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Abstract

Background

Sex chromosome turnovers evolve via translocation or duplication of established sex-determining
genes, or their replacement by newly evolved ones. Few cases of replacements by new factors have
been documented in dioecious plants, but are suspected in Salix, in which both XY and ZW systems
occur, with sex-linked regions (SLRs) of different species on various chromosomes. The male-
determining genes in XY species’ SLRs are partial duplicates of autosomal ARR17-like genes and
regulate the expression of downstream genes involved in stamen development by producing small

RNAs that suppress the expression of intact copies.

Results

Here we describe phased chromosomal assemblies of three Salix species with a ZW system derived
from an XY system, including four lineages of the Salix polyclona complex (six assemblies in total).
Their SLRs are within the same repeat-rich pericentromeric region of chromosome 15 as in the XY
system. Although these Z- and W- SLRs carry intact and/or partial ARR17 duplicates, few RNA
products are detectable in our sampled tissues. However, the W-SLRs include partial duplicates of
PISTILLATA (PI), a stamen development gene. These are arranged in inverted repeats and express
small interfering RNAs targeting the autosomal intact Salix Pl gene, suggesting that they reduce its

expression, and therefore act as maleness-suppressing factors.

Conclusions
The turnover events involving intact ARR17 and partial Pl duplications in the 15ZW clade | species
involve pericentromeric regions that recombine rarely, making changes possible in these Salix

species that would be unlikely in other genome regions.
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Salix, sex determination, sex chromosome turnovers, pericentromeric regions, recombination

landscape, translocation



Background

Sex chromosomes were first recognised due to their heteromorphism in organisms such as beetles,
mammals, and birds. These sex chromosomes are ancient [1]. However, many vertebrates have
younger sex chromosomes, including many fish [2], lizards [3] and amphibians [4], in which the
evolutionary process restarted after “turnover events” in which new sex-determining factors arose, or
existing factors moved to new chromosomal locations with various possible recombination rates [5].
Such new sex-determining regions may not become genetically degenerated because they are
physically small regions in recombining genome regions, but, even if the new sex-determining locus
is within an extensive region that recombines rarely, occasional crossovers can prevent degeneration
[6]. As the sex-determining systems in many flowering plants evolved recently, and many have non-
degenerated sex chromosomes [7], they are well suited for detailed studies of such changes. Plants
are also of interest for examining the suggestion that rarely recombining sex-linked regions may
often evolve when turnovers lead to new sex-determining loci evolving within pericentromeric
regions that already recombine rarely [8]. The pericentromeric regions usually contain repetitive
sequences and transposable elements, with low gene density and low recombination rate surrounding
the centromere, but covering the centromere in our study [9]. Such regions can be extensive, and are
generally enriched in repetitive elements, compared with other genome regions (as reviewed in
[10,11]). These properties make such regions permissive for genomic rearrangements, such as
inversions and duplications [12], and their low gene densities may allow deletions to occur. Several
examples of such pericentromeric sex-linked regions have now been discovered, for example Rumex

[13]. Here, we examine a genus in which such regions appear to be involved in turnover events.

In different flowering plants, different sex-determining genes have been discovered [14], reflecting
multiple independent origins of dioecy [15,16], though, in some plants, an existing sex-determining

gene has moved its location, as has been documented in strawberries [17,18] and kiwifruit [19]. In



fish, many cases are known of a new gene replacing an ancestral sex determining gene [20]
(sometimes termed “rewiring” the sex determining pathway [21]). Such turnover events can cause
changes between male and female heterogamety (for brevity, termed XY and ZW systems) [10,22].
Theoretical modelling has shown that sexually-antagonistic (SA) polymorphisms can favour
movements of sex-determining loci to genomic locations near such polymorphic loci [23,24], and
some animal turnovers have been suggested to reflect this process, including in the hessian fly,
Mayetiola destructor [25], cichlid fish [26], and a halibut species, Hippoglossus hippoglossus [27],
but definitive evidence for involvement of SA polymorphisms is lacking, and other possibilities exist,

as we discuss below.

Although, as noted above, sex chromosome turnovers have been documented in plants, closely
related species have rarely been compared in a reliable phylogeny to infer the events involved [28].
Poplar and willow species (the Salicaceae genera Populus and Salix, respectively) are suitable for
such studies, as the sex-determining genes are on different, non-homologous, chromosomes in
different species in the two genera, and changes from XY to derived ZW systems are documented
[29-32], as described further below. Before describing turnover events in the Salicaceae, we first
outline the sex development genes that have been identified in the two sister genera. In the genus
Populus, P. tremula has an XY system. Its sex-determination gene was the first to be identified in the
Salicaceae. An ARABIDOPSIS RESPONSE REGULATOR 17 (ARR17)-like gene was shown to have
Y-linked partial duplicates arranged as inverted repeats that can generate double-stranded RNAs
(dsRNAs), producing small interfering RNAs (siRNAs) [33]. These siRNAs can silence expression
of the autosomal P. tremula intact ARR17-like gene, causing maleness [10,29-36]; in the absence of
this silencing, female development occurs, as the intact ARR17 copy, which is essential for female
development, can be expressed [37]. A similar system, with different partial duplications, appears to
act in P. deltoides [38]. In Populus alba, however, an ancestral male heterogametic sex determination
system with Y-chromosomal partial ARR17 duplicates (present in P. trichocarpa and related species)
has changed to female heterogamety, and there is a W-specific intact ARR17 copy [30,33]. In all

cases, expression of intact ARR17-like genes ‘triggers’ the expression of several downstream genes,



indirectly suppressing expression of the homolog of the A. thaliana B-class gene PISTILLATA (PI),
which is essential for stamen development. This regulation was confirmed in Populus by ARR17
knockout CRISPR mutants [36]; similar Pl-like genes participate in the downstream regulation of

male sex determination in the persimmon [39].

In Salix, the sister genus to Populus, partial ARR17-like duplicates are again present in the sex-linked
regions of clades with both male and female heterogamety (below, we term their respective Y- and Z-
linked regions SLRs). The Salix clade, including Salix mesnyi, S. chaenomeloides and S. dunnii, has
SLRs on chromosome 7, and these are termed 7XY species. The Vetrix clade includes both XY and
ZW systems, both with SLRs on chromosome 15 [29,31,32,40]. In the 15XY \etrix species, S.
triandra, S. arbutifolia and S. exigua [41], intact ARR17-like orthologs are located on an autosome
(chromosome 19). When ARR17 is expressed (in the absence of partial ARR17-like sequences, which
are found only in the 15Y-SLR), the PI-like gene is likely indirectly silenced, resulting in female
development [29,31,42]. In the Vetrix 15ZW species, S. purpurea, intact ARR17-like sequences were
found on chromosome 19 and in the chromosome 15W-SLR, while partial ARR17-like sequences
were found only in the 15Z-SLR [43]. Only ARR17 on 15W had female-specific expression, but the
expression levels were low, suggesting that the sex-determination mechanism might differ from the

system in Populus and XY willows [44].

The S. purpurea 15W-SLR also includes a sequence similar to GATA transcription factors (named
GATA15 [45]), which might promote female development, as some members of this group of DNA-
binding proteins (with a class IV zinc finger motif, involving light- and nitrate-dependent control of
transcription), act downstream of Pl in A. thaliana [46,47]. The sex-determining genes in other
15ZW Salix species are still unknown, and one goal of the present study was to investigate whether
the sex chromosome turnovers described above also involved changes in candidates, thereby
identifying the sex-determining genes of further species, and potentially helping to understand the

evolution of the turnovers.



The 15ZW sex determining system evolved from an ancestral 15XY system, and studies of the
diploid species S. exigua (15XY) and S. purpurea (15ZW) suggested that the Y changed into a Z
chromosome [41]. This change was inferred by comparing phased S. purpurea SLR sequences with
the 15XY-SLRs of S. arbutifolia [10] (Fig. 1a), and has been confirmed in further willow species
[42]; specifically, for a gene whose sequences cluster by gametologs, 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, supporting 15X — 15W and 15Y — 15Z transitions in this clade
[42]. Wang et al. [29] suggested that duplicative translocation of intact ARR17-like genes from the
autosomal chromosome 19 to chromosome 15 might be associated with this turnover event. To
distinguish among different lineages, we use the term “15ZW clade I” to refer to all Vetrix clade
species with 15ZW sex determination systems that evolved from diploid ancestors, to distinguish
them from the hybrid allotetraploid Vetrix clade species (termed 15ZW clade 11), which includes one
species studied here, S. babylonica [31]. S. babylonica arose from crosses between an unknown
ancestral 7XY Salix clade species and a 15XY species from the Vetrix clade (Fig. 1, in which S and V
denote these sources, respectively); each of its homoeologous chromosome 19 pairs carries two
copies of the intact ARR17 gene, resulting in a total of eight intact copies in its genome. This
duplication probably occurred in a 7XX 15XY ancestor, and may have affected the original sex
determination, resulting in XY females and an independent transition to a ZW system in S.

babylonica [31] (Fig. 1a, 15XY to 15ZW in 4X ancestors).

To study sex chromosome evolution in Vetrix clade 15ZW clade | species, and compare their
genomes with that of S. purpurea, we sequenced and assembled phased (haplotype-resolved)
chromosomes of two additional diploid species in this subclade (Salix baileyi and S. gordejevii) and
four lineages representing the core phylogenetic groups of the S. polyclona complex [48] (Table 1).
He et al. [48] inferred female-heterogamy with a W-linked region on chromosome 15 in both diploid
and tetraploid Salix polyclona, and Xue et al. [32] confirmed that the sex-determination system
differs between major subgroups of Salix, while heterogamety and SLR locations are conserved

within the subgroups. As the Vetrix clade | includes species with confirmed 15ZW systems, S.



purpurea and S. viminalis, we expected the other members of this clade studied here, S. baileyi and S.
gordejevii, to also share this system. To include both the W- and Z-linked regions, we therefore
sequenced and assembled female genomes of these species. Because different species or lineages can
have different SLRs [29,49], which might be partially or fully sex-linked, we identified the sex
chromosomes and SLRs independently in each of the taxa studied, using the re-sequencing datasets
described in the Methods section, and to explore changes we compared these with previous genome
assemblies of Salix clade 7XY species and Vetrix clade 15XY and 15ZW species for which phased
sex-linked regions have been published [10,31,42,43]. We identified candidate sex-determining
factors, and validated them with new expression data and dual fluorescence experiments. The
analyses reveal multiple changes in genus Salix lineages, and support the hypothesis that the XY -
ZW change in the 15ZW clade | species involved evolution of female heterogamety involving
suppression of PISTILLATA, without changing the genomic location of the SLR, which is within the
homologous repeat-rich pericentromeric regions in all these species. We discuss how this location

suggests an evolutionary basis for the changes.

