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Abstract

Background The liverwort Apopellia endiviifolia, a dioicous, simple thalloid species, is notable for its cryptic diversity, habitat adaptabil-
ity, and genomic innovation, and it represents a clade that is sister to all other Jungermanniopsida. These features make A. endiviifolia
an essential model for exploring speciation mechanisms and the evolution of genome structures within liverworts.

Findings We present the genome assembly of a haploid A. endiviifolia isolate with a total size of 2,914,960,273 bp and an N50 of
468,157,909 bp, demonstrating high completeness (99.2% BUSCO) and a high consensus quality (quality value 47.6). The assembly
consisted of 9 chromosomes, which included 18 telomeres and 9 centromeres (ranging from 1.9 to 5 Mbp in length). RNA sequencing—
based annotation identified 34,615 genes, predominantly protein coding. The transposable elements comprised 12.16% long terminal
repeat elements and 57 Helitrons. Among the retroelements, the Copia and Gypsy superfamilies comprised 8.94% and 2.95% of the
genome, respectively. The Ty3/Gypsy superfamily was significantly enriched in centromeric regions. The average GC content ranged
from 38.8% to 39.6%, with gene density varying between 5.52 and 9.78 genes per 500 kbp. Synteny analysis of related liverwort species
has revealed complex chromosomal relationships, indicating extensive genome rearrangements among species.

Conclusions This study provides the first high-quality reference genome assembly of the haploid liverwort A. endiviifolia. Assembly
and annotation offer valuable resources for investigating liverwort evolution, centromere biology, and genome expansion in simple

thalloid liverworts.
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Background

Liverworts (Marchantiophyta) represent one of the earliest ter-
restrial plants, with fossil evidence indicating their emergence
in the Middle Ordovician period approximately 419 to 447 mil-
lion years ago [1]. They occupy a pivotal position in plant evolu-
tionary history as members of the monophyletic bryophyte lin-
eage, which, along with vascular plants, form 2 distinct mono-
phyletic groups within terrestrial plants. Within bryophytes, liver-
worts are sister to mosses, forming the Setaphyta clade, which in
turn is sister to hornworts. This phylogenetic relationship is sup-
ported by recent genomic analyses that affirm the monophyly of
bryophytes and clarify the evolutionary relationships among early
land plants [2]. Liverworts, together with other bryophytes such
as mosses and hornworts, display a range of morphological and
physiological traits important for plant adaptation to terrestrial
environments. However, it remains debated whether these traits
are ancestral characteristics or the result of secondary reductions.
Recent evidence tends to support the idea of secondary reduc-
tions [3]. This group is often characterized by structural simplic-
ity, a predominantly haploid life cycle, and a slow rate of molec-
ular evolution, which corresponds to gradual morphological di-

versification [4]. However, such generalizations primarily reflect
the characteristics of the Haplomitriopsida and Marchantiopsida
classes (complex thalloid liverworts) [5]. Significant variation ex-
ists within the broader liverwort lineage, particularly in Junger-
manniopsida, which includes leafy and simple thalloid liverworts.
This class comprises most (>80%) of the extant liverwort species
and demonstrates a significantly higher degree of structural com-
plexity and a notably accelerated rate of molecular evolution. This
is evidenced by their diverse leafy morphologies, intricate branch-
ing patterns, and specialized reproductive structures, which fa-
cilitate their adaptation to a wide array of ecological niches [6—
8]. Within Jungermanniopsida, the order Pelliales consists of 2
families: Noterocladaceae and Pelliaceae [9]. Recent molecular and
morphological studies have refined the taxonomy within Pelli-
aceae, distinguishing Apopellia as a separate genus that includes
3 species: Apopellia apicola, Apopellia megaspora, and Apopellia endi-
viifolia [10].

A. endiviifolia (NCBIL:txid:304445) is a dioicous, simple thalloid
liverwort characterized by its cuneate apical cell, the absence of
a midrib in the thallus, a spherical capsule, and a robust seta. It is
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widely distributed across the Northern Hemisphere and thrives in
a diverse array of habitats, including aquatic environments such
as springs and streambanks, as well as in dry conditions often as-
sociated with limestone substrates. Its capacity to grow on lime-
stone rocks, in arid soils, in aquatic habitats (hydrophytes), and
on decaying wood (epixyl) underscores its remarkable ecological
versatility [11]. This species exemplifies cryptic speciation, with
European populations diverging into 2 lineages: A (typical form)
and B (water form), which are differentiated by molecular markers
and microhabitat preferences [8, 10, 12, 13]. This pattern reflects
broader taxonomic revisions within Pellia s.1., which have been
split into Apopellia and Pellia s.s. through integrative approaches,
highlighting its importance in studying speciation mechanisms
[10]. The combination of cryptic diversity, habitat versatility, and
genomic novelty renders A. endiviifolia a valuable model for explor-
ing speciation mechanisms and the evolution of genomic struc-
ture in liverworts.

