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Einleitung 
 
Obwohl ihre Entdeckung im Jahr 1983 mit dem Nobelpreis ausgezeichnet wurde, sind 

Transposons (TEs) noch immer nicht vollständig verstanden und werden in den 

meisten Genomstudien vernachlässigt. Seit ihrer Entdeckung durch Barbara 

McClintock in den 1940er und 1950er Jahren hat sich die Wahrnehmung dieser 

mobilen genetischen Sequenzen in der Wissenschaft grundlegend gewandelt, und die 

daraus resultierenden Forschungsergebnisse haben unser Verständnis der 

Genomfunktion und -evolution maßgeblich beeinflusst. Wie bereits von Barbara 

McClintock beschrieben, wird immer deutlicher, dass TEs eine zentrale Rolle bei der 

Genomplastizität und anderen Evolutionsprozessen in eukaryotischen Genomen 

spielen: Sie beeinflussen die Genexpression, die Geschlechtsbestimmung und die 

phänotypische Variation. Diese Beobachtungen basieren jedoch oft auf gut 

untersuchten pflanzlichen oder tierischen Modellorganismen. In unserer Arbeit 

untersuchen wir das Ausmaß der Vielfalt und die Rolle von TEs in den Genomen von 

Braunalgen. Diese Gruppe von Organismen hat sich über eine Milliarde Jahre lang 

unabhängig von Tieren und Pflanzen entwickelt und stellt die drittkomplexeste 

evolutionäre Linie auf dem Planeten dar. Braunalgen weisen eine faszinierende 

Vielfalt an Entwicklungsmustern, Lebenszyklen und 

Geschlechtsbestimmungssystemen auf, was sie zu einem spannenden Thema für die 

Weiterentwicklung unseres Verständnisses der TE-Dynamik macht. 

 

TEs in Braunalgen wurden bereits für den Modellorganismus Ectocarpus beschrieben 

(Cock et al. 2010), aber der Einfluss von TEs auf Genomsequenzen wurde noch nicht 

im Detail untersucht, sodass noch keine Informationen darüber vorliegen, wie TEs mit 

benachbarten oder Wirtsgenen interagieren und wie ihre Transposition im Genom 

moduliert wird. In derselben Studie wurde ein Zusammenhang zwischen small RNAs 

(sRNAs) und TEs erwähnt, ein Detail, das das Wissen über die vernachlässigbaren 

5mC-Methylierungsgrade in Braunalgen erweitert und somit eine Richtung für weitere 

Studien auf dem Gebiet der TE-Regulierung vorgibt. Später beschrieben Bourdareau 

et al. 2021 und Gueno et al. 2022 Histonmarker im Ectocarpus-Genom und erwähnten 

H3K79me2 als Histonmarker, der mit einer verringerten Genexpression und TEs 

assoziiert ist. Diese Studien befassten sich jedoch nicht mit Transposons als 
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Hauptziel, sodass es möglich ist, unser Wissen in dieser Hinsicht mit einigen 

technischen Verbesserungen zu verfeinern. Darüber hinaus wurden kürzlich 69 

Braunalgen-Genome erstellt und zur Verfügung gestellt (Denoeud et al. 2024), 

darunter eine qualitativ hochwertigere Version des Ectocarpus-Genoms (Liu et al. 

2024). Daher können viele fehlende Teile zu diesem Puzzle hinzugefügt werden.  
 

In diesem Zusammenhang ist es das Ziel meines Projekts, die TE-Population in 

Ectocarpus detailliert zu beschreiben, um eine zuverlässige Ressource zu schaffen, 

die zur Ergänzung oder Verbesserung der TE-Annotation in anderen verfügbaren 

Braunalgen-Genomen verwendet werden kann. Darüber hinaus untersucht diese 

Arbeit das Verhalten und die Regulation von TEs innerhalb des Wirtsgenoms, wobei 

der Schwerpunkt auf den Mechanismen liegt, die die Genomstabilität 

aufrechterhalten. Die Bemühungen zur Erreichung der oben genannten Ziele sind in 

drei Publikationen zusammengefasst, darunter eine als Erstautor, die meine 

Dissertation bilden. Die folgende Abbildung (Fig. 1) fasst den Inhalt der Dissertation 

zusammen und gibt einen Überblick über meine Ziele und wo diese in meiner 

Publikationsliste zu finden sind. 
  



 

Introduction 
 
Despite their discovery being worthy of the Nobel Prize in 1983, transposable 

elements (TEs) are still not fully understood and are neglected in most genomic 

studies. Since their discovery by Barbara McClintock in the 1940s and 1950s, the 

scientific community's perception of these mobile genetic sequences has undergone 

major paradigm shifts, and the resulting research has had a major impact on our 

understanding of genome function and evolution. As this great scientist foresaw, it has 

become increasingly clear that TEs play a central role in genome plasticity and other 

evolutionary processes in eukaryotic genomes: they influence gene expression, sex 

determination and phenotypic variation. However, these observations are often based 

on well-studied plant or animal model organisms. In our work, we are investigating the 

extent of diversity and the role of TEs in the genomes of brown algae. This group of 

organisms has evolved independently of animals and plants for over a billion years 

and represents the third most complex evolutionary lineage on the planet. Brown algae 

exhibit a fascinating array of developmental patterns, life cycles and sex determination 

systems, making them an exciting subject for advancing our understanding of TE 

dynamics. 

 

TEs in brown algae have previously been described for the model species Ectocarpus 

(Cock et al. 2010), but the impact of TEs on genome sequences has not been studied 

in detail, leaving a lack of information on how TEs interact with neighboring or host 

genes and how their transposition is modulated in the genome. The same study 

mentioned a correlation between small RNA (sRNA) and TEs, a detail that adds to the 

knowledge regarding the negligible levels of 5mC methylation in brown algae, thus 

providing a direction for further studies in the field of TE regulation. Later on, 

(Bourdareau et al. 2021) and (Gueno et al. 2022) described histone markers in the 

Ectocarpus genome, mentioning H3K79me2 as a histone marker associated with 

reduced gene expression and transposable elements. These studies, however, did not 

address transposons as the main target, so it is possible to refine our knowledge in 

this regard with some technical improvements. In addition, 69 brown algae genomes 

have recently been generated and made available (Denoeud et al. 2024), including a 

higher-quality version of the Ectocarpus genome (Liu et al. 2024). Therefore, many 

missing pieces can be added to this puzzle.  
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In this context, the aim of my project is to describe the TE population in Ectocarpus in 

detail, in order to generate a reliable resource that can be used to complement or 

improve TE annotation in other available brown algal genomes. Furthermore, this work 

explores TE behavior and regulation within the host genome, focusing on the 

mechanisms that maintain genome stability. The efforts made to achieve the 

objectives listed above are summarized in three publications, including one first-

authorship, which constitute my thesis. The figure below (Fig. 1) summarizes the 

thesis content and gives an overview of my aims and where to address them in my list 

of publications. 
 

 

 
 
Figure 1 Thesis research aims’ structure (A) and their relationship to the research 

articles (B) 
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1. Background 
 

1.1 Brown algae in a box 
 

Brown algae (Phaeophyceae) are one of the most complex multicellular eukaryotic 

lineages and emerged approximately 450 million years ago (Mya) during the Great 

Ordovician Biodiversification Event (GOBE). They belong to the Stramenopiles 

supergroup, which diverged from plants, animals and fungi over a billion years ago 

(Denoeud et al. 2024). The study of brown algae has a long history; for instance, the 

zygotes of Fucales served as models for understanding cell polarization and 

asymmetric cell division since the 1950s (Jaffe 1958). However, the filamentous alga 

Ectocarpus sp. has emerged as a general model organism for this lineage, supported 

by the publication of its 214Mbp genome assembly in 2010 (Cock et al. 2010). 

 

Brown algae exhibit a remarkable diversity of morphologies and developmental 

patterns, ranging from simple uniseriate branched filaments in Ectocarpus to complex 

parenchymatous thalli with multiple cell types and tissue differentiation found in the 

Fucales and Laminariales (Coelho and Cock 2020; Denoeud et al. 2024). The level of 

diversity is mirrored in their sexual systems and reproductive strategies. The ancestral 

state for the lineage is a haplodiplontic life cycle characterized by dioicy, involving an 

alternation between multicellular haploid gametophyte and diploid sporophyte 

generations (Coelho and Cock 2020). Ectocarpus sp. follows this haplodiplontic cycle 

and the two generations are morphologically similar (Ahmed et al. 2014). In the 

gametophyte, sex is determined by the presence of a U (female) or V (male) sex 

chromosome. These sex chromosomes feature a non-recombining sex-determining 

region (SDR) that is typically gene-poor and highly repetitive, housing a core set of 

genes involved in reproduction. The SDR is flanked by pseudo-autosomal regions 

(PARs) which exhibit intermediate characteristics between the SDR and the 

autosomes (Ahmed et al. 2014; Luthringer et al. 2015; Luthringer et al. 2024). Many 

brown algae, including Ectocarpus, are able to bypass syngamy and develop a 

partheno-sporophyte through parthenogenesis (Coelho and Cock 2020). 
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1.2 An “interesting type of chromosomal behavior” 
 
The scientific Odyssey of transposable elements  
 

Transposable elements (TEs) are repetitive and highly diverse DNA sequences that 

can mobilize and insert themselves within the genome of a host organism and are 

transmitted vertically through generations (Wells and Feschotte 2020). Their discovery 

was made in maize plants thanks to Barbara McClintock, while studying the instability 

of some kernel mutants she had genetically isolated. Starting in summer 1944, she 

observed a rupture occurring at a specific locus, named Dissociation (Ds), on 

chromosome 9 during the kernel's development, and resulting in variegated 

pigmentation. She further showed that the breakage of Ds was controlled by the 

presence of the Activator (Ac) locus, the introduction of which would cause Ds to 

mobilize (i.e. transpose) to another chromosomal position (McClintock 1950). She 

presented this and other evidence of DNA transposition at the 1951 Cold Spring 

Harbor Symposium, where they were met with skepticism by the scientific community. 

Scientists considered this phenomenon a peculiarity of maize, whereas McClintock 

already believed it to be the same one described in other organisms. Today, we know 

that TEs are ubiquitous across the tree of life and their proportion in the genome of a 

host is highly variable even among organisms of similar evolutionary complexity 

(Feschotte and Pritham 2007; Wells and Feschotte 2020; Hayward and Gilbert 2022). 

Only a few years later, in 1956, McClintock wrote ‘Control elements are normal 

components of the chromosomal complement and are responsible for controlling, in a 

differentiated manner, the timing and type of activity of individual genes’ (Mcclintock 

1956): she was aware that she had discovered a mechanism with a functional impact 

on the genome. 

Due to their abundance in host genomes, TEs were among the first DNA sequences 

sequenced when molecular biology blossomed, and in the 1980s transposition was 

recognized as a mutagenic force able to shape the genome. However, their presence 

and activity in the genome was not considered functional, but simply due to their ability 

to replicate independently of the rest of the genome as parasitic and selfish genetic 

elements. Their propagation was not thought to bring any benefit to the organism, but 

at most to have catastrophic consequences on its fitness (Doolittle and Sapienza 

1980; Orgel and Crick 1980).  
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Large-scale genome sequencing revealed that TEs are 

widespread in genomes and that many are immobile 

remnants of once-active transposons, having accumulated 

mutations over time. This led to the concept of transposons 

as expendable 'junk' DNA, with larger genomes presumed to 

contain larger graveyards of non-functional sequences. It 

was only with the advent of functional genomics that it 

became clear that TEs contribute to the transcriptome and 

the regulatory apparatus of the genome, and that they can 

show specificity in terms of developmental stages and 

tissues (Feschotte 2023).  

Today, all these definitions coexist in a more complex and 

nuanced view of transposable elements. Rather than being 

merely parasitic, they interact with the host genome in ways 

that span the spectrum from harmful to symbiotic. As research continues to uncover 

their roles in the physiology, development, and evolution of species, it is becoming 

clear that Barbara McClintock’s intuition about their significance was ahead of its time. 

 

Transposable elements propagation and evolutionary success 
 
The impact of TEs on genome biology and evolution is fundamentally driven by their 

capacity to transpose. Transposition allows TEs to increase in copy number, and this 

proliferative potential is the measure of their success (Finnegan 1989). The diversity 

of transposition mechanisms is the basis of the traditional classification of eukaryotic 

TEs into two major classes, introduced by David Finnegan in 1989: retrotransposons 

(class I) and DNA transposons (class II).  

 

TE diversity extends beyond this dichotomy. Each class is subdivided into subclasses 

(or orders) based on their enzymatic machinery, then into superfamilies defined by 

phylogenetic relationships, and finally into families (Wells and Feschotte 2020). TE 

families are defined by the “80-80-80 rule” (Wicker et al. 2007) and are represented 

by consensus sequences, approximations of the ancestral element that gave rise to 

 
 

Cold Spring Harbor 
Laboratory Archives: 
Barbara McClintock is 
the only woman to be 
awarded an unshared 
Nobel Prize in 
Physiology or Medicine.  
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the family. Consensus sequences are the key for annotating individual TEs within the 

host genome. 

 

80-80-80 rule: insertions belong to the same family if they share at least 80% 

sequence identity over more than 80% of their length and are longer than 80 bp. 

 

Another important distinction is between autonomous and nonautonomous elements. 

Autonomous TEs encode the enzymatic machinery required for their own mobilization, 

whereas nonautonomous elements transpose by diverting the machinery of their 

autonomous relatives, despite lacking coding capacity (Wells and Feschotte 2020). 

 

Retrotransposons replicate via reverse transcription of an RNA intermediate, 

producing a cDNA copy that integrates into the genome while the original remains 

intact; consequently, they are also known as copy-and-paste elements. They include: 

 
RETROTRANSPOSON 
TYPE 

KEY 
PROTEINS 
AND 
FUNCTIONS 

REPLICATION 
AND 
INTEGRATION 
MECHANISM 

STRUCTURAL 
FEATURES 

EVOLUTIONARY 
INSIGHTS 

EVOLUTIONARY 
RELATIONSHIPS 

LTR ELEMENTS GAG (CAPSID), 

POL 

(PROTEASE, 

RT, RNASE H, 

IN) 

REVERSE 

TRANSCRIPTION 

USING TRNA 

PRIMER, 

INTEGRATION 

VIA IN 

LONG TERMINAL 

REPEATS, 

POLYCISTRONIC 

RNA 

RELATED TO 

RETROVIRUSES, 

RETROVIRAL 

ORIGIN 

NO HOMOLOGS IN 

BACTERIA/ARCHAEA

, EMERGED AFTER 

EUKARYOTES 

NON-LTR ELEMENTS ORF1 (RNA 

BINDING, 

OPTIONAL), 

ORF2 

(ENDONUCLEA

SE, RT) 

TARGET-

PRIMED 

REVERSE 

TRANSCRIPTION 

(TPRT), OFTEN 

5’ TRUNCATION 

NO LTRS, 

INTERNAL POL II 

PROMOTER 

DIVERSE 

EVOLUTIONARY 

LINEAGES, 

SIMPLEST 

STRUCTURE 

RELATED TO 

BACTERIAL GROUP 

II INTRONS, 

DISTINCT IN 

EUKARYOTES 

YR ELEMENTS TYROSINE 

RECOMBINASE 

(YR), RT 

REVERSE 

TRANSCRIPTION 

WITH CIRCULAR 

CDNA, 

INTEGRATION 

VIA YR 

TERMINAL 

REPEATS 

(INVERTED OR 

DIRECT) 

RELATED TO LTR 

ELEMENTS, 

DISTINCT DUE TO 

YR 

COMMON IN 

BACTERIA AND 

ARCHAEA, DISTINCT 

FROM EUKARYOTIC 

YR TES 

PENELOPE 
ELEMENTS 

GIY-YIG 

ENDONUCLEAS

E, RT 

LIKELY TPRT, 

SIMILAR TO 

NON-LTR 

ELEMENTS 

PSEUDO-LTRS, 

UNIQUE GIY-YIG 

DOMAIN 

EARLY 

DIVERGENCE, 

RELATED TO 

TELOMERASE, 

COMMON IN 

ANIMALS 

NO CLEAR 

BACTERIAL/ARCHAE

AL HOMOLOGS, 

EMERGED IN 

EUKARYOTES 

 

Table 1 Summary of the key features of retrotransposon subclasses. 
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DNA transposons, with some exceptions, mobilize via a cut-and-paste or replication-

based mechanism, in which the TE sequence is excised and moved to a new genomic 

location. They include: 
 

DNA 
TRANSPOSON 
TYPE 

KEY PROTEINS 
AND FUNCTIONS 

REPLICATION 
AND 
INTEGRATION 
MECHANISM 

STRUCTURAL 
FEATURES 

EVOLUTIONARY 
INSIGHTS 

EVOLUTIONARY 
RELATIONSHIPS 

DDE 
TRANSPOSONS 

DDE 

TRANSPOSASE 

(CATALYTIC TRIAD 

D, D, E) 

CUT-AND-PASTE 

TRANSPOSITION 

WITH EXCISION 

AND 

REINTEGRATION 

SHORT 

TERMINAL 

INVERTED 

REPEATS (TIRS) 

MOST DIVERSE 

AND WIDESPREAD, 

ANCIENT GENE 

FAMILY 

RELATED TO 

BACTERIAL 

INSERTION 

SEQUENCES 

(IS256, IS630) 

CRYPTONS TYROSINE 

RECOMBINASE 

(YR) 

NON-REPLICATIVE 

CUT-AND-PASTE, 

SIMILAR TO DDE 

SHORT TIRS, 

SINGLE ORF 

RARE IN 

EUKARYOTES, 

STRUCTURALLY 

SIMILAR TO 

INSERTION 

SEQUENCES 

COMMON IN 

BACTERIA AND 

ARCHAEA, BUT 

DISTINCT FROM 

EUKARYOTIC YR 

TES 

HELITRONS REP/HEL PROTEIN 

(HUH 

ENDONUCLEASE + 

HELICASE) 

ROLLING-CIRCLE 

(PEEL-AND-PASTE) 

REPLICATION 

NO TIRS, 

CIRCULAR 

DSDNA 

INTERMEDIATE 

ABUNDANT IN 

EUKARYOTES 

POSSIBLY DERIVED 

FROM VIRUSES OR 

PLASMIDS, 

DISTINCT FROM 

BACTERIAL IS91 

MAVERICKS/ 
POLINTONS 

PPOLB (TYPE B 

DNA 

POLYMERASE), 

DDE INTEGRASE 

SELF-

SYNTHESIZING 

DNA REPLICATION 

AND INTEGRATION 

LARGE (15-20 

KB), LONG TIRS, 

MULTIPLE 

GENES 

RELATED TO 

DSDNA VIRUSES, 

POSSIBLE 

VIROPHAGE 

ORIGIN 

SHARE 

SIMILARITIES WITH 

DSDNA VIRUSES, 

POTENTIAL 

ENDOGENOUS 

VIROPHAGES 
 

Table 2 Summary of the key features of DNA transposon subclasses. 

 
TE classification highlights the striking breadth of their genetic structures and 

enzymatic repertoires, to the point that even families within the same superfamily can 

behave very differently. This functional and structural diversity reflects the rapid 

evolutionary turnover of TE sequences, and consequently, the effects of TEs on their 

hosts are as varied as the TEs themselves. 

 

TEs inhabit virtually all eukaryotic genomes, with only a few known exceptions, and in 

many species, they constitute the majority of genomic DNA, reaching up to ~85–90% 

(Hufford et al. 2021; Osmanski et al. 2023). Their broad distribution across multiple 

eukaryotic supergroups aligns with phylogenomic analyses of conserved TE protein 

domains, which indicate that the major TE subclasses were already present early in 

eukaryotic evolution. At the same time, even closely related species can differ 
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dramatically in both the abundance and diversity of their TEs, underscoring the rapid 

and lineage-specific dynamics of TE evolution (Wells and Feschotte 2020). 

 

The fate and long-term success of any TE family in a genome depend on several 

interacting forces: the rate of transposition, the probability that new insertions reach 

fixation, and the efficiency with which genomes delete or erode TE-derived DNA. 

Insertion-site preferences further modulate these outcomes (Sultana et al. 2017). 

Some TEs target genomic “safe havens,” whereas others insert near promoters, within 

heterochromatin, or into other TEs, with these patterns strongly influencing retention 

and impact (Xie et al. 2001). Importantly, TE propagation is not limited to vertical 

inheritance. Horizontal transposon transfer (HTT) occurs across all major TE groups 

and is especially common among certain DNA transposons, providing an additional 

means for TEs to invade new genomes (Peccoud et al. 2017; Zhang et al. 2020). 

 

Altogether, the diverse strategies of replication, integration, and dispersal employed 

by TEs underpin their pervasive presence across eukaryotes and their enduring 

evolutionary success. 

 

The ongoing discovery of transposable elements 
 
Despite their evolutionary success and pervasive presence across the eukaryotic tree 

of life, many transposable elements remain undiscovered. TE annotation typically 

begins with automated pipelines, including increasingly sophisticated tools now 

incorporating deep learning, that can identify a substantial portion of the repetitive 

content in a genome. These approaches provide a useful first overview of TE 

composition and allow for broad comparisons across species, but they show 

limitations when addressing more detailed biological questions. As previously 

discussed, TE sequences evolve rapidly, and even their most conserved protein 

domains can diverge to the point that confident alignment becomes difficult (Wells and 

Feschotte 2020). As a result, automated pipelines frequently assign a large fraction of 

repeats to “unclassified” categories. 

 

This large fraction of unclassified TEs does not simply reflect annotation failure. A 

closer inspection of these sequences reveals highly diverged representatives of known 
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TE families, whereas in others it uncovers genuinely novel and previously overlooked 

elements. The continuous release of new and taxonomically diverse genomes and the 

growing interest in TE biology are expanding this space for discovery, revealing new 

types of TEs and unusual architectures (Craig 2023; Urquhart et al. 2024). Manual 

curation of TE sequences remains thus necessary to reveal and capture this diversity. 

This is particularly true for brown algae, where current annotations contain a high 

proportion of unclassified repeats and TE repertoires remain far from comprehensively 

described (Denoeud et al. 2024).  

 

The continued expansion of curated TE protein databases is expected to improve the 

performance of annotation pipelines, enabling more accurate classification of 

divergent elements and facilitating the discovery of novel TE families.  

 

1.3 Transposable elements influence the host genome 
 
In line with the ideas introduced by McClintock (McClintock 1984), the evolutionary 

success of TEs and their pervasive presence in eukaryotic genomes come with 

important functional consequences. TE mobilization shapes genome architecture, 

affects gene regulation, and ultimately introduces phenotypic variation within 

populations, contributing to adaptation. 

 

Gene expression may (or may not) be affected by transposable elements 
 
Many TEs carry their own regulatory sequences (e.g., promoters, enhancers, splice 

sites, or polyadenylation signals), and insertions can therefore activate, repress, or 

otherwise modulate the expression of nearby genes (Feschotte and Pritham 2007). 

Over evolutionary timescales, TE-derived sequences have become integrated into 

host regulatory networks: more than 25% of cis-regulatory elements in humans and 

maize originate from TEs (Pehrsson et al. 2019). Even degenerated, immobile TEs 

can influence gene expression. Their remnants may still contain promoters, splice 

sites, termination signals, or transcription factor binding motifs that interfere with 

existing expression patterns or generate new ones (Sammarco et al. 2022). In 

addition, chromatin marks associated with silenced TEs can spread into neighboring 

genes, altering their transcription (Hirsch and Springer 2017). 
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Although insertions within coding regions typically cause loss-of-function alleles, many 

genomes tolerate high numbers of intronic TE insertions without affecting gene 

expression (Hirsch and Springer 2017). 

 

Transposable elements contribute to sex determination and phenotypic 
variation 
 
TE insertions can disrupt coding sequences, rewire regulatory circuits, or modify 

chromosomal structure, often yielding visible and heritable traits. Several classic 

genetic mutations have been traced back to TE activity. For example, Mendel’s 

wrinkled peas result from a TE-like insertion in the PsSBEI gene, causing a loss of 

starch-branching enzyme function and altering seed texture (Feng et al. 2025). 

Similarly, in Drosophila, TEs also influence specific behavioral phenotypes related to 

reproduction: while null mutants of the white (w) gene exhibit a failure to copulate 

successfully, the introduction of a mini-white (mw+) gene (a version carried on 

transposons/transgenes) rescues this defect (Xiao et al. 2017). 

 

TEs also influence major developmental processes, including the evolution of sex 

determination systems and sex chromosome structure. One well characterized 

example of TE-driven sex determination evolution is found in the medaka fish Oryzias 

latipes. The master male sex-determining gene, dmrt1bY, originated from an 

autosomal duplication (dmrt1a) and its regulatory capacity for male-specific 

expression was established through the co-option of TE-derived sequences in its 

upstream region: binding sites essential for its function were acquired from a non-

autonomous P element (Izanagi) and a subsequently inserted LINE/Rex1 

retroelement (Dechaud et al. 2019). 

 

1.3 The host genome regulates transposable elements activity 
 
As just described, TE mobilization can be both deleterious and beneficial, and is 

inherently mutagenic. Controlling when and where TEs are expressed is therefore 

essential for genome stability and organismal survival. Accordingly, eukaryotes have 

evolved elaborate mechanisms to prevent or control TE proliferation. These 
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mechanisms frequently involve repressive epigenetic modifications and small RNA 

(sRNA) molecules (18–30 nucleotides long) with high sequence complementarity to 

TE-derived sequences, which can function either independently or in concert. Broadly, 

TE repression operates through two major routes: transcriptional gene silencing (TGS) 

and post-transcriptional gene silencing (PTGS). 

 

Transcriptional gene silencing 
 
Transcriptional silencing prevents TEs from being transcribed by establishing 

repressive chromatin states at TE loci. These epigenetic modifications reduce DNA 

accessibility to RNA polymerase and commonly include DNA methylation (especially 

5’ methylcystosine; 5mC) and histone post-translational modifications. In plants and 

animals, canonical repressive histone marks associated with TE silencing include 

mono-, di- and trimethylation of histone H3 lysine 9 (H3K9me1/2/3) and trimethylation 

of histone H3 lysine 27 (H3K27me3) (Igolkina et al. 2019; Millán-Zambrano et al. 2022; 

Hisanaga et al. 2023). 

 

Brown algae show negligible levels of 5mC, including at TE loci (Cock et al. 2010; 

Bourdareau et al. 2021), and lack classical repressive histone marks discussed above. 

Instead, the histone modifications H3K79me2 and H4K20me3 correlate with reduced 

transcript abundance and with repeated elements (Bourdareau et al. 2021; Gueno et 

al. 2022). Notably, 88.6% of H3K79me2 domains >5 kbp contain at least one 400-bp 

TE, suggesting a possible TE-repressive role for this mark (Bourdareau et al. 2021). 

The absence of 5mC is not unprecedented among eukaryotes, as species such as D. 

melanogaster and C. elegans also lack canonical cytosine methylation and rely 

primarily on histone-based and small RNA–mediated mechanisms for TE repression 

(see Post-transcriptional silencing). These observations point to a broader and still 

underexplored diversity of transcriptional gene silencing strategies employed by 

eukaryotic genomes to control transposable elements, and position brown algae as a 

valuable model system for investigating and expanding our understanding of 

alternative chromatin-based regulatory mechanisms. 
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Post-transcriptional silencing 
 
Post-transcriptional silencing (PTGS) targets TE RNA molecules after transcription, 

preventing their translation or reverse transcription. PTGS typically involves sRNA-

guided recognition and degradation of TE transcripts. In flowering plants, sRNAs 

participate in the establishment of repressive chromatin at TE loci (see Transcriptional 

gene silencing) and also direct cleavage of TE mRNAs (Tang et al. 2022). In animals, 

TE transcripts are targeted by small interfering RNAs (siRNAs) and PIWI-interacting 

RNAs (piRNAs), whereas in ciliates small RNAs guide the programmed elimination of 

TE-derived sequences from the macronucleus (Allen and Nowacki 2020; Fischer 

2024). sRNAs function through Argonaute (AGO) proteins, which bind a single guide 

strand and mediate sequence-specific repression. In many organisms, AGO family 

expansion enables specialization of silencing pathways, with distinct sRNA size 

classes preferentially sorted into different AGO proteins (Baulcombe 2004; Ghildiyal 

and Zamore 2009; Kim et al. 2009). 

 
In Ectocarpus, however, the small RNA machinery appears markedly less diversified. 

The genome encodes a single AGO protein (AGO1), which predominantly associates 

with 21-nt sRNAs (Tarver et al. 2015; Bukhanets et al. 2026). These sRNAs are 

enriched over transposable elements (Cock et al. 2010), yet their uniform size 

distribution contrasts with the clear size-based pathway differentiation observed in 

plants and animals. The presence of a single AGO suggests limited functional 

partitioning of small RNA pathways and complicates mechanistic inference based 

solely on sRNA length. Although 21-nt sRNAs are commonly associated with PTGS 

in other systems, in Ectocarpus they may also contribute to transcriptional silencing. 

This absence of canonical size-based pathway specialization underscores the 

divergence of small RNA regulatory architectures in brown algae and highlights their 

potential to reveal alternative mechanisms of TE control. 
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2. Objectives of this thesis and expected outcome  
 
Transposable elements (TEs) populate the genome of every organism, and it became 

clear how their presence is not only linked to their parasitic behavior, but has been co-

opted by the host genomes to play roles in the development, in the physiology and in 

the evolution of the species. Despite the technical difficulties in annotating TEs in the 

genomes, they have been described in many model organisms and it has been 

possible to address their importance in species such as Arabidopsis thaliana, C. 

elegans, Drosophila and even humans. Despite the growing research around the topic, 

their diversity, functional impact on the genome and regulation remains understudied, 

particularly outside well-established model organisms such as plants and animals, 

where technical difficulties make TE annotation and detection even harder. My 

research addresses this gap by focusing on TEs in brown algae, a group of complex 

eukaryotic organisms that have evolved independently for over a billion years and 

exhibit unique developmental and genomic features, adding one piece to the 

unfinished puzzle.  

 

The primary aim of my doctoral research was to comprehensively characterize the TE 

landscape in brown algae and to investigate their regulation and genomic impact in 

the model species Ectocarpus. To address this aim, I first performed large-scale TE 

annotation across eleven brown algal genomes, defining the composition and 

distribution of TE superfamilies and contributing to the characterization of TE 

landscapes in U/V sex chromosomes. This comparative framework allowed me to 

place TE diversity in brown algae into an evolutionary context and to assess how TE 

composition varies across species and chromosome types. 

 

Building on this broader perspective, I then focused on Ectocarpus to generate a high-

quality, manually curated TE reference library. This resource, made publicly available 

through RepDB, establishes a reliable annotation framework for closely related 

species and improves the accuracy of TE detection in brown algal genomes. Using 

this refined annotation, I investigated the behaviour and regulation of TEs within the 

Ectocarpus genome. Specifically, I examined the interaction between TEs and small 

RNAs (sRNAs), their association with the histone modification H3K79me2, and the 

potential combined contribution of these pathways to TE repression. In addition, I 
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assessed the impact of TE insertions on nearby gene expression to better understand 

how TE activity may influence genome function and stability. 

 

By addressing these aims, my research is expected to establish a robust TE 

annotation framework for brown algae, facilitating comparative genomic studies within 

this group, and to enhance our understanding of the regulatory mechanisms that 

maintain genome integrity in Ectocarpus despite the presence of active TEs. This work 

will contribute to broadening our perspective on TE diversity and regulatory 

mechanisms across eukaryotes, by illustrating how TEs influence genome 

architecture and stability in a lineage evolutionarily distinct from the classic dichotomy 

plant-animal.  
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3. Contributions 
 
3.1 Evolutionary genomics of the emergence of brown algae as key 
components of coastal ecosystems 
 
France Denoeud, Olivier Godfroy, Corinne Cruaud, Svenja Heesch, Zofia Nehr, […], 

Erica Dinatale, […], Susana M. Coelho, Patrick Wincker, Jean-Marc Aury, J. Mark 

Cock. 2024. Cell, 187, 6943–6965.  

[DOI: https://doi.org/10.1016/j.cell.2024.10.049] 

 

Synopsis 
 
This comprehensive comparative genomics study provides insights across the entire 

evolutionary history of the brown algal lineage, which emerged approximately 450 

million years ago during the Great Ordovician Biodiversification Event (GOBE). The 

initial emergence was marked by an intense period of accelerated genome evolution, 

characterized by a high rate of gene birth - nearly 30% of brown algal genes could not 

be traced to ancestors outside the Phaeophyceae - alongside pervasive structural 

modification through enhanced protein domain rearrangement and increased 

Horizontal Gene Transfer (HGT), primarily from bacteria. This genomic activity 

resulted in the acquisition of key metabolic and signaling pathways essential for 

multicellularity and survival in dynamic coastal environments. A second major phase 

began around 220 Mya, driving the diversification of the main brown algal orders, 

which was closely linked to phenotypic divergence (e.g., complex parenchymatous 

thalli and life cycle shifts). This diversification was primarily facilitated by gene family 

amplifications and developmental innovations like the acquisition of the intercalary 

meristem (~190 Mya), critical for the emergence of large, perennial, forest-forming 

species (kelps). The study also observed that species with diploid life cycles showed 

increased substitution rates, consistent with the phenotypic masking of deleterious 

alleles. The study also revealed a pervasive, ancient influence of integrated mobile 

elements: insertions of large DNA viruses (Phaeovirus family, Nucleocytoviricota) are 

widespread, found in 67 of 69 analyzed brown algal genomes, and these elements 

have acted as reservoirs for viral HGT, contributing several classes of membrane-

localized histidine kinases to the host genome. Finally, recent genomic analysis within 
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the genus Ectocarpus highlighted ongoing evolutionary processes involving extensive 

gene flow, hybridization, and introgression between species. 

 

Own contribution 
 
I analyzed the results obtained via REPET, an automated TE annotation pipeline, for 

ten brown algae genomes, and the resulting TE sequences were used as a reference 

to mask all other genomes presented in the study with RepeatMasker. I then 

proceeded to quantify TE coverage among different species. This effort highlighted 

the correlation between genome size and TE content in brown algae and provided the 

first comprehensive overview of TE diversity and distribution in the group, ranging from 

approximately 30% in Ectocarpus sp. to approximately 70% in Fucus species.  
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3.2 Origin and evolutionary trajectories of brown algal sex chromosomes 
 

Josué Barrera-Redondo†, Agnieszka P. Lipinska†, Pengfei Liu, Erica Dinatale, 

Guillaume Cossard, Kenny Bogaert, Masakazu Hoshino, Rory J. Craig, Komlan Avia, 

Goncalo Leiria, Elena Avdievich, Daniel Liesner, Rémy Luthringer, Olivier Godfroy, 

Svenja Heesch, Zofia Nehr, Loraine Brillet-Guéguen, Akira F. Peters, Galice Hoarau, 

Gareth Pearson, Jean-Marc Aury, Patrick Wincker, France Denoeud, J. Mark Cock, 

Fabian B. Haas, Susana M. Coelho. 2025. Nature Ecology and Evolution, 9, 2127–

2144.  

[DOI: https://doi.org/10.1038/s41559-025-02838-w] 
†Shared authorship  

 

Synopsis 
 
The comparative genomic analysis carried in this study on nine brown algal species, 

unveiled the complex evolutionary history of their U/V sex chromosomes, which 

originated between 450 and 224 million years ago following the suppression of 

recombination in a region containing the pivotal male-determining locus, MIN. Despite 

this ancient origin, seven ancestral genes within the sex-determining region (SDR) 

exhibit remarkable conservation. The evolution of the SDRs was highly dynamic, 

involving lineage-specific expansions driven by nested inversions and the engulfment 

of pseudo-autosomal regions (PARs), achieved through gene gains via autosomal 

translocation and de novo birth rather than gene loss. Moreover, the genomic 

architecture of the sex chromosomes is defined by repetitive elements and TEs; all V 

chromosomes are significantly repeat-rich and gene-poor compared to autosomes, 

with SDR size differences strongly correlating with repeat content. TEs conspicuously 

accumulated in the SDRs following recombination suppression, possibly causing 

further rearrangements through TE-mediated inversions. The specific types of TEs 

enriched varied across lineages: “unclassified” TEs were enriched in the PARs and 

SDRs of the Ectocarpales, while species that underwent genome expansion (e.g., 

Undaria pinnatifida) predominantly accumulated Long Terminal Repeat (LTR) 

elements. This heterochromatic, TE-rich context led to significantly higher interspecies 

synonymous substitution rates (Ks) in the U/V chromosomes compared to autosomes, 

which likely promoted the unexpected enrichment of Taxonomically Restricted Genes 
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(TRGs) in these sex-linked regions. Finally, the research traced the demise of the U/V 

system through two distinct transitions: the convergent evolution to monoicy (co-

sexuality) occurred when ancestral males acquired U-specific genes via translocation, 

and the transition to a diploid/dioecious system (as seen in Fucus serratus) led to the 

erosion of the characteristic high repeat density and TRG enrichment, although 

ancestral male-biased SDR genes, including MIN, retained functional regulatory roles 

in the new system. 

 

Own contribution 
 
I identified and annotated repetitive elements across the analyzed genomes, including 

nine brown algal species and one outgroup. The general annotation of TEs was 

performed using RepeatMasker and RepeatModeler2. To investigate the structural 

characteristics of sex chromosomes compared to autosomes, I quantified the density 

of TEs and other repeats across distinct genomic compartments (SDR, PAR, and 

autosomes). This analysis extended beyond overall repeat density to examine the 

taxonomic composition of the accumulating TEs in these compartments. 
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3.3 Characterization of the transposable element landscape shaping the 
Ectocarpus genome 
 

Erica Dinatale, Rory J. Craig†, Claudia Martinho†, Hajk Georg Drost, Susana M. 

Coelho. 2025. Genome Biology, 26:320.  

[DOI: https://doi.org/10.1186/s13059-025-03742-z 
†Shared authorship 

 

Synopsis 
 
This study utilized a high-quality, chromosome-level assembly of the model brown alga 

Ectocarpus to thoroughly characterize its mobilome and the regulatory mechanisms 

controlling TEs. TEs constitute 28% of the Ectocarpus genome, which is at the lower 

end of the known brown algal range, and are notably dominated by evolutionarily 

young elements lacking high divergence from consensus sequences, suggesting 

recent or possibly ongoing activity. DNA transposons represent the most abundant 

and diverse TE subclass, spanning 7.9% of the genome and including several giant 

elements, such as those from the KDZ and EnSpm superfamilies. TEs are significantly 

enriched on the U and V sex chromosomes and the PAR region of the V chromosome 

is enriched compared to the autosomes. This pattern is hypothesized to be driven by 

local hopping of abundant DNA transposons originating from the non-recombining 

SDR. The study also analyzed TE localization relative to genes, finding that intronic 

TEs, which occupy 20.1% of intronic sequences, are consistently shorter and more 

degraded than intergenic copies, indicating selective pressure against large insertions 

in gene bodies. Finally, the research uncovered a complex, multilayered system of TE 

silencing operating in the absence of canonical epigenetic pathways like DNA 

methylation and H3K9me/H3K27me histone marks. Intact and potentially active TEs 

are preferentially associated with small RNAs (sRNAs), and the histone modification 

H3K79me2, which associates with transcriptional repression, particularly when 

covering a high proportion of the TE body. Crucially, 73.6% of intact TEs associated 

with H3K79me2 also exhibit sRNA accumulation, suggesting an intricate interaction 

between these two silencing mechanisms. 
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Own contribution 
 
I annotated the most recent version of the Ectocarpus genome and characterized in 

detail its TE landscape, including the composition of the TE population and the 

distribution of TEs along the genome. I further examined how TE content varies 

between autosomes and sex chromosomes, with a specific focus on male and female 

SDRs. In addition, I quantified TE coverage across coding and non-coding regions of 

the genome and identified two distinct TE populations emerging from these analyses, 

which I described both quantitatively and qualitatively. To investigate potential 

regulatory interactions, I integrated sRNA libraries and ChIP-seq datasets and 

mapped these data onto TE copies to assess whether specific small RNA or chromatin 

signatures are associated with TE regulation. Finally, I analyzed these patterns across 

the Ectocarpus life cycle to understand how TE regulation may change during 

development.  
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4. Discussion 
 
4.1 The diverse mobilome of brown algae 
 
The brown algal mobilome acts as a primary driver of genomic structural diversity and 

serves as the principal determinant of the wide variation in genome size observed 

across the lineage (paper 3.1). In larger genomes, such as those found in the Fucales 

and Laminariales, this expansion is primarily driven by the accumulation of Long 

Terminal Repeats (LTRs), while the more compact genome of Ectocarpus is 

dominated by DNA transposons (paper 3.2 and 3.3). 
 

The TE landscape of the model species Ectocarpus is remarkably diverse, containing 

nearly 340 TE families from 19 superfamilies, and is characterized by a significant 

skew toward younger elements. This suggests both (i) recent or ongoing transposition 

activity and (ii) strong selective pressure to maintain genome compactness by purging 

older, inactive elements. This active state is evidenced by the fact that over 50% of 

copies show less than 5% divergence from their consensus and supported by findings 

that approximately 98% of autonomous TE families are expressed across different life 

stages (paper 3.3).  
 

The predominance of DNA transposons in Ectocarpus became evident after extensive 

manual curation of the TE library, which substantially reduced the proportion of 

unclassified elements and revealed that most belonged to DNA transposon lineages. 

