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The giant genome of lily provides insights
into the hybridization of cultivated lilies
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Lilies are economically important monocots known for their ornamental
flowers, bulbs, and large genomes. The absence of their genomic information
has impeded evolutionary studies and genome-based breeding efforts. Here,
we present reference genomes for Lilium sargentiae (lily, 35.66 Gb) and Glor-
iosa superba (flame lily, 5.09 Gb). The giant lily genome is shaped by recent
long terminal repeat retroelements. Phylogenetic analysis reveals diverse,
independent origins of lily cultivars. Gene families involved in sucrose and
starch metabolism are significantly expanded in the lily genome. Key homo-
logs of XTH22, SOCI, and AP1/FUL-like genes regulate the development, bud
growth transition, and floral bud growth transition of lily bulbs. Colchicine
biosynthetic gene clusters are identified in G. superba but are absent in L.
sargentiae, highlighting independent colchicine evolution in Colchicaceae.
These genomic insights enhance understanding of Liliales evolution, providing
a foundation for future breeding and molecular research.

Lilies (the Lilium genus) are perennial bulbous plants of Liliaceae within ~ comprising over 100 wild lily species, including 55 ones originating from
the Liliales order, with significant economic, ecological, and ornamental ~ China, Lilium's center of origin, lilies hold a prominent place in
value. However, they harbor enormous genomes™?, which currently pose  horticulture worldwide**. The Lilium species are mainly distributed in
challenges for genomic accessibility. With a vast genetic diversity the cold and temperate regions of the Northern Hemisphere, such as
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Eastern Asia, Europe, and North America’. Lilium has been divided into
seven taxonomic sections according to their morphological character-
istics, including bulb forms: Lilium, Martagon, Pseudolirium, Archelirion,
Sinomartagon, Leucolirion, and Oxypetalum*®. The rich genetic reservoir
of lilies has been pivotal in breeding efforts, yielding numerous lily
cultivars with desirable traits. Through hybridization, domestication,
natural mutation, etc., breeders have developed a multitude of lily cul-
tivars with diverse attributes (e.g., pathogen resistance), such as the
widely cultivated Trumpet (T) and Oriental x Trumpet (OT) hybrids*’.
Lilium sargentiae E. H. Wilson serves as the primary progenitor for the
T and OT lily hybrids, and was introduced to American and European
gardens by the famous plant hunter E. H. Wilson®. Globally, there are
approximately 10,000 registered lily cultivars, with over 300 novel
cultivars added annually. Lilies belong to the most important bulbous
crops generating considerable economic returns. The commercial sig-
nificance of lilies is reflected by the millions of cutting and potted
flowers sold each season in flower stores and auctions. The total global
area of lily cut flower cultivation is approximately 90,000 hectares, with
a total trade value of around 20 billion US dollars (including bulb trade)
(International Statistics Flowers and Plants 2022, https://aiph.org/giic/
international-statistical-yearbook/).

Lily species exhibit distinctive flower structures characterized by
six petaloid tepals (three outer tepals and three inner tepals), the
constituent parts of the undifferentiated perianth. These gorgeous
flowers are renowned for their vibrant hues and enchanting fra-
grance, endowing lilies with significant ornamental and economic
value. Another important feature of lilies is their underground bulbs,
which are modified stems made up of overlapping scales and play a
crucial role in the plant’s growth. They store essential nutrients,
primarily carbohydrates, and serve as water reservoirs*’. The bulbs
of various Lilium species have long been utilized in traditional
medicine and cuisines in different countries®. Furthermore, in com-
mercial lily cultivation, bulbs are extensively employed in asexual
reproduction’. All parts of a lily plant, including its flowers, originate
from the basal plate of the bulb. The apical meristems of bulbs give
rise to the inflorescence, while the axillary meristems produce side
bulblets (small bulbs); however, due to these bulbs have prolonged
reproductive cycle, they can be a limiting factor in lily development®.
Moreover, successful lily flowering necessitates bulb expansion to a
specific size, a process facilitated by cooling, which triggers the
growth transition, and by vernalization, which is essential for
flowering'*". Consequently, expediting the development and growth
transition of lily bulbs, along with understanding the associated
mechanisms, are pivotal for enhancing the quality and efficiency of
lily production industries and resource conservation. Nonetheless,
the evolutionary and genetic mechanisms governing lily bulb
development and growth transition remain largely unknown'%%,
Gloriosa superba, also known as flame lily, a member of the Colchi-
caceae family (Liliales order), holds significance not only as a popular
ornamental crop renowned for its striking flame-like flowers but also
as the primary natural source of colchicine. Colchicine is used as a
drug in treating gout, arthritis, and inflammation and has a promi-
nent role in inducing polyploidy in plants***®,

Lily and flame lily are amongst the most popular ornamental
plants and cutting flowers in the Liliales order. They share similar floral
structures but differ in their stem modifications: lily has bulbs while
flame lily has rhizomes, ideal for the comparative study of organ
development in Liliales. While only the Colchicaceae family can syn-
thesize colchicine'®, a comparison of the genomes of lily and flame lily
offers insights into the origin and evolution of colchicine. Additionally,
their contrasting genome sizes will enable the exploration of the
underlying evolutionary mechanisms of the giant lily genome.