Results

Ploidy analysis

As reviewed in [50], diploid species in the Salicaceae are palaeotetraploids resulting from a whole
genome duplication (WGD) event in an ancestor of Populus and Salix about 58 million years ago,
before the split of the different Salix lineages [31,51], from which about 30% of genes remain as
paralogs; more recent polyploids also exist. Among the newly sequenced 15ZW clade | species, S.
purpurea [43], S. baileyi [52] and S. polyclona-E-TS [48] are diploids. Flow cytometry analysis
(Additional file 1: Fig S1) further confirmed diploidy of S. gordejevii and the S. polyclona-E and -
W1 lineages, while the W2 lineage of S. polyclona is tetraploid. Our k-mer results (Additional file 1:

Fig S2) confirm a previous report that S. polyclona-W2 is an autotetraploid [48].



Chromosome-level genome assemblies

From initial primary assemblies, we generated phased chromosomal assemblies for 15ZW clade |
taxa, using PacBio HiFi reads, Illumina short reads and Hi-C reads, followed by error correction,
polishing, and scaffolding (see the Methods section and sequencing statistics in Additional file 2:
Table S1). For the tetraploid S. polyclona-W2, 54.28 Gb of Oxford Nanopore Technology (ONT)

long reads were also used for assembly.

In our six assemblies (Table 1), Hi-C analyses successfully phased the homologous chromosomes
(Additional file 1: Fig S3). The 19 chromosomes were numbered according to their homologies with
S. arbutifolia chromosomes [10]. To test the accuracy of phasing of the sex-linked region, we aligned
unitigs (unique contiguous sequences) produced after the unambiguous path extension step and
before contig assembly (see Methods) to the assembled genomes. Chimeric sequences were rare with
hifiasm (Hi-C) phasing [53], as divergence between Z- and W-linked alleles so far studied is high
enough to distinguish the two haplotypes clearly [31,43], and hifiasm assembled them into different
unitigs [54]. The alignments of unigue contiguous sequences to the assembled genomes indicated
that all six assemblies were fully phased in the sex-linked regions (Additional file 1: Fig S4). In our
assemblies of S. baileyi, S. polyclona-E, E-TS, and W1, the sex chromosomes were gap-free. S.
gordejevii had only two gaps, and S. polyclona-W2 only one (Additional file 2: Table S2); as
described in the section below entitled “Identification of the SLRs”, these gaps were not in the
regions inferred to be sex-linked by the criteria described below (defined as including the sex-

determining factors, as discussed shortly, and termed SLRs, in what follows).

The assembled genome sizes of the five diploid individuals sequenced (see Table 1) were between
652 and 831 Mb, with 38 pseudochromosomes including the two haplotypes (a and b) of each
chromosome, corresponding to the expected 19 pairs of chromosomes (Table 1, Fig. 1, Additional
file 1: Fig S3). The 1,507 Mb tetraploid S. polyclona-W2 assembly (Table 1) assembled into 77
pseudochromosomes, each represented by four haplotypes (a, b, ¢ and d), and a potential B

chromosome, termed chromosome 20 (Fig. 1, Additional file 1: Fig S3). Consistent with the Hi-C



results described above, all chromosome pairs in both diploids and tetraploids exhibit excellent
alignment between their haplotype assemblies, whereas chromosome 20 shows no blocks with
homology to any other chromosomes (Additional file 1: Fig S5). The contig N50 lengths range from
15 to 23 Mb (Table 1), and both the HiFi reads and Illumina short reads map to more than 99% of the
assembled regions. Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis suggested

completeness exceeding 97% for all six assemblies (Additional file 2: Table S3).

The predicted numbers of genes and protein-coding genes for each assembly are shown in Table 1
and Additional file 2: Table S4. The average protein-coding gene length in these species (including
exons, introns, and both 5" and 3" UTRs), ranges from 3,435.3 bp to 3,753.2 bp, and the mean coding
sequence lengths range from 1,328.1 bp to 1,362.3 bp (Additional file 2: Table S4). After combining
three annotation methods, eggNOG-mapper, DIAMOND, and InterProScan, less than 1.5% of genes
remained unannotated in each assembled genome (Additional file 2: Table S5). All the genomes have
high overall repetitive sequence contents, from 43.95% to 57.28% (Table 1, Additional file 2: Table
S6).

Phylogenetic relationships among the Salix species studied

To understand the phylogenetic relationships of the three newly sequenced species (six individuals,
including the four lineages from the S. polyclona complex), we estimated a species tree including
other species from the Vetrix and Salix clades (Fig. 1a), using Populus trichocarpa as an outgroup
(Additional file 1: Fig S6, Additional file 2: Table S7). In the Vetrix clade 15ZW clade 1, S. baileyi
clusters with S. purpurea (also in the clade I), and then with S. gordejevii. These species together
form sister clades to the S. polyclona complex, with the S. babylonica V sequences forming a basal
lineage, and two additional Vetrix clade 15XY species as further basal lineages. The Salix clade
species are more distant outgroups of the Vetrix clade, and all branches of the species tree are

strongly supported, with posterior probabilities of 1.



Identification of sex-linked regions in the new genome assemblies and evidence that they are
pericentromeric regions

Analyses of male-female sequence differences (chromosome quotient, or CQ, Fst and k-mer
analyses) and synteny were used to determine the heterogamety and locate the SLRs in the
sequenced individuals, following methods previously used for other Salix species [10,31,42],
including changepoint analysis to determine their boundaries. Due to the limited size of the S.
polyclona-E-TS population, Fst analysis was omitted for this lineage [55]. When a sex-determining
factor (which is completely sex-linked, by definition) is within a genome region that recombines
very rarely, such as the pericentromeric regions inferred from our findings described below,
occasional recombination may prevent strong differentiation of the two haplotypes in regions other
than the sex-determining gene itself. There may therefore be no definitive wider fully sex-linked
region. We therefore divided the analyses into two steps, first determining sex-linked regions,
defined as contiguous genomic regions that include the sex-determining locus. An SLR is detectable
by analyses of Fst, CQ and k-mer values, as a region with a peak of consistent signals of sequence
divergence between the two haplotypes, reflecting either complete or partial sex-linkage with linkage
disequilibrium between sequence variants and the sex-determining locus (we excluded short regions
on various chromosomes with-inconsistent signals in these different analyses). After describing the
results of these analyses, we describe evidence for the pericentromeric locations of the SLRs
identified, and then describe phylogenetic analyses that can detect recombination in the region,
which revealed that indeed few genes show complete sex linkage. In all the newly sequenced taxa,
signals of sex linkage are detected on chromosome 15, similar to the previously studied Vetrix clade
15ZW clade | species S. purpurea [43] (Additional file 3, Additional file 1: Figs. S7 to S18). In the
summaries in Table 2 and Fig. 2, we included regions inverted between the two haplotypes at the

borders of these regions in our inferred SLRs.

The sizes of these inferred SLRs differ considerably between the species, ranging from 3.61 to 10.93
Mb. The Z-linked regions occupy between 17.84 and 44.81% of chromosome 15 (with between 266
and 529 genes), versus 240 to 661 genes in the W-linked regions (16.94 to 46.56% of the total



chromosome sizes). The large size differences between the Z- and W-SLR regions are due to
different amounts of repetitive sequences and gene duplications (Additional file 2: Table S8). In all
species, both haplotypes have higher TE densities in these regions (exceptionally high for the
terminal repeat (LTR) elements Copia and Gypsy), than in the PARs or the rest of these species’
genomes (Fig. 3a, b, Additional file 1: Fig S19). The ends of all Salix chromosomes are heavily
enriched in tandem repeats (Additional file 1: Fig S20 shows the sex chromosomes of the sequenced
species) and are completely devoid of protein-coding genes, like the telomeres and sub-telomeric
regions [56] of many organisms [57-59], including other members of the Salicaceae family [60].
Excluding these regions from our analysis of TEs (see Methods), TE densities decrease steadily on
each arm of chromosome 15 in all species, and gene densities correspondingly increase, with
distance from a region of elevated linkage disequilibrium that we infer is closest to the centromeric

non-recombining region (Additional file 1: Fig S21).

In plants, CENH3 (centromere-specific histone H3) is an epigenetic marker defining centromere
identity and location [61,62]. Wang et al. [60] found that CRMs (Centromeric Retrotransposon in
Maize) showed high CENH3 enrichment in three Salicaceae species, Populus alba var. pyramidalis,
P. euphratica, and Salix chaenomeloides. We also found CRM-enriched regions overlapped with the
SLRs defined by other methods in our species (Additional file 1: Fig S22). We therefore conclude
that the sex-linked regions of these 15ZW species (which are derived from 15XY ancestors) all
coincide with the pericentromeric regions of these chromosomes [60], which are metacentrics with
various arm ratios [63], consistent with findings in species with 15XY systems, including S.
arbutifolia and S. triandra [10,42,60]. As gene and TE density change continuously, precise
pericentromeric region boundaries cannot be defined, but the finding that regions identified above
are also highly rearranged between the two haplotypes within each species supports our inferences
(Additional file 1: Fig S23). The autosomes homologous to the sex chromosomes studied here
(chromosome 15 of S. dunnii and S. mesnyi), also have regions containing CRMSs, within regions
with similar pericentromeric characteristics supporting rarity of recombination, including extensive

LD blocks, high densities of repetitive sequences, and low gene density (Additional file 1: Fig S24-



S25). However, these autosomes show many fewer rearrangements than the sex chromosomes

(Additional file 1: Fig S13-S18, S24-S25).

Evolution of sex-linked genes in the newly sequenced Salix taxa

Although the genus Salix is at least 44 million years old (Fig S6 of [52]), chromosome 15 is largely
collinear in 15ZW and 15XY species (Additional file 1: Fig S23). Of the several hundred genes
found in most 15ZW species’ SLRs, an analysis using the autosomal 15a haplotype of S. dunnii
(7XY) as an outgroup shows that the vast majority are shared by the Z and W, with rarely more than
10% loss of genes from the W-linked regions, and quite similar losses from the Z-linked regions,

suggesting at most slight genetic degeneration of the W (Fig. 3c, Additional file 2: Table S9).

The highest proportions of gene losses are found in the 15XY-clade species, consistent with having
evolved early, and ZW being the derived state (see the Introduction). Degeneration is much lower
than in the oldest-established Silene latifolia sex-linked region (more than 70%), in which Y-X
synonymous site divergence (Ks values) are between 10 and 20% [11]. The evolution of these

pericentromeric regions will be analysed in the future.

The Salix ZW-linked regions might therefore be much younger than that in S. latifolia, and we
estimated W-Z Ks values to test this. Genes are absent from both the Z- and W-linked regions of one
or more of these species and SLRs’ boundaries are different, precluding their use in Ks analysis of
the whole newly sequenced species set. To estimate relative times since W-Z recombination ceased
in these species, we therefore used a sub-set of 21 single- or low-copy orthogroups of protein-coding
genes shared by SLRs of all three newly sequenced species, and in the previously published genomes
of S. purpurea, S. babylonica, S. triandra, S. arbutifolia, and on chromosome 15a of S. dunnii
(Additional file 2: Table S10). Additional file 2: Table S11 lists genes found in the SLRs of all Salix
species studied, including 21 single- or low-copy orthogroups shared by all species. The SLR
boundaries of 15XY and 15ZW species changed independently, partly explaining the small number

of orthogroups found within the SLRs [42], and gains and losses of genes have also occurred. Note



that these do not include sex-determining factor candidates, as they are frequently not in both SLRs

(X'and Y or Z and W) in willows, as discussed in the following section.

