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The Silene latifolia genome and its giant
Y chromosome
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In many species with sex chromosomes, the Y is a tiny chromosome. However, the dioecious plant
Silene latifolia has a giant ~550-megabase Y chromosome, which has remained unsequenced so
far. We used a long- and short-read hybrid approach to obtain a high-quality male genome. Comparative
analysis of the sex chromosomes with their homologs in outgroups showed that the Y is highly
rearranged and degenerated. Recombination suppression between X and Y extended in several steps and
triggered a massive accumulation of repeats on the Y as well as in the nonrecombining pericentromeric
region of the X, leading to giant sex chromosomes. Using sex phenotype mutants, we identified
candidate sex-determining genes on the Y in locations consistent with their favoring recombination
suppression events 11 and 5 million years ago.

A
mong the multiple paths that the evolu-
tion of sex chromosomes can take, some
have led to giant Y chromosomes (1, 2).
Giant Y chromosomes may result from
massive accumulation of repeats, including

transposable elements (TEs), but their structure,
precise role in sex determination, and evolu-
tion remain poorly understood (3–6). Giant Y
chromosomes were first identified in plant spe-
cies with separate sexes (dioecious plants) (3)
and also exist in animals (4). In the past decade,
great advances have been made in studying

sex chromosomes using genomics and bioin-
formatics (5, 6), but no giant plant Y chromo-
some has yet been assembled.
Silene latifolia (Caryophyllaceae) is a dioe-

cious plant described in the 18th century and
studiedbymany, includingDarwin (7). ItsXYsex-
determination system was discovered 100 years
ago (8). The Y is ~550 Mb, the X is ~400 Mb,
and the total haploid genome size is ~2.7 Gb (9).
Genetic maps show that the X and the Y are
largely nonrecombining and share only a single
pseudoautosomal region (PAR) (10). Recom-

bination has been suppressed progressively,
forming groups of X-Y gene pairs with dif-
fering synonymous divergence levels, called
evolutionary strata (11–13). The repeat richness
(14) and size of the S. latifolia Y have, however,
prevented its assembly so far. Mutants with
deletions on the Y chromosome and altered
sex phenotypes indicate the presence of three
sex-determining regions (15, 16). A candidate
gene (Clavata3) in one of the regions involved
in female sterility has recently been proposed
(17, 18), but the other sex-determining genes
remain unknown.
To study the repeat-rich Y chromosome, we

used Oxford Nanopore Technologies (ONT)
sequencing and generated a new marker-dense
genetic map to obtain a chromosome-scale
S. latifolia genome assembly.We also used high-
quality genome assemblies of closely related
nondioeciousSilene species as outgroups tomake
inferences about the evolution of the S. latifolia
sex chromosomes. We compared the epigenet-
ics (DNA methylation and small RNAs) of the
X and the Y. To identify individual candidate
sex-determining genes, we sequencedmutants
with Y deletions for three sex phenotypes [her-
maphrodites and asexuals with early or inter-
mediate or with late abnormalities in anther
development, described in (16)], and generated
expressiondata at two critical stages inmale and
female flower development.

The structure and gene content of the
sex chromosomes

To assemble the complex S. latifolia genome,
we used the sequencing, assembly and anno-
tation strategy detailed in the supplementary
text, section S1; Table 1; tables S1 to S4; and
figs. S1 to S5 (19). Our assemblies of the X and
the Y chromosomes are high quality. In systems
in which the X and Y are differentiated by
many single-nucleotide polymorphisms (SNPs)
and insertions-deletions (indels), female/male
read-depth ratios using stringent mapping pa-
rameters are expected to be ~1, ~2, and ~0 for
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Fig. 1. Assembly of the S. latifolia male genome. (A) Circos plot of the
S. latifolia male genome. Circles from the outside to the inside correspond to the
following: (i) Coverage ratio (female/male). (ii) Gene density, where regions
with high densities (exceeding average density plus 1 standard deviation) are
highlighted in dark green. (iii) Density of repeat families; subtelomere- and
centromere-associated satellite elements (black) and LTR elements—Ty3/Gypsy
(orange), Ty1/Copia (yellow), LINE (violet), and Helitron (gray). (iv) SNP density
in the male (orange) and female (purple), consistent with the sequenced male
being highly homozygous (although some chromosomes show heterozygosity) and
with male and female being full siblings. chr, chromosome. (B) Zoom-in on the X

