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ABSTRACT
Sex chromosomes have evolved independently many times across the tree of life. Ancient

sex chromosomes have been a powerful model to understand both the evolution of sex
chromosomes, as well as improve our understanding of fundamental genetics. But the
sequencing of recently evolved sex chromosomes provides the opportunity to identify how
selection operates on sex chromosomes in earlier stages of sex chromosome evolution and how
testis genes accumulate on Y chromosomes. My dissertation focused on two projects; the first
was to identify how cis-regulatory elements have evolved on the X and Y chromosome and the
second was to identify how gene content and gene expression has evolved for testis genes across
different stages of spermatogenesis. I utilized a combination of transcriptomics and epigenomics,
overlayed with molecular evolution between species and within populations to identify patterns
of regulatory evolution on the X and Y chromosomes. I found that cis-regulatory elements
shared between the X and Y chromosome harbor molecular signatures of rapid evolution
consistent with adaptive loss of expression on the Y chromosome. These findings help provide
empirical evidence for theoretical predictions about Y chromosome evolution. I also showed that

threespine stickleback sex chromosomes have evolved post-meiotic sex chromosome repression,



perhaps in response to intragenomic conflicts evolving on between the X and Y chromosome.
Together, my dissertation provides insight into the evolution of sex chromosomes in stickleback

fish, and advances our understanding of sex chromosome evolutionary theory.
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DEDICATION

This dissertation is dedicated to my dad, Fred Shaw (1958-2017).

My dad dropped out of high school and never went to a single college class. Instead, he went to
work. He worked a job that he didn’t care for, until the day he died. He did that so that my sister
and I could grow up and live comfortably enough to pursue our own dreams.

Despite a lack of education, my dad was one of the smartest people I've ever known. While he
may not have known it, we shared a similar fondness of knowledge. Many scientists | meet grew
up chasing bugs with ecologists, going to space camp, or winning the science fair. I did none of
those. While growing up, we watched a lot of TV, perhaps more than the recommended amount.
However, some of the programming | remember the most were the science shows,
documentaries, and of course, science fiction movies. The funny thing to me now, is that to my
dad, the scientists in the movies were only fiction. But for me, I’ve been able to take that interest
and turn it into a career.

I’m extremely fortunate to get to wake up every day and think about interesting questions that
excite me. Few people get to do that every day, and some live their whole lives and never get to.
For the lucky folks that do, I think it’s important for us to remember the sacrifices of others, that
paved the way so that we could follow our dreams.

My dad passed away unexpectedly a few months before I began graduate school. While I know
he was proud of me, he did not get to see all of the work I have done, and he won’t be here to see
the first PhD in our family be conferred. But he was present the whole time, because there wasn’t
a day of grad school that I didn’t stop and think about him and how thankful I am to have him as
a dad.

Throughout college and grad school, I always felt that I was not the smartest student, because I
didn’t come from the best background, and I often felt like academia wasn’t a good fit for me. It
was in grad school, that things clicked for me that I wasn’t going to be able to change any of
those factors. The only thing that I could dictate was how hard I was willing to work. And the
only strength I had compared to my peers was how excited I was to be here. I love science
because hard work and excitement goes a long way. And for both of those features, I inherited
them from my dad.
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CHAPTER 1

IINTRODUCTION

Evolution of heteromorphic sex chromosomes

Heteromorphic sex chromosomes (i.e., X and Y) have evolved independently across
multiple species (Bachtrog, 2013; Bachtrog et al., 2014). The formation of sex chromosomes is
driven by the suppression of recombination, followed by the subsequent accumulation of
mutations on the Y chromosome, rapidly increasing divergence between the X and Y (Bachtrog,
2013; Charlesworth & Charlesworth, 2000). Once genetic modifiers of recombination evolve
(e.g. inversions), selection likely maintains suppression of recombination either to link sexual
antagonistic mutations (Charlesworth, 2021) or to link Y-linked regulatory mutations that alter
gene expression balance (Lenormand & Roze, 2022). Suppression of recombination reduces the
efficacy of selection through processes like Muller’s ratchet, genetic hitchhiking, and
background selection (Charlesworth & Charlesworth, 2000), leading to the accumulation of
deleterious mutations. The build-up of deleterious mutations likely leads to the degeneration of
sequence.

Despite the loss of most sequence on ancient Y chromosomes, evidence of purifying
selection maintaining Y gametologs (shared genes on the X and Y) is clear (Bellott et al., 2014;
Bellott et al., 2017; Crowson et al., 2017; Singh et al., 2014; White et al., 2015). The conserved
gametologs on Y chromosomes have been found to be enriched for dosage sensitive genes and

are broadly expressed across many tissues (Bellott et al., 2014; Bellott & Page, 2021; Bellott et



al., 2017). However, despite the maintenance of ancestral genes, gene expression appears to be
lower on Y alleles compared to X alleles across many species (Beaudry et al., 2017; Bellott et
al., 2014; White et al., 2015). Loss of gene expression could be caused by reduced purifying
selection leading to the accumulation of cis-regulatory variation. Or positive selection could
favor the downregulation of Y alleles, in favor of increased X expression (Lenormand et al.,
2020; Lenormand & Roze, 2022). In chapter 2, I will review the theoretical expectations and
experimental outcomes related to the evolution of gene regulation on sex-limited chromosomes
across multiple species and establish hypotheses about the evolution of cis-regulatory evolution
on the X and Y chromosome.

In addition to the ancestral Y gametologs that are maintained, Y chromosomes often
contain genes that have translocated from autosomes (Bachtrog et al., 2019; Chang et al., 2022;
Peichel et al., 2020; Soh et al., 2014; Tobler et al., 2017). In contrast to the broad expression of
ancestral genes, translocated genes tend to be expressed in a testis-biased manner (Bachtrog et
al., 2019; Chang et al., 2022; Mueller et al., 2008; Peichel et al., 2020). These genes may have
functioned, ancestrally, as male-biased, and our favored to accumulate on male-limited
chromosomes. Many translocated genes have increased in copy number on the Y chromosome,
that have created large ampliconic arrays of gene families (Bachtrog et al., 2019; Chang et al.,
2022; Soh et al., 2014).

X chromosomes also undergo distinct patterns of molecular evolution compared to
autosomes. Genes that degenerate on the Y chromosome, remain on the X chromosome in single
copy (hemizygous). Selection can act on X-linked mutations in males that would otherwise be
recessive on autosomal loci. This leads to a ‘faster X effect’, where the X chromosome often

evolves more rapidly compared to autosomes (Charlesworth et al., 2018). X-linked genes in fruit



flies and mice have been shown to have greater rates of coding evolution compared to autosomal
loci (Kopania. et al., 2022; E. L. Larson et al., 2016; Meisel & Connallon, 2013; Richard P.
Meisel et al., 2012). This is especially true for genes with male specific functions, like testis
biased genes. In addition to the ancestral gametologs, the X chromosome in some species have
accumulated gene duplications of translocated genes that have important functions in testis
(Cocquet et al., 2012; Cocquet et al., 2009; Mueller et al., 2008; Mueller et al., 2013).
Additionally, extensive traffic of genes is observed on and off of X chromosomes, especially for
genes involved in spermatogenesis (Bradley et al., 2004; Emerson et al., 2004; Koslowski et al.,
20006).

Distinct stages of spermatogenesis exhibit diverse patterns of molecular evolution.

Testes are made up of a diverse population of somatic and germ cells. Germ cells will
eventually undergo meiosis and divide into haploid cells that will give rise to sperm. The first
stages of spermatogenesis include the maintenance of undifferentiated spermatogonia, and their
subsequent proliferation into differentiated spermatogonia. Earlier stages of spermatogenesis are
highly constrained (Bonilla & Xu, 2008) to ensure proper cell divisions and avoid infertility
(Burgoyne et al., 2009). This also applies to the sex chromosomes. However, the X chromosome
is predicted to accumulate male-biased genes, or genes that are expressed in male specific tissues
(Rice, 1984). Indeed, multiple X chromosomes have been found to have accumulated an
enrichment of pre-meiotic genes in mammals (Khil et al., 2004; Koslowski et al., 2006; Wang et
al., 2001; Wang et al., 2005). However, many pre-meiotic genes may not be specialized, and are
important for both sexes (Michael Koslowski et al., 2006). While most ancestral genes on the Y
chromosome do not have testis-biased gene expression, a few Y-linked mammalian genes have

been identified to play a role in spermatogonia (Subrini & Turner, 2021). Characterization of Y



genes is limited, but XO mice with sy transgenic expression are phenotypically male but do not
produce differentiated spermatogonia (Mazeyrat et al., 2001), suggesting other Y-linked genes
are important in this stage.

In some ways, genes involved in meiosis are highly conserved across species. Many of
the core processes of meiotic cell division, such as chromosome pairing, and segregation are
conserved across sexually reproducing species (Ramesh et al., 2005; Villeneuve & Hillers,
2001). Even copy number of meiotic genes seems strongly conserved, as species with whole
genome duplication, have been found to preferentially lose meiotic gene duplicates (Lloyd et al.,
2014). However, some genes involved in meiosis and recombination show evidence of rapid
evolution and positive selection (Chowdhury et al., 2009; Dapper & Payseur, 2019; Turner et al.,
2008; Wright et al., 2014). This may suggest that meiotic structural components are highly
conserved, but genes involved may evolve rapidly in parallel (Bomblies et al., 2015). Our
understanding of meiotic genes evolving on the sex chromosomes has been largely biased to the
mammalian X and Y chromosome, which undergo complete transcriptional silencing during
male meiosis, and therefore are under-enriched for male meiotic genes (See sex-linked gene
expression across meiosis).

In contrast to early stages of spermatogenesis, later stages are under pressure to evolve
rapidly. Sperm account for one of the most morphologically diverse cell types in vertebrates and
are often under strong sexual selection (Good & Nachman, 2005; Kopania. et al., 2022; Larson et
al., 2016; Swanson et al., 2003). Changes in coding sequence and expression may be due to
sperm competition either between or within individuals has been associated with morphically
evolution of sperm (Liipold & Pitnick, 2018). Additionally, interactions between sperm and egg

can lead to cryptic female choice (Alonzo et al., 2016), driving rapid sperm evolution.



The X and Y chromosome often play key roles in spermatogenesis. Y chromosomes are
often a hotspot for accumulating male-specific genes (Bachtrog et al., 2019; Peichel et al., 2020;
Soh et al., 2014) likely because Y chromosomes are sex limited, male-specific genes can evolve
freely without creating deleterious effects in female. But testis genes can also evolve rapidly on
the X chromosome (Kopania. et al., 2022; Mueller et al., 2008; Mueller et al., 2013) due to the
faster X effect. Genes expressed in testis have been found to be enriched on both X and Y
chromosomes (Bachtrog et al., 2019; Mueller et al., 2008; Soh et al., 2014), and rapidly evolving
(Good & Nachman, 2005; Kopania. et al., 2022; Meisel et al., 2012; Meisel et al., 2012).

Later stages of spermatogenesis are prone to genetic conflicts between sex chromosomes.
The division of cells into haploid gametes requires heterogametic sexes to divide their genome
unequally, creating X- bearing and Y-bearing spermatids. This sets the stage for meiotic conflict
if X or Y bearing sperm have an opportunity to increase their changes of being passed on to
offspring (transmission distortion). In many species, cytoplasmic bridges connect spermatids
(Greenbaum et al., 2011) allowing transfer of transcripts produced within each haploid cell.
Genes on the X or Y chromosome can take advantage of the transcript transfer to increase their
own transmission, if the transcripts from one chromosome can disrupt or kill gametes with the
opposite allele (i.e. sperm killing). Sperm killing can result in genetic arms races, where
suppressors of drive evolve to maintain sex ratio.

The most studied sex-linked meiotic drive systems are copy number variants on sex
chromosomes. Sex chromosomes have been found to accumulate massive copy numbers of
translocated genes (Bachtrog et al., 2019; Hughes et al., 2020; Mueller et al., 2008; Soh et al.,
2014). Ampliconic sequence is hypothesized to play a role in sex-ratio distortion when they are

expressed in late spermatogenesis and co-amplified on the X and Y chromosome. One example



of this is the co-amplification of s/x and sy in house mice (Cocquet et al., 2012; Cocquet et al.,
2009; Mueller et al., 2013; Soh et al., 2014). Co-amplification is hypothesized to be driven by
the interplay between meiotic drivers and suppressors, where increases in copy number of s/x
reduces transmission of Y bearing sperm and increases in copy number of s/y act to restore sex
ratios (Cocquet et al., 2012; Cocquet et al., 2009; Kruger et al., 2019). While, expressed in post-
meiotic haploid cells, s/y and slx transcripts can be identified in both X-bearing and Y-bearing
spermatids, as they likely are exchanged via cytoplasmic bridges. SLY and SLX proteins
compete for binding domains to regulate similar genes and may alter the expression of genes in
opposing directions (Moretti et al., 2020). Depletion of SLY, either through experimental
knockdowns (Cocquet et al., 2009; Moretti et al., 2017), or hybrids with unbalanced s/y/six copy
numbers (Larson et al., 2016), leads to infertility, and differential expression of both X-linked
and autosomal genes.
Sex-linked gene expression across meiosis

Gene expression of sex chromosomes during male meiosis is often tightly regulated. The
most well characterized example of this is meiotic sex chromosome inactivation (MSCI). In
mammals, gene expression is completely shut down on the X and Y chromosomes during the
pachytene stage of meiosis (McKee & Handel, 1993; Turner et al., 2005; Turner, 2015). No
genes remain expressed during this crucial timepoint, as programmed double stranded breaks are
being repaired across the genome. The reason for this drastic reduction in transcription is not
known. There are several interesting ideas. MSCI could prevent transcription of regions that
have DNA double stranded breaks, as these breaks last longer in mammalian meiosis compared
to autosomal DSBs that are repaired with crossovers (Turner, 2007, 2015). Alternatively, MSCI

may be important to physically sequester the sex chromosomes in one place, to prevent



accidental recombination with non-homologous sequence, or to ensure proper segregation in
later stages (Turner, 2007). Additionally, the fact that disruption of MSCI leads to meiotic arrest,
has led to the hypothesis that MSCI operates as a checkpoint to eliminate cells with meiotic
defects related to synapsis (Turner, 2007, 2015).

The molecular mechanisms underlying meiotic silencing have been well studied in
mammals. In mammals, MSCI has been linked to the massive accumulation of YH2AX, a
phosphorylated histone variant, that forms an extensive accumulation around the asynapsed X
and Y chromosome (Hirota et al., 2018; Turner et al., 2005; Turner, 2007, 2015). Canonically,
YH2AX is a marker of double stranded breaks (DSBs). YH2AX foci accumulate first around
DSBs across all chromosomes. As DSBs are repaired, YH2AX signal is lost across autosomes,
but continue to spread along the entirety of the unsynaped regions of the X and Y chromosome
during pachytene. YH2AX may form a complex with heterochromatin machinery to create the
transcriptionally repressive landscape associated with complete silencing (Hirota et al., 2018).
After meiosis ends, sex chromosomes remain largely repressed (Namekawa et al., 2006; Turner
et al., 2006), although many genes have been discovered to reactivate and have important roles in
the developing spermatid such as the amplified copies of s/y and six (Cocquet et al., 2012;
Cocquet et al., 2009; Mueller et al., 2008). The mechanism responsible for establishing sex-
linked heterochromatin in meiosis, may extend post-meiotically.

Alternatively, meiotic silencing and post-meiotic repression could be regulated
independently. Profiling histone modifications across distinct stages of mice spermatogenesis
revealed that drastic changes between meiotic and post- meiotic stages (Moretti et al., 2016). The
sex chromosomes accumulate both repressive and active histone modifications in post-meiotic

cells, that differ from meiotic stages with a particular enrichment of a repressive modification,



H3K9me3 (Moretti et al., 2016). Additionally, similar patterns of histone modification
enrichment were observed around ampliconic sequence on an autosome, a-fakusan. Interestingly,
this gene family has been found to interact with the previously mentioned amplified genes on the
sex chromosomes (s/y/slx) in late spermatogenesis (Larson et al., 2016; Moretti et al., 2020;
Moretti et al., 2016). This finding may highlight that post-meiotic chromatin changes are
essential to regulate ampliconic gene duplicates that are involved in late meiosis and suggest that
post-meiotic sex chromosome regulation evolved in response to intragenomic conflict and
independent to meiotic sex chromosome inactivation (Moretti et al., 2016). In mammals, where
both meiotic silencing and post-meiotic sex chromosome repression occur, it may be difficult to
untangle the function of both processes in mice alone.

Beyond mammals, it remains unclear how universal meiotic or post-meiotic silencing is.
It has been proposed to evolve from an ancestral mechanism in C. elegans, where regions
surrounding unsynapsed regions of chromosomes undergo transcriptional silencing (Maine et al.,
2005; Turner, 2015). Some evidence of gene silencing or lower sex-linked expression has been
identified in other species (Guioli et al., 2012; Vibranovski, 2014; Viera et al., 2021).
Additionally, meiotic silencing has only been studied in the context of ancient sex chromosomes
that are heavily degenerated. Recently evolved sex chromosomes offer a unique context to study
the evolution of meiotic gene expression. Identifying similar silencing in other species with
recently evolved sex chromosomes would help explain the generality of these mechanisms across
species. Alternatively, the existence of sex chromosomes evolving without meiotic silencing may
help untangle some steps of how complex programs evolve. For example, the mammalian X has

experienced extensive gene traffic of meiotic genes translocating onto other autosomes to avoid



silencing (Bradley et al., 2004; Emerson et al., 2004). Studying younger sex chromosomes could
explain if these genes translocate before or after silencing evolves.
Using threespine stickleback fish as a model to understand regulatory evolution on sex
chromosomes

Fish have evolved a wide range of mechanisms to determine biological sex (Bachtrog et
al., 2014). In stickleback fish, sex chromosomes have evolved independently multiple times
(Jeffries et al., 2022; Ross et al., 2009). The threespine stickleback fish (Gasterosteus aculeatus)
has evolved a Y chromosome within the last 26 million years (Peichel et al., 2020; Ross et al.,
2009). The sex chromosomes likely evolved after recombination was suppressed through the
fixation of large structural inversions. These large inversions have resulted in the formation of
three distinguishable strata (Peichel et al., 2020; White et al., 2015). Each stratum has a distinct
level of synonymous sequence divergence suggesting that recombination was suppressed in each
region at a different time (Peichel et al., 2020). The recombination suppression and subsequent Y
differentiation has occurred on a more recent time scale than Y chromosome evolution in
mammals and many Drosophila species (Bellott et al., 2014; Bellott & Page, 2021; Bellott et al.,
2017; Chang & Larracuente, 2019; Hughes et al., 2020; Soh et al., 2014).

The threespine stickleback fish Y chromosome shows early signs of degeneration, where
many genes have been lost, and remaining genes contain many substitutions compared to the X
gametolog (Peichel et al., 2020). Despite degeneration, at least 505 ancestral gametologs can still
be identified on the Y chromosome and many of these gametologs still show expression,
suggesting they are functional (Peichel et al., 2020; White et al., 2015). In its current state of
differentiation, there are many more genes retained on the Y chromosome, compared to

previously assembled Y chromosomes in other vertebrates (Bellott et al., 2014; Hughes et al.,
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2012; Hughes et al., 2010; Hughes et al., 2020; Soh et al., 2014). In this early stage of
degeneration, we can compare the relative rates of coding and regulatory variants that have
accumulated on Y-linked genes. Additionally, the recent evolution of the Y chromosome allows
for powerful comparative approaches between species of stickleback fish. For example, the
chromosome that gave rise to the X and Y chromosome in threespine fish, has remained an
autosome in multiple closely related stickleback fishes, like ninespine stickleback fish (Pungitius
pungitius) (Jeffries et al., 2022; Ross et al., 2009). The threespine stickleback fish has a high-
quality genome assembly that includes the Y chromosome (Nath et al., 2021; Peichel et al.,
2020). Comparative approaches have previously identified that genes on the Y chromosome are
under purifying selection and enriched with dosage sensitive regulators (Peichel et al., 2020;
White et al., 2015). Interestingly, despite degeneration, there is no evidence of chromosome wide
dosage compensation (White et al., 2015). Together, this makes stickleback a powerful species
clade to study the evolution of allele specific gene expression and test models of rapid regulatory
evolution on of ancestral gametologs on the X and Y chromosomes. In addition to ancestral
genes, there is evidence of genes that have translocated on to the Y chromosome, and have testis
biased expression (Peichel et al., 2020). These duplications have smaller copy number than genes
observed on ancient Y chromosomes (Chang et al., 2022; Hughes et al., 2020; Mueller et al.,
2008; Soh et al., 2014), and allow us to study the evolution of Y specific genes in the early stage
of evolution.
Research Aims

The major goal of my thesis was to identify molecular signatures of gene expression
evolution on the X and Y chromosome. First, I wanted to identify how selection operates on

allele specific expression in the context of sex chromosomes. I investigated the hypothesis of
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adaptive downregulation across the Y chromosome using multiple forms of genomic sequencing.
Second, I investigated meiotic gene expression of sex chromosomes using single-cell RNA
sequencing to test if chromosome-wide silencing occurs in meiotic or post-meiotic cells, and
whether spermatogenesis genes show distinct patterns of molecular evolution. Together, these
findings highlight the use of threespine stickleback fish as a model to investigate drivers of
regulatory evolution on sex chromosomes.

In Chapter 2, I provide a literature review of the current state of research investigating the
regulatory evolution on sex chromosomes across plants and animals. I describe the theoretical
expectations of non-recombing sex chromosomes in the context of how gene regulation can
evolve through multiple mechanisms. I synthesize empirical findings across a wide range of
species in the context of theoretical models for sex chromosome evolution. And I discuss how to
use recently evolved sex chromosomes to tests models of positive selection acting on cis-
regulatory elements.

In Chapter 3, I identify putative cis-regulatory elements on the X and Y chromosome and
compare rates of molecular evolution between cis-regulatory regions, coding regions, and
intergenic sequence. I calculate rates of sequence divergence across the Y chromosome between
species, and calculated nucleotide diversity within species. I compare rates of regulatory
evolution to changes in gene expression to test hypotheses of adaptive downregulation of Y-
linked gametologs.

In Chapter 4, I identify spermatogenesis cell types of threespine stickleback fish using
single-cell RNA sequencing. I compare gene expression across spermatogenesis for sex-linked

genes to test if transcriptional silencing occurs on the stickleback sex chromosomes. I identify
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patterns of molecular evolution across each developmental timepoint of spermatogenesis. |
identify cell-type specific gene expression profiles of sex-linked duplicates.

In chapter 5, I describe future directions of studying regulatory and molecular evolution
on the threespine stickleback fish sex chromosomes. I focus on the power of utilizing additional
stickleback species, such as ninespine stickleback fish, to further our understanding of regulatory
evolution on sex chromosomes. I highlight the challenges of using single-cell gene expression in
stickleback fish and suggest alternative approaches to study the evolution of spermatogenesis. I
propose several functional genetics and genomics approaches that could be used to follow up on
hypotheses related to the evolution of cis-regulatory evolution and stickleback spermatogenesis.
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Evolution of heteromorphic sex chromosomes

Sex chromosomes evolve from homologous autosome pairs. The classic model of sex
chromosome evolution predicts that linkage between sexually antagonistic mutations and the
master sex determination locus selects for the suppression of recombination between the X and Y
(Bachtrog, 2013; Charlesworth, 1978). Since the classic model of sex chromosome evolution
was proposed, empirical support for the role of sexually antagonistic mutations has been scarce
(Bergero et al., 2019; Charlesworth, 2017; Ironside, 2010). This has led to the synthesis of
several other models. Alternative explanations for recombination suppression have included
meiotic drive (Ubeda et al., 2015), heterozygote advantage (Charlesworth & Wall, 1999), and
genetic drift (reviewed in (Ponnikas et al., 2018)). Recently, a new model (Degeneration by
Regulatory Evolution; DRE) has been developed where inversions can be favored to be retained
on sex chromosomes after rapid divergence of regulatory regions between the X and Y
(Lenormand & Roze, 2022). This model has been supported through simulations and does not
require the accumulation of sexually antagonistic mutations to suppress recombination.

