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Abstract

Males and females of many species differ in morphology, physiology, and behavior. In taxa
with genetic sex determination, sexual differentiation anses largely from sex-biased gene
expression, which varies across tissues, developmental stages, and lineages Increasing
evidence highlights chromatin configuration, which can exist in open or closed states, and can
be shaped by sex-determunation pathways, as a key regulatory layer of this dimorphism
Degeneration of the Y or W chromosome further contributes to sex-specific differences by
altering gene copy numbers relative to autosomes in heterogametic sex. To nutigate these
imbalances, many eukaryotes have independently evolved dosage compensation mechanisms,
often mediated through chromatin-level regulation. In this thesis, we investigate the
evolutionary dynanucs of sex chromosome differentiation in two species, Artemia franciscana
and Cameraria ohridella, with a particular focus on the extent of dosage compensation
following gene loss in the heterogametic sex and the potential chromatin-based mechamisms
underlymg this process. We further characterize sex-biased gene expression and its regulation
through histone modifications. Our analyses also reveal that the A. franciscana genome 1s
highly repetitive, with many genes contamning intromic transposable elements. We find that
enrichment of histone modifications associated with constitutive heterochromatin, positively
correlates with variation in gene expression levels. Collectively, these findings underscore role
of chromatin regulation in shaping the evolution of sex chromosomes and sexual
differentiation.
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Chapter 1 : Introduction

Evolutionary Dynamics of Sex Chromosome Evolution

Sex chromosomes are derived from pairs of imtially homologous autosomes and have evolved
independently multiple times across the eukaryotic tree of life (Bachtrog et al. 2011) and there
are two types: XY (male heterogamety) and ZW (female heterogamety). The process typically
begins when an autosome acquires a sex-determuning gene (D. Charlesworth et al. 2005), after
which sexually antagonistic mutations accumulate around this locus. Chromosomal mversions
can then arise on the proto-Y (or W) chromosome, preventing the mverted segment from
alignming with its homologous region on the proto-X during meiosis. Each successive inversion
further expands the non-recombiming portion of the sex chromosomes. These regions, known
as strata, differ in both their age and the degree of genetic degeneration, depending on when
the inversions took place (D. Charlesworth et al. 2005; Lahn and Page 1999). Over tume, the
non-recombining regions on the newly formed Y (or W) chromosome accumulate mutations,
deletions, and insertions of transposable elements, which ultimately lead to gene loss (Bachtrog
2013). In certain lineages, sex chromosomes are subject to chromosomal rearrangements such
as fusions, fissions, translocations, and turnovers, contributing to the evolutionary variation
observed in sex chromosome systems (Toups and Vicoso 2025). One notable example is the
formation of neo-sex chromosomes, which may result from fusions between sex chromosomes
and autosomes or through the recrmtment of B chromosomes, where dispensable elements are
co-opted into sex-specific roles. These neo-sex chromosomes have mdependently evolved
across various taxa, including multiple species within the Drosophila genus (Bachtrog 2013).
The timing of recombination suppression between the segregating chromosomes gives rise to
distinct evolutionary strata, offering valuable msights into the dynamics of sex chromosome
evolution. For mnstance, in D. albomicans, neo-Y gene expression declines within 0.1 nullion
years. After one mullion years, the neo-Y in D. miranda exhibits substantial gene decay, with
nearly 40% of its genes disrupted by frameshift mutations or premature stop codons, while n
D. pseudoobscura, the neo-Y has lost most of its genes and become largely heterochromatic
after 15 mmlhon years, resulting in an architecture that closely resembles that of the ancestral Y
chromosome 1n Drosophila (Vicoso 2019; Bachtrog 2013).

Neo-sex chromosomes are relatively common in Lepidoptera, with the most of the taxa
exhibiting the putative ancestral haploid karyotype (n = 31) (de Vos et al. 2020). These
chromosomal rearrangements occur more frequently than would be expected based on a null
model (Anderson et al. 2020), with at least 30 independent Z fusions documented (Wright et
al. 2024). W chromosomes have arisen independently on multiple occasions across various
lineages (Blackmon et al. 2017), underscoring their dynamic role 1n sex chromosome evolution.
The occurrence and functional significance of these chromosomes are not consistent across
Lepidoptera lineages. For instance, no definitive involvement of a W or neo-W chromosome
in sex deterrmnation or reproduction has been identified in Samia cynthia subspecies (Yoshido
et al. 2016). Conversely, the W chromosome in the silkworm Bombyx mori contains the
dominant femimizing gene, Fem, which 1s crucial for promoting female development (Kimchi
et al. 2014). These lineage-specific differences indicate that W and neo-W chromosomes may
undergo distinct evolutionary pathways, however, the broader molecular and regulatory
mechamsms driving their evolution remain largely unexplored.

Molecular Basis of Sexual Dimorphism

Males and females across numerous species often exhibit striking differences in morphology,
physiology, and behavior despite sharing an almost identical genome (Parsch and Ellegren
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2013). In species with environmental sex determunation (ESD), genetic differences between
the sexes are completely absent. Even m systems with genetic sex determination, the
differences may be linited to a few genes on a sex-specific chromosome such as the Y
chromosome 1 male heterogamety or the W chromosome in female heterogamety. How do
such profound phenotypic differences arise between the sexes when their underlying genetic
matenal 1s largely similar? Genome-wide franscriptomic studies across a broad range of taxa
mncluding nematodes, mnsects, birds, and mammals, demonstrate a strong correlation between
sex-biased gene expression and patterns of sexual dimorphism, suggesting that gene expression
profiles may serve as molecular proxies for phenotypic differences between the sexes. In birds,
the tissues exhibiting greater degrees of sexual dimorphism also display higher levels of sex-
biased gene expression (Mank et al. 2008). Smularly, previous studies in Drosophila and birds
have shown that differences in RNA abundance between sexes become more pronounced with
successive developmental stages (Perry et al. 2014; Mank et al. 2010).

The molecular mechanisms underlymng sexual dimorphism are remarkably diverse across the
animal kingdom, ranging from splice-based, cell-autonomous sex determination systems in
msects to gonad-dependent hormonal signaling pathways mm mammals (McKeown 1992).
Despite this mechanistic diversity, many of these pathways converge on the transcriptional
activity of the doublesex/mab-3 related (Dmrt) fanuly of genes, which play a central role in
mitiating sex-specific development across a wide array of ammal taxa (Kopp 2012). Dmrt
genes function as key developmental regulators, mntegrating spatial, temporal, and sex-specific
cues to gmde cells toward male or female fates In insects, Dmrt genes operate through an
alternative splicing cascade. The gene, doublesex (dsx), for example, produces sex-specific
1soforms that drive the differentiation of sexually dimorphic traits: the male-specific 1soform
promotes male trait development wiile repressing female characteristics, and vice versa for the
female-specific 1soform (Kopp 2012). In some vertebrates, Dmrt genes may even act as the
primary sex-deternuming factors, highlighting their evolutionary significance and functional
versatility in goverming sexual differentiation across metazoans. Epigenetic modifications can
also modulate Dmrt gene activity during sex determination. For imnstance, m turtles with
temperature-dependent sex determunation, DNA methylation at the dmrt] promoter influences
its expression and can induce reversible shifts in sexual phenotype (Ge et al. 2018). However,
not all sex-biased genes are direct targets of canomical sex-determunation pathways. Instead,
they may be regulated by additional mechanisms mvolving chromatin accessibility, non-coding
RNAs, DNA methylation, or histone modifications. In Daphnia pulex, a species in which males
and females share identical genomes, sex-specific epigenetic landscapes cormrelate with
differential expression of genes tied to both physiological traits (e g., metabolism and lifespan)
and morphological features (e.g., antennae and body size) (Kwvist et al. 2020). Recent work on
two closely related Drosophila species (Drosophila melanogaster and Drosophila simulans)
has shed hight on the potential role of chromatm state in regulating sex-biased gene expression,
particularly through influence of histone modifications (Nanm et al 2023). Ths study
mvestigated three listone modifications; H3K4me3, associated with transcriptionally active or
"open" chromatin and H3IK27me2/H3K27me3, linked to repressive or "closed" chromatin. The
findings support the “Open 1n Same Sex and/or Closed in Opposite” model (Nanmi et al. 2023),
a framework originally introduced by Brown and Bachtrog (2014) (Brown and Bachtrog 2014).
This model suggests that sex-biased gene expression 1s influenced by sex-specific chromatin
accessibility, wherein genes remam epigenetically open in the sex where they are actively
transcribed (Nanmi et al. 2023). Notably, the scope of this study was limited to three histone
marks and focused solely on head tissue. A more extensive epigenomic analysis encompassing
diverse tissues, a broader array of histone modifications, and a wider vanety of species 1s
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required to comprehensively evaluate sex-specific chromatin dynamics underlying molecular
sexual dimorphism.

Epigenetic Regulation: Histone Modifications and Chromatin Structure

The term epigenetics was first comned in 1942 by Conrad Waddington to describe factors
affecting the interaction between genes and their products that result in phenotypic changes
(Waddington 2012). With the development of new molecular techmques, the defimition has
expanded to encompass all chemical modifications of DNA or histone proteins within
chromatin that are heritable through cell division. These modifications, which occur without
altering the DNA sequence, affect gene expression by regulating chromatin structure and DNA
accessibility (Deans and Maggert 2015). In model species such as humans, mice, and
Drosophila, major mechanisms include histone modifications, chromatin remodeling, DNA
methylation, and non-coding RNAs (Gibney and Nolan 2010; Négre et al. 2011; Dunham et al.
2012). In addition to thewr involvement m transcriptional regulation, epigenetic processes
contribute to the maintenance of genomic stability (Feng and Raddle 2020).

A central feature of epigenetic repulation involves the structural organization of DNA within
the nucleus. DNA is packaged by histone protein octamers to form a nucleoprotein complex
known as chromatin. The fundamental subunits of chromatin, known as nucleosomes, comprise
147 base pairs of DNA coiled around a core histone octamer that mcludes pawred H2A, H2B,
H3, and H4 proteins. Nucleosomes are linked wvia stretches of linker DNA, formung a
continuous polymer stabilized by the H1 histone protein (Quina ef al. 2006). Critical processes
of the cells, including replication, transcriptional regulation, DNA repair, recombination,
heterochromatin assembly and chromosome condensation, rely on how the chromatin structure
15 orgamized (Kouzarides 2007). This orgamization is modulated by post-translational
modifications of the N-termunal tails of histone proteins, including methylation, acetylation,
ubiquitination, sumoylation, phosphorylation, and poly(ADP-nibosylation) (Kouzarides 2007).
There are more than 60 different post-translational modifications that have been identified in
the histone tails (Chan and Maze 2020). These covalent modifications can change histone
charge, affecting chromatin structure and DNA binding, or provide sites for chromatin-
associated proteins (Quina et al. 2006). These modifications may function 1n an antagomistic or
synergistic manner. Conserved lysine residues on the N-termum of H3 and H4 histones are
primary modification targets. Histone acetylation, which neutralizes the positive charge of
lysines, weakens histone-DNA interactions and promotes an open chromatin state
(euchromatin), allowing access to nucleases and transcription factors for gene expression
(Kouzandes 2007). In contrast, histone methylation has context-dependent effects: methylation
at certamn residues (e.g, H3K4me3) 1s associated with transcriptional activation, whereas
methylation at other sites (e.g., H3K9me3, H3K27me3) promotes chromatin compaction
(heterochromatin) and gene silencing (Amey and Fisher 2004). Heterochromatin 1s classified
as facultative, marked by mono- and di-methylation of H3/H4 tails in transcriptionally mactive
regions, or constitutive, found in gene-poor, repeat-rich regions such as pericentromeres,
centromeres, and sex chromosomes (Arney and Fisher 2004; Quuna et al. 2006).

Epigenetics of Dosage Compensation

As genes are lost from degenerating (neo-)Y or W chromosomes, gene expression imbalances
occur in XY males or ZW females, who are left with only a single functional copy of X- or Z-
linked genes, while still retaining two copies of autosomal genes. This imbalance 1s thought to
be deleterious (Veitia 2005), prompting evolution of molecular mechanisms targeting the X or
Z chromosomes that restore their ancestral expression levels. The primary function of these
mechamsms 1s to restore equilibrium between sex chromosomes and autosomes (a process
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termed dosage compensation) as such imbalances disrupt gene networks and reduce organism’s
fitness, making them targets of strong natural selection. As a secondary consequence, they also
equalize X- or Z-linked gene expression between males and females (dosage balance), which
likely evolves indirectly. In some species, dosage compensation evolved to affect the entire
chromosome. However, partial dosage compensation exists in some clades, where gene-by-
gene dosage balancing between the sexes occurs for dosage-sensitive genes, but other X/Z-
specific genes remain expressed at different levels (Gu and Walters 2017). Although ZW sex-
determination systems are common among ammals, their molecular and evolutionary dynamics
are not well understood. Most insights about dosage compensation comes from XY system
studies, and early ZW research has typically reported only partial, gene-specific compensation.
Thus led to the belief that global dosage compensation 1s rare or restricted to a hughly dosage-
sensifive genes m ZW systems (Zimmer et al. 2016). However, recent studies across diverse
taxa including monarch butterflies (Gu et al. 2019), free larval cercanae of blood flukes
Schistosoma mansoni (Picard et al. 2019), and softshell turtles 4palone spinifera (Bista et al.
2021) show global dosage compensation, challenging previous assumptions and suggesting
greater evolutionary diversity in ZW systems. Still, important subtleties remain: 1 5. mansoni,
there are consistent male-biased expression of Z-linked genes, a pattern once interpreted as
evidence against a global mechamsm; and m 4. spinifera, dosage compensation appears to
operate only under certain environmental conditions.

Three primary mechamsms of chromosome-wide dosage compensation have been described:
(1) mactivation of the entire X/Z chromosome in the homogametic sex, as observed mn
mammals; (11) reduced franscription from both X/Z chromosomes by half in the homogametic
sex, exemplified by Caenorhabditis elecans (Lau and Csankovszki 2015); and (i)
upregulation of gene expression in the heterogametic sex, as seen in Drosophila. Mechanisms
mnvolving downregulation of the X/Z chromosome 1n the homogametic sex remain intriguing.
Ohno proposed a two-step evolutionary process for such mechamisms: imtially, the
upregulation of X (or Z) expression occurs in a non-sex-specific manner to restore ancestral
expression levels in the heterogametic sex; subsequently, downregulation of X/Z in the
homogametic sex compensates for any excess expression, thereby equalizing gene expression
between males and females (B. Charlesworth 1996).

Dosage compensation 15 associated with chromatin structural changes, which may nvolve
DNA methylation, non-coding RNAs, and post-translational histone modifications. In
mammals, random mactivation of the X-chromosome in females is regulated by the gene Xist
(X mactive-specific transcript). Xist produces a long non-coding RNA that imitiates X silencing
by recruiting various complexes and factors that modify the chromatin structure (Brockdorff et
al. 2020). The resulting epigenetic changes include DNA methylation at CpG promoters,
reductions in transcription-associated histone marks (H3K9ac, H3K4mel), and increased
enrichment of repressive marks (H3K27me3, H2AK119Ub) on the mactivated X chromosome
in females (Muvyle et al. 2021). In Drosophila melanogaster, the male X chromosome
undergoes global hyperacetylation, marked by mcreased H4K16ac histone modification
(Conrad and Akhtar 2012). This change 1s mediated by the Male-Specific Lethal (MSL)
complex, composed of at least five core proteins; MSL-1, MSL-2, MSL-3, Maleless (MLE),
and Males absent on the First (MOF) along with fwo noncoding RNAs, roX1 and roX2
(MUKHERJEE and BEERMANN 1965). Functional disruption of MSL complex components
results in impaired development or lethality (Belote and Lucchesi 1980). The process of MSL-
mediated dosage compensation in Drosophila proceeds in two stages. Imtially, the complex 1s
recruited to high-affimty entry sites on the X chromosome that are characterized by GA-rich
DNA motifs (Alekseyenko et al. 2008). Subsequently, the complex spreads to actively
transcribed regions across the X chromosome. This spreading 1s facilitated by H3K36
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tnmethylation, a histone modification marking active chromatin (Larschan et al. 2007), and by
three-dimensional interactions between entry sites and other active X-linked loci (Schauer et
al. 2017). Through this distribution, the MSL complex upregulates gene expression across the
male X chromosome by modifying chromatin structure, specifically through acetylation of
histone H4 at lysine 16 (H4K16ac), which 1s associated with chromatin decompaction and
increased transcriptional activity (Akhtar and Becker 2000). Similarly, in green anole lizards,
male-specific chromatin machinery enriches H4K16ac across X-linked genes for two-fold
upregulation (Mann et al. 2017). In Anopheles gambiae, however, upregulation of the male X
1s mediated by the SOA/007 gene (Kalita et al. 2023; Krzywimnska et al. 2023), which likely
functions as a transcription factor by binding directly to the promoter regions of the dosage
compensated X-linked genes (Toups and Vicoso 2025). In monarch butterflies, both the
ancestral Z chromosome and the more recently evolved neo-Z chromosome (formed by a fusion
event between the ancestral Z and an autosomal chromosome) exhibited ftwo distinet
mechamsms of dosage compensation. Specifically, the neo-Z region displays a two-fold
increase in franscription in females, correlated with elevated levels of H4K16ac, a pattern
analogous to that observed in Drosophila. Conversely, genes located on the ancestral Z are
transcriptionally repressed in males (unknown molecular mechamsm) and show reduced
H4K16ac enrichment, mirroring nematode-like dosage compensation patterns reported in other
Lepidopteran species (Gu et al. 2019).

In this thesis, we generated genomic resources for two ZW sex-determuning species, Arfemia
franciscana and Cameraria ohridella, to investigate the evolution and regulation of sex
chromosomes. We examined the dynanucs of sex chromosome differentiation and the extent
of dosage compensation following gene loss in the heterogametic sex. We further explored
chromatin-based mechamsms of dosage compensation, mncluding the role of histone
modifications in regulating sex-biased gene expression. Our analyses also revealed that the 4.
franciscana genome 1s highly repetitive, with many genes containing intronic transposable
elements, and that histone modifications associated with constitutive heterochromatin are
enriched at these genes, correlating with their expression levels.
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Chapter 2: Chromosome-Level Assembly of .Arfemia franciscana Sheds
Light on Sex Chromosome Differentiation

This second chapter 1s based on work co-authored with my colleague Marwan Elkrew:, and
developed under the guidance of our supervisor, Beatriz Vicoso. The study’s concept was
jointly designed and implemented through our collaboration. My specific contributions are the
annotation of repeats and genes in the penome, expression analyses, and participation in the
mitial stages of genome assembly.
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Chapter 2: Chromosome-Level Assembly of .Arfemia franciscana Sheds
Light on Sex Chromosome Differentiation

Vincent Kiplangat Bett, Ariana Macon, Beatriz Vicoso@, and Marwan Elkrewi®

Abstract

Since the commercialization of brine shrnimp (genus Artenua) in the 1950s, this lineage, and in
particular the model species Artenua franciscana, has been the subject of extensive research.
However, our understanding of the genetic mechamisms underlying various aspects of their
reproductive biology, including sex deternunation, 1s still lacking. This 1s partly due to the
scarcity of genomic resources for Arterma species and crustaceans in general. Here, we present
a chromosome-level genome assembly of A franciscana (Kellogg 1906), from the Great Salt
Lake, United States. The genome 1s 1 GB, and the majonty of the genome (81%) 1s scaffolded
mto 21 linkage groups using a previously published high-density linkage map. We performed
coverage and FST analyses usmg male and female genomic and transcriptomic reads to
quantify the extent of differentiation between the Z and W chromosomes. Additionally, we
quantified the expression levels in male and female heads and gonads and found further
evidence for dosage compensation in this species.

Significance

Besides its economic importance, the umque characteristics of Artemia brine shrimp have made
it a great model for exploring many evolutionary questions, mcluding the evolution of sex
chromosomes, sexual dimorphism, asexuality, and plasticity of reproductive modes. The
genome assembly produced here will be an invaluable resource for advancing the efforts made
n elucidating the genetic arclutecture of evolutionary and biologically relevant traits. It will
also pave the way for more comprehensive studies in the phylogenomics and comparative
genomics of Arthropods.