Bryophytes, including liverworts, mosses, and hornworts, are
generally characterized by relatively small nuclear genomes com-
pared to other plant groups. However, significant variation exists
within these groups, particularly among liverworts. On average,
hornwort genomes measure 244 Mbp (median 205 Mbp), moss
genomes average around 504 Mbp (median 433 Mbp), and liver-
wort genomes tend to be larger, averaging 1,844 Mbp with a me-
dian of 751 Mbp [14]. Flow cytometry data further reveal that liver-
wort genome sizes vary widely, ranging from 206.2 Mbp in Lejeunea
cavifolia to 20,006 Mbp in Phyllothallia fuegiana [15, 16]. Within liv-
erworts, the Pelliaceae family is notable for its particularly large
genomes: Pellia borealis has a genome size of 7,238.3 Mbp, P. epi-
phylla 3,719.2 Mbp, and A. endiviifolia 3,364.0 Mbp [15]. Despite ef-
forts to determine the nuclear genome size of over 100 liverwort
species, comprehensive genomic resources remain limited, with
only a handful of liverwort genomes sequenced at the chromoso-
mal level [17-21].

Although liverwort genome sizes are less variable than those
of angiosperms [22], there is still substantial variation in genome
size among liverwort species. This variation presents an intrigu-
ing area of research, especially given the limited understand-
ing of the patterns and rates of structural changes within liv-
erwort genomes [16]. Studies of genome evolution, particularly
in complex thalloid liverworts, have revealed the absence of an-
cient whole-genome duplication events, minimal rates of gene
duplication and chromosomal rearrangements, and rare occur-
rences of transposable element (TE) bursts [4]. Nevertheless, a
comparative analysis of the nuclear genomes of the model liv-
erwort Marchantia polymorpha (286.7 Mbp) and Lunularia cruciata,
which is distinguished by a genome size nearly twice as large
(565.6 Mbp), highlights the role of Ty3/Gypsy retrotransposon pro-
liferation in genome size expansion [4]. Furthermore, recent ad-
vances in long-read sequencing technologies have enabled the as-
sembly of entire genomes at the telomere-to-telomere scale, pro-
viding unprecedented insights into highly repetitive regions such
as centromeres and telomeres [23]. These advances have shown
that centromere structure is linked to chromosome length evolu-
tion. In particular, chromosomes with longer centromeres tend to
have a higher proportion and longer stretches of Copia TEs within
their centromeric regions. This enrichment of Copia elements may
contribute to a positive association between centromere length
and overall chromosome length, potentially influencing karyotype
evolution [24]. In bryophytes, the application of near telomere-
to-telomere genome assembly has facilitated the identification of
centromere sequences in the moss species Physcomitrium patens.
This has enabled the precise characterization of its centromeres,

revealing 26 monocentric chromosomes, each containing a sin-
gle centromeric region enriched with RLC5 retrotransposons from
the Bryco clade of the Copia superfamily [25]. Moreover, this study
elucidated the evolutionary dynamics of centromeres in nonseed
plants, highlighting their unique composition and recent evolu-
tion. It also provides a gap-free genomic framework for investi-
gating its role in chromosome stability and segregation. In con-
trast, a study of M. polymorpha revealed that its centromeres con-
sist of simple 162-bp satellite repeats and lack extensive pericen-
tromeric heterochromatin and long terminal repeat (LTR) retro-
transposon enrichment typical of flowering plants. Instead, these
centromeres are flanked by a specific long interspersed nuclear
element (LINE) transposon family [26].

To further advance our understanding of genome evolution and
the pivotal role of repetitive elements in the centromere architec-
ture and biology of liverworts, our study provides the first compre-
hensive, high-quality reference genome assembly of the haploid
liverwort A. endiviifolia using primary Oxford Nanopore long-read
sequencing and Pore-C technology. This high-quality genome as-
sembly and annotation serves as a vital resource for further ex-
ploration of liverwort evolution and provides new perspectives on
centromere biology and genome expansion mechanisms in sim-
ple thalloid liverworts.

Material and Methods

Sample collection and in vitro culture

A. endiviifolia plants were collected from the Nature Reserve of
the Sources of the kyna River (NE Poland; 54.6208°N, 21.2267°E).
In vitro cultures of A. endiviifolia were established in the Plant
Biotechnology Laboratory at the Department of Genetics, Plant
Breeding and Bioresource Engineering, University of Warmia and
Mazury in Olsztyn (Poland). A. endiviifolia fragments were washed
for 15 minutes in tap water, surface-disinfected with 0.5% cal-
cium hypochlorite and 0.05% TWEEN-20 for 10 minutes, and then
triple-rinsed with sterile distilled water (5, 10, and 15 minutes).
The sterilization method was highly effective, achieving a culture
sterility of 95.65%. Sterile explants were cultured on solid % Gam-
borg’s BS medium (% basal salts, organics, vitamins [27], 20 g/L
sucrose, 8 g/L agar, pH 6.0) at 24°C under a light cycle of 16 hours
light/8 hours dark. The upper segments of the sterilized plants
served as secondary explants for micropropagation on the same
medium, spaced 1-2 cm apart. Micropropagated plants were used
in the subsequent experiments (Fig. 1).

A voucher specimen for the sequenced sample has been pre-
pared and deposited in the Herbarium of the University of Warmia
and Mazury in Olsztyn (OLS), with the accession number OLS-
H2024P004.

