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 35 

One Sentence Summary: Moss sex chromosomes retain thousands of broadly-36 

expressed genes despite millions of years of suppressed recombination. 37 

 38 

Abstract: Sex chromosomes occur in diverse organisms, but their structural complexity 39 

has often prevented evolutionary analyses. Here we use two chromosome-scale 40 

reference genomes of the moss Ceratodon purpureus to trace the evolution of the sex 41 

chromosomes in bryophytes. Comparative analyses show the moss genome comprises 42 

seven remarkably stable ancestral chromosomal elements. An exception is the sex 43 

chromosomes, which share thousands of broadly-expressed genes but lack any 44 

synteny. We show the sex chromosomes evolved over 300 million years ago and 45 

expanded via at least two distinct chromosomal fusions. These results link suppressed 46 
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recombination between the sex chromosomes with rapid structural change and the 47 

evolution of distinct transposable element compositions, and suggest haploid gene 48 

expression promotes the evolution of independent female and male gene-regulatory 49 

networks. 50 

  51 
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Main Text: 52 

Sex chromosomes arise when an ordinary pair of autosomes gains the capacity to 53 

determine sex (1). A defining characteristic of karyotypic sex-limited chromosomes (like 54 

the mammalian Y) is suppressed recombination, which links alleles that promote one 55 

sexual function. It is widely believed the lack of recombination predisposes such 56 

chromosomes to degeneration and gene-loss because natural selection is less effective 57 

in regions of low recombination (2, 3). The processes by which sex chromosomes gain 58 

new genes, however, are less well understood. Multiple neutral or adaptive processes 59 

can lead to fusions between sex chromosomes and autosomes, forming neo-sex 60 

chromosomes (4, 5). Such fusions are well known in animals (6–10), but most animal 61 

sex chromosomes rapidly degenerate to the point where few homologous genes remain 62 

(2), providing little data to evaluate the forces shaping these events. 63 

Plant sex chromosomes show promise as models for the evolution of sex 64 

chromosome fusions because gene loss is apparently slowed by strong purifying 65 

selection at the haploid stage (e.g., pollen) (11), meaning more genes remain for 66 

comparative analyses. However, flowering plant sex chromosomes in even closely-67 

related genera may share no genes in common, making such analyses difficult (12). In 68 

contrast, bryophyte sex chromosome systems may be more broadly shared (13, 14), 69 

although the origins and homology of these systems are unknown. Unlike the diploid XY 70 

and ZW systems, where recombination is suppressed only on the Y or W, bryophytes 71 

typically have a UV system in which haploid females possess a U chromosome while 72 

haploid males possess a V (15). The U and V pair at meiosis in the diploid sporophyte, 73 

like their X-Y counterparts, and segregate to female and male spores, respectively. 74 
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However, because there is no homogametic sex, recombination is suppressed on both 75 

sex chromosomes (i.e., all diploids are UV, meaning UU and VV individuals are never 76 

formed), and the UV system lacks the hemizygosity found in diploid sex chromosomes. 77 

Therefore, the asymmetric gene loss that characterizes the X-Y pair is unlikely between 78 

the U and V (16, 17). However, processes driving sex chromosome fusions in XY (or 79 

ZW) systems, including degeneration (due to suppressed recombination or sex-limited 80 

inheritance) or various forms of antagonistic selection (e.g. sex-ratio distortion, (18); 81 

sexual dimorphism (19); or parent-offspring conflict, (20)), may also act on bryophyte 82 

sex chromosomes.  83 

 84 

The moss ancestral chromosomal elements.  85 

To reconstruct the history of the bryophyte sex chromosomes, we first assembled 86 

chromosome-scale genomes of a male (R40) and a female (GG1) isolate of the moss 87 

Ceratodon purpureus. Using a combination of Illumina, Bacterial Artificial Chromosomes 88 

(BACs), PacBio, and Dovetail Hi-C (21) (Table S1-8), the version 1.0 genome assembly 89 

of R40 comprises 358 Megabases (Mb) in 601 contigs (N50 1.4 Mb), with 98.3% of the 90 

assembled sequence in the largest 13 pseudomolecules, corresponding to the 13 91 

chromosomes in the C. purpureus karyotype (22) (Fig.1A). The version 1.0 GG1 92 

assembly is 349.5 Mb in 558 contigs (N50 1.4 Mb), with 97.9% of assembled sequence 93 

in the largest 13 pseudomolecules. The two genome lines, GG1 and R40, were isolated 94 

from distant localities (Gross Gerungs, Austria and Rensselaer, New York, USA, 95 

respectively) (23), and are only partially interfertile (24), potentially as a result of the 96 

numerous structural differences between the genomes (Fig. 1B). Using >1.5 billion 97 
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RNA-seq reads for each of the genome lines and additional de novo assemblies of 98 

other C. purpureus isolates (21) (Table S9), we annotated 31,482 genes on the R40 99 

assembly and 30,425 on GG1 (BUSCO v3.0 of 69% using Embryophyte; 96.7 and 100 

96.4%, respectively using Eukaryote; comparable to those for Physcomitrium patens) 101 