Introduction

Arterma brine shrimp are crustaceans belonging to the Anostracan order in the Branchiopoda
class, which mcludes around 1,200 species (Castellucci et al. 2022). They live m
saline/hypersaline inland water bodies, with a very wide geographical distnbution (Exmanifar
etal 2015). They are very adaptable and can survive in extreme environments; this 1s facilitated
by their ability to produce both live offspring and encapsulated cysts, which can survive in dry
conditions for extended periods of time (Criel and Macrae 2002). Their adaptability, ease of
rearmg, and high nutritional value have made them very popular in the aquarium trade and
aquaculture industry (Lavens and Sorgeloos 2000). Artenua has other industrial uses, which
include controlling algal growth in salt mines and improving the efficiency of salt production
(Van Stappen et al 2020). Furthermore, they have been extensively used in toxicity and
ecotoxicity testing due to their abundance, cost-effectiveness, and ease of mampulation in the
laboratory (Nunes et al. 2006; Rajab et al. 2015). Artemia franciscana 1s arguably the most
extensively studied Artenma species; however, to date, the genonuc resources for A.
franciscana are limited to 2 scaffold-level assemblies (De Vos et al. 2021; Jo et al. 2021).
While they have yielded important insights into the adaptation to extreme environments,
several aspects of thewr reproductive biology, mcluding the molecular basis of sex
determination and the extent of sex chromosome differentiation, are difficult to elucidate
without a chromosome-level assembly (Huylmans et al. 2019). Currently, the closest relative
with a published chromosome-level assembly 1s the Asian Artemia sinica (Elkrew: et al. 2022),
from which 4. franciscana diverged 30 nullion years ago (Baxevanis et al. 2006; Mamatsi et
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al 2009). Artenua are also a great model for sex chromosome evolution, as they have ZW sex
chromosomes (Bowen 1963; De Vos et al. 2013; Elkrew1 et al. 2022; Boyer et al. 2023). Sex
chromosomes are known to evolve from autosomes, when one of them acquires a sex
determination gene. Recombination 1s then thought to be lost in a stepwise manner, creating
strata of different ages (Lahn and Page 1999; Handley et al. 2004), but this process 1s difficult
to study in well-differentiated sex chromosomes. An earlier companson between A.
franciscana and A. sinica suggested that younger strata were acquired mndependently in the 2
lineages, which would make Artenua an ideal model for studying this stepwise process, but the
fragmented assembly of A. franciscana limited this analysis (Elkrew1 et al 2022). Furthermore,
the Artenma genus includes multiple obligate parthenogenetic populations (Abatzopoulos
2018), and the Z chromosome has been implicated in their ongin (Elkrew: et al. 2022). In this
report, we present a chromosome-level genome assembly for 4. franciscana, adding a valuable
resource fo the limited number of anostracan genomes, and use it to characterize the sex
chromosome pair at the genomic and gene expression levels.

Results and Discussion

A Chromosome-Level Genome Assembly

We generated 5,006,105 PacBio circular consensus reads (CCS). Since an assembly of all the
reads did not yield resolved Z and W haplotypes, we used female-specific kmers, generated
using a k-mer subtraction approach with female and male short reads (Carvalho and Clark
2013; Elkrew: et al. 2021), to remove CCS reads originating from the W chromosome (25,784
reads, 0.52%; supplementary fig. S1). Thus was performed to avoid chimeric Z and W
assemblies i the regions that retain some homology. The remaiming 4,980,321 reads were
assembled mto 12,122 contigs using Hifiasm (Cheng et al 2021). After removing 7,335 contigs
representing alternative haplotypes, we scaffolded the assembly using evidence from CCS
reads, RNA-seq reads, and previously published genomic mate pairs, resulting m 3477
scaffolds, with an N50 of 590 KB (supplementary fig. 52).

We used a published high-density linkage map (Han et al. 2021) to anchor the scaffolds into
21 linkage groups. To improve the contiguity of the differentiated part of the Z chromosome
(Huylmans et al. 2019), we performed coverage analysis to identify the scaffolds originating
from the differentiated region of the Z chromosome (supplementary fig. S3) and anchored them
using the linkage group 6 (LG6) (Z chromosome i the linkage map) markers. We then added
the anchored differentiated region to the rest of the assembly and used the complete linkage
map to assign scaffolds to theiwr respective linkage groups (supplementary fig. S4). The
resulting assembly was polished (gap filling and correction) using both the filtered CCS reads
and male genomic short reads. The putative W reads (removed 1n the first step) were assembled
separately (supplementary fig. S5), resulting in 506 putative W sequences, which were added
to the assembly for the downstream analysis.

The final assembly has 2,118 scaffolds and an N50 of 43 MB, with 81% of the assembly in the
21 linkage groups (supplementary table S1). We ran BUSCO to assess the completeness of the
genome, and 88.5% of BUSCOs were assembled completely, with <7% missmg (Fig. 1a). We
also checked for contamunation using BlobTools, and the results show that there 15 <1%
bacterial contamination and most sequences map to Arthropoda (Fig. 1b).
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Fig. 1. Genome assembly and synteny. a) Genome assembly statistics, GC content, and
BUSCO score using the arthropoda odbl0 data set. b) Barplot showing the number of
sequences that map to the different phyla in the nt Blast database and the percentage of the total
assembly length they represent. ¢) Synteny between the 4. franciscana and A. sinica genomes.

As an additional quality check, since misassemblies cannot be ruled out given that anchoring
of scaffolds was based on a linkage map rather than Hi-C data, we compared our assembly
against the 4. sinica chromosomes. Both the 4. franciscana and A. sinica genomes were
annotated usmg RNA and protemm ewvidence (as described in the Repeat Content
Charactenization, Genome Annotation, and Synteny between the Arterna Genomes section).
The annotations were used to examine and visualize the synteny between the 2 genomes usmng
GENESPACE (Lovell et al. 2022). As Fig. 1c shows the genomes are highly syntemic, with no
evidence for any large-scale rearrangements.

History and Extent of Differentiation of the Sex Chromosomes

Earlier work suggested the ZW pair of 4. franciscana has a small but well-differentiated region,
which no longer exists on the W, and a nonrecombining but undifferentiated region (Huylmans
et al. 2019). We estimated the coverage across the genome using short-read male and female
DNA i windows of 10,000 bp (supplementary fig. S6) and then used the ratio of female-to-
male coverage to 1dentify regions that have become well differentiated between the Z (LG6)
and W chromosomes (Fig. 2a). We performed the analysis once with the W scaffolds mcluded
in the assembly and once without them This makes it possible to identify regions that still
share some sequence similarity between the Z and the W, as the W reads onginating from those
regions will map to the Z chromosome when the W 1s not included. On the other hand, regions
that lost homology completely will have consistent low coverage regardless of whether the W
scaffolds are included or not. A 13 MB region of the Z chromosome has coverage in females
that 1s half the male coverage in both analyses. This 1s mn agreement with the results obtained
with the 4. franciscana scaffold-level assembly anchored to the 4. sinica genome (Elkrew: et
al. 2022), but with much greater contigmty of the differentiated region. A smaller region
adjacent to 1t shows a full reduction in female coverage when W scaffolds are included and
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only partial reduction when they are not, a first line of evidence that 1t corresponds to a more
recent and only moderately differentiated region.

ZW regions with hmited differentiation, which show no or only partial coverage differences,
can be detected by the presence of genetic vaniants specific to the W and therefore to females.
We used pooled male and female RNA-seq libraries (Huylmans et al. 2019) to estimate the
female:male Fst, a measure of genetic differentiation, across the genome (supplementary fig.
S7). We performed the analysis once with the W scaffolds included m the assembly and once
without them  The analysis without the W scaffolds shows elevation in the male:female Fst on
the 2 sides of the differentiated region (Fig. 2b). The high Fsr 15 less pronounced on both sides
when the W scaffolds are included, as the W-derived RNA reads preferentially map to the W.
The decrease 15 more noticeable on the left side, suggesting a higher degree of differentiation.
To further explore this, we estimated the median rate of synonymous substitutions (dS)
between the transcripts on the putative W scaffolds which had female-specific expression
patterns and their Z homologs for the different regions. We used dS, coverage, and Fst patterns
to define 3 strata: the ancestral SO, which shows high dS and consistent low female coverage
estimates with and without the W scaffolds; S1, which shows mtermediate coverage patterns
and elevated Fst when the W scaffolds are not included, suggesting the W reads carry many
female-specific variants but still map to the region; and S2, which has elevated Fst in the 2
cases and very low dS. Figure 2a shows the correspondence between those strata and the 4.
sinica strata and where the Z homologs of the identified W tfranscripts map on the 2
chromosomes. The ZW pairs in 4. franciscana SO map to the Sla stratum of 4. sinica,

suggesting that they might not be ancestral.

A 3" PAR Ty s
E 0.5 I
% n'mpﬁfﬂ'.nﬁ-\ftﬂ‘*:\%mm aaea ety s
a |
g -0.5 l‘.‘lll“'errrL-atN Regions ‘ r'
E -1.0 R Coverage without W scaffolds ! n r "
- - Toverage with W staffolds
g T3] 70 ET 0

m
o
=
i

rl
= -
L
~
)

< 0.150 Sth to 95th percentile autosomal windows
F=0,125 MR FST without W scaffolds
Zrn.m.l} I F5T with W scaffokds

Eﬂ.ms

M
o ﬂu“\wwwww el

0, 0ely )
C o1 PAR n_-_
0.20 '
2 01s
=
~0.L0 ' .
0.05 _ A +
Differentiated Regions %
o0 10 0 ;1] 0 LT w0
Position on the Artemia franciscans Z chromasome mm
- 10 20 30 £0
D 3 PAR __.!'I
=
*
g \ {
g
F— ' . .
Wt
" 10 ?b' 30 40 :ﬁ“ 60 70 -!a F

Position on the scaled Artemia inica Z chromosome (Mb)

14



Fig. 2. Evolutionary strata of the ZW pair. a) Log2(female/male) coverage patterns of the Z
chromosome. The rolling medians of the coverage for 30 consecutive (10,000 bp) windows,
estimated with and without mcluding the W scaffolds, are shown in the figure. The vertical
shading highlights the differentiated region of the Z chromosomes. The top dashed line 1s the
autosomal median for the analysis without W scaffolds, and the bottom dashed line 1s at median
—1. b) The rolling medians of male:female FST per gene for 10 genes, estimated with and
without including the W scaffolds, are shown. The horizontally shaded area covers the region
between the 5th and 95th percentiles for autosomal windows with the W included. ¢) dS values
between the W transcripts and their Z homologs. The dashed lines correspond to the median of
the dS values in the different strata. d) Synteny between the A. sinica and A. franciscana Z
chromosomes highlighting the different strata (mnferred here for A. franciscana and found n
Elkrew: et al 2022 for A. sinica): S0, S1, and S2. The lines connect the locations of the
reciprocal best hits on the chromosomes, with the Z homologs of the identified W franscripts
colored according to their strata in 4. franciscana.

Full Dosage Compensation and Repeat Composition on the ZW Pair

We estimated levels of expression for all annotated genes from published male and female head
and gonad RNA-seq data (Huylmans et al. 2019). Gene expression does not differ between the
differentiated region of the Z and the autosomes in either male and female heads or gonads
(Fig. 3, P> 0.05 with Wilcoxon rank sum tests). This 1s consistent with dosage compensation,
1e. a mechamsm to balance the expression of the sex chromosomes and autosomes in both
sexes m species with differentiated sex chromosomes, as reported 1n earlier work (Huylmans
et al 2019). Most ZW systems that have been studied so far, such as snakes and birds, seem to
lack a chromosome-wide mechamsm of dosage compensation (Gu and Walters 2017). So far,
Lepidoptera (moths and butterflies) have been the only clear exception to this rule (Gu and
Walters 2017). Our confirmation that chromosome-wide compensation also occurs in Arfemia
makes 1t a pronusing model for understanding why and how such compensatory mechanisms
arise m female heterogametic species.
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Fig. 3. Dosage compensation. a) The Log? of the expression of autosomal and the Z
differentiated region genes in male and female heads. The legend shows the number of genes
used 1n the analysis. b) The Log2 expression of autosomal and the Z differentiated region (S0)
genes in gonads. The legend shows the number of genes used in the analysis. ¢) The Log?2 of
female/male expression for the autosomal and Z differentiated genes in heads. d) The Log? of
female/male expression for the autosomal and Z differentiated genes m gonads. Only genes
with TPM = 0.5 1n their respective male and female tissues were used in these analyses.

Fmally, the absence of recombination between sex chromosomes often leads to the
accumulation of transposable elements (TEs) and other repetitive sequences on the Y or W
chromosome (Dechaud et al. 2019). Approximately 2/3 of the genome in A. franciscana are
covered by repetitive elements (supplementary table S2). Retroelements account for 43% of
the repeat content in this species. We did not observe striking differences in the overall repeat
content between W scaffolds and either SO region or autosomes. However, W scaffolds that
st1ll have homologs to the SO region, and which should correspond to the most differentiated
part of this chromosome, have more retroelements (48%) i relation to those in SO region,
autosomes, and W scaffolds (supplementary table S2). Overall, even this region of the W only
shows a modest enrichment in repeats compared with the autosomes (67% vs. 66%) and none
relative to the SO region of the Z (68%). Whule 1t 1s possible that this pattern reflects a slow
accumulation of repeats in the nonrecombimng part of the W in this clade (or linmted power to
resolve repeats in the assembly), another possibility 1s that the ancestral nonrecombiming region
of the W has been lost entirely and that all regions studied here are relatively young. Complete
loss of the original W-specific region would also account for the lack of ZW homologs that
map to the SO of both A. franciscana and A. sinica and potentially explain why a global
mechamsm of dosage compensation was selected for in this lineage.
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Materials and Methods

DNA Extraction and Sequencing

High molecular weight DNA was extracted from 2 unmated females from the great salt lake,
purchased from Sanders (Utah, United States), with the Qiagen Genonuc-Tip 20/G Kit, and
sequenced on a PacBio Sequel IT SMRT cell at the Vienna Biocenter sequencing facility. The
number of females was chosen to ensure enough genetic material and also linit the amount of
genetic variability, which would complicate the assembly.

Genome Assembly

The consensus sequences of the subreads in the raw bam file were generated using the PacBio
ccs tool (option -all) (v6.4.0, hitps://github com/PacificBiosciences/ccs). The bbduk sh script
(from BBmap) was used to identify female-specific 21-mers from 4. franciscana male
(SRR19741748) and female short reads (SRR19741747), and the resulting kmers were used to
remove putative W-specific CCS reads (reads with 20% or more female-specific kmers, 0.2
mkf) (Bushnell 2014). The filtered CCS reads were then assembled using Hifiasm (—hg-size
lg--n-hap4 r5 -5 0.7 -N 150) (v0.19.4, Cheng et al. 2021). The primary assembly was then
purged of duplicates with female short reads using purged dups (v1.2.5, Guan et al. 2020). We
scaffolded the purged assembly with the filtered CCS reads using LongStitch (nthnk + arcs,
v1.0.4, Coombe et al. 2021). We independently scaffolded the assembly with male RNA-seq
reads (from Huylmans et al. 2019) using Rascaf (Song et al. 2016). We then mapped the 2
resulting assemblies to the mput assembly with mumimap? (L1 2018) and used a python script
to 1dentify the merges that are supported by both approaches (supplementary fig. S3). RagTag
(v2.1.0, Alonge et al 2022) was used to implement those merges. Redundans (v0.14a, Pryszcz
and Gabaldon 2016) was then used with long msert mate pairs (SRR6980924, 8 MB) to further
scaffold the assembly.

Scaffolding Using the Published Linkage Map

The published 4. franciscana linkage map was used to scaffold the draft assembly into linkage
groups (Han et al_ 2021). The SLAF markers were mapped to the assembly using BWA-MEM
(v0.7.17-r1198-dirty, L1 2013), and the alignments, along with the linkage map, were used by
Chromonomer (v1.14, Catchen et al. 2020) to anchor the scaffolds. The scaffolding was done
in 2 steps, with the first to anchor the differentiated region of the Z chromosome. To do that,
we estimated the coverage for the assembled scaffolds as described mn the coverage section and
selected putative Z-specific scaffolds (114 scaffolds). We used the perl script BreakScaffolds
(hitps://github com/aubombarely/GenoToolBox) to split the scaffolds at stretches > 100 Ns,
which resulted in 126 scaffolds. The L.G6 markers were mapped to those scaffolds, and the
LG6 linkage map was used for anchoring (54 scaffolds were anchored into a 13.5 MB region).
The output was added to the remaiming scaffolds, and the complete linkage map was used to
anchor everythung into the 21 linkage groups. In order to avoid splitting the differentiated
region, we ran 2 iterations of Chromonomer. The first iteration was run with the option “—
disable splitting™ to identify the best location for the scaffolded differentiated region. We then
modified the original linkage map to retam only the differentiated region markers and location
appearing 1 the output file (CHRR linkage map.tsv) from the first iteration. The second
iteration was run with the modified linkage map with the option “—rescaffold ™ This ensured
that Chromonomer was able to break and rescaffold regions with mconsistent markers without
splitting the differentiated region.
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Polishing and Quality Assessment

TGS-GapCloser (v1.1.1, Xu et al. 2020) was used to fill the gaps in the assembly using the
filtered CCS reads. The first round of polishing with the filtered CCS reads and male short
reads used Racon (v1.6.0, Vaser et al. 2017) and Merfin (v1.1, Formenti et al. 2022) through
the automated-polishing sh script (from https://github com/arangrine/T2T-
Polish/tree/master/automated polishin

, modified from Mc Cartney et al. 2022), and the
second round used nextpolish? (v0.1.0-758ef0a, Hu et al. 2024). The assessment of the
assembly completeness was done using BUSCO (v5.2.2), with the arthropoda odb10 data set
(Manmi et al. 2021), and BlobTools was used to assess and visualize the level of contarmination
and genome statistics (Laetsch and Blaxter 2017).

Genomic Coverage, Fst Analysis, and Identification of the Differentiated Region

For the coverage analysis, male and female Illumina genomuc short reads (from Elkrew: et al.
2022) were mapped to the genome using Bowtie2 (—end-to-end --sensitive) (v2.4 4, Langmead
and Salzberg 2012). The resulting SAM files were filtered for umque alignments using (grep -

vw “XS:17), and the coverage was estimated for windows of 10,000 bp usmg soap.coverage
(version 277, hitps://github com/sigascience/bgi-
spap2/tree/master/tools/soap.coverage/2 7.7).

In the Fst analysis, head and gonad RNA-seq samples from 10 males and 10 females of 4.
franciscana (from Huylmans et al. 2019) were pooled by sex and then mapped to the genome
using STAR (v2.7.9a, Dobin et al. 2013). The SAMtools mpileup command was used to
generate a text pileup output from the 2 sorted alignment bam files (v1.18, L1 et al. 2009).
Grenedalf (v0.2.0, Czech et al. 2023) sync was used to get a sync file, which was used as input
to the PoPoolation2 perl scripts (create-genewise-sync.pl and fst-shiding pl) along with the GTF
file (Repeat Content Characterization, Genome Annotation, and Synteny between the Arterma
Genomes section) to estimate the Fst per gene (Kofler et al. 2011).

The coordinates for the differentiated region (gray-shaded areas; Fig. 2a) were defined using
the approach described in Elkrew:i et al. (2022), as regions where the Log2(female/male
coverage) drops below the median of the Log?(female/male coverage) of autosomal windows
(—0.5), and as long as the coverage does not go above the defined threshold, the extension of
the region continues. The resulting coordinates were (46,085,001 to 48,385,001), (48,665,001
to 53,365,001), (53,585,001 to 54.575,001), (54,715,001 to 61,855.001), and (63,345,001 to
64,075,001), shaded 1n gray in Fig_ 2a—c.

