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Dioecy is rare in flowering plants (5-6% of species), but is often controlled
genetically by sex-linked regions (SLRs). It has so far been unclear whether,
polyploidy affects sex chromosome evolution, as it does in animals, though
polyploidy is quite common in angiosperms, including in dioecious species.
Plants could be different, as, unlike many animal systems, degenerated sex
chromosomes, are uncommon in plants. Here we consider sex determination
in plants and plant-specific factors, and propose that constraints created
at the origin of polyploids limit successful polyploidization of species with
SLRs. We consider the most likely case of a polyploid of a dioecious diploid
with an established SLR, and discuss the outcome in autopolyploids and
allopolyploids. The most stable system possibly has an SLR on just one
chromosome, with a strongly dominant genetic factor in the heterogametic
sex (e.g., xxxY male in a tetraploid). If recombination occurs with its homolog,
this will prevent Y chromosome degeneration. Polyploidy may also allow for
reversibility of multiplied Z or X chromosomes into autosomes. Otherwise, low
dosage of Y-linked SLRs compared to their multiple homologous x copies may
cause loss of reliable sex-determination at higher ploidy levels. We discuss
some questions that can be studied using genome sequencing, chromosome
level-assemblies, gene expression studies and analysis of loci under selection.

angiosperms, dioecy, sex chromosomes, autopolyploidy, allopolyploidy

Introduction

Dioecy, the sexual system with separate female and male individuals, is
phylogenetically widespread in angiosperms, but occurs only in 5-6% of species (Ming
et al,, 2011; Renner, 2014). Functional hermaphroditism with hermaphrodite flowers
is the most common system, and the transition to dioecy can involve gynodioecy,
monoecy, or other sexual systems (Darwin, 1877; Richards, 1997). Dioecy in many
plants is under genetic control, with a sex-linked locus or region (SLR). We term
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such chromosomes “SLR bearing, but here restrict the
definition of sex chromosomes (following; Charlesworth,
2015) to mean chromosomes carrying completely sex-linked
regions that include many genes and do not recombine. This
distinction recognizes a key aspect of such “classical” sex
chromosomes, their lack of recombination, which can arise
in several different ways (Charlesworth, 2022), and which
allows accumulation of deleterious mutations, resulting in
degenerated sex chromosomes like those in mammals and
Drosophila (Muller, 1918; Bachtrog, 2008). One hypothesis
involves selection favoring the suppression of recombination
between the sex-determining locus and linked sexually
antagonistic polymorphic genes (Fisher, 1931; Rice, 1987).
Suppression of recombination, however, might also result
from neutral sequence divergence (Jeffries et al, 2021).
Lenormand and Roze (2022) recently proposed a model for
stepwise evolution of sex chromosomes via “lucky inversions”
that prevent recombination. Genetic sex-determination has
evolved independently multiple times in plants, but many
have remained in the homomorphic state, suggesting that
recombination has often not become suppressed, and that their
SLRs carry just a sex-determining gene (or a few physically close
and closely clinked sex-determining genes), explaining why
degeneration have not occurred in these species. Eventually,
ancestral sex chromosomes can be replaced by a new set of sex-
determining chromosomes, and revert to autosomes (Vicoso,
2019; Figure 1A).

Many angiosperms are polyploid, having more than two
chromosome sets (Van De Peer et al, 2017). Polyploidy
is regarded an important evolutionary mechanism for
angiosperms (e.g., Comai, 2005; Soltis and Soltis, 2009,
2016; Abbott et al, 2013; Horandl, 2022). All angiosperms
share an ancient genome duplication (Jiao et al,, 2011), and
25-35% of species are more recently evolved polyploids
of this already polyploid state (Landis et al., 2018). Unlike
most animal polyploids, most polyploid plants are viable
2005).
1% of
species and is not necessarily correlated to polyploidy (Mogie,
1992; Hojsgaard et al., 2014; Hojsgaard and Horandl, 2019).
In animals, the reason for the rarity of polyploidization

and can reproduce sexually (e.g., Levin, 2002; Comai,
Asexual reproduction (apomixis) occurs in less than

