Trends in

P .
@ CelPress Genetics

The evolution of gene regulation on

Sex chromosomes

Daniel E. Shaw' and Michael A. White ®

Sex chromosomes have evolved repeatedly across the tree of life. Most work has
focused on the loss of coding regions from sex-limited chromosomes through
the accumulation of deleterious mutations. By comparison, less is known
about how the regulatory landscape evolves. We review theories of how regula-
tory landscapes evolve on sex chromosomes and the overall impact they have on
gametolog expression. We integrate empirical studies on sex chromosomes with
theoretical work to synthesize how regulatory evolution could occur on sex chro-
mosomes. Recent findings have revealed that downregulation of ancestral al-
leles is probably widespread on Y chromosomes and that regulatory evolution
plays a key role in the evolution of sex chromosomes.

Evolution of heteromorphic sex chromosomes

Sex chromosomes evolve from homologous autosome pairs. The classic model of sex chromo-
some evolution predicts that linkage between sexually antagonistic (see Glossary) mutations
and the master sex-determination locus selects for suppression of recombination between the
X and 'Y chromosomes [1,2]. Since the classic model of sex chromosome evolution was pro-
posed, empirical support for the role of sexually antagonistic mutations has been scarce [3-5].
This has led to the synthesis of several other models. Alternative explanations for recombination
suppression have included meiotic drive [6], heterozygote advantage [7], and genetic drift
(reviewed in [8]). Recently, a new model (degeneration by regulatory evolution, DRE) has been de-
veloped in which inversions can be favored to be retained on sex chromosomes after rapid diver-
gence of regulatory regions between the X and Y chromosomes [9]. 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 [10-12]. Sequence degeneration can also occur in the ab-
sence of selective interference. In this scenario, regulatory and coding-sequence substitutions ac-
cumulate on the Y chromosome in a gene-by-gene manner, leading to silencing of Y-linked
gametologs [9,13]. In many species, recombination suppression has continued in a stepwise
manner, extending the non-crossover region into multiple, independent evolutionary strata
[14-17]. Although extensive sequence degeneration does occur, it is not the inevitable outcome
in all species. Many species possess small sex-determination regions and the majority of the re-
maining sex chromosomes freely recombine [18,19].

At the sequence level, the accumulation of deleterious mutations has been extensively demon-
strated within coding regions of genes that are ancestrally shared between the X and Y chromo-
somes (gametologs). Over time, the accumulation of missense, nonsense, and frameshift
mutations renders most coding regions nonfunctional on the Y chromosome. On some of the
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most highly degenerated Y chromosomes, only a handful of ancestral Y-linked alleles remain
[17,20]. 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 [21-25]. However, the overall
lack of high-quality Y-chromosome assemblies, combined with limited annotations of sex-linked
regulatory elements, has prevented direct quantification of 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, and these are restricted to mammals [17,20,26-28], fish
[16,29,30], birds [21,27], and Drosophila [31,32]. With new sequencing technologies, the com-
pletion of additional sex-chromosome assemblies (Box 1) will provide a foundation to character-
ize factors that influence gene regulation such as cis-regulatory evolution, DNA methylation,
and chromatin changes. We review here the recent theoretical and empirical advances that
have expanded our understanding of regulatory evolution on heteromorphic sex chromosomes.
Although we focus on Y chromosomes, these concepts also apply to W chromosomes that
evolve in a similar manner (Box 2).

Sex-linked gametologs rapidly evolve expression differences

As the X and Y chromosomes differentiate, gametolog expression can diverge substantially, and
the Y-linked allele follows one of several different evolutionary fates. Owing to the widespread ac-
cumulation of deleterious alleles, theory predicts that expression should be lost from most
gametologs across the Y chromosome either through silencing of deleterious coding substitu-
tions [12,33] or through degeneration by regulatory evolution [9,13]. Transcriptome sequencing
has confirmed that lowered Y expression is widespread across Y chromosomes of animals
[22,34-36] and plants [23-25,37-39]. Studies of young sex chromosomes have revealed that
gametologs can rapidly evolve sex-biased expression before the accumulation of deleterious mu-
tations within coding regions [23,24,40], and this may be due to the accumulation of mutations
within cis-regulatory elements (discussed in the section ‘Models of regulatory evolution'). In
many species, dosage compensation can occur through upregulation of the X-linked allele to
restore the expression of genes lost from the Y chromosome [41]. This can be essential to

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

The repetitive nature of Y chromosomes makes their sequencing and assembly particularly challenging. To date, most ref-
erence 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 [20,21,26,55,57,62,94]. 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 [95], reference-guided approaches [96], and de novo short-read assem-
blies [97].

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 se-
quence long single-molecule reads up to 100 kb [98], 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 [99]. Chromo-
some conformation capture and deep sequencing (Hi-C) techniques can also be used to link contigs into full chromo-
some-scale scaffolds. The first two nonmammalian high-quality Y chromosomes were sequenced using a combination
of PacBio sequencing, lllumina short-read sequencing, and Hi-C scaffolding in Drosophila miranda [31] and threespine
stickleback fish [16]. Since then, multiple sex chromosomes have been assembled using similar approaches in insects
[100], fish [29,30], birds [27], and mammals [27,28,101]. These approaches are even robust enough to assemble dense
heterochromatic Y regions [86]. In some situations, the SHIMS method may be superior to long-read sequencing ap-
proaches. A de novo assembly of the human Y chromosome was found to be less contiguous than the SHIMS-assembled
Y chromosome [102]. However, the speed of the long-read approach may be an important tradeoff in rapidly increasing
the number of representative Y-chromosome assemblies across the tree of life.
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Glossary

Adaptive evolution: evolutionary
changes that increase the fitness of an
organism.

Ampliconic genes: large arrays of
duplicated gene families that can
maintain high sequence similarity
through gene conversion.
Cis-regulatory elements: noncoding
DNA elements used to modify expres-
sion (promoters, enhancers, insulators).
DNA methylation: a chemical
modification to the DNA sequence that
has context-dependent effects on
expression.