The annotated W transcripts were mapped to the rest of the transcriptome using BlastN
(Altschul et al. 1990), and the reciprocal best hits were identified as the homologs using a
custonuzed perl script. W transcripts with homologs on the Z chromosome and the sum of head
and gonad female/(male + female) expression = 0.9 were used for estimating the rate of
synonymous substitution. The ZW homologs were aligned with the TranslatorX package
(Abascal et al. 2010) with the “gblocks™ option to filter out unreliable sections of the alignment.
The dN and dS values were obtamed with KaKs calculator2.0 (Wang et al. 2010) using the
Nei and Gojobori algorithm (NG). Alignments shorter than 300 bp were excluded from the

analysis.
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Repeat Content Characterization, Genome Annotation, and Synteny between the
Artemia Genomes

RepeatModeler (v2.0.4, Flynn et al. 2020) was applied on the A. franciscana genome assembly
to generate a de novo hibrary of repeat families. The sequences of unknown TEs were classified
using DeepTE (Yan et al. 2020) with the options “-sp M -m M.” Subsequently, Class IT TEs
(DNA transposons) were categorized further mnto superfamihies and this was done with the
following parameters “sp M -m M -fam ClasslIl.” These were then combined with both Class I
known repeat libraries RepeatModeler and DeepTE and used for the characterization of repeat
content and masking of the genome by RepeatMasker (v4.1.5, Tarailo-Graovac and Chen
2009). Evidence from both RNA and protein was used for the annotation of predicted genes on
the soft-masked genome using BRAKERv2.1.6 (Hoff et al. 2019). For RNA, reads were
aligned to the genome using STAR. (v2.7 9a, Dobm et al. 2013) in “—twopassMode™ and sorted
with SAMtools v1.18 (L1 et al. 2009). To generate protemn hints, all arthropoda protein
sequences were downloaded from OrthoDBwv1l (https://www. orthodb.org) and then
concatenated into a single fasta that was then aligned to the soft-masked genome using ProHint
(Briina et al. 2020) to give predicted protein location in the genome in the form of gff3.
BRAKER?, automated gene prediction based on successive mmns of GenemarkEP+ and
Augustus, was applied on protein hints and sorted RNA alignments with options “—efpmode; —
softmasking; ” BRAKER? was run twice with the second round being performed as before but
with an additional hint file generated from the first gene prediction run. AGAT (Dainat et al.
2023) was then used to remove 1soforms and incomplete genes without start and/or stop codons
and filtered out those with <100 bp length of open reading frames. Protein sequences and
coding sequences were extracted using getAnnoFastaFromJoingenespy, and their
completeness was assessed with BUSCO (v5.2.2).

An annotation was produced for the 4. sinica genome using the same approach described
above, and the overall synteny was examined and visualized using GENESPACE v. 0.94
(Lovell et al. 2022). Additionally, the annotated protein sequences for 4. sinica and A
franciscana were mapped to each other using pblat (Wang and Kong 2019) (protein target and
query) and reciprocal best hits were found using a custormzed python script and used for

producmg Fig. 2d.

Expression Analysis
INlumina RNA reads of 2 biological replicates of heads and gonads of each sex were mapped
to the genome using STAR (v2.7.9a, Dobin et al. 2013) with the following parameters “—
twopassMode basic --quantMode TranscriptomeSAM GeneCounts™” and additional option —
quantTranscriptomeBan IndelSoftclipSingleend to generate bam alignments that are acceptable
as mputs to RSEM (L1 and Dewey 2011). Transcript abundances of genes (in TPM) were
estimated using rsem-calculate-expression m RSEM with options “—paired-end --alignments -
-estimate-rspd —strandedness reverse”. We then used NormalyzerDE (Willforss et al. 2019) to
perform quantile normalization across samples for each tissue separately. We applied different
cutoffs of TPM = 0.0, TPM = 0.5, and TPM = 1, in heads and gonads separately, to assess
dosage compensation, whereby the genes with average replicate expression above the
thresholds were retained m both sexes. The average TPM values for each tissue in each sex
were then normalized with Log2 (Fig. 2a—d, supplementary figs. S8a and b and S9a and b).
The assembly pipeline and the scripts used in the analysis can be accessed on the gitpage
s-//github com/Melkrewi/Artenua_franciscana_genome/). The raw data are available on
the National Center for Biotechnology Information (NCBI) short-read archive (BioProject
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number PRINA1017357). The final assembly, the annotation, and the supplementary data sets
are available on s://do1.org/10.15479/AT-ISTA:14705). All genomic and franscriptonuc
samples used for this study and the steps of the analysis they were used m are described 1n
supplementary table S3.
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Supplementary Figure 1: the pipeline from generating the consensus reads, and Identifying and
removing putative W-reads using female specific k-mers identified using a subtraction
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Supplementary Figure 3: Coverage analysis used to identify the scaffolds belonging to the

differentiated region of the Z chromosome. The gray-dashed line represents the threshold used:

(Log2(female/male) < median( Log2(female/male)-0.5).
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Supplementary Figure 4: The pipeline for scaffolding the genome using the published linkage
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Supplementary Figure 8- A) The Log? of the expression of Autosomal and the Z differentiated
region genes in male and female heads. The legend shows the number of genes used in the
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differentiated region genes in gonads. The legend shows the number of genes used in the
analysis (TPM >= 0 in males and females).
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analysis (TPM >= 1 in males and females). B) The Log?2 expression of Autosomal and the Z
differentiated region genes in gonads. The legend shows the number of genes used in the
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Supplementary Table 1: The statistics of the genome and transcriptome assemblies

fermale

Assembly

Genome Size (MB) 1135.764093
MNumber of chromosomes 21
Linkage map anchoring ratio | 81%
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Number of scaffolds/contigs | 2118
Longest scaffold/contig (Mb) | 66
N50 (MB) 43
Average length (MB) 0.54
Gaps 2470
N count 520572
GC content (%) 34.95%
Protein-coding genes Number 19421
Mean gene length (bp) 30503
Exons/introns per gene ~5.2 exons per gene
~4 2 introns per gene
Mean exon/mtron length (bp) | ~252 bp exons per gene
~6964 bp introns per gene
Busco of protein sequences | complete 90.2%
of annotated genes
single-copy 76.9%
duplicated 13.3%
Repeats Size (Mb) 749 ( 65.94%)
DNA transposons (MB) 45 (3.98%)

SINEs (MB)

9.2 (0.81%)
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LINEs (MB)

134 (11.78%)

LTRs (MB) 351 (30.91 %)
Unclassified transposons | 125 (11.08%)
(Mb)

Supplementary Table 2: Proportion of Transposable Elements in W scaffolds, SO region,

Autosomes, W-scaffolds that have homologs to SO region and

across whole genome of A4.

franciscana
Type Whaole Autosomes ChrZ S0 | W scaffolds | W scaffolds
genome region with S0
(bp) (bp) homolog
(bp) (bp)
(bp)
total length 1135764003 1101127100 13110000 21526993 819737
bases masked 748800005 726202062 8067129 13731055 553123
(65.95%) (68.40%) (63.79 %)
( 65.94 %) (67.48 %)
Retroelements 494046611 479334586 5500604 0211377 396462
(43.50 %) (43.53 %) (41.96%) (42.79 %)
(48.36 %)
DNA 5228068 43620029 (396 | 615807 003357 (4.61 | 39439
transposons %a) %)
(3.98 %) (4.70 %) (4.81%)
Rolling-circles 50088424 (528 | 58336423 (530 ) 1013560 638620 (29715105
%) %) %)
(7.73 %) (1.84 %)
Unclassified 125827194 121790622 1560033 2475977 80778
(11.08 %) (11.06 %) (11.90 %) (11.50 %)
(10.95 %)

Supplementary Table 3: Genomic and transcriptomic samples used for this study and what
steps of the amalysis they were used m  This table 1s available here:
hitps://
5c3da652ad9d4clcf/Artenma_francisca

ithub com/Melkrewt/Artermia franciscana senome/blob/048557eTed5fd57Tb069516F

enome list of sam

les xlsx
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Chapter 3: Chromatin Landscape Is Associated With Sex-Biased Expression
and Drosophila-Like Dosage Compensation of the Z Chromosome in 4rfemia
Jranciscana

Vincent Kiplangat Bett I°, Minerva Susana Trejo-Arellano ' | Beatriz Vicoso !

Abstract

The males and females of the brine shnmp Artemia franciscana are highly dimorphic, and this
dimorphism 1s associated with substantial sex-biased gene expression in heads and gonads.
How these sex-specific patterns of expression are regulated at the molecular level 1s unknown.
A. franciscana also has differentated ZW sex chromosomes, with complete dosage
compensation, but the molecular mechamsm through which compensation 1s achieved 1s
unknown. Here, we conducted CUT&TAG assays targeting 7 post-translational histone
modifications (H3K27me3, H3K9me2, H3K9me3, H3K36me3, H3K27ac, H3K4me3, and
H4K16ac) in heads and gonads of 4. franciscana, allowing us to divide the genome into 12
chromatin states. We further defined functional chromatin signatures for all genes, which were
correlated with transcript level abundances. Differences in the occupancy of the profiled
epigenetic marks between sexes were associated with differential gene expression between
males and females. Finally, we found a sigmificant enrichment of the permussive H4K16ac
histone mark in the Z-specific region in both tissues of females but not males, supporting the
role of this mstone mark in mediating dosage compensation of the Z chromosome.

Introduction

The males and females of many species differ in their morphology, physiology, and/or
behavior. While the primary signal for sex deternunation 1s encoded on the sex chromosomes
mn species with genetic sex determunation, sexual differentiation 1s thought to rely on
differential gene expression (sex-biased genes) between males and females throughout the
genome (Parsch and Ellegren 2013). The nature and extent of sex-biased gene expression are
quute diverse across taxa and can vary with tissues and developmental stages (Grath and Parsch
2016), and understanding how such dimorphism in expression evolves and 1s regulated has
been a longstanding poal. Some dimorphic genes and traits are directly regulated by the sex-
determunation cascade. For instance, m Drosophila, the acqusition of sexually dimorphic
foreleg sex combs 1s associated with the expression of the sex-determuning transcription factor
dsx (Barmina et al. 2005). Smularly, within the Drosophila brain, specific neurons exhibit sex-
specific 1soforms of the transcription factor Fru, a pivotal regulator of sexual dimorphism
responsible for directing male-specific courtship behaviors (Dickson 2008). However, the
majority of sex-biased genes are not directly bound by members of the sex-determination
pathway, and more complex mechanisms must be at play. The configuration of the chromatin
structure, which can be open and associated with transcription, or closed and associated with
silencing, and can be shaped by the sex-determination pathway (Tachibana 2016), 1s another
regulatory layer that 1s becoming increasingly appreciated as a source of dimorphism.

In the brown algae Ectocarpus, there 1s a correlation between differential chromatin signatures
and sex-biased genes crucial for sexual differentiation (Gueno et al. 2022). Moreover, 1n
mammalian fetal germ cells, the sex-specific chromatin configuration corresponds to
anticipated differential gene expression and morphological differences between the sexes
during later stages of development (Lesch and Page 2013). Finally, recent research on 2 closely
related Drosophila species mghlighted the involvement of the open chromatin mark H3K4me3
and closed chromatin mark H3K27me2me3 in maimntaining sex-biased gene expression (Nanm

32



et al. 2023). In particular, this work supported the model of “Open m Same sex and/or Closed
in Opposite™ for sex bias (Nanm et al. 2023), the 1dea that a gene will be mn open chromatin
only in the sex where 1t 1s primarily expressed (Brown and Bachtrog 2014). However, only 3
histone marks were sampled, and only the head, an organ with limited sexual dimorphism, was
considered, such that the relevance of this model to broader patterns of molecular dimorphism
1s still unclear.

Differences in the male and female chromatin landscape are also crucial to maintain gene
expression balance mn species with differentiated sex chromosomes, such as the 3 and Y of
mammals. Sex chromosomes originally evolve from ordinary pairs of autosomes after they
acquire sex-determumng gene(s), which 1s often followed by recombination suppression over
part of the chromosome and degeneration of the Y (in XY system) or W (in ZW systems, where
females are ZW while male are ZZ) (D. Charlesworth, Charlesworth, and Marais 2005). The
degeneration of the Y (or W) results in different copy numbers of X/Z-linked and autosomal
genes 1n the heterogametic sex, which can cause imbalances in gene expression between sex
chromosomes and autosomes (Grath and Parsch 2016). This 1s thought to be deleterious, as
many gene networks and protein complexes mvolve both X-linked and autosomal gene
products (B. Charlesworth 1978; Veithia 2005). Dosage compensation mechanisms have
consequently evolved independently in many eukaryotic taxa. The process 1s thought to begin
with the restoration of ancestral expression through increased gene expression on the X (or Z)
chromosome in the heterogametic sex. When this increase 1s not sex-specific, it causes the
overexpression of X/Z-linked genes in the homogametic sex, tniggening the secondary
evolution of mechanisms to suppress X (or Z) expression and restore balance between the sex
chromosome and autosomes in the homogametic sex (and consequently between the sexes)
(Lucchesi, Kelly, and Panning 2005). Such mechamsms may affect the entire sex chromosome
(chromosome-wide dosage compensation) or only a subset of dosage-sensitive genes (gene-
by-gene compensation) (Gu and Walters 2017).

Chromosome-wide dosage compensation can therefore be achieved by upregulating X-linked
gene expression i the heterogametic sex (e.g. in Drosophila) or reducing transcription in the
homogametic sex (Muyle et al. 2021). In placental mammals, one of the entire X chromosomes
1s randomly inactivated in females, wiile concurrently upregulating a subset of X-linked genes
mn both sexes (Lucchesi, Kelly, and Panming 2005; O'Neill et al. 2008). In Caenorhabditis
elegans, downregulation 1s achieved by a two-fold reduction in transcription rates from both X
chromosomes of the homogametic sex (Lau and Csankovszki 2015). Although these
compensation mechanisms vary by species, they all lead to the equalization of expression
between the sexes, and they are usually accompanied by changes i the sex-specific chromatin
structure (Lucchesi and Kuroda 2015; Marnin et al. 2017). Studies on dosage compensation have
historically been concentrated on species with male heterogamety, which typically show
chromosome-wide dosage compensation. On the other hand, ZW systems often have partial
dosage compensation mechamsms, where only dosage-sensitive genes are compensated (Itoh
etal 2007; Vicoso et al. 2013). Lepidopteran insects are an important exception to this pattern,
as they have a nematode-like dosage compensation that affects the Z chromosome globally (Gu
and Walters 2017). However, a recent study on monarch bufterflies with young sex
chromosomes showed that the ancestral-Z and the neo-Z chromosome unexpectedly showed
two distinct modes of dosage compensation mechanisms (Gu et al. 2019). The newly denived
Z segment had a Drosophila-like dosage compensation mechanism while the transcription of
ancestral-Z genes was downregulated to nearly halve the ZZ genes mn males as reported in other
Lepidopteran species (Gu et al. 2019). Why X/Z autosome imbalances lead to such diverse
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compensation mechamsms is poorly understood, in part due to the limited number of systems
that have been characterized in detail.

Here we address these questions m Artemia franciscana, a crustacean which exhibits extensive
morphological sexual dimorphism (in particular male heads possess protective claspers for
mating which are absent mn females). A sigmificant number of genes show differential
expression in the heads and gonads of males and females, predonunantly in gonadal tissue
(Huylmans et al. 2019). To understand the molecular basis of this dimorphism, and of
crustacean gene regulation in general, we characterized the chromatin landscape of this species
using various active and repressive histone marks, in heads and gonads of the two sexes.
Furthermore, Artemia franciscana has a pair of ZW sex chromosomes which have acquired
complete dosage compensation (Huylmans et al 2019; Bett et al. 2024). However, the
underlymg molecular mechamsms are unknown We mvestigated how epigenetic
modifications may mediate equalization of gene expression between sexes despite their
differences in gene copy numbers.

Results

Correlation of Histone Modifications with Expression

We generated CUT&TAG datasets from the heads and gonads of 4. franciscana, focusing on
7 distinet histone modifications. These post-translational histone modifications offer a
comprehensive biological annotation across A. franciscana genome, encompassing
heterochromatin, active transcription, and polycomb-mediated repression (Table 1).
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Histone Active or | No. of | Known Function | Regulation of sex
mark Repressive(Kimura |replicates (Bannister and | chromosomes
2013) in  each | Kouzarides 2011)
tissue

H3K27ac |Active 2 Associated with | Involved in regulation of

active enhancers |sex-deternunation and
differentiation genes in
chicken (Jiang et al
2022)

H3K4me3 |Active 2 Marks active | Enniched i the Z-
promoters specific  region  of

Schistosome (Picard et
al_ 2019)

H4K16ac |Active 2 Highly enriched | Enriched on single male

on TSS X of Drosophila (Gelbart
et al. 2009), neo-Z
female of Monarch Moth
(Gu et al. 2019)

H3K36me3 | Active 2 Enriched toward | Transcriptional
the 3° of active |upregulation of the male
genes X of Drosophila (Bell et

al_ 2008)

H3K27me3 |Repressive 3 Transcriptional | Accumulates on the
repression of | mactivated X-
developmentally |chromosome of females
regulated genes |of placental mammals

(Kelsey et al. 2015)

H3K9me?2 |Repressive 2 Marks Enriched on neo-Y
constitutive regions with a high
heterochromatin |repeat  content 1n

Drosophila miranda
(Zhou et al. 2013)

H3K9me3 |Repressive 2 Associated with | Modulates
heterochromatin, |heterochromatin
satellite repeats, | integrity of Y
gene-poor regions | chromosome  (Brown,

Nguyen, and Bachtrog
2020)
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Table 1: Histone marks profiled in this study together with their role in transcription and
associated functions in the regulation of sex chromosomes

Using Spectacle (Song and Chen 2015), we applied a multivariate hidden Markov algonthm to
infer 12 chromatin states across the A. franciscana genome based on the presence and absence
of these 7 histone modifications (supplementary figs. S1, 52, and S3 ). While these chromatin
states are imformative about functional elements along the genome, they are difficult to
correlate directly with expression, as multiple states can be simultaneously found on each gene.
Following Gueno et al. (Gueno et al. 2022), we therefore obtamned gene-level chromatin
signatures from the combination of states found on each gene. First, the chromatin states (E1
to E12) were clustered mto 4 functional categories: (a) active transcription, marked by the
enrichment of these 4 active histone modifications or their combinations (H3K36me3,
H3K27ac, H3K4me3, and H4K16ac), (b) polycomb-mediated repression, identified by the
enrichment of H3K27me3; (c) heterochromatin (if they were enniched for H3K9me?2 and/or
H3K9%me3); (d) muxed chromatin, where both active and repressive chromatin marks are
enriched; and we also included a background null state, characterized by the absence of distinct
chromatin features. All possible combinations of functional categories of chromatin states,
along with the background null state, resulted in a total of 16 gene-level chromatin signatures
(Fig. 1a, S1 to S16).
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Fig. 1: The chromatin landscape and correlation with expression in 4. franciscana. a) Active,
repressive, and mixed chromatin signatures (S1 to S16) were inferred based on the combination
of enussion states (supplementary fig. S2) of genes. b) The proportion of chromatin signatures
(S1 to S16) across autosomal and pseudoautosomal genes annotated i the 4. franciscana
genome 1n each tissue and sex. ¢) Expression of genes with different chromatin signatures (S1
to S16) 1n male gonads d) Expression patterns of genes of different chromatin signatures (S1
to S16) in female gonads. The dotted line indicates the median expression of all annotated
genes. Wilcoxon signed-rank test was performed between genes of particular chromatin
signature and the expression of the genes of the rest of the genome (autosomes and
pseudoautosomal genes), with * denoting a P-value < 0.05, ** 1s P-value < 0.005, and *** 15
P-value < 0.0005. Sinular plots are provided for expression in heads in supplementary Figs. 4a
and 4b. Panels E and F show the correlation of male head expression with H3K9me3 for genes
with e) or without f) TEs in their introns. Panels G and H show the correlation of male head
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expression with H3K9me? for genes with g) or without h) TEs in their introns. The few genes
with TEs overlapping their exons were excluded from the analysis. Smmlar plots using female
heads and gonads expression values are provided in supplementary figs. 4C-4N .

These chromatin signatures can then again be broadly classified as active (if the genes contan
only active chromatin states and mixed chromatin states, S15 to S16), or repressive (if genes
exhibit erther the background null state or a combination of repressive and mixed states, S1-
S7). Genes with only mixed states, or with both active and repressive marks, were classified as
having a mixed chromatin signature (S8 to S14). In order to avoid confounding effects of the
sex chromosome chromatin (see section 3), we focused our analysis on genes located in the
autosomal and pseudoautosomal regions. Heads were enriched for active chromatin signatures
compared to gonads (Fig. 1b, Fisher's Exact, P-value = 4 65e-77 i male and P-value =1 31e-
142 m female), while repression-associated chromatin signatures were more prevalent in
gonads (Fig. 1b, Fisher's exact, P-value = 4 81e-07 in male and P-value = 4.58e-46 i female).
The gonads show enrichment of chromatin signature S12 compared to head tissue. This unusual
configuration 1s linked to genes enrniched for protemn-bmnding functions supplementary figs.
S21.

In order to explore the functional relevance of this classification, we compared the expression
of genes associated with different chromatin signatures in both somatic and gonadal tissues of
male and female 4. franciscana. Genes with repressive signatures (S1 to S7) display
significantly lower expression levels (P-value < 0.001, Wilcoxon rank sum tests) than genes
with other chromatin signatures. In contrast, genes associated with active chromatin signatures
(S15 and S16, enriched for H3K36me3, H3K27ac, H3K4me3, and/or H4K16ac) show higher
transcript abundance (P-value < 00001, Wilcoxon rank sum fests; Fig. lc and 1d,
supplementary figs. S4 a and S4b).

