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Abstract

Developmental constraint and sexual conflict shape the evolution of heteromorphic sex
chromosomes. These contrasting forces are perhaps strongest during spermatogenesis in species
with XY males. In this review, we consider how the unique regulatory environment and selective
pressures of spermatogenesis interact to impact sex chromosome evolution in mammals. We
explore how each developmental phase of spermatogenesis influences sex chromosome gene
content, structure, and rate of molecular evolution, and how these attributes may contribute to
speciation. We argue that a developmental context is fundamental to understanding sex
chromosome evolution and that an evolutionary perspective can shed new light on our
understanding of sperm development.
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Constraint and conflict in sex chromosome evolution

The evolution of heteromor phic sex chromosomes (see Glossary) sets in motion unique
evolutionary and developmental dynamics. As Ohno noted [1], ‘The so-called sex-linked
genes are nothing more than the original Mendelian genes which were there when the X or
the Z was an ordinary chromosome’. These ‘ordinary’ genes are under strong developmental
constraint to maintain expression levels between males and females through dosage
compensation [reviewed in 2], leading to the remarkable conservation of X chromosome
gene content across placental mammals [3], known as Ohno’s law [see also 4]. But sex-
linked genes are often more than just ordinary genes. For example, sex chromosomes tend to
accumulate sexually antagonistic genes [5-7] and evolve functional specialization through
the enrichment of sex-biased genes[8]. In this review, we argue that the dichotomy of
developmental constraint and sexual conflict inherent to sex chromosomes has profound
consequences for their evolution. We propose that to fully understand sex chromosome
evolution these contrasting forces must be considered in a developmental context. In
particular, we focus on how the unusual regulatory dynamics of heteromorphic sex
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chromosomes during spermatogenesis (Figure 1A, Key Figure) both constrains aspects of
sex chromosome evolution and provides opportunities for rapid divergence.

Developmental constraint and sexual conflict are integral parts of spermatogenesis. The
integrity of spermatogenesis is maintained through numerous developmental checkpoints
[9,10], which may make aspects of spermatogenesis inherently sensitive to novel genetic
variation introduced by mutation [11]. Over evolutionary timescales, selection against
mutations that impact critical components of spermatogenesis slows the accumulation of
genetic divergence between species. At the same time, other aspects of spermatogenesis may
evolve rapidly in response to sexual selection or sexual conflict. For example, common
forms of sexual selection, such as sperm competition [12] or cryptic female choice
[13,14], can drive rapid divergence in sperm form, function, and rates of production [e.g.
15-19]. As a consequence, sperm are one of the most morphologically diverse cell types in
animals [e.g. 20,21]. These themes are particularly germane to genes that reside on the sex
chromosomes; X- and Y-linked genes experience additional developmental constraints
during spermatogenesis (discussed below), while their sex-biased transmission creates
opportunities for rapid evolution and sexual antagonism (Box 1).

The amalgamation of rapidly evolving components of the sex chromosomes, embedded
within a deeply conserved process, also appears to make spermatogenesis prone to
disruption in hybrid progeny [22]. Reproductive isolation between species often arises as an
indirect consequence of evolutionary divergence between populations. Given some
evolutionary divergence, the combination of genomes from two different species can
generate incompatible genetic interactions in hybrids [23]. Hybrid sterility (and inviability)
usually first manifests in the heterogametic (XY or ZW) sex, a pattern known as Haldane’s
rule [24, reviewed in 25]. In XY systems, hybrid male sterility tends to evolve very quickly
and incompatibilities underlying hybrid male sterility are more common on the X
chromosome [26], a phenomenon known as the Large X-effect [27, reviewed in 28].