(25).  102 

We performed a self-synteny analysis and found clear homeologous 103 

chromosome pairs resulting from an ancient whole-genome duplication (WGD) event 104 

(21) (Fig. 1C, S3), consistent with previous transcriptomic analyses (23, 26) and our 105 

own Ks-based analyses (21) (Fig. S4; Table S10-11). Remarkably, we also identified 106 

abundant synteny between C. purpureus and P. patens (27) (Fig. 1D), which diverged 107 

over 200 million years ago (28). The inferred karyotype from the ancestor elements, and 108 

therefore the ancestor of most extant mosses, consisted of seven chromosomes (27), 109 

which we refer to as Ancestral Elements A-G (Fig. 1D). These data suggest major parts 110 

of the gene content of moss ancestral chromosome elements are stable over hundreds 111 

of millions of years, similar to the “Muller Elements” in Drosophila flies (29). 112 

 113 

The C. purpureus sex chromosomes are large and gene rich.  114 

The major exception to the long-term genomic stability observed in C. purpureus is the 115 

sex chromosomes, which possess no obviously syntenic regions between the U and V 116 

or with the autosomes (Fig. 1B, C). Notably, the sex chromosomes are by far the largest 117 

chromosomes in the genome assembly, containing ~30% of each genome (110.5 Mb on 118 

the V in R40, and 112.2 Mb on the U in GG1; Fig. 1-2) and are each ~3.8 times bigger 119 

than the largest autosome (e.g., R40 chromosome one is 29 Mb). One possible reason 120 
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for their lack of synteny and large size is an increase in transposable elements (TEs), 121 

which often accumulate in regions of low recombination and may promote structural 122 

rearrangements. The 12 autosomal chromosomes in C. purpureus contain on average 123 

46.4% TEs (21) (ranging between 43.2 and 49.9%; Fig. 2; Table S12), whereas the U 124 

and V sex chromosomes contain 78.2% and 81.9%, respectively, similar to the non-125 

recombining Y or W sex chromosomes in other systems (30). While some TEs have 126 

fairly-even distributions across all chromosomes (e.g., Copia and TIR), strikingly, the U 127 

and V chromosomes are enriched for very different classes of repeats compared to 128 

each other and the autosomes. The U is enriched for Sola, hAT and Gypsy, and the V is 129 

enriched in a previously undescribed superfamily of cut-and-paste DNA transposons, 130 

which we refer to as Lanisha elements (Fig. 2, S5-6; Table S13-14). The distribution of 131 

repeats in C. purpureus and the Hi-C contact map (Fig. 1A) together suggest the 132 

chromatin structure in the nucleus that permits TEs to be shared among the autosomes 133 

is absent between the autosomes and the sex chromosomes (31), highlighting the 134 

enigmatic isolation of the sex chromosomes in the nucleus. 135 

Both the U and the V in C. purpureus contain many genes (3,450 and 3,411, 136 

respectively), which stands in stark contrast to the non-recombining mammalian Y 137 

chromosome, or even other UV systems like the liverwort Marchantia polymorpha, the 138 

green alga Volvox carteri, or the brown alga Ectocarpus silicius, which typically contain 139 

an order of magnitude fewer (14, 32, 33). Despite the fact that the U and V sex 140 

chromosomes have lower gene density than the autosomes (Fig. 2), they nonetheless 141 

represent ~12% of the gene content in this species for both sexes. This observation 142 
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supports theory suggesting suppressed recombination alone is insufficient to drive gene 143 

loss and degeneration on UV sex chromosomes (17). 144 

Because sex-linked genes may be involved in sex-specific development, we 145 

expected the sex chromosomes to contain transcription factors (TF) or trancriptional 146 

regulators (TR) that control these processes. Indeed, some TF/TRs are only found on 147 

the UV sex chromosomes (21) (e.g., HD DDT, Med7, and SOH1; Table S15). However, 148 

