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Abstract
The evolution of sex chromosomes can involve recombination suppression sometimes involving structural changes, 
such as inversions, allowing subsequent rearrangements, including inversions and gene transpositions. In the two 
major genus Salix clades, Salix and Vetrix, almost all species are dioecious, and sex-linked regions have evolved on 
chromosome 7 and 15, with either male or female heterogamety. We used chromosome conformation capture 
(Hi-C) and PacBio HiFi (high-fidelity) reads to assemble chromosome-level, gap-free X and Y chromosomes from 
both clades, S. triandra (15XY system), a basal species in the Vetrix clade, and the Salix clade species S. mesnyi 
(7XY system). Combining these with other available genome assemblies, we found inversions within the sex-linked 
regions, which are likely to be pericentromeric and probably recombined rarely in the ancestral species, before sex- 
linkage evolved. The Y-linked regions in all 15XY and 7XY species include partial duplicates containing exon 1 of an 
ARR17-like gene similar to male-determining factors in other Salicaceae species. We also found duplicates of a Y-spe-
cific gene, which we named MSF. The derived Salix clade 7XY chromosome systems appear to have evolved when 
these two genes transposed from the 15Y to the 7Y. Additionally, the 7Y chromosomes in S. dunnii and S. chaeno-
meloides probably evolved from the ancestral 7X of the Salix clade, involving a similar transposition, and loss of 
the ancestral 7Y. We suggest that pericentromeric regions that recombine infrequently may facilitate the evolution 
of sex linkage.
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Introduction
In flowering plants, the predominant reproductive strategy 
is hermaphroditism (Darwin 1877). However, some plants 
have evolved separate sexes, a condition known as dioecy 
(reviewed in Westergaard 1958; Ming et al. 2011; 
Charlesworth 2013; Renner 2014). If separate sexes evolve 
from ancestral hermaphroditism (including monoecy) two 
mutations are required, with the second one being advan-
tageous in one sex, and disadvantageous in the other sex, 
termed sexual antagonism (SA). If a two factor polymorph-
ism is established, and the mutations are in different genes, 
selection favors closer linkage between the two, which 

then behave as a single co-segregating genetic locus 
(Charlesworth and Charlesworth 1978). Alternatively, 
one mutation becomes fixed, resulting in a single poly-
morphic sex-determining gene, or a turnover occurs, 
with a single sex-determining factor replacing a previous 
system. Once such a sex-determining “locus” is established, 
further SA mutations may subsequently arise and establish 
polymorphisms in the same genome region, again favoring 
closer linkage, expanding the locus over time. This process 
may eventually lead to complete recombination suppres-
sion, creating Y- and X-linked regions that thereafter 
evolve without exchanges, termed sex-linked regions 
(SLRs) or sex-determining loci.
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A new sex-determining factor may subsequently appear 
on another chromosome, including an autosome, or at a 
new location on a sex chromosome. Such turnover events 
may involve de novo appearance of a new sex-determining 
gene, or duplicative transposition inserting a copy of an an-
cestral gene into a new location (reviewed by Pan et al. 2021; 
Charlesworth and Harkess 2024), provided that the dupli-
cate gene escapes the most common fate of pseudogeniza-
tion, and becomes neo-functionalized or sub-functionalized 
(Moore and Purugganan 2005). In two Populus species, a 
partial duplication of an autosomal gene, FERR, is the candi-
date maleness factor (Xue et al. 2020). In another example, 
sex chromosome turnovers in the genus Actinidia resulted 
from the movement of sex-determining genes. In this 
case, the male-specific regions of all species studied share 
three Y-linked coding genes: FrBy, SyGI, and YFT (Akagi 
et al. 2023). Such new loci may in turn trigger establishment 
of SA polymorphisms, and potentially evolution of a nonre-
combining region that might undergo genetic degeneration, 
with loss of genes from the haplotype carried by the hetero-
gametic sex.

Here, we infer that multiple such changes have occurred 
in willows (family Salicaceae). Three genera of Salicaceae, 
Populus, Salix, and Idesia (Figs. 1a and 2a) share a whole 
genome duplication event, termed the Salicoid WGD 
(Ma et al. 2013; Gladysh et al. 2024; Ogutcen et al. 2024). 
Chromosomes 13 and 19 of both Populus and Salix, are 
each largely homologous with the chromosomes 7 and 
12 in Idesia polycarpa, with chromosome 13 of the former 
species being homologous to chromosome 7 of I. polycar-
pa, and chromosome 19 of the former species being hom-
ologous to I. polycarpa chromosome 12 (Table 1, Fig. 1a 
and b) (He et al. 2021; Zuo et al. 2024). In Populus, 
ARR17-like partial duplicate sequences in the Y-SLR con-
tain exon 1 and generate small RNAs (sRNAs), via either 
DNA methylation or mediating cleavage of mRNA, silen-
cing the intact ARR17-like gene, which is on chromosome 
19; this indirectly triggers the activation of PISTILLATA (PI), 
which suppresses female development and is required for 
stamen development (reviewed in He et al. 2024). Intact 
ARR17-like genes trigger female development when turned 
on and male development when turned off in the presence 
of the sex-linked partial duplicates (Muller et al. 2020). The 
partial duplicate therefore acts as a master sex- 
determining factor. The intact ARR17-like gene is also on 
chromosome 19 in species of Salix, the sister genus to 
Populus, but the fate of the homeologous chromosome 
13 copy created by the WGD is unclear in Salix, and 
whether it is involved in sex determination.

The genus Salix includes two major clades: Salix and 
Vetrix (Fig. 1a). The two species S. arbutifolia and S. trian-
dra, appearing on basal branches of the Vetrix clade, have 
XY systems on chromosome 15 (Wang et al. 2023, 2024a), 
while the later-branching species S. purpurea and S. vimi-
nalis have ZW systems, also on chromosome 15 
(Almeida et al. 2020; Zhou et al. 2020). The Salix clade spe-
cies S. dunnii and S. chaenomeloides have a XY system on 
chromosome 7 (He et al. 2021; Wang et al. 2022). How 

these changes in the sex-determining region and the het-
erogamety occurred is largely unknown. The phylogeny of 
ARR17-like partial duplicates in Y-specific regions of chro-
mosomes 15 and 7 of S. arbutifolia and S. chaenomeloides 
suggested that the 7XY and 15XY systems may share the 
same sex determination mechanism (Wang et al. 2022), 
but this needs further confirmation. In addition, it is un-
clear whether the Salix and Vetrix clades share other 
Y-linked sequences, and whether these too moved be-
tween the chromosomes of the two clades, in a sex- 
determining factor turnover, as observed in Actinidia 
(see above).

Here, we describe results from chromosome conform-
ation capture (Hi-C) and PacBio HiFi (high-fidelity) reads 
to assemble chromosome-level gap-free X and Y chromo-
some sequences of one species from each clade. Salix trian-
dra occupies a basal position in the phylogeny of the Vetrix 
clade, and its sex determination system probably repre-
sents the ancestral state of the genus Salix, while S. mesnyi 
is basal relative to S. dunnii and S. chaenomeloides in the 
Salix clade (Wu et al. 2015; Wang et al. 2023). Hence, these 
two species are well-suited for inferring changes during the 
evolution of willow sex chromosomes. Combining the new 
sequences with other willow genome assemblies, from 
S. dunnii (He et al. 2024), S. chaenomeloides (Wang et al. 
2022), S. arbutifolia (Wang et al. 2024a), S. polyclona 
(Wang et al. 2024), S. purpurea (Zhou et al. 2020), and 
two outgroup species within the Salicaceae, Populus tricho-
carpa (https://genome.jgi.doe.gov) and I. polycarpa (Zuo 
et al. 2024), we infer many changes between just the 
Salix species with male heterogamety. The results revealed 
that: 

i) Multiple sex chromosome turnover events have 
occurred in willows. The change from an ancestral 
system with male heterogamety to one with fe-
male heterogamety, has been described elsewhere 
(Wang et al. 2024a), and we describe two more 
here.