DNA extraction

For genome assembly, genomic DNA was extracted from the aerial
parts of the thallus using a modified ultra-long DNA extraction
protocol [28]. Briefly, 500 mg of the material was ground into a
fine powder in liquid nitrogen and incubated in 30 mL of homog-
enization buffer (HB) for 15 minutes on ice. The suspension was
then filtered through a 40-um cell strainer. Following centrifuga-
tion (3,000 x g) and 2 wash cycles with HB buffer, the pellet was
dissolved in SDS lysis buffer containing 5 uL RNase A (20 pg/unL)
and 75 uL proteinase K (20 ug/ul) and incubated at 50°C for 3
hours. Subsequently, the DNA was extracted using chilled phe-
nol/chloroform/isoamyl alcohol. The DNA was precipitated with
isopropanol, washed with 80% ethanol, and eluted in 50 uL of wa-
ter. The fragment length distribution and DNA integrity were as-
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Figure 1 A. endiviifolia plants located in the Nature Reserve of the Sources of the fyna River (A), in vitro culture (B), and thalli morphology under in vitro

conditions (C).

Table 1 Assembly statistics

Value
2,914,960,273

Genome assembly statistics
Genome size [bp]

Genome coverage [median] 47.6
Number of chromosomes 9
Number of telomeres 18
Number of centromeres 9
Contig N50 [bp] 76,579,043
Scaffold N50 [bp] 468,157,909
Number of gaps 6
Number of total/protein-coding 34,615/33,513
genes

Quality value 47.6
LAI 20.06

C:99.2/95.5/63.2
[5:93.0/91.1/60.0, D:6.2/4.4/3.2]

BUSCO—genome (Eukary-
ota/Viridiplantae/Embryophyta)
[%]

sessed using TapeStation with the Genomic DNA ScreenTape As-
say (Agilent), reaching a maximum intensity peak with a length
of >60,000bp and DIN 8.2, respectively. The concentration was
determined using the Qubit fluorometer HS DNA assay kit and
amounted to 65.2ng/pL.

Pore-C procedure

The restriction enzyme Pore-C protocol for plant samples (RE-
Pore-C; Oxford Nanopore Technologies) was employed to cap-
ture 3-dimensional DNA interactions within chromatin, with a
few modifications as previously described by Krawczyk et al. [18].
Chromatin was preserved with formaldehyde, and the crosslinked
plant material was cryogenically ground. The resulting suspen-
sion was filtered through a 40-um strainer, purified, and digested
with the Nlalll (NEB) restriction enzyme for 18 hours at 37°C, fol-
lowed by heat denaturation. Subsequently, a proximity ligation
reaction was performed using 40,000 U of T4 DNA ligase for 6
hours at 16°C. This was followed by protein degradation and chro-
matin de-crosslinking with 100 uL proteinase K (20 ug/ul) and
3 uL RNase A (100 pg/uL) for 18 hours at 56°C, with additional
rounds of proteinase K digestion, as per the HiPore-C v1 protocol
[29]. DNA was extracted using chilled phenol/chloroform/isoamyl
alcohol and EDTA, precipitated with NaCl, washed with ethanol,
and eluted with TE buffer. DNA quality was assessed using TapeS-
tation, which reached a peak length of 11,142 bp and DIN 5.8. The
concentration was 43ng/ulL, as measured using a Qubit fluorom-
eter.

Nanopore sequencing

Libraries were prepared for nanopore sequencing of native DNA
and proximity-ligated DNA fragments using the Ligation Sequenc-
ing Kit V14 (SQK-LSK114, Oxford Nanopore Technologies) follow-
ing the manufacturer’s protocol. DNA sequencing data were gen-
erated using the Oxford Nanopore Technologies PromethION 2
platform on R10.4.1 flowcells (PRO-114M) and the MinKNOW se-
quencing software.

RNA sequencing

Total RNA for the short-read procedure was extracted from 4 sam-
ples of male A. endiviifolia: (i) land and (ii) water form, (iii) an-
theridia, and (iv) surrounding thallus. This extraction was con-
ducted using the RNA Plant Mini Spin Kit (Qiagen) according to
the manufacturer’s protocol. Short-read RNA sequencing (RNA-
seq) libraries were prepared using 2 distinct protocols. For RNA
extracted from the water and land form of A. endiviifolia, libraries
were constructed using the TruSeq Stranded Total RNA Library
Prep Kit (Illumina) using the Ribo-Zero rRNA option. For antheridia
and surrounding thallus, the amount of extracted RNA was in-
sufficient for TruSeq, and libraries were prepared using the QI-
Aseq FX Single Cell RNA Library Kit (Qiagen). All libraries were
sequenced on an [llumina NovaSeq 6000 platform (Macrogen) in
2 x 150 paired-end mode. Raw reads were deposited in BioProject
PRJNA1279829 and BioSample SAMN49506713.

Genome size estimation, assembly, and quality
evaluation

Basecalling

Raw Nanopore signal data from both the standard and
Pore-C libraries were basecalled wusing Dorado v0.9.1
(RRID:SCR_025883) [30]. The superior accuracy model SUP
dna_r10.4.1_e8.2_400bps_sup@v5.0.0 was employed to generate
high-fidelity basecalls in BAM format. In the case of high-
molecular-weight sequencing reads, the DNA modification v3
models were used to detect all context 6mA, 4mC, and 5mC
methylation at the single-base accuracy level.

