nature ecology & evolution

Article

https://doi.org/10.1038/s41559-025-02838-w

Origin and evolutionary trajectories of
brown algal sex chromosomes

Received: 22 September 2024

Accepted: 22 July 2025

Published online: 25 August 2025

% Check for updates

Josué Barrera-Redondo ® °", Agnieszka P. Lipinska'?", Pengfei Liu®",
Erica Dinatale®', Guillaume Cossard', Kenny Bogaert®',

Masakazu Hoshino®"'°, Rory J. Craig', Komlan Avia®3, Goncalo Leiria®",
Elena Avdievich', Daniel Liesner ®', Rémy Luthringer', Olivier Godfroy ®?2,
Svenja Heesch ®?, Zofia Nehr ®2, Loraine Brillet-Guéguen ® %4,

Akira F. Peters®°, Galice Hoarau®, Gareth Pearson®’, Jean-Marc Aury ®2,

Patrick Wincker ®2, France Denoeud ®2'?, J. Mark Cock ®*'?, Fabian B. Haas ® ''? &
Susana M. Coelho®'2

Research on the biology and evolution of sex chromosomes has primarily
focused on diploid XX/XY and ZW/ZZ systems. In contrast, therise,

evolution and demise of U/V systems has remained an enigma. Here we
analyse genomes of nine brown algal species with different sexual systems

to determine the history of their sex determination. U/V sex chromosomes
emerged between 450 and 224 million years ago, when aregion containing
the pivotal male-determinant MIN ceased recombining. Seven ancestral
genes within the sex-determining region show remarkable conservation over
this vast evolutionary time, although nested inversions caused expansions
ofthe sexlocus, independently in each lineage. We evaluate whether these
expansions are associated with increased morphological complexity and
sexual differentiation, and show that taxonomically restricted genes evolve
unexpectedly oftenin U and V chromosomes. We also investigate two
situations in which U/V-linked regions have changed. First, we demonstrate
that convergent evolution of two monoicous species occurred by ancestral
males acquiring U-specific genes. Second, the Fucus dioecious system involves
new sex-determining gene(s), acting upstream of formerly V-specific genes
during development. Both situations have led to the demise of Uand V
chromosomes and erosion of their specific genomic characteristics.

The mechanisms controlling the development of male or female identi-
ties, or co-sexuality, when individuals express both sex functions, vary
widely across different organisms'2. In species with separate sexes,
sex chromosomes may be present, carrying a sex-determining region
(SDR)*thatencodes factors directing sex identity and which often does
not undergo recombination in the heterogametic sex (XY or ZW)* of
diploid species (dioecious), or inthe diploid stage of haploid-dominant
(dioicous) species. Sex chromosomes haveindependently evolved from
autosomes multiple times and may be subject to specific evolutionary

forces, including differential selection between sexes, asymmetrical
expression of deleterious mutations and hemizygosity, meioticsilenc-
ing and dosage compensation®.

Research on the biology and evolution of sex chromosomes has
primarily focused on diploid XX/XY and ZW/ZZ systems in mam-
mals, birds, fish, Drosophila and diploid plants**. U/V haploid sex-
determination systems, such as those of bryophytes and algae®’,
have been less explored. In U/V systems, sex is not determined at fer-
tilization but during meiosis, when haploid spores inherit either a
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U chromosome, and will develop into a female gametophyte, or a
V chromosome, controlling male gametophyte formation®. These
fundamental inheritance differences between U/V and XX/XY or
ZW/ZZ systems have broad evolutionary and genomicimplications®.
However, so far, only the U/V systems of the brown alga Ectocarpus and
the U/Vs of four distantly related bryophyte taxa" ' have been fully
sequenced and assembled into chromosomes. While these studies
helped understand the genomicstructure of bryophyte U-and V-linked
regions, the species involved diverged ~-500 Ma (million years ago)
and do not share homologous U/V chromosomes”. As aresult, we still
lack a broad comparative view across multiple homologous U/V
systems that would inform a reconstruction of their evolutionary
history. Brown algae represent exceptional models for studying sex
chromosome evolution because they display diverse reproductive
systems, life cycles and sex chromosome systems in a single lineage'®.
Their ancestral state probably involved separate sexes', suggesting
that their sex chromosomes could share a common origin. Here we
study the origin, evolution and demise of U/V sex chromosomes in
thebrown algae.

Results

The origin of brown algal sex chromosomes

We focused on species covering the phylogenetic, morphological and
reproductive diversity of the brown algal clade” and their closest extant
outgroup, Schizocladia ischiensis"'®. We substantially improved the
brown algal genome datasets available'®*° to reach chromosome or
near-chromosome-level genome assemblies (Extended Data Table 1
and Supplementary Table1). This revealed that brown algae have 27-33
chromosomes and largely conserved macrosynteny (Fig. 1a).

Weidentified the female (U) and male (V) sex-determining regions
(SDRs) in the dioicous species using a combination of bioinformatic
and experimental approaches (see ‘Discovery of the U/V sex deter-
mination regions’in Methods; Supplementary Figs.1-5). AllU/V species
share the same, albeit highly rearranged, ancestral sex chromosome,
showing remarkable stability despite the large evolutionary time
(Fig.1b,c and Extended Data Table1). The recombination suppression
eventleadingto the birth of U/V sex chromosomes occurred after the
splitof S. ischiensis and Dictyota dichotoma, -450-224 Ma* (Fig.1a). The
male-determining gene MIN** is the only V-specific gene consistently
presentinall V-SDRs of the dioicous species. We note that one dioecious
(Fucus serratus) and two monoicous (haploid, co-sexual Chordaria
linearis and Desmarestia dudresnayi) species lack U/V sex chromo-
somes but still retain MIN on achromosome homologous to the ances-
tral U/V (‘U/V-homologue’ hereafter). The outgroup S. ischiensis has
low synteny with the brown algae and exhibits putative fusion-with-
mixing events® (Fig. 1a and Extended Data Fig. 1).

We next examined the U/V-SDRs by comparing male and female
genome assemblies (Methods). The SDRs contain a small number of
genes overall (between 18 and 52), and compared with the pseudo-
autosomal regions (PARs) (between 229 and 904), with considerable
variation in gene content and size across species, the smallest being
found in the Ectocarpales (Ectocarpus sp. 7, Ectocarpus crouaniorum,
Scytosiphon promiscuus; Fig.1b,c, Extended Data Fig. 2aand Extended
Data Table 1). SDR size differences across species are strongly cor-
related with the number of genes (R? = 0.97; Extended Data Fig. 2b)
and the repeat content (R*=0.99; Extended Data Fig. 2¢) inside these
regions. Many genes located in the PARs of the Ectocarpales are
within the V-SDRs of Undaria pinnatifida, Desmarestia herbacea and
D.dichotoma, indicating that the SDR boundaries have changed across
species. The boundary differences coincide with extensive structural
rearrangements, particularly inversions, even among closely related
taxa (Fig. 1b,c and Extended Data Fig. 3). Note that the centromere in
theV chromosome of Ectocarpus is found within the SDR', so we cannot
exclude thatacentromere-related suppression of recombination may
have preceded the inversion events found on the SDR*.

Together, our results indicate that the brown algal U/V sex chro-
mosomes evolved between 450-224 Ma, via suppressed recombination
inagenomicregionthat contained MIN (henceforth male-determining
locus). The presence of MIN in distantly related lineages could push
the age of the U/V chromosomes further back in time, but more
evidence would be required to establish that dioicy existed in these
organisms.

The evolution of the SDRs involved boundary expansions and
gene gains

Thebrown algal U-and V-SDRs carry homologous genes (gametologue
pairs),indicating descent fromacommonancestral region (Supplemen-
tary Table 2). Ectocarpus sp. 7 and D. herbacea show similar ratios of
gametologues and U- or V-specific genes (16/14 and 11/7 gametologue/
sex-specificgenesin Ectocarpusand D. herbacea, respectively; Supple-
mentary Table 2). Only ten genes share SDR orthologues betweenboth
species, while the rest were mostly acquired independently inthe SDR
of each species, with one gene that was retained as agametologue pair
inEctocarpussp.7butlost both copiesin D. herbacea (Supplementary
Table 2). Five gametologue pairs conserved both copies in the two
species, while another three gametologue pairs lost either the male or
the female copy in D. herbacea (Supplementary Table 2). In addition,
MIN and a U-specific gene are also conserved between species (Sup-
plementary Table 2). Although the total number of U/V-SDR genes
differsbetween Ectocarpussp.7 (18 genes) and D. herbacea (30 genes),
eachspecies shows anequal number of gametologues and sex-specific
genes inits U- and V-SDRs (Supplementary Table 2). This intraspe-
cies symmetry supports the idea that the U and V chromosomes may
have undergone parallel evolutionary changes within each lineage'***.
The V-SDR of D. herbacea contains 20 additional genes that belong
to endogenous viral elements, which are common across brown
algal genomes'®,

