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Genomic and epigenomic insight into giga-
chromosome architecture and adaptive
evolution of royal lily (Lilium regale)

Jie Sun 1,3, XiangfengWang 1,3, KeWang1,2, Dian Meng1, Yu Mu1, Lili Zhang 1,
Jingxuan Wang1, Gang Yao1 & Li Guo 1

Lilies are popular ornamental andmedicinal plantswith gigantic genomes.Due
to the challenge of assembling complex giga-genomes, our understanding of
the genetic architecture, epigenetic regulation and evolution of large-genome
plants such as lily remains limited.Here,we report a high-quality chromosome-
level 35.6 Gb reference genome of royal lily (Lilium regale), a parent of many
modern lily cultivars, using PacBio HiFi and Hi-C sequencing data. We show
that genome expansion of L. regale is mainly caused by extensive proliferation
of transposable elements resulting in long intergenic and intronic regions,
along with whole-genome duplications and tandem repeats. L. regale genome
is repeat-rich (80.06%) encoding abundant large genes (>10 Kb) with long
introns that account for ~90% length of 67,862 genes encoded. Phylogenomics
reveals significant gene family expansion related to defense response and
biosynthesis of terpenoids, reflecting its adaptation strategy. Through mul-
tiomic analysis, we reveal how transposable element activity and epigenetic
regulations may impact transcription, alternative splicing, and three-
dimensional organization, which contribute to its adaptive evolution. Collec-
tively, this significantly improved lily genome assembly and annotation will
serve as an essential resource for research on lily genetics, breeding, con-
servation biology, and angiosperm genome evolution.

Plants have the largest variation of genome sizes ranging from a few
megabases to hundreds of gigabases. Genome sizes have profound
implications on plant biology, influencing their growth, development,
genome plasticity, and ecological adaptations1–3. Despite its significance,
the mechanisms underlying the emergence of large plant genomes,
particularly how they maintain functional integrity while organizing
gigabase-scale linear DNA within the nucleus, remain largely enigmatic.
Proliferation of transposable elements (TEs), particularly long terminal
repeat retrotransposons (LTR-RTs) that constitute a major portion of
many plant genomes, can lead to substantial genome expansions and
size variations4. On the other hand, host genomes often employ

epigenetic mechanisms to suppress the transcription and proliferation
of retrotransposons4. Regions rich in retrotransposons, particularly
heterochromatinized areas near centromeres and telomeres, are
thought to inhibit crossing-over recombination5,6. Two recombination
mechanisms can remove LTR-RTs from host genomes: unequal recom-
bination (UR), also known as intra-chromosomal homologous recom-
bination, and illegitimate recombination. UR is a common process in
angiosperms, effectively counteracting genome expansion by eliminat-
ing LTR-RTs. In contrast, in conifers, these removal mechanisms are
largely inefficient, which may account for the immense genome sizes
observed in many conifer species4.
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In addition, alternative splicing (AS) increases gene regulatory
complexity by enabling the production of multiple protein isoforms
from a single gene7. In TE-rich genomes, AS events may be influenced
by TE insertions, contributing to transcriptomic diversity and facil-
itating adaptation to environmental stresses8,9. Nonetheless, compre-
hensive genome-wide analyses of AS in the context of TE dynamics are
scarce, particularly in plants with exceptionally large genomes. Three-
dimensional (3D) genome organization, including chromosomal ter-
ritories, compartments, and topologically associated domains (TADs),
enables distal cis-regulatory elements to spatially interact with genes
nearby, playing a crucial role in gene regulation10–12. Current under-
standing of plant 3D chromatin structure is primarily derived from
studies of smaller genomes, such as Arabidopsis13 and various crop
species14–16. The 3D genome architecture of non-model and giga-
genome plants remains largely unexplored but will be essential to
unraveling their structural and regulatory landscapes.

Lilium regale, renowned for its long-standing horticultural history
and exceptional traits as the “royal lily”, has not yet had its genome
sequenced and assembled at high quality. Historically, hybridization
among L. regale and various lily germplasms has produced new vari-
eties with enhanced stress tolerance, disease resistance, and
fragrance17. The assembly of L. regale is imperative, given its value as a
genetic resource for breeding and its remarkable resistance to biotic
and abiotic stresses18,19. Nevertheless, within the Liliales, numerous
members, including lilies, tulips, and fritillaries, possess large gen-
omes. Genome sizes of lilies were typically estimated between 30 and
48Gb20, which has posed significant challenges for genome assembly
and has impeded studies on lily genomics and evolution. Only a few
chloroplast and mitochondrial genomes21,22, along with a reference
genome assembly for David’s lily (L. davidii), have been reported23.
Advancements in long-read sequencing technologies, reduced costs,
and improved genome assembly algorithms have recently enabled the
sequencing of several organisms with giant genomes, such as African
lungfish (45 Gb)24, axolotl (32 Gb)25, Antarctic krill (48Gb)26, Chinese
pine (25.4 Gb)27, and David’s lily (36.8 Gb)23. However, assembling
gigabase-scale genomes remains one of the most computationally
intensive tasks in genomics due to technical complexities and the
substantial computational and economic costs involved.

In this study, we de novo assembled a 35.6Gb L. regale genome,
one of the largest plant genomes sequenced to date, achieving high
contiguity and quality in the Liliaceae. Through further comprehensive
analyses, we determined that epigenetically regulated TE expansions
are the primary drivers of the L. regale genome’s enlargement,
revealing how epigenetic regulation may have orchestrated the
maintenance and functionality of this extensive genomic landscape.
Our findings provide insights into the evolutionary strategies
employed by lilies tomanage the dual pressure of TE proliferation and
environmental adaptation.

Results
Assembly and annotation of the gigantic genome of L. regale
The Lilium regale accessionMJ-PKU01, with a karyotype of 2n = 2× = 24
(Supplementary Fig. 1a), was used for genome sequencing and
assembly. Based on k-mer frequency analysis of 4.40 Tb (~124×) NGS
reads (Supplementary Table 1), an estimated genome size of 35.8 Gb
was revealed, respectively, with heterozygosity calculated as 3.32%
(Supplementary Fig. 1b, c). In total, 806Gb (~23×) PacBio HiFi reads
were generated and assembled. With redundant sequences removed,
we got the HiFi assembly of 35.6 Gb containing 3608 primary contigs
with a N50 of 32.2Mb (Table 1). As genome size increases, a general
decline in contig N50 was observed across published large plant gen-
omes (Fig. 1a and Supplementary Table 2). Despite the enormous size
and high heterozygosity of the L. regale genome, our assembly
achieved a high contig N50, improved over the recently published L.
davidii23 and L. sargentiae28 assembly (Table 1). Further scaffolding

using 5.46 Tb (~154×) Hi-C reads (Fig. 1b and Supplementary
Figs. 2 and 3) anchored 1818 contigs (34.4 Gb) onto 12 chromosomes
ranging from 2.0 to 4.3 Gb (Supplementary Table 3), accounting for
~96.8% of the 35.6Gb assembly. Furthermore, with the conserved
repeat motif AAACCCT/AGGGTTT29, 7 telomeres were detected (Sup-
plementary Table 4). Finally, we obtained the 35.6 Gb high-quality
chromosome-level assembly of L. regale genome. We extensively
evaluated genome assembly using multiple methods. Hi-C interaction
maps showed no apparent large-scale mis-assembly or any misplace-
ment of contigs (Supplementary Figs. 2 and 3). HiFi and NGS read
mapping rate of 99.55% and 95.44% (Table 1), a 63.8 value of QV cal-
culated byMerqury30 based onHiFi reads (Supplementary Table 5) and
a BUSCO (Benchmarking Universal Single-Copy Orthologs) score of
96.16% (Table 1), together suggesting the high accuracy and com-
pleteness of our L. regale genome assembly. Genome annotation by
integrating ab initio prediction, homologous proteins, and
transcriptome-based evidence from different tissues using ISO-seq
and RNA-seq (Supplementary Table 6) predicted 67,862 high-
confidence gene models, of which 77.64% were annotated by
eggNOG-mapper31,32, GeneOntology33 (GO) and Kyoto Encyclopedia of
Genes and Genome34 (KEGG), and 52.27% were expressed in at least
one tissue (TPM>0).

