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Abstract

The UV chromosomal sex-determination system primarily found in bryophytes, together with the XY and
ZW chromosomal sex-determination systems, constitute the three principal types of chromosomal sex
determination systems in nature. In this report, the genome of the moss Bryum argenteum was
sequenced and assembled into 11 chromosomes containing 17,721 protein coding genes. A giant female
U sex chromosome demonstrated conspicuously lower gene density, higher repeat coverage, and higher
GC content compared to the ten autosomes. By further characterizing the sex-chromosomes and sex-
linked genes in seven chromosomal-scale Bryopsida genomes, lower gene densities and distinct GC
contents were revealed to be common in all moss sex chromosomes, likely resulting from degeneration.
Weaker purifying selection, as evidenced by lower codon usage preference in sex-linked genes, was
shared in most but not all Bryopsida mosses. Retained genomic syntenies between U/V sex
chromosomes and ancestral Bryopsida chromosome 4 provided new evidence to support an autosomal
origin for sex chromosomes. The seven ancestral Bryopsida chromosomes were reconstructed to
decipher and depict chromosomal evolution; Dicranidae and Bryidae mosses demonstrated one and three
chromosomal fusions and evolved 13 and 11 ancestral chromosomes, respectively. Ancient whole
genome duplications characterized many plant lineages including the psi polyploidy event that occurred
in the early diversification of Bryopsida. By aligning the modern chromosomes to the seven reconstructed
ancestral chromosomes, genomic synteny-guided phylogenomic analyses provided strong evidence for
the ancestral psi event shared by Dicranidae, Bryidae and P, patens. Furthermore, ancestral chromosomal
projections and a phylogenomic resolution of Bryopsida subgenomes revealed distinct and lineage-
specific chromosomal loss patterns in Dicranidae and Bryidae following the psi event. Our
reconstructions reinforced the evolutionary significance and phylogenetic timing of the psi event and
provided systemic insights into the sex and chromosomal evolution in mosses.

Introduction

Bryophytes are a monophyletic clade of early-diverging embryophyte remnants ' composed of three
principal lineages: mosses, liverworts, and hornworts. Of the three lineages, plants in the class Bryopsida
(mosses) are the most diversified 2. The initial sequencing of the genome of the model moss
Physcometrium patens 3 provided extensive evolutionary insights into fundamental processes of plant
growth and development and the transition of plants from aquatic to terrestrial habitats. Since the first
draft, the genome sequence has been improved to a chromosome-level assembly and has revealed an
unusual genome structure and an evolutionary history that included two recurrent rounds of whole
genome duplications *. To date several moss genomes have been published including two Dicranidae
genomes: Ceratodon purpureus ® and Syntrichia caninervis ®, and six Bryidae genomes: Pleurozium
schreberi’, Fontinalis antipyretica 8, Calohypnum plumiforme®, Ceratodon purpureus °, Pohlia nutans1°,
Entodon seductrix and Hypnum curvifolium 7, all of which belong to the class Bryopsida. Recently, two
Sphagnum genomes, S. divinum and S. angustifolium, were released '2. The sphagnum lineage diverged
early in the radiation of mosses and has a common ancestor that is evolutionarily distant from the
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Bryopsida 2. Mosses, in addition to the occupation of an ideal phylogenetic position for reconstructing
ancestral evolutionary changes that occurred in early-diverging embryophytes '3, also offer critical
genetic components that enlighten our understanding of terrestrial adaption to environmental challenges
such as extreme temperature variation '4, increased exposure to high light '°, and wide variations in water
availability °.

Previously, an integrated large-scale phylogenomic analyses revealed that a whole genome duplication
event (the p event) occurred during the early diversification of Bryopsida, the first of the two whole
genome duplication events reported for P patens, which shaped most Bryopsida genomes. Functional
analyses also indicated that recurrent large-scale gene duplications have contributed to the expansion of
stress-responsive genes '/. Besides the ancestral polyploidy events, the evolution of sex chromosomes
have long been the focus of researchers and has led to the discovery of the XY, ZW and UV sex
chromosomes 8. It is generally acknowledged that the sex of the haploid gametophyte dominant

bryophytes is determined by UV (U: female and V: male) sex chromosomes. The UV chromosomal sex-

12 and

determination system has recently been identified and characterized in the Sphagnum genomes
for Ceratodon purpureus °, and the U- and V-linked genes reported in C. purpureus provided important

markers to phylogenetically distinguish other Dicranidae and Bryidae U/V sex chromosomes.

Although there has been a focus on both whole genome duplications and chromosomal sex
determination, questions remain as to how whole genome duplications have shaped the evolution of
moss genomes and how sex chromosomes have evolved within Bryopsida lineages. The release of more
genomes in Bryidae and Dicranidae, combined with the construction of the seven ancestral
chromosomes # and the documentation of the psi WGD event, makes it possible to reconstruct and
contrast the ancestral chromosomal evolutionary trajectories of these two lineages. Utilizing the
reconstruction approach allows for an assessment of chromosomal level changes that may have
occurred in each of the subgenomes (following the psi event) and to determine, if UV sex chromosomes
are present in all sequenced Bryidae and Dicranidae genomes, whether there exist a general and common
evolutionary feature that characterize and govern Bryopsida UV sex chromosomes and sex-linked genes.
Integrated and systematic analyses of the increased number of moss genomes, in particular
chromosome-level genomes, will generate a much clearer systematic picture of the evolutionary history of
moss genomes and their components.

In this report a high-quality chromosomal scale genome of the desert moss B. argenteum is presented.
The genome was derived from female gametophytes and as such contained a giant U chromosome with
distinctive genomic characteristics that separated it from autosomes. Comparisons with published
genomes indicated that U or V sex chromosomes were present in all the Bryidae and Dicranidae genomes
and all had conspicuously lower gene densities and higher accumulation levels of repetitive elements, in
particular the Gypsy LTR retrotransposons. The basic ancestral chromosome numbers in Bryidae and
Dicranidae were revealed to be 11 and 13 which evolved from seven ancestral chromosomes following
the psi polyploidy event and additional chromosomal fusions and losses. The B. argenteum autosomes
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contained both intragenomic and whole-chromosomal level intergenomic collinearities with the other
Bryopsida genomes. Based on inter- and intra-genomic synteny analyses, ancestral Bryopsida
chromosomes were reconstructed to depict the way the psi polyploidy event shaped the evolution of
moss genomes. Chromosomal-level subgenomes were phylogenetically resolved using a synteny-guided
phylogenomic pipeline. Our integrated genomic and phylogenetic analyses provided a robust framework
for Bryopsida genome evolution.