Diploid sexchromosome in animals and plants exhibit evolution-
ary strata representing different recombination suppression events
over time. Strata are identified by analysing synonymous substitutions
(K,) between male/female gametologue pairs*” whose locations in
fully X or Z-linked regions are known. However, detecting evolution-
ary strata in U/V systems is difficult because neither of these fully
sex-linked regions recombines and gene movements and chromosome
rearrangements disrupt collinearity of both chromosomes between
species®?**, Moreover, in the absence of a recombining outgroup
(which does not existin brown algae), the ancestral gene order cannot
bereliablyinferred. Inboth Ectocarpussp.7 and D. herbacea, the V-and
U-SDRrearrangements differ by inversions (Fig.2a,b and Extended Data
Fig.4), consistent with the idea that inversions may lead to suppressed
recombination between sex chromosomes. An analysis of gametologue
pair divergence revealed saturated levels of K; values (Fig. 2b,c and
Supplementary Table 3), further limiting the inference of evolution-
ary strata across brown algal SDRs. Nonetheless, the gametologue K|
values are broadly consistent between orthologues in Ectocarpus sp.
7and D. herbacea, where shared SDR gametologues between species
have higher K, values and probably spent more evolutionary time
diverging than the gametologues that are not shared between species
(Supplementary Table 3). Furthermore, the location of gametologues
with the lowest K, values in the U-SDR of D. herbacea, relative to the
PAR genes in Ectocarpus sp. 7, suggests that inversions involving the
entire U-SDR and adjacent PAR segments probably contributed to the
expansion of the U/V-SDR boundaries in D. herbacea, in a process we
term ‘engulfment’ (Extended Data Fig. 4). The expansion of the SDR
boundaries in D. herbacea led to the engulfment of a region contain-
ing four genes in the PAR1 of Ectocarpus sp. 7, and a second region
with13 geneslocated onthe PAR2 (Fig.2d, Supplementary Table 4 and
Extended Data Fig. 4). Twelve of these engulfed genes into the SDR of
D. herbacea were retained as gametologues. These observations sup-
portascenario where expansionsinthe SDRboundaries of brown algae
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Fig. 1| Origins of U/V sex chromosomes in brown algae. a, Macrosynteny

plot comparing genomes of six dioicous (green), two monoicous (red), one
dioecious (blue) and one outgroup species (yellow). The chromosomes were
originally numbered by their physical size in the Ectocarpus v2 genome'*'.

Note that the dioecious species F. serratus has a fully diploid life cycle (without
gametophytes’). Syntenic blocks of the V sex chromosome are highlighted in
red, with the emergence of U/V chromosomes shown in the phylogeny. Genome
sizes areindicated in brackets. b, Microsynteny plot of Vchromosomesin five

Length (Mbp)

dioicous species, highlighting the male sex-determining regions (blue) and the
PARs (green). The PAR genes whose orthologues are found within the SDR of
other species are highlighted in purple. ¢, Microsynteny plot of U chromosomes
intwo dioicous species, highlighting the female sex-determining regions (peach)
and the PARs (green). The PAR genes whose orthologues are found within the SDR
of other species are highlighted in purple. Note that the genome assemblies for
C.linearisandS. ischiensis are not chromosome level, leading to a high number

of contigs.

occur through nested inversions. Two chromatin-related transcription
factorsinthe Ectocarpus PARs were independently incorporated into
the SDRs of four other dioicous species (Supplementary Tables 4 and 5).

The observation of greater V-SDR gene content in early diver-
ging lineages (such as D. dichotoma) than in the later-diverging
Ectocarpales (Extended Data Table 1) could reflect either gene loss
in the V-SDRs of Ectocarpales or independent gene gains in the
V-SDRs of each lineage (as predicted inref.10), from an ancestral state
with low V-SDR gene content that is retained in Ectocarpales. To dis-
tinguish between these possibilities, we reconstructed the ancestral

SDR gene content (Supplementary Table 5), focusing on the V chro-
mosome, as the genomic data are of better quality (Supplementary
Table 1), and assuming parallel U/V-SDR evolution'>** as seen in
Ectocarpussp.7 and D. herbacea (Fig.2d and Supplementary Table 2).
This analysis revealed that brown algal V-SDR evolution occurred via
lineage-specific gene gains rather than gene loss in the Ectocarpales
(Fig.2e,f). Gene gains were caused by acombination of three processes:
expansions of the SDR boundariesinto the PARs, translocation of auto-
somal genesinto the SDRand lineage-specific gene birth events within
the SDR (Fig. 2e and Supplementary Table 5). Consistently, ancestral
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V-SDRgenes were associated with higher gametologue K, values, while
independently acquired gametologues in D. herbacea had lower K|
values (Supplementary Table 2 and Fig. 2c).

Thesevengenesintheancestral V-SDR (Fig. 2f and Extended Data
Fig. 2d) include the male-determinant MIN** and six V gametologues of
genes that are also carried on the U chromosome (Fig. 2f and Supple-
mentary Table 6). As predicted by early models of U/V-SDR evolution,
all seven genes are probably related to sex determination processes.
Gametologue pairs include putative transmembrane proteins that
may play aroleingamete recognition®’, STE20 serine/threonine kinase
gametologues probably involved in pheromone pathways*, and a
casein kinase, a MEMO-like domain protein and a GTPase-activating
protein which may actinsignal transduction (Supplementary Table 6).
All of these genes are gametologue pairs in Ectocarpus sp. 7, butin D.
herbacea the casein kinase was lost from the U-SDR and the putative
transmembrane receptor was lostin both sexes. We noticed that these
ancestral V-SDR genes remain in the U/V-homologue of the species
that have lost their U/V system (Fig. 2f and Supplementary Table 6),
emphasizing theirimportance for pathwaysin sex organ development
eveninthe absence of sex chromosomes.

The V-SDR size appears to be associated with the level of sexual
dimorphism (Fig. 2e and Extended Data Fig. 2), but the small sample
sizeisinsufficient for formal statistical analysis. Species with low sexual
dimorphism (anisogamous) retained the ancestral V-SDR genes with
very few gene gains, further suggesting that they may represent
the V-SDR ancestral state. Although the number of SDR changes is
small, oogamous species each independently gained diverse V-SDR
genes, and one gene (ATP-dependent RNA helicase) was convergently
acquiredinall (0G0003211in Extended Data Fig. 2d). All the detected
autosomal translocations into the V-SDRs of Ectocarpus sp. 7 and
D. herbacea (Fig. 2e) also involve sex-specific genes (Supplementary
Tables 2 and 5), consistent with a model where sexual antagonism in
autosomal loci may be solved by gaining sex linkage®. In contrast,
we found no correlation between autosomal sex-biased gene (SBG)
expression and sexual dimorphism level (false discovery rate (FDR)-
corrected P> 0.01;Supplementary Table7), supporting previousstudies®
(Extended DataFig. 5a). However, we observed an enrichment of male-
biased genes onthe PARsinall species (chi-square test P < 0.01) except
D. dichotoma (Extended Data Fig. 5b).

Most U/V-SDR genes were prominently expressed in fertile haploid
gametophytes, consistent with gene preservation via haploid purify-
ing selection (Supplementary Table 8). Gametologues had typically
higher expression levels than sex-specific genes (present in only one
of the SDRs) (Wilcoxon test, P=0.00075 in D. herbacea; P= 0.08843
in Ectocarpussp.7) (Fig.2d). Acomparative analysisin fertile gameto-
phytes between SDR genes and their autosomal counterpartsinother
species showed that newly acquired genes on the SDR had similar
expression levels to their autosomal counterparts (Extended Data
Fig. 6), suggesting either a co-option of autosomal biological activity
into male-specific functions in the V-SDR or the general importance
of these genes for gametophyte development. Examining expression
levels across multiple tissues in Ectocarpus sp. 7 revealed that activity
of U/V-SDR genes is not confined to fertile gametophytes (Fig. 2d).

Therefore, the SDRs contain not only genes involved in sex determi-
nation and gametophyte fertility but also genes playing abroader role
indevelopment.

Altogether, our analyses illustrate how brown algal U/V-SDRs
undergo structural changes, evolving mainly by lineage-specific
gene gains associated with increasing levels of sexual dimorphism.
Weidentified aset of conservatively sex-linked genes in dioicous brown
algae, suggesting their role in sex determination and/or differen-
tiation, along with genes potentially involved in other developmental
pathways.

Structural features and evolutionary dynamics of brown algal
U/V sex chromosomes

We next examined the structural features that differentiate the entire
U/V sex chromosomes (V-SDR and PARs) from the rest of the genome
(Fig.3aand Supplementary Fig.12a). As expected for non-recombining
regions®?*, all V sex chromosomes are repeat rich and gene poor
(Wilcoxon rank-sum test, FDR-corrected P < 0.01; Fig. 3a, Extended
DataFig.7 and Supplementary Tables 9-11). V-SDRs have significantly
higher repeat density than the PARs or the autosomes (permutation
test, FDR-corrected P < 0.001; Extended Data Fig. 8). This low gene
density is not influenced by the presence of centromeres within the
SDRs, asthe coding density in the Ectocarpussp.7V centromere (3.51%)
isslightly higher thanin therest ofthe V-SDR (2.85%), presumably due
to the small size of the centromere (153 kbp)'. The PARs were also sig-
nificantly enriched in repeats when compared with the autosomes,
although less so than the V-SDRs (permutation test, FDR-corrected
P<0.001; Extended Data Fig. 8). Among repetitive elements, ‘unclas-
sified’ transposable elements (TEs) were enriched in the PARs and
SDRs of the Ectocarpales (permutation test, FDR-corrected P < 0.01),
while the V-SDRs of species that underwent genome expansion (for
example, U. pinnatifida, D. herbacea, D. dichotoma) predominantly
accumulated long terminal repeat (LTR) elements (Supplementary
Fig. 6 and Supplementary Table 9).

Moreover, sex chromosomes had fewer orthologues conserved
between species compared with the autosomes (chi-square test,
P <107, Supplementary Table 12), possibly reflecting increased num-
bers of taxonomically restricted genes (TRGs; that is, genes that are not
detectable outside of adefined taxonomic group). Phylostratigraphy
analyses® confirmed an enrichment of TRGs in the sex chromosomes
ofall dioicous species (Wilcoxon rank-sumtest, FDR-corrected P< 0.01;
Fig. 3b and Supplementary Tables 13 and 14). TRG enrichment was
localized in the PARs of the Ectocarpales, but this pattern extended
to the entire sex chromosome, including the SDRs, in species with
larger V-SDRs (permutation test, FDR-corrected P < 0.001; Fig. 3b).
Importantly, sex chromosomes have statistically younger TRGs than
the last common ancestor of the five dioicous species (same Order or
broader taxonomic groups), indicating that TRG enrichment arose
independently in each species (Pearson standardized residuals >2.4;
Supplementary Figs. 7-11).