For all models, once recombination is suppressed, the Y chromosome rapidly undergoes
sequence degeneration through the accumulation of deleterious mutations. This process can
occur through selective interference (Bachtrog, 2008; Charlesworth & Charlesworth, 2000; Orr
& Kim, 1998). Sequence degeneration can also occur in the absence of selective interference. In
this scenario, regulatory and coding sequence substitutions accumulate on the Y chromosome in
a gene-by-gene manner, leading to silencing of Y-linked gametologs (Lenormand et al., 2020;
Lenormand & Roze, 2022). In many species, recombination suppression has continued in a
stepwise manner, extending the non-cross over region into multiple, independent evolutionary

strata (Bellott et al., 2014; Lahn & Page, 1999; Papadopulos et al., 2015; Peichel et al., 2020).
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While extensive sequence degeneration does occur, it is not the inevitable outcome in all species.
Many species possess small sex determination regions with a majority of the remaining sex
chromosomes freely recombining (Grossen et al., 2012; Ma et al., 2018).

At the sequence level, the accumulation of deleterious mutations has been extensively
demonstrated within coding regions of genes that are ancestrally shared between the X and Y
chromosomes (gametologs). Over time, the accumulation of missense, nonsense, and frameshift
mutations render most coding regions nonfunctional on the Y chromosome. On some of the most
highly degenerated Y chromosomes, only a handful of ancestral Y-linked alleles remain (Bellott
et al., 2014; Soh et al., 2014). Degeneration of regulatory regions has been indirectly shown by
identifying gametolog-specific expression changes. This has been most thoroughly studied using
RNA-seq technologies to interrogate the entire sex-linked transcriptome (Bellott et al., 2017;
Martin et al., 2019; Muyle et al., 2012; Veltsos et al., 2019; White et al., 2015). However, the
overall lack of high-quality Y assemblies, combined with limited annotations of sex-linked
regulatory elements, has prevented directly quantifying the number and location of mutations
important for regulatory evolution on sex chromosomes. To date, only a handful of chromosome-
level scaffolds have been produced, restricted to mammals (Bellott et al., 2014; Hughes et al.,
2020; Rhie et al., 2021; Soh et al., 2014; Xiao et al., 2021), fish (Li et al., 2021; Peichel et al.,
2020; Shao et al., 2020), birds (Bellott et al., 2017; Rhie et al., 2021), and Drosophila (Chang et
al., 2022; Mahajan et al., 2018). With new sequencing technologies, the completion of additional
sex chromosome assemblies (see Box 1), will provide a foundation to characterize factors that
influence gene regulation like cis-regulatory evolution, DNA methylation, and chromatin
changes. Here, we will review the recent theoretical and empirical advances that have expanded

our understanding of regulatory evolution on heteromorphic sex chromosomes. While we focus
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on Y chromosomes, these concepts also apply to W chromosomes, which evolve in a similar
manner (see Box 2).
Sex-linked gametologs rapidly evolve expression differences

As the X and Y chromosomes differentiate, gametolog expression can diverge
substantially, with the Y-linked allele following one of several different evolutionary fates. Due
to the widespread accumulation of deleterious alleles, theory predicts that expression should be
lost from most gametologs across the Y chromosome either through silencing of deleterious
coding substitutions (Engelstidter, 2008; Orr & Kim, 1998), or through degeneration by
regulatory evolution (Lenormand et al., 2020; Lenormand & Roze, 2022). Transcriptome
sequencing has confirmed lowered Y expression widespread across Y chromosomes of animals
(R. P. Meisel et al., 2012; Singh et al., 2014; Wei & Bachtrog, 2019; White et al., 2015) and
plants (Beaudry et al., 2017; Martin et al., 2019; Muyle et al., 2012; Muyle et al., 2018;
Rodriguez Lorenzo et al., 2018; Veltsos et al., 2019). Studies of young sex chromosomes have
revealed that gametologs can rapidly evolve sex-biased expression prior to the accumulation of
deleterious mutations within coding regions (Martin et al., 2019; Veltsos et al., 2019; Yoshida et
al., 2014) and this may be due to the accumulation of mutations within cis-regulatory regions
(see Models of Regulatory Evolution). In many species, dosage compensation can occur through
up-regulation of the X-linked allele to restore expression of genes lost from the Y chromosome
(Graves, 2016). This can be essential to maintain early embryonic viability of the heterogametic
sex (Bellott et al., 2014; Bellott & Page, 2021). In mammals, there is a second stage, where one
X chromosome is inactivated to restore balanced gene expression in females (Jegalian & Page,
1998). This process evolved gene-by-gene and does not apply universally across gametologs

(Tukiainen et al., 2017).
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A second class of gametologs retain expression from the Y chromosome. These genes
have signatures of strong purifying selection to maintain function on the Y chromosome (Bellott
et al., 2014; Bellott & Page, 2021; Bellott et al., 2017; White et al., 2015). Genes with essential
cellular functions, that are broadly expressed across multiple tissues, have been independently
retained across multiple lineages of mammalian Y chromosomes (Bellott et al., 2017). Similar
patterns of retention have also been documented more broadly across the independently evolved
Y and W chromosomes of amniotes (Bellott & Page, 2021), as well as in fish (Peichel et al.,
2020), and Drosophila (Kaiser et al., 2011). These retained genes are often enriched for
haploinsufficiency phenotypes (Bellott et al., 2014; Bellott & Page, 2021; Bellott et al., 2017;
Peichel et al., 2020), suggesting they may be dosage sensitive. Gene editing approaches that
knockout the Y-specific gametolog will be essential to test whether many of these retained genes
are actually dosage sensitive. Retention of essential genes has also been demonstrated on plant
sex-limited chromosomes. Genes that are important for the haploid phase of the plant life cycle
are retained on Y chromosomes, despite widespread sequence degeneration (Crowson et al.,
2017; Margarita & Dmitry, 2011).

Although there are clear signs of purifying selection within the coding regions of broadly
expressed gametologs, comparative analyses of the regulatory regions are lacking. An
outstanding question is whether ancestral regulatory elements are maintained through purifying
selection. Alternatively, regulatory elements could evolve rapidly, but still maintain optimal
expression levels by gaining new transcription factor binding sites that compensate for the
repeated loss of ancestral regulatory elements during Y chromosome degeneration. Although it
remains to be demonstrated whether this process has a prevalent role in maintaining expression

of broadly expressed Y gametologs, the evolution of compensatory transcription factor binding
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sites have been documented elsewhere in the genomes of Drosophila (Arnold et al., 2014) and
mammals (Vermunt et al., 2016; Villar et al., 2014) for genes that are functionally critical.

Y-linked gametologs can also gain novel expression patterns relative to the X
chromosome (Godfrey et al., 2020; White et al., 2015). Many gametologs on the Y chromosome
are enriched for male-specific functions in spermatogenesis. This pattern can be caused by the
biased retention of genes important for spermatogenesis on the Y chromosome followed by the
loss of spermatogenesis function from the X-linked gametolog through regulatory evolution
(Mahajan & Bachtrog, 2017). This could also occur through the evolution of spermatogenesis-
specific regulation of the Y-linked gametolog after the X and Y chromosomes diverged
(Martinez-Pacheco et al., 2020). Most Y-linked gametologs have been associated with
spermatogenesis, but recent evidence shows that some Y-linked gametologs can also exhibit
elevated expression in non-reproductive tissues in humans (Godfrey et al., 2020), suggesting
male specific functions that extend beyond testes.

In addition to evolution of gametologs on the Y chromosome, many novel genes are
acquired on the Y chromosome via translocation from autosomes. These genes are often further
duplicated within the Y chromosome and evolve testis-specific functions. Ampliconic gene
families evolve rapidly following the suppression of recombination (Bachtrog et al., 2019;
Peichel et al., 2020) and can grow into massive arrays of duplicated genes on highly degenerated
Y chromosomes (Chang et al., 2022; Hughes et al., 2010; Hughes et al., 2020; Skaletsky et al.,
2003; Soh et al., 2014; Tomaszkiewicz et al., 2016). While gene duplication occurs genome wide
(Fernandez et al., 2020; Hughes et al., 2018), it appears that Y chromosomes are especially
susceptible, which may be driven by intra-chromosomal conflicts between the sex chromosomes

(Cocquet et al., 2012). Comparisons between sex chromosomes have shown that gene
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amplification may be accelerated on X, Y, and Z chromosomes, which all pass through the male
germline, indicating selection pressure on male functions may drive the expansion (Bellott et al.,
2010; Mueller et al., 2013; Soh et al., 2014) (Box 2). Manipulating copy number through gene
editing will provide insight whether amplicon expansion is essential for male fertility, as
observed with the Six and Six/ amplicons in house mice (Kruger et al., 2019). Additionally, Y
gene duplication may be an alternative way to maintain expression of genes important for
spermatogenesis. Recombination between duplicated genes through gene conversion could aid in
purging deleterious mutations that accumulate in coding or regulatory regions (Sakamoto &
Innan, 2022).
Multiple mechanisms contribute to altered expression patterns of gametologs

Although gain of expression occurs on Y chromosomes, the mechanism that has garnered
most empirical and theoretical attention is the loss of expression of Y-linked gametologs. Loss of
gene expression can be caused by many factors, including cis- and trans- regulatory changes
(Hill et al., 2021; Wittkopp & Kalay, 2012). To date, trans-acting factors that broadly act to
downregulate Y-linked gametologs have not been identified. The gene-by-gene loss of
expression independently observed across taxa is most likely due to cis-regulatory evolution
acting locally, including changes in heterochromatin, accumulation of transposable elements,
differential DNA methylation, and cis-regulatory DNA changes at promoters and enhancers
(Figure 2.1).

Mutations within cis-regulatory regions (promoters and enhancers) that alter transcription
factor binding sites, or disrupt chromatin accessibility, can lead to down-regulation if binding of
transcriptional activators are inhibited (Boyer et al., 2006). For example, deletions in the

regulatory region of the mammalian Y-linked sex determination gene, Sry, prevents expression
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of a reporter gene in the primordial gonad (Boyer et al., 2006), indicating the presence of an
essential regulatory element. Mutations within regulatory regions can also lead to deleterious up-
regulation of genes if sites of repressors are lost or novel activators are gained (Wittkopp &
Kalay, 2012).

The accumulation of repetitive transposable elements may contribute to allele-specific
gene expression across sex chromosomes (Figure 2.1). After suppression of crossing over,
transposable elements accumulate on the sex-limited chromosome. It is well established that
repetitive transposable elements can be silenced through the accumulation of heterochromatin
(Iglesias & Moazed, 2017) and the spreading of heterochromatin can affect expression of
adjacent coding regions (Elgin & Reuter, 2013; Lee, 2015; Lee & Karpen, 2017). Accumulation
can occur rapidly, as apparent by the high density of transposable elements on younger sex-
limited chromosomes (Mahajan et al., 2018; Peichel et al., 2020). On the neo-Y chromosomes of
Drosophila miranda, the accumulation of transposable elements has been associated with the
onset of constitutive heterochromatin formation on the neo-Y (Zhou et al., 2013), visualized
cytogenetically as well as through ChIP-seq, targeting two repressive histone modifications
(H3K9me3 and H3K9me?2). The accumulation of transposable elements and spreading of
heterochromatin is associated with the silencing of gametologs throughout the neo-Y
chromosome, raising the possibility that transposable element accumulation may directly lead to
silencing of genes. However, it remains difficult to determine the temporal order of events. It is
possible that transcriptionally repressed genes may instead be an opportunistic location for a
transposable element insertion, leading to heterochromatinization after Y gametolog silencing.

The accumulation of transposable elements does not always lead to the down-regulation

of gametologs. Transposable elements can also rewire transcriptional networks by the
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introduction of cis-regulatory elements (Chung et al., 2007). In D. miranda, some transposable
elements contain binding sites for MSL (male specific lethal). Accumulation of these elements on
the X chromosome cause the up-regulation of gametologs, resulting in dosage compensation in
males (Ellison & Bachtrog, 2019a; Ellison & Bachtrog, 2013). Transposable elements are also
responsible for the evolution of genetic sex determination in multiple species of fish (Herpin et
al., 2010; Herpin et al., 2021; Schartl et al., 2018). In each case, novel cis-regulatory elements
introduced by the elements allowed for the neo-functionalization of existing genes to initiate
male development. Given the considerable number of transposable elements that accumulate on
the Y chromosome, the co-option of novel binding sites from these insertions may be a
mechanism to transcriptionally rewire genes throughout Y chromosome evolution. Additional
analyses of regulatory evolution on the Y chromosome, will reveal the pervasiveness of this
mechanism.

DNA methylation is another gene regulatory modifier likely playing a role in sex
chromosome evolution (Figure 2.1). Changes in DNA methylation can have context dependent
effects on gene expression, but it is often associated with the repression of transcription,
especially when found at repetitive regions and CpG islands in mammals (Moore et al., 2013).
Similar mechanisms may affect expression of gametologs on sex-limited chromosomes. An
analysis of a set of XY gametologs in Silene latifolia revealed that many Y-linked gametologs
within the oldest evolutionary strata had high levels of methylation in the promoter, relative to
their X chromosome counterparts and many of these genes were in close proximity to
transposable elements (Rodriguez Lorenzo et al., 2018). Additional work that compares X- and
Y -specific methylomes will clarify the relationship between DNA methylation and expression on

sex chromosomes.
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Models of regulatory evolution

Mutations that randomly occur within regulatory elements can accumulate through
selective interference (Beaudry et al., 2017) or through adaptive evolution. In the case of
adaptive evolution, mutations that downregulate gene expression would be beneficial to prevent
expression of coding regions that have accumulated deleterious mutations, rendering the protein
sub- or non-functional. Selection could also favor downregulation of gametologs that produce
toxic proteins, although this pattern has not been observed empirically, as these types of
mutations may be rare and quickly lost from populations. Recent models suggest regulatory
evolution could occur first before the degeneration of coding regions that leads to adaptative
silencing (Lenormand et al., 2020; Lenormand & Roze, 2022). In the DRE model, cis-regulatory
mutations evolve first on the Y chromosome, lowering expression. Deleterious mutations that
accumulate within the coding regions of gametologs with lowered expression are more recessive,
which selects for the accumulation of additional cis-regulatory mutations to further reduce
expression. Importantly, this model does not require selective interference for deleterious
mutations to initially accumulate. As silencing continues, stabilizing selection to maintain dosage
balance leads to up-regulation of the X-linked allele through the evolution of trans acting
transcription factors (Lenormand et al., 2020).

The DRE model aligns with many patterns observed across sex chromosomes. First, Y
chromosome gametologs can be silenced before amino acid substitutions have accumulated, as
observed across two species of Rumex (Beaudry et al., 2017) and D. miranda (Bachtrog, 2006).
This is consistent with mutations first accumulating in cis-regulatory elements in the DRE
model. Second, if there is an absence of stabilizing selection for dosage compensation, Y

gametolog silencing and degeneration still occurs (Lenormand et al. 2020). This helps explain
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the widespread loss of Y chromosome alleles in species that do not exhibit dosage compensation
for every gene (Nozawa et al., 2018; White et al., 2015; Zhou et al., 2021). In these species,
many Y gametologs are lost without coordinated up-regulation of the X gametolog to
compensate for dosage. Third, if stabilizing selection to maintain expression from both sex
chromosomes is strong, but frans factors do not exist to permit gene-by-gene dosage
compensation, Y chromosome degeneration does not occur (Lenormand et al., 2020). This
finding may help explain the retention of similar genes across multiple sex chromosomes (Bellott
et al., 2014; Bellott & Page, 2021; Bellott et al., 2017; Peichel et al., 2020). Many gametologs
that are retained on Y chromosomes through strong purifying selection are enriched for
expression across multiple tissues (Bellott et al., 2014). A single trans factor may not easily
evolve to universally upregulate the X gametolog to compensate for dosage across multiple
developmental stages and tissues.

The later stages of adaptive silencing through the DRE model have not yet been clearly
observed on sex chromosomes. As amino acid substitutions accumulate, selection should favor
substitutions within cis-regulatory elements on the sex-limited chromosome to further
downregulate the gametolog. Adaptive silencing would be evident if there was a negative
correlation between amino acid substitutions and Y gametolog expression level. However, loss
of Y-linked expression was not associated with high levels of divergence in coding regions on
the recently evolved sex chromosome in Rumex rothschildianus (Beaudry et al., 2017), failing to
find support for widespread adaptive silencing. In addition, this pattern has not been observed
across the young neo-Y chromosomes of Drosophila. Expression of Y-linked gametologs was
not correlated with amino acid divergence on the young neo-Y of D. albomicans (Wei &

Bachtrog, 2019; Zhou & Bachtrog, 2012), which evolved only ~120,000 years ago, or on the
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slightly older neo-Y of D. miranda (~1 million years old) (Bachtrog, 2006; Bachtrog et al.,
2008). A correlation may only be observed during a narrow window of degeneration after amino
acid substitutions begin to accumulate, but before widespread degeneration and complete
silencing has occurred. Surveys of additional sex chromosomes at varied states of degeneration
will help test this hypothesis.

The DRE model provides a theoretical framework for how degeneration occurs first at
the regulatory region, followed by the accumulation of deleterious mutations within the coding
region. To date, empirical studies have not broadly surveyed the molecular evolution of
regulatory regions relative to coding sequences on sex chromosomes (Figure 2.2). Some
signatures of adaptive evolution have been noted within non-coding sequences on the D.
melanogaster X chromosome (Andolfatto, 2005), but there has not been a widespread focus on
the Y chromosome. Future work will also need to focus on how regulatory evolution proceeds
when genes with multiple types of functional constraints evolve on the same linked Y
chromosome (Figure 2.3). One clear finding from comparative analyses of Y chromosome
assemblies is that not all gametologs have the same fate of pseudogenization and dosage
compensation. Additionally, the DRE model does not integrate the evolution of beneficial
mutations on the Y chromosome, where Y chromosome gametologs evolve neo- or sub-
functionalization through the gain of novel regulatory elements. Signatures of positive selection
are prevalent across Y gametologs (Chang et al., 2022; Crowson et al., 2017; Singh et al., 2014),
and expansion of Y gametolog expression domains may be more common than previously
assumed (Godfrey et al., 2020).

A greater challenge will be assessing the overall importance of the different types of

mechanisms that alter gametolog expression. Current models use a single mutation rate that
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affects all regulatory and coding regions equally. These mutations generally have small
deleterious effects and act in an additive fashion, progressively eroding Y gametolog function. In
actuality, regulatory mutations will have a mix of effect sizes and will occur at different rates.
Transposable element insertions, for instance, may immediately trigger complete Y gametolog
repression through the spreading of repressive chromatin or DNA methylation. Understanding
which types of regulatory change are most prevalent early in the evolution of Y chromosomes
will be aided by producing additional high-quality reference sequences that focus on annotating
functional regulatory regions for comparative analyses.

Concluding Remarks

One of the major obstacles limiting our understanding of regulatory evolution on sex
chromosomes is the lack of high-quality assemblies. The high repeat content of Y chromosomes
makes assemblies and mapping reads a challenge. However, recent sequencing approaches that
combine long-read technologies with chromatin-interaction maps or optical mapping have made
the production of reference chromosomes feasible in many cases (Chang & Larracuente, 2019;
Mahajan et al., 2018; Peichel et al., 2020) (Box 1).

As high-quality assemblies are completed for the sex chromosomes across diverse taxa,
detailed transcriptome and epigenome annotations (Box 3) will be required in order to
empirically validate theoretical models of regulatory evolution. By utilizing approaches targeted
towards regions of chromatin accessibility, DNA methylation, and histone modifications, we can
gain an understanding of how gene regulatory modifications are evolving on young and old sex
chromosomes. An ongoing challenge will be the identification of long-distance enhancer
elements important for gene regulation on the Y chromosome (Box 3). An additional challenge

will be discovering regulatory mechanisms that are unique to the sex-limited chromosome. For
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example, some genes on the Y chromosome in D. melanogaster contain gigantic introns
composed of simple satellite repeats (Fingerhut et al., 2019). These introns are transcribed and
recruit specialized RNA binding proteins that are required for successful transcription and
processing.

An important question remaining will be untangling the timing and importance of
different types of regulatory evolution over the course of Y chromosome evolution (Figure 3). Y
chromosome degeneration occurs rapidly after the suppression of recombination (Bachtrog,
2013; Lenormand et al., 2020). One empirical approach is to study overall rates of regulatory
evolution in species with more recently evolved sex chromosomes. Fish (Kirkpatrick et al., 2021;
Lietal., 2021; Ross et al., 2009), plants (Beaudry et al., 2017; Harkess et al., 2020; Rifkin et al.,
2021), and insects (Bracewell et al., 2017; Gu et al., 2019) have proven useful taxa to study the
convergent evolution of sex chromosomes over relatively short timescales.

Box 1. Improved technology has vastly accelerated the assembly of sex chromosomes

The repetitive nature of Y chromosomes makes sequencing and assembly particularly
challenging. To date, most reference chromosome assemblies have avoided the heterogametic
sex entirely. To overcome the highly repetitive nature of sex-limited chromosomes, long-read
sequencing approaches are necessary. The earliest assemblies of Y chromosomes were
completed for mammalian genomes using Single Haplotype Iterative Mapping and Sequencing
(SHIMS) of bacterial artificial chromosome inserts (Bellott et al., 2014; Bellott et al., 2017,
Hughes et al., 2012; Hughes et al., 2010; Hughes et al., 2020; Mueller et al., 2013; Skaletsky et
al., 2003; Soh et al., 2014). These inserts contained ~150 kb fragments, which were able to span
the large repeat units of the Y chromosome. The SHIMS method has been used to create higher

quality assemblies than those assembled using enrichment based (Kichigin et al., 2016),
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reference guided approaches (Bidon et al., 2015), and de novo short read assemblies (Jevit et al.,
2021).

In addition to the SHIMS method, long-read technologies (PacBio sequencing and
Oxford Nanopore Technology) have created an increasingly efficient way to obtain highly
accurate chromosome-scale assemblies. These techniques can sequence long single molecule-
reads up to 100 kb (Wenger et al., 2019), enabling the assembly of highly repetitive regions.
These assemblies can be further error-corrected using short-read technologies to increase the
accuracy of base pair calling (Zhang et al., 2020). Chromosome Conformation Sequencing (Hi-
C) techniques can also be used to link contigs into full chromosome-scale scaffolds. The first two
non-mammalian high quality Y chromosomes were sequenced using a combination of PacBio
sequencing, [llumina short-read sequencing and Hi-C scaffolding in Drosophila miranda
(Mahajan et al., 2018) and threespine stickleback fish (Peichel et al., 2020). Since then, multiple
sex chromosomes have been assembled using similar approaches in insects (Chang et al., 2022),
fish (Li et al., 2021; Shao et al., 2020), birds (Rhie et al., 2021), and mammals (Miga et al., 2020;
Rhie et al., 2021; Xiao et al., 2021). These approaches are even robust enough to assemble dense
heterochromatic Y regions (Chang & Larracuente, 2019). In some situations, the SHIMS method
may be superior to long-read sequencing approaches. A de novo assembly of the human Y
chromosome was found to be less contiguous than the SHIMS-assembled Y chromosome
(Kuderna et al., 2019). However, the speed of the long-read approach may be an important
tradeoff to rapidly increasing the number of representative Y chromosome assemblies across the

tree of life.
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Box 2. Similarities and differences of Y and W chromosome evolution

Heteromorphic sex chromosomes can occur in males (X/Y) and females (Z/W), both of which
have evolved independently across taxa (Bachtrog et al., 2014). The formation of W and Y
chromosomes are predicted to occur through similar processes and are driven by the suppression
of recombination (Wright et al., 2016). Following recombination suppression, sequence
degeneration, loss of gene expression from the sex-limited chromosome, and retention of dosage
sensitive genes through purifying selection have all been documented on ancient W
chromosomes (Ayers et al., 2013; Bellott et al., 2017). Despite the similarities, there are
differences in sex-specific gene content on Y and W chromosomes. Interestingly, the chicken W
chromosome has not accumulated genes with functions restricted to female tissues (Bellott et al.,
2017). This is in stark contrast to the overrepresentation of testis-biased genes on Y
chromosomes (Mahajan & Bachtrog, 2017; Soh et al., 2014). In addition, while some multi-copy
gene families have been found on avian W chromosomes (Backstrom et al., 2005; Komissarov et
al., 2018; Rogers et al., 2021), gene family amplification appears in higher copy numbers on Y
chromosomes (Chang et al., 2022; Hughes et al., 2020; Soh et al., 2014). It remains unclear why
fewer female specific genes have been acquired and amplified on W chromosomes. The
difference may depend on differences in gametogenesis. For example, spermatogenesis has a
longer developmental window that is prone to meiotic conflict. During oogenesis, competition
between gametes must be resolved before the end of Meiosis I, before gametes are split into
polar bodies. During spermatogenesis, transcripts are shared through cytoplasmic bridges
(Greenbaum et al., 2011), resulting in potential conflicts throughout meiosis and in developing

spermatids. Additionally, testis tissue has been found to be highly transcribed, compared to other
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tissues including ovaries (Parisi et al., 2004). Elevated rates of transcription in testis may
provoke the formation of new genes (Witt et al., 2019).
Box 3. Challenges remain in annotating regulatory regions across the Y chromosome

Our ability to understand how regulatory regions evolve on sex chromosomes is
dependent on broadly annotating enhancer and promoter regions. Highly contiguous assemblies
enable the identification of previously unannotated regions of the genome, such as repeat-dense
heterochromatic regions (Chang et al., 2019; Chang & Larracuente, 2019; Nguyen & Bachtrog,
2021) including centromeres and pericentromeric regions (Chang et al., 2019; Jain et al., 2018;
Logsdon et al., 2021; Nath et al., 2021; Peichel et al., 2020). Annotation of these regions will
require using chromatin immunoprecipitation (ChIP-seq) in many different species to identify
repressive histone modifications and variants (e.g., H3K9me3, HeK9me2, CENPA).