is thought to be because it disturbs the “balance” system
of sex determination by the X/autosome ratio (Muller,
1925). Such systems are found in species with extremely
degenerated sex chromosomes in the heterogametic sex like
the Drosophila Y (Orr, 1990). In this case, the heterogametic
sex in a tetraploid (XXYY) will only produce heterozygous
(XY) gametes if X-X and Y-Y pairs form preferentially at
meiosis; since YY gametes are not viable, the heterogametic
sex will be lost, resulting in rapid extinction (Orr, 1990;
Figure 1B). Although sex chromosomes of angiosperms have
been studied for a century (reviewed by Westergaard, 1958),
less attention has been given to polyploidy in dioecious plants.
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A correlation analysis of polyploidy and sexual systems on c.
1000 angiosperm species found that polyploidy is associated
with sexual dimorphism (gynodioecy, androdioecy, and
dioecy), but not specifically with dioecy, and that patterns
are highly clade-specific (Glick et al, 2016). For many
dioecious tropical trees and shrubs, however, chromosome
numbers and ploidy levels are unknown, and more work is
needed.

Knowledge about sex chromosome evolution in polyploid
plants is also scanty. Modern review articles about SLRs
and genetic sex determination in plants focus on diploid
systems (Feng et al, 2020; Charlesworth, 2021; Renner and
Miiller, 2021). The recently launched database,' included 166
angiosperm species with sex chromosomes or SLR-regions, of
which 110 (66.3%) are classified as diploids, vs. only 20 (12%) as
polyploids (Barankova et al.,, 2020), suggesting that polyploidy
would not be highly correlated with sex chromosome evolution.
However, the data are not yet clear enough, as 36 of the dioecious
species (21.7%) have unknown ploidy levels (Bardnkova et al.,
2020). Moreover, species-rich plant orders and families that
experienced genome duplications before their diversification
(Soltis et al., 2009), are hardly represented (only six cases in
Brassicales, four in Poaceae, zero in Fabaceae, and Solanaceae),
yet dioecy is present in all of them.

On the other hand, it is already known that several entirely
dioecious lineages include polyploid series (Westergaard, 1958).
Polyploidy may trigger shifts to dioecy (via different pathways
reviewed by Ashman et al,, 2013; Henry et al,, 2018) speculated
that whole-genome duplication could favor shifts to dioecy via
evolution of sex-determining loci in duplicated genes. However,
few such shifts are documented, except in Fragaria (Tennessen
et al, 2016) where dioecy evolved in highly diploidized
octoploids that arose from diploid, hermaphroditic progenitors
(Tennessen et al.,, 2014). Most dioecious polyploids probably
arose from diploid species with established SLR systems (e.g.,
Salix polyclona, He et al, 2022). Almost all angiosperms in
which sex chromosome evolution is currently studied, including
kiwi, papaya, persimmon, asparagus, strawberry, are cultivated
plants (Henry et al, 2018), and little is known about sex
chromosome evolution in natural polyploid systems. However,
some examples (Table 1) include the tetraploids Rumex
acetosella (Cunado et al., 2007) and hexaploid Mercurialis annua
(Gerchen et al,, 2022) all with male heterogamety. We briefly
summarize sex chromosome evolution in diploids, and focus
here on models of polyploidization from progenitors with
established diploid non-degenerated systems (XY), and discuss
how the presence of SLR-bearing chromosomes may affect
new polyploids, and the cytological consequences, and whether
polyploidy favors breakdown of dioecy, or causes reversals of X
(or Z) chromosomes back to autosomes.

