nature communications

Article https://doi.org/10.1038/s41467-024-51158-3

Allopolyploidization from two dioecious
ancestors leads to recurrent evolution of sex
chromosomes

Received: 13 March 2024 Li He®"'° , Yuan Wang"'°, Yi Wang ® 2, Ren-Gang Zhang ® 3>, Yuan Wang',
Elvira Hérandl®°, Tao Ma®¢®, Yan-Fei Mao’, Judith E. Mank® & Ray Ming ®°

Accepted: 31 July 2024

Published online: 12 August 2024

Polyploidization presents an unusual challenge for species with sex chromo-
® Check for updates somes, as it can lead to complex combinations of sex chromosomes that dis-
rupt reproductive development. This is particularly true for
allopolyploidization between species with different sex chromosome systems.
Here, we assemble haplotype-resolved chromosome-level genomes of a
female allotetraploid weeping willow (Salix babylonica) and a male diploid S.
dunnii. We show that weeping willow arose from crosses between a female
ancestor from the Salix-clade, which has XY sex chromosomes on chromo-
some 7, and a male ancestor from the Vetrix-clade, which has ancestral XY sex
chromosomes on chromosome 15. We find that weeping willow has one pair of
sex chromosomes, ZW on chromosome 15, that derived from the ancestral XY
sex chromosomes in the male ancestor of the Vetrix-clade. Moreover, the
ancestral 7X chromosomes from the female ancestor of the Salix-clade have
reverted to autosomal inheritance. Duplicated intact ARRI7-like genes on the
four homologous chromosomes 19 likely have contributed to the maintenance
of dioecy during polyploidization and sex chromosome turnover. Taken
together, our results suggest the rapid evolution and reversion of sex chro-
mosomes following allopolyploidization in weeping willow.

Polyploidy is an important feature of genome evolution'?, and in the context of sex chromosomes**®. For example, how does the
although highly degenerate sex chromosomes might act as a barrierto  polyploid lineage overcome unbalanced sex chromosome dose
polyploidy®, polyploidy in lineages with less differentiated sex chro- effects? In autopolyploid lineages, where both genome copies arise
mosomes has been observed (e.g., diecious plants, amphibians, and from the same species’, polyploid progeny could inherit the sex
fishes, etc.)*". Polyploidization presents several interesting questions chromosomes from the diploid ancestor®. However, allopolyploidy,
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where hybridization between species combines one duplicated copy
of each ancestral genome, could lead to diverse sex chromosome
combinations when the diploid ancestors carry different sex chro-
mosome types (XX/XY, male heterogametic and ZW/ZZ, female het-
erogametic), or even the same sex chromosome type but on different
chromosomes®™®. The increased sex chromosome complement in
polyploids could disrupt the sex-determination process, leading to the
loss of dioecy, such as the reversal to monoecy observed in polyploid
persimmon” ™, Alternatively, the allopolyploidization from lineages
with competing sex chromosome systems could lead to transitions
between sex-determining systems, but how this occurs, and how the
allele dosage effects of competing sex chromosome systems are
overcome, remains an open question.

Allopolyploidization also raises interesting questions about how
one of the duplicated sex chromosome pairs reverts to autosomal
inheritance. Most cases of polyploidization are followed by rediploidi-
zation, sometimes instantaneously from the point of polyploidization,
but more often rediploidization is a gradual process™. Rediploidization
presents peculiar issues for duplicated sex chromosomes, as only one
pair is retained as the sex-determining chromosomes*®, as has been
observed in Rumex acetosella”, although see the ZZZW/ZZ77 system in
autotetraploid Salix polyclona®. Presumably, the superfluous pair of sex
chromosomes transition into autosomes, but the XY or ZW chromo-
somes of a pair may carry different gene content, and some genes might
be lost in the rediploidization process*. For example, doublesex and
mab-3 related transcription factor (DMRTI) gene copies, male-related
autosomal genes, were pseudogenized multiple times independently in
Xenopus following polyploidization in order to balance sex
determination’, However, the retention and loss of sex chromosomes
during allopolyploidization, and how this affects gene content and sex
determination, remains largely unexplored due to the previous lack of
haplotype-resolved genome assemblies of polyploid diecious plants.

The weeping willow (Salix babylonica), native to eastern Asia, is a
frequently cultivated ornamental tree in the northern hemisphere’®*,
The species is tetraploid (2n = 76) and a member of a tetraploid group
of Salix*, that likely arose from crosses between species from the Salix-
and Vetrix-clade within the genus Salix according to phylogenetic
incongruence between the chloroplast and nuclear trees of Salix'**°*,
Diploid species within the Salix-clade have XY sex chromosomes on
chromosome 7, whereas species in the Vetrix-clade have XY or ZW sex
chromosomes on chromosome 15%, with 15XY inferred as the ancestral
sex chromosomes of the clade”?°. The weeping willow is dioecious
and produces viable seeds**”, suggesting that it also has sex chro-
mosomes and has overcome the allele dosage effect of the two dif-
ferent sex chromosome systems of its ancestors. This system provides
an opportunity to understand how allopolyploidization resulting from

Table 1| Statistics of the S. babylonica and S. dunnii genome
assemblies

S. babylonica S. dunnii
Total assembly size (Mb) 1286 696
Total number of contigs 102 40
Maximum contig length (Mb) 32 37
Minimum contig length (Kb) 64 156
Contig N50 length (Mb) 16 19
Contig N50 count 33 16
Contig N9O length (Mb) 10 13
Contig N9O count 70 33
Gap number 24 0
GC content (%) 34 33
Gene number 123,231 65,485
Repeat content (%) 41 48

the hybridization of two species with different sex chromosome sys-
tems resolves into stable dioecy.

The genetic control of the sexes in the Salicaceae is well known
from poplars (Populus), the sister genus of Salix. In the male-specific
region of the Y chromosome, duplicates of the partial ARABIDOPSIS
RESPONSE REGULATOR 17 (ARRI?) orthologue produce small RNAs
(sRNA) that silence the intact ARR17-like gene of poplar sex chromo-
some 19, thereby indirectly activating PISTILLATA (PI, required for
stamen development) and suppressing female development®~°. Par-
tial ARRI7-like duplicates have also been found in the Y-linked regions
(7Y in the Salix-clade and 15Y in the Vetrix-clade) of willows, which can
produce sRNAs to suppress the expression of intact ARR17-like genes
on chromosome 19%. The diploid 15XY and 15ZW species of the Vetrix-
clade inherited the sex-linked region (SLR) from their 15XY ancestor,
with the W- and X-SLR coming from the ancestral X-SLR, and Z- and
Y-SLR from the ancestral Y-SLR. The ancestral Y-linked genes are close
to partial ARR17-like duplicates®* %, and two ancestral X-Y homologous
gene pairs diverged in the progenitor of the Vetrix-clade®.

To understand how different parental sex chromosome systems
affect allopolyploidization, we assemble a haplotype-resolved chro-
mosome-level genome of a female allotetraploid weeping willow and a
haplotype-resolved genome of a male diploid S. dunnii of the Salix-
clade with an XY system on chromosome 7. We previously assembled a
female genome, which includes 7X, of S. dunnii based on Oxford
Nanopore Technologies (ONT) long reads”, and the work reported
here includes the 7Y chromosome. We show that the weeping willow
inherited two alternative sex chromosome systems, 7XX from a female
ancestor of the Salix-clade, and most likely 15XY from a male ancestor
of the Vetrix-clade. Following allopolyploidization, the Salix-clade 7X
sex chromosomes reverted to autosomal inheritance, while the Vetrix-
clade 15XY sex chromosome system gave rise to a 15ZW sex chromo-
some system to form stable dioecy and female heterogamety observed
in the weeping willow today.