A fastq file was used to count k-mer frequencies using kmerfreq
v4.0 [31]. Subsequently, the genome size was estimated using the
GCEv1.0.2 program [32] and kmerfreq files. The estimated genome
size for k-mers from 14 to 21 fell within the 2,950- to 3,090-Mbp
range.
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Table 2 The identified telomeres and centromeres in the A. endiviifolia assembly

Telomeres Centromeres
Number of

Number of repeats at

repeats at the right
Chromosomes Length [bp] the left end end Start End
Ch1 529,742,643 425 418 359,400,001 363,400,000
Ch2 473,504,363 352 422 232,800,001 237,800,000
Ch3 468,157,909 1152 414 446,400,001 449,400,000
Ch4 317,755,521 408 402 239,340,762° 241,950,761°
ChS 310,129,949 481 421 37,548,478 39,527,839°
Ché 244,886,949 419 1762 242,160,000 244,159,999
Ch7 236,110,306 393 452 189,670,000 191,669,999
Ch8 234,121,349 428 403 202,730,000 204,729,999
Ch9 100,551,284 446 420 89,933,334 93,766,667

@Telomeres with a noncanonical ACGCAGC/TGCGTCG motif.
PCentromere verification based only on quarTeT and Pore-C contact map.

| 2915 Mbp ,

Ch1

529.7 Mbp
Ch2 473.5 Mbp
Ch3 468.2 Mbp
Ch4 317.8 Mbp
Chs 310.1 Mbp
Ché 244.9 Mbp
Ch7 236.1 Mbp
Chs 234.1Mbp
Cho 100.6 Mbp

Ch1 Ch2 Ch3 Ch4 Ch5 Ché  Ch7 Ch8 Ch9

Figure 2 Pore-C interaction heatmap of the A. endiviifolia genome.
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Chromosomal features
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Figure 3 Circos plot showing detailed characterization of the 9 A. endiviifolia chromosomes. From outside to inside: length of chromosomes in Mbp
with marked telomeric (red bars) and centromeric regions (blue bars), GC content, gene density, distribution of LTR/Gypsy transposons, distribution of
LTR/Copia transposons, distribution of LTR/unknown transposons, and DNA/Helitron locations.

Initial contig assembly with Hifiasm

An initial de novo assembly was generated directly from
the base-called Nanopore long reads using Hifiasm v0.25.0
(RRID:SCR_021069) [33], which supports assembly from high-
quality Nanopore data using the —ont option. Simplex basecalled
reads were used as input. Hiflasm was run with parameters suit-
able for Nanopore reads -t64-10. This produced a set of high-
quality initial contigs. To organize the initial contig assembly
into chromosome-level structures, we utilized proximity ligation
sequencing reads from the Pore-C library processed using the
epi2me-labs/wf-pore-c pipeline v1.3.0 [34] to generate a BED file of
pairwise chromatin contacts. This contact map served as the in-
put for scaffolding with YaHS v1.2.2 (RRID:SCR_022965) [35] with
3 iterative rounds. Following automated scaffolding, the resulting
assembly and the Pore-C contact map were loaded into Juicerbox
v2.17 [36] for manual inspection and curation. Gap closing of the
assembly was performed using SAMBA with default options, with
the exception of the -m parameter (minimum matching length)
set to 9,000, as recommended for large plant genomes [37].

The gap-closed assembly was polished using Dorado v0.9.1
aligner and polishing functionalities. The required input for pol-
ishing, a sorted BAM file containing alignments of basecalled
reads with necessary metadata, was generated using a dorado
aligner. This dorado aligner output BAM, along with the gap-closed
assembly FASTA, was then processed using the dorado polish
command to achieve the final polished assembly.

Quality check

To ensure high quality of the final genome assembly, we employed
a multifaceted approach to evaluate the completeness, structural
integrity, and assembly of repetitive regions. Gene content com-
pleteness was assessed using BUSCO v5.8.2 (RRID:SCR_015008)
[38] with the viridiplantae_odb10, eukaryota_odb10, and em-
bryophta_odb10 lineage datasets. The structural accuracy and
continuity of the 9 assembled chromosomes were evaluated us-
ing Inspector v1.3.1 [39]. This was performed in a reference-free
manner by mapping the long reads back to the assembly to iden-
tify potential misassemblies, structural variants, and other incon-
sistencies. Finally, to assess the completeness of the repetitive
landscape, the LTR Assembly Index (LAI) was calculated using the
EDTA v2.2.2 (Extensive de novo TE Annotator, RRID:SCR_022063)
package [40].

Genome annotation

Structural and functional annotation of the genome was con-
ducted using the NCBI EGAPx v0.3.2 pipeline [41] empirical evi-
dence from all 4 RNA-seq libraries. Based on the provided taxon-
omy ID, the pipeline automatically selected appropriate protein
sets for homology-based evidence, which were aligned to the as-
sembly using miniprot v0.15 [42]. The RNA-seq reads were aligned
using STAR v2.7.11 (RRID:SCR_004463) [43] to generate transcript-
based evidence. The core of the annotation was performed us-
ing Gnomon [44], which first chained the protein and transcript
alignments into putative gene models. Gnomon supplemented
these with ab initio predictions derived from hidden markov model
(HMM) models to identify genes lacking direct evidence. Finally,
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Top 15 Enriched GO Terms
Weight01 Fisher's Exact Test (p < 0.05)

poly(A)+ mRNA export from nucleus

ethylene-activated signaling pathway

double-stranded DNA binding

protein-containing complex localization

protein export from nucleus

ribonucleoprotein complex localization

heterocyclic compound binding

root development

GO Terms

RNA binding

phosphomevalonate kinase activity

floral meristem determinacy

adenine phosphoribosyltransferase activi...
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60 terms
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~log10({p-value)

Figure 4 Distribution of all significant GO terms in the genome and the top 15 enriched GO terms across all ontologies in the genome.

functional information was added based on the model quality and
orthology, and the complete annotation set was generated as a
GFF3 file.