Here, we will explore the evolution of sex chromosomes in the context of spermatogenesis.
For simplicity, we focus on the mammalian X and Y chromosomes (female XX and male
XY), where both the biology of spermatogenesis and patterns of sex chromosome evolution
have been intensively studied. We examine how the three main phases of spermatogenesis —
mitosis, meiosis, and the postmeiotic development of spermatozoa — impose specific
developmental constraints and provide opportunities for evolutionary divergence. We further
link evolutionary dynamics associated with each of these phases to the central role that the
sex chromosomes play in the origin of species. Recent studies that have examined the
evolutionary dynamics of sex chromosomes during spermatogenesis have shed new light on
the mode and tempo of sex chromosome evolution, the regulatory underpinnings of X-linked
hybrid male sterility, and the potential for antagonistic sex chromosome co-evolution.
Synthesizing across these insights, we argue that the unique regulatory environments and
selective pressures imposed by spermatogenesis are fundamental to understanding sex
chromosome evolution and speciation. Likewise, a complete understanding of sperm
development necessitates an evolutionary perspective.
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Mitotic phase: Rapid evolution of the male-biased X chromosome

Testes are composed of interstitial cells and seminiferous tubules, which are the site of
spermatogenesis. The first major phase of spermatogenesis is the proliferation of

sper matogonia through mitotic division (Figure 1A). Undifferentiated spermatogonia are
arrayed on the periphery of each tubule so that mitotic divisions proceed inwards (towards
the tubular lumen) and in waves along each tubule. During this early proliferation phase,
numerous mitotic cell divisions and the continuous production of sperm increase the
likelihood of mutations, leading to a male-biased mutation rate in most mammals
[reviewed in 29]. Mitotic germline mutations that are propagated in descendant cells create
opportunities for heritable genetic novelty and adaptation. This also makes early
spermatogenesis risky, and perhaps more prone to disruption by mutations than other phases
of spermatogenesis [10].

The mammalian X chromosome is enriched relative to the autosomes for genes expressed in
tissues with female-biased function(s), such as ovaries and placenta [30]. However, the X
chromosome is also predicted to accumulate male-biased genes under some conditions (Box
1). Consistent with this prediction, the X chromosome is highly enriched for genes that are
expressed early in spermatogenesis [30-32]. As discussed below, this prediction does not
generally hold across spermatogenesis because other developmental constraints select
against X-linkage during the later phases of spermatogenesis [30]. The lack of
recombination between the X and Y chromosome fuels sex chromosome heteromorphy and
is thought to have driven the loss of most genes from the non-recombinant portion of the Y
[33]. Genes that are retained on the Y tend to be specific to the testis and are usually
expressed in postmeiotic cells, where they likely have critical roles in sperm development
[34, Figure 1A].

Genes expressed in spermatogonia on the X chromosome also tend to show faster protein
sequence evolution relative to autosomal genes expressed during the same phase [31,35,
Figure 1B]. Faster-X evolution is predicted to occur when beneficial mutations are on
average recessive and exposed to selection on the X chromosome [6, reviewed in 36, Box 1].
Faster-X evolution is apparent across different functional classes of X-linked genes, but the
effect appears to be the strongest for male-biased spermatogenic genes [e.g. 35]. In turn,
faster-X evolution could drive the evolution of genetic incompatibilities that disrupt
spermatogenesis in hybrid males [6]. Given the developmental sensitivity of the mitotic
phase and the enrichment of rapidly evolving X-linked genes expressed in spermatogonia,
we might further predict that the evolution of hybrid male sterility often involves disruption
of early spermatogenesis. No such developmental bias has been established, although there
is some evidence for disrupted gene regulation in hybrid males early in spermatogenesis
[22,37]. Thus, the mitotic phase of spermatogenesis has had a big impact on the molecular
evolution of the X chromosome, but it is unclear if these evolutionary dynamics also play an
important role in speciation.
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Meiotic phase: The constraint of silenced sex chromosomes

During meiosis, chromosomes condense, homologous chromosomes pair and recombine,
and there are two rounds of cell division that produce haploid gametes (Figure 1A).
Mammalian X and Y chromosomes typically only pair and recombine over a small region of
homology called the pseudoautosomal region. Just prior to pairing and recombination, the
X and Y chromosomes are transcriptionally silenced through meiotic sex chromosome
inactivation (M SCI) and are sequestered in a cellular domain known as the sex body [38],
where they remain inactivated throughout meiosis. MSCI originated soon after the origin of
the mammalian sex chromosomes [39]. MSCI likely evolved from a more general
mechanism in mammals, the meiotic silencing of unsynapsed chromatin (M SUC), which
triggers the inactivation of autosomal regions that are not properly paired during meiosis
[40]. This suggests that the silencing of the sex chromosomes is potentially a by-product of
heteromorphy [11]. Alternatively, MSUC and MSCI may have evolved in response to
genomic conflict as a way to prevent selfish genetic elements from being preferentially
transmitted during meiosis [41,42]. Sex chromosomes may be silenced in response to
genomic conflict because selfish genetic elements are predicted to arise more often and
increase in frequency more easily on the sex chromosomes due to their sex-biased
transmission [5,43,44, Box 1]. MSCI may also have evolved as a way of silencing X-linked
female-biased genes that are toxic to spermatogenesis [11].