Regulatory regions are challenging to annotate throughout the genome and on sex
chromosomes. Regulatory regions can be located far from the genes they regulate, may interact
with multiple genes, and do not always have distinct sequence signatures. Putative enhancer
regions can be identified using next generation sequencing targeted towards accessible chromatin
regions (ATAC-seq). Additionally, ChIP-seq can be used to locate functional regulatory regions.
H3K4me3 modifications are associated with promoters and H3K4mel and H3K27ac
modifications are associated with enhancers (Gates et al., 2017). Hi-C contact maps can be used
to find chromatin interactions between enhancer elements and promoter regions of genes (Golov
et al., 2020; Ron et al., 2017). It is important to note that genomic approaches for regulatory
annotation utilize short-read sequencing, which may be challenging to accurately align to highly

repetitive, degenerate sex chromosomes. In addition, sequence identity between recently evolved
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sex chromosomes may be high, limiting the number of variants available to map X- and Y-
specific reads.

In order to empirically test models of regulatory evolution on Y chromosomes, it will be
necessary to detect signatures of selection in annotated regions. Detection of recent positive
selection may be challenging on non-recombining sex chromosomes because the entire linked
region will uniformly have reduced genetic variation within populations (Larracuente & Clark,
2013; Wilson Sayres, 2018; Wilson Sayres et al., 2014). Scans of selection will need to be
coupled with estimates of divergence between the X and Y over longer evolutionary time scales
to understand whether variants are accumulating at a higher rate within cis-regulatory elements
compared to unconstrained regions.

Once candidate regulatory elements are identified, there are a growing number of
approaches that can be used to test function. Reporter constructs, like luciferase expression
assays, can be used to validate whether an element of DNA has regulatory function in vitro
(Chabot et al., 2007; Cherry et al., 2020). CRISPR-Cas9 editing has also proven to be a
promising approach to test regulatory function throughout the genome by inducing mutations
within promoter regions (Liu et al., 2021) or by targeting regulatory regions based on chromatin
accessibility (Borys & Younger, 2020; Mochizuki et al., 2018). To date, gene editing has only
been used to target limited sites on the ancient Y chromosomes of D. melanogaster (Buchman &
Akbari, 2019) and the house mouse (Imaimatsu et al., 2018). Gene editing may have a higher
efficiency on younger Y chromosomes, which are generally composed of fewer repeats and less

heterochromatin.
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Figure 2.1 Gene expression differences on sex-limited chromosomes evolve through
multiple mechanisms. (A) Cis-regulatory substitutions, (B) transposable elements, (C)
nucleosome occupancy due to chromatin changes, and (D) DNA methylation all likely contribute
to expression evolution of gametologs on sex chromosomes. Each of these mechanisms evolve
rapidly and can lead to both the gain and the loss of gene expression. Created with
Biorender.com.
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Figure 2.2 Testing for models of selection on sex-linked regulatory regions. Positive and
purifying selection in functional regions throughout the genome can be identified by
comparisons with neutrally evolving intergenic regions. If loss of gene expression is not driven
by selection, regulatory regions would be predicted to accumulate mutations (red) at a similar
rate as intergenic regions. A higher substitution rate (red mutations) within enhancers or
promoters compared to intergenic regions would indicate positive selection. A lower substitution
rate (red mutations) within enhancers or promoters compared to intergenic regions would
indicate negative selection. Within coding regions, positive selection is indicated by more non-
synonymous mutations (blue), relative to synonymous mutations (red), whereas purifying
selection is indicated by fewer non-synonymous mutations, relative to synonymous mutations.
Positive selection on coding regions does not have to be associated with regulatory elements
under positive selection. Created with Biorender.com.
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Figure 2.3. Evolution of regulatory elements on sex chromosomes. (A) Gametologs that are
not dosage sensitive can accumulate mutations within cis-regulatory elements, down-regulating
Y-linked genes. These gametologs may degenerate without X dosage compensation. Mutation
accumulation can also lead to the up-regulation of Y-linked genes (not shown). (B) Stabilizing
selection selects for the loss of Y expression and gain of X expression for gametologs that are
dosage sensitive (DRE model). (C) Gametologs that are dosage sensitive may maintain
regulatory function on the Y chromosome through purifying selection, circumventing the need
for dosage compensation. These genes could also evolve new cis-regulatory regions to
compensate for the loss of ancestral regulatory elements to maintain expression levels. (D)
Gametologs can evolve new functions important for male fitness. These genes will accumulate
regulatory mutations that lead to novel expression patterns (e.g., testis-specific expression). The
coding regions are represented by rectangles. Cis-regulatory elements are represented by the
shapes upstream of the coding region. Regions that have degenerated are shown in black.
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CHAPTER 3

POSITIVE SELECTION DRIVES CIS-REGULATORY EVOLUTION ACROSS THE
THREESPINE STICKLEBACK Y CHROMOSOME 2
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Abstract

Allele-specific gene expression evolves rapidly across gametologs on heteromorphic sex
chromosomes (X and Y). Current models of sex chromosome evolution suggest this occurs
through the rapid accumulation of mutations within cis-regulatory regions. However, these
patterns have not been demonstrated empirically due to the limited number of Y chromosome
assemblies available to survey sequence evolution outside of coding regions. The threespine
stickleback (Gasterosteus aculeatus) Y chromosome is an ideal model to test hypotheses of rapid
cis-regulatory evolution due to its intermediate state of divergence from the X chromosome. A
large number of Y-linked gametologs still exist across three differently aged evolutionary strata
to test these hypotheses. We found that putative enhancer regions (accessible chromatin regions
defined through ATAC-seq) on the Y chromosome exhibited elevated substitution rates when
compared to intergenic regions and synonymous sites within coding regions. This strongly
suggests that many cis-regulatory regions are under positive selection on the Y chromosome.
This divergence was correlated with X-biased gametolog expression, indicating the loss of Y-
linked gametolog expression may be favored by selection. Our findings provide evidence that Y-
linked regulatory regions exhibit signs of positive selection quickly after the suppression of
recombination, supporting recent theoretical models that show the rapid divergence of regulatory
regions may be favored to mask deleterious mutations on the Y chromosome.
Introduction

The evolution of heteromorphic sex chromosomes has occurred many times across
species (Bachtrog, 2013; Bachtrog et al., 2014). Heteromorphic sex chromosomes evolve once
recombination is suppressed between the X and Y (or Z and W) (Charlesworth, 1978;

Charlesworth & Charlesworth, 2000; Muller, 1918). After recombination is suppressed, the Y
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chromosome rapidly accumulates mutations, leading to sequence degeneration (Charlesworth &
Charlesworth, 2000). Empirical evidence of this process has focused on the sequence evolution
of coding regions on sex chromosomes. Broad comparative work has revealed that coding
sequence evolution can follow one of several different evolutionary trajectories. Although many
ancestral Y-linked genes are lost because of sequence degeneration through the accumulation of
deleterious mutations, growing evidence indicates not all genes can be lost. Some genes appear
to be dosage sensitive and are under strong purifying selection to be retained on the Y
chromosome (Bellott et al., 2014; Bellott et al., 2017; Peichel et al., 2020; White et al., 2015).
Novel genes with sex-specific functions can also accumulate on sex-limited chromosomes via
translocation and subsequent gene duplication (Chang et al., 2022; Ellison & Bachtrog, 2019b;
Hughes et al., 2020; Mahajan & Bachtrog, 2017; Peichel et al., 2020; Soh et al., 2014).

The accumulation of mutations is not restricted to coding sequences and can also occur in
regulatory regions, leading to changes in expression from the sex-limited chromosome. Allele-
specific gene expression changes has been shown to evolve rapidly on degenerating sex
chromosomes often resulting in the loss of gene expression on the sex-limited chromosome (Y
and W) (Ayers et al., 2013; Beaudry et al., 2017; Martin et al., 2019; R. P. Meisel et al., 2012;
Muyle et al., 2012; Muyle et al., 2018; Rodriguez Lorenzo et al., 2018; Shaw & White, 2022;
Singh et al., 2014; Veltsos et al., 2019; Wei & Bachtrog, 2019; White et al., 2015). Although
many deleterious regulatory mutations may accumulate through selective interference (Bachtrog,
2008; Charlesworth & Charlesworth, 2000), selection may also favor mutations within
regulatory regions to downregulate coding regions with deleterious mutations (Bachtrog, 2006;

Orr & Kim, 1998). Recent theory supports the role of positive selection driving the rapid
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accumulation of mutations to downregulate the Y-linked allele and upregulate the X-linked allele
to maintain ancestral dosage balance (Lenormand et al., 2020; Lenormand & Roze, 2022).

One challenge to empirically testing theoretical models that focus on regulatory evolution
is complete Y-chromosome assemblies are only available for a limited number of taxa.
Reference assemblies are needed to identify the substitutions that are accumulating within
intergenic regulatory regions on the sex-limited chromosome. Additionally, many of the
available Y-chromosome assemblies are from model organisms that have sex chromosomes that
are highly degenerated (Bellott et al., 2014; Hughes et al., 2010; Hughes et al., 2020; Mahajan et
al., 2018; Soh et al., 2014; Tomaszkiewicz et al., 2016). These species only have a few
remaining ancestral gametologs on the Y chromosome, thus limiting the number of genes
available to study how regulatory evolution potentially lead to expression differences between
the X and Y. Species with recently derived sex chromosomes that still harbor many ancestral Y-
linked gametologs at varied stages of degeneration are needed to understand how substitutions
within regulatory regions lead to the evolution of expression differences between the X and Y.

In addition to having a chromosome-scale assembly of the Y chromosome, an additional
challenge is annotating regulatory regions (Reviewed in Shaw & White, 2022). Recent
approaches have focused on identifying regions of the genome with accessible chromatin that
may contain transcription factor binding sites to regulate gene expression (Ricci et al., 2019).
Chromatin accessibility profiling techniques, like (Assay for Transposase Accessible Chromatin)
ATAC-seq (Buenrostro et al., 2013), utilize short-read sequencing to profile accessible
chromatin regions (ACRs) at a fine-scale across the genome. Across autosomes, ACRs show
signatures of purifying selection relative to other intergenic regions, consistent with these regions

containing important functional elements for gene regulation (Connelly et al., 2014; Horvath et
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al., 2021; Lu et al., 2019). Profiling ACRs on sex chromosomes would therefore provide a means
to study the molecular evolution of cis-regulatory regions in the context of Y degeneration.

The threespine stickleback fish (Gasterosteus aculeatus) is an excellent model to study
the evolution of regulatory regions on sex chromosomes. Threespine stickleback fish have a
high-quality reference Y chromosome that is more recently derived compared to many other
chromosome-scale assemblies (Bellott et al., 2014; Bellott et al., 2017; Hughes et al., 2012;
Hughes et al., 2010; Hughes et al., 2020; Peichel et al., 2020). The Y chromosome contains
multiple evolutionary strata at different stages of degeneration (Peichel et al., 2020; White et al.,
2015), allowing for comparisons of sequence evolution at different temporal scales. While some
of the Y chromosome has degenerated, over half of X-linked gametologs remain on the Y
chromosome (Peichel et al., 2020). Many of the coding regions of the shared gametologs show
signatures of purifying selection and are enriched for dosage sensitive functions (Peichel et al.,
2020; White et al., 2015). Interestingly, chromosome-wide dosage compensation has not evolved
to counter the loss of expression for genes where the coding sequence has degenerated on the Y
chromosome (White et al., 2015). The lack of chromosome-wide dosage compensation enables a
gene-by-gene comparison of cis-regulatory changes to understand how expression of X-linked
alleles evolves in response to degenerating coding regions on the Y.

Here, we leveraged ATAC-seq from two different tissues to characterize ACRs shared
between the X and Y chromosomes. To understand how selection may be operating within these
regions, we estimated nucleotide divergence of ACRs between the X and Y chromosomes of the
threespine stickleback fish (Gasterosteus aculeatus) as well as within-population nucleotide
diversity of ACRs. We found signatures of positive selection across sex-linked ACRs that

indicate a rapid accumulation of nucleotide substitutions on the Y chromosome, relative to other
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intergenic regions. Our findings complement existing sex chromosome evolution theory that
suggests the accumulation of mutations within regulatory regions may be beneficial to silence
expression from a degenerating Y chromosome.
Methods
Molecular evolution of accessible chromatin regions and coding regions

We used accessible chromatin regions (ACRs) from two different tissues. Liver ACRs
were previously identified from two replicates (Naftaly et al., 2021) (PRINA667175). We also
collected testes from two juvenile males (~4.4 cm in standard length) of laboratory-reared
threespine stickleback fish, originally isolated from Lake Washington (Seattle, Washington,
USA) (PRINA686097). The testis cells were immediately dissociated through homogenization in
1X PBS containing proteinase inhibitor cocktail (PIC, cOmplete tablets Roche) (PBS+PIC). The
cells were fixed with 16% formaldehyde and washed twice with PBS+PIC, followed by lysis in
IM Tris-HCL pH=8, 0.5M EDTA, 10% NP-40, 50% glycerol/molecular grade H20, and 1X PIC.
Nuclei were stained with DAPI and counted with a hemocytometer. We diluted samples to
60,000 — 80,000 nuclei. ATAC-seq library preparation was conducted using previously
established protocols (Lu et al., 2017; Naftaly et al., 2021). The libraries were sequenced on an
[llumina NextSeq (2 x 150 bp; Georgia Genomics and Bioinformatics Core). Reads were
trimmed with Trimmomatic (v. 0.36) (Bolger et al., 2014), using a sliding window of four bases,
trimming the remainder of the read when the average quality within a window dropped below 20.
Residual adapter sequences were removed using Trimmomatic ILLUMINACLIP. Reads were
filtered for a minimum length using MINLEN:30. We aligned the trimmed reads using Bowtie2

(v. 2.4.1) with default parameters (Langmead & Salzberg, 2012). We filtered for alignments with
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a mapping quality greater than 20 using SAMtools (v1.14). We also removed PCR duplicates by
using the MarkDuplicates function in Picard (https://github.com/broadinstitute/picard).

We used a tn5 control sample to normalize ATAC-seq reads to remove the effect of tn5
bias. For the control, genomic DNA was extracted from a caudal fin clip of one male fish using a
standard phenol-chloroform extraction. The ATAC-seq library preparation, whole genome
sequencing library preparation, and sequencing (Illumina HiSeq 2 x 150 bp) of the control
sample were completed by GENEWIZ (New Jersey, USA). Whole genome sequencing was
conducted to show the DNA sample was of sufficient quality to construct the Tn5 bias control.
We trimmed residual adapters and low-quality sequences using Trimmomatic (Bolger et al.,
2014) as previously described. Trimmed reads were aligned to the threespine stickleback genome
using Bowtie2 (Langmead & Salzberg, 2012). The read coverage per base pair was calculated
using BEDTools (v2.29, -d) (Quinlan & Hall, 2010). The whole genome sequencing sample had
an average read depth of 90x where only ~10% of the genome was supported with less than ten
reads. Within these regions, only 6% had zero reads per base pair, indicating 94% of the genome
could be queried for biased integration of Tn5. The Tn5 bias control produced over 177 million
reads. The reads were trimmed from these reads using Trimmomatic with the same parameters.
The trimmed reads were aligned to the threespine stickleback genome (v. 5) using Bowtie2
(Langmead & Salzberg, 2012). Reads mapping to the mitochondria and unscaffolded regions
were removed. PCR duplicates were removed using MarkDuplicates from Picard
(https://github.com/broadinstitute/picard).

We explored overall concordance between replicates by assaying whether ATAC-seq
reads were enriched around transcription start sites in the two testis and two liver samples. Iso-

Seq long read sequencing was previously conducted in threespine stickleback fish to curate
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accurate transcription start site annotations across multiple tissues (Naftaly et al., 2021). We used
deepTools (v3.5.1) computeMatrix reference-point (Ramirez et al., 2016) on the ATAC-seq
alignments to assay read depth 3kb around the complete set of annotated transcription start sites.
We plotted enrichment of ATAC-seq reads around transcription start sites (TSS) and compared
to RNA-seq expression using deepTools plotHeatmap with default settings, except that we used
the -sortUsingsamples to sort the regions by expression. We found replicates across both tissues
were highly concordant in which transcription start sites were accessible (Supplemental Figure
3.1). We also found accessible transcription start sites were a good predictor of gene expression
in each tissue (Supplemental Figure 3.1). Because both replicates in each tissue were highly
concordant, we pooled the aligned reads for each tissue to maximize read depth for all the
analyses. ACRs were called for each tissue sample using MACS2 (v2.2.7.1) callpeak with the —
keep--dup all parameter, and read depth was normalized with Tn5 control sequencing with the -c
parameter (Y. Zhang et al., 2008).

We mapped the nucleotide sequence of each ACR on the X chromosome to homologous
regions on the Y chromosome using previously generated alignments (Peichel et al., 2020). We
identified orthologous regions between the X chromosome, Y chromosome, and orthologous
autosome (chromosome 19) from the ninespine stickleback fish (Pungitius pungitius;
(Varadharajan et al., 2019), 2019) using BLAST+ (blastn v. 2.11.0) with default blastn
parameters, with -perc_identity set to 75. (Camacho et al., 2009). To ensure high quality
alignments, we filtered for uniquely mapping alignments that also had a bit score greater than
100. We used BLAST+ alignments to extract sequence to create multiple sequence alignments
for downstream analysis. We aligned the threespine stickleback X and Y ACR sequences to the

ninespine stickleback autosome sequence using MUSCLE (v 3.8.1551) (Edgar, 2004) with
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default parameters. We used MUSCLE to create a multiple sequence alignment between the X
sequence, Y sequence, and the sequence from the orthologous autosome to identify X- and Y-
specific variants. We called single nucleotide variants using a custom python script modified

from msa2snps.py (Junli Zhang, https://github.com/pinbo/msa2snp). We calculated the reported

divergence rate by dividing the number of variants by the number of the aligned sites.

We compared ACR divergence on the sex chromosomes to ACR divergence on autosome
18, a chromosome similar in length to the X chromosome. We identified orthologous regions
between the threespine stickleback autosome 18 and autosome 18 from the ninespine stickleback
fish using BLAST+ (blastn v. 2.11.0) (Camacho et al., 2009) as previously described. We called
variants between autosomal regions in a similar manner as the sex chromosomes, by creating a
pairwise alignment using MUSCLE (v 3.8.1551) with default parameters and called single
nucleotide variants using the same python script as above. We calculated a divergence rate by
dividing the number of single nucleotide variants by the size of the aligned region.

Divergence within ACRs was compared with the divergence of coding regions of
neighboring genes. We identified the closest gene to each ACR by running annotatepeaks.pl in
homer (v 4.11) (Heinz et al., 2010) using homer default settings. Per default settings, ACRs were
assigned to the closest gene within 50kb of the TSS. For coding divergence comparisons, we
used previously reported estimates of synonymous (ds) and non-synonymous (dn) divergence of
gametologs between the X and Y chromosomes (Peichel et al., 2020). Coding regions with dn/ds
ratios of 99 were omitted.

Estimating a neutral substitution rate
We used randomly drawn intergenic regions throughout the X chromosome, Y

chromosome, or chromosome 18 to estimate a neutral substitution rate. Regulatory regions tend
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to be GC-rich, which can be prone to higher mutation rates through mechanisms like GC-biased
gene conversion or spontaneous deamination of methylated cytosines (Nesta et al., 2021). We
therefore GC-matched the randomly drawn intergenic regions with the GC content of ACRs. We
calculated the GC percentage of ACRs using a modified Perl script (countbp.pl, Nicholas Navin,
http://www.navinlab.com/bioperl/bioperl/gc _content.html). For each ACR, a random intergenic
region was drawn from the X chromosome equal in length and with a GC content within 2.0%.
Intergenic regions were defined as any region that that falls within annotated functional regions
from a combination of Ensembl annotations (Cunningham et al., 2021), Isoseq transcripts
(Naftaly et al., 2021), Y chromosome annotations (Peichel et al., 2020), repetitive elements
(Nath et al., 2021; Peichel et al., 2020) and ACRs from this study. This was performed for each
stratum individually using bedtools shuffle -I ACRs.bed -incl XYalignment.bed -excl
annotations.bed. We extracted 10,000 sets of GC-matched intergenic regions from each of the
three evolutionary strata on the threespine stickleback sex chromosomes (set size same as
number of Liver ACRs: stratum one: 442, stratum two: 228, stratum three: 199; Testis ACRs:
stratum one: 30, stratum two: 37, stratum three: 51). Due to limited number of intergenic sites
shared between the sex chromosomes, we sampled with replacement to align a sufficient number
of intergenic regions. We identified the orthologous regions to the ninespine genome assembly
using BLAST+ (blastn v2.11.0) (Camacho et al., 2009). We filtered for alignments that mapped
uniquely to chromosome 19 in the ninespine stickleback fish, had an alignment length equal to
75% of the threespine query sequence, and had a bit-score greater than 100. We generated
multiple sequence alignments using MUSCLE (v 3.8.1551), for each intergenic permutation and

calculated X and Y specific substitution rate as previously described.
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Estimating within population nucleotide diversity

We used whole-genome short-read sequencing of 12 males from the Lake Washington
population (Washington, USA; SRP137809, NCBI Short Read Archive) to estimate nucleotide
diversity across the sex chromosomes. The raw reads were trimmed with Trimmomatic (v. 0.39)
(Bolger et al., 2014), using a sliding window of four bases, trimming the remainder of the read
when the average quality within a window dropped below 15. The leading and trailing base pairs
below quality three of every read were removed along with any residual adapter sequence. After
trimming, any reads below a minimum length of 36 were discarded. We aligned the trimmed
reads using Bowtie2 (v. 2.4.5) with default parameters (Langmead & Salzberg, 2012). We also
marked PCR duplicates by using the MarkDuplicates function in Picard (v. 2.26.10)

(https://github.com/broadinstitute/picard). SNP genotyping was conducted following the GATK

(v. 4.2.5.0) best practices for germline short variant discovery. Variants were called per sample
using HaplotypeCaller in GVCF mode. We then joint-called variants using GenotypeGVCFs
using a genomics database created by GenomicsDBImport.