Dosage compensation: the balancing
of gene expression resulting in equal
expression levels between the
homogametic and heterogametic sex.
Evolutionary strata: the stepwise
suppression of recombination across
sex chromosomes that leads to the
formation of distinct domains of
sequence divergence.

Gametologs: sex-linked genes that are
homologous through sharing a common
evolutionary origin on the ancestral
autosome.

Heterochromatin: the transcriptionally
repressive form of chromatin structure
that is associated with repetitive
sequences, DNA methylation, and
repressive histone modifications.
Neo-sex chromosomes (neo-Y,
etc.): the formation of a new sex
chromosome either via fusion of an
autosome to an existing sex
chromosome or the de novo evolution of
a sex-determining locus on a new
autosome.

Purifying selection: the removal of
deleterious mutations from a population.
Selective interference: decreased
efficiency of selection when advanta-
geous and disadvantageous mutations
are in linkage disequilibrium with each
other. Examples of this include Muller's
ratchet, genetic hitchhiking, and
background selection.

Sequence degeneration: the gradual
erosion of sex-limited gametolog
function through the accumulation of
deleterious mutations.

Sexually antagonistic: the direction of
selection acting on a trait differs
depending on the sex.
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Box 2. Similarities and differences between 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 [103]. The formation of W and Y chromosomes is predicted to occur through similar processes driven by the
suppression of recombination [104]. 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 docu-
mented on ancient W chromosomes [21,105]. Despite the similarities, there are differences in sex-specific gene content on
the Y and W chromosomes. Interestingly, the chicken W chromosome has not accumulated genes with functions restricted
to female tissues [21]. This is in stark contrast to the over-representation of testis-biased genes on Y chromosomes [20,52].
In addition, although some multicopy gene families have been found on avian W chromosomes [106-108], gene-family am-
plification appears in higher copy numbers on Y chromosomes [20,26,32]. 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, com-
petition between gametes must be resolved before the end of meiosis |, before gametes are split into polar bodies. During
spermatogenesis, transcripts are shared through cytoplasmic bridges [109], resulting in potential conflicts throughout meio-
sis and in developing spermatids. In addition, testis tissue has been found to be highly transcribed compared with other tis-
sues including ovaries [110]. Elevated rates of transcription in testis may provoke the formation of new genes [111].

maintain early embryonic viability of the heterogametic sex [17,42]. In mammals, there is a second
stage, where one X chromosome is inactivated to restore balanced gene expression in females
[43]. This process evolved gene-by-gene and does not apply universally across gametologs [44].

A second class of gametologs retain expression from the Y chromosome. These genes have sig-
natures of strong purifying selection to maintain function on the Y chromosome [17,21,22,42].
Genes with essential cellular functions, that are broadly expressed across multiple tissues, have
been independently retained across multiple lineages of mammalian Y chromosomes [17]. Similar
patterns of retention have also been documented more broadly across the independently evolved
Y and W chromosomes of amniotes [42], as well as in fish [16], and Drosophila [45]. These
retained genes are often enriched for haploinsufficiency phenotypes [16,17,21,42], suggesting
that they may be dosage-sensitive. Gene-editing approaches that knock out 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 chromo-
somes. Genes that are important for the haploid phase of the plant life cycle are retained on Y
chromosomes, despite widespread sequence degeneration [46,47].

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 outstand-
ing question is whether ancestral regulatory elements are maintained through purifying selection
(see Outstanding questions). Alternatively, regulatory elements could evolve rapidly but still main-
tain optimal expression levels by gaining new transcription factor-binding sites that compensate
for the repeated loss of ancestral regulatory elements during Y-chromosome degeneration. Al-
though it remains to be demonstrated whether this process has a prevalent role in maintaining
the expression of broadly expressed Y gametologs, the evolution of compensatory transcription
factor-binding sites has been documented elsewhere in the genomes of Drosophila [48] and
mammals [49,50] for genes that are functionally critical.

Y-linked gametologs can also gain novel expression patterns relative to gametologs on the X
chromosome [22,51]. 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 im-
portant for spermatogenesis on the Y chromosome followed by the loss of spermatogenesis
function from the X-linked gametolog through regulatory evolution [52]. This could also occur
through the evolution of spermatogenesis-specific regulation of the Y-linked gametolog after
the X and Y chromosomes diverged [53]. Most Y-linked gametologs have been associated
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with spermatogenesis, but recent evidence shows that some Y-linked gametologs can also
exhibit elevated expression in non-reproductive tissues in humans [51], suggesting male-specific
functions that extend beyond the 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 fol-
lowing the suppression of recombination [16,54] and can grow into massive arrays of duplicated
genes on highly degenerated Y chromosomes [20,26,32,55-57]. Although gene duplication occurs
genome-wide [58,59)], it appears that the Y chromosomes are especially susceptible, which may be
driven by intrachromosomal conflicts between the sex chromosomes [60]. Comparisons between
sex chromosomes have shown that gene ampilification may be accelerated on X, Y, and Z chromo-
somes, which all pass through the male germline, indicating that selection pressure on male func-
tions may drive the expansion [20,61,62] (Box 2). Manipulating copy number through gene editing
will provide insight into whether amplicon expansion is essential for male fertility, as observed for
the Six and Six7 amplicons in house mice [63]. In addition, Y-chromosome gene duplication may
be an alternative way to maintain the expression of genes important for spermatogenesis. Recom-
bination between duplicated genes through gene conversion could aid in purging deleterious muta-
tions that accumulate in coding or regulatory regions [64].

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 [65,66].
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,
the accumulation of transposable elements, differential DNA methylation, and cis-regulatory DNA
changes at promoters and enhancers (Figure 1).

Mutations within cis-regulatory regions (promoters and enhancers) that alter transcription factor-
binding sites or disrupt chromatin accessibility can lead to downregulation if the binding of tran-
scriptional activators is inhibited [66]. For example, deletions in the regulatory region of the mam-
malian Y-linked sex determination gene, Sry, prevents the expression of a reporter gene in the
primordial gonad [67], indicating the presence of an essential regulatory element. Mutations
within regulatory regions can also lead to deleterious upregulation of genes if sites of repressors
are lost or novel activators are gained [66].