Regardless of the mechanistic underpinnings or evolutionary origins, the constraints
imposed by MSCI have had profound impacts on the evolution of X chromosome gene
content. For example, MSCI strongly selects against essential meiotic genes on the X
chromosome. One apparent consequence of this is that many testis-biased genes have been
copied from the sex chromosomes and inserted into the autosomes [45-47]. In at least one
instance, meiotic expression of the autosomal copy appears to directly compensate for X-
linked silencing [47]. Newly arisen male-biased genes are often X-linked, but over time the
movement of these genes from the X to the autosomes has led to the de-enrichment of X-
linked male meiotic genes [46]. Meiotic silencing may also select for X-linked genes that are
critical in the later stages of meiosis to be highly expressed earlier in development (prior to
meiosis or in early meiosis), so that transcripts persist through MSCI [48,49]. If true, then
the constraints of MSCI may partially explain the enrichment for X-linked genes that are
expressed earlier in spermatogenesis.

Sex chromosome evolution associated with the meiotic phase can contribute to speciation
through at least two distinct mechanisms. First, recombination along the pseudoautosomal
region can be essential for proper pairing and segregation of the sex chromosomes [50]. In
mammals, this region of retained X-Y homology contains very few genes but their sequence
and structure can evolve rapidly, likely as direct consequence of locally elevated
recombination rates [e.g. 51,52]. Several studies have linked rapid pseudoautosomal
divergence to the evolution of hybrid male sterility between closely related lineages of mice
[53-55].

Second, regulation of MSCI may be prone to disruption in hybrids. When MSCI was first
described by Lifschytz and Lindsley [56], they proposed that MSCI could be easily
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disrupted in hybrid genomes and that this could be a major developmental mechanism
contributing to Haldane’s rule for hybrid male sterility. Nearly 40 years later, the first
support for this hypothesis was demonstrated in mice [22,57-60] and likely in cats [61]. It
remains to be seen if the disruption of MSCI or MSCI-like phenomena is a common
mechanism underlying the rapid evolution of hybrid male sterility.

In mice, disruption of MSCI appears to be intimately tied to divergence of the autosomal
encoded protein PRDM9 and its binding sites [59,62,63], which determine the location of
double-strand breaks during recombination [64]. Divergence in PRDM?9 binding sites can
lead to the failure of PRDM9 to properly bind in hybrids [63,65], resulting in autosomal
asynapsis [59,63,66], which in turn triggers MSUC and subsequent disruption of MSCI
[22,59]. The mechanistic link between PRDM9 binding, autosomal asynapsis, and disrupted
MSCI is not known. Unsynapsed autosomes are silenced using some of the same cellular
components involved in MSCI. If this shared resource becomes depleted when MSUC is
elevated [11], then the disruption of MSCI in hybrids may merely be a downstream
consequence of widespread autosomal asynapsis and not associated with sex chromosome
evolution per se [66]. However, Pradm9-associated hybrid sterility depends on an
incompatible interaction with a specific region on the mouse X chromosome [60,67] that is
also associated with X-linked control of global recombination rates [68,69]. These studies
point towards a major role for X-linked control of meiotic recombination, MSCI, and the
evolution of hybrid male sterility [22,69,70].