Results

Genome assembly and annotation

From a single female S. babylonica, we generated 46 Gb (64X) of HiFi
reads, 79 Gb (94X) of lllumina reads, and 164 Gb (254X) of Hi-C reads
(Supplementary Table 1). From a single male S. dunnii individual (with
XY sex chromosomes on chromosome 7*), we generated 39 Gb (112X)
of HiFi reads, 40 Gb (108X) of lllumina reads, and 37 Gb (107X) of Hi-C
reads (Supplementary Table 1). After assembling each species sepa-
rately with the PacBio HiFi and Hi-C reads, we used Illumina short reads
to correct errors for each genome. The S. babylonica assembly was
1286 Mb, comprised of 102 contigs (contig N50 =16 Mb) (Table 1), with
a final chromosome-scale assembly of 76 pseudochromosomes and
gap-free sex chromosomes (Fig. 1a, Supplementary Fig. 1, and Sup-
plementary Table 2). We obtained an S. dunnii assembly of 696 Mb,
comprised of 40 contigs (contig N50=19 Mb) and a final gap-free
chromosome-scale S. dunnii genome with 38 pseudochromosomes
(Fig. 1b, Table 1, and Supplementary Fig. 2).

For the S. babylonica assembly, about 98.91% of Illumina short
reads and 99.43% HiFi reads could be aligned back to the genome
assembly, and 99.41 and 95.79% of the assembly was covered by at
least 20X reads, respectively. Similarly, about 99.95% of lllumina short
reads and 99.86% of HiFi reads were mapped back to the S. dunnii
genome assembly, and around 99.18 and 99.86% of the assembly was
covered by at least 20X reads, respectively. BUSCO analysis suggested
that 1422 (98.8%) highly conserved core proteins were identified in the
S. babylonica genome, and 1416 (98.4%) highly conserved core pro-
teins in the S. dunnii genome (Supplementary Table 3).

We recovered 525.5 Mb (40.86%) and 333.7 Mb (47.92%) of repe-
titive sequences in the S. babylonica and S. dunnii genomes (Supple-
mentary Data 1). Among them, long terminal repeats (LTRs)
represented the most common component, accounting for 19.37% of
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Fig. 1| Origin and divergence time estimation of S. babylonica subgenomes.
a Synteny of female S. babylonica genome. b Synteny of male S. dunnii genome.

c Inferred phylogenetic tree and divergence times based on nuclear genome

sequences of eight willows and the outgroup P. trichocarpa. Blue node bars are 95%
confidence intervals, and the black nodes are three fossil calibration points®. Black

numbers marked around nodes represent divergence time. Orange numbers

marked above branches represent support values. 19XY, 7XY, 15XY and 15ZW on the

right represent different sex-determination systems. d Inferred phylogenetic tree
based on chloroplast genome sequences of the nine species. Numbers marked on
the tree represent bootstrap values (Supplementary Fig. 5). e Synteny between Va
haplotype of S. babylonica and a haplotype of S. arbutifolia. f Synteny between Sa
haplotype of S. babylonica and a haplotype of S. dunnii. Source data are provided as

a Source Data file.
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the S. babylonica genome and 24.78% of the S. dunnii genome (Sup-
plementary Data 1). A total of 123,231 genes (116,745 mRNAs excluding
alternative splicing, 2428 transfer RNAs (tRNAs), 1528 ribosomal RNAs
(rRNAs), and 2530 unclassifiable noncoding RNAs (ncRNAs)) were
identified in S. babylonica (Supplementary Data 2). We obtained 65,485
genes, (61,872 mRNAs, 1139 tRNAs, 1102 rRNAs, and 1372 ncRNAs) in S.
dunnii (Supplementary Data 3). The average S. babylonica protein-
coding gene is 3421.6 bp long, with an average of 5.9 exons, and the
average S. dunnii protein-coding gene is 3683.4bp long, with an
average of 6.4 exons (Supplementary Table 4). By combining several
strategies, we were able to match the vast majority of our predicted
genes to predicted proteins in public databases such as GO, KEGG, and
Swiss_Prot (Supplementary Data 4), and only 1.77% of S. babylonica
protein-coding genes and 2.24% S. dunnii protein-coding genes were
not annotated.

Phylogenetic analysis and divergence time estimation

We confirmed that S. babylonica is a tetraploid based on flow cyto-
metry and an allotetraploid according to our k-mer results (Supple-
mentary Figs. 3, 4). To determine the ancestry of the two subgenomes
(S from Salix-clade and V from Vetrix-clade) within the genus Salix, we
obtained 5146 single-copy orthologs from our S. babylonica Salix (Sa)
and Vetrix (Va) haplotypes, and a haplotype genome assembly from S.
dunnii, as well as from six other willows with available genomes, and
from the outgroup Populus trichocarpa (Supplementary Table 5). The
resulting species tree is broadly consistent with previous studies and
resolves the Salix- and Vetrix-clade****%2,

Importantly, our results show that the V subgenome of S. baby-
lonica originated from an ancestor in the Vetrix-clade and diverged
from the S. brachista-S. viminalis-S. purpurea-S. suchowensis clade
about 25.26 Mya (million years ago), while the S subgenome originated
from an ancestor in the Salix-clade, diverging from the S. dunnii-S.
chaenomeloides about 22.53 Mya (Fig. Ic, e). We also estimated the
phylogenetic tree from chloroplast genomes, which suggests that the
maternal ancestor of S. babylonica originated from the Salix-clade®
(Fig. 1d, f and Supplementary Fig. 5).

According to the inferred time of transposable elements diver-
gence (see methods) between the subgenomes of S. babylonica, the
estimated allotetraploidization time is around 6.2-2.91 Mya (Supple-
mentary Fig. 6), suggesting that S. babylonica may have emerged
during this period. Since the genus Salix contains >400 species® and S.
babylonica is nested in a tetraploid group in a plastome tree”, we
cannot conclude whether the parental species of weeping willow are
extant or extinct based on currently available genomes.

Identification of the sex-determination system

We used 4417.1 million clean Illumina reads from 20 females and 20
males of allotetraploid weeping willow (97-135.8 million reads per
individual, mean 110.4, Supplementary Data 5), to identify sex-specific-
k-mers, and found a significant enrichment of female-specific k-mers
on chromosome 15Va, between 5.32-9.71Mb (Fig. 2a and Supple-
mentary Fig. 7a), consistent with a W chromosome. We did not observe
a significant enrichment of male-specific k-mers on any chromosome
of S. babylonica, as expected in a female-heterogametic system (Sup-
plementary Fig. 7b). Our results from the chromosome quotient (CQ)
method® are concordant with the k-mer analysis, and we detected the
sex-linked region (SLR) between 5.28-9.69 Mb on chromosome 15Va,
with mean M:F (male: female) CQ (chromosome quotient) = 0.27,
consistent with a W chromosome. The M:F CQ of 2.83-7.88 Mb of
chromosome 15Vb had a mean of 2.1, consistent with a Z chromosome.
We did not find significant CQ signals or partial ARRI7-like duplicates
on chromosomes 15Sa and 15Sb (Supplementary Fig. 8 and Supple-
mentary Data 6). These results suggest that weeping willow has a
female heterogametic system on chromosome 15, 15Va and 15Vb are W
(15Vw) and Z (15Vz) chromosomes, respectively.