The accumulation of repetitive transposable elements may contribute to allele-specific gene ex-
pression across sex chromosomes (Figure 1). After suppression of crossing over, transposable
elements accumulate on the sex-limited chromosome. It is well established that repetitive trans-
posable elements can be silenced through the accumulation of heterochromatin [68], and the
spreading of heterochromatin can affect expression of adjacent coding regions [69-71]. Accu-
mulation can occur rapidly, as apparent by the high density of transposable elements on younger
sex-limited chromosomes [16,31]. On the neo-Y chromosomes of Drosophila miranda, the ac-
cumulation of transposable elements has been associated with the onset of constitutive hetero-
chromatin formation on the neo-Y [72], visualized cytogenetically as well as through ChIP-seq
targeting two repressive histone modifications (H3K9me3/H3K9me2). The accumulation of
transposable elements and the spreading of heterochromatin are associated with the silencing
of gametologs throughout the neo-Y chromosome, raising the possibility that transposable
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Figure 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 evolution of the expression of gametologs on sex chromosomes. Each of these mech-
anisms evolves rapidly and can lead to both the gain and the loss of gene expression. Wavy green lines represent relative changes
in gene expression. Figure created with Biorender.com. Abbreviation: TE, transposable element.

X

element accumulation may directly lead to silencing of genes. However, it remains difficult to de-
termine the temporal order of events. It is possible that transcriptionally repressed genes
may instead be an opportunistic location for transposable element insertion, leading to
heterochromatinization after Y-gametolog silencing.

The accumulation of transposable elements does not always lead to the downregulation of
gametologs. Transposable elements can also rewire transcriptional networks by the introduction
of cis-regulatory elements [73]. In D. miranda, some transposable elements contain binding sites
for MISL (male-specific lethal). The accumulation of these elements on the X chromosome cause
the upregulation of gametologs, resulting in dosage compensation in males [74,75]. Transpos-
able elements are also responsible for the evolution of genetic sex determination in multiple spe-
cies of fish [76-78]. In each case, novel cis-regulatory elements introduced by the elements
allowed neofunctionalization of existing genes to initiate male development. Given the consider-
able number of transposable elements that accumulate on the Y chromosome, the cooption 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 chro-
mosome will reveal the pervasiveness of this mechanism.

DNA methylation is another gene-regulator modifier likely playing a role in sex chromosome evo-
lution (Figure 1). Changes in DNA methylation can have context-dependent effects on gene ex-
pression but are often associated with repression of transcription, especially when found at
repetitive regions and CpG islands in mammals [79]. 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 [38]. Additional work that
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compares X- and Y-specific methylomes will clarify the relationship between DNA methylation
and gene expression on sex chromosomes.

Models of regulatory evolution

Mutations that randomly occur within regulatory elements can accumulate through selective in-
terference [37] or through adaptive evolution. In the case of adaptive evolution, mutations
that downregulate gene expression would be beneficial to prevent the expression of coding re-
gions that have accumulated deleterious mutations, rendering the protein sub- or nonfunctional.
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 that regulatory evolution could occur be-
fore the degeneration of coding regions [9,13]. In the degeneration by regulatory evolution
(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 ex-
pression are more recessive, which selects for the accumulation of additional cis-regulatory mu-
tations to further reduce expression. Importantly, this model does not require selective
interference for deleterious mutations to initially accumulate. As silencing continues, stabilizing se-
lection to maintain dosage balance leads to upregulation of the X-linked allele through the evolu-
tion of trans-acting transcription factors [13].

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 [37] and D. miranda [80]. This is consistent with mutations first accu-
mulating 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 [13]. This
helps to explain the widespread loss of Y-chromosome alleles in species that do not exhibit dosage
compensation for every gene [22,81,82]. In these species, many Y gametologs are lost without co-
ordinated upregulation of the X gametolog to compensate for dosage. Third, if stabilizing selection
to maintain expression from both sex chromosomes is strong, but trans factors do not exist to per-
mit gene-by-gene dosage compensation, Y-chromosome degeneration does not occur [13]. This
finding may help to explain the retention of similar genes across multiple sex chromosomes
[16,17,21,22,42]. Many gametologs that are retained on Y chromosomes through strong purifying
selection are enriched for expression across multiple tissues [17]. A single trans factor may not eas-
ily evolve to universally upregulate the X gametolog to compensate for dosage across multiple de-
velopmental 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 chromo-
some in Rumex rothschildianus [37], and thus failed to provide support for widespread adaptive si-
lencing. 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 Drosophila albomicans [36,83], which evolved only ~120 000 years ago, or
on the slightly older neo-Y of D. miranda (~1 million years ago) [80,84]. A correlation may only be ob-
servable during a narrow window of degeneration after amino acid substitutions begin to accumu-
late, but before widespread degeneration and complete silencing has occurred. Surveys of
additional sex chromosomes at different states of degeneration will help to test this hypothesis.
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The DRE model provides a theoretical framework for how degeneration occurs first in the regula-
tory 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). Some signatures of adaptive evo-
lution have been noted within noncoding sequences on the D. melanogaster X chromosome [85],
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 con-
straints evolve on the same linked Y chromosome (Figure 3, Key figure). One clear finding from
comparative analyses of Y-chromosome assemblies is that not all gametologs have the same
fate of pseudogenization and dosage compensation. In addition, the DRE model does not inte-
grate the evolution of beneficial mutations on the Y chromosome, where Y-chromosome
gametologs evolve neo- or subfunctionalization through the gain of novel regulatory elements.
Signatures of positive selection are prevalent across Y gametologs [32,35,46], and expansion
of Y-gametolog expression domains may be more common than was previously assumed [51].