Although both H3K27me3 and H3K9me2/me3 are typically repressive (Kimura 2013),
H3K9me3 is required for the transcription of certain genes located i heterochromatic regions
of the Drosophila genome (Riddle et al. 2011; Ninova, Fejes Toth, and Aravin 2019; Ninova
et al. 2020). Thus 1s thought to be driven by the need to repress disruptive transcription from
promoters of transposable elements located in their intronic regions (Ninova et al. 2020). The
high expression of genes m certain mixed states led us to wonder whether heterochromatin
marks might behave similarly in the context of the highly repetitive genome of A. franciscana
(Bett et al. 2024). In particular, genes in signature S11 (with chromatin marks associated with
heterochromatin and any/all active histone marks) and S14 (heterochromatin + active + mixed
states) have ligher expression than the genome-wide median (P-value < 2.6e-63 and P-value
< 2.8e-115, male and female gonads, respectively, Fig. 1c and 1d, supplementary figs. S4a and
S4b), suggesting a relatively permussive role of constitutive heterochromatin in Arfemia. To
mvestigate 1f this 1s related to the presence of transposable element sequences mn mtronic
regions, we separated genes mnto those carrying at least one transposable element in their introns
(*“TE 1n introns™), and those not overlapping with any transposable elements (“No TE"). We
then correlated the expression of these two categonies of genes with H3K9me3 and H3K9me?2
enrichment (Fig. 1 e-f Fig. 1 g-h, respectively). “TE m introns” genes showed a positive
correlation for both histone marks (P-value < 8.7e-55 and P-value < 2 3e-77, respectively,
Spearman correlation), while “No TE™ did not. This difference in the correlation coefficients
of H3K9me2/3 enrichment and gene expression was sigmficantly different between TE-
carrying genes and genes without transposable elements (TEs) for both tissues and sexes (P-
value < e-10 to e-30 in all cases, Fisher r-to-z transformation of the correlation coefficients,
supplementary table S1).
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Chromatin Landscape and Sex-biased Gene Expression

We examined how chromatin influences sex-specific gene expression patterns by analyzing
two replicated RNA samples from the heads and gonads of both sexes in 4. franciscana. We
again focused only on (pseudo)autosomal genes. Only 10 genes exhibited female bias and 10
genes male bias n heads (adjusted P-value < 0.05, fold change > 2, TPM > 0.1; supplementary
table S2 ). No further analyses of sex bias were performed in this tissue, as these small numbers
do not allow for meamngful compansons (but qualitative pattems are simlar to gonads,
supplementary table S2, | supplementary fig. S5). Gonads, on the other hand, displayed 979
male-biased and 633 female-biased genes (adjusted P-value < 0.05, fold change > 2, TPM >
0.1; supplementary table S2). Male-biased genes were more often associated with repressive
chromatin signatures (S1 to S7) in ovanes (59%) than in testes (47%, P-value < 7.52e-07,
Fisher's exact test, Fig. 2a), while the opposite was true for female-biased genes (44% 1n testis
vs. 36% 1n ovaries, P-value < 0.02, Fisher's Exact test, Fig_ 2a).
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Fig. 2: Sex-biased expression 1s associated with differential chromatin states in males and
females. a) Composition of different categories of sex-biased gene expression in different
chromatin signatures m gonads (adjusted P-value < 0.05, foldchange =2, and TPM >0.1). b)
Expression levels of genes with active-associated or repressive-associated chromatin signatures
mn both males and females or confrasting chromatin states between the sexes Statistical
significance was evaluated using a pairwise Wilcoxon rank sum test with * denoting a P-value
< 0.05, ** as P-value < 0.005, and *** as P-value < 0.0005. c) Proportion of genes with
contrasting chromatin states in males and females, for different categones of sex-biased
expression i gonads of 4. franciscana (adjusted P-value < 0.05, foldchange >2, and TPM
>0.1). Statistical sigmficance was evaluated using a pairwise Wilcoxon rank sum test with *
denoting a P-value < 0.05, ** as P-value < 0.005, and *** as P-value < 0.0005.

To directly test whether differences between the male and female chromatin state of each gene
influenced their sex-specific pattern of expression, genes were classified based on the active or
repressive status of their chromatin signature in the two sexes_ In order to be able to classify all
sex-biased genes, and because some H3K9me2/3-associated chromatin states were effectively
active rather than mixed (see previous section), we classified all chromatin signatures whose
associated genes had expression significantly above the genomic median as active (S11 to S16),
whereas all others were classified as repressive (Fig. 2b). The “open in same sex/closed m
opposite” model (Nanm et al. 2023) predicts that many male-biased genes should show active
chromatin signatures in males and repressive signatures in females (and conversely for female-
biased genes). This was mdeed the case, with female-biased genes for female-active/male-
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mactive states (P-value < 0.0001 1n gonads, chi-square test, Fig. 2¢, supplementary figs. S6a-
S6b) and male-biased genes being enriched for male-active/female-inactive states (P-value <
6.7e-06 m gonads, chi-square test, Fig. 2¢, supplementary figs. S6c and S6d). Gene Ontology
(GO) enrichment terms of genes that were both female-biased and male-biased with contrasting
chromatin-associated signatures between sexes in gonads were enriched in functions related fo
regulation of gene expression, cellular processes, or system development (supplementary table
S3 1n female, supplementary table S4 in males).

Epigenetics of Dosage Compensation in Arfemia franciscana

Artemia franciscana possesses a parr of ZW sex chromosomes, where a well-differentiated
region of the Z chromosome (the “S0” region, Fig. 3a) has evolved complete dosage
compensation (Huylmans et al. 2019; Bett et al. 2024). In order to determune how chromatin
structural changes may regulate dosage compensation in this species, we first assessed the
enrichment patterns of normalized histone marks for both replicates across each gene,
comparing Z-specific genes (located in the SO region of the Z chromosome, 139 genes, TPM
> (.5) with autosomal genes i each sex and tissue (supplementary figs. S7 and S8). The
normalized signal distribution of most active histone marks (H3K36me3, H3K27ac, and
H3K4me3) and repressive histone marks (H3K9me2, H3K9me3, and H3K27me3) were not
statistically sigmficantly different between autosomes and the Z-specific region 1 gonads in
both males and females (P-value > 0.05, Wilcoxon rank sum tests, supplementary figs. S7 and
S8 ). In heads, only listone marks H3K27ac and H3K9me3 were statistically depleted on the
Z-specific region of females compared to the autosomes (P-value = 0.028 and P-value = 0.002,
respectively). However, individual assessments of the two replicates i this female somatic
tissue of these histone marks (H3K27ac and H3K9me3) gave mconsistent differences between
the autosomes and the Z-specific region, with one of the replicates bemg significant while the
other 1s msignificant (P-value = 0.58 and P-value = 1, Wilcoxon rank sum test m H3K27ac and
H3K9me3, respectively, supplementary fig. 59), suggesting these may be an artifact rather than
true biological signals.
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Fig. 3: H4Kl16ac lmderhes dosage compensation of the Z. a) Schematic regions of the Z
chromosome and genome browser view of H4K16ac 1 heads and gonads of both males and
females. b and c) Boxplots of Normalized H4K16ac enrichment across genes in Z-specific (S0)
and autosomes m head b) and gonadal tissue (c). Statistical significance was assessed using a
parrwise Wilcoxon rank sum test with * denoting a P-value < 0.05, ** as P-value < 0.005 and
*#* as P-value < 0.0005. d and e) Average profile enrichment of H4K16ac around TSS (1 kb
upstream and 2 kb downstream of TSS) of genes m the Z-specific region (S0) and autosomes
of head d) and gonad e) tissues in both males and females.

On the other hand, the active histone mark H4K 16ac was enriched approximately two-fold on
Z-specific genes (S0) relative to autosomal genes in the heads, and more than two-fold in the
gonads m ZW females (P-value < 22e-24 Wilcoxon rank sum tests, Fig. 3b, Fig. 3c,
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supplementary fig. S9). By contrast, the profile of this histone mark was stmilar between genes
i Z-specific and autosomal regions of ZZ males (P-value = 1, Wilcoxon rank sum tests, Fig_
3b, Fig. 3c, supplementary fig. S9). To explore how the active chromatin mark H4K16ac 1s
distributed along the length of gene bodies, we examined its average enrichment patterns,
spanming 1 kb upstream fo 2 kb downstream of the transcription start site (TSS) for genes on
both the Z-specific region (S0) and on the autosomes. We used normalized coverage values
from replicates from each tissue in each sex. We found that the enrichment 1s present not only
at the TSS but across the entire length of the gene body (Fig. 3d, Fig. 3e). This ennichment of
H4K16ac m female relative to male tissues was exclusive to the region (SO) of the Z
chromosome (Fig. 3a, supplementary figs. 510 and S11). It should be noted that the role of
H4K16ac in Artemia dosage compensation has been independently inferred by the Keller-
Valsecchi lab (Zimmer et al. 2025).

These patterns may reflect a global enrichment in H4K 16ac throughout the SO, or the targeting
of a subset of genes by the dosage compensation machinery. To obtain further insights into the
architecture of dosage compensation of this group, we first called H4K16ac peaks and found
that over 50% of expressed SO genes overlapped with an H4K 16ac peak (84 out of 139 genes,
Fig_4a). Genes overlapping H4K16ac peaks showed increased transcript abundance compared
to those outside of peaks (P-value = 0.002, Wilcoxon rank sum tests, Fig. 4b), and a trend
toward ligher sequence conservation (inferred from the nonsynonymous to synonymous
divergence ratio, Ka/Ks; the difference was however not sipmificant (Fig. 4d)). However, the
expression ratio between females and males did not differ between genes with and without
H4K16ac peaks (P-value = 0.709, Wilcoxon rank sum tests, Fig_ 4c), suggesting that balancing
of expression occurs globally for the region.
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H4K16ac peaks in female heads. b) Expression of genes in the Z-specific region (S0) with and
without H4K 16ac peaks in female heads. The significance of the Wilcoxon rank sum test ** 15
P-value < 0.005. ¢) Log2 of female:male expression ratio of SO genes with and without
H4K16ac peaks in heads. d) The distribution of Ka/Ks of S0 genes with and without overlap
with H4K16ac peaks. e) Motif with the most sigmficant enrichment in SO H4K16ac peaks
relative to the rest of the genome. f) Frequency (i number per nullion base pawrs) of the motif
described 1n e) on different chromosomes. *** denotes P < 0.005, obtained by resampling N
chromosomal loci randomly 10,000 times, where N 1s the number of peaks found throughout
the genome. g) Schematic regions of the Z chromosome, HuR motif distribution patterns, and
their relationship to female-to-male expression ratios in head tissue. Similar plots for gonads
are provided in supplementary fig. S12.

In order to mvestigate how H4K16ac may be regulated, we conducted a DNA-binding motif
enrichment analysis on the set of H4K16ac peaks (333 and 294 peaks in heads and gonads,
respectively) that were intersecting with SO genes expressed in female tissues (TPM > 0.5 mn
erther female gonads or heads). The HOMER. analysis revealed many sequence motifs that
were significantly enriched (P-value <le-10) in sequences contaiming H4K 16ac enriched peaks
in the Z-specific region (S0) (Fig. 4e, supplementary tables S5 and S6). The most significantly
enriched motif in both head and gonad peaks was an AT-nich motif previously identified as a
binding motif for Human antigen R (HuR(RRM)) (P-value = 1e-19). This motif comprises over
6% of peak regions, but less than 1% of the rest of the genome. Importantly, 1t 1s also highly
enriched in the SO region compared to other chromosomes (P-value < 0.0001, resampling with
10000 bootstraps, Fig. 4f) and to the rest of the Z chromosome (Fig. 4g), unlike the other 2
most enriched motifs i the peaks. Taken together, these results suggest that a dosage
compensation mechamsm likely targets the SO region at specific binding motifs, where 1t
promotes H4K16ac, and global upregulation of gene expression in the region, nurroring the
well-known mechanism of Drosophula.

Discussion

Here, we present the first comprehensive analysis of the chromatin landscape of a crustacean
species with genetic sex-determination systems. In agreement with the 1dea that the chromatin
landscape may play a regulatory role mm gene expression, repressive-associated chromatin
signatures were consistently associated with lower transcript abundance compared to active-
associated chromatin signatures. Additionally, distinct chromatm states between males and
females were associated with sex-biased gene expression in both somatic and gonadal tissues.
Fmally, we provide evidence that changes imn chromatin landscape are likely used in A.
franciscana to equalize the expression of genes between Z-specific and autosomes and between
sexes.

Expression of Gene Regulation in a Highly Repetitive Genome

We sampled a broad range of known active and repressive histone marks in order to get a full
overview of a crustacean chromatin landscape. We combined these with published RNA-
sequencing data (Huylmans et al. 2019) to characterize epigenetic regulation in this clade. The
hatching and growth conditions were slightly different in the 2 studies (in particular, the salimity
was 30 to 60 g/l before, and 50 g/l here), but most histone marks yielded the expected
associations with expression (supplementary figs. S13 to S17), suggesting this did not strongly
mmpact the conclusions. Interestingly, both repressive marks H3K9me?2 and H3K9me3 were
overall enriched on genes with high expression (supplementary figs. S18 and S19). Our
combinatorial analysis suggests that these two marks of heterochromatin may have distinct
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associations with transcription when they act alone (repressive role) or in combination with
chromatin marks associated with active transcription (permussive role). Thas 1s in line with Feng
et al_ (Feng et al 2020) who reported that the genes exhibiting the acqusition of H3K9me3
became heterochromatic, but required the concurrent depletion of H3K4me3 and H3K27ac to
undergo franscriptional repression. This combinatorial mode of action may be particularly
important in 4. franciscana, since nearly two-thirds of its genome consist of repetitive elements
that need to be condensed while allowing for gene transcription to occur (Bett et al. 2024).
Actively transcribed genes situated within constitutive heterochromatin i Drosophila
melanogaster necessitate this chromatin environment for their appropriate expression, as their
activity 1s compromised upon relocation to open chromatin regions (Nmnova, Fejes Toth, and
Aravin 2019). Moreover, the depletion of H3K9me3 leads to the transcriptional suppression of
a considerable amount of genes housed within constitutive heterochromatin (Nmowva, Fejes
Toth, and Aravin 2019). This may be due to the presence of transposable elements in the introns
of these genes, whose promoters need to be repressed through H3K9me3 deposition to avoid
spurious infromic transcription (and consequent downregulation of expression of the gene)
(Ninova et al. 2020). The presence of TEs within introns mn Artemia franciscana may play a
similarly crucial role in driving the positive correlation between H3K9me2?/me3 ennchment
and gene expression, supporting the idea that heterochromatization may allow for proper gene
regulation in highly repetitive regions. Interestingly, in yeast, H3K9me?2 and H3K9me3 are
themselves differentially correlated with expression, with H3K9me?2 being pernussive to
transcription and H3K9me3 repressive (Jih et al. 2017). Taken together, these results point to
the importance of combinations of lustone marks to regulation (1.e. the presence of a “histone
code™), but also hughlight the evolvability of this code depending on clade and genomic context.
Future work on various orgamisms 1s required to elucidate how different combinations of
histone marks shape gene expression, and the evolutionary and mechanistic pressures driving
divergent patterns.

Direct Evidence for the “Open in Same-Sex/Closed in Opposite” Model

If chromatin 1s associated with sex-specific regulation, sex-biased genes should show sex-
specific chromatin marks. In particular, an excess of male-biased genes should be in open
chromatin in males but in closed chromatin m females, and vice-versa (Brown and Bachtrog
2014). Brown and Bachtrog (2014) tested this directly in Drosophila by comparing the
proportion of such sex-inconsistent genes among sex-biased and unbiased genes and found no
evidence supporting this hypothesis (Brown and Bachtrog 2014). Recently, Nanm et al. (2023)
found that male-biased genes in Drosophila heads were enriched in male-open chromatin, and
depleted from female-open chromatin (while female-biased genes were enriched in female-
open chromatin) (Nanm et al. 2023). However, they did not directly test for a reversal of
chromatin state of the same gene between the sexes and were generally himited in the
characterization of open and close chromatin by the relatively small number of marks used (one
active, H3K4me3, and two repressive, H3K27me2/H3K27me3). Here, we were able to classify
our genes as having active or repressed chromatin using 7 different histone marks, and in both
heads and gonads of males and females. Very few genes were sex-biased mn heads, unlike n
the D. melanogaster study (Nanm et al_ 2023). Thus 1s likely due to methodological differences,
as Nanm et al. (2023) inferred sex-biased expression at the level of individual exonic features,
whereas, in Arfemia, sex-biased genes were 1dentified based on the cunmlative expression
levels across all exons of a gene, and only if they had at least a two-fold change, a much more
conservative approach. This precluded the detection of very subtle changes between the sexes,
which typically comprise the bulk of sex-biased genes mn Drosophila head and bramn datasets
(Huylmans and Parsch 2015). Whether such small changes are biologically relevant 1s not clear,
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and we therefore focused on more robust sex-biased expression, which is largely found n
gonads. Our detailed classification showed that many genes have sex-mconsistent epigenetic
states in the gonad, and these are enniched among sex-biased genes in the predicted direction.
This provides a more direct test of the model than previously possible and strongly supports a
contribution of the chromatin landscape to sex-specific regulation of expression.

Artemia franciscana Exhibits Drosophila-like Dosage Compensation

Early large-scale gene expression studies highlighted an apparent discrepancy between ZW
and XY species, with only the latter showing dosage compensation at the chromosome level
(Gu and Walters 2017). Since then, multiple studies n Lepidoptera have shown that dosage
compensation can regulate whole Z chromosomes, but this has so far remamed exceptional
among ZW systems (Walters, Hardcastle, and Jiggins 2015; Gu, Walters, and Kmpple 2017).
A. franciscana shows a significant enrichment of H4K16ac on the Z-specific regions of the Z
chromosome compared to autosomes in females across both head and gonad tissues, consistent
with dosage compensation acting to increase gene expression of the female Z. It should be
noted that because of the small number of genes in the SO (~1% of all genes), subtler changes
in other chromatin marks may not be as easily detected and cannot be fully excluded. The
female enrichment in H4K 16ac 1s in line with earhier results on gene expression, which showed
that Z-specific and autosomal genes have sumilar expression levels in both males and females
(Huylmans et al. 2019; Bett et al 2024). This mechanism resembles the mode of action of
dosage compensation mn Drosophila, where the dosage compensation complex deposits active
H4K16ac histone marks on the single male X-chromosome (Lucchesi and Kuroda 2015).
Another interesting parallel 1s the presence of a candidate motif that 1s enniched in the
differentiated region of the Z and may be targeted by the dosage compensation machinery, as
suggested by 1ts frequent co-occurrence with H4K 16ac peaks. This 1s renuniscent of the ugh-
affimity sites of D. melanogaster, which are enriched for a guanine-adenine (GA)-rich motif
that allows for their recognition and binding by the dosage compensation complex
(Alekseyenko et al. 2008; Straub et al. 2008). H4K16ac-mediated dosage compensation has
also been observed mn green anole lizards, where males exhibit an enrichment of H4K16ac on
their X-chromosome (Marin et al. 2017), although 1n this case recogmition and binding to the
X-chromosome 1s mediated by a long non-coding RNA (Tenorio et al. 2024). Contrary to the
onginal dichotomy between ZW and XY systems, these results therefore not only suggest that
chromosome-wide compensation of Z chromosomes may be more common than previously
thought, but also highlight a striking case of molecular convergence of the regulation of the 2
types of sex chromosomes. Future work m diverse ZW and XY systems 1s needed to shed hght
on how common different types of compensation are, and what evolutionary scenarios lead to
each of them.

Methods

Dissection of Heads and Gonads of Artemia franciscana

Artemia franciscana cysts were purchased by the Fish Facility of the Institute of Science and
Technology Austna from the Zierfischfutter Wiinnenberg (who source them from Sanders),
and hatched at 24 to 26 °C, in 550 ml red sea salt m 24L in 14:10 h hght/darkness. Freshly
hatched naupli were transferred to the lab and reared unfil adulthood in individual wials to
avoid mating under 50 grams/litres salimify and in 16:08 h light/darkness. Salt was washed off
adult 4. franciscana with deionized water and 1 x PBS (without MgCl, and CaCly), and tissues
were dissected under cold DPBS. The ovisac contents from the female ponads were emptied
and discarded to muminuze the effect of the female germline on our results, as germ cells have
recently been shown to lack dosage compensation in A. franciscana (Elkrew: and Vicoso
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2024). Tissues from 4 adults per replicate were then permeabilized for 30 mun in an ice-cold
mixture of 10 mg of Collagenase and 1 ml of Enzyme Dissociation Buffer.