ii) A second turnover involved the sex-determining lo-
cus changing from the chromosome 15 location, 
which is ancestral in Salix, to a new one on chromo-
some 7 (Xue et al. 2024). We now show that this 
change involved transposition as a unit or cassette 
of two Y-linked factors (the previously known 
ARR17-like partial duplicates containing exon 1, 
plus a newly discovered sequence that we named 
MSF).

iii) The ancestral situation within Salix reflects a previ-
ous insertion of this unit (which is derived from 
genes on the ancestral sex chromosome 19) into 
rarely recombining pericentromeric regions, and 
each event was followed by complete recombin-
ation suppression across the region.

iv) A further turnover is detected in two species, S. dun-
nii and S. chaenomeloides, in the Salix clade. This in-
volved recent movement of Y-linked male factors to 
the ancestral 7X, converting it to a neo-7Y.
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Results
Genome Assembly and Annotation
Our combined sequencing and analyses yielded genome 
assemblies of male individuals of S. mesnyi and S. triandra. 
As described in the Materials and Methods, a 
haplotype-resolved assembly of the S. mesnyi genome was 
generated by integrating a total of ∼43 Gb of Illumina reads 
(100× coverage), ∼33 Gb of HiFi reads (80× coverage) with 
an average length of 17 kb, along with ∼44 Gb of Hi-C reads 
(supplementary table S1, Supplementary Material online). 
For the S. triandra genome, our assembly is based on 
∼48 Gb of Illumina reads (143× coverage), ∼44 Gb of HiFi 
reads (131× coverage) with an average length of 17 kb, 
and ∼42 Gb of Hi-C reads (supplementary table S1, 
Supplementary Material online). The HiFi and Hi-C reads 
for S. mesnyi yielded chromosome-scale assemblies; among 
the 43 scaffolds, 38 were assigned to the 19 phased chromo-
some pairs (including gap-free 7X and 7Y, inferred as de-
scribed below, see Fig. 2a and b), four to the 
mitochondrial (Mt) genome, and one to the chloroplast 
(Cp) genome (supplementary tables S2 and S3, 
Supplementary Material online). For S. triandra, a total of 
40 scaffolds were obtained, 38 corresponding to the 19 
chromosomes (phased and gap-free for 15X and 15Y, see 
Fig. 2a and c), plus the Mt and Cp genomes 
(supplementary tables S2 and S3, Supplementary Material
online). Synteny and collinearity analyses detected no inter- 
chromosomal rearrangements between the two clades; all 

chromosomes show one-to-one homologous relationships 
(Fig. 2a). The arrangements of genes within chromosomes 
are also generally highly conserved (Fig. 2a). Overall, the gen-
ome assemblies of the two species are highly accurate, con-
sistent, and contiguous, and those of the sex chromosomes 
are gap-free, as are the autosomes, with few exceptions 
(Fig. 2a to c, supplementary table S4, Supplementary 
Material online). The total assembly sizes of S. mesnyi and 
S. triandra are 794 Mb and 672 Mb, respectively 
(supplementary table S2, Supplementary Material online).

Based on transcriptome data, and on protein 
homology-based and ab initio predictions, we identified 
32,621 gene models in the S. mesnyi haplotype a and 
32,431 in haplotype b, plus 74 in the Cp and 147 in the 
Mt genomes (supplementary table S3, Supplementary 
Material online). In S. triandra, we identified 29,454 and 
28,805 gene models in haplotypes a and b, respectively, 
plus 83 in the Cp and 117 in the Mt genome 
(supplementary table S3, Supplementary Material
online). The genome assemblies of these two species re-
spectively include 98.4% and 98.3% of the complete con-
served BUSCO genes in the embryophyta_odb10 
database. We estimate that 383.09 Mb of the S. mesnyi se-
quence is repetitive (48.24% of the total genome assembly) 
and 310.57 Mb in S. triandra (46.23%). The predominant 
types of repetitive sequences in both species are LTRs, 
accounting for 22.9% and 32.6% of the repetitive se-
quences in S. mesnyi and S. triandra, respectively 
(supplementary table S5, Supplementary Material
online).

(a) (b)

Fig. 1. a) Phylogenetic relationships based on single-copy homologous genes from species with assembled genomes in the genus Salix, and the 
most likely turnover events inferred by this study and Xue et al. (2024) indicated by arrows, using P. trichocarpa and I. polycarpa as outgroups. 
b) Collinearity analysis between chromosomes 13 and 19 of S. mesnyi, S. triandra, and P. trichocarpa, and chromosome 7 and 12 of I. polycarpa.
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Sex-linked Regions of S. mesnyi and S. triandra
Consistent with previous studies of basal species in the 
Vetrix clade (Wang et al. 2023), S. triandra also has an 
XY system on chromosome 15. All species of the Salix clade 
in which sex determining systems have previously been 

identified (including S. dunnii and S. chaenomeloides, 
shown in Fig. 1a, and S. nigra), as having XY systems involv-
ing chromosome 7 (He et al. 2021; Sanderson et al. 2021; 
Wang et al. 2022), and our sequences of S. mesnyi confirm 
this for this species too. The evidence for these conclusions 

(a)

(b) (c)

(d) (e)

(f) (g)

Fig. 2. Genomic synteny of Salix species and sex chromosomes of S. mesnyi and S. triandra. a) Comparative synteny analysis of Salix genomes. 
Chromosome IDs are labeled at the middle of each bar. b and c) Genome-wide analysis of chromatin interactions based on Hi-C data for the 
S. mesnyi and S. triandra genomes, respectively. d and f) Identification of the S. mesnyi 7X and 7Y-SLRs. FST values between the sexes in 100-kb 
overlapping windows with 10-kb steps. Red horizontal lines highlight three regions identified by changepoint analysis as having distinct FST va-
lues. e and g) Identification of the S. triandra 15X and 15Y-SLRs. The explanations above apply to this plot.

Wang et al. · https://doi.org/10.1093/molbev/msae235                                                                                        MBE

4

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/41/11/m
sae235/7891550 by Institut fuer N

um
erische und Angew

andte M
athem

atik user on 19 February 2025



in the newly sequenced species is based on using the 
chromosome quotient (CQ) approach to distinguish the 
X and Y haplotypes in the phased assemblies. We identified 
regions with CQ close to 0 in haplotype 7b of S. mesnyi and 
haplotype 15b of S. triandra, indicating that both these 
species have XY systems (supplementary figs. S1 to S3, 
Supplementary Material online). Within the region that 
shows sex linkage (see below), we determined that the hap-
lotypes 7a and 15a include the X-linked regions, and 7b and 
15b the Y-linked regions (CQ close to 0; supplementary figs. 
S1 to S3, Supplementary Material online). Across chromo-
some 7, haplotypes a and b are largely syntenic in the 
Salix clade species (Fig. 3a). The haplotypes across chromo-
some 15 are also largely syntenic in the Vetrix clade species 
(Fig. 3b).

To localize these sex-linked regions in the X and Y 
chromosome assemblies of S. mesnyi and S. triandra, we 
used FST estimates from the short reads (in S. mesnyi, 
4,575,184 SNPs were found in sequences assigned to haplo-
type a, and 4,555,411 were assigned to haplotype b; S. trian-
dra yielded 3,468,553 haplotype a SNPs, and 3,473,509 b 
ones; see Materials and Methods and supplementary 
tables S6 to S8, Supplementary Material online). We esti-
mated FST values based on these four datasets individually, 
because the X- and Y-linked regions of a species differ in size. 
In S. mesnyi, changepoint analysis identified regions with 
high FST values in an 8.54 Mb region between 5.40 and 
13.94 Mb of 7a, the 7X-SLR (Fig. 2d, supplementary fig. S4, 
Supplementary Material online), and a 3.15 Mb region of 
7b (5.48 to 8.63 Mb) of the 7Y-SLR (Fig. 2f, supplementary 
fig. S5, Supplementary Material online). These SLRs are lar-
ger than in the other Salix clade species so far studied, S. 
dunnii (Fig. 3a). In S. triandra, regions with high FST values 
are detected between 7.59 and 9.41 Mb of haplotype 15a 
(1.82 Mb, Fig. 2e, supplementary fig. S6, Supplementary 
Material online) and 5.83 to 7.16 Mb of 15b (1.33 Mb, 
Fig. 2g, supplementary fig. S7, Supplementary Material on-
line) of the 15X and 15Y-SLRs, respectively. In S. triandra, 
these regions are smaller than the SLRs of the other Vetrix 
clade species (Fig. 3b), S. arbutifolia (15XY) and S. polyclona 
(15ZW); we did not include S. purpurea in this comparison, 
because its 15W- and 15Z-SLRs have not yet been 

assembled from PacBio HiFi sequences (Zhou et al. 2020; 
Hyden et al. 2023).

