are documented in the family Salicaceae (He
et al., 2021). A recent paper used the 15XY species, Salix exigua, to
study the XY to ZW transition (Hu ez 4/, 2023), and proposed that
both the W and the Z arose from the Y chromosome. However,
their data were based on partially unphased (hybrid) XY sequences,
which cannot provide definitive conclusions about the origins of
the different sex chromosomes. To better understand the change in
heterogamety, we developed new gap-free assemblies of S. arbutifo-
lia X and Y chromosomes, and compared their organization with
previous genome assemblies of S. purpurea, (Zhou et al., 2020).
We combined the results with new S. arbutifolia RNA-Seq reads
from female and male catkins, and population resequencing data
(Wang et al., 2023), and with the partially unphased sequences of
the 15XY regions of S. exigua (Hu et al., 2023), genome of S. dun-
nii (He et al., 2021), genome (with phased 15Z- and 15W-linked
regions), and expression data from S. purpurea (Zhou et al., 2020;
Hyden et al, 2021), as well as genome of Populus trichocarpa v.4.1
(https://genome.jgi.doe.gov).

Materials and Methods

Plant material

We collected young leaves from a male S. arbusifolia Pall.,
B649AF, for genome sequencing, plus young leaf, catkin and
stem samples, and catkins from a female plant B649V, for tran-
scriptome sequencing and gene annotation. Supporting Informa-
tion Table S1 lists these materials. To study sex linkage, we also
analyzed the resequencing data from 41 wild individuals of Wang
et al. (2023). Three other species with published genome assem-
blies, S. dunnii C.K. Schneid. (He ez al, 2021), S. purpurea L.
(Zhou et al., 2020), and P. trichocarpa Torr. & A. Gray were

included in relevant analyses.

Genome sequencing

For Illumina PCR-free sequencing, total genomic DNA was
extracted from B649AF using a Qiagen DNeasy Plant Mini Kit.
Sequencing libraries were generated using the Illumina TruSeq
DNA PCR-Free Library Preparation Kit. After quality assessment
on an Agilent Bioanalyzer 2100 system, the libraries were
sequenced on an Illumina NovaSeq 6000 platform by Beijing
Novogene Bioinformatics Technology (hereafter Novogene). For
Hi-C and HiFi sequencing, total genomic DNA was extracted by
the CTAB method (Chang er al, 1993). For Hi-C sequencing,
fresh leaves from B649AF were fixed in 4% formaldehyde solution
in MS buffer. Subsequently, crosslinked DNA was isolated from
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nuclei. The Dpnll restriction enzyme was used to digest the DNA,
and the digested fragments were labelled with biotin, purified, and
ligated before sequencing. Hi-C libraries were sequenced on an
[lumina Hiseq X Ten platform by Novogene. The HiFi library for
single-molecule real-time (SMRT) sequencing was constructed
with an insert size of 15-kb using the SMRTbell Express Template
Prep Kit 2.0. The DNA was sheared using the Diagenode Mega-
ruptor system and concentrated with AMPure PB Beads (Pacific
Biosciences, Menlo Park, CA, USA). The libraries were size
selected on a BluePippin System and sequenced by Novogene
using the PacBio Sequel II platform.

RNA extraction and library preparation

Total RNA was extracted from young leaves, catkins, and stems
using the Plant RNA Purification Reagent (Invitrogen).
RNA-Seq transcriptome libraries were prepared using the TruSeq
RNA sample preparation kit, and sequencing was performed on
an [llumina Novaseq 6000 by Novogene.

Genome assembly

The CCS software (https://github.com/PacificBiosciences/ccs)
was used to produce high-precision PacBio HiFi reads. The reads
were used to assemble initial contigs using the HIFIASM PIPELINE
v.0.16-1375 (Cheng er al, 2021) with default parameters and
assemble haplotypes of each chromosome for subsequent ana-
lyses. We filtered the Hi-C reads using Faste v.0.23.2 (Chen
et al., 2018). JUICER v.1.5.6 (Durand et 4/, 2016) and 3d-DNA
PIPELINE v180922 (Dudchenko et al, 2017) were then used to
achieve complete chromosome assemblies, based on the clean
Hi-C reads and the assembled genome sequences. We numbered
the chromosome according to the 19 chromosomes of Salix bra-
chista (Chen et al, 2019). LR_Garcrosir v.1.1 (G. C. Xu
et al., 2019) and MiNnmmar2 (Li, 2018) were used to improve the
contiguity of the genome assemblies based on HiFi reads. We
also employed NexTPOLISH v.1.41 (Hu ez al, 2020) to improve
the assembly’s base accuracy using Illumina short reads. REDUN-
DANS v.0.13c (Pryszcz & Gabaldon, 2016) was used to remove
redundancy and contamination from external sources. GETORGA-
NELLE v.1.7.5 (Jin et al., 2020) was used to assemble mitochon-
drial and chloroplast genomes based on clean Illumina short
reads. The assembly was evaluated by mapping the Illumina
paired-end reads, HiFi reads, and RNA-Seq reads to the genome
assembly using the Bwa-Mem v.0.7.8 algorithm (Li & Dur-
bin, 2009), MiNiMar2, and Hisat2 v.2.1.0 (Kim et al, 2015).
We also used Busco v.4.1.2 (http://busco.ezlab.org/) to check
the completeness of the genome assembly.