We previously proposed a theoretical model where generation-
antagonistic selection may favour the retention of young sporophyte-
beneficial loci in the PARs of Ectocarpus sp. 7 U/Vs”. Consistent with

Fig. 2| Lineage-specific U/V-SDR expansion from an ancestral SDR and its
association with sexual dimorphism. a, Microsynteny plot between the U and
V chromosomes of Ectocarpus sp.7 and D. herbacea. b, Synteny between the U
and V gametologues within the V-SDRs of both species, coloured by synonymous
substitutions per site (K,). ¢, Identification of ancestral SDR gametologues (red
squares) and independently acquired gametologues (black dots) with respect
to their gametologue K, values and their positionin the V-SDR. d, Circos plot
linking gametologue pairsin each species with expression levels of all SDR
genes (log,(TPM +1)) across different life stages in Ectocarpus sp.7 and mature
gametophytes (matGA) in D. herbacea. Gametologues are highlighted in dark
colours, sex-specific genes are highlighted in light colours, viral insertions

are marked in grey and asterisks denote conserved SDR genes (also in f).

e, The ancestral state reconstruction of V-SDR gene content across brown algae,
showing the expected number of genes in the SDR (white circles), gene retention
(blue numbers), gene gain through expansion of the SDR boundaries (orange),
gene gain through autosomal translocation (purple), gene birth event inside

the SDR (yellow) and gene loss (red) along with changes in gamete dimorphism™.
f, Schematic of the seven ancestral V-SDR gene orthogroups (OGs), with genomic
locations marked: retained in the V-SDR (blue), found in the U/V-homologue

of non-dioicous species (green), translocated from the V-SDR to an autosome
(yellow), present in a non-scaffolded contig (red), and lost (grey). Bold: MIN.

See Supplementary Tables 5and 6.
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Fig.3|The U/V sex chromosomes are enriched in taxonomically restricted
genes. a, Karyoplots for five dioicous species showing the following features
from bottom to top: chromosome compartments (autosomes, PARs and SDR),
relative gene ages, interspecies K values, and proportion of coding (CDS, red)
and repeat (TEs, blue) density. Statistically significant differences for each
feature between each autosome and the V chromosome are depicted on top of
the track for that autosome (FDR-corrected two-sided Wilcoxon rank-sum test;

Genomic compartment

valuesindicated with solid colours when P < 0.01 for the tested hypothesis). The
precise range of gene age categories and interspecies K, values for each species
canbe found in Supplementary Figs. 7-11. b, Violin plots for five dioicous species
showing the relative gene age ranks (higher ranks equate to younger ages) of

the TRGs across chromosome compartments (autosomes, PARs and SDR).
Statistically significant differences in mean values of gene ages (centre line) were
assessed using FDR-corrected two-sided permutation tests.

this model, sporophyte-biased genes are indeed enriched in the sex
chromosomes of Ectocarpus sp. 7 and U. pinnatifida (fold change
>2, adjusted P < 0.05), but less so in D. dichotoma and S. promiscuus
(Supplementary Table 15). Moreover, we explored additional mecha-
nisms underlying TRG emergence by estimating interspecies K, val-
ues between orthologues in closely related species (Supplementary
Table 16) and comparing these values between chromosomes and
genomic compartments (V-SDR, PAR, autosomes). If synonymous
mutations behave neutrally®**’, then interspecies K, can be used as a

proxy for mutation rates***', Consistently, we found higher interspecies
K,valuesintheVsex chromosomes compared with autosomes across
all dioicous species (Wilcoxon rank-sum test, FDR-corrected P < 0.01;
Fig.3aand Supplementary Tables 16 and 17), suggesting higher muta-
tionratesrelative to autosomes. Higher interspecies K, values are also
localized in the PARs, mirroring the pattern observed with the TRGs
(Supplementary Figs.7-10). Therefore, the enrichment of TRGs in the
Uand Visassociated withboth enrichment of sporophyte-biased genes
and higher synonymous substitution rates.
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To test the generality of the pattern of TRG enrichment on U and
V chromosomes, we applied the same approach in other organisms
with haploid sex determination, the plants Ceratodon purpureum,
Sphagnum angustifolium, Marchantia polymorpha™'*** and the fungus
Cryptococcus neoformans®. We observed a clear enrichment of TRGs
intheVchromosomes of C. purpureum and S. angustifolium (Wilcoxon
rank-sum test, FDR-corrected P< 0.01; Supplementary Figs.12 and 13
and Supplementary Tables13 and 14), but notin the U/V chromosomes
of M. polymorpha or the mating-type chromosome of C. neoformans
(Supplementary Figs. 14 and 15 and Supplementary Tables 13 and 14).

Fate of U/V sex chromosomes following loss of dioicy

We studied the evolutionary trajectory of brown algal genomes after
the loss of the U/V system, by exploring two independent transitions
tomonoicyinC. linearis and D. dudresnayi that undergo sexual repro-
duction and develop male and female gametangia®. Most genes in
the ‘ex’-sex chromosomes (U/V-homologues) of both monoicous spe-
cies are male derived, indicating that monoicy emerged from a male
background (Fig. 4a,b). The U/V-homologue of C. linearis contains
several rearrangements spanning the regions that are homologous
to the PAR and SDR (SDR-homologue), with 11 V-SDR-derived and
2 U-SDR-derived orthologues located within the SDR-homologue, with
an additional V-SDR-derived gene that was translocated elsewhere in
the U/V-homologue (Fig. 4a and Supplementary Table 18). Likewise,
D. dudresnayi underwent at least two inversion events within the
SDR-homologue after splitting from D. herbacea (Fig. 4b), containing
20 V-SDR-derived genes and 4 U-SDR-derived genes (Supplementary
Table19).

Both monoicous species retained mostly male and a few female
copies for most of the U/V-SDR-derived gametologues (91% in
C.linearisand100%in D. dudresnayi), whereas several U- and V-specific
orthologues were lost in these species (10 and 17 sex-specific genes
in C. linearis and D. dudresnayi, respectively). Of these lost ortho-
logues, 60% and 43% present closely related autosomal paralogues in
C. linearis and D. dudresnayi, respectively (Supplementary Tables 18
and 19), although it is unclear whether the expression of these auto-
somal paralogues is compensating the activity of the lost genes. The
only three U-SDR-derived orthologuesin C. linearis are flanked by PAR
orthologues translocated at the end of the V-SDR-derived region, sug-
gesting that the U/V-homologue (contig 12) of C. linearis acquired its
U-SDR-derived genes through two translocations (Extended DataFig. 9).
Three U-SDR-derived genes in D. dudresnayi are dispersed across the
V-SDR-derived region of the U/V-homologue, suggesting independent
U-SDR translocations into the V-SDR, while the fourth U-SDR-derived
gene was translocated to an autosome (Extended Data Fig. 9).

The seven ancestral V-SDR genes are transcriptionally active
(log,(TPM +1) >2) during reproductive stages of both monoicous
species (Supplementary Table 20), emphasizing their role in repro-
duction despite the absence of aU/V system, particularly MIN* which
is retained in both species. While most U-SDR-derived genes are
absent in monoicous species, a single intracellular cholesterol trans-
porter gene was convergently preserved inboth monoicous genomes
(Supplementary Table 20) and actively expressed during fertility in
both Ectocarpus sp.7 and D. herbacea (Supplementary Table 8).

The U/V-homologue of D. dudresnayi retains some vestiges of its
pastasaU/V chromosome, suchas low coding density, highrepeat den-
sity and enrichment of TRGs (Wilcoxon rank-sum test, FDR-corrected
P <0.01),although we found non-significant differences ininterspecies
K,values across the genome (Fig. 4c, Extended DataFig. 7, Supplemen-
tary Fig.16 and Supplementary Tables 9-14,16 and 17).

Finally, we examined the transition from haploid to diploid sex
determination, which hasremained unstudied in eukaryotes. Although
the ancestral state for the brown algae is a U/V sexual system, the
Fucalesrecently transitioned to a diploid life cycle**, with many species,
suchasF.serratus®, exhibiting diploid separate sexes (dioecy)*®. Dioecy
probably evolved from monoecy (both sexes in the same diploid indi-
vidual) in the last common ancestor of the Fucus genus* (25-5Ma'®),
consistent with ayoung sex chromosome in F. serratus. Our extensive
bioinformatic analysis and PCR sex-linkage testing for candidate genes
such as MIN (Methods) failed to identify sex-linked sequences in F.
serratus (Supplementary Fig.17), suggesting that the SDR is small and
undifferentiated. However, male F. serratus conserves the MIN gene
and all the ancestral V-SDR genes in its U/V-homologue (Figs. 2f and
5a). Importantly, although none of the U/V-SDR-derived genes are
sex-linked in . serratus, MIN and four other ancestral V-SDR genes are
exclusively expressed in males (fully silenced in females) (fold change
(FC) >2, p,4;< 0.05; Fig. 5a and Supplementary Table 21). This pattern
isconsistentin three other Fucales species (Supplementary Table 22).
Therefore, the ancestral V-SDR genes probably still play roles in male
sex determination or differentiation pathways.

Contrarytothe observations in D. dudresnayi, the U/V-homologue
of F. serratus lacks the TRG enrichment pattern and all the other dis-
tinctive features of the U/V chromosomes (Wilcoxon rank-sum test,
FDR-corrected P> 0.01). Thus, this ‘ex’-sex chromosome has lost all the
evolutionary vestiges of its past asaU/V chromosome (Fig. 5b, Extended
Data Fig. 7, Supplementary Fig. 18 and Supplementary Tables 9-14,
16 and17).