Results and Discussion

Genome assembly and annotation of Bryum argenteum

High quality genomic DNA was isolated from cultured Bryum argenteum gametophores and initially
sequenced to generate lllumina reads for a genome assembly and genome survey analyses. Based on a
k-mer (k = 17) analysis '°, the genome size was estimated at approximately 292.04 megabases (Mb), the
small genome size and low heterozygosity rate of the haploid genome simplified the genome assembly.
Corrected Nanopore long reads were assembled into a scaffold level genome with a total length of
258.85 Mb and N50 length of 15.94 Mb. Construction and sequencing of a Hi-C library and subsequent
use of the genomic scaffolds contact information rendered 99.83% of the assembled sequences
anchored on 11 chromosomes (Fig. 1 and Fig. S1) with only 92 gaps (represented by inserting 100 Ns in
the genome assembly). The final genome assembly included fourteen unplaced small scaffolds
containing a very small number of genes (Table S1). The quality of the genome assembly was assessed
using LTR Assembly Indexes (LAI) as described previously 2°. The final B. argenteun genome assembly
possessed an adjusted LAl of 15.29 (Fig. S2). The quality of the B. argenteum genome was comparable
to the current reference genome for P patens (LAl = 15.4) but not to the quality of the C. purpureus R40
genome (LAl = 21.87) which represents a gold standard level assembly (LAl >20) 2°. With the B.
argenteum genome assembly assessed at the high-quality reference level 2°, B. argenteum (Bryidae), C.
purpureus (Dicranidae) and P, patens (Funariidae) represent the three important lineages in Bryopsida,
and thus provide robust genomic materials to study moss genomes with diverse phylogenetic
positionings.

Prior to protein-coding gene annotation, repetitive sequences were annotated and masked to reveal that
51.95% of the B. argenteurn genome was occupied by repetitive elements. Of the repeat elements that
could be classified 2, the majority were LTRs (25.67%), DNA transposons (5.72%) and simple tandem
repeats (4.09%) (Table 1). Non-coding RNAs were annotated within the genome, including 1,094 miRNAs,
424 tRNAs, 104 rRNAs and 431snRNAs (Table 1 and Table S2). By combining the ab initio predictions,
RNA-Seq transcript alignments and homolog sequence-based annotations using EVidenceModeler 22, a
total of 17,721 protein coding genes were annotated, among which 15,207 were considered of high
confidence with supporting RNA-Seq reads evidence (Fig. S3). The completeness of the annotated protein
dataset was evaluated using the BUSCO pipeline 22 employing two conserved gene datasets across
viridiplantae (viridiplantae_odb10) and land plants (embryophyte_odb10). The annotated B. argenteum
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genome captured 85.7% and 96.2% of the 1,614 viridiplantae and 425 embryophyta genes, respectively,
which was comparable to the Physcomitrium patens genome (89.8% and 98.1%). The lower coverage of
conserved viridiplantae genes in moss genomes likely resulted from the fact that few mosses are
represented in the generation of the BUSCO dataset.

Genome assembly and e;rnanbc!(taalion of Bryum argenteum
Features Value
Genome assembly size, Mb 258.86
No. of chromosomes 11
Genome GC content 41.85%
Repetitive elements, Mb (%) 134.49 (51.95)
Protein coding genes 17,721
Average CDS length, bp 1,317.73
No. of exons per gene 5.84
Average exon length, bp 225.69
Average intron length, bp 277.62
tRNA 424
rRNA 104
No. of transcription factor genes 604
No. of genes with SwissProt annotations (%) 12,698 (71.66)
No. of genes with Go annotations (%) 12,721 (71.78)
No. of genes with InterProScan annotations (%) 14,680 (82.84)

Diversity of Bryopsida genomes

In addition to the annotation data, alternate density distributions for genes and repeats (track lll and IV in
Fig. 1) and intra-genomic collinearities (track VIl in Fig. 1) enabled a structural assessment of the 11
constructed chromosomes. Chromosome 1, the largest of the 11 chromosomes, was unique from the
other 10 chromosomes in that it had a low density of protein coding genes and higher GC content (Fig. 1).
Chromosome 1 was 44 Mb nucleotides in length and possessed only ~ 12.2 protein coding genes per Mb
for a total of 539 genes, in contrast to the other ten chromosomes that encoded an average of 80 protein-
coding genes per 1-Mb (Fig. 2B and Table S3). The GC content of the B. argenteurn chromosome 1 was
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approximately 43.75%, while GC contents of the other ten chromosomes did not exceed 42% (Fig. 2C and
Table S3). Among the 11 sequenced Bryopsida genomes, eight were assembled to the chromosomal level
(Fig. 2A). Similar to the B. argenteum genome, both of the hypnalean moss genomes, H. curvifolium and
E. seductrix, also had 11 chromosomes. The P nutans genome was characterized by a recent WGD to
encompass 23 chromosomes, where two-fold syntenic chromosomal counterparts could be observed °.
Based on the inter-genome synteny analyses of P nutans and B. argenteum, P nutans chromosomes 20
and 21 along with chromosome 19 are syntenic to chromosome 8 of B. argenteum (Fig. 4C). The P
nutans chromosomes 20 and 21 were likely derived from a chromosomal breakage after a lineage
specific WGD event. Thus, the analyses suggest that the basic ancestral chromosome number for Bryidae
genomesis 11.

A high-confidence species tree (all branches with 100% bootstrap support), consistent with previous
phylogenic studies 7-24, was constructed from a phylogenetic analysis of 132 single-copy homologous
groups in the 11 Bryopsida mosses (Fig. 2A). B. argenteum and P, nutans were placed as sister to
Hypnales within the Bryidae (Fig. 2A). Generally, genome sizes do not vary greatly among the sequenced
genomes, and with the exception of P nutans, none exceed 500 Mb. B. argenteum represented the
smallest genome at 258.85 Mb assembled (Fig. 2A). Of the moss genomes that have been sequence
most are composed of 40—60% repetitive elements except for the P schreberi genome which contained
less than 30% repetitive elements and the P nutans genome with 65.53% repetitive sequences.