Annotation of repetitive sequences

Repeat elements were identified and classified using REPEATMoO-
DELER v.2.0.5 (Flynn ez al., 2020) to produce a repeat library for
S. arbutifolia. Then, REPEATMASKER (http://www.repeatmasker.
org/RepeatMasker) was used to identify repetitive regions in the
genome.
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Transcriptome assembly and gene annotation

The genome was annotated by combining evidence from tran-
scriptome data, protein homology-based, and ab initio predic-
tion. We used three different methods: (1) RNA-Seq reads
de novo assembled with TrINITY v.2.0.6 (Grabherr ez al., 2011);
(2, 3) RNA-Seq reads mapped to the reference genome using
Hisat2 v.2.1.0 (Kim et al, 2015), and then assembled
using either TRINITY v.2.0.6 with genome-guided mode, or using
STRINGTIE v.1.3.5 (Pertea et al, 2015). CD-Hir v.4.6 (Fu
et al., 2012) was used to control the transcript quality, and Pasa
v.2.4.1 (Haas et al., 2003) was used to obtain high-quality loci
from the transcriptome data, to train the AucusTUs v.3.4.0
(Stanke ez al., 2008) gene modeler. A total of 278 011 protein
sequences were obtained from published data from 17 species of
Salicaceae and Arabidopsis thaliana (Table S2) and used as refer-
ence proteins for homology-based gene annotation. The MAKER2
PIPELINE v.2.31.9 (Cantarel et 4/, 2008) was used to annotate
genes.

We annotated tRNA, rRNA sequences, and other noncoding
RNAs (ncRNAs)as described in He er /. (2021). The functions
of protein-coding genes were annotated based on three strategies:
(1) the annotated genes were aligned to proteins in the EGGNOG
databases v.4.0 (Powell er al, 2014) using EGGNOG-Mapper
v.2.0.0 (Huerta-Cepas ez al., 2017), and assigned to GO (hetp://
geneontology.org/) and KEGG (https://www.genome.jp/kegg/
pathway.html) metabolic pathways; (2) the protein sequences
were aligned with the Uniprot database (including Swiss-Prot
and TrEMBL, https://www.uniprot.org/), NR (https://www.
ncbi.nlm.nih.gov/), and A. thaliana reference genome sequence
using DIAMOND v.0.9.24 (Buchfink ez 4, 2015; with E value
<107 and identity >30%); (3) motifs and functional domains
were identified by searching various domain libraries (ProDom,
PRINTS, Pram, SMART, PANTHER and PROSITE) using
INTERPROSCAN  v.5.27-66.0 (Jones et al, 2014). Pseudopipe
(Zhang & Yu, 2006) was used with default parameter settings to
detect pseudogenes in the whole genome. We also used Brastn
v.2.5.0 (Altschul e al., 1990) to identify pseudogenization within
the 15X- and 15Y-SLRs of S. arbutifolia, and to compare the
exons of the male B649AF’s 15X-SLR specific alleles with the
15Y-SLR sequences. Sequences in the 15Y-SLR with hits to only
parts of the corresponding 15X-SLR exons were classified as
pseudogenes. In a second approach, we extracted possible pseu-
dogenes identified by PseudoPipe in the 15Y-SLR with the 15X
gene IDs. We used BrasTtr against all S. arbutifolia peptide
sequences excluding 15X, to exclude any of these candidate pseu-
dogenes that proved to have complete 15Y-SLR exons. Finally,
when both approaches identified the same pseudogene, we kept
only one. We identified pseudogenes in the 15X-SLR similarly.

Identifying SLRs of S. arbutifolia

Short resequencing reads from 21 individual S. arbutifolia
females and 20 males were used to distinguish the 15X and 15Y
haplotypes. We first applied the chromosome quotient (CQ)
method (Hall ez 4, 2013) to our haplotype sequences. The CQ
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is the normalized ratio of female to male alignments to a given
reference sequence, using the stringent criterion that the entire
read must align with zero mismatches. CQ-calculate.pl (Hall
et al., 2013) was used to map all reads from the samples to sliding
50-kb nonoverlapping windows of haplotype « or 4. In an XY
system, provided that X- and Y-linked sequences differ suffi-
ciently, or many sequences are absent from the Y due to genetic
degeneration (or X insertion), ratios of female to male alignments
to a given reference sequence (CQ values) may be around two
using the X reference haplotype, vs close to 1 and zero, respec-
tively, for autosomal and Y-linked sequences.

