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Abstract  

 Plants harbor a tremendous diversity of sexual systems, including various forms of 

chromosomal sex determination that have arisen repeatedly across major clades, especially in 

angiosperms. The causes and consequences of sex chromosome evolution are far-reaching, with 

implications for sexual system, mating system, and life history evolution, genome architecture, 

and speciation, extinction, and diversification across lineages. With advances in sequencing, it is 

now possible to generate high-quality, chromosome-scale genome assemblies for many non-model 

plant species, ushering in a “golden age” for phylogenomic research. In this review, we argue that 

the time is ripe for a phylogenomic perspective on the evolution of plant sex chromosomes; the 

repeated origins of these systems, availability of hermaphroditic close relatives, and access to high 

quality genomic data will enable new approaches to testing classic models for the initiation, 

progression, and consequences of sex chromosome evolution. We conduct a clade-level survey of 

documented plant sex chromosome systems, revealing remarkable variation in the size, age, and 

degree of differentiation across sex-linked regions, revealing the need for renewed consideration 

of alternate models. Identifying key questions for future research, we highlight how phylogenomic 

approaches can be used to test hypotheses across a wide range of models, paving the way for a 

more robust understanding of how sex chromosomes arise and persist across lineages.  

1. Introduction  

Sex chromosomes have long been of interest to evolutionary biologists, owing to their 

distinct hemizygous mode of inheritance and their association with the mechanisms of sex 

determination in many groups. Much of the early work on sex chromosome evolution focused on 

animal groups with ancient and highly differentiated sex chromosomes, such as mammals and 

Drosophila (Bachtrog et al. 2011). It was later realized, however, that the age and characteristics 

of sex chromosomes vary widely across groups, with some having much more recent origins (Bull 

1983, Charlesworth 1996, Bachtrog et al. 2014). Plants are one such group. Plants are of particular 

interest because most species are hermaphroditic (male and female reproductive organs in the same 
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individual), and dioecy (separate male and female individuals) has evolved repeatedly across 

different groups, often in the recent evolutionary past (Charlesworth 2002, Ming et al. 2007, Ming 

et al. 2011, Charlesworth 2013, Charlesworth 2015, Charlesworth 2016). These repeated origins 

provide independent evolutionary replicates of the transition from hermaphroditism to dioecy and 

the subsequent evolution of chromosomal sex determination, a powerful framework for testing 

fundamental evolutionary hypotheses (Figure 1). The relatively young age of many plant sex 

chromosomes additionally provides valuable insights into the early stages of sex chromosome 

evolution and the progenitors of sex chromosomes.  

 Broadly speaking, sex chromosome systems can be grouped into one of three categories, 

defined by their mode of inheritance in relation to sex determination. The two most commonly 

studied are heterogametic systems, with males being heterogametic in XY systems and females 

being heterogametic in ZW systems. A less studied system called UV exists in species with a 

haploid-dominated life cycle, such as the mosses and liverworts; in this system each sex inherits a 

distinct haploid chromosome, U or V (Coelho et al. 2018). Regardless of the exact configuration, 

the canonical model for how sex chromosomes evolve remains similar, beginning with the 

evolution of a sex-determining locus or region (SDR) on a pair of autosomes. Once established, 

this SDR provides an avenue for the resolution of sexually antagonistic variation, by selecting for 

the co-inheritance of mutations with sex-specific benefits and the region of the chromosome 

determining that sex (Charlesworth & Charlesworth 1980, Rice 1987). This ultimately promotes 

the suppression of recombination on the chromosome containing the SDR. This process is often 

envisioned as occurring in a stepwise fashion, starting close to the SDR and extending outward 

along the chromosome as more sexually antagonistic variation is captured. This is predicted to 

lead to the formation of “evolutionary strata” on sex chromosomes, where recombination is 

suppressed more recently in regions more distant from the SDR (Lahn & Page 1999, Handley et 

al. 2004, Bergero et al. 2007).  

 This process of linkage and recombination suppression leads to sex chromosomes having 

several features that are distinct from autosomes, and interesting from a fundamental evolutionary 

genetic perspective. The heterogametic nature of XY and ZW systems mean that these 

chromosomes have sex-biased inheritance; as opposed to autosomes which have equal inheritance 

across sexes, Y and W chromosomes are only inherited in males and females, respectively, while 

the X and Z chromosomes are inherited 2/3 of the time in females and males, respectively. This 

means these chromosomes typically have reduced effective population sizes compared to 

autosomes and experience differing strengths of selection related to sex-specific functions. The 

suppression of recombination in the sex-linked region often promotes the degeneration of the Y 

and W chromosomes via selective interference, leading to losses of synteny and gene function and 

the proliferation of repetitive genetic elements (Rice 1994, Charlesworth & Charlesworth 2000, 

Bachtrog 2013). Lastly, the number of X and Z chromosome copies differs between sexes, posing 

a challenge for the regulation of expression of X and Z-linked genes experiencing degeneration on 

the Y and W chromosomes respectively; this often results in the evolution of dosage compensation 

mechanisms (Charlesworth 1978, Charlesworth 1996, Vicoso & Bachtrog 2009, Graves 2016).  



  The sexual antagonism framework has been powerful for understanding the general 

processes leading to the formation and evolution of sex chromosomes. Despite this, there are many 

aspects of sex chromosome evolution that it cannot explain in isolation, and empirical evidence 

for a role of sexual antagonism is equivocal (Ponnikas et al. 2018). In plants and other groups, the 

degree of differentiation and degeneration seems to differ across sex chromosome systems of 

comparable ages, as well as the extent or even presence of dosage compensation (Charlesworth 

2013, Charlesworth 2015, Muyle et al. 2017, Renner & Müller 2021). The factors promoting the 

evolution of an XY vs. ZW system in diploid organisms remain unclear, and some systems turn 

over liberally between these two configurations while others appear to remain stable for many 

millions of years (Charlesworth 2019, Vicoso 2019, Palmer et al. 2019). Significant variation in 

sexual systems and sex determination often exists among closely related plants, and the role, if 

any, this plays in the long-term maintenance of species barriers and the process of speciation over 

macroevolutionary timescales is not well understood. Given these gaps, alternate models for the 

origin and differentiation of sex chromosomes should be given renewed consideration. 