Among these elements, several families (e.g. KDZ, EnSpm, Sola-1) correspond to 

“giant” TEs (15-30 kb). While such large elements usually pose a high risk of lethal 

ectopic recombination (Arkhipova and Yushenova 2019), the dominance of the haploid 

phase in the Ectocapus life cycle may reduce the frequency of homologous 

recombination between chromosomes, providing a genomic context that allows the 

persistence of these complex elements. In addition, manual curation of TE proteins 

revealed that Sola-1 elements feature a ParB-like DNA-binding domain together with 

a DNA methyltransferase domain, suggesting they may have the capacity to 

epigenetically modify themselves (paper 3.3). 
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The annotation and manual curation of TEs in Ectocarpus also expanded the known 

diversity of Gypsy LTR retrotransposons, uncovering complex structural events such 

as integrase-chromatin reader fusion and the acquisition of NADAR and Tudor 

domains. Notably, the Tudor domains identified in Ectocapus represent the first 

reported TE-encoded Tudor domain. More broadly, these findings highlight TE’s 

capabilities as histone-reading or nucleic acid metabolism, serving as a reminder that 

TE encoded proteins are not confined to transposition: TEs possess a suite of 

accessory proteins responsible for their survival in the host genome and are often 

species-specific (paper 3.3). 
 

Overall, the brown algal mobilome is both rich and diverse. While large-scale 

comparative efforts, as in paper 3.1, have established broad evolutionary patterns, 

the reliance on automatic annotation pipelines - necessary for the analysis of 

numerous genomes - has left a substantial fraction of elements poorly characterized. 

This dataset nevertheless provides a valuable foundation for future work, where 

manual curation or improved automated classifiers can be applied strategically. The 

high-confidence TE library generated for Ectocarpus in paper 3.3 already enhances 

annotation accuracy and comparative analyses across brown algae. However, the 

rapid evolution of TE proteins and the frequent acquisition of accessory domains 

indicate that much functional diversity remains to be explored. Characterizing these 

domains will be essential to understand the full spectrum of TE–host interactions and 

the broader contributions of transposable elements to genome function in eukaryotes. 

The currently unclassified TE fraction in brown algae therefore likely represents a 

reservoir of novel element types and molecular innovations. 

 

4.2 TE-enrichment on the sex chromosome 
 
Transposable elements are not randomly distributed in brown algae genomes, but 

instead accumulate in specific chromosomal environments and appear to have 

contributed to the structural and evolutionary diversification of brown algal sex 

chromosomes (paper 3.2 and 3.3). Comparative analyses across species show that 

the non-recombining sex-determining region (SDR) is consistently enriched in 

repetitive sequences, and that differences in SDR size are largely explained by 

variation in TE content, indicating that TE accumulation has been a primary driver of 
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SDR expansion over evolutionary time (paper 3.2). Moreover, repeat enrichment is 

not restricted to the SDR itself. Pseudoautosomal regions (PARs), despite 

recombining, are also significantly more TE-rich than autosomes (paper 3.2 and 3.3). 
This pattern is unexpected, if compared to other haploid mating-type systems such as 

Microbotryum (Duhamel et al. 2023), where recombining regions do not show similar 

repeat accumulation.  

 

The detailed analysis of Ectocarpus in paper 3.3 provides mechanistic insight into this 

distribution. PARs and SDR display a higher relative abundance of cut-and-paste DNA 

transposons compared to copy-and-paste elements, with specific DNA transposon 

superfamilies (e.g., Tc1-Mariner, KDZ and EnSpm) significantly enriched in these 

compartments. This distribution is consistent with a local hopping model (Muñoz-

López and García-Pérez 2010; Skipper et al. 2013), whereby DNA transposons 

accumulating in the recombination-suppressed SDR act as local sources of secondary 

insertions into adjacent PARs, thereby elevating TE density independently of 

recombination suppression alone.  

 

Furthermore, the female SDR is approximately twice the size of the male SDR and 

contains more abundant and younger TEs, a pattern attributed to recent LTR 

retrotransposon expansions, particularly of the Gypsy superfamily (paper 3.3). These 

differences likely reflect lineage-specific insertion histories coupled with differential 

fixation under suppressed recombination rather than pervasive sex-specific TE 

activation. 

 

Beyond quantitative enrichment, TE-rich SDRs also display signatures of accelerated 

molecular evolution. Comparative analyses reveal elevated synonymous substitution 

rates (Ks) in SDR-linked regions relative to autosomes, consistent with reduced 

recombination and long-term differentiation of U and V chromosomes (paper 3.2). In 

parallel, SDRs are enriched in taxonomically restricted genes (TRGs), pointing to 

ongoing lineage-specific gene innovation within these compartments (paper 3.2). 
While the precise mechanisms remain to be fully resolved, the repeat-rich context of 

SDRs is compatible with a contribution of TEs to structural rearrangements and 

potentially to the emergence or diversification of novel genes. 
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It is interesting to notice that these genomic signatures can persist even after the 

functional loss of separate sexes. The monoicous species D. dudresnayi, which no 

longer maintains a functional U/V system, retains the characteristic TE-rich 

architecture of the ancestral sex chromosome on its U/V-homologue, including high 

repeat density, reduced coding density, and enrichment in TRGs (paper 3.2). This 

long-term persistence underscores that TE accumulation is not merely a transient 

consequence of recombination suppression, but might represent a central force 

shaping the structural differentiation and evolutionary trajectory of brown algal sex 

chromosomes. 

 
4.3 Intronic TEs and their relationship to genic sequence 
 
Building on the comparative and chromosomal analyses above, we shift our focus to 

a finer scale, exploring how transposable elements are distributed within genes and 

how their insertions shape local genomic architecture in Ectocarpus (paper 3.3). 

Two major TE populations structure the genome: intergenic elements, which account 

for 60.8% of total TE bases, and intronic elements, representing 34.1% (paper 3.3). 
This partitioning occurs in the context of an intron-rich genome, where introns are 

substantially longer than those of many model organisms with comparable genome 

sizes and contain exonic splice enhancers similar to those described in mammals (Wu 

et al. 2013). Ectocarpus likely maintains efficient splicing across extended intronic 

regions. 

Despite the high density of intronic TE insertions, there is no strong relationship 

between intronic TE content and gene expression (paper 3.3), indicating that 

Ectocarpus tolerates a moderately elevated intronic TE load without major 

transcriptional disruption. However, intronic TEs display clear signatures of selection: 

they are shorter, more degraded, and less frequently intact than intergenic TEs, and 

are predominantly composed of intrinsically short families such as LINEs, LINE-

dependent non-autonomous elements, and non-autonomous DNA transposons. In 

contrast, the longest TE families, including LTR retrotransposons, are preferentially 

found within Ectocarpus-specific genes (e.g evolutionarily young genes), which may 

experience weaker purifying selection compared to evolutionarily ancient genes 

(paper 3.3). 
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A similar selective gradient is evident in intergenic space. Insertions adjacent to genes 

tend to be shorter and more degraded, and most genes lack intact TEs within 2 kb of 

their boundaries. Consequently, long and potentially active elements, particularly LTR 

retrotransposons and autonomous DNA transposons, are largely concentrated in 

gene-poor repetitive islands that are not associated with centromeric regions (paper 
3.3). Similar TE-rich genomic compartments have been described in other eukaryotes 

and are often linked to rapid evolutionary turnover and structural polymorphism 

(Schrader et al. 2014; Torres et al. 2021; Fouché et al. 2022). The scarcity of intact 

TEs near genes may also explain the absence of a detectable relationship between 

gene expression and distance to the nearest TE, as would be expected if TE-

associated repressive chromatin modifications exerted substantial cis effects 

(Uzunović et al. 2019). Future population-level analyses assessing the impact of rare 

TE insertions on gene expression will be necessary to resolve this question. 

 

4.4 Regulation and repression of transposable elements in Ectocarpus  
 
A particularly intriguing aspect of TE biology in brown algae concerns their regulation, 

which I explored specifically in Ectocarpus (paper 3.3). The effective control of a 

diverse and transcriptionally active TE landscape occurs in the absence of detectable 

cytosine methylation, a characteristic shared across the brown algal lineage. Evidence 

from other eukaryotic systems indicates that TE repression can rely on alternative 

mechanisms (see 1.3), notably sRNAs and chromatin modifications. In Ectocarpus, 

TE control appears to depend on a multilayered regulatory architecture centered on 

these components. 

 

sRNAs in Ectocarpus are enriched over intact TEs, indicating preferential targeting of 

potentially active elements. However, this association is not uniform: TE families within 

the same superfamily can differ markedly in their level of sRNA targeting (paper 3.3). 
Such heterogeneity suggests that sRNAs act on specific TE subsets rather than on 

TE type. In addition, sRNAs exhibit consistent and localized positional patterns along 

TE bodies, supporting a functional role in TE repression rather than random 

accumulation (paper 3.3). Because 21-nt sRNAs predominate and other canonical 

sRNA size classes are absent, their precise mode of action remains unresolved 

without deeper wet lab experiemtns. They may contribute to PTGS, transcriptional 



 
 
24 

repression, or context-dependent combinations of both mechanisms. Notably, no clear 

correlation is observed between sRNA abundance and TE gene expression (paper 
3.3), arguing against a simple one-to-one relationship between sRNA levels and 

transcript degradation. 

 

In parallel, approximately one-third of intact TEs are associated with the histone 

modification H3K79me2 (paper 3.3), a mark linked to reduced transcript abundance 

in Ectocarpus (Bourdareau et al. 2021). H3K79me2 enrichment typically spans the TE 

body and shows higher coverage over internal coding regions compared to terminal 

regions. Moreover, it correlates with decreased TE expression when coverage extends 

across more than 75% of the TE copy (paper 3.3), consistent with a role in 

transcriptional repression. Importantly, more than 70% of intact TEs associated with 

H3K79me2 also accumulate sRNAs, yet many sRNA-associated TEs lack the histone 

mark (paper 3.3). This pattern indicates that the two pathways are not strictly 

dependent on one another. Rather than forming a single linear cascade, sRNAs and 

H3K79me2 appear to define overlapping but partially independent layers of TE control. 

 

Across development, the association between sRNAs and TEs remains remarkably 

stable. Fewer than 2% of TE copies exhibit differential sRNA accumulation between 

life stages, and the limited variation observed occurs predominantly over non-intact 

elements. These differences are not strongly biased toward either increased or 

decreased sRNA levels, indicating that the overall sRNA landscape is maintained 

throughout the life cycle (paper 3.3). Given that any vegetative gametophyte cell can 

generate reproductive structures, sustained targeting of intact and potentially active 

TEs likely contributes to preserving genome integrity during the transition from 

gametophyte to gamete. 

 

Taken together, these findings reveal a rich and dynamic Ectocarpus mobilome 

embedded within a complex, multilayered regulatory landscape shaped by small RNAs 

and chromatin modifications. Despite the absence of cytosine methylation and other 

canonical epigenetic silencing pathways characteristic of animals and plants, effective 

TE control is maintained. Genome stability in Ectocarpus appears to rely on the 

coordinated yet partially independent interplay between sRNAs and H3K79me2, 

underscoring the evolutionary flexibility of TE silencing strategies. These observations 
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not only expand the understanding of TE regulation in a non-model eukaryotic lineage, 

but also highlight how alternative epigenetic architectures can emerge to ensure 

genome integrity in the face of a diverse and transcriptionally active mobilome. 
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5. Conclusion 
 
Transposable elements are major drivers of genome evolution, yet their diversity, 

organization, and regulation remain poorly characterized outside a handful of model 

systems. This thesis set out to provide a comprehensive and integrative view of the 

mobilome in brown algae, a lineage that evolved independently of plants and animals 

and lacks canonical TE-silencing mechanisms such as cytosine DNA methylation, with 

a particular focus on the model species Ectocarpus.  

By combining high-confidence TE annotation, comparative genomics, and regulatory 

analyses, this work reveals a structurally diverse and evolutionarily dynamic mobilome 

that contributes substantially to genome architecture. TE expansion emerges as a key 

determinant of genome size variation across brown algae and plays a central role in 

shaping chromosomal regions such as sex chromosomes. At the gene scale, the 

coexistence of high intronic TE density with selective depletion of intact elements near 

genes reflects a balance between genome plasticity and purifying selection. Most 

notably, despite the absence of classical epigenetic repression pathways, Ectocarpus 

maintains effective control over a dense and active TE population through a 

multilayered system involving small RNAs and H3K79me2. The stability of this 

regulatory landscape across developmental stages suggests that sustained TE 

surveillance is essential for preserving genome integrity throughout the life cycle. 

Beyond advancing our understanding of brown algal genome biology, these findings 

broaden the conceptual framework of TE regulation in eukaryotes. They demonstrate 

that effective genome defense can be achieved through alternative epigenetic 

strategies and highlight the evolutionary flexibility of silencing systems. By establishing 

a robust TE annotation framework and uncovering lineage-specific regulatory 

features, this thesis provides both a resource and a foundation for future comparative 

and functional studies. 

In the long term, integrating TE dynamics into broader models of genome evolution 

will be essential for understanding how complex multicellular lineages balance 

innovation with stability. Brown algae offer a powerful system to explore this balance, 

and the insights gained here lay the groundwork for dissecting how mobilomes shape, 

and are shaped by, the evolutionary trajectories of emerging eukaryotic clades. 
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SUMMARY
Brown seaweeds are keystone species of coastal ecosystems, often forming extensive underwater forests,
and are under considerable threat from climate change. In this study, analysis of multiple genomes has pro-
vided insights across the entire evolutionary history of this lineage, from initial emergence, through later
diversification of the brown algal orders, down to microevolutionary events at the genus level. Emergence
of the brown algal lineage was associated with a marked gain of new orthologous gene families, enhanced
protein domain rearrangement, increased horizontal gene transfer events, and the acquisition of novel
signaling molecules and key metabolic pathways, the latter notably related to biosynthesis of the alginate-
based extracellular matrix, and halogen and phlorotannin biosynthesis. We show that brown algal genome
diversification is tightly linked to phenotypic divergence, including changes in life cycle strategy and zoid
flagellar structure. The study also showed that integration of large viral genomes has had a significant impact
on brown algal genome content throughout the emergence of the lineage.
Cell 187, 6943–6965, November 27, 2024 ª 2024 The Authors. Published by Elsevier Inc. 6943
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2024.10.049&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Ahmed Debit,31 Erwan Denis,1 Christophe Destombe,15 Erica Dinatale,14 Simon Dittami,7 Elodie Drula,12,13

Sylvain Faugeron,33 Jeanne Got,24 Louis Graf,16 Agnès Groisillier,19 Marie-Laure Guillemin,15,34,35 Lars Harms,36

William John Hatchett,37 Bernard Henrissat,38 Galice Hoarau,37 Chloé Jollivet,2 Alexander Jueterbock,23 Ehsan Kayal,6,56
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INTRODUCTION

The brown algae (Phaeophyceae) are a lineage of complex

multicellular organisms that emerged about 450 mya1 from

within a group of photosynthetic stramenopile taxa (derived

from a secondary endosymbiosis involving a red alga2) that

are either unicellular or have very simple filamentous multicel-

lular thalli (Figure 1). The emerging brown algae acquired a

number of characteristic features that are thought to have
6944 Cell 187, 6943–6965, November 27, 2024
contributed to the evolutionary success of this lineage,

including complex polysaccharide-based cell walls that confer

protection and flexibility in the highly dynamic intertidal environ-

ment,3 complex halogen4 and phlorotannin5 metabolisms that

are thought to play important roles in multiple processes

including defense, adhesion and cell-wall modification, and a

remarkable diversity of life cycles and developmental body ar-

chitectures adapted to diverse marine environments.6 As a

result of these attributes, many brown algae have become
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established as key components of extensive coastal ecosys-

tems. These seaweed-based ecosystems provide high value

Earth-system-scale services, including the sequestration of

several megatons of carbon per year globally, comparable to

values reported for terrestrial forests,7 but this important role

of seaweed ecosystems is threatened by climate-related de-

clines in seaweed populations worldwide.8 However, appro-

priate conservation measures, coupled with the development

of seaweed mariculture as a highly sustainable and low impact

approach to food and biomass production, could potentially

reverse this trend, allowing seaweeds to play a significant

role in mitigating the effects of climate change.9 To attain this

objective, it will be necessary to address important gaps in

our knowledge of the biology and evolutionary history of the

brown algal lineage. For example, these seaweeds remain

poorly described in terms of genome sequencing due, in part,

to difficulties with extracting nucleic acids. The Phaeoexplorer

project (https://phaeoexplorer.sb-roscoff.fr/) has generated a

large dataset of genome sequences, spanning all the major or-

ders of the Phaeophyceae.10 This extensive genomic dataset

has been analyzed here to study the origin and evolution of

key genomic features during the emergence and diversification

of this important group of marine organisms.

RESULTS

In-depth sequencing of brown algal genomes
Until now, good quality genome assemblies have been obtained

for only five brown algal species,11–15 together with about 46

draft genome assemblies.16–20 Here, we report work that

has significantly expanded the genomic data available by

sequencing and assembling 17 good quality genomes using

long-read technology (Table S1), plus an additional 43 draft

genome assemblies. These 60 genomes correspond to 40

brown algae and four closely related species, covering 16

Phaeophyceae families providing a dense coverage of this line-

age (Figures S1A and S1B; Table S1A). The sequenced species

include brown algae that occur at different levels of the intertidal

and subtidal and are representative of the broad diversity of this

group of seaweeds in terms of size, levels of multicellular

complexity, biogeography and life cycle structure (Figures 1,

S1C, and S1D). The analyses carried out in this study have

focused principally on a set of 21 good quality reference ge-

nomes, which include four previously published genomes

(Table S1B).
Marked changes in genome content and gene structure
during the emergence of the Phaeophyceae lineage
Recent evidence indicates that the brown algae emerged about

450 mya during the Great Ordovician Biodiversification Event

(GOBE),1 a conclusion that is supported by a fossil-calibrated

tree built with a nuclear-gene-based phylogeny constructed

using the Phaeoexplorer genome data (Figures 1 and S2A).

An increase in atmospheric oxygen at the time of the GOBE,

which coincided with the emergence of herbivorous marine

invertebrates,21 is likely to have created conditions conducive

to the observed transition toward increased multicellular

complexity during early brown algal evolution.

To investigate genomic modifications associated with the

emergence and diversification of the brown algae, we first car-

ried out a series of genome-wide analyses aimed at identifying

broad trends in genome evolution over evolutionary time (Fig-

ure 2). Dollo analysis of gain and loss of orthogroups (i.e., gene

families) indicated marked gains during early brown algal evolu-

tion followed by a broad tendency to lose orthogroups later as

the different brown algal orders diversified (Figures 2B and S2).

Similarly, a phylostratigraphy analysis indicated that 29.6% of

brown algal genes cannot be traced back to ancestors outside

the Phaeophyceae, with the majority of gene founder events

occurring early during the emergence of the brown algae

(Figures 2E and S3A; Table S2), again indicating a burst of

gene birth during the emergence of this lineage. Both the Dollo

analysis and the phylostratigraphy approach indicated that the

gene families acquired during early brown algal evolution were

significantly enriched in genes that could not be assigned to a

cluster of orthologous genes (COG) category, suggesting a burst

in the acquisition of genetic novelty (Figure 2G).

One of the factors underlying the marked burst of gene gain

during the emergence of the brown algae was an increase in

the rate of acquisition of new genes via horizontal gene transfer

(HGT). A phylogeny-based search for genes potentially derived

from HGT events indicated that they constitute about 1% of

brown algal gene catalogs and that the novel genes were princi-

pally acquired from bacterial genomes (Figures 2F and S3B). The

proportion of class-specific HGT events compared with more

ancient HGT events was greater for the brown algae (33.5% of

HGT events) than for the closely related taxa Xanthophyceae

(Tribonema minus) and Raphidophyceae (Heterosigma aka-

shiwo; mean of 17.1% for the two taxa,Wilcoxon p = 0.021), indi-

cating that higher levels of HGT occurred during the emergence

of the brown algae than in closely related taxa (Figure 2F).
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The marked increase in the rate of gene gain appears to have

been a key factor in the emergence of the brown algal lineage but

this was not the only process that enriched brown algal genomes

during this period. Domain fusions and fissions (composite

genes) were prevalent during the early stages of brown algal

emergence (Figures 2D and S3C), affecting about 7% of brown

algal gene complements. In contrast, gene family amplifications

were most prevalent at a later stage of brown algal evolution,

corresponding to the diversification of the major brown algal or-

ders during the Mesozoic (Figures 2C, S3D, and S3E; Table S3).

However, the amplified gene families were significantly enriched

in genes that had been gained during the emergence of the

brown algae (c2 p = 1.04e�15; Table S1C), indicating that

gene gain during the early evolution of the lineage nonetheless

played a crucial role by establishing themajority of the gene fam-

ilies that would later undergo amplifications.

Analysis of the predicted functions of the three sets of gene

families identified as having been amplified, derived fromdomain

fusions/fissions or derived from an HGT event (Figure 2G) indi-

cated that they were enriched in several functional categories,

notably carbohydrate metabolism, signal transduction, and tran-

scription. These functional categories may have been important

in the emergence of the complex brown algal cell wall or corre-

spond to a complexification of signaling pathways as multicel-

lular complexity increased. Interestingly, many of the genes

acquired at, or shortly after, the origin of the Phaeophyceae

encode secreted ormembrane proteins (Figure S3A), suggesting

roles in cell-cell communication that may have been important

for the emergence of complex multicellularity or as components

of defense mechanisms. The acquisition of plasmodesmata by

brown algae directly after their divergence from their sister taxon

Schizocladia ischiensis22 (Figure 1) underlines the importance of

cell-cell communication from the outset of brown algal evolution.

The emergence of the brown algae also corresponded with

changes in gene structure. On average, brown algal genes

tend to be more intron-rich than those of the other stramenopile

groups,23 including closely related taxa (Figure S4A), with the

notable exception of Chrysoparadoxa australica (Figure S4A). A

comparison of orthologous genes indicated a phase of rapid

intron acquisition just before the divergence of the Phaeophy-

ceae and the Schizocladiophyceae, followed by a period of rela-

tive intron stability up to the present day (Figure S4B). This phase

of accelerated intron acquisition coincided approximately with

the periods of marked gene gain and domain reorganization dis-

cussed above and may have been an indirect consequence of

increased multicellular complexity (Figure 1) due to a concomi-

tant decrease in effective population size.24 Once established,

increased intron density may have facilitated some of the

genome-wide tendencies described above, such as increased

reorganization of composite genes, for example, and thereby
Figure 1. Ecology, diversity, and evolutionary features of the brown al

The upper panel indicates approximate positions in the intertidal of key species w

panel illustrates the diversity of brown algae (maximal values for each taxa) and ind

of the Phaeophyceae. Some lineages may have secondarily lost a characteristic

exhibit desiccation tolerance (not shown). ECM, extracellular matrix; asterisk (*), th

Cambrian; O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous; P, Permian

See also Figures S1, S2, S4, and S5.
played an important role in a context of increasing develop-

mental complexity.25–28

Acquisition of key metabolic and signaling pathways
during the emergence of the Phaeophyceae
The success of the brown algae as an evolutionary lineage has

been attributed, at least in part, to the acquisition of several

key metabolic pathways, particularly those associated with

cell-wall biosynthesis, and both halogen and phlorotannin meta-

bolism.3–5 Large complements of carbohydrate-active enzyme

(CAZYme) genes (237 genes on average) were found in all brown

algal orders and in their sister taxonS. ischiensis, but this class of

gene was less abundant in the more distantly related unicellular

alga H. akashiwo (Figures 3A, S5A, and S5B; Tables S4A and

S4B). The evolutionary history of carbohydrate metabolism

gene families was investigated by combining information from

the genome-wide analyses of gene gain/loss, HGT and gene

family amplification (Figure 3B). This analysis indicated that

several key genes and gene families (mannuronan C5 epimerase

[ManC5-E] and polysaccharide lyase 41 [PL41]) were acquired

by the common ancestor of brown algae and S. ischiensis,

with strong evidence in some cases that this occurred via HGT

(PL41). Moreover, marked amplifications were detected for

several families (AA15, ManC5-E, GH114, GT23, and PL41), indi-

cating that both gain and amplification of gene families played

important roles in the emergence of the brown algal carbohy-

drate metabolism gene set. Alginate is a major component of

brown algal cell walls, and it plays an important role in conferring

resistance to the biomechanical effect of wave action.3 It is

therefore interesting that ManC5-E, an enzyme whose action

modulates the rigidity of the alginate polymer, appears to have

been acquired very early (Figures 3B and 3C). The acquisition

of ManC5-E, together with other alginate pathway enzymes

such as PL41 (Figures 3A, 3B, and 3D), was probably an impor-

tant evolutionary step, enabling the emergence of large, resilient

substrate-anchored multicellular organisms in the highly dy-

namic and stressful coastal environment (Figure 1).

Vanadium-dependent haloperoxidases (vHPOs) are a central

component of brown algal halogen metabolism, which has

been implicated in multiple biological processes including de-

fense, adhesion, chemical signaling, and the oxidative stress

response. All three classes of brown algal vHPO (algal types

I and II and bacterial-type29–31) appear to have been acquired

early during the emergence of the Phaeophyceae (Figures 3A,

S5C, and S5D; Tables S4C and S4D). Closely related strameno-

pile species do not possess any of these three types of haloper-

oxidase, with the exception of the sister taxon, S. ischiensis,

which possesses three intermediate algal type (i.e., equidistant

phylogenetically from class I and class II algal types) haloperox-

idase genes (Figures 3A, S5C, and S5D). Algal type I and II vHPO
gae

hose genomes have been sequenced by the Phaeoexplorer project. The lower

icates a number of key evolutionary events that occurred during the emergence

after its acquisition. Note that members of the genus Ishige (Ishigeaceae) also

ese orders were not analyzed in this study; Cr, Cryogenian; Ed, Ediacaran; Ca,

; T, Triassic; J, Jurassic; K, Cretaceous; Pg, Paleogene.
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genes probably diverged from an intermediate-type ancestral

gene similar to the S. ischiensis genes early during Phaeophy-

ceae evolution. It is likely that the initial acquisitions of algal-

and bacterial-type vHPOs represented independent events

although the presence of probable vestiges of bacterial-type

vHPO genes in S. ischiensis means that it is not possible to

rule out acquisition of both types of vHPO through a single event.

Gene gain may not, however, have been the proximal factor

responsible for all the key metabolic innovations that occurred

in the emerging brown algal lineage. Phlorotannins are charac-

teristic brown algal polyphenolic compounds that occur in all

Phaeophyceae species, with the exception of some members

of the Sargassaceae. Phlorotannins are derived from phloroglu-

cinol and brown algae possess three classes of type III polyke-

tide synthase, two of which (PKS1 and PKS2) were acquired

prior to the emergence of the Phaeophyceae and the third

(PKS3) evolving much later within the Ectocarpales (Figures 3A

and 4A; Table S4E). Interestingly, PKS1 proteins from different

brown algal species have been shown to have different activities

leading to the production of distinct metabolites,32–34 indicating

that the acquisition of novel functions by this class of enzymes

may have played an important role in the emergence of the

brown algal capacity to produce phlorotannins. Moreover,

many stramenopile PKS type III genes encode proteins with

signal peptides or signal anchors (Table S4E). For the brown

algae, this feature is consistent with the cellular production site

of phlorotannins and the observed transport of these com-

pounds by physodes, secretory vesicles characteristic of brown

algae.35 Cross-linking of phlorotannins, embedded within other

brown algal cell-wall compounds such as alginates, has been

demonstrated in vitro through the action of vHPOs36–38 and indi-

rectly suggested by in vivo observations colocalizing vHPOswith

physode fusions at the cell periphery.39,40 Consequently, vHPOs

are good candidates for the enzymes that cross-link phlorotan-

nins and other compounds, perhaps even for the formation of

covalent bonds between phloroglucinol monomers and oligo-

mers, which could occur via activation of aromatic rings through

halogenation. These observations suggest that the acquisition

of vHPOs by the common ancestor of brown algae and

S. ischiensis, together perhaps with modifications of the existing

PKS enzymes, triggered the emergence of new metabolic path-
Figure 2. Genome-wide analyses of brown algal genome and gene co

(A) Time-calibrated cladogram based on Figure S2A. The gray hatched area, whic

brown algae, is mirrored in (B)–(F).

(B) Gene family (orthogroup) gain (green) and loss (red) during the emergence and

(Figure S2B).

(C) Upper: timing of gene family amplification and reduction during the evolutio

thogroup gain, based on the Dollo parsimony reconstruction) of the 180 most st

(D) Composite gene analysis. Proportions of gene families showing domain fusio

(E) Inferred gene family founder events after accounting for homology detection

(F) Horizontal-gene-transfer-derived genes in orthologous groups and across sp

events per species. Pie charts summarize the predicted origins (donor taxa) of th

(i.e., acquired before the root of the phylogenetic class, in gray) and class-speci

(G) Enrichment of COG categories in sets of gene families identified as being (1) g

events at the four indicated phylostrata, (3) amplified in the Phaeophyceae (180

derived. Asterisks indicate significantly enriched categories.

FDI clade, Fucophycideae/Dictyotales/Ishigeales; PS clade, Phaeophyceae plus

See also Figure S3.
ways leading to the production of the phlorotannin molecules

characteristic of the Phaeophyceae lineage.

The acquisition of increased multicellular complexity and

adaptation to new ecological niches during the early stages of

brown algal evolution (i.e., during and immediately following

the GOBE) is expected to have required modification and elabo-

ration of signaling pathways. Membrane-localized signaling pro-

teins (Figure 3A) are of particular interest in this context not only

as potential mediators of intercellular signaling in a multicellular

organism but also because of potential interactions with the

elaborate brown algal extracellular matrices (cell walls).3,42 A

detailed analysis of the brown algal receptor kinase (RK) gene

family, revealed that it actually includes two types of receptor,

the previously reported leucine-rich repeat (LRR) RKs11 and a

newly discovered class of receptors with a beta-propeller extra-

cellular domain (Figure 3A; Table S4F).

Major changes in epigenetic regulation also appear to have

occurred during the emergence of the brown algae (see also

supplemental information). DNA METHYLTRANSFERASE 1

(DNMT1) genes were identified in Discosporangium mesarthro-

carpum and two closely related outgroup species (S. ischiensis

and C. australica) but not in other brown algal genomes, indi-

cating that the common ancestor of brown algae probably

possessed DNMT1 but that this gene was lost after divergence

of the Discosporangiales from other brown algal taxa (Figure 3A;

Table S4G). This is consistent with the reported absence of DNA

methylation in the filamentous brown alga Ectocarpus11 and a

very low level of DNA methylation in the kelp Saccharina

japonica43 (which is thought to be mediated by DNMT2). Our

analysis indicates thatmost brown algae either lack DNAmethyl-

ation or exhibit very low levels of methylation and that this feature

was acquired early during brown algal diversification.

Impact of morphological, life cycle, and reproductive
diversification during the Mesozoic on brown algal
genome evolution
A secondmajor step in the evolutionary history of the Phaeophy-

ceae was the rapid diversification of the major brown algal

orders, which began after the origin of the Fucophycidae/

Dictyotales/Ishigeales (FDI) clade, here estimated at 235.97 Ma

(95% highest posterior density region [HPD]: 158.88–312.48
ntent evolution

h indicates key nodes corresponding to the origin and early emergence of the

diversification of the brown algae based on a Dollo parsimony reconstruction

nary history of the Phaeophyceae (CAFE5 analysis). Lower: time of origin (or-

rongly amplified gene families.

n (orange) or domain fission (yellow) at different age strata.

failure.

ecies. The black trace represents the percentage of genes resulting from HGT

e HGT genes. The right-hand bar graph indicates the proportions of ancestral

fic (i.e., acquired within the phylogenetic class, in blue) HGT genes.

ained at the four indicated early nodes by the Dollo analysis, (2) gene founder

most strongly amplified families), (4) domain fusions or fissions, and (5) HGT

Schizocladiophyceae; PX clade, Phaeophyceae plus Xanthophyceae.
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mya, broadly consistent with previouswork1; Figures 1 and S2A).

This diversification closely followed the Permian-Triassic mass

extinction event (which dramatically impacted marine ecosys-

tems in which red and green algae played dominant roles) and

was facilitated by Triassic marine environments that favored

chlorophyll-c containing algae (e.g., high phosphate and low

iron concentration), along with the appearance of new coastal

niches created by Pangea rifting (Figure 1). This context would

have facilitated the diversification of the brown algal lineage,44,45

resulting in organisms that now exhibit a broad range of morpho-

logical complexity (ranging from filamentous to complex paren-

chymatous thalli), different types of life cycle and diverse repro-

ductive strategies and metabolic capacities3,6,46,47 (Figure 1).

The Phaeoexplorer dataset was analyzed to identify genomic

features associated with this diversification of phenotypic char-

acteristics and to evaluate the impact on genome evolution

and function.

We found indications that the diversification of life cycles, in

some cases linked with the emergence of large, complex body

architectures, impacted genome evolution through population

genetic effects. Most brown algae have haploid-diploid life cy-

cles involving alternation between sporophyte and gametophyte

generations, the only exception being the Fucales, which have

diploid life cycles. The theoretical advantages of different types

of life cycle have been discussed in detail,48 and one proposed

advantage of a life cycle with a haploid phase is that this allows

effective purifying counter-selection of deleterious alleles. When

the brown algae with haploid-diploid life cycles were compared

with species from the Fucales, increased rates of both synony-

mous and non-synonymous mutation rates were detected in

the latter, consistent with the hypothesis that deleterious alleles

are phenotypically masked in species where most genes func-

tion in a diploid context (Figure S5E). Comparison of non-synon-

ymous substitution rates (dN) for genes in brown algae with

different levels of morphological complexity, ranging from simple

filamentous thalli though parenchymatous to morphologically

complex, indicated significantly lower values of dN for filamen-

tous species (Figure S5E). This observation suggests that the
Figure 3. Gene family evolution during the emergence of the brown al
(A) Variations in size for a broad range of key gene families in the brown algae and

S. ischiensis algal-type HPOs appear to be intermediate between classes I and I

(B) Overview of information from the orthogroup Dollo analysis, the phylostra

amplification analysis for a selection of cell-wall active protein (CWAP) familie

proportional to the number of proteins annotated in the orthogroup (OG), and the

OG. Phaeophyceae plus Schizocladiophyceae (PS) and FDI clade, identified as

interesting evolutionary histories are highlighted in red.

(C) Phylogenetic tree of mannuronan C5-epimerases (ManC5-E). The phylogeny

the right.

(D) Phylogenetic tree of the polysaccharide lyase 41 (PL41) family. Green squares,

in relation to their taxonomy, as indicated in (C). Schizocladiaphyceae sequence

P, present; A, absent; CAZYmes, carbohydrate-active enzymes; HPO, vanadi

associated proteins; EsV-1-7, EsV-1-7 domain proteins; DNMT, DNA methyltra

response factor-related; bHLH, basic-helix-loop-helix; HMG, high mobility g

N-acetyltransferase; SNF2, sucrose nonfermenting 2; LRR, leucine-rich repeat; QA

kinase; CHASE, cyclases/histidine kinases associated sensory extracellular doma

1 domain; DEK1, defective kernel1; MCU,mitochondrial calcium uniporter; GLR, g

receptor potential channel; IMM, IMMEDIATE UPRIGHT; H3, histone H3; MAS,

nariales; FUC, Fucales; DES, Desmarestiales.

See also Figure S5.
emergence of larger, more complex brown algae may have re-

sulted in reduced effective population sizes and consequently

weaker counter-selection of non-synonymous substitutions.24

The diversification of the brown algae in terms of develop-

mental complexity and life cycle structure was associated with

modifications to reproductive systems, including, for example,

partial or complete loss of flagella from female gametes in ooga-

mous species and more subtle modifications such as loss of

the eyespot in several kelps or of the entire posterior flagellum

in Dictyota dichotoma.49,50 Interestingly, these latter modifica-

tions are correlated with loss of the HELMCHROME gene,

which is thought to be involved in light reception and zoid photo-

taxis,41 from these species (Figures 3A and 4B). In addition, an

analysis of the presence of genes for 70 high-confidence flagellar

proteins41 across eight species with different flagellar character-

istics identified proteins that correlate with presence or

absence of the eyespot or of the posterior flagellum (Figure 4B;

Table S4H).

Brown algal diversification and the emergence of
marine forests was also associated with genomic
changes affecting metabolic and signaling pathways
Forests of brown algae (i.e., Laminariales, Desmarestiales, Tilop-

teridales, and Fucales51) are a key aspect of the modern marine

biosphere. One of the pivotal innovations related to their emer-

gence was a new developmental tissue, an intercalary meristem

situated in the zone between the stipe and the lamina. The pres-

ence of this tissue is an ancestral state of the brown algal crown

radiation (BACR) clade, and this study indicates that the interca-

lary meristem was acquired as early as 190 mya (Figure 1). This

type of intercalary meristem would have facilitated the transition

from annual to perennial life history and would, therefore, have

been important for the establishment andmaintenance ofmarine

forests, particularly when upper parts of thalli are subjected to

heavy grazing pressure.10 Our results indicate that the Desmar-

estiales, Tilopteridales, and Fucales were all present by the early

Cretaceous (Figure 1). Thus, it is possible that brown algal for-

ests, at least at a small scale, provided both nutrients and shelter
gal lineage and a focus on carbohydrate metabolism
closely related taxa. Numbers indicate the size of the gene family. Note that the

I. Brown tree branches, Phaeophyceae.

tigraphy analysis, the horizontal gene transfer analysis and the gene family

s. Dots represents functional family/orthogroup couples, with the size being

color representing the proportion of the functional annotation that falls into this

gene innovation stages, are highlighted in brown. Functional categories with

on the left, with three clusters indicated, is representative of the global view on

biochemically characterized proteins. Brown algal sequences are color-coded

s are shown in red and with a red circle.

um haloperoxidase; PKS, type III polyketide synthase; TAPs, transcription-

nsferase; GTs, glycosyltransferases; GHs, glycoside hydrolases; ARF, auxin

roup; Zn-clus, zinc cluster; C2H2, C2H2 zinc finger; GNAT, Gcn5-related

D, b-propeller domain; RK, membrane-localized receptor kinase; HK, histidine

in; EBD, ethylene-binding-domain-like; MASE1, membrane-associated sensor

lutamate receptor; pLGIC, pentameric ligand-gated ion channel; TRP, transient

mastigoneme proteins; AA, auxiliary activity; ECT, Ectocarpales; LAM, Lami-
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Figure 4. Evolution of key gene families during the emergence of the brown algal lineage

(A) Evolution of type III polyketide synthase (PKS) genes in the stramenopiles (left). Right: condensed view of a phylogenetic reconstruction tree of stramenopile

PKS III and closely related sequences. In brackets: number of sequences identified in each phylogenetic group. Bootstrap values are indicated.

(B) Loss of orthogroups corresponding to flagellar proteome components41 in eight brown algal species from five orders. For the zoid drawings: gray, nucleus;

yellow, chloroplast; blue, anterior flagella with mastigonemes; red, eyespot. The posterior flagellum is shown either in green to indicate the presence of green

autofluorescence correlated with the presence of the eyespot or in blue in species without an eyespot. Bars below the heatmap indicate gene losses associated

with loss of just the eyespot (orange) or of the entire posterior flagellum (blue).
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for the marine herbivorous animals that became common during

the Cretaceous Period (e.g., algae-eating echinoids, sea turtles,

and euteleostean fish52,53).

While our estimates of kelp antiquity are earlier than those of

Starko et al.,54 they are consistent with their suggestion that

Cenozoic cooling facilitated the geographic expansion of the

kelp forest ecosystem. Indeed, many of the animals found today
6952 Cell 187, 6943–6965, November 27, 2024
in kelp forest ecosystems originated toward the end of the Creta-

ceous Period, or later.55 Currently, our understanding of Meso-

zoic marine noncalcified macroalgae on the basis of fossils56–58

is too poor to provide much guidance in this regard, but docu-

mentation by Kiel et al.55 of fossil holdfasts indicates that kelp

forests were present by the late Paleogene period (�32 mya).

The highly complex, multi-layered, and canopy-forming kelp
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forests of today, however, seem to have emerged only relatively

recently, during the mid-Neogene, following the expansion of

cooler water shelf environments.54,55

Comparative analysis of the Phaeoexplorer genome dataset

identified a number of gene family expansions that potentially

played important roles in the adaptation of the brown algae to

their diverse niches and, more particularly, in the emergence of

large, forest-forming species such as the kelps. For example,

the ManC5-E family expanded markedly in the Laminariales

and Fucales (Figure 3C), the two main orders that constitute

extant phaeophycean forests. The capacity of ManC5-E to

modify organ flexibility3 may therefore have been an important

factor for large organisms coping with the harsh hydrodynamic

conditions of coastal environments.59 In addition, five different

orthogroups containing proteins with the mechanosensor wall

stress-responsive component (WSC) domain were identified as

having increased in size during the diversification of the brown

algal lineage (Table S3), indicating that metabolic innovations

affecting cell walls may have been concomitant with a complex-

ification of associated signaling pathways.

Haloperoxidase gene families expanded independently in

several brown algal orders, again with expansions being partic-

ularly marked in the Fucales and the Laminariales (Figures 3A

and S5C). In the Laminariales, the algal type I family are special-

ized for iodine rather than bromine,60 and this may have been an

innovation that occurred specifically within the Laminariales, re-

sulting in a halogen metabolism with an additional layer of

complexity.