In this study, we employ a combination of PacBio high-fidelity
(HiFi) and Hi-C technologies to elucidate the expansive genomes of L.
sargentiae and G. superba and provide important genomic resources

for the evolutionary, comparative genomics, and molecular study of
the plant species in Liliales.

Results

Genome sequencing, assembly, and annotation of L. sargentiae
and G. superba

For de novo whole-genome sequencing, we generated 602.05 Gb and
82.50 Gb of PacBio HiFilong-read data for L. sargentiae and G. superba,
respectively, and 1.07 terabytes (Tb) and 594.24 Gb Hi-C short-read
data for L. sargentiae and G. superba, respectively. We also separately
generated short-read data for L. sargentiae (2.12Tb) and G. superba
(362.28 Gb) to estimate their genome size and heterozygosity. By
k-mer analysis, the genome size of L. sargentiae and G. superba were
estimated to be -35.66 Gb and ~5.09 Gb, respectively, with hetero-
zygosity calculated as 3.35% and 0.70%, respectively (Supplementary
Fig. 1a, ¢). The genome sizes of L. sargentiae and G. superba were
estimated to be ~31.8 Gb and 5.7 Gb, respectively, by flow cytometry
analysis (Supplementary Fig. 1b, d). Additionally, we obtained tran-
scriptome data for a total of 291 samples of Liliales species, with an
average of 8.63Gb per sample, resulting in a total of 2.63 Tb of
short-read data (Supplementary Data 1 and 2). Therefore, a total of
approximately 7.45 Tb of sequencing data was obtained. The
final assembly of the L. sargentiae genome sequence was 47.09 Gb in
length (contig N50=0.93Mb; scaffold N50=2.85Gb) with
35 scaffolds (longest scaffold length=5.31Gb and average scaffold
length=1.35Gb) (Supplementary Table 1 and 2), while the final
assembly of the G. superba genome sequence was 5.15Gb in length
(contig N50 size = 0.48 Mb; scaffold N50 size = 0.56 Gb) with 11 chro-
mosomes (longest length=0.93Gb and average length=0.47 Gb)
(Supplementary Tables 3 and 4). BUSCO" analysis of the L. sargentiae
and G. superba genome revealed the complete gene information at
90.8% and 91.8%, respectively; BUSCO analysis of the L. sargentiae and
G. superba protein sets revealed the complete gene information at
88.3% and 85.9%, respectively (Supplementary Tables 5 and 6). Based
on ab initio and evidence-based predictions, 47,139 (L. sargentiae) and
54,617 (G. superba) protein-coding genes were annotated and the
average lengths were 42,804 and 9,984 bp, respectively, both are
longer than those in other published angiosperm genomes (Supple-
mentary Tables 7, 8, and 9).

The evolution and lineage-specific WGD events in lily and
flame lily

Although the genomes of 8 monocot plant orders have been
sequenced, the order Liliales, which includes economically significant
crops such as lilies and tulips, remains unsequenced. As the sequenced
two genomes from Liliales, our assemblies of lily and flame lily provide
an invaluable opportunity to explore the phylogenetic position of the
Liliales order within the monocots. We conducted a phylogenomic
analysis of 26 flowering plant species from 18 orders, including 9 of the
12 monocot orders. The resulting phylogenetic tree revealed con-
sistent evolutionary positions for the 8 monocot orders examined
(Fig. 1a)'**°, We found that L. sargentiae and G. superba form a
monophyletic clade, which is sister to the Asparagales species, con-
sistent with the previous findings (Fig. 1a)'*?. We also confirmed that
the Liliales and Asparagales species constitute a distinct clade, which is
sister to the clade comprising Arecales, Zingiberales, and Poales spe-
cies, consistent with previous reports (Fig. 1a)**.