In both S. triandra and S. mesnyi, the SLRs are in 
the centers of their sex chromosomes, which are metacen-
tric (Levan et al. 1964), and these are probably pericentro-
meric regions, based on high TE densities and 
correspondingly low gene densities in both the X and Y 
haplotypes (Fig. 3a to d, supplementary figs. S8 and S9, 
Supplementary Material online). Linkage disequilibrium 
(LD) is high (r2 often close to 1) across both these SLRs. 
In contrast, the flanking regions on each side have lower 
r2 values, indicating that they recombine, as expected for 
pseudo-autosomal regions (PARs) (Fig. 3c and d,
supplementary fig. S10, Supplementary Material online). 
In both species, LD decays rapidly to low levels between 
SNPs in autosomal and PARs, and much more slowly in 
the X-SLRs, consistent with the conclusion that the 
X-SLRs are pericentromeric regions that recombine rarely. 
Decay of LD in the Y-SLRs occurs even more slower than in 
their X counterpart regions, indicating that the observed 
LD does not solely reflect their pericentromeric locations; 
SNPs separated by more than about 25 kb maintain high r2 

values without consistent decay, in strong contrast with 
the X-SLRs, indicating that Y-SLRs recombine less often 
(supplementary fig. S10, Supplementary Material online). 
The S. triandra 15X- and Y-SLRs appear to include most, 
but not all, of the pericentromeric regions, whereas those 
of the Vetrix clade species previously studied, S. arbutifolia, 
occupy the entire pericentromeric region (Wang et al. 
2024a) (Fig. 3d).

Evolution of Sex-linked Regions in the Salix and Vetrix 
Clades
Despite the overall largely syntenic arrangements of the 
two haplotypes of chromosomes 7 or 15 in our sequenced 
species, more detailed collinearity analysis showed that, ex-
cept in S. triandra, the SLRs are rearranged due to inver-
sions between the X- and Y-, or Z- and W-linked regions, 
as well as between these regions and their homologous 
autosomes, which probably represent their respective an-
cestral states (Fig. 3a and b, supplementary fig. S11, 

Table 1 The relationship between the sex-determining candidates in Salix species and the two outgroup species

Chromosome carrying genes of interest

Genus or species Clade Sex determination 
system

ARR17-like gene MSF (this study)

Intact (progenitor) Partial duplicates with 
exon 1

Intact (progenitor, 
14 exons)

Duplicates 
(5 exons)

Salix Salix 7XY 2 copies on chr19 chr07 chr13 chr07
Vetrix 15XY and 15ZW 2 copies on chr19 chr15 chr13 chr15

Populus 
trichocarpa

… 19XY One copy on chr19 and one on 
chr13

chr19 chr13, chr19 NA

Idesia polycarpa … Unknown One copy on chr12 and one on 
chr7

chr20 chr7, chr12 NA

Note: Chr13 and chr19 of Populus and Salix, along with chr7 and chr12 of Idesia polycarpa are homologous chromosomes created by the Salicoid WGD, see Fig. 1b. 
Chromosome 12 of Idesia polycarpa is homologous to chromosome 19 of Populus and Salix, while chromosome 7 of Idesia polycarpa is homologous to chromosome 13 
of these genera.
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(a)

(c)

(d)

(b)

Fig. 3. Evolutionary characteristics of sex-linked regions (SLRs) in willows. a and b) Collinearity analyses of chromosomes 7 and 15 of willows. 
Autosomes are labelled with their numbers, and when a chromosome carries the sex-determining locus, it is labeled as X, Y, Z, or W. The thick 
lines in (a) indicate the SLRs boundaries in S. mesnyi and their homologous regions on the autosomes of other species, while the thick lines in 
(b) similarly indicate the SLR boundaries in S. triandra. The dark grey lines represent collinear genes in the X and Y-SLRs of each species, and dark 
green indicates inversions in these SLRs. c and d) Inference of the pericentromeric regions of the S. mesnyi and S. triandra sex chromosomes, 
indicated as shaded areas. Each panel shows estimated gene densities for the X (left) and Y (right) chromosomes, and the total densities of 
all TEs, LTR-Gypsy and LTR-copia TEs, and LD values (estimated as r2 values between all pairs of loci). The outer dotted lines indicate the 
SLR boundaries. The purple and blue dotted lines in the SLRs of the Y chromosomes of S. mesnyi and S. triandra show the locations of the 
ARR17-like partial duplicates and MSF, respectively. The green dotted line (only in the S. triandra 15XY-SLRs), represents the inferred ancestral 
location of the SCOs mentioned in the text.
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Supplementary Material online) (Gulyaev et al. 2022; 
Wang et al. 2024a; Xue et al. 2024). All the inversions are 
species-specific, and none of them is shared between spe-
cies. Importantly, rearrangements are significantly asso-
ciated with sex linkage: between the three Vetrix clade 
species, S. triandra, S. arbutifolia, and S. polyclona, in which 
chromosome 7 is an autosome, only one inversion was 
found in the inferred pericentromeric region of S. polyclo-
na haplotype a and b, and none were detected on other 
autosomes (Fig. 3a, supplementary figs. S12a and S13, 
Supplementary Material online), and similarly for 
chromosome 15, which is an autosome in the Salix clade 
species, no inversions were detected (Fig. 3b, Table 2, 
supplementary fig. S12b and table S9, Supplementary 
Material online).

The small size of the S. triandra 15X and 15Y-SLRs, esti-
mated as proportions of the entire assembled sex chromo-
somes, may reflect either a lack of accumulation of repeat 
sequences in its pericentromeric region, or deletion of 
repeat-rich regions (supplementary fig. S14 and table S10, 
Supplementary Material online). In S. arbutifolia and the 
distantly related S. polyclona, the proportions of the chromo-
some 15 assemblies for the 15X-SLR and 15W-SLR are larger 
than for the S. triandra 15X-SLR, and the 15Y-SLR and 
15Z-SLR sizes are also larger than the S. triandra 15Y-SLR 
(supplementary table S10, Supplementary Material online). 
The SLR size differences probably reflect repetitive sequence 
differences within the SLRs (either due to gains, or to losses 
after duplicative transposition to other genome regions) and 
changes in the boundaries causing expansion into either or 
both flanking regions.

In the 15XY species S. arbutifolia, heteromorphism of X 
and Y haplotypes was attributed to X expansion involving 
evolution of large arrays of repetitive sequences (termed 
an “X-extended region”), and other gene duplication events, 
rather than Y degeneration (Wang et al. 2024a). The X-SLRs 

are also larger than the Y-SLRs in the other 15XY species, S. 
triandra, and also in the 7XY species S. mesnyi and S. dunnii 
(supplementary fig. S14, Supplementary Material online). 
The main elements within the expanded X-SLR region 
are again repetitive sequences and duplicated genes 
(supplementary fig. S14, Supplementary Material online). 
This unexpected expansion of the X-SLRs is discussed below.