Discussion

Here we characterized the evolutionary trajectory of brown algal
sex chromosomes (Fig. 6). Brown algal sex chromosomes date back
450-244 Ma?%, at the origin of brown algae. We propose that the
male-determining gene MIN underlies the birth of this U/V system™.
The ancestral cassette with seven V-SDR genes suggests a very early
evolution of these genesinto anon-recombininglocus during the evolu-
tion of the U/V-SDRs. The ancestral V-SDR genes probably contribute
to reproduction, but may also be involved in broader developmental
functions. Despite their old age, brown algal U/V chromosomesretain
large PARs bordering the SDR, unlike haploid systems in non-vascular
plants that mostly lack detectable PARs" ™.

Brown algal genomes have a high degree of synteny conserva-
tion. The U/V-SDR is however prone to accumulate structural rear-
rangements, including inversions that may have caused the initial
recombination suppression event in proto-sex chromosomes and the
later expansion of the U/V-SDRs into the PARs. Similar to other haploid
systems***’, TEs conspicuously accumulated in the SDRs following
recombinationsuppression®’, possibly causing further rearrangements
through TE-mediated inversions®'.

Fig. 4 | Fate of sex chromosomes during transitions from dioicy to co-sexuality
(monoicy). a, Comparison of the U/V-homologue in C. linearis against the
UandV chromosomes of Ectocarpus sp.7.b, Comparison of the U/V-homologue
inD. dudresnayi against the U and V chromosomes of D. herbacea. The colour
code represents the identity of the genes alongside the chromosomes, while

the shapes represent the evolutionary fate of each SDR gene in the monoicous
genome. The matching shades between the SDRs and the U/V-homologue are
either colour coded by their ancestral background or they appear as transparent
dotted shades if the gametologue of the other sex was retained. ¢, Karyoplot of
D. dudresnayi showing the following features from bottom to top: chromosome

compartment (autosomes and U/V-homologue), relative gene ages, interspecies
K values, proportion of coding (CDS, red) and repeat (TEs, blue) density.
Statistically significant differences for each feature between each autosome and
the U/V-homologue are depicted on top of the track for that autosome (FDR-
corrected two-sided Wilcoxon rank-sum test; values indicated with solid colours
when P < 0.01for the tested hypothesis). d, Violin plot showing the relative

gene age ranks (higher ranks equate to younger ages) of the TRGs between the
autosomes and the U/V-homologue of D. dudresnayi. Statistically significant
difference in mean values of gene ages (centre line) was assessed using an FDR-
corrected two-sided permutation test.
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Fig. 5| Transition from haploid to diploid sex determination. a, Expression of
ancestral U/V-SDR genes in the diplontic species F. serratus. Gene expression of
mature algae (using 3 males and 3 females, see Methods) is given as log,(TPM +1)
and bars represent standard deviation of the mean. Pvalues shown on the plot
are derived from differential expression analysis performed using DESeq2, which
applies atwo-sided Wald test with Benjamini-Hochberg correction for multiple
testing. Bold text represents whether the gene in . serratus corresponds to an
ancestral male or the female gametologue. b, Karyoplot of F. serratus showing the
following features from bottom to top: chromosome compartment (autosomes
and U/V-homologue), relative gene ages, interspecies K, values (between

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 3233

0.00079 and 6.838, with an average value of 0.148), proportion of coding (CDS,
red) and repeat (TEs, blue) density. Statistically significant differences for each
feature between each autosome and the U/V-homologue are depicted on top of
the track for that autosome (FDR-corrected two-sided Wilcoxon rank-sum test;
values indicated with solid colours when P < 0.01for the tested hypothesis).

¢, Violin plot showing the relative gene age ranks (higher ranks equate to younger
ages) of the TRGs between the autosomes and the U/V-homologue of F. serratus.
The meanvalues of gene ages (centre line) are not significantly different
(FDR-corrected two-sided permutation test).

Models of XX/XY and ZW/ZZ sex chromosome evolution sug-
gest that sexually antagonistic selection may lead to SDR expansions,
making former PAR genes fully sex linked and gaining new genes*>*>,
We show that the three brown algal species with greater sexual dimor-
phism in gametes (oogamy) indeed have enlarged U/V-SDR gene
contents, although statistical testing is not possible given the small
sample size. Oogamy is proposed to be ancestral in the brown algae'*”,
but this trait seems to be highly labile and our analyses suggest multiple
independent transitions to oogamy from a less dimorphic ancestor
with a small ancestral SDR, accompanied by SDR gene gain. Anisoga-
mous species only experienced few gene gains in their SDRs, as pre-
dicted inref. 10. Similar to M. polymorpha, the relatively simple gene
content of the U/V-SDRs in the brown algae could regulate an auto-
somal effector gene network controlling sexual dimorphism, includ-
ing differences in somatic development between male and female
gametophytes®. Accordingly, we observed substantial sex-biased
expression of autosomal genes between mature male and female
gametophytes carrying sex organs. This contrasts with C. purpureus,

where sex chromosomes carry thousands of genes and few sex-biased
autosomal genes'. Consistent with other studies®**, we found no
correlation between levels of sex-biased expression and sexual dimor-
phism in brown algae. Sexual dimorphism in this lineage may be con-
trolled by arelatively small subset of genes, and most sex-biased genes
may influence gametophyte physiology or vegetative development.
Indiploid sexual systems, recombination suppression between sex
chromosomes explains Y and W degeneration*® (but see refs. 57-59).
Differences in the evolution of U/V systems are predicted, since sex
determination occurs in the haploid stage, in which deleterious
mutations are more efficiently removed by selection than in dip-
loid systems®*° and some of the predicted differences have been
documented in bryophytes®. In brown algae, as in diploid systems,
the SDRs lost recombination, leading to TE accumulation and conse-
quent reduction in gene density. However, unlike the degeneration
documented in some XX/XY and ZW/ZZ systems, our ancestral state
reconstruction revealed more gene gains than losses or gene move-
ments out of the V-SDR during evolution of brown algal lineages.
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U/V sex chromosomes arose from an ancestral autosome, via suppression of
recombination that probably occurred via aninversion. The SDR boundaries
expanded into neighbouring PAR via inversions, but also by recruitment of
genes from autosomes; expansion occurred in a lineage-specific fashion,
concomitant withincreased sexual dimorphism of the different species. SDR
genes are maintained within the SDR if they have roles in sex, whereas genes
withnoroleinsexarelost. Faster substitution rates, probably a consequence
ofthe heterochromatic context of the sex chromosome, may promote the
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male-biased gene expression
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rise of taxonomically restricted genes, which are selectively maintained on

the sex chromosome if they have advantages to the sporophyte generation. In
species that switch to a diploid life cycle, the U/V system disappears, but the
genes thatarein the V-specific region retain roles in sex, although they are no
longer masters. Transition from U/V separate sexes to co-sexuality (monoicy)
occurred when a male haploid individual acquired female-specific genes via
translocations. During the demise of the U/V sex chromosomes, their structural
and evolutionary footprints slowly disappear.

Unclassified repeats accumulate in the Ectocarpales sex chromosomes,
including the PARs, but not in species with larger genomes, where
LTR retroelements become dominant. DNA transposons are over-
represented among unclassified repeats®, and they often insert near
the progenitor locus in a process called local hopping®’. We propose
that the U/V-SDR may thus act asasource of DNA transposons that hop
to the PARs, thus increasing their repeat density, whereas increased
colonization of LTR elements obscures this patterninlarger genomes.

Brown algal U/V chromosomes display an excess of TRGs. What
mechanisms underlie this pattern? The SDR and the PARs of U/V chro-
mosomes are enriched in heterochromatin®, involved in repressing
TEs®*, and heterochromatic regions tend to have higher mutation
rates due to reduced access of the DNA repair machinery during
replication®. Accordingly, we consistently observe higher interspe-
cies K, values in U/Vs, particularly in the PARs, since these regions
recombine between sexes and thus have a higher rate of neutral
fixation than the SDR, which experiences the Hill-Robertson effect
that reduces fixation probabilities of neutral mutations due to its
linkage with other sites under selection®. We speculate that this fea-
ture could facilitate the evolution of TRGs. Alternatively, the high

density of DNA transposons within the U/V could also promote the
co-option of their regulatory motifs and enable de novo transcript
birth, asseenin Drosophila®. Note that the pattern could be reinforced
through generation-antagonistic selection®, but DNA transposons and
higher mutation rates may be sufficient to initiate this patternin
species lacking sporophyte-biased gene expression. Importantly,
the TRG enrichment is unique to U/V systems and gradually disap-
pears when these systems are lost. This pattern extends beyond brown
algae to other eukaryotes with U/V systems, such as C. purpureus™*®
and S. angustifolium'™. However, we could not detect enrichment of
TRGs on the small U/V sex chromosomes of M. polymorpha***°, or
on the mating-type chromosome of C. neoformans*. Mosses such as
C. purpureus and S. angustifolium display relatively more complex
sporophyte body plans than liverworts such as M. polymorpha’®

which could underlie stronger generation-antagonistic selection®.
Unlike brown algae, most of the sex chromosomes in bryophytes are
sex linked, with minimal space for PARs?. In this context, the sex
chromosome of C. purpureus expanded its SDR very recently in evo-
lutionary time through fusions of autosomes with earlier established
UandV chromosomes”, retaining its evolutionary footprints as PARs,
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while the sex-linked region in M. polymorpha is much older®’, which
couldalso limit the formation of TRGs that are predominantly observed
inthe PARs of the brown algae. The pattern thus appears to be specific
to U/V systems where chromosomal degeneration is mild and linked
to haploid-diploid life cycles where the sporophyte stage is suffi-
ciently complex, highlighting a key role for generation selection”.
Therefore, our study hintsata unique interplay between complex life
cycles, heterochromatic landscape, DNA transposons and higher muta-
tion rates that may lead to TRG enrichment in U/V chromosomes,
and this process is pervasive across distant, independently evolved
eukaryotic kingdoms.