Genome comparisons within and between species showed clear
evidence that both L. sargentiae and G. superba have experienced two
rounds of whole genome duplication (WGD) events (Fig. 1a, b); the
ratio of syntenic blocks was 3:1 in self-comparison of L. sargentiae or G.
superba (Supplementary Fig. 2), while the ratio of syntenic blocks was
4:1 in both G. superba vs. L. sargentiae and Acorus calamus vs. G.
superba comparisons (Supplementary Fig. 3). Analysis of synonymous
substitutions per site (Ks) distributions in the genomes of L. sargentiae,
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Fig. 1| Evolution and comparative genomic analyses of lily and flame lily.

a Phylogenetic tree of Lilium sargentiae and Gloriosa superba along with 24 other
plants. The whole genome duplication (WGD) and triplication events were labeled
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substitutions per site; Mya, million years ago; Gsu, G. superba; Lsa, L. sargentiae;
0sa, Oryza sativa. ¢ Long terminal repeat (LTR) insertion analysis in the genomes of
L. sargentiae and G. superba. d Statistics of the ratio of the solo-LTR number to the
intact-LTR number is plotted against their genome sizes. The ratios for other spe-
cies were obtained from previous study*.

G. superba, and 0. sativa all showed a peak at 0.92, corresponding to
the monocot-shared WGD event (1) at 120-130 miillion years ago (Mya)
(Fig. 1a, b). The distributions for L. sargentiae and G. superba showed an
additional peak at Ks=0.73 and Ks= 0.55, respectively, indicating two
separate WGD events occurred at 95-103 Mya and 72-78 Mya,
respectively (Fig. 1b and Supplementary Fig. 4). These results
demonstrate that L. sargentiae and G. superba underwent lineage-
specific WGD events in Liliaceae and Colchicaceae, respectively
(Fig. 1a, b).

LTR-RTs contribute to the two huge lily genomes

A total of 38.77 Gb and 4.45Gb of the L. sargentiae genome and G.
superba genome sequences were repetitive elements with 47.4% and
57.9% belonging to long terminal repeat retroelements (LTR-RTSs),
respectively (Supplementary Tables 10 and 11). Ty3/Gypsy and
Tyl/Copia are the main two classes of LTR-RTs in higher plants; they
comprise 32.2% and 14.6% of the LTR-RTs in L. sargentiae, as well as
42.5% and 15.1% of the LTR-RTs in G. superba, respectively (Supple-
mentary Tables 10 and 11). We found continuous proliferation of
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LTR-RTs during recent evolution (0-3 Mya) in both L. sargentiae and G.
superba (Fig. 1c). In particular, there is a more pronounced activity of
LTR-RTs (mainly the TyI/Copia type) in L. sargentiae within 0-3 Mya
(Fig. 1c). Moreover, L. sargentiae accumulated significantly more LTR-
RTs than G. superba in the genome, with 22.32 Gb and 2.98 Gb LTR-RTs,
respectively (Supplementary Tables 10 and 11). These results indicated
that the expansion of LTR-RTs has shaped the giant lily genome. The
most abundant Copia LTR-RTs were Tork (43.2%) and Ale (20.6%) in lily
and flame lily, respectively, while the most abundant Gypsy LTR-RTs
were Tekay (17.1%) and Tekay (5.7%) in lily and flame lily, respectively
(Supplementary Fig. 5). Through GO enrichment analysis of genes
located within 2 kb of Tork and Tekay LTR-RTs, or containing these LTR-
RTs within their introns in the lily genome, we discovered a significant
enrichment (P < 0.05) of GO terms associated with biological processes
involved in asexual organ propagation (e.g., bulblet initiation and
development), such as ‘vascular transport’ (G0O:0010232), ‘callose
localization” (GO:0052545), and ‘multicellular organism reproduction’
(G0O:0022412), or sensing changes in temperature and light in under-
ground organs, which are closely linked to the growth transition of
lilies, e.g., ‘response to red light’ (GO:0010114), ‘cellular response to
external stimulus’ (GO:0071496), and ‘cellular response to water
deprivation’ (GO:0071496) (Supplementary Fig. 6). This implies that the
expansion of LTR-RTs, besides genome size expansion, might also have
influenced the evolution and structure of genes underlying crucial bulb-
related traits, including bulb formation as well as growth transition.