Bwa v.0.7.12 (Li & Durbin, 2009) was used to align the
clean reads to two haplotype sequences. SamTOOLS v.0.1.19 (Li
et al., 2009) was used to process the mapped sequence data.
Variants were called for all individuals using GATk v.4.1.8.1
(McKenna et al, 2010). Gatk and VCFrooLs v.0.1.16 (Dane-
cek et al., 2011) were used to select high-quality SNPs after
hard filtering (with the parameter values QD < 2.0, ES > 60.0,
MQ < 40.0, MQRankSum <—12.5, ReadPosRankSum <—38.0,
SOR > 3.0). We: excluded sites with coverage above twice the
mean depth at variant sites across all samples; retained only bi-
allelic SNPs; and removed SNPs with > 10% missing informa-
tion and/or minor allele frequency < 5%. Weighted Fst values
between the sexes were then calculated in overlapping 100-kb
windows with 10-kb steps, using Weir & Cockerham’s (1984)
estimator. A changepoint package (Killick & Eckley, 2014) was
used to detect regions with significantly different Fsr values, in
order to detect candidate SLRs (He ez 2/, 2021). We used
LDBrockSHOW v.1.36 (Dong et al, 2021) to calculate and
visualize the LD (linkage disequilibrium) pattern of chromo-
some 15a (15X)- and 15b (15Y)-based SNP datasets that were
separated by at least > 5 kb. High densities of TEs,
and correspondingly low gene contents, are expected in the cen-
tromeric regions of chromosomes, and regions with such promi-
nent patterns were therefore identified as putative centromeric
regions.

X-and Y- SLRs genes in S. arbutifolia

We compared the SLRs of the two sex chromosomes and their
presumed ancestral autosome, chromosome 15 of S. dunnii and
P. trichocarpa, by synteny analysis using MCScaN v.1.2.7 (Tang
et al., 2008) with ‘--cscore = 0.99’. To identify SLR genes pre-
sent in both the B649AF male’s 15X- and 15Y-sequences, we
performed a reciprocal BrLast (Gotz et al., 2008) of all potential
peptide sequences in the 15X and 15Y regions. 15X-SLR genes
with no BLAST hits in the 15Y-SLR were classified as possibly
15X-SLR specific, and vice versa for the 15Y-SLR. Autosome 15
of S. dunnii (He et al., 2021) was used as an outgroup represent-
ing the likely state of the ancestral chromosome. Gene gains and
losses affecting the 15X- and 15Y-SLR were classified as follows:
(1) genes found only in the 15X (or 15Y) sequence with hits to
outgroup autosome 15 were respectively classified as Y (or X)
deletion’; and (2) genes without hits to autosome 15 were cate-
gorized as X (or Y) insertion’. We also employed BLASTP to iden-
tify duplicated genes within the X- and Y-SLRs.
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Relationships of the SLRs during the change in the
Vetrix clade

To trace the evolutionary history of 15XY and 15ZW in the
Vetrix clade, we used the phased 15-SLRs of S. arbutifolia and
S. purpurea. First, to test whether the SLRs inherited similar
sequences from their ancestors, we aligned all S. arburifolia 15X-
and 15Y-SLR specific genes with the 15Z- and 15W-SLRs of
S. purpurea. Second, we used ORTHOFINDER v.2.5.5 (Emms &
Kelly, 2019) to identify single-copy orthologs (SCOs) in the
SLRs and in chromosome 15 of S. dunnii. MAGUS software
(Smirnov & Warnow, 2021) was used to align the sequences of
each SCO set. We also used BLASTN to search chromosome 15 of
S. exigua to find likely orthologs of S. arbutifolia single-copy sex-
linked genes. We used MoDELFINDER (Kalyaanamoorthy et al,
2017) to select the best model, and IQ-TREE v.2.2.0.3 (Nguyen
et al., 2015) to estimate gene trees, and perform 1000 bootstrap
replicates. ASTRAL v.5.7.8 (Zhang et al., 2018) was used to obtain
species trees based on the gene trees. The local posterior probabil-
ities were used to calculate clade support (Sayyari & Mir-
arab, 2016).

To identify any ARRI7-like gene duplicates in the SLRs, we
used BLASTN to search the whole S. arbutifolia and S. purpurea
genomes for sequences similar to the exons of Potri.019G
133600, the likely female-determining factor (Muller ez al,
2020). This ARRI7-like gene includes five protein-coding exons.
BLASTN results that lacked any of the five exons were treated as
partial duplicates, and the others as intact, following (Wang
et al., 2022). ARRI7-like gene phylogenies were estimated with
IQ-TREE, using exon sequences.

Tests for evolutionary strata in the X and Z chromosomes

We examined the topologies of SCO sets of 15X-, 15Y-, 15Z-,
and 15W-SLR genes from S. arbutifolia and S. purpurea, since
genes in a sex chromosome region in which recombination was
suppressed at different times, relative to the split between the two
species, will exhibit different topologies and thus can be used to
infer evolutionary strata (Handley ez al., 2004; H. Zhang ez al.,
2022). For species with a shared SLR, their X and Y or/and W
and Z alleles are expected to cluster by gametologs rather than
species (Cortez et al., 2014). We also calculated synonymous site
divergence (Ks) values between XY or ZW gametolog pairs iden-
tified by reciprocal BLAST searches, excluding sequences with
amino acid identity < 70% (Sievers ez al., 2011); divergence was
estimated using PAML’s yn00 function (Yang, 2007).