Our synteny analysis revealed four inversion events between the
15Vy and 15V chromosomes of S. babylonica, and further confirmed a
6.3 Mb W sex-linked region (SLR) between 3.41-9.71 Mb on 15Va, with a
corresponding 5.25Mb Z-SLR between 2.66-7.91 Mb on 15Vb (Fig. 2a
and Supplementary Fig. 9). The other regions of the two chromosomes
form pseudoautosomal regions (PARs) with 8.74 Mb in 15Va and
8.13 Mb in 15Vb, respectively.

S. dunnii has a male heterogametic system on chromosome 7',
The F:M (female: male) CQ analysis revealed a 5.35Mb region,
spanning 6.15-11.5 Mb on 7X, with mean CQ =2.03. We also observe
a 2.35Mb region spanning 6.25-8.6 Mb, on 7Y with mean CQ =0.22
(Fig. 2b). We obtained 6,687,746 and 6,705,953 SNPs for haplotype a
(including 7X) and b (including 7Y) of S. dunnii, and used these to
calculate the Fst values between the 18 male and 20 female genomes.
Changepoint analyses detected significantly higher Fsy values
between 5.77-11.64 Mb on chromosome 7X and 5.76-8.71Mb on
chromosome 7Y than in other regions (PARs), which covered the
regions identified by CQ. We identified three inversion events
between the X and Y in S. dunnii using synteny analysis (Fig. 2b and
Supplementary Fig. 10), which are all within the region identified as
sex-linked by Fst analysis. SLRs of both S. babylonica and S. dunnii
show low gene density and high repetitive sequence density (Fig. 2c,
d and Supplementary Data 7).

Evolutionary origin of Salix babylonica

The nuclear and chloroplast trees suggest that the female ancestor of
S. babylonica arose from the Salix-clade, while the male ancestor most
likely came from the Vetrix-clade. The Vetrix-clade contains both
15X15X/15X15Y and 15Z15W/15Z15Z species, however phylogenetic
analysis of ancestral sex-linked genes within the Vetrix-clade reveals
that alleles cluster by gametologs, with one clade comprising of S.
arbutifolia 15X, S. babylonica 15W and S. purpurea 15W, and another
clade comprising of S. arbutifolia 15Y, S. babylonica 15Z and S. purpurea
15Z (Fig. 3a). This result suggests that S. babylonica inherited 15X and
15Y, which correspond to 15W and 15Z respectively, or 15W and 15Z
from its Vetrix-clade ancestor. A diploid male (15Z15Z) in a female
heterogametic species can only produce 15Z gametes, and cannot
produce 15W, which must come from a female, while a diploid male
(15X15Y) in male heterogametic species can produce unreduced
gametes with 15X and 15Y. This suggests that the 15XY is the most likely
sex chromosome system for the male S. babylonica Vetrix-clade
ancestor. Therefore, this suggests that the ancestral Vetrix-clade
15Y (hereafter, 15Vy) transitioned to 15Z (hereafter, 15Vy) in S. babylo-
nica, and 15X (hereafter, 15Vy) transitioned to 15W (hereafter, 15Vy)
(Figs. 1c, d, 2a, 3a).

To better understand the transition from 15VxVy in the S.
babylonica male Vetrix-clade ancestor to the current S. babylonica
15V;Vy sex chromosome system, we examined the distribution of
ARR17-like genes in S. arbutifolia (15X15X/15X15Y) and S. babylonica,
which are involved in sex determination in Salix and Populus**. We
found ARRI7-like partial duplicates on 15Y-SLR of S. arbutifolia and
on 15V,-SLR of S. babylonica (Supplementary Fig. 11 and Supple-
mentary Data 6), while they are absent in 15X-SLR and 15Vy-SLR of
these two species. This further confirmed the transitions
(15Vx~>15Vy and 15Vy~>15Vy) in S. babylonica. The 15W and 15Z of
diploid S. purpurea also arose from ancestral Vetrix-clade 15X and
15Y, respectively, but its 15W has accumulated intact ARRI17-like
genes”,

We also assessed collinearity between the sex chromosomes (7X
and 7Y) of S. dunnii and the homologous autosomes (7Sa, 7Sb, 7Va, and
7Vb) of S. babylonica. Our results suggest that 7X of the female Salix-
clade ancestor has reverted to autosomal inheritance in S. babylonica
(Figs. 1c, d, 3b). There are inversions between the sex chromosomes of
S. dunnii, but the gene order on autosome 7Sa and 7Sb of S. babylonica
is most similar to 7X of S. dunnii, again consistent with a female Salix-
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Fig. 2 | Sex-linked regions in S. babylonica and S. dunnii. a CQ (male vs. female
alignments), collinearity and female-specific k-mer results for S. babylonica sex
chromosomes 15Vb(Vz) and 15Va(Vy). Supplementary Fig. 7a shows k-mer results of
the whole genome. The collinearity results between two sex chromosomes show
four inversions. b Male-female Fst, CQ (female vs. male), and collinearlity results for

S. dunnii sex chromosomes 7X and 7Y. The collinearity results between two sex
chromosomes show three inversions. ¢ Gene and transposable elements (TEs)
landscape of S. babylonica sex chromosomes (100-kb windows). d Gene and TEs
landscape of S. dunnii sex chromosomes (100-kb windows). SLR: sex-linked region.
PAR: pseudoautosomal region. Source data are provided as a Source Data file.

clade ancestor (Fig. 3b). In addition, the number of genes in the 7Sa&Sb
regions syntenic with 7X-SLR is between those in 7X-SLR and 7Va&Vb
region (autosome) syntenic with 7X-SLR, supporting that 7Sa&Sb are
derived from 7Sy (Supplementary Data 7).

Allopolyploidization from these ancestors could have involved
diploid unreduced gametes (Supplementary Fig. 12). Alternatively,
crosses between two tetraploid ancestors is also possible, though
arguably less likely”*. The first scenario suggests that the unreduced
gametes from the male Vetrix-clade ancestor gametes were likely
15X15Y (hereafter, 15Vx15Vy) (skipping meiosis 1), or 15X15X (hereafter,
15Vx15Vy) or 15Y15Y (hereafter, 15Vy15Vy) (skipping meiosis II). The
unreduced gametes from the female Salix-clade ancestor were likely
7X7X (hereafter, 7Sx7Sx) (Figs. 1d, 3b). These female and male gametes
can produce 7Sx7Sx15Vx15Vy (now 7Sa7Sb15V,15Vy) females and
7Sx7Sx 15Vy15Vy (now 7Sa7Sb15V,15V,) males.