Monoicous brown algae have transcriptomic profiles resembling
ancestral females®. However, our results show that monoicy arose at
least twice from amale ancestor that acquired female genes. The male
pathway requires MIN*>*>”2, which could have facilitated the evolution
of monoicy frommales, asalso seeninthe green lineage’”*. We note the
presence of U-SDR-derived gene(s) in all monoicous species, particu-
larly acholesterol transporter gene thatis foundin all U-SDRs, suggest-
ingthatthe U-SDR contains femaleness-promoting factor(s), consistent
withreportsinkelps™. We thus propose that monoicy evolved via trans-
location events adding essential femaleness-promoting genes to amale
genetic background. Since the resulting monoicous individuals were
capable of producing both male and female reproductive structures,
individuals with U chromosomes were no longer essential for sexual
reproduction, ultimately leading to theloss of the U-SDR in monoicous
species. Although the combination of key female and male genes is
essential for this evolutionary transition, the retention of asex chromo-
some is not. For example, in Volvox africanus, monoicy required the
retention of female SDR-like regions, while most male SDR genes were
lost except for amulticopy array of the male-determining gene MID™®.

Theevolution of adioecious systemin F. serratusis associated with
anirreversible transition to diploidy in Fucales'*. The U/V to dioecy
transition has remained elusive**, but our data in brown algae imply
thatitinvolved anintermediate monoicous stage, supporting previous
predictions from ancestral state reconstruction analyses'. A small,
undifferentiated Y-specific region consistent with a young XY system
may explainwhy the sex chromosome in F. serratus was undetectable.
Nonetheless, allancestral V-SDR genes are found in the U/V-homologue
of F. serratus, several showing a male-biased gene expression across
Fucales species, particularly MIN?. Our findings imply that MIN and
possibly other ancestral V-SDR genes are still involved in male differ-
entiation, but shifted downwards in the sex determination cascade.
These results thus support and extend the ‘bottom-up’ hypothesis of
sex determination, where downstream components of sex differen-
tiation are conserved across taxa, and new master sex regulators can
replace older ones”’.

Methods

Biological material

Scytosiphon promiscuus, Dictyota dichotoma, Undaria pinnatifida and
Desmarestia dudresnayihaploid gametophytes were cultivated under
laboratory conditions as in ref. 78. We cultivated the gametophytes
at 14 °C with a photoperiod of 12:12 h light:dark at an irradiance of
25 umol photons m™2s™. The media consisted of filtered natural sea-
water (NSW), which was autoclaved and enriched with half-strength
Provasoli nutrient solution (Provasoli-enriched seawater; PES)’®. We
grew the first biomass in 140 mm Petri dishes and the gametophytes
were later transferred to a1l flask with gentle aeration. The gameto-
phytes were fragmented once a month and the media were changed
every 2 weeks to promote biomass production. Before freezing, game-
tophytes were treated with antibiotics for 3 days with gentle agitation
and under the same culture conditions. The first day, gametophytes
were treated with a mix of streptomycin (2 g 1™ of PES), penicillin G
(0.5g1 of PES) and chloramphenicol (0.1g 1™ of PES); the next day
withampicilin (1g 17 of PES), and on the last day with kanamycin 1 g I

of PES). Between each day of treatment and before freezing, gameto-
phytes wererinsed with 500 ml of NSW to remove traces of antibiotic.
Samples of fucoid algae sexual and vegetative tissue were col-
lected in the intertidal zone during low tides in June 2012 from Viana
do Castelo (F. vesiculosus, A. nodosum) and Caminha (Rio Minho;
F. ceranoides), northern Portugal. Sexual phenotypes were verified in
thefield by sectioning and observing receptacles under afield micro-
scope. Tissue samples were flash frozen in liquid nitrogen on the shore
and transported to the laboratory in a cryoshipper, after which they
werelyophilised and stored dry at room temperature onsilicacrystals
(see Supplementary Table 1for alist of strains used in this study).

DNA and RNA extraction and sequencing
Genomic DNA wasisolated from algal tissue (<100 mg) by grinding into
fine powder under liquid nitrogen and subsequent cell lysis in 500 pl
of Genomic Lysis Buffer (OMNIPREP for plantkit) for 1hat 60 °C. The
lysate was cleaned up with 200 pl of chloroformand DNA was precipi-
tatedin ethanol. The DNA pellet was digested in CF buffer (Macherey-
Nagel) for 45 minat 65 °C and purified using NucleoBond AXG20 Mini
columns according to the user manual (Macherey-Nagel). Final high
molecular weight genomic DNA was quantified (Qubit), analysed for
purity (Nanodrop) and checked for size distribution (Femto Pulse
System) before preparing the sequencinglibraries. We sequenced the
libraries using an Oxford Nanopore Technologies (ONT) MinlON Mk1B.
We prepared the ONT libraries using an SQK-LSK110 library preparation
kit for R9.4.1 flow cells and an SQK-LSK114 library preparation kit for
R10.4.1flow cells. Two libraries were sequenced for D. dudresnayi on
R9.4.1flow cellsand athird library was sequenced onanR10.4.1flow cell.
RNAwasisolated from mature gametophytes of U. pinnatifida and
S.promiscuusfollowing modified procedure of the Qiagen RNAeasy kit,
andthe TruSeq RNA Library Prep Kit v.2 was used to sequence the tran-
scriptomes in an Illumina NextSeq 2000 platform (150 bp, PE reads).
Extraction of total RNA from fucoid algae (F. vesiculosus, A. nodosum
and F. ceranoides) was performed following ref. 79 and RNA libraries
were sequenced onanllluminaHiSeq2000 machine (100 bp, PE reads).

Genome assembly and annotation

High-quality, chromosome-level assemblies of brown algal genomes
have been notoriously difficult to obtain due to technical challenges
in extracting nucleic acids. Whole-genome assemblies and annota-
tions of S. promiscuus male, D. dichotoma male, D. herbacea male and
female, E. crouanorium male, C. linearis, S. ischiensis and F. serratus
male were obtained from ref. 18. We also downloaded the genome
of Ectocarpus sp. 7 (ref. 19) and the male genome of U. pinnatifida®,
which were already assembled at a chromosome level. For D. dudres-
nayi, we performed genome sequencing, de novo genome assem-
bly and ab initio gene annotation. Base calling was done using ONT
Guppy® with the configuration files ‘dna_r9.4.1.450bps_sup.cfg’ and
‘dna_r10.4.1_e8.2_400bps_sup.cfg’ and the options ‘~trim_adapters
~trim_primers’,yielding17.4 Gbp of datain 2,871,152 reads. We merged
allthe reads and analysed them using Kraken (v.2.1.2)% and the bacteria
database (August 2022) to remove potential contaminant sequences.
All data classified as bacterial reads by Kraken were screened using
blastN (v.2.13.0+)%? (-evalue 0.001 -num_alignments 20) against the
NCBIgenbank bacterial database (downloaded November2023). The
blastN output was visualized in MEGAN (v.6.23.4)%’, and all reads that
were declared as bacterial were extracted and removed from further
analyses. We obtained 1,908,772 decontaminated reads with an average
length of 5.1 Kbp (9.8 Gbp of data, 20x coverage), which were deposited
onthe NCBISequence Read Archive (Supplementary Table 1).

The decontaminated reads were assembled de novo using
flye (v.2.9.1-b1780)%* with the options ‘-nano-raw -g 450 m -t 28 -i 3
-scaffold’. The draft assembly consisted of 1,032 contigs with a total
size of 425 Mbp, an N50 of 4.6 Mbp and an L50 of 29 contigs. We used
TransposonPSI (http://transposonpsi.sourceforge.net/) to predict
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the TEsand RepeatScout (v.1.0.6)* to predict the simple repeats in the
genome assembly. Both predictions were combined to soft mask the
repetitive content in the genome assembly using bedtools maskfasta
(v.2.27.1)*. We mapped the RNA-seq data of D. dudresnayi from the
PhaeoExplorer database™ to the soft-masked genome assembly using
STAR (v.2.7.1a)®. We used BRAKERv.2.1.6 alongside the RNA-seq data® to
predict the protein-coding genes in the soft-masked genome assembly.