Neo-Y Evolution in the 7XY Clade
As all three Salix clade species, S. mesnyi, S. dunnii, and S. 
chaenomeloides, have 7XY systems, they might all share a 
common ancestral 7X- and 7Y-SLRs. To identify single-copy 
orthologs (SCOs) that are in the SLRs, but not candidate sex- 
determining genes, for phylogenetic analyses, we used the 
haplotype a assembly of chromosome 7 of the Vetrix clade 
species S. arbutifolia, which is an autosome in this species, 
as an outgroup. We ascertained a total of 20 such genes 
that are within all three fully sex-linked regions. These genes 
appear in two distinct regions within each SLR, separated by 
a gap (as described above), and their orientations are af-
fected by the inversions already mentioned within the 
SLRs (Fig. 4a and b). Since the 7Y-SLR of S. chaenomeloides 
is not fully assembled, and consists of three 7Y-specific con-
tigs (Contig24-2: 500,000 bp; Contig70: 1,113,471 bp; 
Contig76: 860,332 bp) (Wang et al. 2022), the size of the re-
gion shared with the S. dunnii 7Y is not certain. 
Unexpectedly, none of the genes yielded the tree expected 
if the 7XY-SLRs share a common ancestor (the 7X gameto-
logs of the three ingroup species should form one cluster 
and their 7Y sequences a separate cluster). Instead, the 
most frequent topology (seven SCOs) clustered the 7X se-
quences and 7Y sequences of S. dunnii and S. chaenomeloides 
together, sister to the S. mesnyi 7X, with the S. mesnyi 7Y se-
quences as an outgroup (Fig. 4a, supplementary table S11, 
Supplementary Material online). This supports the hypoth-
esis that the S. dunnii and S. chaenomeloides 7X and 7Y 
both evolved from a state like that of the S. mesnyi 7X, rather 
than their Ys having evolved from ancestral 7Y chromosome. 
The other 13 SCOs (whose topology differs) could have re-
combined between an ancestral 7X and 7Y. The separation 
of the S. dunnii and S. chaenomeloides 7Xs from their Ys 
(Fig. 4a) also suggests that the region stopped recombining 
in these species since this event in their ancestor. To test 
this turnover hypothesis further, we identified 7X- and 
7Y-SLR specific genes in S. mesnyi. We found four genes pre-
sent in the S. mesnyi 7X-SLR but not in the 7Y counterpart or 
the 7a of S. arbutifolia, and therefore presumably inserted 
into the X sequence. Additionally, three of these four 
7X-specific insertions have homologous sequences in both 
the 7X- and 7Y-SLRs of S. dunnii, while one gene has no 
copy in the S. chaenomeloides 7Y-SLR, but has homologs in 
both the S. dunnii 7XY-SLRs and S. chaenomeloides 7X-SLR 
(Fig. 4c, supplementary table S12, Supplementary Material
online). In the S. dunnii 7XY-SLRs, these four genes are phys-
ically close to the seven SCOs that suggest an ancestral 
7X-SLR, and the two Y-linked candidate male-determining 
factors described below are also nearby (supplementary 

Table 2 Test of the significance of the differences in the number of 
inversions between sex chromosomes and nonsex chromosomes in the 
two Salix clades

Clade and chromosome Number of comparisons (see supplementary 
table S9, Supplementary Material online)

Autosomes 
among different 

species

Autosomes and sex 
chromosomes among 

different species, and sex 
chromosomes among 

different species

Salix: chr7, P = 0.0002***
Inversions 8 29
No inversions 7 0

Vetrix: chr15, P = 0.001***
Inversions 0 25
No inversions 6 9

Note: Asterisks (*) indicate significant differences in the numbers of inversions by 
Fisher’s exact test, with the null hypothesis that SLRs and other genome regions 
are liable to be inverted to similar degrees. Species and chromosomes tested: S. 
triandra 7a and 7b, S. arbutifolia 7a and 7b, S. polyclona 7a and 7b, S. mesnyi 7X 
and 7Y, S. dunnii 7X and 7Y, S. mesnyi 15a and 15b, S. dunnii 15a and 15b, S. trian-
dra 15X and 15Y, S. arbutifolia 15X and 15Y, S. polyclona 15Z and 15W.
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table S13, Supplementary Material online). We conclude 
that the 7X and 7Y of S. dunnii and S. chaenomeloides prob-
ably arose from a 7X similar to that in S. mesnyi, in a single 
event that transferred Y-linked male-determining factors 
to the 7X. Using the same outgroup, we detected gene losses 
from both the 7X- and 7Y-SLRs in S. dunnii (1.22% and 1.22%, 
respectively) and more prominently in S. mesnyi (5.76% and 
4.62%, respectively), consistent with a more recent origin of 
the S. dunnii 7Y-linked region (supplementary fig. S15 and 
table S14, Supplementary Material online).

Ancestral Sex-linked Regions Have Been Maintained 
in the 15XY and ZW Species
In the Vetrix clade, Wang et al. (2024a) found that S. arbuti-
folia and S. purpurea share two sex-linked genes, despite hav-
ing 15XY and 15ZW systems, respectively. With our new 
sequences, we can now make a tree based on these SLR se-
quences from four species of this clade. The orthologs of 
only one of these genes (the S. triandra sequence 
Satri15aG0041900 and its orthologs) now cluster by ga-
metologs (Fig. 4d); for this gene, the 15Ys of S. triandra 
and S. arbutifolia group with the 15Zs of S. purpurea 
and S. polyclona, while their 15Xs group with the S. 

purpurea and S. polyclona 15Ws (Fig. 4d), further sup-
porting 15X → 15W and 15Y → 15Z transitions in this 
clade. The ancestor of the Satri15aG0041900 gene must 
have been present in a small ancestral Vetrix clade SLR, 
which must have stopped recombining before the basal 
species S. triandra diverged from other Vetrix clade spe-
cies (Fig. 1a). Seven other SLR genes yielded trees in which 
their 15W and 15Z gametolog pair sequences formed 
subclades that suggest recombination cessation before 
the divergence of S. polyclona and S. purpurea, while 
the 15X and 15Y sex-linked sequences of S. triandra 
and S. arbutifolia cluster by species (Fig. 4e, 
supplementary table S15, Supplementary Material on-
line). The S. triandra sequence Satri15aG0041900 and 
its orthologs are located in the gap in the SLR assemblies 
between these seven SCOs and the single SCO indicated 
in Fig. 4f. Recombination cessation may therefore have 
expanded to both sides of this gene.

Candidate Mobile Sex Factors in Willows
Intact ARR17-like genes can be identified on chromosome 
19 in all 7XY and 15XY willows so far studied (whereas 

(a) (b) (c)

(d) (e) (f)

Fig. 4. Different evolutionary patterns of Salix sex chromosomes. a) The ASTRAL species tree based on seven sex-linked single-copy orthologs 
(SCOs). b) Collinearity analysis of 7X- and 7Y-SLRs based on these seven SCOs. The size of the bars indicates the SLR lengths. c) Collinearity of X 
specific genes inserted into the 7X-SLR of S. mesnyi and the genes within SLRs of S. dunnii and S. chaenomeloides. The leftmost line represent 
collinearity with S. dunnii 7X-and 7Y-SLRs and S. chaenomeloides 7X-SLRs, and other lines represent collinearity only with S. dunnii 7X- and 
7Y-SLRs. d) Gene tree of one sex-linked SCO consistent with recombination suppression before the divergence of Vetrix clade species. 
e) The ASTRAL species tree based on seven sex-linked SCOs in the SLRs of the Vetrix clade, suggesting that recombination may have stopped 
after the two ZW species S. polyclona and S. purpurea split from the XY species S. triandra and S. arbutifolia (whose orthologs did not become 
fully sex-linked). f) Collinearity analysis of 15X-, 15Y-, 15W-, and 15Z-SLRs based on eight SCOs of Vetrix clade species. The green line represents 
the single-copy ortholog in (d), and the black line represents the seven SCOs in (e).
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Populus has a single one on chromosome 19, and its home-
olog, chromosome 13, also carries a single intact copy, see 
Table 1). Like Populus, willows also have sex-linked 
ARR17-like partial duplicates, which are in either the 7Y- 
or the 15Y-SLRs (supplementary tables S16 and S17, 
Supplementary Material online). In Populus species, partial 
duplicates that include exon 1 are believed to play a role in 
male determination (Muller et al. 2020; Wang et al. 2022). 
In a phylogenetic tree using 82 to 107 bp sequences of 
exon 1, the partial ARR17-like duplicates in the Salix 7Y- 
and 15Y-SLRs form a distinct clade (yellow lines in 
Fig. 5a), supporting a single ancestral origin, consistent 
with previous findings (Wang et al. 2022). The intact 
ARR17-like gene exon 1 sequences on chromosome 19 of 
Salix and P. trichocarpa formed a separate clade (blue lines 

in Fig. 5a). These results suggest that the exon 1 of 
ARR17-like partial duplicates on Y chromosomes of Salix 
originated from an ancestral chromosome 19 sequence.