A greater challenge will be to assess the overall importance of the different types of mechanisms
that alter gametolog expression. Current models use a single mutation rate that affects all regu-
latory and coding regions equally. These mutations generally have small deleterious effects and
act in an additive fashion to progressively erode Y-gametolog function. In actuality, regulatory mu-
tations will have a mixture of effect sizes and will occur at different rates. Transposable element

Enhancer Intergenic Promoter Gene

Compare
substitution

rates between
sex chromosomes

No sclection AAAAAARA ANAAAARA ARNARNAA SASARNAR

Positive AAAARARA ARAARRAR ARRAARAR

Purifying AAAAAAAA AA00RRAA ANRRARNR
Trends In Genetics

Figure 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
with intergenic regions would indicate positive selection. A lower substitution rate (red mutations) within enhancers or
promoters compared with 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 is
not necessarily associated with regulatory elements under positive selection. Figure created with Biorender.com.
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Key figure

Evolution of regulatory elements on sex chromosomes
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Figure 3. (A) Gametologs that are not dosage sensitive can accumulate mutations within cis-regulatory elements,
downregulating Y-linked genes. These gametologs may degenerate without X-chromosome dosage compensation. Mutation
accumulation can also lead to the upregulation of Y-linked genes (not shown). (B) Stabilizing selection selects for the loss of
Y-chromosome expression and gain of X expression for gametologs that are dosage-sensitive [degeneration by regulatory
evolution (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 and 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). 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. Wavy green lines represent relative changes in gene expression.
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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 chromo-
somes 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 [16,31,86] (Box 1).

As high-quality assemblies are completed for the sex chromosomes across diverse taxa, detailed
transcriptome and epigenome annotations (Box 3) will be necessary to empirically validate theoret-
ical 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 chal-
lenge will be the identification of long-distance enhancer elements important for gene regulation on
the Y chromosome (Box 3). An additional challenge will be to discover regulatory mechanisms that
are unique to the sex-limited chromosome. For example, some genes on the Y chromosome in
D. melanogaster contain gigantic introns composed of simple satellite repeats [87]. These introns

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 en-
hancer and promoter regions. Highly contiguous assemblies enable the identification of previously unannotated regions
of the genome, such as repeat-dense heterochromatic regions [86,100,112] including centromeres and pericentromeric
regions [16,100,113-115]. Annotation of these regions will require the use of 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 sig-
natures. Putative enhancer regions can be identified using next-generation sequencing targeted towards accessible chroma-
tin regions (assay for transposase-accessible chromatin, ATAC-seq). In addition, ChiP-seq can be used to locate functional
regulatory regions. H3K4me3 modifications are associated with promoters, and H3K4me1 and H3K27ac (acetylation) mod-
ifications are associated with enhancers [114]. Hi-C contact maps can be used to find chromatin interactions between en-
hancer elements and promoter regions of genes [116,117]. 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 sex chromosomes may be high, limiting the number
of variants available to map X- and Y-specific reads.

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 nonrecombining sex chromosomes be-
cause the entire linked region will uniformly have reduced genetic variation within populations [118-120]. Scans of selec-
tion will need to be coupled with estimates of divergence between the X and Y chromosomes over longer evolutionary
timescales to understand whether variants are accumulating at a higher rate within cis-regulatory elements compared with
neutrally evolving regions.

Once candidate regulatory elements are identified, a growing number of approaches can be used to test function. Reporter
constructs such as luciferase expression assays can be used to validate whether an element of DNA has regulatory function
in vitro [121,122]. CRISPR/Cas9 editing has also proved to be a promising approach to test regulatory function throughout
the genome by inducing mutations within promoter regions [123] or by targeting regulatory regions based on chromatin ac-
cessibility [124,125]. To date, gene editing has only been used to target limited sites on the ancient Y chromosomes of
D. melanogaster [126] and the house mouse [127]. Gene editing may have a higher efficiency on younger Y chromosomes
because these are generally composed of fewer repeats and less heterochromatin.
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Outstanding questions

Does DNA methylation and/or the ac-
cumulation of heterochromatin play a
role in the early downregulation of Y-
linked gametologs? Does the accumu-
lation of SNP variants within regulatory
elements have a larger impact?

Are regulatory elements broadly under
selection to downregulate Y-linked
alleles?

Which patterns of regulatory evolution on
sex chromosomes are generalizable
across species?

Can purifying selection maintain regu-
latory regions on sex chromosomes?

Are transposable elements a common
mechanism to introduce novel tran-
scription factor-binding sites on Y
chromosomes?

Does pleiotropy constrain the evolution
of some regulatory elements on the Y
chromosome?
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are transcribed and recruit specialized RNA-binding proteins that are required for successful tran-
scription and processing.

An important challenge remaining is to untangle the timing and importance of different types of
regulatory evolution over the course of Y-chromosome evolution (Figure 3). Y-chromosome de-
generation occurs rapidly after the suppression of recombination [1,13]. One empirical approach
is to study overall rates of regulatory evolution in species with more recently evolved sex chromo-
somes. Fish [29,88,89], plants [37,90,91], and insects [92,93] have proved to be useful taxa in
which to study the convergent evolution of sex chromosomes over relatively short timescales.

Acknowledgments
This review was supported by National Science Foundation MCB 1943283 to M.A.W.

Declaration of interests
The authors declare no conflicts of interest.

References

1.

Bachtrog, D. (2013) Y-chromosome evolution: emerging in-
sights into processes of Y-chromosome degeneration. Nat.
Rev. Genet. 14, 113-124

Charlesworth, B. (1978) Model for evolution of Y chromosomes
and dosage compensation. Proc. Nat. Acad. Sci. U. S. A. 75,
5618-5622

Bergero, R. et al. (2019) Exaggerated heterochiasmy in a fish
with sex-linked male coloration polymorphisms. Proc. Nat.
Acad. Sci. U. S. A. 116, 6924-6931

Charlesworth, D. (2017) Evolution of recombination rates be-
tween sex chromosomes. Philos. Trans. R. Soc. Lond. Ser.
B Biol. Sci. 372, 20160456

Ironside, J.E. (2010) No amicable divorce? Challenging the no-
tion that sexual antagonism drives sex chromosome evolution.
Bioessays 32, 718-726

Ubeda, F. et al. (2015) On the origin of sex chromosomes from
meiotic drive. Proc. Biol. Sci. 282, 20141932

Charlesworth, B. and Wall, J.D. (1999) Inbreeding, heterozy-
gote advantage and the evolution of neo-X and neo-Y sex
chromosomes. Proc. Biol. Sci. 266, 51-56