These 21 genes are a sample sufficient for reliable divergence estimates. As expected, despite the
many changes documented in Additional file 2: Table S11, the Ks values for gametologous pairs are
consistently low, with the highest value, in S. polyclona-E-TS, around 3% (Additional file 1: Fig
S26a), with lower values in S. gordejevii, S. polyclona-E and W1 suggesting that recombination may
have continued in these lineages, and might still occur. To further examine ZW divergence, we also
estimated Ks values for 77 pairs of orthologous genes found in only the four 15ZW clade | species.
Based on an estimated neutral mutation rate of 1 x 10”° per year in Salix nuclear genes (Berlin et al.,
2011), their age estimates also range widely, from 7.88 Mya for S. polyclona-W1 to 14.31 Mya for S.
polyclona-TS, and several differences between the Ks values of different species are statistically
significant (Additional file 1: Fig S26b, Additional file 2: Table S12). These results suggest that
recombination stopped at different times in different lineages. Importantly, all the Z-W divergence
time estimates within these species were shorter than the previously estimated divergence time (23
million years) for 15ZW clade | species [31,52]. It should be noted that as the latter's time was
inferred from nuclear gene data using fossil-calibrated ancestral nodes and Bayesian posterior
probability analysis, a direct comparison could be potentially misleading. In S. polyclona-W2, the
divergence times between chromosome 15a (W-sex linked genes) and its 15b (Zb-sex linked genes),
15¢ (Zc-sex linked genes), and 15d (Zd-sex linked genes) homeologs were 17.58, 16.63 and 14.62

Mya respectively.

To test more rigorously for complete sex linkage, we estimated phylogenetic trees for these 21
orthogroups. Consistent with the conclusion that recombination occurred until recently, their
topologies mostly show no consistent patterns (Additional file 1. Fig S27). Nevertheless, our
sequencing of further species confirm the previously published conclusion [10,42] that three
gametolog pairs have become completely sex linked, at times that depend on the 15ZW species

analysed. For the S. arbutifolia Saarb15bG0048300 sequence and its orthologs, the topology



suggests that full sex-linkage was established before the divergence of the two 15XY species S.
triandra and S. arbutifolia, and that the gene is also full sex-linked in the ZW taxa S. purpurea, S.
baileyi, S. polyclona-W2, and S. polyclona-E-TS (Fig. 4a, setl). The S. arbutifolia
Saarb15bG0044000 sequence and its orthologs are sex linked in this species and the 15ZW species
(Fig. 4c). The third gene (Sapur.15WG058100 and its orthologs) is different; we found evidence for
partial sex-linkage until after the two XY species diverged, but complete sex-linkage in the 15ZW

species (Fig. 4e).

Including further species (set 2: S. gordejevii, S. polyclona-W1 and E, and the S. babylonica V
homeolog) in the analysis revealed further details of the evolution of complete sex-linkage. For the
first two genes, the S. gordejevii Z gametologs cluster with its W sequences and other species’ W and
X alleles, indicating partial sex-linkage before the 15XY clade speciated (Fig. 4b and Fig. 4d,
Additional file 1: Fig S28a, b). Similarly, the Z gametolog of S. gordejevii clusters with its W
sequences and other species’ W alleles for the third gene, with recombination continuing after the
speciation of the 15XY clade (Fig. 4f, Additional file 1: Fig S28c). The results from the S. polyclona-
E and W1 lineages suggest that a 15W gametolog (labelled “new” in Fig. 4b, 4d and 4f) arose from a
157 ancestor, not from a 15W gametolog like those in the set 1 species (the E and W1 individual’s W

sequence clusters with the Z ones from other species).

Although the results from the allotetraploid S. babylonica are difficult to interpret, as exchanges
between homeologous sequences may have occurred, Saarbl15bG0044000 and its orthologs tree
supports its Z and W derived from the ancestral Y and X, respectively (Fig. 4d) [31]. Our
interpretations are also supported by the finding that sequences of the ZW species’ Z-linked alleles
and the Y-linked alleles of 15XY species (including partial ARR17-like duplicates and the MSF
identified in S. arbutifolia and S. triandra [42]), are detected in both the 15Z- and 15W-SLRs of the
S. polyclona-E and W1 individuals, whereas, in S. gordejevii, they are only in the 15W-SLR (Fig. 4,
Table 3, Additional file 2: Table S13). The results for the third gene, Sapur.15WG058100, also

indicate incomplete sex-linkage in the 15XY and both sets of 15ZW species (Fig. 4f, Additional file



1: Fig S28c).

Overall, we conclude that only two genes have been fully sex-linked since before the split of the
ancestor of the 15ZW taxa from the 15XY species (Saarb15bG0048300 and its orthologs became
fully sex-linked before the divergence of S. triandra, S. arbutifolia and the 15ZW species;
Saarb15bG0044000 and its orthologs became sex-linked before the divergence of S. arbutifolia and
the other 15ZW species). Sapur.15WG058100 became fully sex-linked in an ancestor of the set 1
15ZW taxa, but remained partially sex-linked in the set 2 15ZW taxa and in the 15XY species so far
studied, until a recent change led to complete sex linkage in the set 2 15ZW taxa. When we narrow
our detection of fully sex-linked genes to fewer species, we are able to identify a greater number of
such genes that cluster according to gamete type, further suggesting progressive/lineage-specific

expansion of recombination suppression regions (Additional file 1: Fig S29).

Sex-determining factor candidates in 15ZW clade I willows

Given that the 15ZW Salix species appear likely to have arisen in a turnover event that created a
single-gene female-determining factor in a clade | species ancestor, we hypothesised that this factor
was duplicated into the ancestor’s chromosome 15 pericentromeric region. If so, it can potentially be
identified by searching for a gene present only in the W region assemblies, and not in their Z
counterparts. We therefore identified the genes in both assemblies of each of the three new Salix
species. In a given species, some genes have BLAST hits in only one haplotype or the other (Fig. 5a,
Additional file 1: Fig S30, Additional file 2: Tables S14 and S15), and this reflects similar levels of
gains and losses by both haplotypes, based on using the autosomal 15a haplotype of S. dunnii (7XY)
as an outgroup (Additional file 2: Table S9), and not genetic degeneration of the W-linked region.
Comparing all three species, no genes were overall Z-SLR-specific (shared by the Z-SLRs of all
lineages investigated; Additional file 1: Fig S30). However, one sequence is shared by all the W-
linked region assemblies (Fig. 5a). Strikingly, this shows homology to the A. thaliana B-class flower
development gene PISTILLATA (PI); this gene was also found in the S. purpurea W-SLR (Fig. 5b,
Additional file 2: Table S13), and is therefore W-specific. PISTILLATA is essential for male organ



(stamen) development in A. thaliana, and it acts downstream of the ARR17-like gene in Populus,
which acts primarily by inhibiting downstream genes such as LEAFY (LFY) and UNUSUAL FLORAL
ORGANS (UFQ), which in turn suppress the maleness-promoting Pl gene [36]. Therefore, the shared
Pl homolog sequences in the W-linked region may be a conserved W-specific female-determining

factor in the 15ZW Salix species, and it was investigated further, as described below.

The intact ARR17-like genes involved in determining femaleness in Salix and Populus [29,33] are
located on an autosome, chromosome 19, in all studied Salix species with male heterogamety,
including 7XY and 15XY species, as well as in the 15ZW allotetraploid S. babylonica [10,31,42]. In
the 15ZW clade | species S. purpurea, intact ARR17-like genes are present on chromosome 15W as
well as chromosome 19 [43]. However, blastn searches (Additional file 2: Table S16) detected no
intact ARR17 genes in the genome of another 15ZW clade | species, S. viminalis; contrary to a
reported intact ARR17 gene on the 15W chromosome by Almeida et al. [64], we detected only a few
incomplete ARR17 exon fragments (exonl, exon3, or exon5) on the whole genome, suggesting that
the numbers of these genes varies among these species; this confirms the recent S. viminalis genome
assembly, which detected only a single intact ARR17-like gene, on chromosome 19, and none on
chromosome 15 [65]. Consistent with these previous results, we found intact ARR17-like genes on
both chromosomes 19 and 15 in our sequenced females of two 15ZW species, S. baileyi and the S.
polyclona complex (in both ZW diploids and the 15ZZZW autotetraploid), and the chromosome 15
copies were within their SLRs (Fig. 5b, Table 3, Additional file 2: Table S13), in variable numbers.
These results suggest that the number of intact ARR17-like genes varies among these species. The
number ranges from a prematurely terminated copy in S. gordejevii (whose entire genome contains
only one full-length ARR17-like gene copy on chromosome 19, bearing a premature termination
codon in the fourth exon), to one copy on chromosome 19 in its close relative S. viminalis [65,66], to
a small number in S. baileyi, and up to 15 copies in the newly assembled 15W of S. polyclona-W2
individual (Fig. 5b, Table 3 and Additional file 1: Fig S31). The high copy number of ARR17 within
15W of S. polyclona-TS and W2 may simply reflect random gene amplification (Additional file 2:

Table S8). The sequence presence/absence results are summarised in Table 3 and an interpretation of



these findings is discussed below. Phylogenetic analysis of the intact ARR17-like sequences (from
411 to 468 bp, spanning five exons), suggests that chromosome 19 was the ancestral location of the
ARR17-like sequences now found on chromosome 15W (Additional file 1: Fig S32; the origin of the
ARR17-like sequences on chromosome 15Z in the four S. polyclona taxa remains unresolved);
consistent with a chromosome 19 origin, all willow species have one or two copies at this site (Table

3), but not on its homeolog, chromosome 13 [42].

Turning to the PIl-like sequences on the 15W-SLRs, homology-based blastn analysis revealed that
these sequences are incomplete compared with their intact autosomal homologs (Additional file 1:
Fig S33, Additional file 2: Table S17), which, in all the species studied here, including S. babylonica
[31], were found on the homeologous autosome pair 2 and 5 (Table 3; this pair originated in the
WGD event mentioned above [42,51]). The intact Pl-like copies on chromosomes 2 and 5 are
collinear across all the 15ZW clade | species (Additional file 1: Fig S34). We detected partial Pl-like
duplicates in the 15W-SLRs of all the 15ZW clade | species studied here, but not in 15Y-SLRs of XY
willows or the allotetraploid S. babylonica (Table 3, Additional file 2: Table S13). Searches of the
entire genome found PI-like duplicates (~189 bp) only on chromosomes 15W, 2, and 5 (Additional
file 2: Table S17). Phylogenetic analysis of the partial sequences (Fig. 5¢) revealed that some
duplicates in the 15W-SLRs of all lineages (except S. purpurea) cluster with intact sequences on
autosome 2, and others with ones on autosome 5 (except S. baileyi), suggesting duplicative
transpositions from both these autosomes. It is, of course, unlikely that Pl-like duplicates from
autosomes 2 and 5 could simultaneously duplicate to the SLRs and form inverted repeat elements.
However, the sequences that form inverted repeats usually originate from a single autosome, either 2
or 5, suggesting that such repeats can readily form (Fig. 5¢, Additional file 2: Table S17). The intact
Pl gene sequence includes both the MADS domain and the K-box domain, while the annotated

partial copies have only the MADS domain (Additional file 1: Fig S33, Additional file 2: Table S18).