1 https://www.sexchrom.csic.es/
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FIGURE 1

Evolutionary scenarios of SLR-bearing chromosomes and their homologs in different possible types of polyploid plants under male
heterogamety, assuming different possible types of sex-determination; A, autosomes. The thick arrows indicate evolutionary changes, and the
thin ones indicate crosses and gamete formation, and when the lines are dashed, this indicates that the cross has low fertility. Red crosses
indicate recombination between chromosomes that pair at meiosis (for general meiosis behavior of polyploids see Supplementary Figure 1).
(A) The three main phases of sex chromosome evolution in a diploid dioecious progenitor of a polyploid species; many plants appear to be in
stages with no, or minor, degeneration. Reversals to autosomes can occur when the ancestral X-Y pair is replaces by a new set of
sex-determining chromosomes. (B) Classical "balance” model by Muller (1925) for sex determination via the X/A ratio in species with
degenerated sex chromosomes, as in many animals (including Drosophila, nematodes and, with female heterogamety, Lepidoptera) (Bachtrog
et al., 2014), showing that polyploids can neither maintain stable X/Y ratios nor restore the heterogametic sex. This form of sex-determination
appears to be rare in angiosperms. (C) An autopolyploid plant originated via unreduced female gametes (termed a “triploid bridge,” because a
triploid generation is initially formed by unreduced gametes of one parent, and can produce haploid, diploid, and triploid gametes; the *
denotes low fertility of this generation). The diagram shows the expected progeny types assuming codominant expression of a Y-linked
male-determining factor, and no preferential pairing of homologs (possible xyyy genotypes not shown). (D) Autopolyploid with a dominant
Y-linked factor; xxxY genotypes represent fertile males. After some time two of the x may revert to autosomes A, whereas recombination
between the xY pair prevents degeneration. (E) Allopolyploid origins via unreduced gametes of both parents (shown in green and gray), and with
a dominant Y-linked maleness factor. Homologs of the same parent will preferentially pair at meiosis (see also Supplementary Figure 1). Initially
only xxxY male allopolyploids can be formed and produce heterozygous male gametes (see text). Backcrossing with unreduced gametes of
female parents can produce various tetraploid hybrid genotypes, including both xxxx females and xxxY males, resulting in stable populations.
Here also two of the x may revert to autosomes (A), and only one possible recombining xY pair (derived from the same progenitor) remains.
Further hybridization with a third species can result in a hexaploid, which eventually results in reversal to a non-dioecious system.

TABLE 1 Examples of polyploid plants with known sex determination systems.

Taxa Ploidy level Male or female Sex determination system References
heterogamety
Diospyros kaki Hexaploid Male XXXXXX/XXXXXY or XXXXYY Akagi et al., 2016
Fragaria chiloensis Octoploid Female ZWIZZ Tennessen et al., 2016;
Cauret et al., 2022
Melandrium album (Silene latifolia) Tetraploid Male XXXX/XXXY Warmke and Blakeslee,
1939
Mercurialis annua Hexaploid Male XXXXXX/XXXXXY? Gerchen et al., 2022
Rumex acetosella Tetraploid Male XX/XY Cunado et al., 2007
Salix polyclona Tetraploid Female 27ZW 27772 He et al., 2022

Sex chromosome evolution in
diploid plants

In sessile organisms, separation of the sexes in different
individuals reduces the chances of successful matings (Darwin,
1876; Horandl and Hadacek, 2020). One factor favoring
the evolution of dioecy in plants, and maintaining it over
long evolutionary times, is prevention of self-fertilization and
consequent inbreeding depression (Darwin, 1877; Renner,
2014). This is particularly important in wind-pollinated, long-
lived plants, including tropical trees.

Dioecy and sex-linked regions evolved multiple times in
angiosperms (Renner, 2014; Feng et al,, 2020). Evolution from
a functionally hermaphroditic ancestor requires two mutations,
and both currently known plant sex-determining systems
involve a gene whose action promotes one sex function and
suppresses the other (review e.g., in Renner and Miiller, 2021).
Evolution via a turnover event in an ancestrally dioecious species
will also usually involve an active maleness or femaleness factor,
as the new factor must act in the presence of the ancestral one
(Bull, 1983). Rumex acetosa and R. thyrsiflorus are exceptions,
as sex in these species is determined by a balance system similar
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to that in Drosophila (Zuk, 1963). This balance system did not
function in synthetic allopolyploid offspring (Zuk, 1963).