Hi-Clibrary preparation and sequencing for chromosome-level
assemblies
We generated Hi-C libraries for three male genomes (S. promiscuus,
D. herbacea and D. dichotoma) and two female genomes (Ectocarpus
sp. 7 and D. herbacea). Fresh algal tissue was cross-linked for 20 min
at room temperature in a solution of 2% formaldehyde with filtered
NSW and then transferred into a400 mM glycine solution with filtered
NSW for 5 min to quench the formaldehyde. The samples were then
stored at—80 °Cuntil use. The Hi-Clibraries were prepared as follows.
The samples were de-frosted in 1 ml of 1x Dpnll buffer with protease
inhibitors (Roche cOmplete), transferred to Precellys VKOS lysis tubes
(Bertin) and disrupted using the Precellys apparatus with five grinding
cycles of 30 s at 7,800 r.p.m., followed by 20 s pauses. SDS was added
to the lysate at 0.5% final concentration and samples were incubated
for 10 min at 62 °C, followed by the addition of Triton X-100 to a final
concentration of 1% and 10 min of incubation at 37 °C under gentle
shaking. We added 500 U of Dpnll to 4.6 ml of the digestion mixture and
incubated the samples for 2 hat 37 °C under gentle shaking (180 r.p.m.
inaninclined rack to prevent sedimentation), followed by the addition
ofanother 500 U of Dpnll and an overnightincubation under the same
conditions. The digested samples were centrifuged at 4 °C for 20 min at
16,000 x g. The supernatant was discarded and the pellet was incubated
for biotinylation at 37 °C for 1 hunder a constant shaking (300 r.p.m.)
ina500 mlbiotinylation mix with a concentration of 1x ligation buffer,
0.09 mM dATP-dGTP-dTTP, 0.03 mM biotin-14-dCTP and 0.64 U mI™*
Klenow fragments. After biotinylation, the samples were incubated for
3 hatroomtemperatureinal.2 mlligationreaction witha concentra-
tion of 1x ligation buffer, 100 mg mI™ BSA, 1 mM ATP and 0.4 U m|™
T4 DNA Ligase. The samples were then incubated overnight at 65 °C
after adding 20 pl 0.5 M EDTA, 80 pl 10% SDS and 1.6 mg Proteinase
K. DNA was extracted with 1 volume of phenol/cholorform/isoamyl
alcohol (24:24:1), followed by 30 s of vortexing at top speed and a
5-min centrifugation at top speed. We precipitated the DNA by adding
1/10 volume of 3 M NaAC pH 5 and two volumes of 100% cold ethanol,
followed by a 30-min incubation at —80 °C and a 20-min centrifuga-
tion at 14,000 x gand 4 °C. The DNA pellet was washed with 1 ml 70%
ethanol, thendried at 37 °C for 10 minand resuspended in100 pl1x TE
buffer with1 mg mI" RNase. DNA was sheared to 250-500 bp fragments
using a Covaris S220 ultrasonicator, purified with AMPure beads (0.6x)
(Beckman) and eluted in 20 pl 10 mM Tris pH 8.0. Biotinylated but
not ligated DNA fragments were first removed by T4 DNA polymer-
ase treatment (final concentration, 300 U per pellet; NEB), and the
biotin-labelled fragments were selectively captured by Dynabeads
MyOne Streptavidin C1beads (Invitrogen). The libraries were prepared
using the NEB Ultralllibrary preparation system and sequenced on the
NextSeq 2000 Illuminaplatform (2 x 150 bp) (Supplementary Table 1).
We scaffolded the genomes from ref. 18 into chromosome-level
assemblies using the Hi-C data. We filtered the low-quality Hi-C reads
using Trimmomatic (v.0.39)* (ILLUMINACLIP:2:30:10 LEADING:25
TRAILING:25 SLIDINGWINDOW:4:15 MINLEN:75 AVGQUAL:28). We
mapped the Hi-Creads against each genome assembly using BWA-mem
v.0.7.17-r1188d in the Juicer v.1.6 pipeline’® to generate a contact map,
whichwas thenfedto3D-DNA v190716 (ref. 91) to scaffold the genomes
into chromosomes. The obtained scaffolds were manually inspected
against the contact maps to solve the limits of each chromosome using
Juicebox (v.1.11.08)2. The PhaeoExplorer gene annotations' were lifted
into the new assemblies using Liftoff (v.1.6.1)°*, while the annotation

of TEs was performed using RepeatModeler2 (ref. 94). We scaffolded
the genomes of E. crouaniorum and D. dudresnayiinto chromosomes
using areference-guided assembly with RagTag (v.2.0.1)”* against the
chromosome-level assemblies of Ectocarpus sp. 7 and D. herbacea,
respectively. All genes within the SDRs in the brown algal species
studied (see below) were manually curated to exclude any TE-related
genes fromthe annotation.

Discovery of the U/V sex determination regions

Male sex-determining regions (V-SDR) in S. promiscuus, U. pinnatifida,
D. herbaceaand D. dichotoma, as well as female sex-determining region
(U-SDR) in D. herbacea were analysed following two complementary
methods: (1) a k-mer-based YGS approach, originally designed to
detected Y-linked sequences in heterogametic systems, developed
inref. 96 and (2) genomic coverage analysis, designed to identify
sex-linked regions through differences in read depth between male
and femaleindividuals”. These methods are well suited for organisms
with divergent sex chromosomes, such asbrown algae, where Uand V
haplotypes have diverged over extended evolutionary time.

The YGS method principle s to identify male or female sex-linked
scaffolds by comparing k-mer frequencies between reference genome
assembly and k-mers generated from DNA-seq reads of the opposite
seX. Regions in the male reference genome that contain k-mers that
areabsentinfemalereadswillindicate candidate male SDR sequences;
similarly, female genomic scaffolds with low coverage in male k-mers
will denote female SDR region. For each species, 15-base-pair k-mer
sequences were generated separately from male and female lllumina
reads (see Supplementary Table 1 for data accession numbers) using
Jellyfish v.2.3.0 count (-m 15 -s 10 G -C —-quality-start=33 -min-
quality=20) and converted to fasta format with Jellyfish dump
(-lower-count=5)". Next, non-overlapping 500-kb sliding windows
(Desmarestia, Dictyota and Undaria) or 200-kb sliding windows
(Scytosiphon) of the reference chromosome genomes (from the sex
whose SDR was to be identified) were created using segkit (v.2.3.1)”°
and used as input for the YGS.pl script® together with the fasta k-mer
files producedinthe previous step. Each window was then analysed to
calculate the proportion of k-mersin the reference window that are not
presentin the opposite-sex k-mer database. Genomic windows with a
minimum of >50% of unmatched single-copy k-mers were thenretained
as candidate male or female SDR sequences. Because the borders of
the SDRs cannot be precisely defined at the single-nucleotide level
with the available data, we focused on genes within these regions and
defined the SDR boundaries on the basis of the flanking genes located
atthe transition to pseudoautosomal regions (PARs).

Candidate SDRregionsidentified by YGS were further validated by
analysing sex-specific differencesin read coverage. In detail, the short
Illumina reads coming from males and females of each investigated spe-
cieswere trimmed with Trimmomatic® (see above) and mappedto the
reference genome for which the SDR was to be studied, using HISAT2
(ref.100) (default settings). Bam files produced by HISAT2 were used as
input for Mosdepth'” to calculate coverage in 10-kb windows along the
genome sequence (-m -n-b 10000 -fast-mode -Q 30). Read mapping
depthingenomic windows was normalized by the genome-wide mean
for eachsex, and the coverage in genomicintervals was then compared
between males and females. Because V-SDR-linked sequences are
present only in males, we expect them to have similar read coverage
asautosomal regionsinmales, but little or no coverage infemales (and
conversely for the U-SDR sequences in D. herbacea). The comparison
focused onregions within male reference genomes where the coverage
inmales fell within the range of 75-125% of the genome average, while
the coverage in females remained below 50% of the genome average.

Both coverage and k-mer analysis identified identical genomic
regions, providing high-confidence candidate SDRs (Extended Data
Table 1 and Supplementary Figs. 1-5). In D. herbacea, where both
male and female chromosome-level genome assemblies were available,
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we directly compared U and V chromosomes to further confirm the
SDR borders by analysing the collinearity of pseudoautosomal regions
flanking the SDRs. The SDR scaffolds for all studied species were fur-
ther validated by PCR amplification (Supplementary Table 1) using
4 males and 4 females.

Genetic mapping and search for the sex chromosome

inF. serratus

Three different sets of materials were used in this study: (1) 12 male and
12 female field samples, hereafter denoted the 24-individual natural
population; (2) 157 sporophyte progeny population derived from
a cross between one male sample and one female sample collected
from the field and (3) 3 male and 3 female samples collected from the
field for whole-genome sequencing. The 157-progeny population and
24-individual natural population were genotyped using the double
digest RAD sequencing approach (ddRAD-seq). Briefly, individual
genomic DNA was digested with the restricted enzymes Pstl and Hhal
to obtain fragments that were size selected between 400 and 800 bp
before sequencing on in lllumina HiSeq 2500 platform (paired-end
2x125bp).Seeref. 102 for detailed protocol of the ddRAD-seq.

We performed whole-genome sequencing on an Illlumina HiSeq
2500 system (2 x 150 bp paired-end) for the 3 male and 3 female sam-
ples. For ddRAD-seq data, raw reads were cleaned and trimmed with
Trimmomatic as above and mapped to the draft genome of . serratus
male. For the progeny population, genotypes were called from the
obtained bam files using the Stacks pipeline (v.2.5)'®. The obtained
vcf files were filtered with VCFtools (v.0.1.16)'°* and bcftools'®
(max missing per locus: 30%, max missing per sample: 40%, max mean
coverage:30, minQG:20).

The filtered vcf file of the progeny population was used to con-
structagenetic map with Lep-MAP3 (ref.106). Briefly, the ParentCall2
module was used to call parental genotypes, the SeparateChromo-
somes2 module was used to split the markers into linkage groups and
the OrderMarkers2 module was used to order the markers within each
linkage group using 30 iterations per group and finally computing
genetic distances. Phased data were converted to informative geno-
types with the script map2genotypes.awk.

We used different approaches to identify the SDR in F. serratus.
Coverage analysis. We combined whole-genome sequence data
from the 3 males and 3 females alongside the ddRAD-seq data of
the 24-individual natural population, mapping both datasets to the
F.serratus male genome assembly using bwa-mem'?’. Coverage analyses
was done in several ways:

- Using SATC (sex assignment through coverage)'°®,amethod that
uses sequencing depth distribution across scaffolds to jointly
identify: (1) male and female individuals and (2) sex-linked scaf-
folds. This identification was achieved by projecting the scaffold
depthsinto alow-dimensional space using principal component
analysis and subsequent Gaussian mixture clustering. Male and
female whole-genome sequences were used for this analysis.

- Using the method SexChrCov described in ref. 109 with the
24-individual natural population.