Ponnikas, S. et al. (2018) Why do sex chromosomes stop
recombining? Trends Genet. 34, 492-503

Lenormand, T. and Roze, D. (2022) Y recombination arrest and
degeneration in the absence of sexual dimorphism. Science
375, 663-666

Bachtrog, D. (2008) The temporal dynamics of processes
underlying Y chromosome degeneration. Genetics 179,
1513-1525

Charlesworth, B. and Charlesworth, D. (2000) The degenera-
tion of Y chromosomes. Philos. Trans. R. Soc. Lond. Ser. B
Biol. Sci. 355, 1561572

Orr, H.AA. and Kim, Y. (1998) An adaptive hypothesis for the
evolution of the Y chromosome. Genetics 150, 1693-1698
Lenormand, T. et al. (2020) Sex chromosome degeneration by
regulatory evolution. Curr. Biol. 30, 3001-3006

Lahn, B.T. and Page, D.C. (1999) Four evolutionary strata on
the human X chromosome. Science 286, 964-967
Papadopulos, A.S.T. et al. (2015) Rapid Y degeneration and
dosage compensation in plant sex chromosomes. Proc. Natl.
Acad. Sci. 112, 13021-13026

Peichel, C.L. et al. (2020) Assembly of the threespine stickle-
back Y chromosome reveals convergent signatures of sex
chromosome evolution. Genome Biol. 21, 177

Bellott, D.W. et al. (2014) Mammalian Y chromosomes retain
widely expressed dosage-sensitive regulators. Nature 508,
494-499

Grossen, C. et al. (2012) The balanced lethal system of crested
newts: a ghost of sex chromosomes past? Am. Nat. 180,
E174-E183

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ma, W.-J. and Veltsos, P. (2021) The diversity and evolution of
sex chromosomes in frogs. Genes 12, 483

Soh, Y.Q. et al. (2014) Sequencing the mouse Y chromosome
reveals convergent gene acquisition and amplification on both
sex chromosomes. Cell 159, 800-813

Bellott, D.W. et al. (2017) Avian W and mammalian Y chromo-
somes convergently retained dosage-sensitive regulators. Nat.
Genet. 49, 387-394

White, M.A. et al. (2015) Purifying selection maintains dosage-
sensitive genes during degeneration of the threespine stickle-
back Y chromosome. Mol. Biol. Evol. 32, 1981-1995
Veltsos, P. et al. (2019) Early sex-chromosome evolution in the
diploid dioecious plant Mercurialis annua. Genetics 212,
815-835

Martin, H. et al. (2019) Evolution of young sex chromosomes in
two dioecious sister plant species with distinct sex determina-
tion systems. Genome Biol. Evol. 11, 350-361

Muyle, A. et al. (2012) Rapid de novo evolution of X chromo-
some dosage compensation in Silene latifolia, a plant with
young sex chromosomes. PLoS Biol. 10, e1001308

Hughes, J.F. et al. (2020) Sequence analysis in Bos taurus re-
veals pervasiveness of X-Y arms races in mammalian lineages.
Genome Res. 30, 1716-1726

Rhie, A. et al. (2021) Towards complete and error-free genome
assemblies of all vertebrate species. Nature 592, 737-746
Xiao, C. et al. (2021) The assembly of caprine Y chromosome
sequence reveals a unique paternal phylogenetic pattern and
improves our understanding of the origin of domestic goat.
Ecol. Evol. 11, 7779-7795

Li, M. et al. (2021) Reconstruction of the origin of a neo-Y sex
chromosome and its evolution in the spotted knifejaw,
Oplegnathus punctatus. Mol. Biol. Evol. 38, 2615-2626
Shao, F. et al. (2020) Chromosome-level genome assembly
of the female western mosquitofish (Gambusia affinis).
GigaScience 9, giaa092

Mahajan, S. et al. (2018) De novo assembly of a young
Drosophila Y chromosome using single-molecule se-
quencing and chromatin conformation capture. PLoS Biol. 16,
2006348

Chang, C.-H. et al. (2022) Unique structure and positive selec-
tion promote the rapid divergence of Drosophila Y chromo-
somes. Elife 11, e75795

Engelstadter, J. (2008) Muller's ratchet and the degeneration of
Y chromosomes: a simulation study. Genetics 180, 957-967
Meisel, R.P. et al. (2012) Disentangling the relationship be-
tween sex-biased gene expression and X-linkage. Genome
Res. 22, 1255-1265

Singh, N.D. et al. (2014) Positive and purifying selection on the
Drosophila Y chromosome. Mol. Biol. Evol. 31, 2612-2623

Trends in Genetics, August 2022, Vol. 38, No. 8

¢ CellP’ress

853



http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0005
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0005
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0005
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0010
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0010
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0010
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0015
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0015
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0015
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0020
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0020
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0020
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0025
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0025
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0025
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0030
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0030
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0035
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0035
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0035
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0040
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0040
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0045
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0045
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0045
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0050
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0050
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0050
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0055
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0055
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0055
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0060
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0060
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0065
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0065
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0070
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0070
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0075
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0075
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0075
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0080
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0080
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0080
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0085
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0085
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0085
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0090
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0090
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0090
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0095
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0095
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0100
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0100
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0100
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0105
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0105
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0105
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0110
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0110
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0110
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0115
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0115
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0115
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0120
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0120
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0120
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0125
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0125
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0125
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0130
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0130
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0130
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0135
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0135
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0140
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0140
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0140
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0140
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0145
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0145
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0145
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0150
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0150
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0150
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0155
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0155
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0155
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0155
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0160
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0160
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0160
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0165
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0165
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0170
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0170
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0170
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0175
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0175
CellPress logo

¢? CellPress

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Wei, K.H.C. and Bachtrog, D. (2019) Ancestral male recombi-
nation in Drosophila albomicans produced geographically re-
stricted neo-Y chromosome haplotypes varying in age and
onset of decay. PLoS Genet. 15, e1008502

Beaudry, F.E.G. et al. (2017) Genomic loss and silencing on the
Y chromosomes of Rumex. Genome Biol. Evol. 9, 3345-3355
Rodriguez Lorenzo, J.L. et al. (2018) DNA methylation and ge-
netic degeneration of the Y chromosome in the dioecious plant
Silene latifoliaa. BMC Genomics 19, 540