chromosome, showing recombination in males (blue) and females (red) defining
the pseudoautosomal boundary at position 321 Mb on the X chromosome (top). The
boundary was confirmed by other features, such as the female/male (F/M) sequence
coverage ratio (middle) and a change in significant differential expression (DE)
between male and female flowers (stage 5) (bottom); the full analysis of differential
gene expression is shown in fig. S18. All panels have data summarized in 1-Mb
windows. (C) Structure of the sex chromosomes, p and q arms, centromeres, and the
PAR and pseudoautosomal boundary (PAB) are depicted. The sex-linked genes
characterized in previous work are also shown. A zoom-in on the q arm of the X is
showing a number of those genes. [Photo credits: Paris Veltsos and Lynda Delph]
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the autosomes, X chromosome, and Y chro-
mosome, respectively, as observed in our data
(Fig. 1A). A smaller set of experimentally val-
idated sex-linked genes compiled previously
(20, 21) also mapped as expected to their pre-
viously assigned X or Y positions (Fig. 1C). The
X chromosome sequence obtained is 346 Mb,
with a distribution of genes and repeats (in par-
ticular centromere- and subtelomere-associated
repeats) as expected for a metacentric chromo-
some (Fig. 1A). Sex-specific recombination data,
the female/male read coverage ratio, and differ-
ential expression identified the PAR (Fig. 1, B
and C). This PAR is a small, gene-rich region of
25Mbwith 1286 genes (51 genes permegabase
versus the X-chromosomal mean of 10 genes
per megabase). Our X assembly is very similar
to that of a recently published S. latifolia fe-
male genome (13) (fig. S6). The Y chromosome
assembly is 485 Mb long, excluding the PAR.
Y-specific centromeric repeats locate the cen-
tromere and a remnant of a former centromere
[called a pseudocentromere (22)] at the expected
locations (Fig. 1A). TheY assembly roughly agrees
with thedeletion-basedmapof theYchromosome
(16) given the uncertainties in the map (fig. S3).

Evolution of the sex chromosomes

The high-quality assembly of theX and Y chromo-
somes illuminates the evolution of recombina-
tion suppression between the sex chromosomes
of S. latifolia. We detected three evolutionary

strata and extensive rearrangements on the
sex chromosomes, especially the Y. To analyze
rearrangements and estimate synonymous site
divergence (dS) between the X and Y copies, we
used gametologs (X-Y gene pairs) that also have
1:1 orthologs in the two nondioecious outgroup
species, Silene conica and Silene vulgaris. A
change-point analysis of these X-Y dS values of
401 gametolog pairs, based on the gene rank in
the X chromosome assembly, divided the non-
recombining region into four adjoining X chro-
mosome sectors with different means (Fig. 2,
A to C, and fig. S7A) and defined three evolu-
tionary strata—S1, S2 and S3—based on the
different dS levels (Fig. 2, A to C). A larger set of
598 gametologs (X-Y gene pairs without requir-
ing orthologs in the outgroups) gave similar
results (fig. S7B). Strata S1 and S2 are in good
agreement with previously defined strata (fig.
S7, C and D); S3 has not been detected before.
It splits the oldest stratum, S1, in two, owing to a
lowermeanX-Y dS comparedwith its two flank-
ing regions, S1a and S1bc (Fig. 2C and fig. S7D;
S1b and S1c are associated with two different
inversions). Strata S3 and S2 have similar mean
X-Y dS, but S3 has much higher X-Y synteny
compared with S2, and the two strata were
formed differently. Strata S1 and S3 are small
regions, both located within the first 27 Mb of
the X chromosome q arm. Stratum S2, on the
other hand, is very large and includes most of
the X chromosome, including the pericentro-