Phylogenomics reveals the evolutionary history of the
lily genome
To understand the evolutionary history of royal lily, we conducted a
phylogenomic analysis of 16 species, including our L. regale genome
and 15 other published genomes, including L. davidii23, L. sargentiae,
and Gloriosa superba28. Ortholog identification and clustering using
Orthofinder35 classified 698,581 genes into 62,451 orthogroups with
four categories: multi-copy, single-copy, unique-copy and others
(Fig. 1d), 370 of which were composed of low-copy orthogroups (1 or 2
genes per orthologroup). In Lilium, 30,012 unique genes were identi-
fied, primarily associated with transcription regulation and post-
transcriptional gene silencing (Supplementary Fig. 4). In contrast, L.
regale had 15,691 unique genes, which were enriched in nucleotide
excision repair and mRNA 3’-UTR binding. These genes may have
evolved as adaptations to the exceptionally large genomes of Lilium
(Supplementary Fig. 5). A phylogenetic tree was constructed using
MCMCTREE36 with the 370 low-copy orthogroups, with divergence
times estimated and calibrated using fossil records from TimeTrees37

(Supplementary Fig. 6a), showing that G. superba and (L. davidii, (L.
regale, L. sargentiae)) diverged at ~95.6 million years ago (Mya). L.
regale and L. sargentiae are more closely related than each with L.
davidii, consistent with previous transcriptome-based analysis28. Fur-
thermoreCAFE38 analysis revealed significantly expandedorthogroups
in Lilium primarily involved in terpenoid biosynthesis (Supplementary
Fig. 5a). L. regale expanded orthogroups were also enriched in MAPK
signaling pathway and defense responses mediated by cell wall thick-
ening (Supplementary Fig. 5b). This reflected the genome evolution in
L. regale to cope with environmental stress during its independent
evolution39,40.

Whole-genome duplications (WGDs) facilitate genome evolution
and species adaptation of flowering plants41. A WGD (τ) event is
shared by Asparagales and commelinidmonocots and occurred after
the split of Alismatales42. In addition, monocots such as rice, maize,
and banana have undergone independent WGDs after the τ event43.
Interspecies comparison showed a 4:4 synteny ratio (Fig. 1e) between
L. regale and Dioscorea alata, a species having twoWGD events (the τ
event and another independent WGD)44, suggesting that L. regale
also has undergone two WGD events. Furthermore, a 4:1 synteny
ratio between L. regale and the ancestral monocot karyotype45

(Supplementary Fig. 6b) supports the hypothesis that L. regale has
undergone two additional WGDs since its divergence from the
monocot ancestor.
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We then examined the genome duplication history of L. regale by
analyzing the distribution of synonymous substitution rates (Ks) for
syntenic gene pairs identified in synteny analysis (Fig. 1f). Ks peaks
correspond to genome duplication events (self-synteny) or species
divergence (interspecies synteny). For L. regale syntenic paralogs, we
observed threeKspeaks (Fig. 1f). The first peak (Ks ≈ 1.5) sharedwithD.
alata represented the τ WGD (~125Mya) widely present in monocots,
including L. regale and D. alata. The second peak (Ks ≈ 1.09) repre-
sented a WGD event in L. regale likely occurring at a similar time
(~90.1Mya) with the second WGD in D. alata judging by the two close
peaks (Fig. 1f). Because theKs for the twopeaks were both smaller than
the Ks for divergence peak of L. regale and D. alata, this second WGD
should occur after the two species diverged, suggesting it’s an inde-
pendent WGD for both species (Supplementary Fig. 6a). Furthermore,
synteny analysis between the two lilies L. regale and L. davidii revealed
strong gene-level collinearity (Fig. 1g and Supplementary Fig. 6d).
Previous studies23,28 have shown that L. davidii and L. sargentiae
underwent independent WGD events, suggesting that the three Lilium
species share a similar WGD history. Together, these analyses provide
robust evidence that Lilium species has undergone an independent
WGD. Finally, the third peak (Ks ≈0.18) indicated a recent burst of gene
duplications in L. regale likely through tandem or segmental duplica-
tions given their appearance as discontinuous fragments (Supple-
mentary Fig. 6c). Tandem duplications are major genomic evolution
forces for the microevolution of flowering plants, facilitating their
adaptation to environmental changes46. L. regale tandem-duplicated
and WGD genes were enriched in biological processes such as stress
tolerance, flavonoid biosynthesis, and monoterpenoid biosynthesis
(Supplementary Fig. 7), indicating a specialization of terpenoid bio-
synthetic pathways (probably as sources of flower scent). Overall, we
deciphered the genome evolution history in L. regale and how lilies
may have evolved to cope with environmental stresses and herbivores
through various mechanisms (Supplementary Figs. 4, 5, and 7).

Transposon-driven expansion and evolution of L. regale genome
Repeat annotation in L. regale identified 27.9 Gb repetitive sequences,
occupying 80.06% of the genome (Supplementary Table 7), showing

their substantial contribution to L. regale genome expansion, similar to
L. davidii (88.31%) and L. sargentiae (82.32%)23,28. Most of the repeti-
tive sequences were TEs (27.5Gb), especially 19.8Gb long terminal
repeat retrotransposons (LTR-RTs) taking 72.3% of total TEs (Supple-
mentary Fig. 8a and Supplementary Table 7). Distinct from humans
whose genome contained a higher proportion of LINEs (Long Inter-
spersed Nuclear Elements) and SINEs (Short Interspersed Nuclear
Elements), the proportion of Ty3/Gypsy elements increased with gen-
ome size in plants (Fig. 2a). However, the fraction of different TE types
in L. regale was comparable to smaller genomes such as maize and
onion (Supplementary Table 8), suggesting that L. regale genome
expansionwas caused by amplification of all TE types. Despite aGypsy-
rich genome, the numbers of intact Gypsy (34,472) and Copia (35,771)
elements were comparable (Fig. 2b and Supplementary Fig. 8b), with
Tekay andAthila as themost abundant LTR/Gypsy subfamilies (Fig. 2b),
which was consistent with the report in L. davidii and L. sargentiae23,28.

Given the extensive insertions of LTR-RTs, we explored their
genome-wide insertion dynamics and estimated the timing of inser-
tions. A total of 79,821 intact LTRs (650.88Mb), 4,249,484 truncated
LTRs (7.13Gb), and 19,230,536 solo LTRs (9.11 Gb) were identified in L.
regale, comprising 3.28%, 35.90%, and 45.88% of the total LTR content
(19,858.9Mb), respectively (Supplementary Table 9), suggesting the
rapid recombination of LTRs. All chromosomes exhibited high-density
peaks, especially toward both ends, indicating LTR-RT hotspots
(Fig. 2c), mainly composed of dense insertions from the same LTR
lineage within a short timeframe. Among them, the hotspot bursts
involving Gypsy-LTR elements were mainly derived from insertions of
the Tekay lineage (Supplementary Fig. 9), consistent with whole-
genome insertion of Tekay (Fig. 2d). By contrast, the hotspots invol-
ving Copia elements (Supplementary Fig. 8) showed no dominant
subfamily types conserved among chromosomes (Supplementary
Fig. 8f). In summary, L. regale genome expansion was accoupled with
LTR insertion hotspots mostly towards the ends of chromo-
somes (Fig. 2c).