One of the proposed roles of halogenated molecules in brown

algae is in biotic defense4 and, clearly, an effective defense sys-

tem would have been an important prerequisite for the emer-

gence of the large, perennial organisms that constitute marine

forests. Additional immunity-related families61 that expanded

during the diversification of the brown algae include five or-

thogroups that contain either GTPases with a central Ras of

complex proteins/C-terminal of Roc domain tandem (ROCO

GTPases) or nucleotide-binding adaptor shared by apoptotic

protease-activating factor 1, R proteins, and CED-4 tetratrico-

peptide repeat (NB-ARC-TPR) genes (Table S3).

Finally, one of the most remarkable gene family amplifications

detected in this study was for proteins containing the EsV-1-7

domain, a short, cysteine-rich motif that may represent a novel

class of zinc finger.62 EsV-1-7 domain proteins are completely

absent from animal and land plant genomes andmost strameno-

piles either have just one member (oomycetes and eustigmato-

phytes) or entirely lack this gene family.62 Analysis of the

Phaeoexplorer data (Figure 3A; Table S4I) indicated that the

EsV-1-7 gene family started to expand in the common ancestor

of the brown algae and the raphidophyte H. akashiwo, with

31–54 members in the non-Phaeophyceae taxa that share this

ancestor. Further expansion of the family then occurred in

most brown algal orders, particularly in some members of the

Laminariales (234 genes in Saccharina latissima) and the Fucales

(335 genes in Ascophyllum nodosum), with the genes tending to

be clustered in tandem arrays (Tables S3 and S4I). These obser-

vations are consistent with the previous description of a large

EsV-1-7 domain family (95 genes) in Ectocarpus species7,62

and with recent observations by Nelson et al.20 One member
of this family, IMMEDIATE UPRIGHT (IMM), has been shown to

play a key role in the establishment of the elaborate basal fila-

ment system of Ectocarpus sporophytes,62 suggesting that

EsV-1-7 domain proteins may be novel developmental regula-

tors in brown algae. Orthologs of the IMM gene were found in

brown algal crown group taxa and in D. dichotoma but not in

D. mesarthrocarpum (Figure 3A; Table S4I), indicating that this

gene originated within the EsV-1-7 gene family as the first brown

algal orders started to diverge.

Recent evolutionary eventswithin the genusEctocarpus
The above analyses focused on deep-time evolutionary events

related to the emergence of the Phaeophyceae and the later

diversification of the brown algal orders during the Mesozoic.

To complement these analyses an evaluation of relatively recent

and ongoing evolutionary events in the brown algae was con-

ducted by sequencing 22 new strains from the genus Ectocar-

pus, which originated about 19 mya (Figure S2C).

A phylogenetic tree was constructed for 11 selected Ectocar-

pus species based on 261 high-quality alignments of 1:1 ortho-

logs (Figure 5A). The tree indicates substantial divergence

between E. fasciculatus and two well-supported clades, desig-

nated clade 1 and clade 2. Incongruencies between the species

tree and trees for individual genes indicated introgression events

and/or incomplete lineage sorting across the Ectocarpus genus.

D-statistic analysis, specifically ABBA-BABA tests, detected in-

congruities among species quartets, indicating potential gene

flow at various times during the evolution of the Ectocarpus

genus. Evidence for gene flow was particularly strong for clade

2 and there was also evidence for marked exchanges between

the two clades (Figure 5B), suggesting that gene flow has not

been limited to recently diverged species pairs. These findings

suggest a complex evolutionary history involving rapid diver-

gence, hybridization, and introgression among species within

the Ectocarpus genus, with evidence for hybridization occurring

between 10.5 (for clades 1 and 2) and 3.3 mya (for Ectocarpus

species 5 and 7) based on the fossil-calibrated tree (Figure S2C).

A similar scenario has been reported for the genus Drosophila,63

suggesting that recurrent hybridization and introgression among

speciesmay be a common feature associated with rapid species

radiations. Major environmental changes such as the expansion

of cold-water coastal areas following the green-house/cold-

house Eocene-Oligocene transition (�30mya64), and particularly

the rapid climate destabilization and temperature drop associ-

ated with the end of the mid-Miocene thermal maximum (�15

mya64), may have created many new opportunities for the rapid

expansion and diversification of the Ectocarpus genus.

Brown algal genomes contain large amounts of inserted
viral sequences
A particularly striking result of this study was the identification of

extensive amounts of integrated DNA sequence corresponding

to large DNA viruses of the Phaeovirus family (Figure 6A;

Table S5), which integrate into brown algal genomes as part of

their lysogenic life cycles.65 Analysis of 72 genomes in the

Phaeoexplorer and associated public genome dataset identified

a total of 792 viral regions (VRs) of Nucleocytoviricota (NCV)

origin in 743 contigs, with a combined length of 32.3 Mbp.
Cell 187, 6943–6965, November 27, 2024 6953
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Figure 5. Evidence for gene flow within the genus Ectocarpus

(A) DensiTree visualisation of gene trees (gray lines) for 261 orthologs shared by 11 Ectocarpus species and the outgroup speciesS. promiscuus, together with the

consensus species tree (black lines). All nodes of the species tree have posterior probabilities greater than 0.99.

(B) Boxplot reporting D-statistic (Patterson’s D) values between P2 and P3 species. Within-lineage comparisons (i.e., within clades 1 and 2) and between-lineage

comparisons are distinguished on the x axis. The annotation of each dot indicates species that were designated as P2 and P3. Ectocarpus fasciculatus was

defined as the outgroup.

See also Figure S2.
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Individual VRs ranged in size from two to 705 kbp, but the major-

ity (81.3%) were between two and 50 kbp, while only 9% were

longer than the expected minimum size (100 kbp) for an NCV

genome. At least one flanking region could be identified for

40.8% of the VRs, providing direct evidence for insertion of the

sequence in the algal genome (Table S5C). Figure 6B shows

three examples of long VRs. Most genes in VRs are monoexonic

and transcriptionally silent, as previously observed for the

310 kbp VR in the Ectocarpus species 7 strain Ec32 genome.11

On average, each of the 72 analyzed genomes contained

469 kbp of VR (with a maximum of 5,614 kbp) and only two ge-

nomes contained no VRs (both from the Discosporangiales).

There were a number of outlier genomes that contained

more than 1 Mbp of VRs (T. minus, S. latissima, S. japonica,

P. fluviatile, and Myriotrichia clavaeformis male and female). At

least one partial provirus (a VR possessing several key NCV

marker genes) was present in 39 genomes, 29 of which had at

least one full provirus with a complete set of seven key NCV

marker genes (Figure 6A; Table S5). In addition to the previously

known infections in Ectocarpales65 and Laminariales,66 inte-

grated NCV proviruses were found in all Phaeophyceae orders

screened, except the Discosporangiales and Dictyotales,

and were also detected in T. minus (Xanthophyceae). Moreover,

NCVmarker gene composition indicated that multiple integrated

proviruses were present in 16 genomes frommultiple Phaeophy-

ceae orders (Ectocarpales, Desmarestiales, Sphacelariales,

Tilopteridales, and Laminariales), and the Xanthophyceae

(Figure 6A; Table S5). Phylogenetic analysis of the major capsid

protein (MCP) andDNA polymerase genes indicated that thema-

jority of the integrated NCVs belonged to the genus Phaeovirus,

the sole viral group known to infect brown algae (Figures S6A

and S6B). However, this analysis also revealed integrated se-

quences corresponding to other viral groups. Viral sequences

in T. minus belonged to a putative novel genus closely related

to Phaeovirus, for which we propose the name Xanthovirus.

Finally, mimiviridae-related VRs were identified in S. latissima

and Pelvetia canaliculata, but since they are partial proviruses
6954 Cell 187, 6943–6965, November 27, 2024
and do not appear to possess integrase genes, they may have

originated from ancient endogenization events, similar to those

described in chlorophytes.67

The identification of integrated NCVs across almost all brown

algal orders and in closely related outgroup taxa suggests that

the lysogenic life cycle strategy of phaeoviruses is ancient and

that giant viral genomes have been integrating into the genomes

of brown algae throughout the latters’ evolutionary history. This

conclusion was supported by the phylostratigraphic analysis,

which detected the appearance of many novel virus-related

genes dating back to the origin of the Phaeophyceae

(Figure S3A). Marked differences were detected in total VR

size and NCV marker gene presence across the brown algal

genome set, and large differences were even detected between

strains from the same genus (between 24 and 992 kbp of VR in

different Ectocarpus spp. for example; Figure 6A; Table S5).

These differences indicate dynamic changes in VR content

over evolutionary time, presumably due, at least in part, to differ-

ences in rates of viral genome integration, a process that can

involve multiple, separate insertion events,68 and rates of VR

loss due to meiotic segregation.69 In addition, the abundant

presence of partial proviruses and NCV fragments in brown algal

genomes indicates that inserted VRs can degenerate and frag-

ment, probably also leading to VR loss over time. The identifica-

tion of large-scale viral genome insertion events over such a long

timescale (at least 450 mya1) suggests that NCVs may have

had a major impact on the evolution of brown algal genomes

throughout the emergence of the lineage.

The widespread presence of large quantities of viral genes in

brown algal genomes creates a favorable situation for recruit-

ment of this genetic information by the algal host via HGT (pro-

vided the acquired genes confer a selective advantage70), but

clear evidence of this type of HGT event can be difficult to obtain.

However, phylogenetic evidence indicates that several Ectocar-

pus species 7 histidine kinases (HKs) were derived by HGT

from viral insertions71 and analysis of the Phaeoexplorer ge-

nomes supported this hypothesis. HKs are widespread in the
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stramenopiles but several classes of membrane-localized HK

were either only found in brown algae (cyclases/histidine

kinases associated sensory extracellular [CHASE] domain HKs

and HKs with an extracellular domain resembling an ethylene

binding motif71) or only in brown algae and closely related

taxa (membrane-associated sensor 1 [MASE1] domain HKs71)

and appear to be absent from other stramenopile lineages (Fig-

ure 3A; Table S4J). These classes of HK all exhibit a patchy

pattern of distribution across the brown algae and are often

monoexonic suggesting possible multiple acquisitions from vi-

ruses via HGT following integration of viral genomes into algal

genomes (Figures 3A and S6C). Phylogenetic analysis provided

further support for a HGT origin for these classes of HK

(Figure S6C).

DISCUSSION

Comparative analysis of the genome resource presented in this

study has provided insights into genome evolution across the

entire evolutionary history of the brown algae. A period of

marked genome evolution concomitant with the emergence of

the brown algal lineage during the GOBE was correlated with

an increase in multicellular complexity, possibly driven, at least

in part, by increases in atmospheric oxygen and herbivory. Dur-

ing this period, the brown algae acquired key components of

several metabolic pathways, notably cell-wall polysaccharide,

phlorotannin, and halogen metabolisms, that were essential for

their colonization of intertidal and subtidal environments. The ca-

pacity to synthesize flexible and resilient alginate-based cell

walls72 allows these organisms to resist the hydrodynamic

forces of wave action,59 whereas phlorotannins and halogen de-

rivatives are thought to play important roles in defense.73 There is

also evidence that cell-wall cross-linking by phlorotannins may

be important for strong adhesion to substrata, another important

characteristic in the dynamic intertidal and subtidal coastal envi-

ronments.74 The capacity to adhere strongly and resist both

biotic and abiotic stress factors would prove essential for the

success of large, sedentary multicellular organisms in these

intertidal niches over evolutionary time.

The period of increased gene gain during the emergence of the

brown algae was followed by a period of overall gene loss that

extended up until the present day (Figure S2B). Interestingly,

similar periods of ancestral gene gain followed by gene loss

have also been observed for both the animal and land plant lin-

eages,75 indicating that this may be a common feature of multi-

cellular eukaryotic lineages.
Figure 6. Inserted viral regions in brown algal genomes

(A) Annotated phylogeny summarizing key statistics of the presence of Nucleocy

taxa. Eight genomes sourced from public databases are labeled with an asterisk.

(2) NCV core gene count indicates the number of copies of each viral core gene (A

protein; POLB, DNA polymerase B; SF2, superfamily 2 helicase; VL3, very late tran

inS, integrase resolvase), (3) count of viral regions is the number of viral region

estimated number of complete or partial integrated viral genomes in a genome, (5)

genome. The outermost layer indicates the taxonomic class or order of the host

(B) Three examples of contigs containing large viral insertions (pink shading). G

known proteins of unclear origin (viral or cellular) or unknown (ORFan) based on

Transcript abundances are shown with a locally estimated scatterplot smoothing

See also Figure S6.
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About 220 mya after the emergence of the brown algae, the

aftermath of the Permian-Triassic mass extinction event and

the initiation of Pangea rifting appear to have created favorable

environments for rapid diversification of the main brown algal or-

ders,44,45 resulting in the emergence of a diversity of develop-

mental, life cycle, and reproductive strategies, with correlated ef-

fects on genome evolution. During this period some orders, such

as the Laminariales and Fucales, acquired characteristics such

as an intercalary meristems and modified metabolic, defense,

and developmental processes that are predicted to have been

important prerequisites for the emergence of marine forests.

Analysis of the genomes of multiple Ectocarpus species

demonstrated that genomic modifications, including gene gain

and gene loss have continued to occur up until the present

time and indicated that these modifications can potentially be

transmitted between species as a result of gene flow occurring

within a genus due to incomplete reproductive boundaries and

introgression.

Finally, one of the most surprising observations was that

brown algal genomes contain many inserted viral sequences

corresponding to large DNA viruses of the Phaeovirus family.

Inserted viral sequences are widespread in eukaryotic ge-

nomes76,77 and insertions corresponding to nucleocytoplasmic

large DNA viruses have been found in green algal genomes67,78

but the brown algal Phaeovirus VRs are remarkable because

they are nearly ubiquitous in this lineage (being present in 67 of

69 brown algal genomes analyzed) and because individual ge-

nomes can contain several phylogenetically diverse Phaeovirus

insertions and insertions of a broad range of different sizes.

The near ubiquitous occurrence of these elements may be attrib-

uted to the capacity of phaeoviruses to insert into their hosts’ ge-

nomes as part of their life cycle.

The above observations illustrate how the Phaeoexplorer

genome dataset, along with the various analyses carried out in

this study, can be used to link the gene content of brown algal

genomes to biological processes and characteristics that have

played fundamental roles during the evolution of this lineage.

The establishment of this genome resource represents an impor-

tant step forward for a key lineage that has remained poorly char-

acterized at the genome level. The Phaeoexplorer dataset not

only provides good quality genome assemblies for many, previ-

ously uncharacterized brown algal species but also represents a

tool to explore genome function via comparative genomics ap-

proaches, adding an important evolutionary dimension to efforts

to understand gene function in this lineage. The identification

and analysis of key metabolic and signaling genes implicated
toviricota (NCV) sequences in the genomes of brown algae and closely related

Outer layers around the tree are as follows (1) NCV genotypes in each genome,

32, A32 packaging ATPase; D5/D5p, D5 helicase/primase; MCP, major capsid

scription factor 3; RNR, ribonucleotide reductase; inC, integrase recombinase;

s within each size range category as indicated, (4) count of proviruses is the

total viral region length is the sumof the lengths in kbp of all viral regionswithin a

clades.

enes (colored boxes) were classified as viral, cellular (i.e., cellular organism),

comparisons with viral and cellular protein databases (see STAR Methods).

(LOESS) plot. Exons, exons per gene.
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in a broad range of brown algal biological functions represents

an important resource for future research programs aimed at

optimizing brown seaweed production in a mariculture context

or at preserving and protecting natural seaweed populations in

the context of climate change. Both of these approaches could

potentially contribute to mitigation of the effects of climate

change via multiple positive effects in terms of carbon capture,

ecosystem services, and the promotion of highly sustainable

cultivation practices.

To facilitate future use of this genome dataset, the annotated

genomes have been made available through a website portal

(https://phaeoexplorer.sb-roscoff.fr). The existing genome data-

set provides very good coverage of the phylogenetic diversity of

the Phaeophyceae and reasonably complete gene catalogs for

each species, but future work is needed to improve further the

quality of the genome assemblies described here and to add ge-

nomes for additional species, particularly members of the minor

brown algal orders that are not represented in the dataset. The

large proportion of genes with no predicted function in brown

algal genomes is also a limitation that needs to be addressed.

The recent development of CRISPR-Cas9 methodology for

brown algae,79,80 together with the other tools and resources

currently available for the model brown alga Ectocarpus,81 pro-

vide the means to deploy the functional genomics approaches

necessary to address this question.
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Materials availability
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Data and code availability

d All sequence data, including DNA and RNA sequencing data, genome

assemblies, and annotations, have been deposited in the European Bio-

informatics Institute/European Nucleotide Archive (EBI/ENA) database

under the project accession PRJEB76691 and are publicly available.

Additional data and results have been deposited in the CNRS Research
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available.
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d Any additional information required to reanalyze the data reported in this
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11-INBS-0013) and BioGenouest network, for providing both help and

computing and storage resources.

AUTHOR CONTRIBUTIONS

Software, L.B.-G., R.D., A.L.B., X.L., D.N., and E.C.; formal analysis, F.D.,

O.G., L.D., D.M., T.M., D. Sussfeld, X.F., L. Mazéas, N. Terrapon, J.B.-R.,
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B Saccorhiza polyschides strain SpolBR94f

B Saccorhiza polyschides strain SpolBR94m

B Saccorhiza polyschides

B Sargassum fusiforme

B Schizocladia ischiensis strain KU-0333

B Scytosiphon promiscuus strain 000310-Muroran-5-female

B Scytosiphon promiscuus strain Ot110409-Otamoi-16-male

B Scytosiphon promiscuus strain SXS107

B Sphacelaria rigidula strain Sph rig Cal Mo 4-1-68b

B Sphacelaria rigidula strain Sph rig Cal Mo 4-1-G3b

B Sphacelaria rigidula strain Sph rig Cal Mo SP

B Sphaerotrichia firma strain ET2f

B Sphaerotrichia firma strain Sfir13m

B Tribonema minus strain UTEX B 3156

B Undaria pinnatifida strain Kr2015

d METHOD DETAILS

B Biological material

B DNA extraction

B Illumina library preparation and sequencing

B Oxford Nanopore library preparation and sequencing

B RNA extraction, Illumina RNA-seq library preparation and

sequencing

B Assembly strategies
8 Cell 187, 6943–6965, November 27, 2024
B Assembly decontamination

B Transcriptome assembly

B De novo transcriptomes

B Detection and masking of repeated sequences and transposons

B Gene prediction

B Annotation decontamination

B Analyses aimed at deducing functional characteristics of predicted

proteins

B Detection of tandemly duplicated genes

B Relative orientation of adjacent genes and lengths of intergenic

regions

B Detection of long non-coding RNAs

B Intron conservation

B Phylogenomic tree of the Phaeophyceae

B Bayesian divergence time estimation for the brown algae

B Detection of orthologous groups

B Dollo analysis of orthogroup gain and loss

B Phylostratigraphy analysis

B Detection of gene family amplifications

B Composite genes

B Horizontal gene transfer (HGT)

B Gene codon usage, functional annotation and expression

B Comparative analysis of gene sets identified by genome-wide ana-

lyses of evolutionary history

B Detection of viral genome insertions and viral regions in algal

genomes

B Phylogenetic analysis of viral genes

B Metabolic networks

B CAZymes

B Sulfatases

B Haloperoxidases

B Ion channels

B Membrane-localised proteins

B Transcription-associated proteins

B EsV-1-7 domain proteins

B Histones

B DNA methyltransferases

B Spliceosome

B Flagella proteins

B Detection of Porterinema fluviatile genes differentially expressed in

freshwater and seawater

B Identification of genes with generation-biased expression patterns

B Life cycle and thallus architecture

B Assembly and analysis of organellar genomes

B Analysis of Ectocarpus genome synteny

B Analysis of Ectocarpus gene evolution

B Phylogenetic analysis of Ectocarpus species

B Ectocarpus introgression analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

d ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.cell.

2024.10.049.

Received: February 19, 2024

Revised: July 20, 2024

Accepted: October 28, 2024

Published: November 20, 2024

REFERENCES

1. Choi, S.-W., Graf, L., Choi, J.W., Jo, J., Boo, G.H., Kawai, H., Choi, C.G.,

Xiao, S., Knoll, A.H., Andersen, R.A., et al. (2024). Ordovician origin and

subsequent diversification of the brown algae. Curr. Biol. 34, 740–

754.e4. https://doi.org/10.1016/j.cub.2023.12.069.

https://doi.org/10.1016/j.cell.2024.10.049
https://doi.org/10.1016/j.cell.2024.10.049
https://doi.org/10.1016/j.cub.2023.12.069


ll
OPEN ACCESSArticle
2. Keeling, P.J. (2009). Chromalveolates and the evolution of plastids by

secondary endosymbiosis. J. Eukaryot. Microbiol. 56, 1–8. https://doi.

org/10.1111/j.1550-7408.2008.00371.x.
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P.L., Bonner, W.M., Cande, W.Z., Chadwick, B.P., Chan, S.W.L.,

et al. (2012). A unified phylogeny-based nomenclature for histone var-

iants. Epigenetics Chromatin 5, 7. https://doi.org/10.1186/1756-

8935-5-7.

190. Starr, R.C., and Zeikus, J.A. (1993). UTEX-The culture collection of algae

at the University of Texas at Austin 1993 list of cultures. J. Phycol. 29,

1–106. https://doi.org/10.1111/j.0022-3646.1993.00001.x.

191. Dittami, S.M., Gravot, A., Goulitquer, S., Rousvoal, S., Peters, A.F., Bou-

chereau, A., Boyen, C., and Tonon, T. (2012). Towards deciphering dy-

namic changes and evolutionary mechanisms involved in the adaptation

to low salinities in Ectocarpus (brown algae). Plant J. 71, 366–377.

https://doi.org/10.1111/j.1365-313X.2012.04982.x.

192. Rahman, S., Kosakovsky Pond, S.L., Webb, A., and Hey, J. (2021). Weak

selection on synonymous codons substantially inflates dN/dS estimates

in bacteria. Proc. Natl. Acad. Sci. USA 118, e2023575118. https://doi.

org/10.1073/pnas.2023575118.
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Biological samples

Descriptions of all sequenced samples have

been deposited in the EBI/ENA database

This study. EBI/ENA project PRJEB76691

Critical commercial assays

OmniPrep Genomic DNA Purification Kit G Biosciences, St. Louis, MO, USA N/A

Nucleospin Plant II midi DNA Extraction Kit Macherey-Nagel, Düren, Germany N/A

NEBNext DNA Modules Products New England Biolabs, Ipswich, MA, USA N/A

NEBNext Sample Reagent Set New England Biolabs, Ipswich, MA, USA N/A

Ampure XP Beckmann Coulter Genomics, Danvers,

MA, USA

N/A

Kapa Hifi Hotstart NGS library

Amplification kit

Roche, Basel, Switzerland N/A

Short Read Eliminator Kit Pacific Biosciences, Menlo Park, CA, USA N/A

1D Genomic DNA by Ligation Oxford Nanopore Technologies Ltd,

Oxford, UK

SQK-LSK109, SQK-LSK108

or SQK-LSK110

Qiagen RNeasy kit or the Macherey

Nagel RNAplus kit

Macherey-Nagel, Düren, Germany N/A

TruSeq Stranded mRNA Sample Prep Illumina N/A

NEBNext Ultra II Directional RNA Library

Prep for Illumina

New England BioLabs N/A

Deposited data

The sequence data generated by this

project is described in Table S1.

This study. EBI/ENA: PRJEB76691

CNRS Research Data dataset "Data for

Phaeoexplorer publication: Evolutionary

genomics of the emergence of brown algae

as key components of coastal ecosystems"

This study. CNRS Research Data: https://doi.org/10.

57745/9U1J85

Experimental models: Organisms/strains

The strains used for genome and

transcriptome sequencing are

listed in Table S1A.

Culture collection references

are provided where relevant.

See strain names and culture

collection accessions for identifiers.

Software and algorithms

MEGAHIT version 1.1.1 Li et al.82 RRID:SCR_018551 https://github.com/

voutcn/megahit

MetaGene version 2008.8.19 Noguchi et al.83 http://metagene.cb.k.u-tokyo.ac.jp/

BLAST Altschul et al.84 RRID:SCR_004870 http://blast.ncbi.nlm.

nih.gov/Blast.cgi

Burrows-Wheeler Aligner Li and Durbin85 RRID:SCR_010910 http://bio-bwa.

sourceforge.net/

Bowtie2 version 2.3.5.1 Langmead and Salzberg86 RRID:SCR_016368 http://bowtie-bio.

sourceforge.net/bowtie2/index.shtml

SPAdes assembler version 3.8.1 Bankevich et al.87 RRID:SCR_000131 https://cab.spbu.ru/

software/spades/

filtlong Wick, R. RRID:SCR_024020 https://github.com/

rrwick/Filtlong

Smartdenovo Liu et al.88 RRID:SCR_017622 https://github.com/

ruanjue/smartdenovo
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Redbean Ruan and Li89 N/A

Flye Kolmogorov et al.90 RRID:SCR_017016 https://github.com/

fenderglass/Flye

Necat Chen et al.91 https://github.com/xiaochuanle/necat

Racon Vaser et al.92 RRID:SCR_017642 https://github.com/

isovic/racon

Hapo-G Aury et al.93 https://www.genoscope.cns.fr/hapog/

Metabat 2 Kang et al.94 RRID:SCR_019134 https://bitbucket.org/

berkeleylab/metabat/src/master/

SortMeRNA Kopylova et al.95 RRID:SCR_014402 http://bioinfo.lifl.fr/

RNA/sortmerna/

Velvet version 1.2.07 Zerbino and Birney96 RRID:SCR_010755 http://www.

molecularevolution.org/software/

genomics/velvet

Oases version 0.2.08 Schulz et al.97 RRID:SCR_011896 http://www.ebi.ac.uk/

�zerbino/oases/

TransDecoder Haas, B.J. RRID:SCR_017647 https://github.com/

TransDecoder/TransDecoder

CDDsearch Marchler-Bauer et al.98 N/A

Trimmomatic version 0.38

and version 0.39

Bolger et al.99 RRID:SCR_011848 http://www.usadellab.

org/cms/index.php?page=trimmomatic

Trinity version version 2.6.5 Grabherr et al.100 RRID:SCR_013048 http://trinityrnaseq.

sourceforge.net/

rnaSPAdes version version 3.13.1 Bushmanova et al.101 RRID:SCR_016992 http://cab.spbu.ru/

software/rnaspades/

RepeatMasker version 4.1.0 Smit et al.102 RRID:SCR_012954

http://repeatmasker.org/

Tandem repeats finder Benson et al.103 RRID:SCR_022193 https://github.com/

Benson-Genomics-Lab/TRF

REPET Flutre et al.104 N/A

BLAT Kent105 RRID:SCR_011919 http://genome.ucsc.

edu/cgi-bin/hgBlat?command=start

Genewise Birney et al.106 RRID:SCR_015054 http://www.ebi.ac.uk/

Tools/psa/genewise/

DIAMOND version 0.9.30 Buchfink et al.107 RRID:SCR_009457 http://www.nitrc.org/

projects/diamond/

Est2Genome Mott108 https://galaxy-iuc.github.io/emboss-5.0-

docs/est2genome.html

Gmove Dubarry et al.109 RRID:SCR_019132 http://www.

genoscope.cns.fr/gmove

votingLNC Debit, A. https://gitlab.com/a.debit/votinglnc

AliView version 1.26 Larsson110 RRID:SCR_002780 https://github.com/

AliView

RAxML version 8.2. Stamatakis111 RRID:SCR_006086 https://github.com/

stamatak/standard-RAxML

Tracer version 1.7.2 Rambaut et al.112 RRID:SCR_019121 https://bioweb.pasteur.

fr/packages/pack@Tracer@v1.6

OrthoFinder version 2.5.2 Emms and Kelly113 RRID:SCR_017118 https://github.com/

davidemms/OrthoFinder

Count version 9.1106 Cs}uös114 https://www.iro.umontreal.ca/�csuros/

gene_content/count.html

MUSCLE version 3.8.1551 Edgar115 RRID:SCR_011812 http://www.ebi.ac.uk/

Tools/msa/muscle/
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OD-Seq version 1.0 Jehl et al.116 https://bioconductor.org/packages/

release/bioc/manuals/odseq/man/

odseq.pdf

HMMER3 package versions 3.1b1 and

3.3.2

Mistry et al.117 RRID:SCR_005305 http://hmmer.

janelia.org/

GenEra Barrera-Redondo et al.118 N/A

MCL Enright et al.119 RRID:SCR_024109 https://micans.org/mcl/

Foldseek Kempen et al.120 https://search.foldseek.com/search

CleanBlastp Pathmanathan et al.121 N/A

SEED Overbeek et al.122 RRID:SCR_002129 http://www.theseed.

org/wiki/Home_of_the_SEED

IPR2GO Paysan-Lafosse et al.123 http://www.ebi.ac.uk/interpro/search/

sequence-search

eggNOG Huerta-Cepas et al.124 RRID:SCR_002456 http://eggnog.embl.de

eggNOG-mapper Cantalapiedra et al.125 RRID:SCR_021165 http://eggnog-mapper.

embl.de

Spearman’s rank correlation analysis tool

version 1.1.23-r7

P. Wessa, Free Statistics Software,

Office for Research Development

and Education

https://www.wessa.net/

Prodigal version 2.6.3 Hyatt et al.126 RRID:SCR_011936 https://github.com/

hyattpd/Prodigal

ViralRecall version 2.0 Aylward et al.127 https://github.com/faylward/viralrecall

esl-translate version 0.48 Rivas, E. https://github.com/EddyRivasLab/easel/

blob/master/miniapps/esl-translate.man.in

bedtools version 2.29.2 Quinlan and Hall128 RRID:SCR_006646 https://github.com/

arq5x/bedtools2

MMseqs cluster version 13.45111 Hauser et al.129 RRID:SCR_008184 https://github.com/

eturro/mmseq#mmseq-transcript-and-

gene-level-expression-analysis-using-

multi-mapping-rna-seq-reads

MAFFT v7 Katoh and Standley130 RRID:SCR_011811 http://mafft.cbrc.jp/

alignment/server/

MEGA Tamura et al.131 RRID:SCR_023017 https://www.

megasoftware.net/

NGphylogeny platform Lemoine et al.132 https://ngphylogeny.fr/.

TrimAl Capella-Gutiérrez et al.133 RRID:SCR_017334 http://trimal.

cgenomics.org/

TAPscan version 4 Petroll et al.134,135 https://plantcode.cup.uni-freiburg.de/

tapscan/

Expasy web translator Duvaud et al.136 RRID:SCR_024703 https://web.expasy.

org/translate/

Geneious versions 11.0.5 and 11.1.5 Geneious RRID:SCR_010519 http://www.

geneious.com/

Interproscan 94.0 Jones et al.137 RRID:SCR_005829 http://www.ebi.ac.uk/

Tools/pfa/iprscan/

Clustal 2.1 Thompson et al.138 RRID:SCR_001591 http://www.ebi.ac.uk/

Tools/msa/clustalo/

Gblocks Castresana139 RRID:SCR_015945 http://molevol.cmima.

csic.es/castresana/Gblocks_server.html

Kallisto version 0.44.0. Bray et al.140 RRID:SCR_016582 https://pachterlab.

github.io/kallisto/about

Deseq2 Love et al.141 RRID:SCR_015687 https://bioconductor.

org/packages/release/bioc/html/DESeq2.

html
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FastQC Andrews142 RRID:SCR_014583 http://www.

bioinformatics.babraham.ac.uk/projects/

fastqc/

Trim Galore version 0.6.5 Krueger et al.143 RRID:SCR_011847 http://www.

bioinformatics.babraham.ac.uk/projects/

trim_galore/

HISAT2 version 2.1.0 Kim et al.144 RRID:SCR_015530 http://ccb.jhu.edu/

software/hisat2/index.shtml

featureCounts Liao et al.145 RRID:SCR_012919 http://bioinf.wehi.edu.

au/featureCounts/

PAML version 4.9i (including MCMCTree) Yang146 RRID:SCR_014932 http://abacus.gene.ucl.

ac.uk/software/paml.html

phytools R package Revell147 RRID:SCR_015502 https://cran.r-project.

org/web/packages/phytools/index.html

VHICA package Wallau et al.148 https://github.com/cran/vhica

NOVOPlasty version 3.7 Dierckxsens et al.149 RRID:SCR_017335 https://github.com/

ndierckx/NOVOPlasty

SAMtools version 1.5 Li et al.150 RRID:SCR_002105 http://htslib.org/

GeSeq version 2.03 Tillich et al.151 RRID:SCR_017336 https://chlorobox.

mpimp-golm.mpg.de/geseq.html

ARAGORN version 1.2.38 Laslett and Canback152 RRID:SCR_015974 http://mbio-serv2.

mbioekol.lu.se/ARAGORN/

ModelFinder Kalyaanamoorthy et al.153 http://www.iqtree.org/ModelFinder/

UFBoot2 Hoang et al.154 N/A

SynMap Haug-Baltzell et al.155 https://genomevolution.org/SynMap.pl

DAGChainer Haas et al.156 https://dagchainer.sourceforge.net/

CodeML Yang et al.146 N/A

nwalign Pedersen, B https://pypi.org/project/nwalign/

BEAST version 2.7 Bouckaert et al.157 RRID:SCR_010228 http://beast.bio.

ed.ac.uk/

StarBEAST3 version 1.1.7 Douglas et al.158 https://github.com/rbouckaert/starbeast3

bModelTest Bouckaert et al.159 N/A

LogCombiner version 2.4.7 Bouckaert et al.157 N/A

TreeAnnotator version 2.4.7 Bouckaert et al.157 N/A

SplitsTree 4 version 4.14.6 Kloepper and Huson160 RRID:SCR_014734 http://www.

splitstree.org/

Hectar Gschloessl et al.161 https://webtools.sb-roscoff.fr/root?tool_

id=abims_hectar

RShiny R Core Team162 https://github.com/rstudio/shiny

IQ-TREE 2 Minh et al.163 https://github.com/iqtree/iqtree2

Computational analysis of gene family

evolution 5 (CAFE5)

Mendes et al.164 https://github.com/hahnlab/CAFE5

clusterProfiler Yu et al.165 RRID:SCR_016884 http://bioconductor.

org/packages/release/bioc/html/

clusterProfiler.html

ggplot2 Wickham et al.166 RRID:SCR_014601 https://cran.r-project.

org/web/packages/ggplot2/index.html

tidyverse Wickham et al.167 RRID:SCR_019186 https://CRAN.R-

project.org/package=tidyverse

Other

Benchmarking universal single-copy

orthologue (BUSCO) analysis version 5,

eukaryota_odb10

Manni et al.168 RRID:SCR_015008 http://busco.ezlab.org/
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UniRef90 Suzek et al.169 RRID:SCR_010646 http://www.uniprot.org/

help/uniref

AlphaFold protein structure database Varadi et al.170 RRID:SCR_023662 https://alphafold.ebi.

ac.uk/

NCVOG database Yutin et al.171 N/A

VOGDB database Trgovec-Greif et al.172 https://vogdb.org/

SulfAtlas database Barbeyron et al.172; Stam et al.173 https://sulfatlas.sb-roscoff.fr/

Pfam Mistry et al.174 RRID:SCR_004726 http://pfam.xfam.org/

Panther 17.0 Thomas et al.175 RRID:SCR_004869 http://www.pantherdb.

org/

Simple Modular Architecture Research Tool

(SMART)

Letunic et al.176 RRID:SCR_005026 http://smart.embl.de/
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EXPERIMENTAL MODEL DETAILS

Ascophyllum nodosum

Species: Ascophyllum nodosum

Strain: field collected sperm cells

Genotype: diploid

Sex: male

Maintenance: N/A

Chordaria linearis strain ClinC8C
Species: Chordaria linearis

Strain: ClinC8C

Genotype: haploid

Sex: monoicous

Maintenance: Maintained in culture

Choristocarpus tenellus strain KU-1152
Species: Choristocarpus tenellus

Strain: KU-1152

Genotype: unknown

Sex: unknown

Maintenance: Maintained in culture

Chrysoparadoxa australica strain CS-1217
Species: Chrysoparadoxa australica

Strain: CS-1217

Genotype: unknown

Sex: unknown

Maintenance: Maintained in culture

Cladosiphon okamuranus strain S-strain
Species: Cladosiphon okamuranus

Strain: S-strain

Genotype: diploid

Sex: n/a

Maintenance: N/A

Desmarestia dudresnayi strain DdudBR16
Species: Desmarestia dudresnayi

Strain: DdudBR16

Genotype: haploid
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Sex: monoicous

Maintenance: Maintained in culture

Desmarestia herbacea strain DmunF
Species: Desmarestia herbacea

Strain: DmunF

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Desmarestia herbacea strain DmunM
Species: Desmarestia herbacea

Strain: DmunM

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Dictyota dichotoma strain KB07f IV
Species: Dictyota dichotoma

Strain: KB07f IV

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Dictyota dichotoma strain ODC1387m
Species: Dictyota dichotoma

Strain: ODC1387m

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Dictyota dichotoma strain KB07m IV
Species: Dictyota dichotoma

Strain: KB07m IV

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Dictyota dichotoma strain KB07sp VI
Species: Dictyota dichotoma

Strain: KB07sp VI

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Discosporangium mesarthrocarpum strain MT17-79
Species: Discosporangium mesarthrocarpum

Strain: MT17-79

Genotype: unknown

Sex: unknown

Maintenance: Maintained in culture

Ectocarpus crouaniorum strain Ec861
Species: Ectocarpus crouaniorum

Strain: Ec861

Genotype: haploid

Sex: female

Maintenance: Maintained in culture
Cell 187, 6943–6965.e1–e29, November 27, 2024 e6
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Ectocarpus crouaniorum strain Ec862
Species: Ectocarpus crouaniorum

Strain: Ec862

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Ectocarpus fasciculatus strain Ec846
Species: Ectocarpus fasciculatus

Strain: Ec846

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Ectocarpus fasciculatus strain Ec847
Species: Ectocarpus fasciculatus

Strain: Ec847

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Ectocarpus fasciculatus strain EfasUO1
Species: Ectocarpus fasciculatus

Strain: EfasUO1

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Ectocarpus fasciculatus strain EfasUO2
Species: Ectocarpus fasciculatus

Strain: EfasUO2

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Ectocarpus siliculosus strain Ec863
Species: Ectocarpus siliculosus

Strain: Ec863

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Ectocarpus siliculosus strain Ec864
Species: Ectocarpus siliculosus

Strain: Ec864

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Ectocarpus species 1 strain Ec sil Puy CHCH Z9 G5f
Species: Ectocarpus species 1

Strain: Ec sil Puy CHCH Z9 G5f

Genotype: haploid

Sex: female

Maintenance: Maintained in culture
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Ectocarpus species 1 strain Ec sil Puy CHCH Z9 G3m
Species: Ectocarpus species 1

Strain: Ec sil Puy CHCH Z9 G3m

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Ectocarpus species 1 strain Ec03
Species: Ectocarpus species 1

Strain: Ec03

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Ectocarpus species 12 strain Ec fas CH92 Nie 2f
Species: Ectocarpus species 12

Strain: Ec fas CH92 Nie 2f

Genotype: diploid

Sex: female

Maintenance: Maintained in culture

Ectocarpus species 12 strain Ec fas CH92 Nie 3m
Species: Ectocarpus species 12

Strain: Ec fas CH92 Nie 3m

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Ectocarpus species 13 strain EcNAP12-S#4-19m
Species: Ectocarpus species 13

Strain: EcNAP12-S#4-19m

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Ectocarpus species 2 strain Ec06
Species: Ectocarpus species 2

Strain: Ec06

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Ectocarpus species 3 strain Ec10
Species: Ectocarpus species 3

Strain: Ec10

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Ectocarpus species 3 strain Ec11
Species: Ectocarpus species 3

Strain: Ec11

Genotype: haploid

Sex: male

Maintenance: Maintained in culture
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Ectocarpus species 5 strain Ec13
Species: Ectocarpus species 5

Strain: Ec13

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Ectocarpus species 5 strain Ec12
Species: Ectocarpus species 5

Strain: Ec12

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Ectocarpus species 6 strain EcLAC-371f
Species: Ectocarpus species 6

Strain: EcLAC-371f

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Ectocarpus species 7 strain Ec32
Species: Ectocarpus species 7

Strain: Ec32

Genotype: haploid

Sex: male

Maintenance: N/A

Ectocarpus species 8 strain EcLAC-412m
Species: Ectocarpus species 8

Strain: EcLAC-412m

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Ectocarpus species 9 strain EcSCA-722f
Species: Ectocarpus species 9

Strain: EcSCA-722f

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Ectocarpus subulatus strain Bft15b
Species: Ectocarpus subulatus

Strain: Bft15b

Genotype: haploid

Sex: male

Maintenance: N/A

Feldmannia mitchelliae strain KU-2106 Giff mitch BNC GA
Species: Feldmannia mitchelliae

Strain: KU-2106 Giff mitch BNC GA

Genotype: haploid

Sex: monoicous

Maintenance: Maintained in culture
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Fucus distichus