Postmeiotic phase: Conflict between the X and Y

The haploid cells produced during meiosis, spermatids, undergo dramatic differentiation
during postmeiotic development. DNA becomes highly condensed and the morphological
features of the mature spermatozoa take shape through the process of sper miogenesis
(Figure 1A). Spermiogenesis is a highly specialized developmental process and many genes
expressed during this phase are specific to postmeiotic cells [48,49,71,72]. Similar to MSCI,
sex-linked genes are also partially silenced during postmeiotic development through a
process known as postmeiotic sex chromosome repression (PSCR). It is unclear if PSCR
is a continuation of MSCI or an independent repression of sex chromosome expression [73—
75]. Unlike MSCI, many sex-linked genes escape PSCR and are highly expressed in round
spermatids [31,34,73,74,76].

Genes expressed in postmeiotic cells tend to show rapid protein sequence evolution both on
and off the sex chromosomes [31,35,74,77, Figure 1B]. This likely reflects relaxed
evolutionary constraints typically associated with genes that are tissue or cell-specific [78],
as well as positive selection on genes influencing sperm form and function across species
[77]. The X-linked genes that escape PSCR tend to play critical roles in sperm development
[79] but evolve even faster than postmeiotic genes on the autosomes [31]. Interestingly, a
recent study found that postmeiotic gene expression divergence appears slower, not faster on
the X-chromosome [31]. This result is based on a single pairwise comparison between
closely related subspecies of mice, and other studies have produced conflicting results [e.g.
80].
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Many of the sex-linked genes that are expressed only in postmeiotic cells are also
ampliconic genes[3,74,76,81]. The leading mechanistic hypothesis for this genomic pattern
is that copy number expansions evolve essentially as dosage compensation responses that
allow critical X-linked spermatogenic genes to overcome the repressive chromatin
environment of PSCR [3,76,79]. This model posits a relationship between ampliconic
expansions, overall expression levels, and sperm development. However, a recent study
showed that deleting copies of ampliconic genes on the mouse X-chromosome did not
reduce fertility, despite reducing gene expression levels by half [82]. Thus, the functional
relationship between postmeiotic amplicon evolution and spermatogenesis is still unclear.

The evolution of ampliconic genes expressed during the postmeiotic phase of
spermatogenesis appears to be a general feature of mammalian sex chromosomes. Sex-
linked ampliconic gene families have been identified in several mammals, including mice
[80], cattle [83], and humans [84]. Ampliconic gene regions vary dramatically in size and
position, even among closely related mammals [3,4,81,85,86, Figure 2A]. In particular,
ampliconic gene regions on the Y chromosome have been independently acquired and
expanded multiple times in mammals (Table 1), with similar patterns of expression and high
specificity to postmeiotic spermatogenesis [3,84]. Similarly, X chromosome gene content is
largely conserved across mammals [1], but ampliconic genes are the striking exception [3,
Figure 2B]. Sex-linked ampliconic gene evolution appears to be so rapid in mice that there
can be extensive copy number variation within populations [80,87,88], and there are strong
signatures of frequent positive selective sweeps near ampliconic genes in cats [89] and
primates [90].

What drives the rapid and recurrent evolution of these sex-linked ampliconic gene families
in mammals? Such dynamic evolutionary patterns would seem unlikely under a model of
simple dosage compensation responses to PSCR. In mice, an ampliconic gene family is
directly involved in the maintenance of PSCR [91] and this mechanistic connection may in
turn drive an evolutionary arms-race in relative copy numbers of X- and Y-linked genes
[92,93]. Expression of the ampliconic Y-linked S/y gene decreases postmeiotic sex
chromosome expression while expression of the ampliconic X-linked S/x gene appears to
increase sex-linked expression [91,94]. These antagonistic regulatory effects set the stage for
intragenomic conflict driving co-evolved increases in S/xand S/y copy humbers and other
co-regulated X, Y, and autosomal amplicons [80,92,93, Box 2]. These patterns demonstrate
that intragenomic conflict can be a powerful force driving the rapid evolution and expansion
ampliconic of sex-linked gene families. It remains to be seen if the antagonistic co-
evolutionary dynamics of amplicons uncovered in mice are a general feature of
heteromorphic sex chromosomes that are regulated by PSCR.