Evolution of the sex-linked region

In S. babylonica, gene counts are similar between the Vy-SLR (323
protein-coding genes) and Vz-SLR (306 protein-coding genes), though
their total lengths (Vw-SLR 6.31Mb vs. Vz-SLR 5.25Mb) and repeat
lengths (Vw-SLR 3.86 Mb vs. Vz-SLR 2.96 Mb) differ (Supplementary
Data 7). This suggests that sex chromosome turnover or/and poly-
ploidization inhibited substantial heteromorphy of V, and Vy*. We
compared the collinearity and genomic composition in S. babylonica
(15VzVw), S. purpurea (15ZW), and S. arbutifolia (15XY) (Fig. 3¢, d), and
our results indicate that these regions evolved independently in dif-
ferent sex chromosomes despite having the same origin. The S.
babylonica 15Vz-SLR, S. purpurea 15Z-SLR, and S. arbutifolia 15Y-SLR,
constitute 39.24, 32.77, and 16.48% of their Z or Y chromosome. The S.
babylonica 15V\w-SLR, S. purpurea 15W-SLR, and S. arbutifolia 15X-SLR,
constitute 41.95, 42.95, and 43.66% of their W or X chromosome
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Fig. 3 | Evolutionary relationships, genomic composition, and collinearity of
sex chromosomes in different sex-determination systems. a The phylogenetic
tree is reconstructed from ancestral sex-linked genes proposed by ref. 25.

b Collinearity and genomic composition of S. babylonica 7Va, 7Vb, 7Sa, 7Sb and S.
dunnii 7X, 7Y. Pink indicates the collinear regions of 7X-SLR, 7Y-SLR, and 7Sa, 7Sb,
7Va, and 7Vb. ¢ Collinearity and genomic composition of the S. babylonica 15V,
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represent the sex-linked regions in Sabab, Saarb, and Sapur, respectively.

d Collinearity and genomic composition of the S. babylonica 15V\-SLR, the S.
arbutifolia 15X-SLR, and S. purpurea 15W-SLR. Orange, red, and blue represent the
sex-linked regions in Sabab, Saarb, and Sapur, respectively. Sabab: S. babylonica;
Sadum: S. dunnii; Saarb: S. arbutifolia; Sapur: S. purpurea. Source data are provided
as a Source Data file.

(Supplementary Data 7). Furthermore, we detected different inver-
sions in the sex chromosomes of the three species (Fig. 4 and Sup-
plementary Fig. 9).

In S. dunnii, the X-SLR (5.87 Mb) is larger than the Y-SLR
(2.95 Mb). Similarly, the S. arbutifolia X-SLR is larger (7.06 Mb) than
the Y-SLR (1.81 Mb)®. There are 128 and 96 protein-coding genes
within X-SLR and Y-SLR in S. dunnii (Supplementary Data 3), and the
X-SLR contains a total of 2.72 Mb more repeat sequences than the
Y-SLR (Supplementary Data 7). We also identified 31 X-SLR-specific
genes, of which 13 are tandem duplicates, and 16 Y-SLR-specific
genes, of which three are tandem duplicates (Supplementary
Data 8). Therefore, the accumulation of repeat sequences and spe-
cific tandem duplications may contribute to the longer X-SLR
than Y-SLR in S. dunnii, which is consistent with S. arbutifolia®. This
result suggests that the XY sex chromosomes in willows may be
somewhat different from other XY plant sex chromosome
systems®*%, with a longer Y-SLR compared to the corresponding
X-SLR counterpart.

Our analysis reveals ARR17-like partial duplicates near or within
the inversions between 7X and 7Y of S. dunnii, the inversions between
15Vz and 15Vy, of S. babylonica, and the inversion between 15X and 15Y
of S. arbutifolia (Fig. 4 and Supplementary Data 9). It is difficult to
determine whether the detected inversions are a catalyst or con-
sequence of recombination suppression®’, but these results suggest
that ARRI7-like partial duplicates are associated with sex-linked
inversions. This is either because recombination has been selectively
suppressed in these regions to maintain sex-specific segregation pat-
terns of the partial ARRI7-like duplicates, or alternatively, the inver-
sions may have resulted from the fact that these loci are in areas of the
pericentromeric region with low recombination (Supplementary
Figs. 13, 14).

Sex-determination mechanism in S. babylonica

The ARRI7-like sequences play an important role in the sex determina-
tion of Salicaceae. The partial ARR17-like duplicates on Y-SLRs of diploid
S. chaenomeloides (7XY) and S. arbutifolia (15XY) can produce sRNA to
silence four intact ARRI7-like genes on chromosome 19 to determine
maleness**?. S. dunnii likely shows a similar strategy. Therefore, we used
1181.68 million clean RNA-Seq Illumina reads (56.42-77.76 million reads
per individual, mean 65.65) to estimate the expression of intact ARRI7-
like and PFllike genes, and 43.24 million sRNA reads (1.70-3.52 million
reads per individual, mean 2.40) surrounding the partial ARR1’-like
duplicates of weeping willow flower buds from three stages. We identi-
fied more sRNAs in the partial ARR17-like duplicate (exonl) region and its
upstream region in male flower buds than in female flower buds of
weeping willow (Fig. 5a, stage 2 and Supplementary Fig. 15, stage 1and 3).
Consistent with this, we found that all of exonl of intact ARR17-like genes
were expressed in female flower buds, with significantly lower or no
expression in male flower buds of weeping willow (Fig. Sb-e). We also
detected the accumulation of sRNAs in intact ARRI7-like gene regions on
chromosomes 19Va, 19Vb, 19Sa, and 19Sb in males (Supplementary
Fig. 16). Furthermore, the Pl-like genes were only expressed in male
flower buds (Supplementary Fig. 17). This result suggests that SRNAs
produced by partial ARRI7-like duplicates of two 15Vs alleles may inhibit
eight intact ARRI7 genes on the four homologs of chromosome 19,
activating the PIllike genes and leading to the production of male indi-
viduals (Fig. 6). Our results suggest a dose effect related to sex deter-
mination, with one 15V; carrying partial ARR17-like duplicates in females
insufficient to inhibit intact ARRI7-like genes, similar to the sex-
determining mechanism of chicken. S. babylonica 15V could also
acquire a female factor to inhibit SRNA production of partial ARRI7-like
duplicates, but more assemblies of allotetraploid willows are needed to
detect whether such factor(s) exist.
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Dosage compensation in different sex chromosomes

We used 854.73 million clean Illumina reads of weeping willow catkins
(69.86-73.08 miillion reads per individual, mean 71.23), 410.10 million
clean Illumina reads of S. arbutifolia catkins (33.86-34.52 million reads
per individual, mean 34.17), and 380.73 million clean Illumina reads of
S. dunnii catkins (30.44-32.89 million reads per individual, mean 31.73)
to observe the expression level between SLRs and autosomes. We
observed degeneration signals in the SLRs of the 15V, and 15V, of S.
babylonica, the 15X and 15Y of S. arbutifolia, and the 7X and 7Y of S.
dunnii. Gene density was lower in all these SLRs compared to the
corresponding PARs, while repetitive elements density was higher
(Fig. 2¢, d and Supplementary Data 7). The W-SLR and Y-SLRs have lost
genes compared with their orthologous autosomes, i.e., the S. baby-
lonica 15Vy-SLR lost 2.84% genes, the S. arbutifolia 15Y-SLR lost 11.49%
genes, and the S. dunnii 7Y-SLR lost 1.22% genes (Supplementary
Table 6). We also found evidence of gene loss from Z-SLRs and X-SLRs.
The S. babylonica 15Vz-SLR lost 3.9% genes, the S. arbutifolia 15X-SLR
lost 9.20% genes, and the S. dunnii 7X-SLR lost 1.22% genes. The Vz-SLR
lost more genes than the Vy-SLR in S. babylonica, which may be due to
the turnover (Y-Z) mentioned above.