Charlesworth  (2021) reviews three major phases of
recombination and genetic degeneration (Figure 1A). Initially,
SLRs are often small and do not show degeneration because
there are too few sites in the completely non-recombining
region, and purifying selection prevents mutation accumulation.
A second phase may occur, in which recombination becomes
suppressed in a larger region, allowing loss of gene functions,
though the genes are still present; this weakens purifying
selection on Y (or W) linked genes, allowing X-Y sequence
divergence. If suppressed recombination persists for long
enough in a large enough genome region, deletion of genes
is expected to follow, producing highly degenerated sex
chromosomes. The time needed for this stage of degeneration
to be reached is unknown, and could differ between species, as
it depends on mutation rates and population sizes (Bachtrog,
2008).

However, SLR regions of dioecious plants may be less subject
to accumulation of deleterious mutations than in animals,
because haploid gametophytes express up to 65% of genes
(Joseph and Kirkpatrick, 2004; Gorelick, 2005; Cronk, 2022;
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Mank, 2022). Hence, haploid selection is probably much
stronger in plants than in animals (Otto et al, 2015), and
could prevent sex chromosome degeneration. Indeed, YY (or
WW) genotypes are viable in diploid dioecious plants at first
phase (Ming et al., 2011), which is consistent with purifying
selection eliminating deleterious mutations in haploid Y (or
W) chromosomes in gametophytes (though other alternatives,
including recent origins, or small sizes of sex-linked regions, are
probably also important).

Degeneration will not happen if recombination occurs.
Dioecy in plants restricts sexual selection mostly to post-
pollination processes (Horandl and Hadacek, 2020). Hence,
selection might favor sexually antagonistic mutations in sex-
linked genes less often than in animals. Therefore factors
other than sexual antagonism may be required for dioecious
plants to evolve extensive fully sex-linked regions and undergo
degeneration (e.g., Lenormand and Roze, 2022).

Sex chromosomes in polyploid
plants

Cytological mechanisms

Polyploids are divided into two major types, autopolyploids
that originate within one species, and those originating
after hybridization between species (allopolyploids). The
chromosomes of new autopolyploids may form multivalents or
rings, as they are not diverged and do not pair preferentially at
meiosis (e.g., Stebbins, 1947; Comai, 2005). Allopolyploids have
two diverged chromosome sets (homoeologs); chromosomes
derived from the same parent species show preferential pairing,
resulting in more or less regular bivalent formation, whereas
homoeolog pairing is less frequent (Mason and Wendel, 2020;
Supplementary Figure 1). Therefore, allopolyploids maintain
fixed heterozygosity for the different alleles derived from the two
parental species and carried by the homoeologous chromosomes
(Comai, 2005; Glover et al,, 2016). These mechanisms have
consequences for SLR-bearing chromosomes.

Autopolyploids originate mainly via the “triploid bridge”
1C,D; Ramsey 1998).
The major constraint preventing establishment of such

process (Figures and Schemske,
autopolyploids is male or female bias and reduced fertility in the
triploid generation and possible general instability of meiosis,
resulting in aneuploid progeny and low fertility (e.g., Comali,
2005). But its unreduced (triploid) gametes can fuse during
fertilization with haploid gametes from a parent of the other
sex, potentially establishing a cytologically stable autotetraploid.
Various tetraploid sex chromosome configurations are possible,
including xxyy (small captions mean codominant or recessive
versus dominant Y) genotypes, which could produce xx, xy, and
yy gametophytes and gametes (Figure 1C). If Y is dominant,
xxxx females and xxxY males may emerge, constituting a
stable population (Figure 1D), though sex-determination
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in autotetraploid dioecious plants with homomorphic sex
chromosomes have been little studied (Spoelhof et al,, 2017).
In the heterogametic sex, the SLR-bearing chromosome can
pair and (if the Y-linked region is not rearranged or otherwise
prevented from recombining with the x) it may continue to
recombine with any of the other three x chromosomes during
meiosis, preventing degeneration (Figures 1C,D).

