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Abstract

Mosses compose one of the three lineages of bryophytes. Today, about 13,000 species of mosses are recognized from across the
globe, and at least one-third of this diversity composes the Hypnales, a lineage characterized by an early rapid radiation. We
sequenced and de novo assembled the genomes of two hypnalean mosses, namely Entodon seductrix and Hypnum curvifolium,
based on the 10x genomics and Hi-C data. The genome assemblies of E. seductrix and H. curvifolium comprise 348.4 and 262.0 Mb,
respectively, estimated by k-mer analyses to represent 93.3% and 97.2% of their total genome size. Both genomes were assembled
at the chromosome level, with scaffold N50 of 30.0 and 20.7 Mb, respectively. The annotated genome of E. seductrix comprises
25,801 protein-coding genes and that of H. curvifolium 29,077, estimated to represent 96.8% and 97.2%, respectively, of the total
gene spaces based on BUSCO (Benchmarking Universal Single-Copy Ortholog) assessment. For both genomes, most contigs were
anchored to the largest 11 pseudomolecules, corresponding to the 11 chromosomes of the two species, and each with a putative
sex-related chromosome characterized by low gene density. The chromosomes of E. seductrix and H. curvifolium are highly syntenic,
suggests limited architectural shifts occurred following the rapid radiation of the Hypnales. We compared their genomic features to
the model moss Physcomitrium patens. The hypnalean moss genomes lack signatures of recent whole-genome duplication. The
presented high-quality moss genomes provide new resources for comparative genomics to potentially unveil the genomic evolution
of derived moss lineages.
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Significance

Over the past two decades, only a few bryophyte genomes have been published, of which only one is from Hypnales,
the largest order of mosses. In this study, we generated chromosome-level genome assemblies from two hypnalean
species, and identified significant intergeneric synteny between their chromosomes. The newly generated data should
contribute to a better understanding of the genomic evolution of mosses and the rapid radiation of Hypnales.
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Introduction

Extant land plants consist of four major lineages: hornworts
(Anthocerotophyta), liverworts (Marchantiophyta), mosses
(Bryophyta), and vascular plants (Tracheophyta). The former
three are collectively referred to as bryophytes, which were
long considered to compose a paraphyletic group to vascular
plants (Cox 2018), but are now increasingly viewed as sharing
a unigue common ancestor (Leebens-Mack et al. 2019).
Given their life cycle dominated by the gametophytic gener-
ation, bryophytes likely retained many ancestral traits during
the evolution of embryophytes, and are unique for the under-
standing of the early divergence of land plants. The transition
from an aquatic to a terrestrial habitat, exposed the early land
plants to dramatic changes in water availability, diurnal and
seasonal temperatures, ultraviolet radiation exposure, etc.
Bryophytes harbor key innovative attributes as a result of
the adaptation to terrestrial environments, such as
desiccation-tolerant spores and novel hormone signaling
pathways (Bowman et al. 2017). Mosses are morphologically
more complex than hornworts and liverworts, and with ap-
proximately 13,000 living species, mosses are the largest clade
among the three lineages of bryophytes, and the second larg-
est division of land plants after flowering plants (Goffinet and
Shaw 2009). Among the 39 currently recognized moss
orders, the Hypnales hold the most species, with approxi-
mately 4,000 species distributed among more than 40 fami-
lies (Frey et al. 2009). The Hypnales belong to the
pleurocarpous mosses, that is, Hypnanae, which are defined
by strictly lateral and sessile female sex organs. Pleurocarpous
mosses dominate the ground vegetation in boreal forests and
epiphytic communities in temperate and tropical rainforests,
and play critical roles in regulating nutrient fluxes and water
movement in these ecosystems (Glime 2017).

Here we report the chromosome-level genome assemblies
of two hypnalean mosses Entodon seductrix (Hedw.) Mdll.
Hal. (NCBI: txid105143) and Hypnum curvifolium Hedw.
(NCBI: txid2029240), and compare their genomic features
against those of the model moss Physcomitrium patens.
These high-quality genomes should provide new insights
into the genome evolution of mosses.