The rapid evolution of postmeiotic genes could also lead to the evolution of hybrid male
sterility. Similar to disruption of MSCI in hybrids, antagonistic arms races between X- and
Y-linked genes provide an additional general regulatory mechanism through which
reproductive isolation could rapidly evolve. Closely related species can have drastically
different copy numbers of ampliconic genes [e.g. in mice 92]. Copy humber imbalances in
F1 hybrids could lead to one sex chromosome “winning” the arms-race and disrupting
postmeiotic sex chromosome expression [93], resulting in hybrid male sterility (Box 2).
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Empirical support for this intriguing model remains tentative in mice [22]. However,
ampliconic regions of the primate X chromosome with strong signatures of positive
selection also show reduced gene flow between Neanderthals and anatomically modern
humans, implying these regions could be barriers to gene flow between lineages [95].

Concluding Remarks

Sex chromosomes show extraordinary evolutionary dynamics shaped by their unique
patterns of inheritance and by sexual selection. Sex chromosome evolution is also a product
of strong developmental constraints imposed during male and female development. Here we
focused on the interplay between sexual selection and constraints imposed during specific
stages of spermatogenesis, arguing that this key developmental process plays a prominent
role in shaping the evolution of mammalian sex chromosomes. This perspective affords
additional insights into the evolution of sequences, gene contents, and structures of the sex
chromosomes within and between mammalian species. One fundamental consequence of
these processes is that sex chromosome evolution is intimately tied to the one of the most
general patterns in the evolution of sexually-reproducing animals—the rapid evolution of
hybrid male sterility. Linking sex chromosome evolution to the specific causes of male
sterility is an ongoing challenge. However, it is becoming increasingly clear that the process
of recombination and the epigenetic regulation of the sex chromosomes both seem especially
prone to disruption in hybrids.

Spermatogenesis is a fundamental aspect of reproduction, but it is understood well in only a
handful of model systems. Nonetheless, the hallmarks of sex chromosome evolution, such as
sex-biased gene content, faster-X evolution, and the large role of the X chromosome in
speciation is best understood in the context of a strong developmental framework. Future
studies will benefit from incorporating and extending these perspectives across diverse
mammalian systems (See Outstanding Questions).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GLOSSARY

Ampliconic gene
Highly similar multicopy gene families, usually in found in palindromic or tandem
duplication arrays
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Autosomal asynapsis
The failure of autosomes to properly pair and recombine during meiosis. Unsynapsed
autosomes trigger MSUC

Cryptic female choice
A form of intersexual selection that arises when variation in the fertilization success among
males is influenced by females

Dosage compensation

Regulatory mechanisms that equalize the expression of sex-linked genes between males and
females or relative to the autosomes. Dosage compensation can be chromosome-wide or
gene-specific

Faster-X evolution

The faster evolution of genes on the X chromosome relative to the autosomes. Originally
predicted if beneficial mutations are on average recessive, allowing selection to act more
efficiently on exposed X-linked mutations in hemizygous males

Genomic conflict

When one part of the genome gains a reproductive advantage at the expense of another
part[s] of the genome. Conflict can occur among genomes (é.g., maternal-offspring conflict
during pregnancy) or within genomes (e.g., mitochondrial and nuclear genes, sexually
antagonistic genes)

Hemizygous
When only one copy of a chromosome is present in a diploid organism. The X and Y
chromosomes are hemizygous in males (XY)

Heterogametic
The sex that produces gametes with two different types of sex chromosomes (e.g., X and Y-
bearing sperm). In mammals, males are the heterogametic sex

Heteromor phic sex chromosomes
Sex chromosomes descended from homologous autosomes that differ in gene content, size,
structure, and base composition

M ale-biased mutation
Higher mutation rates in the male germline caused by more cell divisions per generation in
spermatogenesis relative to oogenesis

Meiotic sex chromosome inactivation (M SCI)
Epigenetic silencing of sex chromosome gene expression during meiosis

Meiotic silencing of unsynapsed chromatin (M SUC)
Silencing of gene expression in unsynapsed chromosomal regions during meiosis

Postmeiotic sex chromosome repression (PSCR)
Transcriptional repression of the sex chromosomes during postmeiotic development
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Pseudoautosomal region
Region(s) of retained homology on heteromorphic sex chromosomes that pair and
recombine in the heterogametic sex

Sexual conflict
Differences in the evolutionary interests of males and females

Spermatogenesis
The development of haploid gametes in the testes of males through mitosis, meiosis and
postmeiotic development (/.e., spermiogenesis). See Figure 1A