Allopolyploidization rarely involves a triploid bridge, but
mostly arises after fertilization between unreduced gametes
derived from two parental species or hybrids (Ramsey and
Schemske, 1998). A first factor limiting production of such
populations is that both parents must have the same XY or WZ
system, which can differ within a genus (e.g., Salix and Silene)
(Balounova et al., 2019; Martin et al., 2019; Gulyaev et al., 2022).
Second, the newly formed polyploid will be in the minority and,
as single individuals of dioecious plants cannot self-fertilize, they
will backcross to the parents, which creates low fitness progeny
(Levin, 1975; Ramsey and Schemske, 1998). Third, reproduction
of the newly formed polyploid requires fertilization by a plant
of the other sex (see Figures 1C,E); thus, they must live
long enough to overlap with offspring generations. They will
also have to form unreduced gametes, because only fusion of
unreduced male and female gametes from the two dioecious
parent species will produce tetraploids with the heterogametic
sex (e.g., xx1xY> male, | from species 1 and , from species 2).
To produce males, the Y-linked male-determining gene must
be dominant, because male xx;yy, genotypes cannot be formed
via unreduced gametes of allopolyploids because the female
parent can only produce xx eggs and the male parent mostly xY
pollen (Figure 1E). Somatic doubling is rare in nature (Ramsey
and Schemske, 1998), and hence doubling of a x;y, male
diploid interspecific hybrid together with doubling a xx female is
unlikely to happen frequently enough to establish populations.
The xx;xY, allotetraploid will produce male flowers and
x1Y; and x;x; gametes. Its SLR-bearing chromosome Y will
preferentially pair with the x from the same parent, resulting
in four male heterozygous gamete classes. The formation of
the next hybrid generation requires crossing with an unreduced
female gamete derived from the other parent; only if this occurs,
a stable cohort of allotetraploids with xxxY males and xxxx
females can form. Most plants can produce fertile heterogametic
males with only one copy of the Y chromosomes (XXXY) and
females (XXXX) (e.g., Melandrium album = Silene latifolia)
(Warmke and Blakeslee, 1939; Westergaard, 1958; Henry et al.,
2018). This system can potentially be maintained for higher
polyploids (Westergaard, 1958). Similar considerations apply to
female heterogamety.

As in autopolyploids (Figure 1E), less differentiated Y
chromosomes might recombine with the conspecific X and
prevent further degeneration in polyploids (Charlesworth et al,,
2021). On the other hand, the presence of duplicated sex
chromosomes might increase recombination rates between the
SLRs of autopolyploids (Pecinka et al, 2011; Glover et al,
2016). Furthermore, polyploidization can also increase the
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recombination rate of X or Z chromosomes, maintaining
their gene content (Wilson and Makova, 2009). However,
natural selection likely reduces crossover rates of tetraploid
homologs. Gates (1926) and Wright et al. (2015) suggested that
the multiplied sex chromosomes (Z or X) in polyploids can
gradually transform into autosomes, and this appears to have
occurred in polyploid Rumex acetosella, which each retained
have only one pair of sex chromosomes (XY for males) (Singh,
1968; Cunado et al.,, 2007). The dioecious octoploid Fragaria
(e.g., Fragaria chiloensis) species that arose from hermaphroditic
diploid progenitors also each have only one SLR on one of
the homologues in each species studied (Tennessen et al,
20165 Cauret et al.,, 2022), while the others may have become
autosomes. The “new” autosomes could still be just like the
ancestral X or Z chromosome, or their genes might be lost due
to diploidization.

Genetic degeneration

Tetraploid plants will regularly form diploid gametes, in
which the effects of recessive deleterious mutations in one
chromosome copy will be lessened by the function provided by
the unmutated chromosome; this may mask mutations from
selection (e.g., Otto and Gerstein, 2008), especially in high
ploidy levels (e.g., hexaploid xxxxxY). Whether genes in a
Y-linked region will degenerate more slowly in a polyploid than
in a diploid plant, will probably depend on several factors,
including the mutations’ dominance coefficients, as well as any
differences in recombination. Whether the masking effect could
lead to an accumulation of deleterious recessive mutations in the
pseudoautosomal region of sex chromosomein the heterozygous
state needs to be investigated.