meric regions on both arms. Using amolecular
clock approach, we estimate that strata S2 and
S3 both evolved most recently—5.4 [95% confi-
dence interval (4.4, 6.5)] and 4.4 (3.3, 5.5)million
years ago (Ma), respectively—whereas stratum
S1 arose 11.8 (10.6, 13.1) Ma, which is inferred
to be when the S. latifolia sex chromosomes
originated (23).
Gene order comparisons between S. latifolia

and two nondioecious close relatives, S. conica
and S. vulgaris used as outgroups, revealed
large syntenic blocks with some rearrange-
ments (fig. S8). The S. latifolia Y chromosome
is most rearranged compared with the X or
the homologous chromosomal blocks in either
outgroup, with the notable exception of the S3
stratum, which includes 4 Mb of X-Y synteny
(Fig. 2A and figs. S8 and S9). The S. latifolia
X shows homology with chromosome 5 of
S. conica, and smaller parts of chromosomes 1,
2, and 6, and with four S. vulgaris scaffolds (1,
3, 6, and 16) (Fig. 2A and fig. S8). Reconstruc-
tion of the rearrangements between the X, the
Y, and the homologous chromosomal blocks in
the outgroups (figs. S9 and S10) suggests that
stratum S1 may have evolved by two inversions
early in the evolution of the sex chromosomes,
one on the X encompassing S1a to S1b and one
on the Y including S1c.
Stratum S3 is the only region of extended

synteny between the X and Y chromosomes. To-
gether with its slightly lower dS mean compared
with that of the other strata, this suggests that S3
is the most recent stratum that we could de-
tect (Fig. 2, fig. S7D, and fig. S9). Comparisons
between S. latifolia X and the homologous
chromosomal blocks in the outgroups suggest
that S3 genes were ancestrally located among
S1 genes (fig. S9). We therefore propose that
S3 (initially within the X region that evolved to
become the S1 stratum) was lost from the Y and
later regained by a recent duplicative translo-
cation from the X, resetting the X-Y dS to zero
about 4.4 Ma. Stratum S2 is more rearranged
than S3, consistent with being older than S3,
and probably arose through a different mech-
anism. Reconstruction of the rearrangements
between the X, the Y, and the outgroups (fig.
S11) indicates that S2 could not have formed by
a single rearrangement. We found several inver-
sions, some of them pericentric, as previously
suggested (16, 22). Many may have occurred
after recombination stopped, possibly medi-
ated by the high abundance of repeats.
Our repeat analysis revealed very high TE

densities—mainly the long terminal repeat (LTR)
retrotransposons Copia and Gypsy—on the Y
but also, to a lesser extent, on the X compared
with the autosomes (Table 1, table S4, andFig. 1).
The two S. latifolia sex chromosomes are 4 to
5.5 times as large as the S. conica chromosome
5, whereas there is only a twofold increase
for the S. latifolia autosomes compared with
their S. conica homologs. In eukaryotes, the

Table 1. Statistics for the male genome and sex chromosomes of S. latifolia. All metrics were
calculated for the total genome assembly as well as specifically for the sex chromosomes. Contigs
were obtained using N1 (a single N opens a gap). MITE, miniature inverted-repeat transposable
element; LINE, long interspersed nuclear element.

Genome metrics Whole genome X chromosome Y chromosome

Total assembled size (bp) 2,716,527,704 346,484,273 486,334,681
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Number of contigs 1545 59 37
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

N50 (bp) 18,434,108 29,020,133 36,745,246
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

N90 (bp) 6,521,844 11,745,531 27,237,198
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Number of scaffolds 912 21 11
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

N50 (bp) 200,709,446 50,520,191 59,479,783
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

N90 (bp) 141,278,959 21,428,974 44,285,091
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Largest length size (bp) 237,716,014 133,616,578 135,552,442
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Gaps (%) 1.44 6.56 0.59
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Anchored of the total sequences
(anchoring rate)

