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Abstract

Plant sex chromosomes can be vastly different from those of the few historical animal model organisms from which most of
our understanding of sex chromosome evolution is derived. Recently, we have seen several advancements from studies on
green algae, brown algae, and land plants that are providing a broader understanding of the variable ways in which sex
chromosomes can evolve in distant eukaryotic groups. Plant sex-determining genes are being identified and, as expected,
are completely different from those in animals. Species with varying levels of differentiation between the X and Y have been
foundin plants, and these are hypothesized to be representing different stages of sex chromosome evolution. However, we
are also finding that sex chromosomes can remain morphologically unchanged over extended periods of time. Where
degeneration of the Y occurs, it appears to proceed similarly in plants and animals. Dosage compensation (a phenomenon
that compensates for the consequent loss of expression from the Y) has now been documented in a plant system, its
mechanism, however, remains unknown. Research has also begun on the role of sex chromosomes in sexual conflict
resolution, and it appears that sex-biased genes evolve similarly in plants and animals, although the functions of these
genes remain poorly studied. Because the difficulty in obtaining sex chromosome sequences is increasingly being overcome
by methodological developments, there is great potential for further discovery within the field of plant sex chromosome
evolution.
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Sequence comparison within and between species of well-
studied animal models suggests that sex chromosomes derive
from an ordinary pair of autosomes that have evolved sex-
determining genes and stopped recombining (Bachtrog
2013). For example, in placental mammals, Drosophila, and
birds, most of the Y (or W) chromosome has stopped recom-
bining (Bachtrog 2013; Ellegren 2011). As a result, this non-
recombining region degrades; the human Y chromosome, for
example, has lost most of its original genes (Ross et al. 2005).
The resulting imbalance of X genes (one copy of X genes in
males vs. two in females) appears to have been countered by
the evolution of dosage compensation in some animals, a
mechanism that theoretically enables equivalent X gene ex-
pression in both sexes (Graves 2016).

Most of this knowledge on sex chromosome evolution

Introduction

Sex chromosomes are unique in that each member of the
chromosome pair has genetic material that differs partially
from the other, giving a mechanism by which the sex of indi-
viduals can be determined. There are three systems by which
this happens (fig. 1). One is the female heterogametic system,
where females have two distinct sex chromosomes (ZW) and
males are homogametic (ZZ), as can be observed in some
willows, for example Salix suchowensis (Hou et al. 2015).
Another is the male heterogametic system, such as that
found in Silene latifolia (Bernasconi et al. 2009), where
males have two distinct sex chromosomes (XY) and females
are homogametic (XX). In species with an independent hap-
loid phase in their life cycle, sex can be determined in the

haploid gametophytes by a UV system (females U, males V)
and the diploid sporophyte is then heterogametic (UV), as
observed for example in Marchantia polymorpha (Yamato
et al. 2007).

comes from a few animal models, but a broader phylogenetic
perspective is essential to test whether it can be generalized to
other eukaryotes. Outside animals, sex chromosomes have
mainly been studied in land plants, and to a lesser extent in
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Fic. 1.—Examples of sex chromosome systems in plants. (a) XY: male heterogamety (Silene latifolia), (b) ZW: female heterogamety (Salix suchowensis)
and (c) UV: haplo-diploid system (Marchantia polymorpha), showing maternal (pink) and paternal (blue) sex chromosomes.

green and brown algae. Consequently, this review will mainly
focus on plant sex chromosomes and will mention data on
algae whenever available.

Specifically, this review will cover the recent advances from
studies on nonanimal systems that are giving us a more global
perspective on the range of ways in which sex chromosomes

evolve. It will explore the particularities of plant sex chromo-
somes regarding their origins and sex-determining genes, and
discuss what they teach us about the causes of recombination
suppression and the consequent degeneration of sex chromo-
somes. What follows is a presentation of why in some species,
recombination suppression does not spread outside of the
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small region containing the sex-determining genes. The fields
of plant dosage compensation and sexual conflict resolution
are also explored, two topics that have not yet been tackled by
recent reviews on plant sex chromosome evolution
(Charlesworth 2016, 2015; Viyskot and Hobza 2015). Finally,
with methodological advances making it easier than ever to
obtain sex chromosome sequence data, there is great poten-
tial for new findings in this field, and suggestions for future
research directions are provided.

The Origin of Sex-Determining Genes and Sex
Chromosomes in Plants

Very few (~40) sex chromosomes have so far been identified
in plants (Ming et al. 2011). This contrasts dramatically with
the number of dioecious plants (species with male and female
individuals, i.e., species that are likely to carry sex chromo-
somes). Indeed, 75% of liverworts (6,000 species), 50% of
leafy mosses (7,250 species), 36% of gymnosperms (381 spe-
cies), and 5-6% of angiosperms (15,600 species) are dioe-
cious (Ming et al. 2011; Renner 2014). Estimates of the
frequency of dioecy in brown and green algae are currently
missing. In angiosperms, hermaphroditism is supposedly the
ancestral breeding system (Endress and Doyle 2015; Sauquet,
seminar communication), and some families are entirely dioe-
cious (Kafer et al. 2014; Renner 2016) such as Salicaceae
(Manchester et al. 2006), Caricaceae (Carvalho and Renner
2012), and Ebenacaeae (Akagi et al. 2014), which suggests
that dioecy is ancient in these families. However, dioecious
and hermaphroditic species are often assigned to the same
angiosperm genus, which suggests that dioecy is often of
recent origin. Homomorphic sex chromosomes (where both
sex chromosomes are the same size) can therefore be ex-
pected in many dioecious angiosperms, because not enough
time has passed for them to differentiate morphologically (see
section on degeneration below). As the sex chromosomes are
often expected to be homomorhpic, genetic markers would
be required for their detection (because cytology can only
identify heteromorphic sex chromosomes) and this could ex-
plain why so few of them have been identified. In angio-
sperms, dioecy evolved independently from
hermaphroditism somewhere between 871 and 5000 times
(Renner 2014). Therefore, it is likely that many sex chromo-
some systems are yet to be discovered in plants, along with
the mechanism for their origin.