Results and Discussion

Genome Assembly

To acquire high-quality genome assemblies, we generated
four types of data for both genomes, that is, the shotgun
WGS, 10x linked-read, Hi-C, and transcriptome data
(supplementary table S1, Supplementary Material online).
The final genome assemblies of E. seductrix and
H. curvifolium consist of 348.4Mb (N50 =30.0 Mb) and
262.0Mb (N50=20.7 Mb), respectively (table 1), which
are close to their k-mer based genome size estimate
(i.e., 376.7 and 296.5Mb). Our Hi-C analyses scaffolded

Table 1
Statistics of Genome Assemblies that Newly Generated in This Study

Entodon seductrix Hypnum curvifolium

Total length 348.4Mb 262.0 Mb
Scaffold N50 30.0Mb 20.7 Mb
Contig N50 188 kb 207 kb
Chromosome-level sequences 1 1
Total number of sequences 2,173 3,292
N bases percentage 0.67% 0.97%
BUSCO completeness 96.80% 97.20%
TE content 38.92% 38.99%

11 pseudomolecules for both species, anchoring 97.5%
and 96.3% of the genome assemblies of E. seductrix and
H. curvifolium, respectively, and corresponding to the 11
chromosomes (n = 11) of both species’ karyotypes (Fritsch
1991). Our assemblies are comparable in quality to those
of the model moss Physcomitrium patens v3.1 (Lang et al.
2018), which are based on a scaffold N50 of 17.4 Mb for
a 473-Mb genome. Based on the Benchmarking Universal
Single-Copy Ortholog (BUSCO) assessment v3.1.0
(Simao et al. 2015) using the Viridiplantae odb10 data
set the completeness of gene space sampling of the
E. seductrix and H. curvifolium genomes is estimated at
of 96.8% and 97.5%, respectively (supplementary fig.
S2, Supplementary Material online).

Characteristics of the Moss Genomes

Repetitive elements compose 39.81% and 39.83% of the
genomes of E. seductrix and H. curvifolium, respectively. For
both genomes, the major portion of repetitive elements were
unclassified, accounting for 28.86% and 24.99% of the
E. seductrix and H. curvifolium genomes, respectively, fol-
lowed by LTR retrotransposons (accounting for 9.10% and
12.96% of the genome contents), which were dominated
by Gypsy-type elements (54% and 37% of the total LTR of
E. seductrix and H. curvifolium, respectively). A total of 25,801
and 29,077 protein-coding genes were respectively anno-
tated for E. seductrix and H. curvifolium, of which 87.32%
and 81.53% have mRNA-seq or homolog protein supports
(supplementary table S2, Supplementary Material online).

Phylogenetic Reconstruction and Divergence Time
Estimation

Our phylogenetic reconstruction resolves the hornwort, liver-
wort, and mosses forming a clade sister to vascular plants,
with liverworts and mosses forming a sister clade to horn-
worts. Within mosses, the newly sequenced E. seductrix and
H. curvifolium compose along with Fontinalis antipyretica and
the recently published moss Calohypnum plumiforme (for-
merly known as Hypnum plumiforme) (Mao et al. 2020) the
Hypnales (fig. 1A). Divergence time estimation suggests that
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Fic. 1.—(A) A phylogenetic tree inferred with single-copy nuclear genes of 17 green plant genomes. The two newly sequenced mosses are in bold.
Numbers on branches indicate bootstrap support values. (B) A result of molecular dating analysis (with outgroups removed) showing the divergence time
among bryophyte lineages. Divergence time involving the newly sequenced two mosses is in red. (C) Synteny between the newly sequenced two moss
genomes. The numbers on the axes indicate the number of genes examined. The putative sex chromosomes of both species were not shown due to they
possess too few genes (i.e., 104 on Entodon seductrix and 433 on Hypnum curvifolium). (D) Syntenies among genomes of the two newly sequenced mosses
and the model moss Physcomitrium patens. (E) Gene density histograms of E. seductrix and H. curvifolium chromosomes. Each genome has a low gene-
density chromosome (chr11), assumed to be the sex-related chromosomes. (F) Ks distribution of E. seductrix, H. curvifolium and the model moss P. patens
genomes, indicating the newly sequenced moss genomes harbor no evident WGD event, whereas P. patens genome shows at least one WGD.
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the split between the clade consisting of H. curvifolium and
Calohypnum plumiforme and E. seductrix occurred at around
32.9-36.2 Ma (fig. 1B).

Synteny among Selected Moss Genomes

Significant colinearity was observed between the chromo-
somes of E. seductrix and H. curvifolium (fig. 1C), and unex-
pectedly, a surprising degree of synteny between P. patens
and E. seductrix/H. curvifolium (fig. 1D and supplementary
figs. S3 and S4, Supplementary Material online) was also
seen, considering P. patens is distantly related to the hypna-
lean mosses and the divergence of them dates back to about
160 Ma (fig. 1B). By contrast, genomes of angiosperms,
even among close relatives, usually show low levels of synteny
(Salse et al. 2002; Tang et al. 2008), and syntenies between
moss and liverwort genomes, or moss and hornwort genomes
are also rare (supplementary fig. S5, Supplementary Material
online). The highly syntenic feature between the E. seductrix
and H. curvifolium chromosomes is consistent with their high
similarities of genomes, and may reflect their recent diver-
gence, through the rapid early radiation of the Hypnales
(Shaw et al. 2003). Whether large synteny is indeed preserved
across Hypnales cannot yet be tested further as no
chromosome-scale assemblies are available for either
Fontinalis (Yu et al. 2020) or Calohypnum (Mao et al. 2020).