Muyle, A. et al. (2018) Genomic imprinting mediates dosage
compensation in a young plant XY system. Nat. Plants 4,
677-680

Yoshida, K. et al. (2014) Sex chromosome turnover contributes
to genomic divergence between incipient stickleback species.
PLoS Genet. 10, e1004223

Graves, J.A.M. (2016) Evolution of vertebrate sex chromo-
somes and dosage compensation. Nat. Rev. Genet. 17, 33-46
Bellott, D.W. and Page, D.C. (2021) Dosage-sensitive func-
tions in embryonic development drove the survival of genes
on sex-specific chromosomes in snakes, birds, and mammals.
Genome Res. 31, 198-210

Jegalian, K. and Page, D.C. (1998) A proposed path by which
genes common to mammalian X and Y chromosomes evolve
to become X inactivated. Nature 394, 776-780

Tukiainen, T. et al. (2017) Landscape of X chromosome inacti-
vation across human tissues. Nature 550, 244-248

Kaiser, V.B. et al. (2011) Nonrandom gene loss from the Drosophila
miranda neo-Y chromosome. Genome Biol. Evol. 3, 1329-1337
Crowson, D. et al. (2017) Purifying and positive selection influ-
ence patterns of gene loss and gene expression in the evolu-
tion of a plant sex chromosome system. Mol. Biol. Evol. 34,
1140-1154

Margarita and Dmitry (2011) Plant Y chromosome degenera-
tion is retarded by haploid purifying selection. Curr. Biol. 21,
14751479

Arnold, C.D. et al. (2014) Quantitative genome-wide enhancer
activity maps for five Drosophila species show functional en-
hancer conservation and turnover during cis-regulatory evolu-
tion. Nat. Genet. 46, 685-692

Vermunt, M.W. et al. (2016) Epigenomic annotation of gene
regulatory alterations during evolution of the primate brain.
Nat. Neurosci. 19, 494-503

Villar, D. et al. (2014) Evolution of transcription factor binding in
metazoans — mechanisms and functional implications. Nat.
Rev. Genet. 15, 221-233

Godfrey, AK. et al. (2020) Quantitative analysis of Y-
chromosome gene expression across 36 human tissues.
Genome Res. 30, 860-873

Mahajan, S. and Bachtrog, D. (2017) Convergent evolution of Y
chromosome gene content in flies. Nat. Commun. 8, 785
Martinez-Pacheco, M. et al. (2020) Expression evolution of an-
cestral XY gametologs across all major groups of placental
mammals. Genome Biol. Evol. 12, 2015-2028

Bachtrog, D. et al. (2019) Massive gene amplification on a re-
cently formed Drosophila Y chromosome. Nat. Ecol. Evol. 3,
1687-1597

Hughes, J.F. et al. (2010) Chimpanzee and human Y chromo-
somes are remarkably divergent in structure and gene content.
Nature 463, 536-539

Tomaszkiewicz, M. et al. (2016) A time- and cost-effective
strategy to sequence mammalian Y chromosomes: an applica-
tion to the de novo assembly of gorilla Y. Genome Res. 26,
530-540

Skaletsky, H. et al. (2003) The male-specific region of the
human Y chromosome is a mosaic of discrete sequence clas-
ses. Nature 423, 825-837

Hughes, G.M. et al. (2018) The birth and death of olfactory re-
ceptor gene families in mammalian niche adaptation. Mol. Biol.
Evol. 35, 1390-1406

Fernéndez, R. et al. (2020) Selection following gene duplication
shapes recent genome evolution in the pea aphid
Acyrthosiphon pisum. Mol. Biol. Evol. 37, 2601-2615
Cocquet, J. et al. (2012) A genetic basis for a postmeiotic X
versus Y chromosome intragenomic conflict in the mouse.
PLoS Genet. 8, 1002900

854  Trends in Genetics, August 2022, Vol. 38, No. 8

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Bellott, D.W. et al. (2010) Convergent evolution of chicken Z
and human X chromosomes by expansion and gene acquisi-
tion. Nature 466, 612-616

Mueller, J.L. et al. (2013) Independent specialization of the
human and mouse X chromosomes for the male germ line.
Nat. Genet. 45, 1083-1087

Kruger, AN. et al. (2019) A neofunctionalized X-linked
ampliconic gene family is essential for male fertility and equal
sex ratio in mice. Curr. Biol. 29, 3699-3706.3695
Sakamoto, T. and Innan, H. (2022) Muller's ratchet of the Y
chromosome with gene conversion. Genetics 220, iyab204
Hill, M.S. et al. (2021) Molecular and evolutionary processes
generating variation in gene expression. Nat. Rev. Genet. 22,
203-215

Wittkopp, P.J. and Kalay, G. (2012) Cis-regulatory elements:
molecular mechanisms and evolutionary processes underlying
divergence. Nat. Rev. Genet. 13, 59-69

Boyer, A. et al. (2006) Human and pig SRY &' flanking se-
quences can direct reporter transgene expression to the gen-
ital ridge and to migrating neural crest cells. Dev. Dyn. 235,
623-632

Iglesias, N. and Moazed, D. (2017) Silencing repetitive DNA.
Elife 6, €29503

Elgin, S.C.R. and Reuter, G. (2013) Position-effect variegation,
heterochromatin formation, and gene silencing in Drosophila.
Cold Spring Harb. Perspect. Biol. 5, a017780

Lee, Y.C.G. (2015) The pole of piRNA-mediated epigenetic si-
lencing in the population dynamics of transposable elements in
Drosophila melanogaster. PLoS Genet. 11, e1005269

Lee, Y.C.G. and Karpen, G.H. (2017) Pervasive epigenetic ef-
fects of Drosophila euchromatic transposable elements impact
their evolution. Elife 6, e25762

Zhou, Q. et al. (2013) The epigenome of evolving Drosophila
neo-sex chromosomes: dosage compensation and hetero-
chromatin formation. PLoS Biol. 11, e1001711