Overall, the expression values between sexes are similar but sig-
nificantly lower (Wilcox test *: p<0.05) than in autosomes among
15ZW (male 15Z-SLR15Z-SLR vs female 15Z-SLR), 15XY (female 15X-
SLR15X-SLR vs male 15X-SLR), and 7XY (female 7X-SLR7X-SLR vs male

7X-SLR) (Fig. 7). Based on these results, we revealed similar incomplete
dosage compensation patterns in S. babylonica, S. arbutifolia, and S.
dunnii.

Discussion

Although sex chromosomes were once thought to be an obstacle to
polyploidization’, it is increasingly clear that polyploidy can arise from
diploid ancestors with sex chromosomes in both plants and
animals***', How these polyploid lineages overcome the complex and
unbalanced allelic combinations of sex determination alleles to
establish stable dioecy is not yet known. Previous studies did not
provide direct evidence that diecious plants overcome the polyploidy
limit'**>**, Diospyros kaki and Mercurialis annua, both male hetero-
gametic systems, reverted to non-diecious sex-determination systems
after genome doubling'“**, while the diploid and polyploid ancestors
of the octoploid diecious Fragaria chiloensis were likely
hermaphroditic*’. For other polyploids with sex chromosomes, such as
Rumex acetosella, a male heterogametic tetraploid, genomic resources
are not yet available to investigate sex chromosome evolution and its
ancestral species”.

We assembled haplotype-resolved genomes of female allote-
traploid S. babylonica and male diploid S. dunnii. Our nuclear and
chloroplast genome sequences trees indicate that S. babylonica has a
female ancestor from the Salix-clade and a male ancestor from the
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Vetrix-clade within the Salix genus and that allopolyploidization
occurred between 6.2-2.91 Mya, long before plant domestication**.
Our results also suggested that sex chromosome turnover (15XY to
15ZW) happened during allopolyploidization.

Similar to its male ancestor, the S. babylonica SLRs are located on
chromosome 15Va(15Vy,) and 15Vb(15Vz) according to k-mer and CQ
analysis (Fig. 2a and Supplementary Figs. 7, 8), indicating that only one
pair of sex chromosomes was retained®. According to the ancestral sex-
linked gene tree, the X-Y homologous gene pair diverged in the
ancestor of the Vetrix-clade”, and the genomic distribution and phy-
logenetic analysis of partial ARRI7-like duplicates (Supplementary
Fig. 11), the 15Vy(15Va) and 15V,(15Vb) derived from the ancestral 15V
and 15Vy chromosomes in the male ancestor, respectively (Figs. 1c, 3a,
4 and Supplementary Figs. 11, 12). The 15W and 15Z chromosomes of
diploid S. purpurea were also derived from ancestral 15X and 15Y
chromosomes of the Vetrix-clade®, respectively. These results suggest
that XY to ZW transitions occurred independently in different willow
species.

Early generations of allotetraploid S. babylonica were likely com-
prised of 7Sx7Sx15Vx15Vx and 7Sx7Sx15Vx15Vy females (see Sex-
determination mechanism in S. babylonica), and 7Sx7Sx 15Vyl5Vy
males. Initially, the two 15Vys in males could potentially undergo
homologous recombination, but would only be present together when
the maternal gamete contained 15Vy, which can only be produced by a
female-fertile 7Sx7Sx15Vx15Vy genotype (Supplementary Fig. 12). Fur-
thermore, the 7Sx7Sx15Vx15Vx genotype can only produce 7Sx15Vy
gametes, which when combined with a male gamete carrying 7Sx15Vy,
would produce 7Sx7Sx15Vx15Vy progeny. In this process, recombina-
tion was reduced for the 15Vx chromosome in females, and ultimately
15V transitioned to 15Vy,. Our evidence suggests that the 7Sy chro-
mosomes from the female ancestor likely reverted to autosomal
inheritance, as evidenced by the similar gene order shared between the
resulting autosome and the 7X chromosome of S. dunnii, genomic
composition of 7Sa, 7Sb, 7Va, 7Vb, 7X, and 7Y, and the phylogenetic
trees (Figs. 1c, 3b and Supplementary Data 7).

The ARRI7-like gene (partial and intact) acts as a sex-
determination factor in some members of the Salicaceae®**®, and is
well known from poplars (Populus), the sister genus of Salix. In the
male-specific region of the Y chromosome, partial ARR17-like dupli-
cates ortholog produce sRNAs and silence the intact ARR17-like gene
on poplar sex chromosome 19, thereby determining maleness®%,

Partial ARRI7-like duplicates have been found in Y-linked regions
in the genus Salix (7Y in the Salix-clade and 15Y in the Vetrix-clade),
which can produce sRNAs to suppress the expression of intact ARRI7-
like genes on chromosome 19%% (Fig. 6 and Supplementary Data 6),
determining maleness. We observe partial ARRI7-like duplicates near
or within inversion boundaries in the S. babylonica and S. dunnii sex
chromosomes, suggesting that these loci act as sex-determining fac-
tors in these species as well. The partial ARR17-like duplicates on the
two 15VZ-SLRs of male S. babylonica can produce more sRNA than that
on one 15VZ-SLR in females due to dose effects, and likely silenced all
the eight intact ARRI7-like genes on the four homologs of chromo-
some 19, thereby determining maleness (Fig. 5 and Supplementary
Fig. 15). The eight intact ARRI7-like genes on chromosome 19 in §.
babylonica likely overcame the influence of partial ARRI7-like dupli-
cates of one 15Vz-SLR and indirectly suppressed the expression of PI-
like genes in females to maintain dioecy (Fig. 5 and Supplementary
Fig. 17). In diploid S. purpurea (15ZW), the four intact ARR17-like genes
on 15W-SLR and two intact copies on chromosome 19 can determine
femaleness like in the weeping willow” (Fig. 6 and Supplementary
Data 6). Although it is unclear whether the inversions are the cause of
recombination suppression between sex chromosomes or are a con-
sequence of it*’, the association with ARRI-like partial duplicates

Gene loss from the SLRs of sex chromosomes is common in
plants®. Although dioecy is ancestral in willows, and originated at least
47 Mya, sex chromosomes in species within the Vetrix-clade, including S.
viminalis (15ZW)*° and S. purpurea (15ZW)*" show low levels of diver-
gence. The results indicate that the 15Y-SLR of S. arbutifolia lost more
genes compared with the 15X-SLR (Supplementary Table 6). This sig-
nature was also found in other plant sex chromosome systems, including
papaya*®, Silene latifolia®, and Rumex hastatulus*, and is also a general
feature of animal sex chromosomes™. Our results suggest that the 15Vy,
in S. babylonica originated from 15Vy, and 15V; originated from 15Vy. It is
likely that the gene loss from the 15Vz-SLR in S. babylonica represents the
ancestral loss of genes from Vetrix 15Vy-SLR.