We only considered biallelic SNPs in our estimates of nucleotide diversity and we
filtered for high quality genotypes using several different methods. On the sex chromosomes,
sites should only have hemizygous genotypes in males in the non-crossover region outside of the
pseudoautosomal region. Any sites that are heterozygous would be caused by errors in read
alignment. We therefore did not consider sites that were heterozygous in the non-crossover
region on the X or Y chromosomes. We also filtered out sites that exhibited too low or high of
read depth, which would be indicative of alignment errors. To do this, we did not consider sites
that were less than one-half or greater than double the median read depth of each chromosome

(X and Y chromosomes: positions were retained if the read depth was between 3.5 and 14;
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chromosome 18: positions were retained if the read depth was between 6.5 and 26). Read
filtering was conducted using custom Perl scripts.

Nucleotide diversity (pi) was estimated on a per-site basis (--site-pi) across each
chromosome using vcftools (v. 0.1.16) (Danecek et al., 2011)). Nucleotide diversity for ACRs
was computed as the average diversity across all sites within ACRs, including non-variant (zero
pi) sites that were not removed by read depth filters. We compared nucleotide diversity within
ACRs with nucleotide diversity in randomly drawn intergenic sites. Intergenic sites were defined
as previously described. Intergenic sites were drawn with replacement equal to the total number
of sites within ACRs on each chromosome (10,000 total permutations).

Comparison with allele-specific expression patterns

We measured allele-specific expression of transcripts on the X and Y chromosome using
three replicate liver samples (PRINA591630) and three replicate testis (PRINAS591630) samples.
We trimmed the RNA-seq reads with Trimmomatic (v. 0.36) (Bolger et al., 2014) using a sliding
window of 4 bases, trimming the remainder of the read when the average quality within a
window dropped below 20 (SLIDINGWINDOW:4:20). Residual sequencing adapters were also
removed using ILLUMINACLIP. We aligned RNA-seq reads using Tophat2 (v2.2.1) with
default parameters (Kim et al., 2013). We filtered for alignments with a map quality greater than
25 using SAMtools (v1.14) (Li et al., 2009) to identify reads that map uniquely on the X and Y
allele. Similar map quality filters have been used to distinguish short reads between sex
chromosomes in Drosophila and stickleback fish (Ellison & Bachtrog, 2019b; Peichel et al.,
2020) and between sexes with heteromorphic sex chromosomes in guppies (Kirkpatrick et al.,
2021). Read counts were obtained using htseq-count (v 0.9.1) (Anders et al., 2015). Default

parameters were used with the addition of --stranded=no and --nonunique all to maximize our
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ability to count reads on the Y chromosome. We used a custom GTF file for htseq-count that
included previously determined start and end sites of all Ensembl predicted transcripts that are
shared between the X and Y chromosomes (Peichel et al., 2020). Reads were counted on the X
and Y across the entire transcript as a feature. Transcripts were removed from the analysis if they
had an RNA expression count of zero in all samples. For each tissue, we calculated the average
read count for each gametolog across the three tissue replicates. We calculated the allele-specific
expression as log2(X transcript average / Y transcript average).

Data availability

The data for this manuscript is available within the short reads archive under accession numbers:
PRINA667175, PRINA591630, PRINA686097, SRP137809.

Scripts and bioinformatic pipelines are available at: https://github.com/daniel-

shaw1/Regulatory divergence_ paper

Results
Nucleotide divergence between the X and Y is higher in accessible chromatin regions

The completion of the threespine stickleback Y chromosome assembly (Peichel et al.,
2020) allowed us to thoroughly examine regulatory evolution among sex linked gametologs
shared between the sex chromosomes. Accessible chromatin regions (ACRs) are sites of the
genome that putatively serve as domains for transcription factor binding. We first sought to
compare divergence of ACRs between the X and Y chromosomes to previously characterized
synonymous divergence throughout coding regions. Crossing over was suppressed across the
threespine stickleback sex chromosomes in at least three separate events, forming strata with
distinct levels of divergence (stratum one: oldest; stratum two: middle; stratum three: youngest)

(Peichel et al., 2020). Based on theories of regulatory evolution on sex chromosomes
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(Lenormand et al., 2020; Lenormand & Roze, 2022), we predicted ACRs may be evolving more
rapidly than neutrally evolving synonymous sites within coding regions. To survey ACRs, we
utilized ATAC-seq from liver tissue (Naftaly et al. 2021) and testis tissue. In the liver, we found
a total of 1,279 X-linked ACRs. We were able to align 948 (74.1%) of these ACRs to
orthologous regions on the Y chromosome and the ancestral ninespine stickleback autosome 19.
In testis tissue, we identified 896 X-linked ACRs. Compared to the liver, we found far fewer
orthologous regions on the Y chromosome and autosome 19 in the ninespine stickleback (118
total aligned; 13.2%), suggesting regulatory regions within testis ACRs may be more rapidly
evolving. We estimated divergence between the X and Y chromosomes across ACRs in each
tissue. Matching these predictions, among the ACRs we were able to align, testis ACRs had
higher divergence between the X and Y chromosomes relative to both synonymous coding
region divergence and divergence within liver ACRs (Figure 3.1). This pattern was consistent
across the three evolutionary strata. Although liver divergence within ACRs was not as high as
testis ACRs, it was still significantly higher than synonymous coding region divergence in the
two oldest strata (one and two) (Figure 3.1), indicating liver ACRs are also evolving rapidly. In
the youngest stratum (three), the liver ACRs were not significantly different than synonymous
substitutions. Our results highlight that ACRs are likely under positive selection and this has the
strongest effect in ACRs that harbor regulatory elements that are functional in testes.
Mutations within accessible chromatin regions are mostly accumulating on the Y
chromosome

We used the orthologous sequence from the ninespine stickleback fish as to infer whether
substitutions were accumulating at a higher rate on the X or Y chromosome. ACRs functional in

the liver exhibited higher substitution rates on the Y chromosome than on the X chromosome. Y-
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linked ACRs had significantly higher substitution rates compared to random intergenic regions
for the oldest two evolutionary strata (Figure 3.2, P < 0.001; stratum one and two, 10,000
permutations). In contrast to the Y-linked ACRs, we found the X-linked liver ACR sequence
divergence was significantly lower than intergenic permutations, consistent with purifying
selection operating across all three strata (Figure 3.2; Stratum one: P =0.016; Stratum two and
three: P < 0.001; 10,000 permutations). This suggests that ACRs may be functionally constrained
more on the X chromosome compared to Y-linked ACRs. We observed a similar pattern on the
Y chromosome for ACRs function in testis tissue. Y-linked ACRs had significantly higher
substitution rates in all three evolutionary strata, compared to random intergenic regions (Figure
3.2; P<0.001, 10,000 permutations). However, we observed X-linked ACRs from testis tissue,
also exhibited elevated nucleotide substitutions in the oldest two evolutionary strata (Figure 3.2;
P <0.001, 10,000 permutations), while the youngest stratum was significantly lower than
intergenic regions (Figure 3.2; P <0.001, 10,000 permutations). This indicates some ACRs may
also be under positive selection on the X chromosome and this occurs in a tissue-specific
fashion.

Autosomal ACRs have been shown to be under purifying selection in other species
(Horvath et al., 2021). We therefore tested whether threespine stickleback autosomes ACRs also
exhibited purifying selection, similar to the pattern we observed on the X chromosome in liver.
Consistent with patterns of purifying selection, we found autosomal ACRs exhibited lower
sequence divergence compared to random intergenic regions in both liver (Figure 3.2; P = 0.002;

10,000 permutations) and testis tissue (Figure 3.2; P < 0.001; 10,000 permutations).
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Accessible chromatin regions have low nucleotide diversity
We searched for signatures of selection in ACRs from 12 sequenced males from a
freshwater population of stickleback fish. Low nucleotide diversity within ACRs relative to
neutrally evolving intergenic regions would be indicative of either purifying or positive
selection. On autosomes, ACRs have been shown to exhibit lower nucleotide diversity than
intergenic regions (Horvath et al., 2021), suggesting conserved function. We first tested whether
we observed a similar pattern among testis and liver tissue ACRs on autosome 18. We found that
liver ACRs on chromosome 18 had lower nucleotide diversity compared to intergenic regions
(Figure 3.3; P <0.001, 10,000 permutations), similar to what has been observed in other species.
However, we did not detect a significant difference for autosomal testis ACRs (Figure 3.3; P =
0.251, 10,000 permutations). We also did not detect differences in nucleotide diversity between
ACRs and intergenic regions on the X or Y chromosomes in liver and testis tissue (Figure 3.3; all
comparisons P > 0.05, 10,000 permutations). Combined with low divergence between species,
the low nucleotide diversity within ACRs identified from liver tissue indicates some ACRs are
under purifying selection, likely due to functional constraints. However, this effect is not
consistent across chromosomes or tissues.
Among neutrally evolving intergenic sites, we detected major differences among
the autosomes and sex chromosomes. Due to a lower effective population size, the Y
chromosome is expected to be one-quarter of the nucleotide diversity observed on autosomes,
given an equal sex ratio in the population. We found Y chromosome nucleotide diversity within
intergenic regions was much lower than expected, compared to autosomes (Y chromosome pi:
0.00013; autosome pi: 0.0050; Figure 3.3). This suggests that selection acting on linked

deleterious or beneficial mutations has lowered nucleotide diversity beyond neutral expectations.
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Y-linked substitutions are correlated with biased expression from the X chromosome
Selection should favor the loss of expression from the Y chromosome to silence coding
regions that have accumulated deleterious mutations (Bachtrog, 2006; Lenormand et al., 2020;
Orr & Kim, 1998). To test if Y-linked regulatory divergence was associated with changes in
expression, we compared ACR sequence divergence to changes in allelic expression on the X
and Y chromosomes from liver and testis RNA-seq transcriptomes (Peichel et al., 2020). To
maximize the total number of genes for this analysis, we pooled genes across all three
evolutionary strata. We found that sequence divergence in liver ACRs, that were proximal to
genes, were a predictor of allele-specific expression. We observed higher expression of the X-
linked gametolog, relative to the Y-linked gametolog, when ACRs on the Y chromosome had
more substitutions (Figure 3.4A; N =51, liver expression, P = 0.004, Spearman’s rank
correlation). There was a weaker correlation between expression and substitutions within ACRs
on the X chromosome (Figure 3.4C: N =51, P = 0.033, Spearman’s rank correlation). Combined,
these results suggest substitutions on the Y chromosome have a greater effect on increasing X-
biased gametolog expression. Although we do not have gene expression from the ninespine
stickleback to determine which sex chromosome is deviating from the ancestral expression level,
the Y-linked substitutions indicate it is likely due to downregulating the gametolog on the Y
chromosome. A similar trend was observed in testis tissue, but the correlations were not
significant, likely due to the small number of genes available for the analysis (Figure 3.4B N =

31,P=0.111, Spearman’s rank correlation).



67

Regulatory evolution is not correlated with coding sequence evolution

The downregulation of Y alleles could be adaptive if loss of expression follows the
accumulation of deleterious coding substitutions (Orr & Kim, 1998). We searched for evidence
of adaptive silencing on the Y chromosome by comparing the ACR divergence to the ratio of
non-synonymous to synonymous substitutions (dn / ds) within the coding region of each gene.
An adaptive silencing model would be supported if Y-linked gametologs with elevated non-
synonymous substitutions relative to synonymous substitutions (dn / ds) have elevated regulatory
divergence. Among genes shared between the X and Y chromosomes, we found no correlation
between ACR nucleotide divergence and dn / ds (Supplemental Figure 3.2; each stratum on X
and Y: P > 0.05; Spearman’s rank correlation), indicating coding regions with elevated ACR
divergence are not more likely to have elevated substitutions in the amino acid sequence. We
also examined whether ACR divergence was higher within genes that contained frameshift
mutations, nonsense mutations, or in-frame deletions. These types of mutations are more likely
to produce a non-functional or sub-optimal peptide. We found no significant difference in the
number of ACR substitutions from liver and testis tissue for coding regions that contained
frameshift, nonsense mutations, or deletions, compared to coding regions that did not have these
putatively deleterious mutations (functional) (Supplemental Figure 3.3) (all pairwise
comparisons P > 0.05; Mann-Whitney U test). Overall, we found no evidence of regulatory
divergence associated with deleterious coding sequence divergence, suggesting cis-regulatory

evolution evolves independently of Y-linked coding variation.
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Discussion

Gene regulation evolves rapidly on degenerating Y chromosomes. Our understanding of
this process has largely been informed by characterizing gametolog-specific gene expression
from degenerating sex chromosomes (Beaudry et al., 2017; Martin et al., 2019; Muyle et al.,
2012; Muyle et al., 2018; Veltsos et al., 2019; White et al., 2015). Over time, gametolog
expression is generally lost across most genes on the Y chromosome. With the growing number
of Y chromosome reference assembles and sequencing methods to quickly profile functional
regulatory regions across the genome, it has become feasible to explore the molecular evolution
of these regions that lead to altered expression patterns. Here, we observed widespread elevated
nucleotide substitutions within regulatory elements across the threespine stickleback Y
chromosome, consistent with positive selection driving this process. We found that increased
rates of cis-regulatory divergence were associated with X-biased expression of XY gametologs,
suggesting loss of expression from the Y chromosome. Without liver and testis gene expression
from the ninespine stickleback as an ancestral comparison, we are unable to confirm that X-
biased gametolog expression is a result of downregulation of the Y chromosome or upregulation
of the X chromosome. However, previous sequencing of a brain transcriptome showed
expression patterns consistent with loss of Y expression rather than gain of X expression (White
et al., 2015). It is therefore likely that the X-biased expression we observed in liver and testis
tissue is also through loss of Y chromosome expression, similar to what has been observed in
other species with degenerating Y chromosomes (Beaudry et al., 2017; Muyle et al., 2012; Wei
& Bachtrog, 2019).

Simulations indicate rapid expression loss from the Y chromosome is driven by the

divergence of cis-regulatory elements on both the X and Y chromosomes (Lenormand et al.,



69

2020; Lenormand & Roze, 2022). Mutations initially accumulate in regulatory elements within
the non-recombining region of the Y chromosome, which can lead to some expression loss. As
additional deleterious mutations arise in the coding sequence of genes, positive selection will
favor the rapid accumulation of additional regulatory substitutions to silence expression of the Y-
linked gametolog. Non-synonymous mutations are accumulating at a higher rate across the
threespine stickleback Y chromosome (Peichel et al., 2020; White et al., 2015). However, we
found that the number of nucleotide substitutions within regulatory regions were not correlated
with deleterious mutations within neighboring coding regions. Our results suggest that adaptive
regulatory evolution may happen without large changes in amino acid sequence. Our results
complement previous findings that have compared coding sequence evolution to gametolog
expression. The level of expression from the Y chromosome is often not correlated with the
overall number of deleterious mutations within coding regions (i.e., gametologs with many
deleterious mutations are not necessarily expressed at lower levels from the Y chromosome)
(Bachtrog, 2006; Bachtrog et al., 2008; Beaudry et al., 2017). It is also possible that we did not
capture the complete set of regulatory elements important for Y expression in our ATAC-seq
datasets. A correlation between nucleotide substitutions in regulatory regions and deleterious
mutations in coding regions may be observed if ACRs are profiled from additional tissues. In
addition, we assigned ACRs to coding sequences based on overall proximity to a gene. Although
this method of annotating ACRs is commonly used to assign regulatory regions to genes
(Alexandre et al., 2018; Connelly et al., 2014; Ricci et al., 2019), it is possible that some ACRs
interact with other genes through long range interactions based on chromatin configuration
(Mifsud et al., 2015; Schoenfelder & Fraser, 2019), reducing our ability to detect an association

between deleterious mutations in coding regions and nucleotide substitutions in ACRs. Finally,
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the number of substitutions within an ACR may not be a fully accurate predictor of the overall
ability to silence a given gametolog on the Y chromosome. If only a small number of
substitutions are needed to ablate transcription factor binding within an ACR, we would not
expect to see a strong correlation between the number of deleterious mutations within coding
sequences and the number of substitutions within ACRs. Additional functional work will be
necessary to explore these alternatives.

Degeneration of cis-regulatory elements on the Y chromosome and loss of expression
should select for upregulation of the gametolog on the X chromosome to compensate for dosage
loss (Lenormand et al., 2020). In this scenario, nucleotide substitutions should also rapidly
accumulate within ACRs on the X chromosome. In contrast to this hypothesis, we found limited
evidence for widespread positive selection on the X-linked regulatory regions. We found
elevated rates of X-linked ACR divergence in testis but not liver. In many cases, ACRs on the X
chromosome exhibited signatures of purifying selection, with substitution rates lower than
random intergenic regions. This pattern was also observed on the autosomes. Chromosome-wide
dosage compensation does not occur in the threespine stickleback fish. Genes that have
completely lost the Y-linked gametolog exhibit half expression in males, relative to females
(White et al., 2015). The lack of positive selection among X-linked ACRs is consistent with most
genes on the X and Y chromosomes not being strongly dosage sensitive. In this case, most
gametologs on the Y chromosome could be lost without consequence. Even in the absence of
strong stabilizing selection to maintain dosage balance cis-regulatory degeneration is still
predicted to occur rapidly (Lenormand et al., 2020). The Y-specific positive selection in ACRs

we detected support this model.
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Low nucleotide diversity within a population is a signature of positive or purifying
selection (Nielsen, 2005). We explored whether there was an effect of positive selection in ACRs
on nucleotide diversity within a freshwater population of threespine stickleback fish. However,
we did not detect reduced nucleotide diversity within Y-linked ACRs relative to intergenic
regions. However, Y chromosomes often have much lower diversity overall, relative to neutral
expectations (Lawson Handley et al., 2006; Wilson Sayres et al., 2014). In such case, it is
difficult to identify the target of any selective sweeps. Similar to humans (Wilson Sayres et al.,
2014), our findings revealed that nucleotide diversity on the threespine stickleback Y
chromosome is much lower than neutral expectations. Low Y-linked diversity has been
attributed to purifying selection removing deleterious mutations and affecting linked neutral sites
throughout the entire non-recombining region (Wilson Sayres, 2018; Wilson Sayres et al., 2014).
We found ACRs exhibited high divergence between species, but exhibited low nucleotide
diversity within populations, similar to intergenic regions throughout the chromosome. Our
results suggest positive selection within ACRs could also be an important driver of reducing
nucleotide diversity on the Y chromosome within populations. One important consideration is
whether sex-biased demography may be affecting Y-linked diversity. If males are more variable
in reproductive success than females, this could lower the expected effective population size of
the Y chromosome, reducing nucleotide diversity. Little is known about the operating sex-ratios
of stickleback fish. Some populations exhibit sex ratios that are female biased (Rollins et al.,
2017). This could contribute to the low nucleotide diversity we observed. However, simulations
in human populations revealed that even drastic shifts in sex ratio could not entirely explain the

low diversity observed on the Y chromosome (Wilson Sayres et al., 2014).
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Although expression is lost from most genes across the Y chromosome, the coding
sequence of some genes are maintained through purifying selection. These genes tend to be
enriched for haploinsufficiency phenotypes and presumably cannot be lost from the Y
chromosome (Bellott et al., 2014; Bellott & Page, 2021; Bellott et al., 2017; Peichel et al., 2020).
For this category of genes, if cis-regulatory elements are accumulating deleterious mutations,
ancestral expression patterns could be maintained by gaining new binding sites that maintain
expression. This would also result in signatures of increased substitution rates relative to other
regions. This type of compensatory evolution has been proposed for functionally critical genes in
mammals (Chaix et al., 2008; Vermunt et al., 2016), and Drosophila (Arnold et al., 2014).
Functional analysis of what transcription binding sites are affected by Y-linked mutations could
help identify which mutations are leading to down-regulation of gametologs compared to those
that restore ancestral expression.

Our results highlight the importance of tissue specific evolution of cis-regulatory
evolution. We observed distinct differences between liver and testis ACRs. Some of these
differences may have been driven by reduced sample size of sex-linked ACRs in testis. Although
the reduction in sample size was likely a result of rapid evolution at testis ACRs between the X
and Y chromosome. Interestingly, regulatory regions did appear to evolve rapidly on the X
chromosome in both older strata for testis ACRs. Future work focused on the evolution
regulatory evolution on sex chromosomes should account for tissue specific regulation of genes.
X-linked testis specific regulatory regions may evolve more rapidly than ACRs that also regulate

more broadly expressed genes.
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Conclusion

Together our results provide evidence of positive selection driving accelerated rates of
nucleotide substitutions in cis-regulatory elements. Consistent signatures across all three
evolutionary strata indicate that cis-regulatory can proceed rapidly following the suppression of
recombination, leading to reduced gene expression from the Y chromosome. Improvements in
functional annotations of regulatory regions as well as an ever-growing collection of high-quality
Y and W assemblies will allow continued empirical testing of new regulatory models of sex
chromosome evolution.
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Figure 3.1. XY divergence across shared coding and non-coding elements. Regulatory
regions show elevated substitution rates compared to coding sites. Protein-coding divergence
was calculated between X and Y chromosomes to estimate synonymous site divergence (ds) and
nonsynonymous site divergence (dn) and these values were averaged for each gene. Accessible
Chromatin Regions (ACR) were identified on the X chromosome and mapped to the Y
chromosome and ancestral autosome ACR’s are defined as ATAC-seq peaks within 50kb of TSS
of gametologs. X- and Y- specific mutations were identified and the sum was divided by the total
length of the region. Stratum one: 12 genes, 442 liver ACRs, 30 testis ACRs; Stratum two: 71
genes, 228 liver ACRs, 37 testis ACRs; Stratum three: 46 genes, 199 liver ACRs 51 testis
ACRs). Rates for each category were compared using a Mann-Whitney U test, adjusting for
multiple comparisons. The letters above each plot indicate the significant differences between
sites within each stratum and are considered different if P < 0.01.
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Figure 3.2. Allele-specific regulatory divergence compared to intergenic permutations. Y-
linked regulatory divergence is elevated over neutrally evolving intergenic regions. X- and Y-
specific average substitution rates were identified for 10,000 sets of intergenic regions per strata
GC- matched to sets of regulatory regions. Averages of each set are plotted for Stratum 1 (pink),
Stratum 2 (green), and Stratum 3 (blue). Accessible Chromatin Regions (ACR) were identified
on the X chromosome and mapped to the Y chromosome and ninespine stickleback (Pungititus
pungititus) autosome (chromosome 19) in liver and testis. ACRs are defined as ATAC-seq peaks
assigned to the closest gametolog within 50kb of TSS. X- and Y- specific mutations were
identified and the sum was divided by the total length of the region. Sets of intergenic regions
match the number of ACRs for each stratum; (stratum one: liver ACRs: 442, testis ACRs: 30;
stratum two: liver ACRs:228, testis ACRs 37; stratum three: liver ACRs: 129, testis ACRs: 46).
Average ACR substitution rates for each stratum are shown by the dotted lines. Chromosome 18
was selected as a representative autosome with a similar number of genes as the X chromosome.
ACRs assigned to genes within 50kb on chr. 18 were mapped to the ninespine stickleback
(Pungititus pungititus) to obtain species divergence estimates. Autosomal ACR average
divergence is significantly lower than permutations in liver (P = 0.002) and testis (P <0.001)
(Autosomal liver ACRs: 1056, testis ACRs: 305)
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Figure 3.3. Regulatory nucleotide diversity compared to intergenic permutations.
Rates of sex chromosome regulatory diversity are not different than intergenic sequence. X- and
Y-specific diversity rates were identified for 10,000 sets of intergenic regions. Averages of each
intergenic set are plotted. Accessible Chromatin Regions (ACR) were identified on the X
chromosome and mapped to the Y chromosome and ancestral autosome. ACRs are defined as
ATAC-seq peaks within 50kb of gametolog TSS. X- and Y- specific mutations were identified
and the sum was divided by the total length of the region. Average ACR substitution rates for
each chromosome are shown by the dotted lines. Y chromosome ACRs are not different than
intergenic permutations in liver (P = 0.623) or testis (P = 0.374). X chromosome ACRs are not
different than intergenic regions in liver (P = 0.1985), or testis (P = 0.147). Autosomal ACRs
exhibited significantly lower diversity than intergenic permutations in liver (Liver: P <0.001,
Testis P = 0.252). Sets of intergenic regions match the number of ACRs for each stratum;
(stratum one: liver ACRs: 442, testis ACRs: 30; stratum two: liver ACRs:228, testis ACRs 37;
stratum three: liver ACRs: 129, testis ACRs: 46; autosomal liver ACRs: 1056, testis ACRs: 305).
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Figure 3.4. Allele-specific regulatory evolution

X- and Y- specific regulatory divergence is associated with X-biased gene expression across
liver and testis samples. RN A-seq transcript counts uniquely mapped to the X and Y
chromosome were identified to quantify allele-specific gene expression for all gametologs. Gene
expression from gametologs was compared to average divergence of Y- specific (A and B) and
X-specific (C and D) mutations for ACRs within 50 kb of expressed genes. (A). Y liver: R= 0.4,
P=0.0041, N=65; (B.) Y Testis: R=0.34, P=0.008, N = 65; (C). X Liver: R =0.3, P =0.033,
N =77; (D). X Testis: R =10.25, 0.061, N =77.
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Supplemental Figures
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Supplemental Figure 3.1. High concordance of chromatin accessibility around
transcription start site of expressed genes. TSS for all genes were ordered by RNA-seq read
depth. ATAC-seq read depth was assayed around within 3kb of transcription start site (TSS).
Similar levels of enrichment of ATAC-seq depth were observed in replicates with high
concordance of genes. ATAC-seq depth across replicates is a strong predictor of expression from
RNA-seq from same tissue type.
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Supplemental Figure 3.2. Regulatory divergence compared to XY coding divergence.