There is evidence that plant sex chromosomes derive from
a pair of autosomes (Nicolas et al. 2005; Filatov 2005; Bergero
and Charlesworth 2009). Theory predicts that at least two
closely linked sex-determining genes are necessary for the
birth of sex chromosomes; the so-called “two-gene model”
(Charlesworth and Charlesworth 1978; see fig. 2): a male
sterility mutation (recessive in X/Y systems, dominant in Z/W
systems) and a female sterility mutation (dominant in X/Y sys-
tems, recessive in ZW systems). In UV systems, the dominance

of mutations does not matter as sex is expressed in the haploid
phase (fig. 1c).

Some studies have revealed the possibility of the “two-
gene model” occurring in plants. For example, in the subdioe-
cious plant Fragaria virginiana, the male function region and
the female function region have been mapped to the same
linkage group, separated by approximately 6 cM and recom-
bination between the two loci was shown to lead to hermaph-
rodites and neuters (both male and female sterile) in cross
progenies (Spigler et al. 2008). The name given to sex chro-
mosomes at this first stage of their evolution is “proto-sex
chromosomes” (fig. 2a). In Fragaria virginiana, because the
mutation causing male sterility is dominant and the one caus-
ing female sterility is recessive, the system consists of proto-
ZW sex chromosomes. Another example is the papaya, where
hermaphrodites are determined by a Y"-specific region that
recently evolved (around 4000 years ago) from a much older Y
specific region (that evolved around 9 million years, hereafter
My, ago), possibly after the loss of the dominant female ste-
rility mutation (VanBuren et al. 2015). However, further ge-
netic analyses will be necessary to confirm the two-gene
model in this species. In Silene latifolia, the X/Y chromosomes
are heteromorphic and mutants with deletions on the Y have
revealed that there are two to three main sex-determining
regions (at least one female-suppressing and at least one
male-promoting), as expected under the (at-least) “two-
gene model” (Zluvova et al. 2007; Bergero et al. 2008;
Kazama et al. 2016). The genes, however, still remain to be
identified.

So far, only two plant sex-determining genes have been
identified as being located on sex chromosomes. One (called
MID) functions in the green algae Volvox carteri to govern
gametic differentiation and is only present in the minus hap-
lotype (Ferris and Goodenough 1997). Another sex-determin-
ing gene is OG/, a small RNA-encoded on the Y specific region
of the crop species Diospyros lotus (persimmon). OG/ has
male-specific expression and was found to down-regulate
the expression of MeGi; a gene that represses male function
(Akagi et al. 2014). However, MeGi is autosomal and there-
fore the interplay between MeGi and OG/ does not fit well
with the “two-gene model,” unless another yet unknown Y
gene has a female-sterility mutation (Renner 2016). For other
species, candidate sex-determining genes have been pro-
posed but their location on sex chromosomes has yet to be
assessed. For instance in Asparagus officinalis, pollen develop-
ment aborts late in females at the microspore maturation
stage, and Harkess et al. (2015) showed that the AMS
(Aborted Microspores) gene has male-biased expression.
This makes this species a good candidate for finding a male
sterility gene, as this same gene is known to be involved in
microspore maturation in another plant (Arabidopsis thaliana),
but further analyses are required to evaluate whether this
gene is indeed located on the Y chromosome for Asparagus
officinalis.
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Fic. 2.—Example progression of XY sex chromosome evolution. Note that this is only one potential evolutionary pathway, not all stages are obligatory
and each stage of the pathway is not necessarily associated with the age of the system. In (a), the YY genotype is viable and only sex-determining genes differ

630  Genome Biol. Evol. 9(3):627-645.  doi:10.1093/gbe/evw282  Advance Access publication March 6, 2017



Plant Sex Chromosome Evolution

GBE

There are other known sex-determining genes in plants,
but they all come from monoecious cucurbits (Boualem
et al. 2008, 2009, 2015; Martin et al. 2009); monoecious
meaning that male and female flowers are on a single
plant that does not have sex chromosomes. In these
plants the WIPT gene inhibits female function when
active, but WIPT can be inhibited by another gene
(ACSTT). By fixing a recessive loss-of-function mutation in
ACST1, and maintaining WIPT as polymorphic with a func-
tional and a nonfunctional allele, Boualem et al. (2015)
created an artificial dioecious population of melons
(Cucumis melo) and maintained it over time. This experi-
ment demonstrated that dioecy can be determined by a
single gene, because only the WIPT gene determines the
sex of individuals once a loss-of-function mutation is fixed
in ACSTT1. It remains unknown however, whether these
mutations have been recruited in closely related dioecious
species with sex chromosomes. If they have been, this
would not fit the “two-gene model.”

The “two-gene model” and the evolutionary pathway
leading to dicecy through gynodioecy (the coexistence of
females and hermaphrodites within a species) could explain
why in angiosperms, XY systems seem to be more frequent
than ZW (Ming et al. 2011). However, as the above exam-
ples indicate, it is unclear how widespread the “two-gene
model” is in reality for angiosperms and alternative models
could exist in dioecious plants (Renner 2016). Also, given
that there are few angiosperms with an identified sex chro-
mosome system, the prevalence of XY systems could be due
to a sampling bias.

The Differentiation of Sex Chromosomes

Once proto-sex chromosomes have established, they can con-
tinue to differentiate into sex chromosomes through a
number of different mechanisms. Several species of plants
and algae have sex chromosomes that show varying degrees
of differentiation, each of which could represent different
stages of sex chromosome evolution (fig. 2). Fragaria virgini-
ana could be seen as representing the first stage of differen-
tiation. Recombination events between the two sex-
determining loci of their proto-Z and proto-W generate neu-
ters and hermaphrodites (Spigler et al. 2008). In this species,
neuters are selected against as they cannot reproduce, and
hermaphrodites are expected to be selected against if they
have a lower fitness compared with males and females.
Theory predicts that this scenario would select for

recombination suppression between the two sex-determining
loci and the proto-sex chromosomes would be transformed
into actual sex chromosomes. As a consequence, the male-
specific region of the Y chromosome would stop recombining
and become a sex-specific nonrecombining region (hereafter
SNR). Genes located in the SNR and/or its X-homologous
region are called sex-linked genes. The PAR (pseudoautosomal
region) surrounding the SNR would continue to recombine in
both males and females, but the SNR-homologous region on
the X would continue to recombine only in females. This early
stage of sex chromosome evolution after recombination sup-
pression between the two sex-determining genes can be ob-
served in the plant Asparagus officinalis (fig. 2b; Telgmann-
Rauber et al. 2007). The process unfolds in the same way for
ZW systems, the only difference being that the female-specific
region on the W does not recombine. In UV systems, both
male-specific and female-specific regions do not recombine as
the sporophyte is always heterogametic.