The sequenced moss genomes possessed a variable number of genes, ranging from less than 18,000
protein coding genes to more than 40 thousand genes. The two genomes in P nutans '° and P, patens #,
with the largest number of genes, were characterized by “recent” whole genome duplication events that
would explain the increased gene numbers. Moss genomes also had relatively small numbers of
transcription factor (TF) genes, less than 850, except for the P patens and P nutans genomes that had
1,136 and 1,304 TFs, respectively, in line with their larger gene repertoires. The C. plumiforme genome had
only 685 TF genes, which was incongruent with the report of a recent WGD event characterized by a Kg
peak of around 0.2 °. Analysis of the Kg distribution of 198 pairs of syntelogs in the C. plumiforme draft
genome revealed a conspicuous Kg peak around 1.2-1.4 (Fig. S4), which also suggested that the “recent
WGD" hypothesis for the C. plumiforme genome was in doubt. Specific TF family expansions were
observed in the P patens and C. plumiforme genomes, for example both F. antipyretia and B. argenteum
have 9 AP2 genes, while P patens and C. plumiforme have 17 AP2 genes in their genomes, but such
instances are rare among the 53 TF families in mosses (Fig. S5). It was also possible that the recent Kg
peak and large gene number might have been the result of accumulated small-scale gene duplications,
which would require a chromosome-level genome assembly and comparative genomic synteny
investigations for this genome.

Annotation of TFs in 2 chlorophyte, 5 charophyte, 3 hornwort and 7 representative tracheophyte genomes
together with the 11 Bryopsida genomes and plotting their presence or absence (Fig. S5) provided a clear
footprint of the origin and lineage-specific losses of TF genes. A number of TFs were conserved across
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the viridiplantae, such as AP2, ERF, CPR, C2H2, C3H, MYB, SBR, bZIP and bHLH, coincident with the
observation that a number of TF families originated in charophytes 2°, the paraphyletic clade that is sister
to the land plants. For example, the ARF, NAC, LFY, BBR-BPC, CAMTA, DBB, EIL, GRAS, HD-ZIP, RAV, TALE,
TCP,WOX and ZF-HD TF families are all considered to have originated in the charophytes prior to the
emergence of land plants. Some of the transcription factor families demonstrated relatively shallow
origins, for example, the GeBP and SAP genes were absent in algae and bryophytes but emerged in
vascular plants. The NZZ-SPL genes with low copy number were only found in angiosperms, lycophytes
and in R patens, which suggested an early origin and evolution via relatively independent processes
(gains and losses) in distinct lineages. The VOZ gene was shown to be present in 9 of the moss genomes
but absent in the S. caninervis and P schreberi genomes, the S. caninervis genome also appeared to lack
RAV, TCP and BBR-BPC genes. These TFs were well conserved across embryophytes, suggesting that
their absence maybe the result of incomplete assembly or annotation of these two genomes or possible
species-specific gene loss events. The Whirly transcription factors were present in all plant genomes
except for the 11 Bryopsida genomes, which indicated a lineage-specific gene loss of the whirly family.
One whirly TF gene was discovered in the peatmoss Sphagnum fallax (Sphagnopsida) genome, which
suggested the whirly gene family loss occurred in the ancestor of Bryopsida, rather than in the ancestor
of mosses. Whirly genes were reported to regulate metabolic processes for defense of external stresses 2°
and were induced by both drought and salt stresses 2/. The absence of whirly TFs in the Bryopsida may
suggest the presence of defense and regulatory mechanisms that are distinctive from other
embryophytes.

Characterizations of sex chromosomes in Bryopsida

Previous reports suggested the presence of sex chromosomes in both Bryidae (H. curvifolium and E.
seductrix) ' and Dicranidae (S. caninervis and C. purpureus) °°. By analyzing the gene densities (Fig.
2B) and GC contents (Fig. 2C) for each of the chromosomes in the eight genomes (Table S3), sex
chromosomes in each of the genomes conspicuously emerged (Fig. 2B and 2C). All identified sex
chromosomes had lower gene densities compared to autosomes, and higher GC contents with the lone
exception of chr. 11/V in E. seductrix (Fig. 2C). Notably, two putative sex chromosomes (chrs. 22 and 23)
emerged in the P nutans genomes (Fig. 2B and 2C). To determine whether the emerged sex
chromosomes are U or V chromosomes, we extracted the genes on each of the sex chromosomes and
searched for homologs of the 4 pairs of sex-linked genes reported in C. purpureus °. Only one pair of the
marker genes, that has no known molecular function, delivered best-aligned homologs on each of the six
putative sex chromosomes (Fig. 2D). We used synonymous and non-synonymous distances estimated
between the C. purpureus sex-linked maker and corresponding homologs found on each of the putative
sex chromosomes to determine their identity (Fig. 2D). Relatively lower substitutional rates for the C.
purpureus V-linked marker genes were indicative of the male V chromosome, while lower substitutional
levels for the U-linked marker were indicative of a female U chromosome (Fig. 2D). We constructed a
maximume-likelihood tree for the genes in this homologous sex-linked cluster which indicated that two
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clades conspicuously separated female- and male-linked genes with a tree topology similar to an
ancestral gene duplication prior to U-V separation (Fig. 2E), which is consistent to the substitutional rate
analyses results (Fig. 2D). Chr. 1 and chr. 13 in B. argenteum and S. caninervis were determined to be U
chromosomes (Fig. 2E), which is consistent with previous analyses of the S. caninervis sex chromosome
using a different sex-linked marker (Sc_g00229) gene °. H. curvifolium chr. 11 and E. seductrix chr. 11
were both determined to be V chromosomes (Fig. 2E). Intriguingly, the Antarctic moss P nutans contained
two sex chromosomes with chr. 22 phylogenetically determined to be V and chr. 23 as a U chromosome
(Fig. 2E). In this scenario, two hypotheses might arise: it is possible that the P nutans genome was
contaminated or incorporated sporophyte materials that included both U and V chromosomes; or the
subgenome donors for the recent WGD were from female and a male gametophytes, and an economic
hermaphroditic reproductive system could have been established?®. This later scenario could perhaps
have been beneficial for survival in the Antarctic environment, and would also suggest that the sex-linked
maker gene had not yet eroded in the fractionation process given that the WGD event is pretty “young”

with a Kg peak around 0.11 19

. We speculate that the latter might be the case because our analyses
indicated the breakage of an ancestral chromosome that generated chromosomes 20 and 21,
homologous to separate segments of the chr. 19 (Fig. 4C), which suggested that the P nutans genome
was progressing towards de-polyploidy. If so, our reconstructions would provide a notable genomic
example of hermaphroditism that might be caused by allopolyploidy or hybridization 2°, even though the
majority of mosses are found to be dioecious 8. Species information described in the Flora of North
America (provided by Jonathan Shaw, (https://floranorthamerica.org/Pohlia_nutans)), describes P
nutans as exhibiting a “sexual condition paroicous, rarely dioicous”, which supports the observations
described above.