In addition to the Y-linked ARR17-like partial duplicates, 
some of which are probably involved in sex determination, 
as noted above, we detected a gene that is male-specific in 
Salix as it is shared by the Y-SLRs of 7XY and 15XY species. 
We named this MSF (male-specific factor). MSF is located 
close to the ARR17-like partial duplicates in the Y-SLRs of 
these Salix species (Fig. 5c, supplementary table S15, 
Supplementary Material online). In the Vetrix clade 
species S. triandra, MSF is close to its Satri15aG0041900 
gene described above. In the 15Y-SLR of S. arbutifolia, 
in the same clade, MSF and the orthologous gene 
(Saarb15bG0048300) are not physically close, due to an 

(a)

(c)

(b)

Fig. 5. Evolution of ARR17-like duplicates and MSF genes in Salix. a) Phylogenetic tree of exon 1 of the ARR17-like gene in two clades of Salix. The 
tree was rooted using the intact exon 1 of the ARR17-like gene from chromosome 12 of I. polycarpa. b) Phylogenetic relationships of the MSF 
sequences and their counterparts on chromosome 13 and 19 identified in Salix species and two outgroup species. All MSF and counterparts 
include exons 1, 2, 3, 5, and 6. Species abbreviations apply to (a and b): Sames: S. mesnyi; Sadum: male of S. dunnii; Sache: S. chaenomeloides; 
Satri: S. triandra; Saarb: S. arbutifolia; c) The physical location and collinearity of the exon 1 of ARR17-like partial duplicates and MSF on chromo-
somes in Salix. The length of the bar represents the length of SLRs.
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inversion (Wang et al. 2024a) (Fig. 5c, supplementary table 
S15, Supplementary Material online). MSF has a single paralog 
on chromosome 13 of all Salix species so far studied, which 
has 14 exons in our annotation (supplementary tables S18 
and S19, Supplementary Material online). Homologs with 
14 exons were also detected on the homologous chromo-
somes 13 and 19 in the outgroup species, P. trichocarpa, as 
well as the homologous I. polycarpa chromosomes 7 and 12 
(Table 1, supplementary table S20, Supplementary Material
online). A phylogenetic tree of the MSF sequences includes 
the Salix species’ 7Y and 15Y MSFs and their chromosome 
19 P. trichocarpa counterparts in a single clade (Fig. 5b, yellow 
lines), sister to the Salix chromosome 13 copies and their 
counterparts in the two outgroup species. However, the 
Y-SLR MSF sequences include only five exons, and are there-
fore partial duplicates, similar to the situation for the 
ARR17-like sequences.

The MSF duplicates could potentially be involved in sex 
determination in willows. The MSF homolog in Arabidopsis 

thaliana encodes a DEAD-box ATP-dependent RNA heli-
case. Deletion of AIP1/AIP2 (DEAD-box ATP-dependent 
RNA helicases) in rice leads to tapetum degradation, im-
pairing pollen development and resulting in male sterility 
(Li et al. 2011) in a manner similar to that of the kiwifruit 
male determining factor, FrBy (Akagi et al. 2019). The MSF 
gene may thus be important for male function in willows. 
A higher proportion of ancestral genes has been lost from 
the X and Y-SLRs in the 15XY species than from those with 
7XY systems (supplementary fig. S15 and table S14, 
Supplementary Material online), further supporting the 
transition of 15XY → 7XY (Xue et al. 2024). These results 
suggest the surprising conclusion that the ARR17-like par-
tial duplicates carrying exon 1 and MSF partial duplicates 
are both parts of a mobile male-specific unit that was du-
plicated and translocated from chromosome 19 to 15 in a 
Salix ancestor, and moved from 15 to 7 in an ancestor of 
the Salix clade species, and from 7Y to 7X in an ancestor 
of S. dunnii and S. chaenomeloides (Figs. 5c and 6).

Fig. 6. Model for the evolutionary path of sex chromosomes in male heterogametic diploid Salix. The black rectangles represent chromosomes. 
The length of black rectangles is represented as virtual rather than actual length. The gray regions on the chromosomes represent the sex-linked 
regions, and the dashed boxes indicate the inferred pericentromeric regions. Their lengths are all virtual. All chromosome numbers are labeled on 
the right side. Solid arrows indicate intact ARR17-like genes, while hollow arrows represent partial ARR17-like duplicates missing any of the five 
exons from the intact ARR17-like genes. Inverted V-shape arrows represent exon 1 of the partial ARR17-like duplicates alone. Solid chevron with a 
rectangular base arrows represent the MSF counterpart with 14 exons on chromosomes 13 and 19, while hollow dashed chevron with a rect-
angular base arrows indicate that the MSF counterpart has been lost. Solid triangles represent the MSF genes. For the specific copy numbers of 
partial ARR17-like and MSF sequences of studied willows sex chromosomes, see Fig. 5c.
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Expression Patterns of ARR17, MSF, and PI-like 
Duplicates in S. triandra and S. dunnii Buds and 
Catkins
To test whether the genes just described are indeed likely to 
be involved in sex determination, we studied expression in S. 
triandra flower buds. The two intact chromosome 19 
ARR17-like genes (especially exon 1) are expressed 
specifically in female buds, but not in male buds 
(supplementary fig. S16a and b, Supplementary Material on-
line). We also detected high expression of small RNAs 
(sRNAs) sequences from DNA near the ARR17-like partial du-
plicates within the S. triandra 15Y-SLR that include exon 1 
(supplementary fig. S16c, Supplementary Material online), 
suggesting that these may suppress the expression of intact 
ARR17-like genes in males, as it occurs in Populus species 
(Muller et al. 2020; Wang et al. 2022). As the partial MSF 
gene copies are Y-linked in S. triandra, they are expressed 
only in males. In this species, we detected high MSF expression 
in male flower buds and less in male catkins at the time 
when their intact ARR17-like gene expression ceases 
(supplementary fig. S16d and table S21, Supplementary 
Material online), consistent with sex determination being 
complete before catkins develop. The MSF and intact 
ARR17-like genes thus appear to have the same temporal ex-
pression patterns in males and females. Another gene that 
shows high expression in S. triandra males is a PI-like gene 
that is important in stamen development in P. tremula 
(Leite Montalvao et al. 2022), P. balsamifera (Cronk et al. 
2020), and Diospyros lotus (Yang et al. 2019). Its expression 
is barely detectable in any of the stages studied in females 
(supplementary fig. S16e and table S22, Supplementary 
Material online). The expression patterns of these three 
genes are similar in S. dunnii (supplementary table S23, 
Supplementary Material online) (He et al. 2024; Wang et al. 
2024b). We conclude that exon 1 of ARR17-like partial dupli-
cates act as male-determining factors in Salix, while MSF and 
PI-like genes, with male-specific expression, may be involved 
in male fertility functions. Further studies are needed to 
test this hypothesis.

Discussion
Turnovers in Willows and a Mobile Sex Determining 
Unit
The previous section described evidence for several inde-
pendent changes affecting the sex chromosomes of differ-
ent groups of Salix species. They all appear to involve 
changes in the pericentromeric regions of chromosomes, 
consistent with such regions being prone to undergo rear-
rangements. The gene movements revealed by our se-
quences might be promoted by actions of transposable 
elements, or permitted due to low gene densities in such 
regions. We indeed detect high repetitive sequence 
densities in the regions identified as SLRs, but our synteny 
analyses provide no evidence for genetic degeneration 
in terms of gene losses (Fig. 3, but see supplementary 
table S14, Supplementary Material online), though the 

pericentromeric regions showing complete sex linkage 
have low gene densities and high repeat densities, making 
such analyses difficult. Figure 6 summarizes the changes de-
tected. The intact ARR17-like factor is probably essential for 
female functions. It remained on chromosome 19, while the 
homologous chromosome 13 has lost any functional copy 
in willows. The expression of the intact ARR17-like gene is 
probably suppressed by expression of the ARR17-like gene 
exon 1 present in the partial duplicates in the Y-SLRs on 
chromosome 7 of Salix clade species, and chromosome 15 
of Vetrix clade 15XY species. The specific expression of in-
tact ARR17-like genes in the female buds of S. dunnii 
(supplementary table S23, Supplementary Material online) 
(He et al. 2024; Wang et al. 2024b), S. chaenomeloides 
(Wang et al. 2022), S. triandra, and S. arbutifolia (Wang 
et al. 2022), along with the sRNA produced from exon 1 se-
quences of ARR17-like partial duplicates within Y-SLRs, is 
consistent with previous evidence that ARR17-like genes 
are involved in sex determination in the Salicaceae 
(Muller et al. 2020). MSF genes may also contribute to sex 
determination, or may act down-stream. Expression of the 
single chromosome 13 paralog of MSF does not differ be-
tween the sexes (supplementary table S21, Supplementary 
Material online). The sex-linked MSF duplicates may have 
gained a new function in male development, by neo- 
functionalization or sub-functionalization. Further studies 
are needed to test the functions of the MSF copies.