Unequal recombination between LTRs removes intermediate
sequences and the formation of solo-LTRs4. In L. regale, the extensive
formation of solo-LTRs implied a high recombination rate

Table 1 | Statistics for genome assembly and annotation of Lilium regale

Statistics Lilium davidii23 Lilium sargentiae28 Lilium regale MJ-PKU01

Assembly size (bp) 36,680,000,000 47,092,191,210 35,569,194,365

Number of contigs 13,068 85,041 3608

Number of scaffolds 3853 35 1409

Number of chromosomes 12 – 12

Scaffold N50 (bp) 2,860,000,000 2,845,141,673 2,714,556,596

Contig N50 (bp) 7,720,000 929,352 32,225,586

Total length of pseudomolecules (bp) – – 34,433,330,367

GC content (%) 34.94 – 32.26

Repeat content (%) 88.31 82.32 80.06

Number of protein-coding genes 87,501 47,139 78,147

Number of high-confidence protein-coding genes – – 67,862

Average gene length (bp) 57,607 42,804 19,940

HiFi mapping rate (%) – – 99.55

ONT mapping rate (%) 99.10 – –

NGS mapping rate (%) 97.80 – 95.44

BUSCO# of genome (%) 94.90 90.77 96.16

BUSCO# of protein (%) 79.50 88.30 88.20

QV (quality value) 30.18 – 63.80
#The lineage dataset is: embryophyta_odb10 (L. davidii and L. sargentiae) (Creation date: 2024-01-08, number of genomes: 50, number of BUSCOs: 1614); liliopsida_odb10 (L. regale) (Creation date:
2024-01-08, number of genomes: 15, number of BUSCOs: 3236).
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(Supplementary Table 9) which seems at odds with the retention of
these solo LTRs within the genome.We examined the H3K9Me2marks
across different types of LTR regions and theirflanking sequences, and
observed a significantly higher enrichment of H3K9Me2 in solo-LTRs
than truncated LTRswhile intact LTRs showed higher enrichment near
terminals than middle (Fig. 2e), suggesting that H3K9Me2-mediated
epigenetic regulation likely contributed to retaining recombination-

derived solo LTRs. For example, Athila insertion on Chr02 occurred
~2.69 Mya, where H3K9Me2 was enriched at both terminals and simi-
larly present on the corresponding solo-LTR. However, the truncated
LTR resulting from this insertion lackedH3K9Me2 enrichment (Fig. 2f).
In addition, we observed higher mCHH methylation levels for intact
LTRs, although high levels ofmCG andmCHGmethylation were found
for all LTR types (Fig. 2g). Therefore, LTR hypermethylation after TE
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insertion may help restrict the activity of TEs, perhaps as a genome
defense mechanism.

Long genes and long introns in L. regale
L. regale genes were categorized into four groups: <1 kilobase (kb)
(n = 17,887), 1–10 kb (n = 29,597), 10–100 kb (n = 16,939), and >100 kb
(n = 3439), accounting for 0.81%, 7.75%, 46.90%, and 44.54% of the
total gene length, respectively (Fig. 3a). Long genes (>100 kb) were
mostly enriched in responses to external and biotic stimuli (Sup-
plementary Fig. 10). L. regale gene sizes varied substantially ranging
from 75 bp to 1.51Mb (average length: 19,940 bp) (Table 1 and Sup-
plementary Table 10), longer than typical plant genes mainly attrib-
uted to the presence of long introns (average 4680 bp) much longer
than usual23,28,47–49 (Supplementary Table 10) but shorter than L.
davidii and L. sargentiae23,28. As gene length increased, the number
and length of exons and introns also increased (Supplementary
Fig. 11a, b), with longer genes mainly occupied by intronic sequences
(Fig. 3b). The lower GC content of introns compared to exons
accounted for the negative correlation between gene length and GC
content in L. regale (Fig. 3c). In addition, TE insertions (mainly LTRs)
accounted for 72.52% of the total intronic length, indicating a major
contribution of LTR insertion to ultra-long introns and genes. Inter-
estingly, although Copia were about half as many as Gypsy genome-
wide, their intronic abundance (~37% each) was comparable
(Supplementary Fig. 11c), suggesting a more favorable contribution
of Copia to intron inflation. Furthermore, regardless of tissues, ultra-
long genes (>100 kb) and medium-long genes (10–100 kb) were
expressed significantly higher than shorter genes (<10 kb) (Fig. 3d),
suggesting that long genes were generally more transcriptionally
active than shorter ones in L. regale. However, ultra-long genes had
lower expression than medium-long genes, as was similarly found in
L. davidii23.

DNA methylation is a key factor regulating transcription26,27,50.
Whole-genome bisulfite sequencing profiling of leaves and flowers
showed that L. regale genomehad an overall highDNAmethylation, with
flowers lower than leaves (Supplementary Fig. 12a). Interestingly, ultra-
long genes had the highest methylation levels, followed by medium-
sized genes and smaller genes (Fig. 3e), suggesting a negative correla-
tion between gene size and gene-body DNA methylation. For example,
an ultra-long gene LregChr03G072890 (200kb) on Chr02 encoding a
callose synthase was specifically expressed in flowers (Fig. 3f). Unlike its
Arabidopsis homolog (AT2G13680)51, exons constituted a minor portion
of LregChr03G072890, with themajority being introns with extensive TE
insertions and higher methylation (Fig. 3f). Although its exons displayed
substantial CGmethylation, CHG and CHHmethylation wasmuch lower
(Supplementary Fig. 12e, f). Therefore, ultra-long gene formation and
transcriptional regulation in L. regale are likely associated with intronic
TE insertions and DNA methylations.

Alternative splicing landscape of L. regale genome
Given that large genes with long introns are dominant in L. regale, we
detected alternative splicing (AS) using PacBio ISO-seq from four tis-
sues (Supplementary Table 6) to understand how splicing may reg-
ulate gene transcription. Sevenmajor AS types were identified with A3
(alternative 3’ splice sites) events (32.67%), RI (retention intron) events
(27.40%) andA5 (alternative 5’ splice sites) events (15.16%), constituting
the three largest proportions (Fig. 4a and Supplementary Table 11).
Compared to Arabidopsis, rice, and wheat, L. regale exhibited a much
higher proportion of A3 and A5 events but fewer RI events (Fig. 4a and
Supplementary Table 11). A3 events occurred more frequently in long
genes (>10 kb), whereas RI and SE (skipping exons) events were less
frequent in ultra-long genes (>100 kb) compared to shorter genes
(Fig. 4b and Supplementary Fig. 13a), suggesting a length-dependent
preference for AS events in L. regale.

To measure the exon splicing efficiency during different AS
events, we calculated the percent spliced in index (PSI)52 of all AS
events and found that long genes (>10 kb) exhibited higher PSI for A3
events (Supplementary Fig. 13b). Genes were categorized with PSI >
0.8 or <0.2 as high PSI genes (HPGs) and low PSI genes (LPGs),
respectively. TE insertions impact AS of specific transcripts through
various mechanisms, including intron retention and alternative donor
or acceptor splice sites53. We indeed observed a significantly higher TE
density near HPGs than LPGs, particularly for LTRs and LINEs (Fig. 4c
and Supplementary Fig. 13c), suggesting that TE density was likely
associated with gene splicing in L. regale genome. Subsequently, we
quantified various splicing types for HPGs and LPGswith LTR and LINE
insertions and observed thatHPGhadmuchmoreA3 events than LPGs
did (Fig. 4d). Therefore, LTR and LINE insertions in L. regale are likely
associated with A3 occurrence and frequency.