Species: Fucus distichus

Strain: field collected meristem

Genotype: diploid

Sex: n/a

Maintenance: N/A

Fucus serratus

Species: Fucus serratus

Strain: field collected ovule cells

Genotype: diploid

Sex: female

Maintenance: N/A

Fucus serratus

Species: Fucus serratus

Strain: field collected sperm cells

Genotype: diploid

Sex: male

Maintenance: N/A

Halopteris paniculata strain Hal grac a UBK
Species: Halopteris paniculata

Strain: Hal grac a UBK

Genotype: haploid

Sex: monoicous

Maintenance: Maintained in culture

Hapterophycus canaliculatus strain Oshoro5f
Species: Hapterophycus canaliculatus

Strain: Oshoro5f

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Hapterophycus canaliculatus strain Oshoro7m
Species: Hapterophycus canaliculatus

Strain: Oshoro7m

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Hapterophycus canaliculatus strain Oshoro 3F x 9M
Species: Hapterophycus canaliculatus

Strain: Oshoro 3F x 9M

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Hapterophycus canaliculatus strain Oshoro 4F x 9M
Species: Hapterophycus canaliculatus

Strain: Oshoro 4F x 9M

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture
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Hapterophycus canaliculatus strain Oshoro 6F x 6M
Species: Hapterophycus canaliculatus

Strain: Oshoro 6F x 6M

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Heribaudiella fluviatilis strain SAG. 13.90
Species: Heribaudiella fluviatilis

Strain: SAG. 13.90

Genotype: unknown

Sex: unknown

Maintenance: Maintained in culture

Heterosigma akashiwo strain CCMP452
Species: Heterosigma akashiwo

Strain: CCMP452

Genotype: unknown

Sex: unknown

Maintenance: Maintained in culture

Himanthalia elongata

Species: Himanthalia elongata

Strain: field meristem

Genotype: diploid

Sex: n/a

Maintenance: N/A

Laminaria digitata strain LdigPH10-18mv
Species: Laminaria digitata

Strain: LdigPH10-18mv

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Laminarionema elsbetiae strain ELsaHSoW15
Species: Laminarionema elsbetiae

Strain: ELsaHSoW15

Genotype: unknown

Sex: unknown

Maintenance: Maintained in culture

Macrocystis pyrifera strain P11A1
Species: Macrocystis pyrifera

Strain: P11A1

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Macrocystis pyrifera strain P11B4
Species: Macrocystis pyrifera

Strain: P11B4

Genotype: haploid

Sex: male

Maintenance: Maintained in culture
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Myriotrichia clavaeformis strain Myr cla04
Species: Myriotrichia clavaeformis

Strain: Myr cla04

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Myriotrichia clavaeformis strain Myr cla05
Species: Myriotrichia clavaeformis

Strain: Myr cla05

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Myriotrichia clavaeformis strain Myr cla12
Species: Myriotrichia clavaeformis

Strain: Myr cla12

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Pelvetia canaliculata

Species: Pelvetia canaliculata

Strain: field collected meristem

Genotype: diploid

Sex: n/a

Maintenance: N/A

Phaeothamnion wetherbeei strain SAG 119.79
Species: Phaeothamnion wetherbeei

Strain: SAG 119.79

Genotype: unknown

Sex: unknown

Maintenance: Maintained in culture

Pleurocardia lacustris strain SAG 25.93
Species: Pleurocardia lacustris

Strain: SAG 25.93

Genotype: unknown

Sex: unknown

Maintenance: Maintained in culture

Porterinema fluviatile strain SAG 2381
Species: Porterinema fluviatile

Strain: SAG 2381

Genotype: unknown

Sex: unknown

Maintenance: Maintained in culture

Pylaiella littoralis strain U1.48
Species: Pylaiella littoralis

Strain: U1.48

Genotype: haploid

Sex: unknown

Maintenance: Maintained in culture
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Pylaiella littoralis strain F24
Species: Pylaiella littoralis

Strain: F24

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Saccharina japonica strain Ja
Species: Saccharina japonica

Strain: Ja

Genotype: haploid

Sex: male

Maintenance: N/A

Saccharina latissima strain SLPER63f7
Species: Saccharina latissima

Strain: SLPER63f7

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Saccorhiza dermatodea strain SderLü1190fm
Species: Saccorhiza dermatodea

Strain: SderLü1190fm

Genotype: haploid

Sex: monoicous

Maintenance: Maintained in culture

Saccorhiza polyschides strain SpolBR94f
Species: Saccorhiza polyschides

Strain: SpolBR94f

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Saccorhiza polyschides strain SpolBR94m
Species: Saccorhiza polyschides

Strain: SpolBR94m

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Saccorhiza polyschides

Species: Saccorhiza polyschides

Strain: field collected sample (young sporophytes �2-10cm)

Genotype: diploid

Sex: n/a

Maintenance: N/A

Sargassum fusiforme

Species: Sargassum fusiforme

Strain: unknown

Genotype: diploid

Sex: n/a

Maintenance: N/A
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Schizocladia ischiensis strain KU-0333
Species: Schizocladia ischiensis

Strain: KU-0333

Genotype: unknown

Sex: unknown

Maintenance: Maintained in culture

Scytosiphon promiscuus strain 000310-Muroran-5-female
Species: Scytosiphon promiscuus

Strain: 000310-Muroran-5-female

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Scytosiphon promiscuus strain Ot110409-Otamoi-16-male
Species: Scytosiphon promiscuus

Strain: Ot110409-Otamoi-16-male

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Scytosiphon promiscuus strain SXS107
Species: Scytosiphon promiscuus

Strain: SXS107

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Sphacelaria rigidula strain Sph rig Cal Mo 4-1-68b
Species: Sphacelaria rigidula

Strain: Sph rig Cal Mo 4-1-68b

Genotype: haploid

Sex: female

Maintenance: Maintained in culture

Sphacelaria rigidula strain Sph rig Cal Mo 4-1-G3b
Species: Sphacelaria rigidula

Strain: Sph rig Cal Mo 4-1-G3b

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Sphacelaria rigidula strain Sph rig Cal Mo SP
Species: Sphacelaria rigidula

Strain: Sph rig Cal Mo SP

Genotype: diploid

Sex: n/a

Maintenance: Maintained in culture

Sphaerotrichia firma strain ET2f
Species: Sphaerotrichia firma

Strain: ET2f

Genotype: haploid

Sex: female

Maintenance: Maintained in culture
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Sphaerotrichia firma strain Sfir13m
Species: Sphaerotrichia firma

Strain: Sfir13m

Genotype: haploid

Sex: male

Maintenance: Maintained in culture

Tribonema minus strain UTEX B 3156
Species: Tribonema minus

Strain: UTEX B 3156

Genotype: unknown

Sex: unknown

Maintenance: N/A

Undaria pinnatifida strain Kr2015
Species: Undaria pinnatifida

Strain: Kr2015

Genotype: diploid

Sex: n/a

Maintenance: N/A

METHOD DETAILS

Biological material
Sequencing brown algal genomes has been hampered by the significant challenges involved, including inherent problems with

growing brown algae, the presence of molecules that interfere with sequencing reactions and complex associations with microbial

symbionts. To address these problems, cultured, unialgal filamentous gametophyte material was used whenever possible (i.e. for

species with haploid-diploid life cycles) and the extraction methodology was adapted for each species.

The algal strains analysed in this study are listed in Table S1A, which provides information about the sampling site for each strain.

The sampling sites are shown on a world map in Figure S1D.

All strains except those belonging to the Fucales were grown under laboratory conditions. The latter cannot be maintained long-

term in the laboratory so field material was harvested for extractions. The haploid gametophyte generation was grown in culture for

species with characterised haploid-diploid life cycles, with the exception of Ectocarpus strains, for which haploid partheno-sporo-

phytes or diploid sporophytes were cultivated. All cultures were grown either in 140mmdiameter Petri dishes or in 2–10 L bottles, the

latter aerated by bubbling with sterile air. Most cultures were grown in Provasoli-enriched104 natural seawater (PES medium) under

fluorescent white light (10–30 mM photons/m2,s) at 13�C (or at 10�C for Hapterophycus canaliculatus and Chordaria linearis or 20�C
for Sphacelaria rigidula,Dictyota dichotoma, Schizocladia ischiensis andChrysoparadoxa Australica). Exceptions included the fresh-

water species Pleurocladia lacustris, Porterinema fluviatile andHeribaudiella fluviatilis, which were grown in natural seawater that had

been diluted to 5% with distilled water (i.e., 95% distilled water / 5% seawater) before addition of ES medium (http://sagdb.uni-

goettingen.de/culture_medi a/01%20Basal%20Medium.pdf) micronutrients (at 20�C for P. lacustris) and Phaeothamnion wether-

beei, which was grown in MIEB12 (medium 7 in Letunic et al.177). Whole thallus was extracted for all species except the Fucales,

where either dissectedmeristematic regions or releasedmale gametes were extracted. Tissue samples were frozen in liquid nitrogen

and stored at -80�C before extraction.

DNA extraction
DNA was extracted using either the OmniPrep Genomic DNA Purification Kit (G Biosciences, St. Louis, MO, USA) or the Nucleospin

Plant II midi DNA Extraction Kit (Macherey-Nagel, Düren, Germany). DNA quality was assessed using a Qubit fluorometer (Themo

Fisher Scientific, Waltham, MA, USA), and fragment length was assessed by migration on a 1% agarose gel for some of the samples.

Illumina library preparation and sequencing
Libraries were prepared using the NEBNext DNAModules Products (New England Biolabs, Ipswich, MA, USA) with an ‘on bead’ pro-

tocol developed byGenoscope, starting with 100 ng of genomic DNA. DNAwas sonicated to a 100–800 bp size range using a Covaris

E220 sonicator (Covaris, Woburn, MA, USA), end-repaired and 30-adenylated. Illumina adapters (Bioo Scientific, Austin, TX, USA)

were then added using the NEBNext Sample Reagent Set (New England Biolabs, Ipswich, MA, USA) and the DNA purified using Am-

pure XP (Beckmann Coulter Genomics, Danvers, MA, USA). Adapted fragments were amplified with 12 cycles of PCR using the Kapa

Hifi Hotstart NGS library Amplification kit (Roche, Basel, Switzerland), followed by 0.8x AMPure XP (Beckman Coulter Genomics,

Danvers, MA, USA) purification. Libraries were sequenced with Illumina MiSeq, HiSeq 4000 or NovaSeq 6000 instruments (Illumina,

San Diego, CA, USA) in paired-end mode, 150 base read-length.
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Oxford Nanopore library preparation and sequencing
Some samples were first purified using the Short Read Eliminator Kit (Pacific Biosciences, Menlo Park, CA, USA). All libraries were

prepared using the protocol "1D Genomic DNA by Ligation" provided by Oxford Nanopore Technologies (Oxford Nanopore Tech-

nologies Ltd, Oxford, UK). Most of the libraries were prepared with the SQK-LSK109 kit (Oxford Nanopore Technologies), a few

with the SQK-LSK108 or SQK-LSK110 kits (Oxford Nanopore Technologies). Three flow cells were loaded with barcoded samples.

The samples were mainly sequenced on R9.4.1 MinION or PromethION flow cells.

RNA extraction, Illumina RNA-seq library preparation and sequencing
RNA was extracted using either the Qiagen RNeasy kit or the Macherey Nagel RNAplus kit (Macherey-Nagel, Düren, Germany).

RNA-seq libraries were prepared using the TruSeq StrandedmRNASample Prep (Illumina) according to themanufacturer’s protocol,

starting with 500 ng to 1 mg of total RNA, or using the NEBNext Ultra II Directional RNA Library Prep for Illumina (New England

BioLabs) according to the manufacturer’s protocol, starting with 100 ng of total RNA. The libraries were sequenced with Illumina

HiSeq 2500, HiSeq 4000 or NovaSeq 6000 instruments (Illumina, San Diego, CA, USA), in paired-end mode, 150 base read-length.

Assembly strategies
Two assembly strategies were employed: one was designed for genomes exclusively sequenced using short reads with Illumina

technology, while the other was designed for genomes that underwent sequencing using a combination of long and short reads, us-

ing respectively the Nanopore and Illumina technologies.

Short-read-based genome assembly

When sequencing was performed exclusively using short reads, reads corresponding to bacterial contaminants were filtered out

early in the assembly process because, typically, the initial datasets were too large to run assemblers like SPAdes. To remove bac-

terial contaminants, an assembly based on the initial illumina dataset was first generated for each strain using a fast and non-greedy

algorithm, MEGAHIT82 version 1.1.1 with the parameters –k-min 101 –k-max 131 –k-step 10. Assigning taxonomy is easier when

working with contigs than with reads. Contigs exceeding 500 bp in each preliminary assembly underwent taxonomic classification

based on gene models predicted using the ab initio software MetaGene83 version 2008.8.19 with default parameters and then align-

ing proteins against UniprotKB using BLASTp (e-value <10e-4). A superkingdom (Eukaryota, Archaea or Bacteria) was assigned to

each gene based on the best alignment (selected using the BLASTp score). Contigs that contained more than 50% of their genes

assigned to Bacteria and with at least one gene every 10 kbp were classified as bacterial sequences. For each strain, the initial Illu-

mina sequencing reads were aligned against the corresponding bacterial sequences using latest version of the Burrows-Wheeler

Aligner85 (BWA) with default parameters and mapped short-reads were labelled as contaminants, and assembled for the purpose

of obtaining more contiguous contigs. These bacterial contigs were then used to build a contaminant sequence database. Finally,

the clean subset of reads was obtained by aligning the whole Illumina dataset against this strain-specific bacterial contig database,

using Bowtie286 version 2.2.9 with default parameters. A final assembly was then generated for each strain using the contaminant-

free read datasets and the SPAdes87 assembler version 3.8.1 with the parameters -k 21,57,71,99,127 -m 2000 –only-assembler

–careful. Genome assemblies based only on short-reads were more fragmented (N50 ranged from 3 kbp to 31 kbp) than assemblies

that used long reads but the sizes of the former were consistent with expectations.

Long-read-based genome assemblies

A subset of the strains produced DNA of both adequate quality and quantity, enabling successful long-read sequencing. In these

cases, long reads were assembled directly and the detection of possible bacterial contigs was carried out after the assembly

step. To produce long-read-based genome assemblies we generated three samples of reads i) all reads, ii) 30X coverage of the

longest reads and iii) 30X coverage of the filtlong (https://github.com/rrwick/Filtlong) highest-score reads. The three samples

were used as input data for four different assemblers, Smartdenovo,88 Redbean,89 Flye90 and Necat.91 Based on the cumulative

size and contiguity, we selected the best assembly for each strain. This assembly was then polished three times using Racon92

with nanopore reads, and twice with Hapo-G93 and Illumina PCR-free reads.

Assembly decontamination
Contigs from the short- and long-read genome assemblies were inspected for potential bacterial sequences. This process was car-

ried out using a combination of several analysis and tools: GC composition, read coverage, Metabat 2 (for tetramer composition and

clustering)94 and Metagene (for gene prediction and taxonomic identification, as described previously). Contigs were manually

removed based on their characteristics.

Transcriptome assembly
Ribosomal-RNA-like reads were detected using SortMeRNA95 and filtered out. The Illumina RNA-seq short reads from each strain

were assembled using Velvet96 version 1.2.07 and Oases97 version 0.2.08 with kmer sizes of 61, 63 and 65 bp. BUSCO168 analysis

(v5, eukaryota_odb10) was then performed on the three resulting assemblies for each strain in order to select the best assembly, i.e.

the most complete at the gene level. Reads were mapped back to the contigs with BWA-mem, and only consistent paired-end reads

were retained. Uncovered regions were detected and used to identify chimeric contigs. In addition, open reading frames (ORF) and

domains were identified using TransDecoder (Haas, B.J., https://github.com/TransDecoder/TransDecoder) and CDDsearch,98
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respectively. Contigs were broken into uncovered regions outside ORFs and domains. In addition, read strand information was used

to correctly orient RNA-seq contigs.

De novo transcriptomes
The RNA-seq data was also used to generate de novo transcriptomes. For each strain, all the RNA-seq data available was cleaned to

remove poor quality sequence and adapter sequences using Trimmomatic99 v0.39 prior to being assembled using either Trinity100

version v2.6.5 or rnaSPAdes101 version v3.13.1. The strandness and Kmer-length parameters of the assemblers were adjusted to

take into account RNA-seq read characteristics. The de novo transcriptomes represented an alternative source to identify and char-

acterise genes if they were not detected in the genome assemblies. The de novo transcriptomes are available from the CNRS

Research Data dataset (https://doi.org/10.57745/9U1J85) and from the Phaeoexplorer website (https://phaeoexplorer.sb-

roscoff.fr/).

Detection and masking of repeated sequences and transposons
Prior to gene annotation, each genome assembly was masked based on the repeat library from Ectocarpus species 7 (formerly

Ectocarpus siliculosus)11 and using RepBase with RepeatMasker102 version v.4.1.0, default parameters. Tandem repeats finder

(TRF)103 was also used to mask tandem repeat duplications. In addition, transposons were annotated in ten species using

REPET104 and the transposons detected were used as a reference tomask all genomeswith RepeatMasker102 version v4.1.0, default

parameters.

Gene prediction
For each strain, gene prediction was performed using both homologous proteins and RNA-seq data. Proteins from Ectocarpus spe-

cies 7 (https://bioinformatics.psb.ugent.be/orcae/overview/EctsiV2)178 and UniRef90 (https://www.uniprot.org/uniref/) were aligned

against each genome assembly. First, BLAT105 with default parameters was used to quickly localise putative genes corresponding to

the Ectocarpus species 7 proteins. The bestmatch andmatcheswith a score R 90%of the bestmatch score were retained. Second,

the alignments were refined using Genewise106 with default parameters, which is more precise for intron/exon boundary detection.

Alignments were retained if more than 80% of the length of the protein was aligned to the genome. To detect conserved proteins and

allow detection of horizontal gene transfer, UniRef90 proteins (without E. siliculosus sequences) were aligned with DIAMOND107

(v0.9.30 with parameters –evalue 0.001 –more-sensitive) to genomic regions lacking alignments with an Ectocarpus species 7 pro-

tein. Only the five best matches per locus were retained, based on their bitscore. Selected proteins fromUniRef90 were aligned to the

whole genome usingGenewise as described previously, and alignments with at least 50%of the aligned protein lengthwere retained.

The assembled transcriptome for each strain was aligned to the strain’s genome assembly using BLAT105 with default parameters.

For each transcript, the best match was selected based on the alignment score, with an identity greater or equal to 90%. Selected

alignments were refined using Est2Genome108 in order to precisely detect intron boundaries. Alignments were retained if more than

80% of the length of the transcript was aligned to the genome with a minimal identity of 95%. Finally, the protein homologies and

transcript mapping were integrated using a combiner called Gmove.109 This tool can find coding sequences (CDSs) based on

genome-located evidence without any calibration step. Briefly, putative exons and introns, extracted from the alignments, were

used to build a simplified graph by removing redundancies. Then, Gmove extracted all paths from the graph and searched for

open reading frames (ORFs) consistent with the protein evidence. Translated proteins of predicted genes were then aligned against

NR prot (release 19/02/2019) and the Ectocarpus species 7 version v2 proteome178 (https://bioinformatics.psb.ugent.be/orcae/

overview/EctsiV2) using DIAMOND BLASTp with parameters –evalue 10-5 –more-sensitive –unal 0. All predicted genes with signif-

icant matches (the smallest protein had to be aligned for at least 50% of its length) were retained. In addition to these genes, we also

retained genes with CDS size greater than 300 bp and with a coding ratio (CDS size / mRNA size) greater or equal to 0.5.

Annotation decontamination
After predicting the genes, an additional analysis was carried out to detect bacterial sequences. If a contig did not contain any genes,

it was analysed with MetaGene and the predicted proteins added to the gene catalogue for the purpose of detecting bacterial se-

quences. Proteins generated from predicted genes (Gmove plus MetaGene) were then aligned against UniprotKB using BLASTp

(e-value < 10e-4) and superkingdom (Eukaryota, Archaea or Bacteria) was assigned to each gene based on the best alignment

(selected using the BLASTp score). Contigs that contained more than 80% of their genes assigned to bacteria, Archaea or viruses

were classified as bacterial sequences and removed from the final assembly file. Genes belonging to these contigs were also

removed from the final gene catalogue. Finally, completeness of each predicted gene catalogue was assessed using BUSCO168

(v5.0.0; eukaryota_odb10).

In addition, the quality of the annotations was assessed by comparing the length of coding regions in pairs of orthologous proteins

(best reciprocal hits) between each genome and Ectocarpus species 7, whichwas used as a reference because its high-quality anno-

tation has been extensively curated.178 The correlation between orthologous CDS lengths was higher for genomes sequenced with

long reads than for genomes only sequenced with short reads (Figure S1B). This difference was probably principally due to a higher

proportion of underestimated protein lengths in the latter (Table S1B) which likely corresponded to fragmented genes. The qualities of

Ectocarpales genome annotations were very high (BUSCO and length of predicted CDS) even when the genomes were sequenced
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using only short reads, probably because their phylogenetic proximity to Ectocarpus species 7 facilitated the building of good quality

gene models.

Analyses aimed at deducing functional characteristics of predicted proteins
Several different analyses of the predicted proteomes of each species were carried out to provide information about the cellular func-

tions of the encoded proteins. These included eggNOG-mapper125 analyses (v2.1.8 or v2.0.1, with emapperDB v5.0.2 or v4.5.1) to

providemultiple functional annotations (GeneOntology, Kyoto Encyclopedia of genes and genomes, Clusters of Orthologous Genes,

Pfam), Interproscan137 analyses (versions v5.55-88.0, v5.51-85.0 or v5.36-75.0) to detect functional domains, Hectar161 (v1.3) pre-

dictions of protein subcellular localisation and various DIAMOND107 (v2.0.15 vs UniRef90 2022_03, with parameter ‘‘evalue’’ set to

10e-5) sequence similarity searches aimed at identifying homologous proteins with functional annotations.

Detection of tandemly duplicated genes
Starting with the protein alignments that had been constructed to build the orthogroups, matches between proteins within the same

genomewith an e-value of%10�20 and which covered at least 80%of the smallest protein were extracted. Two genes were consid-

ered to be tandemly duplicated if theywere localised on the same genomic contig separated by five or less intervening genes, regard-

less of their orientation. The tandemly-duplicated genes were clustered using a single linkage clustering approach. A contingency

test was applied to compare the proportion of tandemly-duplicated genes in each orthogroup with the global proportion of tan-

demly-duplicated genes (p=0.0532792). The p-values are shown in Table S1.

Relative orientation of adjacent genes and lengths of intergenic regions
For each species, the proportion of pairs of adjacent genes localized on opposite strands was compared to the expected proportion

of 0.5 using a binomial test (with p=0.5). The p-values are shown in Table S1B (p-values of <0.05 correspond to cases where the pro-

portion is significantly higher than 0.5).

The lengths of intergenic regions between pairs of adjacent genes located on opposite strands (i.e. divergently or convergently

transcribed) were compared with the lengths of intergenic regions between genes located on the same strand (i.e. transcribed in

the same direction). Contingency tables were constructed for each species using a threshold of 1000 bp for the intergenic length

and the number of intergenic regions in each of four categories were counted: 1) same strand genes, intergenic <1000 bp, 2) opposite

strand genes, intergenic <1000 bp, 3) same strand genes, intergenic R1000 bp, 4) opposite strand genes, intergenic R1000 bp.

Fisher exact tests were applied to the contingency tables (alternative hypothesis: true odds ratio is greater than 1). The p-values

are shown in Table S1. When p-values are <0.05, short intergenic lengths are significantly associated with pairs of genes on opposite

strands. All calculations were performed with R162 (version 4.3.0).

Detection of long non-coding RNAs
Transcriptome data for 11 species (Table S1F), including nine brown algal strains and two outgroup taxa, was analysed to identify

lncRNAs. Any transcripts with invalid nucleotide DNA symbols were discarded and sequences shorter than 200 nucleotides were

removed to avoid the detection of small RNA transcripts. The transcriptome sequences in Fasta format were analysed with

votingLNC (https://gitlab.com/a.debit/votinglnc) to detect lncRNA transcripts and assign a confidence level for each transcript. A

similar approach was used to detect lncRNAs in the lncPlankton database.179 VotingLNC is a meta-classifier combining the predic-

tions of the ten most commonly used coding potential tools. Based on a majority voting ensemble procedure, the meta-tool assigns

the final coding potential class to a transcript as the class label predicted most frequently by the ten classification models included in

the ensemble. Alongside themajority voting class, a reliability scorewas calculated for each transcript. A cut-off non-coding reliability

score of p > 0.5 was chosen to treat a transcript as lncRNA and to decrease false-positive identification. The set of transcripts

predicted as lncRNA by the majority-voting procedure and having an ORF(s) encoding peptide(s) with length R 100aa were dis-

carded. lncRNA transcripts that had significant matches in either the Pfam174 (hmmscan e-value < 0.001) or SwissProt (BLASTp

e-value < 1e-5 and similarity R 90%) databases were removed from the dataset. Transcript length, GC content, and the length of

the longest ORF were compared between lncRNAs and protein-coding RNAs. The comparison was carried out using a Wilcoxon

test. R version V.4.1.2 was used for all the analyses and ggplot2166 (version 3.4.0) for plotting.

Intron conservation
Intron positions were compared in a set of single copy genes that are conserved across all the Phaeophyceae and the outgroup spe-

cies. The analysis focused on the 21 reference genomes (Table S1F) and on orthogroups that occurred exactly once in at least 20 of

the 21 genomes, allowing the gene to be absent from only one of the 21 genomes. In addition, orthogroups were discarded if more

than three copies had been annotated in the other Phaeophyceae genomes. These filters produced a set of 235 conserved (ancestral)

orthogroups. Multiple alignments were carried out for each orthogroup using MUSCLE115 version 3.8.1551 with default parameters

and conserved blocks were identified with Gblocks139 version 0.91bwith the parameters -p=t -s=n -b5=a -b2=[nsp] -b1=[nsp] -b3=6,

where ‘‘nsp’’ is equal to 90% of the number of proteins aligned. A shell script was then used to compare intron positions in the align-

ments. For each intron in the multiple sequence alignment, we obtained a corresponding conservation profile listing which species

contains an intron at that position. The profiles obtained for the 949 introns that are in conserved blocks of themultiple alignments are
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shown in Figure S4B. Both phase and length of ancestral introns (e.g. that were conserved in most Phaeophyceae and at least two

sister clades) were compared to the phase and length of Ectocarpus species 7 introns as a reference. The same approach was used

to compare intron positions across 11Ectocarpus species, withScytosiphon promiscuus as an outgroup, by selecting 831 conserved

monocopy orthogroups. The number of introns per gene in brown algae and in closely-related outgroup species were compared

using a contingency test (Table S1C).

Phylogenomic tree of the Phaeophyceae
To provide a phylogenetic framework for the analyses of the Phaeoexplorer genome dataset, the 41-species phylogenomic tree re-

ported by Akita et al.180 was updated by adding 15 additional species using the samemethodology. Briefly, for the additional species,

amino acid sequences were recovered for the 32 single-copy orthologous genes used to construct the published tree and thesewere

aligned manually with the existing sequences using the alignment software AliView110 v.1.26. The aligned sequences of the final 56

species were concatenated and maximum likelihood analysis was carried out with 10,000 rapid bootstraps using RAxML111 v.8.2.9

and the gamma model. The best-fit evolutionary model for each gene was determined using AIC.

Bayesian divergence time estimation for the brown algae
An estimation of brown algal divergence time was carried out using the 32 orthologous nuclear genes (see above and ) for 51 brown

algae and five non-brown species (16,185 amino acids, 56 spp.) and MCMCTree (PAML package v4.9j) with the approximate likeli-

hood method. The WAG protein model was selected based on the AIC and BIC criteria of ModelFinder.153 The independent

clock model was selected based on previous work on the brown algal timeline by Choi et al.1 One hundred million years was set

to correspond to 1 in the MCMCTree calculation. A secondary calibration for the root was based on Choi et al.1 using a gamma dis-

tribution of 70.2 alpha and 10.22 beta. A kelp holdfast fossil55 was used to date the crown node of kelps with a minimum bound of

0.31, and a Julescraneia fossil181 for the Macrocystis/Saccharina clade with a minimum bound of 0.13 (Figure S2A). MCMC chains

were run 1.5 million generations, with the first 200,000 MCMC chains being discarded as burn-in, and the convergence of MCMC

chains was checked with Tracer v1.7.2.112 This analysis estimated that Schizocladiophyceae and brown algae diverged 457.88

Mya (95% HPD: 321.29-592.66 Ma), similar to (about 8 Mya older than) the previous estimate using plastid genes1 and that diversi-

fication of the major brown algal linages began about 220 million years later, after the origin of DFI clade (235.97 Mya, 95% HPD:

158.88-312.48 Mya), about 12 Ma earlier than the previous estimate.1 The fossil-calibrated phylogenetic tree for 11 Ectocarpus

species (Figure S2C) was extracted from the brown algal tree (Figure S2A).

Detection of orthologous groups
Predicted proteins from the 60 strains sequenced in Phaeoexplorer complemented with 16 public proteomes covering the

Ochrophytina subphylum and the terrestrial oomycetes were clustered using OrthoFinder113 v2.5.2 with default parameters. This

generated 56,340 orthogroups that contained 90.1% of the proteins (1,415,341 of the 1,571,648). Seventy-one of the 76 strains

had more than 75% of their proteins in an orthogroup shared with at least one other strain. The orthogroups contain between

2 and 6,220 proteins with a mean of 25.1 proteins and a median of three.

Dollo analysis of orthogroup gain and loss
An analysis of evolutionary events of gene family gain and loss was carried out on a selection of strains covering the brown algal

phylogeny and sister groups as distant as the Raphidophyceae under the Dollo parsimony law using orthogroups as proxies for

gene families. To limit possible problems due to the fragmentation of predicted proteins in some assemblies, we selected 24,410

orthogroups present in at least one of 17 strains that had both good quality genome assembly and good quality gene predictions.

Dollo parsimony analysis was then run usingCount114 version v9.1106 based on a cladogram of a subset of 24 species representative

of the Phaeoexplorer project and excluding all public outgroupsmore distant thanHeterosigma akashiwo. The cladogramwas based

on the topology of the brown algae phylogenetic tree published by Akita et al.182

Phylostratigraphy analysis
GenEra118 was used to estimate gene family founder events for each genome assembly by running DIAMOND107 in ultra-

sensitive mode against the Phaeoexplorer protein dataset and the NCBI non-redundant database. All sequence matches with

e-values < 10-5 were treated as being homologous with the query genes in the target genomes. The NCBI taxonomy was used as

an initial template to infer the evolutionary relationships of each query gene with their matches in the sequence database but

taxonomic assignments within the PX clade and Phaeophyceae were then modified to reflect the evolutionary relationships that

were inferred in the maximum likelihood tree. Gene families were predicted based on a clustering analysis of the query proteins

against themselves using an e-value cutoff of 10-5 in DIAMOND and an inflation parameter of 1.5 withMCL.119 Estimated evolutionary

distanceswere extracted for each pair of species from themaximum likelihood species tree (substitutions/site) to calculate homology

detection failure probabilities.183 Taxonomic sampling of the species tree enabled homology detection failure tests to be carried out

within the PX clade. Gene families whose ages could not be explained by homology detection failure were analysed by inspecting the

functional and domain annotations for Ectocarpus species.7,179 Structural alignments were performed using Foldseek120 against the

AlphaFold protein structure database.170
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Detection of gene family amplifications
A binomial test with a parameter of 17/21 was carried out to detect gene families (OGs) that had significantly expanded in 17

Phaeophyceae reference genomes compared with four closely-related outgroup species (Schizocladia ischiensis, Tribonemaminus,

Chrysoparadoxa australica andHeterosigma akashiwo; Table S1F). Expanded gene families deviated significantly from the expected

proportion (17/21 under the null hypothesis where there are equal gene numbers in all species). Benjamini–Hochberg FDR correction

for multiple testing was then applied and 233 candidate OGs with corrected p-values of < 0.001 were retained. All calculations were

performed with R (version 4.1.0).

The set of 233 candidate OGs was then filtered to limit counting errors due to annotation artefacts (e.g. genes missed or frag-

mented) using the following procedure:

1) A protein consensus was first deduced for each orthogroup. Protein sequences representative of all lineages were extracted

and aligned using MUSCLE115 version 3.8.1551 with default parameters and the multiple alignments were filtered using

OD-Seq116 version 1.0 to remove outlier sequences, with parameter –score set to 1.5. The consensus sequences were

then extracted from the multiple alignments of non-outlier sequences using hmmemit in the HMMER3117 package version

3.1b1 with default parameters.

2) In order to estimate gene family copy number independently of the assembly and annotation processes, short read sequences

for each genomeweremapped onto the orthogroup consensus sequences usingDIAMOND.107 Uniquematcheswere retained

for each read and depth of coverage was calculated for each consensus orthogroup. The depth obtained for each orthogroup

was normalised for each species by dividing by the depth obtained on a set of conserved single-copy genes, so that the final

value obtainedwas representative of the gene copy number. Then, for each candidate amplified orthogroup, the average depth

for the 17 Phaeophyceae species and the average depth for the four outgroup species was calculated and OGs where

the depth for outgroups was more than half the depth for the Phaeophyceae were discarded. We retained 227 out of 233

orthogroups after this step.

3) Finally, functional annotations were used to remove orthogroups that were likely to correspond to transposable elements.

A final list of 180 OGs was retained (Table S3).

The amplified gene families were manually categorised into functional classes based on the output of automatic functional

annotation programs (InterProScan,137 EggNOG,124 nr BLASTp) and an amplification profile was assigned to each orthogroup by

identifying the taxonomic group where the amplification of the family was most marked (Table S3).

In addition to the binomial tests, we also ran CAFE5164 to reconstruct the history of gene family amplifications. Such reconstruc-

tions rely on a species tree and require that all gene families are present at the root of the tree. However, of the 180 amplified OGs that

were strongly amplified in Phaeophyceae (see above and listed in Table S3) only 19 were present at the ancestral node. The majority

(161) of the 180 families were gained during the early evolution of the lineage, most (105) at the origin of the PX clade (i.e. a collapsed

node corresponding to nodes n1 and n2 in Figure S2B) or of the Phaeophyceae/FDI clades (i.e. a collapsed node corresponding to

nodes n5 and n6; Figure S2B). To determine whether the 180 amplified OGs were significantly enriched in genes that were gained

early during Phaeophyceae evolution (i.e. at nodes n1/n2, n4, n5/n6 in Figure S2B), a Chi-squared test was carried out using the

R chisq.test function on a contingency table containing the proportions of OGs gained at various periods during brown algal evolution

for both the amplified OGs and for the entire set of OGs as a reference dataset (Table S1C). Twelve independent CAFE5 reconstruc-

tions were carried out on the OG subsets gained at 12 different nodes (n0, n1/2, n4, n5/n6, n8, n9, n10/n11, n13, n15, n18, n19, n20),

using the subtrees rooted at these nodes so that the sets of OGs gained at each nodewould be placed at the root of the tree for one of

the 12 analyses (Figure S3E). The analysis focused on the 19 highest quality genomes (Table S1F), which is why some pairs of nodes

were collapsed (e.g. nodes n1 and n2 to give n1/n2). Several parameters were tested for CAFE5: the –p option (Poisson distribution)

resulted in better likelihood scores than default, but we observed a weak effect when increasing the value of lambda (–k). Conse-

quently, all reconstructions were performed with –p (and no k, i.e. k=1) for efficiency purposes. As recommended by Mendes

et al.,164 very large gene families were discarded as these can cause the program to fail to initialize the parameters. The twelve re-

constructions were then aggregated and the proportions of amplified and reduced gene families were calculated for each node

(Table S3). Only results on internal nodes were considered, since leaves are more subject to artefactual amplifications/reductions

due to genes being missed, fused or split in the annotations.

Composite genes
The amino-acid sequences of all 530,598 genes present in the selected genomes were compared in an all-against-all pairwise align-

ment using DIAMONDBLASTp107 version 2.0.11; ‘‘very-sensitive’’ mode; e-value threshold 1e-5. This raw alignment was then filtered

using CleanBlastp, from the CompositeSearch suite,121 to remove sequence alignments with under 30% residue identity and

produce the final sequence similarity network. CompositeSearch was then used on this network to identify putative composite

gene families among the orthologous groups (OGs) previously computed by OrthoFinder.113 Composite OGs containing two or

more genes and having non-overlapping regions aligned to their component OGs were retained for further analysis, while singleton

composite OGs and composites with overlapping component regions were discarded. A phylogeny-based approach,184 which uses

information from extant genomes to apply a Dollo parsimony model in Count,114 was used to reconstruct the evolutionary events
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(domain fusions and fissions) that led to structural rearrangements of composite genes, allowing them to be labelled as fusion or

fission events (or as complex events when sequentiality could not be clearly deduced).

Horizontal gene transfer (HGT)
Dataset and experimental approach

Uneven data collection across taxa can impact HGT identification. The phylogeny-based HGT screening approach used here re-

quires the establishment of a comprehensive and taxonomically diverse reference dataset. The analysis focused on the

Phaeoexplorer genomes using a background database called REFAL and an automated bioinformatics tool called RoutineTree,

which screens for HGTs using phylogenetics. The background database was built using a starting database, GNM1157, which in-

cludes a diverse set of 17,250,679 protein sequences from 1157 genomes spanning various prokaryotic and eukaryotic lineages

(540 bacteria, 45 archaea, 431 Opisthokonta, 15 Rhodophyta, 83 Viridiplantae, and 43 genomes from CRASH lineages). Data

from NCBI RefSeq (updated as of May 2020) and MMETSP were integrated into GNM1157 to form the background database

REFAL. To enhance data quality and reduce redundancy, CD-HIT version 4.5.4 was used to remove highly similar sequences

(with sequence identity R90%) within each taxonomic order. This curation process resulted in a protein database consisting of

39.9 million sequences, representing over 7,786 taxa and providing comprehensive coverage across the diverse branches of the

tree of life. To obtain the best assembled genome within a genus, the latest version was selected if multiple versions were available.

In addition, the dataset was expanded by searching for genomes in other repositories such as the Joint Genome Institute. Special

attention was paid to achieving balanced representation of the Rhodophyta and Viridiplantae, which are particularly crucial for HGT

analysis within the Chromalveolate group. To accomplish this, protein data from six red algal transcriptomes sourced fromMMETSP

was added. The HGT search was applied to 72 Stramenopile genomes, including 45 newly sequenced and 27 public genomes.

Phylogenetic Tree Reconstruction

The pipeline for constructing phylogenetic trees splits fasta files into individual sequence files and then carries out a search for

homologous sequences, followed bymultiple sequence alignment and tree-building. Nested positionswithin the treeswere identified

using artificial intelligence and hU and hBL methods were used for HGT verification. Instead of using all available sequences,

sequences with the best BLAST hit scores from each kingdom, phylum, and class were used for tree construction to expedite

tree-building and enhance clarity. Each gene, regardless of whether it was a copy or not, was used as a query for tree construction.

To improve precision, four different methods were used for tree building: neighbour-joining, maximum parsimony, maximum likeli-

hood and Bayesian. As a result, each node within a tree was associated with four support values. To create single-gene phylogenetic

trees, a BLASTp84 searchwas carried out against the background database, employing an e-value cutoff of 1e-05. For each query, the

top 1,000 significant matches were sorted by bit-score in descending order as the default criterion. Matching sequences were then

retrieved from the database, with a constraint of no more than three sequences per genus and no more than 12 sequences per

phylum. To further refine the selection, significant matches with a query-subject alignment length of at least 120 amino acids

were re-sorted based on query-subject identity in descending order. A second set of homologous sequences was then retrieved

from the database following the same procedure. These two sets of homologous sequences, along with the query, were merged

and aligned using MUSCLE115 version 3.8.31 with default settings. The resulting alignments, trimmed to a minimum length of

50 amino acids using TrimAI133 version 1.2 in automated mode (-automated1), were used to construct phylogenetic trees with

FastTree version 2.1.7, with the ’WAG + CAT’model and four rounds ofminimum-evolution SPRmoves (-spr 4) alongwith exhaustive

ML nearest-neighbour interchanges (-mlacc 2 -slownni). Branch supports were estimated using the Shimodaira-Hasegawa

(SH)-test.

Inferring HGT based on tree topology

Phylogenetic trees were examined to identify specific topologies where Phaeoexplorer query sequences were nested among

other sequences, defined as a situation where two or more monophyletic clades consist of both queries and prokaryotic se-

quences, supported by distinct nodes within the tree. These monophyletic clades are considered to group together if they share

the same set of prokaryotic sequences but differ in sequences from optional taxa. Singletons for both the donor and receptor

genes were excluded to minimise contamination and recent HGT interference. To retain only robustly supported nested positions,

positions were required to be multiply supported, with a minimum of R0.70 for the SH-test and aByes-test support from at least

two Phaeoexplorer receptor nodes and three donor supporting nodes. Furthermore, queries that displayed significantly different

amino acid compositions (P < 0.05) compared to the remaining sequences in the alignment were discarded. Queries from the

CRASH category that nested among sequences from other kingdoms (supported by >70% UFBoot at one or more supporting

nodes) were retained.