The loss of genes from W-SLRs and Y-SLRs occurs in many systems
following recombination suppression (reviewed by refs. 51-53), and
this results in gene dose differences between males and females.
Dosage compensation mechanisms have evolved in some species that
increase expression levels in the heterogametic sex, potentially
restoring expression to levels to the ancestral chromosome pair, and
making them equal in both sexes™ . However, polyploidization
complicates dose differences associated with Y and W chromosome
degeneration, and it is difficult to predict how polyploidization might
affect dosage compensation dynamics. We observe similar patterns of
incomplete dosage compensation in S. babylonica (15VzVw), S. dunnii
(7XY), and S. arbutifolia (15XY) (Fig. 7), similar to many other plant sex
chromosome systems’®,

Methods

Plant material

We collected young leaves from a male Salix dunnii (FNU-M-1) and a
female S. babylonica (sabaO1F) plant for genome sequencing. Young
leaf, catkin, stem, and root samples for transcriptome sequencing were
collected from FNU-M-1 and sabaOIF, as well as catkins from two other
female and three male S. babylonica plants, and one other female S.
dunnii plant. In October 2023 (stage 1), December 2023 (stage 2), and
February 2024 (stage 3), we collected flower buds from three male and
three female individuals of S. babylonica for sRNA sequencing and
mRNA sequencing to detect possible sex-determination mechanisms.
Samples were frozen in liquid nitrogen and stored at 80 °C until total
genomic DNA or RNA extraction. We sampled 40 flowering individuals
of S. babylonica and dried their leaves in silica-gel for resequencing.
Voucher specimens collected for this study are deposited in the her-
barium of Shanghai Chenshan Botanical Garden (CSH). Supplementary
Data 10 gives detailed information on all the samples. We also down-
loaded genome sequence data of 38 individuals of S. dunnii published
by ref. 31, the genome of S. arbutifolia (with gap-free 15X and 15Y sex
chromosomes)?, the genome of S. purpurea (with phased 15Z-SLR and
15W-SLR)", and other available willows genomes and Populus tricho-
carpa for relevant analyses (Supplementary Table 5).

Ploidy determination

The ploidy of sabaOlF was measured by flow cytometry, using diploid
Salix dunnii (2x =2n =38)* as an external standard. The assay followed
the protocol of ref. 59. The leaf tissue was incubated for 80 minin1mL
LBO1 buffer and chopped with a razor blade. The homogenate was
then filtered through a 38-pm nylon mesh and treated with 80 pg/mL
propidium iodide (PI) and 80 pg/mL RNase followed by 30 min incu-
bation on ice to stain the nuclei. DNA content measurements were
done in a MoFlo-XDP flow cytometer and evaluated using Summit v.5.2
(Beckman Coulter Inc.). The ploidy level was calculated as:

sample ploidy =reference ploidy x mean position of the sample peak
/mean position of reference peak

. s . . . 1
suggests selection to suppress recombination in these regions to @
maintain sex-specific segregation patterns.
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Determination of allo- or autotetraploid origin in

weeping willow

We used jellyfish version 2.3.0°° to construct k-mer frequency dis-
tributions of sabaOlF based on PCR-free Illumina short reads, with k-
mer length set to 21. Genomescope 2.0° was run with 2I-mer to dis-
tinguish between autotetraploid and allotetraploid origin based on the
patterns of nucleotide heterozygosity. Allotetraploids are expected to
have a higher proportion of aabb than aaab, while autotetraploids have
a higher proportion of aaab®*'.

Genome sequencing

For lllumina PCR-free sequencing of FNU-M-1 and sabaO1F, and whole-
genome sequencing (WGS) of all 40 weeping willow individuals, their
total genomic DNAs were extracted using the Qiagen DNeasy Plant
Mini kit following the manufacturer’s instructions (Qiagen). PCR-free
sequencing libraries were generated using the Illumina TruSeq DNA
PCR-Free Library Preparation Kit (Illumina) following the manu-
facturer’s recommendations. Paired-end libraries were constructed for
all 40 samples for WGS. These libraries were sequenced on an lllumina
platform (NovaSeq 6000) by Beijing Novogene Bioinformatics Tech-
nology (hereafter Novogene).

The Hi-C library was prepared following standard procedures® In
brief, the leaves from FNU-M-1 and sabaO1F were fixed with a 4% for-
maldehyde solution. Subsequently, cross-linked DNA was isolated
from nuclei. The restriction enzyme Mbol was then used to digest the
DNA, and the digested fragments were labeled with biotin, purified,
and ligated before sequencing. Hi-C libraries were controlled for
quality and sequenced on NovaSeq 6000 by Novogene.

For PacBio HiFi libraries and sequencing, total genomic DNA was
extracted using the CTAB method. PacBio large insert libraries were
prepared with SMRTbell Express Template Prep Kit 2.0. These libraries
were sequenced by Novogene using the PacBio Sequel II platform.

RNA extraction and library preparation

Total mRNA was extracted from young leaves, female and male cat-
kins, stems and roots of S. dunnii and weeping willow, and female and
male buds (three stages, see Plant material) of weeping willow using
the CTAB method. RNA integrity was assessed using the Fragment
Analyzer 5400 (Agilent Technologies, CA, USA). Libraries were gen-
erated using NEBNext® UltraTM RNA Library Prep Kit for lllumina®
(NEB, USA) following the manufacturer’s recommendations, and
sequencing was performed on an Illumina Novaseq 6000 by
Novogene.

For sRNA sequencing, total RNA from flower buds (three stages)
of S. babylonica was extracted using RNAprep Pure Plant Plus Kit
(Tiangen, China). Adapters were ligated to the ends of the sRNA, and
then the first strand of cDNA was synthesized after hybridization with
reverse transcription primers. PCR enrichment was used to generate
the double-stranded cDNA library. Libraries with insertions of
18-40 bp were ready for sequencing after purification and size selec-
tion. sRNA sequencing was performed on an Illumina Novaseq 6000
by Novogene.

Genome assembly

Hifiasm® was used to assemble initial genomes based on PacBio HiFi
reads, with the resulting haplotype assemblies used for subsequent
analysis. For chromosome-level genome assembly, the Hi-C reads were
first aligned to the haplotype contig genome using Juicer®*. Subse-
quently, a preliminary Hi-C-assisted chromosome assembly was car-
ried out using 3d-dna®. This was followed by manual inspection and
adjustment using Juicebox®®, primarily focused on refining chromo-
some boundaries, removing incorrect insertions, adjusting orienta-
tions, and rectifying assembly errors. To optimize the assembly
further, gap filling based on HiFi reads was performed using the
LR_Gapcloser®”. Additionally, a two-round polishing approach using

Nextpolish®® was employed for genome base correction utilizing our
short-read data.

We obtained chromosome-scale, haplotype-resolved genome
assemblies of S. babylonica and S. dunnii. Although the majority of
chromosomes exhibited well-assembled telomeric ends containing the
characteristic telomere sequence (TTTAGGG)n, there were a few cases
where this sequence was either short or missing. Assuming incomplete
assembly or insufficient extension, the HiFi reads were remapped to
the genome. Reads aligning near the telomeres were selected, and
contig assembly was performed using hifiasm®. The resulting contigs
were then aligned back to the chromosomes, allowing for the exten-
sion of the chromosomes towards the outer ends to enhance the
completeness of the telomere sequence assembly. For the S. babylo-
nica genome assembly, the chromosomes were compiled as chromo-
some Ol to chromosome 19 (Sa/Aa, Sb/Ab, Va/Ba, and Vb/Bb)
according to the homologous relationship with S. dunnii (S, Salix-
clade) and S. brachista (V, Vetrix-clade). The chromosome number of
our male S. dunnii is consistent with that of the female S. dunnii gen-
ome reported previously™.