Low Gene Density of Putative Sex Chromosomes

In general, genes are evenly distributed across ten pseudo-
chromosomes of both the Entodon and Hypnum genomes,
whereas in their 11th chromosome, here considered as puta-
tive sex-related chromosomes, gene density is comparatively
much lower (fig. 1E). Our Hi-C results also indicated that few
contacts exist between these two and other chromosomes,
whereas significantly high contacts among other chromo-
somes were observed in both genomes (supplementary figs.
S6 and S7, Supplementary Material online). The putative sex-
related chromosomes span 16.4 and 15.3 Mb and harbor 103
and 433 genes in E. seductrix and H. curvifolium, respectively.
Compared with autosomes, the putative sex chromosomes
have higher repeat contents (i.e., 58.53% vs. 39.11% in
E. seductrix, and 82.77% vs. 37.78% in Hypnum curvifolium),
a phenomenon that was also observed in other moss
genomes (i.e., Ceratodon purpureus and Syntrichia caninervis)
(Carey et al. 2021; Silva et al. 2021).

We further examined the gene densities of the genomes
of the model moss P. patens (Lang et al. 2018) and the
model liverwort Marchantia polymorpha (Bowman et al.
2017). In P. patens, the gene density among the 27 chro-
mosomes is relatively even, consistent with the monoicous
P. patens lacking heteromorphic sex chromosomes. By con-
trast, the two sex chromosomes (U and V) of the dioicous
Marchantia have lower gene densities, like in our sequenced
two hypnalean mosses (supplementary fig. S84 and B,

Supplementary Material online) (Bowman et al. 2017).
Similarly, in the recently published moss genome of
Ceratodon purpureus, both the U and V sex chromosomes
also harbor lower gene densities than autosomes (supple-
mentary fig. S8C, Supplementary Material online) (Carey
et al. 2021), a pattern that may be widespread or universal
in bryophytes with sex chromosomes.

Whole-Genome Duplication

To investigate whether whole-genome duplication (WGD)
events shaped the evolution of the two studied moss genomes,
we calculated the distribution of the number of synonymous
substitutions per synonymous site (Ks) and visualized the
results. Our analysis suggested that the newly sequenced
moss genomes harbor no signatures of a recent WGD, com-
pared with two in P. patens (fig. 1F), which is consistent with
the findings of a recent transcriptomic study (Gao et al. 2022).

Conclusions

In this study, we sequenced, and de novo assembled the
genomes of two hypnalean moss species. We analyzed their
genomic features, and reconstructed their close phylogenetic
relationship and short divergence time. We revealed the high
synteny between their chromosomes, the low gene density and
high repeat content of their putative sex chromosomes, and the
absence of recent WGD event during their recent evolution. The
high-quality chromosome-level genomes provided new resour-
ces for studying the evolution of bryophyte genomes and the
conspicuous diversification of pleurocarpous mosses.

Materials and Methods

Sample Collection

Wild gametophytes of both E. seductrix and H. curvifolium
were collected in Connecticut. For each species we sampled
green foliated stems and branches and removed debris and
soil particles. The voucher specimens (collection number:
Goffinet 14196 and 14195) have been deposited in the
George Safford Torrey Herbarium at the University of
Connecticut (CONN). The genomic DNA was extracted at
the Fairy Lake Botanical Garden, and deposited with DNA
extraction numbers of 330 for H. curvifolium and 331 for
E. seductrix.

Library Preparation and Genome Sequencing

WGS libraries were prepared by BGI-Shenzhen with insert
sizes of 300-500bp. The high-molecular weight genomic
DNA was used to construct the 10x Genomic libraries with
insert sizes of 350-500 bp following the manufacturer’s pro-
tocol (Chromium Genome Chip Kit v1, PN-120229, 10x
Genomics, Pleasanton). Hi-C libraries were prepared by BGl-
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Qingdao, and the main steps of Hi-C library construction pro-
cess include cross-linking, digestion with restricted enzyme
(Mbol), end repairing, DNA cyclization, and purification.
Gametophyte tissues were used for RNA extraction and se-
guencing for both species. All the sequences were generated
by the BGISEQ-500 sequencing platform (BGI-Shenzhen,
China).