2,575,517,323 (94.8%)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Annotated protein-coding genes 35,436 3520 2301
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Mean gene length (bp) 4155 4332 4045
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

BUSCO score of annotated protein-
coding genes from all scaffolds*

C: 92.5% [S: 78.1%, D: 14.4%], F: 0.7%, M: 6.8%, n: 425
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Identified repeats 79.20% 77.75% 81.24%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Annotated repeats 61.18% 58% 65%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

LTR retrotransposons 54.42% 52.7% 60.55%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

DNA transposons 4.11% 3.11% 3.22%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

MITE 0.14% 0.098% 0.068%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

LINE 0.48% 0.37% 0.55%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Satellite repeats 2.04% 2.014% 1.18%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

*C, complete; S, single copy; D, duplicated; F, fragmented; M, missing; n, total number of BUSCO genes.
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nonrecombining pericentromeric regions are
typically TE rich because recombination helps
purge deleterious TE insertions (24); this peri-
centromeric effect on the S. latifolia X chromo-

some is notably large (fig. S2B). Estimates of
the ages of complete LTR retrotransposon in-
sertions show that the insertions in the centers
in the pericentromeric regions tend to be oldest

and those at the borders the youngest (fig. S12),
consistent with TEs accumulating at the mar-
gins of these pericentromeric regions and ex-
panding them.
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Fig. 2. The evolution of the S. latifolia sex chromosomes. (A) Syntenic relationships
between S. latifolia gametologs and autosomal genes in S. conica and S. vulgaris.
Links between homologous chromosomal blocks in the outgroups and S. latifolia
X are colored by evolutionary strata. Links between S. latifolia X and Y are colored by
synonymous divergence bins (inset). Synteny between S. latifolia Y coordinates
and S. latifolia X gene rank is shown at the bottom. The S. latifolia X chromosome
tracks are colored by median synonymous divergence of the strata. The PAR
region on S. latifolia Y, not shown, is placed to the right of the chromosome track.
(B) Change-point analysis of dS along the X chromosome using 401 one-to-one
gametologs with dS values < 0.3. The x axis shows gene ranking on the X. Lines at the
bottom show the density of the posterior distribution of the change-point locations. Gray
lines show the average dS of the inferred blocks. (C) Distribution of synonymous
divergence values between S. latifoliamale X and Y gametologs per stratum. (D) Fraction
of gene losses and pseudogenization on S. latifolia sex chromosomes per stratum.

Gene losses on Y were inferred using 1:1:1 orthologs among S. vulgaris, S. conica, and
S. latifolia X. Pseudogenes were identified as gametologs with premature stop codons.
(E) Distribution of Y over X gene expression ratio in four S. latifolia male flower buds.
Box plot represents median, quartiles, and whiskers. (F) Sum of repeat lengths
around X-Y gene pairs, from 4000 bp upstream to 4000 bp downstream of the
gene. (G) Mapping of 24–nucleotide (nt) small RNAs (RPM) on X-Y gene pairs for
three S. latifolia females and males in flower buds and leaves. The red dot represents
the mean. Female X alleles are in red, male X alleles are in green, and Y alleles
are in blue. (H) Plot of X/Y DNA methylation in CHH context. Female X alleles are in
red, male X alleles are in green, and Y alleles are in blue. Average proportion of
methylated reads at cytosine positions are shown along sliding windows with a 95%
confidence interval. Pairwise synteny plots in (A) were generated with RIdeogram
or pafR based on Orthofinder’s orthologous relationships. Quantitative plots in other
panels were prepared with ggplot2.
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The Y chromosome exhibits signs of consid-
erable degeneration. We found 1541 1:1:1 or-
thologs in S. latifolia, S. conica, and S. vulgaris
on the X chromosome, of which 963 (62%) have
no detectable ortholog on the Y chromosome.
We also mapped all 3520 genes in our X assem-
bly onto our Y assembly and found homol-
ogous genes of about the same size for 1654