 In this review, we argue that combining modern whole-genome sequencing with explicit 

phylogenetic approaches will be necessary in the future to address many of these conceptual 

challenges. Recent advances in whole-genome sequencing technology are making it easier than 

ever before to sequence and assemble high-quality genomes in non-model species (Amarasinghe 

et al. 2020, Coster et al. 2021). Improvements in long-read sequencing technology in particular are 

enabling assemblies of traditionally challenging genomic regions, such as the centromeric and 

telomeric regions of autosomes, and the sex-linked regions of sex chromosomes, which are often 

highly repetitive. These advances are ushering in a golden age for phylogenomics research, as high 

quality genome assemblies are now increasingly obtainable for whole clades of organisms for the 

first time, particularly in plants which often have large, repeat-rich genomes and experience high 

rates of polyploidy (Jung et al. 2019, Michael & VanBuren 2020, Pucker et al. 2022). To highlight 

the use of these datasets, we present an updated literature survey of documented sex chromosome 

systems in plants and their relatives, with an emphasis on clade-level variation and genome-scale 

datasets (Figure 2). We use this survey to explore the patterns of variation within and between 

clades, and to highlight the opportunities for hypothesis testing using phylogenomics (Figure 2). 

We see phylogenomics providing four key advantages for sex chromosome research 

(Figure 1); first, it allows for the identification of repeated origins of sexual system and sex 

chromosome transitions, providing statistically independent replicates of the process (Figure 1A). 

Applying phylogenetic comparative methods in such cases will yield new insights into the 

macroevolutionary drivers of sexual system transitions and sex chromosome evolution. Second, 

through ancestral state reconstructions and synteny analyses, it will be possible in many systems 

to identify the ancestral homologs of sex chromosomes and SDRs in hermaphroditic relatives 

(Figure 1B). This will enable a more direct understanding of the features of chromosomes that are 

sex chromosome progenitors, including the landscape of recombination, the distribution and 

function of genes, and the regulation of their expression. Third, inferences of historical 

hybridization and introgression across taxa will allow for new insights into the role of sex 

chromosome formation and variation in the long-term maintenance of species barriers (Figure 1A). 

Finally, comparative analyses of life history characteristics such as mating system or generation 



time will enable macroevolutionary tests of many models of sex chromosome formation and 

evolution (Figure 1C). The plants are a group that is particularly well-suited to these approaches, 

owing to their repeated origins of sex chromosomes from hermaphroditic ancestors, often in the 

recent past. Overall, we argue that phylogenomics will produce valuable new insights into the 

processes by which autosomes become sex chromosomes and how and why sex-linked regions 

evolve and turn over. 

 

Figure 1: Phylogenetic approaches to the study of sex chromosomes. A) Phylogenetic reconstruction 

allows for identification of independent origins of sex chromosome systems and turnovers, and for testing 

of rates of introgression among species with varying degrees of sexual system differentiation. B) Ancestral 

reconstruction and comparative approaches applied to synteny data can uncover the ancestral autosomal 

homologs of sex chromosome systems, whether certain autosomes repeatedly become sex chromosomes, 

and properties of those autosomes. C) Analyses like phylogenetic regression can help test models of sex 

chromosome evolution; for example, some models predict that higher ancestral rates of selfing should 

promote the formation of XY over ZW systems. D) Comparative approaches to the study of gene expression 

could help identify sexually antagonistic gene candidates, by identifying genes that rapidly evolve sex-

biased expression in taxa with sex chromosomes.  They may also provide new insights into the evolution 

of dosage compensation by enabling estimation of ancestral expression levels for sex-linked genes.  

2. Sexual system transitions in plants 

2.1 Transitions to dioecy and initial sex chromosome formation 

 Since most major plant lineages are ancestrally hermaphroditic (with the possible exception 

of liverworts, which may be ancestrally dioecious; Laenen et al. 2016, Singh et al. 2023), the first 



step in the evolution of plant sex chromosomes is the evolution of separate male and female 

individual plants. This system is called dioecy when separate male and female sporophytes exist, 

like in vascular plants, and dioicy when separate male and female gametophytes exist, like in non-

vascular plants (referred to hereafter only as “dioecy” for simplicity’s sake). Two models are often 

considered for the evolution of dioecy from hermaphroditic ancestors. The first involves the 

successive fixation of male-sterility and female-sterility mutations, leading to female and then 

male individual plants (Charlesworth & Charlesworth 1978a, Charlesworth and Charlesworth 

1978b); this is the referred to as the “gynodioecy pathway”, referring to the intermediate state in 

which both female and hermaphroditic plants exist in a population. In the second model, selection 

drives plants to differentially allocate resources to one sexual function over the other, eventually 

resulting in sexual specialization (Charnov et al. 1976, Lloyd 1980). This is known as the 

“monoecy pathway”, referring to the intermediate state where separate male and female flowers 

exist on the same plant, with genetic variation in the resource allocation between them. In both 

models, the accumulation of genetic changes enabling sex-biased and eventually sex-specific 

expression paves the way for the evolution of sex chromosome systems. 

Dioecy has evolved independently numerous times in plants, currently constituting 40-60% 

of bryophytes (Villarreal & Renner 2013) and 65% of gymnosperms (Walas et al. 2018), but only 

5-6% of angiosperms (Renner et al. 2014). Each independent origin of dioecy provides an 

opportunity to study the evolution of genetic sex determination. However, the mechanisms of sex 

determination have not been elucidated in most dioecious plants. Once dioecy evolves, multiple 

paths to sex determination are possible, including not just sex chromosomes but alternate 

mechanisms like environmental sex determination, haplo-diploidy, and paternal genome 

elimination. The latter three mechanisms are common in animals but rare or non-existent in plants 

(Bachtrog et al. 2014) and so will not be a focus of this review. Dioicous species are limited to UV 

systems by their haploid nature, but diploid plants can evolve either an XY or ZW system 

following the transition to dioecy. In our literature survey, we took a clade-level perspective on 

plant sex chromosome systems, aiming to identify phylogenetically independent origins of each 

system. Out of 34 dioecious clades documented, we find at least 38 independent origins of sex 

chromosomes, of which 27 (71%) are XY sex determination and 8 (21%) are ZW sex 

determination (Figure 2A, Table S1). Note that these estimates are likely conservative, since most 

of these inferences are based on parsimony, and some systems may share the same system of 

heterogamety but on non-homologous chromosomes. This asymmetry in favor of XY systems is 

consistent with previous surveys (Ming et al. 2011, Baránková et al. 2020). We found at least 3 

independent origins of UV systems in bryophytes, brown algae, and green algae (Figure 2A, Table 

S1).  