CUT&Tag Library Preparation

CUT&TAG assays were performed using CUT&Tag-IT™ Assay Kit (Active Motif cat no.
53160). Permeabilized tissues were muxed with activated Concanavalin A beads after their
resuspension in the wash buffer. We then incubated overmight at 4 °C with pnmary antibodies
from Active Motif H3IK27me3 (cat no. 39157), H3K36me3 (cat no. 61102), H3KE4me3 (cat
no. 39160), H3K27ac (cat no. 39034), H4K16ac (cat no. 39930), H3K9me3 (cat no. 39766)
and H3K9me?2 (cat no. 39754). Following this, samples were incubated with a diluted Guinea
Pig Anti-Rabbit secondary antibody for 1 h 1n a nutator at room temperature. The beads were
then washed with a Dig-Wash buffer, and assembled pA-Tn5 transposomes were then added
and incubated at room temperature for 1 h m a nutator nuxer. Following incubation, washing
of the beads was performed using a Dig-300 buffer. Tagmentation was completed by adding a
tagmentation buffer that was mixed with Protease Inhibitor Cocktail and 5% Digitonin and then
mncubating them at 37 °C for 80 nun. In order to halt the tagmentation process and digest DNA
fragments, 4.2 pl of EDTA, 1.25 pl of 10% SDS, and 1.1 pl of Proteinase K were added to the
Tagmentation buffer and incubated for 60 min at 55 °C. DNA was extracted and then amplified
mn a 50 pl PCR reaction using a combination of unique 17 Indexed primer and one 15 Indexed
primer, 30 ul of tagmented DNA | 1 ul of 10 mM dNTPs, 10 ul of 5x Q5 Reaction Buffer, and
0.5 ul of Q5 DNA polymerase. The desired fragment size libranies of CUT&TAG were then
selected using 1.1 x of solid-phase reversible immobilization (SPRI) beads to DNA (55pul of
SPRI was added to 50 pl of DNA). The lhibraries were checked for quality using both Agilent
Bioanalyzer for frapment size distnbution and qPCR for DNA library concentration, and those
that passed munimum quality checks (with at least 2.5 nM in concentration) were sequenced on
Ilumina NextSeq550 PE150 Medium at the Vienna Biocenter sequencing facility.

Processing of CUT&TAG Raw Reads

Paired-end raw reads were checked for quality with fastqe (Andrews 2010). Overrepresented
sequences were filtered out using the bbduk sh package of bbmap tool (Bushnell 2014) with
the options “ref = overrepresented fasta ktrim = r k = 31 munk = 11 hdist = 1 tpe tbo.”
Sequencing adapters were then trimmed with cutadapt under parameters “-a
CTGTCTCTTATACAC -A CTGTCTCTTATACAC -O 5 -q 0 -m 20 - 30” (Martin 2011).
The trimmed paired-end reads were aligned to A. franciscana reference genome (Bett et al
2024) vsing bowtie? v2 4.5 (Langmead and Salzberg 2012) with these options: “local —very-
sensitive-local —no-unal —no-mixed —no-discordant —phred33 -I 10 -X 700.” The alignments
were sorted by coordinates using Picard (“Picard Toolkit” 2019) with the parameter *-
SORT ORDER coordimnate.” PCR duplicates were then marked and removed with Picard using
the options “REMOVE DUPLICATES = true, ASSUME SORTED = TRUE.” The resulting
alignments were filtered further with the options “-q2 -F 0 x 04 -£ 0 % 2" in samtools v1.18 (L1
et al. 2009) and used for downstream analysis (supplementary table S7). Consistency between
biological replicates was addressed by calculating the pairwise Pearson correlation coefficient
of the normalized coverage along TEs and genes, for all of the samples using the R function
“cor” from the package stats (supplementary fig. S20).

Expression Analysis
The RNA-seq samples that were obtamned from the heads and gonads of 10 adult males and 10

adult females of 4. franciscana (Huylmans et al. 2019) were mapped (supplementary table S&)
using Kallisto (Bray et al. 2016) to the annotated coding sequences (CDs) of A. franciscana
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(from annotation (Bett et al. 2024)) to create pseudoalignment and were then imported to sleuth
(Pumentel et al. 2017) for estimation of transcript abundance. The gene expression within each
tissue across sexes was normalized using NormalyzerDE (Willforss, Chawade, and Levander
2019) in Rv4.1.2. We then performed differential expression analysis with the sleuth package
using a likelihood ratio test (LRT). Genes that exlibited more than 2-fold change (FC)
difference with a false discovery rate (FDR) of <0.05 in expression were categorized as male
or female-biased depending on the direction of the change.

Identification of Optimal Chromatin State Number

We used Spectacle to assign chromatin states along the A. franciscana genome (Song and Chen
2015). Furst, alignment of CUT&TAG reads from each of the 7 histone marks was converted
to bed format with bedtools and then binarized across the genome in a bin size of 200 bp using
BinarizedBed with option “-strictthresh ” Second, binarized data were then used in the learning
model of each given chromatin state number. This was performed with LearnModel with the
options ‘-1 spectral -comb’ to allow the lidden Markov model to use a spectral learning
algorithm 1n its chromatin state estimation. Next, we employed the CompareModels function
within Spectacle to assess the maximum enussion parameters, correlating them with selected
chromatin states using Pearson correlation. Specifically, we examined the cormrelation of
chromatin state 21 with a range of simpler models, encompassing chromatin state numbers
from 20 to 2. The median of these correlations was plotted to pinpoint the optimal chromatin
state number (supplementary fig. S1). We 1dentified 12 chromatin states as the optumal state
number, as any further increase in the number of chromatin states only lead to the recovery of
states with similar characteristics to the starting chromatin state 21. Therefore, chromatin state
number 12 was selected for downstream analysis.

Analysis of Chromatin States

The coverage of each emission state (chromatin state 12) across the 4. franciscana genome
was generated using the MakeSegmentation function. The outputs were then intersected with
the coordinates of genes using the bedtools intersect function under default settings. Enission
states were further summanzed nto 3 major groups depending on their functional annotation
(Brown and Bachtrog 2014); (1) active transcription (H3K27ac, H4K16ac, H3K4me3, and
H3K36me3), (1) polycomb-mediated repression (H3K27me3) and (1) constitutive
heterochromatin (H3K9me3 and H3K9me?2) Additionally, the inclusion of nixed states that
contain combination of erther facultative or constitutive histone marks (H3K9me3, H3K9me?2,
and H3K27me3) with any of the active transcription marks (H3K36me3, H3K27ac, H3K 16ac,
and H3K4me3) and Null state resulted mn defimition of 16 chromatin signatures as done
(Gueno et al. 2022).

Correlating Genes With Chromatin Marks

To assess the enrichment of chromatin marks across genes, we adopted a similar approach to
that of Anderson et al. (2023) by tallying the mapped reads spanming from the beginming to the
end of every gene in each replicate. This was accomplished by aggregating reads with
deepTools/multiBamSummary using a bed annotation file and then normalizing counts based
on the number of mapped reads and the gene length in kilobases in Million. The resulting metric
provides counts per kilobase per nullion (CPKM).

“multiBamSummary BED-file —BED annotation.bed —bamfiles alignment.bam —
centerReads —maxFragmentLength 700 -o resultsnpz —outRawCounts
readCounts.tab”
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To generate average plots depicting chromatin signals surrounding the TSS of genes of each
replicate, we applied deepTools/bamcoverage to summarize normalized coverage within a
window of 10-bp intervals “bamCoverage -b alignment.bam —binSize 10 p 20 —
normalizeUsing RPKM —maxFragmentLength 700 -o file.bw”.

To average the distribution of chromatin marks of surrounding TSS of genes in both replicates,
we used bamCompare function of deepTools “bamCompare —bamfilel filel.bam —bamfile2
file2bam -p 20 -bs 5 —normalizeUsing RPEM —skipNAs —minFragmentLength 10 —
maxFragmentLength 700 —operation mean —scaleFactorsMethod None -o output.bw.”

The outputs were used as inputs for computing matrices usmg deepTools/computeMatrix
“computeMatrix reference-point —referencePoint TSS -S file.bw -R annotation.bed —
missingDataAsZero -b 1000 -a 2000 —binSize 5 -o file.mat.gz” and visualized using plotProfile
feature.

In order to visualize the distribution of H4K16ac m each tissue across all 21 chromosomes of
A. franciscana, we used genome coverage data generated using deepTools/bamCoverage with
these options: “bamCoverage -b file.bam -bs 30000 -p 20 —outFileFormat bedgraph —
normalizeUsing RPKM —maxFragmentLength 700 -o file.bedgraph.”

Peaks Calling and Motif Enrichment

The deduplicated alignments generated earlier were converted to BED format using the
bamToBed function from Bedtools (Quinlan and Hall 2010). Read pairs mapping to the same
chromosome with fragment lengths under 700 bp were selected for the generation of bedgraph
files with the genomecov function 1n Bedtools (Quinlan and Hall 2010). Peaks were then called
using SEACR [Sparse Enrichment Analysis for CUT&RUN v1.3 (Meers, Tenenbaum, and
Henikoff 2019)]. The SEACR. peaks were called using “SEACR 1.3 sh sample bedgraph 0.01
non stringent sample seacr top0.01 peaks.™ The H4K16ac peaks corresponding to selected
genes (TPM > 0.5) of Z-specific region (S0) in females were used for sequence motifs
1dentification using HOMER (Hypergeometric Optinuzation of Motif EnRichment (Heinz et
al. 2010)). Motifs were identified as follows; “findMotifsGenome pl H4K16acpeaks bed
Afranciscana genome fa masked SOpeaks homerMotif -mask -size 1000 -p 20.” In order to
1dentify instances of the targeted motif of interest, we used scanMotifGenomeWide pl function
of HOMER as follows: scanMotifGenomeWide pl
SOpeaks homerMotif/homerResults/motif]l motif Afranciscana genome fa masked -mask -
keepAll -bed > SOpeaks homerMotif/motifl sites bed

Estimating Rates of Evolution of Genes With and Without H4K16ac Peaks

The CDS of annotated genes from Artemia franciscana (Bett et al. 2024) and their homologous
sequences of annotated genes from 4rtemia sinica (Elkrew: et al. 2022) were aligned using the
TranslatorX software package (Abascal, Zardoya, and Telford 2010) with the “gblocks™ option
to filter out poorly aligned or unreliable regions, ensuring a ligh-qualhty alipnment for
downstream analyses. Following the alignment, the nonsynonymous (Ka) and synonymous
(Ks) substitution rates were calculated using the KaKs calculator (Wang et al 2010),
employmg the Yang and Nielsen (YN) algorithm_
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Supplementary Information

Pearson Correlation E21 and states 2:20
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Supplementary Figure 1: Pearson Correlation of selected model (E21) to sets of models
(E20:E2) to identify optimal number of chromatin states.
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Supplementary Figure 2: Emission model showing likelihood of finding histone mark in each
chromatin state number. The darker the color means higher chance of presence of that particular
histone mark.
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Supplementary Figure 3: Representative emussion state profiles for genomic regions of
chromosome 18 (A) and chromosome 15 (B) in male head tissue.
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Supplementary Figure 4: Expression of chromatin signatures (W and Z-specific genes were
excluded) in male (A) and female heads (B). Panels C to D show the correlation of female
heads' expression with H3K9me3 for genes with (C) or without (D) TEs in their introns. Panels
G and H show the same for male gonads expression. Panels K and L show the same for female
gonads expression. Panels E and F show the correlation of female heads' expression with
H3K9me? for genes with (E) or without (F) TEs in their introns. Panels I and J show the same
for male gonads expression. Panels M and N show the same for female gonads expression.
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Supplementary Figure 5: Proportion of genes with contrasting chromatin states 1n males and
females and which have sex-biased expression in heads of 4. franciscana (FDR <0.05,
Foldchange =2 & TPM >0.1 for genes in 4. franciscana)
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Supplementary Figure 6: Representative chromatin profile regions for female-biased genes
(A and B) on chromosome 20 (jg1196; 1s enriched with H4K16ac (E12, chromatin signature
$16) 1n females and null states in males E2 (S1) and chromosome 17 (jg15956; 1s enriched with
H3K4me3 (E7, chromatin signature S16) m females and null states E2 (S1) i males).
Representative chromatin profile regions for male-biased genes (C and D) on chromosome
7 (Jg14214; 15 enniched with H4K16ac (E12 chromatin signature S16) m males and null states
i females E2 ( chromatin signature S1) and chromosome 16 (jg6183; 1s enriched with
H4K16ac (E12, chromatn signature S16 1 males) while in female 1s enriched with
H3K27me3 (E3, chromatin signature S2) .
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Normalized CPEM enrichment of active associated chromatin marks

based on autosomal and Z-specific genes in somatic and gonadal tissues of 4. franciscana.

Supplementary Figure 7



50

Female Ganads

(¥ IZW

—E—
..

S0
P

Female Gonads

TiTW

=] [
W E

15

= ]
]

o
P N
a

a a
BWENEH WAdD

a1

u“t-__._ :uu.: w3

2.0

S0
PR

HMale Gonads

—a-
R

7 5 %
- - o
WY IUF EIWEHEH WNdD

FallEl]

=0

Male Gonads

r}ZT

S0
Pl ]

emale Haad

= [ a o = ]
W E =1 CH ] Y
u

- - - 3 a a
BT TEWENEH WD

u .

2.0

]

- - -
WALYZLIUT EIWEANEH WAdD

]

s .08

50

Fernale Head

.
.

2.0

T % § £ § 3
@ @ o

- - - o
JUSWYIJUg TEWUENEH RWHd

2.0

50

P

Mala Haad

. !
L
" |
8
E
n
o
It]
|
|
E
o
i
s
& " ] 5 5 r 5 # ]
g B & 7% & K R ® 8
N - - - - @ = o o
WRLIIUT ERU LT HEH WHdD
H
ﬁ . ! .
|
0
H
S
5
3
...
Il
=
N
-] - n [=] W a [d =] n [=]
= i i ] = L ] o =
A m = ® = @& @ @ @
WRUYIIEI EFWLTHEH WAdD
ﬁ. . !
ol
A
-
T
-
£
E
H
£
-]
o)
= . [ a W a n [] "
= ¥ ® & B & § §®
A oEm = = = &8 & &
IURFWYIIUG ERWETHEH HWHLD
._.-. . !
0
E
H
T
=
=
) l
-3 = ' [-] o [=] a [=] &
- A & = & B E EY
A A om =
=]

- - a =
JUFWYF|IUG ERWLITHEH HH4

N B

S0

Male Head

# 7 & £ 2

)
~
- - - o o o

WD AT EIWEHEH WX4D

2.0

5 &8 B &
o

]
]
- - - o -]
IMBWYIILF TIUENEH HHdD

2.00

5§ § £ ¥

=
[
- - - o = =
JUBIIIIUT EPWENEH WNdD

50

1ated chromatin

marks based on autosomal and Z-specific genes in somatic and gonadal tissues of A.

franciscana.

0.0

S51VE a550C

50

60

50

Normalized CPKM ennichment of repre

0.0

50

0,00

Supplementary Figure 8



Male Head repl

* M M =W O
Wy JETHEH WD

L
_-m
—.H

H

- m o~ - &
WHLIYDAIG IS THRFE WHdD

=] =
al ;
| Em
ﬂ i NN -
e - - !
w o
H 2
m [=}
& H
- ]
[} ! 4 ! i
E < §
y ke
W i
'] - - = ] - ] [=]
WHAPLUZ I THPH WD WBLIPUUT ATHEH WA
=
: ;
(5 =
2 ! = ], =]
g 2 N
- L]
w =}
= o
5 :
[=]
& b
2 ]
[i:] ! i ! i
z < m
E
= =
[} -+ ] (=] o - -~ [=]
IUBLLPIUG 30T WD WP IERTHRH WND
= kX
- o 4l =)
_«_/u__p . — . % _w'.u_ ! "
@ 2
B E
Lol L4
@ F
T [
2 =
= E
- g
el —

* M M = O
WRUREULT JERTHEH WHdD

[ E-a ]

Femala Head rapl

T m M - &
JUDURPRIUG JRGTHIFHE WHdD

50

.-. A
B

Male Head repl

Male Gonads rep

[FREL

Male Gonads repl

Male Head rep2

I T
|

-1
B - =] =
JUBULIYIULT JRLTHEH WHAD

R T R
-

- o o
UGS JBLTHEH WHAD

2017777

S0

Female Gonads rep2

T4

S0

Female Gonads repl

=
i

=
i

p=0,001]

VIEW

- L | =3
l S
[ =

L] o W o

- - = =]
UBUYIUUT JRLTHEH WHD

| =]

- 5
. . . .A
L] -] W o

-

- o o
UBUYIIUD JELTHEH WHAD

=1

| . !
5

,
a W& @ &
N - - o o
JUBUYIUIUG JELTHEH WHAD

S0

Female Head rep2

&

F=0.A

A

F

=]

2w & @ &
L] - - [=] =]
JUBUYIUUT JRLFHEH WHAD

B

..u.. 5] [=] 5]
i - - o o
JUBLLIUILG ITLTHEH WD

=

50

Female Head repl

F=0L T |

W
A

S0

= ) = ] =
i - o o

-
JUBLULPULG JLTHEH WAD

61



w ]
a i

e

-]
i

CPEM HIK36mad Enrichmant
B

]
e

Mgy Faad i)

]
e

|Gitrd

H
a

e

-]
i

CFEM HIK3mad Enrichmeant
b

]
&

Vgby Pl g
p=1

na

Fvesle biesd repi

\,
A

ma
=

-

=]
-

CPKM HIK3IGmed Enrchment
B

=
=

T

m
=

-

]
-

=
&

CPRM HIK3IGmed Ennchment
B

[TIE]

S0 S0
Made e rag] Mals Head 1epdt
E o 2 (=1} E 4 p=0.F
E 2.0 Ezo|
i £
E 1y ) s )
™ 1 4
o = omm =
%
Tos ) Tas |
= =
i oo
5 [ 50
be Femals Hiad sepil be Ferale Hiad sepl
— | P |
E a0 Eazaf
2 §
& .5 & u.s
o o
a =
= m
Tos Tos
E 3
Ec—.u Ee.u-
] A E=11]
Muln Hepd repl sy b
E’-“C' iEE S I e T pea.0003
E||.:-=- E:| 75
£ .50 £1.50
g g .
|§ Ly IE:I.!!-
3+ - 3 - -
l T
;c.?s Eo ]
= oo X os0 :
z
et o
Eooo Faoo
w} 0
] EL
Femus iead wpi Femuis biead sepd
o T T—wE LT ]
E by E-:l..lz-
£ .50 £1.50
E 1.2 E!.Jb
e H =
.75 ! o)
Eu.s-u Eo.su
4 - T
g0 g0
fyoe fy 00

Male Gonads repl
L

ale Gonads rep2

‘ELD'I\: e N ‘EZ.'D'I:E i ) B=1
r M
E” Et.s-
o o
- X
Ho.5 0.5
r r
X =
Eu.n Eu.u-
' A S0 ' A S0
Famale Gonads repl Famale Gonads rep?
£ TeIZw Pl £ VIEW BT
Ez.u Ez.u-
EL.E | E1 5| -
o B
%u.s %u.s- ]
z z
¥oo Eoa
= A S0 = A S0
Mals Gonads repl Male Gonads rep2
:2‘-'3 EE (T3] '.;2"3-:#322 ]
E: s E!I. 5
: :
o A B
Xos Zos| '
= r
%D.D %g.n.
A S0 ) A 50
F la Gi d 1 F la G d 2
L s ors srqpp_t e [ S oo Erlr\'M".---:-ﬂrl
£ £
£15 §1s)
; . ;
i i A
Hos H0.5
= r
I I
En.n En.u-
A 50 ) A S0

Male Gonads repl

Male Gonads repd
£

40T 3 PTG [
E 1.5 . E 1.5
& T & T -
" =
1.0} 1.0
I " =
ﬁU.S- '§D.5
= =
Eao| Eoo
A =14] A 50
Female Gonads repl Female Gonads rep2
Ez'u'lﬂ‘:“ p=T EZ'D (e p=T
b k]
g 15| gus )
i} =
" ]
- =
¥
Has Zos
-3 : =
En.n- én.n
A 50 A 50



]