Chung, H. et al. (2007) Cis-regulatory elements in the Accord
retrotransposon result in tissue-specific expression of the
Drosophila melanogaster insecticide resistance gene Cyp6g1.
Genetics 175, 1071-1077

Ellison, C.E. and Bachtrog, D. (2013) Dosage compensation
via transposable element mediated rewiring of a regulatory net-
work. Science 342, 846-850

Ellison, C. and Bachtrog, D. (2019) Contingency in the conver-
gent evolution of a regulatory network: dosage compensation
in Drosophila. PLoS Biol. 17, 3000094

Schartl, M. et al. (2018) Sox5 is involved in germ-cell regulation
and sex determination in medaka following co-option of nested
transposable elements. BMC Biol. 16, 16

Herpin, A. et al. (2021) Allelic diversification after transposable
element exaptation promoted gsdf as the master sex deter-
mining gene of sablefish. Genome Res. 31, 1366-1380
Herpin, A. et al. (2010) Transcriptional rewiring of the sex deter-
mining dmrt1 gene duplicate by transposable elements. PLoS
Genet. 6, 61000844

Moore, L.D. et al. (2013) DNA methylation and its basic func-
tion. Neuropsychopharmacology 38, 23-38

Bachtrog, D. (2006) Expression profile of a degenerating neo-Y
chromosome in Drosophila. Curr. Biol. 16, 1694-1699

Zhou, Y. et al. (2021) Platypus and echidna genomes reveal
mammalian biology and evolution. Nature 592, 756762
Nozawa, M. et al. (2018) Gene-by-gene or localized dosage
compensation on the neo-X chromosome in Drosophila
miranda. Genome Biol. Evol. 1875-1881

Zhou, Q. and Bachtrog, D. (2012) Chromosome-wide gene silenc-
ing initiates Y degeneration in Drosophila. Curr. Biol. 22, 522-525
Bachtrog, D. et al. (2008) Genomic degradation of a young Y
chromosome in Drosophila miranda. Genome Biol. 9, R30
Andolfatto, P. (2005) Adaptive evolution of non-coding DNA in
Drosophila. Nature 437, 1149-1152

Chang, C.-H. and Larracuente, A.M. (2019) Heterochromatin-
enriched assemblies reveal the sequence and organization of the
Drosophila melanogaster Y chromosome. Genetics 211, 333-348
Fingerhut, J.M. et al. (2019) Satellite DNA-containing gigantic
introns in a unique gene expression program during Drosophila
spermatogenesis. PLoS Genet. 15, 1008028

Trends in Genetics


http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0180
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0180
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0180
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0180
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0185
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0185
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0190
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0190
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0190
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0195
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0195
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0195
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0200
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0200
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0200
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0205
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0205
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0210
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0210
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0210
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0210
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0215
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0215
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0215
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0220
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0220
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0225
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0225
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0230
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0230
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0230
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0230
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0235
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0235
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0235
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0240
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0240
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0240
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0240
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0245
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0245
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0245
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0250
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0250
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0250
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0255
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0255
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0255
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0260
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0260
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0265
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0265
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0265
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0270
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0270
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0270
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0275
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0275
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0275
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0280
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0280
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0280
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0280
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0285
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0285
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0285
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0290
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0290
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0290
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0295
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0295
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0295
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0300
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0300
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0300
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0305
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0305
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0305
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0310
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0310
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0310
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0315
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0315
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0315
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0320
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0320
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0325
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0325
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0325
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0330
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0330
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0330
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0335
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0335
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0335
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0335
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0340
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0340
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0345
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0345
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0345
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0350
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0350
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0350
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0355
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0355
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0355
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0360
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0360
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0360
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0365
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0365
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0365
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0365
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0370
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0370
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0370
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0375
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0375
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0375
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0380
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0380
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0380
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0385
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0385
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0385
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0390
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0390
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0390
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0395
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0395
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0400
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0400
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0405
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0405
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0410
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0410
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0410
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0415
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0415
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0420
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0420
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0425
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0425
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0430
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0430
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0430
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0435
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0435
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0435
CellPress logo

Trends in Genetics

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

106.

106.

107.

Kirkpatrick, M. et al. (2021) Evolution of the canonical sex chro-
mosomes of the guppy and its relatives. G3 (Bethesda) 12,
jkab435

Ross, J.A. et al. (2009) Turnover of sex chromosomes in the
stickleback fishes (Gasterosteidae). PLoS Genet. 5, e1000391
Harkess, A. et al. (2020) Sex determination by two Y-linked
genes in garden asparagus. Plant Cell 32, 1790-1796

Rifkin, J.L. et al. (2021) Widespread recombination suppres-
sion facilitates plant sex chromosome evolution. Mol. Biol.
Evol. 38, 1018-1030

Gu, L. et al. (2019) Dichotomy of dosage compensation along
the neo Z chromosome of the monarch butterfly. Curr. Biol. 29,
4071-4077

Bracewell, R.R. et al. (2017) Rapid neo-sex chromosome evo-
lution and incipient speciation in a major forest pest. Nat.
Commun. 8, 1593

Hughes, J.F. et al. (2012) Strict evolutionary conservation
followed rapid gene loss on human and rhesus Y chromo-
somes. Nature 483, 82-86

Kichigin, I.G. et al. (2016) Evolutionary dynamics of Anolis sex
chromosomes revealed by sequencing of flow sorting-derived
microchromosome-specific DNA. Mol. Genet. Genomics 291,
1955-1966

Bidon, T. et al. (2015) Genome-wide search identifies 1.9 Mb
from the polar bear Y chromosome for evolutionary analyses.
Genome Biol. Evol. 7, 2010-2022

Jevit, M.J. et al. (2021) An 8.22 Mb assembly and annotation of
the alpaca (Vicugna pacos) Y chromosome. Genes 12, 105
Wenger, A.M. et al. (2019) Accurate circular consensus long-
read sequencing improves variant detection and assembly of
a human genome. Nat. Biotechnol. 37, 11565-1162

Zhang, H. et al. (2020) A comprehensive evaluation of long
read error correction methods. BMC Genomics 21, 889
Chang, C.-H. et al. (2019) Islands of retroelements are major
components of Drosophila centromeres. PLoS Biol. 17,
3000241