Gene expression

We used Fastp v.0.23.2 to filter the raw reads from male and
female catkins (Table S1), mapped the clean RNA-Seq reads to
15X and 15Y in the assembled genome using Hisat2 v.2.1.0
(Kim ez al, 2015) and assigned counts using FEATURECOUNTS
v.2.0.1 (Liao et al., 2014). After filtering out unexpressed genes
(counts = 0 in all samples, excluding non-mRNA), we converted
the read counts to TPM (transcripts per million reads; Vera
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Table 1 Statistics of the Salix arbutifolia genome assembly.

Category Summary statistics
Total assembly size (Mb) 612
Total number of contigs 44
Maximum contig length (Mb) 28.382
Minimum contig length (kb) 15.522
Contig N50 length (Mb) 16.045
Contig L50 count 17
Contig N90 length (Mb) 10.093
Contig L90 count 35
Total number of scaffolds 40
Maximum scaffold length (Mb) 28.382
Minimum scaffold length (kb) 15.522
Scaffold N50 length (Mb) 16.446
Scaffold L50 count 17
Scaffold N90 length (Mb) 13.288
Scaffold L90 count 33
Gap number 4
BUSCO (%) 98.1
GC content (%) 34.42
Gene number 62 709
Repeat content (%) 40.62

Alvarez et al., 2019). As shown in Table S1, we used three biolo-
gical replicates of catkins of each sex. Differential expression ana-
lyses between male and female groups were performed using the
DESEQ2 R package v.1.16.1 (Love ez al, 2014). We classified
genes as differentially expressed genes (DEGs) using two criteria
(1) a corrected P-value <0.05 (Padj) and (2)
log,FoldChange > 1.

absolute

Results

Genome assembly

Our haplotype-resolved assembly of the S. arbutifolia genome
was derived by integrating a total of 45.2 Gb Illumina reads,
44.9 Gb of HiFi reads with an average length of 18 kb, and
447 Gb of Hi-C reads (Table S3). The HiFi and Hi-C reads
yielded a chromosome-scale assembly of 40 scaffolds, N50 =
16.05 Mb (Fig. S1; Table 1). Thirty-eight contigs were assigned
to the 19 S. arbutifolia chromosomes. Most assembled chromo-
somes were gap free (except for chr04a, chr07a, chr07b, and
chr19a). The mitochondrial (Mt) and chloroplast (Cp) genomes
formed two scaffolds, of 659 371 and 155 219 bp, respectively.
Around 99.6% of the Illumina short reads mapped to the assem-
bly, of which ¢. 99.4% was covered by at least 20 x reads. Around
99.6% of the HiFi reads were mapped to the assembly and
99.4% had coverage > 20 (Table S4). The primary assembly cov-
ered 95.9% of complete BUSCO genes. Thus, our genome
assembly has high continuity, coverage, and accuracy.

Genome annotation

We identified a total of 31 263 gene models in the S. arbutifolia
haplotype  set of sequences, and 31 156 in 4, plus 91 genes in
the plastid genome and 199 in the mitochondrial genome
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(Table S5). The average length of a predicted protein-coding
gene is 3457.5 bp, with 6.2 exons (Table S6). 98.32% matched a
predicted protein in the public database(s) (Table S7). We also
detected 248.46 Mb of repetitive sequences (40.62% of the
assembled genome, Table S8).

Identifying SLRs in S. arbutifolia

The two haplotypes of most chromosomes have similar sizes
(Table S5). However, although no sex chromosome hetero-
morphism has previously been detected, the S. arbutifolia chro-
mosome 15 haplotypes differ; # is 16.17 Mb, while 4 is only
¢. 10.98 Mb (Figs 1b, S2, S3). Part of the 154 haplotype yielded
a CQ close to 2, identifying haplotype 154 as the X. Supporting
this, the corresponding region has a CQ close to 0 using haplo-
type 156, indicating that females consistently lack these
sequences, and identifying it as the 15Y (Figs S2, S3).

The mapping ratios ranged from 86.00% to 93.80% using
haplotype « as the reference (Table S9), and 87.40% to 94.00%
with the smaller haplotype & (Table S10). We obtained
3308 616 and 3324 319 high-quality SNDPs, respectively, in the
same short-read sequences, and used these to estimate Fgr values
between the sexes. Changepoint analysis detected higher Fer
values in a region corresponding to 7.06 Mb of the 15X (4) hap-
lotype, compared with the flanking regions, locating an 15X-SLR
occupying megabases 3.64—10.7, nearly half of the chromosome.
Fsr analysis using the 15Y haplotype & to map variants identified
a much smaller 15Y-SLR (1.81 Mb, between 3.62 and 5.43 Mb,
only 16% of the chromosome). The two ends of the chromosome
assembly are undifferentiated and are PARs. X-PAR1 and X-
PAR2, total 9.11 Mb (Figs 2a, S4), and the Y-PARs are similar
(9.17 Mb), as expected (Figs 2, S5).