Unlike Asparagus officinalis, many species with sex chro-
mosomes have much larger SNRs than the expected small
region containing the two closely linked sex-determining
genes, which suggests that sex chromosomes undergo further
recombination suppression events. This has been confirmed at
the molecular level by the study of X-Y, Z-W, or U-V diver-
gence, whenever sequences are available (see Box 1 for sex
chromosome sequencing methods). Indeed, after recombina-
tion suppression, SNRs accumulate substitutions separately
and, using a molecular clock approach, it is possible to esti-
mate the time when recombination stopped. Because sex-
linked genes with similar X-Y, Z-W, or U-V divergence levels
tend to be located in similar genomic regions (called strata),
unless these regions have later been rearranged, one can infer
that for each strata, recombination was suppressed at rela-
tively different points in time. For example, in Silene latifolia,
there have been at least two recombination suppression
events (Nicolas et al. 2005) as genes fall into at least two
categories of X-Y divergence. Recombination suppression
also seems to be associated with chromosomal rearrange-
ments, in particular with inversions. For example, in papaya
two large inversion events appear to define the two strata
present in this species (Wang et al. 2012). Several additional
studies have revealed much variation in the characteristics and
abundance of strata in plant and algal species (reviewed in
Table 1).

But what is the evolutionary force driving these additional
events of recombination suppression on sex chromosomes?

Fic. 2.—Continued

(as shown on the zoom). Recombination can be suppressed in the immediate area around the sex-determining genes (b) or further suppressed along flanking
regions (c), this can lead to the accumulation of repeated elements and a consequent increase in size of the Y (d). The Y chromosome can also become
smaller than the X chromosome through deletions in the SNR (d7.7) (Segawa et al. 1971). Neo-sex chromosomes can evolve with reciprocal translocation
(d2) (Howell et al. 2009) or with X autosome fusion (d3), (Smith 1964). Example organisms exhibiting each stage are given in parentheses. Recombining

regions are indicated with crossed double-ended arrows.
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Box 1
Obtaining Sex Chromosome Sequence Data

The amount of repetitive DNA present in SNRs makes their sequencing virtually impossible with whole-genome shotgun
approaches, especially when using short-read NGS technologies. The few fully sequenced and assembled SNRs in plants are
rather small regions (Table 1) that were obtained through sequencing of BAC (Bacterial Artificial Chromosome) clones
organized in a physical map. The single-haplotype iterative mapping and sequencing (SHIMS; Hughes and Rozen 2012) in
particular has provided high-quality assemblies of the mammalian Y chromosome (Skaletsky et al. 2003; Hughes et al. 2010,
2012). However, these strategies are labor-demanding and costly, which explains why only a handful of SNRs have been fully
sequenced and assembled in the past.

Producing high-quality assembly is not always necessary, and alternative, less expensive strategies have now been developed
for identifying sex chromosome sequences based on NGS data. A first category of approaches relies on the comparison of one
male and one female genome. Identifying X-linked scaffolds can be done by studying the genomic male over female read
coverage ratio along the genome. This ratio is used as a proxy for ploidy: autosomal contigs will have a ratio of 1 whereas X-
linked ones will have a ratio of 0.5 (fig. 3a; Vicoso and Bachtrog 2011; Vicoso, Kaiser, et al. 2013; Vicoso, Emerson, et al. 2013).
The Y scaffolds can be identified by a subtraction approach between the male and female genomes as they are exclusively
present in the male genome. Alternatively, one can also determine Y-linked sequences using an assembled genome and short
reads from a female, because the reads are only expected to match autosomal or X-derived contigs/scaffolds, provided that
repeats shared by the Y and the female genome are excluded prior to the analysis (fig. 3b; Carvalho and Clark 2013; Akagi et al.
2014). If the model species is well studied, it may be possible to use a combination of short reads from RNA-seq and genome
data from male and female individuals alongside a reference genome to increase the number of known Y-linked genes (fig. 3d;
Cortez et al. 2014). Segregation types can also be determined if one has access to genotyping data from many (at least 80)
individuals, using a Bayesian method that ascertains the segregation type of a marker based on the inferred ploidy: autosomes
are diploid in males and females, the X chromosome is diploid in females and haploid in males, the Y chromosome is specific to
males and haploid and mitochondria are haploid in males and females (fig. 3c; Gautier 2014). All of these methods cited thus
far assume that reads from one sex chromosome do not map to the other chromosome, so they are only adapted to old and
diverged sex chromosomes. Another approach relies on studying how markers segregate among sexes. For example, one can
use markers in genetic maps to differentiate scaffolds of sex chromosomes from others of an assembled genome (fig. 3f; Hou
et al. 2015). Alternatively, one can infer sex markers using polymorphism data from males and females (without needing a cross
or a genetic map), and use them to detect sex-linked scaffolds in a genome assembly (Al-Dous et al. 2011; Picq et al. 2014).

However, one rarely has access to a well assembled reference genome in the studied species or even a close relative,
particularly when the genome is large (see Table 1 for available reference genomes). In this case, complexity and size can be
reduced by using transcriptomes instead of complete genomes. For example, using RNA-seq data from male and female
individuals of an inbred population, Muyle et al. (2012) used a SNP analysis to identify hundreds of sex-linked genes. The use of
a cross (parents and their progeny of each sex) sequenced by RNA-seq is particularly promising as it is inexpensive and gives
direct access to sex-linked genes and their expression levels. This approach has been applied to Silene latifolia (Chibalina and
Filatov 2011; Bergero and Charlesworth 2011), Rumex hastatulus (Hough et al. 2014) and Rumex acetosa (Michalovova et al.
2015). More recently, a model-based probabilistic method was developed for this strategy (fig. 3e; Muyle et al. 2016).