DNA methylation modulates the activity of TEs as a defense
mechanism for genomic stability54. Considering the observed asso-
ciation of TE insertion with alternative splicing, we studied the effects
of DNA methylation on AS events in L. regale by comparing the
methylation levels near HPGs and LPGs with LTR and LINE insertions.
CHGmethylation levels in LPGs were significantly higher than inHPGs,
primarily associated with intron regions (Fig. 4f and Supplementary
Fig. 13e, f). Interestingly, although the TE density near LPGs was lower
than in HPGs, the TE methylation of HPGs and LPGs was comparable
(Fig. 4c and Supplementary Fig. 13g). This clearly indicated that the
higher CHG methylation of LPG introns was independent of TE inser-
tions but owing to non-TE methylation, perhaps collectively con-
tributed to PSI differences among L. regale genes. In addition,
H3K4Me3 was overall more enriched at the transcription start and end
sites of LPGs than those of HPGs (Fig. 4f and Supplementary Fig. 13d).
LPG undergoing major splicing events (A3, A5, RI) were expressed
higher than HPGs, indicating that genes with lower splicing activity
were more transcriptionally active (Fig. 4g). Interestingly, LPGs

Fig. 1 | Genomeassembly andphylogenomics reveal the evolutionary historyof
Lilium regalegenome. a A comparison of large plant genomes (~>10G) published
in recent years shown by a dot plot of genome size and contig N50. Different
shapes represent genomes published in different years. The central line repre-
sents the linear regression fit (R² = 0.14), and the gray shaded area denotes the
95% confidence interval (CI) around the regression line (n = 13 species). Error
bands were calculated using the standard error of the estimate. bHi-C interaction
heatmap of L. regale genome showing twelve pseudomolecules. Blue boxes
represent scaffolds (pseudomolecules) Chr01–Chr12, arranged in decreasing size.
c Circos plot showing the genomic features for the chromosome-level genome
assembly of L. regale. Track A to H: chromosomes, GC content, gene density, TE
density, Gypsy-LTR density, Copia-LTR density, exon density and intron density.
The inner circle showing the flower of L. regale (source: author’s own photo-
graph). LTR long terminal repeat, TE transposable element. d Comparison of
genes among 16 related species. Multi-copy genes: Genes belonging to
orthogroups in which at least one species has more than one gene, while all

species have at least one gene. Single-copy genes: from the orthogroups in which
the number of genes per species is 1. Unique-copy genes: from the orthogroups in
which the number of genes is greater than 0 but only from one species. Other
genes: from other orthogroups. e Dot plot showing the syntenic relationship of
homoeologous chromosomes between L. regale and D. alata. Representative
synteny blocks signaling the whole-genome duplication events are color high-
lighted. The blue boxes represent homologous segments of L. regale in D. alata.
Meanwhile, homologous segments from the same homologous segment sets are
linked by blue lines. Similarly, the red boxes and lines denote homologous seg-
ments of D. alata in L. regale. f Synonymous substitution rate (Ks) density dis-
tributions of syntenic paralogs and orthologs. The WGD events and their
associated time were labeled accordingly. g Syntenic comparison of L. regalewith
L. davidii. Numbers represent chromosome IDs, and the lines indicate syntenic
blocks, which are conserved genomic regions with shared gene order. Source
data are provided as a Source Data file.
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enriched with H3K4Me3 were mainly involved in RNA biogenesis and
nucleic acid endonuclease activity, suggesting putative involvement of
these genes in RNA formation and splicing (Supplementary Fig. 14).

Three-dimensional genomic architecture of L. regale genome
A large genome not only requires special mechanisms to ensure
proper transcription and splicing, but also presents a significant

challenge toDNA folding inside thenucleolus and faithful transmission
of the genetic information during cell division. We analyzed L. regale
3D genome using leaf Hi-C data to understand how its giga-
chromosomes were organized within the nucleus for gene regula-
tion, simulated whole-genome images obtained from 3D modeling
demonstrated that its chromosomes were confined within a limited
space inside nucleolus (Fig. 5a and Supplementary Fig. 15a).
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Interestingly, unlike “chromosome territory”16 of Arabidopsis, maize,
and wheat (Supplementary Fig. 15b–d), L. regale chromosomes
appeared much more intertwined, consistent with its strong inter-
chromosomal interactions present compared to smaller ones (Sup-
plementary Fig. 15e), suggesting different spatial structural folding
patterns between large and small genomes.

Next, we detected complex higher-order chromatin structures,
including A/B and compartments, TADs, and chromatin loops in L.
regale (Supplementary Data 1). Unsurprisingly, A compartments, char-
acterized by higher intron density and more abundant H3K4Me3
enrichment associated with transcription activation, were distinct from
B compartments, enriched with H3K27Me3 and H3K9Me2 marking
repressive transcription and heterochromatin state, respectively (Sup-
plementary Fig. 16a). Therefore, as for high-level 3D genome epigenetic
signature, L. regale is similar tomost published smaller genomes despite
unique chromosome folding. Surprisingly, A compartments had higher
GC content than B compartments in lily (Supplementary Fig. 16a), unlike
soybean15 but similar to animals55, reflecting potential differences in
codon preference across species.

We also identified a total of 20,485 TADs (Supplementary Data 1)
covering themajority of the lily genome, which substantially exceeded
the reported for other plant genomes56,57, raising the question of how
TAD boundaries are formed and regulated in a large genome as that of
the lily. Interestingly, a strong enrichment of H3K9Me2 and a modest
enrichment of H3K4Me3 were observed within TAD boundaries
(Fig. 5b), which were enriched with genes and LINE and SINE trans-
posons (Fig. 5c andSupplementary Fig. 16b) despite showing anoverall
depletion of TEs (Supplementary Fig. 16b), suggesting specific types of
TEs may be involved in TAD boundary dynamics. To understand the
epigenetic regulation at TAD boundaries, we examined the histone
modifications of genes flanking regions (GFRs), LINEs, and SINEs at
TAD boundaries. GFRs were enriched by more H3K4Me3 than
H3K9Me2, and genes with H3K4Me3 enrichment had housekeeping
functions such as cytoskeleton and cell membrane (Supplementary
Fig. 17a). As for LINEs and SINEs, H3K4Me3 was depleted while
H3K9Me2 was significantly enriched at SINEs (Fig. 5d). Overall,
H3K9Me2 enrichment at TAD boundaries mainly come from SINEs,
while H3K4Me3 enrichment was likely associated with genes
(Fig. 5c, d). As TEs are often hotspots for DNAmethylation, we further
examined the methylation levels of TEs near TAD boundaries and did
not find a special pattern for the methylation of LINEs and SINEs
enriched on TAD boundaries (Fig. 5e and Supplementary Fig. 16d),
which was consistent with the overall depletion of TEs at TAD
boundaries (Supplementary Fig. 16f). In summary, SINEs andH3K9Me2
might jointly contribute to the formation or maintenance of TAD
boundaries in L. regale, as shown by the interval from 386–392Mb on
Chr02 (Fig. 5f), where two TAD boundaries were enriched with SINEs
and H3K9Me2.

Genome evolution and epigenetic regulation for L. regale
Finally, we examined the consequence of TE invasion on gene func-
tions by analyzing TE-rich (TRRs) and TE-poor regions (TPRs), defined
as the top 100 regions with the highest and lowest TE densities in a
5Mb window, respectively. TPR genes were enriched in housekeeping
functions such as RNA splicing (RNA polymerase II, 3’-UTR-binding,

etc.) (Supplementary Fig. 18a), while TRR geneswere enriched in stress
response pathways (response to chitin, the synthesis and metabolism
of trehalose, etc.) (Supplementary Fig. 18b). Some TPRs might act as
TAD boundaries to ensure a tight regulation of these housekeeping
genes, and experienced fewer TE insertions or were influenced by TE
clearance mechanisms, resulting in lower splicing activity, which was
associated with CHG hypermethylation. Interestingly, most TPR genes
involved in RNA splicing were unique to L. regale (Fig. 1d and Supple-
mentary Figs. 4 and 19). On the other hand, the TRRs with extensive TE
insertions leading to the formation of ultra-long genesmainly encoded
stress-related genes, and also exhibited a high number and activity of
splicing events, generating the diverse transcripts likely contributed to
environmental adaptation. In summary, L. regale has evolved an
effective utilization of the dual roles endowed by TEs to cope with
varied environmental challenges over its long evolutionary history.