Enhancing accuracy and establishing the timing of HGTs

To enhance accuracy, a minimum requirement was imposed for all supporting nodes and for strongly supported nodes that indicate

query-donor monophyly. To determine the timing of HGT events, temporal information, primarily derived from the timetree database,

was incorporated into each node.We assigned the "smallest boundary" role to pinpoint themost recent common ancestor at the time

of the HGT event. Essentially, if all descendants of a given query protein sequence can be traced back to the initial HGT event, a

common ancestral node can be identified whose occurrence time can be inferred using a molecular clock approach based on

archaeological and fossil evidence. The taxonomy boundaries of HGT descendants were determined by identifying the smallest

ancestor shared by both the donor and receptor taxa from the monophyletic clades within the tree. By considering the emergence
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times of both taxa, the timing of the transfer of genes from earlier taxa to later taxa can be determined, as the reverse scenario is not

considered plausible.

Verification of HGTs

Verification of HGT used the following contamination assessment criteria: i) HGT candidates were excluded if they were located in a

contig where 50% of the genes had better matches with other kingdoms, ii) HGT candidates were excluded if they were located in a

contig where 50% of the genes were primarily identified as HGT genes, iii) HGT candidates were excluded if one of their five closest

flanking genes, both upstream and downstream, had a better match with other kingdoms. AI, hU and the hBL value were used to

further validate HGT events. This process was supplemented with annotation and functional predictions for the identified HGTs.

Further validation was based on the following concepts:

OUTGROUP. This comprises all biological donors present in a tree, excluding the query species if it belongs to biological donors.

SKIP. This includes all biological receptors (species belonging to optional taxa) in a tree, again excluding the query species if it

belongs to biological receptors.

INGROUP. This encompasses species from SKIP’s upper level, excluding SKIP itself and the query species (if it belongs to

biological receptors).

AI (Alien Index). computed for each query gene using e-values from BLAST hits:

AI = ðE � value of best BLAST hit in the INGROUP lineageÞ = ðE � value of best BLAST hit in the OUTGROUP lineageÞ
The AI score quantifies how similar queries are to their homologs in the OUTGROUP compared to homologs in the INGROUP. We

apply a relatively lenient cut-off (AI > 0) for initial screening, which can be adjusted in the second screening as needed.

hU (HGT Score Support Index). calculated for each query gene based on the best bit scores of INGROUP vs. OUTGROUP:

hU = ðBest � hit bitscore of OUTGROUPÞ � ðBest � hit bitscore of INGROUPÞ
A lenient cut-off (hU > 0) is used for initial screening, with flexibility for adjustment in the second screening.

hBL (HGT Branch Length Support Index). calculated based on the minimum branch length to the query within INGROUP vs.

OUTGROUP:

hBL = ðMinimum branch length to the query within INGROUPÞ � ðMinimum branch length to the query within OUTGROUPÞ
A lenient cut-off (hBL > 0) is applied initially, with the option for modification in the second screening.

CHE, CHS, CHBL (Consensus Hit Support). To mitigate the possibility that the best bit score for either INGROUP or OUTGROUP is

influenced by contamination, we consider alternative matches. We introduce consensus hit support (CHE, CHS, and CHBL) to

assess the reliability of AI, hU, and hBL, respectively.

For example, if AI > 0, CHE evaluates the likelihood that "AI remains greater than 0" when using the e-value of each sequence in

OUTGROUP instead of the e-value of the best BLAST hit in the OUTGROUP lineage (bbhO). A similar approach applies to CHS for hU

and CHBL for hBL. This additional layer of evaluation helps ensure the robustness of the HGT verification process.

Gene codon usage, functional annotation and expression
Indices of codon usage and GC content were calculated using Codonw 1.4.4 (http://codonw.sourceforge.net). Gene functions were

assigned by searching against the Gene Ontology (GO) database using blast2GO (ref blast2GO 08) and the KEGG database using

blastKOALA (http://www.kegg.jp/blastkoala/) with default parameters. The full gene sets of each species were set as the background

for KEGG and GO enrichment analyses by applying Student’s t-test (p-value cutoff = 0.01). HGTs were also analysed with SEED

(http://www.theseed.org/wiki/Home_of_the_SEED), IPR2GO (http://www.ebi.ac.uk/interpro/search/sequence-search), eggNOG124

(http://eggnogdb.embl.de/#/app/home) and Pfam.175 For each species, the differences between mean gene expression levels for

HGTs and non-HGT genes with commonGO terms were accessed using Student’s t-test. Go termswith less than five genes in either

gene category were ignored. The differences in expression dispersal (coefficient of variation: standard deviation across genes or

samples / mean value) and expression specificity (frequencies of a gene to be detected as unexpressed, defined as transcripts

per kilobase million (TPM) = 2, in any condition) were accessed in a similar manner. Given the variable experimental conditions asso-

ciated with different transcriptome data for each species, gene expression values for a gene were used indiscriminately regardless of

the conditions. Correlation tests between the codon adaptation index (CAI) and gene expression were carried out using the Spear-

man’s rank correlation analysis tool (P. Wessa, Free Statistics Software, Office for Research Development and Education, version

1.1.23-r7, https://www.wessa.net/).

Comparative analysis of gene sets identified by genome-wide analyses of evolutionary history
Genes identified as belonging to orthogroups that were predicted to be gained at specific nodes of the phylogenetic tree based on the

Dollo parsimony analysis, to belong to either significantly amplified gene families (binomial analysis) or to belong to gene families that

have significantly changed in size over evolutionary time (CAFE5 analysis), to correspond to founder events (Phylostratigraphy anal-

ysis), to have been remodelled (composite gene analysis) or to have been derived from an HGT (HGT analysis) were extracted from

the output of each of these analysis and aggregated in a single datatable. Correspondences were established manually between

phylogenetic tree nodes and phylostrata and this information was integrated into the datatable. Counting and calculations of the
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frequency of events at specific time points were carried out using ad hoc R scripts (R version 4.4.1) and the tidyverse167 package

(version 2.0.0). Graphs were generated using the ggplot2166 package (version 3.5.1). For each gene, a COG functional category

was retrieved from the eggNOG mapper output and the COG enrichment analysis was carried out in R using the clusterProfiler165

package (version 4.6.2) by comparing each set of gene families with the full set of gene families.

Detection of viral genome insertions and viral regions in algal genomes
To reduce the dataset size for analysis, 64 Phaeoexplorer and eight public genomes were initially filtered to retain only contigs that

weremore than 10 kbp in length. Gene prediction was then carried out on all contigs using Prodigal126 (V2.6.3, settings: default, meta)

and the resulting proteins were used as queries against the NCVOG171 and VOGDB185 databases using hmmscan (HMMER 3.3.2

with default settings). The contigs detected by hmmscan were then filtered to retain only sequences with at least one match to either

viral database at a defined e-value cutoff (1e-20 for NCVOG, and 1e-80 for VOGDB). The resulting positive 4,951 contigs were then

analysed using ViralRecall127 version 2.0 with settings -w 50 -g 1 -b -f -m 2 using the built-in Nucleocytoviricota (NCV) database

GVOG and a window size of 50 kbp. To ensure that viral genes were not missed because they had not been annotated by Prodigal,

six-frame translations of the contigs were generated using esl-translate (version 0.48 with default settings), and the resulting proteins

queried against the same databases used by ViralRecall using hmmsearch (HMMER 3.3.2, settings: -E 1e-10). The ViralRecall results

were then parsed using an in-houseworkflow. Six-frame translations were removed from the results if they overlapped (even partially)

with any Prodigal gene prediction, as identified using bedtools128 (v2.29.2; intersect). Likewise, overlapping six-frame translations

and gene predictions with the same NCVOGmatch were removed to reduce redundancy. Based on the distance between query se-

quences with the sameGVOG hit, queries were flagged as frame-shifted (less than 100 bp gap), intron-containing (100-5,000 bp gap)

or mono-exonic (greater than 5,000 bp gap). All queries were also checked for overlaps with multi-exonic genes that had been an-

notated by the Phaeoexplorer gene prediction procedure (using Gmove109), and flagged if they did. All queries were then filtered to

retain only those that matched a set of key NCVmarker genes, identified by NCVOG code (A32, D5 helicase, D5 DNA primase, MCP,

DNA polymerase B, SFII and VLTF3) or some Phaeovirus integrase genes (integrase recombinase, integrase resolvase and RNR).

The marker gene proteins were clustered with the protein sequences of NCVOGs using MMseqs cluster129 (version 13.45111 with

settings –min-seq-id 0.3 -c 0.8). Finally, the parsed results of the NCVmarker gene set identified by the ViralRecall screenweremanu-

ally curated, retaining only those queries with varying combinations of the following properties: placement within a viral region as

identified by ViralRecall, similar hmmsearch results (score and e-value) and gene length to that of known NCV genes, not part of a

multi-exonic gene, lack of Pfam HMMmatches to cellular domains sharing homology to the marker gene (specific to certain marker

genes), and clustered with an NCVOG in the MMseqs analysis. We noted that the median number of viral regions found in genomes

assembledwith long readswas very similar to that for genomes assembledwith short reads (9 and 10, respectively). Themarker gene

content of the viral regions was manually assessed to estimate the number of complete or partial inserted viruses in each genome.

VRs were considered to be complete proviruses if they contained all seven of the key NCV marker genes listed above. VRs were

classed as partial proviruses if they only contained a subset of the seven key NCV marker genes, the presence of the MCP and

DNA polymerase B genes being particularly strong indicators of a partial provirus.

To classify genes in VRs (Figure 6B), viral sequences were removed for the NBCI RefSeq non-redundant protein database (NR) by

removing proteins assigned to the "Viruses" category and by comparing the database with RVDB using BLASTp and removing any

proteins that matchedwith an e-value cut-off of < 1-e40 to create a "virus-free NR" database. Deduced proteins were then compared

with the RVDB and the virus-free NR databases using BLASTp and relative bitscores (rbitscores) were calculated by dividing the

BLASTp bitscore for the best match in each database by the query protein’s self-hit bitscore.186 Self-hit scores were acquired by

comparing the complete deduced proteomes with themselves using BLASTp. Proteins with a RVDB rbitscore at least 20% greater

than its virus-free NR rbitscore were designated as "viral". Proteins with a virus-free NR rbitscore at least 20% greater than its RVDB

rbitscore were designated as "cellular" (i.e. corresponding to a gene from a cellular organism). Ambiguous cases without a 20%

differential were designated as "viral or cellular" and proteins with no significant matches were designated as ORFans (i.e. unknown

proteins).

The presence of host regions flanking the viral regions was evaluated based on the ViralRecall output (Table S5C). The percentages

of viral regions with two, one or zero flanking regions (longer than 2 kbp) were 25.8%, 15.0% and 59.2%, respectively (i.e. 40.8% of

viral regions had at least one flanking region). Of the viral regions that had two flanking regions, 89.5%, 7.0% and 3.5% had flanking

regions with a total length of >200 kbp, between 20 and 200 kbp or between 2 and 20 kbp, respectively. For the viral regions that had

one flanking region, the corresponding percentages were 25.3%, 36.7% and 38.0%.

Phylogenetic analysis of viral genes
Amino acid sequences of manually-curated collections of major capsid protein (MCP) and DNA polymerase B proteins were

aligned using MAFFT (v7.520, settings: –adjustdirectionaccurately –auto –maxiterate 1000) and phylogenetic trees were generated

using IQ-TREE (v 2.2.2.3, settings: -m MFP -B 1000).

Metabolic networks
Genome-scale metabolic networks were reconstructed using AuCoMe46 version 0.5.1 using the MetaCyc187 version 26 database.

A first dataset, consisting of the 60 species listed in Table S1F (column "Metabolic networks") plus two public diatom genomes
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already used in the initial AuCoMe study (Fragilariopsis cylindrus and Fistulifera solaris) was processed to build the largest possible

database (phaeogem) for exploratory comparisons (https://gem-aureme.genouest.org/phaeogem/). Then, a second comparison

was performed on all long-read species plus outgroups. Based on Multidimensional-scaling (MDS) analyses, the most divergent

long-read species (Choristocarpus tenellus, Laminaria digitata, Phaeothamnion wetherbeei and the public genome of Sargassum

fusiforme) were excluded to construct a 16 species dataset, balancing assembly quality and phylogenetic coverage (https://gem-

aureme.genouest.org/16bestgem/). MDS plots were build using the vegan package, version 2.6-4 (https://github.com/vegandevs/

vegan) with R 4.1.2,162 using Jaccard distances. A third stricter dataset (fwgem), enriched in high-quality long-read Ectocarpales,

was built to address questions related to freshwater adaptation (https://gem-aureme.genouest.org/fwgem/). A set of reactions

that were overrepresented in brown algae compared to the outgroupwas created by taking reactions present in 100%of brown algae

and less than 70% of outgroups. Reactions corresponding to genes lost in freshwater species were also extracted. These reaction

sets were extracted from all the networks using the Aucomana library (https://github.com/PaulineGHG/aucomana). Online wikis

(phaeogem, 16bestgem and fwgem) were generated using AuReMe.188

CAZymes
CAZyme genes were identified based on shared homology with biochemically characterised proteins, either individually or as hidden

Markovmodel (HMM) profiles. For phylogenetic analyses, proteins were aligned usingMAFFT130 with the iterative refinementmethod

and the scoring matrix Blosum62. The alignments were manually refined and trees were constructed using the maximum likelihood

approach. Alignment reliability was tested by a bootstrap analysis using 100 resamplings of the dataset. Only bootstrap values above

60% are shown. The phylogenetic trees were displayed with MEGA.131 The annotated genes are listed in Table S4B with accession

numbers.

Sulfatases
The sulfatases encoded by each brown algal genome were identified and assigned to their respective family and subfamily using the

SulfAtlas database173,174 (https://sulfatlas.sb-roscoff.fr/). Each predicted proteome was first submitted to the SulfAtlas HHM server

(https://sulfatlas.sb-roscoff.fr/sulfatlashmm/), which allows rapid identification of sulfatase candidates and (sub)family assignment

using hidden Markov model profiles for each SulfAtlas (sub)family. Each sulfatase candidate sequence was then used as a query

in a BLASTp84 search against the SulfAtlas database (https://blast.sb-roscoff.fr/sulfatlas/). Sequences with at least 50% identity

with sulfatases from marine bacteria or other marine microorganisms were considered to be contaminants. Below this threshold,

additional examination of the predicted gene structure and genomic context of the candidate sequence was undertaken to identify

possible horizontal gene transfers.

Haloperoxidases
vHPO genes were identified based on sequence homology and active site conservation. Maximum likelihood phylogenetic

analyses were carried out using the NGphylogeny platform at https://ngphylogeny.fr/. MAFFT was used to align vHPO sequences

and alignments were automatically curated with TrimAl,133 leading to the selection of 444 informative positions from the initial

1450 positions for the algal-type vHPOs and 402 informative positions from the initial 1078 positions for the bacterial-type vHPOs.

Maximum likelihood trees were constructed using FastTree with the WAG+G gene model and 1000 bootstrap replicates. Maximum

likelihood Newick files were formatted as circular representations using iTOL. Only bootstrap values between 0.7 and 1 were

conserved. The lists of annotated vHPO genes are in Tables S4C and S4D.

Ion channels
A search was carried out for 12 classes of ion channel in the predicted proteomes of the 21 Phaeoexplorer reference genomes plus

those of two diatoms, Phaeodactylum tricornutum and Thalassiosira pseudonana. Predicted proteomes were screened using

BLASTp84 and query sequences from Ectocarpus species 7 and seven other species from diverse eukaryotic taxa.

Membrane-localised proteins
Membrane protein family genes were identified either by carrying out BLASTp84 searches of the predicted Phaeoexplorer

proteomes using Ectocarpus species 7 sequences as queries or by recovering orthogroups containing the relevant Ectocarpus

species 7 sequences as members. The BLASTp approach was used for DEK1-like calpains, fasciclins, tetraspanins, CHASE,

ethylene-binding-domain-like and MASE1 domain histidine kinases whereas the orthogroup approach was used to recover other

members of the histidine kinase family. Both approaches were used to search for integrins and transmembrane receptor kinases.

For integrins the two methods detected exactly the same set of proteins. For receptor kinases the BLASTp and orthogroup analyses

detected 99.3%and 98.3%of the 269 genes, respectively. For these analyses, either thewhole genome dataset was analysed or only

the set of 21 reference genomes (Table S1F), depending on the size of the gene family.

Manually-curated histidine kinase protein families were aligned with Muscle115 before phylogenetic tree construction using

IQ-TREE 2163 (version 2.3.4) with automatic model selection and 1000 bootstraps.
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Transcription-associated proteins
TAPscan v4135 was used to analyse the transcription-associated protein (TAP) complements of 21 species. TAPscan134 is a compre-

hensive tool for annotating TAPs based on the detection of highly conserved protein domains using HMM profiles with specific

thresholds and coverage cut-offs. Following detection, specialised rules are applied to assign protein sequences to TAP families

based on the detected domains. TAPscan v4 can assign proteins to 138 different TAP (sub)families with high accuracy.

EsV-1-7 domain proteins
EsV-1-7 domain proteins were identified in the 31 brown algal and sister taxa genomes (Table S1F) by recovering the members of all

orthogroups (with the exception of OG0000001, which is a very large OG that consisting principally of transposon sequences) that

either contained one or more of a curated set of 101 EsV-1-7 domain proteins62 for Ectocarpus species 7 or contained an EsV-1-7

domain protein based on a match to the Pfam EsV-1-7 motif PF19114. The recovered proteins were screened manually for the pres-

ence of at least one EsV-1-7 domain and a total of 2018 were finally identified as members of the EsV-1-7 family.

To identify orthologues of the EsV-1-7 protein IMMEDIATE UPRIGHT62 (IMM), BLASTp searches of 25 brown algal and four sister

taxa predicted proteomes were carried out with the amino-terminal domain of the IMM protein minus the five EsV-1-7 repeats as this

domain is unique to IMM. Proteins were retained as IMMorthologues if theyweremore similar to IMM than to themost closely-related

protein in Ectocarpus species 7, Ec-17_002150.

Histones
Histone protein sequences were analysed in Ascophyllum nodosum, Chordaria linearis, Chrysoparadoxa australica, Desmarestia

herbacea, Dictyota dichotoma, Discosporangium mesarthrocarpum, Ectocarpus crouaniorum, Ectocarpus fasciculatus, Ectocarpus

siliculosus, Fucus serratus, Heterosigma akashiwo, Pleurocladia lacustris, Porterinema fluviatile, Pylaiella littoralis, Saccharina

latissima, Sargassum fusiform, Schizocladia ischiensis, Scytosiphon promiscuus, Sphacelaria rigidula, Tribonemaminus andUndaria

pinnatifida using BLASTp against the complete predicted proteomes (https://blast.sb-roscoff.fr/phaeoexplorer/) with the histone

protein sequences from the diatom Phaeodactylum tricornutum as queries. The genes and transcripts coding for the identified his-

tones were then retrieved from the genomes and predicted transcripts using BLAST (https://blast.sb-roscoff.fr/phaeoexplorer/). The

proteins encoded by the identified genes and transcripts were predicted with the Expasy web translator (https://web.expasy.org/

translate/). In order to identify truncated proteins or incorrect start codons, the following constraints were applied: H2A proteins

must start with the SGKGKGGR sequence, H2B with AKTP, canonical H3.1 and variants H3.3 with ARTKQT and H4 with

SGRGKGGKGLGKGG. For the linker histone H1, protein sequences had to be lysine-rich and sequences with incorrect start codons

were determined by alignments of all identified H1 proteins. For proteins with incorrect start codons, the region upstream of the cor-

rect start codon was removed. For truncated proteins, i.e. proteins whose transcripts lacked either the start (no methionine) or stop

codons, the protein sequence was completed based on alignment with the corresponding genomic region using the Geneious 11.0.5

software. When the sequence could not be completed, a BLAST was performed against the Phaeoexplorer de novo transcriptomes

(https://blast.sb-roscoff.fr/phaeoexplorer_denovo/) when this data was available (this was not possible for the public genomes

T. minus, U. pinnatifida and S. fusiforme). Based on the nomenclature established by,189 H3 histones were classified as follows:

canonical H3.1 proteins harbour AT residues at positions 31-32 while histone variants H3.3 harbour TA residues, H3 proteins

with other residues at positions 31-32were namedH3.4 and so on. CenH3 variants of H3were identified by analysis with Panther 17.0

(www.pantherdb.org/tools/sequenceSearchForm.jsp?) and/or Interproscan137 94.0 (www.ebi.ac.uk/interpro/search/sequence/).

Species abbreviations used in histone phylogenetic trees are: Atr, Amborella trichopoda; At, Arabidopsis thaliana; Ce,Caenorhab-

ditis elegans; Di, Dictyostellium discoideum; Dr, Danio rerio; Dm, Drosophila melanogaster; Hs, Homo sapiens; Mm, Mus musculus;

Pp, Physarum polycephalum; Ppa Physcomitrium patens; Sc, Saccharomyces cerevisiae; Tm, Tetrahymena thermophila; Zm, Zea

mays; Mp,Marchantia polymorpha subsp. Ruderalis; Bd, Brachypodium distachyon; Ccr, Chondrus crispus; Gs, Galdieria sulphura-

ria; Cm, Cyanidioschyzon merolae; Cr, Chlamydomonas reinhardtii; Ol, Ostreococcus luciminarinus; Ot, Ostreococcus tauri; To,

Thalassiosira oceanica; Pt, Phaeodactylum tricornutum; An, Ascophyllum nodosum; Cl, Chordaria linearis; Ca, Chrysoparadoxa

australica; Dh,Desmarestia herbacea; Ddi,Dictyota dichotoma; Dme,Discosporangiummesarthrocarpum; Ec, Ectocarpus crouanio-

rum; Ef, Ectocarpus fasciculatus; Es, Ectocarpus siliculosus; Fse, Fucus serratus; Ha, Heterosigma akashiwo; Pla, Pleurocladia

lacustris; Pf, Porterinema fluviatile; Pli, Pylaiella littoralis; Sl, Saccharina latissima; Sf, Sargassum fusiform; Si, Schizocladia ischiensis;

Sp, Scytosiphon promiscuus; Sri, Sphacelaria rigidula; Tm, Tribonema minus; Up, Undaria pinnatifida.

DNA methyltransferases
Searches were carried out for methyltransferases and demethylases in the predicted proteomes of 20 of the high quality brown

algal reference genome assemblies (based on Nanopore long-read sequence) plus the sister taxa Chrysoparadoxa australica and

Schizocladia ischiensis using BLASTp (Table S1F). A methyltransferase reference database was constructed by recovering

sequences from NCBI, ENSEMBL and UniProtKB. Methyltransferase sequences were recovered for stramenopiles such as Nanno-

chloropsis gaditana, the diatom Phaeodactylum tricornutum, the oomycetePhytophthora infestans and for species frommore distant

lineages includingArabidopsis thaliana,Homo sapiens and the fungusNeurospora crassa. The proteomes of the selected brown algal

strains were then queried against this database using BLASTp and matches with an e-value of < 0.001, a bit score > 70, a maximum

gap of 5 and percentage identity of >30% were retained. The retained matches were screened against the NCBI, UniProt and
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SwissProt databases to identify and remove contaminating bacterial or viral proteins. Methyltransferase domains were detected in

the retained matches using the Simple Modular Architecture Research Tool (SMART)177 domain architecture analysis and InterPro

searches (https://www.ebi.ac.uk/interpro/). Sequences with methyltransferase domains were retained for further analysis. Validated

brown algal methyltransferases were aligned with reference methyltransferases using Clustal138 2.1.

Spliceosome
Components of the Major Spliceosome were identified using a reference set of 147 human components (https://www.genenames.

org/data/genegroup/#!/group/1518), excluding the five small nuclear RNAs (snRNAs). Including isoforms, this query set consisted of

626 proteins. These proteins were used to screen the predicted proteomes of 54 genomes (Table S1F) using BLASTp and matches

were retained if they had an e-value of at most 1e-40 and coverage >30%. Searches were also carried out for components of LSm and

Sm complexes which have roles as scaffolds in the formation of ribonucleoprotein particles (RNPs), in the maturation of mRNAs

(including splicing, such as the cytoplasmic complex LSm1-7, LSm2-8 which is part of the core U6 snRNP and other complexes

important for the formation of the 3’ ends of histone transcripts), in the assembly of P-Bodies and in the maintenance of telomeres.

Flagella proteins
A previous proteomic analysis of anterior and posterior flagella of the brown algaColpomenia bullosa identified a total of 592 proteins

across the two proteomes.41 Here the Ectocarpus species 7 orthologues of 70 of these proteins that had been detected with a very

high level of confidence were used to identify the corresponding orthogroups and the presence or absence of these orthogroups was

scored for seven representative species (Table S1F).

Detection of Porterinema fluviatile genes differentially expressed in freshwater and seawater
Six independent cultures of Porterinema fluviatile were cultivated for four weeks in 140 mm Petri dishes with Provasoli-enriched

culturemedium,190 whichwas renewed every twoweeks. For three Petri dishes, the culturemediumwas based on autoclaved natural

seawater (high salinity treatment), for the other three Petri Dishes natural seawater was diluted 1:19 vol/vol with distilled water (low

salinity treatment). Cultures were harvested with 40 mm nylon sieves, dried with a paper towel, and immediately frozen in liquid ni-

trogen. RNA extraction library construction and sequencing were carried out as described in section "RNA extraction, Illumina

RNA-seq library preparation and sequencing". RNA-seq reads were cleaned with Trimmomatic99 V0.38 and then mapped to the

P. fluviatile genome using Kallisto140 version 0.44.0. Differentially expressed genes were identified using the DESeq2 package141

included in Bioconductor version 3.11, considering genes with an adjusted p < 0.05 and a log2 fold-change > 1 as differentially

expressed. To compare the differentially expressed genes in P. fluviatile with an equivalent set previously identified for Ectocarpus

subulatus in amicroarray experiment using nearly identical growth conditions,191 orthologues in the two species were detected using

Orthofinder version 2.3.3. Of the 10,066 shared orthogroups, 6,606 hadmicroarray expression data for E. subulatus. This information

was used to classify differentially expressed genes for the two species as either shared orthologues or as lineage-specific.

Identification of genes with generation-biased expression patterns
RNA-seq data (two to five replicates per condition) was recovered for gametophyte and sporophyte generations of ten species

(Table S1F). Data quality was assessed with FastQC142 version 0.11.9 and sequences were then trimmed with Trim Galore version

0.6.5 with the parameters –length 50, - quality 24, –stringency 6, –max_n 3. The cleaned reads were mapped onto the corresponding

genome for each species using HISAT2 version 2.1.0 with default options. Counting was carried out with featureCounts145 from the

subread package (version 2.0.1) on CDS features grouped by Parent. Transcript Per KilobaseMillion (TPM) tables were generated for

all conditions and differentially expressed genes were detected using DESeq2141 version 1.30.1. Genes were classified into six cat-

egories based on the differential expression analysis and the TPM values: gametophyte-biased, mean TPMR1 in gametophyte and

sporophyte, log2(fold change) R1, adjusted p-value <0.05; sporophyte-biased: mean TPM R1 in gametophyte and sporophyte,

log2(fold change) %-1, adjusted p-value <0.05; gametophyte-specific, mean TPM <1 in sporophyte and R1 in gametophyte, log2
(fold change) R1, adjusted p-value <0.05; sporophyte-specific, mean TPM <1 in sporophyte and R1 in gametophyte, log2(-

fold change) %-1, adjusted p-value <0.05; unbiased genes: mean gametophyte and sporophyte TPMs R1, log2(fold change) <1

or >-1 and/or adjusted p-value R0.05; unexpressed genes, mean gametophyte and sporophyte TPM <1.

Life cycle and thallus architecture
Genome dataset and traits

To study the impact of body architecture, the brown algae were divided into three categories: 22 filamentous species, eight simple

parenchymatous species and 13 species with elaborate thalli (Table S1F). For the life-cycle-based assessment, the groups were: 30

haploid-diploid species and six diploid species (Table S1F). Body architecture information was available for 43 species, and life cycle

information was available for 36 species; species without body plan or life cycle information were not used in subsequent analyses.

Two approaches were used to estimate selection intensity across the phylogeny, (i) a model-based method, and (ii) by evaluating

codon usage bias and nucleotide composition. Two evolutionary models were used, one based on architecture and the other based

on life cycle. Formodel-basedmethods the phylogeny was categorised based on the above traits, and selection intensity parameters

were estimated using PAML146 version 4.9i. Rate estimates were obtained for non-synonymous substitutions (dN), synonymous
Cell 187, 6943–6965.e1–e29, November 27, 2024 e26

https://www.ebi.ac.uk/interpro/
https://www.genenames.org/data/genegroup/#
https://www.genenames.org/data/genegroup/#


ll
OPEN ACCESS Article
substitutions (dS) and omega (dN/dS) for the multiple sequence alignments of all genes within each orthogroup using the variable-

ratio model of CODEML from PAML, which allows different omegas for different branch categories. The traits were assigned to the

branches of the phylogeny using ancestral state estimation by stochastic mapping with the phytools R package.147,162

Evolutionary models to study impacts of body architecture

To study variation in selection intensity as a function of body architecture, we devised a model with the following trait categories:

filamentous/pseudoparenchymatous (simple cell division and organisation on a single plane), parenchymatous (cell division

and organisation on multiple planes) and elaborate thallus (tissue differentiation). To ensure that at least 50% of the species in

each category were used in the analysis, we selected orthogroups (OGs) that contained at least 11 members for filamentous, at least

four members for parenchymatous and at least six members for elaborate thallus algae. Using this filter, 1068 OGswere obtained, on

which the model based on body architecture was fitted. Selection intensity parameters [rate of non-synonymous substitution (dN),

rate of synonymous substitution (dS) and omega (dN/dS)] were estimated for the three trait categories for each gene alignment. We

used the Wilcoxon signed-rank test to evaluate the statistical significance of differences between the selection intensity parameters

(dN, dS and dN/dS) for each category.

Evolutionary models to study the impacts of life cycle

The impact of life cycle on molecular evolution was assessed using a model with two categories consisting of diplontic and

haplodiplontic species. For this model we used 1,058 OGs that contained at least three members for diploid species and at least

15 members for haploid-diploid species. Using alignments of the gene within the OGs, we estimated the selection intensity

parameters for the different categories and applied theWilcoxon signed-rank test to assess the statistical significance of differences

in selection intensity between the diploid and haploid-diploid life cycles.

Selection of intensity parameters

Omega (dN/dS) provides an estimate of the ratio of substitutions at sites under selection compared to neutral sites, and is generally

used to infer the strength of purifying selection. Omega needs to be interpreted with caution because not all synonymous sites are

neutral192 and also synonymous substitutions are often underestimated due to saturation of synonymous sites, which might in turn

impact the omega ratios.193 Omega values lower than one indicate substitutions are less frequent at sites under selection compared

to neutral sites and are characteristic of highly conserved genes or genes evolving under strong purifying selection. As we used pri-

marily low copy number genes in this study, the analysed genes were expected to evolve under strong purifying selection, with

omega values much lower than one. Using omega for near neutral studies is challenging because near neutral sites are determined

by effective population size, that is to say, sites under mild selection constraint in larger populations can behave as neutral sites in

smaller populations. It is therefore difficult to infer the amount of mutation from relative values of omega. In order to obtain better

insight into selection intensity, mutation accumulation was not only investigated using rates of synonymous (dS) and non-synony-

mous (dN) substitutions but also by estimating codon bias and nucleotide composition. Codon usage bias was used, in addition

to omega, to infer selection intensity across species as the former reflects selection efficacy at synonymous sites.194–196 We inferred

codon usage bias by estimating the effective number of codons (ENC) for each species using the enc method from the VHICA pack-

age.148,182 The effective number of codons (ENC) quantifies the extent of deviation of codon usage of a gene from equal usage of

synonymous codons. For the standard genetic code, ENC values range from 20 (where a single codon is used per amino acid

implying strong codon usage bias) to 61 (implies that all synonymous codons are equally used for each amino acid197). Low ENC

indicates constrained use of codons, which potentially highlights stronger codon bias due to stronger selection at synonymous sites.

As nucleotide composition can also influence codon bias, we calculated the overall GC composition, GC at the third codon position

(GC3) and the theoretical expected ENC (EENC) based on GC3 using local R scripts. The lower the observed ENC (OENC, estimated

from the gene sequence) relative to EENC, the stronger the influence of selection due to translation on codon usage. This was studied

by estimating the difference (DENC = EENC - OENC) between the expected ENC and the observed ENC.198 Positive DENC indicates

a role for selection constraints on codon usage in addition to the influence of nucleotide composition. DENC values of zero or less

indicate that codon bias is entirely driven by nucleotide composition. DENC values were used to study the influence of translation

selection and nucleotide composition on codon usage bias.

Assembly and analysis of organellar genomes
Plastid andmitochondrial genomes were assembled de novo using NOVOPlasty149 v3.7 and rbcL and cox1 nucleotide sequences as

seeds. Assembled genomes were checked by aligning reads using Bowtie286 v2.3.5.1 and processed with SAMtools150 v1.5. Anno-

tation of protein-coding genes was performed with GeSeq151 v2.03. Annotation of tRNAs, tmRNAs and rRNAs was performed with

ARAGORN152 v1.2.38.

Maximum-likelihood (ML) phylogenetic trees were constructed using 92 plastid genomes (11 non-brown outgroup sequences) and

89 mitochondrial genomes (seven non-brown outgroup sequences). The conserved coding-region amino acid sequences of 139

plastid genes (31,159 amino acids) and 35mitochondrial genes (7,461 amino acids) were used to construct these phylogenetic trees.

The sequence for each gene was aligned individually using MAFFT130 v7 (–maxiterate 1000) and then concatenated. Alignment par-

titions were assigned based on genes. Each of the aligned gene sequences was trimmed with trimAl133 v1.2 (-automated1). ML

phylogenetic trees were constructed with IQ-TREE 2.163 The protein substitution models in each gene partition were selected using

ModelFinder.153 Statistical support for tree branches was assessed with 1,000 replicates of ultrafast bootstrap (UFBoot2).154
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Analysis of Ectocarpus genome synteny
Global genome synteny analysis was performed using SynMap155 on the CoGe platform (https://genomevolution.org/coge/) with the

following genomes: Ectocarpus crouaniorum male, Ectocarpus fasciculatus male, Ectocarpus siliculosus male, Ectocarpus species

7 male and Ectocarpus subulatus. SynMap identifies syntenic regions between two or more genomes using a combination of

sequence similarity and collinearity algorithms. Last199 was used as the BLAST algorithm and syntenic gene pairs were identified

using DAGChainer156 with settings "Relative Gene Order", -D = 20, -A =5. Neighbouring syntenic blocks were merged into larger

blocks. Substitution rates between the synthetic CDS pairs were calculated using CodeML,146 which was also implemented in

SynMap, CoGe. In detail, protein sequences were aligned using the Needleman-Wunsch algorithm implemented in nwalign

(https://pypi.org/project/nwalign/) and then translated back to aligned codons. CodeML was run five times for each alignment using

the default parameters and the lowest dS was retained, with the upper cutoff for dS values set at 2. Ectocarpus genes were grouped

according to their age based on the phylostratigraphic analysis and by chromosomal location based on their chromosome position in

Ectocarpus species 7. All plots and statistical analysis were carried out in R version v.4.3.1. Local synteny analysis was based on

orthologous genes as identified by Orthofinder.

Analysis of Ectocarpus gene evolution
Protein sequence alignments were used to remove gaps with trimAl133 and then translated back to DNA with backtranseq.200 Only

DNA fasta files with a minimum of 70 bp were retained (831 single-copy orthologs). PhyML trees were built with Geneious v11.1.5

(https://www.geneious.com). Maximum likelihood analysis was carried out to detect site specific, branch-site specific and branch

specific positive selection as well as sites under negative selection, using PAML.201

Phylogenetic analysis of Ectocarpus species
Phylogenetic analysis was carried out for 11Ectocarpus species plusScytosiphon promiscuus as an outgroup (Table S1F). Of the 933

single-copy orthogroups identified for these 12 species, 261 high-confidence alignments were retained for gene tree and species tree

inferences following the removal of low-quality alignments using BMGE.202 Bayesian inference of the phylogeny of the Ectocarpus

species complex was performed using BEAST157 v2.7. The analysis was conducted under the multi-species coalescent (MSC)

model, implemented in StarBEAST3158 v1.1.7. The MSC model coestimates gene trees and the species tree within a multispecies

coalescent framework, enabling the assessment of incongruences among genes with respect to the species tree. To account for

substitution model uncertainty, bModelTest159 was employed to average over a set of substitution models for each alignment.

StarBEAST3 was run under both the Yule model and the strict clock model. A total of 300,000,000 Markov Chain Monte

Carlo (MCMC) generations were conducted, with tree states stored every 50,000 iterations. Posterior tree samples were combined,

discarding the initial 10% burn-in, using LogCombiner v2.4.7. A maximum clade credibility tree was generated using

TreeAnnotator157 v2.4.7.

Ectocarpus introgression analysis
To distinguish introgression from shared ancestry, D estimates (i.e. ABBA-BABA tests) were generated from 36 four-taxon combi-

nations203: four to test the level of introgression within clade 1 (i.e. E. subulatus, E. crouaniorum, Ectocarpus species 1, Ectocarpus

species 2), 20 to test the level of introgression within clade 2 (i.e. Ectocarpus species 6, Ectocarpus species 7, Ectocarpus species 5,

Ectocarpus species 9, E. siliculosus, Ectocarpus species 3) and 12 to test the level of introgression between these two clades. Tests

were designed using a four-taxon fixed phylogeny (((P1,P2)P3)O), where P1 and P2 are closely related species from the same clade,

P3 is a more divergent species that may have experienced admixture with one or both of the (P1,P2) taxa, and an out-group (O).

E. fasciculatus was used as the out-group taxon for all ABBA-BABA tests. Details about how P1, P2 and P3 taxa were selected

for each test are given in Table S6. Previous results of species tree inference were used to inform subsequent ABBA–BABA tests

and to define the (((P1,P2)P3)O) phylogenies. ABBAs are sites at which the derived allele (called B) is shared between the taxa P2

and P3, whereas P1 carries the ancestral allele (called A), as defined by the outgroup while BABAs are sites at which the derived allele

is shared between P1 and P3, whereas P2 carries the ancestral allele. Under incomplete lineage sorting, conflicting ABBA and BABA

patterns should occur in equal frequencies, resulting in a D statistic equal to zero. Historical gene flow between P2 and P3 causes an

excess of ABBA, generating positive values of D. Historical gene flow between P1 and P3 causes an excess of BABA, generating

negative values of D. Patterson’s D-statistic was calculated for the concatenated alignments of the 261 orthologroups. Significance

was detected using a block-jackknifing approach,203–205 with a block size of 5 kbp. For the jackknife procedure, one block of adjacent

sites was removed n times. A Z-score was finally obtained by dividing the value of the D statistic by the standard error over n se-

quences of 5 kbp. The ParimonySplits network was reconstructed for the genus Ectocarpus using SplitsTree 4160 (version 4.14.6)

with 1000 bootstrap replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses are described in detail in the relevant sections of the "method details" section and the results of statistical tests

are shown in the tables and figures.
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ADDITIONAL RESOURCES

The Phaeoexplorer website (https://phaeoexplorer.sb-roscoff.fr) provides access to all the annotated genome assemblies described

in this study as downloadable files. The output files from the Orthofinder,113 Interproscan,137 Hectar161 and eggNOG-mapper125 an-

alyses, together with the results of the various DIAMOND107 sequence similarity analyses (see section "Analyses aimed at deducing

functional characteristics of predicted proteins"), can also be downloaded. In addition, the site provides genome browser interfaces

for the genomes and multiple additional tools and resources including BLAST interfaces for genomes, proteomes and de novo tran-

scriptomes, various experimental protocols, an AskOmics genomic data query interface (PhaeoAskOmics), an RShiny-based tran-

scriptomic aggregator for the model brown alga Ectocarpus species 7 strain Ec32, a link to genome-wide metabolic networks for the

Phaeoexplorer species and a list of project-related publications.

Additional data and results have been deposited in the CNRS Research Data depository under the title "Data for Phaeoexplorer

publication: Evolutionary genomics of the emergence of brown algae as key components of coastal ecosystems" (DOI: https://

doi.org/10.57745/9U1J85). Dataset description: "The Phaeoexplorer project sequenced 60 genomes corresponding to 44 brown

algal and sister species. This dataset corresponds to supplementary information relating to the initial annotation of the Phaeoexplorer

genomes and multiple analyses of the genome data. The dataset includes additional results of the project, together with accompa-

nying additional figures and tables, (Additional_results.tar.gz), presubmission (v0) versions of the Phaeoexplorer genome annotation

(GFF) files (GFF_v0.tar.gz) and genome-wide predicted proteomes as fasta files (Proteomes_v0.tar.gz), de novo transcriptome as-

semblies for the Phaeoexplorer species (RNA-seq data assembled with Trinity or rnaSPAdes; de-novo-transcriptomes.tar.gz),

RepeatMasker analyses of repeat sequences (RepeatMasker.tar.gz), alignment files used to generate a phylogenetic tree for the

Phaeoexplorer species (PhylogeneticTree.tar.gz), alignments used to build a densitree specifically for Ectocarpus species (Microe-

volution_Ectocarpus.tar.gz), an Orthofinder-based analysis of shared orthologues (Orthogroups.tar.gz) together with a Dollo-logic-

based analysis of orthogroup gain and loss during evolution (Dollo_analysis.tar.gz), a Phylostratigraphy analysis of brown algal genes

(Phylostratigraphy.tar.gz), an analysis of protein functional domain fissions and fusions (CompositeGenes.tar.gz), Interproscan an-

alyses of protein domains (InterProScan.tar.gz), Hectar predictions of protein subcellular localisations (Hectar.tar.gz), eggNOG

output providing information about predicted protein functions (eggNOG.tar.gz), RNA-seq-based data on gene expression levels

(mRNAexpression.tar.gz), results of a search for genes acquired via horizontal gene transfer (HGT.tar.gz), analyses of intron conser-

vation across genomes (Introns_conservation.tar.gz), an analysis of tandem gene duplications (Tandemely_duplicated_genes.-

tar.gz), CAFE5 reconstruction of gene family amplifications (CAFE5.tar.gz), comparisons of CDS size with the Ectocarpus reference

genome that were used to evaluate gene model completeness (CDS_size.tar.gz), a DESeq2 analysis of differential gene expression

between the sporophyte and gametophyte generations of several brown algal species (DEG_LifeCycle.tar.gz), information about or-

thogroups selected to analyse the effects of morphological complexity and life cycle structure on gene evolution (Genes_selection.-

tar.gz). Each individual dataset contains a README file explaining its content. Detailed information about the methodology used for

each analysis can be found in the STAR Methods section of the manuscript preprint (https://doi.org/10.1101/2024.02.19.579948).