There is no correlation between dN / dS and ACR divergence using a Spearman’s Rank
Correlation using ACRs from liver (A and B) or testis (C and D) tissue. Liver: (A) Y divergence:
(Stratum one (Blue): R=-0.12 P = 0.230, N = 30, Stratum two (Yellow): R =0.2, P = 0.430,
N=61; Stratum three (Grey): R=0.11, P =0.770 N=126. (B) X divergence: (Stratum one (Blue):
R =-0.080, P =0.420, N=30; Stratum two (Yellow): R =0.032, P = 0.9, N = 61; Stratum three
(Grey): R =-0.054, P =0.890, N = 126. Similar results in testis: (C) Y divergence: (Stratum one
(Blue): R =-0.020, P = 0.650, N=14; Stratum two (Yellow): R =-0.430, P =0.160, N = 12;
Stratum three (Grey): R =-0.140, P = 0.480, N = 17. (D) X divergence: (Stratum one (Blue): R =
0.520, P =0.120, N=14; Stratum two (Yellow): R =-0.360, P = 0.210, N = 12; Stratum three
(Grey): R=-0.020, P =0.670, N = 17.
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Supplemental Figure 3.3. Regulatory divergence compared to XY coding divergence in
testis.

Regulatory divergence is independent of XY coding evolution. Y- and X- linked regulatory
divergence is not statistically different between gametologs with different categories of Y-linked
structural variation. Y specific structural variation was identified by comparing coding sequence
between the X, Y, and outgroup coding sequence. Y gametologs were determined to have
premature stop codons, frameshift mutations, or in-frame deletions. All other coding sequence
mapped between the X and Y is labeled functional. ACRs were assigned to the closest gametolog
within 50kb. P > 0.05 for all pairwise comparisons for both liver (A and C) and testis (B and D)
for regulatory divergence on the X and Y.
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CHAPTER 4

SINGLE-CELL GENE EXPRESSION OF SPERMATOGENESIS REVEALS EVOLUTION
OF POST-MEIOITIC REPRESSION AND Y-LINKED GENE DUPLICATE ACTIVATION IN
THREESPINE STICKLEBACK FISH *

3 Shaw, D.E. and White, M.A. To be submitted to Genome Biology and Evolution.
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Abstract

Heteromorphic sex chromosomes tend to accumulate testis-biased genes that exhibit
rapid coding and expression evolution. Additionally, some ancient sex chromosomes have
evolved dynamic gene regulation in spermatogenesis related to gene silencing. Recently evolved
sex chromosomes provide an opportunity to identify into how fast testis-biased genes accumulate
on Y chromosomes, and how chromosome-wide transcriptional regulation evolves. Here, we
performed single-cell RNA sequencing to isolate gene expression profiles across all stages of
threespine stickleback fish spermatogenesis. We found that, unlike mammals, the threespine
stickleback fish sex chromosomes maintain expression throughout meiosis. However, we did
find signatures of post-meiotic sex chromosome repression (PSCR), providing additional
evidence that post-meiotic sex chromosome expression can be down-regulated independent of
meiotic silencing. We also found that transcripts derived from Y-linked duplicates are enriched
in later stages of spermatogenesis. Together our findings support the convergent evolution of
post-meiotic silencing, and reactivation of important genes on sex chromosomes.
Introduction

The testis is a morphologically diverse and heterogeneous organ essential for male sexual
reproduction across many species. The testis is comprised of multiple cell types with diverse
functions and selective pressures. Many genes involved in early cell differentiation
(spermatogonia) and meiosis (spermatocytes) are highly conserved across species (Bonilla & Xu,
2008; Dapper & Payseur, 2019; Malik et al., 2008; Ramesh et al., 2005; Sun et al., 2008; Tvedte
etal., 2017), however, many genes expressed in meiotic and post-meiotic cells (spermatids) are

often highly specialized and under positive selection (Dapper & Payseur, 2019; Good &
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Nachman, 2005; E. L. Larson et al., 2016; Swanson et al., 2003). Sex chromosomes (i.e., X and
Y) are hotspots for accumulating genes important for testis function (Mahajan & Bachtrog, 2017;
Martinez-Pacheco et al., 2020; Mueller et al., 2008; Soh et al., 2014). Sex-linked genes can gain
male-specific functions through novel mutation. This is evident through widespread signatures of
positive selection in coding regions compared to autosomes, along with the evolution of sex-
biased gene expression (Kopania. et al., 2022; Larson et al., 2016; Meisel et al., 2012). Many
genes important for spermatogenesis have translocated on to the sex chromosomes, and have
duplicated to form large ampliconic regions (Bachtrog et al., 2019; Hughes et al., 2020; Soh et
al., 2014). Ancient sex chromosomes have revealed much about how sex-linked testis genes
evolve over long periods of time, but we know less about the early stages of sex chromosome
evolution, including how fast gene expression changes on recently formed sex chromosomes.
The ancient sex chromosomes, shared across mammals, undergo complete transcriptional
silencing through a process known as meiotic sex chromosome inactivation (MSCI) (Turner,
2007, 2015). This process is caused by the accumulation of a phosphorylated histone variant,
YH2AX, at regions of un-synapsed chromosomes (Turner et al., 2005). The sex chromosomes
remain largely repressed throughout post-meiotic stages (Post-meiotic sex chromosome
repression) (Namekawa et al., 2006; Turner et al., 2006), although some genes escape silencing
in later stages of spermatogenesis (Cocquet et al., 2012; Cocquet et al., 2009; Moretti et al.,
2016; Mueller et al., 2008). The evolutionary history of meiotic silencing and post-meiotic
repression is unclear. Similar mechanisms are known to operate in C. elegans, where un-
synapsed chromosomes across the genome are silenced (Maine et al., 2005). However, it remains
unclear if many heteromorphic sex chromosomes outside of mammals exhibit similar forms of

transcriptional silencing. Heteromorphic sex chromosomes in drosophila (Mikhaylova &
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Nurminsky, 2011; Vibranovski, 2014) and chicken (Guioli et al., 2012) do not have canonical
MSCI, but recent evidence in grasshopper suggests that MSCI can evolve independently (Viera
et al., 2021). Model organisms with recently derived sex chromosomes present an opportunity to
study the evolution of broad transcriptionally silencing across sex chromosomes in
spermatogenesis.

Threespine stickleback fish have an XY sex determination system that evolved less than
26 million years ago (Peichel et al., 2020). Despite early signatures of degeneration, over half of
the ancestral genes are still present on the Y chromosome. In addition to ancestral genes, small
families of gene duplicates are amplifying on the Y chromosome, also with testis-biased
expression (Peichel et al., 2020).

In this study, we used single-cell RNA sequencing to define cell types across threespine
stickleback spermatogenesis. We identified markers for distinct cell clusters associated with
stages of spermatogenesis. We found that X and Y linked genes are expressed across meiosis,
suggesting that MSCI has not evolved on the stickleback sex chromosomes, despite extensive
genetic differentiation. However, we did find evidence of post-meiotic gene repression on the
sex chromosomes, suggesting silencing can evolve post-meiotically, independent of meiotic
silencing. Our study provides insight into the early stages of sex-linked evolution of meiotic gene
expression and gene content.

Methods
Dissociation of testes for single-cell RNA sequencing

Testes were dissected from two meiotically active male threespine stickleback fish. Both

males were collected from separate clutches of lab strains derived from wild caught fish from

Port Gardner Bay, Washington. Dissociation was performed separately for each individual.
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Individuals were selected based on age (~7 months), testis size, and testis coloration, all of which
are indicators that male fish are becoming reproductive and spermatogenesis is proceeding
through meiosis. Spermatogenesis is synchronized in threespine stickleback fish (Sokotowska &
Kulczykowska, 2006). The testes are enriched for cells at the same stages of spermatogenesis
until all mature sperm are produced for the breeding season. We therefore selected a male fish
that was enriched for meiotic cells and another enriched for post-meiotic cells. The first male had
slightly smaller and lighter colored testes, consistent with earlier meiotic stages, while the second
had larger, darker testes consistent with later stages of testis maturation. Both testes from each
male were placed in ice cold PBS + 0.04% BSA. We followed a previously published single-cell
dissociation method from mice testis (Lukassen et al., 2018). The tissue was minced with
McPherson-Vannas scissors in 200 pL of Digestion medium (Img/mL DNASI, Img/mL
collagenase/dispace, 1mg/ML hyaluronidase in solution of DMEM/F12) until the tissue was
broken down into small pieces. The cell solution was incubated at 37° C for 10 minutes. The
cells were filtered through a 40 um cell strainer to obtain a single-cell suspension. Cells were
pelleted by centrifugation at 4° C, 400g for 10 minutes. Cells were resuspended in 1mL of cold
PBS and BSA. Cell viability was assessed using trypan blue. We approximated cells to have
90% viability. The cells were immediately processed for sequencing on the 10x Genomics
single-cell sequencing platform performed at the Georgia Genome and Bioinformatics Core.
Processing of Single-cell RNA-sequencing data

Reads were demultiplexed with CellRanger (v 4.0.0) mkfastq with bcl2fastq (Illumina).
We ran CellRanger mkref on the threespine stickleback genome assembly (v5.0) (Nath et al.,
2021; Peichel et al., 2020). We aligned fastq reads from both samples separately using

CellRanger count with default parameters, plus the parameter --chemistry=SC3Pv3. To filter
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cells, we used Seurat (v 4.0) (Hao et al., 2021) to remove cells with > 3000 and <200 unique
features (i.e., expressed transcripts) and cells with > 5% mitochondrial counts. Cells with too
many or too few identified features likely represent doublets or dead cells, respectively.
Expression across each transcript were normalized using Seurat scaledata. We performed
filtering on each sample first separate and then later on the merged dataset. We merged the
datasets using two distinct methods; 1.) We combined cell matrices using the CellRanger aggr
command with default parameters which normalizes read depth between the two samples, 2.) We
filtered each individual using Seurat (v4.0), and then combined Seurat objects using Seurat
merge with default parameters. Both methods lead to similar clustering (Supplemental figure 4.1)
and overlap.
Clustering and UMAP

We followed the Seurat (v4.0) workflow (Hao et al., 2021) to perform cell clustering. We
determined dimensionality of the dataset by performing a jackstraw permutation in Seurat. Based
on the elbow plot and jackstraw plot (Supplemental Figure 4.2), we found that 12/20 principal
components had P-values < 0.001 for sample 1, while 15/15 of principle components had P-
values < 0.001. To keep clustering consistent, we set the number of dimensions to 12 for both
samples. We ran Seurat findneighbors (Dims:1:12) and Seurat findclusters (Resolution =0.8). We
ran the Seurat UMAP function set to 12 dimensions (Dims=1:12). The resolution factor is used
for is recommended to be between 0.4-1.2

(https://satijalab.org/seurat/articles/pbmc3k_tutorial.html). We experimented with a range of

values from 0.4-1.2 and found that the number of clusters from 0.8 was the most consistent with
marker identification and expectations based on histology (Borg, 1981; Sokolowska &

Kulczykowska, 2006). We verified that most clusters had a similar number of reads per cell, and
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expressed features per cell, to avoid identifying clusters based on read depth alone (Supplemental
Figure 4.3).
Identification of cell clusters

Marker genes were identified using the FindAlIMarkers function in Seurat. A Mann-
Whitney U test was used to compared gene expression of each gene across all clusters to identify
significantly different gene expression profiles between clusters. Genes were considered
differentially expressed between clusters if there was a p-value < 0.001. We identified genes in
the stickleback genome that had known functions in spermatogenesis and compared expression
of these genes across clusters. We compared upregulated markers of clusters to characterized
spermatogenesis cell-type-specific genes from mammals (Green et al., 2018; Hermann et al.,
2018; S. Lukassen et al., 2018; Lukassen et al., 2018b; Shami et al., 2020; Witt et al., 2019) and
fish (Qian et al., 2022; Wu et al., 2021). We also identified genes expressed during meiosis that
are conserved at the coding sequence across mammals (Dapper & Payseur, 2019; Ramesh et al.,
2005). These genes are likely under purifying selection to maintain function and are likely to also
be expressed during meiosis in fish.
Gene ontology

We used the ShinyGO v0.741 web-based tool to identify gene ontology of upregulated
genes for each cluster. We used all stickleback genes expressed in our single-cell RNA dataset as
the background, to identify enrichment of biological processes involved in the significantly up-
regulated genes of each cluster. For each set of genes, fold enrichment of percentage of genes
within a pathway along with a false discovery rate (FDR). We filtered for GO terms with

enrichment FDR < 0.01.
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Gene expression across the sex chromosomes
In order to analyze chromosome-wide expression patterns across cells within a cluster,
we extracted alignments from each cluster output using pysam (v 0.16.0.1) and a custom python

script ( https://github.com/daniel-shaw1/Single-Cell-RNA-

sequencing/blob/main/Split_bam_ by _cluster.py ). Splitting of alignment files was ran separately

for each sample based on CellRanger clustering, as BAM files were direct outputs of the
CellRanger count pipeline. For each cluster alignment, we counted total transcripts for each cell
using htseq (v 0.13.5) with a GTF comprised of the Y gene annotations (Peichel et al., 2020). We
also counted transcripts for autosomal and X-linked genes using ensembl build 107 predicted
annotations (Cunningham et al., 2021). In order to maximize the number of transcripts counted
on the sex chromosomes, we ran htseq with the settings --mode union --nonunique all --
minaqual 1 —stranded=no. For shared gametologs on the X and Y, we aligned the Ensembl
coding sequences from the X chromosome to the Y chromosome. For X and Y genes, reads were
counted across the entire transcript as one feature. We normalized htseq counts across clusters by
dividing by the total library size of each cluster.
Duplicate gene expression

Y-linked gene duplications were previously annotated for the Y chromosome assembly
(Peichel et al., 2020). To analyze overall expression level of each paralog family, we collapsed
counts of each paralog into a single count for each family. We normalized counts for each
duplicate family per cluster by dividing by the library size of each cluster.
Protein coding divergence

To compare coding sequence evolution, we aligned the threespine stickleback fish CDS

(Ensembl release 107) (Cunningham et al., 2021) to the ninespine stickleback genome
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(Varadharajan et al., 2019) using Exonerate (v2.4) (exonerate --model est2genome -M 2000 --
bestn 15 --percent 25). We ran codeml from the PAML (phylogenetic analysis by maximum
likelihood) (runmode =-2) software package to calculate dn, ds, and dn/ds for all mappable
coding sequence between threespine stickleback fish and ninespine stickleback fish. Exonerate
alignments were filtered to remove stop codons and gaps, and processed into codeml using a

custom Perl script (https://github.com/daniel-shaw1/Single-Cell-RNA-sequencing), modified

from previous SNP based comparisons (White et al., 2015), improved to compare between
species with reference assemblies. dn/ds ratios were averaged across transcripts for, genes with
multiple transcripts. Genes with a dn/ds value of 99 were removed.
Results
Identification of stickleback spermatogenic stages using single-cell RNA sequencing

To identify single-cell gene expression profiles for diverse cell types, we sequenced two
fish at different stages of synchronized spermatogenesis (See methods). We successfully
sequenced 6147 cells from a male from an earlier stage of spermatogenesis, and 2652 cells from
a male at a later stage of spermatogenesis. Both individuals had a similar number of reads
mapped and reads per cell (Supplemental Figure 4.2). To map the entirety of spermatogenesis,
we aggregated the two samples together. Between both samples, we recovered a total of 8799
cells. Graph-based UMAP clustering revealed 12 distinct cell clusters (Figure 4.1). The
distribution of UMAP clusters using both CellRanger (Supplemental Figure 4.1) and Seurat
(Figure 4.1) were largely concordant. By performing a Mann-Whitney U test of each gene across
all clusters, we identified 2320 differentially expressed marker genes between all clusters. Genes
were considered differentially expressed within a cluster if the gene was expressed in 15% of

cells within the cluster, had a logz fold change > 0.25 for expression compared to all other
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clusters, and had a significantly different level of expression evaluated with a P-value < 0.01
after correcting for multiple comparisons. We used these genes to identify markers to assign
putative cell types to clusters (Table 1).

We found that the cell clustering reflected cell types at different stages of
spermatogenesis (Figure 4.1; Table 4.1). In most teleost fish, a population of undifferentiated
spermatogonia are maintained throughout the year (Sokotowska & Kulczykowska, 2006; Uribe
et al., 2014). These cells divide through mitotic cell division and are maintained within an
interstitial germinal compartment (Uribe et al., 2014). We found one cluster of cells with
expression of genes known for roles in spermatogonia maintenance and homeostasis; the first
had notable enrichment of id4 (Figure 4.1; P < 0.001, Mann-whitney U test), a common marker
of undifferentiated spermatogonia across species (Green et al., 2018; Helsel et al., 2017; Oatley
et al., 2011). Additionally, we found nine upregulated genes in this cluster that are identified as
novel on ensembl, suggesting there may be stickleback or teleost specific genes involved in this
stage of spermatogenesis (Supplemental table 1).

In response to developmental signals like 11- Ketotestosterone, and retinoic acid, and
growth hormone, spermatogonia differentiate, as the first step towards meiotic cell division. We
found a cluster with multiple markers related to differentiated spermatogonia, identifiable by
enrichment of notchla , and grna (P < 0.001, Mann-whitney U test) (Daniel et al., 2003; Parekh
et al., 2019). Additionally, early and late spermatogonia clusters were enriched for unique gene
ontology terms associated with each cluster (Table 1; Supplemental table 2). The early
spermatogonia was enriched with pathways related to homeostasis (FDR < 0.001), while the late

spermatogonia instead had enrichment of cell differentiation pathways (FDR < 0.001). Together,
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this suggest that we identified one population of undifferentiated spermatogonia being
maintained for later cell divisions, and one population actively undergoing differentiation.

We found the largest population of cells were associated with specific meiotic processes.
We identified four clusters as meiotic spermatocytes. We were able to identify uniquely enriched
genes within each cluster well enough to characterize spermatocytes as ‘early-* ‘mid-*, ‘mid-
late-’ and ‘late-* spermatocytes, each corresponding to distinct timepoints in meiosis (Figure 4.1;
Table 4.1). In early spermatocytes, we found upregulated genes with known functions in the
early stages of prophase, like genes that alter chromatin structure before DSB initiation, such as
piwill (P <0.001, Mann-Whitney U test) (Kuramochi-Miyagawa et al., 2004) and /4ells (P <
0.001, Mann-whitney U test) (Spruce et al., 2020) and some genes important for forming
synaptonemal complex (smc2b, smclal, P < 0.001, Mann-whitney U test) (Eijpe et al., 2000;
Neeb et al., 2017; Revenkova et al., 2004). The mid-spermatocytes cluster exhibited enrichment
of genes involved in DNA repair and strand invasion (rad51, rad54, and meigl, p < 0.001,
Mann-whitney U test) and other genes associated with the pachytene stage of prophase (Table 1)
(Lietal., 2016; Mazin et al., 2010). The third meiotic cluster, we identified as mid-late
spermatocytes, as they contain a mix of prophase markers involved in maintaining the
synaptonemal complex (smc3, P <0.001, Mann-whitney U test) (Eijpe et al., 2000), but also
genes involved in late meiosis, such as genes important for assembling spindles (rab24, P <
0.001, Mann-Whitney U test), that are required for chromosome segregation (Qiu et al., 2019).
Lastly, we identified one cluster as late spermatocytes (Table 1). In this stage we found GO
terms enriched for sister chromatid segregation (FDR < 0.001), and kinetochore formation (FDR
=0.002), suggesting cells in this cluster in the later stages of meiosis. (Table 1). Interestingly,

we also found enrichment of genes related to changes in chromatin structure, (cbx1, smarca5, P
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< 0.001, Mann-whitney U test) that may be important for transitioning into round spermatid. We
additionally found expression of several meiotic genes conserved across vertebrates that were not
significantly enriched in one cluster, but instead seemed broadly expressed across the 4 meiotic
clusters (Supplemental Figure 4.4).

Clusters with genes involved in late spermatogenesis were largely present in the more
developed testis sample. Round spermatids and elongating spermatids are in the haploid stage of
cell division. Genes expressed at this stage are expected to regulate sperm formation, and have
significant roles in sperm motility. We found two distinguishable clusters corresponding to early-
and late- spermatids. Early spermatids were characterized with genes with known functions in
spermiogenesis such as, akl, taf9, and ybx1 (P <0.001, Mann-Whitney U test) (Cao et al., 2006;
Klaus et al., 2016; Liang et al., 2021). GO terms enriched in this stage included axoneme
assembly (FDR < 0.01), a sperm structural component important for motility (Linck et al., 2016).
We identified several relevant spermatid markers including gapdhs (P < 0.001, Mann-Whitney U
test), well-known markers for mice spermatid (Hermann et al., 2018; Margaryan et al., 2015) and
krt8 (P <0.001, Mann-Whitney U test) identified in bull spermatozoa (Feugang et al., 2010).

Lastly, we identified a cluster as likely a mix of different testis somatic cells. In teleost
fish, the somatic components of the testis are made of connective tissue, including blood vessels,
myoid cells and immune cells, along with Leydig cells and Sertoli cells (Uribe et al., 2014). A
large group of clusters was located the farthest from the meiotic clusters in UMAP space,
suggesting the greatest difference in overall gene expression. All somatic cells likely clustered
together as a group when plotted against the other closely related meiotic cells. Across the large
somatic cluster, we found gatala (Figure 4.1), a canonical marker of Sertoli expression

(Wakabayashi et al., 2003), was significantly upregulated (P < 0.001, Mann-Whitney U test),
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along with ccng! (P <0.001, Mann-Whitney U test) a known marker of Leydig’s cells (Lin et
al., 2008). Additionally, we found high expression of genes known to function in connective and
immune tissues like #bae5 (P < 0.001, Mann-Whitney U test). Consistent with these markers, we
found GO terms consistent with erythroid cell development (FDR < 0.001), myeloid cell
homeostasis (FDR < 0.001), and immune development (FDR < 0.001). Additionally, we found
two additional clusters with no enrichment of spermatogenesis genes, that may represent other
somatic cell cluster, but we were unable to connect differentially expressed genes to known cell
types in testes.
Sex-linked gene expression across spermatogenesis

In mammals, the sex chromosomes show complete depletion of transcripts compared to
autosomes (meiotic sex chromosome inactivation, MSCI) (Turner et al., 2005; Turner, 2007,
2015). To determine whether meiotic silencing has evolved in threespine stickleback fish, we
compared average rates of transcription between sex-linked and autosomal genes across cell
clusters. When normalized for genome wide expression patterns within each cluster, we found
that gene expression is not silenced on the X chromosome (Figure 4.2). While the Y
chromosome does have lower expression than the X chromosome, Y-linked genes maintains
similar levels of expression across all stages of meiosis (Figure 4.2). In contrast to the
mammalian germline, we do not observe chromosome-wide silencing on the threespine
stickleback sex chromosomes during meiosis.