These conclusions are supported by ancestral character inference (see the Methods section). In the

diploid ancestors of 15ZW clade | species, before the 15ZW species diverged, chromosome 15



apparently gained duplicated copies of the chromosome 19 intact ARR17-like sequences, and partial
Pl-like sequences (from chromosomes 2 and/or 5); these conclusions are supported by probabilities

of 54% and 96%, respectively (Additional file 1: Fig S35).

Sex determination in members of the 15ZW clade |

Any of the genes known to act upstream or downstream of the intact ARR17-like genes might have
the potential to evolve into new sex-determining factors. We can exclude the previously proposed
UFO and LFY genes [36] as candidates for such changes in the 15ZW clade | species, because
neither is located in the SLRs of any of the taxa studied here (Additional file 2: Table S19). The
involvement of other genes was tested using studies of gene expression in buds in early
developmental stages, at a stage that we confirmed is in the appropriate developmental stage (see
Methods, Additional file 1: Fig S36). Furthermore, in flower bud and catkin tissues of these six taxa,
UFO shows negligible expression levels, while LFY expression is similar in both sexes (Additional
file 2: Table S19). The other two potential sex-determining factors of S. purpurea, dsSRNA-binding
domain-like superfamily protein (DRB1) and Argonaute family protein (AGO4) were also detected
on the sex chromosomes of our sequenced genomes (Additional file 2: Table S19) [44]. However,
they are found either in the PARs, or in both the Z- and W-SLRs, and no consistent expression
differences were found between the sexes in flower buds or catkins (Additional file 2: Table S19), so
they are also excluded from our candidates. We can also probably exclude a role for a member of the
GATA gene family in sex-determination of most willows (except S. purpurea). Such a role was
proposed because, in S. purpurea, a member (GATAL5) is within the 15W-SLR, and (as outlined in
the Introduction) might reinforce the ARR17-like gene’s effect, suppressing male flower development
and inducing female flowers [44]. However, no expression or experimental evidence directly
suggests a function in sex-determination in this species [45], and, although we confirmed the
presence of GATA1S5 in S. purpurea, we did not detect a chromosome 15 copy in the other 15ZW

species (Table 3).

The intact ARR17-like sequences in the 15W-SLRs of the species studied here are expressed at very



low levels in early developmental stages of flower buds and catkins (Fig. 5d), and we confirmed that
when expression is detected, the sequences within their exons are not or low expressed [45] (see
Additional file 1: Fig S37, Additional file 2: Table S20). Some of these sequences include premature
stop codons or insertions changing the coding sequence (Additional file 1: Fig S38), which may
account for their extremely low expression, or affect their function. Together with the copy number
variation described above, and the complete absence of intact ARR17-like gene copies from the
genomes of S. gordejevii, we suggest that intact ARR17-like genes may not be essential for female
functions in the 15ZW clade | species studied here. In S. purpurea, expression of the sex-linked
(15ZW) ARR17 sequence is female-specific, but it is very low [44]. However, expression differences
between the sexes are quite striking in catkins [43]. Studies of expression in early flower bud
development are therefore still needed to test whether the intact copies in this species function in the
sex determination pathway, as would be expected. In S. baileyi, the intact ARR17 gene is specifically
expressed at low levels in female flower buds (Fig. 5d, Additional file 1: Fig S37). This expression
pattern may resemble that observed in S. purpurea. Hence, experimental validation is required to
determine the functional role of 15W-linked intact ARR17-like copies, given that ARR17 expression

may in fact be more challenging to quantify experimentally than currently appreciated.

However, the previous result that no small RNAs map to the ARR17-like genes or their nearby
regions [44] is consistent with our observations that the partial ARR17-like duplicates produced
almost no detectable small RNAs in either female or male flower buds of the studied ZW willows
(Additional file 2: Table S21). This suggests that ARR17 RNA-interference no longer occurs in the
15ZW clade | species, and that their partial ARR17-like duplicates, although often still found on the
Z chromosomes in this clade, may have lost any sex-determining function. Using one of the intact
ARRI17 on chromosome 19 of S. triandra as reference, we calculated divergence of all intact ARR17
copies in 15ZW clade I species and S. arbutifolia, indicating accumulation of more non-synonymous
substitutions in 15ZW clade | species (Additional file 2: Table S22). This may suggest that the intact
ARR17 copies in the 15ZW clade | species have undergone functional changes, consistent with the

previous transcriptome data.



Instead, the partial Pl-like duplicates in the Salix 15ZW clade | might function as femaleness-
promoters. In several of these species, expression of the autosomal intact Pl homolog is high in male
flower buds and catkins, whereas hardly any expression was detected in female buds and catkins (Fig.
5e, Additional file 2: Table S18). We therefore propose that low Pl expression in female buds and

catkins in Salix is likely to be due to the presence of the multiple W-linked partial copies.

In our genome assemblies, the partial Pl-like duplicates form inverted repeat elements within the W-
SLRs of all 15ZW clade | species sequenced, suggesting that they might form hairpin structures
through complementary pairing of the arms (Additional file 1. Fig S39-S45), yielding double-
stranded RNA (dsRNA) intermediates that (like the partial ARR17-like genes described above) can
be processed into small interfering RNAs (siRNAs) that reduce expression of the autosomal intact Pl
genes. Supporting this hypothesis, we found a large accumulation of 22-24 bp sRNAs with
sequences homologous to regions near and within these tandem duplicate arrays of partial Pl-like
sequence (Fig. 6a; we also detected SRNAs with sequences homologous to those in and around the
intact Pl-like duplicates on chromosomes 2 and 5, as shown in Additional file 1: Fig S46, probably
reflecting degraded transcripts from intact copies). In contrast, the partial Pl sequences showed very
low coverage in mRNA sequences (Additional file 1: Fig S47, Additional file 2. Table S18),

consistent with functioning through siRNA-mediated silencing.

To further test our hypothesis, we performed dual-luciferase reporter assays in Nicotiana
benthamiana. As the intact Pl-like duplicates and siRNA sequences are similar in all 15ZW clade 1
species, sequences from a single species, S. baileyi, were used for these experiments. When the
luciferase-fused intact Pl-like sequence was co-expressed with SiRNAs derived from partial
duplicate sequences (in leaf regions containing both elements), luminescence ratios decreased,
compared with controls (t-test, p < 0.0001), indicating that these siRNAs can indeed silence intact
Pl-like gene expression (Fig. 6b, Additional file 1: Fig S48), as hypothesised. We conclude that the
siRNAs produced from the W haplotypes in ZW or ZZZW females probably inhibit expression of



intact autosomal P1 copies that promote male functions (Fig. 6¢), while these can function normally
in the ZZ or ZZZZ males. The PI gene’s crucial role in stamen development is well-documented, but
there is currently no reported evidence demonstrating that its expression inhibits pistil development.
Further studies are needed to (1) directly validate the function of intact PI-like genes in willows, and
(2) investigate whether other W-specific factors, similar to GATA15 in S. purpurea, can promote
pistil development in other 15ZW species, or whether a factor that inhibits stamen development will
pleiotropically increase female flower part development, so that a trade-off occurs, such that the

genotype that is not male automatically develops as a female [67].

Discussion

Our results and conclusions are summarised in Fig. 7. As reviewed in the introduction, the ancestral
system in both poplars and willows with male heterogamety, in both the 7XY and 15XY, groups
involves partial ARR17-like duplicates in Y-SLRs which generate small RNAs silencing intact
autosomal ARR17-like genes whose expression  determines female development; their silencing

should lead to activation of intact Pl-like genes, determining male development [31,36,42].

In 2020, Wang et al. described evidence that the appearance of intact female-promoting ARR17-like
genes on chromosome 15, by duplicative transposition, led to the 15XY—-15ZW sex chromosome

turnover in S. purpurea [29], with an increase in the copy number of these sequences in the
pericentromeric repetitive 15W-SLR promoting female development, changing this genome region to
a W-linked region, similar to a change documented in sex-determination in Populus alba [30,33].
Willows may possess a take-over mechanism similar to that in P. alba, in which the intact ARR17
gene becomes the primary sex-determining factor, replacing the ancestral partial ARR17-like
duplicates. Such a change would initially have created a system with a W-linked region as well as the
ancestral X- and Y-linked ones, similar to the situation observed in the platyfish, Xiphophorus

maculatus [68].



The allotetraploid species supports this interpretation. In the species tree, the S. babylonica V sub-
genome is paraphyletic to other ZW species in the Vetrix clade (Fig. 1, 7), and its 15W-SLR is
similar to its ancestral X-SLR, having no intact ARR17-like or partial Pl-like duplicates. The eight
intact ARR17-like duplicates on its autosome 19 copies can evidently outweigh the maleness-

promoting action of the 15Z-SLR partial ARR17-like duplicates, to produce XY females.

A new female-determining function then appears to have evolved in the W haplotype of the
chromosome 15 sex-linked region, involving partial duplication of PIl-like sequences (from
chromosomes 2 or 5), probably creating a stronger female-determiner. This was followed by loss of
the male-determining function of the ancestral 15Y-linked ARR17-like system (Fig. 7). This order of
appearance of sequences in the 15W-SLR is supported by synonymous divergence (Ks estimates);
pairwise divergence from intact chromosome 19 ARR17 sequences (based on 36 sequence pairs) is
about four times higher than that between partial Pl-like duplicates on chromosome 15W and
chromosome 2 or 5 (26 pairs). As Additional file 1: Fig S49 shows, the difference is highly
statistically significant, despite the short sequence lengths, especially those of the partial Pl-like

sequences, which include only exon 1.

The new system involving partial Pl-like sequences resembles the ancestral Y-linked ARR17-like
system, as both involve small RNAs controlling an autosomal gene, PI, though the default sex (the
sex that develops in the absence of the sex-determining “trigger” factor) differs in the two cases. The
involvement of small RNAs is increasingly recognised in both animal and flowering plant sex
determination [33,38,69,70], including a W-linked PIWI-interacting RNA (piRNA) that functions as
feminising factor in the silkworm [70]. In the plant genus Diospyros, the male-specific (Y-linked)
OGI sequence is a duplicated gene whose inverted repeat forms an RNA hairpin structure, which
produces a small RNA that silences its autosomal progenitor gene, MeGl [69], which is probably
involved in controlling allocation to male versus female flower structures [8]. The ARR17-like and

Pl-like genes may participate in such an allocation system.