Theory predicts that sex-antagonistic mutations (advanta-
geous for one sex and deleterious for the other) will be se-
lected to be linked to the SNR, this way providing advantage
to one sex without damaging the other (Charlesworth and
Charlesworth 1980; Jordan and Charlesworth 2012; Rice
1984, 1987). This would lead to addition of genetic material
on the SNR, either through spread into the flanking PAR (if the
PAR contains sex-antagonistic genes, see fig. 4a and b), or
through chromosomal rearrangements with autosomes (if
sex-antagonistic genes are located on autosomes), generating
neo-sex chromosomes (fig. 2d2 and d3).

As yet, no firm evidence definitively connects sex-antago-
nistic alleles to the evolution of reduced recombination of Y,
W, U, or V sex chromosomes. If sex-antagonistic

polymorphisms are present on the PAR, they could be main-
tained as polymorphic for a long evolutionary time because of
partial linkage with the SNR, and this partial linkage should be
visible through linkage disequilibrium (nonrandom association
of the SNR with specific PAR alleles). Qiu et al. (2013) observed
a high genetic diversity in the PAR in Silene latifolia, but found
evidence of linkage disequilibrium between the PAR and the
SNR for only one gene. The observed high diversity in the PAR
could be due to sexually antagonistic polymorphism, but it is
not clear yet whether a neutral model of partial linkage would
be sufficient to explain the high diversity level.

Chromosomal rearrangements involving sex chromosomes
and autosomes are common and have been observed for ex-
ample in Silene latifolia where autosomal regions have been
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Table 2
Comparison of Y Gene Loss Rates between Plants and Animals

Strata 4 and 5 of Catarrhini Y

Silene latifolia Y Drosophila miranda neo-Y

% Y gene loss 75

Age (in My) 5

Generation time (in number of 0.25*
generation per year)

Rate of Y gene loss (in % per 60
million generations)

Effective population size Low
(Charlesworth 2009)

References Hughes and Rozen (2012)

40 34
5-10 1
1 10-20
4-8 1.7-34
Moderate High

Papadopulos et al. (2015);
Bernasconi et al. (2009);
Rautenberg et al. (2010)

Zhou and Bachtrog (2012);
Bachtrog (2013)

Note.—Available estimations of SNR gene loss rates are shown for Silene latifolia, Drosophila miranda and Catarrhini (using data from humans, chimpanzees, and
macaques). Silene latifolia and Drosophila miranda have a similar Y gene loss rate, which suggests that there is no effect of haploid pollen selection in plants. Meanwhile,
Catarrhini have a very high Y gene loss rate, which could be linked to their small effective population size. See Supplementary Material online, for how generation time was

estimated in Catarrhini.

translocated to the sex chromosomes and are now nonrecom-
bining (Bergero et al. 2013). Another example comes from the
plant Silene diclinis, where a reciprocal translocation between
an autosome and the ancestral Y chromosome led to two Xs
and two Ys with a chain quadrivalent at meiosis metaphase |
(fig. 2d2; Howell et al. 2009). In Rumex hastatulus some pop-
ulations have a XY;Y; system due to an X-autosome fusion
(fig. 2d3; Smith 1964). These chromosomal rearrangements
make it possible for genes that were autosomal to become
sex-linked. If these events are selected for because of sex an-
tagonism, they should be more frequent than rearrangements
that do not involve sex chromosomes, but data to test this
hypothesis are currently missing.

When comparing sex chromosomes between species,
there are characteristics that indirectly point towards a role
of sex antagonism in driving recombination suppression. A
comparison of the two green algae Chlamydomonas reinhard-
ti and Volvox carteri suggests that the UV sex chromosomes
of Volvox carteri derive from a mating type locus homologous
to the one of Chlamydomonas reinhardltii, after the addition of
genetic material to the SNRs (Ferris et al. 2010). The newly
acquired genes of the SNRs show sex-specific patterns of ex-
pression and could be linked to the strong differentiation in
gamete size (oogamy) observed in Volvox carteri, as compared
with Chlamydomonas reinhardtii where male and female
gametes have similar sizes (isogamy). This observation could
be coincidental and more similar cases would be needed for a
decisive conclusion, but it supports the link between sexual
dimorphism and recombination suppression, possibly through
sexually antagonistic selection. However, a more recent study
showed that the sex-determining gene MID alone is able to
change the sex of Volvox carteri transgenic individuals (Geng
et al. 2014), suggesting sex dimorphism evolved through
changes that are intrinsic to the MID gene product, rather
than from the recruitment of other genes to U and V SNRs.

Evidence of a link between sexual dimorphism and sexually
antagonistic selection can also be found from Ectocarpus sp.
that has U and V SNRs that are surprisingly small (under 1 Mb)
given the old age of the system (>70 My). This could be re-
lated to the low level of sexual dimorphism in this species, and
therefore, the low level of sexually antagonistic selection
(Ahmed et al. 2014), especially because male and female
gametes have different behavior (females do not swim but
instead attract swimming males with pheromones, a process
called physiological anisogamy), but differ very little in size
(Lipinska et al. 2015).

So it is recombination suppression that drives the diver-
gence of sex chromosomes and sometimes the formation of
additional strata. However, the role of sex antagonism in re-
combination suppression is supported only by indirect evi-
dence and remains to be assessed more thoroughly. One
conseguence of recombination suppression is that it causes
SNRs to degenerate, and this will be explored in the next
section.

The Degeneration of SNRs in Plants

Theory predicts that in SNRs, selective interference among
genetically linked loci (called Hill-Robertson effects) will
reduce effective population size and the efficacy of selection
(Bachtrog 2006, 2013; Charlesworth and Charlesworth
2000). This, in turn, has a number of consequences to the
way SNRs will evolve compared with other parts of the
genome.