Details of heteromorphism of the X- and Y- SLRs of
S. arbutifolia

The PARs have higher gene density and lower repeat density than
the SLRs (Table 2), consistent with the SLRs being nonrecom-
bining. 238 and 85 protein-coding genes were annotated in
15X- and 15Y-SLR, respectively (Tables S5, S11). The hetero-
morphism revealed by the sequencing could be caused by dele-
tions from the Y. However, degeneration is probably not the
reason for the larger 15X-SLR size. First, the 15 and 15Y-SLRs
include only one and three pseudogenes, respectively
(Table S12). Further evidence for this conclusion is that synteny
analysis detected a single extra ¢ 4.36 Mb 15X-specific region
occupying 4.98-9.34 Mb (Fig. 1b, ‘extended region’ in Fig. 2).
The extended region is highly repetitive (86.70%; Table S13).
This creates an overall extremely high repeat sequence density in
the 15X-SLR (80.73%), vs 64.09% in the 15Y-SLR and 71.11%
in the rest of the 15X-SLR (which is syntenic with the 15Y-SLR,
both of which have more LTR-Gypsy and LTR-Copia retrotran-
sposons than the PARs; Table 2; Fig. 2). Repeat-rich regions,
sometimes extensive, are detected in the middle of many S. arbu-
tifolia chromosomes. These probably indicate centromeric and
pericentromeric rarely recombining regions. The chromosome
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15 results suggest that the SLRs are within such regions, account-
ing for their low gene densities and LD patterns (Fig. S6).

Consistent with such a location, we detected many duplicated
genes in the 15Y- and 15X-SLRs, especially the latter (174% or
60.21% of the 15X-SLR genes, vs only 19.2% of those in the
15Y-SLR, a total of only 19 genes). Of the duplicated 15X-SLR
genes, 134 (including a tandem array of 34 duplicates of the
homologous gene Saarb15bG0044200 in the 15Y-SLR, with
average length 8585 bp, and a mean of 11.6 exons) are in the
‘extended region’ (totaling 0.51 Mb, or 11.67% of the region;
Figs 2, S7; Table S14). This array is discussed later. Together,
repeats and duplicated genes constitute 98.17% of this X region,
which completely lacks SCOs.

While 81% of the 15Y-SLR genes have 15X-SLR homologs,
120 complete genes were detected only in the 15X-SLR (we
therefore term them X-specific’), of which 78 are X insertion’
genes defined using homologous genome regions in outgroup
species, as described in the Methods section (Fig. 2; Table S15).
These genes include 64 duplicates in the extended region, vs only
42 in the Y deletion’ category (including duplicates, 27 of which
are in the extended region). Sixteen SLR genes were detected only
in the 15Y-SLR, including seven X deletion’ and nine ‘Y inser-
tion’ genes (Fig. 2; Table S16). We calculated the proportions of
genes lost from the X or Y, respectively, excluding duplicated
genes, as the numbers in the X deletion’ or Y deletion’ cate-
gories, divided by the total number of genes ancestrally present
(either shared by the 15X- and 15Y-SLRs, or classified as X dele-
tion’ or Y deletion’; as expected, most of these genes are also on
chromosome 15 of the outgroup, S. dunnii). Ten genes were esti-
mated to have been lost from the 15Y-SLR (11.49%), vs 6.90%
from the 15X-SLR (Table S17). Overall, the results support the
view that the extended 15X-SLR does not reflect Y degeneration,
but an extra 15X-specific region (Fig. 1b).

A similar calculation for the S. purpurea ZW system estimated
8.44% loss for the 15Z-SLR, vs only 2.50% for the 15W-SLR
(Table S17). Interestingly, the 15Y- and 15Z-SLRs share three
deleted genes, and the 15X- and 15W-SLRs share one deleted
gene, supporting the idea that the Z chromosome evolved from
an ancestral Y chromosome with these deletions, and the W
from the X.

Details of the sex chromosomes heterogamety change

We compared the 120 S. arbutifolia X-SLR and 16 Y-SLR speci-
fic genes with genes in the S. purpurea 15Z- and 15W-SLRs.
Including duplicates, we found homologs of 25 15X-SLR specific
genes (Tables 3, S15) in the S. purpurea 15W-SLR, but not its
15Z-SLR, suggesting that these genes were present on a chromo-
some ancestral to both the X and W, but not the Y or Z (Table 3).
We also detected homologs of two 15Y-SLR specific genes in the
15Z- but not the 15W-SLR (Tables 3, S16; Fig. S8). These
results support the prediction above that the W originated from
an ancestral X chromosome, and the Z from a Y. However, 44
15X-SLR specific duplicated genes have no homologs in either
the 15Z- or 15W-SLR, suggesting that they duplicated within
the S. arbutifolialineage (Tables 3, S15).

© 2024 The Authors
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Fig. 2 Identification of the Salix arbutifolia 15X- and 15Y-SLRs. (a—d) Analysis of the 15X region. (a) Fst values between the sexes in 100-kb overlapping
windows, with 10-kb steps. Red horizontal lines indicate three regions that changepoint analysis suggests have different Fst values. (b) Densities of LTR-
Gypsy (purple line), LTR-Copia (green line), all repeat sequences (black line), pseudogenes (blue line), and genes (magenta line) in the entire 15X. (c) 15X-
SLR specific genes (including duplicates). The blue vertical lines represent ‘X insertion' genes, the red ones are 'Y deletion’ genes, and the thin red box (also
in d) indicates the X ‘extended region’. (d) Gene duplication events in 15X-SLR. The green vertical lines indicate gene duplicates, and gray ones indicate
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Table 2 Genes and repeats in different regions of the Salix arbutifolia, Salix purpurea, and Salix dunnii genomes.