Consequences of polyploidy for the
maintenance of dioecy

Polyploids have been observed to be associated with loss
of dioecy of diploid progenitors, with changes occurring to
monoecy, e.g., in hexaploid Diospyros kaki (Akagi et al., 2016),
to hermaphroditism, e.g., in tetraploid Empetrum (Anderberg,
1994), or to monoecy and androdioecy in tetra- to dodecaploid
Mercurialis (Pannell et al,, 2004; Gerchen et al, 2022). In
willows (Salix), shifts to diverse sexual systems occur in
polyploids (Mirski, 2014; Mirski et al., 2017). These transitions
to non-dioecious systems might be favored by selection for
reproductive assurance by uniparental reproduction, especially
in colonization scenarios (Ashman et al., 2013). However, also
gene dosage effects and differential homeolog expression could
cause lability if only one active Y interacts with multiple
copies of x (unless all but one have turned into autosomes).
Interestingly, introgression of a new Y chromosome from
distantly related species happened at the origin of hexaploid,
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androdioecious Mercurialis annua (Gerchen et al., 2022). Such
reversals to non-dioecious sexual systems may be indicators
that polyploidization can prevent the maintenance of sex-
determining systems for long evolutionary times, and this may
be a further factor contributing to the rarity of degenerated sex
chromosomes in plants. However, the shifts from dioecy to non-
dioecious systems in several cultivated plants, including grape
vines (Badouin et al.,, 2020) and papaya (Ming et al., 2007), do
not involve ploidy changes, and could be due to human selection
for major mutations (Henry et al., 2018). Loss of active sex-
determiners, such as the maleness factors discussed above, could
involve Y chromosome deletions, as observed in Silene latifolia
(Kazama et al., 2016).

Discussion and outlook

Further work on polyploid dioecious plants with SLRs
is clearly needed. Studies on neopolyploids (or synthetic
polyploids) would help test whether dioecy in polyploids is rare
because of constraints preventing their origination. Second, it
should be tested whether auto- and allopolyploids differ in their
heterogametic chromosome constitution, as predicted. Third,
recombination between sex chromosome homologs, with non-
recombining regions restricted in size, probably often prevents
degeneration of plant sex chromosomes, alongside selection in
the haploid pollen. The sizes of regions should be investigated
for both XY and ZW systems, and the times when they evolved.
Finally, the role of genetic or epigenetic effects in lability of
sexual systems needs further study, specifically whether lability
tends to be greater in higher polyploids with only one copy of
the heterogametic chromosomes (XY or ZW).

Cytogenetic studies can identify heteromorphic sex
chromosomes, and these will often be degenerated W or
Y chromosomes, and also detectable from sex differences
in genomic coverage, but in plants these appear to be the
exception. Homomorphic sex chromosomes are more difficult
to detect (Palmer et al., 2019; Bardnkova et al., 2020), sometimes
not even with genome sequencing. Genome wide association
studies (GWAS) can detect sex-linked regions, but will often
find large partially sex-linked regions as well as completely
sex-linked ones. Genetic differentiation between the sexes
(Fsr) can provide a finer scale for use with less differentiated
SLR-bearing chromosomes (Palmer et al., 2019; He et al,, 2021)
and even for polyploids (Kuhl et al., 2021). The highly accurate
long HiFi (high-fidelity) reads produced by PacBio, combined
with Hi-C, can generate haplotype-resolved genome assemblies
of polyploids (Zhang et al., 2019; Cheng et al,, 2021). Genome
coverage, and of Ka/Ks ratios in divergence from related species
to detect weakened efficacy of purifying selection, can detect
and quantify degeneration of SLR protein-coding genes (as
in examples outlined above). Analyses of gene expression via
RNA seq, and epigenetic mechanisms controlling expression

frontiersin.org


https://doi.org/10.3389/fpls.2022.976765
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

He and Hoérandl

(including cytosin-methylation and small RNAs activity) are
important for understanding the expression of different sex
phenotypes.
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