The chloroplast and mitochondrial genomes were assembled
using GetOrganelle®. Afterward, fragmented contigs were mapped to
the chromosome-level genome and organelle genome sequences by
Redundans’, enabling the identification of redundant segments. Fur-
thermore, low-coverage fragments or haplotigs within the scattered
sequences and rDNA fragments were discarded.

Genome annotation

Homology-based prediction, transcript prediction, and de novo pre-
diction approaches were used for genome annotation. For homology-
based prediction, we used the publicly available Salicaceae protein
sequences (Supplementary Table 5) as homologous protein evidence
for gene annotation. For transcript prediction, we used three strategies
to assemble transcripts. In addition to using Trinity” for de novo
assembly directly, the reads were also aligned to genomes with
HISAT2"? before assembly with the Trinity genome-guided model and
StingTie””. Then we combined all the transcript sequences and
removed redundancy using CD-HIT’* (identity >95%, coverage >95%).
Based on transcript evidence, we used the PASA pipeline’” to annotate
gene structure, and aligned to the reference protein (Supplementary
Table 5) to identify full-length genes. These genes were used for
AUGUSTUS’® training, and we performed five rounds of optimization.

MAKER2”” was used for genome annotation based on ab
initio prediction, transcript and homolog protein evidence. After
masking repeat sequences with RepeatMasker, AUGUSTUS"® was used
for ab initio predict coding genes. We then aligned transcript and
protein sequences to the genomes using BLASTN and TBLASTX. After
optimizing the comparison results using Exonerate’’, we integrated
and predicted gene models with AUGUSTUS™®, and expression
sequence tag (EST). EvidenceModeler (EVM) gene structure annota-
tion tool®® was further used to integrate MAKER and PASA annotation
results. In addition, we performed TEsorter® and EVM to identify and
mask TE protein domains. Then, PASA” was used to upgrade the EVM
annotation, adding untranslated regions (UTRs) and alternative spli-
cing. Finally, missense (internal stop codon or ambiguous base, no
start codon or stop codon) annotations, and genes <50 amino acids
were removed.

For noncoding RNA (ncRNA) annotation, tRNAs were annotated
using tRNAScan-SE*?, and RfamScan was used to align and annotate
various ncRNAs. We also performed Barrnap (https://github.com/
tseemann/barrnap) to remove partial results. Finally, we removed
redundancies and integrated all the annotation results.

The functions of protein-coding genes were annotated based on
three strategies: (1) Gene functions were identified using eggnog-
mapper®’, aligning with homologous gene databases; (2) We used
DIAMOND to perform sequence similarity searches, and compared
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protein sequences with protein databases, including Swiss_Prot,
TrEMBL, and NR (identity >30%, E-value <le-5); (3) InterProScan®* was
used to search domain similarity. We compared sequences with the
PRINTS, Pfam, SMART, PANTHER, and CDD databases and obtained
amino acid-conserved sequences, motifs, and domains.

We used EDTA® to identify transposable elements (--sensive 1,
--anno 1), producing a TE library. Then, RepeatMasker (http://www.
repeatmasker.org/RepeatMasker/) was used to determine repetitive
regions within our genome assemblies.

Phylogenetic analysis and divergence time estimation

We performed a phylogenetic analysis of the eight willow genomes (S.
suchowensis, S. purpurea, S. viminalis, S. brachista, S. babylonica
(haplotypes Sa and Va), S. arbutifolia (haplotype a), S. dunnii (haplo-
type a), S. chaenomeloides), and used P. trichocarpa as the outgroup
(Supplementary Table 5). After obtaining the longest mRNA among
them, OrthoFinder®® was used to identify single-copy orthologous
genes. To avoid the effect of sex chromosomes, we removed genes
from chromosomes 7, 15, and 19. Then, these protein sequences were
aligned using MAFFT¥. We constructed gene trees with IQ-TREE (-m
MFP -bb 1000 -bnni -redo)®. Then, ASTRAL was used to infer a species
tree based on gene trees’ results®. Finally, MCMCTREE in PAML?® was
used to estimate the divergent time (burnin = 400,000, sampfreq =10,
nsample =100,000) based on two fossils and one inferred time at
three nodes: (1) the root node of Salicaceae (48 Mya), (2) the diver-
gence time between Salix- and Vetrix-clade (37.15 Mya to 48.42 Mya),
and (3) the ingroup of Vetrix (Chamaetia-Vetrix)-clade (23 Mya)*’. The
chloroplast genomes of the nine species were obtained from available
assemblies or assembled using GetOrganelle®® based on whole-
genome sequencing reads (Supplementary Table 5). These chlor-
oplast genome sequences were aligned by HomBlocks.pl with default
parameters”, and then IQ-TREE was used to construct a chloroplast
phylogenetic tree.

In order to determine the allotetraploidization time of S. babylo-
nica, we calculated TE (transposable element) divergence values from
the two subgenomes because TE substitution rates of the subgenomes
of allotetraploids differ before and after polyploid formation®’. Among
the four haplotypes of S. babylonica, we used Sa vs. Va and Sa vs. Vb to
perform this analysis, removing chromosomes 7 and 15. First, we used
Nucmer® to identify the matching region between two subgenomes of
S. babylonica (alignment length >1000, alignment identity >90), then
RepeatModeler (http://www.repeatmasker.org/) was used to create
repeat sequences database based on above matching sequences
(RMBIast), and RepeatMasker was used to identify TEs in subgenomes.
Subsequently, the substitutions of these identified TEs were calculated
with calcDivergenceFromAlign.pl (a script in RepeatMasker). Diver-
gence was obtained by comparing TEs between S. babylonica and the
repeat sequences database obtained above. Finally, the ggplot2®* R
package was used to print divergence values using GAM (Generalized
Additive Model) to fit the curves. Two time points of divergence and
merger between two subgenomes corresponded to TE divergence
rates of 18% and 2.5% in Sa vs. Va, as well as 23% and 1.5% in Sa vs. Vb
(Supplementary Fig. 6). The divergence time of Salix- and Vetrix-clade
was 44.62 Mya according to the result of phylogenetic analysis above.
Therefore, the allotetraploidization time was estimated: 44.62
Myax2.5/18 = 6.2Mya and 44.62 Myax1.5/23 = 2.91 Mya.

Identification of the sex-linked regions of weeping willow and
Salix dunnii

Sequence reads of weeping willow and S. dunnii were filtered and
trimmed by fastp® with parameters “—cut by quality3 —cut_by qu-
ality5 —n_base_limit O —length_required 60 —correction”. The KMC
3.1.1°° was used to count the 3I-mer of each clean dataset of the
weeping willow. The k-mers with <30% missing and an average count >1
in each sex group were retained. The k-mers in all 40 individuals with

minor allele (k-mer absent or present) frequency <0.1 were discarded.
The filtered k-mers were mapped to the genome (76 chromosomes) of
weeping willow using Bowtie”. K-mers with a coverage of 0 in all 20
female individuals were defined as male-specific k-mers, while k-mers
with a coverage of 0 in 20 male individuals were defined as female-
specific k-mers. We expect male (male heterogamety, male carrying
XY, and female carrying XX) or female (female heterogamety, female
carrying ZW, and male carrying ZZ) specific k-mers on a sex-linked
region of sex chromosome(s).