Inference of the system ancestral to the 7XY and 15XY 
species is, however, complicated, because these are in two 
clades. Several observations described above suggest that 
7XY systems may be younger than 15XY ones (Xue et al. 
2024), but this is not certain, and further investigation of 
basal species within the Salix clade is needed to test this fur-
ther. The sex determining unit also included the newly dis-
covered Salix MSF sequences, as these are found in all 
Y-SLRs studied (Fig. 5c). Our phylogenetic analysis indicates 
that both Y-linked partially duplicated genes originated 
from the ancestral chromosome 19 copies (the MSF coun-
terpart has been lost on chromosome 19 of Salix). These 
changes probably created the ancestral 15XY system, which 
persisted in the Vetrix clade, while in the Salix clade, the 
ARR17-like partial duplicates containing exon 1, and also 
MSF, moved to chromosome 7 by duplicative transposition, 
creating the 7XY system (Fig. 6). The close physical proxim-
ity of the ARR17-like and MSF duplicates in the Y-SLRs sug-
gests that these two elements translocated as a single unit 
between chromosomes 15 and 7, similar to the transloca-
tions detected in kiwifruit (Akagi et al. 2019). Within the 
Vetrix clade (Fig. 1a), a phylogenetic analysis inferred an-
other change, a transition from a 15XY to a 15ZW system 
(Wang et al. 2024a), and our new results support this 
(Fig. 4d). The ARR17-like partial duplicates and MSF se-
quences in the 15Y-SLRs were then inherited by the 15Z 
of the Vetrix clade 15ZW species (supplementary table 
S18, Supplementary Material online) (Wang et al. 2023; 
He et al. 2024).

Movements of male-determining factors are well docu-
mented in the housefly (Meisel et al. 2017, 2020), resulting 
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in the presence of the same factor on different chromo-
somes in different populations, rather than a new maleness 
factor evolving (Meisel et al. 2020). Similar movements of 
sex-determining factors are documented in the plant 
genus Fragaria (Goldberg et al. 2010; Cauret et al. 2022), 
involving mobile regions of several kilobases. In Salix, 
also, it appears that no new maleness factor has evolved; 
instead, the original male-determining ARR17-like partial 
duplicate has moved. The MSF gene has moved along 
with the ARR17-like sequences, and duplicated copies 
are also found on the Salix sex chromosomes 15 and 
7. The size of the apparently mobile region is not yet clear, 
as insertions into the pericentromeric regions appear to 
have been followed by amplification of copy numbers, 
and rearrangements, probably because the insertions pre-
vented recombination in the Y-linked regions.

In the Salix clade, our results also suggest yet another 
type of turnover, in which an ancestral X chromosome 
in an ancestral species gave rise to the X and Y chromo-
somes found in two extant species, perhaps by a similar 
kind of movement, though not involving a different 
chromosome. Both the source location and that of the 
new factor are within the chromosome 7 pericentromeric 
region, though the copy numbers differ. This proposal re-
sembles the hypothesis suggested for the guppy 
(Charlesworth et al. 2021), involving the X acquiring a 
male-determining factor or factors. A similar change is 
plausible in the plant genus Spinacia (She et al. 2023). 
Our phylogenetic analyses of the ARR17-like partial dupli-
cates containing exon 1 and the MSF sequences (Fig. 5a 
and b) in the Salix clade suggest that S. dunnii and S. chae-
nomeloides acquired both these likely masculinizing fac-
tors before their divergence, rather than independently 
from the autosome 19 where source copies are found. 
The male-determining factor was probably then trans-
ferred (by an as yet unknown mechanism) from the ances-
tral Y chromosome to the ancestral X chromosome before 
the ancestral Y was lost in an ancestor of S. dunnii and S. 
chaenomeloides.

The Sex-linked Regions in Willows are 
Pericentromeric and May Have Evolved Suppressed 
Recombination
Recently evolved SLRs are predicted to be genetically small 
regions, for example, single genes involved in turnovers 
creating new male- or female-determiners (Pan et al. 
2021). However, a genetically small region need not be 
physically small, and once the sex-determining “locus” is 
established, further SA mutations may subsequently arise 
that may favor further linkage. These changes may evolve 
within physically large rarely recombining regions. The 
Salix genus is an example where both the sex-determining 
gene ARR17-like partial duplicates and the male-specific 
gene MSF are found in a region that is pericentromeric 
in the ancestral autosome (Figs. 3c, d and 5c; 
supplementary fig. S13, Supplementary Material online) 
(Wang et al. 2024a). The physically small Y-linked region 

in cultivated spinach is also within a pericentromeric re-
gion (Ma et al. 2022; She et al. 2023). Our Y–X divergence 
results, and the observation that rearrangements are sig-
nificantly associated with sex chromosomes after a sex- 
determining function arises on chromosomes (Table 2), 
suggest that recombination suppression has evolved in 
both the X- and Y-linked regions, and Z and W ones, in 
the species studied. MSF could be a sexually antagonistic 
factor involved in promoting some male function, and per-
haps favoring recombination suppression. These events af-
fected the pericentromeric regions of the respective 
chromosomes. Such regions recombine rarely, and the an-
cestral species would already have evolved high repeat dens-
ities and low gene densities (supplementary fig. S13, 
Supplementary Material online). The acquisition of a sex- 
determining factor together with the MSF, with male- 
specific expression, would have created selection for even 
lower recombination rates. In both the Vetrix and Salix 
clades, these changes were followed by rearrangements in 
the pericentromeric SLRs, but not their homologous 
autosomal regions, although these are also repeat-rich, 
which will make rearrangements more likely than in other 
genome regions. However, as the rearrangements are 
species-specific, they may be recent, and have occurred after 
recombination was suppressed. Based on the rearranged re-
gions, recombination suppression appears not to have ex-
tended into regions outside the pericentromeric regions.

All the willow X-SLRs are larger than their Y-linked 
counterparts. Not surprisingly, given their pericentromeric 
locations (supported by their repeat-richness, see Fig. 3c 
and d), they also include some inversions, although fewer 
than in the Y-SLRs (supplementary fig. S11, Supplementary 
Material online). The size difference is maintained in the 
15ZW species that we infer evolved from 15XY systems: 
in both ZW species, the X-derived W-SLR is larger than 
the Z one. The previous conclusion for S. arbutifolia 
(Wang et al. 2024a) is thus not an isolated unusual case. 
The smaller Y-linked regions in Salix XY species conform 
to the generally observed pattern that fully Y-linked re-
gions are often degenerated or partially degenerated. 
Degeneration and loss of Y-linked genes will allow some 
regions to be deleted (reviewed by Bergero and 
Charlesworth 2009). In Salix, however, expanded X-linked 
regions also appear to be important, and further work is 
needed to understand these changes. Our studies of sex 
chromosome turnovers in Salix species, involving move-
ments both within the same chromosome and between 
nonhomologous chromosomes, indicates the repeated in-
volvement of pericentromeric genome regions that al-
ready recombined very infrequently, rather than new 
nonrecombining regions evolving after a sex-determining 
gene appeared. Pericentromeric regions may be particular-
ly likely to undergo rearrangements, such as the inversions 
observed here, and deletions, and these locations may also 
explain the expanded X-linked regions just mentioned. As 
discussed in Wang et al. (2024a), similar processes are likely 
to be involved in the evolution of sex-linked regions in the 
platyfish, Xiphophorus maculatus (Volff and Schartl 2001). 
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Pericentromeric regions can now be studied, despite their 
high repetitive content, now that long-read sequencing is 
possible, making it possible to test these ideas in the future.