Repeatome annotation

To identify and characterize repetitive elements within the A. en-
diviifolia genome, comprehensive repeatome annotation was per-
formed. Initially, repetitive sequences were identified using EDTA
v2.2.2 (RRID:SCR_022063) [40]. Further refinement and classifica-
tion of TE families were performed using TESorter [45], which
leverages machine learning to accurately classify diverse TE types.
A phylogenetic approach was employed for the specific anno-
tation of LTR retrotransposons. Individual LTR sequences were
first aligned using MAFFT (RRID:SCR_011811) [46] with the de-
fault settings. Subsequently, based on the obtained alignment
and evolutionary relationships among the distinct LTR retro-
transposon families, phylogenetic trees were constructed us-
ing IQ-TREE 2 (RRID:SCR_017254) with 1,000 bootstrap replicates
[47].

Identification and characteristics of telomeres
and centromeres

The telomeric sequences and centromeric regions within the
A. endiviifolia genome assembly were identified using quartet
(RRID:SCR_025258) [48]. The centromeres of each chromosome
were further analyzed and confirmed using CentIER [49]. Both
types of software were used with default settings.

A custom Python script (analyze_ltr_enrichment.py) [50] was
developed and employed to identify LTR retrotransposon domain
families that are preferentially associated with centromeric re-
gions. Initially, all LTR element sequences were extracted from the
whole-genome LTR GFF3 annotation file using reference genome
assembly and subjected to 6-frame translation. The resulting pro-
tein sequences were scanned for conserved LTR protein domains
using HMMER (hmmsearch) against the REXdb database. This pro-
cess generated a comprehensive genome-wide map linking LTR
elements (identified by their unique GFF IDs) to their constituent
REXdb protein domain types (e.g., Athila, Bryco, and SIRE). Next,
these genome-wide LTR domain annotations were used for en-
richment analysis within the predefined centromeric regions. For
each REXdb domain type, the script calculated the total occu-
pied length and the total count of distinct LTR elements contain-
ing that domain separately for centromeric and noncentromeric
portions of the genome. The noncentromeric portion was deter-
mined by subtracting the total length of the defined centromeric
regions from the total genome size. To assess the statistical signif-
icance of domain enrichment in centromeres, Fisher’s exact test
(1-tailed, testing for enrichment) was performed for each domain
type based on both its total length and element count in cen-
tromeric versus noncentromeric regions.

Synteny analysis
The genomic sequences (FASTA) and gene annotation files (GFF3)
for M. polymorpha (Tak-1/2 v7.1, GCA_037833965.1) and A. endivi-
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Figure 5 Maximum likelihood phylogenetic tree of LTR retrotransposon lineages identified in the analyzed genome. The tips highlighted in color

represent LTR elements enriched in the centromeric regions.

ifolia (JBRAUX000000000) were obtained from GenBank. The pro-
tein sequences for each species were extracted from their re-
spective genomic FASTA and GFF3 files using gffread v0.12.7
(RRID:SCR_018965) [51]. For each gene, the longest protein isoform
was retained for downstream analysis.

Gene coordinates were converted into BED6 format using the
jevi.formats.gff bed (v1.5.4 from JCVI utilities [S52]) from the GFF3
files. The gene identifiers in these BED files were subsequently
cleaned to remove prefixes (e.g., “rna-") and complex locus tag
components to ensure compatibility across tools. Specifically,
Marchantia gene IDs were processed in the format MPTK2_...
and A. endiviifolia gene IDs were processed in egapxtmp_...-R...
by using custom awk scripts. These cleaned BED files provided
the chromosome, start, end, cleaned gene ID, dummy score, and
strand information. Orthologous gene pairs between M. polymor-
pha and A. endiviifolia were identified using OrthoFinder v3.0.1b1
(RRID:SCR_017118) [53]. The extracted protein sequences from
both species were used as inputs. OrthoFinder was run with DIA-
MOND v2.1.11 (RRID:SCR_016071) [54] as the sequence search tool
for all-versus-all protein comparisons. Syntenic blocks between
M. polymorpha and A. endiviifolia were identified using the scan ac-
tion within the jcvi.compara.synteny module (v1.5.4; JCVI utili-
ties [52]). The cleaned BED files and pairwise ortholog files were
used as inputs. The analysis was performed using relaxed param-
eters that are suitable for distantly related species. A minimum
of 2 collinear gene pairs (-min_size=2) was required to define a

syntenic block, and a maximum gap of 100 noncollinear genes
(-dist=100) was allowed within a block. The output anchor file,
containing the identified syntenic gene pairs, was retained. The
identified syntenic relationships were visualized as a dot plot us-
ing jevi.graphics.dotplot (v1.5.4, JCVI utilities [52]).