One expected consequence of recombination suppression
that appears to be occurring in plants is the accumulation of
repetitive sequences in the SNR. For instance, 79.3% of the
hermaphrodite papaya SNR harbors repetitive sequences,
compared with 52% genome-wide (Wang et al. 2012).
Silene latifolia also appears to be accumulating repetitive
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sequences (fig. 2d); having a 570 Mb-Y chromosome that is
much larger than the 420 Mb-X (Matsunaga et al. 1994).
Another example is Coccinia grandis that, due to the accumu-
lation of transposable elements and organellar DNA (Sousa
et al. 2016), has a Y chromosome twice the size of any of
its other chromosomes (Sousa et al. 2013). Repetitive se-
guence accumulation also occurs in SNRs of species with
two Y chromosomes; Steflova et al. (2013) observed that
specific transposable elements and satellites accumulate on
the two Ys compared with other chromosomes of Rumex
acetosa. In most of these cases involving transposable ele-
ments, the SNR can theoretically be further degraded, because
transposable elements are hypothesized to favor chromo-
somal rearrangements through ectopic recombination and
to promote recombination suppression if heterozygous in
the PAR (Dooner and He 2008).

Although there are many examples of repetitive sequence
accumulation in the SNRs of plants, it is unclear whether this is
an obligatory step in Y degeneration, and whether this step is
later followed by a shrinkage of the SNRs after extensive gene
loss makes deletions possible (Ming et al. 2011). This shrink-
age of the SNR has been observed in Cycas revoluta where the
Y is smaller than the X (fig. 2d7. 7). However, known sex chro-
mosome sizes and ages in plants contradict this view that Y
chromosomes would first expand and then shrink (Sousa et al.
2013). Note that the conclusions of this study are based on
only a few species, and in order to understand whether shrink-
age of the SNR occurs after expansion, the age and size of sex
chromosomes should be assessed in different species.

There is at least one species (papaya), in which the X region
homologous to the SNR shows a high repetitive content
(65.4%) compared with the genome-wide average, although
to a lesser extent than the SNR, suggesting that the efficacy of
selection is also reduced on the X (Gschwend et al. 2012). This
is consistent with the fact that the effective population size of
the X chromosome is expected to be % that of autosomes.

Additionally, the reduced efficacy of selection should also
lead to increased gene loss. In plants, increased gene loss does
not appear to be restricted to the Y, with there being at least
one species (papaya) having both X and Y" with similar num-
bers of lost genes (Gschwend et al. 2012; Wang et al. 2012).
Other species (e.q., Silene latifolia) have a higher rate of gene
loss only on the Y (Bergero and Charlesworth 2011; Chibalina
and Filatov 2011; Bergero et al. 2015; Papadopulos et al.
2015). In either case, the loss of genes and consequent de-
generation of SNRs may cause YY and WW genotypes to be
lethal in old and moderately old systems (Table 1). Despite this,
it has been proposed that plants should lose genes on their
SNRs at a slower pace compared with animals because of
haploid selection acting on pollen (Charlesworth 2008;
Chibalina and Filatov 2011). Indeed, in a diploid cell the Y/
W nonrecombining region is sheltered by its homologous X/Z
region, but in a haploid cell the loss of a YW gene would be a
lot more deleterious and counter-selected. In support of this

hypothesis, many genes are expressed and therefore likely to
be under selection in haploid pollen tubes (Honys and Twell
2004), unlike haploid spermatozoa in animals (Schafer et al.
1995). However, not all SNR genes are expressed in pollen
tubes, which could limit the effect of haploid selection on
SNR gene loss in plants. Theoretically, a similar idea applies
to UV systems where gametophytes are haploid individuals
and haploid selection should slow down U and V degenera-
tion. Data on UV and W gene loss rates are currently lacking,
but there have been some initial studies on Y gene loss. In
Silene latifolia for example, haploid selection was suggested to
slow down the rate of Y gene loss compared with animal
systems (Chibalina and Filatov 2011, Bergero and
Charlesworth 2011). However, it has since been highlighted
that this did not account for generation time when comparing
rates across species (Bachtrog 2011). Since then, Papadopulos
et al. (2015) used genomic data to show that 40% of Silene
latifolia Y genes have been lost. Using this data, and taking
into account the generation time of Silene latifolia and the age
of its sex chromosomes, the rate of Y gene loss can be con-
sidered to be four to eight percent, per million generations
(Table 2). This rate is very similar to the rate of neo-Y gene loss
in Drosophila miranda (Table 2), which suggests that there is
no major effect of haploid selection on the pace of Y degen-
eration. In contrast, Catarrhini (Old World monkeys and apes)
have a much faster rate of Y gene loss (Table 2), with Hughes
et al. (Hughes et al. 2012) showing that 75% of the initial Y
genes on strata 4 and 5 of Catarrhini were lost after 5 My
(using data from Human, Chimpanzee, and Macaque). This
could be due to a reduced effective population size, which is
expected to accelerate SNR degeneration. With results from
only three lineages (Silfene latifolia, Drosophila miranda, and
Catarrhini), the above conclusions regarding the effect of hap-
loid selection and effective population size on SNR gene loss
rate are supported only weakly. Measurements of SNR gene
loss are currently scarce because in order to estimate SNR
ancestral gene content and infer gene loss, multiple, closely
related species must be examined.

Due to gene loss and accumulation of repeats, SNRs are
also expected to have a lower gene density. This appears to be
the case in several plants (Table 1), for instance there is a 4-
fold decrease in gene density on the Y compared with the Xin
Silene latifolia (Blavet et al. 2015). Introns tend to be longer in
SNRs compared with the rest of the genome due to the ac-
cumulation of repeats (Table 1).

Other expected consequences of SNR degeneration include
a lower nucleotide diversity (due to a lower effective popula-
tion size), lower SNR gene expression (possibly due to muta-
tions in promoter regions impairing the fixation of
transcription factors, or due to the silencing of repetitive ele-
ments which would spread to nearby genes), a higher dy/ds in
SNR genes (due to an accumulation of deleterious nonsynon-
ymous substitutions), and less optimized codon usage (Table
1). The results from studies on plant and algal sex
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chromosome evolution appear to be congruent with these
theories predicting the degeneration of SNRs (Table 1) and
suggest that plant and animal SNRs degenerate in a similar
way.