Discussion
Genome size profoundly influences the growth, development, and
ecological adaptation of organisms. Many members in Liliales,
including lilies, tulips, and fritillaries, possess large genomes notor-
iously difficult to assemble. Combining PacBio HiFi and Hi-C data, we
de novo assembled a 35.6Gb genome of L. regale with the highest
contiguity and quality of all lily genomes (Fig. 1a and Table 1). It raises
the question of how lilies have evolved such a large genome. We show
that L. regale genome is expanded primarily due to extensive inter-
genic regions (96.01%), high content of TEs (80.06%, of which 72.3%
are LTR retrotransposons), and large genes with long introns. Retro-
transposons including LTRs, LINEs, and SINEs were the key drivers of
genomeexpansion, and their precise regulation, alongwith anefficient
transcription control system, enabled gigabase genomes to function
properly.

We also revealed insights into how these LTRs were retained
within the large genome. Unequal recombination between LTRs typi-
cally removes intermediate sequences and the formation of solo-LTRs4

in small genomes, while high-frequency gene conversion events often
supplant the role ofUR4 in larger genomes. However, the abundanceof
solo-LTRs in L. regale suggested rapid LTR recombination. Notably,
epigenetic marker H3K9Me2 showed pronounced enrichment at
terminal regions of LTRs (Fig. 2e), implying that it might act as a lock—
stabilizing the duplicated terminal regions by restricting recombina-
tion due to heterochromatin, while the less-constrained central
regions undergo frequent recombination generating numerous solo-
LTRs. This broadly aligns with the findings reported before58. Fur-
thermore, given the observed TE expansion in L. regale (Fig. 2a), a
similarmechanismmight exist for other TE types.While the restriction
of LTRs by H3K9Me2 appears independent of DNA methylation, RNA
methylation specifically m6A does participate in the demethylation
regulation of H3K9Me259. Our DNAmethylation analysis indicated that
prior to LTR insertion, the flanking regions likely exhibited relatively
low methylation levels (Fig. 2g). After LTR insertion, high levels of
methylation might suppress the activity of these LTRs as a defensive
mechanism.

Lily genome encodes abundant large (>10 kb) genes (80% of all
genes) with long introns largely due to 72.52% TE insertions. Genes
with these extended introns could be correctly transcribed and

Fig. 2 | Repeat element composition in L. regale genome and LTR insertion
history. a The repeats content of L. regale compared to several representative
organisms: Arabidopsis thaliana47, Oryza sativa48, Allium fistulosum124, and Homo
sapiens125. DNA DNA transposons, LINE long interspersed nuclear elements, SINE
short interspersed nuclear elements. The black line represents the whole genome
sequence length, and the length of the colored bars indicates the total length of
different repetitive sequences in the genome. b Phylogenetic analyses of intact
LTR/Gypsy retrotransposons. cThe counts of intactGypsy and Copiaon 2.5Mb bins
of 12 chromosomes, and a Tekay-dominant LTR burst on Chr12 1850–2000Mb

region. Different colored dots represent individual intact LTR insertions of differ-
ent lineages along the chromosomes, with the colored bars below showing the
distribution of different lineages on the chromosomes. d The insertion time of
intact LTR/Gypsy family in L. regale. e Enrichment of H3K9Me2 on different types of
LTRs. f, The intact LTR/Gypsy in Chr02 and its truncated LTR and solo LTR as an
example. H3K9Me2 is enriched on LTR repeat region. g The DNAmethylation ratio
(the proportion of 5mC at the given site) on different types of LTRs. e–g The figure
legends are same. Source data are provided as a Source Data file.
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spliced, showing higher expression levels than smaller ones (Fig. 3d),
consistent with findings in Chinese pine27 and African lungfish24. This
suggested common strategies for maintaining the transcriptional
efficiency of ultra-long genes by plants and animals. Alternative spli-
cing (AS) contributes to key innovations over long evolutionary
timescales60, and plants have widespread AS events under stress con-
ditions to better adapt to the environment8,9. AS has been reported in

lilies but focused on individual genes so far, thus lacking a global
perspective61,62. By identifying genome-wide AS events, we observed a
higher proportion of A3 events in lily compared to Arabidopsis and
rice, but similar to those in wheat also having a large genome and high
TE content (Fig. 4a and Supplementary Table 11). The significance of A3
events to large genome function, and whether this is common to giant
genomes remains to be investigated in the future.
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We proposed that alternative splicing in L. regale genome was
likely regulated by twokey factors: TE insertion andDNAmethylations.
Genes with intronic TE insertions, particularly those involving LTRs
and LINEs, displayed high splicing activity, especially for A3 events
(Fig. 4c, d). We also observed that DNA methylation in exons and
introns of large genes was distinguishable (Fig. 3e and Supplementary
Fig.11e), and geneswith low splicing activitywere often associatedwith
higher DNA methylation at splice sites. Previous studies showed that
TE insertions can alter splicing patterns and even turn off gene
expression63, for example, through CHG methylation at splice sites in
maize64. We similarly observed that strong CHGmethylation in non-TE
regions of introns was associated with low splicing activity in L. regale
(Supplementary Fig. 12g). This suggested that the mechanisms by
which splicing was affected by DNA methylation and TE insertions
were probably different. Notably, genes with low alternative splicing
wereprimarily involved inRNA formation and splicing (Supplementary
Fig. 14), and contained fewer TE insertions thus relatively stable, likely
benefiting from rapid TE clearance. Combination with high CHG
methylation at non-TE sites also might reduce splicing variants to
stabilize gene transcription. Furthermore, lily-specific gene family
analysis indicated that lilies had evolved numerous genes related to
RNA splicing, such as poly(A)-specific ribonuclease activity. In con-
clusion, the extensive TE insertions contributed to regulating the
alternative splicing of genes in L. regale, which likely evolved specific
RNA splicing-related genes (Supplementary Fig. 14) to facilitate the
proper splicing of the prevalent long genes as a mechanism for
environmental adaptation.

Eukaryotic cells could manage packing their linear DNA of meters
long inside the nucleus. The spatial organization of chromatin plays a
key role in regulating gene expression15,65, as demonstrated by many
genomes of regular sizes, whereas the 3D spatial structure of giant
genomes remains much of amystery. In this study, we revealed the 3D
chromatin organization of the lily and identified its tightly intertwined
chromosomes (Fig. 5a), different from the compact and discrete
chromosomal domains in species such as peanuts16, suggesting that
the large chromosomes might lead to strong trans-interactions (Sup-
plementary Fig. 13a). L. regale chromosomes could similarly be divided
into A/B compartments and encode a large number of TAD-like
structures. However, the mechanism of TAD boundary formation has
remainedunclear inplants due to the lackofCTCF-mediated looping66.
Our observations suggested that TAD boundaries in L. regale, due to
infrequent TE insertions (Supplementary Fig. 15b), were less prone to
mutations to ensure TAD integrity. As expected, TAD boundaries in L.
regale were enriched with genes associated with core biological func-
tions. For example, genes involved in endocytosis and cytoskeletal
functions were enriched with H3K4Me3 (Supplementary Fig. 17a),
while genes related to RNA splicing were enriched with H3K9Me2
(Supplementary Fig. 17b and Supplementary Data 2), indicating a
defensive strategy in lily to suppress deleterious effects by extensive
TE invasion.

In summary, we de novo assembled a gigantic genomeof L. regale
with the highest quality and contiguity within Liliaceae. We

demonstrate how transposon proliferation may have contributed to
the expansion and evolution of L. regale genome, and how epigenetic
regulation likely impacted transposon retention and orchestrated the
proper genome function. This genome is an essential resource for lily
genetics, breeding, conservation biology, and studies of angiosperm
genome evolution, particularly for understanding evolutionary
mechanisms of genome size expansion and organism adapta-
tion in large-genome organisms.