Spermatogonia
Undifferentiated diploid male germ cells. Spermatogonia undergo spermatogenesis to
produce haploid spermatozoa

Spermiogenesis
The final phase of spermatogenesis defined by the morphological development of round
spermatids into spermatozoa

Sperm competition
A form of intrasexual selection whereby the ejaculates of two or more males compete to
fertilize a female’s eggs

Sexually antagonistic gene
A gene showing sex-dependent fitness effects that are beneficial in one sex but harmful in
the other

Sex-biased gene
A gene that is expressed predominately or exclusively in one sex. Sex-biased genes are often
expressed in sex-specific tissues (e.g., testes and accessory glands in males)
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Box 1:
The evolutionary dynamics of sex chromosomes

Many of the unusual features of sex chromosomes are thought to reflect unique
evolutionary dynamics related to their sex-biased transmission. The X and Y
chromosomes are single copy, or hemizygous, in males and therefore sex-biased relative
to the autosomes. Assuming a population with equal sex ratios, the X chromosome has
3/4 as many copies as a given autosome and spends 2/3 of its time in females while the Y
chromosome is male-specific with 1/4 the autosomal population size. These deviations
from autosomal conditions can impact two important aspects of sex chromosome
evolution that are germane to spermatogenesis:

Genetic content

Selection in female and male environments can facilitate the accumulation of sexually
antagonistic genes on the X chromosome that benefit one sex but are detrimental to the
other [5,7]. The X chromosome spends most of its time in females, which can favor the
fixation of X-linked mutations that have female-biased function [e.g. 30]. However, genes
with at least partially recessive antagonistic effects can favor the evolution of male-biased
functions on the X chromosome [¢e.g. 30,32]. The Y chromosome is only in males, thus
mammalian Y-linked genes are largely testis-specific [34].

Rates of molecular evolution

Male hemizygosity results in immediate exposure of new recessive sex-linked alleles to
selection. This can lead to more efficient purifying selection against deleterious mutations
and the faster fixation of beneficial alleles relative to the autosomes, especially when
considering genes that are primarily expressed in males [6,96]. Predictions on the relative
efficacy of selection on and off the sex chromosomes depend on several factors, including
sex ratios and variance in reproductive success, sex-specific mutation rates, and the
average dominance and sex-specific fitness effects of mutations [36,96,97].

Trends Genet. Author manuscript; available in PMC 2018 September 28.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Larson et al.

Page 15

Box 2:
Genomic conflict between mouse sex chromosomes

The Sixand S/yampliconic gene families are found on the X and Y chromosomes,
respectively, of house mice (Mus musculus) and have undergone rapid expansion,
reaching sizes of over 100 gene copies [80,92]. Genomic conflict has been proposed to be
the main evolutionary force driving this dramatic expansion [93]. Cocquet and colleagues
[91,93,94] have performed experiments in male mice to knockdown the expression of Six
and S/y multicopy gene families (Figure ). When Six transcription is knocked down,
postmeiotic sex chromosome gene expression decreases slightly, sperm are mildly
malformed, and males produce litters with male-biased sex ratios. When S/y transcription
is knocked down, the sex chromosomes are overexpressed, sperm are severely abnormal,
and males are mostly sterile. When S/y knockdowns do occasionally reproduce, they sire
litters with sex ratios skewed towards females. Knocking down both S/xand S/y rescued
male fertility and restored sex chromosome expression levels and offspring sex ratios.
These experiments suggest that S/xand S/yare coevolving in an antagonistic arms-race
to escape PSCR and bias their transmission to the next generation.