- Using the method DifCover® which identifies regions in a refer-
ence genome for which the read coverage of one sample is signifi-
cantly different from the read coverage of another sample when
aligned toacommon reference genome. The 24-individual natural
population was used for this analysis.

- Usingsoap.coverage (v.2.7.9)" to calculate the coverage (number
of times each site was sequenced divided by the total number of
sequencedsites) of each scaffoldin each sample. For each scaffold,
the male to female (M:F) fold change coverage was calculated as
log,(average male coverage) - log,(average female coverage).
The 24-individual natural population was used for this analysis.

Fixation index (F;) and sex-biased heterozygosity. This approach has
been previously used to find sex-linked genomic regions in several
studies"*", Using the 24-individual natural population, F5; was calcu-
lated using vcftools'®. Sex-biased heterozygosity was defined as the
log,, of the male heterozygosity:female heterozygosity ratio, where
heterozygosity was measured as the fraction of sites that are heterozy-
gous. This ratio is expected to be zero for autosomal scaffolds and
elevated on young sex scaffolds due to excess heterozygosity in males.

Identification of eventualfemale scaffolds thatfailed to map to the male
reference genome. Vcftools and bedtools were used to extract female
regions that did not map to the reference genome consistently in the
3resequenced female samples.

Allcandidate contigs were tested by PCRin 4 males and 4 females.

Synteny analyses, K analysis and transitions to co-sexuality
Whole-genome synteny comparisons were performed for each pair of
chromosome-level assemblies using MCscan (v.1.2.14)"™, both between
different species, between sex chromosomes in the same species and
between monoicous species and their closest relatives with U/V chro-
mosomes. The putative gametologues between sex chromosomes
that were predicted with MCscan were reassessed using OrthoFinder
(v.2.5.4)""and best reciprocal DIAMOND (v.2.1.8.162)"° hits.

We calculated the number of synonymous substitutions per syn-
onymous site (K;) for each pair of male and female gametologues as a
proxytoassesstherelative time at whichboth genes diverged fromeach
other. The amino acid sequences of each pair of gametologues were
aligned with MAFFT (v.7.520)"” and subsequently aligned into codons
using pal2nal (v.14)"%. The gametologue K, values were calculated using
the modelinref.119 asimplemented in KaKs_calculator (v.2.0)"*°.

We evaluated the male or female identity of the genes in the mono-
icous species whose orthologues were found within the SDR in their
closest dioicous relatives. For this, we compared the results obtained
with MCscan'* against the orthogroup prediction performed with
OrthoFinder™, with best reciprocal DIAMOND"® hits and by calculat-
ing gene trees for each orthogroup using an amino acid alignment
with MAFFT"” and gene tree reconstructions using FastTree (v.2.1.11)"%,

Ancestral reconstruction of the male SDR
The brown algal phylogeny was obtained fromref. 18. The species tree
is based on 32 single-copy nuclear genes whose protein sequences
were aligned manually using AliView'??, and whose best-fit substitution
models were assessed independently using the Akaike information cri-
terion. The tree was generated using amaximum likelihood approach
implemented in RAXML bootstraps and the gammamodel. Every node
inthe phylogeny has 99-100% bootstrap support values. Divergence
times were subsequently calculated using MCMCtree'** and three
calibration points. The MCMC chains were run for 1.5 million genera-
tions and the first 200,000 MCMC chains were discarded as burn-in.
We searched for orthologue genes within the V-SDR of five spe-
cies (Ectocarpus sp. 7, S. promiscuus, U. pinnatifida, D. herbacea and
D. dichotoma) in our OrthoFinder results. For each V-SDR gene, we
codeditsorthologueintheother speciesas ‘present’ (1) if itis also sex
linked in the V-SDR, whereas it was coded as ‘absent’ (0) if the ortho-
logue resides in the PARs, in an autosome or if there is no detectable
orthologueinthat species. Once we generated this presence/absence
matrix with the evolutionary relationship of the genes within the V-SDR
(Supplementary Table 5), we used it as the input file for the software
Count (v.10.04)"** to estimate the ancestral content of the V-SDR
throughout a phylogeny and determine the most likely scenario of
V-SDR evolution in the brown algae. We employed posterior prob-
abilitiesunder a phylogenetic birth-and-death model withindependent
gain and loss rates across each branchin the phylogeny. We modelled
theindependent gain and loss rates through 10 gamma categories and
performed 1,000 optimization rounds with a convergence threshold
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on the likelihood >0.1 to find the best fitting model for the data. The
branchlengthsinthetree that were used for the ancestral state recon-
struction wereretrieved fromthe molecular clock analysis performed
in ref. 16. We distinguished between conserved V-SDR genes that are
ancestral and parallel acquisitions of the same gene in the V-SDR by
analysing gene trees between male and female genomes, in addition
tofemale transcriptome assemblies of D. dichotoma and U. pinnatifida.
Sequence alignments were done using MAFFT' with default settings
and uploadedto the https://www.phylogeny.fr/ platform. Alignments
were further curated using Gblocks (v.0.91b)'* (min. seq. for flank
pos.: 85%, max. contig. nonconserved pos.: 8, min. block length: 10).
Treeswere produced using PhyML (v.3.11)"* with the default model and
visualized in TreeDyn (v.198.3)'%. The approximate likelihood-ratio
test was chosen as the statistical test for branch support. We inferred
the function of the ancestral V-SDR genes through the annotation of
genesin Ectocarpussp.7 belonging to that orthogroup. The most likely
acquisition mechanismof each SDR genein each species was assessed
on the basis of the position of each orthologue in the other species
(pseudoautosomic, autosomic or missing; Supplementary Table 5).

Genomic content across chromosomes

We used closely related genome assemblies available in the Phaeo-
Explorer database’ to assess the depletion of orthologues in the
sex chromosome. We predicted one-to-one orthologues using
OrthoFinder™ between the following species pairs: Ectocarpus sp. 7
with Ectocarpussiliculosus, S. promiscuus with C. linearis, U. pinnatifida
with Saccharinajaponica, F. serratus with Fucus distichus, D. herbacea
with D. dudresnayi, and D. dichotoma with Halopteris paniculata
(Supplementary Table 16). We calculated the expected number of
detectable orthologues for each chromosome and compared it against
the observed number of detected orthologues using chi-square tests.
We performed Benjamini-Hochberg corrections to the Pvalues of the
chi-square tests to control the FDR in the analysis'*®,

GenEra** was used by running DIAMOND in ultra-sensitive mode
against the NCBINR database and all the PhaeoExplorer proteins™ to
perform a phylostratigraphic analysis (e-value threshold of 10~) and
calculatetherelative ages of each genein eachgenome (Supplementary
Table13). Phylostratigraphy is a genetic statistical method developed
to date the putative origin of all the genes contained in the genome of
atarget species by detecting homologues across species at different
evolutionary distances (all the way from species within the same genus
to species from different domains of life). Finding the most distant
homologues of each gene can link them to their founder events (that
is, thefirstinstance where agene homologue is found in the history of
thatlineage), allowing us to then determine their relative ages, coded
asthe taxonomic group where that gene is detected®**'?, The gene age
categories outside of the brown algae and S. ischiensis were based on
the taxonomic classification of each species within the NCBI Taxonomy
database®’, while the gene ages within the brown algae were manu-
ally assessed to reflect the evolutionary relationships obtained in the
PhaeoExplorer maximum likelihood tree'®. We performed Wilcoxon
rank-sumtestsinR (v.4.3.1)* to assess non-random differencesin gene
age distributions between pairs of chromosomes (Supplementary
Table 14). We performed Benjamini-Hochberg corrections to the
P values of the Wilcoxon rank-sum tests to control the FDR in the
analysis'?®. The gene ages responsible for these differences were
found by evaluating the standardized residuals using mosaic plots.

We used the interspecies K values between pairs of species as
aproxy for neutral mutation rates across six of the seven chromosome-
level assemblies by using the most closely related genome assem-
blies available in the PhaeoExplorer database'®. We used the same
set of one-to-one orthologues detected between species pairs as for
the orthologue-depletion test (Supplementary Table 16). However,
the evolutionary distance between D. dichotoma and H. paniculata
prevented us from calculating reliable interspecies K, values for this
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species since synonymous substitutions reached the point of satu-
ration. The amino acid sequences of each pair of orthologues were
aligned with MAFFT" and subsequently aligned into codons using
pal2nal®, The interspecies K, values were calculated using the modelin
ref. 119 asimplemented in KaKs_calculator (v.2.0)?°. We also evaluated
the difference ininterspecies K, values between the autosomes and the
sex chromosomes through FDR-corrected Wilcoxon rank-sum tests
(Supplementary Table 17). We calculated the protein-coding density,
the density of TEsand the taxonomicidentity of these TEs within100-kb
non-overlaping windows across each chromosome using bedtools®
(Supplementary Table 9). The differencesin protein-coding space and
repeat content between the autosomes and the sex chromosomes were
alsotested using FDR-corrected Wilcoxon rank-sumtests (Supplemen-
tary Tables 10 and 11). The differences in repeat density, percentage
of unclassified repeats and gene ages across genomic compartments
(SDR, PARs and autosomes) were tested using FDR-corrected permuta-
tiontests with10,000 permutations. All genomic features were plotted
using karyoploteR (v.1.20.3)"*2,

Gene expression analysis

We used kallisto (v.0.44.0)"* to calculate gene expression levels using
31-base-pair-long k-mers and 1,000 bootstraps. Transcript abundances
were then summed within genes using the tximport v.3.19 package™*
to obtain the expression level for each gene in transcripts per mil-
lion (TPM). Differential expression analysis was done in the DESeq2
v.3.19 package'” in R v.4.3.1, applying FC = 2 and p, < 0.05 cut-offs.
Sex-biased gene expression analysisin Ectocarpussp.7,S. promiscuus,
U. pinnatifida, D. herbacea and D. dichotoma was performed between
mature male and female gametophytes (gametophytes bearing repro-
ductive structures). To discover genes with sporophyte-biased expres-
sionin Ectocarpussp.7,S. promiscuus, U.pinnatifida and D. dichotoma,
we first calculated the differential expression between male gameto-
phytes and sporophytes, as well as female gametophytes and sporo-
phytes. Genes that showed significant sporophyte-biased expression
(FC=2, p,5;<0.05) inboth comparisons were considered sporophyte
biased.