Synteny analysis of A. endiviifolia and the second available
T2T genome assembly of Jungermanniopsida, Herbertus hutchin-
siae, was performed using ntSynt v1.0.2 [55] since the gene anno-
tation file was not available in GenBank (GCA_965112325.1). The
ntSynt workflow begins by generating ordered minimizer sketches
for each genome. These sketches were filtered to retain only the
single-copy minimizers present in all assemblies, which were then
used to construct an initial graph. After simplifying this graph,
linear paths were identified to compute an initial set of synteny
blocks. The algorithm refines these by reanalyzing regions not cov-
ered by the initial blocks with a smaller window size and aug-
menting the graph. The pipeline was run with default settings and
-d 40 divergence value, and the resulting synteny blocks were then
visualized using the ntSynt-viz v1.0.0 pipeline [55]. The Apopellia
genome was used as the reference, and the strands of chromo-
somes in the Herbertus genome were normalized relative to it. The
final visualization of syntenic relationships was rendered as a rib-
bon plot using gggenomes v1.0.1 [S6] R package.
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Magnified region
Region +50 Mb from centromere

50

Density profile

40

i 1
T - - -

Distance from centromere (Mb)
s o

=20

-30

-40

Ch1-529.7 Mb

=50

I

Gypsy
density (%L4

0.0 25 5.0 75 10.0

LTR/Gypsy density (%)

Figure 6 Detailed examination of the example centromere—analysis of Gypsy retrotransposon distribution and chromatin interactions across
chromosome 1. In the density profile, each dot represents a single genomic window, plotting its LTR/Gypsy density (x-axis) against its chromosomal
position (y-axis). The solid dark red line shows the overall trend in density, calculated using a locally estimated scatterplot smoothing (LOESS)
regression, while the surrounding light gray shaded area indicates the 95% confidence interval for this trend. The thick red horizontal bar marks the

position of the centromere across the center of the magnified plots.

Phylogenomic analysis

Chromosome-scale genome assemblies for 13 liverwort species
ranging in size from 200 to 3 Gbp were obtained from the Gen-
Bank genome database in FASTA format. Single-copy ortholo-
gous genes were identified using BUSCO v5.4.7 (RRID:SCR_015008)
[38] with the Embryophyta_odb10 database, which contains 1,614
conserved ortholog groups from 50 plant species. BUSCO was
run in genome mode with 32 threads using the default param-
eters. Custom Python scripts [50] were used to extract the pro-
tein sequences of the single-copy orthologs shared across all 14
species. Only orthologs present in a single copy in all genomes
were retained for downstream analysis, resulting in 502 shared
single-copy orthologs. Individual protein sequences for each or-
tholog were aligned using MAFFT v7.505 (RRID:SCR_011811) [46]
with the automatic algorithm selection option (—auto), which se-
lects the optimal alignment strategy based on sequence char-
acteristics. The alignments were subsequently trimmed to re-
move poorly aligned regions using trimAl v1.4 (RRID:SCR_017334)
[57] with the -automatedl option, which applies a heuristic se-
lection of the optimal automated trimming method. Trimmed
alignments of all 502 single-copy orthologs were concatenated
into a supermatrix using custom Python scripts. Partition in-
formation was recorded for potential partitioned phylogenetic
analyses, with each gene treated as a separate partition. Maxi-

mum likelihood phylogenetic analysis was performed using IQ-
TREE v2.2.0 (RRID:SCR_017254) [47] with automatic model se-
lection using ModelFinder [58] implemented in IQ-TREE (-m
MFP option). The analysis included 1,000 ultrafast bootstrap
replicates [59] to assess branch support (— B 1000). The fi-
nal phylogenetic tree was visualized using the R package ape
v5.6 (RRID:SCR_017343) [60], phangorn v2.10 (RRID:SCR_017302)
[61], and phytools (RRID:SCR_015502) [62]. All custom scripts
used in this analysis are available in the Github repository
[50].

Results

Complete reference genome assembly and
annotation for A. endiviifolia

The integration of 68.5 Gbp of raw data, consisting of 7,751,459
ONT long reads (N50 = 31 kbp) with a quality score of Q20 of
90.1% and Q30 of 81.3%, along with 103 Gbp of proximity-ligated
DNA fragments, producing 434,262,093 reads with a mean qual-
ity score of 19, facilitated the generation of a complete assembly
of the A. endiviifolia reference genome. Raw reads were assembled
using hifiasm, resulting in 1,860 contigs with a total size of 2,956
Mbp and an N50 length of 76.58 Mbp (Table 1). The initial con-
tigs were then used as the backbone to build scaffold contigs for
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Figure 8 Synteny plot of the differences and similarities between the assembly of A. endiviifolia chromosomes and that of H. hutchinsiae. Colored lines

connect collinear regions between the species’ genomes.

the chromosomes, incorporating Pore-C data. After gap filling and
polishing, the final assembly had a total size of 2,914,960,273 bp
with an N50 of 468,157,909 bp (Table 1), comprising 9 chromo-
somes (with 6 gaps in intergenic regions) ranging from 100,551,284
to 529,742,643 bp in length (Table 2, Figs. 2 and 3).