The Forces Opposing Sex Chromosome Differentiation

Interestingly, some SNRs do not expand at all, and PARs can
remain very large in some organisms. One theory that provides
an explanation for this observation is called the “fountain of
youth,” as it prevents the degeneration of SNRs (fig. 4e; Perrin
2009). There is evidence for this in some animals, where
recombination patterns depend on phenotypic, rather than
genotypic sex. Therefore, SNRs are expected to recombine
in sex-reversed XY females (or sex-reversed ZW males) if the
SNR is not too diverged. A similar process could occur in plants
where the expression of dioecy can be labile; inconstant ZW
females of Populus trichocarpa can be bisexual in some years
(Stettler 1971), possibly allowing for Z-W recombination in
pollen mother cells and causing sex chromosomes to be ho-
momorphic. However, whether recombination patterns
depend on phenotypic sex rather than genotypic sex (as in
animals) still needs to be tested in plants.

Sex chromosome turnover can also prevent the accumula-
tion of recombination suppression events. Theory predicts that
a sex chromosome pair can be replaced by a new pair through
two mechanisms (Blaser et al. 2014). The first mechanism (van
Doorn and Kirkpatrick 2007, 2010) involves sex-antagonistic
selection: a male-benefiting, female-deleterious mutation ap-
pearing on an autosome selects for a masculinizing mutation
in its vicinity (and conversely for a female-benefiting muta-
tion), possibly overtaking the previous masculinizing mutation
on the old Y chromosome and leading to the evolution of a
new sex chromosome pair (fig. 4d). In this first mechanism,
transitions can change the system (from XY to ZW and con-
versely). The second mechanism (Blaser et al. 2013) involves
the accumulation of deleterious loss-of-function mutations in
SNRs that are expected to lower survival in the heterogametic
sex. Transitions (from XY to XY or ZW to ZW) should occur as
soon as this survival cost exceeds the benefits of having sex-
antagonistic mutations linked to the sex-determining genes. In
this second mechanism, transitions cannot change the hetero-
gametic sex as transitions from XY to ZW are expected to fix
the Y homologue as an autosomal pair, which is of course
detrimental if transitions are precisely triggered by the muta-
tional load accumulating on these Y chromosomes (fig. 4c).

In terms of documented evidence of these processes, a sex
chromosome turnover event has been documented in Silene
otites from XY to ZW (Slancarova et al. 2013). Additionally,
many sex chromosome turnovers could have theoretically oc-
curred in the Salicaceae family. The entire Salicaceae family is
dioecious, which suggests that the ancestor was dioecious
and that Salicaceae species could carry old sex chromosomes
(45 My; Manchester et al. 2006). However, sex-specific mar-
kers can be mapped to different loci depending on which
species of Salicaceae is observed. For example, sex-specific
markers were mapped to chromosome XV in two species of
the genus Salix: Salix viminalis (Pucholt et al. 2015) and Salix
suchowensis (Hou et al. 2015; Chen et al. 2016) with a ZW
system in both cases. In Populus (another genus of Salicaceae),
sex-specific markers mapped to different positions on chro-
mosome XIX depending on the species (Tuskan et al. 2012),
with some species having an XY system (Populus nigra,
Populus tremuloides, and Populus tremula) and others a ZW
system (Populus alba and Populus deltoides). For Populus
trichocarpa, two contradictory papers reported a ZW (Yin
et al. 2008) and an XY system (Geraldes et al. 2015). These
observations suggest that there have been high rates of sex
chromosome turnover in the Salicaceae family, but the mech-
anisms that caused these turnovers are yet unknown.

The Evolution of Dosage Compensation in Nonanimal
Taxa

With SNR degeneration, the heterogametic sex in ZW and XY
systems has lower levels of expression than the homogametic
sex, most of all after SNR gene losses that make the hetero-
gametic sex partially aneuploid, which can be deleterious. A
mechanism called dosage compensation has evolved in some
species that allows for similar male and female expression
levels (Charlesworth 1996), but more importantly, similar ex-
pression levels between sex chromosomes and their ancestral
autosomal pair (Mank 2013).

Three dosage compensation mechanisms have so far been
described in  Drosophila, placental mammals and
Caenorhabditis elegans (Disteche 2012; Ercan 2015). In
Drosophila, the single X in males is hyperexpressed. In placen-
tal mammals, X chromosomes are hyperexpressed in both
males and females compared with autosomes but one X is
inactivated in females. In Caenorhabditis elegans, X chromo-
somes are also hyperexpressed in males, whereas the two X
chromosomes in hermaphrodites are both down-regulated
and hyperexpressed through different pathways. Several stud-
ies have revealed that the two canonical dosage

Fic. 3.—Continued

chromosome system and required data are indicated with black filled circles when applicable and necessary, respectively, empty circles when not applicable/
not necessary, or grey filled circles where only one of two options is required. Chr = Chromosome, RG = Reference Genome, >80 = more than 80 individuals,

and “cross” refers to the requirement of parental and offspring data.
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nation suppression if located on the PAR (a), resulting in larger SNRs and heteromorphic sex chromosomes (SAZ, here is a male beneficial sex-antagonistic
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compensation mechanisms of Caenorhabditis elegans and
placental mammals only hold for some genes on the X. In
placental mammals, genes involved in protein complexes,
where stoichiometric balance is important, show the expected
2-fold increase in gene expression compared with autosomes
(Pessia et al. 2012), but this is not observed when taking all X
genes together at the transcript (Xiong et al. 2010) or protein
level (Chen and Zhang 2015). Similarly, most X genes are not
upregulated in Caenorhabditis elegans (Albritton et al. 2014).
This suggests that only some genes are dosage-sensitive and
dosage compensation evolves only for these genes (Pessia
etal. 2014; Veitia et al. 2015). In humans, an alternative strat-
egy involves the down-regulation of autosomal genes that are
within the same protein interaction network as down-regu-
lated sex-linked genes (Julien et al. 2012). Yet another strategy
in humans is the duplication and relocation of sex-linked
genes to autosomes (Hurst et al. 2015). In Caenorhabdlitis
elegans, the orthologs of yeast haploinsufficient genes
(genes causing deleterious effects when in a haploid state)
are depleted from the X chromosome (Albritton et al.
2014), also suggesting that the strategy is to move a
dosage-sensitive gene to an autosome. Therefore, Ohno's hy-
pothesis of X 2-fold upregulation (Ohno 1967, p. 19) is one of
many different mechanisms that counteracted the potential
haploinsufficiency of individual X-linked genes in males (Ercan
2015). Also, the study of dosage compensation in other taxa
has shown that chromosome-wide dosage compensation has
not evolved in all sex chromosomes, in particular it is more
common in XY than ZW systems (Mank 2013; Mullon et al.
2015).