 

 

 

 



 

Figure 2: Summary of our literature survey of plant sex chromosome systems. A) Breakdown of sex 

chromosome systems across clades. Each instance corresponds roughly to an independent origin of the sex 

chromosome system based on parsimony. B) Breakdown of sex chromosome turnover rates in systems with 

homomorphic vs. heteromorphic sex chromosomes. Note that the “no turnover” category simply denotes 

instances where turnover was not observed, rather than cases where it was strictly ruled out using evidence-

based criteria. C) Age in millions of years for sex chromosome systems labelled as homomorphic vs. 

heteromorphic, plotted on a log scale. D) Degree of gene loss in sex chromosome systems labelled as 

homomorphic vs. heteromorphic. Panels B through D of this figure were generated by Claude Cowork 

using our survey data.  

Why XY is more common than ZW in plants remains unclear, although several models 

have been proposed. Under the gynodioecy pathway, an XY system arises if the initial male-

inactivating mutation is recessive, while a ZW system arises if it is dominant (Charlesworth & 

Charlesworth 1978a, Charlesworth and Charlesworth 1978b). One simple explanation, then, is that 

the gynodioecy pathway is common and such loss-of-function mutations are more likely to be 

recessive, with the production of homozygous females facilitated by selfing (Charlesworth 2016). 

A recent model integrating the resource allocation / monoecy pathway with the evolution of 

genetic architecture also found that high selfing and inbreeding depression promotes the evolution 

of XY over ZW systems (Lesaffre et al. 2024). This occurs for two reasons: 1) because female 

flowers can receive both self and outcrossed pollen, reproductive competition through female 

function is increased; 2) when inbreeding depression is high, selfed offspring produced through 

female flowers have less reproductive value. Under these conditions, hermaphrodites will gain a 

fitness advantage if they allocate more resources towards male function. This selects for the 

dominance of male-determining alleles, resulting in an XY system (Lesaffre et al. 2024). Both 

models suppose a major role for selfing and inbreeding depression in the evolution of dioecy; this 

could be consistent with the higher prevalence of dioecy in abiotically pollinated plants, including 

bryophytes, gymnosperms, and wind-pollinated angiosperms (Renner 2014), where the promotion 

of outcrossing in selfing hermaphrodites is more difficult.  



Phylogenomic approaches could be valuable for testing these ideas in multiple ways 

(Figure 3). Currently there is some evidence for both pathways to dioecy; gynodioecy and dioecy 

co-occur in plant phylogenies more than expected (Dufay et al. 2014), and monoecy and dioecy 

also co-occur in many groups (Renner 2014).  Phylogenetic comparative approaches that explicitly 

estimate rates of transition from each of these states into dioecy, as well as correlating dioecy with 

other phylogenetically distributed characters such as selfing rates or proxies for selfing, will be 

valuable (Figure 1C). However, given the expected transience of monoecy and gynodioecy as 

intermediate sexual systems, their presence in extant taxa may not be fully representative of 

ancestral states. Likewise for sex chromosomes, further characterization of the independent origins 

of these systems in a phylogenetic context will be helpful for testing theories of initial sex 

chromosome formation. Estimation of syntenic regions and genealogical patterns of gene 

orthologs among close hermaphroditic relatives (e.g. Hou et al. 2015, Hibbins et al. 2025a, Hibbins 

et al. 2025b) will allow for highly accurate characterization of independent sex chromosome 

origins in many plant clades (Figure 1B). Finally, comparative genomic and transcriptomic 

approaches will help understand the molecular basis of sexual system transitions, for example, by 

identifying genes involved in genetic variation in sex allocation in hermaphroditic relatives and 

testing for selection on their sequences or expression levels and the evolutionary fate of these genes 

in species with sex chromosomes (Figure 1D).  

2.2 Sex chromosome stability and turnover 

 Once a sex chromosome system is established, the evolutionary stability of that system is 

not guaranteed. Sex chromosomes can turn over, which we define here as any karyotypically 

significant shift in the physical location of a sex-determining region and/or the genetic mechanism 

of sex determination. In our survey (Table S1), we documented tremendous variation in the 

stability of sex chromosome systems across plants and their relatives. Outside of the angiosperms, 

while not as well-characterized, sex chromosomes appear to be ancient and relatively evolutionary 

stable. The XY systems of Gingko (Liao et al. 2020, Gong & Filatov 2022) and cycads (Cycas; 

Abraham & Mathew 1962, Liu et al. 2022), in addition to the UV systems of bryophytes (Iwasaki 

et al. 2021, Carey et al. 2021, Healey et al. 2023) and algae (Ferris et al. 2010, Luthringer et al. 

2015, Avia et al. 2018, Yamamoto et al. 2021), may be on the order of hundreds of millions of 

years old, with some evidence of derived loss and re-evolution of UV sex determination in 

liverworts (Fu et al. 2025). In contrast, the angiosperms have much younger and less stable sex 

chromosomes, with the oldest documented systems on the order of 25-50 million years in date 

palms (Phoenix, Siljak-Yakovlev et al. 1996, Cherif et al. 2016), pitcher plants (Nepenthes, 

Scharmann et al. 2019), and the sex chromosome system shared by hops (Humulus) / Cannabis 

(Prentout et al. 2020, Prentout et al. 2021).  

 In the angiosperms, sex chromosome turnovers appear to be common in systems where the 

genetic basis of sex determination has been studied across multiple species. These turnover 

processes can be highly variable, including the formation of neo-sex chromosomes, the 

translocation of sex-determining genes to different chromosomes, and even shifts in the system of 

heterogamety (i.e. from XY to ZW and vice-versa). Perhaps the most dynamic of these known 

systems is the Salicaceae, the willows (Salix; Wang et al. 2022, Hu et al. 2023) and poplars 



(Populus; Geraldes et al. 2015, Yang et al. 2020, Li et al. 2022). Despite a common origin of 

dioecy inferred using phylogenetics, genetic sex determination evolved independently in these 

sister genera (Geraldes et al. 2015, Huo et al. 2015), and sex chromosomes have turned over 

multiple times within each group, including translocations of the sex-determining locus and shifts 

from XY to ZW systems. Another highly labile system is Rumex, where sex chromosome-

autosome fusions have resulted in XYY karyotypes with neo-X chromosomes at least twice, 

including a within-species XY/XYY polymorphism and population-specific translocations of the 

Y chromosomes in Rumex hastatulus (Grant et al. 2022, Sacchi et al. 2024, Hibbins et al. 2025a, 

Hibbins et al. 2025b). Several other angiosperm groups have documented turnovers, including 

Silene (Martin et al. 2019, Bačovský et al. 2020), kiwifruit (Actinidia; Akagi et al. 2023), and 

strawberry (Fragaria; Tennessen et al. 2018). Finally, we note that the derived loss of dioecy 

altogether has been observed in several groups, including the Caricaceae (papaya and its relatives; 

Wu et al. 2010), persimmon (Diospyros; Horiuchu et al. 2023), domestic grapevine (Vitis vinifera; 

Picq et al. 2014), and Mercurialis (Obbard et al. 2006).  