Assembly accuracy and completeness were evaluated using
multiple methodologies. The Pore-C interaction heatmap demon-
strated a high degree of consistency across all chromosomes,
thereby providing robust evidence of the precision of genome se-
quencing (Fig. 2). The BUSCO scores for Viridiplantae_odb10 and
Eukaryota_odb10 were 99.2% and 95.5%, respectively, with low
gene duplication levels of 6.2% and 4.4%, respectively. Further-
more, integrity assessments of the LTRs indicated an assembled

LAI of 20.06. The genome exhibited a consensus quality value (QV)
of 47.6 (Table 1). Collectively, these findings underscore the high
accuracy and reliability of the A. endiviifolia genome assembly. The
assembled genome and gene annotation can be found in the NCBI
assembly with submission number JBRAUX000000000.

In the process of annotating the genome of A. endiviifolia,
short-read RNA sequencing was performed on the thallus of both
aquatic (16.8 Gbp) and terrestrial forms (20.6 Gbp), as well as on
the antheridia themselves (6 Gbp) and surrounding thallus (6.3
Gbp), generating a total of 49.7 Gbp reads. Genomic annotation
identified 34,615 genes, including 33,513 protein-coding genes (Ta-
ble 1). In the comprehensive analysis of the overall distribution
of all significant Gene Ontology (GO) terms, the “Biological Pro-
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cess” category contained the highest number of unique terms,
significantly surpassing the other categories with 96 terms, ac-
counting for 45.1% of the total. The “Molecular Function” cat-
egory ranked second in abundance (66 terms, 31%), while the
“Cellular Component” category had the fewest unique GO terms
(51 terms, 23.9%) (Fig. 4). GO enrichment analysis revealed that
6 terms predominated among the top 15 significantly enriched
GO terms across all ontologies: “poly(A)+ mRNA export from nu-

» o«

cleus”, “ethylene-activated signaling pathway”, “double-stranded
DNA binding”, “protein-containing complex localization”, “protein
export from nucleus”, and “ribonucleoprotein complex localiza-
tion” (Fig. 4). The remaining categories contain progressively fewer
terms. The composition of the TEs included 12.16% LTRs elements
and 57 Helitrons. Among the classified retroelements, the Copia
and Gypsy superfamilies accounted for 8.94% and 2.95% of the as-
sembly, respectively (Fig. 3). The phylogenetic tree illustrates the
diversity and evolutionary relationships among LTR retrotrans-
poson families identified in the analyzed genome, including ma-
jor lineages such as Athila, Phygy, Tekay, and others (Fig. 5). The
GC content and gene density were assessed in 500-kbp windows
across each chromosome. The average GC content across all chro-
mosomes ranged from 38.8% to 39.6%. The highest gene density
was observed on chromosome 6, with a value of 9.78, whereas the
lowest gene density was recorded on chromosome 9, with a value
of 5.52 (Fig. 3).

Detection and characteristics of telomeres and
centromeres

The completion and accuracy of genome sequencing have en-
abled the identification of telomeres and centromeres (Table 2,

Fig. 3). Examination of the telomeric regions by scanning chro-
mosome ends for high-copy tandem repeats showed that both
ends of the 7 A. endiviifolia chromosomes (except chromosomes 3
and 6) feature telomere repeat sequences (CCCTAAA/TTTAGGG)
that align with telomeric structures typical of most plant species.
For these 7 chromosomes, the number of repeats at the left end
ranged from 352 to 481, whereas those at the right end ranged
from 402 to 452 (Table 2). In chromosomes 3 and 6, the typical
telomeric sequence was identifiable at one end, whereas the op-
posite end exhibited a substantial number of repeats of an al-
ternative motif. Specifically, the left end of chromosome 3 con-
tained 115 repeats of the ACGCAGC motif, whereas the right end
of chromosome 6 contained 176 repeats of the TGCGTCG motif
(Table 2).

The application of quarTeT, a tool that identifies centromeres
by computationally detecting and mapping tandem repeats and
associated retrotransposons in assembled genomes, in conjunc-
tion with CentIER, which identifies centromeres by clustering tan-
dem repeats (Supplementary Table S1), mapping their abundance
and distribution, and designating regions with extensive dense
arrays as candidate centromeres, facilitated reliable identifica-
tion of centromeric regions across all 9 chromosomes. However,
to confirm the presence of centromeres in chromosomes 4 and 5,
it was necessary to verify the results obtained from the quarTeT
analysis by comparing them with the gaps observed in the Pore-
C interaction heatmap (Supplementary Fig. S1). Furthermore, all
sites identified as centromeres on the remaining 7 chromosomes
were corroborated by the Pore-C interaction heatmap. Examina-
tion of these centromeric regions confirmed that LTR/Gypsy ele-
ments were highly enriched in the immediate vicinity of the cen-
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tromere, and their abundance decreased as the distance from the
centromere increased, as presented in detail for chromosome 1
(Fig. 6). Additionally, this analysis demonstrated a correlation be-
tween high LTR/Gypsy density and the formation of a special-
ized chromatin domain at the centromere. Moreover, LTR do-
mains from the Ty3/Gypsy superfamily, particularly those belong-
ing to the Tat (Tatl, Tatll, and TatlIl), Phygy, and Selgy families, were
significantly enriched in centromeric regions compared to non-
centromeric chromosomal regions. Although LTR elements from
the Bel-Pao family are infrequently present in centromeres, they
nonetheless showed a statistically significant enrichment in these
regions relative to the rest of the genome (Fig. 7). Finally, the val-
idated centromeres exhibited length variation ranging from 1.9
to 5 Mbp (Table 2). Compared to A. endiviifolia, M. polymorpha cen-
tromeres are similarly structured with abundant retroelements
and are typically centrally located, ranging from about 176 to 604
Kbp [63]. P. patens centromeres share this organization but tend to
be smaller, varying from 64 to 221 Kbp, likely reflecting its more
compact genome [25]. These differences highlight centromere size
and composition diversity within bryophytes and demonstrate the
value of long-read sequencing for resolving complex genomic re-
gions.