In mammalian round spermatids, the sex chromosomes remain largely repressed
(Namekawa et al., 2006; Turner et al., 2006), while a subset of genes are reactivated (Cocquet et
al., 2012; Cocquet et al., 2009; Moretti et al., 2016; Mueller et al., 2008). This is referred to as

post meiotic sex chromosome repression (PSCR) (Namekawa et al., 2006). We found that the
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stickleback X and Y chromosome exhibited a significant reduction in gene expression in post-
meiotic clusters (Figure 4.2). This finding suggests that the stickleback sex chromosomes are
repressed post-meiotically, in a similar manner as mammals, despite absence of meiotic
silencing. In mammals, PSCR is associated with the accumulation of sex-linked heterochromatin
(Hirota et al., 2018; Moretti et al., 2016). Consistent with this, we found that elevated expression
of heterochromatin protein coding gene cbx/ (P <0.001) enriched in late meiosis (Supplemental
figure 4.5), the stage of cells prior to sex-linked reduction in expression

We next sought to profile expression across differentially diverged regions of the X and
Y. The suppression of recombination on sex chromosomes often occurs in a stepwise
progression, resulting in distinct evolutionary strata. In threespine stickleback fish, three
evolutionary strata have evolved, all at distinct levels of sequence divergence corresponding to
age (Peichel et al., 2020). We hypothesized that distinct patterns of expression may be observed
across each stratum. To test this, we compared gene expression across each of the evolutionary
strata compared to autosomal expression. For the X chromosome, we found that transcriptional
dynamics across the younger two strata were similar (Figure 4.3), and consistent with
chromosome wide patterns including post-meiotic repression. However, we found a distinct
difference on the oldest region of the X chromosome, where gene expression was elevated across
spermatogenesis (Figure 4.3). In the oldest region the average expression of single copy X-linked
genes was elevated in multiple cell types compared to compared to autosomes. This finding
suggests that with higher divergence time, X-linked gametologs have evolved higher testis
expression.

Across each independently derived strata the Y -linked gametologs has similar expression

dynamics across spermatogenesis (Figure 4.3). We identified downregulation across all three
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strata, corresponding with the transition to post-meiotic cell types. After gene expression is
drastically down regulated, average gene expression increases in late spermatids. This expression
gain in the later stages of spermatogenesis may be due to genes important for sperm
development. We performed a GO-term enrichment analysis for these reactivated genes and
found three enriched pathways all associated with troponin (P < 0.001), enriched due to the
expression of three unique troponin genes.
Y gene duplicate expression is enriched in late spermatogenesis

In addition to the shared genes on the X and Y, the threespine stickleback has Y- specific
genes that have translocated to the Y from autosomes. Some of these genes have been duplicated
and exhibit testis-biased expression (Peichel et al., 2020), and may represent the early steps of
gene amplification observed on ancient Y chromosomes (Hughes et al., 2020; Soh et al., 2014).
Of 168 gene duplicate families identified previously (Peichel et al., 2020), we found detected
expression of over half of these in our spermatogenesis cell types. We found that most Y
duplicate families were expressed in late spermatids and showed higher relative expression
compared to all other cell types (Figure 4.4A). Transcripts derived from gene duplicates are
found depleted in early spermatid, and then subsequently increase expression in late- spermatid
to reach an average expression significantly higher than other stages across spermatogenesis
(Figure 4.4B; P < 0.01, Mann-Whitney U test). Combined, our results suggest evolution of Y-
linked amplification of post-meiotic expressed genes in threespine stickleback fish.
Relaxed selective constraint in late spermatogenesis

In other species, different stages of spermatogenesis have been shown to have opposing
signatures of selection. In mice, cell types in early stages are more evolutionarily constrained,

while later stages show signatures of rapid evolution (Kopania. et al., 2022). We tested if this
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pattern was evident throughout threespine stickleback spermatogenesis by identifying rates of
non-synonymous and synonymous substitutions within genes enriched for each of our cell-type
clusters. We found the lowest dn/ds ratios for genes enriched in spermatogonia was within early
meiotic clusters, while genes enriched in round- and late- spermatid clusters had higher ratios
(Figure 4.5A). This pattern suggests there are similarities in rates of molecular evolution between
fish and mammals.

The X chromosome exhibited unique patterns of molecular evolution. We found that
genes upregulated in meiosis have significantly elevated dn/ds compared to other stages,
including post-meiotic clusters (Figure 4.5B). This finding suggests that on the sex chromosomes
of threespine stickleback, genes expressed during meiosis are more likely to exhibit relaxed
selective constraints or perhaps positive selection. This finding may be due to transcriptional
patterns observed, where meiosis genes are expressed due to absence of MSCI, while gene
expression is repressed post-meiotically.

Discussion
Single-cell RNA-seq accurately identified different stages of threespine stickleback
spermatogenesis

Stickleback fish spermatogenesis occurs synchronously (Borg, 1981), where sperm are
not continuously replaced, but instead develop seasonally in conjunction with breeding seasons.
We found that clustering of cells based on single-cell RNA transcriptomics was similar to
previously described histological characterization (Borg, 1981; Borg & Veen, 1982; Sokotowska
& Kulczykowska, 2006) and also supports evidence that stickleback sperm mature
synchronously. However, despite largely synchronous cell division, we were able to use single-

cell transcriptome to distinguish different steps in spermatogenesis. Using genes of previously
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published transcriptomics spermatogenesis studies, we were able to find genetic markers to
characterize many expected stages of spermatogenesis. We found a greater proportion of meiotic
cells compared to other cell type, consistent with previous understanding of timing for sexually
mature males in synchronous spermatogenesis, where cysts tend to develop a large proportion of
cells as spermatocytes, and are not replaced as they transition through the stages of meiosis
(Borg, 1981; Sokotowska & Kulczykowska, 2006). Additionally, the pachytene stage of meiosis
is most commonly observed in histological sampling of fish spermatogenesis, as cells progress
rapidly through the later stages of meiosis 1 and meiosis II (Uribe et al., 2014), which means
experiments are less likely to capture these rarer cell types.

While we were able to distinguish multiple clusters of spermatocytes, we found some
overlap in expression of previously identified meiotic genes. This could mean that all of these
clusters are at a similar stage of meiosis implying that spermatocytes within cysts have similar
transcriptomes as they progress synchronously. Alternatively, many core meiotic genes may be
expressed in stickleback across meiosis. The latter is possible, as many meiotic genes have
detected expression across spermatocytes and spermatids even in species that undergo
continuous spermatogenesis ( Lukassen et al., 2018). We found gene expression profiles are
consistent with ‘Stage 1’ of spermatogenesis (Sokotowska & Kulczykowska, 2006), when the
spermatogenic cysts are mostly filled with spermatocytes. Interestingly, we were able to find
spermatogonia maintained in the more developed testis sample, despite finding most that most
cells had advanced beyond meiosis (Supplemental figure 4.1). This finding supports histological
evidence, that a small population of spermatogonia are maintained and still present in stage 5 of

spermatogenesis when sperm are ready for release (Sokotowska & Kulczykowska, 2006).
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Overall, we were able to recapitulate patterns of synchronous spermatogenesis using single-cell
transcriptomics, and identify markers for distinct stages of spermatogenesis.
No evidence for meiotic sex chromosome inactivation in stickleback fish.

Here, we found creating a single-cell expression atlas to be useful for comparing sex-
linked expression across the temporal trajectory of spermatogenesis. We found that the recently
evolved sex chromosomes of threespine stickleback do not exhibit widespread silencing in gene
expression across meiotic cell types. The molecular mechanism of MSCI in mammals is that
silencing is initiated by the unsynapsed chromatin of the X and Y in male meiosis (Hirota et al.,
2018; Turner, 2015). In mammals the lack of proper pairing along the non-PAR regions, results
in a delayed DSB repair (Lu & Yu, 2015). This likely triggers the accumulation of YH2AX
protein along the asynapsed region. The accumulation of YH2AX has been shown to lead to the
recruitment of heterochromatin (Hirota et al., 2018). Interestingly, the stickleback sex
chromosomes pair linearly during meiosis (Nath et al., 2022), despite large rearrangements
between the X and Y chromosome, and accumulation of sequence divergence (Peichel et al.,
2020). The pairing of the X and Y is likely mediated via non-homologous or micro-homology
directed synapsis. Our results suggest that lack of homology is not sufficient to trigger meiotic
silencing, at least in stickleback fish. It remains unclear if any histone modifications accumulate
on the X and Y chromosome during meiotic progression in stickleback fish to help repair double
stranded breaks.

Meiotic silencing in mammals may have evolved from an ancestral mechanism.
Identified in C. elegans, meiotic silencing of unsynapsed chromosomes leads to local silencing
of gene expression (Maine et al., 2005; Schimenti, 2005). But studies across species have

revealed the extent of silencing is variable within mammals (Federici et al., 2015), additionally,
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silencing and mechanisms are variable across other species with sex chromosomes (Guioli et al.,
2012; Vibranovski, 2014; Viera et al., 2021). It remains unclear what steps would need to take
place to evolve a similar silencing mechanism in threespine stickleback. For example, there may
be genes essential for meiosis, present on the ancestral regions of the sex chromosomes. In
mammals, these genes have duplicated on to autosomes (Bradley et al., 2004; Emerson et al.,
2004). Additionally, asynapsis may lead to meiotic arrest in cells that do not undergo meiotic
silencing (Turner, 2015). Stickleback fish could be an ideal model to genetically induce
asynapsis to identify if silencing is required in viable asynaptic cells.

Post-meiotic repression has evolved on the recently evolved sex chromosomes before
meiotic silencing.

Post-meiotic sex chromosome repression (PSCR) has multiple mechanistic hypotheses.
Initially, the discovery of PSCR was proposed to be a continuation of meiotic silencing
(Namekawa et al., 2006; Turner et al., 2006). In this model, meiotic silencing leads to a
repressive chromatin state by inducing the accumulation of H3K9me3 (Hirota et al., 2018), and
post meiotic repression is simply maintaining the chromatin state into late spermatids
(Namekawa et al., 2006), with only the exception of a few genes overcoming the silencing effect
(Cocquet et al., 2012; Cocquet et al., 2009; Mueller et al., 2008). However, recent evidence
proposed that drastic chromatin remodeling occurs in the transition of mice spermatocytes into
spermatids in (Moretti et al., 2016). This model proposed that PSCR is an independent process
and may be a mechanism of silencing intragenomic conflicts between the X and Y chromosomes
along with other amplified regions of the genome (Moretti et al., 2016). Our findings are
consistent with this hypothesis. We found that the stickleback sex chromosomes exhibit

signatures of post-meiotic repression, without first undergoing chromosome-wide silencing in
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meiosis. Our findings provide additional evidence that meiotic silencing and PSCR are
independent processes. While meiotic silencing has not evolved in stickleback because the
chromosomes maintain synapsis, post meiotic repression has seemingly evolved first and does
act on Y-linked duplicates.

Similar to mammals, we found that a burst of expression follows sex chromosome
repression, particularly on the Y chromosome. In mammals, many genes ‘escape’ post-meiotic
repression. Some of these genes are predicted to be involved intragenomic conflict because they
have coamplified on the X and Y chromosome, and are expressed in late spermatogenesis
(Kruger et al., 2019; Mueller et al., 2008). The stickleback Y chromosome has accumulated only
a fraction of the multi-copy gene families observed on older Y chromosomes (Bachtrog et al.,
2019; Hughes et al., 2020; Peichel et al., 2020; Soh et al., 2014). Despite being in the early
stages of gene amplification, here we found that over half of the gene duplicates found on the
stickleback Y chromosome are expressed in spermatid. This may suggest that intragenomic
conflict shaping sperm morphology or sex ratio drive can explain the accumulation of Y-linked
gene duplicates. Alternatively, round spermatid expressed genes may be poised to duplicate on
the Y. Genes expressed in these stages be more likely to duplicate due DSB repair (Alvarez-
Gonzélez et al., 2022), or due to the relaxed selective constraints associated with the advanced
specialization in later stages of development (Abzhanov, 2013; Kopania et al., 2022). Regardless
of mechanism, the stickleback sex chromosomes provide stronger evidence of evolution of post-
meiotic expressed gene duplicates on sex chromosomes. In addition to the expression of acquired
gene duplicates, we found late meiotic expression of ancestral gametologs enriched with genes
coding for troponin proteins. In muscle cells, troponin proteins interact with actin and myosin to

bind calcium signals. (Marston & Zamora, 2020). While calcium signaling does play a role in
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sperm (Correia et al., 2015), troponin does not have a previously described function in sperm.
Most expressed genes on older Y chromosomes thought to have roles in intragenomic conflict
have ancestral roles in testis before they translocated to the Y. Recently evolved sex
chromosomes like stickleback offer an opportunity to explore the evolution of gene expression of
genes that were on the Y ancestrally and may be evolving sex-biased roles.
Genes involved in late spermatogenesis are rapidly diverging.

Evolutionary divergence tends to increase in later stages of spermatogenesis (Abzhanov,
2013; Good & Nachman, 2005; Kopania. et al., 2022; Larson et al., 2016). We found that genes
involved in late spermatogenesis had higher rates of protein evolution, consistent with relaxed
constraint or positive selection. This finding shows that stickleback spermatogenesis genes show
similar patterns of molecular evolution as Drosophila (Baines et al., 2008; Meiklejohn et al.,
2003), pied flycatcher birds (Segami et al., 2022), and house mice (Kopania. et al., 2022; Larson
et al., 2016). Sexual selection is expected to drive phenotypic evolution in sperm morphology in
response to sperm competition or cryptic female choice. Sexual selection on fish
spermatogenesis may be different than in other species due to external fertilization, and
synchronous spermatogenesis (Fitzpatrick, 2020). Interestingly, stickleback fish exhibit paternal
care (Bell et al., 2018), where males build nests and guard eggs, thus reducing the capacity for
male-male competition despite having external fertilization. Despite these expected differences
in selective pressures between fish and mammals, we found similar patterns of molecular
evolution. This may highlight the robustness of selection acting on later stages of development in
different ecological settings. The diversity of reproductive strategies in fish could offer a unique

comparative approach to isolate the effect size of sexual selection.
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Figure 4.1. Single-cell RNA-seq of threespine stickleback spermatogenesis. Identified
clusters of pre-meiotic, meiotic, post-meiotic, and somatic cell populations across two males. A.
Visualization of single-cell expression profiles of two individuals in UMAP. Significantly
upregulated genes were determined by a Mann-whitney U test. Significantly upregulated genes
with consistent expression in other species were used to identify markers of cell populations. B.

log2Fold change Enrichment of key cell type describing genes are shown.



108

-
N

Sample 1

—
(V)

o o o
IS o o -
R
——
—
g
——
g
______::_____
—
—d
.

o
(V)

Average relative gene expression

o

1 2 3 4 5 6 7 8 9 10 11
Cell cluster
Spermatagonia Meiosis Post-meiosis

Figure 4.2. Sex-linked gene expression across stickleback spermatogenesis. X and Y
chromosome maintain relative expression across spermatogonia and meiotic cell types, but
experience post meiotic repression. Transcriptome alignments were extracted for each
spermatogenesis related cluster. Counts were normalized for library size of each cluster
alignment. Counts for each gene were divided by the average genome wide expression to
calculate relative gene expression. Average relative expression for autosomes (black), X-

chromosome (blue), Y chromosome (red). Error bars depict standard error of the mean.
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Figure 4.3. Gene expression of sex-linked gametologs across evolutionary strata. A.) The
oldest region of the X chromosome shows elevated expression patterns compared to recently
evolved in early and late meiosis. B.) Patterns of transcription are largely similar across
spermatogenesis genes expressed between the evolutionary strata on the Y chromosome.
Transcriptome alignments were extracted for each cluster. Counts were normalized for library
size of each cluster alignment. Counts for each transcript were divided by the average genome
wide expression to calculate relative gene expression. Genes were divided into evolutionary
stratum based on their position on the X and Y chromosomes; Stratum 1 (red), Stratum 2

(yellow), Stratum 3 (blue). Error bars depict standard error of the mean.
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gene duplications are more likely expressed in late meiosis. 87 out of 168 total Y gene duplicates

are expressed in the final two clusters of spermatogenesis. Relative rates of transcription

drastically decrease at the end of meiosis and regain transcription in late spermatid. Genes with >

4 counts were counted as expressed. Counts for all paralogs were added together as a proxy for

duplicate family expression. Expression was normalized by dividing number of counts by the

library size of each cluster. Relative expression was calculated by dividing expression by the

average genome wide expression of each cluster. Error bars represent standard error of the mean.
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Figure 4.5. Molecular evolution across threespine stickleback spermatogenesis. dn/ds ratios
were calculated for coding sequence that aligns between threespine stickleback fish and
ninespine stickleback fish. In panel A, dn/ds of autosomal genes is lowest in early
spermatogonia, and shows elevated divergence, in mid-late spermatocytes, and late spermatids (P
<0.01, Mann-whitney U test). In panel B, The X chromosome shows elevated dn/ds ratios only

in early meiosis (P <0.01).
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Table 4.1. Identification of clusters reveals genetic markers and gene ontology of distinct
stages of spermatogenesis.

Cluster Characterization Representative Relevant GO terms
identification spermatogenic-related (FDR <0.01)
markers identified in
cluster (P <0.01)
Early Undifferentiation, id4, npsn, ptpn6, myh9a, | cell homeostasis, cell number
Spermatogonia | maintenance ctss2.1 helsl, ponzrl, homeostasis, NADP
corola, itgh2, scinlb metabolic process
Late Differentiating, cell gatab, idl, ar, grnb, ptn, | Differentiation, chromosome,
Spermatogonia | proliferation, hormones cycl, prdx3, ctsa, h2ax | cell cycle
Early Early prophase, DSB smc2b, smclal hells, core histone, centromere
Spermatocytes | formation rab5c,rab35b,cbx3a, kinetochore, tubulin,
NASP,tex11 ribosomal
Mid Late prophase, DSB rad51, rad54, meigl, embryo development, cell
spermatocytes processing and strand cenal, map2k6,akirin2, | cycle, regulation of cell
invasion cdk9, mnsl, dyrk2, cycle, recombination
cenbl
Mid-Late Late meiosis, spindle smc3, rab24, cenpv, chromosome organization,
spermatocytes assembly cetn2,dnall,cbx8b,rab8 | condensed chromosome,
a,spagl,mospdl,cdc37 centromere, chromosome
segregation, spindle
Late Late meiosis, segregation cbxl, caprinla, ccnb?2, Sister chromatid segregation,
spermatocytes and cell division cfap57, SMARCAS, cell cycle, cilium
cdca8,rad23b, organization, nuclear
smc4,ncapd?2,spatal8,nu | division, organelle fission,
sapl, fzrla kinetochore
Early Spermiogenesis akl, taf9, ybx1,mapéa, Cilium, motile cilium, dynein
Spermatids dctn3 complex, centriole

Late spermatid

Sperm maturation

gapdh, gapdhs,
krt18a.1, arpc3, myh9b

Axoneme assembly,
axoneme, ciliary plasm

Somatic cluster

Sertoli, erythrocytes,
connective tissue, Leydig

gatala, hbael, hbel,
ctrl, ccngl

Myeloid cell homeostasis,
erythrocyte development,
immune system development
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Supplemental figures

Supplemental Figure 4.1. CellRanger UMAP clustering

UMAP clustering of 2 males (A) clusters into 14 clusters using CellRanger. Both replicates show
distinct stages of spermatogenesis with some overlap of cell types. Spatial clustering is similar to
results from Seurat.
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Supplemental figure 4.2. Single-cell gene expression quality control and filtering. Sample 1
(left) and sample 2 (right) showed similar numbers of reads and significant principal components

across runs. We found a similar number of mapped features and reads per sample. We used

elbow plots and jackstraw permutations to identify significant principal components to be used

for downstream clustering.
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Supplemental figure 4.3. Feature and molecule counts per cluster.

Reads and expressed genes are expressed evenly across most clusters. Feature counts were
determined by counting the number genes expressed within each cell. UMI per cell is determined
by counting the number unique molecular identifiers for each cell per cluster.
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Supplemental figure 4.4. Expression of core meiotic genes across multiple meiotic clusters.
Expression was plotted for several key meiotic genes. Many conserved genes important for
meiosis were expressed at low levels across cells within our meiotic clusters, but not all were
significantly upregulated within a single sub-cluster of meiosis. Of these six genes, only rad51
and tex] 1 were significantly upregulated in a cluster (P < 0.001). dmcl, and spol 1, have low
expression across a few clusters, while msh3, and mlhl were only detected in a few cells.



117

101

UMAP_2
[ SRS

-101

-201

10 5 0 5 10
UMAP_1

Supplemental Figure 4.5. Heterochromatin protein chx1b expression in late meiosis.
Expression was plotted for chx /b and shows elevated expression in the meiotic cluster. Cbx1b is
significantly upregulated in late meiosis compared to all other clusters (P < 0.001, Mann-
Whitney U test).
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS
Identifying adaptive loss of expression

The recent evolution of X and Y chromosomes in stickleback fish has provided an
excellent model for testing hypotheses of regulatory evolution. I found that ancestral accessible
chromatin regions (ACRs) are rapidly evolving on the Y chromosome compared to autosomal
ACRs, and to neutrally evolving sequence on the Y chromosome. I found that this divergence
correlates with expression changes and in some tissues may be largely associated with
downregulation. This represents evidence to support recent theory (Lenormand et al., 2020;
Lenormand & Roze, 2022), that rapid regulatory evolution is an integral component of sex
chromosome evolution.

When dealing with the unique evolutionary constraints of Y chromosomes, it is important
to consider alternative drivers of elevated divergence rates. Elevated divergence rate in Y-linked
ACRs may be driven by non-adaptive alternatives. Elevated mutation rates could cause the
observed trends if this only occurred in ACRs. Male-biased mutation rates have been observed in
some species due to the increased rate of cell divisions in spermatogenesis compared to
oogenesis (Ellegren, 2007; Hurst & Ellegren, 1998). Elevated ACR divergence seems unlikely to
be driven by male-biased mutation rates, as these patterns would also be observed throughout the
remainder of the Y chromosome. Synonymous substitution rates are the same on both the X and
Y chromosomes, indicating male-biased mutation is not occurring in threespine stickleback fish

(White et al., 2015).
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It is important to consider the role of sequence composition-based mutations rates.
Promoters of many species are GC- rich (Fenouil et al., 2012; Kostyuchenko et al., 2018). GC-
rich regions tend to have higher mutation rates (Ellegren et al., 2003), due to cytosine
deamination (Fryxell & Zuckerkandl, 2000), or GC biased conversion (Pessia et al., 2012).
However, we were able to normalize for GC content by comparing to divergence within
intergenic regions with similar sequence composition, which should be subject to same mutation
biases, absent of selection. Instead, we still found nucleotide divergence to be lower within
intergenic regions compare to ACRs allowing us to infer as signatures of selection.

DNA double strand breaks (DSBs) may occur more often in ACRs and error prone repair
of these breaks could lead to elevated mutation rates. Genome wide, DSBs are expected to
accumulate at promoter sequence (Shanfelter et al., 2019) and open regions of chromatin
(Marand et al., 2017; Spruce et al., 2020). Homology directed repair, like crossovers, are
efficient at repairing DSBs. But alternative repair pathways include repair through non-
homologous end joining (NHEJ) and micro-homology mediated end joining (MHME]J), that
typically result in errors during the repair process (Chang et al., 2017; McVey & Lee, 2008).
These types of repair pathways often result in deletions (McVey & Lee, 2008), that leave distinct
molecular signatures that can be identified through sequencing approaches (Chang et al., 2022).
Despite suppression of crossovers (Peichel et al., 2020), DSBs still occur on the stickleback X
and Y chromosome at a similar rate compared to autosomes (Nath et al., 2022). Without
homologous sequence to repair double strand breaks, DSBs on the sex chromosomes in males
may be repaired more often with non-homology based DSB repair, resulting in an increased
mutation rate within ACRs specifically. Consequently, non-homology based DSB repair

mechanisms are more likely to result in small indels at sites of repair (McVey & Lee, 2008).
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However, we observed elevated rates of point substitutions at ACRs, rather than deletions.
However, if DSB repair errors occur at a high rate on sex-linked ACRs, these haplotypes may be
deleterious. Given the choice between alleles with large deletions of ACRs, compared to alleles
with only point mutations, the latter may be favorable, thus increasing the amount of sequence
divergence specifically at ACRs. In other words, mutations that only lower transcription slightly
by altering a few base-pairs may be preferred to large deletions that may erase transcription
factor binding sites on the Y chromosome.