Atotal of 314.2 M RNA-seq reads from F. vesiculosus male, female
and vegetative tissue were assembled de novo with rnaSPAdes™° using
k-mer values of 33 and 49. Assembly quality was assessed by (pseudo)
mapping reads back onto the resulting assembly and retaining ‘good’
contigs as defined using TransRate (v.1.0.3)" with default settings. The
resulting 159,108 contigs were aligned with BLASTx** against a database
of Stramenopile proteins, and those with top hits against brown algae
(Phaeophyceae) were retained as the final curated reference transcrip-
tome (36,394 contigs, N50 =1,770 bp). Transcript expression levels
were determined by mapping the reads from all samples against the
reference transcriptome using Bowtie2 (ref. 138) and the RSEM-EBSeq
(v.1.3.3)"* pipeline, and relative expression values were recorded
as TPM. Allsamples used in the gene expression analysis can be found
inSupplementary Table1.

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

Data availability

The accession numbers and download links for all the chromosome-
level genome assemblies and annotations that were generated and
used in this study are available in Supplementary Table 1and in the
Edmond Repository™*° at https://doi.org/10.17617/3.00WB2Y. The
raw sequence reads for the Oxford Nanopore data, Hi-C libraries and
RNA-seq libraries are available in the Sequence Read Archive under
BioProject accession number PRJNA1059008. Allgenome assemblies
and annotations are also accessible through the Phaeoexplorer data-
base (https://phaeoexplorer.sb-roscoff.fr/) for comparative genomics

Nature Ecology & Evolution


http://www.nature.com/natecolevol
https://www.phylogeny.fr/
https://doi.org/10.17617/3.OOWB2Y
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1059008
https://phaeoexplorer.sb-roscoff.fr/

Article

https://doi.org/10.1038/s41559-025-02838-w

analyses. This paper does not report original data. Furtherinformation
andrequests for resources and reagents should be directed to and will
be fulfilled by S.M.C. (susana.coelho@tuebingen.mpg.de).
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Inter-genomic comparison: Dictyota dichotoma vs Schizocladia ischiensis (1,828 gene pairs)
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Extended Data Fig. 1| Macrosynteny plotbetween Schizocladia ischiensis and Dictyota dichotoma using 1,828 orthologs. We highlight two fusion-with-mixing
events (red squares) between chromosomes 4 and 9, and between chromosomes 23 and 24 in D. dichotoma.
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Extended DataFig. 2 | SDR size differences and detection ofindependently-
acquired V-SDR genes across species. (a) Differences in the size of the male SDR
betweenbrown algal species based on the total sequence length, the relative
size of the SDR compared to the length of the Vchromosome and the number of
protein-coding genes retained within the SDR. The bars are colored accord-ing
to the level of gamete dimorphismin each species (based on 16). (b) Correlation

betweenthe V (blue) and U (pink) SDR sizes and the SDR gene content across
species. (c) Correlation between the V (blue) and U (pink) SDR sizes and the

SDR repeat content across species. (d) Gene trees showing the independent
acquisition of SDR gametologues across species that were previously interpreted
as part of the ancestral male SDR genes.
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Extended Data Fig. 3| Male SDR synteny between Ectocarpus sp.7 and Ectocarpus crouaniorum. One of the species underwent a recent inversion event within the
SDR. The arrows in the boxes represent the orientation of each gene within the chromosome.
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Extended Data Fig. 4 | Synteny analysis plotillustrating the expansion
ofthe Desmarestia herbacea U- and V-sex-determining regions (SDRs)
into the surrounding pseudoautosomal region (PAR). The Ectocarpus sp.
7 V-chromosome is shown in the middle as a reference, with the SDR regions
outlined by grey boxes. Green lines trace syntenic relationships between

Ectocarpus PAR genes and the recently-acquired Desmarestia SDR genes, with
each gene pair represented in a distinct shade of green. This demonstrates that
nearly all PAR genes from Ectocarpus, which have entered the expanded SDR

in Desmarestia, are retained as gametologues. Orange lines highlight the PAR
boundary genes in Desmarestia, which remain within the PAR of Ectocarpus.
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Extended Data Fig. 9| Proposed scenarios for the transition from dioicy
tomonoicy in Chordarialinearis and Desmarestia dudresnayi. (a) The
ancestor of Chordaria linearis likely underwent an initial translocation event
from the U chromosome to the Vchromosome, inserting part of the U-SDR
and a piece of the 3’ PAR towards the 5’ end of the V-SDR potentially through an
ectopic recombination event. A subsequent inversion within this translocation

Genomic identity

Il Male SDR (V-SDR)
[7] Female SDR (U-SDR)
[l 3 PAR

15 PAR

B Autosome

spread the 3’PAR genes to both sides of the U-SDRinsertion. Finally, asecond
translocation led to the insertion of an additional piece of the U-SDR within the
3’PAR translocation. (b) The ancestor of Desmarestia dudresnayi underwent
three translocations of U-SDR genes into the V-SDR. Additionally, a fourth
translocation event happened between the U-SDR and an autosome (chr_04).
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Extended Data Table 1| General characteristics of the genomes and sex chromosomes in representative brown algal
species and an outgroup (Schizocladia ischiensis)

Sexual Dioicous (V) Dioicous {U) Dioecious Monoicous Unknown
system
Species E.sp.7 E.crou S.prom U. pinn D. herb D. dich E.sp.7 D. herb F. serr C. lin D. dud S. isch
Genome size 200.170 218.478 193.199 511.280 430.876 851.153 197.371 484.711 1091.539 214.613 425.034 194.512
(Mbp)
Chrom-level 27 27 27 30 32 31 27 32 33 NA 32 NA
scaffolds
Total n. 33 175 451 114 935 1467 46 1756 3,805 217 823 130
scaffolds
N50 (bp) 6893 608 7597912 6781292 16 510 065 13135153 26426 000 6914137 12 441740 17 863 197 2249057 13227088 2524267
Sex chrom. or chr_13 chr_13 chr_13 HiC_scaffold_2 chr_03 chr_02 chr_13 chr_03 LG15 C- chr_03 NA
U/V-homolog 3 (Ec25_SDR_F linearis_contigl
) 2
Sex chrom.or | 7072209 9658 235 14 770 496 27 543 478 17 928 803 42672 188 7 248 464 20286 227 19924 529 3613932 14 536 050 NA
U/V-homolog
size (bp)
SDR length 923 344 1084112 1363928 13 409 094 6568 004 17 412 526 1551053 8626479 NA NA NA NA
{bp)
N. genesin 18 18 17 48 30 (+ 20 viral- 52 18 30 NA NA NA NA
SDR derived genes)
N. genes PAR 421 519 904 306 229 451 421 229 NA NA NA NA
Gamy anisogamous | anisogamous | anisogamous oogamous oogamous oogamous | anisogamous | oogamous NA NA NA NA
CDS density 2.96% NA 2.31% 0.51% 0.99% 0.28% 1.75% 0.81% NA NA NA NA
SDR
CDS density 8.50% NA 6.69% 7.35% 1.98% 1.70% 8.90% 1.98% 2.07% NA 2.83% NA
PAR or U/V-
homolog
CDS density 14.97% NA 15.94% 13.51% 5.17% 2.95% 14.97% 5.17% 2.28% NA 9.27% NA
autosomes
Repeat 60.64% NA 64.29% 86.94% 83.82% 89.19% 68.88% 84.53% NA NA NA NA
density SDR
Repeat 44.31% NA 40.19% 72.51% 72.92% 80.88% 41.46% 71.76% 74.26% NA 74.68% NA
density PAR
oru/v
homolog
Repeat 30.12% NA 18.92% 59.24% 61.53% 72.10% 29.38% 60.97% 75.16% NA 57.63% NA
density
autosomes
Genome Liu et al.*® This study This study Shan et al.*® This study This study Liu et al.*® This study This study Denoeud et This study Denoeud et
source al.’ al.?

Note: Note that Fucus serratus (F. serr) has a chromosome (LG15) that is homologous to the ancestral U/V sex chromosome because it contains several genes present in the ancestral U/V-SDR.
However, none of these genes are sex-linked in F. serratus (see text for details). Note that the dioecious species F. serratus has male and female (diploid) sexes and no gametophyte generation,
that is, an animal-like life cycle. The CDS and repeat densities of the U/V-homologues were placed in the same rows as the PAR values of the dioicous species.
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data and accession codes are provided in the supplemental tables of the manuscript. There are no restrictions on data availability
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.
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Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We identified the sex chromosomes and sex determining regions of several brown algal species represenitng the full phylogeny and
level of morphological complexity across the lineage.

Research sample brown algal lines

Sampling strategy samples for each brown algal species used were grown in the laboratory in separate petri dishes as haploids. Sampeles were
obtained from RCC (culture collection of Roscoff) and all details of codes and origin are provided in the manuscript.

Data collection na

Timing and spatial scale na

Data exclusions no data was excluded

Reproducibility for expression analysis the experiments were performed at least in triplicate
Randomization samples were grown in the culture room in a randomized fashion.

Blinding n.a

Did the study involve field work? |:| Yes |Z| No




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
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Dual use research of concern
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Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atithentication-proceduresfor-each-seed-stock-used-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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