Length of sequence occupied by genes,

Estimated amounts of repetitive sequences in Mb
(percentage of the length”)

Species and regions analyzed in Mb (percentage of the length") Total repeats LTR-Copia LTR-Gypsy
S. arbutifolia
156X-SLR 1.01 (14.37) 5.70(80.73) 0.84 (11.91) 1.44 (20.34)
15X-SLR extended region 0.52 (11.93) 3.78 (86.70) 0.49 (11.24) 0.78(17.89)
15X-SLR excluding the extended region 0.49 (18.15) 1.92 (71.11) 0.35(12.96) 0.66 (24.44)
15Y-SLR 0.31(17.23) 1.16 (64.09) 0.20(10.81) 0.46 (25.20)
15X-PARs 3.82(41.96) 2.77 (30.41) 0.52 (56.71) 0.28 (3.04)
15Y-PARs 3.64 (39.66) 2.83(30.86) 0.50 (5.47) 0.28 (3.10)
S. dunnii chromosome 15 region syntenic with the S. arbutifolia SLR and PARs
SLR 0.73 (30.79) 1.41 (59.49) 0.10 (4.18) 0.84 (35.65)
PARs 4.61 (40.30) 4.20(36.71) 0.55 (4.81) 1.39(12.14)
S. purpurea
15W-SLR 1.56 (23.80) 3.16 (48.10) 0.72 (10.90) 0.86 (13.20)
15W-PARs 3.72 (41.90) 2.58(29.00) 0.37 (4.10) 0.38 (4.30)
15Z-SLR 1.14 (26.80) 1.81(42.40) 0.25 (5.90) 0.55 (12.80)
15Z-PARs 3.72 (41.90) 2.58(29.00) 0.37 (4.10) 0.38(4.30)
S. dunnii chromosome 15 region syntenic with the S. purpurea SLRs and PARs
SLR 1.47 (30.50) 2.51(52.16) 0.21 (4.36) 1.3(26.97)
PARs 3.87 (43.05) 3.10(34.37) 0.44 (4.89) 0.93 (10.39)

"The percentages do not add up to 100%, because there are other sequence types (e.g. unannotated DNA sequences) in the relevant regions.

Table 3 Genes in the 15X- and 15Y-SLRs of Salix arbutifolia and/or in the 15Z- and 15W-SLRs of Salix purpurea.

Xinsertion (including

S. arbutifolia 15X-specific genes duplicated genes)

Y deletion (including

duplicated genes) Total number (%)

Present in the 15W-SLRs 12 13 25 (20.83)
Present in the 15W- and 15Z-SLRs 29 22 51 (42.50)
Present only in the 15X-SLR 37 7 44 (36.67)

S. arbutifolia 15Y-specific genes Y insertion X deletion Total number
Present in the 15Z-SLRs 1 1 2 (12.50)
Present in the 15Z- and 15W-SLRs 5 7 (43.75)
Present only in the 15Y-SLR 6 1 7 (43.75)

The S. arbutifolia 15Y- and S. purpurea 15Z-SLRs, both of
which should carry factors for male functions, have seven and
eight partial ARRI 7like gene duplicates, respectively, which clus-
ter together in the Fig. S9, supporting their previously suggested
common ancestry (Wang ez al., 2022). Chromosome 15W also
carries ARRI7-like genes, four of which are intact and very simi-
lar to copies on chromosome 19 of S. purpurea (Fig. S9; Zhou
et al., 2020), suggesting that they support female function and
were translocated to 15W after the split from S. arbutifolia,
whose 15X-SLR does not carry such genes.

Among the protein-coding genes in the SLRs of S. arbutifolia
and S. purpurea and also on chromosome 15 of S. dunnii, 44
were SCOs. These display three major phylogenetic tree topolo-
gies: (I) for two SCOs, the X- and W-linked sequences of
S. arbutifolia and S. purpurea cluster together, while their Y- and
Z-linked genes form a well-supported separate clade, consistent
with a lack of recombination before these species split (Fig. 3a),
and with Z-linked sequences evolving from Y-linked ones, as

concluded above; (II) for 31 SCOs, the S. arbutifolia 15X-SLR
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and 15Y-SLR form one cluster, and S. purpurea 15Z-SLR and
15W-SLR another, consistent with the species tree; some or all
of these genes may still recombine with the sex-determining
locus, or recombination may have become suppressed, evolving
new evolutionary strata (in either or both species) after the spe-
cies split (Fig. 3b); (III) finally, for seven SCOs, the 15W-,
15X-, and 15Y-SLRs formed one clade, with the 15Z-SLR
sequences sister to it (Fig. 3c). We identified both S. exigua
alleles of the likely orthologs of the two Topology I SCOs, using
the published data (Hu ez 4/, 2023). One sequence clusters with
the 15X-15W sequences, and the other with the 15Y-15Z ones.
This further supports the conclusion that the 15W and 15Z
in willows arose from 15X and 15Y sequences, respectively
(Fig. 3a,d). We also identified both allele sequences of orthologs
of 24 other single-copy sex-linked genes, using the unphased
S. exigua chromosome 15 sequences (for 14 SCOs, we could
identify only one sequence, Table S18). These results suggest
that phased SLRs are needed to test the sex chromosome evolu-
tion of S. exigua.