The 44.09 Mb U sex chromosome, with no large regions of synteny to any of the autosomes, was the
largest chromosome in the B. argenteum genome occupying about 17% of the genome. To elucidate the
expansion of the B. argenteum chr. 1/U, we plotted more detailed coverage for different classes of
repetitive elements along each of the chromosomes (Fig. 3A). We observed conspicuous peaks of Copia
retrotransposons on each of the B. argenteurn chromosomes, which may serve as centromeres similar to
that observed for P patens* and C. purpureus °. As seen for the sex chromosomes of the C. purpureus
genome, the B. argenteum U chromosome possessed conspicuously high contents of Gypsy LTR
retrotransposon elements and hAT DNA transposons. Mutator transposons were also abundantly
accumulated in the B. argenteum U chromosome compared to the autosomes, while PIF-Harbinger, Tc1-
Mariner and Helitron DNA transposons were conspicuously less abundant. Notably, the coverage peaks
of LINE retrotransposons observed in most autosomes were not present in the U chromosome.

Like the U and V sex chromosomes characterized in C. purpureus, the sex-linked genes in S. caninervis, B.
argeteum and E. seductrix genomes all demonstrated a higher number of effective codons (ENC), lower
frequency of optimal codons (fop) and a lower bias of GC contents on the third positions of codons
(GC3s), consistent with a decreased level of purifying selection compared to autosomal genes (Fig. 3B).
The largest difference in codon usage properties between sex-linked and autosomal genes were observed
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in S. caninervis, a desiccation-tolerant moss found in the biological soil crusts in the Gurbantunggut
desert of central Asia ®3%31. S caninervis U-linked genes used two more codons than autosomal genes
and the ENC of S. caninervis autosomal genes was the lowest among the moss genomes. The fop and
GC3s for S. caninervis genes were also the highest among the investigated moss genomes (Fig. 3B).
These observations are consistent with higher levels of selection for S. caninervis genes compared to
other analyzed mosses which suggests a connection between strong purifying selection and the extreme
desert environment; this, however, would require further investigation. It is noteworthy that B. argenteum
was also originally collected from the Gurbantunggut desert, but its genome reflected a relatively average
selection pressure on genes. Weaker purifying of sex-linked genes was not common among the analyzed
Bryopsida genomes, for example, the fops for P nutans sex-linked genes are much higher than autosomal
genes (Fig. 3B). Autosomal genes of H. curvifolium, used more than three codons on average than sex-
linked genes, while sex-linked genes exhibited higher fop values and GC3s contents, which were all
consistent with the observation that sex-linked genes in H. curvifolium exhibited high levels of codon bias
than autosomal genes.

Genomic syntenies between the B. argenteum chr. 4, C. purpureus chrs. 5 and sex chromosomes were
identified (Fig. 4A) to be syntenically clustered within the ancestral Bryopsida chromosome 4 (or element
D, detailed in methods below). It has been reported that the distribution of Kg values for syntenic
homologs could reflect the divergency of the corresponding chromosomal fragments, tracing the
phylogenetic timing of speciation or duplication 32. The K values for the detected syntelog pairs for the
B. argenteurn chromosome 4 revealed a total of 82 and 94 syntelog pairs between C. purpureus U and V
chromosomes, respectively (Fig. 4B) that had median Kg values ~ 1.1 with no statistical difference
(Mann-Whitney test, p=0.9935). Syntelogs between C. purpureus U and V chromosomes exhibited
conspicuously lower overall divergency. These results suggested a common origin of genes for the three
chromosomes and that they were acquired from the ancestral Bryopsida chromosome 4. In addition, the
67 pairs of syntelogs between B. argenteurn chromosomes 4 and 7, likely relics of the ancestral psi
polyploidy event in the early diversification of Bryopsida, exhibited a much higher median Ky value of ~
1.37, which was significantly higher than the divergency level between B. argenteum chr. 4 and the C.
purpureus sex chromosomes (Mann-Whitney test, p<0.0001). These observations suggested that the psi
polyploidy event predated the acquisition of sex-linked genes from the ancestral chromosome 4, the
homologous chromosome to C. purpureus chromosome 5, which was assumed to have fused to
establish the current the sex chromosomes °.

Tracking the evolution of modern genomes from reconstructed
ancestral Bryopsida chromosomes

From the inter-genomic synteny alignments between B. argenteurn and P, nutans that represent a
relatively short evolutionary distance, the dominant collinear pattern we observed were the two-fold
homologous autosomal counterparts in P nutans (Fig. 4C). With longer evolutionary distance syntenic
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tracing back to the early diversification of Bryopsida, the genomic synteny alignments between B.
argenteum and P, patens revealed a dominant 2:4 syntenic ratio and confidently retrieved the seven
ancestral Bryopsida chromosomes described previously # (Fig. 4D). For example, the B. argenteum
chromosomes 8 and 10 together with P patens chromosomes 8, 20, 23 and 24 are modern chromosomal
descendants of the ancestral chromosome 7 (i.e. ancestral element F as described in C. purpureus) *°. In
both whole genome synteny alignments (Fig. 4C and 4D), the sex chromosomes demonstrated very little
synteny with other chromosomes and so we only included the autosomes for each genome for
subsequent tracking of the trajectory of their evolution from the newly reconstructed ancestral
chromosomes (see Methods) and the karyotype estimation analyses.

Unlike the P nutans and P, patens genomes that include an extra round of WGD, as revealed by whole-
genome synteny comparisons with B. argenteum (Fig. 4C and 4D), the other Bryopsida genomes
including C. purpureus, S. caninervis, E. seductrix, H. cuvifolium and B. argenteumn had generally similar
syntenic depth ratios (Fig. 5A). This is featured more prominently in the inter-genomic comparisons for
the two hypnalean genomes of E. seductrix and H. cuvifolium which demonstrated more intense one-to-
one chromosome-level syntenies with each other (Fig. 5A), presumably because of their closer

phylogenetic relationship and short divergence time 1.