Genome synteny analysis

Collinearity between the 9 chromosomes of A. endiviifolia and the
leafy liverwort H. hutchinsiae, both belonging to the Jungerman-
niopsida class, revealed complex and divergent synteny patterns
characterized by fragmentation into small syntenic blocks dis-
tributed across multiple chromosomes rather than forming ex-
tensive chromosome-scale fusions. A total of 429 syntenic blocks
spanning approximately 4.8 Mb were detected, with a median size
of about 5.2 kb and a mean size of 11.2 kb, indicating small, frag-
mented conserved regions. These blocks were evenly distributed
in terms of strand orientation, with 201 blocks on the positive
strand and 228 on the negative strand. Details of the detected
syntenic blocks between A. endiviifolia and H. hutchinsiae chro-
mosomes, including chromosome coordinates and strand orien-
tation, are provided in Supplementary Tables S2 and S3. Struc-
tural variation analysis revealed numerous chromosomal break-
points across chromosomes, predominantly in chromosome 1 (54
translocation and 18 inversion breakpoints), while chromosome
9 showed no breakpoints, consistent with its slightly more con-
served relationship (Fig. 8, Supplementary Table S3). Furthermore,
analysis of genomic conservation and structural variations be-
tween A. endiviifolia and the model liverwort M. polymorpha did not
reveal significant collinearity (Supplementary Fig. S2).

Phylogenetic relationship analysis

The protein sequences of single-copy orthologs conserved across
A. endiviifolia and 13 other liverwort species with chromosome-
scale genome assemblies were selected for phylogenetic analy-
sis to elucidate evolutionary relationships among these species.
The resulting phylogenetic tree clearly separated Marchantiop-
sida and Jungermanniopsida into distinct evolutionary lineages.
Notably, all internal nodes in the tree were supported by 100%
bootstrap values, reflecting the maximal confidence in the over-
all tree topology. This strong support underscores the reliability
of the inferred evolutionary relationships. Additionally, the ob-
served variation in genome size, particularly in the large genomes
of some Jungermanniopsida, may reflect lineage-specific differ-
ences in genome dynamics, such as variation in transposable el-
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ement activity, gene duplication, and structural rearrangements
(Fig. 9).

Reuse potential

The telomere-to-telomere reference genome assembly of the hap-
loid liverwort A. endiviifolia is a high-quality genomic resource
with a broad potential for reuse across multiple research fields.
Generated using Oxford Nanopore long-read sequencing com-
bined with Pore-C technology, this 2,914,960,273-bp assembly
achieves chromosome-scale resolution with exceptional com-
pleteness (99.2% BUSCO) and accuracy (QV 47.6). It comprises
9 experimentally validated chromosomes, featuring 18 telom-
eres and 9 predicted centromeres enriched in LTR/Gypsy retro-
transposons, and includes 34,615 annotated genes. The unusual
presence of noncanonical telomeric-like repeats (ACGCAGC and
TGCGTCG) on chromosomes 3 and 6 in A. endiviifolia suggests
species-specific telomere evolution or chromosomal rearrange-
ments, although their biological significance is unclear. Further
comparative and functional studies are needed to understand
their origin and role. These findings contribute to the genomic
landscape of A. endiviifolia and support future research on plant
telomere diversity and evolution. Notably, the centromeres have
been predicted solely through in silico analyses, representing a
plausible but not yet fully validated hypothesis.

This comprehensive dataset enables comparative genomics
within liverworts and across land plants, facilitating studies of
genome evolution, centromere biology, chromosome end struc-
tures, genome stability, and chromosome segregation. By pro-
viding a complete, well-annotated, and experimentally validated
genome, this resource provides a robust foundation for future re-
search in plant genomics, cytogenetics, and evolutionary biology,
extending beyond the scope of the current study.

Additional Files

Supplementary Fig. S1. Detailed examination of the predicted
centromere of chromosome 5—analysis of Gypsy retrotransposon
distribution and chromatin interactions across chromosome 5. In
the density profile, each dot represents a single genomic window,
plotting its LTR/Gypsy density (x-axis) against its chromosomal
position (y-axis). The solid dark red line shows the overall trend in
density, calculated using a LOESS regression, while the surround-
ing light gray shaded area indicates the 95% confidence interval
for this trend. The thick red horizontal bar marks the position of
the centromere across the center of the magnified plots.
Supplementary Fig. S2. Synteny dot plot comparing the genomes
of M. polymorpha and A. endiviifolia.

Supplementary Table S1. Tandem centromeric repeats of in silico
validated centromeric regions in the A. endiviifolia assembly. Cen-
tromeres in chromosomes 1-3 and 6-9 were identified by the Cen-
tier program, and centromeres in chromosomes 4 and 5 were iden-
tified by the quarTeT program. All centromeres were validated us-
ing a Pore-C interaction heatmap.

Supplementary Table S2. Synteny block between Herber-
tus hutchinsiae and Apopellia endiviifolia detected by ntSynt
software.
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