 A growing body of models seeks to understand what forces may drive or inhibit the 

turnover of sex chromosomes. In the absence of selection acting on genetic variants, turnover can 

be favored by the interaction of dominance with selection to maintain an equal sex ratio (Bull & 

Charnov 1977, Veller et al. 2017, Saunders et al. 2018). While relatively weak, this “drift-induced 

selection” effect can promote both heterogametic and non-heterogametic turnover both within and 

between chromosomes, but favors turnovers that preserve the system of heterogamety (Saunders 

et al. 2018). When deleterious mutations are introduced, shifts in the heterogametic system (XY 

→ ZW and vice-versa) become disfavored, as they require the fixation of unfit YY / WW genotypes 

(Veller et al. 2017, Saunders et al. 2019). However, turnovers that shift the existing heterogametic 

system to a new chromosome may be favored, as they enable the loaded ancestral Y / W 

chromosome to be lost; this has been dubbed the “hot potato” effect (Blaser et al. 2013, Blaser et 

al. 2014). Finally, turnovers to new chromosomes may be favored by the buildup of sexual 

antagonism at new loci that outstrips the existing antagonism in the sex-determining region (van 

Doorn & Kirkpatrick 2007, van Doorn & Kirkpatrick 2010). Sexual antagonism can also promote 

the formation of neo-sex chromosomes via chromosomal fusions and translocations that link 

antagonistic variation to the existing sex chromosome system (Charlesworth & Charlesworth 

1980, Rice 1987, Charlesworth et al. 2005).  

 Which of these evolutionary forces drive or inhibit sex chromosome turnover across plants 

remains unclear. Qualitatively, these models predict that, on net, turnovers that preserve the 

heterogametic system but move it to a new chromosome should be most common; however, the 

relative strengths of drift and selection play an important role. In systems with low effective 

population size and/or small and undifferentiated sex-determining regions, heterogametic 

turnovers may be tolerated or even promoted via sex-ratio selection. This may explain why systems 

like the willows and poplars, which are generally long-lived perennials with homomorphic sex 

chromosome systems, are so labile to turnover. However, several groups with similar life histories, 

such as date palms and pitcher plants, appear to have stable sex chromosome systems. Importantly, 

these systems also typically have long generation times, which may confound analyses that 

correlate sex chromosome properties with units of absolute time. Coalescent-based dating of sex-



linked regions using phylogenomic approaches may provide a more accurate picture of the age of 

sex-linked regions and how it relates to the stage of degeneration.  

When sex chromosomes become highly differentiated, turnovers may be inhibited by the 

high cost of disrupting the existing sex-determining mechanism; the “evolutionary trap” 

hypothesis (Pokorná & Kratochvíl 2009, Vicoso 2019). In our literature survey, we found 

preliminary evidence for a slightly higher occurrence of turnovers in homomorphic systems 

compared to heteromorphic ones, consistent with this idea. However, ascertainment bias in the 

detection of turnover events may confound this pattern, so it should be treated with caution. 

Nevertheless, the evolutionary trap hypothesis this does not explain what might maintain the initial 

stability of sex chromosome systems, and some groups such as Ginkgo biloba and Nepenthes 

appear to have stable configurations despite relatively small and undifferentiated sex-linked 

regions. One recently proposed mechanism is that turnovers disrupt the balance of chromosome-

specific drift that maintains stable trait values under stabilizing selection (Muralidhar 2026). 

Overall, phylogenomic approaches will help elucidate these mechanisms by (Figure 3) 1) 

uncovering new cases of sex chromosome turnover (Figure 1A); 2) identifying the selective forces 

acting on ancestral and derived sex-determining regions by detecting selective sweeps and the 

recurrent movement of sex-linked genes and syntenic regions (Figure 1B, D); 3) associating 

turnover rates with ecological and life history traits that may shape selective forces (Figure 1C).  

2.3 Sex chromosome evolution and polyploidy 

 A major question in plant biology concerns why polyploidy is much more common in 

angiosperms than in animals. One long-standing idea is that the more widespread presence of sex 

chromosomes in animals inhibits whole-genome duplications, which may disrupt sex 

determination and the dosage balance of X-linked genes, particularly in back-crossed hybrids 

(Muller 1925, Orr 1990). Hemizygous systems are also more common in animals, resulting in 

exposed recessive incompatibilities in allopolyploids (i.e. Haldane’s rule, Haldane 1922). In our 

literature survey, we found multiple instances of polyploid plants with sex chromosomes, 

including the decaploid pitcher plant Nepenthes gracilis (Saul et al. 2023), the tetraploid kiwifruit 

Actinidia arguta (Akagi et al. 2023, Lu et al. 2024), both triploids and tetraploids in Ginkgo biloba 

(Šmarda et al. 2018), the octoploid wild strawberry Fragaria virginiana (Spigler et al. 2008), 

tetra/hexaploid Mercurialis (Russell & Pannell 2015, Gerchen et al. 2022), hexaploid Rumex 

acetosella (Cuñado et al. 2007) variable ploidy in yams (Dioscorea; Cormier et al. 2019, Ngwe & 

Siljak-Yakovlev 2023) and tetraploid Salix polyclona (He et al. 2023). In many other groups, we 

observed the coexistence of polyploidy and sex chromosomes, though not necessarily in the same 

species (Table S1).  

 Robust investigations into an inhibitory relationship between polyploidy and sex 

chromosome evolution should consider three important factors. First, the genetic mechanism of 

sex determination, namely X:autosome balance vs Y-presence (and vice-versa in ZW systems). 