The majority of these analyses and datasets can also be accessed via the Phaeoexplorer website (https://phaeoexplorer.sb-

roscoff.fr/)."
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Figure S1. Taxonomic diversity and assembly quality of the Phaeoexplorer genomes, and geographic localization of species and strains,

related to Figure 1

(A) Taxonomic distribution and assembly quality (contig N50) of the Phaeoexplorer genome dataset (blue) and previously published brown algal genomes (brown).

‘‘Reference’’ quality Phaeoexplorer genomes are circled in black.

(B) Number of genes annotated in each genome (upper). BUSCO scores for the predicted proteome of each genome (middle). Correlation of coding sequence

(CDS) lengths for each species with the corresponding sequences from the Ectocarpus species 7 reference genome (lower). Previously published genomes are

indicated in gray. longreads, genomes assembled using long reads. F, female; M, male.

(C) World map indicating the positions of the sampling sites for the strains sequenced in this study.

(D) North-south distributions of the species analyzed in this study. The data shown were obtained from the Global Biodiversity Information Facility (gbif.org).

Asterisks indicate the sampling latitude for the sequenced strains of each species.
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Figure S2. Fossil-calibrated time trees and Dollo logic analysis of orthogroups, related to Figures 1 and 5

(A) Fossil-calibrated maximum-likelihood phylogenetic tree of the brown algal and closely related taxa analyzed in this study. Bayesian divergence time esti-

mation using 32 nuclear protein sequences, together with two fossil calibrations and a calibration for the root based on Choi et al.1 (numbered blue circles). Gray

bars on the nodes show 95%highest posterior density region (HPD) intervals of the node ages. The Great Ordovician Biodiversification Event (GOBE) is shown as

an orange box, the Permian-Triassic mass extinction as a purple band and Pangea rifting as a blue box.

(B) Dollo-logic-based analysis of gene family gain and loss during the emergence of the brown algae. Cladogram indicating orthogroup (OG) gain and loss during

the emergence of the Phaeophyceae based on Dollo parsimony analysis. Taxonomic classes, orders and families are indicated in brown (brown algae) or gray

(outgroup species) on the right. The nodes of the tree (n0-n22) are numbered in red, and listed on the left with the corresponding name, if one exists. The number of

OGs predicted to be present at each node is indicated by the circles, and the branches are colored according to overall gene family gain.

(C) Fossil-calibrated phylogenetic tree for 11 Ectocarpus species. Extracted from the fossil-calibrated tree shown in (A). Numbered gray bars on the nodes show

95% HPD intervals of the node ages.
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(legend on next page)
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Figure S3. Genome-wide analyses of gene family evolution, related to Figure 2

(A) Functional and structural features of founder genes from three taxonomic levels. FDI, Fucophycideae/Dictyotales/Ishigeales; PS, Phaeophyceae plus

Schizocladiophyceae; PX, Phaeophyceae plus Xanthophyceae.

(B) Inference of HGT origins from 74 species based on monophyletic most similar homolog (MMSH) analysis. The tree on the left, which is derived from the NCBI

taxonomy tree, indicates the source taxa for HGT-derived genes. The tree at the bottom of the figure, which was constructed using single-copy genes, indicates

the species that have received genes by HGT. The middle part of the figure indicates the number of HGT genes transferred from each source to the receiver

genomes. The panel on the right illustrates the number of HGTs from each phylum. The legend in the lower left corner provides a reference for the circle size, which

corresponds to 10, 100, or 300 HGT gene counts.

(C) Composite gene analysis. Phylogenetic distribution of fused (blue), split (green), and non-remodeled (gray) gene family originations across the evolution of

brown algae (middle). Pie charts on each branch of the phylogeny indicate the relative contribution of gene fusion and fission to the overall emergence of novel

gene families, quantified by the area of the circle. Brown algal species are indicated in brown and other stramenopiles in black. Note that only the topology of the

species tree is displayed here, without specific branch lengths. Right: bar plot indicating the percentage of gene families retained in extant genomes among all

gene families that emerged during the evolution of the species set. Left: bar plot representing the distribution of gene families in COG functional categories for

functionally annotated fused, split, and non-remodeled orthologous groups. The functional annotation assigned to an orthogroup corresponded to the most

frequent functional category annotated for the members of each orthogroup. Asterisks next to the bars indicate statistically significant differences between

remodeled and non-remodeled gene families (p < 0.05, two-sided chi2 test with Yates correction).

(D) Left: gene families (orthogroups) significantly amplified (binomial test) in the brown algae compared with outgroup taxa. Orthogroups amplified in specific

groups of species are indicated by green rectangles. Right: pie charts representing the proportions of manually determined functional categories for each group

of amplified gene families highlighted in the left.

(E) Plot showing the timing (phylogenetic clade) of the amplification of gene families (y axis) and the timing of the appearance (gain) of the amplified gene family

(x axis, based on the Dollo analysis of orthogroups). Nodes (e.g., n2) are as indicated in Figure S2B.
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Figure S4. Structural features of the predicted genes in the Phaeoexplorer genomes, related to Figure 1
(A) Genome and gene statistics for the 21 reference genomes (Figure S1A; Table S1B). Violin plots display size distributions. Cross or triangle, mean; diamond or

square, median. For intergenic regions, half violins on the left correspond to intergenic distances between adjacent genes on opposite strands, and half violins on

the right to intergenic distances between adjacent genes on the same strand.

(B) Intron acquisition during the emergence of the brown algal lineage (left). The analysis examined 949 introns in 235 conserved orthologs. Colors correspond to

the species distributions of introns. Hatched blue indicates introns that are shared with at least two outgroups (ancestral introns). The right panel shows an

example of an intron conservation profile for the orthogroup OG0004854. Color code and species numbering as for the left. F, female; M, male.
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Figure S5. Analyses of metabolism gene families and life cycle-related gene evolution, related to Figures 1 and 3
(A) Counts of numbers of genes predicted to encode glycosyltransferases (GTs), glycoside hydrolases (GHs), polysaccharide lyases (PLs), and all CAZymes (GTs,

GHs, PLs, carbohydrate esterases [CEs], auxiliary activities [AAs], carbohydrate-binding modules [CBMs]), showing numbers for both full-length proteins (dark

colors) and fragments (light colors). The data are averaged by order with the number of species analyzed per order in brackets.

(B) Number of genes for selected CAZyme families in brown algae. Only CAZyme families with at least three members per genome on average, are shown. The

species analyzed are the same as in (A). Counts include full-length proteins and fragments.

(C) vHPO genes identified in the 21 reference genomes based on sequence homology and active site conservation. vHPO genes are indicated by a green cross or

a number and absence by a red cross.

(D) Maximum-likelihood phylogenetic trees for 259 algal-type vHPOs (left) and for bacterial-type vHPOs (right). Algal-type I vHPOs are colored in blue and algal-

type II vHPOs in violet. The clades that have structurally or biochemically characterized enzymes are highlighted in red for vBPOs and in yellow for vIPOs. Strongly

supported representative branches have been collapsed. The clade names correspond either to taxa or to individual gene names. For the bacterial vHPOs, the

FastTree reconstruction tool with 1,000 bootstraps was drawn as a circular representation taking the gammaproteobacterial group as the starting point to

arbitrary root the tree. Brown algal branches are colored in brown. Green dots indicate bootstrap values of between 0.7 and 1.0 (1,000 replicates).

(E) Rates of gene evolution in relation to life cycle structure and developmental complexity. Left, violin plots showing the distribution of omega (dN/dS), rates of

non-synonymous substitution (dN), and rates of synonymous substitution (dS) for brown algae with haplodiplontic or diplontic life cycles. Right, violin plots

showing the distribution of rates of non-synonymous substitution (dN) for brown algal species with filamentous, simple parenchymatous, or elaborate paren-

chymatous thalli. The p values are for pairwise (gene-by-gene) Wilcoxon tests and the percentage of genes that exhibited the same patterns of differences in

dN/dS, dN, or dS values as the median values are indicated. Significant differences are indicated by an asterisk.
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Figure S6. Phylogenetic trees of viral and putatively virus-derived genes, related to Figure 6

(A and B) Nucleocytoviricota major capsid protein and DNA polymerase phylogenies, respectively. The trees were both generated from aligned amino acid

sequenceswith theQ.yeast+F+R6model and 1,000 bootstraps in IQ-TREE. Subgroup labels refer toPhaeovirus genotypes. All sequences identified by this study

are in bold and highlighted in yellow if they clustered outside the Phaeovirus. Phy, Phycodnaviridae.

(C) Phylogenetic trees for three classes of histidine kinase. Membrane-associated sensor1 domain (MASE1) class: brown algal genes are more closely related to

viral than to closely related outgroup species genes, EsuBft1789.4 is located within a viral clade. Ethylene-binding-domain-like (EBD) class: viral-related clade

limited to Ectocarpales. Cyclases/histidine kinases associated sensory extracellular domain (CHASE) class: complex pattern suggesting possible multiple HGTs.

Genes are classed as algal (green or light green background label, strong or weak prediction) or inserted viral sequences (blue or light blue background label,

strong or weak prediction) based on exon number, expression level and genomic context (neighboring monoexonic or multiexonic genes). See Table S4J for the

gene name abbreviations. Branch colors signify brown algae (green), closely related outgroup taxa (violet) or EsV-1 genes (blue). TPM, maximum TPM; asterisks,

gene located in an identified VR; nd, not determined.
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Origin and evolutionary trajectories of 
brown algal sex chromosomes
 

Josué Barrera-Redondo    1,9,11, Agnieszka P. Lipinska1,2,11, Pengfei Liu    1, 
Erica Dinatale    1, Guillaume Cossard1, Kenny Bogaert    1, 
Masakazu Hoshino    1,10, Rory J. Craig1, Komlan Avia    3, Goncalo Leiria    1, 
Elena Avdievich1, Daniel Liesner    1, Rémy Luthringer1, Olivier Godfroy    2, 
Svenja Heesch    2, Zofia Nehr    2, Loraine Brillet-Guéguen    2,4, 
Akira F. Peters    5, Galice Hoarau6, Gareth Pearson    7, Jean-Marc Aury    8, 
Patrick Wincker    8, France Denoeud    8,12, J. Mark Cock    2,12, Fabian B. Haas    1,12 & 
Susana M. Coelho    1,12 

Research on the biology and evolution of sex chromosomes has primarily 
focused on diploid XX/XY and ZW/ZZ systems. In contrast, the rise, 
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 a region 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 
of the sex locus, 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 often in 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 U and 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 organisms1,2. In species with separate sexes, 
sex chromosomes may be present, carrying a sex-determining region 
(SDR)3 that encodes factors directing sex identity and which often does 
not undergo recombination in the heterogametic sex (XY or ZW)4 of 
diploid species (dioecious), or in the diploid stage of haploid-dominant 
(dioicous) species. Sex chromosomes have independently 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, meiotic silenc-
ing and dosage compensation3.

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 plants4,5. U/V haploid sex- 
determination systems, such as those of bryophytes and algae6,7, 
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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Together, our results indicate that the brown algal U/V sex chro-
mosomes evolved between 450–224 Ma, via suppressed recombination  
in a genomic region that 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
The brown algal U- and V-SDRs carry homologous genes (gametologue 
pairs), indicating descent from a common ancestral 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-specific genes in Ectocarpus and D. herbacea, respectively; Supple-
mentary Table 2). Only ten genes share SDR orthologues between both 
species, while the rest were mostly acquired independently in the SDR 
of each species, with one gene that was retained as a gametologue pair 
in Ectocarpus sp. 7 but lost both copies in 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 
differs between Ectocarpus sp. 7 (18 genes) and D. herbacea (30 genes), 
each species shows an equal number of gametologues and sex-specific 
genes in its 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 lineage10,25,26. 
The V-SDR of D. herbacea contains 20 additional genes that belong  
to endogenous viral elements, which are common across brown  
algal genomes18.

Diploid sex chromosome in animals and plants exhibit evolution-
ary strata representing different recombination suppression events 
over time. Strata are identified by analysing synonymous substitutions 
(Ks) between male/female gametologue pairs27 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 
species25,28,29. Moreover, in the absence of a recombining outgroup 
(which does not exist in brown algae), the ancestral gene order cannot 
be reliably inferred. In both Ectocarpus sp. 7 and D. herbacea, the V- and 
U-SDR rearrangements 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 Ks values (Fig. 2b,c and 
Supplementary Table 3), further limiting the inference of evolution-
ary strata across brown algal SDRs. Nonetheless, the gametologue Ks 
values are broadly consistent between orthologues in Ectocarpus sp. 
7 and D. herbacea, where shared SDR gametologues between species 
have higher Ks 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 Ks 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 
with 13 genes located on the 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-
port a scenario where expansions in the SDR boundaries of brown algae 

U chromosome, and will develop into a female gametophyte, or a 
V chromosome, controlling male gametophyte formation8. These 
fundamental inheritance differences between U/V and XX/XY or  
ZW/ZZ systems have broad evolutionary and genomic implications9,10. 
However, so far, only the U/V systems of the brown alga Ectocarpus and 
the U/Vs of four distantly related bryophyte taxa11–14 have been fully 
sequenced and assembled into chromosomes. While these studies 
helped understand the genomic structure of bryophyte U- and V-linked 
regions, the species involved diverged ~500 Ma (million years ago)  
and do not share homologous U/V chromosomes15. As a result, 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 lineage16. 
Their ancestral state probably involved separate sexes16, suggesting 
that their sex chromosomes could share a common origin. Here we 
study the origin, evolution and demise of U/V sex chromosomes in 
the brown algae.

Results
The origin of brown algal sex chromosomes
We focused on species covering the phylogenetic, morphological and 
reproductive diversity of the brown algal clade17 and their closest extant 
outgroup, Schizocladia ischiensis17,18. We substantially improved the 
brown algal genome datasets available18–20 to reach chromosome or 
near-chromosome-level genome assemblies (Extended Data Table 1 
and Supplementary Table 1). This revealed that brown algae have 27–33 
chromosomes and largely conserved macrosynteny (Fig. 1a).

We identified 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). All U/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 Table 1). The recombination suppression 
event leading to the birth of U/V sex chromosomes occurred after the 
split of S. ischiensis and Dictyota dichotoma, ~450–224 Ma21 (Fig. 1a). The 
male-determining gene MIN22 is the only V-specific gene consistently 
present in all 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 a chromosome 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 events23 (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. 2a and Extended 
Data Table 1). SDR size differences across species are strongly cor-
related with the number of genes (R2 = 0.97; Extended Data Fig. 2b) 
and the repeat content (R2 = 0.99; Extended Data Fig. 2c) 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 
the V chromosome of Ectocarpus is found within the SDR19, so we cannot 
exclude that a centromere-related suppression of recombination may 
have preceded the inversion events found on the SDR24.
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occur through nested inversions. Two chromatin-related transcription 
factors in the 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 in ref. 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 evolution10,25,26 as seen in 
Ectocarpus sp. 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 a combination of three processes: 
expansions of the SDR boundaries into the PARs, translocation of auto-
somal genes into the SDR and lineage-specific gene birth events within 
the SDR (Fig. 2e and Supplementary Table 5). Consistently, ancestral 
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birth
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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 genome141. 
Note that the dioecious species F. serratus has a fully diploid life cycle (without 
gametophytes7). Syntenic blocks of the V sex chromosome are highlighted in 
red, with the emergence of U/V chromosomes shown in the phylogeny. Genome 
sizes are indicated in brackets. b, Microsynteny plot of V chromosomes in five 

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. c, Microsynteny plot of U chromosomes 
in two 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. linearis and S. ischiensis are not chromosome level, leading to a high number 
of contigs.
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V-SDR genes were associated with higher gametologue Ks values, while 
independently acquired gametologues in D. herbacea had lower Ks 
values (Supplementary Table 2 and Fig. 2c).

The seven genes in the ancestral V-SDR (Fig. 2f and Extended Data 
Fig. 2d) include the male-determinant MIN22 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 evolution10, 
all seven genes are probably related to sex determination processes. 
Gametologue pairs include putative transmembrane proteins that 
may play a role in gamete recognition30, STE20 serine/threonine kinase 
gametologues probably involved in pheromone pathways31, and a 
casein kinase, a MEMO-like domain protein and a GTPase-activating 
protein which may act in signal transduction (Supplementary Table 6). 
All of these genes are gametologue pairs in Ectocarpus sp. 7, but in D. 
herbacea the casein kinase was lost from the U-SDR and the putative 
transmembrane receptor was lost in 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 their importance for pathways in sex organ development 
even in the 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 
size is insufficient 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 
acquired in all (OG0003211 in 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 linkage32. 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 Table 7), supporting previous studies33  
(Extended Data Fig. 5a). However, we observed an enrichment of male- 
biased genes on the PARs in all 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 Ectocarpus sp. 7) (Fig. 2d). A comparative analysis in fertile gameto-
phytes between SDR genes and their autosomal counterparts in other 
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 a broader role 
in development.

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.  
We identified a set 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. 3a and Supplementary Fig. 12a). As expected for non-recombining 
regions25,34, all V sex chromosomes are repeat rich and gene poor  
(Wilcoxon rank-sum test, FDR-corrected P < 0.01; Fig. 3a, Extended 
Data Fig. 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, as the coding density in the Ectocarpus sp. 7 V centromere (3.51%) 
is slightly higher than in the rest of the V-SDR (2.85%), presumably due 
to the small size of the centromere (153 kbp)19. 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 < 10−4, Supplementary Table 12), possibly reflecting increased num-
bers of taxonomically restricted genes (TRGs; that is, genes that are not 
detectable outside of a defined taxonomic group). Phylostratigraphy 
analyses35,36 confirmed an enrichment of TRGs in the sex chromosomes 
of all dioicous species (Wilcoxon rank-sum test, 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/Vs37. 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 (Ks). c, Identification of ancestral SDR gametologues (red 
squares) and independently acquired gametologues (black dots) with respect 
to their gametologue Ks values and their position in the V-SDR. d, Circos plot 
linking gametologue pairs in each species with expression levels of all SDR 
genes (log2(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 dimorphism16. 
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 5 and 6.
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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 Ks 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 neutrally38,39, then interspecies Ks can be used as a 

proxy for mutation rates40,41. Consistently, we found higher interspecies 
Ks values in the V sex chromosomes compared with autosomes across 
all dioicous species (Wilcoxon rank-sum test, FDR-corrected P < 0.01; 
Fig. 3a and Supplementary Tables 16 and 17), suggesting higher muta-
tion rates relative to autosomes. Higher interspecies Ks 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 
U and V is associated with both enrichment of sporophyte-biased genes 
and higher synonymous substitution rates.
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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 Ks 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; 

values indicated with solid colours when P < 0.01 for the tested hypothesis). The 
precise range of gene age categories and interspecies Ks values for each species 
can be 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.
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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 polymorpha11,12,42 and the fungus 
Cryptococcus neoformans43. We observed a clear enrichment of TRGs 
in the V chromosomes of C. purpureum and S. angustifolium (Wilcoxon 
rank-sum test, FDR-corrected P < 0.01; Supplementary Figs. 12 and 13 
and Supplementary Tables 13 and 14), but not in 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 
to monoicy in C. linearis and D. dudresnayi that undergo sexual repro-
duction and develop male and female gametangia33. 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 
Table 19).

Both monoicous species retained mostly male and a few female 
copies for most of the U/V-SDR-derived gametologues (91% in  
C. linearis and 100% 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 orthologues in 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 Data Fig. 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 
(log2(TPM + 1) > 2) during reproductive stages of both monoicous 
species (Supplementary Table 20), emphasizing their role in repro-
duction despite the absence of a U/V system, particularly MIN22 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 in both 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 
past as a U/V chromosome, such as low coding density, high repeat den-
sity and enrichment of TRGs (Wilcoxon rank-sum test, FDR-corrected 
P < 0.01), although we found non-significant differences in interspecies 
Ks values across the genome (Fig. 4c, Extended Data Fig. 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 has remained unstudied in eukaryotes. Although 
the ancestral state for the brown algae is a U/V sexual system, the 
Fucales recently transitioned to a diploid life cycle44, with many species, 
such as F. serratus45, exhibiting diploid separate sexes (dioecy)46. Dioecy 
probably evolved from monoecy (both sexes in the same diploid indi-
vidual) in the last common ancestor of the Fucus genus47 (25–5 Ma18), 
consistent with a young 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 F. serratus, MIN and four other ancestral V-SDR genes are 
exclusively expressed in males (fully silenced in females) (fold change 
(FC) > 2, padj < 0.05; Fig. 5a and Supplementary Table 21). This pattern 
is consistent in three other Fucales species (Supplementary Table 22). 
Therefore, the ancestral V-SDR genes probably still play roles in male 
sex determination or differentiation pathways.

Contrary to the 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 as a U/V chromosome (Fig. 5b, Extended 
Data Fig. 7, Supplementary Fig. 18 and Supplementary Tables 9–14,  
16 and 17).

Discussion
Here we characterized the evolutionary trajectory of brown algal 
sex chromosomes (Fig. 6). Brown algal sex chromosomes date back 
450–244 Ma21, at the origin of brown algae. We propose that the 
male-determining gene MIN underlies the birth of this U/V system22. 
The ancestral cassette with seven V-SDR genes suggests a very early 
evolution of these genes into a non-recombining locus 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 chromosomes retain 
large PARs bordering the SDR, unlike haploid systems in non-vascular 
plants that mostly lack detectable PARs11–14.

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 
systems48,49, TEs conspicuously accumulated in the SDRs following 
recombination suppression50, possibly causing further rearrangements 
through TE-mediated inversions51.

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  
U and V chromosomes of Ectocarpus sp. 7. b, Comparison of the U/V-homologue 
in D. 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. c, Karyoplot of 
D. dudresnayi showing the following features from bottom to top: chromosome 

compartment (autosomes and U/V-homologue), relative gene ages, interspecies 
Ks 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 < 0.01 for 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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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 genes52,53.  
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 algae16,21, 
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 in ref. 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 
gametophytes54. 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 genes11. Consistent with other studies33,55, 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 a relatively small subset of genes, and most sex-biased genes 
may influence gametophyte physiology or vegetative development.

In diploid sexual systems, recombination suppression between sex 
chromosomes explains Y and W degeneration56 (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 systems29,60 and some of the predicted differences have been  
documented in bryophytes29. 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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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 log2(TPM + 1) 
and bars represent standard deviation of the mean. P values shown on the plot 
are derived from differential expression analysis performed using DESeq2, which 
applies a two-sided Wald test with Benjamini–Hochberg correction for multiple 
testing. Bold text represents whether the gene in F. 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 Ks values (between 

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 < 0.01 for the tested hypothesis).  
c, 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 mean values of gene ages (centre line) are not significantly different  
(FDR-corrected two-sided permutation test).

http://www.nature.com/natecolevol


Nature Ecology & Evolution | Volume 9 | November 2025 | 2127–2144 2136

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

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 repeats61, and they often insert near 
the progenitor locus in a process called local hopping62. We propose 
that the U/V-SDR may thus act as a source of DNA transposons that hop 
to the PARs, thus increasing their repeat density, whereas increased 
colonization of LTR elements obscures this pattern in larger 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 heterochromatin63, involved in repressing 
TEs64, and heterochromatic regions tend to have higher mutation 
rates due to reduced access of the DNA repair machinery during  
replication65. Accordingly, we consistently observe higher interspe-
cies Ks 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 selection66. 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, as seen in Drosophila67. Note that the pattern could be reinforced 
through generation-antagonistic selection37, but DNA transposons and  
higher mutation rates may be sufficient to initiate this pattern in  
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. purpureus11,68 
and S. angustifolium12. However, we could not detect enrichment of 
TRGs on the small U/V sex chromosomes of M. polymorpha42,69, or 
on the mating-type chromosome of C. neoformans43. Mosses such as  
C. purpureus and S. angustifolium display relatively more complex 
sporophyte body plans than liverworts such as M. polymorpha70, 
which could underlie stronger generation-antagonistic selection37.  
Unlike brown algae, most of the sex chromosomes in bryophytes are  
sex linked, with minimal space for PARs29. 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  
U and V chromosomes71, retaining its evolutionary footprints as PARs, 
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Fig. 6 | Hypothetical model for U/V sex chromosome evolution.  
U/V sex chromosomes arose from an ancestral autosome, via suppression of 
recombination that probably occurred via an inversion. 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 with increased sexual dimorphism of the different species. SDR 
genes are maintained within the SDR if they have roles in sex, whereas genes 
with no role in sex are lost. Faster substitution rates, probably a consequence 
of the heterochromatic context of the sex chromosome, may promote the 

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 that are in 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.
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while the sex-linked region in M. polymorpha is much older69, which 
could also limit the formation of TRGs that are predominantly observed 
in the 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 selection37. 
Therefore, our study hints at a 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 females33. However, our results show that monoicy arose at 
least twice from a male ancestor that acquired female genes. The male 
pathway requires MIN22,25,72, which could have facilitated the evolution 
of monoicy from males, as also seen in the green lineage73,74. We note the 
presence of U-SDR-derived gene(s) in all monoicous species, particu-
larly a cholesterol transporter gene that is found in all U-SDRs, suggest-
ing that the U-SDR contains femaleness-promoting factor(s), consistent 
with reports in kelps75. We thus propose that monoicy evolved via trans-
location events adding essential femaleness-promoting genes to a male 
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 the loss 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 a sex 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 a multicopy array of the male-determining gene MID76.

The evolution of a dioecious system in F. serratus is associated with 
an irreversible transition to diploidy in Fucales16,47. The U/V to dioecy 
transition has remained elusive2,47, but our data in brown algae imply 
that it involved an intermediate monoicous stage, supporting previous 
predictions from ancestral state reconstruction analyses16. A small, 
undifferentiated Y-specific region consistent with a young XY system 
may explain why the sex chromosome in F. serratus was undetectable. 
Nonetheless, all ancestral V-SDR genes are found in the U/V-homologue 
of F. serratus, several showing a male-biased gene expression across 
Fucales species, particularly MIN22. 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 ones77.

Methods
Biological material
Scytosiphon promiscuus, Dictyota dichotoma, Undaria pinnatifida and 
Desmarestia dudresnayi haploid 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 µmol photons m−2 s−1. The media consisted of filtered natural sea-
water (NSW), which was autoclaved and enriched with half-strength 
Provasoli nutrient solution (Provasoli-enriched seawater; PES)78. We 
grew the first biomass in 140 mm Petri dishes and the gametophytes 
were later transferred to a 1 l 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 l−1 of PES), penicillin G 
(0.5 g l−1 of PES) and chloramphenicol (0.1 g l−1 of PES); the next day 
with ampicilin (1 g l−1 of PES), and on the last day with kanamycin (1 g l−1 

of PES). Between each day of treatment and before freezing, gameto-
phytes were rinsed 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 
the field by sectioning and observing receptacles under a field micro-
scope. Tissue samples were flash frozen in liquid nitrogen on the shore 
and transported to the laboratory in a cryoshipper, after which they 
were lyophilised and stored dry at room temperature on silica crystals 
(see Supplementary Table 1 for a list of strains used in this study).

DNA and RNA extraction and sequencing
Genomic DNA was isolated from algal tissue (~100 mg) by grinding into 
fine powder under liquid nitrogen and subsequent cell lysis in 500 μl 
of Genomic Lysis Buffer (OMNIPREP for plant kit) for 1 h at 60 °C. The 
lysate was cleaned up with 200 μl of chloroform and DNA was precipi-
tated in ethanol. The DNA pellet was digested in CF buffer (Macherey–
Nagel) for 45 min at 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 sequencing libraries. We sequenced the 
libraries using an Oxford Nanopore Technologies (ONT) MinION 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 
R10.4.1 flow cells. Two libraries were sequenced for D. dudresnayi on 
R9.4.1 flow cells and a third library was sequenced on an R10.4.1 flow cell.

RNA was isolated from mature gametophytes of U. pinnatifida and 
S. promiscuus following modified procedure of the Qiagen RNAeasy kit, 
and the 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 on an Illumina HiSeq 2000 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. pinnatifida20, 
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 
Guppy80 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’, yielding 17.4 Gbp of data in 2,871,152 reads. We merged 
all the reads and analysed them using Kraken (v.2.1.2)81 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+)82 (-evalue 0.001 -num_alignments 20) against the 
NCBI genbank bacterial database (downloaded November 2023). The 
blastN output was visualized in MEGAN (v.6.23.4)83, 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, 20× coverage), which were deposited 
on the NCBI Sequence Read Archive (Supplementary Table 1).

The decontaminated reads were assembled de novo using  
flye (v.2.9.1-b1780)84 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 TEs and RepeatScout (v.1.0.6)85 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)86. We mapped the RNA-seq data of D. dudresnayi from the 
PhaeoExplorer database18 to the soft-masked genome assembly using 
STAR (v.2.7.1a)87. We used BRAKER v.2.1.6 alongside the RNA-seq data88 to 
predict the protein-coding genes in the soft-masked genome assembly.

Hi-C library 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 a 400 mM glycine solution with filtered 
NSW for 5 min to quench the formaldehyde. The samples were then 
stored at −80 °C until use. The Hi-C libraries were prepared as follows. 
The samples were de-frosted in 1 ml of 1× DpnII buffer with protease 
inhibitors (Roche cOmplete), transferred to Precellys VK05 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 DpnII to 4.6 ml of the digestion mixture and 
incubated the samples for 2 h at 37 °C under gentle shaking (180 r.p.m. 
in an inclined rack to prevent sedimentation), followed by the addition 
of another 500 U of DpnII and an overnight incubation under the same 
conditions. The digested samples were centrifuged at 4 °C for 20 min at 
16,000 × g. The supernatant was discarded and the pellet was incubated 
for biotinylation at 37 °C for 1 h under a constant shaking (300 r.p.m.) 
in a 500 ml biotinylation mix with a concentration of 1× ligation buffer, 
0.09 mM dATP-dGTP-dTTP, 0.03 mM biotin-14-dCTP and 0.64 U ml−1 
Klenow fragments. After biotinylation, the samples were incubated for 
3 h at room temperature in a 1.2 ml ligation reaction with a concentra-
tion of 1× ligation buffer, 100 mg ml−1 BSA, 1 mM ATP and 0.4 U ml−1 
T4 DNA Ligase. The samples were then incubated overnight at 65 °C 
after adding 20 μl 0.5 M EDTA, 80 μl 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 × g and 4 °C. The DNA pellet was washed with 1 ml 70% 
ethanol, then dried at 37 °C for 10 min and resuspended in 100 μl 1× TE 
buffer with 1 mg ml−1 RNase. DNA was sheared to 250–500 bp fragments  
using a Covaris S220 ultrasonicator, purified with AMPure beads (0.6×) 
(Beckman) and eluted in 20 μl 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 C1 beads (Invitrogen). The libraries were prepared 
using the NEB Ultra II library preparation system and sequenced on the 
NextSeq 2000 Illumina platform (2 × 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)89 (ILLUMINACLIP:2:30:10 LEADING:25 
TRAILING:25 SLIDINGWINDOW:4:15 MINLEN:75 AVGQUAL:28). We 
mapped the Hi-C reads against each genome assembly using BWA-mem 
v.0.7.17-r1188d in the Juicer v.1.6 pipeline90 to generate a contact map, 
which was then fed to 3D-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)92. The PhaeoExplorer gene annotations18 were lifted 
into the new assemblies using Liftoff (v.1.6.1)93, while the annotation 

of TEs was performed using RepeatModeler2 (ref. 94). We scaffolded 
the genomes of E. crouaniorum and D. dudresnayi into chromosomes 
using a reference-guided assembly with RagTag (v.2.0.1)95 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 from the annotation.

Discovery of the U/V sex determination regions
Male sex-determining regions (V-SDR) in S. promiscuus, U. pinnatifida, 
D. herbacea and 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 
in ref. 96 and (2) genomic coverage analysis, designed to identify 
sex-linked regions through differences in read depth between male 
and female individuals97. These methods are well suited for organisms 
with divergent sex chromosomes, such as brown algae, where U and V 
haplotypes have diverged over extended evolutionary time.

The YGS method principle is 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 
are absent in female reads will indicate 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 Illumina 
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)98. 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 seqkit (v.2.3.1)99 
and used as input for the YGS.pl script96 together with the fasta k-mer 
files produced in the previous step. Each window was then analysed to 
calculate the proportion of k-mers in the reference window that are not 
present in the opposite-sex k-mer database. Genomic windows with a 
minimum of ≥50% of unmatched single-copy k-mers were then retained 
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 
at the transition to pseudoautosomal regions (PARs).

Candidate SDR regions identified by YGS were further validated by 
analysing sex-specific differences in read coverage. In detail, the short 
Illumina reads coming from males and females of each investigated spe-
cies were trimmed with Trimmomatic89 (see above) and mapped to 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 Mosdepth101 to calculate coverage in 10-kb windows along the 
genome sequence (-m -n -b 10000 –fast-mode -Q 30). Read mapping 
depth in genomic windows was normalized by the genome-wide mean 
for each sex, and the coverage in genomic intervals 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 
as autosomal regions in males, but little or no coverage in females (and 
conversely for the U-SDR sequences in D. herbacea). The comparison 
focused on regions within male reference genomes where the coverage 
in males 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  
in F. 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 PstI and HhaI 
to obtain fragments that were size selected between 400 and 800 bp 
before sequencing on in Illumina HiSeq 2500 platform (paired-end 
2 × 125 bp). See ref. 102 for detailed protocol of the ddRAD-seq.

We performed whole-genome sequencing on an Illumina HiSeq 
2500 system (2 × 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 F. serratus 
male. For the progeny population, genotypes were called from the  
obtained bam files using the Stacks pipeline (v.2.5)103. The obtained 
vcf files were filtered with VCFtools (v.0.1.16)104 and bcftools105  
(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-
struct a genetic 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-mem107. Coverage analyses 
was done in several ways:

	– Using SATC (sex assignment through coverage)108, a method 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 
depths into a low-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 DifCover110 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 to a common reference genome. The 24-individual natural 
population was used for this analysis.

	– Using soap.coverage (v.2.7.9)111 to calculate the coverage (number 
of times each site was sequenced divided by the total number of 
sequenced sites) of each scaffold in each sample. For each scaffold, 
the male to female (M:F) fold change coverage was calculated as 
log2(average male coverage) – log2(average female coverage). 
The 24-individual natural population was used for this analysis.

Fixation index (FST) and sex-biased heterozygosity. This approach has 
been previously used to find sex-linked genomic regions in several 
studies112,113. Using the 24-individual natural population, FST was calcu-
lated using vcftools104. Sex-biased heterozygosity was defined as the 
log10 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 eventual female scaffolds that failed 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 
3 resequenced female samples.

All candidate contigs were tested by PCR in 4 males and 4 females.

Synteny analyses, Ks 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)114, 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)115 and best reciprocal DIAMOND (v.2.1.8.162)116 hits.

We calculated the number of synonymous substitutions per syn-
onymous site (Ks) for each pair of male and female gametologues as a 
proxy to assess the relative time at which both genes diverged from each 
other. The amino acid sequences of each pair of gametologues were 
aligned with MAFFT (v.7.520)117 and subsequently aligned into codons 
using pal2nal (v.14)118. The gametologue Ks values were calculated using 
the model in ref. 119 as implemented in KaKs_calculator (v.2.0)120.

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 MCscan114 against the orthogroup prediction performed with 
OrthoFinder115, with best reciprocal DIAMOND116 hits and by calculat-
ing gene trees for each orthogroup using an amino acid alignment 
with MAFFT117 and gene tree reconstructions using FastTree (v.2.1.11)121.

Ancestral reconstruction of the male SDR
The brown algal phylogeny was obtained from ref. 18. The species tree 
is based on 32 single-copy nuclear genes whose protein sequences 
were aligned manually using AliView122, and whose best-fit substitution 
models were assessed independently using the Akaike information cri-
terion. The tree was generated using a maximum likelihood approach 
implemented in RAxML bootstraps and the gamma model. Every node 
in the phylogeny has 99–100% bootstrap support values. Divergence 
times were subsequently calculated using MCMCtree123 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 
coded its orthologue in the other species as ‘present’ (1) if it is 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 
orthologue in that 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)124 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-
abilities under a phylogenetic birth-and-death model with independent 
gain and loss rates across each branch in the phylogeny. We modelled 
the independent 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 
branch lengths in the tree that were used for the ancestral state recon-
struction were retrieved from the 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 
to female transcriptome assemblies of D. dichotoma and U. pinnatifida. 
Sequence alignments were done using MAFFT117 with default settings 
and uploaded to the https://www.phylogeny.fr/ platform. Alignments 
were further curated using Gblocks (v.0.91b)125 (min. seq. for flank 
pos.: 85%, max. contig. nonconserved pos.: 8, min. block length: 10). 
Trees were produced using PhyML (v.3.1l)126 with the default model and 
visualized in TreeDyn (v.198.3)127. 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 
genes in Ectocarpus sp. 7 belonging to that orthogroup. The most likely 
acquisition mechanism of each SDR gene in 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 database18 to assess the depletion of orthologues in the 
sex chromosome. We predicted one-to-one orthologues using 
OrthoFinder115 between the following species pairs: Ectocarpus sp. 7 
with Ectocarpus siliculosus, S. promiscuus with C. linearis, U. pinnatifida 
with Saccharina japonica, 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 P values of the 
chi-square tests to control the FDR in the analysis128.

GenEra36 was used by running DIAMOND in ultra-sensitive mode116 
against the NCBI NR database and all the PhaeoExplorer proteins18 to 
perform a phylostratigraphic analysis (e-value threshold of 10−5) and 
calculate the relative ages of each gene in each genome (Supplementary 
Table 13). Phylostratigraphy is a genetic statistical method developed 
to date the putative origin of all the genes contained in the genome of 
a target 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, the first instance where a gene homologue is found in the history of 
that lineage), allowing us to then determine their relative ages, coded 
as the taxonomic group where that gene is detected35,36,129. 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 
database130, while the gene ages within the brown algae were manu-
ally assessed to reflect the evolutionary relationships obtained in the 
PhaeoExplorer maximum likelihood tree18. We performed Wilcoxon 
rank-sum tests in R (v.4.3.1)131 to assess non-random differences in 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  
analysis128. The gene ages responsible for these differences were  
found by evaluating the standardized residuals using mosaic plots.

We used the interspecies Ks values between pairs of species as  
a proxy 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 database18. 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 Ks values for this 

species since synonymous substitutions reached the point of satu-
ration. The amino acid sequences of each pair of orthologues were 
aligned with MAFFT117 and subsequently aligned into codons using 
pal2nal118. The interspecies Ks values were calculated using the model in 
ref. 119 as implemented in KaKs_calculator (v.2.0)120. We also evaluated 
the difference in interspecies Ks 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 TEs and the taxonomic identity of these TEs within 100-kb 
non-overlaping windows across each chromosome using bedtools86 
(Supplementary Table 9). The differences in protein-coding space and 
repeat content between the autosomes and the sex chromosomes were 
also tested using FDR-corrected Wilcoxon rank-sum tests (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-
tion tests with 10,000 permutations. All genomic features were plotted 
using karyoploteR (v.1.20.3)132.

Gene expression analysis
We used kallisto (v.0.44.0)133 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 package134 
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 package135 in R v.4.3.1, applying FC ≥ 2 and padj < 0.05 cut-offs. 
Sex-biased gene expression analysis in Ectocarpus sp. 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-
sion in Ectocarpus sp.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, padj < 0.05) in both comparisons were considered sporophyte 
biased.

A total of 314.2 M RNA-seq reads from F. vesiculosus male, female 
and vegetative tissue were assembled de novo with rnaSPAdes136 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)137 with default settings. The 
resulting 159,108 contigs were aligned with BLASTx82 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)139 pipeline, and relative expression values were recorded  
as TPM. All samples used in the gene expression analysis can be found 
in Supplementary Table 1.

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 1 and in the 
Edmond Repository140 at https://doi.org/10.17617/3.OOWB2Y. 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. All genome assemblies 
and annotations are also accessible through the Phaeoexplorer data-
base (https://phaeoexplorer.sb-roscoff.fr/) for comparative genomics 
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analyses. This paper does not report original data. Further information 
and requests for resources and reagents should be directed to and will 
be fulfilled by S.M.C. (susana.coelho@tuebingen.mpg.de).