(47%), whereas the other 1866 genes (53%) were
missing from the Y. Amodel-based phylogenetic
analysis of gene gains and losses also indicated
that about 1519 genes (56%) were lost from the
Y out of 2694 genes originally present (fig. S13A).
Thus, 53 to 62% of the genes appear to have
been lost since the Y stopped recombining with
the X ~11 Ma, which is higher than previous

estimates (25). Complete loss of genes is more
prominent in older strata, whereas pseudogenes
show the opposite trend, consistent with the
conclusion that recombination was suppressed
more recently in strata S2 and S3, resulting in
more recent losses of function (Fig. 2D). We de-
tected a similar proportion of genes with pre-
mature stop codons on both sex chromosomes
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Fig. 3. Identification of deleted genes in the altered sex phenotype mutants.
(A) The Y chromosome sequence and the evolutionary strata (indicated by
892 Y gametologs). Note that the strata on the Y are mixed up owing to the
extensive rearrangements that occurred on this chromosome compared
with the X (see text and Fig. 2). The Y is oriented with the PAR on the right side.
(B) The putative sex-determining regions (MFF, SPF, and GSF) with estimated
locations from Bergero et al. (16). (C) Zoom-in on the GSF deletions. Only deletions
containing a gene are detailed. Each coverage plot shows the mean normalized read
count for GSF mutants, other mutants, control male, and control female. GSF
deletions (rectangles) are inferred when the GSF mutant coverage is similar to or
lower than that of the control female while the other mutants’ coverage was similar

to that of the male control. Three genes deleted in all GSF mutants are shown with Y
position, stratum assignment [as in (A), hashed fill color indicates that the stratum
was inferred from the closest genes due to absence of an X gametolog], and a
summary of female sterility annotation and RNA-seq–based expression at stage 5
and 8 in normal male flowers [green, expectations for GSF candidate met (i.e.,
expressed at stage 5); gray, expectations not met; no square, no data available].
(D) Zoom-in on the SPF deletions. Same legend as (C), except for annotation
(information on male sterility is indicated). (E) Zoom-in on the MFF deletions. Same
legend as (D), except for expression (expression for a MFF candidate is expected to
be stage 8). The best-supported candidates for sex-determining genes (discussed in
the text) are pinpointed by asterisks.
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(fig. S13B), which suggests that the X is also
losing genes, as expected given its lack of re-
combination in stratum S2 (26). Among the
gametologs with apparently functional X and
Y copies, 77% of those with significantly differ-
ent rates of nonsynonymous versus synony-
mous substitutions (dN versus dS) in the X and
Y lineages had higher values in Y lineages, indi-
cating less effective selection (fig. S13C). Restric-
tion site–associated DNA sequencing (RAD-seq)
estimates within two populations showed that
the Y chromosome has considerably lower nu-
cleotide diversity than the X or the autosomes
(fig. S14), as predicted for a chromosome with
lower effective population size and undergoing
genetic hitchhiking processes (1, 27). Degener-
ated Y-linked genes have lower expression
compared with their X counterparts (Fig. 2E),
as already reported in S. latifolia (28–30). This
may be explained by epigenetic modifications
because Y genes tend to have more TEs near-
by than other genes (Fig. 2F) and show two
hallmarks of silencing—a higher number of
mapped 24-nucleotide small RNAs (Fig. 2G) and
higher DNA methylation levels, especially at
proximal promoters [200 base pairs (bp)
upstream of the transcription start site (TSS)]
and gene bodies in the CHH context (where H
is any base except G, see Fig. 2H; other meth-
ylation contexts are shown in fig. S15).