© 2024 The Authors
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Topology I suggest that at least two genes (in green in Fig. 3d,
e) were fully sex-linked before the species split, within a possible
old evolutionary stracum 1 of an ancestral SLR. These genes are
both within a region spanning 180 kb of the S. arbutifolia 15X-
SLR (9.72-9.90 Mb), and 460 kb in the S. purpurea 15Z-SLR
(6.25-6.70 Mb, including partial ARRI7-like gene duplicates).
Partial ARRI7-like gene duplicates are also found near the Y copy
of one . arbutifolia gene, while the second gene is further away
in this species’ Y.

To estimate the age of this evolutionary stratum, we estimated
synonymous site divergence values (Ks) between the gametolog
pairs of all genes in the SLRs. High Y-X and W-Z divergence
estimates are detected, but they are scattered across the SLRs
(Fig. S10; Tables S19, S20), suggesting that these regions have
been rearranged, as our assemblies suggest (Figs 1b, 3e, S8). They
are not clearly organized into older and younger strata.

Rearrangements have occurred during the considerable evolu-
tionary time since S. arbutifolia and S. purpurea diverged, as their
15Y and 15Z regions differ in size (10.98 vs 13.25 Mb, respec-
tively), and both differ from the S§. dunnii autosome 15
(13.81 Mb, Fig. S11). The Z- and W-SLRs in the S. purpurea
also differ by several inversions (Fig. S12), but again, these may
not be fixed Z-W differences, as the SLR contigs relied on a link-
age map to scaffold the contigs in the reference genome, not on
HiFi sequencing (Zhou ez al, 2020; Hyden et al., 2023), and
could be mis-assembled.

Differential expression of genes in S. arbutifolia and
S. purpurea

More than 90% of our RNA-Seq reads mapped uniquely to the S.
arbutifolia genome assembly (Table S21). Among genes in
the identified SLRs, many 15X-SLR genes show female-biased
expression. If a Y-linked region has undergone genetic degenera-
tion, X-SLR genes will be present in two copies in females, vs only
one in males, and, unless dosage compensation has evolved, will
show female-biased expression in the transcriptome. This is not
the explanation in S. arbutifolia, because most 15Y-SLR genes also
have X homologs, and we did not separately estimate expression
specifically for the X and Y alleles. These results therefore probably
reflect expression differences related to sex functions. We also
detected overall male-biased expression of 15Y-SLR genes that
have X homologs (Table $22). Among the 33 SCOs with topolo-
gies I or II, 12 15X-sex-linked genes showed significant female-
biased expression, six were male-biased, and 15 either had unbiased
or undetectable expression (Fig. 4a). All 34 genes within the 15X-
SLR tandem array show female-biased expression (Fig. 4b;
Table S23). In the S. purpurea 15Z-SLR, 12 of the 33 SCOs were
male-biased, while only three showed female-biased expression
(10 did not yield expression data; Fig. 4a; Table S24).

We also estimated expression levels in catkins for 120 and 16
genes that appear to be specific to the 15X- or 15Y-SLRs, respec-
tively. The former genes exhibited a significant overall female
expression bias, but two X insertion genes showed male-biased
expression (Table S25). We detected expression of only one 15Y-
SLR specific gene. The genes shared only by the 15W- and 15X-
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SLRs showed very diverse gene expression patterns. Two genes
are shared only by the 15Z- and 15Y-SLRs; we did not obtain
expression data from their 15Y-SLR alleles, but the 15Z-SLR
genes showed male biases (Table $26). The 15W-SLR includes
175 genes that are specific to this region (of which 155 are not
present in the S. arbutifolia 15X-SLR), and are expressed in
female S. purpurea catkins (Hyden ez al., 2021; Table S27).

Discussion

Expansion of the X-linked regions in willows

In S. arbutifolia, as in other Salicaceae species, the 15X-SLR is
considerably longer than the Y-linked region. This is due to X
expansion, not Y degeneration, as the S. arbutifolia 15Y-SLR
shows only slight degeneration, and (including the three detected
pseudogenes) has lost functional copies of only 11.49% of the
ancestral genes. Furthermore, the 15X-SLR includes an ‘extended
region’ that is not present in the S. dunnii chromosome 15. This
region has an extremely high repetitive sequence density (Table 2)
and all genes are duplicates, not single copy. Although X and Y
chromosomes may change, and some animal X chromosomes
may have expanded (Bellott ez 4/, 2010), changes in the X are
expected to be much smaller than those in Y. In SLRs, the accu-
mulation of repeats should mainly affect Y-linked regions and is
in females largely prevented by recombination of the correspond-
ing X-linked regions; preferential Y-linked accumulation is
indeed observed (Bachtrog, 2013; Charlesworth, 2017). Initial
expansion of the Y-linked region is therefore expected, though a
larger X may later evolve, through Y degeneration, as observed in
many mammals (Bergero & Charlesworth, 2009). The SLR size
differences observed here are the opposite of those just predicted
(Fig. 5a). The results described here support the view above that
Salix species’ chromosomes have extensive pericentromeric
regions that recombine rarely, and hence are repetitive.