the overall representation of most TF/TR families on the sex chromosomes is low (6% 149 

of identified TF/TRs found on the U and 5% on V, Fig. 2; Table S15) compared to the 150 

proportion of genome sequence (30%) or genes (12%) residing on the sex 151 

chromosomes. Indeed, the sex chromosomes do contain potential key regulators of 152 

sexual differentiation, such as a U-linked homolog in the RWP-RK gene family, which in 153 

green algae is a mating-type factor and in M. polymorpha regulates egg cell formation 154 

and maintenance (32, 34). However, transcriptomic data from juvenile and mature-stage 155 

tissues in six additional isolates (21) (Table S9,16), show more than 1,700 U and V-156 

linked genes were expressed at a mean count ≥1, including components of the 157 

cytoskeleton (e.g., Tubulin) and DNA repair complexes (e.g., RAD51). Thus, numerous 158 

structural genes, rather than just regulators, may be retained on UV sex chromosomes. 159 

Further, the genes on the U and V sex chromosomes were enriched for different GO 160 

and KEGG terms (Fig, S7; Table S17-20) and their expression was largely correlated 161 

with other sex-linked genes (Fig S8; Table S21-22).  162 

 163 

Moss sex chromosomes are ancient but evolutionarily dynamic.  164 
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The abundance of genes on the C. purpureus sex chromosomes provide an unusually 165 

large dataset for molecular evolutionary reconstruction. Critically, the times to the most-166 

recent common ancestor between homologous genes on the U and V chromosomes 167 

allows us to estimate when these genes became sex-linked. To accomplish this, we 168 

used genome annotations or de novo assembled genes from RNA-seq for 41 mosses, 169 

21 liverworts, one lycophyte, and two ferns (Table S23), including sex-specific RNA-seq 170 

for the moss Brachythecium rivulare, to infer when sex-linkage occured for genes 171 

annotated to the C. purpureus U and V chromosomes.  172 

We clustered all annotated C. purpureus peptides, including the 3,450 U and 173 

3,411 V-linked, with the other species using Orthofinder (35) and found 2,450 174 

homologous U-V gene pairs. Using a phylogenetic approach with stringent inclusion 175 

criteria (21), we built 744 gene trees, 402 with U and V-linked homologs (the remaining 176 

were U or V-specific; Table S24). If a gene became sex-linked recently, we expect to 177 

find the C. purpureus U and V copies sister to each other, while even closely-related 178 

species possess autosomal copies (24). However, in an older capture or recombination 179 

suppression event, we expect to find the U-linked copies among different species to 180 

share a common ancestor with one another before they share an ancestor with the V-181 

linked homologs.  182 

We found most genes became sex-linked in the C. purpureus lineage, after the 183 

divergence from Syntrichia princeps (the closest relative for which we have sequence 184 

data; mean silent-site divergence (Ks) = 0.16; Fig. 3A; Table S25). However, 13 genes 185 

diverged at the base of the Dicraniidae (mean Ks = 0.85; Fig. 3A; Table S25), and three 186 

genes diverged prior to the split between the two diverse clades Bryidae and 187 
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Dicraniidae (mean Ks = 1.64; Fig. 3A; Table S25). The most ancient U-V coalescence 188 

(a Zinc finger Ran binding protein of unknown function) was prior to the split between 189 

Buxbaumia aphylla and the remaining Bryopsida, ~300 MYA (based on previous fossil-190 

calibrated, relaxed-clock analyses from (28); Ks = 2.8; Fig. 3A, S9; Table S25). The 191 

ancient divergence between the U-V pair unambiguously shows dioecy arose far earlier 192 

than previously inferred based on ancestral-state reconstructions of the sexual system 193 

in mosses (13). The actual sex-determining gene may be older than this, but because 194 

our analysis depends on identifying both U and V-linked orthologs, we could not 195 

evaluate the age of sex-specific genes (e.g., the ampliconic genes on the mammalian Y 196 

(36)). 197 

A classic signature of gene-capture on sex chromosomes is the presence of 198 

strata, where neighboring genes added in the same recombination suppression event 199 

have a similar Ks between sex-linked copies. Finding many contiguous genes with a 200 

similar Ks is consistent with a large structural change, as seen in the strata on the 201 

human X-Y pair (37). In contrast, a more gradual change in U-V divergence has been 202 

proposed to reflect many smaller gene-capture events (24). To test for evidence of 203 

strata on the UV sex chromosomes we searched for patterns of U–V Ks across the 204 

chromosomes (21). In contrast to either the stepwise or gradual expansion scenarios 205 

outlined above, we found Ks was not associated with gene order on the C. purpureus 206 

sex chromosomes (Fig. 3B; Table S25). Even genes with very low Ks values, 207 

presumably from the most-recent capture events, were found across the entirety of the 208 