The sex-determining genes on the
Y chromosome

Y chromosome deletions display three sex phe-
notype categories (15, 16, 31, 32): hermaphrodite
mutants, asexual mutants in which anther de-
velopment stops early or at intermediate stages
in flower development, and males with pollen
defects (late effects). Genetic markers roughly
located these deletions in three Y chromosome
sex-determining regions (15, 16): a single female-
suppressing region [carrying a gynoecium-
suppressing factor (GSF)] and twomale-promoting
regions [one carryinga stamen-promoting factor
(SPF) and the other a male fertility factor (MFF)
affecting pollen production]. The SPF and MFF
mutants are phenotypically quite diverse, and
these regions could include several genes affect-
ing those phenotypes (16, 33).
We identified candidate sex-determining

genes by low-coverage sequencing of 18 well-
characterized sex phenotype mutants with Y
deletions (table S5). We mapped the mutants’
reads onto our reference Y chromosome along
with reads from a phenotypically normal con-
trol individual of each sex from the same U17
population as our reference (fig. S16). Although
female coverage on the Y is generally low, it is
not always zero because X reads may mis-map
to the Y chromosome. We therefore classified a
region as deleted in amutant if its coveragewas
similar to the control female value or less. Cov-
erage similar to the control male indicates ab-
sence of Y deletions. Although the data are noisy,

they clearly identify deletions specific to each
mutant category: four for the GSF mutant cat-
egory, two for SPF, and three for MFF (Fig. 3B),
almost all in the three sex-determining regions
previously defined (16) (fig. S3).
Figure 3 shows the genes located within the

deletions, thosewith functional annotations of
sterility terms, and their expression during
early (stage 5) or late (stage 8) flower develop-
ment (table S6). The GSF deletions include
the Y Clavata3 gene (slCLV3-Y with gene ID
scaffold1_000153), confirming this recently pro-
posedGSF candidate (17, 18). The functional role
of slCLV3 in male and female organ develop-
ment is not well understood, but differences in
the balance of gene expression in the Clavata-
Wuschel pathway between males and females
were proposed to explain carpel formation ver-
sus inhibition in female and male flowers in
S. latifolia, respectively (17, 18). Indeed, Clavata3,
known as a carpel inhibitor in Arabidopsis
thaliana and other plants, has a functional
copy on the Y and a gametolog pseudogene on
the X [yslCLV3-X (17, 18)].Wuschel1, known as

a carpel promoter in A. thaliana and other
plants, is present on the X (slWUS1-X) and de-
leted fromtheY [DslWUS1-Y (18,34)]. Our results
independently confirm the role of this gene
pair in determining female fertility or sterility in
S. latifolia (Fig. 3).
We found several MFF candidate genes, in-

cluding slCyp704B1-Y (gene ID scaffold1_000971),
which ishomologous to theA. thalianaCyp704B1
gene, encoding a cytochrome P450 protein cru-
cial for pollen maturation. slCyp704B1-Y is ex-
pressed in the tapetum and is involved in the
synthesis of sporopollenin (a pollen cell wall
component). Its inactivation causes male ste-
rility in A. thaliana. slCyp704B1-Y is expressed
during late development (stage 8) of S. latifolia
male flowers only based on RNA sequencing
(RNA-seq) and quantitative polymerase chain
reaction (qPCR) (fig. S17), consistentwith anMFF
function. AnotherMFF candidate is slTHI1-Y
(gene ID scaffold1_003352), which is homolo-
gous to the A. thaliana THI1 gene, encoding a
papain-like cysteine protease that is also ex-
pressed in the tapetum, is important for pollen

xxx xxx

Fig. 4. Scenario for the evolution of sex chromosomes in S. latifolia. (1) Pair of autosomes, ancestors
of the sex chromosomes; (2) ~11 Ma: inversion on the X generating the stratum S1ab, indicated by
a red arrow; (3) ~11 Ma: inversion on the Y generating the stratum S1c, indicated by a red arrow [the inset
at the top left represents a zoom-in on the S1 stratum, showing the candidate sex-determining genes
Clavata3 (GSF) and Wuschel1. slCLV3 (GSF); and slWUS1 is in stratum S1ab defined by the inversion
on the X]; (4) ~5 Ma: pericentromeric region extension by TE accumulation forming stratum S2,
TE insertions being depicted by arrowheads [MFF candidates were found in this stratum (not shown)];
(5) gene losses on the Y chromosome, those from future stratum S3 (located in S1) are highlighted by
red dashed lines connecting X and Y genes; and (6) ~4.5 Ma: duplication and translocation of a fragment
from the X to the Y, possibly for compensating gene losses from (5), formation of S3, X-Y dS values
become 0 in the X translocated region.
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maturation (through involvement in proteolysis
and tapetal cell degeneration), and is also anno-
tated as a male fertility gene.
We identified one SPF candidate based on