Miga, K.H. et al. (2020) Telomere-to-telomere assembly of a
complete human X chromosome. Nature 585, 79-84
Kuderna, L.F.K. et al. (2019) Selective single molecule se-
quencing and assembly of a human Y chromosome of
African origin. Nat. Commun. 10, 4

Bachtrog, D. et al. (2014) Sex determination: why so many
ways of doing it? PLoS Biol. 12, 1001899

Wright, A.E. et al. (2016) How to make a sex chromosome.
Nat. Commun. 7, 12087

Ayers, K.L. et al. (2013) RNA sequencing reveals sexually di-
morphic gene expression before gonadal differentiation in
chicken and allows comprehensive annotation of the W-
chromosome. Genome Biol. 14, R26

Komissarov, A.S. et al. (2018) New high copy tandem repeat in
the content of the chicken W chromosome. Chromosoma 127,
73-83

Rogers, T.F. et al. (2021) Multi-copy gene family evolution on
the avian W chromosome. J. Hered. 112, 250-259

108.

109.

110.

1.

112,

113.

114

116.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Backstrém, N. et al. (2005) Gene conversion drives the evolu-
tion of HINTW, an ampliconic gene on the female-specific
avian W chromosome. Mol. Biol. Evol. 22, 1992-1999
Greenbaum, M.P. et al. (2011) Germ cell intercellular bridges.
Cold Spring Harb. Perspect. Biol. 3, 2005850

Parisi, M. et al. (2004) Genome Biol. 5, R40

Witt, E. et al. (2019) Testis single-cell RNA-seq reveals the dy-
namics of de novo gene transcription and germline mutational
bias in Drosophila. eLife 8, e47138

Nguyen, A.H. and Bachtrog, D. (2021) Toxic Y chromosome:
increased repeat expression and age-associated heterochro-
matin loss in male Drosophila with a young Y chromosome.
PL0S Genet. 17, 1009438

Nath, S. et al. (2021) Improved contiguity of the threespine
stickleback genome using long-read sequencing. G3 (Bethesda)
11, jkab007

Logsdon, G.A. et al. (2021) The structure, function and evolu-
tion of a complete human chromosome 8. Nature 593,
101-107

Jain, M. et al. (2018) Linear assembly of a human centromere
on the Y chromosome. Nat. Biotechnol. 36, 321-323

Ron, G. et al. (2017) Promoter-enhancer interactions identified
from Hi-C data using probabilistic models and hierarchical to-
pological domains. Nat. Commun. 8, 2237

Golov, AK. et al. (2020) A modified protocol of Capture-C al-
lows affordable and flexible high-resolution promoter interac-
tome analysis. Sci. Rep. 10, 15491

Larracuente, A.M. and Clark, A.G. (2013) Surprising differences in
the variability of Y chromosomes in African and cosmopolitan
populations of Drosophila melanogaster. Genetics 193, 201-214
Wilson Sayres, M.A. (2018) Genetic diversity on the sex chro-
mosomes. Genome Biol. Evol. 10, 1064-1078

Wilson Sayres, M.A. et al. (2014) Natural selection reduced di-
versity on human Y chromosomes. PLoS Genet. 10, 1004064
Chabot, A. et al. (2007) Using reporter gene assays to identify
cis regulatory differences between humans and chimpanzees.
Genetics 176, 2069-2076

Cherry, T.J. et al. (2020) Mapping the cis-regulatory architec-
ture of the human retina reveals noncoding genetic variation
in disease. Proc. Natl. Acad. Sci. 117, 9001-9012

Liu, L. et al. (2021) Enhancing grain-yield-related traits by
CRISPR-Cas9 promoter editing of maize CLE genes. Nat.
Plants 7, 287-294

Mochizuki, Y. et al. (2018) Combinatorial CRISPR/Cas9 ap-
proach to elucidate a far-upstream enhancer complex for
tissue-specific Sox9 expression. Dev. Cell 46, 794-806
Borys, S.M. and Younger, S.T. (2020) Identification of func-
tional regulatory elements in the human genome using pooled
CRISPR screens. BMC Genomics 21, 107

Buchman, A. and Akbari, O.S. (2019) Site-specific
transgenesis of the Drosophila melanogaster Y-chromosome
using CRISPR/Cas9. Insect Mol. Biol. 28, 65-73

Imaimatsu, K. et al. (2018) CRISPR/Cas9-mediated knock-in of the
murine Y chromosomal Sry gene. J. Reprod. Dev. 64, 283-287

Trends in Genetics, August 2022, Vol. 38, No. 8

¢ CellP’ress

855



http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0440
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0440
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0440
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0445
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0445
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0450
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0450
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0455
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0455
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0455
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0460
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0460
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0460
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0465
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0465
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0465
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0470
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0470
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0470
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0475
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0475
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0475
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0475
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0480
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0480
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0480
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0485
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0485
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0490
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0490
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0490
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0495
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0495
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0500
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0500
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0500
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0505
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0505
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0510
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0510
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0510
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0515
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0515
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0520
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0520
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0525
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0525
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0525
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0525
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0530
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0530
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0530
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0535
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0535
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0540
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0540
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0540
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0545
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0545
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0550
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0555
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0555
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0555
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0560
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0560
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0560
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0560
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0565
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0565
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0565
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0570
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0570
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0570
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0575
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0575
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0580
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0580
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0580
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0585
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0585
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0585
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0590
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0590
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0590
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0595
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0595
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0600
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0600
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0605
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0605
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0605
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0610
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0610
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0610
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0615
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0615
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0615
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0620
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0620
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0620
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0625
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0625
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0625
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0630
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0630
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0630
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0635
http://refhub.elsevier.com/S0168-9525(22)00084-1/rf0635
CellPress logo

	The evolution of gene regulation on sex chromosomes
	Evolution of heteromorphic sex chromosomes
	Sex-linked gametologs rapidly evolve expression differences
	Multiple mechanisms contribute to altered expression patterns of gametologs
	Models of regulatory evolution
	Concluding remarks
	Acknowledgments
	Declaration of interests
	References