To track the evolution of extant sequenced moss chromosomes from the ancestral Bryopsida
chromosomes more clearly it was necessary to update and refine the construction of the ancestral
chromosomes described previously*. To accomplish this, we selected seven P patens chromosomes to
represent the ancestral chromosomes as the backbone and aligned them to the other 20 P patens
chromosomes along with the autosomes from other six Bryopsida species (C. purpureus, S. caninervis, E.
seductrix, H. cuvifolium, P nutans and B. argenteum) and included the insertion of additional syntenic
genes into the backbone chromosomes (detailed in methods). Once the ancestral chromosomes were
constructed, schematic karyotyping for two Bryidae genomes in B. argenteum (Fig. 5B and 5D) and H.
cuvifolium (Fig. 5C and 5E) and two Dicranidae genomes in S. caninervis (Fig. 5F and 5H) and C.
purpureus (Fig. 5G and 5l) were constructed by aligning the genomes to the reconstructed ancestral
chromosomes. The two Bryidae genomes of B. argenteurn and H. curvifolium had similar karyotypic
patterns and indicated the presence of three ancestral chromosomal fusions, including fusions between
ancestral chromosomes 3-5, 2-6 and 2-4 (Fig. 5D and 5E). The two Dicranidae genomes of S.
caninervis and C. purpureus also exhibited similar karyotypic patterns but with only one shared ancestral
chromosomal fusion event that occurred between the ancestral chromosomes 2-7 (Fig. 5H and 5I),
resulting in the 13 modern chromosomes found in both genomes. The B. argenteurn chromosome 11 was
syntenically aligned to only a fraction of the H. cuvifolium chromosome 4 (Fig. 5A) and ancestral
chromosome 1 (Fig. 5B), suggesting a lineage-specific segmental loss in B. argenteum.

Synteny-guided phylogenomic resolution of Bryopsida subgenomes
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For subgenome analyses, the Bryopsida genomes were aligned to the seven reconstructed ancestral
chromosomes (Fig. 6A) and a table of syntelogs were generated to facilitate syntelog clustering (Table
S4). Maximum-likelihood gene trees were constructed for each of the syntelog clusters and used to
estimate a coalescence-based consensus gene tree that represented the two subgenomes derived from
each of the seven ancestral chromosomes (Fig. 6B). Two hypotheses exist in the literature to explain the
wide-spread WGDs observed in Bryopsida genomes #; one assumed that each multiple WGD occurred in
each of the lineages (as depicted in Fig. 6C), while the another found phylogenomic evidence for an
ancestral WGD event, termed B3 32 or psi '/ that occurred in the ancestor of BDTF (Bryidae, Dicranidae,
Timmiidae and Funariidae) clade (Fig. 6D). Only two species-poor early-diverging subclasses,
Diphysciidae and Buxbaumiidae, were unaffected by the psi event which supports the early diversification
of the Bryiosida class.

The phylogenic topologies for all the ancestral chromosomes presented here strongly support the psi
event hypotheses as illustrated in Fig. 6D. Each of the subgenome pairs generated from the psi event
traced to the ancestor of the Bryidae, Dicranidae and R, patens with high posterior possibility values.
There was only one exception in the phylogenetic tree topology where the four modern chromosomes
evolved from ancestral chromosome 7, the P patens chromosomes 8, 20, 23 and 24, and were placed
outside of the Bryidae and Dicranidae chromosomes, however, the posterior probability is very low (0.01),
suggesting the instability of this tree topology. In short, our integrated phylogenomic reconstructions
rejected the multiple lineage specific WGD hypotheses as depicted in Fig. C and reinforced the
phylogenetic timing of the psi event (Fig. 6F).

Lineage-specific chromosomal-level losses could also be observed from Bryopsida subgenome analyses.
The Dicranidae were absent from the subgenome 4G clade and were assumed to be homologous to the
modern components of subgenome 4H (C. purpureus chr. 5 and S. caninervis chr. 8). The “lost Dicranidae
subgenome 4G” genes were likely acquired by the sex chromosomes after the psi event which is
consistent with our observed syntenic relationships between B. argenteum chr. 4 (subgenome 4G) and C.
purpureus sex chromosomes as described earlier. The data indicates that genes from the subgenome 4G
have fused to and can be partially traced to the modern C. purpureus and S. caninervis sex chromosomes,

which is consistent with previous phylogenomic evidence °.

While Dicranidae genomes retained chromosomes in both the 51 and 5J subgenome clades, Bryidae was
absent in the 5J subgenome clade, suggesting an ancestral lineage-specific chromosome loss, as the
chromosomal loss from the P patens genome was a counterpart of the 51 subgenome. Thus P patens
and the Bryidae have independently lost different subgenomes of the ancestral chromosome 5 following
the psi event. The distinct retention and fractionation patterns of ancestral chromosome 5 among the
Bryidae, Dicranidae and P, patens would thus represent another important signature of genomic evolution
that differentiates the three Bryopsida lineages.

The modern chromosomes derived from ancestral chromosome 2 found in S. caninervis (chrs. 1 and 11)
and C. purpureus (chrs. 3 and 9) provides evidence for a conspicuous chromosome break as the modern
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chromosomes aligned to different but consecutive parts of the ancestral chromosome 2 and could
together cover the entire ancestral chromosome 2 syntenically (Fig. 5F and 5G). There are different
scenarios which could explain this observation. In one scenario, when the ancestral chromosome 2
duplicated during the psi event, one chromosome was lost and the other broke into two. In this scenario
chromosomes 1 and 11 of S. caninervis would belong to the same subgenome clade as would
chromosomes 3 and 9 of C. purpureus. In another scenario, the ancestral chromosome 2 duplicated into
2C and 2D, subsequently 2C and 2D recombined but lost different segments of the chromosomes. In this
scenario the modern chromosomes 1 and 11 of S. caninervis would have evolved from two different
subgenomes, as would the C. purpureus chromosomes 3 and 9. The synteny-guided phylogenomic
analyses of the Bryopsida subgenomes placed S. caninervis chr. 11 together with C. purpureus chr. 3 in
the 2C subgenome clade (Fig. 6E), and the S. caninervis chr. 1 and C. purpureus chr. 9 were placed into
the 2D subgenome clade (Fig. 6E). These results suggest that the latter scenario better explained the
evolutionary trajectory of these chromosomes (Fig. 6G). As for the reciprocal chromosomal segmental
losses found in the Dicranidae genomes, similar segmental losses in 2D subgenome were also be
observed in the Bryidae genomes (Fig. 5B and 5C), but in this case the Bryidae 2C subgenomes remained
relative intact (Fig. 5B and 5C) and thus represent another novel karyotypic difference between the
Dicranidae and Bryidae genomes (Fig. 6G and 6H).