U or V chromosomes. 209 
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One possible mechanism to explain the lack of coincidence between physical 210 

position and Ks is recurrent gene conversion during the diploid UV phase that 211 

homogenizes the U and V-linked copies of homologous genes. Consistent with this 212 

phenomenon, we found a case in the Bryidae where the female copy of one sex-linked 213 

gene was converted to the male copy but subsequently diverged again (Fig. S10). 214 

Nevertheless, even frequent gene conversion cannot explain the lack of conserved 215 

gene order between the U and V chromosomes. The lack of U-V synteny, however, 216 

does not rule out a history of large fusions onto the moss sex chromosomes if there 217 

were many subsequent rearrangements (Fig. 3B). 218 

 219 

Cryptic fusions on the moss UV sex chromosomes.  220 

Here we employ a phylogenomic approach to search for cryptic evolutionary strata 221 

between the rearranged U and V sex chromosomes (21). In the self-synteny analysis, 222 

chromosomes 5 (Ancestral Element D) and 9 (Ancestral Element B; Fig. 1C, 1D) 223 

conspicuously lacked a homeologous chromosome. If the missing chromosomes were 224 

lost due to aneuploidy, we would expect to find gene trees containing only a single C. 225 

purpureus copy of genes from chromosomes 5 or 9, along with the respective P. patens 226 

chromosomes from the same Ancestral Element (Fig. 1D). In contrast, gene trees that 227 

additionally include a U or V-linked copy provide evidence the missing homeolog to 228 

chromosome 5 or 9 was fused to the sex chromosome (Fig. 3C). Indeed, when we 229 

examined trees for the recently-captured UV homologs (i.e, those only in C. purpureus), 230 

we found 309 gene trees with Ancestral Element D paralogs in P. patens (Table S26, 231 

including 47 paralogous genes from C. purpureus chromosome 5, Table S27). The most 232 
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parsimonious explanation for this observation is one of the Ancestral Element D 233 

duplicate chromosomes (Fig. 1D) fused to the sex chromosome, but extensive 234 

rearrangements made it impossible to detect this fusion using synteny-based 235 

approaches (Fig. 3B).  236 

To further evaluate the cryptic neo-sex chromosome hypothesis, we surveyed 237 

the gene trees from the other phylogenomically defined UV expansions (Fig. 3A). All but 238 

one of the genes from the capture event in the ancestor of the Dicranidae mapped to 239 

Element B, and presumably correspond to the missing chromosome 9 homeolog (Fig. 240 

1D; Table S26). Additionally, the two genes with clear P. patens orthologs from the 241 

oldest two capture events correspond to Element A (Table S26). Together these 242 

phylogenomic data highlight the role of rare chromosome fusions in the evolution of sex 243 

chromosome gene content and also point to Element A as the ancestral sex 244 

chromosome in mosses. 245 

 246 

Liverworts show a similar evolutionary history as mosses. 247 

To test whether gene acquisition and lack of U-V synteny are shared across Setaphyte 248 

(i.e., moss and liverwort) sex chromosomes, we applied our phylogenomic method to 249 

detect gene capture on the sex chromosomes of M. polymorpha (14, 21). Using 250 

orthologous U-V genes, we found evidence of four capture events on the M. 251 

polymorpha sex chromosomes, with the oldest diverging ~400 MYA, prior to the split of 252 

Marchantiidae and Pelliidae (date following (28); Fig. 3, S11). As in C. purpureus, we 253 

found no evidence of syntenic strata when we compare Ks between the U and V-linked 254 

orthologs (based on the linear order in which they are annotated on the chromosomes; 255 
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Table S28). However, using synteny-agnostic gene trees we identified the P. patens 256 

homologs of 18 M. polymorpha sex-linked genes. Ten of these genes, across all four 257 

capture events, shared a common ancestor on the moss Ancestral Element A, 258 

suggesting this element played a key role in sex determination early in the history of the 259 

liverwort lineage as well (Table S29). Notably, six of the remaining genes across 260 

capture events have homologous copies on Ancestral Elements B and D, similar to 261 

mosses (Table S29). These observations lead us to the remarkable conclusion the 262 

same ancestral elements were recruited to the sex chromosome after the divergence 263 