"2

2

a
k

CPuM MIKITma ) Ennchmant
-
®

2

"

]

L]
-

CPEE M2 Tme ) Bnnichment

]
(=]

CPKM HIK27mel
(=] o
& B

o

CPKM HIK27me3 Coverage
o o (< - ™ - -
& B8 a

o

Male Head repl Maie Head repl e Head repd

u
L}
u
-]

i
A

&
*
&
-

CPEM H!KZ_M-I Errichrment
s
CPM H!KZ_M-I Errichrment

00 0o
A 0 A 4] ' ' A -]
Famas masd rep) - Tarda masd reg) 33 Taraa nasd regl
N e Vi ear T R
Fie E}ﬂ
EI"' £
& &
= =
£ £
3L s
E ES
I I
o Eos
- -
(¥ (¥
- Qe - 0
A =0 ) ) A =0 ) A =0

Maks Ganadi repl Maks Ganadi repd Maks Ganadi repd

240 ¢ a 200 . 200+ .
[e1zz pei [e1zz 056 [e1zz 0,58
175 L75
E.: 50 E.: 50
g g
133 133
Ll Ll
¥ 1.50 ¥ 1.50
E E
- r
Hers Hers
T T
zo% oW
3 - 3
5 Boas : Boss |
0 Er a0
A 50 ' ' A 50 ' ' A S0
20 Faenale Gonads repl . Farnale Gonads repl 3 30 Farnale Gomads repd
iRIZW E=0.6 iR IZW p=i iR IZW p=i
173 173
50 E-.: 50 §-.: 50
] &
a5 EIJ! EIJ!
w0 10 10
E E
3 3
™ ™
e Hers ers
5 2
I I
Iﬂlﬂ Iﬂlﬂ
= =
5 Baas : | Boas
50 a0 200
A S0 A S0 A S0

63



4 W
@ a
a =1
1] [
a a !
IS =1
I uy
r]
P =1
g ¥
®
3 g
x =
a =]
g &
&
ey -
g
) =
n a u < “ o o @ o = :._ 9
r4 r - - [=] (=] (el rd — — [=] k=]
JUBILRLIUG E3WEHEH WNd D Wallauug EauENEH WHd2
- -
W f
1] a -
o =]
I i
]
| o
f=1 [
g |
= i
i T
T @
@ %
E &
o
L <1
] =
M =,
B 2
L = u a [ =] w ] " ] u =]
] ] - - =] (=] [l rd - — [=1 a
JUBWIYDIUT EBWEHEH WHdD JUBWYIUUT ERWEANEH WHdD
- -
1 [
-8 =3
o =]
I n
B !
= &
= i
- =]
o [~
| o
[T -
I »
a =
- E
Cy
&
g =L
™ ]
N H
3 &
n " u - “ - n - o - n -
rd (=1 [ (=]

Fi - - &
AUBLIDLIUS SR HEH WXdD

F - — (=]
RIS ERWEHER WHXdD



=) = bt [
s H H H

CPKM H3K4me3 Enrichment
=]
o

=] — — 5]
[, =] un (=1

CPKM H3K4me3 Enrichment
=
=1

Male Gonads repl

()22 p=0.14

A SO

Female Gonads repl

(?)ZW p=1

A SO

o =t — d
wun [=] wu o

CPKM H3K4me3 Enrichment
(=]
o

[=] =t = [
1] (=] un (=]

CPKM H3K4me3 Enrichment
=
o

Male Gonads rep2

()22 p=0.79

A SO

Female Gonads rep2

(?)ZW p=1

A SO

Supplementary Figure 9: Normalized CPKM enrichment of both active and repressive
associated chromatin marks based on autosomal and Z-specific genes in each replicate in head
and gonadal tissues of 4. franciscana
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Supplementary Figure 10: Female to male coverage distnibution of H4K16ac in 30kb windows

across 21 chromosomes in Heads in 4. franciscana.

65



Log2(F:M H4K16ac RPKM)
o = R W B 3 =l

ﬁwwnumi

P
- Mmoo w r o - o — " s ~ @ m oo e
= = =3 =] = I--- =
£ £ = £ gV e £ £ 2 ¢ 'T_‘ = ﬂ = f 4 < 2 @ o
a ] 5] U U W U £ £ £ £ £ £ £ £ £ £ £ =
9 U T T YUY ©w U 4 ¢ U U
chr

ﬁﬂ

Supplementary Figure 11: Female to male coverage distnbution of H4K16ac 1n 30kb windows
across 21 chromosomes in Gonads 1n 4. franciscana.
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Supplementary Figure 12: H4K16ac peaks in the S0 region and their association with
functional genomic features. (A) Proportion of genes in the Z-specific region (S0) that erther
intersect or do not intersect with H4K16ac peaks in female gonads. (B) Expression of genes in
the Z-specific region (SO) with and without H4K 16ac peaks in female gonads. The significance
of Wilcoxon rank sum test ** 15 P-value < 0.005. (C) Log2 of female:male expression ratio of
SO genes with and without H4K16ac peaks in gonads. (D) The distribution of Ka/Ks of SO
genes with and without overlap with H4K16ac peaks. (E) Motif with the most sigmificant
enrichment 1n S0 H4K16ac peaks relative to the rest of the genome. (F) Frequency (in number
per mullion base pairs) of the motif described in (E) on different chromosomes. *** denotes
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p<0.005, obtamed by resampling N chromosomal loci randomly 10000 times, where N 1s the
number of peaks found throughout the genome. (G) Schematic regions of the Z chromosome,
HuR motif distribution patterns and their relationship to female-to-male expression ratios in
gonadal tissue.
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(those less than 30% m TPM across these genes considered), medium (those genes between
30% and 70%) and high (those above 70%)) in both head and gonads.
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Supplementary Figure 14: Average enrichment of H3K27ac across gene length (only
autosomal and PAR. genes were considered with TPM > 0.5) of different expression levels (low
(those less than 30% m TPM across these genes considered), medium (those genes between
30% and 70%) and high (those above 70%)) in both head and gonads.
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Supplementary Figure 15: Average enrichment of H3K4me3 across gene length (only
autosomal and PAR. genes were considered with TPM > 0.5) of different expression levels (low
(those less than 30% m TPM across these genes considered), medium (those genes between
30% and 70%) and high (those above 70%)) in both head and gonads.
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Supplementary Figure 16: Average enrichment of H3K36me3 across gene length (only
autosomal and PAR. genes were considered with TPM > 0.5) of different expression levels (low
(those less than 30% m TPM across these genes considered), medium (those genes between
30% and 70%) and high (those above 70%)) in both head and gonads
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Supplementary Figure 17: Average enrichment of H3K27me3 across gene length (only
autosomal and PAR. genes were considered with TPM > 0.5) of different expression levels (low
(those less than 30% m TPM across these genes considered), medium (those genes between
30% and 70%) and high (those above 70%)) in both head and gonads
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Supplementary Figure 18: Average enrichment of H3K9me3 across gene length (only
autosomal and PAR. genes were considered with TPM > 0.5) of different expression levels (low
(those less than 30% m TPM across these genes considered), medium (those genes between
30% and 70%) and high (those above 70%)) in both head and gonads
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Supplementary Figure 19: Average enrichment of H3K9me?2 across gene length (only
autosomal and PAR. genes were considered with TPM > 0.5) of different expression levels (low
(those less than 30% m TPM across these genes considered), medium (those genes between
30% and 70%) and high (those above 70%)) in both head and gonads
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Supplementary Figure 20: Correlation of all samples with all tested histone marks in gonads
and heads tissues of both males and females.
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Supplementary Figure 21: Functional enrichment of genes with chromatin signature (S12) in

gonads
Marks Tissue Sex TEs r-value z-value z- P-value
introns observed | of z-diff
H3K9me | Heads Male Yes 0.200 0202 14 87 4 89e-50
3 No -0.02 -0.02
Female Yes 0.15 0.151 121 1.1e-33
No -0.03 -0.03
Gonads Male Yes 0.16 0.141 1208 1.29e-33
No -0.04 -0.04
Female Yes 0.14 0.1409 18.82 5.07e-79
No 0.14 0141
H3K9me | Heads Male Yes 0.18 0.182 14.15 1.71e-45
2 No -0.03 -0.03
Female Yes 020 0203 11.53 8.9e-31
No 0.03 0.03
Gonads Male Yes 020 02027 14 87 4 Be-96
No -0.02 -0.02
Female Yes 022 0223 11.593 4 45e-31
No 0.05 0.05
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Supplementary Table 1: r-z transformations of coefficients of H3K9me3 and H3K9me?2
enrichment and expression those genes with TEs in introns and those without TEs n introns in
heads and gonads

Type Tissue Autosomes Pseudo- Z-linked W-linked
autosomal regions genes
(PAR)

Male-biased | Gonads 926 31 22 0

Female-biased | Gonads 594 26 6 7

Male-biased | Heads 10 1 0 0

Female-biased | Heads 10 0 0 5

Supplementary Table 2: sex-biased gene expression in heads and gonads of 4. franciscana
(FDR <0.05, Foldchange =2 & TPM >0.1 for genes in A. franciscana)

https://eithub. com/vkb25/Chromatin-landscape-in-Artenma-

franciscana/blob/c8aff7a958791776451a347f3dd1c52eeel e?ec/female biasedchromatintran
scriptrep _transcript xlsx

Supplementary Table 3: GO terms of contrasting chromatin states and female-biased gene
expression m gonads of 4. franciscana

https://eithub. com/vkb25/Chromatin-landscape-in-Artenma-

franciscana/blob/c8aff7a9587917716451a347f3dd1c52eeel e?ec/male hasedchromatintranse
nptrep_transcript xlsx

Supplementary Table 4: GO terms of contrasting chromatin states and male-biased gene
expression m gonads of 4. franciscana

https://eithub. com/vkb25/Chromatin-landscape-in-Artenma-

franciscana/blob/f3 1ed9a097cfeec0c37a5fd? 7d47cd8de3808388/Gonads homerResults html

Supplementary Table 5: Transcription factor binding sites with significant enrichment within
H4K16ac CUT&TAG peaks in female gonadal tissues. Analysis was performed using HOMER

https://eithub. com/vkb25/Chromatin-landscape-in-Artenma-

franciscana/blob/f3 1ed9a097cfeec0c37as5id? 7d47cd8de3808388/Somatic homerResults html

Supplementary Table 6: Transcription factor binding sites with significant enrichment within
H4K16ac CUT&TAG peaks in female head tissues. Analysis was performed using HOMER

https://eithub. com/vkb25/Chromatin-landscape-in-Artenma-

franciscana/blob/d9e9091814fe0611e2ccab2f67a752a25£596f53/supplementary%20files%20
on%20mapping%20reads xlsx
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Supplementary Table 7: Total reads mapped, alipnment rate, estimated library size and the
amount of mapped reads retained for downstream analysis after applying strict filtering steps

Sample ID Sex Tissue
SER8641214 Female Ovaries
SER8641213 Female Ovaries
SER8641212 Female Head
SER8641211 Female Head
SRR8641218 Male Testes
SRR8641217 Male Testes
SER8641216 Male Head
SER8641215 Male Head

Supplementary Table 8: RNA raw reads together with their SRA numbers used for expression

analysis.
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Chapter 4: Unravelling Sex Chromosome Evolution and Dosage
Compensation Mechanisms in Cameraria ohridella (horse-chestnut leaf
miner moth)
Vincent Kiplangat Bett'@ Ariana Macon', Marwan Elkrewi' and Beatriz Vicoso'@
Abstract

Lepidoptera (butterflies and moths) exlubit female heterogamety (ZW system). While the Z
chromosome 1s highly conserved across the clade, the ongin, structure, and function of the W
chromosome remain elusive. However, the presence and functional role of the W chromosome
are not consistent across lineages; some species show no evidence of its involvement in sex
determination. Sex chromosome evolution often triggers dosage compensation (DC)
mechamsms to balance gene expression between autosomes and sex chromosomes and
consequently between sexes. ZW systems were traditionally thought to exhibit only partial DC,
but recent studies in Lepidoptera, 4rtemia franciscana, and Apalone spinifera suggest a diverse
range of compensation strategies, challenging fraditional assumptions. While DC often
mvolves chromatin-level regulation, the specific mechanisms m ZW systems are still poorly
understood. To explore these questions, we generated a genome assembly of Cameraria
ohridella (horse-chestnut leaf miner moth, Gracillidae), and combined transcriptomic data
from two fissues with CUT&Tag epigenomuc profiling targeting both active (H4K16ac,
H3K4me3) and repressive (H3K27me3) chromatin marks. This enabled us to characterize the
composition and putative acquisition of the W chromosome 1 this species and to explore the
functional contributions of its gene content. Our findings reveal a ighly dynamic landscape of
sex chromosome evolution in C. ohridella, including the ancestral Z (AncZ), a NeoZ; formed
by fusion of AncZ with an autosome, and a NeoZ: that likely arose via formation of a NeoW.
We uncover distinct dosage compensation (DC) patterns across ancestral and neo-sex
chromosome regions and also between head and whole body tissues. On the AncZ, DC 1n head
tissues mvolves repression of gene expression m males (ZZ), and this was consistent with
depletion of the active histone mark H4K16ac. In contrast, NeoZ; regions show upregulation
of gene expression in the heterogametic sex (ZW), accompanied by ennichment of H4K16ac.
Together, our findings underscore the dynamic nature of sex chromosome evolution and reveal
vaniation in dosage compensation strategies across the Z chromosome, where the NeoZ:
appears to evolve entirely new, Drosophila-like mechanisms rather than co-opting the existing
Nematode-like mechanisms of AncZ.

Introduction

Sex chromosomes have independently evolved multiple times in both ammals and plants, often
as XY (male heterogamety) or ZW (female heterogamety) systems (Graves 2008). They are
acquired from pairs of imtially homologous autosomes after the emergence of sex-deternuning
factor (s), tnggening the accumulation of sexually antagomistic mutations (Wright et al. 2016)
which would favor the evolution of recombination suppression between newly formed proto-X
and Y (or Z and W) chromosomes. The absence of recombination would result in progressive
genetic degeneration of Y chromosome (or W), characterized by accumulation of deleterious
mutations, repeat accumulation, and gene loss (Bachtrog 2013). The fusion of sex
chromosomes with autosomes to form neo-sex chromosomes was generally considered a rare
evolutionary event i systems with female heterogamety (Pokoma et al. 2014) and in particular
species with high chromosome number such as Lepidoptera (where ZW females typically have
31 chromosomes) (Anderson et al. 2020). Despite this expectation, emerging evidence points
to a surprising number of neo-sex chromosome formations within Lepidoptera (Wright et al.
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2024; Mora et al. 2024), mcluding documented case in the leaf miner moth Cameraria
ohridella (Fraisse et al. 2017). Thus raises key questions about the evolutionary origins of these
neo-Z chromosomes and whether simlar patterns extend across other genera in the
Gracillarnda. While Z and X chromosomes in winged msects generally have distinct ancestral
onigins, the Z chromosomes 1n Trichoptera (Z0) and Lepidoptera (ZW) have deep conservation
of gene content (Wright et al. 2024). In confrast, the evolutionary ongin and functional
significance of the lepidopteran W chromosome remam elusive, largely due to 1ts highly
repetitive content and scarcity of protemn-coding genes, which makes it challenging to trace 1ts
evolutionary relationships with the Z chromosome and across species (Traut et al. 2013).
Interestingly, the presence and functional conservation of the W chromosome are not consistent
across lepidopteran hineages; for instance, Samia cynthia ssp. exlubit no apparent mvolvement
of the W or a neo-W i sex determination and reproduction (Yoshido et al. 2016). In contrast,
the W chromosome of the silkworm (Bombyx mori) carries a dominant gene, Fem, that actively
drives the development of female characteristics (Kiuchi et al. 2014). Therefore, deciphering
the complete sequences of the W chromosome could also be essential for understanding the
genetic mechanisms underlying sex determination, potentially uncovering master regulatory
genes. These msights could inform the development of sex-specific pest control strategies,
particularly relevant for this clade due to the destructive behavior of its larvae.

The degeneration of the sex-limited chromosome (W or Y) in the heterogametic sex often leads
to imbalances in gene copy number, which can disrupt the stoichiometry of protein complexes
and reduce organmismal fitness and lethality (Veitia 2005). To counteract these effects, many
species have evolved sex-specific regulatory strategies referred to as dosage balance and
dosage compensation that restore equilibrium in gene expression between sex chromosomes
and autosomes, and consequently between the sexes (Lucches: et al. 2005). These regulatory
mechamisms may operate across the entire sex chromosome or target only specific, dosage-
sensitive genes, resulting in either chromosome-wide or localized, partial compensation
respectively (Gu and Walters 2017). Different orgamisms have evolved diverse strategies that
mvolve epigenetic regulation to achieve dosage compensation (DC) (Muyle et al. 2021). In
XO{XY systems, DC typically mvolves orchestrated chromosome-wide modulation of gene
expression. For mnstance, i both placental mammals and C. elegans, DC 1s accomplished by
repressing transcription in the homogametic (XX) sex (Lau and Csankovszki 2015). In contrast,
Drosophila achueves DC by upregulating transcription from the single X chromosome 1n males
to match the expression levels of the two X chromosomes in females (Samata and Akhtar
2018). This hyperactivation 1s driven by the deposition of activating histone modifications,
notably H4K16ac, which promotes chromatin decompaction and facilitates increased
transcription (Samata and Akhtar 2018). ZW species were mmtially believed to exhibit only
partial dosage compensation, but recent studies in Lepidoptera (moths and butterflies) and
Arterma have revealed chromosome-wide compensation mechamsms (Bett et al. 2025; Gu et
al 2019). In Artemia franciscana, a well-differentiated region of the Z chromosome 1n females
(ZW) 15 enniched with the active histone mark H4K16ac, enhancing transcription to balance
the two Z copies in males (ZZ) (Bett et al. 2025; Zimmer et al 2025). In the monarch butterfly,
gene expression along the Z chromosome shows a dichotomy of dosage compensation
mechamsms: the ancestral Z 1s depleted of H4K16ac in males, resembling nematode-like
compensation, while the neo-Z 1s enriched with H4K16ac in females, mirroning Drosophila-
like compensation (Gu et al. 2019).

In this study, we applied genomic approaches to mvestigate the evolutionary dynamics and
regulatory architecture of complex multiple sex chromosomes in the horse-chestnut leaf nuner,
Cameraria ohridella. We sequenced, assembled, and annotated the genome of C. ohridella and
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utilizing previously published male and female genomic data, we assess the extent and structure
of sex chromosome differentiation. To further explore the functional consequences of this
differentiation, we analyze RNA-seq data from head and whole-body tissues, focusing on
patterns of dosage compensation across distinct regions of the Z chromosome that were
partitioned based on their evolutionary ongins. We also examune the influence of sex-biased
gene expression on dosage compensation dynamics. Fimally, we investigate the chromatin
landscape across these Z-linked regions usmmg CUT&Tag profiling of key listone
modifications; H4K16ac, H3K4me3, and H3K27me3 to probe their role in mediating dosage
compensation. Together, our work sheds light on how genomic, transcriptomic, and epigenetic
layers interact during the evolution of complex sex chromosome systems.

Results
Evolutionary Dynamics of Sex Chromosomes

In order to construct a high-quality genome for the female Cameraria ohridella, we utilized
the PacBio Sequel IT SMRT platform, generating 85.7 Gb of long-read PacBio HiF1 data (~214-
fold coverage). The primary assembly was subjected to four rounds of duplicate purging using
consensus reads, culminating in a contig-level assembly. The final config genome spans
approximately 453 Mb, comprising 447 contigs with an N50 of 2.5 Mb and a longest contig of
9.2 Mb (Table S1). Scaffolding using consensus HiF1 data resulted in an assembly with an N50
length of ~9.1 Mb, and BUSCO analysis (arthropoda odb10) indicated a genome assembly
completeness of 98.4%, mncluding 92 2% single-copy genes ( ),

underscoring the ligh quahty and completeness of the assembly. Previous research has
1dentified the presence of a neo-Z chromosome in Cameraria ohridella, formed by the fusion
of the ancestral Z chromosome with autosomal one (chromosome 18 in Bombyx mort) (Fraisse
et al 2017). To investigate this further, we computed genome-wide coverage using short-read
male and female DNA applying a window size of 5,000 bp. By analyzing the female-to-male
coverage ratio, we identified two superscaffolds, 3 and 30, denived from the differentiated part
of the Z chromosome ( ). These superscaffolds correspond to the ancestral Z and
autosomal chromosome 18 i Bombyx mori as previously reported (Fraisse et al. 2017) and
map exXclusively to the Z chromosome in Euspilapteryx auroguttella ( ), a species within
the same Gracillariidae fanuly as Cameraria ohridella (Boyes et al. 2024). Thus pattern shows
that the fusion between the ancestral Z (AncZ) and autosomal chromosome (NeoZ1) occurred
prior to the divergence of Gracillarndae subfamilies.
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Fig. 1: Identification and extent of differentiation of Z-linked and putative W-linked
chromosomes (a) Synteny across Bombyx mori, Cameraria ohridella and Euspilapteryx
auroguttella (species within the Gracillarudae fammly) estimated using GENESPACE. (b)
Female-to-male whole genome sequencing coverage over a Skb window across the Cameraria
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ohridella genome assembly. (c) Female-to-male whole-genome sequencing coverage over a 5
kb window, alongside putative W-linked transcripts in superscaffold 10. (d) Female-to-male
Fst distibution over 10kb windows across superscaffold 10. (e) Female-to-male Fst
distribution over 10kb windows across superscaffold 21. (f) Synteny analysis of selected
superscaffolds (sex chromosomes) of Cameraria ohridella, with distant related species Bombyx
mori and closely related species Euspilapteryx aurogutella (same fanuly as C. ohridella).