One way to test this hypothesis is to map DSB accumulation across a generation of
meiocytes by profiling DNA binding protein associated with DSB like rad51 or dmcl.
Enrichment of these DSB repair DNA binding proteins would allow us to identify potential
hotspots of DNA damage. We predict that DSB accumulation would be enriched around
promoter sequence and regions otherwise accessible in meiosis. These sites may be subject to
repair through efficient repair programs such as gene conversion, or through error-prone
processes like NHEJ or MHMEJ. The latter should be associated with newly formed deletions,
that would not be observed in the parent. We could identify de novo deletions, by sequencing
pools of sperm with long read DNA sequencing. I predict that these small deletions occur in
DSB hotspots such as promoters and ACRs. However, many deletions may be deleterious in
these regions and selected against, either at the haploid stage directly on the sperm, or on the
population level. If we observed a high number of sperm haplotypes with de novo deletions,
despite not observing these in the population data or lab crossed offspring, we could infer that
negative selection purges these errors from populations. I predict that deletions within ACRs
would be under strong negative selection and exist at low allele frequencies, compared to the

number that are detectable within a pool of sperm.
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Functional testing of cis-regulatory variation on sex chromosomes.

In chapter 2, I proposed a model for weakened purifying selection driving observed
patterns of accelerated substitutions on the Y chromosome. In this model, gene expression is first
reduced for Y gametologs due to weakened purifying selection. Next, genes with dosage
sensitive functions, are more likely to accumulate substitutions that restore expression.
Distinguishing adaptive loss of expression from the compensatory model could be done by
identifying if the Y-linked substitutions are more likely associated with gain or loss of
expression. In the compensatory model, mutations would accumulate neutrally first, leading to
downregulation, followed by elevated rates of divergence associated with restoring gene
expression. Contrasted to the adaptive loss of expression model where most mutations should
lead to downregulation. Identifying the direction and effect size of observed ACR mutations
could help resolve this model. /n vitro enhancer reporter assays (Roman et al., 2020), could help
determine the regulatory potential of previously found ACRs, to determine if mutations lead to
loss or gain of function in regulatory elements. Additionally, in vivo approaches could be done in
stickleback fish by using CRISPR/Cas9. The integration of GFP reporters has previously been
done in stickleback fish to identify tissue specific expression of cis-regulatory elements
(Wucherpfennig et al., 2022). Additionally, CRISPR/cas9 mediated mutagenesis of X-linked
ACRs, could be performed to reproduce the mutations observed in the corresponding Y-linked
ACRs. Expression differences could be quantified using RNA-seq across mutagenized X
gametologs compared to wildtype. For example, if we found that most observed Y-linked
mutations can lead to reduction of expression, this would suggest that rapid evolution of these

regions on the Y chromosome are driven by adaptive loss of expression. However, if most
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mutations lead to gain of expression, this will show that provide evidence that most Y-linked
mutations are evolving to compensate for previously accrued deleterious mutations.
Genetic basis of chromatin accessibility on Y chromosomes

While I focused on sequence changes underlying accessible regions on the sex
chromosomes, changes in chromatin accessibility itself can also lead to expression changes.
There could be differences in accessibility between homologous regions on the X and Y
chromosome. Y chromosomes tend to accumulate TEs (Chang et al., 2019; Chang et al., 2022;
Chang & Larracuente, 2019; Mahajan et al., 2018; Peichel et al., 2020), DNA methylation
(Rodriguez Lorenzo et al., 2018; W. Zhang et al., 2008), and histone methylation (Nguyen &
Bachtrog, 2021; Zhou et al., 2013), that can all lead to broad scale changes in chromatin structure
(Allshire & Madhani, 2018). This broad scale change in chromatin structure could cause the loss
of fine scale chromatin accessibility, especially if regions are rapidly evolving and shutting
down.

Additionally, profiling chromatin accessibility in outgroup species, may enable us better
identify shifts in accessibility on the Y chromosome. In the case of changes in accessibility
between the X and Y chromosome, it is possible that the X chromosome is gaining new
accessible chromatin regions, or the Y chromosome is losing ACRs. Additionally, we focused on
conserved non-coding sequence between the X and Y. Alternative methods could focus on new
ACRs that are not present in both, and lead to divergent expression patterns. Profiling ACRs in
an outgroup species, like ninespine stickleback fish, could help identify the evolution of
chromatin accessibility. Additionally, this approach could identify if ACRs that accumulate
sequence changes are more likely to lose accessibility and help explore the genetic basis of

chromatin accessibility on the Y chromosome.
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Profiling Y chromatin accessibility remains a challenge. Despite having high quality
genome assemblies, alignment of short read data may not be sufficient to accurately call ACRs
on the Y chromosome. Divergent regions of Y chromosome accumulate repetitive sequence that
can complicate assemblies and short read mapping. Additionally, highly homologous regions of
the X and Y, such as those recently evolved, can complicate the alignment of X and Y reads. As
technology improves, techniques that combine chromatin profiling with long read DNA
sequencing, would be especially useful for studying functional genomics of Y chromosomes.
Functional genomics on Y chromosomes

To study the regulatory evolution on the Y chromosome, I only focused on ACRs.
Additional consideration for Y regulatory evolution should be focused on the accumulation of
changes to DNA and histone methylation. These marks are known to affect the expression of
nearby genes, often leading to repressive chromatin states (Allshire & Madhani, 2018; Elgin &
Reuter, 2013; Lee, 2015; Lee & Karpen, 2017). Repressive chromatin marks like 5-mc DNA
methylation and H3K9me?2/3 histone modifications have been found enriched on Y
chromosomes (Brown et al., 2020; Nguyen & Bachtrog, 2021; Rodriguez Lorenzo et al., 2018;
W. Zhang et al., 2008; Zhou et al., 2013). It would be interesting to identify the accumulation of
these marks on the threespine stickleback Y chromosome and compare to changes in sequence
evolution and expression. Approaches that map repressive marks along the Y chromosome could
help explain the loss of expression if accumulation is proximal to downregulating genes.

Additionally, exploring heterochromatin and DNA methylation evolution between the X
and Y chromosome could help untangle how repressive chromatin marks spread. I predict that
more sequence differentiation and accumulation of repetitive elements will have gained changes

in repressive histone markers associated with heterochromatin (H3K9me?2/3). Profiling these
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marks across the evolutionary strata of the Y chromosome may untangle the timing of the
accumulation of different marks. Heterochromatin machinery may diffuse along Y chromosomes
to silencing transposable elements (Allshire & Madhani, 2018; Lee, 2015), that spread rapidly
after the evolution of Y chromosomes (Mahajan et al., 2018; Peichel et al., 2020). Additionally,
chromatin landscapes may evolve to help facilitate adaptive downregulation of Y-linked genes.
Genes located near newly formed heterochromatin may be subject to downregulation (Elgin &
Reuter, 2013). But important genes, like post-meiotic expressed genes, may evolve ways to
avoid silencing (Moretti et al., 2016). Stickleback sex chromosomes are an excellent model to
elucidate the complex relationship between sequence evolution and epigenomic features.
Alternative approaches to studying the evolution of spermatogenesis

Single-cell RNA-seq is a novel and quickly evolving field. Best practices would involve
validating cell type expression markers with other methods such as in situ hybridization, qPCR,
or histology. In the case of stickleback spermatogenesis, these approaches are limited in scope.
Timing of spermatogenesis is highly variable, because stickleback spermatogenesis proceeds
synchronously (Borg, 1981), and the cascade of spermatogenesis is initiated by environmental
cues. Fish hatched from the same clutch may have testes at different stages of spermatogenesis.
Even individual testes within an individual can have variable amounts of germ cells. All of these
factors together make replicates and validation difficult. Spatial transcriptomics (Stahl et al.,
2016) could help resolve the issue by overlaying cell morphology of somatic and germ cells,
histological markers, and gene expression of the same sample.

Our approaches to study gene expression were limited to identifying differences between
the X and Y, without an understanding of ancestral level of expression. By performing single-

cell gene expression across ninespine stickleback fish, we could identify which genes on the



131

threespine stickleback sex chromosomes were important ancestrally. We could also use this
ancestral comparison to investigate if the X-biased gene expression we observed throughout
stratum one is due to increased X-linked gametolog expression to compensate for loss of
expression from the Y chromosome.

We were able to identify the convergent evolution of post-meiotic sex chromosome
repression in stickleback fish. In mammals, the mechanism of repression is linked to the
accumulation of heterochromatin in post-meiosis (Moretti et al., 2016). Consistent with this
model, we found up-regulation of heterochromatin proteins in cell clusters of late meiosis.
However, it remains unclear what would target these proteins specifically to the sex
chromosome. An interesting experiment to test this idea is to isolate meiotic and post-meiotic
cells and profile chromatin marks across these stages using CUT&RUN (Akdogan-Ozdilek et al.,
2022). We could identify if repressive histone modifications are responsible for the loss of
expression on the sex chromosomes.

In teleost fish, a whole genome duplication has led to an increase in copy number of
many genes (Glasauer & Neuhauss, 2014), including multiple paralogs of genes involved in
DNA methylation and chromatin modification. In zebrafish, these paralogs have been knocked
down to reveal the targets of repressive chromatin modifiers (Calvird et al., 2022). It would be
possible to develop a genetic screen approach to test what modifiers of chromatin are responsible
for silencing the sex chromosomes. Additional inquiry is essential to identify how the sex
chromosomes are specifically targeted. Molecular targets may be able to quickly evolve along
the sex chromosomes linked to the accumulation of transposable elements and rapid cis-

regulatory evolution. One interesting candidate gene is setdblb. The mammalian ortholog has
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been identified as crucial for lowering gene expression in meiosis specifically on the sex
chromosomes (Hirota et al., 2018).
Identifying roles of gene duplications in stickleback fish

Despite post-meiotic repression, we identified an enrichment of gene duplicates
expressed in the final stages of spermatogenesis. These duplicates, along with some gametologs,
seem to escape the post-meiotic repression and regain expression. Genes expressed post-
meiotically are essential for developing mature sperm. These genes may be under selection to
increase in copy number. Increases in copy number could be selected for if the increased dosage
of these genes alter sperm morphology in a beneficial way.

Gene family evolution across stickleback Y chromosomes could help elucidate the
adaptiveness of gene duplication on the Y chromosome. If the duplicates in threespine
stickleback fish have large effects on fitness, the same gene families could have translocated and
amplified on other Y chromosomes in stickleback fish. We could test this hypothesis by
annotating duplicates along the other sex-limited chromosomes of stickleback fish. Convergent
evolution of the same gene duplications could be strong evidence for an adaptive role.
Alternatively, duplication may occur on Y chromosomes frequently to different types of genes.
In such case, increases in copy number may happen independent of gene function, and primarily
serve to avoid deleterious loss of expression, or facilitate meiotic gene conversion.

In house mice, the co-amplification of sly and s/x is proposed to be driven by
intragenomic conflict (Cocquet et al., 2012; Cocquet et al., 2009). One potential mechanism of
conflict is sex-ratio drive, where increases in copy number between the X and Y chromosomes
result in skewed sex ratios (Cocquet et al., 2012; Cocquet et al., 2009; Kruger et al., 2019). This

has been demonstrated in house mice, where alterations in copy number of sex-linked amplicons



133

led to skewed sex ratios (Kruger et al., 2019). However, in mice, it is challenging to test small
differences in sex ratio, without large sample sizes of offspring. Stickleback fish offer an exciting
model to test similar hypotheses. We could test the function of copy number of Y duplicates in
two different approaches. 1°') We could delete copies of gene duplicates on the Y chromosome
using CRISPR/cas9, and 2™%) crossing strategies can be utilized to create offspring with mis-
matched sex-chromosome pairs (E. E. K. Kopania et al., 2022). We could identify populations
with copy number variation of Y chromosome duplicates and create hybrids with population
mis-matched XY males. In both mutant and hybrid fish, we could screen for phenotypes
associated with copy number differences of duplications. Phenotypes that we may expect would
include changes in sperm head morphology, or sperm tail length. As well as significant
departures from 50/50 sex ratios in offspring. Identifying the function of these duplicates would
help explain why these genes are enriched in post-meiotic round spermatid and if they are under
selection. Mutants that have knocked-down copies of Y-linked duplicates and phenotypes could
help identify the function of the genes in stickleback. Constantly, hybrids with mismatched copy
number variation could help us identify the role of copy number, and identify if interactions
between the X and Y are important for developing sperm.

Conclusions

The high-quality genome assembly in stickleback fish has been a powerful approach to study the
evolution of recently evolved sex chromosomes. Our analysis of the Y chromosome has revealed
that gene expression evolves rapidly through cis-regulatory evolution and may be driven by
spermatogenesis evolution. Analysis of sex chromosomes in other species may reveal how

universal the role of gene expression evolution is in the evolution of sex chromosomes.
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Supplemental Table 1. Uncharacterized genes enriched in spermatogonia cells
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Cell type Gene Chromosome Fold change Percent of | Adjusted P-
(log2) cells value

Early Spermatogonia | ENSGACG00000015423 chrll 0.660235532 0.19 7.53335E-
95

Early Spermatogonia | ENSGACG00000004750 chrVI 1.273021376 0.463 | 8.106E-297
Early Spermatogonia | ENSGACG00000012927 chrVIII 2431813574 0.973 0
Early Spermatogonia | ENSGACG00000001123 scaffold 129 2.076076396 0918 0
Early Spermatogonia | ENSGACG00000014415 chrll 1.733711453 0.66 0
Early Spermatogonia | ENSGACG00000004882 chrXXI 0.85460714 0.238 | 1.466E-268
Early Spermatogonia | ENSGACG00000012951 chrVIII 0.864085175 0.279 8.5813E-
226

Early Spermatogonia | ENSGACG00000016070 chrll 1.040140767 0.354 3.5637E-
117

Early Spermatogonia | ENSGACG00000000546 scaffold_229 0.562109739 0.15 2.4673E-
116

Supplemental Table 2. Gene ontology enrichment of cell clusters

Cell Cluster Enrichment | Genes Pathway Fold Pathway

FDR Genes Enrichment
Early Spermatids 0.0000 95 984 2.0222 Organelle organization
Early Spermatids 0.0000 71 612 2.3529 RNA binding
Early Spermatids 0.0000 59 431 2.6521 Catalytic complex
Early Spermatids 0.0000 50 284 3.8066 Microtubule-based process
Early Spermatids 0.0000 48 286 3.4376 Microtubule cytoskeleton
Early Spermatids 0.0000 47 289 2.2189 Organelle envelope
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Early Spermatids 0.0000 47 289 2.2189 Envelope

Early Spermatids 0.0000 47 414 2.0904 Establishment of localization in cell

Early Spermatids 0.0000 45 430 2.6593 ATP-dependent activity

Early Spermatids 0.0000 45 409 2.2771 Membrane-enclosed lumen

Early Spermatids 0.0000 45 409 2.2771 Organelle lumen

Early Spermatids 0.0000 45 409 2.2771 Intracellular organelle lumen

Early Spermatids 0.0001 44 432 2.0657 Cell projection organization

Early Spermatids 0.0000 43 378 2.4225 Nuclear protein-containing complex

Early Spermatids 0.0000 43 344 2.3145 Intracellular transport

Early Spermatids 0.0000 42 365 2.5534 Cell cycle

Early Spermatids 0.0001 39 234 2.1401 Mitochondrial envelope

Early Spermatids 0.0000 36 266 2.6454 Intracellular protein-containing complex

Early Spermatids 0.0002 35 214 2.1433 Mitochondrial membrane

Early Spermatids 0.0000 34 246 2.9621 Organelle assembly

Early Spermatids 0.0000 34 176 2.5885 Generation of precursor metabolites and energy

Early Spermatids 0.0005 33 308 2.0811 Supramolecular complex

Early Spermatids 0.0001 32 260 2.2725 Plasma membrane bounded cell projection

Early Spermatids 0.0001 31 260 2.3183 Macromolecule catabolic process

Early Spermatids 0.0001 31 311 2.2980 Chromosome

Early Spermatids 0.0000 30 153 4.0241 Cilium organization

Early Spermatids 0.0000 30 141 2.7859 Mitochondrial inner membrane

Early Spermatids 0.0000 30 152 2.6136 Organelle inner membrane

Early Spermatids 0.0001 30 247 2.3693 Cellular macromolecule catabolic process

Early Spermatids 0.0002 30 305 2.3047 Nuclear lumen

Early Spermatids 0.0000 29 111 5.6993 Cilium

Early Spermatids 0.0000 28 148 3.8790 Cilium assembly

Early Spermatids 0.0000 28 158 3.5316 Plasma membrane bounded cell projection
assembly

Early Spermatids 0.0000 28 161 3.4797 Cell projection assembly

Early Spermatids 0.0013 25 202 2.2239 Polymeric cytoskeletal fiber

Early Spermatids 0.0000 24 159 3.2712 Cell cycle process

Early Spermatids 0.0000 24 150 3.0271 Microtubule

Early Spermatids 0.0001 24 186 2.6340 Protein catabolic process

Early Spermatids 0.0006 24 255 2.3861 ATP hydrolysis activity

Early Spermatids 0.0007 24 200 2.3583 Transferase complex

Early Spermatids 0.0000 23 137 4.0493 Microtubule-based movement

Early Spermatids 0.0004 23 172 2.4919 Cell division

Early Spermatids 0.0000 22 131 3.7942 Microtubule cytoskeleton organization

Early Spermatids 0.0000 22 75 3.6454 Electron transport chain

Early Spermatids 0.0001 22 97 2.8169 ATP metabolic process

Early Spermatids 0.0004 22 178 2.5822 Cellular protein catabolic process

Early Spermatids 0.0010 22 188 2.4145 Nucleoplasm
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Early Spermatids 0.0000 21 90 3.0597 Energy derivation by oxidation of organic
compounds

Early Spermatids 0.0008 21 176 2.4995 Proteolysis involved in cellular protein
catabolic process

Early Spermatids 0.0010 21 263 2.4648 Chromosome organization

Early Spermatids 0.0000 20 67 4.4477 Protein folding

Early Spermatids 0.0000 20 63 3.7559 Aerobic respiration

Early Spermatids 0.0000 20 67 3.6742 Cellular respiration

Early Spermatids 0.0015 20 221 2.4495 MRNA metabolic process

Early Spermatids 0.0000 19 98 4.5875 Microtubule organizing center

Early Spermatids 0.0000 19 73 3.7340 Translation regulator activity

Early Spermatids 0.0000 19 125 3.3451 Mitotic cell cycle

Early Spermatids 0.0004 19 137 2.8169 Tubulin binding

Early Spermatids 0.0000 18 63 3.9003 Translation regulator activity, nucleic acid
binding

Early Spermatids 0.0001 18 75 3.1043 Proton transmembrane transporter activity

Early Spermatids 0.0054 18 148 2.3402 Ribonucleoprotein complex

Early Spermatids 0.0000 17 60 3.9906 Translation factor activity, RNA binding

Early Spermatids 0.0001 17 62 3.2650 Electron transfer activity

Early Spermatids 0.0000 16 46 4.3616 Respirasome

Early Spermatids 0.0001 16 94 3.6543 Mitotic cell cycle process

Early Spermatids 0.0004 16 170 3.0730 MRNA processing

Early Spermatids 0.0016 16 115 2.7594 Microtubule binding

Early Spermatids 0.0090 16 133 2.3721 Ubiquitin-dependent protein catabolic process

Early Spermatids 0.0000 15 29 6.6716 Protein-containing complex localization

Early Spermatids 0.0000 15 48 3.9613 Nucleobase-containing compound transport

Early Spermatids 0.0005 15 91 3.1690 Peptidase complex

Early Spermatids 0.0077 15 82 2.4855 Proton transmembrane transport

Early Spermatids 0.0000 14 41 5.3777 Translation initiation factor activity

Early Spermatids 0.0000 14 42 5.1439 Unfolded protein binding

Early Spermatids 0.0000 14 45 4.7324 Translational initiation

Early Spermatids 0.0002 14 125 3.5851 Helicase activity

Early Spermatids 0.0001 13 34 4.2253 Oxidative phosphorylation

Early Spermatids 0.0002 13 74 3.7882 Proteasome complex

Early Spermatids 0.0009 13 79 3.3291 Endopeptidase complex

Early Spermatids 0.0012 13 43 3.2311 Oxidoreduction-driven active transmembrane
transporter activity

Early Spermatids 0.0000 12 54 4.8290 Microtubule associated complex

Early Spermatids 0.0001 12 29 4.6095 Nucleic acid transport

Early Spermatids 0.0001 12 29 4.6095 RNA transport

Early Spermatids 0.0001 12 29 4.6095 Establishment of RNA localization

Early Spermatids 0.0001 12 31 4.4090 RNA localization

Early Spermatids 0.0078 12 127 2.8169 Ribonucleoprotein complex biogenesis

Early Spermatids 0.0000 11 32 6.1972 Cytoskeleton-dependent intracellular transport
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Early Spermatids 0.0000 11 35 6.1972 Microtubule-based transport

Early Spermatids 0.0000 11 56 5.1643 Chromosomal region

Early Spermatids 0.0001 11 59 4.8925 RNA helicase activity

Early Spermatids 0.0001 11 59 4.8925 ATP-dependent activity, acting on RNA

Early Spermatids 0.0001 11 26 4.6479 MRNA transport

Early Spermatids 0.0003 11 57 4.2253 Organelle fission

Early Spermatids 0.0003 11 50 4.2253 Nuclear transport

Early Spermatids 0.0003 11 50 4.2253 Nucleocytoplasmic transport

Early Spermatids 0.0010 11 42 3.7183 Nucleoside triphosphate metabolic process

Early Spermatids 0.0010 11 55 3.7183 Spindle

Early Spermatids 0.0028 11 58 3.3199 Positive regulation of cellular protein metabolic
process

Early Spermatids 0.0028 11 58 3.3199 Positive regulation of protein metabolic process

Early Spermatids 0.0021 10 37 3.6742 Nucleoside triphosphate biosynthetic process

Early Spermatocytes | 0.0000 35 1311 7.3579 Non-membrane-bounded organelle

Early Spermatocytes 0.0000 35 1311 7.3579 Intracellular non-membrane-bounded organelle

Early Spermatocytes | 0.0000 24 1767 3.3751 Cellular nitrogen compound biosynthetic
process

Early Spermatocytes 0.0000 23 346 14.4761 Structural molecule activity

Early Spermatocytes | 0.0000 23 793 6.3309 Organonitrogen compound biosynthetic
process

Early Spermatocytes 0.0000 23 1806 3.2256 Cellular macromolecule biosynthetic process

Early Spermatocytes | 0.0000 23 1814 3.2082 Macromolecule biosynthetic process

Early Spermatocytes 0.0000 22 150 22.0472 Ribosome

Early Spermatocytes | 0.0000 22 296 14.5568 Translation

Early Spermatocytes | 0.0000 22 299 14.3725 Peptide biosynthetic process

Early Spermatocytes 0.0000 22 326 13.2027 Amide biosynthetic process

Early Spermatocytes | 0.0000 22 336 12.9763 Peptide metabolic process

Early Spermatocytes 0.0000 22 401 10.6613 Cellular amide metabolic process

Early Spermatocytes | 0.0000 21 134 23.5613 Structural constituent of ribosome

Early Spermatocytes 0.0001 19 1665 3.2741 Protein-containing complex

Early Spermatocytes 0.0008 18 1817 2.8194 Purine ribonucleoside triphosphate binding