Under the interpretation above, new sex determining factors have evolved at least twice in Salix from
the ancestral Salicaceae XY system. In S. purpurea, the GATA1l5 gene may promote female
development in females, alongside the female-promoting function of intact ARR17, which also
causes suppression of male development. In the 15ZW clade | Salix species studied here, the
maleness suppressing function, creating females, appears to have been replaced by suppressive
effects of partial Pl sequences. These observations carry the interesting implication that sex-
determination in both cases involves trade-offs between female and male functions, such that the
development of one sex phenotype leads to loss of structures with the other sex functions. It is also
interesting that, in both cases, the new factor appears to have evolved from a gene that acts
downstream in the sex-determination pathway, not by adding a new sex determining gene upstream
of the ancestral sex-determination pathway, as Wilkins suggested [71]. There seems no reason why
this should not occur, and another example was outlined in the introduction. In the 15ZW clade | S.
polyclona complex individuals, with sex-linked intact ARR17-like gene copies, these sequences have
likely transferred from their initial 15W-SLR to the 15Z counterpart. The XY systems also
underwent changes in Salix. Among the ancestral 7XY species, 7Y chromosomes were lost in two

species, and in the Salix clade, new 7Y chromosomes probably evolved from the ancestral 7X [42].
An XY-ZW change in Populus is also documented [30]. These hypotheses can be further tested in

the future in basal Vetrix clade species, e.g., S. reticulata and S. setchelliana [72].

The 15XY —15ZW sex chromosome turnover studied here involves transposition, followed by

duplications of intact ARR17-like genes (as in S. purpurea [29]), and a subsequent turnover in the
Vetrix 15ZW clade I, involving partial duplications onto the 15W chromosome of a Pl-like gene (Fig.
6), taking over the female-determining function. It remains unclear whether the ARR17-like copies
retain functionality, as gene expression was assessed at only a single stage of floral development in
each sampled species or lineages. A very recent report (preprint) found a similar mechanism in

15ZW clade | S. herbacea [73]. These changes suggest that effects of dosage of genes involved in



sex determination are important in the poplars and willows, probably in the development of stamens
and pistils during flower development. This suggestion is consistent with the idea of trade-offs
between allocation to male and female functions, because trade-offs are likely to involve dosage-
dependence, with greater expression of some genes promoting maleness, and leading automatically

to lower expression of female functions.

Recent changes, such as those within the Vetrix sub-clades of genus Salix, create new sex
chromosomes, and some of the SLRs appear to still be capable of recombining, as the W-Z Ks values
are low. In S. gordejevii, there is evidence for Z-W recombination (see Fig. 4). These SLRs may be
too young to have degenerated or differentiated, or occasional recombination may have prevented

degeneration and maintained homomorphic, as in some frogs [74].

A common feature of all these systems is that sex-determining loci are located within
pericentromeric regions of the chromosomes involved. These regions probably recombine rarely
(based on genetic evidence in S. arbutifolia, S. triandra, S. babylonica, S. mesnyi, and the newly
studied species [10,31,42] (Fig. 3a), and on their high repetitive content in all species where genome
assemblies are available to test this. The lack of major degeneration of the SLRs, but evidence of
small proportions of genes being missing from both the W- and Z-linked regions, is consistent with
genes in repetitive pericentromeric genome regions being expressed at low levels, and being prone to
gene losses and gains [75,76]. The S. gordejevii W-SLR is smaller than the Z-SLR (Fig. 2),
consistent with occasional recombination preventing accumulation of repeats. However, the S.
arbutifolia and S. triandra X-linked regions are larger than the corresponding older-established Y
regions, due to the accumulation of repetitive sequences, as expected if recombination is rare [42],
and most of the 15ZW species derived from XY ones, have SLRs that exhibit micro-heteromorphism,

with larger W- than Z-SLRs (Fig. 2).

The lack of degeneration (Additional file 2: Table S9) suggests that the changes documented here are

unlikely to have been favoured by loss of genes from Y-linked regions in the ancestral species with



male heterogamety [77,78]. In the Introduction, we mentioned the possibility that movements create
linkage to a sexually antagonistic polymorphism, but other possibilities have also been modelled [79].
One is that high TE density may increase the rate of movements of genome regions into and out of
these regions, including movements of genes. If a gene involved in the sex-determining pathway
moves into such a region, its copy number may increase through tandem duplication (another process
that is facilitated in rarely recombining genome regions). If the gene acts in a dosage-dependent
manner during development, this might cause a change in the sex that develops. Such changes might
affect the sex ratio of a population, resulting in a sex chromosome turnover, and/or in compensatory
evolution to restore a 1:1 sex ratio [80]. Such sex ratio selection is one of the main causes proposed
for sex chromosome turnovers [80]. Unequal sex ratios can arise for many different reasons, but we
speculate that the large numbers of turnovers in willows might be related to their chromosomes’ large
pericentromeric regions. Turnovers involving different chromosomes carrying the sex-determining
locus are also documented in the genera Silene and Rumex, both of which share the property of
having large pericentromeric regions [81-84]. However, testing this possibility requires analyses of

more taxa.

Conclusions

In Salix, the sex-linked regions in the 15ZW taxa studied here evolved within the rarely recombining
pericentromeric region and show little or no degeneration. Our interpretation of their evolution
involves the duplication and translocation of sex-determining factors, including ARR17 and PI
sequences. Partial Pl duplicates were found exclusively in the 15W-SLRs of 15ZW clade | species,
and are absent from the SLRs of previously studied Salix species with 7XY and 15XY systems, and
from the 15ZW clade Il species. The siRNA sequences transcribed from the newly identified partial
PI duplicates can directly inhibit the expression of intact autosomal copies of a Pl-like gene, acting
as a dominant femaleness-determiner. This change followed transposition of intact ARR17 sequences

to an ancestral 15X-linked region, that likely triggered transitions of XY to ZW. All these events did



not alter the location of the sex-determining regions in pericentromeric regions of the genomes,

consistent with the known tendency for genes in this genomic compartment to be gained and lost.

Methods

Plant materials

We collected leaves from females of S. gordejevii (HL00135) and S. baileyi (HL00025) for whole
genome sequencing. To represent the diversity in the S. polyclona complex, our material includes one
autotetraploid individual, West 2 (W2), and three diploid female individuals from populations named

West 1 (W1), East (E), and East Taishan (E-TS) [48].

Catkin, flower bud, young leaf, stem, and root samples from female plants, and male catkin and bud
samples, were collected for DNA or RNA sequencing; flower buds of S. gordejevii for RNA
sequencing were collected in October 2024, for S. baileyi in September 2024, for S. polyclona-E in
April 2024, for S. polyclona-E-TS in March 2024, for S. polyclona-W1 in April 2024, and for S.
polyclona-W2 in March 2024. The flower buds were identified based on their morphological
characteristics and positions on branches [85]. Samples were frozen in liquid nitrogen and stored at
—80°C until total DNA or RNA extraction. Pistillate and staminate flower bud development were
studied in the same Salix baileyi individuals as used for transcriptome samples, using OCT-
embedding techniques. At the developmental stage sampled for transcriptome studies (see below),
the pistillate and staminate buds or inflorescences were fixed in OCT compound, followed by
vacuum treatment, and stored at -80°C. Sectioning was performed using a cryostat microtome (Leica
CM30508). The sections were then observed and photographed under a LEICA M205 FA optical

microscope and LAS v4.13 software.

For analyses including variant frequency comparisons between the sexes based on Illumina

sequencing, we collected leaves of 19 male and 19 female of S. gordejevii; for the S. polyclona



complex, we collected leaves from ten males of E-TS, three females and 14 males of E, 14 males of
W1, and nine males of W2. These samples were dried in silica-gel for whole genome resequencing
and ploidy estimation. All the plant materials we used were identified morphologically based on
published references (S. gordejevii [86], S. baileyi [87], S. polyclona [48,88]). Voucher specimens of
the newly sequenced samples are deposited in the herbarium of Shanghai Chenshan Botanical
Garden (CSH). We also downloaded genome sequence data of four E-TS, 22 W1, 19 E, nine W2
individuals of the complex published by [48], and retrieved S. baileyi resequencing data from NCBI

[52]. Detailed information of these datasets is in Additional file 2: Table S23.

Ploidy determination

The ploidy levels of five females, five males of S. gordejevii and 31 S. polyclona complex
individuals were estimated by flow cytometry, followed the protocol in ref. [89], using diploid Salix
dunnii (2x = 2n =38 [51]) and S. baileyi (2x = 2n = 38 [90]) as external standards, respectively.
Chopped leaf tissue was incubated for 80 min in 1 mL LBO1 buffer and then filtered through a 38-
um nylon mesh. The filtered homogenate was treated with 80 pg/mL propidium iodide (PI) and 80
ug/mL RNase to stain the nuclei. Estimates used a MoFlo-XDP flow cytometer and 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.

We used Jellyfish [91] to construct k-mer frequency distributions of tetraploid S. polyclona-W2
(HLO0183) (k-mer = 21). Genomescope 2.0 [92] was used to distinguish autotetraploidy from
allotetraploidy based on progeny genotypes. This approach is based on the fact that, in allotetraploids,
preferential pairing of homologous chromosomes from the same subgenome during meiosis produces
high proportions of progeny with two alleles from each subgenome (aabb), whereas in
autotetraploids whose chromosomes pair randomly in quadrivalents, progeny can inherit one allele

from one given subgenome and three from the other (aaab).



Genome sequencing

PacBio HiFi libraries for long-read sequencing and genome assembly were prepared from genomic
DNA extracted from S. gordejevii, S. baileyi, and the four S. polyclona complex individuals using a
CTAB method modified and optimised by Novogene to obtain high quality DNA from woody plants
for such sequencing. PacBio large insert libraries were then created by SMRTbell Express Template
Prep Kit 2.0 and sequenced by Novogene using the PacBio Sequel Il platform with the Circular
Consensus Sequencing (CCS) model. To improve accuracy of the assemblies, we also performed
ONT sequencing for autotetraploid S. polyclona-W2, using DNA extracted using the phenol-
chloroform method. ONT libraries were prepared following the Nanopore 1D Genomic DNA by

ligation protocol, and sequenced by Novogene on the PromethlON platform.

Hi-C libraries were constructed using standard procedures [93]. Tender leaves from S. gordejevii, S.
baileyi, and four lineages of the S. polyclona complex were used for library preparation. The leaves
were fixed in a 4% formaldehyde solution, and then the cross-linked DNA was isolated from nuclei.
Subsequently, DNA was digested with the restriction enzyme Mbol, and restriction fragment ends
were biotinylated, purified and ligated. Hi-C libraries were controlled for quality and sequenced on

Illumina HiSeq X Ten platform and NovaSeq 6000 by Novogene.

We obtained short-read sequences from 38 S. gordejevii individuals, and 50 individuals (41 diploids
and 9 tetraploids) of the S. polyclona complex, using genomic DNA extracted from leaves with the
Magnetic Plant Genomic DNA Kit (Tiangen, China). Paired-end libraries were constructed for all
samples. Whole-genome sequencing with expected depths of 20x for the diploids and 80x for the
tetraploids was performed on Illumina NovaSeq 6000 and NovaSeq X Plus by Beijing Novogene

Bioinformatics Technology.