Superscaffold 10 had a strongly increased female:male coverage ratio compared to other
chromosomes, suggesting it may correspond to the W chromosome. The presence of genetic
vanants linked to the W chromosome are often used to detect regions of ZW that recently
stopped recombiming, therefore, we used pooled DNA of female and male to quantify the
genetic divergence (fixation mdex Fst) between them. Integrating both coverage and Fsr
analyses, we 1dentified three distinct evolutionary strata within the W chromosome (

). The first stratum (W1), spanning approximately 12Mb to 17Mb, 1s characterised by

increased female coverage and elevated Fst values, indicative of an older, ighly differentiated
W-lnked region ( ). The second stratum (W?2), extending from 8Mb to 12Mb,
shows a moderate increase in female coverage combined with pronounced Fsr, reflecting a
more recent non-recombining region of the W chromosome. In contrast, the segment from 0Mb
to 8Mb exlubits simlar coverage and Fst values in both sexes, which likely defines a
pseudoautosomal region (W3) where recombination persists ( ). To further
validate the W chromosome, we employed a K-mer approach to identify and assemble female-
specific transcripts, which are expected to correspond to W-linked sequences (see Methods).
To assess whether these transcripts are W-linked, we exanuned their homology across the
genome. The majority mapped to superscatfold 10 ( ), specifically aligning
to the W1 region ( ), further supporting its identity. To further confirm the female
specificity of the putative W chromosome, we selected seven fragment sequences from the
(W1) for verification using polymerase chain reaction (PCR) in ten mndividuals (five females
and five males) Of these, six consistently produced female-specific bands, remforcing their
association with the W chromosome ( ). Our charactenization of the
putative W chromosome reveals its distinct evolutionary trajectory. For instance, it has
accumulated a remarkably high repeat content (79.42%), sigmificantly exceeding the female
genome's overall repeat content (56.84%) ( ). This accumulation is
accompanied by a low gene density and reduced gene expression (~56% of genes in W1 have
TPM <1), with a median TPM of ~0.4 substantially lower than the autosomal median of ~4
TPM. The W1 of the putative W chromosome maintains a shightly elevated GC content
(38.32%) compared to the genome-wide average of 38.08% ( )
Sex chromosomes often evolved from ordinary pairs of homologous autosomes. To find
chromosomes linked to the putative W chromosome (superscaffold 10), we exanuned the
distribution of reciprocal best hits of genes from superscaffold 10 across the C. ohridella
genome. This analysis revealed that most genes from the W2 and W3 regions of superscaffold
10 corresponded to superscaffold 21 ( ). Furthermore, synteny analysis
showed that both superscaffold 10 (W) and superscaffold 21 (NeoZ2) share homology with B.
mori chromosome 12 and E. auroguttella chromosome 11 ( ), suggesting that
superscaffold 21 1s a second neo-Z chromosome, which we refer to as NeoZ>. Despite the
similarity in female-to-male coverage across superscaffold 21 and also with autosomal
chromosomes ( ), Fs1 analysis of superscaffold 21 revealed two strata: a
region with elevated Fst between males and females, consistent with a non-recombining ZW
region, and a distal region with uniform Fst, indicating ongoing recombination and possibly
representing a pseudoautosomal segment of NeoZ: ( ).

89



To explore the potential origins of genes in the W1 region of C. ohridella superscaffold 10, we
conducted a reciprocal best hits analysis against the rest of the genes in the genome. Our results
showed that the W1 genes were not enriched on any particular chromosome but rather
distributed across the genome ( ), suggesting that these genes were likely translocated
from multiple genonuc regions mto W1 or have underwent genetic differentiation (from NeoZ:
homology). Moreover, we observed gene expansion within the W1 region through gene
duplications ( , ). Since transposon-encoded genes are typically
highly repetitive and mobile within the genome, we mvestigated their association with the W1
genes. We found that 33 out of 106 W1 genes contained TEs, however, among the 41
duplicated genes within the W1 region, only 6 had TEs. Further analysis of the W1 genes'
reciprocal best hits across the Bombyx mori genome revealed orthologs on multiple
chromosomes, mcluding some present on the W chromosome ( ).

The genetic differentiation of the ancestral Z chromosome (AncZ) in C. ohridella 1dentified
regions with elevated Fst values ( ), a pattern consistent with the presence of
corresponding W-linked sequences. Notably, a reciprocal best-lut analysis companng all genes
against each other revealed that these high-Fst regions are homologous to each other ( )-
Further mvestigation, focusing on genes located outside of the primary superscaffolds
(specifically scaffolds 35 to 220) for putative W scaffolds with genes corresponding to these
areas, identified scaffold 48 having pronounced levels of female-to-male coverage ( )-

Additionally, scaffold 43 contains a specific region, spanmng from 1.77 Mb to 3.4 Mb,

characterized by elevated Fst levels ( ), suggesting a possible link to sex-
specific genomuc differentiation.
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Fig 2: Dynamics of sex chromosome evolution and functional enrichment of putative W-
linked genes (a). Homology of genes in first stratum (S0) 1n superscaffold 10 identified through
an all-vs-all BLAST analysis, filtering for reciprocal best hits with a mummum sequence
1dentity of 50 bp. (b). Distnnbution of C. ohridella W1 gene orthologs across the chromosomes
of Bombyx mori. (c). Fst distribution across AncZ and NeoZ1 of the superscaffolds 3 (d). Fst
distribution across anc-Z of the superscaffolds 30 (e) Female-to-male coverage of putative W
scaffolds selected based on gene homology with those m high-FST regions of AncZ. (f). High-
Fst regions of AncZ identified as homologous to one another through reciprocal best-hit
analysis. (g) GO terms of genes m the W1 region of the superscaffold 10 (h) GO terms of genes
in the scaffold 48, the putative W chromosome, with some genes having homology with genes

in High-Fst regions of AncZ.
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Fig 3: Proposed evolutionary dynamics of sex chromosome evolution in Cameraria
ohridella. This model proposes an evolutionary dynamic of sex chromosome evolution mn
Cameraria ohridella species with ZW system. Imtially, there exists an ancestral Z
(corresponding to chrl i B. mori) and the W chromosome which 1s small and likely
heterochromatic. Then, AncZ likely fused with an autosome (corresponding to chrl8 in B.
mori) resulting in a neo-sex chromosome (AncZ-NeoZ:) and its homologous pair (NeoW)
underwent rapid degeneration. The second fusion event occurred that involved W-NeoW) with
an autosomal chromosome (corresponding to chrl2 i B. mori) creating a W-NeoW1-NeoW:.
Concurrently, the Z chromosome acquired a homologous pair of chromosome 12, forming a
chromosome AncZ-NeoZi:-NeoZ:. The final step 1s likely to mvolve AncZ-W duplication and
structural rearrangements such as degeneration, franslocation and gene duplications in the W_
In summary, sex chromosome system consists of a large, multi-onigin Z composed of ancestral
and neo-sex chromosome regions (1, 18, and 12 corresponding chromosomes in B. mori), and
a degenerate W chromosome containing ancestral W and portions of chromosome 12

Dosage compensation in sex chromosomes with dynamic evolution

Degeneration of the W chromosome and the concomutant gene loss impose dosage constraints
on the heterogametic sex, because transcriptional output generally correlate with gene copy
number. The haploidy of the Z chromosome disrupts regulatory equilibrium between sex-
linked and autosomal loci. To mitigate these imbalances, Z-linked dosage compensation
mechamsms evolve to modulate transcriptional output. As a secondary effect, these
mechamsms also equalize sex-linked gene expression between males and females (dosage
balance). We therefore exanined dosage balance and compensation across the AncZ, NeoZ,,
and NeoZ: and autosomal chromosomal regions by analyzing sex-specific gene expression in
head and whole-body tissues. In somatic tissue (heads), NeoZ1 genes exhibited expression
levels comparable to autosomes and showed no significant differences between males and
females, suggesting complete dosage balance and compensation (P-value < 0.1, ). In
contrast, NeoZ: showed reduced expression in females relative to males, indicating incomplete
dosage balance (P-value=0.0003, ). The AncZ region presented a more complex pattern:
although overall expression was higher in females than m males (P-value=0.0001), this bias
was largely driven by genes in lugh Fst regions (P-value=1.9e-06, ) which also point
out that the female-bias in expression 1s likely stmply due to the excessive copies of these genes
on the W chromosome. However, the genes m low Fst regions exhibited balanced expression
between sexes (P-value=0.14, ). Nevertheless, genes in both high and low Fsr regions
of the AncZ showed significantly lower expression compared to autosomes in both sexes (P-
value < 0.01, ), pointing to mcomplete dosage compensation. These findings highlight
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the dynamic nature of sex chromosome evolution and suggest that dosage compensation
mechamsms may evolve in a region-specific manner along the Z chromosome.

In whole-body tissues, regions of the ancestral Z (AncZ) chromosome with low Fst as well as
the NeoZ: chromosome that previously showed complete dosage balance between sexes m
somatic fissue (heads) exhibited a different expression pattern: gene expression was
significantly reduced i females compared to males ( ). Smmlarly, high Fst regions of
the AncZ, which were previously overexpressed in females, also showed reduced expression
in females relative to males in whole-body samples ( ). While expression of NeoZ; mn
males remained comparable to autosomes (NeoZi:A ratio = 0.93, P-value = 0.35, ),
females showed a significant reduction 1n NeoZ: expression relative to autosomes (NeoZ1:A
ratio = 0.583, P = 0.0004, ), indicating incomplete dosage compensation. Both the low
Fst regions of the AncZ and NeoZ; were enriched for male-biased genes, suggesting that
gonadal signals may influence expression patterns in whole-body tissues (
).

Importantly, when sex-biased genes (those with >2-fold expression differences between sexes
and adjusted P-values < 0.05) were excluded, the expression differences between males and
females in NeoZ> and high Fst were no longer statistically significant ( )-
However, the reduced expression of NeoZ: and the low Fsr regions of AncZ in females
persisted ( ). These findings highlight the role of tissue context and sex-
biased gene content in shaping dosage regulation across sex chromosomes.
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Fig 4: Patterns of dosage compensation between the Z-linked chromosomes and
autosomes in heads and whole body tissues of both males and females. Distributions of
Log> transformed TPM expression values are given for two regions of ancestral Z (chrl m B.
mori), NeoZ) (chrl8 in B. mori), neo-Z2 (chrl2 in B. mori) and autosomes for each sex and two
tissues mn Cameraria ohridella. The red dotted lines in box plots represent the overall expression
median 1n each sex. The vertical black lines represent median values. Statistical sigmificance
of Wilcoxon signed-rank test applied to each data set between autosomes and each Z-linked
region and mndicated by stars (*P-value < 0.05, ** 1s P-value < 0.005, and *** 15 P-value <
0.0005).
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Dual Strategies, One Chromosome: dosage compensation mechanisms on the Z

Previous studies of both model orgamisms such as Drosophila, mammals, and the worm
Caenorhabditis elegans, and non-model species like the brine shrimp Artemia franciscana and
the green anole suggest that dosage compensation 1s often mediated through epigenetic
repulation of gene expression. These regulatory processes modulate pene expression by
altering chromatin structure, often through the targeted addition of DNA methylation or
repressive histone modifications to reduce transcription in the homogametic sex, or through the
enrichment of activating histone marks that upregulate expression in the heterogametic sex. In
Lepidoptera, a recent study on monarch butterflies revealed distinct dosage compensation
strategies on the ancestral Z and neoZ chromosomes (Gu et al. 2019). The ancestralZ showed
transcriptional downregulation in the homogametic sex (males), associated with a depletion of
active histone mark, while the neoZ exhibits transcriptional upregulation mn the heterogametic
sex (females), marked by an enrichment of the activating histone modification H4K16ac (Gu
et al. 2019). These findings lughlight the diverse and region-specific epigenetic mechamsms
through which dosage compensation evolves across taxa. In order to explore the chromatin
landscape underlying dosage compensation along the Z chromosome 1n Cameraria ohridella,
we examuned the distnbution of key histone modifications associated with transcriptional
regulation. Specifically, we focused on H3K4me3, a mark of active promoters; and H4K16ac,
an activating modification associated with transcriptional hyperactivation in the heterogametic
sex m species such as Drosophila, Artemia franciscana, and the green anole. We also examined
the repressive modification H3K27me3; however, unlike H3K4me3 and H4K16ac, which
showed clear enrichment patterns correlated with gene expression, H3K27me3 ennichment did
not exhibit a clear relationship with expression levels ( ) and therefore no
further downstream analysis were conducted i this histone modification

To assess the epigenetic contribution to dosage compensation, we examined the distribution of
histone modifications (using uniquely mapped reads) across genes (including flanking +500 bp
regions) on the AncZ NeoZ1, and autosomes in both sexes. In males, both Z-derived regions
exhibited a sigmficant reduction in H3K4me3 enrichment relative to autosomes ( ). In
contrast, females displayed comparable levels of enrichment across autosomes, AncZ, and
NeoZ: regions ( ). The male-specific reduction was most evident around transcription
start sites (TSS), with enrichment levels on the AncZ, NeoZ;, and autosomes becomung simlar
toward transcriptional end sites (TES) ( ). In contrast, H4K 16ac exhibited
a pronounced sex- and region-specific distnbution. In females, this modification was markedly
enriched on the NeoZ1, whereas the AncZ showed levels similar to those of autosomes (

). In males, the pattern was reversed: the AncZ was significantly depleted for H4K16ac,
while the NeoZ) retained autosome-like levels ( )


https://www.zotero.org/google-docs/?zVf2u7
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Fig 5: Epigenetic landscape between the Z chromosome and autosome 1n head tissues of males
and females of Cameraria ohridella.

Discussion

Here, we uncover the evolutionary trajectory of a complex multi-sex chromosome system in
Cameraria ohridella. Our analysis reveals that the presence of ancestral Z chromosome and a
neo-sex chromosome (NeoZ), corresponding to the Z chromosome and chromosome 18 in
Bombyx mori, and both mapped exclusively to the Z chromosome in Euspilapteryx
auroguttella, a closely related species within the Gracillariidae family. This pattern shows that
the fusion of the ancestral Z with an autosome likely occurred prior to the divergence of the
two subfamilies or may even predate the diversification of Gracillariidae as a whole. Fusions
between sex chromosomes and autosomes are unexpectedly widespread in Lepidoptera, even
though, under a null model where all chromosomes have an equal probability of fusion, such
events should be rare in clades with high chromosome numbers such as Lepidoptera (n=31)
(Anderson et al. 2020). In addition to the fusion between the AncZ and NeoZ), our analysis
reveals the mvolvement of another autosomal synteny block corresponding to chromosome 12
in Bombyx mori. We favor the hypothesis that a W-autosome fusion occurred in this lineage,
resulting mn a system with two distinct Z chromosomes. This configuration may resemble the
multiple sex chromosome systems described in Danaus chrysippus (Martm et al_, 2020; Snuth
et al 2016) and Fvela similis (Mora et al_, 2024).
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Repetitive sequences accumulating i superscaffold 10 agree with previous CGH studies
(Dalikova et al. 2017), which suggested that the W chromosome of C. ohridella has
accumulated repeats. Around two-thirds 1s heterochromatic, while the remaining euchromatic
part likely represents a younger stratum formed by fusion of the ancestral W with an autosome
(Dalikova et al. 2017). Shared genes on the W and ancestral Z chromosomes are unlikely to
represent ancient relics; mstead, they may result from later duplications of Z-linked genes onto
the W chromosome. Comparable Z-W duplications have been documented in the peppered
moth (Biston betularia) (Hof et al. 2013), where they hypothesized that such transpositions
may originate and persist through ectopic recombination between subtelomeric regions (Hof et
al 2013).

The expression patterns of the three Z chromosome regions in Cameraria ohridella reflect
distinet dosage compensation dynamics. Reduced ancestral Z expression (both highFst and
lowFst) 1n each tissue in both sexes relative to autosomes mirrors trends in other Lepidoptera
and may result from male-specific down-regulation of the Z (Walters and Hardcastle 2011;
Huylmans et al. 2017; Walters et al. 2015), as demonstrated i B. mori embryos where Masc
knockdown led to increased expression of Z-linked genes (Kmchi et al. 2014). In whole-body
samples, the expression pattern of the NeoZ: chromosome differed markedly from that
observed m somatic tissues, with females showing substantially lower expression than males.
This dispanty may reflect the influence of the gonads, which often constitute a considerable
proportion of body mass in invertebrates. Several mechanisms could underlie this pattern,
mncluding the absence of dosage compensation, the occurrence of meiotic sex chromosome
mactivation (or general down-regulation) on the Z chromosome, the preferential accumulation
of testis-specific genes, or a combination of these factors (Huylmans et al. 2017). Removing
sex-biased genes had little impact on the overall pattern: the statistical significance remained
unchanged and only a minor reduction (=2%) in mean expression relative to the autosomes was
observed. This contrasts with observations in B. mori, where exclusion of such genes decreased
the difference m mean absolute male to female expression ratio by approximately 25% in
gonads (Walters and Hardcastle 2011). The limited effect in C. ohridella may reflect
developmental stage, population variation, or cell-type composition, factors that likely underlie
differences in compensation between head and whole-body tissues. Dissecting these influences
will requure analyses across specific cells, various tissues, and developmental stages, that may
be facilitated by single-cell RNA sequencing. Testing multiple thresholds 1s also advisable to
evaluate robustness. Percentile-based cutoffs (e.g., the top 80% of expressed X-linked genes)
may provide a more rigorous alternative to fixed thresholds, though the present analysis
considers all genes.

We observe enrichment of H4K 16ac on the NeoZ1 m females, whereas this mark 1s depleted
on the AncZ mn males, indicating independent evolution of distinct dosage compensation
mechamsms across the two Z segments. This mirrors the pattern seen in D. plexippus, despite
it mvolves the fusion of a completely different autosome (chromosome 16) with the ancestral
Z( ). Thus 1s at odds with the well-studied situation of Drosophila neo-
sex chromosomes, which largely appear to progressively co-opt the ancestral mechanism of
dosage compensation for their regulation. Over 30 Z-autosome fusions have now been detected
in Lepidoptera (Wright et al. 2024) with many more likely to follow with the generation of more
chromosome-level genome assemblies. An in-depth investigation of their transcriptional and
chromatin profiles may in the future shed light on why these fusions arose in the first place, on
whether dual mechamsms of dosage compensation are the norm throughout the clade, and on
why this may be.
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Materials and Methods

DNA Extraction and Sequencing

We collected 30 Cameraria ohridella females from European horse-chestnut trees in Vienna,
Austria for high molecular weight DNA extraction using the Qiagen Genomuc-Tip 20/G Kit.
The DNA was sequenced on a PacBio Sequel Il SMRT cell at the Vienna Biocenter sequencing
facility.

Genome Assembly and its Quality Assessment

The consensus sequences from the reads were assembled usmg Hifiasm with default
parameters. The primary assembly was then processed to remove duplicates with consensus
reads, using purged dups over four iterations. To scaffold the purged assembly, we employed
LongStitch (nthink + arcs). We then assessed the completeness of the genome assembly using
BUSCO v5.2.2 with the arthropoda odbl0 database (n = 1,013 single-copy orthologs). To
further evaluate genome completeness based on k-mer representation, we used Merqury v1.4,
which compares the assembled genome against k-mers derived from Illununa short reads. K-
mer databases were generated using Meryl v1 4, and completeness evaluation was performed
mn Merqury using default settings, providing insights into the representation of the nuclear
genome.