Early Spermatocytes 0.0009 18 1841 2.7731 Purine ribonucleotide binding

Early Spermatocytes 0.0010 18 1849 2.7566 Ribonucleotide binding

Early Spermatocytes | 0.0010 18 1856 2.7485 Purine nucleotide binding

Early Spermatocytes 0.0018 18 1930 2.6059 Carbohydrate derivative binding

Early Spermatocytes | 0.0004 17 1682 3.1113 Cellular component organization or biogenesis

Early Spermatocytes 0.0000 15 570 7.0378 Pyrophosphatase activity

Early Spermatocytes 0.0000 15 576 7.0378 Hydrolase activity, acting on acid anhydrides

Early Spermatocytes 0.0000 15 576 7.0378 Hydrolase activity, acting on acid anhydrides,
in phosphorus-containing anhydrides

Early Spermatocytes 0.0025 15 1596 2.8567 Cellular component organization

Early Spermatocytes | 0.0000 14 542 6.9811 Nucleoside-triphosphatase activity

Early Spermatocytes 0.0001 14 984 4.4464 Organelle organization
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Early Spermatocytes 0.0026 14 1407 2.9857 ATP binding

Early Spermatocytes 0.0030 14 1426 2.9312 Adenyl ribonucleotide binding

Early Spermatocytes 0.0030 14 1428 2.9253 Adenyl nucleotide binding

Early Spermatocytes 0.0000 12 430 11.1590 ATP-dependent activity

Early Spermatocytes | 0.0000 10 38 35.5934 Ribosomal subunit

Early Spermatocytes 0.0000 10 67 32.2565 Protein folding

Early Spermatocytes | 0.0000 10 148 19.1150 Ribonucleoprotein complex

Early Spermatocytes | 0.0000 10 255 14.5381 ATP hydrolysis activity

Early spermatogonia 0.0000 56 1311 9.8658 Non-membrane-bounded organelle

Early spermatogonia | 0.0000 56 1311 9.8658 Intracellular non-membrane-bounded organelle

Early spermatogonia 0.0000 49 150 40.5648 Ribosome

Early spermatogonia | 0.0000 49 1767 5.7001 Cellular nitrogen compound biosynthetic
process

Early spermatogonia 0.0000 49 1806 5.6769 Cellular macromolecule biosynthetic process

Early spermatogonia | 0.0000 49 1814 5.6462 Macromolecule biosynthetic process

Early spermatogonia 0.0000 48 296 26.2366 Translation

Early spermatogonia | 0.0000 48 299 25.9045 Peptide biosynthetic process

Early spermatogonia | 0.0000 48 346 25.1098 Structural molecule activity

Early spermatogonia 0.0000 48 326 23.7959 Amide biosynthetic process

Early spermatogonia | 0.0000 48 336 23.3880 Peptide metabolic process

Early spermatogonia 0.0000 48 401 19.2155 Cellular amide metabolic process

Early spermatogonia | 0.0000 48 793 10.9436 Organonitrogen compound biosynthetic
process

Early spermatogonia 0.0000 47 134 43.5612 Structural constituent of ribosome

Early spermatogonia | 0.0008 19 1665 2.7413 Protein-containing complex

Early spermatogonia 0.0000 17 38 49.9852 Ribosomal subunit

Early spermatogonia | 0.0000 17 148 26.8439 Ribonucleoprotein complex

Early spermatogonia 0.0000 16 612 6.8904 RNA binding

Early spermatogonia 0.0003 13 682 4.0753 Embryo development

Early spermatogonia 0.0012 11 551 4.0781 Immune system process

Early spermatogonia 0.0000 10 21 53.2930 Large ribosomal subunit

Late spermatids 0.0000 56 1311 4.5438 Non-membrane-bounded organelle

Late spermatids 0.0000 56 1311 4.5438 Intracellular non-membrane-bounded organelle

Late spermatids 0.0000 53 1767 2.8120 Cellular nitrogen compound biosynthetic
process

Late spermatids 0.0000 50 793 5.1851 Organonitrogen compound biosynthetic
process

Late spermatids 0.0000 47 1806 2.4835 Cellular macromolecule biosynthetic process

Late spermatids 0.0000 47 1814 2.4700 Macromolecule biosynthetic process

Late spermatids 0.0000 45 336 10.0304 Peptide metabolic process

Late spermatids 0.0000 45 401 8.2325 Cellular amide metabolic process

Late spermatids 0.0000 44 150 16.7305 Ribosome

Late spermatids 0.0000 44 296 11.0097 Translation

Late spermatids 0.0000 44 299 10.8695 Peptide biosynthetic process
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Late spermatids 0.0000 44 326 9.9796 Amide biosynthetic process

Late spermatids 0.0000 42 346 10.1176 Structural molecule activity

Late spermatids 0.0000 41 134 17.4743 Structural constituent of ribosome

Late spermatids 0.0000 28 419 4.8698 Mitochondrion

Late spermatids 0.0007 26 988 2.3342 Organelle membrane

Late spermatids 0.0000 23 234 6.5591 Mitochondrial envelope

Late spermatids 0.0000 23 289 5.7925 Organelle envelope

Late spermatids 0.0000 23 289 5.7925 Envelope

Late spermatids 0.0000 21 214 6.6760 Mitochondrial membrane

Late spermatids 0.0053 21 671 2.2624 Oxidoreductase activity

Late spermatids 0.0000 19 141 9.3279 Mitochondrial inner membrane

Late spermatids 0.0000 19 152 8.6694 Organelle inner membrane

Late spermatids 0.0000 19 176 7.8394 Generation of precursor metabolites and energy

Late spermatids 0.0000 18 75 15.8663 Electron transport chain

Late spermatids 0.0001 18 612 3.5258 RNA binding

Late spermatids 0.0000 15 62 14.9170 Electron transfer activity

Late spermatids 0.0000 15 97 10.3887 ATP metabolic process

Late spermatids 0.0000 12 38 16.6218 Ribosomal subunit

Late spermatids 0.0000 12 43 15.5137 Oxidoreduction-driven active transmembrane
transporter activity

Late spermatids 0.0000 12 63 12.9281 Aerobic respiration

Late spermatids 0.0000 12 67 12.5787 Cellular respiration

Late spermatids 0.0000 12 90 9.6961 Energy derivation by oxidation of organic
compounds

Late spermatids 0.0000 12 148 8.7814 Ribonucleoprotein complex

Late spermatids 0.0000 12 130 7.6297 Primary active transmembrane transporter
activity

Late spermatids 0.0013 12 304 3.7233 Active transmembrane transporter activity

Late spermatids 0.0000 11 34 20.3156 Oxidative phosphorylation

Late spermatids 0.0000 11 46 15.8010 Respirasome

Late spermatids 0.0058 11 307 3.3593 Chordate embryonic development

Late spermatids 0.0061 11 309 3.3330 Embryo development ending in birth or egg
hatching

Late spermatids 0.0000 10 75 9.2344 Proton transmembrane transporter activity

Late spermatids 0.0000 10 82 8.6187 Proton transmembrane transport

Late spermatocytes 0.0000 104 1596 2.2698 Cellular component organization

Late spermatocytes 0.0000 87 1407 2.1490 ATP binding

Late spermatocytes 0.0000 87 1426 2.1147 Adenyl ribonucleotide binding

Late spermatocytes 0.0000 87 1428 2.1109 Adenyl nucleotide binding

Late spermatocytes 0.0000 77 984 2.7298 Organelle organization

Late spermatocytes 0.0000 48 612 2.7255 RNA binding

Late spermatocytes 0.0000 47 576 2.5624 Hydrolase activity, acting on acid anhydrides

Late spermatocytes 0.0000 47 687 2.2332 Cytoskeleton

Late spermatocytes 0.0000 46 570 2.5179 Pyrophosphatase activity
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Late spermatocytes 0.0000 45 734 2.2892 Cellular component biogenesis

Late spermatocytes 0.0000 44 542 2.5406 Nucleoside-triphosphatase activity

Late spermatocytes 0.0000 43 430 4.1439 ATP-dependent activity

Late spermatocytes 0.0000 42 646 2.3555 Cellular component assembly

Late spermatocytes 0.0000 37 431 2.8933 Catalytic complex

Late spermatocytes 0.0000 34 284 4.8466 Microtubule-based proc.

Late spermatocytes 0.0000 32 365 3.3428 Cell cycle

Late spermatocytes 0.0000 32 432 2.5759 Cell projection organization

Late spermatocytes 0.0001 29 409 2.5439 Membrane-enclosed lumen

Late spermatocytes 0.0001 29 409 2.5439 Organelle lumen

Late spermatocytes 0.0001 29 409 2.5439 Intracellular organelle lumen

Late spermatocytes 0.0007 29 414 2.2421 Establishment of localization in cell

Late spermatocytes 0.0017 29 432 2.1222 Cytoskeleton organization

Late spermatocytes 0.0000 28 255 4.3052 ATP hydrolysis activity

Late spermatocytes 0.0001 27 344 2.5481 Intracellular transport

Late spermatocytes 0.0001 26 378 2.6552 Nuclear protein-containing complex

Late spermatocytes 0.0018 26 408 2.2237 Plasma membrane bounded cell projection
organization

Late spermatocytes 0.0000 25 286 3.5269 Microtubule cytoskeleton

Late spermatocytes 0.0000 25 260 3.0275 Plasma membrane bounded cell projection

Late spermatocytes 0.0002 25 313 2.5723 Cell projection

Late spermatocytes 0.0001 23 266 2.9693 Intracellular protein-containing complex

Late spermatocytes 0.0001 23 311 2.9415 Chromosome

Late spermatocytes 0.0008 23 308 2.4980 Supramolecular complex

Late spermatocytes 0.0018 23 353 2.3488 Proteip-CQntaining complex subunit
organization

Late spermatocytes 0.0000 22 263 4.0141 Chromosome organization

Late spermatocytes 0.0001 22 305 2.9229 Nuclear lumen

Late spermatocytes 0.0000 21 111 7.9826 Cilium

Late spermatocytes 0.0005 21 260 2.7111 Macromolecule catabolic proc.

Late spermatocytes 0.0000 20 153 4.9762 Cilium organization

Late spermatocytes 0.0001 20 246 3.1459 Organelle assembly

Late spermatocytes 0.0002 20 232 2.9429 Cellular protein-containing complex assembly

Late spermatocytes 0.0017 19 247 2.6263 Cellular macromolecule catabolic proc.

Late spermatocytes 0.0000 18 137 5.7284 Microtubule-based movement

Late spermatocytes 0.0000 18 148 4.6476 Cilium assembly

Late spermatocytes 0.0000 18 158 4.1749 Plasma membrane bounded cell projection
assembly

Late spermatocytes 0.0000 18 161 4.1053 Cell projection assembly

Late spermatocytes 0.0000 18 150 4.0380 Microtubule

Late spermatocytes 0.0001 18 186 3.3287 Protein catabolic proc.

Late spermatocytes 0.0013 18 202 2.7676 Polymeric cytoskeletal fiber

Late spermatocytes 0.0003 17 188 3.2766 Nucleoplasm
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Late spermatocytes 0.0000 16 67 5.9176 Protein folding

Late spermatocytes 0.0000 16 159 3.9809 Cell cycle proc.

Late spermatocytes 0.0000 15 91 5.0065 Peptidase complex

Late spermatocytes 0.0009 15 221 3.2073 MRNA metabolic proc.

Late spermatocytes 0.0018 15 178 3.0186 Cellular protein catabolic proc.

Late spermatocytes 0.0000 14 125 4.4554 Mitotic cell cycle

Late spermatocytes 0.0000 13 42 7.4124 Unfolded protein binding

Late spermatocytes 0.0000 13 74 5.9299 Proteasome complex

Late spermatocytes 0.0000 13 79 5.2323 Endopeptidase complex

Late spermatocytes 0.0001 13 170 4.3390 MRNA processing

Late spermatocytes 0.0002 11 94 4.7040 Mitotic cell cycle proc.

Late spermatocytes 0.0015 11 131 3.8597 Microtubule cytoskeleton organization

Late spermatocytes 0.0000 10 29 9.7746 Protein-containing complex localization

Late spermatocytes 0.0000 10 57 6.5164 Organelle fission

Late spermatocytes 0.0005 10 125 4.7188 Helicase activity

Late spermatocytes 0.0017 10 60 4.1468 Translation factor activity, RNA binding

Late spermatogonia 0.0000 99 1311 9.5706 Non-membrane-bounded organelle

Late spermatogonia 0.0000 99 1311 9.5706 Intracellular non-membrane-bounded organelle

Late spermatogonia 0.0000 85 1767 5.4781 Cellular nitrogen compound biosynthetic
process

Late spermatogonia 0.0000 83 793 10.4437 Organonitrogen compound biosynthetic
process

Late spermatogonia 0.0000 81 1806 5.1992 Cellular macromolecule biosynthetic process

Late spermatogonia 0.0000 81 1814 5.1713 Macromolecule biosynthetic process

Late spermatogonia 0.0000 79 336 20.9914 Peptide metabolic process

Late spermatogonia 0.0000 79 401 17.3155 Cellular amide metabolic process

Late spermatogonia 0.0000 78 150 35.6722 Ribosome

Late spermatogonia 0.0000 78 296 23.3327 Translation

Late spermatogonia 0.0000 78 299 23.0429 Peptide biosynthetic process

Late spermatogonia 0.0000 78 326 21.1995 Amide biosynthetic process

Late spermatogonia 0.0000 76 346 21.9077 Structural molecule activity

Late spermatogonia 0.0000 74 134 37.8457 Structural constituent of ribosome

Late spermatogonia 0.0000 37 612 8.5016 RNA binding

Late spermatogonia 0.0000 36 1665 2.9021 Protein-containing complex

Late spermatogonia 0.0005 28 1460 2.2843 Animal organ development

Late spermatogonia 0.0000 25 148 22.0198 Ribonucleoprotein complex

Late spermatogonia 0.0075 24 1682 2.0312 Cellular component organization or biogenesis

Late spermatogonia 0.0000 23 38 37.7223 Ribosomal subunit

Late spermatogonia 0.0000 20 682 3.4845 Embryo development

Late spermatogonia 0.0000 19 734 3.8619 Cellular component biogenesis

Late spermatogonia 0.0000 18 551 3.7223 Immune system process

Late spermatogonia 0.0000 17 288 6.4686 Hemopoiesis

Late spermatogonia 0.0000 17 294 6.3667 Immune system development
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Late spermatogonia 0.0000 17 294 6.3667 Hematopoietic or lymphoid organ development

Late spermatogonia 0.0000 16 307 5.9454 Chordate embryonic development

Late spermatogonia 0.0000 16 309 5.8993 Embryo development ending in birth or egg
hatching

Late spermatogonia 0.0000 13 21 38.6448 Large ribosomal subunit

Late spermatogonia 0.0000 12 127 16.7869 Ribonucleoprotein complex biogenesis

Late spermatogonia 0.0000 10 17 36.5868 Small ribosomal subunit

Late spermatogonia 0.0000 10 96 18.2934 Ribosome biogenesis

Late spermatogonia 0.0000 10 121 7.9271 Myeloid cell differentiation

Late spermatogonia 0.0007 10 365 4.7563 Cell cycle

Mid-late 0.0000 44 1682 2.6790 Cellular component organization or biogenesis

spermatocytes

Mid-late 0.0000 43 1596 2.7239 Cellular component organization

spermatocytes

Mid-late 0.0001 42 1817 2.2165 Purine ribonucleoside triphosphate binding

spermatocytes

Mid-late 0.0001 42 1841 2.1814 Purine ribonucleotide binding

spermatocytes

Mid-late 0.0001 42 1849 2.1689 Ribonucleotide binding

spermatocytes

Mid-late 0.0001 42 1856 2.1627 Purine nucleotide binding

spermatocytes

Mid-late 0.0002 42 1930 2.0541 Carbohydrate derivative binding

spermatocytes

Mid-late 0.0000 37 984 3.8434 Organelle organization

spermatocytes

Mid-late 0.0001 34 1407 2.4316 ATP binding

spermatocytes

Mid-late 0.0001 34 1426 2.3889 Adenyl ribonucleotide binding

spermatocytes

Mid-late 0.0001 34 1428 2.3843 Adenyl nucleotide binding

spermatocytes

Mid-late 0.0008 31 1311 2.1996 Non-membrane-bounded organelle

spermatocytes

Mid-late 0.0008 31 1311 2.1996 Intracellular non-membrane-bounded organelle

spermatocytes

Mid-late 0.0002 20 570 3.2183 Pyrophosphatase activity

spermatocytes

Mid-late 0.0002 20 576 3.2183 Hydrolase activity, acting on acid anhydrides

spermatocytes

Mid-late 0.0002 20 576 3.2183 Hydrolase activity, acting on acid anhydrides,

spermatocytes in phosphorus-containing anhydrides

Mid-late 0.0000 19 432 4.3345 Cell projection organization

spermatocytes

Mid-late 0.0007 18 542 3.0749 Nucleoside-triphosphatase activity

spermatocytes

Mid-late 0.0035 18 734 2.6700 Cellular component biogenesis

spermatocytes

Mid-late 0.0000 17 430 5.2824 ATP-dependent activity

spermatocytes

Mid-late 0.0001 17 408 4.0313 Plasma membrane bounded cell projection

spermatocytes organization

Mid-late 0.0033 17 646 2.7853 Cellular component assembly

spermatocytes

Mid-late 0.0065 16 612 2.6949 RNA binding

spermatocytes
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Mid-late 0.0000 15 153 10.8133 Cilium organization

spermatocytes

Mid-late 0.0000 14 284 6.5535 Microtubule-based process

spermatocytes

Mid-late 0.0001 14 365 4.4265 Cell cycle

spermatocytes

Mid-late 0.0000 13 148 9.7620 Cilium assembly

spermatocytes

Mid-late 0.0000 13 158 8.6774 Plasma membrane bounded cell projection

spermatocytes assembly

Mid-late 0.0000 13 161 8.5196 Cell projection assembly

spermatocytes

Mid-late 0.0000 13 246 5.8572 Organelle assembly

spermatocytes

Mid-late 0.0073 13 431 3.0427 Catalytic complex

spermatocytes

Mid-late 0.0001 12 255 5.9251 ATP hydrolysis activity

spermatocytes

Mid-late 0.0005 12 311 4.5056 Chromosome

spermatocytes

Mid-late 0.0007 12 260 4.3253 Plasma membrane bounded cell projection

spermatocytes

Mid-late 0.0031 12 313 3.6044 Cell projection

spermatocytes

Mid-late 0.0000 10 111 14.4178 Cilium

spermatocytes

Mid-late 0.0028 10 286 4.2910 Microtubule cytoskeleton

spermatocytes

Mid-spermatocytes 0.0000 82 1311 7.2591 Non-membrane-bounded organelle

Mid-spermatocytes 0.0000 82 1311 7.2591 Intracellular non-membrane-bounded organelle

Mid-spermatocytes 0.0000 81 793 9.2357 Organonitrogen compound biosynthetic
process

Mid-spermatocytes 0.0000 80 1767 4.6730 Cellular nitrogen compound biosynthetic
process

Mid-spermatocytes 0.0000 76 296 20.8309 Translation

Mid-spermatocytes 0.0000 76 299 20.5672 Peptide biosynthetic process

Mid-spermatocytes 0.0000 76 326 18.8931 Amide biosynthetic process

Mid-spermatocytes 0.0000 76 336 18.5692 Peptide metabolic process

Mid-spermatocytes 0.0000 76 401 15.2564 Cellular amide metabolic process

Mid-spermatocytes 0.0000 76 1806 44212 Cellular macromolecule biosynthetic process

Mid-spermatocytes 0.0000 76 1814 4.3973 Macromolecule biosynthetic process

Mid-spermatocytes 0.0000 74 150 31.0206 Ribosome

Mid-spermatocytes 0.0000 72 346 19.0036 Structural molecule activity

Mid-spermatocytes 0.0000 71 134 33.3607 Structural constituent of ribosome

Mid-spermatocytes 0.0000 47 1665 3.3550 Protein-containing complex

Mid-spermatocytes 0.0000 32 612 6.8413 RNA binding

Mid-spermatocytes 0.0000 24 148 19.3621 Ribonucleoprotein complex

Mid-spermatocytes 0.0000 21 38 32.0685 Ribosomal subunit

Mid-spermatocytes 0.0000 21 682 3.2891 Embryo development

Mid-spermatocytes 0.0000 16 307 5.3868 Chordate embryonic development

Mid-spermatocytes 0.0000 16 309 5.3448 Embryo development ending in birth or egg

hatching
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Mid-spermatocytes 0.0007 16 419 3.0817 Mitochondrion

Mid-spermatocytes 0.0024 15 551 2.8130 Immune system process

Mid-spermatocytes 0.0000 14 160 8.0894 Cytosol

Mid-spermatocytes 0.0007 13 289 3.5862 Organelle envelope

Mid-spermatocytes 0.0007 13 289 3.5862 Envelope

Mid-spermatocytes 0.0000 12 21 32.0685 Large ribosomal subunit

Mid-spermatocytes 0.0000 12 130 8.1444 Primary active transmembrane transporter
activity

Mid-spermatocytes 0.0004 12 288 4.2057 Hemopoiesis

Mid-spermatocytes 0.0004 12 214 4.2057 Mitochondrial membrane

Mid-spermatocytes 0.0004 12 279 4.1715 Homeostatic process

Mid-spermatocytes 0.0004 12 294 4.1379 Immune system development

Mid-spermatocytes 0.0004 12 294 4.1379 Hematopoietic or lymphoid organ development

Mid-spermatocytes 0.0005 12 304 4.0401 Active transmembrane transporter activity

Mid-spermatocytes 0.0008 12 234 3.7728 Mitochondrial envelope

Mid-spermatocytes 0.0000 11 141 5.9537 Mitochondrial inner membrane

Mid-spermatocytes 0.0001 11 152 5.5334 Organelle inner membrane

Mid-spermatocytes 0.0000 10 97 7.7742 ATP metabolic process

Somatic 0.0000 42 1767 3.8043 Cellular nitrogen compound biosynthetic
process

Somatic 0.0000 40 1806 3.6182 Cellular macromolecule biosynthetic process

Somatic 0.0000 40 1814 3.5987 Macromolecule biosynthetic process

Somatic 0.0000 39 793 6.9242 Organonitrogen compound biosynthetic
process

Somatic 0.0000 39 1311 5.4353 Non-membrane-bounded organelle

Somatic 0.0000 39 1311 5.4353 Intracellular non-membrane-bounded organelle

Somatic 0.0000 38 336 14.4133 Peptide metabolic process

Somatic 0.0000 38 401 11.8539 Cellular amide metabolic process

Somatic 0.0000 37 296 15.8332 Translation

Somatic 0.0000 37 299 15.6328 Peptide biosynthetic process

Somatic 0.0000 37 326 14.3604 Amide biosynthetic process

Somatic 0.0000 36 150 23.5610 Ribosome

Somatic 0.0000 34 134 24.9419 Structural constituent of ribosome

Somatic 0.0000 34 346 14.0976 Structural molecule activity

Somatic 0.0000 27 1665 3.0090 Protein-containing complex

Somatic 0.0000 22 612 7.2347 RNA binding

Somatic 0.0003 15 682 3.6281 Embryo development

Somatic 0.0002 14 551 4.0458 Immune system process

Somatic 0.0026 14 707 3.0947 Regulation of biological quality

Somatic 0.0000 13 279 6.8333 Homeostatic process

Somatic 0.0000 12 148 14.8347 Ribonucleoprotein complex

Somatic 0.0001 11 288 5.8279 Hemopoiesis

Somatic 0.0001 11 294 5.7369 Immune system development
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Somatic 0.0001 11 294 5.7369 Hematopoietic or lymphoid organ development
Somatic 0.0000 10 77 15.8944 Myeloid cell homeostasis

Somatic 0.0000 10 88 14.5122 Homeostasis of number of cells

Somatic 0.0000 10 160 9.0211 Cytosol

Somatic 0.0004 10 307 5.1749 Chordate embryonic development