What is fascinating is that S/xand S/y have dramatically expanded their copy numbers
since they arose in Musand copy numbers vary among closely related subspecies [92]
and within populations [80,87,88]. For example, M. m. musculus has ~100 copies of S/x
and ~80 of Sly, while M. m. domesticus has ~50 copies of both S/xand S/y. These two
subspecies form subfertile F1 hybrids in a natural hybrid zone in central Europe [98],
leading to the intriguing possibility that imbalances in S/xand S/y copy number could
contribute to hybrid sterility and speciation. Patterns of postmeiotic gene expression in
reciprocal F1 hybrids are consistent with the S/x/Sly imbalance hypothesis: S/x excess
hybrids are mostly sterile and overexpress the sex chromosomes, while S/y excess
hybrids have only slight fertility problems and underexpress the sex chromosomes [22].
However, it is still unclear how much of the observed sterility in S/x excess hybrids is due
to downstream effects of disrupted MSCI in the same cross (/.¢. earlier disruption could
have cascading effects on later cell stages), or other interactions between the X and Y
chromosomes [99]. The phenotypic effects of S/x/S/ly imbalance may also critically
depend on interactions with other sex chromosome ampliconic regions and autosomal
ampliconic gene regions that appear to be co-regulated with S/y’[22,100,101].

Trends Genet. Author manuscript; available in PMC 2018 September 28.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Larson et al. Page 16

/A Mitosis Meiosis Postmeiosis )
2N:2C 2N:4C b 1N:2C 1N:1C

S %

PSCR

o)
P

sexel selection EE—— <
intensity

developmental
constraint

divergence

divergence
A

Figure 1. Overview of mammalian sper matogenesis.
A. Spermatogenesis is a dynamic developmental process defined by reduction in ploidy and

progressive specialization of germ cells. Spermatogenesis begins at the outside of the
seminiferous tubule and proceeds inward towards the lumen. First, undifferentiated
spermatogonia undergo multiple rounds of mitotic division. These cells then progress
through meiosis, during which homologous chromosomes pair, crossing over takes place,
and there are two subsequent rounds of cell division. The resulting haploid products undergo
spermiogenesis to produce highly specialized spermatozoa. Spermatogenic genes on the
autosomes (blue) are on average expressed throughout spermatogenesis, although there are
groups of genes that are more highly expressed early (prior to MSCI) or late in
spermatogenesis [31,48,71,102,103]. Genes on the X and Y chromosomes (orange) are
silenced during meiosis (MSCI) and remain transcriptionally repressed in postmeiotic
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development (PSCR). Genes that escape PSCR tend to be highly expressed [3,73,74,76]. ‘N’
indicates autosomal ploidy, ‘C’ indicates autosomal copy number. B. Conceptual model for
the molecular evolution of spermatogenic genes on and off the sex chromosomes. Patterns of
protein-coding and gene expression divergence are influenced by variation in the intensity of
sexual selection and the degree of developmental constraint across spermatogenesis. Protein-
coding and expression divergence data summarized from [31].
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Figure 2. Ampliconic regions of the sex chromosomes evolve rapidly.
A. Cladogram and Y chromosome sketches showing that the structure and size of the Y

chromosome is highly variable even between closely related species, largely because of
variation in the ampliconic regions [4,81,85,86,89]. Chromosome sketches for species
marked with (*) show only the male specific region of the Y chromosome. B. The number of
ampliconic, multicopy, and single-copy X chromosome genes unique to human, unique to
mouse, and shared between the two species [data from 3]. Gene content is highly conserved
for single-copy and, to a lesser extent, multicopy genes. However, the ampliconic genes are
highly divergent.
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Figurel.
Consequence of SIx and Sly knockdown.

Trends Genet. Author manuscript; available in PMC 2018 September 28.



Page 20

Larson et al.

[#] woly T ainBi4 papusixs uo ummmgu

[68] wouy T 8jqeL Areluswsjddns uo cmwBQ

[68] wouy T 8inbi4 uo ummmgm

[v] SINIHS SaA umouun - L0t (Snyaoel x1yreD ) yesowse
[v] SWIHS SOA umouun - 58 (Sna1bantou snpey) ey
[v] SINIHS umousun umouxun - 4 (pangsawop siyadjapouoyy) wnssodo
[98] Buiddew eondo ‘Buiuold Ovg noz umouun - | gz~ (10405 sngs') bid
[68] uoissaldxa SBA umoudun %08 6 (smpa stisanyis sifa+) 1ed

auab ‘erep 91uabolfo ‘Buiuold Jvg q e
[68] uolssaldxa SOA umouxun %L'6 2z (Swrerwey sndny siue) boq