Methods
Plant materials and DNA sequencing
The royal lily (Lilium regale), sourcing from field collection, designated
as “MJ-PKU01”, was used in this study due to its desirable agronomic
characteristics, including broad-spectrum disease resistance, and
abiotic stress tolerance. Bulbs of royal lily were planted at an approx-
imate depth of 10 cm in soil and maintained in the greenhouse of
Peking University Institute of Advanced Agricultural Sciences (PKU-
IAAS) under natural conditions in Weifang, China (36.43° N, 119.6° E).
Fresh leaves harvested from a single MJ-PKU01 plant were used for
DNA extraction and sequencing. For Illumina short-read sequencing,
DNA was extracted from about 2 g of leaves using a modified cetyl-
trimethylammonium bromide (CTAB) method. A sequencing library
with an insert size of 350 bp was prepared using the VAHTS Universal
DNA Library Prep Kit (Vazyme, Nanjing, China). Quality assessment of
the library assessing DNA quantity, purity, and size range was con-
ducted using Agilent Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA). The library was sequenced on the NovaSeq 6000 sequen-
cing platform to produce pair-end sequence data (2 × 150bp). For
Pacific Biosciences (PacBio) sequencing, extraction of high-molecular-
weight DNA was carried out as above. About 10μg of genomic DNA
was used to prepare template libraries of 30–40 kb using the Blue-
Pippin Size Selection system (Sage Science, USA) following the man-
ufacturer’s protocol (Pacific Biosciences, USA). The libraries were
sequenced on the PacBio SEQUEL II platform with three SMRT
flow cells.

Hi-C library construction and sequencing
Fresh leaves and flowers were cut into 2- to 3-mm strips and cross-
linked with 1% formaldehyde at room temperature. The cross-linked
tissues were treated with vacuum three times under a vacuum
pressure of −60 to −80 kPa, maintained for 10min each time, after
which atmospheric pressure was restored. Subsequently, a final
concentration of 0.125M glycine was added for 5min at room tem-
perature to terminate fixation. The fixed tissues were homogenized
with liquid nitrogen and resuspended in nuclei isolation buffer. The
isolated nuclei were lysed with 0.1% SDS at 65 °C for 10min and
digested with HindIII (AAGCTAGCTT) at 37 °C overnight. The
restriction fragments were blunt-ended and biotinylated with biotin-
14-dCTP, diluted, and ligated with T4 ligase at 16 °C for 4 h. After the
reversal of crosslinks at 65 °C overnight, the ligated DNA was purified
and sheared to lengths of 300–500 bp with Covaris M220, pulled
down with streptavidin beads, and prepared for Illumina sequencing

Fig. 3 | Ultra-long genes display unique transcriptional and epigenomic reg-
ulation. a The distribution of gene length in L. regale. b The intron/exon ratio of
each gene between different length categories of full-length genes (n = 15,667
( < 1 kb), 34,295 (1–10 kb), 11,963 (10–100kb), 952 ( > 100 kb) genes). Genes without
introns were regarded as “0”. c The GC content (%) of different length genes in full
genes/exons/introns. The intron/exon ratio of each gene between different length
genes (n = 15,667 ( < 1 kb), 34,295 (1–10 kb), 11,963 (10–100kb), 952 ( > 100kb)
genes). Genes without introns were regarded as “0”. d The TPM of different length
genes (n = 5369 ( < 1 kb), 14,262 (1–10 kb), 12,668 (10–100kb), 3171 ( > 100kb)
genes) in four tissues. e The DNAMethylation ratio (The proportion of 5mC at the
given site) of gene bodies, exons and introns between their upstream and down-
stream (±2 Kb) in flower tissue. Colors represent different lengths of genes. f With

many TE insertions, LregChr03G072890 expression under the control of methyla-
tion. The gene structure, TE insertions, intact LTR with its insertion time (year),
methylation levels (CG, red; CHG, yellow; and CHH, blue; methylation level repre-
sent the proportion of 5mC at the given site), gene expression in four tissues
(flower, orange; bulb, canary; leaf, cyan; and stem, purple) were plotted from the
top to bottom successively. The shaded gray areas represent exon regions.
b–dGroups labeled with different lowercase letters indicate significant differences
(P <0.05) based on LSD comparisons following one-way ANOVA, box plots denote
the 25th percentile, the median and the 75th percentile, with minimum to max-
imumwhiskers. Source data are provided as a Source Data file. In b, c gene outliers
based on GC content are filtered out from total genes.
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according to the standard Illumina library construction protocol.
Libraries were quantified and sequenced using BGIseq-2000
sequencing platform.

RNA-seq and Iso-seq sequencing
In this study, for substantiating transcripts to annotate the genome
structure, we performed RNA-seq and Iso-seq of the total RNA isolated

from four different tissues (root, stem, flower, and leaf). Total RNAwas
extracted from ground tissues in liquid nitrogen using TRIzol reagent
(Tiangen) following the protocol provided by the manufacturer. The
integrity of the RNAwas determinedwith the Agilent 2100 Bioanalyzer
(Agilent Technologies) and agarose gel electrophoresis. Thepurity and
concentration of the RNA were determined with the Nanodrop
(Thermo Fisher Scientific) and Qubit (Thermo Fisher Scientific). The
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total RNA was used for RNA sequencing library construction following
standard procedures of True-seq (Illumina) transcriptome sequencing
and Iso-seq (PacBio) preparation kits. Finally, RNA-Seq and Iso-Seq
were performed on theNovaSeq 6000platform and the PacBio Sequel
II platform, respectively. A total of 279Gb RNA-seq data and 164Gb
clean Iso-Seq data were generated (Supplementary Table 6). which
were then used for whole-genome protein-coding gene prediction.

De novo genome assembly and quality evaluation
To estimate the genome size and heterozygosity, KMC v3.2.167 was
used to generate a 35 k-mer frequency distribution. Depth of k-mer = 1
is considered as an error. The formula for estimating the genome size
is: Genome size = (k-mer num/main peak depth). The heterozygosity
ratio was estimated by the Genomescope2 v2.068.

We used about 806Gb PacBio HiFi reads comprising 51M sub-
reads with an average length of 15 kb for the primary assembly using
Hifiasm v0.19.569 with the following parameter: --hom-cov 22 -l, which
took around 2055.5 CPU hours to finish assembly. Then, a succession
of searches was used to identify potential contaminants, plastids, and
mitochondria in the generated assembly, using megaBLAST v2.12.070.
To identify the haplotigs (haplotypes) and remove redundant
sequences from a highly heterozygous genome, we used purge_dups
v.1.2.671 with the cutoff parameters set to: -l 2 -m 18 -u 72. To acquire
chromosome-level genome assembly, the assembled contigs were
anchored using Hi-C data with the Juicer v1.572 pipeline. YaHS v1.173 was
used for the construction of chromosome-scale scaffolds from Hi-C
data, followed by manual correction using Juicebox v1.11.0874.

To evaluate the single-nucleotide quality of the genome, we
mapped the clean Illumina reads sequenced from the same genomic
DNA samples using bowtie2 v2.5.175. In addition, compleasm v0.2.676

with liliopsida_odb10 database of the Benchmarking Universal Single-
Copy Orthologs (BUSCO)77 was used to check the assembly quality
with genome mode. BUSCO v5.8.0 was also used to check the anno-
tation quality with protein mode with the liliopsida_odb10 database.
Then, the Merqury v1.330 was used to assess the genome quality, with
consensus quality value (QV) and completeness statistic values, indi-
cating a level of accuracy and completeness in the assembled genome.