While not known for most plants, whole-genome duplications should be more disruptive in 

systems with X-autosome balance because they directly alter the balance of X chromosomes to 

autosomes. Genotypes containing multiple duplicated Y chromosomes may be less fit if the Y is 

degraded, so the most stable sex chromosome systems in polyploids may contain a single dominant 



Y chromosome (He & Hörandl 2022), consistent with experiments in Silene (Warmke & Blakeslee 

1939) and the karyotype of Nepenthes (Saul et al. 2023). A second factor is whether the duplication 

event is autopolyploidization or allopolyploidization. While the simple autopolyploid duplication 

of an existing sex chromosome system may be tolerated, especially under a Y-presence system, 

allopolyploids may be more inhibitory to sex chromosome evolution, as they would require both 

parent species to have a homologous sex-determination mechanism and for backcrosses to these 

parents to maintain functional sex determination. However, viable diploid hybrids between XYY 

and XY cytotypes of Rumex hastatulus have been observed (Beaudry et al. 2022), and the 

allotetraploid weeping willow appears to have arisen from allopolyploidization of two lineages 

with non-homologous sex chromosomes (He et al. 2024), indicating that such differences might 

not present complete barriers to the formation of allopolyploids among closely related populations 

or species. 

Finally, the relative timing of these two events matters; if sex chromosomes evolve first, 

and especially if they have time to establish and begin to differentiate, then we might expect 

polyploidy to be inhibited, due to higher costs associated with disrupting the genetic architecture 

of sex determination. The sex chromosome systems of many animal groups are evolutionarily 

ancient, consistent with this idea. However, if the whole-genome duplication occurs first, we might 

not expect the subsequent evolution of sex chromosomes to be inhibited, as long as the karyotype 

remains stable thereafter. While few studies have explicitly dated sex chromosome evolution and 

polyploidy on the same plant phylogeny, preliminary inferences based on parsimony of 

phylogenetic characters suggest mixed results. In Nepenthes, decaploidization appears to have 

preceded the evolution of dioecy and chromosomal sex determination (Saul et al. 2023), in line 

with our predictions.  However, in Mercurialis (Gerchen et al. 2022), Actinidia (Akagi et al. 2023), 

and Rumex (Cuñado et al. 2007, Hibbins et al. 2025a, Hibbins et al. 2025b), individual polyploid 

lineages have arisen inside clades with shared sex chromosome systems. Mercurialis is an 

especially striking case, as the sex chromosome system has remained stable despite recurrent 

allopolyploidization and Y-chromosome introgression, which should be highly disruptive to sex-

determining mechanisms.  Experimental work resolving sex-determining mechanisms in plants, in 

combination with phylogenomic approaches to resolve the timing of whole-genome duplications 

and sex chromosome evolution, will open new avenues to investigating this old question and 

understanding the drivers of polyploid evolution (Figure 3).  

3. The genomic architecture of sex chromosome evolution  

3.1 The evolution of recombination in sex-linked regions 

 The key hallmark of a chromosomal sex-determination system is the presence of a region 

of suppressed recombination surrounding the sex-determining locus. Importantly, this region must 

evolve from an ancestral pair of recombining autosomes. This means that, regardless of the exact 

mechanism promoting recombination suppression (discussed in 3.2), sex chromosome evolution 

requires the introduction of mutations that modify the landscape of recombination. In plants, the 

landscape of recombination is highly variable and correlated with a variety of genomic features, 

including chromosome size and number, the size and distribution of telomeric and centromeric 

regions, and the density of genes and transposable elements (Tiley & Burleigh 2015, Stapley et al. 



2017, Haenel et al. 2018, Brazier & Glémin 2022). Modifiers of recombination can act at both 

small and large genomic scales. Like in other eukaryotes, double strand-breaks in plants are 

concentrated in genomic “hotspots” of a few kb in length, with methylation and chromatin state 

playing important roles in determining their locations (He et al. 2017, Choi et al. 2018). In addition 

to these smaller-scale shifts in recombination rate, larger-scale changes involving significant 

proportions of chromosomes, or even whole chromosomes, can be generated by structural 

rearrangements, including both intrachromosomal (e.g. inversions) and interchromosomal (e.g. 

fissions and fusions) mutations. These mutations affect recombination by inhibiting homologous 

chromosome pairing (i.e. heterozygous inversions and translocations; Kirkpatrick & Barton 2006) 

or physically bringing together previously unlinked chromosomal regions. 

 Classic theories place a particular importance on chromosomal rearrangements for the 

evolution of sex chromosomes, by enabling rapid extension of suppressed recombination 

surrounding the sex-linked region (Charlesworth & Charlesworth 1980, Rice 1987, Charlesworth 

et al. 2005). Studies in old sex chromosome systems generally find that divergence between 

gametologs decreases with distance from the sex-determining locus (Lahn & Page 1999, Handley 

et al. 2004, Bergero et al. 2007, Moraga et al. 2025), but distinguishing the contributions of 

stepwise successive rearrangements (i.e. evolutionary strata) from the gradual accumulation of 

smaller-scale modifications to the recombination landscape has proven difficult. In addition, 

additional rearrangements within the sex-linked region may erode the initial signal of strata.. 

Large-scale rearrangements involving sex chromosomes have been found in some plant systems, 

such as Silene and Rumex (Bačovský et al. 2020, Beaudry et al. 2020, Sacchi et al. 2024, Moraga 

et al. 2025), but it remains unclear whether they were selected for their sex chromosome 

association or are simply part of the “background” input of rearrangement mutations across the 

genome (Hibbins et al. 2025a, Hibbins et al. 2025b). In general, outside of Silene, the evidence for 

evolutionary strata on plant sex chromosomes remains weak. One possibility is that the initial 

stages involve large-scale rearrangements that generate regions of suppressed recombination, 

which are then followed by smaller-scale modifications that fine-tune the boundary of the sex-

linked region with the pseudoautosomal region. Phylogenomic approaches in plant systems could 

prove extremely valuable here, by allowing for the direct identification of ancestral autosomes that 

are homologous to existing sex chromosome systems in the many plant clades where dioecious 

and hermaphroditic species coexist (Figure 1B). Synteny analysis in a phylogenetic framework 

should allow for much more detailed inference of the contribution of rearrangements to the 

expansion of recombination suppression in these groups, especially in young sex chromosome 

systems (Hibbins et al. 2025b).  

 In classic models of sex chromosome evolution, recombination suppression evolves as a 

consequence of selection to link sexually antagonistic alleles to sex-determining loci. However, in 

many eukaryotic systems, including plants, large regions of suppressed recombination already 

exist on autosomes (Sardell & Kirkpatrick 2020, Brazier & Glémin 2022, Rifkin et al. 2022, Guo 

et al. 2022). If sexually antagonistic variation accumulates in these nonrecombining tracts, these 

autosomes may be “primed” to become large, heteromorphic sex chromosomes, allowing the 

easier establishment and/or expansion of a novel sex-determining region (Charlesworth 2019, Otto 

2019, Rifkin et al. 2022, Guo et al. 2022). Additionally, in dioecious species, the landscape of 



recombination often differs between the sexes (heterochiasmy), with male recombination more 

biased towards the telomeric ends of chromosomes (Sardell & Kirkpatrick 2020, Brazier & Glémin 

2022, Rifkin et al. 2022). The presence of larger regions of suppressed recombination in males 

could enable the stronger linkage of male-beneficial mutations once a male sex-determining gene 

arises, contributing to the higher prevalence of XY over ZW sex chromosome systems in plants. 

Taken together, these hypotheses predict that certain kinds of autosomes should be more likely to 

become sex chromosomes; particularly, those that are large, highly heterochromatic, and where 

male recombination is more tip-biased. Phylogenomic approaches to synteny data studying the 

autosomal progenitors of sex chromosomes will be invaluable for testing these ideas (Figure 1B, 

Figure 3).  

3.2 Sexual antagonism, sex chromosome differentiation and degeneration 

 Sexual antagonism has broad explanatory power when considering the initial formation, 

differentiation, and degeneration of sex chromosomes. However, despite the preponderance of 

sexual conflict at the phenotypic level, not all sex chromosome systems clearly harbor sexually 

antagonistic variation, and demonstrating that sexually antagonistic genetic variants drive the 

evolution of sex chromosomes remains challenging (Rice 1992, Gibson et al. 2002, Ironside 2010, 

Ponnikas et al. 2018, Lund-Hansen et al. 2021, Dagilis et al. 2022). In addition, in our own survey 

and in past work (Figure 2C, Renner & Müller 2021), the size and degree of degeneration (Figure 

2D) of sex-determining regions does not appear to be strongly correlated with their age, as would 

be expected if the recurrent suppression of recombination and expansion of sex-linked regions are 

generally driven by ongoing sexual conflict. More generally, it remains poorly understood why 

some sex-determining regions remain relatively small and undifferentiated, while others expand 

to fill most of the chromosome and undergo significant degeneration (Figure 2D). These findings 

have led to increased interest in alternate models for the expansion and degeneration of sex-linked 

regions that do not rely on classic models of sexual antagonism. A variety of these alternate models 

exist, based on processes such as heterozygote advantage (Charlesworth & Wall 1999), meiotic 

drive (Úbeda et al. 2015), neutrality (Kent et al. 2017, Jeffries et al. 2021), regulatory evolution 

(Lenormand et al. 2020, Lenormand & Roze 2022), and/or sheltering of deleterious mutations (Jay 

et al. 2025).  

 Under inbreeding depression, mutations that increase the average genome-wide 

heterozygosity may become favored. Translocations or fusions involving a sex chromosome and 

an autosome allow for the long-term maintenance of heterozygosity of the rearrangement, 

promoting the expansion of sex-linked regions in inbred populations (De Waal Malefijt & 

Charlesworth 1979, Charlesworth & Wall 1999). This model does not explain how sex 

chromosomes could initially establish in the absence of sexual antagonism, but provides a 

mechanism for their ongoing expansion under certain conditions. Alternatively, a new sex-

determining allele may be favored in a population if it becomes linked to a sex-biased meiotic 

driver; compensatory mutations to restore an equal sex ratio can result in the evolution of a sex 

chromosome system (Hall 2004, Kozielska et al. 2010, Úbeda et al. 2015). In contrast to the 

heterozygote advantage model, a meiotic driver may promote the initial establishment of sex 

chromosomes, but not necessarily their ongoing expansion and degeneration.  



Even without selection, the sufficient accumulation of neutral divergence near an existing 

sex-determining locus could promote the expansion of recombination suppression by reducing the 

recognition of homologous sequences (Ironside 2010, Jeffries et al. 2021). Additionally, the 

elevated rate of accumulation of transposable elements on degenerating sex chromosomes 

(Bachtrog 2013) may promote the neutral spread of recombination suppression as a byproduct of 

TE silencing, by reducing regions of open chromatin (Kent et al. 2017). Accumulating cis-

regulatory divergence between X/Y gametologs may promote the fixation of nascent inversions to 

fix compensatory mutations, promoting recombination suppression and degeneration of Y-linked 

genes (Lenormand et al. 2020, Lenormand & Roze 2022). Finally, recombination-suppressing 

rearrangements that capture less loaded haplotypes may be more likely to fix around established 

Y-linked regions, as their hemizygous nature enables permanent masking of the effects of 

recessive deleterious mutations (Jay et al. 2025). However, unless mutations are highly recessive 

and strongly selected against, this process may be unlikely to fully explain the elevated fixation of 

Y-linked inversions, especially considering the low Ne
 of Y/W chromosomes and the potential 

reversibility of such inversions (Charlesworth & Olito 2024).  

 Many of these processes may act in concert, painting a complex picture of the forces 

shaping the expansion or stability of sex-linked regions. While recent phylogenomic analyses in 

Rumex found evidence for elevated rates of chromosomal rearrangement associated with sex 

chromosomes (Hibbins et al. 2025b), more explicit models are necessary to distinguish among 

hypotheses (Figure 3). Variation in the size and age of sex-determining regions in plants presents 

opportunities for phylogenomic approaches to distinguish among these many hypotheses. Testing 

for associations between inbreeding (or proxies for inbreeding) and chromosomal fusions / 

translocations in clades with sex chromosomes could provide evidence for a role of heterozygote 

advantage (Figure 1B, C). In less degenerated systems, evaluating signatures of selection near the 

sex-linked region in comparison to autosomal homologs in related species could help distinguish 

between neutral and sexual antagonism / meiotic drive hypotheses, provided the timing is recent 

enough to detect such signals. Identifying homologs of known meiotic drivers on sex 

chromosomes could additionally help distinguish among hypotheses. Lastly, applying 

phylogenetic comparative methods to estimate the tempo and mode of evolution of gene 

expression evolution relative to the origin of sex chromosomes will help distinguish whether cis-

regulatory divergence is a cause or a consequence of recombination suppression on the sex 

chromosomes (Figure 1D). Generally, many models exist to explain the expansion of existing sex-

linked regions, but fewer can explain the initial formation of such regions in the absence of sexual 

antagonism; studies in plant systems with very young sex-determining regions will be invaluable 

for understanding this process. 

3.3 Sex chromosomes and the evolution of gene regulation 

 Heteromorphic sex chromosomes pose a challenge for the regulation of gene expression: 

the heterogametic sex has half the number of X/Z-linked gene copies as the homogametic sex. 

This is expected to promote the evolution of dosage compensation, a set of mechanisms that restore 

the expression balance of X/Z-linked genes between the sexes. The mechanisms and extent of 

dosage compensation are highly variable across the tree of life, ranging from a small set of genes 



to the entire X/Z chromosome, including both global and gene-level mechanisms, and promoting 

upregulation in the heterogametic sex or downregulation in the homogametic sex (Charlesworth 

1996, Marín et al. 2000, Vicoso & Bachtrog 2009, Muyle et al. 2017, Muyle et al. 2022). At the 

same time, genes on the sex chromosomes with important sexual functions must maintain sex-

biased gene expression levels. While traditional models propose that dosage compensation evolves 

in response to ongoing gene loss and degeneration on the Y/W chromosome (Charlesworth 1978), 

more recent work proposes that it may be an early contributor to sex chromosome evolution 

(Lenormand et al. 2020, Lenormand & Roze 2022), and new evidence from young sex 

chromosome systems suggests that dosage compensation can evolve rapidly (see below). Broadly, 

much remains to be understood about the early stages of dosage compensation evolution, and what 

promotes the evolution of different compensation mechanisms, especially in plants. 

 Dosage compensation is common in plants where it has been investigated, but it is often 

incomplete. Silene latifolia is the most-studied plant system on the subject, and to our knowledge, 

the only one where mechanisms of dosage compensation have been investigated. The Y-

chromosome of S. latifolia exhibits significant degeneration and gene loss, and a significant 

proportion of X-linked genes have equal expression in males and females (Muyle et al. 2012, 

Papadopulos et al. 2015). While the mechanism is not fully understood, it appears to involve 

upregulated expression of X-linked genes that can be triggered immediately upon deletion of Y 

genes, suggesting a global mechanism targeting specific chromosomal regions (Krasovec et al. 

2019). Some evidence also suggests genomic imprinting to upregulate the maternal X chromosome 

specifically (Muyle et al. 2018, Krasovec et al. 2019). While dosage compensation has been 

observed in a handful of other plant systems, including Rumex rothschildianus (Crowson et al. 

2017), Coccinia grandis (Fruchard et al. 2020), Carica papaya (Liu et al. 2021), and cannabis and 

hops (Prentout et al. 2021), much less is understood about how dosage compensation evolved in 

these systems and via what mechanisms. Additionally, dosage compensation appears to be absent 

in the XY cytotype of Rumex hastatulus despite ongoing Y-chromosome degeneration and loss of 

expression (Sacchi et al. 2025), highlighting that dosage compensation may not strictly be 

necessary even in older sex chromosome systems. 

 Phylogenomics can help resolve these questions in three primary ways (Figure 3). First, by 

applying ancestral state reconstructions to gene expression values, it will be possible to estimate 

the direction of regulatory evolution, i.e. whether expression is upregulated or downregulated on 

the sex chromosomes relative to ancestral levels (Figure 1D). This will yield new insights into 

what mechanisms tend to be involved in the evolution of dosage compensation and why. Second, 

using evolutionary rate estimates of expression levels, it should be possible to resolve the timescale 

of dosage compensation evolution relative to the suppression of recombination on sex 

chromosomes. If dosage compensation begins to evolve long after the establishment of suppressed 

recombination, it would lend support to traditional frameworks. Alternatively, if dosage 

compensation precedes or coincides with the suppression of recombination, more recent 

alternative models based on compensatory cis-regulatory evolution should receive increased 

consideration (Lenormand et al. 2020, Lenormand & Roze 2022). Finally, phylogenetic analysis 

of gene expression could provide a powerful tool for investigating the role of sexual antagonism 

in transitions to dioecy and the evolution of sex chromosomes. Genes undergoing sexually 



antagonistic selection should be constrained in their ability to evolve sex-biased expression in 

hermaphroditic species. Therefore, if genes with ancestrally sex-equal expression rapidly evolve 

sex-biased expression in association with transitions to dioecy, that would provide compelling 

evidence for a role of sexual antagonism in shaping those transitions (Figure 1D). These 

approaches will provide new insights into the complex processes of regulatory evolution that 

accompany sexual system and sex determination shifts in plants.  

4. Revisiting the “two rules of speciation” with a macroevolutionary lens  

4.1 Sex chromosome barriers to hybridization and introgression 

It has long been understood that sex chromosomes introduce post-zygotic barriers to 

hybridization. These effects manifest primarily in two ways, which have been dubbed the “two 

rules of speciation” (Coyne and Orr 1989). First is Haldane’s rule, which states that the 

heterogametic sex (XY/ZW) is more often inviable/infertile in interspecific hybrids (Haldane 

1922), and second is the large-X effect, which proposes a disproportionate role of the X/Z 

chromosome in contributing to hybrid compatibility as compared to autosomes (Coyne 1992). 

While several models exist to explain these patterns, their near-ubiquity has been confirmed by a 

large body of experimental and observational evidence in contemporary and early-generation 

hybrids, as well as genomic data from closely related populations or species (Presgraves 2018, 

Cowell 2023). It is less understood, however, whether these effects persist over macroevolutionary 

timescales and contribute to the long-term maintenance of species barriers. Such investigations 

would provide invaluable insights into the forces that shape species diversification over time. As 

for other questions discussed in this review, the many independent origins of sex chromosome 

systems and generally high variation in sexual systems observed in plants provide valuable 

evolutionary replicates for addressing this question.  

 There is surprisingly little work on sex chromosomes and speciation in plant systems. 

Haldane’s rule has only been experimentally confirmed in Silene (Brothers and Delph 2010) and 

Rumex (Kasjaniuk et al. 2019), and only in Silene has evidence been presented that is consistent 

with a large-X effect (Hu & Filatov 2016). Unlike in ancient animal systems, the size and degree 

of differentiation of sex-linked regions is highly variable in plants (Table S1), particularly 

angiosperms. As such, plant systems may be invaluable for distinguishing the contributions of 

recessive hybrid incompatibility alleles from other factors that could contribute to the large-X 

effect, including higher rates of molecular evolution of the X chromosome (i.e. the faster-X effect; 

Mank et al. 2010, Meisel & Connallon 2013, Charlesworth et al. 2018), or suppressed 

recombination leading to stronger selection against introgressed haplotypes (Kim et al. 2018, 

Martin et al. 2019). In Silene, rather than unmasking of recessive incompatibilities, recombination 

suppression has been hypothesized to be the primary driver of reduced gene flow involving the X 

(Wong & Filatov 2023). In general, phylogenomic approaches in plants could provide new insights 

into these questions by estimating the rate of accumulation of incompatibility alleles or formation 

of gene flow-poor regions on X chromosomes as compared to their ancestral autosomal homologs 

(Figure 1A, B, Figure 3). 



 The significant variation of sexual systems across angiosperms may present additional 

barriers to speciation beyond the classic two rules, which to date have been applied primarily to 

closely related species or populations that share a homologous sex chromosome system. Closely 

related species can vary in sexual system (e.g. hermaphroditism vs dioecy) or in sex chromosome 

configuration (e.g. XY vs. ZW), presenting opportunities for significant disruption of sex 

determination and function in potential hybrids. From this, we may predict that plant clades 

containing greater sexual system variation will exhibit reduced rates of post-speciation 

introgression and potentially higher rates of diversification (Figure 1A, red circles). In Rumex 

hastatulus, cytotype differences (XY vs. XYY) between populations separated by the Mississippi 

River contribute disproportionately to barriers to gene flow, potentially driving the formation of 

incipient species (Beaudry et al. 2020, Beaudry et al. 2022).  On longer timescales, patterns of 

post-speciation introgression in Rumex are most consistent with ancient introgression events that 

predate the formation of sex chromosomes, consistent with their formation playing a role in 

reinforcing species barriers (Hibbins et al. 2025a). Finally, among a clade of willows (Salix) with 

three different sex chromosome systems (dubbed 15XY, 15ZW, and 7XY), introgression occurs 

more frequently among species that share a system than between species with different systems, 

with no introgression among 15ZW and 7XY species (Xue et al. 2024). These results highlight 

how increasing levels of divergence and reduced homology among sex determination systems can 

generate additional barriers to hybridization among species.  

4.2 Sexual system variation and plant diversification  

 The evolution of dioecy in plant systems may have consequences for macroevolutionary 

patterns of species diversification. In angiosperms, observations that dioecy is rare and broadly 

phylogenetically distributed, rather than concentrated in large speciose clades (Heilbuth 2000, 

Renner 2014), contributed to the common view that dioecy represented an evolutionary “dead end” 

in plants (Heilbuth 2000), with dioecious lineages either going extinct more frequently or being 

less likely to speciate. Possible reasons for this may include more limited mating opportunities, 

reduced colonization ability (i.e. Baker’s Law), or genetic constraints introduced by degeneration 

of sex-linked regions. However, Baker’s Law / mating opportunity costs cannot fully explain this 

pattern, since it does not also hold true for self-incompatible hermaphroditic species, which share 

the same limitations (Heilbuth 2000). Alternatively, the evolution of dioecy may promote 

diversification via the generation of genetic diversity by obligate outcrossing. More recent analyses 

using improved methods and broader taxonomic sampling have found that dioecy has a slightly 

positive (Käfer et al. 2014, Meyer et al. 2026) or inconsistent (Sabath et al. 2015) effect on 

diversification rates in angiosperms. Diversification is not related to sexual system in hornworts 

(Villarreal & Renner 2013), and dioecious mosses appear to have lower diversification rates 

(McDaniel et al. 2012). Given the lack of a strong diversification signal for sexual systems, one 

alternate explanation for the rarity of dioecy in angiosperms is recurrent reversion to 

hermaphroditism, as discussed in 2.2 (Käfer et al. 2017).  

Distinguishing the effects of sex chromosomes from the effects of dioecy on diversification may 

prove difficult, as non-chromosomal sex determination is very rare in plants (Bachtrog et al. 2014). 

Approaches comparing sex chromosome systems with different degrees of degeneration and 



homology may prove valuable (Figure 3). If sex chromosomes promote speciation in plants, clades 

that contain more hetermorphic and/or variable sex chromosome systems should exhibit higher 

rates of diversification than clades with younger, more homomorphic systems and hermaphroditic 

clades. Testing these approaches will require new and more standardized approaches for mapping 

characters like the degree of heteromorphicity and the tempo and mode of sex chromosome 

turnover to phylogenetic datasets. Overall, these approaches will provide valuable new insights 

into the mechanisms driving speciation in plants. 

 

Figure 3: A summary of models of sex chromosome evolution discussed in this review, and predictions 

from these models that are testable using phylogenomic approaches. An initial draft of this figure was 

generated by Claude Cowork from the manuscript text and was then manually vetted and edited.  

 

5. Conclusions 

The tremendous variation of reproductive and sexual systems in plants has long served as a 

valuable resource for addressing fundamental questions in evolution. With high-quality genome 

sequencing and assembly now available for non-model organisms, this variation can now serve to 



answer questions that require genome-scale datasets, particularly relating to the evolution of 

dioecy and chromosomal sex determination. By pairing these phylogenomic datasets with new 

methodological advances that can reconstruct the history of genetic processes like recombination, 

introgression, chromosomal rearrangement, and gene regulation, plant biologists will gain an 

unprecedented understanding of what forces shape speciation, phenotypic diversification, and the 

evolution of sex determination.  

Literature Survey Materials & Methods  

To better understand the current state of research into plant sex chromosome systems, we 

conducted a literature survey. Our survey was focused on 1) clade-level relationships, such that 

individual entries correspond to at least one independent origin of sex chromosomes 2) systems in 

which some form of published genome-scale data is available. Our survey is intended primarily as 

qualitative examination of trends in the literature, rather than an explicit statistically rigorous meta-

analysis, and reports information with variable levels of data quality and precision.  

For each system, we recorded the name of the clade and the reported sex chromosome systems 

within that clade. For age estimates, we reported explicit estimates of the age of the sex-

determining region (SDR) when they were available. When not available, we used the estimated 

age of the parent and daughter nodes of the branch from which the sex chromosome system was 

most likely to have arisen, based on parsimony, to place upper and lower bounds on the age of the 

system. For gene loss, we used estimates of percent gene loss when provided, and also included 

qualitative descriptions of the degree of degeneration of sex chromosomes. 

For structure (heteromorphic vs. homomorphic), we used explicit descriptions of sex chromosome 

systems as one of these types when available, but also assigned some of these systems to categories 

ourselves, based on descriptions of the size of the sex-determining region and degree of 

differentiation between sex chromosomes. Systems with approximately equal-sized X/Y or Z/W 

chromosomes, and/or with sex-determining regions that span a relatively small proportion of the 

chromosome, were generally described as homomorphic. For turnovers, we applied the definition 

described in the main text of the manuscript: any karyotypically significant shift in the size and/or 

configuration of an existing sex chromosome system.  

Life history and ploidy information was obtained from a combination of horticultural / agricultural 

sources and peer-reviewed manuscripts.   
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