Code availability
This paper does not report original code.
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Extended Data Fig. 1 | Macrosynteny plot between 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 Data Fig. 2 | SDR size differences and detection of independently-
acquired V-SDR genes across species. (a) Differences in the size of the male SDR 
between brown algal species based on the total sequence length, the relative 
size of the SDR compared to the length of the V chromosome and the number of 
protein-coding genes retained within the SDR. The bars are colored accord-ing 
to the level of gamete dimorphism in each species (based on 16). (b) Correlation 

between the 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 plot illustrating the expansion 
of the 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. 5 | Sex-biased gene expression per dioicous species.  
a) Proportion of sex biased genes in each of the five dioicous species. MBG: male-
biased genes; FBG: female biased genes. (b) Number of sex-biased genes in the 
pseudoautosomal regions of sex chromosomes (U-V-SDRs excluded),  

male-biased genes are shown in blue and female-biased genes in red. Exact 
p-values above the bars mark significant enrichment of the sex-biased genes on 
the PAR (Chi-square test).
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Extended Data Fig. 6 | Expression of genes (log2(TPM + 1)) that entered the 
SDR independently in different species. Expression is measured in mature male 
and female gametophytes, hashing marks missing orthologues, stars inside the 

cells indicate that the gene is inside the male non-recombining region (V-SDR). 
Orthogroups containing orthologues in less than three species or with multicopy 
genes were excluded from this analysis. M: male; F: female.
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Extended Data Fig. 7 | Structural features across the sex chromosomes and 
U/V-homologues of brown algae. (a) V and U chromosomes of Ectocarpus sp. 
7, Scytosiphon promiscuus, Undaria pinnatifida, Desmarestia herbacea and 
Dictyota dichotoma. (b) U/V-homologues of Desmarestia dudresnayi and  

Fucus serratus. Features displayed from bottom to top: chromosome 
compartments (PARs, SDR, U/V-homologue); relative gene ages, inter-species Ks 
values, and proportion of coding (CDS, red) and repeat (TEs, blue) density.
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Extended Data Fig. 8 | Accumulation of repetitive elements in the V-SDRs and PARs of five dioicous species. Statistically significant differences in median values of 
repeat density (center line) were assessed using FDR-corrected permutation tests.
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Extended Data Fig. 9 | Proposed scenarios for the transition from dioicy 
to monoicy in Chordaria linearis and Desmarestia dudresnayi. (a) The 
ancestor of Chordaria linearis likely underwent an initial translocation event 
from the U chromosome to the V chromosome, 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 

spread the 3′PAR genes to both sides of the U-SDR insertion. Finally, a second 
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)

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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Abstract 

Background:  Comprising up to 90% of eukaryotic genomes, transposable elements 
(TEs) are mobile genetic units that play fundamental roles in evolution. Brown algae, 
one of the most complex multicellular eukaryotic groups that evolved independently 
from plants, fungi, and animals, are particularly underexplored in their transposon 
biology, especially when studied in a developmental context.

Results:  Here, we explore the TE landscape of the model brown alga Ectocarpus, 
using a high-quality genome assembly complemented by extensive manual curation. 
TEs account for 28% of the genome, with a predominance of evolutionarily young 
elements. DNA transposons represent the most abundant and diverse TE subclass. 
Notably, TEs are significantly enriched along the sex chromosomes, a pattern 
potentially driven by local transposition events from the non-recombining sex-
determining region into the pseudoautosomal regions. The genome harbors a high 
density of intronic TEs, which show minimal impact on host gene expression; however, 
intronic TEs tend to be shorter and more degraded than intergenic copies, suggesting 
selective pressures on their retention in the genome. Intact and potentially active TEs 
are preferentially associated with small RNAs and the histone modification H3K79me2, 
with over 70% of H3K79me2-marked intact TEs also enriched in small RNAs. This stable 
association indicates tight and sustained silencing of intact TEs throughout the life 
cycle of Ectocarpus.

Conclusions:  Our study highlights the genetic diversity of the Ectocarpus mobilome 
and presents a complex, multilayered landscape of TE regulation mechanisms which 
involves small RNAs and chromatin modifications in the absence of an epigenetic 
silencing machinery that would be comparable to animals or plants.

Background
Brown algae are one of the most complex multicellular lineages on Earth, only distantly 
related to animals, land plants, and fungi, from which they diverged over 1 billion years 
ago [1, 2]. They have colonized various marine habitats and evolved diverse morphologies, 
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developmental patterns, life cycles, and sex determination systems [3, 4]. Ectocarpus 
is a filamentous brown alga that has emerged as a model organism representing this 
group of eukaryotes [5, 6]. Ectocarpus undergoes a haploid-diploid life cycle, alternating 
between haploid gametophyte, in which sex is determined by the presence of a male (V) 
or female (U) sex chromosome, and diploid sporophyte generations. Both generations 
are multicellular and relatively simple in terms of development [7]. Although significant 
progress has been made in understanding development, sex determination, and gene 
regulation in the Ectocarpus genome (reviewed in [7, 8]), relatively little is known 
about mobile genetic elements in this species. This lack of knowledge extends across 
brown algae, hindering our understanding of how mobile elements have influenced the 
evolution of this major multicellular lineage.

Transposable elements (TEs) are mobile genetic units that display substantial mecha-
nistic diversity and are near-ubiquitous across the tree of life [9]. TEs can copy or excise 
their sequence and insert at new genomic locations, with this replicative nature fre-
quently leading to their accumulation in genomes. Both the proportion and diversity of 
TEs in a host genome can vary dramatically, even between closely related species [10, 
11]. TE abundance also differs between and within chromosomes, and the genomic 
distribution of different TEs is influenced by multiple forces, including the strength of 
selection against TE insertions, the local recombination landscape, and TE insertion 
biases [12, 13]. In brown algae, estimated repeat contents range from ~ 20% in Ectocar-
pus to 70% (e.g., the Fucales and Dictyotales), and variation in the abundance of repeats 
largely explains differences in genome size [2]. TEs are enriched on the U and V sex 
chromosomes, especially in the sex-determining region (SDR) [4, 14]. Yet, in contrast to 
many animal, plant and fungal systems, most TE families in the Ectocarpus genome, and 
consequently across brown algae, remain unclassified and largely uncharacterized.

TEs have long been considered selfish genetic elements and threats to genome stability 
[15, 16], or as benign “junk” DNA that accumulates in genomes as degraded and inactive 
copies [9, 17]. However, in a return to the foundational hypotheses of transposon biol-
ogy [18], it is now clear that TEs play many fundamental roles in evolution. For example, 
TE insertions can induce phenotypic change and adaptation, and TE co-option acts as a 
major driving force of gene regulatory element evolution [10, 19]. Nevertheless, TEs are 
believed to be inherently mutagenic and eukaryotes have evolved elaborate mechanisms 
to prevent or control the proliferation of TEs.

Broadly, TE silencing mechanisms include transcriptional and post-transcriptional 
inhibition of the TE sequences and genes required for their replication and mobilization. 
These mechanisms frequently involve repressive epigenetic modifications and small RNA 
(sRNA) molecules with high sequence complementarity to a TE target region, which can 
function either independently or in concert. In flowering plants, sRNAs are involved 
in the establishment of repressive DNA and chromatin modifications at TE loci, and 
also direct small interfering RNA-mediated cleavage of TE mRNA [20, 21]. In animals, 
TE transcripts can also be the target of small interfering RNAs (siRNAs), while PIWI-
interacting RNAs (piRNAs) repress both TE transcripts and genomic loci [22]. In ciliates, 
sRNAs guide the removal of TEs from the macronucleus [23]. Repressive modifications 
include DNA methylation (especially 5’ methylcystosine; 5mC) and histone post-
translational modifications that reduce chromatin accessibility. In particular, in plants, 
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animals and some ciliate species, trimethylation of histone H3 lysine 27 (H3K27me3) 
and mono-, di- and trimethylation of histone H3 lysine 9 (H3K9me1/2/3) are associated 
with transcriptional suppression and TE silencing [24–26].

How TEs are silenced in brown algae is largely unknown. Ectocarpus displays negligi-
ble levels of 5mC, both genome-wide and on TEs [27]. Furthermore, classical repressive 
histone marks, including H3K27me3 and H3K9me1/2/3, are absent in the species. The 
histone marks H3K79me2 and H4K20me3 have been associated with decreased tran-
script abundance [28–30] and repeats [31]. In particular, 88.6% of H3K79me2 regions 
of > 5 kbp included a ≥ 400-bp repeated element, suggesting a potential role for this mark 
in TE control [31]. Furthermore, Ectocarpus sRNAs show an association with TEs [27]. 
sRNAs exhibit a predominance for 21-nt species, including microRNA families [32].

Here, we combine manual TE curation with a recent chromosome-level genome 
assembly [33] to comprehensively characterize the Ectocarpus mobilome and investigate 
TE regulation across its life cycle. We show that the majority of TEs in the Ectocarpus 
genome are evolutionarily young, with diverse DNA transposons representing the most 
abundant subclass and contributing significantly to repeat enrichment on the sex chro-
mosome. Using integrated ChIP-seq, sRNA-seq, and RNA-seq datasets, we further dem-
onstrate that intact and potentially active TEs are preferentially associated with putative 
silencing mechanisms, suggesting a tightly regulated control of TE activity throughout 
development.

Results
The Ectocarpus genome features a high diversity of recently active TEs

To characterize the genomic landscape and diversity of TEs in Ectocarpus sp. 7 (hereaf-
ter Ectocarpus), we used the latest high-quality, near-gapless genome assembly, which is 
based on a haploid male individual (strain Ec32 [33],) and spans 200.2 Mb at telomere-
to-telomere level for many chromosomes [33]. This highly contiguous reference genome 
provides the opportunity to characterize TE dynamics at unprecedented resolution in a 
brown alga.

An existing Ectocarpus TE library features 897 consensus sequences [27] and was gen-
erated using the automated repeat annotation tool REPET [34]. Following a stringent 
post-processing and quality control procedure for these 897 sequences (see Methods), 
we detected high levels of redundancy, mis-classification, and lack of classification (i.e., 
unknown repeats). Repeat classification is particularly challenging in taxonomically 
diverse species, since the process largely relies on homology to TEs and TE proteins 
from species with curated TE libraries [35]. To overcome these limitations, we produced 
a de novo TE library complemented by a manual curation procedure, primarily target-
ing the most abundant elements (i.e., TE families contributing at least ~ 100  kb to the 
genome) (Methods). This annotation and curation effort yielded 165 verified consensus 
sequences, each of which served as a representative for a single autonomous or nonau-
tonomous TE family (or subfamily, if relevant) (Supplementary Material 1 and 2). For the 
remaining low abundance TE models from the REPET library, we performed sequence 
clustering analysis to remove redundancy and performed additional re-classification via 
homology comparisons to the manually curated models (see Methods). The final library 
was produced by combining the manual TE models with the non-redundant REPET 
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models, yielding 574 consensus sequences, corresponding to 347 families (Table 1, see 
Supplementary Material 3 for detailed annotation notes for TE families).

The Ectocarpus genome harbors considerable TE diversity. Most of the 347 TE families 
correspond to the major subclasses of eukaryotic TEs, which can broadly be grouped 
as either class I (moving via an RNA intermediate) or class II (a DNA intermediate) 
[36]. The Ectocarpus genome features all class I retrotransposon subclasses: LTR 
retrotransposons, long interspersed nuclear elements (LINEs), tyrosine recombinase 
retrotransposons (DIRS), and Penelope-like elements (PLEs) [9, 37]. For Class II, our 
curation revealed substantial diversity in DD(E/D) DNA transposons (i.e., canonical cut-
and-paste DNA transposons, hereafter simply DNA transposons), in addition to Helitron 
elements that move via a copy-and-paste rolling circle mechanism [38]. We identified 
individual TE copies in the Ectocarpus genome by passing our library to RepeatMasker, 
and also identified satellite and microsatellite arrays using Tandem Repeats Finder. 
Overall, repeats constitute 31% of the Ectocarpus genome, the vast majority of which 
are TEs (28% of the genome, i.e., 55.2  Mb). DNA transposons account for 7.9%, LTR 
retrotransposons 6.3%, and LINEs 4.9% (Fig. 1A, Table 1). The TE landscape is largely 
comprised of copies with high sequence similarity within a given family, with 53% of the 
total genomic TE content attributable to TE copies exhibiting < 5% divergence from their 

Table 1  Summary statistics of TE superfamilies in the Ectocarpus genome

Category Families Copies Intact copies Genome 
coverage 
(%)

LINE/CRE 2 4821 30 0.42%

LINE/RTE 3 5010 188 0.97%

LINE/RTE-X 7 16,418 4100 3.41%

LINE/Unknown 3 641 16 0.14%

LTR/Copia 35 5023 561 3.00%

LTR/Gypsy 32 4221 196 2.78%

LTR/Unknown 26 1144 198 0.47%

DIRS/Ngaro 15 3893 689 2.45%

DIRS/PAT-like 5 842 63 0.58%

PLE/Chlamys 3 4782 27 0.43%

DNA/Unknown 51 9109 1308 1.70%

DNA/Dada 1 15 1 0.01%

DNA/Harbinger 15 2251 916 0.93%

DNA/KDZ 8 6403 148 1.80%

DNA/Mariner-Tc1 17 11,912 3007 1.43%

DNA/MuDR 1 56 42 0.13%

DNA/PiggyBac 4 1588 289 0.48%

DNA/Sola-1 1 1989 2 0.17%

DNA/Sola-2 1 48 14 0.04%

DNA/hAT 4 128 13 0.05%

DNA/EnSpm 5 6366 161 1.11%

Helitron 13 4688 522 1.10%

Unknown 94 22,127 4037 3.93%

Tandem repeats / / / 3.35%

Total 393 113,475 16,528 30.91%
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family consensus sequence (Fig. 1B). This broad lack of degradation suggests that most 
TE families in the Ectocarpus genome may have been recently active, and that many TE 
copies may have retained the competency to transpose.

At the level of individual families, the most abundant TEs are LINEs and non-auton-
omous elements that putatively rely on autonomous LINEs for their transposition (Sup-
plementary Material 4). Specifically, multiple families from the RTE-X, RTE, and CRE 

Fig. 1  Genomic occupancy and landscape of 113,475 annotated TEs (574 consensus sequences) in 
Ectocarpus. A Percentage of the genome spanned by different subclasses and superfamilies of TEs. DNA refers 
to DD(E/D) transposons. B TE landscape showing cumulative genomic TE content relative to divergence 
from TE family consensus sequence (a proxy for TE age). C Schematics of Ectocarpus TEs showing terminal 
motifs, genes, and protein domains. Models are to scale except for the terminal inverted repeats of DNA 
transposons which are enlarged for visualization. Domain abbreviations are: EN = endonuclease, RT = reverse 
transcriptase, INT = integrase, RH = RNaseH, ZnK = Gag zinc knuckle, AP = aspartic protease, DDE = DD(E/
D)-type integrase
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clades are each present in several thousand individual copies (Supplementary Mate-
rial 4). The most abundant single family, present in more than 6000 copies and totaling 
2.48  Mb of the genome, is a ~ 600  bp non-autonomous element (RTEX-N1_Ec32) that 
exhibits sequence conservation at its 3’ end to autonomous RTE-X elements (RTEX-1 
and RTEX-2_Ec32, Fig.  1C). It is possible that RTEX-N1_Ec32 is a SINE (short inter-
spersed nuclear element); however, we were unable to determine the origin of its 5’ 
region. For simplicity, we group this family and all other similar families with LINEs, 
since some classification systems require SINEs to have RNA polymerase III promoters 
[39].

Although less abundant as individual families, LTR retrotransposons exhibit a greater 
family-level diversity than LINEs and collectively constitute more sequence in the Ecto-
carpus genome (Fig. 1A, B). All Ectocarpus LTR retrotransposons belong to the Meta-
viridae (i.e., Ty3/Gypsy, 32 families) and Pseudoviridae (i.e., Ty1/Copia, 35 families) 
groups. As previously reported in Ectocarpus [27] and some plant genomes [40], we 
found several Copia families that carry a single ORF with at least partial homology to 
the gag ORF of fully autonomous elements (e.g., Copia-N1_Ec32 and Copia-11_Ec32, 
Fig.  1C). Gypsy families from the Ectocarpus genome display considerable structural 
diversity, and phylogenetic analysis revealed four distinct lineages distributed among the 
diversity of eukaryotic Gypsy elements (Suplementary Material 5: Fig. S1). Notably, fami-
lies from all four lineages encode polyproteins featuring chromatin reader domains that 
are associated with chromatin recognition, remodeling, and targeted insertion. Families 
from three of the lineages feature putative C-terminal chromodomains fused to the inte-
grase domain of Pol (e.g., Gypsy-12_Ec32, Fig. 1C). One of these lineages corresponds 
to ECR-1, which we previously described as an Ectocarpus centromere-specific element 
[33]. Interestingly, the Ectocarpus chromodomain-containing Gypsy lineages are not 
phylogenetically related to chromoviruses (the major group of chromodomain-contain-
ing Gypsy elements [41]) nor the Chronos chromodomain-containing Gypsy elements of 
oomycetes [42] (Supplementary Material 7: Fig. S1). The final lineage corresponds to an 
element carrying a C-terminal Tudor domain (Gypsy-10_Ec32, Fig. 1C), which together 
with chromodomains form part of a larger family of histone readers [43]. To our knowl-
edge, this is the first reported TE that carries a Tudor domain. We recovered a Tudor 
domain-containing homolog of Gypsy-10_Ec32 in the yellow-green alga Tribonema 
minus, suggesting acquisition of this domain prior to the origin of brown algae more 
than 450 mya [44]. Collectively, our results support multiple independent acquisitions 
of chromatin reader domains by Gypsy elements in stramenopiles, potentially indicat-
ing unique interactions between retroelements and the host chromatin-landscape in this 
evolutionary lineage.

Furthermore, the families from one of the four Gypsy lineages all feature a highly 
conserved YbiA-family NADAR domain at the N-terminal region of Pol (e.g. Gypsy-
12_Ec32, Fig. 1C; Supplementary Material 7: Fig. S2). YbiA-family NADAR (NAD and 
ADP-ribose) domain proteins are present in prokaryotes, eukaryotes, and viruses and 
play diverse roles in enzymatic pathways involving NAD (nicotinamide adenine dinu-
cleotide) and ADP-ribose, including processing of nucleic acids and proteins [45]. 
Excluding Ectocarpus, blastp queries of the Gypsy NADAR domains almost exclusively 
retrieved bacterial hits, suggesting possible acquisition of the domain by horizontal 
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transfer (Supplementary Material 8: Table  S1). Querying the Repbase database of TE 
proteins recovered divergent hits to the ORF1 proteins from several families of Tx1 
LINEs from the Pacific Oyster Crassostrea gigas, which also appear to constitute YbiA-
family NADAR domains (Supplementary Material 7: Fig. S2). Although their role in ret-
rotransposition is unclear, the presence of YbiA-family NADAR domains in RNA viruses 
has been hypothesized to function in RNA processing [45] and it may be the case that 
the NADAR domains are involved in processing the RNA intermediates of transposition 
in these Ectocarpus and C. gigas elements.

The remaining retrotransposons belong to the Ngaro and PAT-like groups of DIRS 
elements, and the Chlamys group of PLEs. Ngaro elements are particularly diverse (15 
families) and abundant (2.45% of the genome) (Fig. 1A). PLEs have not previously been 
reported in TSAR (telonemids-stramenopiles-alveolates-rhizaria) [46], and their discov-
ery in Ectocarpus extends their known range to a new eukaryotic supergroup.

DNA transposons are both the most abundant and most diverse subclass of TEs in 
Ectocarpus, with at least 10 superfamilies present (Fig. 1A, B). Harbinger (15 families) 
and Mariner-Tc1 (17 families) are the most diverse DNA transposons at the family 
level, and Mariner-Tc1 DNA transposons collectively contribute almost 12,000 genomic 
copies (Table  1), most of which are non-autonomous (i.e., miniature inverted-repeat 
transposable elements; e.g., the 217  bp TcMar-N1_Ec32, which relies on the 4.4  kb 
autonomous TcMar-2_Ec32 for its transposition and exhibits 27-fold higher copy num-
ber; Fig. 1C, Supplementary Material 4). The transposase of TcMar-2_Ec32 has acquired 
an N-terminal EsV-1–7 domain (Fig. 1C), which may be an uncharacterized class of zinc 
finger domain that has proliferated in the genomes of brown algae and are otherwise 
mostly known from Nucleocytoviricota giant viruses [47]. Although all of the autono-
mous Harbinger elements encode two tail-to-tail genes, they can be divided to two 
groups: elements that target ANT trinucleotides (where N is any nucleotide) and cause 
corresponding ANT target site duplications (TSDs; previously reported for the Pangu 
subgroup [48] and those that match the classic TNA insertion/target site duplication 
pattern of Harbinger (e.g., Harbinger-3_Ec32, Fig. 1C).

A remarkable feature of the Ectocarpus mobilome is the presence of several giant DNA 
transposons from the superfamilies KDZ, EnSpm, and Sola-1, which generally span 
more than 10 kb, but can exceed 30 kb. In the case of KDZ and EnSpm, the combination 
of their considerable lengths and high copy numbers results in these families comprising 
substantial proportions of the genome (1.8% and 1.1%, respectively; Fig.  1A, Table  1). 
Most giant transposon families feature nested insertions of unrelated TEs (e.g., KDZ-1_
Ec32, Fig.  1C). These insertions are generally fixed among multiple copies, implying 
that these giant elements have continued to transpose following insertion by other TEs. 
Many families carry additional transcribed genes, and frequently the transposase-encod-
ing gene is predicted to be pseudogenized, implying mobilization in trans via copies that 
can produce an active transposase. Indeed, several giant families only carry genes that 
have no homology to transposases and are presumably entirely non-autonomous (Sup-
plementary Material 3), analagous to the Pack-MULE transposons of plants [49]. While 
most of the accessory genes are of unknown function, we identified one intriguing gene 
transcribed on the opposite strand to the transposase in the 21.5 kb Sola1-1_Ec32 family 
(Fig. 1C). The predicted product of this gene is a 1104 aa protein featuring two domains 
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typically associated with prokaryotes: a ParB-like DNA binding domain and a DNA 
methyltransferase domain predicted to produce either N4-methylcytosine or N6-meth-
yladenine. Similar proteins have been reported in green and red algal transposons, and 
they may represent a novel class of transposon accessory proteins that are capable of 
binding and epigenetically modifying their own transposon sequence [50, 51].

Chromosomal distribution of TEs reveals repeat enrichment on the sex chromosomes

The Ectocarpus v5 haploid reference genome features 27 chromosomes ranging from 4.5 
to 11 Mb, including the male sex chromosome (i.e., chromosome 13 or V) that harbors 
the male-specific sex determining region (SDR) [33]. Although not analyzed in the above 
section, Liu et al. [33] also produced a gapless assembly of the female SDR (chromosome 
U) via sequencing of a haploid female gametophyte, which is available as part of the v5 
assembly. The SDRs of the sex chromosome harbor loci involved in male (V) and female 
(U) sex determination [52] and do not undergo recombination [4, 14, 53]. Consequently, 
the SDRs are more repetitive, less gene dense, and have larger introns and lower GC con-
tent relative to the autosomes [4, 14]. The pseudoautosomal regions (PARs) flanking the 
SDR exhibit intermediate values to those of the SDR and autosomes for the aforemen-
tioned genomic features, despite showing a recombination rate similar to the autosomes 
[14, 53, 54]. To explore the evolutionary dynamics of TE accumulation on autosomes 
and the sex chromosomes, we analyzed the repeat content across the different genomic 
compartments: autosomes, PARs, and male and female sex determining regions (V and 
U-SDR).

Overall, the distribution of TEs is not uniform, with total TE proportions of 22% on 
the autosomes, 39% on the PARs, 51% on the male SDR, and 65% on the female SDR 
(Supplementary Material 8: Table  S2). The entire male sex chromosome harbors a 
significantly higher fraction of TE sequence compared to the autosomes (Kruskal–Wallis 
p-value < 2.2e − 16; Dunn’s test with Bonferroni correction shows p-value < 0.05 for all 
comparisons, except for p = 0.0597 in the comparison with chromosome 22; Fig.  2A, 
Supplementary Material 7: Fig. S3A), as previously reported [14]. Considering the 
SDR and PARs of the male sex chromosome separately, TEs are enriched in the SDR 
compared to the PARs (Fig.  2B, Wilcoxon rank sum test with continuity correction 
p-value = 1.60e − 16), and the PARs are enriched compared to the autosomes (Wilcoxon 
rank sum test with continuity correction p-value < 2.2e − 16).

As introduced above, the difference in genomic TE proportions between the PARs and 
autosomes is not expected given their similar recombination landscapes. Since DNA 
transposons are abundant in the Ectocarpus genome, we asked whether the mechanistic 
properties of DNA transposons could be responsible for the TE enrichment on the PARs. 
Unlike copy-and-paste elements, cut-and-paste DNA transposons exhibit biased inser-
tion patterns termed “local hopping,” in which new insertions occur more frequently in 
cis-linked sites in the vicinity of the donor locus [55, 56]. We hypothesized that DNA 
transposons that have accumulated in the recombination-suppressed SDR could act as 
a source of local hopping events, which may have resulted in an accumulation of DNA 
transposons on the nearby PARs, relative to the autosomes. To test this hypothesis, we 
scaled the abundance of DNA transposons relative to copy-and-paste TEs (retrotranspo-
sons and Helitrons) in different genomic regions. On the autosomes, we find a copy:cut 
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abundance ratio of 0.48 (Fig. 2C, Supplementary Material 8: Table S2). In contrast, the 
PARs of the male sex chromosome exhibit a significantly higher ratio of DNA trans-
posons to copy-and-paste elements (0.71) relative to the autosomes (Wilcoxon rank 

Fig. 2  A Circos plot representation of the Ectocarpus genome. Light gray outer blocks represent 
chromosomes, with the sex determining region (SDR) highlighted in red on the male sex chromosome 
(chromosome 13). Black triangles represent the centromeric regions. Tracks represent the TE and tandem 
repeat densities and the inner heatmap shows CDS density. Chromosome 11 and 13 are expanded as linear 
representations to contrast an autosome to the sex chromosome. B TE density in 100-kb windows across 
different genomic compartments. C Ratio of cut-and-paste to copy-and-paste TEs in 100-kb windows. D 
TE landscapes and TE densities of the male and female SDRs. Repeat densities were calculated in 50-kb 
windows. E TE density across 5-kb non-overlapping windows extending towards the centromere from the 
subtelomeric satellites; median density (blue line), first and third quantiles (light blue area)
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sum test with continuity correction p-value = 2.60e − 04), as does the male SDR (0.79) 
(Fig.  2C). When examining TE superfamily densities per megabase, we observed that 
only a subset of DNA transposon superfamilies exhibit consistent enrichment on the 
sex chromosomes relative to the autosomes (Supplementary Material 5, Supplemen-
tary Material 7: Fig. S3B, S3C). Namely, Tc1-Mariner, in addition to the giant KDZ and 
EnSpm DNA transposons, were enriched (log₂FC > 1) in both the SDR and PAR. Taken 
together, these observations support the possibility that local hopping of DNA trans-
posons, and particularly giant elements, from the SDR has contributed to the elevated 
DNA TE content observed in the adjacent PARs.

We next examined the male and female SDRs in more detail (Fig. 2D; Supplementary 
Material 8: Table S3). The female SDR is approximately twice the size of the male SDR 
(Supplementary Material 8: Table  S2) and harbors a significantly higher abundance of 
TEs, with 64.5% TE content compared to 50.9% in the male SDR (Wilcoxon rank sum 
test with continuity correction p-value = 1.42e − 03) (Fig. 2B, D). Surprisingly, the ratio 
of cut-and-paste to copy-and-paste elements on the female SDR is 0.52, not significantly 
higher (Wilcoxon rank sum test with continuity correction p-value = 1) than the auto-
somes (Fig. 2C). This observation can be explained by an increased abundance of LTR 
retrotransposons specifically in the female SDR; LTR retrotransposons comprise 16 and 
8% of the female and male SDR, respectively, and Gypsy elements comprise almost 10% 
of the female SDR. While both SDRs share similar distributions of TE divergence values 
for DNA transposons, the female SDR features a higher abundance of low-divergence 
LTR retrotransposons (Fig. 2D). TEs on the female SDR are thus significantly younger 
than the ones on the male SDR (Wilcoxon rank sum test with continuity correction 
p-value = 8.698e − 06), consistent with a recent expansion of LTR retrotransposons that 
has specifically impacted the female SDR.

We also investigated the TE distribution along autosomes. The median TE density per 
autosomal 100-kb window is 18.9%, although there are many outlier genomic windows 
that exhibit substantially higher TE densities (Fig. 2B). Indeed, the autosomal landscape 
is punctuated by discrete regions that are TE-rich and gene-poor; for example, a ~ 300-
kb region on chromosome 6 has a TE density of 64.7% and a coding sequence (CDS) 
density of only 6.4% (Fig. 2A). These TE-rich islands are independent of centromeres, 
which were recently characterized as short regions featuring the ECR-1 centromere-spe-
cific Gypsy element [33]. The centromeres span on average only 39 kb, and this highly 
localized enrichment does not substantially contribute to variation in TE density at a 
chromosome-wide scale (Fig. 2A). Conversely, we did find an enrichment of TEs towards 
the chromosome termini. The Ectocarpus subtelomeric regions are defined by the pres-
ence of a specific satellite array [33], and highly elevated abundances of tandem repeats 
can be observed at several chromosome termini (Fig.  2A). Immediately upstream of 
these subtelomere-specific satellites, we observed a localized increase in TE density 
extending ~ 70 kb away from the subtelomere (Fig. 2E).

Finally, although the Ectocarpus v5 genome is near-complete, the assembly of a small 
number of chromosomes did not reach the subtelomere or telomere, and there are 
five unplaced scaffolds (13.75  Mb in total) that likely correspond to these incomplete 
chromosomal termini [33]. The scaffolds are massively repetitive (as much as 70% TE 
sequence, Supplementary Material 8: Table S4), and although they span only 7% of the 
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genome, the scaffolds constitute 18% of the total genomic TE content. These gene-poor, 
TE-rich regions likely correspond to large repetitive islands and putatively represent 
extreme cases of the TE-enrichment of chromosomal termini reported above.

Distribution and characteristics of TE insertions relative to genic sequence

The consequences of transposon insertions on the host genome often depends on the 
type of the element and on its insertion site [57]. In particular, TEs can impact the regu-
lation of nearby genes via multiple complex interactions [10]. Therefore, we examined 
the local distance-distribution of TEs relative to genes focusing on the 27 assembled 
chromosomes representing the haploid male genome.

Intergenic regions contain the highest density of TEs at 52.9%, followed by 20.1% 
of intronic sequence, 7.0% of 5’ UTRs, 8.8% of 3’ UTRs, and 2.4% of CDS (Fig.  3A, 
Supplementary Material 8: Table  S5). Conversely, tandem repeats exhibit a relatively 
even distribution across the genome (Fig.  3A, Supplementary Material 8: Table  S5). 
The Ectocarpus genome is generally highly compact with regard to intergenic space, 
with a median intergenic length of 1302 bp on the autosomes, rising to 2853 bp on the 
male sex chromosome (Fig. 3B). To explore the difference between intergenic sequence 
immediately adjacent to genes and that far from genes, we divided intergenic regions 
into gene “proximal” (sequences within 500 bp of a gene) and “distal” (sequences > 500 bp 
from a gene) categories. E This 500 bp threshold from both flanks of neighboring genes 
captures the median intergenic tract length. Proximal intergenic regions exhibited a 
substantially lower TE density (17.8%) relative to distal intergenic sequences (59.6%) 
(Fig. 3A). Thus, genes generally do not harbor a high density of TEs in their immediate 
flanking sequence, and the high overall density of intergenic TEs can largely be explained 
by longer repeat-rich regions that are generally distant from genes.

The Ectocarpus genome, and indeed most brown algal genomes [2], has a very high 
intronic content (~ 46% of the genome) [58]. Furthermore, the Ectocarpus introns are 
far larger than model species with similarly compact genomes, where intron lengths are 
generally tightly distributed with a peak of 60–110  bp (e.g., Arabidopsis thaliana and 
Drosophila melanogaster) [59]. The Ectocarpus introns have a median length of 524 bp 
on the autosomes and 765 bp on the sex chromosome (Fig. 3B). These intron features, 
combined with the high percentage of intronic TEs, prompted us to investigate the 
relative characteristics of intronic and intergenic TEs. TEs inserted within introns are 
shorter (Kruskal–Wallis rank sum test p-value < 2.2e − 16) and more divergent from 
their consensus sequences (Kruskal–Wallis rank sum test p-value < 2.2e − 16) compared 
to intergenic TEs (Supplementary Material 8: Table S6). These differences are consistent 
for both intact and non-intact elements (Fig. 3C, D), where intact elements are defined 
as copies that span > 80% of the consensus length and are < 20% divergent from the con-
sensus (i.e., copies that may retain the capacity to transpose).

The intergenic and intronic populations of TEs also differ in terms of their TE com-
positions. Intergenic proximal and intronic regions are predominantly populated by 
DNA transposons and LINEs, whereas LTR retrotransposons contribute the majority of 
TE sequence to intergenic distal regions (Fig. 3E, Supplementary Material 8: Table S7). 
DNA transposons consistently exhibit the highest copy numbers relative to the other 
subclasses, and autonomous elements dominate the total abundance in intergenic 
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Fig. 3  A Density of TE bases by genomic site class. The blue and orange bars represent the proportion 
of sequence occupied by TEs and tandem repeats, respectively; gray bars represent the proportion of 
non-repetitive sequence. B Density plots showing the length distribution of introns (upper panel) and 
intergenic regions (lower panel) in autosomes and on the male sex chromosome. C Intact (blue) and 
non-intact (red) TE lengths by site class. D Divergence from consensus for intact (blue) and non-intact (red) 
TE copies; TEs with divergences > 30% were excluded. E Density of different TE classifications by site class. 
The bars are colored by order and superfamily in the upper panel (or autonomous/nonautonomous status) 
and by intact status in the lower panel. Note that the densities differ from those in panel A since an entire TE 
copy was considered “proximal” if any of its sequence was within 500 bp of a gene. F Mosaic plot showing 
the relationship between intronic TEs of different superfamilies and the age of the genes in which they 
are inserted; the gene age is shown as numbers from 1 to 11 where 1 are the most evolutionary ancient 
genes and 11 are Ectocarpus-specific genes. G Expression of genes relative to the ratio of CDS to total genic 
TE content, for different life stages. GA: gametophyte, Ga: gametes, pSp (parthenosporophyte). H Gene 
expression relative to the distance to the closest intact or non-intact TE
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sequence but not introns, where the abundance of autonomous and non-autonomous 
DNA transposons is approximately equal (Fig. 3E; Supplementary Material 8: Table S7). 
Across all subclasses, the proportion of intact elements is generally highest in inter-
genic distal sequences, followed by intergenic proximal sequences, and introns (Fig. 3E). 
These results suggest that the shorter length of intronic TEs can be explained by both 
a higher density of shorter insertions (non-autonomous DNA transposons, LINEs that 
are frequently 5’ truncated and include very short abundant non-autonomous families, 
see Fig.  1C) and a greater abundance of older, degraded TE copies. Conversely, LTR 
elements, which insert as full-length copies and have lengths ranging between 3.9 and 
14.5 kb in Ectocarpus, dominate the intergenic distal regions together with autonomous 
DNA transposons, which include the giant families discussed above.

Brown algal genomes feature genes that span an extensive range of evolutionary ages, 
with many genes taxonomically restricted to the entire clade or to specific brown algal 
lineages [2, 4, 60]. We next tested whether there was any difference in the properties of 
intronic TE insertions among genes of different evolutionary ages. We found that LINEs 
tend to be enriched within evolutionarily old genes (phylostratum rank 1), assessed with 
genomic phylostratigraphy [60], whereas Harbinger DNA transposons and LTR retro-
transposons are over-represented in younger genes that emerged after the evolution 
of the Ectocarpales (phylostratum rank 8) (Fig. 3F). Notably, elements that can be very 
large, specifically LTR retrotransposons and Helitrons, are over-represented within Ecto-
carpus-specific genes (phylostratum rank 11) (Fig. 3F). Together with the above observa-
tions that intronic TEs are generally shorter and more degraded relative to intergenic 
TEs, these results suggest that selection may play a major role in shaping the composi-
tion of intronic TE sequences, with longer TEs only tolerated in evolutionarily young 
genes that may be evolving under weaker selection.

Finally, we explored the effects of TE insertions on gene expression. Since intronic 
TEs are ubiquitous in Ectocarpus (81% of genes feature at least one genic insertion), we 
tested whether the abundance of intronic TEs is associated with gene expression levels. 
To quantify intronic TE abundance per gene, we calculated the ratio of genic TE nucleo-
tides to CDS nucleotides. We found a very weak positive monotonic correlation between 
intronic TE abundance and gene expression (rho 0.14 in the gametophyte (GA) stage, 
rho 0.13 in the gametes, rho 0.20 in the parthenosporophytes (pSP). While the p-values 
are highly significant (p-value < 2.2e–16), this is likely due to the large sample size, and 
the relationship between TE content and gene expression is rather weak (Fig. 3G), sug-
gesting that genes can be highly expressed despite containing substantial intronic TE 
densities. The absence of any major effect of intronic TE content on transcript abun-
dance was consistent across three distinct life stages, the GA, gametes, and pSP. Con-
sidering the distance to the nearest intergenic TE, we found no effect of the vicinity of 
either intact or non-intact TEs on gene expression (Fig. 3H). Furthermore, 82% of genes 
had no intact TE within 2 kb, although 52% of genes did have at least one non-intact TE 
in these regions (Fig. 3H). This result suggests that proximal TE insertions are selected 
against in the Ectocarpus genome and is consistent with the presence of large gene-poor 
TE-rich islands that harbor mostly intact TEs.



Page 14 of 33Dinatale et al. Genome Biology          (2025) 26:320 

Small RNAs and non‑canonical histone modifications are associated with potentially active 

TEs

Both small RNAs and H3K79me2 have been shown to associate with TEs in 
Ectocarpus [27, 31]. We therefore asked whether these associations play a role in the 
regulation of TEs. We performed sRNA-seq across three different stages of the life 
cycle, namely the vegetative and fertile gametophyte and gametes of the Ectocarpus 
sp. 7 male reference strain Ec32 (Fig. 4A). Consistent with [27] and [32], we recovered 
a peak in sRNA abundance at 21 nt in all three life stages (Fig.  4B) and a strong 
uracil (U) bias at the 5’ end (Supplementary Material 7: Fig. S4A), consistent with 
the presence of a single Argonaute (AGO) protein encoded in the genome. Across 
all three developmental stages, the abundance of sRNAs that mapped to TEs was 

Fig. 4  A Life cycle of a male Ectocarpus. The colored life stages (vegetative gametophyte, fertile 
gametophyte, gametes) represent those sampled for sRNA sequencing in this study. B Size distribution 
and genomic feature annotation of sRNAs. Error bars represent SD of the mean of the biological replicates. 
C sRNA accumulation (CPM) on intact (blue) and non-intact (red) TE copies across the life stages. D sRNA 
accumulation (CPM) by TE superfamily. The zoomout panels show sRNA accumulation (CPM) differences 
between specific families from the Tc1-Mariner and Harbinger superfamilies. E Volcano plots illustrating TEs 
with differential sRNA expression throughout the Ectocarpus life cycle. Intact TEs are represented by blue dots, 
and non-intact TEs by red dots
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substantially higher than those mapping to CDS (49,647.51 CPM average versus 
10,640.45, Fig. 4B). A substantial proportion of sRNAs also mapped to other regions 
of the genome, which likely includes miRNA loci [32]. We found that CDS-mapping 
sRNA reads of 24 nt or longer were almost entirely in the same sense as the associated 
mRNA (Supplementary Material 7: Fig. S4B, S4C), consistent with degradation 
products. Conversely, on both TEs and CDS, sRNAs < 24 nt exhibited relatively 
equal proportions of sense and antisense mapping, and only 1% (0.4% in gametes) of 
TE-associated reads were 24 nt or longer (Supplementary Material 7: Fig. S4D, S4E, 
Supplementary Material 8: Table S8). We therefore focused on sRNAs of 20–24 nt for 
our analyses.

sRNAs overlap with 28.1% of TEs across all developmental stages (CPM > 0, Supple-
mentary Material 6). Noticeably, the percentage of TEs associated with sRNA in all life 
stages increases to 64.7% when considering intact TEs exclusively and falls to 21.8% for 
non-intact TEs (Supplementary Material 8: Table S9). Furthermore, sRNA accumulation 
is significantly higher on intact TEs compared to non-intact TEs (Wilcoxon rank sum 
test with continuity correction p-value < 2.2e–16) (Fig.  4C). This enrichment towards 
intact TEs holds for all developmental stages and across TE superfamilies (Fig. 4C, D). 
Therefore, sRNAs in Ectocarpus are preferentially associated with intact, potentially 
active, transposons.