Conclusions

Though non-recombining sex-linked genes exhibited weaker purifying selection on codon usage bias for
most Bryopsida moss genomes, our integrated analyses suggested the existence of diversified codon
usage selection trends for sex-linked and autosomal genes. The detection of synteny between the
ancestral Bryopsida chromosome 4 and the sex chromosomes, in conjunction with corresponding
ancestral losses of subgenomes 2 and 4G, provided strong evidence that sex chromosomes acquired
genes from ancestral chromosomes 2 and 4G. Our reconstructed evolution of modern chromosomes
from ancestral chromosomes and the tailored synteny-guided phylogenomic analyses of Bryopsida
subgenomes generated robust evidence for the critical phylogenetic timing of the psi event during the
early diversification of Bryopsida. These analyses also revealed diversified chromosomal evolutionary
trajectories within the Bryidae, Dicranidae and P, patens genomes revolving around ancestral
chromosomes 2, 4 and 5. Our reconstructions generated a systematic depiction of the evolution of
Bryopsida genomes (Fig. 7) and a robust evolutionary framework for characterizing future moss
genomes.

Materials and Methods

Plant material preparation and genome sequencing. Moss gametophytes were originally collected from
the biological soil crusts of the Gurbantungut desert. The Bryum argenteum gametophytes were sub-
cultured to obtain abundant plant materials and harvested as described previously for DNA extraction

16,34

and genome sequencing . The B. argenteum genome was sequenced using a hybrid sequencing
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strategy incorporating both lllumina and Nanopore reads. A total of 55.5 Gb of Illumina reads were
initially generated to conduct K-mer analyses to estimate genome size. Based on the estimated genome
size, 100x lllumina 150 bp pair-end and Nanopore long reads were generated, assembled, and polished
using the NextDenovo v2.0 pipeline (https://github.com/Nextomics/NextDenovo). In addition, Hi-C (high-
throughput chromatin conformation capture) libraries were constructed 3%, including chromatin cross-
linking and digestion, followed by DNA ligation, purification, fragmentation and sequenced on an lllumina
HiSeq X platform. A total of 11.3 million 150 bp pair-end reads were generated and were then cleaned and
aligned to the assembled contigs to order and anchor the assembled contigs by using the HiCUP and

ALLHiC softwares 2637 to obtain the chromosome-scale genome assembly for subsequent analyses.

Genome annotation. A de novo repeat library was generated using the RepeatModeler pipeline
(http://www.repeatmasker.org/RepeatModeler.html) with default parameters 38. All repeat sequences with
lengths long than 100 bp and gaps less than 5% were retained and constituted the de novo transposable

element (TE) library. The de novo library and Repbase 3° were combined and processed to remove
redundant sequences to generate a custom library, which was supplied to RepeatMasker
(http://repeatmasker.org/) for whole genome repeat identification.

Consensus protein-coding gene models were annotated by combining ab initio, homology-based and
RNA-Seq assisted predictions. The ab initio gene prediction pipeline consisted of Augustus v3.2.3 40,
geneid v1.4.4 41, GENASCAN v1.0 #2, GlimmerHMM v3.04 *3 and SNAP v2013-11-29 **. For homolog-
based gene predictions, the proteomes of Physcomitrium patens, Marchantia polymorpha, Anthoceros
angustus, Spirogloea muscicola, Arabidopsis thaliana, Oryza sativa were aligned to the B. argenteum
genome using GeneWise v2.4.1 #° to predict the gene structures contained in each protein. A non-
redundant de novo transcriptome using Trinity v2.1.1 %6 was generated using different moss tissues and
gametophytes at different hydration stages as described by our laboratory*’. Transcripts were aligned to
the genome using the PASA pipeline (Program to Assemble Spliced Alignment) to identify exons and
splicing positions “8. Finally, the consensus gene structures were predicted by merging gene structures
predicted by the three methods with EVidenceModeler v1.1.1 22.

Gene functional annotations were assigned by aligning the B. argenteum protein sequences to the Swiss-
Prot database using diamond #°. The motifs and domains were annotated using InterProScan v5.31-70
50 The Gene Ontology (GO) annotations were conducted using PANNZER2 °'. The final gene set was
aligned to KEGG pathways and the best match for each gene was identified. The tRNAs were predicted
using tRNAscan-SE %2 and highly conserved rRNAs were annotated using Barrnap v0.9
(https://github.com/tseemann/barrnap). Other ncRNAs, including miRNAs, snRNAs were identified by
searching against the Rfam database with default parameters using infernal software
(http://infernal.janelia.org/). Transcription factors were identified and classified using PlantTFDB v5.0
classification rules °3.
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Phylogenetic analyses. Protein sequences from the 11 moss genomes were clustered using orthofinder
v2.5.4 > and a total of 132 single copy gene families were identified. Amino acid sequences for each
gene were aligned using muscle v5.1 (https://drive5.com/muscle5/) with default parameters of the “-
align” algorithm °°. Aligned sequences were back-translated and trimmed using trimal v1.4.rev15 % with
the “-ignorestopcodon -backtrans -automated1” options. Maximum likelihood trees were constructed for
each of the resulting sequence alignments using iqtree v2.2.0.3 3/ with the best-fit model °® and the 1000
ultrafast bootstrap tests (-B 1000) °°. Identifiers for each gene were then replaced by species names in
the resultant tree files and imported into ASTRAL v5.7.1 for coalescence-based species tree inference with
posterior probabilities ©°.