Identification of repetitive sequences and LTR analysis
We used two approaches to identify repeat elements in the genome:
homolog-based prediction and de novo prediction. RepeatMasker
v4.1.578 was used to find repetitive sequences based on the known
database. RepeatModeler v1.0.1179 was used to perform de novo pre-
diction of repeat sequences and the results were combined as the
library for RepeatMasker to identify and classify repeat elements, then
the unclassified repeat elements (“unknown”) were further classified
by DeepTE v2022-10-2280. We identified 80.06% repetitive sequences
in the assembly. Then the repetitive sequences of assembly were soft-
masked by RepeatMasker for gene annotation. Intact LTRs were
identified by LTR Retriever v2.9.681 and further categorized in TEsorter
v1.4.682,83. The intact LTR-RTs were used to construct phylogenetic
trees. The ends of the LTR retrotransposons were aligned using Mafft
v7.50584, and the insertion time (T) of the LTRswas calculatedusing the

formula T = K/2r, where K is the genetic distance calculated using the
formula K = −0.75ln (1–4λ/3). The nucleotide divergence rate (λ)
between the two LTRs less than 0.75 was retained for further analysis.
The nucleotide substitution rate “r”was set to 1.3e−8 substitutions per
site per year. Uncorrected pairwise distances were used to construct a
neighbor-joining unrooted phylogenetic tree using fasttree v2.1.1185

with the default parameters.Gypsy burst peaks were filtered by “count
>=35” in each 2.5Mb bin, while Copia burst peaks were filtered by
“count >=20” in each 2.5Mb bin. Solo-LTRs were identified using the
script supplied by LTR Retriever, and then the potential solo-LTRs
were classified by TEsorter with truncated-LTRs and other TEs
removed using bedtools v2.30.086. The homolog truncated and solo
LTRs by using intact LTRs as queries in sequence alignment (BLAST),
applying the criteria of identity >80% and e-value < 1e−4.

Gene structure prediction
For genome annotation, ab initio prediction and similarity alignment
were performed to annotate genome repeats via RepeatModeler and
a soft-masked genome by RepeatMasker. Gene model prediction
combining ab initio prediction, homologous proteins, RNA-seq, and
Iso-seq evidence was constructed using the pipeline described as
follows. For the ab initio prediction, we first trained the GeneMark-ET
model using BRAKER2 v.2.1.687 and then trained the SNAP88 semi-
HMM model using MAKER v2.31.1189. Then, the protein data from
Allium fistulosum v2.190, Allium sativum91, Oryza. sativa L48., Acan-
thochlamys bracteata92, Dioscorea alata44, and Asparagus setaceus93

were downloaded through NCBI GenBank and used as homologous
protein evidence. For transcriptome evidence, RNA-seq reads were
first aligned to our genome assembly using HISAT2 v2.2.194.
Reference-based assembly and de novo assembly of transcriptomes
were performed subsequently using Trinity v2.8.495. Iso-seq data was
analyzed using Iso-seq v4.0.0 pipeline96. The above evidence was
integrated by MAKER to predict the final gene model. The longest
transcript of each predicted gene model was considered as its
representative. Gene models were finally manually checked and
corrected in IGV-GSAman v0.8.3 (https://gitee.com/CJchen/IGV-
sRNA) with the support of mapped RNA-seq reads and previous
annotations. RNA-seq data were quantified using Kallisto v0.48.097 as
transcripts per million (TPM). The raw gene set was filtered to gen-
erate a core set of high-confidence protein-coding genes. Genes
without protein (neither BLAST identity >=40 nor e-value < 1e5) or
EST (TPM in each tissue =0) evidence were filtered out using a
minimum cutoff of 100 amino acids.

Phylogenetic analysis
Orthologues and orthogroups in the 15 monocots23,28,44,90,91,98–105

and one dicotyledon106 as an outgroup (Supplementary Table 12),
were inferred using OrthoFinder v2.5.435 with default values set-
ting and ‘-M msa’ activated. The longest predicted protein of each
gene was used as the representative input for OrthoFinder ana-
lysis. 370 low-copy orthogroups were identified. TrimAl v1.4.12107

was used to remove poorly aligned regions from protein multiple
sequence alignments. RAxML v8.2.12108 was used to build

Fig. 4 | Alternative splicing variations are associated with TE density and DNA
methylation. aThe alternative splicing (AS) events of L. regale compared to several
representative organisms: Arabidopsis thaliana126, Oryza sativa127, Triticum128 and
Homo sapiens129. b The events ratio of different length genes. scaled counts means
“events count/perspective gene numbers”. The scaled count was calculated by
events count/gene count. cTheTEdensity (the proportion ofTE length to thebases
with non-zero coverage in the region) in gene bodies, upstreamanddownstreamof
HPG (high PSI gene, green), LPG (low PSI gene, purple) and average of all identified
genes by PacBio Iso-seq (gray). d The counts of the level of different length genes
between their upstream and downstream in HPGs and LPGs. e The DNA methyla-
tion level (CG, red; CHG, yellow; CHH, blue; methylation level represents the

proportion of 5mC at the given site) of the gene bodies, upstreamand downstream
of genes with LTR/LINE insertions (colored line, HPGs; colored dash, LPGs; gray
dash, average of all genes at mCHG). f The enrichment of H3K4Me3 on HPGs and
LPGs with LTR or LINE insertions. g The TPM (transcript permillionmapped reads)
of HPGs (n = 255 genes) and LPGs (n = 230 genes) with LTR or LINE insertions.
a, b, d Colors indicate different AS events. g “*” denotes significant differences
between groups under a two-tailed t test (P =0.02 for LTR; P =0.048 for LINE), with
no significant differences observed among other groups; box plots denote the 25th
percentile, the median and the 75th percentile, with minimum to maximum whis-
kers. Source data are provided as a Source Data file.
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Fig. 5 | Epigenetic footprint and 3Dgenomic feature of L. regale. a The 3Dmodel
of each whole chromosome in the L. regale. haplotype. Each color represents one
chromosome. b The H3K4Me3, H3K9Me2 and H3K27Me3 enrichment on TAD
boundaries, upstream and downstream. c Gene, LINE and SINE density between
TAD boundaries upstream and downstream. d The H3K4Me3, H3K9Me2 and
H3K27Me3 enrichment on genes, LINEs and SINEs on TAD boundaries. e The DNA
methylation level (CG, red; CHG, yellow; CHH, blue; methylation level represents
the proportion of 5mC at the given site) between upstream and downstream of

Gene and SINE on TAD boundaries. f Characteristics of the region on Chr02 as an
example, which had SINEs and H3K9Me2 enrichment on TAD boundaries (High-
lighted). The TAD domains (black triangles), A/B compartment (red, A compart-
ment; blue, B compartment), gene density (red), GC content (%, light gray blue), TE
density (orange, all TE; LTR, pink; DNA, gold; LINE, skyblue; SINE, green; other TE,
darkgreen), ChIP-seq (cyan, H3K4Me3; brown, H3K9Me2; flesh, H3K27Me3) were
plotted from the top to bottom successively.
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maximum likelihood phylogenetic trees using the GAMMAJTT
model, with P. somniferum as an outgroup. CAFE538 was used to
infer gene gain and loss rates across genomes. The orthogroups
generated by OrthoFinder were treated as distinct gene families
and used as inputs for CAFE5 analysis. The identified genes
underwent GO and KEGG enrichment analyses, with a significance
threshold of P < 0.05. Divergence time estimates from TimeTree
(www.timetree.org), a public database, were used for selecting
the range of lower and upper uniform calibration priors. We used
two pairwise divergence times, including (1) Z. mays and A.
comosus (94.4–117 Mya), (2) “A. shenzhenica” and “C. ensifolium, P.
aphrodite” (104.8–112.4 Mya), (3) P. somniferum and others
(142.1–163.5 Mya). The CodeML and MCMCTREE programs in the
PAML v4.94836 were run to analyze amino acid substitution
models and estimate species divergence times.