For both intact and non-intact TEs, sRNA accumulation varies substantially across 
different TE categories (Fig. 4D). For example, sRNA CPM values are consistently higher 
for LTR retrotransposons relative to LINEs; however, due to the challenges of sRNA nor-
malization in terms of TE size, the result should be interpreted with caution. For other 
subclasses, we observed considerable differences in sRNA accumulation between super-
families, e.g., Ngaro DIRS elements exhibit lower sRNA CPMs (1.81 log2CPM) than 
PAT-like DIRS (6.38 log2CPM), as do Harbinger DNA transposons (1.67 log2CPM) rela-
tive to Mariner-Tc1 DNA transposons (0.33 log2CPM). Most strikingly, we found that 
specific families within the same superfamily could differ drastically in their association 
with sRNAs. For example, within the Mariner-Tc1 superfamily, the autonomous family 
TcMar-1_Ec32 exhibits 12-fold higher sRNA log2CPMs than TcMar-2_Ec32 (Fig.  4D), 
and two Harbinger families differ similarly (Fig.  4D). The association between sRNAs 
and TEs thus appears to be dynamic and clearly non-random, suggesting a role for sRNA 
in the regulation of specific TE families.

To further assess the dynamics of TE regulation across the life cycle of Ectocarpus, 
we performed differential sRNA accumulation analysis between the three sampled 
life stages (Fig. 4A). Most TE copies (> 98%) exhibited no significant differential sRNA 
accumulation between the life stages, suggesting that TE regulation via sRNAs is 
stably maintained. However, 1.2 and 1.4% of the total TE copies showed differential 
sRNA accumulation between vegetative gametophytes and gametes, and fertile 
gametophyte and gametes, respectively (Fig.  4E, Supplementary Material 7: Fig. S5A, 
S5B; Supplementary Material 8: Table  S10, S11). The changes in sRNA association 
with TEs during this transition were not strongly biased towards either upregulation 
or downregulation, suggesting a general reconfiguration of TE-associated sRNA 
accumulation in gametes (Supplementary Material 8: Table  S10, S11). Non-intact TEs 
were significantly more likely to exhibit differential sRNA accumulation compared to 
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intact elements in both gametophyte-to-gamete comparisons (Supplementary Material 
8: Table  S12; chi-square test, p < 0.00001). This pattern may reflect the importance of 
maintaining silencing mechanisms for intact TEs in the new generation.

A small subset of 166 TE copies showed differential sRNA accumulation at the transi-
tion to fertility (i.e., between vegetative and fertile gametophytes); however, we noticed 
that this transition featured substantially more downregulated TEs, a significant pro-
portion of which were intact elements (61.2% intact, relative to less than 30% in other 
transitions) (Fig.  4D, Supplementary Material 7: Fig. S5A). Moreover, 92.5% of these 
downregulated intact TEs belong to a single family of non-autonomous Harbinger DNA 
transposons (Harbinger-N4_Ec32, Supplementary Material 8: Table  S13). These Har-
binger elements are not associated with any significant changes in sRNA accumulation 
between any other life stages (Supplementary Material 7: Fig. S5B), potentially sug-
gesting that the transition to fertility is associated with a highly specific shift in sRNA 
abundance in this family. However, since sRNAs almost invariably multimap to differ-
ent copies of the same TE family, we cannot rule out an alternative explanation where 
a single copy of Harbinger-N4_Ec32 may be inserted at a genomic locus that undergoes 
differential sRNA regulation.

We next assessed the relationship between H3K79me2 and TEs. We identified 
H3K79me2 peaks in the Ectocarpus v5 genome (Methods), and we found that 30.2% 
of intact TEs overlap with an H3K79me2 peak, relative to 23.1% of non-intact TEs. 
Furthermore, H3K79me2 signal was consistently higher within the TE body relative to 
the flanking regions, with a more pronounced increase in signal for intact TEs (Fig. 5A). 
Among TE superfamilies, Harbinger DNA transposons exhibited the most substantial 
enrichment in TE body H3K79me2 signal (Fig. 5B, Supplementary Material 7: Fig. S6A). 
Note that many TEs are in close proximity to other TEs, which reduces the relative 
signal of TE body to flanking sequence.

To explore the potential interplay between sRNA and H3K79me2 in TE regulation, we 
mapped both ChIP-Seq and sRNA reads to TE consensus sequences (Methods). Spe-
cifically, we split autonomous TEs into their left and right termini and genic sequence; 
for retrotransposons, we considered CDS, for DNA transposons exons and introns. We 
found that DIRS (p = 0.024), DNA transposons (p = 0.023), and LTR retrotransposons 
(p = 5.9 × 10⁻⁷) exhibited significant differences in H3K79me2 coverage across anno-
tated features. In particular, DIRS and LTR retrotransposons showed significantly higher 
coverage over internal coding regions compared to terminal regions, especially the 5′ 
end (Fig. 5C, Supplementary Material 8: Table S14). For DNA transposons, although the 
overall p-value suggested a trend towards greater coverage over internal features (exons, 
introns), none of the pairwise comparisons remained significant after multiple testing 
correction, indicating a weaker or more variable pattern. Other TE groups did not show 
statistically significant differences. Nonetheless, individual TE families often exhibited 
distinct coverage profiles, with internal regions frequently showing elevated H3K79me2 
coverage.

These observations led us to ask whether H3K79me2 preferentially targets TE-
encoded genes. Supporting this idea, we found that autonomous TEs, which typically 
contain intact coding sequences, exhibited significantly higher H3K79me2 coverage 
than non-autonomous TEs (p = 0.034; Supplementary Material 8: Table S15). Together, 
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Fig. 5  A H3K79me2 (normalized on H3) accumulation profiles on intact and non-intact elements. Start 
and end indicate the TE body, with 10-kb flanking regions. B H3K79me2 (normalized on H3) accumulation 
profiles on TE superfamilies. Start and end indicate the TE body, with 10-kb flanking regions. C H3K79me2 
coverage over TE features. Each gray dot represents the mean coverage value, across 8 biological replicates, 
for each TE family consensus sequence. Gray lines connect dots belonging to the same TE family. The black 
line represents the median coverage value for each TE feature, with SD, within the TE subgroup represented. 
D sRNA reads distribution over TE body. Each line represents a biological replicate. E Venn diagram showing 
the intersect between intact TE copies associated with sRNA and H3K79me2. F Scatter plot and fitted curve 
(Loess regression) showing the correlation between sRNA abundance (CPM) on intact TE copies and TE gene 
expression. Each point represents a TE family. G Scatter plot and fitted curve (Loess regression) showing the 
correlation between the average proportion of intact TE body overlapped by H3K79me2 peaks and the TE 
gene expression
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these results indicate that H3K79me2 may play a role in the transcriptional repression of 
TE genes.

Similarly, sRNA accumulation profiles were highly variable across TE sequences. 
Within superfamilies, sRNA peaks were not significantly associated with specific anno-
tated TE features (Fig. 5D, Supplementary Material 7: Fig. S6B, S6C). However, sRNAs 
did not accumulate uniformly along the TE body, but tended to concentrate in localized 
regions, consistently across life stages. For example, both LTR/Copia and LTR/Gypsy 
elements accumulate sRNA preferentially towards the 5’ end of the TE body; on the con-
trary LINEs typically exhibit sRNA accumulation towards the 3’ end (Fig. 5D, Supple-
mentary Material 7: Fig. S6B).

Considering sRNA and H3K79me2 collectively, only 8.6% of TE copies are associ-
ated with both sRNA mapping and a H3K79me2 peak (Supplementary Material 7: Fig. 
S7A). This number increases to 22.2% of intact TEs, and strikingly, 73.6% of intact 
TEs that intersect an H3K79me2 peak also exhibit sRNA mapping (Fig.  5E). Thus, 
most intact TEs associated with H3K79me2 are also associated with sRNAs, whereas 
the majority of intact TEs associated with sRNAs are not associated with H3K79me2.

We next investigated the differences between the sRNA population associated 
with intact TEs that intersect an H3K79me2 peak and the set associated with TEs 
that do not intersect with an H3K79me2 peak. The length distribution of sRNA in 
the two populations confirms the peak at 21nt (Supplementary Material 7: Fig. S7B, 
S7C), with only small differences in strand preference: the 21nt sRNA associated with 
TEs that intersect an H3K79me2 peak are equally sense and antisense, with antisense 
sRNA becoming more abundant among 23 and 24 nt sRNA (Supplementary Mate-
rial 7: Fig. S7B). In contrast, sRNAs associated with TEs that do not overlap with the 
histone mark present a higher abundance of antisense 21 nt sRNA (Supplementary 
Material 7: Fig. S7C). This observation potentially highlights the importance of post-
transcriptional gene silencing (PTGS) in TEs that lack H3K79me2. Alternatively, it 
may suggest that sense sRNAs contribute to the deposition of H3K79me2. Further-
more, we observed no difference in 5′ nucleotide bias between the two sRNA popu-
lations; both show a strong preference for uracil (U) at the 5′ end (Supplementary 
Material 7: Fig. S7D, S7E; Supplementary Material 8: Table S16). Regarding the dis-
tribution of intact TEs relative to genes, the majority of both intergenic and intronic 
TE copies lack H3K79me2 marks (59 and 72%, respectively; Supplementary Material 
8: Table S17). Nonetheless, intact intergenic TEs are more likely to associate with an 
H3K79me2 peak than intronic copies (chi-square p-value < 0.00001). These results 
suggest that H3K79me2-marked TEs tend to be located further from genes, poten-
tially reflecting a mechanism to prevent unintended silencing of nearby genes due 
to the broad distribution of H3K79me2 peaks. Alternatively, the lower proportion of 
marked TEs within introns may reflect the reduced presence of autonomous TEs in 
these regions, as H3K79me2 appears to preferentially target TEs encoding transposi-
tion-related proteins.

Finally, we explored the relationships between TE gene expression across the same 
life stages, and sRNA and H3K79me2 association. Restricting the analysis to manually 
curated TE families that encode genes, the nine most highly expressed TE families are 
all Copia LTR retrotransposons (Supplementary Material 7: Fig. S7C, Supplementary 
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Material 8: Table S18), which dominate the most expressed TE families across all life 
stages (Supplementary Material 7: Fig. S7D, Supplementary Material 8: Table S18). In 
total, 97.9% of these gene-encoding families exhibited expression of at least 1 TPM 
(transcripts per million) consistently across life stages, suggesting broad transcrip-
tional activity for intact TEs in Ectocarpus. We found a weak positive correlation 
(Spearman’s rho = 0.319) between TE gene expression and sRNA abundance on intact 
copies, suggesting that TEs associated with high sRNA abundance can still be highly 
expressed (Fig. 5F). Conversely, we observed a weak negative correlation (Spearman’s 
rho = − 0.28) between TE gene expression and the average percentage of intact TEs 
overlapped by H3K79me2 peaks (Fig.  5G). In particular, the curve applied to high-
light the trend between variables (Loess Regression) shows a pronounced decline in 
TE expression when more than 75% of the TE body intersects with H3K79me2 peaks 
(Fig. 5G). Therefore, coverage of a high proportion of the TE body by H3K79me2 is 
associated with reduced transcriptional activity.

Discussion
The diverse mobilome of Ectocarpus and TE‑enrichment on the sex chromosome

Despite occupying only 28% of its genome, Ectocarpus features a high diversity of TEs, 
harboring nearly 340 families from six subclasses and 19 superfamilies. Furthermore, 
more than half of the cumulative TE sequence in the genome belongs to copies that 
exhibit less than 5% divergence from their family consensus sequence, suggesting recent 
or potentially ongoing transposition. This is supported by our observation that ~ 98% of 
curated autonomous TE families are expressed consistently across life stages, potentially 
leading to the production of transposon proteins. Population genomics or experimen-
tal data will be required to demonstrate active transposition in Ectocarpus. The skew of 
the TE landscape towards younger elements also implies that the Ectocarpus genome is 
under selection to maintain compactness, with inactive and degrading TEs being purged 
from the genome. Although detailed analyses of TE landscapes and TE diversity have 
not been performed for other brown algae, their greater genome sizes and repeat densi-
ties [2] suggest that selection against TE accumulation may be weaker in several species, 
many of which are morphologically more complex and would be expected to have lower 
effective population sizes.

The substantial diversity of Ectocarpus TEs highlights the benefits of studying taxo-
nomically diverse genomes. For example, our annotation of Gypsy LTRs increases the 
number and diversity of known fusions between integrases and chromatin-reader 
domains, and revealed acquisitions of NADAR domains by diverse retrotransposons. 
Whether these retrotransposons may facilitate this diversification process through extra-
chromosomal recombination as suggested for other species [61] will be an exciting area 
for future research. Notably, DNA transposons are the most abundant and diverse TE 
subclass in Ectocarpus, spanning almost 8% of the genome. This proportion is likely to 
be an underestimation, as most of the remaining unknown TEs are expected to be DNA 
elements. Automated classification of DNA transposons is highly challenging [35]; for 
autonomous families, nucleotide-to-protein homology searches are complicated by the 
abundance of introns in transposase genes and low sequence conservation of DD(E/D) 
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transposases, whereas nonautonomous families are often very short and lack obvious 
structural characteristics. Although DNA transposons undergo cut-and-paste trans-
position, they can increase in copy number during certain transposition events [9, 62], 
and the relative abundance of retrotransposons and DNA transposons differs substan-
tially between eukaryotes. For example, although TEs comprise approximately the same 
genomic space, in C. elegans DNA transposons account for more than 70% of the total 
TE content [63] whereas in A. thaliana this figure is ~ 27% [64] and in D. melanogaster 
only ~ 7% [65]. DNA transposons are also the dominant subclass in many, but not all, fish 
genomes, whereas they are absent from most mammalian genomes [66]. Furthermore, 
TE horizontal transfer events in vertebrates overwhelmingly occur among fish [66]. Like 
many fish, brown algae undergo external fertilization in aquatic environments where 
opportunities for horizontal transfer may be increased, and it would be interesting to 
address the evolutionary origin of brown algal DNA transposons in future work.

An additional contributing factor to the abundance of DNA transposons in the Ecto-
carpus genome is the presence of several giant elements, specifically from the KDZ, 
EnSpm, and Sola-1 superfamilies, which have maximum lengths ranging from 15.2 kb 
(EnSpm) to 30.3 kb (KDZ). KDZ elements encode complex transposases that can exceed 
1300 amino acids [67], frequently carry accessory genes in fungi [68], and are among the 
largest DNA transposons reported. Active transposition of a 31.7 kb KDZ element was 
observed in the green alga Chlamydomonas reinhardtii [69], and giant EnSpm elements 
carrying multiple accessory genes have been reported in red algae [51]. The evolution 
of giant TEs is thought to be limited due to the risk of ectopic recombination occur-
ring between copies, which would be strongly selected against by the host [70]. Ectocar-
pus, along with many other taxa associated with giant TEs (fungi, green and red algae), 
spends a substantial portion of its life cycle in the haploid stage [7]. Although DNA 
repair mechanisms in Ectocarpus remain uncharacterized, a potentially low frequency of 
homologous recombination in the haploid stage could help explain the evolution of giant 
transposable elements in this species.

Consistent with previous studies, we found that TEs are enriched on the Ectocarpus 
sex chromosomes [4, 53]. Notably, this enrichment is not restricted to the non-recom-
bining SDR but also extends into the PARs, despite PARs recombining at rates compa-
rable to autosomes [4, 53]. This pattern contrasts with observations in other organisms 
with haploid chromosomal sex or mating type determination; for example, Microbot-
ryum fungi show no TE enrichment in their recombining PARs [71]. We hypothesize 
that the high abundance of DNA transposons in the Ectocarpus genome may underlie 
this pattern. In this model, DNA transposons would initially accumulate in the non-
recombining sex-determining region (SDR), along with other repetitive elements. Due 
to the known tendency of DNA transposons to insert near their donor copies (a phe-
nomenon known as “local hopping”; [55]), the SDR could act as a source of transposition 
events, leading to increased insertion rates in the adjacent PARs. Over time, the result-
ing accumulation of DNA transposons in the PARs could create a reservoir of relatively 
neutral sequence, facilitating the secondary accumulation of other TEs that might oth-
erwise be subject to stronger purifying selection. Although this hypothesis is difficult 
to test directly, we do observe a significant enrichment of DNA transposons (relative to 
copy-and-paste elements) in the Ectocarpus PARs. In contrast, Microbotryum genomes 
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contain relatively few DNA transposons and are instead dominated by LTR retrotrans-
posons [71], consistent with the absence of TE enrichment in their recombining PARs.

The Ectocarpus female SDR contains a distinct set of TEs compared to the male SDR. 
Similar patterns of sex-chromosome TE differences have been reported in other species 
and attributed to sex specific activity of certain TEs or differences in epigenetic silenc-
ing between sexes. For example, in Silene, the Y chromosome shows different TE con-
tent compared to autosomes [72] and in the dioecious plant Rumex acetosa the X and 
Y chromosomes exhibit differing TE distributions [73]. In animals, sexually dimorphic 
TE expression in the germline has been linked to elevated TE activity in males, which 
undergo more mitotic divisions, a trend consistent with the positive correlation between 
TE activity and mitotic rate [74]. However, Ectocarpus has minimal morphological and 
developmental differences between male and female gametophytes. Thus, sex-specific 
silencing or expression is unlikely to account for the observed TE differences between 
male and female SDRs. A more plausible explanation is that, due to high population 
polymorphism, the female lineage sampled in this study randomly acquired a different 
set of TEs in the SDR, which then became fixed due to the lack of recombination in 
this region. Population genomics approaches will be required to test whether differences 
between the Ectocarpus male and female SDRs hold across the species.

Ectocarpus has high intronic TE density, but intact TEs are primarily located far from genes

Ectocarpus exhibits two major TE populations within the genome: intergenic TEs (60.8% 
of TE bases) and intronic TEs (34.1%). Introns comprise a major fraction of the Ectocar-
pus genome and are substantially longer than introns in many model organisms with 
comparable genome sizes. Indeed, Ectocarpus introns feature exonic-splice enhancers 
similar to those of mammals, which may be considered an adaptation to the intron-rich-
ness of the genome [58]. We found no strong relationship between intronic TE content 
and gene expression, suggesting that Ectocarpus can tolerate a moderately high intronic 
TE content with little impact on gene expression, similar to several plant species [75]. 
Nonetheless, we do find evidence for selection against TEs in introns; intronic TEs are 
shorter, more degraded, and less frequently intact relative to intergenic TEs, and domi-
nated by TE families that are naturally shorter (e.g., LINEs and LINE-dependent non-
autonomous elements, nonautonomous DNA transposons). Indeed, insertions of the 
longest TE families, LTRs and Helitrons, are only preferentially found in Ectocarpus-spe-
cific genes, which may be evolving under much weaker selection relative to evolutionar-
ily ancient genes.

Intergenic TEs in Ectocarpus show distinct characteristics depending on their prox-
imity to genes. TE insertions adjacent to genes are more frequently shorter and more 
degraded, and most genes do not feature an intact TE of any length within 2 kb. Hence, 
the greatest abundance of TEs in the Ectocarpus genome, and especially longer elements 
such as LTR retrotransposons and autonomous DNA transposons, are concentrated 
in gene-poor repetitive islands that are not associated with the centromeres. Many 
genomes feature similar TE-rich islands, for example in some fungi [76] and insects [77], 
and these regions can be associated with rapid evolution and extensive structural poly-
morphism at the population level [78]. The paucity of intact TEs near to genes may also 
explain the absence of any obvious relationship between gene expression and distance to 
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the nearest TE, which, for example, may be expected if repressive histone marks asso-
ciated with the TE were to influence expression of the neighboring gene. Assessment 
of the effect of rare TE insertions on gene expression across an Ectocarpus population 
would be one avenue to address this question [79].

Regulation and repression of transposable elements in Ectocarpus

Host silencing and regulation of TEs is highly complex and frequently involves sRNAs, 
DNA, and histone modifications, as well as crosstalk between these mechanisms [80, 
81]. In Ectocarpus, which notably lacks cytosine methylation, the mechanisms underly-
ing effective TEs control remain largely unknown, and this is particularly striking given 
the high density, diversity, and transcriptional activity of intact and potentially active 
elements.

Our results reveal a clear enrichment for sRNAs towards intact TEs. Furthermore, 
sRNAs association is not uniform across different TEs; TE families within the same 
superfamily (e.g., Tc1-Mariner DNA transposons) can exhibit markedly different sRNA 
targeting. These findings suggest that sRNAs do not simply target recent, potentially 
active TE insertions, but rather a specific subset of elements. We also show that sRNAs 
show consistent, localized patterns along TE bodies, supporting the hypothesis of a 
functional role in TE silencing. 21-nt sRNAs are typically linked to post-transcriptional 
gene silencing (PTGS) in other systems such as plants, where sRNAs of different lengths 
are associated with distinct silencing pathways [82]. In Ectocarpus, given the lack of 
other characteristic sRNA classes and a consistent association between sRNA and spe-
cific TE features, it remains unclear whether these sRNAs mediate PTGS, participate in 
transcriptional silencing, or play multiple roles depending on the context.

Approximately a third of intact TEs are also associated with H3K79me2, which has 
been linked with decreased transcript abundance in Ectocarpus [29]. H3K79me2 peaks 
are typically localized within the TE gene body, suggesting a role in transcriptional 
repression. Notably, most intact TEs that are associated with H3K79me2 enrichment 
show sRNA accumulation, whereas most intact TEs that lack H3K79me2 are still 
associated with sRNAs. This could imply that there is some independence between these 
putative silencing mechanisms, or that sRNAs play multiple roles in TE control. Indeed, 
while we did find a weak repressive effect of H3K79me2 on TE gene expression when 
the mark is present across most of the TE body (> 75% of TE copy), there was no clear 
relationship between sRNA abundance and TE gene expression. sRNAs are known to 
play multiple roles in TE silencing [83]. Beyond their well-characterized involvement 
in post-transcriptional gene silencing (PTGS) through the cleavage of target mRNAs 
[84, 85], sRNAs are also implicated in transcriptional silencing pathways. In animals 
lacking cytosine methylation, such as C. elegans, sRNAs have been demonstrated to 
directly initiate the deposition of repressive histone marks on TEs [86, 87]. Similarly, in 
plants, sRNAs are involved in pathways that facilitate the establishment of repressive 
histone modifications, such as H3K9me2 at specific TE loci and developmental stages 
including Arabidopsis embryos [88]. Although the interaction between histone PTMs 
and sRNAs remains elusive in brown algae, the observation that more than 70% of 
intact H3K79me2-associated TEs also associate with sRNAs suggests that a pathway 
similar to that observed in other organisms may exist. However, given the prevalence of 
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TEs associated with sRNAs but lacking H3K79me2, it is unlikely that sRNAs function 
exclusively to drive histone modifications. Disentangling these possibilities will require 
experimental tools currently lacking in Ectocarpus. For instance, degradome sequencing 
could test whether sRNAs direct mRNA cleavage, while loss-of-function mutants for 
AGO1 or histone methyltransferases could determine the functional consequences of 
sRNA and H3K79me2 loss.

The association between sRNA and TEs remains largely stable throughout the life 
cycle of Ectocarpus, with only a small fraction of TE copies (< 2%) showing differential 
sRNA association during the developmental transitions studied. Despite this overall sta-
bility, some differences in sRNA accumulation are observed particularly between the 
gametophyte stage (both vegetative and fertile) and the gametes. These differences are 
pronounced over non-intact TEs, possibly reflecting their reduced silencing priority or 
a role in reproductive reprogramming as documented in other organisms [81, 89]. The 
observed differences are not biased towards increased or decreased sRNA accumulation, 
as some TE copies exhibit higher sRNA association in gametes compared to the gameto-
phyte stage, while others show the opposite trend.

Our sRNA sampling spanned the developmental transition from immature to fer-
tile gametophytes. In Ectocarpus, any vegetative gametophyte cell has the potential to 
develop into reproductive structures where gametes are formed. Therefore, a stable 
sRNA landscape, particularly targeting potentially active TEs, may play a critical role in 
safeguarding genome integrity during this sensitive developmental window.

Conclusions
Our study reveals a  rich genetic diversity of the Ectocarpus mobilome and uncovers a 
complex, multilayered regulatory landscape shaped by small RNAs and chromatin 
modifications (Fig. 6). These mechanisms operate in the absence of canonical epigenetic 
silencing pathways found in animals and plants, suggesting the presence of unique, 
lineage-specific mechanisms for transposable element control in Ectocarpus that remain 

Fig. 6  Schematic illustration of the key findings on the Ectocarpus mobilome
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to be uncovered. This work provides new insights into TE regulation in non-model 
eukaryotes and expands our understanding of epigenetic innovation across lineages.

Methods
De novo annotation and manual curation of transposable elements

Manual curation of the most abundant Ectocarpus TE families was performed fol-
lowing the methodology of [90]. Briefly, preliminary repeat models were generated by 
running RepeatModeler v2.0.5 [91] on the v5 reference genome using the “LTRStruct” 
model [92, 93]. The abundance of each automated repeat model in the genome was 
then estimated by passing the output of RepeatModeler to RepeatMasker v4.0.9 
(https://​www.​repea​tmask​er.​org/). Repeat models that contributed more than 100 kb 
to the genome were then selected for curation. Individual copies of each repeat were 
retrieved from the genome using blastn v2.9.0 (“-evalue 10e-10”) [94] extended to 
include flanking sequence of 2  kb, and aligned using mafft v7.453 (“E-INS-i” set-
ting) [95]. Alignments were then viewed manually and full-length transposons were 
identified where possible by identifying regions where sequence from multiple inde-
pendent aligned copies transitioned into unalignable flanking sequence (with itera-
tion of the previous steps performed if the initial extension and alignment did not 
reach both TE termini). Consensus sequences corresponding to individual full-length 
families were then produced using the AdvancedConsensusMaker tool (hiv.lanl.
gov). For transposons carrying genes, putative protein sequences were predicted by 
searching for the longest ORFs (intron-less genes) or by using RNA-seq alignments 
(see below) to curate gene models (intron-containing genes) in the IGV genome 
browser v2.15.4 [96]. A small number of lower abundance elements were also sub-
jected to manual curation, including several autonomous DNA transposons (to aid 
classification of associated and more abundant nonautonomous elements) and all 
families that had previously been manually curated for Ectocarpus and made available 
at the Repbase repository (version 29.02) [97]. Classification was performed based on 
established characteristics of TE superfamilies, including homology to curated trans-
posases, terminal structures and motifs (LTRs, terminal inverted repeats, etc.), and 
TSDs if present. Protein domains were identified using InterProScan [98] or HHpred 
[99] available online at EMBL-EBI or the MPI Bioinformatics Toolkit [100], and all 
non-canonical domains were manually inspected by visualizing multiple sequence 
alignment (e.g., chromatin reader and NADAR domains of Gypsy elements, see Sup-
plementary Material 7: Fig. S1, S2).

A phylogeny of Gypsy families was produced by combining the 13 available Pol pro-
tein sequences of the manually curated elements with the dataset of 85 Gypsy reverse 
transcriptase domain sequences used for phylogenetic analysis by [42]. Sequences were 
aligned using mafft (L-INS-i parameters), manually trimmed to reduce the alignment 
to only the reverse transcriptase domain, and automatically trimmed to remove gap-
rich alignment columns with trimAl v1.4.rev22 (“gappyout” model) [101]. The resulting 
alignment was passed to IQ-TREE v2.3.0 [102] which was run using the parameters “-m 
MFP -bb 1000” to perform model selection [103] and ultrafast bootstrapping [104].

The manually curated elements were incorporated to the existing TE library pub-
lished in Cock et  al. (2010) (available at: https://​urgi.​versa​illes.​inra.​fr/​Data/​Trans​

https://www.repeatmasker.org/
https://urgi.versailles.inra.fr/Data/Transposable-elements/Ectocarpus
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posab​le-​eleme​nts/​Ectoc​arpus), containing 897 consensus sequences obtained run-
ning the REPET pipeline [34] on the v3 assembly of the genome. Before merging, 
the nomenclature of the consensus sequences was standardized (e.g., instances of 
“EsGypsy” were replaced with “LTR/Gypsy,” and “EsCopia” with “LTR/Copia”) and 
uniqueness was ensured by appending a unique identifier based on an incremental 
counter to each sequence header. To address misclassification, the unified library was 
clustered using CD-HIT-EST v4.8.1 [105] with 80% identity and length thresholds (-c 
0.8 -aS 0.8 -d 0 -G 0 -g 1 -b 500 -M 8000). Following clustering, REPET consensus 
sequences were reclassified based on their association with manually curated ele-
ments to maintain consistency within the library.

A known issue with REPET is the misclassification of tandem repeats as nonauton-
omous LTRs [106]. Tandem repeats in the v5 genome were identified using Tandem 
Repeat Finder (TRF) v4.09.1 [107] using the parameters “2 5 7 80 10 50 2000 -d -ngs”, 
and resulting coordinates were subsequently intersected with the results of a prelimi-
nary RepeatMasker run (see below). For each TE family, the percentage of its cumulative 
length that overlapped with tandem repeats identified by TRF was calculated, and any 
family with more than 60% overlap was reclassified as a tandem repeat in the library.

Redundancy within the library was addressed through a two-step process. First, CD-
HIT-EST v4.8.1 [105] was executed again with a 95% similarity threshold (-c 0.95 -aS 
0.95 -d 0 -G 0 -g 1 -b 500 -M 8000). The clustering results were then used to identify and 
remove redundant sequences. To perform a final round of reclassification, remaining 
unclassified elements were used as queries in a blastx search with -evalue 0.001 against 
TE proteins from Repbase, supplemented with novel Ectocarpus TE proteins annotated 
as part of the curation process (Supplementary Material 2).

Analysis of transposon distribution along the Ectocarpus genome

TEs were mapped on the Ectocarpus v5 genome [33] using RepeatMasker version open-
4.0.9 (Smit et  al. 2013–2015; http://​www.​repea​tmask​er.​org) installed with rm-blast 
v2.9.0. The following parameters were set: -a -s -gff -xsmall -cutoff 230. The Repeat-
Masker output files were processed using the Perl script onecodetofindthemall.pl [108] 
with the parameters — unknown and — strict, which reconstructs fragmented repeats 
and full-length LTR retrotransposons, excluding tandem repeats from the analyses. 
After OneCodeToFindThemAll, the number of copies decreased from 233,743 detected 
through the annotation step with RepeatMasker to 131,728.

The output files of OneCodeToFindThemAll were concatenated in a single file, then 
processed through an in-house script to generate BED and TSV files providing coordi-
nates of each TE copy. TE copies were defined as “intact” if they exhibited less than 20% 
divergence from their consensus sequence and spanned more than 80% of the consensus 
sequence length.

Tandem repeats were identified and annotated by combining the output of Repeat-
Masker (simple repeats and consensus sequences identified as tandem repeats, see 
above) with the output of TRF. When TE and tandem repeat annotations overlapped, 
TEs were given precedence. Computationally reproducible analysis scripts can be found 
at (https://​github.​com/​edina​tale/​Ectoc​arpus-​TEs.​git).

https://urgi.versailles.inra.fr/Data/Transposable-elements/Ectocarpus
http://www.repeatmasker.org
https://github.com/edinatale/Ectocarpus-TEs.git
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The genome was divided into 100-kb non-overlapping windows and the density of 
TEs, tandem repeats and CDS was calculated for each window with coverageBED. To 
visualize the distribution of TEs, tandem repeats and CDS specifically in the male and 
female SDRs, 50-kb windows were used given the small size of these genomic regions. 
The densities in each window were plotted with Circos [109] and KaryoploteR [110]. TE 
density per 100-kb window was used to compare sex chromosome versus autosomes and 
between PAR, SDR, and autosomes using respectively the Kruskal–Wallis test followed 
by Dunn’s test with Bonferroni correction, and Wilcoxon rank-sum tests.

To visualize the distribution of TEs adjacent to subtelomeres, each chromosome was 
split to 5-kb windows where the first window begins immediately adjacent to the sub-
telomeric satellite repeats. For each window the median, first and third quantiles were 
calculated among all chromosomes. The sex chromosome was excluded from this analy-
sis because one subtelomeric region has not been defined.

TE location relative to genes

The Ectocarpus annotation was first checked against repeat coordinates to avoid includ-
ing any genes carried by TEs in analyses. An in-house script was used to calculate the 
intersect between TE coordinates and CDS per transcript, and any transcripts exhibit-
ing > 70% intersect with TEs were removed.

TE densities were calculated by site class by dividing the genome into 5’ and 3’ UTRs, 
CDS, introns, and intergenic region. Moreover, intergenic sequence was divided to gene 
proximal sequences (within 500 bp of a gene) or gene distal sequences. The densities cal-
culated in Fig. 3A were obtained using BEDTools coverageBed [111]. When considering 
individual TE copies, a copy was defined as intergenic proximal if > 1% of its sequence 
fell within 500 bp of a gene. TE copies assigned as intergenic proximal, intergenic distal, 
and intronic were compared based on their length and their percentage of divergence 
from their consensus sequence, and statistical analyses were conducted using Kruskal–
Wallis and Dunn’s tests.

To test the relationship between intronic TE content and gene expression, the ratio 
of the total genic TE content to CDS length was calculated. Mono-exonic genes were 
not considered in this analysis, because of their overall low expression in the Ectocarpus 
genome [27]. The evolutionary ages of Ectocarpus genes were estimated using GenEra 
[60] using default parameters.

The distance of each gene to the nearest TE was calculated using BEDTools closest 
[111], with intronic TEs excluded. For each gene, a maximum distance of 2 kb from the 
nearest TE was considered, given that the typical intergenic space is approximately 1 kb. 
Genes were grouped based on the distance to the nearest TE: within 500 bp, between 
500 bp and 1 kb, between 1 and 2 kb, and greater than 2 kb. These groups were subse-
quently used to assess the relationship between the proximity of the nearest TE and the 
expression levels (log2 TPM) of the corresponding genes based on previous gene expres-
sion data [29, 112].

Algae strains and growth conditions

All biological material manipulations were carried out under sterile conditions. Ectocar-
pus sp7 strain Ec32 male parthenosporophytes were grown at 14 °C for 3 weeks in sterile 



Page 27 of 33Dinatale et al. Genome Biology          (2025) 26:320 	

and filtered natural seawater in 12 h/12 h dark/light cycles. When reaching sexual matu-
rity, unilocular sporangia were manually isolated and incubated in a moist chamber for 
24–48 h in high light conditions as described in [113] until spore release. Gametophytes 
were incubated for approximately 2 weeks until collected (immature gametophytes) and 
then for 4–5 weeks at 14 °C—until production of plurilocular gametangia was confirmed 
under microscope (fertile stage). Gametes were span at 10,000 g for 5 min; supernatant 
was removed carefully without disturbing the gamete pellet which was flash frozen in 
Liquid Nitrogen and stored at − 80  °C until RNA extraction was performed. Approxi-
mately, 1500 gametophytes (150 Petri dishes with 10 gametophytes each) were used for 
gamete release per biological replicate. Immature and fertile gametophyte tissue was col-
lected from 5 Petri dish with 10 gametophytes each at the same time of development. 
Immature gametophytes were grown in the same conditions but harvested 3  weeks 
before the gametangia development and lack of plurilocular sporangia was confirmed 
under the light microscope. Three independent biological replicates were collected for 
each sample, except for the gametes in which 2 biological replicates were collected.

sRNA library preparation and short‑read sequencing

sRNA libraries were prepared starting with total RNA isolated from 50–100  mg 
of tissue, except for the “gamete” sample in which it was not possible to estimate 
weight. Instead, all gametes harvested from one gamete release from approximately 
1500 gametophytes were used. Total RNA was isolated as previously described 
[30]. Briefly, gametophytes were grounded to a fine powder in liquid nitrogen in 
1.5  mL Eppendorf tubes using a micropestle. Gametes were directly resuspended 
in the extraction buffer by up and down pipetting as well as vertexing. The algae 
powder was further homogenized in 500  μl of cetlytrimethylammonium bromide 
(CTAB)-based extraction buffer [100  mM Tris–HCl pH 8, 1.4  M NaCl, 20  mM 
EDTA pH 8, 2% Plant RNA Isolation Aid (PVP, Invitrogen AM9690), 2% CTAB 
and 1% β-mercaptoethanol by vortexing and incubating at 65  °C until all samples 
were processed (5–20  min). RNA was extracted by mixing the homogenate with 
1:1 volume of chloroform/isoamylalcohol (24:1). Supernatant was collected after 
centrifugation at 10,000  g for 15  min at 4  °C and the chloroform/isoamylalcohol 
extraction step was repeated. RNA was precipitated with 1:1 (v/v) isopropanol 
at − 20  °C overnight. Samples were centrifuged at 20,000  g for 30  min at 4  °C and 
pellets washed twice with 1  mL of 70% ethanol and resuspended in nuclease free 
water. DNase treatment was performed using a TURBO DNase Kit for 20  min, 
according to the manufacturer’s instructions (Thermo Fisher Scientific, AM1907). 
Total RNA was purified with the RNA clean and concentrator kit (Zymo Research, 
R1013) following the manufacturer’s instructions with the following modifications: 
columns were washed twice with 400  μl of RNA Prep buffer and four times with 
700 μl of RNA Wash Buffer. RNA was eluted in 12 µL of nuclease-free water. sRNA 
libraries were prepared as described in [114] starting from 1  µg of total RNA. In 
brief, NEBNext multiplex small RNA library prep kit (New England Biolabs) was 
used according to the manufacturer’s instructions. Libraries were indexed during 
the PCR step with 15 cycles and size-selected using BluePippin 3% agarose cassettes 
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(Sage Science). Equimolecular pooled libraries were sequenced with Illumina 
NextSeq2000 on a 1 × 50  bp single-end reads. The sRNA sequencing data can be 
accessed in the SRA Knowledge Base with the accession number PRJNA1197354.

sRNA‑sequencing analysis

The small RNA reads generated (Supplementary Material 8: Table  S19) in trip-
licate for the vegetative (S1, S2, S3) and fertile (S4, S5, S6) gametophytes, and in 
duplicate for gamete samples (S7, S8), were processed using snakemake_sRNAseq 
(https://​github.​com/​seb-​muell​er/​snake​make_​sRNAs​eq), an automated Snakemake 
[115] pipeline for small RNA-sequencing data analysis. Read quality was assessed 
with FastQC (v0.11.7, http://​www.​bioin​forma​tics.​babra​ham.​ac.​uk/​proje​cts/​fastqc/). 
Adaptor sequences were removed from raw reads using cutadapt (v4.2; [116] with 
quality trimming (-q 20) and length filtering flags.

Two independent mapping analyses were performed. In the first step, reads < 18 
or > 40 bp were discarded (length filtering -m 18 -M 40), and the remaining sequences 
were aligned to the Ectocarpus sp. 7 reference genome [33] and the TE consensus 
sequences. In the second step, only reads between 20 and 24 bp (length filtering -m 20 
-M 24) were selected and mapped to the same reference genome. Mapping was per-
formed with bowtie version 1 [117], using the parameters “multi” or “unique”, -v 0, -m 
1, optimized for high-accuracy alignment of short reads [118]. Both uniquely and multi-
mapped reads were retained for downstream analysis. The configuration files used for 
this analysis are available at https://​doi.​org/​10.​17617/3.​4SCUJN.

Small RNA abundance was quantified as counts per million (CPM) over individual 
TE copies using the featureCounts function from the R package Subread [119], with 
the options countMultiMappingReads = TRUE, allowMultiOverlap = TRUE and fra-
cOverlap = 1. Differential accumulation of sRNAs over TEs was assessed with DESeq2 
[120] using raw count data. Raw read counts were filtered to retain only TE loci with a 
minimum of 10 reads across all samples, and shrinkage was applied using the apeglm 
method. Comparisons were conducted separately for the following groups: vegetative 
gametophyte vs. fertile gametophyte, vegetative gametophyte vs. gametes, and fertile 
gametophyte vs. gametes.

Chip‑seq mapping and analysis

FastQ files for the ChIP-seq data (H3K79me2) from Ectocarpus male gametophyte 
were downloaded from the SRA database [29]. Data were mapped to the V5 reference 
genome and the TE consensus annotated genes using the nf-core/chipseq v2.0.0 [121] 
with BWA as the aligner, allowing multi-mapping (“keep_multi_map”: true). To nor-
malize the H3K79me2 ChIP-seq signal against the H3 control, bamCompare from the 
DeepTools suite [122] was used with a bin size of 10 bp (–bs 10) to calculate log2(IP/
H3) ratios (–operation log2). The resulting normalized signal files (bigWig format) 
were used to compute signal intensities over annotated TEs using computeMatrix in 
scale-regions mode. Parameters included -bs 10, -b 10,000, -a 10,000, –regionBody-
Length 1000. The flanking regions of 10 kb were used to ensure inclusion of non-TE 
sequence, thereby reducing noise in the analysis, as TEs are often located in close 

https://github.com/seb-mueller/snakemake_sRNAseq
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.17617/3.4SCUJN
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proximity to each other. Profiles showing the distribution of normalized ChIP-seq 
signal over TEs were generated using plotProfile, with the –perGroup option to create 
separate profiles for each TE superfamily.

Broad peaks of H3K79me2 enrichment were identified using MACS2 [123] with the 
–broad option, and using the corresponding H3 ChIP-seq data as the control. Peak 
files were intersected with TE annotations using BEDTools [111] to calculate the pro-
portion of each TE copy overlapping with H3K79me2-enriched regions.

TE expression

RNA-seq data from the wildtype male Ectocarpus, encompassing the vegetative 
gametophyte, fertile gametophyte, and gamete stages, was obtained from [124] and 
mapped to the Ectocarpus V5 reference genome using the nf-core/rnaseq v3.12.0 
[121] with default parameters. TE expression levels were quantified using TEspeX 
[125], and transcript abundance for each TE family was calculated in transcripts per 
million (TPM), normalized by the length of the consensus sequence representing 
each family.
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