RNA sequencing

Total mMRNA was extracted from samples from S. baileyi, S. gordejevii and four lineages of the S.



polyclona complex using a Polysaccharide Polyphenol Plant Total RNA Extraction Kit (Tiangen,
China). The RNA integrity was assessed using the Fragment Analyzer 5400 (Agilent Technologies,
CA, USA), and libraries were generated using NEBNext® UltraTM RNA Library Prep Kit for

Illumina® (NEB, USA).

We also performed small RNA sequencing for female and male flower buds from all species studied,
using total RNA extracted with RNAprep Pure Plant Plus Kit (Tiangen, China). After adaptor
ligation to the ends of the small RNA molecules, reverse transcription primer hybridization was used
to create the first strand cDNA. Double-stranded cDNA libraries were created by PCR enrichment,
and libraries with insertions ranging from 18 to 40 bp were purified and sequenced. Both mRNA-seq

and small RNA-seq sequencing were performed on an Illumina NovaSeq 6000 by Novogene.

Genome assembly

We used a similar strategy to assemble and annotate the genome assemblies of all the species. Initial
contigs were assembled based on PacBio HiFi reads using hifiasm [54]. For the autopolyploid S.
polyclona-W2, ONT reads were also used to assemble initial contigs. Hi-C reads were then aligned
to the haplotype contig genomes using Juicer [94], for chromosome-level genome assembly.
Preliminary Hi-C-assisted chromosomal assemblies were completed using 3d-dna [95]. Subsequent
manual inspection and correction using Juicebox [96] refined the chromosome boundaries,
eliminated improper insertions, modified orientations, and corrected assembly errors. Finally,
LR_Gapcloser [97] gap filling based on HiFi readings was implemented to improve the assembly.

GetOrganelle [98] was used to assemble chloroplast and mitochondrial genomes.

The fragmented contigs were aligned to the chromosome-level genome and organelle genome
sequences with Redundans [99]. rDNA fragments and low-coverage fragments or haplotigs among
the dispersed sequences were eliminated. Furthermore, our short-read data was polished with

Nextpolish [100] to correct bases.



To improve our haplotype-resolved chromosome assemblies, reads mapped near the telomeres were
selected and assembled into contigs using hifiasm, and then mapped back to the chromosomes. The
chromosomes were numbered from 01 to 19 following the homologous S. arbutifolia chromosomes
[10]. We obtained two haplotypes (a, b) for the diploid species, and four (a, b, c, d) for the tetraploid

S. polyclona-W2.

To assess the accuracy of the sex chromosome phasing and detect any chimeric regions in the
assemblies, unitig sequences (unique contiguous sequences inferred as high-confidence, branch-free
paths in the assembly graph) were mapped to the assembled genomes using minimap2 (-x asmb5)
[101]. The SLRs and PARs described in the Results section were identified and highlighted in unitig

graphs visualised using Bandage [102].

Genome annotation

Coding gene prediction combined evidence from homology-based prediction, transcript prediction,
and de novo prediction strategies. For homology-based prediction, we used the publicly available
Salicaceae protein sequences as homologous protein evidence for gene annotation. For transcript
prediction, we assembled transcripts from our mRNA data using Trinity [103] and StringTie [104],
and removed redundant sequences with CD-HIT [105] (with settings identity > 95%, and coverage >
95%). The PASA pipeline [106] was used to annotate gene structures based on our transcriptome data,
and full-length genes were identified by aligning with their homologous proteins. These full-length
genes were used for AUGUSTUS [107] training with five optimisation replicates. Gene structures
were then predicted by the MAKER [108] pipeline based on the repeat-masked genome with de novo
prediction, transcript and homolog protein evidence. Next, the MAKER and PASA annotation results
were integrated to produce consensus gene sets using the EVidenceModeler (EVM) gene structure
annotation tool [109]. Finally, untranslated regions (UTRs) and alternative splicing were annotated
using PASA [106], and genes encoding fewer than 50 amino acids were removed, plus sequences
with internal stop codons or ambiguous bases, or no start or stop codon in the assembled annotation.

Non-coding RNAs (ncRNAs) were annotated using tRNAScan-SE [110], RfamScan, and Barrnap



pipelines (https://github.com/tseemann/barrnap).

Gene functions were annotated based on homology and similarity searches. In addition to the
eggNOG-mapper [111] annotation, DIAMOND [112] was used for sequence similarity searches
(identity > 30%, E-value < 1e-5), and protein databases including Swiss_Prot, TTEMBL and NR. The
InterProScan software [113] was used to search for domain similarity. BUSCO was used to assess

genome completeness, using the embryophyta_odb9 database.

Repeat elements were identified by EDTA [114] (--sensitive 1 --anno 1), and RepeatMasker
(http://www.repeatmasker.org/RepeatMasker/) was then used to determine repetitive regions within
our assemblies. We used Tandem Repeats Finder (v4.09) to identify tandem repeats [115], and detect

the telomeric regions of chromosomes [56].

Phylogenetic analysis

To understand the relationships of the species whose sex-linked regions are investigated here, we
performed a phylogenetic analysis of autosomal sequences from 12 willow genome sequences,
including the a haplotypes of S. dunnii, S. mesnyi, S. triandra, S. arbutifolia, S. purpurea, the four S.
polyclona samples, W2, W1, E-TS and E, S. baileyi and S. gordejevii, and the S. babylonica S and V
genomes, with Populus trichocarpa as an outgroup (Additional file 2: Table S7). Single-copy
homologous protein sequences were identified using OrthoFinder [116]. The inferred protein
sequences were aligned using MAFFT [117], before using the nucleotide sequences to estimate gene
trees with 1Q-TREE (-m MFP -bb 1000 -bnni -redo) [118], and then the species tree, using ASTRAL

[119] according gene trees.

Read mapping and variant calling
Fastp [120] was used to filter all sequence reads, and clean reads were used for subsequent analysis.
The BWA-MEM algorithm from bwa 0.7.12 [121,122] was used to align clean reads to each genome

(both haplotypes for diploid S. gordejevii, S. polyclona-W1 and E, with default parameters; for the



W?2 individual, we used the four haplotypes as references for calling SNPs, for consistency with the
methods for the diploids, as described previously [48]. Samtools 0.1.19 [123] was used to filter and
convert the mapped data to BAM. PCR replicates were filtered using sambamba 0.7.1 [124]. GATK
4.2.2.0 version was used to call variants in our species, with “--sample-ploidy 2”. Hard filtering was
carried out with parameters “QD<2.0, FS>60.0, MQ<40.0, MQRankSum<-12.5,
ReadPosRankSum< —8.0, and SOR>3.0”. Only biallelic sites were used in subsequently filtering
steps. Due to the potential for false positives and artifacts, sites with coverage above twice the mean
depth at variant sites across all samples were discarded (DP >2 * average DP) [125,126]. To control
quality, sites where the samples have average depth < 4x were treated as missing, and sites missing
in> 10% of the samples (using GATK) or with minor allele frequency <0.05 (using Samtools) were

filtered out, as described previously [10,31,42,51].

Identification of the SLRs

We identified the SLRs of the S. gordejevii, S. baileyi, and the four S. polyclona complex lineages
using a combination of CQ, k-mer, Fsr, the location of inversions, and synteny between the regions
identified. The CQ, Fst and k-mer analyses are based on 64-82 million clean Illumina reads per
individual (mean 70) of S. gordejevii (average read depths from 25.9x to 33.9x), and 65-80 million
clean Illumina reads per individual (mean 70) of S. baileyi (average read depths from 21.4x to 26.9x).
For S. polyclona, we obtained 61-83 million clean Illumina reads per individual (mean 66) of the 41
newly sequenced diploids (average read depths from 19.3x to 28.7x), and 253-263 million reads per
individual (mean 256) of the nine tetraploids (average read depths from 80.8x to 87.2x) using the

relevant lineages as the reference genome.

Previous studies [32,48] suggest that the 15ZW clade | species have a similar female heterogametic
system. The CQ method [127] was used to detect Z and/or W sex chromosomes using cg-calculate.pl
software based on clean reads. We calculated the CQ for each 50-kb non-overlapping window across
the chromosomes based on the combined female and male clean read data sets. Under female

heterogamety, the CQ is the normalised ratio of male to female alignments, and the value should be



close to 2 in windows in Z-linked region and zero in windows in the W-linked region. The
Changepoint package [128] was used to detect the boundaries of the SLRs based on CQ values

between the sexes.

Weighted Fst values between the sexes were calculated in 100 kb windows and 10 kb steps across
chromosome 15, using Weir and Cockerham’s [129] estimator implemented in VCF tools, for 5 of
the 6 taxa sampled (the exception was the E-TS lineage, which is a very small population from the
top of Tai Mountain, where only 34 individuals have been recorded [55] from which we obtained re-
sequencing datasets from only four female and 10 male individuals [48]). We used the changepoint

package [128] to detect significant differences in Fst values.

The SLR regions identified using the above approach were further validated through k-mer analysis,
following the methodology described by Carey et al. (2024). We used Jellyfish (v2.3.0) to extract 21-
mers from each individual [91], and the Unix ‘comm’ command to identify sex-specific k-mers.
These kmer-mers were then mapped to the haplotyped assemblies using BWA-MEM with the
parameters -k 21, -T 21, -a, and -c¢ 10 [121]. Mapping results were visualised by calculating coverage
in 50,000-bp sliding windows using bedtools [130], and the coverage profiles were plotted in R using

ggplot2 [131].

The SLRs in each species’ 15Z- and 15W-linked regions were analysed for synteny, using the Python
version of MCScan [132] with parameter “-- cscore=.99”. Inversions surrounding the SLRs were

incorporated into the final boundaries of the SLRs.

Analysis of evolution of the sex-linked region

We calculated the density of gene and TE in 50 kb windows across the autosomes and sex
chromosomes in the Salix species studied here. The SLRs exhibited high repeat content, particularly
of gypsy and copia elements, and low gene density. In plants, the CENH3 serves as an epigenetic

hallmark of centromere position and function [61,62]. Consistent with this, Wang et al. [60] reported



that likely centromere-associated repeats, CRMs, based on presence in the known (rough)
chromosomal locations of the centromeres are highly enriched for CENH3 in three Salicaceae
species, consistent with their being components of active centromeric chromatin. We therefore
characterised CRM elements in our genome assemblies to assess whether they can be used in other
Salicaceae species. As CRM elements belong to a gypsy-type LTR retrotransposon lineage, we
further used TEsorter software [133] to identify CRM repetitive sequences and calculated their
genomic density in 100 kb windows across the autosomes and sex chromosomes in the Salix species
studied here. In addition, higher LD is expected in pericentromeric regions, we hence used
LDBlockShow v.1.40 [134] to calculate and visualise LD patterns between SNPs for relevant sex

chromosomes and autosome 15.