between mosses and liverworts and, moreover, hint the Setaphytes may share a 264 

common sex-determining system which originated before the split between these 265 

lineages, ~500 MYA. 266 

We do find clear evidence of more recent convergent recruitment of numerous 267 

genes to the non-recombining U and V in C. purpureus and M. polymorpha. For 268 

example, the V-specific ABC1 family CepurR40.VG273600 is homologous to 269 

MapolyY_A0026 and MapolyY_A0027 (Fig. S12). With our data, we cannot determine 270 

when this gene was captured in C. purpureus using gene trees, because the U-linked 271 

copy was lost in both species. However, because it has a chromosome 5 homolog 272 

(CepurR40.5G184800) it was likely present on Element D and therefore captured 273 

recently. Additionally, a different gene (Nudix hydrolase related) based on the topology 274 

was clearly captured independently in C. purpureus (CepurR40.VG335300; 275 

CepurGG1.UG335300) and M. polymopha (Mapoly0018s0016; MapolyY_B0027; Fig. 276 

S13). Further, the autosomal cis-acting sexual dimorphism switch MpFGMYB (38) that 277 

promotes female development in M. polymorpha is also orthologous to recently-278 
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captured U (CepurGG1.UG291100) and V-linked (CepurR40.VG015400) copies in C. 279 

purpureus (Fig. S14). The parallel evolution of sex-linkage of genes with clear roles in 280 

sexual differentiation in both mosses and liverworts suggests sexual antagonism plays 281 

an important role in either the evolution of bryophyte sex chromosome translocations (4, 282 

5) or the subsequent evolution of translocated genes. 283 

Overall, the gene-rich U and V chromosomes of C. purpureus strongly suggest 284 

haploid gene expression slows sex chromosome degeneration, even over millions of 285 

years of suppressed recombination. However, the lack of meiotic recombination is 286 

associated with massive structural variation between the U and V, and highly 287 

differentiated TE accumulation, which stands in stark contrast to the conserved synteny 288 

and homogeneous TE composition of the autosomes. Moreover, the remarkable 289 

antiquity of dioecy in Setophytes more closely mirrors the evolution of sexual systems in 290 

animals rather than flowering plants, where hermaphroditism is the norm (39, 40). The 291 

phylogenetic distribution of sexual system transitions, combined with the abundance of 292 

sex-linked genes and evidence for sex-specific gene regulatory networks, position 293 

bryophytes as a powerful model for studying factors shaping the evolution and 294 

maintenance of dioecy. 295 

 296 
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Figures 684 
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 691 

 692 

Fig. 1. Chromosome-scale genome of C. purpureus and synteny plots. A) Hi-C contact 693 

map of the C. purpureus R40 genome assembly. B) Dot plot between C. purpureus 694 

GG1 and R40 isolates. The U and V sex chromosomes lack a psuedoautosomal region. 695 

C) Self-synteny plot of C. purpureus R40 isolate; self-synteny of the GG1 isolate is 696 

similar (Fig. S3). D) Dot plot between C. purpureus R40 and P. patens, highlighting the 697 

moss ancestral elements (A-G). 698 
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 699 

Fig. 2. Density plots across C. purpureus chromosomes (in Mb). Densities show the 700 

proportion (from 0 to 1) of a 100 Kilobase (Kb) window (90 Kb jump) containing each 701 

feature. The autosomes, U, and V sex chromosomes show different densities for certain 702 

features. However, local density peaks of RLC5 Copia elements on each chromosome 703 

represent candidate centromeric regions, similar to P. patens (27).  704 
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 725 

Fig. 3. Evolutionary history of moss and liverwort (Setaphyte) sex chromosomes. A) 726 

capture events across moss and liverwort sex chromosomes. Numbers indicate how 727 

many extant genes were captured based on the topology. The sex chromosome capture 728 
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events can be traced back to three ancestral elements (A, B, and D). B) Ks of one-to-729 

one U-V orthologs plotted on U and V sex chromosomes of C. purpureus. Lines connect 730 

one-to-one orthologs on the U and V, where colors correspond to capture events on the 731 

phylogeny: oldest genes, salmon; the third capture event, yellow; and the most recent, 732 

brown. The darker brown lines indicate genes with Ks ≤ 0.02, presumably the most 733 

recently captured genes. C) simplified gene trees showing the homeologous P. patens 734 

and C. purpureus chromosomes containing homologous genes, corresponding to 735 

ancestral elements D, B, and A.  736 
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