It was only relatively recently that the study of dosage com-
pensation began to involve nonanimal systems. Indeed, the
increasing availability of sex-linked gene sequences (Box 1) is
now making this possible. For example, Chibalina and Filatov
(2011) tested for dosage compensation in Silene latifolia by
comparing male and female expression levels for X-hemizy-
gous genes (sex-linked genes for which the Y copy is not ex-
pressed or was lost). They found that male and female
expression levels significantly differed for these genes and con-
cluded that there was no dosage compensation in this species.
However, another study that focused on sex-linked genes with
a preserved Y copy observed that males and females main-
tained similar expression levels even when Y expression was
reduced due to degeneration (Muyle et al. 2012). The X-hemi-
zygous gene SIWUST in Silene latifolia was shown (using gRT-
PCR) to have lower expression levels in males than in females

and to have both X copies expressed in females (Kazama et al.
2012), therefore, the study concluded that there was no evi-
dence that this gene was dosage compensated or X-inacti-
vated. However, without an outgroup reference, it could not
be ruled out that expression in female buds had been in-
creased, due perhaps to a specialization of that gene in the
female function. Bergero et al. (2015) found that male expres-
sion was globally halved compared with females for 99 X-hemi-
zygous genes, as expected under no dosage compensation
(however a few genes individually showed patterns of
dosage compensation). The authors also tested for dosage
compensation in 99 XY gene pairs with high expression (over
100 Y reads), and degenerated Y copies (Y over X expression
ratios below 0.75), and observed that the male over female
expression level ratio was globally higher than the value ex-
pected without dosage compensation (both in bud and leaf
transcriptomes). They concluded that partial dosage compen-
sation for these XY genes could not be excluded, but that re-
sults could also be produced by male-biased expression.
Unfortunately, male-biased genes were not identified in the
data set, which could have made the two hypotheses distin-
guishable. From these four studies (Bergero et al. 2015;
Chibalina and Filatov 2011; Kazama et al. 2012; Muyle et al.
2012), it seemed clear that X-hemizygous genes are mainly not
dosage compensated in Silene latifolia, however the status of
XY gene pairs was unclear and the possibility for partial dosage
compensation remained (Toups et al. 2015). Another analysis
of sex-linked genes in Silene latifolia compared male and
female expression levels for the X chromosome (Papadopulos
et al. 2015). Two clusters of X-hemizygous genes were identi-
fied: one cluster had a ratio of male X expression over female
XX expression close to 1, suggesting dosage compensation,
whereas another cluster of X-hemizygous genes had a ratio
of around 0.5, suggesting no dosage compensation. The study
thus confirmed complete compensation for some genes in
Silene latifolia, even for X-hemizygous genes.

Only one other plant has been studied for dosage compen-
sation to date: heartwing sorrel (Rumex hastatulus; Hough
etal. 2014). In this study, the authors focused on 119 X-hemi-
zygous genes and found that 79% were expressed at signif-
icantly lower levels in males than in females, which led them to
conclude that there was no dosage compensation in Rumex
hastatulus. However, the fact that genes with a preserved but
degenerated Y copy maintained similar male and female ex-
pression levels (fig. 3 in Hough et al. 2014) actually does sug-
gest dosage compensation.

Fic. 4—Continued

gene that induces further recombination suppression (b) of the Y SNR). The accumulation of deleterious mutations on SNRs following recombination
suppression can induce a sex chromosome turnover (c), possibly with endless cycles (but neither from an XY pair to a ZW pair nor from ZW to XY). Sex
chromosomes can also be replaced by a new pair (d) if sex-antagonistic genes are located on autosomes (with this mechanism a change of system is possible,
from ZW to XY and conversely, but the new pair can only replace a very young sex chromosome pair). The fountain of youth (e) could maintain sex
chromosomes at a homomorphic state through X-Y (or Z-W) recombination in sex-reverted individuals.
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Fic. 5.—Sex antagonism and evolution of gene expression level (made after Barrett and Hough 2013): A hypothetical scenario in which females (red)
and males (blue) have different optima for the same trait, causing sex-biased selection (blue and red arrows). A shared genetic architecture can constrain the
sexes from evolving toward their respective trait optima (grey arrows). However, sexual dimorphism can still evolve when such trade-offs exist, and this can
involve sex-limited gene expression and the breakdown of strong intersexual genetic correlations, possibly facilitated by the evolution of SNRs.

Most studies thus far have focused on X-hemizygous genes
to test for dosage compensation because, for these genes, the
complete absence of Y expression would be most deleterious
and selection for dosage compensation is expected to be
strongest, especially in haploid tissues (Bergero et al. 2015).
However, this theoretical expectation has not been tested,
and the opposite could easily be argued: X-hemizygous
genes could have lost their Y copy because dosage was not
important for them and selection neither slowed down the
loss of the Y copy nor selected for dosage compensation
when degeneration inevitably occurred. The analysis by
Papadopulos et al. (2015) showed that not all genes were
affected by dosage compensation in Silene latifolia, similarly
to placental mammals and Caenorhabditis elegans. This
suggests that dosage compensation evolved only for
dosage-sensitive genes and that some genes are insensitive
to changes in dosage.

From these studies on plants, we can say that there is
dosage compensation in other eukaryotes than just animals.