We then used CRM-rich regions, together with patterns of repeat and gene densities, extended
linkage disequilibrium (LD) blocks, to delineate putative pericentromeric regions in each genome. As
expected for pericentromeric regions, those including the inferred centromeres showed high repeat
density, low gene density, and LD blocks signal. In the Results section “Identification of sex-linked
regions in the new genome assemblies and evidence that they are pericentromeric regions”, we refer
to these as pericentromeric regions and show that the sex-linked regions are largely overlapped with
them, even though their boundaries are not sharp. Based on these combined signals of high repeat,
low gene density, LD blocks signal, and high CRM density [60], we systematically identified likely
pericentromeric regions in the six sequenced genomes and in the homologous autosome 15 of S.

mesnyi and S. dunnii, and characterised the different types of repetitive sequences in them.

For each of the six new Salix genome assemblies, we separately identified presence or absence of
genes in the W- and Z-SLRs using BLASTP with e-value le-5, in order to infer gains, losses and
sharing for each species’ SLR or PAR, as described previously [17,26], using the autosomal 15a
haplotype of S. dunnii (7XY) as an outgroup. These genes were annotated in TAIR
(https://www.arabidopsis.org/) to predict possible biological functions. We visualised the shared and

unique gene sets using upset diagrams generated in TBtools [135]. For each species, we conducted


https://www.arabidopsis.org/

BLASTP searches within regions—Z-SLR vs. Z-SLR and W-SLR vs. W-SLR (identity > 30%, e-
value < le—5). Based on these alignment results, we counted duplicate genes separately for the Z-

SLRs and the W-SLRs.

The degeneration rate of sex chromosome was estimated according to the number of shared gene and
specific gene between Z-SLR vs. W-SLR or X-SLR vs. Y-SLR. For the specific genes, we calculated
the gain and loss of genes as follows: specific genes with hits to outgroup autosome 15a haplotype of
S. dunnii (7XY) in 15Z-SLR (or 156W-SLR) were categorised as ‘W (or Z) deletion’, respectively;
specific genes without hits to autosome 15 were classified as ‘Z (or W) insertion’. Finally, we
calculated degeneration rates based on gene loss situation. Degeneration rate for W-SLR = W-SLR
loss / (W-SLR loss + Z-SLR loss + their shared genes), and degeneration rate for Z-SLR = Z-SLR
loss / (W-SLR loss + Z-SLR loss + their shared genes). We performed a similar analysis for genes in

PARs. The same method was used to calculate the degeneration rate in 15XY SDS species.

Sex chromosomes may stop recombining at several different times, initiating accumulation of
variants in sequences specific to the sex-limited chromosome (the Y or W). The resulting divergence
from the X (or Z) creates distinctive evolutionary topologies [136], and species that share a common
ancestral SLR will share separate clusters of X and Y (or W and Z) alleles, termed gametologs,
allowing a lack of recombination before the species diverged to be detected, whereas the sequences
of each species will cluster together if recombination occurs [10,137]. In Salix, previous studies
found two such genes shared by XY and ZW species [10], and seven genes shared only by ZW
species, with 15Z and 15W sex-linked sequences clustered by gametologs, while their orthologous
15X- and 15Y-linked sequences cluster by species [42]. We used OrthoFinder [116] to identify sex-
linked orthogroups in different species sets (all 15ZW clade | species and 15XY species S.
arbutifolia and S. triandra; 15ZW clade | species only; S. polyclona TS and W2) using the Salix
clade species S. dunnii as outgroup. We used MAFFT [117] to align the genes, and IQ-TREE [118] to

reconstruct phylogenetic trees using the S. dunnii haplotype a of chromosome 15 as an outgroup.



To detect inversions and structural variants in SLRs, we also conducted synteny analysis between the
sex chromosomes of the newly sequenced samples and the homologous autosomes of S. dunnii and S.

mesnyi, using the Python version of MCScan [132] with parameter “-- cscore=.99".

Genes proposed as sex-determining factors and phylogenetic analysis of their sequences, and
reconstruction of ancestral states

Intact ARR17-like genes (with all 5 exons intact) and partial ARR17-like duplicates (including fewer
than 5 exons) were identified in the assemblies of the newly sequenced samples using the same
strategy as in previous studies of other willows [10,29,31]. We used BLASTN (“-evalue le-5 -
word_size 8”) to identify orthologs of the Populus trichocarpa ARR17-like gene (Potri.019G133600).
To ensure that all regions of the ARR17-like duplicates were identified, we extracted the aligned
regions plus 200 bp of upstream and downstream sequence, and aligned them from the start codon

ATG, using Geneious Prime 2023.2.1 (https://www.geneious.com/), which was also used to visualise

the alignments. The coding sequences (CDS) of intact ARR17 genes were used to construct a

phylogenetic tree with IQ-TREE [118], using P. trichocarpa as an outgroup.

Using the BLASTN approach, we also identified sequences of the other genes mentioned in the
Introduction: the male specific factor (MSF) [42], which is shared by the Y-SLRs of both 7XY and
15XY species, and the genes UFO, and LFY that act downstream of intact ARR17-like genes in the
sex development pathway (UFO and LFY query sequences were the P. trichocarpa
Potri.001G160900 and Potri.015G106900 genes), and the DRB1 and AGO4 genes, which have been
proposed sex-determining candidates in S. purpurea (the query sequences from that species were

Sapur.15WG074300 and Sapur.15WG074400 [44]).

Finally, we identified intact and partially duplicated sequences homologous to the Pl gene, whose
sequence is shared by all ZW species studied (see Fig. 5). We used the P. trichocarpa sequence
(Potri.002G079000, with 7 exons) as the query. To reconstruct a phylogenetic tree including both

partial and intact Pl-like duplicates, we analysed only the first exons (as explained above for the


https://www.geneious.com/

ARR17-like sequences); this exon is around 189bp [36].

To trace the evolutionary history of the potential sex-determining genes that were not excluded from
consideration (see the Results section), we used the willow species tree (Fig. 1a) with gene presence
or absence as character states. Reconstruction of ancestral character states was performed in
Mesquite v.3.81 [138], employing both character tracing based on the phylogenetic tree and the

likelihood method for ancestral state reconstruction.

Gene expression analyses, including small RNAs

We estimated gene expression (excluding non-mRNA transcripts) in both female and male catkins
and flower buds of the six newly sequenced taxa, with three biological replicates for each sex
(Additional file 2: Table S23). After filtering, clean transcript reads were aligned to the genome
assemblies with HISAT2 [139], respectively, and then featureCounts [140] was used to calculate the
number of reads mapping to each gene. These counts were converted to TPM (transcripts per million

reads).

To analyse and identify small RNAs in the six newly sequenced taxa, we used SRNAminer v1.1.2
[141], with three biological replicates of bud tissues from females and males in each taxon
(Additional file 2: Table S23). SRNAanno database [142] was used to identify sSRNAs, after
removing adaptors, non-coding RNA including rRNA, tRNA, snoRNA, snRNA, and plasmid
contamination from the sRNA-Seq datasets. The clean reads were aligned to their respective
reference genomes with SRNAminer, and we applied IGV-sSRNA (https://gitee.com/CJchen/IGV-
SRNA) to estimate read coverage per site, and the means over the biological replicates. Estimates

were made for each partial Pl-like duplicate and for their surrounding regions.

Inverted repeat and hairpin structure identification
We annotated the repeat sequence of partial Pl-like duplicates using the Repeat Finder Plugin

(https://www.geneious.com/plugins/repeat-finder). RNA fold prediction was performed by the



Vienna package RNAfold tool [143], and hairpin structures were visualised with Geneious Prime

2023.2.1 (https://www.geneious.com/).

Luciferase reporter assay for Pl gene and siRNAs

The Salix baileyi Pl-like gene sequence (Sabai02aG0062500) with firefly luciferase reporter gene at
its C-terminus was cloned into pGreen// 0800-LUC vector, to drive expression by the CaMV 35S
promoter. Full-length siRNA sequence produced from partial Pl-like sequences was artificially

synthesised and cloned into pGreenll-SK-62 vector for functional validation [144].

For the experiment (see Results), four distinct treatment groups were assigned to the same N.
benthamiana leaves, to ensure consistency of results by infiltration into tissue in the same growth
background. The first three groups served as the following controls: mixtures of the empty SK-62
vector and the empty 0800-LUC-35S vector (area 1), SK-62-siRNA and the empty 0800-LUC-35S
vector (area 2), the empty SK-62 vector and the 0800-LUC-35S-intact PI construct (area 3). The
fourth, area 4, was the experimental group, with mixtures of SK-62-siRNA and the 0800-LUC-35S-
intact Pl construct. All of the recombined plasmids were transformed into Agrobacterium
tumefaciens (GV3101(pSoup-p19)). These Agrobacterium strains were cultured and resuspended
with infiltration medium (10 mM 4-morpholineethane sulfonic acid, pH5.6; 10 mM MgCl,; 150 mM
acetosyringone), ODgg to 0.75. For all treatment groups, A. tumefaciens mixtures containing SK and
the 3"UTR sensor were prepared in a ratio of 10:1, respectively. 72 hours after infection, luciferase
activities were estimated in five biological replicates by the firefly and Renilla methods using a

Promega GloMax96 instrument and the Dual-Luciferase Reporter Assay System (Promega) [145].

Estimation of the relative ages of gene duplications from Ks values, Ka/Ks estimates

As described in the Results section, transpositions have duplicated an intact ARR17 homolog from
chromosome 19 to 15W, and partial PI homologs from chromosome 2 and/or 5 to 15W, during the
evolution of female heterogamety. To estimate the relative timings of these events, we used the intact

S. babylonica Vetrix clade chromosome 19 ARR17 sequence, and the chromosome 2 or 5 PI sequence



with the lower Ks value, as the likely progenitor of the chromosome 15 copies, consistent with the
estimated phylogenetic relationships (Fig. 5c); for both genes this used only exonl, as explained
above. The estimates were made using the yn00 model of PAML [146], we estimated the divergence
between the sequences of the duplicate copies on chromosome 15W and those of their progenitors in
the six newly sequenced taxa. The same software was used to obtain Ka/Ks estimates between the
intact ARR17 of 15ZW clade | species and one of the ancestral intact ARR17 copy of S. triandra, to

test whether the 15ZW clade | species accumulated more mutations.

We identified orthologous genes between the Z and W chromosomes within SLR across four species
in the 15ZW clade | (S. gordejevii, S. purpurea, S. baileyi, S. polyclona), and used the same method
mentioned before to calculate the Ks values of these Z-W homologous gene pairs within each species.
Based on the mutation rate of Salix (u = 1 x 10 per year) [147], we estimated the divergence time

between Z and W chromosomes for each species (T = Ks/2p).
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Figure legends

Figure 1 Phylogenetic relationship and genome synteny of Salix. a Inferred phylogenetic tree
based 6,467 single-copy autosomal genes present in genome sequences of 12 willows and the
outgroup P. trichocarpa. Latin names in bold indicate the six newly sequenced genomes. Two
independent 15XY to 15ZW transitions were mapped on relevant positions following refs. [10,31].
The deep black arrows indicate the turnover events in the 15ZW clade | lineage, which is the focus of
our study. Numbers marked above branches represent posterior probabilities. b Genome synteny

between chromosomes, and sex chromosomes were marked in figure.