Materials and Methods
Plant Material
Young leaf, catkin, stem, and root samples of male S. mes-
nyi (Samehe19M) and male S. triandra (HL00105) were 
collected, frozen in liquid nitrogen, and stored at −80 °C 
for genome and RNA sequencing. We collected 41 indivi-
duals (21 females and 20 males) of S. mesnyi from four 
wild populations and Shanghai Chenshan Botanical 
Garden. The leaves of each individual were dried with silica 
gel for genome re-sequencing. We also downloaded short 
re-sequencing reads from 20 females and 19 males of 
S. triandra obtained by Wang et al. (2023) to distinguish 
the 15X and 15Y haplotypes in this species. Supplementary 
tables S24 and S25, Supplementary Material online describes 
all details of the plant material used.

Library Construction and Genome Sequencing
Young leaves of Samehe19M and HL00105 materials were 
used for genome sequencing. For Illumina PCR-free sequen-
cing, a total genomic DNA was extracted from the two sam-
ples using a Qiagen DNeasy Plant Mini Kit (Qiagen). 
Sequencing libraries were generated using the Illumina 
TruSeq DNA PCR-Free Library Preparation Kit (Illumina). 
After quality assessment using an Agilent Bioanalyzer 
2100 system (Agilent), the libraries were sequenced on an 
Illumina NovaSeq 6000 platform by Beijing Novogene 
Bioinformatics Technology (hereinafter referred to as 
Novogene). For Hi-C and HiFi sequencing, total genomic 
DNA was extracted by the CTAB method (Chang et al. 
1993). For Hi-C sequencing, fresh leaves from the two sam-
ples were preserved in a 4% formaldehyde solution in MS 
buffer to facilitate fixation. Following this, crosslinked 
DNA was isolated from the nuclei. To prepare the DNA 
for sequencing, the DpnII restriction enzyme was employed 
for digestion, and the resulting fragments were labeled with 
biotin, purified, ligated, and subsequently sequenced. The 
Hi-C libraries were sequenced by Novogene on an 
Illumina Hiseq X Ten platform. For the single-molecule real- 
time sequencing, HiFi libraries were prepared using the 
SMRTbell Express Template Prep Kit 2.0 (PacBio), featuring 
an insert size of 15 kb. DNA fragmentation was achieved 
using the Diagenode Megaruptor system, followed by con-
centration utilizing AMPure PB Beads from PacBio (CA, 
USA). The size selection of libraries was performed using 
the BluePippin System, and the sequencing process was car-
ried out by Novogene on the PacBio Sequel II platform.

Genome Assembly
We used the same assembly method for both species, 
first using the CCS software (https://github.com/ 
PacificBiosciences/ccs) to generate accurate PacBio HiFi 
reads. These reads were employed for the initial contig 

assembly using the Hifiasm pipeline v.0.16-r375 (Cheng 
et al. 2021) with default settings. We filtered the Hi-C reads 
using Fastp v.0.23.2 (Chen et al. 2018). Juicer v.1.5.6 (Durand 
et al. 2016) and 3d-DNA pipeline v180922 (Dudchenko 
et al. 2017) were then employed to yield comprehensive 
chromosome assemblies based on the filtered Hi-C reads. 
LR_Gapcloser v1.1 (Xu et al. 2019) and Minimap2 (Li 2018) 
were applied to improve the continuity of the assemblies 
using the HiFi reads. We also utilized NextPolish v.1.41 (Hu 
et al. 2020) to improve the accuracy of the assemblies’ base 
content by incorporating Illumina short reads. 
GetOrganelle v.1.7.5 (Jin et al. 2020) was used to assemble 
the chloroplast and mitochondrial genomes. Finally, 
BUSCO (v. 5.3.2; http://busco.ezlab.org/) analysis was con-
ducted to evaluate the genome assemblies’ completeness, 
using embryophyta_odb10 database. The chromosomes 
were numbered chr01a-chr19a and chr01b-chr19b (a and b 
represent two haplotypes), following the 19 chromosomes ar-
rangement of S. arbutifolia (Wang et al. 2024a).

Annotation of Genes and Repetitive Sequences
We used EDTA to identify transposable elements, producing 
a TE library (Ou et al. 2019). Then, RepeatMasker (http:// 
www.repeatmasker.org/RepeatMasker) was used to identify 
repetitive regions in the genomes. We used the MAKER 
(Cantarel et al. 2008) annotation pipeline for gene annota-
tion of repeat masked assemblies, combining evidence 
from transcriptome data, protein homology-based, and 
ab initio prediction. AUGUSTUS v.3.4.0 (Stanke et al. 
2008) was used for ab initio prediction of protein-coding 
genes. For homology-based gene annotation, the protein se-
quences from published data from 17 species of Salicaceae 
and Arabidopsis thaliana (supplementary table S26, 
Supplementary Material online) (a total of 278,011 protein 
sequences) were aligned to the genomes using BLASTX. 
For transcriptome-based prediction, we used three strategies 
for transcriptome assembly. We conducted de novo assem-
bly initially using Trinity v.2.0.6 (Grabherr et al. 2011), 
and then, after aligning mRNA reads to the genomes 
with HISAT2 v.2.1.0 (Kim et al. 2015), we separately used 
Trinity’s genome-guided mode and StringTie v.2.1.5 (Pertea 
et al. 2015). We then used PASA pipeline for gene structure 
annotation. Finally, EvidenceModeler (Haas et al. 2008) was 
used to generate consistent gene annotations. Functional an-
notation of the predicted genes was done by aligning with 
the Swiss_Prot, TrEMBL, NR, A. thaliana, and InterPro pro-
tein databases using Diamond v.0.9.24 (Buchfink et al. 
2015). Gene ontology and KEGG were also assigned by 
eggNOG-Mapper (Huerta-Cepas et al. 2017). Annotation 
of tRNA, rRNA sequences, and other noncoding RNAs fol-
lowed the method outlined in He et al. (2021).

Determining the Sex-linked Regions
Total genomic DNA was extracted from leaves of S. mesnyi 
using the Qiagen DNeasy Plant Mini Kit (Qiagen, Valencia, 
CA, USA) following the manufacturer instructions. Whole 
genome re-sequencing using paired-end libraries were 
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performed on Novogene. We filtered the low-quality raw 
reads and removed adapters using Fastp v.0.23.2 with para-
meters “-cut_tail -n_base_limit 3 -length_required 60 
-correction” and used clean reads for the CQ and FST ana-
lyses described below.

To identify the X and Y haplotypes containing respect-
ively the X and Y-linked regions in S. mesnyi and S. triandra, 
we employed the CQ method, utilizing CQ-calculate.pl 
(Hall et al. 2013) following the approach of He et al. 
(2021). Clean reads from individuals of known sexes (41 
of S. mesnyi and 39 of S. triandra, see above) were mapped 
to haplotypes a and b separately, and then coverage was 
calculated in 50-kb nonoverlapping windows. In an XY sys-
tem, where X- and Y-linked sequences differ, or where 
many sequences are absent from the Y chromosome, 
coverage ratios of female to male sequences (CQ values) 
should be approximately two when the X haplotype is 
used as the reference, versus close to 1 and zero, respect-
ively, for autosomal and Y-linked windows. If S. mesnyi 
had a 7XY system like other species in the Salix clade, we 
would expect to find a chromosome 7 region with CQ va-
lues close to 0. Similarly, the chromosome 15Y in S. trian-
dra, which has a 15XY system, should carry a region with 
CQ close to 0. Regions with Y-specific sequence due to in-
sertions of sequence into the Y can also potentially be 
detected.