Further studies on Silene latifolia and other plants are required
to understand the underlying mechanisms of dosage compen-
sation more clearly. There is also much room for methodolog-
ical improvement in terms of how dosage compensation is
quantified in plants. For example, a gene-by-gene statistical
test for dosage compensation could be performed, where for
X-hemizygous genes, male and female X expression could be
compared in order to reject the null hypothesis (of no dosage
compensation) that expression in males is half that of females.
Additionally, for X/Y genes, X+ Y expression in males could be
compared with X+ X expression in females. However, this
type of statistical test could be complicated by the possible
existence of buffering effects. Indeed, when only one copy of
a gene is present with the same amount of expression ma-
chinery in cells, it has been shown to be expressed at a higher
level than if two copies of the gene were present and shared
the expression machinery among themselves (Malone et al.
2012). Therefore, X-hemizygous genes in males could be ex-
pressed at a higher level than half that of females, without
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involving the evolution of a specific dosage compensation
mechanism. Thus, a threshold higher than 50% could be
used in statistical tests to address this issue. Another problem
is the reference mapping bias in RNA-seq analyses: reads that
carry the same alleles as the reference tend to map more than
others due to the mismatch cut-off of mapping programs
(Wang and Clark 2014). This could be problematic in studies
of dosage compensation if the reference genome or transcrip-
tome tends to carry the X allele, which is expected if the ref-
erence is assembled from female data or a mix of male and
female data. A solution is to build a new reference that carries
all of the alternative alleles and to average read counts be-
tween both references (Wang and Clark 2014). Studies ad-
dressing dosage compensation in plants so far have also been
using tools that do not deal with differential allele expression
in RNA-seq data. This is especially important when SNR genes
are less expressed due to degeneration. The SEX-DETector
pipeline (fig. 3e) offers a solution with the use of the
reads2snp genotyper that allows for allele-specific expression
(Muyle et al. 2016). Finally, normalization of expression levels
can be problematic for sex-linked genes due to the difference
in the number of X chromosomes between males and fe-
males. Using an outgroup species without sex chromosomes
to normalize expression levels could offer a solution to this
bias. Also, having an outgroup without sex chromosomes
allows one to infer the direction of expression changes and
how X expression levels evolved in males and females.

The Resolution of Sexual Conflicts in the Genomes of
Dioecious Plants

The evolution of sex chromosomes and separate sexes from
hermaphroditism should trigger a burst of adaptation
throughout the genome. This is because trade-offs between
male and female reproductive functions can be resolved by
expressing genes at different levels in males and females
(Ellegren and Parsch 2007; and see fig. 5), but also through
evolving male- and female-specific sequences with SNRs.
Other mechanisms of this sexual conflict resolution are de-
scribed in animal species. These involve gene duplication fol-
lowed by neofunctionalization and alternative splicing (Betran
et al. 2004).

In plants, little is known about sex-biased genes and the
involvement of SNRs in their evolution (Barrett and Hough
2013) but several studies have given some insight. In
Populus yunnanensis and Populus tremula, sex-biased genes
do not appear to be enriched in the SNR (Jiang et al. 2012;
Robinson et al. 2014). One of these species (Populus yunna-
nensis) had an enrichment of sex-biased genes in autosomes,
whereas the other (Populus tremula) had barely any sex-biased
genes. This establishes that in plants it is possible to resolve
sexual conflicts without involving the SNR. In an algae, how-
ever, the SNR appears to be at least partially involved;
Ectocarpus sp. has a PAR enriched with female-biased genes

relative to autosomes, suggesting a role of partial linkage with
the SNR in the evolution of sex-biased expression (Lipinska
et al. 2015). For other species (Fucus vesiculosus and
Asparagus officinalis), although sex-biased genes were identi-
fied, the involvement of the SNR is unknown (Martins et al.
2013; Harkess et al. 2015) and these are good candidate
models for further exploration of this problem. In Silene
latifolia, sex-biased genes were found to be significantly en-
riched among sex-linked genes compared with autosomal
genes (Zemp et al. 2016), which is the first evidence of the
role of SNR in sexual conflict resolution. Surprisingly, sexual
conflicts in this species were mainly solved through changes in
expression levels in females rather than males. Some species
appear to use mechanisms other than sex-biased gene expres-
sion in order to solve sexual conflicts. One example is sex-
specific alternative splicing; in Volvox, there is a SNR gene
(retinoblastoma tumor suppressor homolog MAT3) that dis-
plays sexually regulated alternative splicing and evidence of
gender-specific selection (Ferris et al. 2010). Another example
is the resolution of sexual conflict through having a sex-spe-
cific gene (located in the SNR and therefore present in only
one sex). Evidence for this was found in Marchantia polymor-
pha, where a V-specific repeated gene was found to be ex-
pressed specifically in the male sexual organ, similarly to
human Y palindromes (Okada et al. 2001).

Conclusions and Perspectives

Plants and algae are convenient systems to study the evolution
of sex chromosomes. Their sex chromosomes are often of
moderately recent origin (Table 1) and closely related species
without sex chromosomes allow for comparative analyses that
reveal the direction of the sex chromosome pair’s evolution,
the precise inference of gene loss on SNRs and the study of
how expression levels evolved for sex-linked genes. This is
however not specific to plants because some animal systems
also have these characteristics (e.g., some fish and frogs).

The evolution of sex chromosomes in plants continues to
bear similarities to that of animals. In recent years, this field has
seen the discovery of recombination suppression, degenera-
tion of SNRs, sex chromosome turnovers, homomorphic sex
chromosomes in old systems, and dosage compensation in
plants. Although these findings are congruent with our un-
derstanding of animal sex chromosome evolution, several the-
oretical differences still need to be investigated. It is still
unclear whether the rate of SNR gene loss is lower in plants
compared with animals (especially in UV systems) due to hap-
loid selection. There is a great but untapped potential in the
study of sex determination in plants. With so many pathways
leading to dioecy, and there being only two sex-determining
genes described so far for plant and algal sex chromosomes,
plants and algae promise a diversity of genetic mechanisms for
sex determination, possibly greater than that of animals.
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Some aspects of sex chromosome evolution remain unex-
plained (even in animals), and plants could be useful in pro-
viding answers. For instance, the fountain of youth and sex
chromosome turnover have been proposed to explain why the
relationship between sex chromosome age and degeneration
can be so blurry, but these ideas remain theoretical. It is also
still unknown whether sex-antagonistic selection drives re-
combination suppression. Finally, further tests for dosage
compensation in other plant and algal species should allow
us to understand whether this is a broad-scale solution to the
theoretical loss of genes in heterogametic sexes, or if there are
more unique mechanisms that are yet to be discovered.

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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