Figure 2 Sex-linked regions in S. gordejevii, S. baileyi and the S. polyclona complex (W1, E, E-
TS, and W2 samples). For each of these species with female heterogamety (indicated by their
names), the Fst values together with the synteny results (shown with chromosome diagrams in
between the Fst and CQ values based on the assembled Z and W haplotypes, the upper and lower
plots, respectively) indicate sex-linked regions on their chromosome 15s, and the coverage
differences of short reads from male and female samples to the two haplotypes, in the CQ analyses,
confirm their locations; k-mer analysis results are shown only for the W-linked regions, as this
analysis tests for female-specific sequences. The detailed results are provided in Additional file 1:
Figs. S7-S18. The inferred SLR boundaries are indicated in the chromosome diagrams by black lines,
and the SLRs are shaded in pink; blue and green lines on these diagrams indicate forward-and

reverse-oriented genes, respectively. Inversions near the SLR boundaries are indicated in green.

Figure 3 Genomic features of the sex chromosomes of S. gordejevii, S. baileyi, and S. polyclona
complex. a Densities of genes and four kinds of repeats (TEs of all types, Copia, Gypsy, and CR
(centromeric retrotransposon in maize), see Methods). The gray shaded areas indicate the SLRs. b
The percentage of LTR-gypsy and -copia sequences in SLRs, PARs, and the whole genomes. ¢ The
proportion of genes inferred to have been lost (labelled degeneration rate) from the sex-linked

regions of the chromosomes in Salix species with male and female heterogamety sex determination



systems involving sex-linked regions on chromosome 15. The inferences were based on gene loss
situation compared with the autosomal 15a haplotype of S. dunnii (7XY). Degeneration rate for W-
SLR = W-SLR loss / (W-SLR loss + Z-SLR loss + their shared genes) and degeneration rate for Z-

SLR =Z-SLR loss / (W-SLR loss + Z-SLR loss + their shared genes).

Figure 4 Phylogenies of three sex-linked genes in two 15 XY species (S. arbutifolia and S.
triandra) and several 15ZW species. Species setl includes S. purpurea, S. baileyi, S. polyclona-W2,
and S. polyclona-E-TS, and species set2 includes S. gordejevii, S. polyclona-W1, S. polyclona-E, and
the S. babylonica V. In the left-hand column only the four ZW taxa in set 1 (a, c, e), while the right-
hand column results include species of set 1 and set 2 (b, d, f). a-d Two genes whose complete sex-
linkage evolved before the split between the 15ZW clade | and the S. babylonica V genome. e and f
show results for a gene that remained partially sex-linked after the initial radiation of the 15ZW clade

I, as discussed in the text. Numbers above branches are bootstrap values.

Figure 5 Genes on the sex chromosomes of the newly sequenced species with female
heterogamety, S. gordejevii, S. baileyi, and the S. polyclona complex, including possible sex-
determining factors. a Upset plot of shared and unique gene numbers across of W-SLR specific
gene (W-SLR genes with no BLAST hits in the counterpart Z-SLR) of the six genome assemblies,
showing that only the PI-like sequence is shared by all six taxa. b The locations of intact ARR17-like
genes and partial Pl-like sequences in the W-linked regions. ¢ Phylogenetic tree of intact and partial
Pl-like duplicates. Numbers marked on the tree represent bootstrap values. E, E-TS, W1, W2
indicate the species, as follows: S. polyclona-E, S. polyclona-E-TS, S. polyclona-W1, S. polyclona-
W?2; Sagor: S. gordejevii; Sapur: S. purpurea; Sabai: S. baileyi. d and e Estimated expression (TPM
values) in the tissues indicated of intact ARR17-like and Pl-like duplicates, respectively, in the same

species as those in part ¢ (the same abbreviated names are used).

Figure 6 The expression and functional validation of partial Pl-like duplicates. a The numbers

of small RNAs (y axes) corresponding to sequences in the region carrying the partial Pl-like



duplicates in the six newly sequenced taxa (with the same abbreviated names as in Fig. 5); vertical
yellow lines indicate the duplicates’ positions (x axes). The yellow triangles represent partial Pl-like
duplicates, with triangles pointing right indicating forward orientation and triangles pointing left
indicating reverse orientation. b Design of the dual-luciferase reporter assay to test the effects of
siIRNAs on expression of the intact willow Pl homologs. Colours indicate luciferase the fluorescence
intensity levels, expressed as p/s/cm?/sr (photons per second per square centimeter per steradian; see
the key). ¢ Diagram of the proposed sex determination mechanisms in Salix as described in the

Results section and in the papers 0f[33,36].

Figure 7 Hypothesis for changes in sex determination in Salix. The left-hand side shows the
ancestral reconstruction results (see Additional file 1: Fig S35) based on duplicates of intact ARR17-
like genes and partial Pl-like genes in the 15W-linked regions (and the S. purpurea-specific GATA15
in its W-linked region), and the parts on the right show diagrams of the genes involved in each set of
species, and their chromosomal locations. In 7XY and 15XY species (at the bottom), Y-linked partial
ARR17-like duplicates are present, and can inhibit the intact ARR17-like copies on chromosome 19.
The XY ancestor of the 15ZW allotetraploid S. babylonica had eight intact ARR17-like genes on
chromosome 19, due to a duplication, but the 15Y-SLR had only a single set of partial ARR17-like
duplicates, which may have led to the 15XY—>15ZW change, as previously proposed [31]; the partial
ARR17-like duplicates on the two 15Z-SLRs present in extant ZZ S. babylonica males can suppress
the intact chromosome 19 ARR17-like copies. In the 15ZW clade | species (at the top), partial Pl-like
duplicates are present on chromosome 15, determining femaleness, and the system based on ARR17-

like genes has been lost.



Table

Table 1 Statistics of six willows genome assemblies.

Salix Salix S. polyclona-  S. polyclona- S. polyclona- S. polyclona-
gordejevii baileyi W1 E TS W2
Ploidy 2X 2X 2X 2X 2X 14X
Total assembly size (two 652 670 785 823 831 1,507
or four haplotypes, Mb)
Total number of contigs 51 41 44 44 48 93
Maximum contig length
(Mb) 30 33 35 35 35 44
Minimum contig length 156 155 156 156 156 156
(Kb)
Contig N50 length (Mb) 15 18 21 22 23 19
Contig N50 count 17 16 16 17 16 32
Contig N90 length (Mb) 9 12 13 14 13 14
Contig N90 count 37 34 34 34 34 68
Gap number 11 1 4 4 8 12
GC content (%) 34.83 34.77 34.97 35.19 35.27 34.89
Gene number 61,481 61,894 62,004 62,396 63,175 132,186
Transcript number 84,714 80,128 87,775 82,136 87,039 165,793
Repeat content (%) 43.95 44.66 51.21 53.78 57.28 46.73
BUSCO assessment 97.90% 98.50% 98.20% 98.60% 98% 98.90%




Table 2 ldentification of SLRs in the newly sequenced Salix species. The sex-linked region locations are shown in

megabases (MDb) in the relevant assemblies. “/”” indicates that the specific signal region cannot be determined by this method.

Species Chromosome Based on CQ Me_an CQinthe Based on Fst Based on k-mer F_’osmo_ns of Base_d on all
results estimated SLRs results results inversions criteria
S. gordejevii 15a(2) 3.40-9.15 1.41 5.34-9.17 / 2.74-3.71 2.62-9.17
15b(W) 3.65-6.40 0.57 3.62 -6.47 3.65-6.05 2.86 — 2.97 2.86 — 6.47
S. baileyi 15a(W) 7.85-11.55 0.54 7.88 -12.63 7.60 - 11.60 6.57 - 8.24 6.57 — 13.02
15b(2) 6.90 - 8.30 1.4 6.37-9.91 / 5.08 -6.43 5.08 -9.91
9.29 - 10.34,
S. polyclona-E 15a (2) 12.45-14.10 1.26 10.66 - 14.87 / 10.78 - 12.26 9.29 - 14.87
9.24 -9.52,
15b (W) 11.55 - 13.05 0.33 11.30 - 15.58 11.5-13.20 10.30 - 11.74 9.24 - 15.58
S. polyclona-E-TS 15a (W) 7.40-17.25 0.4 No data 7.35-17.40 8.76 - 16.36 7.35-17.41
15b (2) 8.40-12.70 1.67 No data / 9.09 -12.22 8.40-12.70
S. polyclona-W1 15a (W) 11.25-12.90 0.39 11.06 — 15.00 11.05-13.00 10.33 - 10.60 10.33 - 15.00
15b (2) 8.10-12.00 1.38 9.10-11.49 / 7.82-8.10 7.82-11.88
S. polyclona-W2 15a (W) 6.60 - 10.30 0.59 8.43-11.92 2.90 - 13.82 2.90 - 13.82 2.90-13.82
(tetraploid) 15b (2) / / 5.35-8.53 / 4.30 - 10.82 4.30 - 10.82
15¢ (2) 6.90-7.85 1.88 6.52 - 12.22 / 5.33-12.22 5.33-12.22
15d (2) / / 3.72-6.46 / 2.62 -9.28 2.62-9.28




Table 3 The distribution of sex-determining factors in Salix.

Partial
Clade and sex MSF: Male Intact ARR17-like Partial ARR17- Intact Pl-like )
. ) ) ] ) Pl-like GATA15
determination Taxon specific factor duplicates like duplicates duplicates i
duplicates
system
Chrl5 Chr7 Chrl5 Chr19 Chr7  Chrl5 Chr2 Chr5 Chr15 Chrl5
Vetrix clade o
S. gordejevii 1(W) 0 0 1 0 2(W) 2 2 5(W) 0
15ZW clade |
vetrix clade S 1(2) 0 4(W) 2 0 7(2) 1 1 2(W) 1(W)
. purpurea
15ZW clade | Parp
vetrix clade S. baileyi 1(2) 0 (W) 2 0 3(2) 2 2 2(W) 0
. baileyi
15ZW clade | d
Vetrix clade S. polyclona-  2(2) & 7(2) &
0 2(Z2) & 2(W) 4 0 2 2 4(W) 0
15ZWclade | W1 2(W) 7(W)
Vetrix clade S. polyclona-  1(2) & 42) &
0 2(Z2) & 2(W) 4 0 3 2 9(W) 0
15ZWcladel E 2(W) 6(W)
Vetrix clade S. polyclona-
1(2) 0 2(2) & 14(W) 4 0 4(2) 2 2 (W) 0
15ZWclade |  E-TS
2(Zb) & 3(Zb) &
) S. polyclona- 1(Zb) & 2(Zc) &
Vetrix clade 2(Zc)& 0 6 0 5(Z¢c) & 5 4 3(W) 0
W2 2(Zd) & 15(W)
15ZW clade | 2(Zd) 8(zd)
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