We employed the CQ method™ to detect the sex chromosomes of
the two willows. We made combined female and male clean read
datasets of the two willows, respectively. The cq-calculate.pl software®
was used to calculate the CQ for each 50-kb nonoverlapping window of
the genomes. For male heterogamety, the CQ is the normalized ratio of
female to male alignments to a given reference sequence, and the CQ
value is close to 2 (for XX/XY, 1.33 for XXXX/XXXY) in windows in the
X-linked region and zero in windows in the Y-linked region. For female
heterogamety, the CQ is the normalized ratio of male to female
alignments, and the CQ value is close to 2 (for ZW/ZZ, 1.33 for ZZZW/
Z777) in windows in Z-linked region and to zero in windows in the
W-linked region.

We aligned clean reads of S. dunnii to each genome (both haplo-
types) using the BWA-MEM algorithm from bwa 0.7.12°%°° with default
parameters. Samtools 0.1.19'° was used to extract primary alignments,
sort, and merge the mapped data. PCR replicates were filtered using
sambamba 0.7.1'". The variants were called and filtered using Genome
Analysis Toolkit v. 4.1.8.1 and VCFtools 0.1.16' Hard filtering of the
SNP calls was carried out with “QD <2.0, FS >60.0, MQ <40.0,
MQRankSum <-12.5, ReadPosRankSum <-8.0, SOR >3.0". Only biallelic
sites were kept for subsequent filtering. The sites with coverage
greater than twice the mean depth at all variant sites across all samples
were discarded. Genotypes with depth <4 were treated as missing, and
sites with >10% missing data or minor allele frequency <0.05 were
removed.

We used VCFtools to calculate weighted Fst values between 18
male and 20 female genomes of S. dunnii*®® with 100-kb windows and
10-kb steps. The Changepoint package'® was used to detect the
boundaries of the SLRs based on Fst and CQ values between the sexes
of S. dunnii and CQ values and sex-specific k-mer counts of weeping
willow, respectively. Furthermore, we used the Python version of
MCScan' to analyze chromosome collinearity between the protein-
coding sequences detected in 7 and 15 chromosomes of S. dunnii and
weeping willow and their homologous autosomes, to detect possible
inversions in sex chromosomes. The “—cscore=0.99” was used to
obtain reciprocal best hit (RBH) orthologs for the collinearity analysis.
We then combined all the previous analyses to detect the SLRs.

ARRI17 and PI identification and phylogeny of ARR17

In order to obtain ARRI7-like sequences in target species, we used
BLASTN to blast ARR17-like gene (Potri.019G133600%) against the S.
purpurea”’, S. arbutifolia®, S. dunnii, and S. babylonica genomes with
parameters “-evalue le-5 -word_size 8”. ARRI7-like gene includes five
exons, so only the sequences including all the exons were classified as
intact ARRI7-like genes, while sequences with <5 exons were regarded
as partial ARR17-like duplicates®. We also used BLASTN to identify the
PI-like genes in the S. babylonica genome using Potri.002G079000 as
the query®®. We used the exon regions of the identified ARR17-like
sequences for phylogenetic reconstruction. These exons were aligned
with MAFFT®, then we constructed a phylogenetic tree with IQ-TREE.

Ancestral sex-linked gene identification

We used the OrthoFinder® to identify single-copy genes in SLRs of W
and Z of S. babylonica and S. purpurea, 15X and 15Y of S. arbutifolia, and
chromosome 15a of S. dunnii. We then extracted homologous genes,
that diverged between ancestral X and Y in ancestors of Vetrix-clade
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and close to partial ARRI7-like gene duplicates, as proposed by ref. 25.
We obtained one ancestral single-copy homologous gene, then used
MAFFT and IQ-TREE to align and reconstruct the phylogenetic tree
using S. dunnii as outgroup.

Sex-linked region features and gene loss

We calculated the content of gene and repeat sequences (total repeat,
TE, LTR-Gypsy, LTR-Copia) in the PARs and SLRs for S. babylonica
(15Vw, 15Vz) and S. dunnii (7X, 7Y). We calculated the difference
between the SLRs and the PARs based on 100 kb windows.

We used chromosome 15a of S. dunnii as the reference to identify
protein-coding gene loss in 15Vy, 15V, 15X, and 15Y, and used 7Vain S.
babylonica as the reference to identify gene loss in 7X and 7Y. Firstly,
we identified shared genes in W-Z and X-Y, and specific genesin W, Z,
X, and Y. For specific genes in X-SLR/W-SLR, there is no homologous
gene in Y-SLR/Z-SLR. Similarly, there is no homologous gene in X-SLR/
W-SLR for specific genes in Y-SLR/Z-SLR. Then we used these specific
genes to determine gene loss among them. The degradation rate of W-
SLR =W-SLR loss/(W-SLR loss + Z-SLR loss + their shared genes), and
the degradation rated of Z-SLR=Z-SLR loss/(W-SLR loss+Z-SLR
loss + their shared genes). Similarly, we obtained the degradation rate
of X-SLR and Y-SLR. We also obtained the relevant data on PARs.

ARR17-like duplicates and PI expression analyses

Analysis and identification of SRNAs from female and male buds of S.
babylonica was performed using sRNAminer v1.1.2'%°. sRNAs were
identified with sRNAanno database'”. Adapters, noncoding RNA
(rRNA, tRNA, snoRNA, snRNA), and plasmid contamination were
removed from the sRNA-Seq datasets. The clean reads were aligned to
the reference genome of S. babylonica using SRNAminer and read (per
site) coverage estimated using IGV-sSRNA (https://gitee.com/CJchen/
IGV-sRNA). We calculated the average read (per site) coverage of bio-
logical replicates of each partial ARRI7-like duplicate and around
regions and each intact ARR17-like duplicate.

We calculated the gene expression (excluding non-mRNA) among
female and male catkins of S. babylonica, S. arbutifolia, and S. dunnii,
respectively. The RNA datasets of S. arbutifolia are from Wang et al*.
Each sex and individual contained three independent biological
replicates (Supplementary Data 10). After filtering, clean transcript
reads from each sample were mapped to their own genome with
HISAT2 v2.1.0'%. We used a haplotype genome assembly and sex
chromosomes (15X and 15Y or 7X and 7Y) as reference genomes in S.
arbutifolia and S. dunnii, and Sa and Va haplotypes genome assembly
and sex chromosomes (15Vy and 15V;) as reference genomes in S.
babylonica. The number of reads mapping to each gene was calculated
using featureCounts'®. Then we converted these read counts to TPM
(transcripts per million reads). After filtering out unexpressed genes
(counts =0 in all samples), then we used the expression levels of the
SLRs in males and females and their autosomes to identify the dosage
compensation pattern'’. The expression level of flower buds from S.
babylonica was calculated using HISAT2 and IGV v2.17.1". We obtained
the average read coverage of biological replicates of each ARRI7-like
and PI-like gene.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The genome assembly sequences generated in this study have been
deposited in the National Genomics Data Center (NGDC) database
under BioProject PRJCA016000 and in the NCBI database under
BioProject PRJNA1130083, PRJNA1130084, PRJNA1130085, and
PRJNA1130087. The sequencing datasets generated in this study have
been deposited in the NCBI database under BioProject accession codes

PRJNA882493, PRJNA1020583, and PRJNA1020619. Source data are
provided with this paper.
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