Coverage and Fst Analysis

Male and female Illumina short-read genomic data, as described by Fraisse et. al 2017 (Fraisse
et al. 2017), were aligned to the reference genome using Bowtie2 (v2.4.5) with the —end-to-
end and --sensitive parameters. To retamn only umquely mapped reads, SAM files were filtered
to exclude alignments contaimng the "XS" tag, which indicates secondary alignments, using
grep -vw "XS" Genome-wide coverage was then computed in non-overlapping 5 kb windows
using the soap.coverage tool. To investigate population differentiation between sexes, we used
aligned sequencing reads from two pooled DNA libraries; each representing 10 male and 10
female indriduals. Ahgnments with a mapping quality (MAPQ) score below 20 were
excluded. The remamning alignments were subsequently sorted using the view and sort
functions of samtools v1.18. We then generated a pileup file of the filtered male and female
alignments using the mpileup function m samtools. To quantify genetic differentiation, we
employed the Popoolation? pipeline. A synchronized (sync) file was produced using the sync
module of Grenedalf v0.2.0 and used as mput for Popoolation?’s fst-shding pl script. We
estimated Fst values between male and female pools across the genome using non-overlapping
sliding windows of 10 kb. The analysis was conducted with the following parameters: —
suppress-nominformative —-min-count 5 —mun-coverage 20 --max-coverage 2000 --nun-
covered-fraction 0.0 --wmdow-size 10000 —step-size 10000 —pool-size 20

Repeat Annotation and Gene Prediction

A de novo consensus repeat library was generated using RepeatModeler, and repetitive
elements were annotated across the genome with RepeatMasker using this library. To quantify
repeat content, the genome was divided into non-overlapping 10,000 bp windows, and a custom
Python script was used to calculate the proportion of repetitive elements from the
RepeatMasker output. GC content was estimated for the same window size using the *-pattern
GC’ option in bedtools nuc. Gene prediction was performed on the soft-masked genome usmg
BRAKER v3.0.8, incorporating RNA-seq data from head and whole-body tissues, along with
protein sequences from OrthoDB v12 (Arthropoda). The resulting gene models were refined
using AGAT to remove transcript 1soforms, incomplete genes lacking start and/or stop codons,
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and open reading frames shorter than 100 bp. Protein and coding sequences were extracted
with the getAnnoFastaFromJoingenes py script. The completeness of the annotated gene set
was assessed using BUSCO v5.2.2.

RNA-seq Processing and Differential Expression Analysis

Cameraria ohridella specimens that were collected from European horse-chestnut trees in
Vienna, Austria, between May and September 2024, were sexed, identified and stored at -80 °C
until their subsequent processing. RNA was extracted from adult male and female specimens,
with each biological replicate comprising either pooled heads (five individuals) or a single
whole-body sample. RNA-seq libraries were prepared and subjected to high-throughput
sequencing. Raw reads were pseudoaligned to the annotated coding sequences (CDSs) of C.
ohridella vsing Kallisto (v 0.50.1) with default parameters to estimate transcript abundances,
reported as transcripts per milhon (TPM) and estimated counts. Differential gene expression
(DGE) analysis was performed in R using the DESeq2 package (v4.3.2). A likelihood ratio test
(LRT) framework was employed to assess sex-biased franscriptional differences within each
tissue. Genes were considered significantly differentially expressed if they exhibited a log2
fold change =1 (1.e., >2-fold change) and a Benjamim-Hochberg-adjusted false discovery rate
(FDR) <0.05. Dafferentially expressed genes were further categorized as male-biased or
female-biased based on the direction of expression change.

CUT&Tag Library Preparation and Processing

For each replicate, head tissues from four field-collected adult individuals were pooled and
permeabilized for 30 nunutes mn an ice-cold solution contamning 10 mg collagenase in 1 ml
Enzyme Dissociation Buffer. CUT&Tag libraries were then prepared using the Active Motif
Kit, following the protocol described m Chapter 3. We also checked for the quality for the
patred end reads using fastqc. Overrepresented sequences were filtered out usmg the bbduk sh
package of bbmap tool (Bushnell 2014) with the options “ref = overrepresented.fasta k=25
hdist=1" Sequencing adapters were then tnmmed with Trim Galore under parameters “—
paired —nextera -q 30 --length 20”. The tnmmed paired-end reads were aligned to C. ohridella
reference genome using bowtie? v2 4.5 (Langmead and Salzberg 2012) with these options: “-
-local —very-sensitive --no-mixed --no-discordant --phred33 -I 10 -X 700" The resulting
alignments were filtered to remove secondary alignments with the options “grep -v'XS:1:"™". To
generate average plots of chromatin signals around genes for each rephicate, we used
deepTools/bamCompare to calculate normahized coverage in 20-bp bins “bamCompare -bl
sample.bam -b2 input.bam —-normalizeUsing RPEM --scaleFactorsMethod None --binSize 20
—-operation ratio --minMappingQuality 30 --minFragmentLength 50”. The resulting files were
processed with deepTools/computeMatrix, and the matrices were wvisualized using the
plotProfile function.
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Supplementary Information

Statistic Contig-level Scaffold-level
N50 length (bp) 2569677 9121241

N80 length (bp) 1142567 4614841
Longest contig/scaffold length (bp) 9193191 30143683
Number of contigs/ scaffolds 447 220

Total size (bp) 453825874 453869025

Table S1: Genome assembly statistics of female Cameraria ohridella

BUSCO Assessment Results

| Complete (C) and single-copy (5) [l Complete (C) and duplicated (D)
Fragmented (F) . Missing (M)

corome | comssmosnremonios |

%BUSCOs

supplementary fig 12 BUSCO assessment statistic results of genome assembly and annotation
of female C. ohridella

W Trasacn Pt acraes tha Censme

supplementary Gz 2: Distribution of putative W-linked transcripts (1dentified using K-mer
pipeline approach) across the genome.
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supplementary fig. 32 PCR for selected putative W-linked sequences (seven specific fragment
sequences) conducted in five females and five males.

100 Repeat Content in Cameraria ohridella

80"
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401

% Masked

201

NS

supplementary fig 4 Repeat masked 1n across the genome and selected scaffolds and regions
of the sex chromosomes m Cameraria ohridella
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supplementary fig. 50 GC content, gene density and repeat content distribution across the
genome of Cameraria ohridella
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supplementary fig 6 Synteny of superscaffold 10 and superscaffold 21
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supplementary fig. 7- Female to male coverage between autosome to neo-Z> m Cameraria
ohridella
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supplementary fig. 20 Homology of genes m first stratum (S0) in superscaffold 10 identified
through an all-vs-all BLAST analysis, filtening for reciprocal best hits with a mumimum
sequence 1dentity of 50 bp.
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supplementary fig. 90 Fst levels m putative W scaffold (scaffold43) that had some genes
homologous to HighFst regions of the ancestralZ
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Distribution of Sex-biased Expression in Whole Body Tissue
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Overall sex-biased distribution in the Z chromosome (ancestralZ
(LowFST and HighFST regions), neo-Z1(NeoZ) and neo-Z>) and also in the W-specific region
of superscaffold 10.
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i whole body tissue following exclusion of sex-biased expression.
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Correlation of H3K4me3 and expression levels
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supplementary fig 12 Average profile enrichment of active listone modification H3K4me3
(a) and H4K 16ac (b) in the Z chromosome and autosomes of head tissues in males and females
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e

supplementary fig 14 Synteny among Danaus plexippus, Bombyx mori and Cameraria
ohridella
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Chapter 5: Thesis discussion

In this thesis, we examined the evolutionary dynamics of sex chromosome differentiation, with
a particular focus on the extent of dosage compensation following gene loss m the
heterogametic sex and the potential chromatin-based mechamsms underlying this process. We
also charactenized sex-biased gene expression and mvestigated 1ts repulation through histone
modifications. Furthermore, we showed that the Artemia franciscana genome 1s highly
repetitive, with many genes containing transposable elements within their introns. Our analyses
revealed that enrichment of histone modifications associated with constitutive heterochromatin
correlated with gene expression levels.

Invertebrate epigenetic regulation: Artemia adds diversity to an already complex
picture

Epigenetic regulation has emerged as a fundamental piece in the puzzle that is the genotype to
phenotype map. Among the many epigenetic processes, histone modifications are among the
most extensively studied and well characterized. Modifications defined as “active™ or
“repressive” in model species are often assumed to be so in distant groups. One of the best
characterized modifications 1s H3K9me3, a marker of heterochromatm typically associated
with low transcriptional output. To our (mifial) surprise, in our data, both H3K9me3 and
H3K9me? were enriched 1 highly expressed genes. Our interpretation of this pattern has been
greatly shaped by work in Drosophila, where heterochromatic genes require these repressive
marks to suppress the expression of transposable elements (TEs) present across their gene
bodies (as this spurious transcription interferes with the expression of the genes themselves)
(Ninova et al. 2019). As shown 1n Chapter 2, the genome of 4rtemia franciscana 1s nich in TEs,
and we speculate a similar role of heterochromatic marks in facilitating gene expression
through intronic TE repression. This enrichment 1n introns suggests that these heterochromatic
histone marks to suppress spurious expression of fransposable elements, thereby maintaming
optimal gene transcription level Since all our RNA-seq libraries were poly-A selected, the
resulting data was not 1deal for inferring the expression levels of TEs across the genome, which
would have allowed for a direct test of this hypothesis. In the future, poly-A-independent RINA-
seq data could be used for this purpose, and more generally to infer the complex interplay
between histone marks, TEs and gene expression regulation.

A significant but small contribution of chromatin landscape to sexual dimorphism

Differences in gene expression regulation between males and females are thought to underlie
much of sexual dimorphism, and are typically mamtained over much of the life cycle, which
could be consistent with substantial sex-specific chromatin regulation. While sex-biased genes
have been identified across diverse taxa, the contribution of chromatin dynamics to sex-biased
gene expression has been scarcely explored, and existing studies offer limited evidence for a
direct causal role of chromatin 1n shaping these expression patterns. Thus gap 15 striking given
that chromatin states are well recogmized as key regulators of developmental gene expression
programs in ammals (Lindeman et al. 2010). In Chapters 3, we examined sex-biased gene
expression patterns in the heads and gonads of Artemia franciscana and mvestigated their
association with histone modifications. Our analysis of epigenetic regulation of sex-biased
gene expression to histone modifications, and found an association between sex-biased gene
expression and confrasting chromatin states in males and females. However, while statistically
significant, this association was relatively weak, with many sex-biased genes showing
concordant chromatin states in males and females. Why would chromatin landscape contribute
relatively little, when 1t 1s known to affect other instances of genome plasticity? One possibility

109


https://www.zotero.org/google-docs/?IdIamY

1s that other, unsampled, histone marks contribute to sex-specific regulation, or that our
classification of open and closed chromatin was not precise enough to fully uncover its
functional role. Using broad-scale measures of chromatin openness, such as those obtamed
from ATAC-seq data, could in the future shed light on these possibiliies. However, by
sampling adults, we also only obtained a late snapshot of how sexual dimorphism 1s set up and
maintained. Studying sex-specific chromatin landscape throughout early development will be
needed before its full contribution to sexual dimorphism can be inferred.

A more extensive developmental sampling of sex-specific chromatin states may also in the
future shed light on one of the questions that our lab has been trying to solve: how 1s sex
determuined in Artemia? Whereas DNA methylation regulates key sex-determuming genes like
SRY 1n mammals during gonadal development (Nishino et al. 2004), the molecular cascade
governing sex determunation and sexual differentiation in Arfemia franciscana remains
unresolved. Our lab 1s currently undertaking a broad search to identify candidate genes
potentially mvolved m this process. An mtripming question 1s whether female-specific
methylation patterns on the W chromosome play a regulatory role, and how such epigenetic
modifications might influence sex determination and differentiation in this species.

ZW systems can have global compensation, but the mechanisms vary

The evolution of heterogametic sex chromosomes causes gene dose differences between sexes:
mn ZW systems, males retain two copies of Z-linked genes while females carry only one. This
imbalance can disrupt interactions between Z-linked and autosomal loci in females, so dosage
compensation evolves to restore ancestral expression levels and maintain proper protein
stoichiometry. Early findings from ZW systems, including birds, snakes and certain fishes,

supported the view that these systems lack global compensation or linut 1t to only a set of
dosage-sensitive genes. Why many ZW systems lack global dosage compensation remains
unclear. Gu and Walters (2017) proposed several, potentially interacting, mechamisms
underlymg differences in dosage compensation between XY and ZW systems (Gu and Walters
2017). The first hypothesis attributes this pattern to male mutation bias since cogenesis entails
fewer DNA replications than spermatogenesis, degeneration of the W chromosome proceeds
more slowly than that of the Y, favoring localized rather than chromosome-wide compensation
on the Z chromosome. Additionally, the reduced effective population size of the Z
chromosome, resulting from greater variance in male reproductive success, may hinder
adaptation relative to the X in XY systems (Gu and Walters 2017). Finally, male-biased Z
transmission could favor fixation of male-beneficial, sexually antagonistic genes, reinforcing
sex-biased expression mstead of balanced compensation (Huylmans et al. 2017).

In Chapters 2 and 4, we investigated patterns of dosage compensation within the differentiated
regions of the Z chromosome in Artemia franciscana and in Cameraria ohridella, the latter of
which possesses three distinct Z chromosome regions defined by their evolutionary trajectories.
In A. franciscana, our analyses revealed that gene expression levels in the differentiated Z
region are comparable to those observed on the autosomes across both male and female heads
and gonads, thereby indicating the presence of complete dosage compensation. By contrast, in
C. ohridella, we found that dosage compensation varies across the distinct regions of the Z
chromosome: an ancient Z arm shared with all Lepidoptera, and two additional neo-Z
chromosomes of different ages (neo-Z; and neo-Zz). Differences were also evident between
head and whole-body tissues. In heads, dosage balance (Z = autosomes in both sexes) was
complete on the (older) neo-Z; but incomplete (Z<autosomes only in females) on the neo-Z>.
The ancestral Z (anc-Z) showed overall balance between the sexes but incomplete dosage
compensation (Z<autosomes m both sexes), but female-biased expression in regions that
recently duplicated to the W chromosome. In whole-body tissues, all Z chromosome regions
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shifted to lower female:male ratios of expression, likely due to the mclusion of gonads, which
often show unusual patterns of expression of sex-linked genes. These results highlight the
complexity of dosage compensation evolution, but also the potential contribution of neo-sex
chromosomes to our understanding of its progression. For mstance, neo-Z> appears to be at an
mtermediate stage, with partial balancing of expression (not fully balancing male and female
transcriptional levels), while neo-Z; seems to have reached full expression balance.

Neo-sex chromosomes can shed important light on the evolution of dosage
compensation

The evolution of dosage compensation on neo-sex chromosomes followed strikingly diverse
regulatory trajectories across lineages such as Drosophila, Lepidoptera and Coleoptera (Kalita
and Keller Valsecchi 2025). In Drosophila miranda, the second neoX, which was acquired ~1
Mya, already shows partial dosage compensation, with mntermediate Ms/-2 binding and
H4K16ac enrichment, reflecting its gradual acquisition of MSL sites via transposable elements
(Ellison and Bachtrog 2013). The older neo X chromosome, which has existed for over 10 My,
1s already fully compensated. Similarly, Tribolium confusum has a fully compensated neoX
(~20 Mya) , equuvalent to the ancestral X (Bracewell et al. 2024). This suggests that, n Diptera
and Coleoptera, neo X chromosomes consistently co-opt the pre-existing mechanism of
compensation, and that the process 1s complete in a few nullion years. In Lepidoptera, the
regulation of neo-Z chromosomes 1s often at odds with that of the ancestral Z. The neo-Z
chromosome of Cydia pomonella 1s an exception, as it shows partial downregulation, mirroring
the reduced expression of the ancestral Z (Gu et al. 2017). Among Danaim butterflies (Jdea
leuconoe, Lycorea halia, Danaus plexippus), the ancestral Z 1s sex-balanced but has lower
expression level relative to autosomes, while the neoZ 1s completely compensated (Kalita and
Keller Valsecchu 2025). Notably, the neoZ of I leuconoe and D. plexippus shares a common
ongin (~26 Mya), whereas that of L. halia arose independently via fusion to a different
autosomal chromosome (Kalita and Keller Valsecchi 2025; Bracewell et al. 2024).

In C. ohridella, H4K16ac displayed a striking dichotomy between the two segments of the Z
chromosome: in females, it was enriched on the NeoZ1, while in males the ancestral Z region
was depleted of this mark Simlarly, a dichotomous pattern of H4K 16ac has been reported in
the Monarch butterfly, despite differences m the chromosomal origins of the neo-Z (fusion of
chromosome 16 with the ancestral Z in Monarch, chromosome 18 with the ancestral Z in C.
ohridella (based on Bombyx mori chromosome nomenclature). These results show that
differential chromatin regulation of neo- and ancestral-Z arms, and consequent transcriptional
differences, are widespread in Lepidoptera. Why mught this be? One difference between
Diptera and Lepidoptera 1s the mechanism of compensation of the ancestral X/Z: upregulation
of the male X i Diptera versus downregulation of the male Z in Lepidoptera. As neo-X
chromosomes acquire binding sites for the ancient mechamsms of dosage compensation, they
become immediately balanced with the autosomal expression, which should be favored by
selecion On the other hand, a neo-Z targeted by the ancient mechamsm of dosage
compensation will become down-regulated and out of balance with autosomes. Neo-Z
chromosomes may consequently require novel mechanisms to balance their expression (Toups
and Vicoso 20253).

Striking molecular convergence between Artemia and Drosophila

Dosage compensation relies on epigenetic modulation of chromatin accessibility. In
Drosophila, this occurs through transcriptional upregulation of the X chromosome in males; in
mammals, through X-chromosome mnactivation in females; and in C. elegans hermaphrodites,
through partial downregulation of both 3 chromosomes. In mammals, inactivation 1s mediated
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by the long noncoding RNASs (IncRNA) Xist, which acts in c1s to recrut protein complexes that
will promote accumulation of repressive histone modifications H3K27me3, H2AK119%ub, and
DNA methylation leading to chromatin compaction and transcriptional silencing and this
occurs early during female development (Galupa and Heard 2018). In Drosophila, roX RNA
associates with the male-specific lethal (MSL) complex, which acetylates H4K16 to enhance
transcription from the male X chromosome. X-chromosome regulation begins also early in
development, with male-specific Msl-2 enabling full assembly of the MSL complex (Conrad
and Akhtar 2012). The MSL complex targets the X chromosome in two steps: 1t first binds hugh
affimty sites (H4S) which are GA-rich, then spreads to actively transcribed genes through Msi-
3’s affimity for H3K36me3 (Toups and Vicoso 2025).

In Artemia franciscana, we found significant enrichment of H4K 16ac on Z-specific regions of
the Z chromosome in females, across both head and gonad fissues consistent with dosage
compensation via upregulation of the female Z. We also identified a candidate AT-rich motif
enriched specifically m the differentiated Z region, but absent from pseudoautosomal and
autosomal regions. This motif often co-occurs with H4K16ac peaks, suggesting a role n
recruiting dosage compensation machinery. However, because some Z-linked genes lack the
motif and show no expression differences relative to motif-contaiming genes, spreading of
compensation likely occurs through an unknown mechanism, enabling broad upregulation
across the Z. H4K16ac-mediated dosage compensation has also been reported in green anole
lizards, where males show X-chromosome enrichment directed by the IncRNA MAYEX, which
associates with histone H4 and a putative acetyltransferase (G1KD42) (Tenorio et al. 2024).
This enzyme differs from the histone acetyltransferase MOF (Male absent on the first) in frut
flies, which interacts with 70X RNA to promote chromosome-wide dosage compensation.
These findings suggest despite mechamstic diversity, dosage compensation converges on
H4K16ac deposition as a common strategy for balancing sex chromosome expression. Long
noncoding RNAs which are the key regulators of dosage compensation; X7ST in humans, RSX
in opossums, and M4 ¥YEX m anoles display striking sex-specific expression patterns in somatic
tissues (Tenorio et al. 2024). In 4. franciscana, we did not detect sex-specific expression in the
Z-linked region (200 bp windows, mn adult head tissues), however, our analysis relied on
mapping using non-specific stranded RNA-seq data and was linuted to a single adult
developmental stage. A recent study found that Drosophila MSL complex subumits are neither
sex-biased nor activated duning embryonic dosage compensation mn 4rfemia (Zimmer et al
2025), implying that dosage compensation may be governed by altemative, as-yet-umdentified
mechamisms.
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