Salix arbutifolia’s large 15X-SLR, relative to its Y-linked coun-
terpart, does not reflect a reduced size of the Y, or loss of genes by
genetic degeneration, which is the most common reason why the
X is larger than the Y, as in mammals and Drosophila (Beuke-
boom & Perrin, 2014). This is consistent with the generally low
Y-X Ks values (Fig. S10), indicating that, even in the old stratum,
the Y has not been diverging from the X for a long evolutionary
time. We therefore suggest that pericentromeric locations may
explain the SLR recombination suppression, and hence their
repeat-richness (Fig. S6). The X ‘extended region’ might thus
reflect repetitive sequence accumulation in an ancestrally nonre-
combining region, as is also likely in papaya (Ming e al., 2011;
Bachtrog, 2013; Charlesworth, 2017). Salix dunnii also has a lar-
ger 7X- than 7Y-SLR (5.87 vs 2.95 Mb, respectively), and the
7Y-SLR lacks only one gene present on autosome 7 of outgroups,
supporting an absence of degeneration (He e 2/, 2023).

Change in the heterogametic sex in willows

The Topology I genes shared by S. arbutifolia and S. purpurea

support the conclusion that recombination in the SLR was

© 2024 The Authors
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already rare in the common ancestor of these 15XY and 15ZW
species. The physically small size of the region in both species
(Fig. 3e,f) suggests that the same gene or genes might be involved
in sex determination in both systems.

We argued above that the Salix species so far studied appear to
have nondegenerated systems (Wang er al, 2022; He
et al., 2023), which make turnovers plausible, compared with
highly degenerated systems (Bull, 1983). A study in a frog (Ogata
et al., 2021) documented that, as predicted in Bull (1983), a

© 2024 The Authors
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slight advantage to the new system, such as selection to maintain
a1 : 1 sex ratio can favor a turnover. Our gene trees support an
X to W, and Y to Z, transition (Figs 3d, 5b). This could have
involved a new and more highly expressed female-determining
factor on an X chromosome (perhaps the four intact ARRI 7-like
gene copies in S. purpurea) creating a ‘strong W that makes the
W/Y heterozygotes (where the W was formerly the X) female,
instead of male. In other words, the W factor behaves as domi-
nant over the Y factor (though these factors may not be alleles of
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the same gene), allowing a transition to a ZW system with the
Z derived from the ancestral Y (which is viable when homozy-
gous, and still carries masculinizing factors; Ming et al., 2011).

In studying heterogamety changes in the platyfish, Xiphophorus
maculatus (Volff & Schartl, 2001) suggested that a changed copy
number of a sex-determining gene might be involved, and might
allow the same gene to act as a dominant masculinizing factor in
an XY system and a recessive one in a ZW system. It is therefore
intriguing that the systems in Sa/ix involves copy number differ-
ences, and that the sex-determining regions, as in the platyfish,
are highly repetitive genome regions (Tomaszkiewicz et al.,
2014), where copy number changes can readily occur. The
angiosperm system studied here may be suitable for testing Volff
& Schartl’s model. A similar mechanism may apply to other
changes in the heterogametic sex.

Interestingly, the S. arbutifolia 15X-SLR (but not the 15Y-SLR)
includes a tandem array of 34 duplicate gene copies showing
female-biased expression (Fig. 4b). Since the S. purpurea 152W-
SLRs do not carry such a tandem array, the duplications probably
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15W, and the changes that may have occurred
during their evolution. SLR, sex-linked region.

occurred in 8. arbutifolia after the two species split, possibly
because they have some female-specific function. Intriguingly, the
repeated gene’s A. thaliana homolog is BRR2C, which encodes
the DExH-box ATP-dependent RNA helicase, a highly conserved
spliceosome component required for efficient splicing of this spe-
cies’ Flowering locus C (FLC) introns, and for regulation of two
genes, Flowering locus T (FT) and Suppressor of Overexpression
of Constans 1 (SOC1; Mahrez et al, 2016). However, additional
studies are needed to test the functions of the tandem array.

15X-SLR specific genes in S. arbutifolia showed predomi-
nantly female-biased expression, and a gene that is inserted into
the 15Y-SLR is male expressed specifically (Table S25), suggest-
ing that the X- and Y- linked regions may respectively have accu-
mulated female-biased and male-biased factors. The SCOs with
topologies I and II in Fig. 3 generally show female-biased expres-
sion of the 15X alleles, and male-biased expression of 15Z ones
(Fig. 4a; Table S24). Some single-copy sex-linked genes may
therefore have evolved expression differences after the change in
heterogamety.

© 2024 The Authors
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