Sex chromosome analyses. Sex chromosomes were identified by comparing gene densities and overall
GC contents between sex chromosomes and autosomes, properties that differentiate the two types of
chromosomes. Two sex chromosomes in the Pohlia nutans genome assembly and one sex chromosome
in each of the Bryidae and Dicranidae genomes were probed. Among the four pairs of sex-linked marker
genes, previously identified in C. purpureus °, we were able to find sex chromosome-linked homologs for

only one pair (CepurGG1.UG068700.1 and CepurR40.VG026200.1) on all the moss sex chromosomes.
Synonymous (Kg) and nonsynonymous (Kj) distances were estimated using Nei-Gojobori approach ©’

implemented in KaKs_calculator v2.0 62 between identified sex-linked genes and U- and V-linked markers
from C. purpureus, this homologous cluster was also used to construct a maximum likelihood gene tree

using igtree v2.2.0.3 7 to further distinguish U and V chromosomes. The gene tree was visualized using
FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/Figtree/).

Codon usage analyses. The CodonW v1.4.2 was employed to analyze the codon usage of sex-linked and
autosomal genes; only coding sequences of genes with 200 or more codons were retained for further
analyses. Correspondence analyses were performed for each of the gene sets to estimate the optimal
codon sets in each species. Subsequently, genes annotated on each chromosome were separated into
two different sets (sex chromosomes and autosomes), and the frequency of optimal codon usage (fop)
63, effective number of codons (ENC) ¢4, and GC contents of the third codon positions were assessed for
U/V-linked and autosomal genes. The analyses were performed by the recommended procedures
described by https://codonw.sourceforge.net/Tutorial.html. We conducted nonparametric tests used in
the ‘wilcox.test’ function for pairwise comparisons and plots were generated using ‘vioplot' in Rv4.2.2
statistic environment.

ABK construction and karyotype projection. Based on previous genomic synteny analyses in P patens
and C. purpureus genomes, seven ancestral moss chromosomes were identified. P patens chromosomes
14,11, 3,16, 9, 18 and 20 were chosen as the reference backbone for ancestral chromosomes 1 through 7
(equivalent to ancestral elements A through G in C. purpureus) #°. Synteny alignments were performed
using WGDI ©° to identify collinear genes in the 7 selected reference chromosomes and the autosomes
from the selected and published moss genomes (Bryum, Syntrichia, Ceratodon, Hypnum, Entodon and
Pohlia) in addition to the remaining 20 P patens chromosomes. Each backbone chromosome was
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augmented by inserting collinear genes into the reference chromosomes using WGDI “-akr” as described
previously 696 These reconstructed seven ancestral moss chromosomes were deposited in the FigShare
repository. We aligned each of the Dicranidae and Bryidae genomes to the seven ancestral chromosomes
to scrutinize the karyotypes for each focal genome using mescan ®” implemented in jevi v1.2.7
(https://github.com/tanghaibao/jcvi).

Synteny-guided phylogenomics of Bryopsida subgenomes. All autosomes of the Bryopsida genomes
were used in the synteny guided phylogenomic analyses, to determine the divergence of subgenomes 2.
Inter-genomic synteny alignments were conducted between the seven reconstructed ancestral
chromosomes and moss genomes using jcvi v1.2.7 to identify syntelogs with syntenic ratios of 2 in
Bryum, Syntrichia, Ceratodon, Hypnum, Entodon and of 4 in Physcomitrium and Pohlia genomes.
Syntelog clusters were joined with ‘ancestral’ moss genes in a table that constituted the seven ancestral
chromosomes in the first column with 2 or 4 columns reserved for each of the moss genomes (Table S3).
The first column of the table were genes constituting the reconstructed ancestral chromosomes followed
by columns of syntelogs in each of the Bryopsida genomes identified using mcscan®’ with different
quotas®®. Then genes that fell into each row constituted syntelog clusters, and the clustered syntelogs
were homologous to each other at the sequence level, but also carry evolutionary signatures with retained
and conserved collinear gene orders. Syntenlog clusters containing more than ten genes were retained for
further phylogenomic analyses. An additional column was added to the table to include homologous
genes identified using blastp (-evalue 1e-5) from either Diphyscium foliosum or Buxbaumia aphylla
generated by OneKP 33, as outgroups to properly root the trees. Maximum likelihood trees were generated
for each of the syntelog clusters as described above. The resultant gene trees for syntelog clusters were
then divided into seven pools based on the corresponding ‘ancestral’ genes that belonged to the seven
ancestral Bryopsida chromosomes. Gene identifiers were then replaced by their corresponding
“species_chr” to generate compatible tree files which were imported into ASTRAL v5.7.1 for the

coalescence-based phylogenetic analyses ° of sub-genomes.
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Figure 1

A circos illustration depicting the genomic features of Bryum argenteum. The seven tracks depicted are:
(1) the eleven chromosome-level assemblies of the B. argenteum genome, (Il) GC content of 400-kb sliding
windows along the chromosomes, (lll) gene density in the 400 kb-sliding windows, (IV) repeat coverage in
the 400 kb-sliding windows, (V) Gypsy LTR retrotransposon element coverage and (VI) Copia LTR element
coverage in the 400 kb-sliding windows, (VII) genomic synteny connections within the whole genome.
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Figure 2

Phylogenetic relationships of sequenced mosses, genomic comparisons and UV-linked marker genes on
moss sex chromosomes. (A) Phylogenetic relationships for 11 Bryopsida mosses resolved by 132 single-
copy homologous clusters (all branches with 100% support) were consistent with the conventional moss
taxonomy. Moss species of Dicranidae and Bryidae were labelled as red and green fonts, respectively.
Genomes assembled into scaffold and chromosomal levels were labelled as “S” and “C", respectively.
Number of chromosomes, genome sizes, percentage of repetitive sequences, number of genes and
transcription factors were compared. (B) Gene densities on each assembled chromosomes of the
sequenced Bryidae and Dicranidae genomes, putative sex chromosomes were highlighted and labelled.
(C) GC contents of each assembled chromosomes of the sequenced Bryidae and Dicranidae genomes,
putative sex chromosomes were highlighted and labelled. (D) Non-synonymous and synonymous rates
between the conserved Ceratodon purpureus female (U-linked) and male (V-linked) marker genes and the
top-hit homologous genes found on each of the putative moss sex chromosomes. Lower K, and Kg
values suggested higher similarity to the U or V linked marker genes and were highlighted in bold fonts.
(E) A maximum-likelihood gene tree constructed using the sex chromosome maker genes. Moss species
and corresponding sex chromosomes were labelled beside the maker genes. The male (light blue) and
female (light purple) clades were conspicuously identified and are constituted of V and U chromosome
linked maker genes, respectively.
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Figure 3
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Autosomal V-linked