The reads were aligned to the genome assemblies using 
the BWA-MEM algorithm of BWA 0.7.12 (Li and Durbin 
2009), and GATK v. 4.1.8.1 and VCFtools (Danecek et al. 
2011) were employed to filter and select high-quality 
SNPs. We excluded (i) sites with coverage above twice 
the mean depth at variant sites across all samples, (ii) non-
biallelic SNPs, and (iii) SNPs with >10% missing informa-
tion and/or minor allele frequency <5%.

Weighted FST values between the sexes were calculated 
in 100-kb overlapping windows with 10-kb steps using 
Weir and Cockerham (1984) estimator based on SNP data-
sets with VCFtools. A changepoint package (Killick and 
Eckley 2014) was used to detect regions where the FST va-
lues change significantly, in order to detect candidate SLRs 
(He et al. 2021).

We used LDBlockShow v.1.36 (Dong et al. 2021) to cal-
culate and visualize LD patterns between SNPs for the 7X, 
7Y, 15a, and 15b of S. mesnyi, as well as 7a, 7b, 15X, and 15Y 
of S. triandra. PopLDdecay (Zhang et al. 2019) was used to 
estimate LD decay for the autosomes (including PARs), 
X-SLRs, and Y-SLRs of S. mesnyi and S. triandra. We identi-
fied possible pericentromeric regions in the S. mesnyi and 
S. triandra genomes based on the observed high density of 
TEs and low gene content, which are expected in pericen-
tromeric regions (Charlesworth et al. 1994), as well as high-
er LD.

Identification of X and Y-SLR Specific Genes
X-SLR genes with no BLAST hits in the Y-SLR were classi-
fied as X-SLR specific, and vice versa for Y-SLR specific 
genes. To further classify genes specific to the X- and 

Y-SLRs in 7XY and 15XY system willow species, we used 
the 7a haplotype of the autosomal chromosome 7 of S. ar-
butifolia (15XY) as an outgroup for the 7XY species, and 
the autosomal 15a haplotype of S. dunnii (7XY) for the 
15XY species. These outgroups represent the likely ances-
tral states of the relevant sex chromosomes (Wang et al. 
2024a). We used the following criteria to detect gene inser-
tions and losses: if a gene specific to the X- or Y-SLR has a 
homolog in the inferred ancestral chromosome, it was clas-
sified as a gene loss from the Y or X, as appropriate; if no 
BLAST hit was detected, it was classified as a gene insertion 
in the Y or X. We estimated degeneration of the regions 
inferred to be SLRs, using the numbers of gene losses ex-
pressed as proportions of the total number of genes shared 
between the X and Y haplotypes in the SLR. We used 
Y-specific genes identified in the 7XY and 15XY systems 
to identify genes shared by the Y chromosomes of different 
species, using BLASTP.

Identifying Intact ARR17-like Genes and Partial 
Duplicates, and MSF Sequences
To identify ARR17-like sequences, we used BLASTN to 
search the whole genomes of S. mesnyi and S. triandra 
with the Populus species sequence Potri.019G133600 
(Muller et al. 2020) as the query. The intact ARR17-like 
copy includes five protein-coding exons. We categorized 
duplicates lacking any of these exons in the BLASTN results 
as partial sequences (Wang et al. 2022). To identify coun-
terparts of MSF (a shared gene on Y chromosomes) and 
identify their locations in willow genomes, we used MSF 
exons as queries in BLASTN searches using the whole gen-
ome assemblies of species with phased SLRs. We also 
searched for homologs of the PISTILLATA (PI) gene, a 
B-class gene in the ABCDE flower development model 
(Lamb and Irish 2003), that is essential for stamen develop-
ment and is indirectly regulated by an intact ARR17-like 
gene (Hou et al. 2022; Leite Montalvao et al. 2022). We 
used BLASTN to search the whole genomes of S. mesnyi 
and S. triandra using the PI homolog in the P. trichocarpa, 
Potri.002G079000 as the query.

Synteny and Phylogenetic Analysis
To study chromosomal rearrangements in the sex chromo-
somes and their corresponding homologous autosomes in 
Salix species, we did separate synteny analyses in the two 
clades, analyzing the sex chromosomes and their homolo-
gous autosomes, as well as comparing homologous auto-
somes; the analyses used protein-coding genes and the 
Python version of MCScan (Tang et al. 2008). The same 
method was used for synteny analysis between chromo-
somes 13 and 19 of S. mesnyi, S. triandra, and P. trichocar-
pa, and chromosomes 7 and 12 of I. polycarpa, to 
determine paralogs created by the shared WGD event de-
scribed above.

We used OrthoFinder (Emms and Kelly 2019) to detect 
SCOs in Salix species whose genomes have been assembled 
(S. mesnyi, S. dunnii, S. chaenomeloides, S. triandra, 
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S. arbutifolia, S. polyclona, S. viminalis (Almeida et al. 2020), S. 
suchowensis (Dai et al. 2014), and S. purpurea) and the two 
outgroup species (P. trichocarpa and I. polycarpa) for phylo-
genetic reconstruction. The OrthoFinder results were also 
used to detect SCOs within the SLRs of species with each of 
the three sex determination systems (7XY, 15XY, and 
15ZW) in the Salix genus; this was done separately for Salix 
clade species (S. mesnyi, S. dunnii, and S. chaenomeloides) 
and Vetrix clade species (S. triandra, S. arbutifolia, S. polyclona, 
and S. purpurea). Since gametologs start diverging as soon as 
recombination stops, SLRs in which recombination was sup-
pressed at different times, relative to the split of related spe-
cies, should exhibit different topologies, indicating the relative 
timing (Handley et al. 2004; Bergero and Charlesworth 2009; 
Zhang et al. 2022). We also estimated phylogenetic trees for 
two Y-linked sex-determining candidates, including the 
exon 1 sequences of the intact and partial ARR17-like dupli-
cates, and the MSF sequences together with their chromo-
some 13 counterparts, as well as counterparts from both 
outgroup species. MAGUS software (Smirnov and Warnow 
2021) was used to align sequences, and IQ-TREE (Nguyen 
et al. 2015) to estimate gene trees. Finally, ASTRAL v. 5.7.8 
(Zhang et al. 2018) was employed to infer species trees 
from the gene trees.

Expression of MSF, PI, and ARR17-like Sequences
To study the expression patterns of MSF and ARR17-like 
genes, buds, and catkins were collected from male 
(HL00105) and female (HL00104) S. triandra individuals. 
For each sex and individual, estimates were obtained 
from three biological replicates. Total RNA of buds and 
catkins were extracted using the Plant RNA Purification 
Reagent (Invitrogen). Transcriptome libraries for 
RNA-seq were constructed utilizing the TruSeq RNA sam-
ple preparation kit (Illumina), sequenced on an Illumina 
Novaseq 6000 platform by Novogene. Additionally, tran-
scriptome data were downloaded for six stages of male 
and female bud of S. dunnii (T1-T5: flower bud stage; T6: 
anthesis onset) from BioProject accession number 
PRJNA1110836, and data (designated T7) for mature 
male and female catkins of S. dunnii from He et al. 
(2024). The RNA-seq reads of S. triandra and S. dunnii 
were mapped to their own reference genomes using 
HISAT2 v2.1.0 (Kim et al. 2015), and counts were assigned 
using featureCounts v.2.0.1 (Liao et al. 2014). To detect 
sRNAs produced by the ARR17-like partial duplicates on 
the 15Y chromosome of S. triandra, we performed sRNA 
sequencing. Total RNA from male (HL00105) buds of S. tri-
andra was extracted using RNAprep Pure Plant Plus Kit 
(Tiangen, China), with three biological replicates. The 
sRNA with adapters at both ends was hybridized with 
the reverse transcription primers to synthesize the first- 
strand cDNA. PCR enrichment was used to obtain the 
double-stranded cDNA library. After purification, a library 
with an insert size of 18 to 40 bp was selected for sequen-
cing. Small RNA-seq libraries were sequenced on an 
Illumina NovaSeq 6000 platform, and then sRNAminer 

v1.1.2 (Li et al. 2024) was used to analyze the distribution 
of sRNAs near the exon 1 of ARR17-like partial duplicates.

Supplementary Material
Supplementary material is available at Molecular Biology 
and Evolution online.
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