Whole-genome duplication analysis
The syntenic and WGD analysis was performed by WGDI v0.6.545. We
identified synteny blocks by performing an all-against-all BLAST search
and chaining the hits with a distance cutoff of five geneswithWGDI ‘icl’
module. Followed by calculating the Ks values for each anchor gene
pair with the WGDI ‘ks’module. Ks dot plots for all anchor genes were
created using theWGDI ‘bk’module. TheGaussian-fittedKs peakswere
generated using the WGDI ‘-pf’ module. L. regale and AMK exhibit
extensive and well-maintained collinear blocks, with a syntenic block
ratio of 4:1 (L. regale:AMK), indicating that L. regale has undergone
WGD. Similarly, L. regale and D. alata also share extensive and well-
maintained collinear blocks, with a ratio of 4:4, further supporting the
occurrence ofWGD events in L. regale. We calculated the Ks values for
each gene pair in the aligned blocks obtained usingWGDI (v0.4.7) and
plotted the distribution of all Ks values to infer WGD events in L.
regale’s evolutionary history. ThreeKspeakswereobserved in L. regale,
indicating multiple WGD events. Theoretically, each peak represents a
WGD event. However, frequent recent gene duplications can also
generate Kspeaks. To verify this, wemapped the gene pairs associated
with the recent Ks peak onto chromosomes. These genes were not
evenly distributed along the chromosomes, suggesting that the recent
Ks peak resulted from random gene duplications rather than a true
WGD event. The remaining two Ks peaks correspond to the τ event
shared by monocots and a lineage-specific WGD event in Lilium, con-
firming that L. regale has experienced at least two WGD events in its
evolutionary history.

To estimate the timing of WGD in L. regale, we used the “-ks”
parameter in WGDi to calculate the Ks values of syntenic block genes
within L. regale and between L. regale andD. alata. We then applied the
“-kp” parameter in WGDI for Gaussian fitting of the Ks values, identi-
fying the components associatedwithWGDpeaks and calculating their
mean Ks values and standard deviations. Using an estimated diver-
gence time of 119.9 Mya and the average Ks value (1.45) of syntenic
gene pairs between L. regale and D. alata, we estimated the evolu-
tionary rate of L. regale. The synonymous substitution rate per site per
million years (r) was calculated as 6.046e−4 (r = Ks/2T). Finally, we
applied this r value and the mean WGD Ks value to estimate the WGD
timing in L. regale using the formula T =Ks/2r.

Differential genes in this study were all performed enrichment
analyzedof GO andKEGGpathways using the clusterProfiler v4.6.2109 R
package, in which gene length bias was corrected. Functional terms
with corrected P value < = 0.05 were considered significantly enriched
by differential genes.

Alternative splicing analysis
The identification of AS events was performed using the GFF file
of transcripts obtained from the Iso-Seq pipeline, across different
tissues, with SUPPA2 v2.3110. The parameters used were ‘-e SE SS
MX RI FL -f ioe‘. SUPPA2 generated seven types of events: A5, A3,

RI, SE, MX, AF, and AL. For each AS event in a gene, an ioe format
file was generated to describe any form of the event. Specifically,
the ioe file provided the numerators (one form of the event) and
denominators (two forms of the event) of the transcripts, which
assisted in PSI calculation. The quantification of transcripts was
performed using IsoQuant v3.3.1111 with FLNC sequences obtained
from the Iso-Seq pipeline. The SUPPA2 “psiPerEvent” command
was used to calculate the PSI values based on the TPM and ioe
files obtained above.

Hi-C data processing
The Hi-C-Pro suite v.3.1.0112 was used for valid mapping of the Hi-C
reads. Clean Hi-C data from individual accessions were mapped to
the assembled genome (termed Self-mapping in this study) and a
common reference genome using bowtie2. During mapping, the
reads were first aligned using an end-to-end aligner, and the reads
spanning ligation junctions were trimmed at their 3′ end and rea-
ligned to the genome. The aligned reads of both fragment mates
were then paired in a single paired-end BAM file. Dangling-end reads,
same-fragment reads, self-circled reads, self-ligation reads, and other
invalid Hi-C reads were discarded from subsequent analyses. After
removing duplications, valid pairs were used to generate raw Hi-C
matrix at 10-kb, 20-kb, 50-kb, 100-kb, 200-kb, 500-kb, and 1-Mb
resolutions. These matrices were normalized by the iterative cor-
rection and eigenvector decomposition (ICE) method. To investigate
the contact domains, the valid pairs were converted into.hic format
files with the juicer tool pre command; to calculate compartment
signals and identify TAD-like or loops, the valid pairs were converted
into.cool format files with hicConvertFormat command in HiCEx-
plorer suite v3.7.2113; and to visualize the Hi-C contact map, the valid
pairs were converted into.h5 format.

3D genome architecture identification
TheminiMDS114 programwas used to infer the 3Dgenomestructures at
the 1mb ICE normalized contact matrix. Pymol v2.5.2115 was used to
visualize 3D coordinates. Then, E1 values from the eigenvector
decomposition on Hi-C contact maps were used to indicate the A/B
compartment status. We used cooltools v0.5.4116 with the parameter
“cooltools call-compartments” to obtain the E1, E2, andE3 values based
on a 1mb resolution Hi-C contact matrix. Because E2 or E3 values
sometimes reflect A/B compartments, wemanually checked the E1, E2,
and E3 tracks with gene density and the plaid pattern in the Hi-C
contact maps along each chromosome and obtained the final “E1” list.
The direction of the eigenvalues is arbitrary; therefore, negative values
were set to “A” and positive values were set to “B” based on their
associationwith genedensity. Compartment borderwasdefined as the
edge bin of the A/B compartments. TAD boundaries were identified
based on a 100 kb resolution ICE normalized matrix with the para-
meters “--fdr 0.05.” by HiCexplorer. Loops were identified based on a
20 kb resolution ICE normalized matrix with the parameters “--fdr
0.05.” by HiCexplorer at the same.

Bisulfite sequencing and data processing
DNA was isolated from leaf and flower tissue to generate bisulfite
sequencing (BS-seq) data. Bisulfite libraries were prepared117 and
sequenced on (150bp paired-end) the Illumina Novaseq 6000 system.
To measure the genome-wide DNA methylation level, BSseq reads
were first trimmed for quality and adapter sequences using fastp
v0.38118, resulting in a total of 386.14 Gb (10.8× genomic coverage)
clean reads. Bismark v0.24.0119, in conjunction with bowtie2 was then
used to align the trimmed reads to the genome. The number of
methylated and unmethylated reads per cytosine was determined
using the BatMeth2120. DNAmethylation level of a genomic bin (e.g., 10
and 40 kb) was computed as the percentage of heavily methylated
sites (which we defined as methylated reads contributing to at least
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25%of allmapped reads) in that bin. This valuewas calculated for three
contexts (i.e., CpG, CHG, and CHH), separately. Also, a value that we
defined as the overall methylation level was calculated by summing
across all three contexts.

ChIP library construction and sequencing
Chromatin Immunoprecipitation sequencing (ChIP-seq) data of three
histone modifications (H3k4me3, H3K27me3, and H3K9me2) were
generated for L. regale with two biological replicates117. Sequencing
(150bp paired-end) was performed on the Illumina NovaSeq
6000 system. ChIP-seq raw reads were trimmed for quality and
adapter sequences using fastp and were then mapped to the L. regale
genome using bowtie2. Enrichment peaks were called using MACS2
v2.2.7.1121 to verify the quality of ChIP-seq data. The ChIP-seq intensity
of a genomic bin (i.e., 10 and 40 kb) was calculated using the bam-
Coverage tool from DeepTools v3.5.1122 with the read coverage nor-
malized in counts per million (CPM).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw sequencing data generated in this study have been deposited
in EBI and NCBI under the accession PRJEB89667 and National Geno-
mics Data Center (https://ngdc.cncb.ac.cn) under the accession
CRA014739. The genome assembly has been deposited in the Genome
Warehouse under the accession GWHEUVG00000000.1 and BioPro-
ject PRJCA022916. The genome assembly and annotation files are also
available in figshare123 (https://doi.org/10.6084/m9.figshare.26345504.
v1). Source data are provided with this paper.
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