Autosomal U-linked

Densities of repetitive elements across B. argenteum chromosomes and distinct evolutionary signatures
of autosomal and sex-inked genes. (A) Density plots of distinct classes of repetitive elements across B.
argenteurn chromosomes, showing the proportion of 100-kb sliding window with 90-kb jump of each
feature. The density peaks of copia LTR elements on each chromosome represented candidate
centromeric regions, similar to P patens and C. purpureus. The B. argenteurn sex chromosome U
accumulate higher densities of Gypsy, CACTA, Mutator and hAT elements than autosomes, similar to that




in C. purpureus, but lower densities of Tc1-Mariner and Helitron elements. (B) Codon usage properties in
terms of effective number of codons (ENC), frequency of optimal codons (fop) and GC contents on the
3" positions of codon (GC3s) were compared between autosomal and sex-linked genes in the seven
Bryopsida genomes. Numbers below each violin plots show the corresponding mean values.
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Figure 4

Chromosomal synteny alignments provided multi-faceted clues for illuminating Bryopsida genome
evolution. (A) Exemplar local synteny plot depicting micro-syntenies between B. argenteum chr. 4 and C.
purpureus autosomes and sex chromosomes. The fragment of B. argenteumn chr. 4 represented a modern
chromosomal piece of the ancestral Bryopsida chromosome 4 (see methods), harboring genomic
syntenies with C. purpureus chr. 5 and sex chromosomes. Syntenies suggested ancestral chromosome 4
(or ancestral element D) may have contributed gene contents to sex chromosomes. (B) Distribution of Kg
of syntenic homologue pairs suggested fusion of genes from ancestral chromosome 4 to non-
recombining sex chromosomes postdates the ancestral psi polyploidy event. K5 were estimated using the
Nei-Gojobori approach implemented in KaKs_calculator and values larger than 3 were excluded in the
analyses. CpU-CpV: syntelog pairs between C. purpureus U and V chromosomes; Ba4-CpU: syntelog pairs
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between B. argenteum chr. 4 and C. purpureus U chromosome; Ba4-CpV: syntelog pairs between B.
argenteum chr. 4 and C. purpureus V chromosome; Ba4-Ba7: syntelog pairs between B. argenteum chrs. 4
and 7, which constituted a part the psi event. (C) Genome-wide synteny comparison between B.
argenteum and P, nutans revealed an extra round of WGD and an evident chromosome break of chrs. 20
and 21 in P nutans. (D) Genome-wide synteny comparison between B. argenteum and P, patens
recaptured the seven ancestral Bryopsida chromosomes, the seven ancestral Bryopsida chromosomes
were depicted as distinct colors and projected onto the synteny dot plots, tracing the corresponding
modern chromosomal regions.
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Figure 5

Genomic synteny and inference of modern chromosomal architectures by synteny alignment to the seven
ancestral chromosomes. Only autosomes of the moss genomes were analyzed in this figure. The seven
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ancestral chromosomes were color-coded as shown in the bottom right. (A) Genomic macrosynteny
alignments of the five moss genomes including two Dicranidae species (Syntrichia caninervis and
Ceratodon purpureus R40) and three Bryidae species (Bryum argenteum, Entodon seductrix and Hypnum
curvifolium), demonstrating intensive inter-genomic syntenies. (B) Dot plot depicting syntelog clusters
between B. argenteum and the seven ancestral chromosomes. (C) Dot plot depicting syntelog clusters
between H. curvifolium and the seven ancestral chromosomes. The ten autosomes in both species
demonstrated similar chromosomal compositions with three chromosomal fusions (D-E) Schematic
karyotypes demonstrating architecture for each of the autosomes in B. argenteum (D) and H. curvifolium
(E) based on syntenic alignments to the seven ancestral chromosomes. (F) Dot plot depicting syntelog
clusters between S. caninervis genome and the seven ancestral chromosomes and (G) Dot plot depicting
syntelog clusters between C. purpureus R40 genome and the seven ancestral chromosomes. (HH)
Schematic karyotypes demonstrating the architecture for each of the autosomes in B. argenteum (H) and
H. curvifolium (1) based on syntenic alignments to the seven ancestral chromosomes. The twelve
autosomes in both species demonstrated similar chromosomal compositions with one conspicuous
chromosomal fusion.
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nutans; 1:2 for others) were considered in the synteny alignment procedure. (B) General bioinformatic
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pipeline of phylogenomic analyses for each of the ancestral chromosomal descendants. (C) A
coalescence-based consensus tree that support the first hypothesized scenario assuming multiple
independent species-specific whole genome duplications (WGDs). (D)A coalescent-based consensus tree
that lead to a second hypothesized scenario assuming an ancestral WGD (i.e. the psi event) in the
ancestor and and second species-specific WGD in P, patens. (E) Coalescence-based consensus
phylogenies of syntelog clusters derived from the ancestral psi polyploidy event for each of the seven
chromosomes. Subgenomes derived from the psi event were labeled to the right of the trees. Branch
labels were posterior probabilities and the numbers of syntelog cluster trees were specified under the
ancestral chromosomes. (F) Evolutionary history of moss chromosomes inferred from the seven
consensus phylogenies, which rejected the first hypothesis illustrated in C and confidently support the
second hypothesis depicted in D. Phylogenetic position of the psi event and two independent WGDss (red
dots) in P patensand P nutans were labeled on the tree. (G-H) Proposed evolutionary trajectories of
ancestral Bryopsida chromosome 2 in Dicranidae (G) and Bryidae (H) genomes inferred from karyotypic
projection coupled with subgenome analyses, demonstrating distinct chromosomal loss patterns in the
two lineages. Corresponding modern chromosomes of 2C and 2D subgenomes were also indicated as
species abbreviations followed by chrmosome number. Sc11: S. caninervis chromosome 11; Cp: C.
purpureus,; Ba: B. atgenteum; Es: E. seductrix; Hc: H. curvifolium; Pn: P nutans.
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Simplified illustration of the modern genomic architecture including autosomes duplicated the seven
ancestral chromosomes and sex chromosomes characterized by UV-linked marker genes. Phylogenetic
positions of the polyploidy events are depicted as red dots, inferred ancestral chromosome number for
Dicranidae and Bryidae were also indicated. Subgenomic compositions for each of the Bryopsida
chromosomes were demonstrated, “-”
chromosomal fusions.

connecting the two sungenomes indicated corresponding ancestral
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