Genome Size Estimation

We performed k-mer analyses to estimate the genome sizes
of E. seductrix and H. curvifolium using WGS reads. Kmerfreq
(Liu et al. 2013) v1.0 was used to calculate k-mer distributions
with default parameters. Genome size was estimated by di-
viding total k-mer numbers by the k-mer peak depth. We
estimated the genomes of E. seductrix and H. curvifolium to
hold 376.7 and 269.5 Mb, respectively.

Genome Assembly and Hi-C Scaffolding

The de novo assembly of both genomes was carried out by
Supernova v2.1.1 (Weisenfeld et al. 2017) provided by 10x
Genomics using default parameters. The Hi-C raw reads were
first processed by Trimmomatic v0.39 (Bolger et al. 2014) to
remove adapter sequences and low-quality regions. Juicer
v1.6 (Durand et al. 2016) was then used to extract valid
data from quality-controlled reads. We then used the 3D-
DNA pipeline (Dudchenko et al. 2017) to correct misassem-
bles, anchor, order, and orient assembled contigs based on
the Hi-C data.

Contamination Removal

To remove contaminating reads, we first performed NCBI
BLAST (Basic Local Alignment Search Tool) (Camacho et al.
2009) search for the scaffolded sequences with e-value
threshold of 10>. The NCBI's nucleotide collection and non-
redundant protein sequences (nt/nr, released in May 2020)
were used as the BLAST reference databases. In-house Perl
scripts were used to assign taxonomic affiliations to each high
scoring pair of all query-subject pairs. Sequences identified as
non-Viridiplantae origin were removed from the genome as-
semblies. To verify the result of decontamination procedure,
we performed GC-depth analysis with a window size of 10 kb
(supplementary fig. S9, Supplementary Material online).

Annotation of Repeats and Genes

Repetitive elements were identified by building a custom re-
peat library and screening with curated repeat libraries. Piler
(Edgar and Myers 2005), LTR_FINDER (Xu and Wang 2007),
and RepeatScout (Price et al. 2005) were used for creating a
custom repeat library, which was then used by RepeatMasker
(Chen 2004) for de novo repeat identification. RepeatMasker
also makes use of Repbase v21.01 (Jurka et al. 2005) which is
based on known repetitive elements. For gene structure

annotation, BRAKER v2.1.5 (Biiina et al. 2021) pipeline was
used after soft-masking of the genome. Transcriptome se-
guencing reads were mapped to the genomes by TopHat2
v2.1.1 (Kim et al. 2013) to provide EST evidences. Proteome
sequences of six green plants (i.e., Arabidopsis thaliana, Azolla
filiculoides, Marchantia polymorpha, P. patens, Salvinia cucul-
lata, and Selaginella moellendorffii) that retrieved from the
Phytozome v13 database (https:/phytozome-next.jgi.doe.
gov/, last accessed February 11, 2022) were used as the
homology-based evidences.

Functional Annotation of Gene Sets

For gene functional annotation, the annotated protein
sequences were first aligned against the KEGG (https:/
www.genome.jp/kegg/, last accessed February 11, 2022)
and Swissprot  (https:/Avww.uniprot.org/, last accessed
February 11, 2022) databases by BlastP (Camacho et al.
2009) with an e-value of 1e~> and then assigned functional
annotations. We also used InterproScan v5.51-85.0 (Jones
et al. 2014) to annotate the protein sequences.

Estimation for Synteny

To explore synteny between the E. seductrix and
H. curvifolium genomes, as well as with that of the model
moss P. patens, we used the python library jcvi v1.1.8 (Tang
et al. 2008) to search for colinear blocks among these moss
genomes.

Phylogenetic Reconstruction and Divergence Time
Estimation

The two newly sequenced moss genomes and the other
15 green plant genomes (see supplementary table S3,
Supplementary Material online) were used for phylogenetic
tree reconstruction. Gene family clustering was performed by
OrthoFinder v2.3.7 (Emms and Kelly 2015) with default param-
eters. These single-copy nuclear genes were aligned separately
by MAFFT v7.453 (Katoh and Standley 2013) and concatenated
into one data matrix. RAXML v8.2.12 (Stamatakis 2014) was
then used to infer the phylogenetic tree using maximum like-
lihood method with the PROTCATGTR substitution model.
We used BEAST2 v2.6.4 (Bouckaert et al. 2014) to estimate
the divergence time between the selected species. The fol-
lowing fossil calibrations, that is, the split of algae and land
plants at approximately 1,050 Ma, split of bryophytes and
vascular plants at 471-515 Ma, split of ferns and seed plants
at approximately 385-451 Ma, and split of liverworts and
mosses at approximately 407-515 Ma, were used as priors.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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