deletion mutants (gene ID scaffold12_000335,
homolog to the A. thalianaScarecrow-like 4and
7 transcription factors SCL4/7). The slSCL4-Y
gene is pseudogenized by a premature stop
codon but is expressed in flower buds at de-
velopmental stage 5, when sex is determined
(fig. S19). Because deletion of this pseudo-
gene leads to the loss of the male function in
S. latifolia flowers, we hypothesize that its ex-
pression as a long noncoding RNA (lncRNA)
is important for sex determination. However,
themechanism through which it may regulate
sex determination remains unclear (supple-
mentary text, section S2) (19).
Based on the location of these genes on the

X chromosome, both slWUS1 and slCLV3 are
in stratum S1 (in S1a and S1b, respectively). The
slCyp704B1-YMFFcandidatehasnoXgametolog,
but its orthologs are located in the S. conica chro-
mosome 1 and S. vulgaris scaffold 1 in syntenic
blocks homologous to themiddle of the S. latifolia
X chromosome stratum S2 (around positions
140 to 150 Mb). slTHI1 is in stratum S3.
Therefore, both MFF candidates appear to be
a late addition to the nonrecombining region
of the Y chromosome. An inversion on the X
coincides with S1ab, and an inversion on the Y
coincides with S1c, which suggests that these
inversions suppressed recombination between
the sex chromosomes, thereby forming strata
S1ab and S1c (Fig. 4, stratum S1 panel). GSF po-
tential sex-determining genes are thus con-
centrated in the small, oldest stratum S1. This
is consistent with models for the evolution of
dioecy in plants, with a yet-unknown initial
male-sterility mutation and subsequent par-
tially female-suppressingmutations creating
selection for suppressed recombination (35).
This model predicts that multiple linked mu-
tations will create complete maleness. The can-
didate GSF genes that we detect in S. latifolia,
together with the paracentric inversions form-
ing S1ab, are consistent with this model. The
MFF region, on the other hand, evolved well
after dioecy was established and is associated
with stratumS2.MFFgenesmay simply bemale-
function genes lost from the X because there is
no selection to keep them on that chromosome
(26), or they may have sexually antagonistic ef-
fects that led to polymorphisms favoring stra-
tum S2 formation (1).

Conclusions

Our high-quality S. latifolia sex chromosome
assemblies provide insights about their struc-
ture, function, and evolution (Fig. 4). These sex
chromosomes originated ~11 Ma with the dif-
ferentiation of a small region carrying the GSF
sex-determining genes. A first stratum was
probably formed by one paracentric inversion

on each of the X and the Y. More recently, an-
other stratum, S2, encompassing the centromere
and including MFF, formed ~5 Ma, probably in
the context of a general expansion of the peri-
centromeric regions in the S. latifolia genome,
whose cause remains unclear. This generated a
very large, nonrecombining, and TE-rich region
on the Y. This is similar to what was observed in
Rumex hastatulus, in which the Y chromosome
is massively rearranged and repeat rich despite
its recent origin (<10 Ma) (36). The absence of
recombination also led to genetic degenera-
tion, with half of the ancestral genes being lost
from the Y, despite the expression of Y-linked
genes in thehaploid stages inplants (37, 38). The
X chromosome’s pericentromeric region is also
extremely large, perhaps because of increased
TE accumulation under a reduced effective pop-
ulation size and absence of recombination of
this stratum S2 on the X chromosome relative
to autosomes (39, 40).
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