auab ‘erep 91usholfo ‘Buiuold Jvg q e
[eg‘'v] uoissaldxa auab ‘Buluojd Jvg SOA ATOF pue X797 - L= (snuney sog) 1Ing
[201'68'V] SWIHS SOA umouxun | (unrewolyons Jo) %Gy e (erenw vovoEyy) Snseyy
[soT] d2dpp ‘uoissaldxa auab ‘Buiousnbas umouNun umouxun - 8 (8111106 g1106 Blj1109) ©]|1109)

peal Buoj pue poys ‘Bunios moj4
[s8'y] SINIHS SOA umouxun | (urrewolyans 4o) %/ 9 (sauApoybosy ued) sazuedwiyd
[901'58'7] SIHS SOA ASSH ZXASH/TXASH AOA XOA | (uirewolyons Jo) %Sy 6 (susidies owioH ) uewinH
[t8'v] SINIHS EON Asis %86 g (snynosnw snyy) asnow
XSIS /1SS [IA1SS XisS AIS ‘TIXIS XIS

S90UB BJRY poypw Bupuenbas | uowsseldxe paseiq-sisal sBojowoy A/Xx pailjdwe-0 A YD 10 9% # wsiueb 10

"SOLLIOSOLUOIYD X3S ay] Uo saljiwe) auab oruodijdure Jo suoisuedxe pue uonisinbae syl Guipuelsiapun 1oy uerniodul

aq |11m suolibal aannadal Ajybiy Burousnbas 1oy ABojouyaal paaoidw| "SINIHS 01 aAITeUIB) R 3|geploye ue apiaoid Aew pue Buluojd Jwg uey ajeinaoe
alow aq 01 steadde poyraw syl [SOT] wuawydIIUS 10 1S8421Ul JO UOIBaI 10 BLWIOSOWO0IYD B 31R|0SI 0] SIjewojulolq pue ‘4od [eubip 19jdop ‘Buiios

MOJJ sasn ey padojanap sem Burousnbas uoifal o1uoaijdwe o) poyiaw mau e ‘Ajnusday ‘[68] sa1dod asoy) Buliap.o 1o auab swes ay) Jo saidod Jualayip
Buowre BuiysinBunsip 104 POYIBW © 8ARY JOU S30P 11 8snedaq ajedndde ssaj si 1 ybnoyie ‘suoifal a1uodljdwe adusnbas 0] pasn aq 0s|e ued elep uolssaidxa
yum paulquiod Buiuojd Jvg ‘[#0T] se1dod asayy Jepio Ajiadoud pue ‘saidod Buowe sdejsano puly ‘ausb e jo saidod Juatayip Ajluapi 01 sauojd Buowre
S90UBJ3YJIP 9pN03JINU-3|Buls SaljIUaPI uay) pue speas Buo] Apjdwe 01 Buluold (Qwg) swosowo.ayd [eIdljIue [elis1eq sasn yaiym ‘(SINIHS) Burouanbas
pue Buiddew aanelsyl adAiojdey-ajbuls s1 poyiaw a1eindde 1sow ay) ‘Ajusiing “Ajarelndoe s|quuiasse pue adsuanhbas o1 3na1ip AIsA ae suoibal d1uodijdwy

‘Sfewwrew ulsaljiue)ausb J1uodijdure swosowo Jyd A
‘T 9l|qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Trends Genet. Author manuscript; available in PMC 2018 September 28.



Page 21

Larson et al.

"sauab o1uodljdwe urejuod Ajayi| eyl sdeb sureluod Ajquuasse aIOSOWOIYD A 418U} ‘J9ASMOH ‘suodljdwe A paselq-siisa) 10 80UspIAS aj3I| punos Apnis siyl

Author Manuscript

Author Manuscript

Y
Author Manuscript

Author Manuscript

Trends Genet. Author manuscript; available in PMC 2018 September 28.



	Abstract
	Constraint and conflict in sex chromosome evolution
	Mitotic phase: Rapid evolution of the male-biased X chromosome
	Meiotic phase: The constraint of silenced sex chromosomes
	Postmeiotic phase: Conflict between the X and Y
	Concluding Remarks
	References
	Figure 1.
	Figure 2.
	Figure I.
	Table 1:

