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 31 

Abstract 32 

Sex chromosomes have evolved independently many times across eukaryotes. Despite a 33 

considerable body of literature on the evolution of sex chromosomes, the causes and consequences 34 

of variation in the formation, degeneration, and turnover of sex chromosomes remain poorly 35 

understood. Comparative approaches in groups with sexual system variation can be valuable for 36 

understanding these questions. Plants are well-suited to such comparative studies, with many 37 

lineages containing relatively recent origins of dioecy and sex chromosomes as well as 38 

hermaphroditic close relatives. Rumex is a diverse genus of flowering plants harboring significant 39 

sexual system variation, including hermaphroditic and dioecious clades with XY sex 40 

chromosomes. Previous disagreement in the phylogenetic relationships among key species have 41 

rendered the history of sex chromosome evolution uncertain. Resolving this history is important 42 

to the development of Rumex as a system for the comparative study of sex chromosome evolution. 43 

Here, we leverage new transcriptome assemblies from 11 species representing the major clades in 44 

the genus, along with a whole-genome assembly generated for a pivotal hermaphroditic species, 45 

to further resolve the phylogeny and history of sex chromosome evolution in Rumex. Using 46 

phylogenomic approaches, we find evidence for two independent origins of sex chromosomes and 47 

introgression from unsampled taxa in the genus. Comparative genomics reveals massive 48 

chromosomal rearrangements in a dioecious species, with evidence for a complex origin of the sex 49 

chromosomes through multiple chromosomal fusions. However, we see no evidence of elevated 50 

rates of fusion on the sex chromosome in comparison with autosomes, providing no support for an 51 

adaptive hypothesis for the sex chromosome expansion. Overall, our results highlight the dynamic 52 

nature of sex chromosome systems in Rumex and illustrate the utility of the genus as a model for 53 

the comparative study of sex chromosome evolution. 54 
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Introduction  66 

Despite the near-universality of sexual reproduction in eukaryotes, the mechanisms that 67 

determine an organism9s sex vary greatly (Bull 1983, Bachtrog et al. 2014). In organisms with 68 

separate male and female individuals, sex is often genetically determined by the inheritance of sex 69 

chromosomes. Classic models propose that sex chromosomes arise from a pair of ancestral 70 

autosomes as a resolution to sexually antagonistic selection (Charlesworth & Charlesworth 1980, 71 

Rice 1987); suppressed recombination linking antagonistic alleles to the sex in which they are 72 

beneficial results in differentiation of the sex chromosomes and often degeneration of the Y or W 73 

chromosome over time (Charlesworth 1991, Charlesworth & Charlesworth 2000, Bachtrog 2013). 74 

However, these models in isolation are unable to explain why there is so much variation in the age, 75 

degree of degeneration, and rate of turnover of sex chromosomes across eukaryotes. Some 76 

groups4such as mammals (Graves & Watson 1991, Hughes & Page 2015) and birds (Fridolfsson 77 

et al. 1998, Handley et al. 2004) 4have mostly ancient, highly conserved, and highly differentiated 78 

sex chromosomes. Others, such as amphibians, fishes, and flowering plants, have much younger 79 

sex chromosomes and exhibit rapid sex chromosome turnover, with polymorphisms among closely 80 

related species or even within species (Ming et al. 2011, Jeffries et al. 2018, Taher et al. 2021). 81 

Recent work has begun to address the factors that might promote or inhibit the formation 82 

of new sex chromosomes over time. For example, autosomal pairs that contain large regions of 83 

suppressed recombination, or harbor sexually antagonistic variation, may be <primed= for 84 

becoming sex chromosomes (Bergero et al. 2019, Rifkin et al. 2021, Guo et al. 2022). Additionally, 85 

sex chromosomes in earlier stages of differentiation may be more prone to turning over, as the 86 

fitness cost of reverting to an autosomal state may not be as high (Bull and Charnov 1977, Pokorná 87 

& Kratochvíl 2009, Vicoso 2019, Lenormand et al. 2020, Lenormand & Roze 2022). Testing these 88 

ideas empirically requires comparative approaches, in which the ancestral autosomal homologs of 89 

sex chromosomes can be identified in closely related species. The first step in such approaches is 90 

resolving the history of sex chromosome evolution within the target group, including the number 91 

of independent origins and their relative timescales, in the context of a robust phylogeny. It also 92 

necessitates the study of relatively young sex chromosomes in which intact autosomal homologs 93 

can be identified. This requirement makes it challenging to apply this approach to lineages with 94 

ancient sex chromosome systems like those in mammals.  95 

The distinct genetic architecture of sex chromosomes may favor the evolution of large-96 

scale chromosomal rearrangements, contributing significantly to the evolution of karyotypic 97 

differences among species (White 1940, Charlesworth et al. 1987, Connallon et al. 2018). Certain 98 

kinds of rearrangements, such as inversions and sex chromosome-autosome fusions, are thought 99 

to enable rapid linkage of sexually antagonistic variation to the sex-determining region by 100 

extending the region of recombination suppression (Charlesworth & Charlesworth 1980, Rice 101 

1987, Charlesworth et al. 2005). While the importance of structural rearrangements for the 102 

formation of new evolutionary strata (Lahn and Page 1999, Handley et al. 2004, Bergero et al. 103 

2007) and neo-sex chromosomes (Kitano et al. 2009, Pala et al. 2012, Castillo et al. 2014, 104 

Bracewell et al. 2017) is increasingly well understood, their contributions to macroevolutionary 105 

patterns of sex chromosome variation remain understudied. Such comparative approaches can, for 106 
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example, test whether sex chromosome fusions occur at a higher rate than autosomal fusions, as is 107 

expected if fusions with sex chromosomes are favoured as recombination modifiers due to sexually 108 

antagonistic selection (Charlesworth & Charlesworth 1980, Anderson et al. 2020). Comparative 109 

genomic approaches in a phylogenetic context can be valuable for understanding such processes 110 

of karyotype evolution.  111 

Flowering plants (angiosperms) are well-suited for investigations of sex chromosome 112 

evolution and turnover. While most species are hermaphroditic, multiple families have recently 113 

evolved dioecy with chromosomal sex determination (Charlesworth 2013, Tree of Sex Consortium 114 

2014). One such group is the docks and sorrels (Rumex), a globally distributed genus with 115 

approximately 200 described species (Grant et al. 2022). Rumex harbors significant sexual system 116 

diversity, ranging from hermaphrodites with either perfect or unisexual flowers (monoecy) flowers 117 

to dioecy (Löve and Kapoor 1967, Navajas-Pérez et al. 2005). There is also considerable variation 118 

in the genetic systems, including species with XY and XYY sex chromosomes and within-species 119 

sex chromosome polymorphism (e.g. R. hastatulus 4 Smith 1964, Ming et al. 2011, Hough et al. 120 

2014, Beaudry et al. 2020, Rifkin et al. 2021, Beaudry et al. 2022). Populations of R. hastatulus 121 

from eastern N. America, in addition to multiple other species in the genus, have evolved an XYY 122 

sex chromosome system from an ancestral XY configuration, which occurs in populations from 123 

western N. America. This can arise via an X-autosome fusion, as is known to have occurred in R. 124 

hastatulus (Smith 1964, Grabowska-Joachimiak et al. 2015, Kasjaniuk et al. 2019), or via a Y-125 

chromosome fission. Hermaphroditism is the ancestral state in Rumex, making it an excellent 126 

system for studying the evolution of sex chromosomes from their ancestral autosomal homologs. 127 

Previous work on R. hastatulus uncovered widespread recombination suppression on all 128 

chromosomes, including in the autosomal homolog of the neo-X chromosome found in eastern 129 

populations (Rifkin et al. 2021, Rifkin et al. 2022), as well as a role for sex chromosome 130 

differences in shaping barriers to contemporary hybridization (Beaudry et al. 2022). However, sex 131 

chromosome evolution across the rest of the genus remains poorly understood.  132 

Previous studies constructed phylogenies of Rumex using nuclear and chloroplast markers 133 

(Navajas-Pérez et al. 2005, Grant et al. 2022, Koenemann et al. 2023). These studies agree that 134 

there are two primary clades with sex chromosomes, an XY clade and an XYY clade, but they 135 

disagree on the placement of R. bucephalophorus, a hermaphroditic/ gynomonoecious (plants with 136 

both hermaphroditic and female flowers) species (see Talavera et al. 2011) that lacks sex 137 

chromosomes, relative to these clades (Figure 1). The ITS and chloroplast trees of Navajas-Pérez 138 

et al. (2005) place the XY and XYY clades as sister, with R. bucephalophorus more distantly 139 

related (Figure 1A), whereas the other two chloroplast studies place R. bucephalophorus as sister 140 

to the XY clade, and more distantly related to the XYY clade (Figure 1B, C). Significantly, these 141 

two phylogenetic hypotheses have different implications for the sequence of events in the 142 

evolution of sex chromosomes in the genus. The former suggests the possibility of a single origin 143 

of XY sex chromosomes (Figure 1A), whereas the latter requires two independent changes: either 144 

two origins of XY sex chromosomes (Figure 1B)4which also has support from preliminary 145 

transcriptome-based identification of sex-linked genes (Crowson et al. 2017)4or a single origin 146 

followed by a loss of sex chromosomes in R. bucephalophorus (Figure 1C). Phylogenies 147 

constructed from small numbers of genetic markers can be vulnerable to both technical errors and 148 
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biological sources of uncertainty such as incomplete lineage sorting and introgression (Maddison 149 

1997, Degnan and Rosenberg 2009). Resolving the history of sex chromosome evolution in Rumex 150 

therefore requires the analysis of genome-scale datasets with modern coalescent approaches.  151 

Here, we present new transcriptome assemblies for 10 Rumex species representing the 152 

major clades in the genus. We also generate a new high-quality long-read genome assembly for R. 153 

bucephalophorus and compare genome structure and gene order with assemblies of several 154 

additional species in the genus (Sacchi, Humphries et al. 2023). Applying phylogenomic analyses, 155 

we find support for two independent origins of sex chromosomes in the genus, consistent with the 156 

scenario in Figure 1B. We also find evidence for introgression from unsampled lineages. Lastly, 157 

using synteny-based approaches, we find evidence for extensive chromosomal rearrangement in 158 

R. hastatulus compared to its hermaphroditic relatives. Together, our results highlight the potential 159 

of systems like Rumex for studying the evolutionary causes and consequences of sex chromosome 160 

variation.  161 

 162 

Figure 1: Hypotheses for the evolution and origins of sex chromosomes in Rumex. Blue dots indicate the 163 

gain of XY sex chromosomes; black dots indicate the gain of an additional Y chromosome; empty dots 164 

indicate the loss of XY sex chromosomes. A) the XY and XYY clades are sister, consistent with the 165 

phylogeny of Navajas-Pérez et al. (2005) and implying a single origin of the sex chromosomes. B) The XY 166 

clade is sister to R. bucephalophorus and more distantly related to the XYY clade, consistent with the 167 

phylogenies of Grant et al. (2022) and Koenemann et al. (2023). This scenario proposes two independent 168 

sex chromosome origins, one in each clade. C) Same phylogeny as scenario B, but now proposing a single 169 

sex chromosome origin in the ancestor of the XY clade, XYY clade, and R. bucephalophorus, followed by 170 

a loss of sex chromosomes in R. bucephalophorus.  171 

Materials and Methods 172 

Genomic and transcriptomic data 173 

 We conducted RNA-Seq on leaf, bud, and pollen tissue, and assembled the transcriptomes 174 

of ten Rumex species. In addition to RNA-Seq, we sequenced and assembled the genome of R. 175 

bucephalophorus using HiFi PacBio sequencing and Dovetail Omni-C sequencing. To 176 

complement our new datasets, we obtained recently published genome assemblies of R. hastatulus 177 
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(Sacchi, Humphries et al. 2023) and Tartary buckwheat, Fagopyrum tataricum (Zhang et al. 2017), 178 

for a total of 12 species. See the Supplementary Materials and Methods for more detailed 179 

sequencing and assembly methods.  180 

Testing for Whole-Genome Duplications  181 

We used the distribution of DS values between paralogs within each of the 12 species to 182 

evaluate the presence of whole genome duplications. We first estimated gene trees from each 183 

orthogroup codon alignment (see Supplementary section Orthogroup Identification and 184 

Alignment) using IQ-TREE (Minh et al. 2020a) with the default settings. These gene trees and 185 

their corresponding alignments were given to the codeml method implemented in PAML (Yang 186 

2007) to estimate values of DN and DS between each pair of sequences. A custom python script 187 

was used to extract DS estimates between pairs of sequences belonging to the same species. We 188 

then used the R package mclust (Scrucca et al. 2016) to evaluate the presence of multiple 189 

distributions of log(DS) values within each species using the Bayesian Information Criterion (BIC). 190 

We evaluated the fit of models including 1-9 components, each with equal variance or varying 191 

variance. The best-fitting model was selected using the minimum BIC value.  192 

Phylogenetic Inference  193 

 After allowing missing data and single-species duplicates to increase ortholog sampling, 194 

we obtained a dataset of 5,263 single-copy genes across 12 species. We used IQ-TREE to estimate 195 

a maximum-likelihood phylogeny from a concatenated alignment of all orthologs. To account for 196 

the potential effects of incomplete lineage sorting, we also used ASTRAL-III to estimate a 197 

summary phylogeny from gene trees estimated for each ortholog. We then time-calibrated our IQ-198 

TREE phylogeny based on fossil evidence and previously estimated node ages (Koenemann et al. 199 

2023). More detailed methods can be found in the Supplementary Materials and Methods.  200 

Introgression analysis  201 

 We tested for introgression among both ancestral and extant lineages using two 202 

approaches: the gene tree-based test statistic ∆ (Huson et al. 2005, Vanderpool et al. 2020), and a 203 

pseudolikelihood approach to estimating phylogenetic networks implemented in the software 204 

PhyloNet (Than et al. 2008, Yu & Nakhleh 2015). ∆ tests for an asymmetry in discordant gene tree 205 

counts for a rooted triplet, a classic signature of introgression (Green et al. 2010, Durand et al. 206 

2011). Phylogenetic network estimation is a likelihood-based approach that constructs a network 207 

structure containing horizontal branches that denote introgression events. When significant tests 208 

involved overlapping sets of taxa, we collapsed them into more ancestral events based on 209 

parsimony. More detailed methods can be found in the Supplementary Materials and Methods.  210 

Resolving the history of sex chromosome evolution 211 

 We conducted two analyses to distinguish between two independent origins of sex 212 

chromosomes vs. a single origin followed by a loss in R. bucephalophorus. First, we BLAST 213 

searched a previously generated list of sex-linked genes in R. rothschildianus (Crowson et al. 214 

2017) against the genome of XYY R. hastatulus to identify shared homologous genes / regions. 215 

Second, we estimated gene trees for orthologous genes found in R. bucephalophorus and the X 216 
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and Y chromosomes of R. hastatulus, with excess affinity of R. bucephalophorus genes to either 217 

the X or Y suggesting a potential loss of sex chromosomes. More detailed methods can be found 218 

in the Supplementary Materials and Methods.  219 

Synteny and chromosome-of-origin analyses  220 

Orthology and synteny between protein coding genes in R. bucephalophorus, R. 221 

salicifolius, the XY cytotype of R. hastatulus (with a chimeric sex chromosome assembly) and 222 

both haplotypes of the R. hastatulus XYY cytotype (with phased sex chromosome assemblies) 223 

were inferred using GENESPACEv1.1.8 (Lovell et al. 2022). GENESPACE uses MCScanX 224 

(Wang et al. 2012) to infer syntenic gene blocks and implements ORTHOFINDERv2.5.4 (Emms 225 

and Kelly 2019) and DIAMONDv2.1.4.158 (Buchfink et al. 2021) to find orthogroups within 226 

syntenic blocks. Analyses were run and riparian plots visualized in Rv4.1.0. We used the non-227 

default parameter 8onewayBlast = TRUE9, which is appropriate for species within the same genus, 228 

all other parameters were set to default. Rumex. bucephalophorus Scaffolds 9 & 10 were excluded 229 

from the GENESPACE run as they are very likely to represent separately assembled heterozygous 230 

copies of other chromosomes based on the expected chromosome number of 8, and strong 231 

similarity of these scaffolds with fragments from other main scaffolds. Scaffolds with fewer than 232 

500 genes were excluded from the plots in all cases. 233 

Results 234 

Sequencing and Assembly 235 

 We assembled transcriptomes from RNA-Seq data for 10 species that are representative of 236 

the major clades of Rumex (Supplementary Data 2). Our assemblies were broadly high-quality, 237 

with BUSCO-completeness scores ranging from 89% to 95%. The number of main transcripts 238 

varied from 23,000 in R. bucephalophorus to 56,000 in R. thyrsiflorus and was positively 239 

correlated with genome size estimates from flow cytometry (Supplementary Data 2). 81% of 240 

BUSCO genes were duplicated in R. thyrsiflorus; this value ranged from 5% to 16% in other 241 

species, potentially suggesting a large-scale gene duplication or whole-genome duplication event 242 

(see Discussion).  243 

We additionally generated a high-quality chromosome-scale assembly of R. 244 

bucephalophorus using high-coverage HiFi PAC Bio sequencing and Dovetail Omni-C 245 

sequencing (Supplementary Figure 1, Supplementary Table 2). After removing erroneously 246 

separately assembled chromosome haplotypes (see Supplementary Materials and Methods), the 247 

assembly size is 2.062 GB (compared to flow cytometry estimates of 1.96 GB), with 88% of the 248 

genome found in the main 8 scaffolds, consistent with karyotypic evidence for eight autosomes in 249 

the species (Navajas-Pérez et al. 2005).  250 

Mixed evidence for recent whole-genome duplications  251 

 Previous work has identified an ancient whole-genome duplication (WGD) shared by 252 

buckwheat and Rumex (Zhang et al. 2017, Fawcett et al. 2023). In addition, R. acetosella, R. 253 

scutatus and R. paucifolius are known to have natural polyploid populations (Löve 1940, Löve 254 

1942, Smith 1968). To further assess the presence of recent polyploidy events in our dataset, we 255 
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calculated dS values between gene paralogs for each species. In the absence of whole-genome 256 

duplications, dS values should be exponentially distributed (normally distributed in log-space) 257 

following a birth-death model for gene gain and loss (Lynch & Conery 2000, Blanc & Wolfe 258 

2004). WGDs introduce numerous gene duplications at the same point in time, which should result 259 

in additional peaks in the distribution of dS values between paralogs.  260 

 We found mixed evidence for recent whole-genome duplications among our study species. 261 

(Figure 2, Supplementary Figure 4). There is equivocal statistical support (based on minimum BIC 262 

value) for one or two distributions of dS values in R. acetosella, R. paucifolius, and R. thyrsiflorus, 263 

and support for multiple distributions in R. bucephalophorus (Supplementary Figure 4). R. 264 

acetosella and R. paucifolius, two known polyploid species, share a peak of log(dS) values at 265 

approximately -2.5 (Figure 2), corresponding to a dS value of ~0.08. BIC values for R. 266 

bucephalophorus support up to eight distributions of dS values (Supplementary Figure 4); given 267 

the low number of paralogs sampled for this species, and the lack of observed polyploids in 268 

previous studies, this is likely technical error. Finally, we observe a large peak of dS values in R. 269 

thyrsiflorus at approximately -1, corresponding to a dS value of ~0.35. No known polyploids have 270 

been observed in this species. Overall, while we identify mixed evidence for recent whole genome 271 

duplication events, our approach to identification of single-copy orthologues while allowing for 272 

species-specific duplications should enable a robust phylogeny even in the presence of some 273 

autopolyploid lineages (however, an allopolyploid lineage could lead to inference challenges; see 274 

Discussion).  275 

 276 

Figure 2: Distribution of log(dS) values between gene paralogs for each of our 12 studied Rumex species. 277 

Species with support for multiple distributions of values are marked with an asterisk. 278 

 279 

Whole-transcriptome phylogeny supports R. bucephalophorus as sister to the XY clade  280 

 We used our 12-species transcriptomic/genomic dataset to infer a phylogeny of Rumex 281 

using both concatenated maximum-likelihood (IQ-TREE) and gene-tree summary (ASTRAL-III) 282 

approaches. Our maximum-likelihood tree was estimated with strong statistical support, with all 283 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 14, 2023. ; https://doi.org/10.1101/2023.12.13.571571doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.13.571571
http://creativecommons.org/licenses/by-nc-nd/4.0/


nodes having 100% support in both SH-aLRT and ultrafast bootstrap measures (Figure 3). The 284 

topology is in general agreement with previous studies, supporting two monophyletic clades with 285 

sex chromosomes and two earlier-diverging hermaphroditic clades. We place R. bucephalophorus 286 

as sister to the XY clade, to the exclusion of the more distant XYY clade, in agreement with the 287 

chloroplast phylogenies of Grant et al. (2022) and Koenemann et al. (2023), but in contrast to the 288 

phylogeny of Navajas-Pérez et al. (2005). We also infer a sister relationship between R. hastatulus 289 

and R. paucifolius; this inference agrees with Koenemann et al. (2023), but contrasts with Navajas-290 

Pérez et al. (2005) and Grant et al. (2022), who place R. hastatulus as sister to R. acetosella. Our 291 

divergence time estimates generally agree with those of Koenemann et al. (2023), though we infer 292 

an older node age for the XY clade (5.6 MYA vs. 2.61 MYA), and a more recent node age for the 293 

root (16 MYA vs. 22.13 MYA).  294 

 295 

Figure 3: Whole-transcriptome maximum-likelihood phylogeny of 11 Rumex species, with branch length 296 

units in millions of years (x-axis scale). Branch length distance to the root is truncated for visual clarity. 297 

The XY and XYY clades are highlighted in red and blue, respectively. Nodes are labelled with gene 298 

concordance factors. Grey dashed arrows indicate inferred introgression events. Unsampled lineages 299 

involved in introgression events are denoted with the grey branches labelled <G1= and <G2=.  300 

 Gene tree discordance varied among clades but was not prevalent enough to generate 301 

substantial phylogenetic uncertainty. Highlighting this, our ASTRAL-III phylogeny returned the 302 

same topology as maximum-likelihood (Supplementary Figure 5). As a gene-tree summary 303 

approach, ASTRAL-III is more robust to high rates of incomplete lineage sorting that can mislead 304 

standard ML approaches (Mirarab et al. 2014). Gene concordance factors (gCFs), a measure of the 305 
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proportion of gene trees in the dataset consistent with each branch, varied from 47.1% to 93.7% 306 

(Figure 3, Supplementary Table 3). The lowest gCF was at the node where R. bucephalophorus 307 

splits from the ancestor of the XY clade, at 47.1%. This finding helps explain the uncertainty in 308 

its placement in previous studies. In contrast, most branches in the phylogeny exhibit modest levels 309 

of discordance, being supported by between 60% and 94% of gene trees (Figure 3).  310 

Signatures of ghost introgression in the Rumex phylogeny  311 

 We investigated signatures of introgression among our sampled species using a test 312 

statistic, ∆, based on gene tree counts, in addition to inferring phylogenetic networks with 313 

PhyloNet. Our ∆ tests returned a multitude of highly significant results, often implying 314 

introgression between lineages that were not contemporaneous (according to the phylogeny of 315 

Figure 3) (Supplementary Data 3). On further examination of our results, we observed that many 316 

species, when included in one of the sister species positions in a test, often implied the other two 317 

species in the test as introgressing with each other, regardless of their identity. For instance, in the 318 

triplet [(A,X),Y], where A is a particular species and X and Y could be any two species with the 319 

specified relationship, introgression would always be implied between X and Y. This indicates 320 

that X is more distantly related to A than expected based on phylogenetic relationships, a classic 321 

signature of ghost introgression from an earlier-diverging donor lineage (Supplementary Figure 6) 322 

(Ottenburghs 2020, Tricou et al. 2022a, Tricou et al. 2022b). Such ghost introgression events might 323 

be expected in our study because we have sampled only 11 of the 200 described species in the 324 

genus. These unexpectedly distant species include R. thyrsiflorus, R. rothschildianus, R. 325 

acetosella, R. hastatulus, R. paucifolius, and R. bucephalophorus. 326 

 Our best-fitting phylogenetic network supports the existence of two ghost introgression 327 

events but disagrees with our inferred species tree topology in several places (Supplementary 328 

Figure 7). As our phylogeny has strong statistical and genealogical support, we chose to reconcile 329 

the phylogeny with our best-fitting phylogenetic network and set of significant ∆ statistics to 330 

propose two ghost introgression events (Figure 3). The first event was into the common ancestor 331 

of the clade containing R. bucephalophorus and the XY species. The donor lineage for this event 332 

is likely an early-diverging member of the clade containing the two sex chromosome subclades 333 

(branch <G2= in Figure 3), possibly Rumex induratus or a close relative based on the phylogeny 334 

of Grant et al. (2022). The other event involved the ancestor of R. thyrsiflorus and R. 335 

rothschildianus, with the donor likely a member of the early-diverging hermaphroditic clade 336 

containing R. salicifolius and its relatives (branch <G1= in Figure 3). Finally, we see additional 337 

evidence of introgression between R. salicifolius and R. trisetifer (Figure 3), two closely related 338 

hermaphroditic species.  339 

Independent evolution of XY sex chromosomes  340 

 Our updated phylogeny of Rumex rules out a simple single-origin scenario (Figure 1A) for 341 

the evolution of sex chromosomes. We conducted additional analyses to distinguish between the 342 

two remaining possibilities: two independent origins of sex chromosomes (Figure 1B) vs. a single 343 

origin followed by loss of sex chromosomes in R. bucephalophorus (Figure 1C). First, we 344 

evaluated the chromosome of origin of sex-linked genes in the two major sex chromosome clades 345 
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by mapping previous transcriptome-identified sex-linked genes from R. rothchildianus (XYY 346 

clade) to our genome assembly of R. hastatulus (XY clade). In the simplest scenario, where a fully-347 

formed sex chromosome evolves once and is inherited by both groups, we would expect sex-linked 348 

genes in R. rothschildianus to map primarily to the X chromosome of R. hastatulus. Alternatively, 349 

if sex chromosomes originated or evolved independently in the two groups, sex-linked genes in R. 350 

rothschildianus should map to some combination of autosomes and/or the X chromosome. We 351 

found that sex-linked genes in R. rothschildianus mapped to all chromosomes of R. hastatulus, 352 

with most mapping to autosomes 1 and 2, followed by the X chromosome, and a small number of 353 

hits on autosome 4 (Figure 4, left column).  354 

 355 

Figure 4: Distribution of BLAST hits of sex-linked genes in Rumex rothschildianus against the genome of 356 

R. hastatulus, divided into 25 equally spaced windows. In each plot, the x-axis is the position on the 357 

chromosome in megabases (Mb) at the start of the window, and the y-axis is the number of BLAST hits 358 

found within that window. Left column is X-linked genes in R. rothschildianus where a Y copy is still 359 

present; right column is hemizygous X-linked genes. Each row shows results for a chromosome in R. 360 
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hastatulus.  In the R. hastatulus X chromosome, the approximate location of the old sex-linked region 361 

shared by both cytotypes is highlighted in magenta, and the new sex-linked region in the XYY cytotype is 362 

highlighted in yellow. Remaining regions of the X chromosome represent pseudoautosomal regions in R. 363 

hastatulus.   364 

 We observed a significant number of hits on the R. hastatulus X chromosome, raising the 365 

possibility that the two sex chromosome clades share a <core= sex-determining region with a single 366 

origin, with chromosomal rearrangements within the two clades resulting in independent origins 367 

for other regions of the X. To evaluate this hypothesis further, we separately examined 368 

chromosome-of-origin for hemizygous genes and genes with a Y copy present in R. 369 

rothschildianus. Hemizygous genes are generally expected to be older and would therefore more 370 

likely be found in an older shared sex-determining region, whereas genes with a Y copy are 371 

expected to be younger and therefore more common in younger, independently evolving regions 372 

of the sex chromosomes. In this case, most genes mapped to a region containing the first 50 MB 373 

of autosome 2, with smaller numbers of genes distributed across the remaining chromosomes 374 

(Figure 4, right column).  375 

We found a slight elevation in the number of genes mapped to the sex-linked regions of 376 

the R. hastatulus X (Figure 4, bottom row). Otherwise, the distribution of genes mapped to R. 377 

hastatulus broadly corresponds to the overall density and number of genes along each chromosome 378 

(Rifkin et al. 2022, Sacchi, Humphries et al. 2023). One explanation for this pattern is that 379 

extensive chromosomal rearrangements in R. hastatulus (see results section Elevated rates of 380 

chromosomal rearrangement in R. hastatulus, Figure 6) have largely randomized the locations of 381 

genes with respect to their ancestral homologs, resulting in BLAST hits resembling a random draw 382 

of genes from the chromosome. Overall, these results are most consistent with the independent 383 

evolution of the sex chromosomes, though we cannot rule out the single origin of a smaller sex-384 

determining region shared by the two groups.  385 

No ancestral sex chromosome system in R. bucephalophorus 386 

To further resolve the history of sex chromosome evolution, we next examined the 387 

relationship of R. bucephalophorus genes to orthologous X/Y gametologs present in R. hastatulus. 388 

Evolutionary loss of sex chromosomes is generally expected to proceed via an inactivating 389 

mutation on one of the sex chromosomes that restores sex-specific functions (e.g. Vicoso & 390 

Bachtrog 2013) and in this case allows for the production of hermaphroditic individuals. The 391 

mutated sex chromosome then becomes an autosome, while the other is lost from the population. 392 

Therefore, if R. bucephalophorus lost an XY system that is shared by the two extant XY clades, 393 

formerly sex-linked genes should coalesce primarily with either the X chromosome (in the case of 394 

loss of the Y) or Y chromosome (in case of loss of the X) of R. hastatulus (Figure 5A). 395 

Alternatively, if the sex chromosomes arose independently in the XY and XYY clades, and R. 396 

bucephalophorus has simply retained the ancestral hermaphroditic state, then XY gametologs in 397 

R. hastatulus should coalesce with each other before their ortholog in R. bucephalophorus (Figure 398 

5A), consistent with the phylogeny. This sets up a symmetric expectation, where a loss of sex 399 

chromosomes in R. bucephalophorus should lead to most trees having one of the two possible 400 

discordant histories (Figure 5A).  401 
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 402 

Figure 5: Relationship of Rumex hastatulus X/Y gametologs to R. bucephalophorus. A) Three scenarios 403 

for the evolution of sex chromosomes in R. bucephalophorus. For each scenario, the expected majority 404 

gene tree is traced by the solid black line. B) Counts of the three possible tree topologies in coding sequences 405 

shared by R. bucephalophorus and the X and Y chromosomes of R. hastatulus. C) Demographic history 406 

explaining our observed gene tree counts in panel B. Recombination suppression between the X and Y 407 

arises relatively quickly in the ancestor of the X/Y clade after its split from R. bucephalophorus. Subsequent 408 

speciation within the XY clade happens later on.  409 

 Out of 397 single-copy genes present in the old sex-linked region of the R. hastatulus X 410 

and Y chromosomes and R. bucephalophorus, 229 (57.7%) support the species phylogeny, 80 411 

(20.1%) support the loss of Y scenario, and 88 (22.2%) support the loss of X scenario (Figure 5B). 412 

This suggests a historical absence of sex chromosomes in R. bucephalophorus; therefore, our 413 

results support two independent gains of sex chromosomes. Interestingly, the proportion of 414 

discordant topologies (42.3%) is much larger than the genome-wide average, where 94% of gene 415 

trees support monophyly of the XY clade (Figure 3). One possible explanation for this pattern is 416 

that the sex chromosomes evolved relatively quickly in the common ancestor of the XY clade after 417 

its split from R. bucephalophorus (Figure 5C). The short amount of time separating this split from 418 

the divergence of X/Y gametologs would result in higher rates of incomplete lineage sorting 419 
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(Figure 5C), producing the two discordant histories with equal frequency. Consistent with this 420 

explanation, Crowson et al. (2017) estimated the timing of initial recombination suppression in the 421 

R. hastatulus X chromosome at 9-16 million years ago, much older than our age estimate for the 422 

XY clade of 5.6 MYA (Figure 3). The more recent end of this estimate at 9MYA falls after the 423 

split of R. bucephalophorus at approximately 10 MYA (Figure 3), suggesting these events could 424 

plausibly have occurred in relatively short succession. 425 

Elevated rates of chromosomal rearrangement in R. hastatulus  426 

 To futher investigate the origin and evolution of sex chromosomes in R. hastatulus, we 427 

sought to identify the ancestral autosomal homologs of the sex chromosomes in the XY clade and 428 

investigate the history of rearrangements among these chromosomes. We conducted synteny 429 

analysis on genome assemblies of R. salicifolius (Sacchi, Humphries et al. 2023), both cytotypes 430 

of R. hastatulus (Sacchi, Humphries et al. 2023), and our de novo assembly of R. bucephalophorus 431 

using the software GENESPACE (Lovell et al. 2022) (Figure 6), suggesting a relatively simple 432 

history of chromosomal fusion. Although there are some karyotypic differences (R. salificolius has 433 

10 chromosome pairs and R. bucephalophorus has 8), the genomes of the two hermaphroditic 434 

species are largely collinear; most chromosomes in R. salificolius are syntentic with one or two 435 

chromosomal segments (likely representing chromosome arms) in R. bucephalophorus (Figure 6). 436 

In contrast, despite being more closely related to R. bucephalophorus, the genome of R. hastatulus 437 

is highly rearranged. In addition to a further reduction in chromosome number (with four 438 

autosomes plus the sex chromosome pair), each chromosome of R. hastatulus is syntenic with 3-6 439 

chromosomal segments of R. bucephalophorus (Figure 6). These results suggest an elevated rate 440 

of chromosomal rearrangement across the genome of R. hastatulus, or possibly the XY clade at 441 

large (though additional genome sequencing of R. acetosella/paucifolius would be needed to 442 

confirm this possibility).  Rumex acetosella and R. paucifolius both have reduced chromosome 443 

number (n=7) relative to R. bucephalophorus (n=8) (Navajas-Pérez et al. 2005), so it is likely that 444 

at least some of this rearrangement is ancestral to the XY clade. 445 
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 446 

Figure 6: GENESPACE riparian plots showing synteny between Rumex salificolius, R. bucephalophorus, 447 

and the two cytotypes of R. hastatulus. Syntenic blocks are ordered and colored according to chromosome 448 

of origin in R. bucephalophorus. Branch lengths on righthand tree are not to scale. Note that chromosome 449 

size is scaled by gene rank order, rather than by physical size. 450 

 The sex chromosomes of R. hastatulus have complex chromosomal origins, with key 451 

regions sharing syntenic blocks with different chromosomes in hermaphroditic relatives (Figure 452 

7). The old sex-linked region shared by both cytotypes (dark blue in Fig. 7) is orthologous 453 

primarily with chromosome 3 of R. bucephalophorus, with smaller syntenic blocks on 454 

chromosomes 1 and 6; the PAR for this region (light blue, Fig. 7) is also orthologous to 455 

chromosome 3. The neo-sex-linked region (yellow, Fig. 7) contains syntenic blocks from 456 

chromosomes 1 and 7 of R. bucephalophorus, while the neo-PAR (light red, Fig. 7) is orthologous 457 

with chromosome 8. These three syntenic blocks are all present on autosome 3 of XY R. hastatulus, 458 

suggesting their fusion predates the sex chromosome-autosome fusion that formed the XYY 459 

cytotype. A relatively small central region of chromosome 1 in R. bucephalophorus has 460 

independently contributed syntenic blocks to both the old and neo-X chromosomes of R. 461 

hastatulus, identifying this as an interesting region for future study. Finally, a reciprocal 462 

translocation of the two Y chromosomes in the XYY cytotype has resulted in both old and neo-X 463 

syntenic blocks existing in both chromosomes (Figure 7, Sacchi, Humphries et al. 2023).  464 
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 465 

Figure 7: GENESPACE riparian plots showing synteny between Rumex salificolius, R. bucephalophorus, 466 

and the sex chromosomes of R. hastatulus. Syntenic blocks are ordered and colored according to regions 467 

of the neo-X chromosome of R. hastatulus: neo-PAR in light red, neo-sex-linked region in yellow, old sex-468 

linked region in dark blue, and old PAR in light blue. Branch lengths on righthand tree are not to scale. 469 

Note that chromosome size is scaled by gene rank order, rather than physical size.  470 

 471 

Discussion 472 

 Phylogenetic inference must often compromise between taxon sampling and sampling of 473 

genetic loci due to computational and sampling constraints. Previous studies estimating 474 

phylogenies of Rumex focused on sampling a wide range of taxa, at the cost of using a relatively 475 

small number (1-3) of genetic markers (Navajas-Pérez et al. 2005, Grant et al. 2022, Koenemann 476 

et al. 2023).  Whereas increased taxon sampling can improve statistical confidence in inferred 477 

relationships, it will not help if particular nodes are incorrectly resolved due to biological sources 478 

of gene tree discordance such as incomplete lineage sorting (Degnan & Rosenberg 2009). Here, 479 

we used genome-scale sampling of loci with a smaller set of taxa to resolve key relationships 480 

within Rumex, with important implications for the history of sex chromosome evolution in the 481 

genus. We found that the node where R. bucephalophorus branches off is supported by fewer than 482 

half of our estimated gene trees (Figure 3), highlighting the need to sample many loci to accurately 483 

resolve relationships.  484 

Our greater sampling of loci also allowed us to test for introgression, which cannot be done 485 

with a small set of genetic markers. Introgression involving unsampled taxa ("ghost= introgression) 486 

is increasingly recognized as an issue for phylogenetic inference (Ottenburghs 2020, Tricou et al. 487 

2022a, Tricou et al. 2022b), but it is still challenging to estimate from genomic data as it is easily 488 
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confused with introgression among sampled taxa. Inference requires careful examination of the 489 

three-species introgression results and patterns in genomic data, as we have done here. As 490 

highlighted by our results and recent simulation work (Tricou et al. 2022a, Tricou et al. 2022b), 491 

authors should explicitly consider ghost introgression as a parsimonious hypotheses when studying 492 

introgression. We should note, however, that such parsimony-based inferences might eliminate 493 

true instances of introgression among sampled taxa, including our study; full-likelihood methods 494 

with more explicit model selection criteria like the PhyloNet method we applied in our study can 495 

further aid in distinguishing among scenarios. Although we do not know the identity of the donor 496 

lineages, the timing of our proposed events likely predates the evolution of sex chromosomes in 497 

both clades (Figure 3). Additionally, the one instance of more recent introgression we observe is 498 

between two closely related hermaphroditic species. While preliminary, our results are consistent 499 

with the idea that sex chromosome and sexual system differences among Rumex species form 500 

significant barriers to more recent introgression. 501 

 We applied mixture model analyses to the distribution of dS values in each of our study 502 

species to identify whole-genome duplications. This kind of analysis has important limitations; it 503 

has a tendency to over-estimate the number of WGD events and has poor power when the number 504 

of retained gene duplicates is low (Tiley et al. 2018). These limitations are compounded when 505 

using transcriptomic data, as pseudogenized duplicate gene copies that are no longer expressed 506 

cannot be detected. Nonetheless, we found mixed evidence for two distributions of dS values in 507 

two species known to have both polyploid and diploid varieties, R. acetosella and R. paucifolius 508 

(Supplementary Data 2, Figure 2, Supplementary Figure 4). These species share a peak of dS 509 

values at approximately 0.08, corresponding to approximately 5 million years of divergence 510 

(following calculations in Crowson et al. 2017). The age and shared peak imply the WGD may 511 

have occurred in an ancestral population of the XY clade, and the polyploid cytotype could have 512 

subsequently been lost in R. hastatulus. The polyploid variety could also have re-evolved diploidy, 513 

which would explain the extensive genomic rearrangement we observed in R. hastatulus. 514 

However, it is unlikely that the signal of such an event would be completely erased after only 5 515 

million years (Li et al. 2021). 516 

  The large peak we observed in R. thyrsiflorus is more difficult to explain, as it is much 517 

older (dS ~0.35) and not shared by other species, and polyploidy has not been observed in the 518 

species. While old, the peak is too young to be explained by differential retention of the ancient 519 

WGD shared with buckwheat, which occurred ~70 MYA (Fawcett et al. 2023). One potential 520 

explanation is a large burst of gene duplication without polyploidy; a large genome size and high 521 

percentage of duplicated BUSCO genes in our transcriptome assembly support this idea 522 

(Supplementary Data 2). It is also possible that we have identified previously unknown polyploidy 523 

in the species; however, polyploidy should not be tolerated under the X-autosome balance 524 

mechanism of sex determination expected to be used by members of the XYY clade such as R. 525 

thyrsiflorus and its relatives (Mable 2004). In general, because we sample single gene copies and 526 

limit gene duplications to a single species, our phylogenomic analyses should be robust to the 527 

effects of autopolyploidy across the genus, regardless of the precise history of events. However, 528 

allopolyploidy would complicate our analysis, as there would be substantial disagreement in 529 
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genealogical relationships in the genome of the allopolyploid lineage. Ultimately, whole-genome 530 

sequences will be required to fully resolve the history of WGD in the genus. 531 

We found that previously identified sex-linked genes in R. rothschildianus are homologous 532 

to all autosomes and the X chromosome (both old X and neo-X) of R. hastatulus, with a small 533 

number of hits on autosome 4 (Figure 4). While this result adds some evidence of shared sex-534 

linked genes between these species (in contrast with the previous transcriptome-based results of 535 

Crowson et al. 2017), the large number of sex-linked genes from R. hastatulus autosomes provide 536 

clear support for significantly independent evolution of sex chromosomes in the two major clades. 537 

Because of the additional independent evolution of an XYY system (likely from an XY ancestor) 538 

in the clade with R. rothschidianus, we expected a priori some differences in patterns of sex 539 

linkage. The number of genes orthologous to each chromosome, as well as their concentration at 540 

the ends of the chromosomes, is broadly consistent with overall patterns of gene density in R. 541 

hastatulus (Rifkin et al. 2022, Sacchi, Humphries et al. 2023). This suggests a largely random 542 

distribution of genes, which could arise from the high rate of chromosome rearrangement we 543 

observed (Figure 6). Nonetheless, there are some interesting deviations; many genes mapped to 544 

the last 10 MB of autosome 1 and the first 50 MB of autosome 2. Both regions could simply be 545 

preserved syntenic blocks with ancestrally high gene content, but it is interesting that hemizygous 546 

R. rothschildianus genes appear to be particularly enriched at the beginning of autosome 2. We 547 

also found a slight elevation of genes mapping to the sex-linked regions of the X chromosome 548 

(Figure 4), despite this region having relatively low gene density overall. This result could be 549 

explained by recruitment of genes with ancestrally sex-biased functions to the X chromosome, or 550 

potentially by a shared sex-determining locus between the two major clades. Ultimately, 551 

chromosome-scale genome assemblies of R. rothschildianus and close relatives of R. hastatulus 552 

will be needed to further resolve the complex history of karyotypic evolution in the genus.  553 

 554 

Although our combined results support the largely independent origins of the sex 555 

chromosomes in the two major dioecious clades, this does not fully rule out a single origin of 556 

dioecy. It is possible that the two major sex chromosome clades originally shared a sex-557 

determining region that arose in their common ancestor. Alternatively, introgression between the 558 

XYY clade and the XY clade following its split with R. bucephalophorus could have led to a 559 

shared genetic basis of SD. In either case, subsequent rearrangements and a divergent history of 560 

recombination suppression would drive highly divergent sex-linkage of many genes in the two 561 

groups, including an ancient X-autosome fusion that gave rise to the XYY karyotype. While we 562 

find no evidence for loss of sex chromosomes in R. bucephalophorus, incomplete lineage sorting 563 

of the sex-determining locus could have led to its inheritance in the two major sex chromosome 564 

clades, but not R. bucephalophorus, following a single origin in their common ancestor (Avise & 565 

Robinson 2008, Mendes & Hahn 2016). Our introgression analyses do not provide clear support 566 

for introgression among these clades, but as previously mentioned, our results made it challenging 567 

to distinguish between ancient introgression among unsampled hermaphroditic lineages and more 568 

contemporary bouts of introgression among sampled taxa. Identification of the causal sex-569 

determining genes across the genus would enable a direct examination of these possibilities 570 

further. However, the evidence for divergent mechanisms across species means that the two clades 571 
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are unlikely to have a single genetic basis currently, even if there was original sharing of the 572 

mechanism of sex determination. 573 

 Classic theory predicts an elevated rate of fusions involving sex chromosomes and 574 

autosomes, which helps physically link sexually antagonistic variation on other chromosomes to 575 

the sex-determining region (Charlesworth & Charlesworth 1980, Rice 1987, Charlesworth et al. 576 

2005). Chromosomal rearrangements including fusions are frequent in Rumex, as evidenced by 577 

successive reductions in chromosome number from the ancestral x=10 karyotype (Navajas-Pérez 578 

et al. 2005), high rates of intraspecific rearrangement in XYY species R. acetosa (Parker & Wilby 579 

1989), and our synteny analyses (Figures 5 and 6). Although we can confirm the existence of an 580 

X-autosome fusion forming a neo-X chromosome in R. hastatulus (Figure 7), the rate of 581 

rearrangements involving sex chromosomes does not appear to be elevated relative to autosomes 582 

in this species. Autosome 1 and the neo-X chromosome are both syntenic to six chromosomal 583 

regions of R. bucephalophorus, for example. Given that rates of rearrangement are generally 584 

elevated in R. hastatulus, we do not need to invoke an adaptive explanation related to sexually 585 

antagonistic selection for the number of fusions observed on the sex chromosomes. On the other 586 

hand, it may be that the <baseline= rate of rearrangement (either due to adaptation (Guerrero & 587 

Kirkpatrick 2014) or a higher rate of mutation) is sufficient to capture SA variation on the sex 588 

chromosomes, without driving an elevated rate. Depending on the sequence of events, this elevated 589 

rate of rearrangement may have even promoted the formation of sex chromosomes in the first place 590 

by allowing SA variation to be captured shortly after the origins of a sex-determining locus. 591 

Genome sequencing of close relatives of R. hastatulus will be necessary to determine if this 592 

elevated rate of rearrangement is a feature specific to R. hastatulus or is common to dioecious 593 

species in general. 594 

 Our study focused primarily on the sex chromosomes, but even among species without 595 

them, Rumex contains a variety of sexual systems. Among our studied species without 596 

differentiated sex chromosomes, R. bucephalophorus has been observed in our samples and 597 

described in other studies as gynomonoecious (female and bisexual flowers in the same individual) 598 

(Talavera et al. 2011), R. sagittatus has been described as dioecious / monoecious but without 599 

heteromorphic sex chromosomes  (male and female flowers in the same individual, Navajas-Pérez 600 

et al. 2005) (though our samples were hermaphroditic), and R. scutatus has been described as 601 

polygamous (male, female, and bisexual flowers in the same individual, Navajas-Pérez et al. 602 

2005). Hermaphroditic individuals have also been described for R. bucephalophorus and R. 603 

scutatus. This variation is important because the evolutionary transition from hermaphroditism to 604 

dioecy is expected to proceed through these <intermediate= sexual systems (Barrett 2002). The 605 

most important of these pathways is thought to be through gynodioecy (female and bisexual 606 

flowers in different individuals), via the successive fixation of male-inactivating and female-607 

inactivating mutations producing separate male and female individuals (Charlesworth & 608 

Charlesworth 1978, Spigler & Ashman 2012). Gynodioecy is not observed among our study 609 

species, although it has been described in members of the clade that includes R. sagittatus and R. 610 

scutatus (Navajas-Pérez et al. 2005). Alternatively, dioecy could arise from gynomonoecy via 611 

disruptive selection for increased investment into male reproduction in bisexual flowers (Barrett 612 

2002). Unfortunately, given the wide variation of sexual systems in our study species and our 613 
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lower taxon sampling, we have insufficient information in our study to reconstruct the ancestral 614 

sexual system to the two sex chromosome clades. Regardless, it is clear that significant ancestral 615 

variation in sexual systems would have existed to facilitate transitions from hermaphroditism to 616 

dioecy across the genus.  617 

Our work opens many directions for future research. First, classic models of sex 618 

chromosome evolution predict the progressive suppression of recombination along the length of 619 

the chromosome, forming evolutionary strata. Our genome assembly of R. bucephalophorus, in 620 

addition to recently generated assemblies of R. hastatulus (Sacchi, Humphries et al. 2023) and 621 

hermaphroditic relatives, will allow for investigations into the evolution of recombination 622 

suppression along the sex chromosomes of R. hastatulus. Second, our finding of independent 623 

origins of sex chromosomes raises interesting questions about the XYY clade. Overlap in the 624 

ancestral autosomal homologs contributing to these two sex chromosome systems, including the 625 

formation of the neo-X and extra Y chromosome in the XYY clade, could hint at ancestral sexually 626 

antagonistic variation promoting the formation of sex chromosomes in the genus. Answering these 627 

questions will require genome assemblies from representatives of the XYY clade. Finally, our 628 

transcriptome assemblies and estimated phylogeny have great potential to address questions 629 

related to the evolution of gene expression. Phylogenetic frameworks will allow future studies to 630 

understand the role that sex-biased gene expression and dosage compensation play in driving or 631 

being driven by the evolution of sex chromosomes. Increased taxon sampling from this species-632 

rich genus within a phylogenomic framework will increase the power to address all these 633 

questions. Overall, our study opens the door to Rumex as an exciting system for the comparative 634 

study of sex chromosome evolution.  635 

Data Availability 636 

Genome and transcriptome assemblies will be available at COGE 637 

(https://genomevolution.org/coge/) at xxxx and GenBank at xxxx. Raw sequencing reads for RNA-638 

Seq are available at the SRA under BioProject PRJNA698922, and for genome sequencing under 639 

XYZ. Customs scripts and supplementary data files are available on GitHub at 640 

https://github.com/mhibbins/RumexComparative.  641 
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Supplementary Materials and Methods 12 

Sample Collection and Sequencing  13 

For RNASeq, samples for live tissue were sourced from the USDA GRIN network (USDA 14 

Agricultural Research Service), the Southwest China Wildlife Germplasm Genobank 15 

(http://www.genobank.org/), and the collections from Spencer Barrett’s lab, totaling 10 species 16 

(see Supplementary Table 1). Plants were grown under glasshouse conditions between 2018 and 17 

2020. Because many Rumex species are perennials, we collected leaf, bud, and pollen tissue 18 

opportunistically based on availability. Leaf and bud tissue were collected directly into LN2 using 19 

sterilized forceps. Pollen was collected using keif boxes (WACKY WILLYS,Inc. BC, Canada) 20 

and either frozen in LN2 or germinated prior to sequencing using the medium developed in 21 

Adhikari & Campbell (1998).  22 

For the genome assembly of R. bucephalophorus, we collected open-pollinated seeds from 23 

a population at Poleg, Netanya, Israel in March 2019. We placed the seeds on moist filter paper in 24 

a petri dish at 4 °C for at least 24 hours, then left the petri dish at room temperature. After 25 

germination, we planted seedlings in 6-cell seedling plug trays with soil mix (1:3 ratio of Promix 26 

soil and sand, 300mL nutricote fertilizer per 60 lbs), in a glasshouse at the University of Toronto. 27 

After 20 days, we transplanted individuals to 6-inch plastic pots which were watered every other 28 

day and fertilized with all-purpose plant food (Miracle-Gro) every 2 weeks. We selected healthy 29 

individuals for leaf tissue and plants were subjected to 24 hours in the dark prior to collection. We 30 

sampled young leaves which were flash froze in liquid nitrogen and stored at -80 °C before being 31 

sent to Cantata Bio (Scotts Valley, CA, US) for DNA extraction, library preparation and PacBio 32 

sequencing. 33 

Assembly and Annotation 34 

 We made use of our recently generated whole-genome phased assembly of an R. hastatulus 35 

XYY male, and the assembly of the hermaphroditic species R. salicifolius (Sacchi, Humphries et 36 
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al. 2023). In addition to RNA-Seq, we generated a new long-read de novo genome assembly for 37 

the hermaphroditic species Rumex bucephalaphorus using a combination of high-coverage HiFi 38 

PAC Bio sequencing and Dovetail Omni-C sequencing. Finally, we generated transcriptome 39 

assemblies from RNASeq data for the other 9 species. To estimate genome size for coverage in R. 40 

bucephalophorus and 5 other species in our dataset, we performed flow cytometry conducted by 41 

Plant Cytometry Services, https://www.plantcytometry.nl/. Briefly, nuclei were stained with DAPI 42 

and DNA content per nucleus was quantified relative to Vinca minor as absolute DNA ratio with 43 

Vinca minor multiplied with DNA content of Vinca minor (1,51 pg/2C or 1477 Mbp/2C). 44 

For the assembly of R. bucephalophorus, we grew field-collected seed in the University of 45 

Toronto glasshouse. 17.42 g of leaf tissue was used to extract high-molecular weight DNA by 46 

Dovetail Genomics (Cantata Bio, LLC, Scotts Valley, CA, USA).  PAC Bio CCS reads (Pacific 47 

Biosciences Menlo Park, CA, USA) were sequenced by Dovetail for a total of ~50 GB 48 

(approximately 26X coverage, based on a genome size estimate of 1.96 GB from flow cytometry 49 

(Supplementary Data 1). We used hifiasm-0.19.5 (Cheng et al. 2022) using the -primary assembly 50 

option to generate the contig-level assembly. Following this, paired-end OmniC reads were then 51 

mapped and filtered to the assembly using bwa v0.7.15 (Li and Durbin 2009) following the Arima 52 

mapping pipeline (https://github.com/ArimaGenomics/mapping_pipeline), and resulting filtered 53 

(MapQ>10) bam files had duplicates marked using Picard v2.7.1. We scaffolded the assembly 54 

using YaHS under default parameters (Zhou et al. 2023) to generate the final scaffolded assembly. 55 

Scaffolds 9 and 10 of our assembly, upon visual inspection of synteny with R. salicifolius and 56 

examination of synteny of the genome to itself (Supplementary Figures 1 and 2), are likely 57 

separately assembled heterozygous copies of other autosomes; these scaffolds were removed for 58 

downstream analyses, along with additional smaller scaffolds.  59 

For the transcriptome assemblies, we used Trinity v2.11.0 (Grabherr et al. 2011) with each 60 

of the 10 species to create a transcriptome assembly for the sequencing libraries (representing a 61 

single tissue/individual combination). These assemblies were combined for each species and then 62 

reduced to representative species-wide transcriptomes using the traa2cds.pl script from 63 

EvidentialGene (Gilbert 2013) and retaining the primary transcript for each gene model.  64 

Orthogroup Identification and Alignment 65 

From our final EviGene transcriptome assemblies, we used a custom shell script to filter 66 

out partial coding sequences (CDS) and CDSs belonging to classes other than the <main= class. 67 

For R. hastatulus, we used gffread (Pertea and Pertea 2020) to extract CDS from a previously 68 

published genome annotation (Rifkin et al. 2022). For use as an outgroup, we acquired previously 69 

published annotated coding sequences from the genome assembly of Tartary buckwheat, 70 

Fagopyrum tataricum (Zhang et al. 2017). This final set of CDSs for each species was used for 71 

downstream comparative analyses. To identify orthologous coding regions, we first used 72 

OrthoFinder v2.5.4 (Emms & Kelly 2019) with the default parameters to assign our assembled 73 

CDSs from each species into orthogroups. The sequences for each orthogroup were then translated 74 

to amino acids using BioPython (python v3.6.8) (Cock et al. 2009), and amino acid alignment was 75 

performed for each using MUSCLE v3.8.1551 (Edgar 2004). We used these amino acid alignments 76 

to guide codon alignment for each orthogroup using RevTrans 2.0 (Wernersson & Pedersen 2003), 77 
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and quality filtering of the final codon alignments was conducted using Gblocks v0.91b 78 

(Castresana 2000) with the -b5 setting allowing for gap positions. 79 

Phylogenetic inference  80 

Our OrthoFinder analysis identified very few (less than 100) single-copy orthologs across 81 

all 12 species in our dataset. Therefore, we employed two sampling schemes to increase the 82 

number of loci available for downstream phylogenetic inference. First, we allowed for some 83 

missing data, including orthogroups in which a copy was present in at least 9 of the 12 species. 84 

Second, we included orthogroups where gene duplication events were limited to a single species, 85 

as differential loss of duplicates cannot affect phylogenetic inference in such cases (Smith & Hahn 86 

2021). In such orthogroups, we randomly sampled a single gene copy from the species containing 87 

duplicates for downstream inferences. This sampling scheme resulted in a dataset of 5,263 single-88 

copy genes.  89 

For maximum-likelihood inference, we generated a concatenated alignment of all 5,263 90 

loci. This alignment was subsequently filtered using Gblocks for codon sequences, with the -b5 91 

setting allowing for gap positions. The final filtered alignment contained 6.5 Mb of coding 92 

sequence. This alignment was given to IQ-TREE v2.1.2 to infer a phylogeny using ModelFinder, 93 

SH-aLRT, and ultrafast bootstrap with 1000 replicates. ModelFinder uses maximum-likelihood 94 

inference to estimate the best-fitting model of sequence evolution for the data, while SH-aLRT 95 

and ultrafast bootstrap are alternative methods for assessing branch support.  96 

Biological sources of gene tree discordance – incomplete lineage sorting and introgression 97 

– can mislead maximum-likelihood approaches to phylogenetic inference (Degnan and Rosenberg 98 

2006, Mendes and Hahn 2018). To quantify the degree of gene tree discordance in our dataset, and 99 

its potential effects on our inferred phylogeny, we used the gene trees inferred in the previous 100 

section for our set of single-copy orthogroups. We calculated both gene (gCF) and site 101 

concordance factors (sCF) on our maximum-likelihood tree using functions available in IQ-TREE 102 

(Minh et al. 2020b, Mo et al. 2023). These measure the proportion of gene trees and parsimony-103 

informative sites, respectively, that support a particular branch in the inferred species tree. We also 104 

inferred a phylogeny using ASTRAL-III (Zhang et al. 2018), a summary approach that is robust 105 

to the effects of incomplete lineage sorting. 106 

We time-calibrated our maximum-likelihood phylogeny using a penalized likelihood 107 

approach implemented in the chronos function of the R package ape (Sanderson 2002). The split 108 

of the XYY clade and the R. bucephalophorus/XY clade was constrained to 10.8 MYA, and the 109 

split of the ancestor of those two clades from the clade containing R. sagittatus and R. scutatus 110 

was constrained to 13.77 MYA, based on date estimates from a recent study (Koenemann et al. 111 

2023). We constrained the root of the Rumex clade to a maximum age of 23 MYA following 112 

Koenemann et al. 2023, based on fossil evidence (Muller 1981, Barrón et al., 2006, Huang et al. 113 

2022). We fit correlated, discrete, and relaxed clock models, and the model producing the lowest 114 

PHIIC score was chosen as the best-fitting.  115 

Introgression analysis 116 
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 Post-speciation introgression is expected to cause an asymmetry in discordant gene tree 117 

frequencies, forming the basis for many common tests, such as the D-statistic (Green et al. 2010, 118 

Durand et al. 2011). To investigate the prevalence of introgression both before and after the origins 119 

of sex chromosomes, we used the ∆ test, which tests for an asymmetry in gene tree counts directly, 120 

and allows ancestral branches of the phylogeny to be tested (Huson et al. 2005, Vanderpool et al. 121 

2020). Given a rooted triplet where the species phylogeny is [(A,B),C], the two discordant 122 

topologies are [(B,C),A] and [(A,C),B]. A, B, and C can be monophyletic clades (when testing 123 

ancestral branches) or individual species (when testing introgression among contemporary 124 

species). The ∆ test is then simply the following:  125 ∆ =  �(þÿ)  2  �(ýÿ)�(þÿ) + �(ýÿ)  126 

or, the difference in count between the two discordant topologies, divided by their sum. The 127 

statistic is normalized between -1 and 1, with the sign indicating the branches involved in 128 

introgression.  129 

 In applying the test to Rumex, we made use of our set of gene trees inferred from single-130 

copy orthogroups. We tested all possible rooted triplets in the phylogeny, using F. tataricum to 131 

root each gene tree.  In cases where a set of significant tests between multiple species pairs could 132 

be explained by introgression between their common ancestral populations, we favored the 133 

ancestral event on the basis of parsimony. We evaluated significance with bootstrapping: for each 134 

test, we randomly sampled 1000 datasets of 5,263 gene trees each from our original dataset with 135 

replacement. ∆ was recalculated for each bootstrapped dataset to generate a sampling distribution, 136 

and significance was assessed by calculating the degree to which the distribution overlapped 0 (the 137 

null hypothesis). For a mean of the sampling distribution > 0, this would be the proportion of ∆ 138 

values in the distribution < 0, and vice-versa. Tests with a very small number of discordant gene 139 

trees (less than 5% of the total) were discarded.  140 

 In addition to the ∆ statistic, we estimated phylogenetic networks using the software 141 

PhyloNet v3.8.2 (Than et al. 2008). A phylogenetic network is a tree structure that includes 142 

horizontal reticulation edges connecting lineages, which are used to represent introgression events. 143 

Computational limitations prevented us from using the full-likelihood inference, so we applied the 144 

topology-based pseudolikelihood method InferNetwork_MPL (Yu & Nakhleh 2015) to our dataset 145 

of 5,263 gene tree topologies, using the default parameter settings and allowing a maximum of 6 146 

reticulations.  147 

Resolving the history of sex chromosome evolution 148 

 To assess X chromosome homology between the XY and XYY clades, we 149 

leveraged a previously generated list of sex-linked genes in R. rothschildianus using SNP 150 

segregation patterns from transcriptome data (Crowson et al. 2017), as well as our genome 151 

assembly for XYY R. hastatulus (Sacchi, Humphries et al. 2023). We used BLASTn (Altschul et 152 

al. 1990) against the maternal (X-bearing) haplotype and used the top scoring BLAST hit to 153 

identify the location of both X-hemizygous genes (genes with the Y either silenced or deleted) and 154 
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those with a Y gametolog from R. rothschildianus. We plotted the density of BLAST hits against 155 

the genome of R. hastatulus in 25 evenly spaced windows along each chromosome.  156 

We investigated the plausibility of loss of XY sex chromosomes in R. bucephalophorus by 157 

examining the relationship of R. bucephalophorus to R. hastatulus X/Y gametologs. First, we used 158 

custom Python scripts to extract X and Y-linked coding sequences from our phased and annotated 159 

XYY R. hastatulus genome assembly, all coding sequences from our genome assemblies of R. 160 

bucephalophorus and R. salicifolius. and transcriptome assemblies of R. trisetifer and R. 161 

amurensis. We ran OrthoFinder on these six datasets to identify orthogroups, and extracted usable 162 

single-copy orthogroups where duplications were limited to one sample. Gene trees were rooted 163 

on one of R. salicifolius, R. trisetifer, or R. amurensis, depending on presence/absence of data; in 164 

trees where multiple of these species were present, one was chosen at random to root the tree. 165 

These orthogroups were subsequently aligned with MUSCLE and gene trees were estimated using 166 

IQ-TREE. We then used the ete3 package (Huerta-Cepas et al. 2016) implemented in Python to 167 

tally the three possible gene tree topologies: no loss (X and Y gametologs sister), loss of Y (R. 168 

bucephalophorus sister to X), and loss of X (R. bucephalophorus sister to Y).  169 

 170 

 171 
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Supplementary Figures 188 

 189 

Supplementary Figure 1: Genome assembly summary for R. bucephalophorus, with scaffolds 190 

order by physical size. Each color cycle (from dark blue to yellow) represents 20 contigs. 191 

Scaffolds 9 and 10 likely represent misassembled heterozygous copies of other chromosomes 192 

(see Supplementary Figures 2 and 3); karyotyping indicates R. bucephalophorus has 8 193 

chromosomes (Navajas-Pérez et al. 2005). 194 

 195 
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 199 

Supplementary Figure 2: Synteny dotplot of our assembly of R. bucephalophorus against itself. 200 

Scaffold 9 shows high similarity to scaffold 3 (red circles), indicating a separately assembled 201 

heterozygous copy of scaffold 3.  202 
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 203 

Supplementary Figure 3: GENESPACE synteny plot of R. salicifolius, R. bucephalophorus, and 204 

the two cytotypes of R. hastatulus, including the extra assembled scaffolds 9 and 10 of R. 205 

bucephalophorus. These scaffolds are syntenic to regions of R. salicifolius that overlap with 206 

other chromosomes, again indicating extra assembled copies of these chromosomes. 207 

 208 
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 209 

Supplementary Figure 4: BIC values by number of components fit to the distribution of log(dS) 210 

values, estimated by mclust. For clarity, results only shown for species where support for 2 211 

components was found (R. acetosella/bucephalophorus/paucifolius/thyrsiflorus). In each plot, 212 

the <E= and <V= lines denote BIC scores for equal-variance and unequal-variance models for 213 

each # of components.  214 

 215 

 216 

 217 
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 219 

Supplementary Figure 5: ASTRAL-III species tree topology for Rumex inferred from 5,263 gene 220 

orthologs. Nodes are labelled with their traversal order (for interpreting Supplementary Tables 1 221 

and 2).  222 

 223 
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 225 

Supplementary Figure 6: Inferring ghost introgression from test statistics based on gene tree 226 

topologies. In a scenario where a diverged unsampled population introgresses into one of the 227 

indicated species (lefthand side), introgression test statistics will imply introgression between the 228 

other two species used in the test (i.e. P1 and P3; righthand side). This happens because the 229 

presence of diverged alleles in the recipient species makes it appear less closely related to P1 230 

than expected based on phylogenetic relationships. Importantly, this pattern occurs regardless of 231 

the identity of P1 and P3, distinguishing it from instances of true introgression between any 232 

particular combination of P1 and P3. We observe this pattern for the species indicated in the 233 

figure (see Supplementary Table X).  234 
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 236 

Supplementary Figure 7: Best-fitting phylogenetic network for Rumex inferred by PhyloNet’s 237 

pseudolikelihood method. Proposed reticulations are indicated by the dashed lines.  238 

Supplementary Tables 239 

Species Accession Origin Sequenced 

R. salicifolius RUSA-SOS-NV030-421-

10 

USDA GRIN 

network 

 

R. salicifolius RUSA-SOS-NM930N-

92-SANDOVAL-12 

USDA GRIN 

network 

 

R. trisetifer TangXS0121 China Southwest 

Genobank 

3EB, 3L 

R. amurensis Lilan22p China Southwest 

Genobank 

3EB, 3L 

R. sagittatus Tsitsikamma National 

Park 

Spencer  

R. scutatus Valais / Fafleralp / 

Switzerland 

Spencer  3EB, 3L 

R. rothschildianus* Tel Aviv botanical 

garden 

Spencer  

R. thyrsiflorus* 98HT-3 Mongolmort 

Sum, Tov Aimag 

USDA GRIN 

network 

3EB, 3L 

R. thyrsiflorus* 98HT-310 

Sinkermandel Sum, 

Henti Aimag. 

USDA GRIN 

network 

4EB, 4L 

R. bucephalophorus    

R. acetosella*    

R. hastatulus*    

R. paucifolius* CBL, Wyoming Joanna 1EB, 1L 

R. paucifolius* CMC, Wyoming Joanna 2EB, 2L 
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Supplementary Table 1: Sampling origins of sequenced accessions. Under the <sequenced= 240 

column, <P= indicates pollen, <EB= indicates early buds, and <L= indicates leaves. Numbers 241 

correspond to individuals sampled for each tissue. Dioecious species are indicated with an 242 

asterisk.   243 

Contig L50 45 

Contig N50 13660000 

Scaffold L50 3 

Scaffold N50 215375990 

Supplementary Table 2: Genome assembly summary statistics for R. bucephalophorus. 244 

ID gCF gDF1 gDF2 gN 

14 100 0 0 5261 

15 68.18 4.19 3.25 5255 

16 88.86 2.09 4.09 4695 

17 72.82 0.55 2.28 6005 

18 76.09 19.72 1.12 5620 

19 47.08 21.9 17.02 1680 

20 93.69 0.88 1.33 1584 

21 69.97 15.07 12.99 1878 

22 74.66 0.72 1.2 5011 

23 61.34 26.25 1.57 4446 

Supplementary Table 3: Gene concordance factors for each node in the Rumex phylogeny (nodes 245 

labelled in Supplementary Figure 5). gDF1 and gDF2 indicate the frequencies for the most 246 

common and second most common discordant gene tree topologies, respectively. gN indicates 247 

the number of gene trees used to calculate each value.  248 

 249 

ID sCF sDF1 sDF2 sN 

15 47.02 27.13 25.85 118404.5 

16 62.98 18.02 19.01 114758.3 

17 56.46 17.42 26.12 103928.7 

18 60 31.12 8.88 110316.9 

19 45.19 28.43 26.37 27991.59 

20 83.65 8.76 7.59 28369.21 

21 53.73 14.32 31.95 16367.81 

22 84.4 8.35 7.25 112043 

23 56.58 37.1 6.32 46551.48 

Supplementary Table 4: Site concordance factors for each node in the Rumex phylogeny (nodes 250 

labelled in Supplementary Figure 5). sDF1 and sDF2 indicate the frequencies for the most 251 

common and second most common discordant site patterns, respectively. sN indicates the mean 252 

number of informative sites used to calculate each value.  253 

 254 
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Descriptions of Supplementary Data Files 255 

Supplementary Data 1: Flow cytometry results for R. acetosella, R. paucifolius, R. 256 

bucephalophorus, R. thyrsiflorus, R. sagittatus, R. salicifolius, and several unsequenced species. 257 

Supplementary Data 2: Transcriptome assembly summary statistics for our ten sequenced study 258 

species.  259 

Supplementary Data 3: ∆ statistic results applied to Rumex transcriptomic data. The P1, P2, and 260 

P3 columns indicate the two sister species and the unpaired species in the test, respectively. All 261 

tests used tartary buckwheat (F. tataricum) as outgroup. A positive test implies introgression 262 

between P1 and P3, while a negative test implies introgression between P2 and P3; however, the 263 

interpretation of many of these tests is complicated by our proposed ghost introgression events 264 

(Figure 2, Supplementary Figures 4 and 5, section <Signatures of ghost introgression in the 265 

Rumex phylogeny= in the main text).  266 
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