The greater-than-usual average gene lengths in L. sargentiae and
G. superba can be largely attributed to intron lengths. Both L. sargen-
tiae and G. superba featured an abundance of lengthy introns
exceeding 10 kb, which are rare in rice with a compact genome (Sup-
plementary Fig. 7a). However, it is worth noting that the L. sargentiae
genome presented a higher prevalence of long introns in comparison
to the G. superba genome (Supplementary Fig. 7a). The average intron
lengths in L. sargentiae and G. superba reached 9.1kb and 5.0 kb,
respectively, both are substantially larger than that (0.5 kb) in the other
55 genome-sequenced angiosperms which have smaller genomes
(genome size <5Gb)* (Supplementary Tables 7a and 8a). Moreover,
the ratios of total intron length to total exon length in L. sargentiae and
G. superba were higher than those in other angiosperms but similar to
the ones in representative gymnosperms with large genomes, and
there is a positive correlation (R?=0.62, P < 0.01) between the ratio of
total intron length to total exon length and genome size in plants
(Supplementary Fig. 8a), suggesting that large genomes in different
lineages tend to contain enlarged introns. Within the introns of L.
sargentiae and G. superba, 73.2% and 15.5% of all genes contain LTR-RTs
in their introns, respectively (Supplementary Table 12). The insertion
patterns of intronic LTR-RTs in both L. sargentiae and G. superba
exhibited a bimodal distribution with a pronounced bias towards the
long end, exhibiting longer LTR-RTs within introns when compared to
rice (Supplementary Fig. 7b). Both L. sargentiae and G. superba gen-
omes showed a clear peak around 100 bp in LTR length (Supplemen-
tary Fig. 7b). Additionally, L. sargentiae had a noticeable peak near
10 kb, while G. superba exhibited another peak around 3.2kb in LTR
length (Supplementary Fig. 7b). Moreover, the genome of L. sargentiae
contained a greater number of longer LTR insertions when compared
to G. superba’s genome (Supplementary Fig. 7b). These indicated that
the large intron size of L. sargentiae is also related to the LTR-RT
expansion in intronic regions.

In L. sargentiae, the intergenic space was expanded with an aver-
age length of one megabase, which is 3.1- and 9.3-fold longer than the
average intergenic length in Vicia faba (327.9kb) and G. superba
(107.7 kb), respectively (Supplementary Fig. 8b). A total of 97.6% and
95.0% of LTR-RTs were found in the intergenic regions in the L. sar-
gentiae and G. superba genomes, respectively (Supplementary
Table 12), indicating that the large genome size of lily is mainly due to
the huge intergenic regions with high LTR-RT contents. Along with

their proliferation, LTR-RTs are also actively removed through ectopic
homologous recombination, which generates solo-LTRs*. Interest-
ingly, the ratios of the number of solo-LTRs to that of intact-LTRs in L.
sargentiae (2.6) and G. superba (3.9) were both higher than those in
other angiosperms, but similar to the ratios found in the three gym-
nosperms studied (Torreya grandis, Ginkgo biloba, and Welwitschia
mirabilis), which have all undergone expansions of ancient LTR-RT
bursts (10-30 Mya)*. This suggests that LTR removal rates are higher
in these above-mentioned large genomes driven by LTR-RT expan-
sion (Fig. 1d).

Phylogeny of Lilium and origins of lily cultivars

Lilium is a diverse genus with ~100 wild species®, and numerous culti-
vars have been developed by methods such as hybridization. We took
advantage of the lily genome and transcriptome datasets of a wide
range of lilies to conduct the most comprehensive to-date phyloge-
nomic analysis of lily (Fig. 2a). Based on 360 nuclear genes, the lily
phylogeny of 51 wild Lilium species and 34 lily breeding cultivars was
overall well-resolved and supported (Fig. 2a). The lilies were separated
into two distinct monophyletic groups (Clade 1 and Clade 2) (Fig. 2a).
The wild lily species have been classified into seven sections based on
morphological characteristics; while the sections Martagon and
Archelirion were monophyletic, the sections Leucolirion and Sino-
martagon were both polyphyletic (Fig. 2a). For instance, Leucolirion 6a
and 6b were distributed in Clade 1-1 and Clade 9, representing two
different parental lineages with trumpet-shaped flowers (Fig. 2a). The
phylogeny revealed that lily cultivars have multiple independent ori-
gins, including the T hybrids in Clade 1-1, OT hybrids in Clade 1, and
Asiatic (A) hybrids in Clade 10 (Fig. 2a). Interestingly, we found that all
but one species (L. eupetes, a newly identified species with no specified
classification) of the traditional Sinomartagon 5c section and the
embedded Nomocharis genus were clustered in Clade 2-1 without any
lily cultivar (Fig. 2a). The results indicate that these wild lilies in Clade
2-1 might not have been widely used in the past lily breeding programs,
highlighting a previously untapped genetic reservoir, which may offer
immense potential for future breeding endeavors.

Our analysis of core-gene sequence similarities revealed a sig-
nificantly higher proportion of shared genomic haplotypes among lilies
within clades, compared to those among lilies from different clades in
the phylogenetic tree (Fig. 2b). In Clade 4, however, we did not detect
significant shared genomic haplotype ratios between the wild lilies of
Clade 9 (Leucolirion 6b) and Clade 10 (Sinomartagon), nor between the
Leucolirion 6b wild lilies and cultivated lilies (Fig. 2b). Notably, L.
browni, originating from China and widely distributed across 17
provinces*, showed distinct shared genomic haplotypes with nearly all
examined lilies (Fig. 2b). It thus may have been extensively involved in
the formation of wild and cultivated lilies. These findings imply that the
wild lilies of Leucolirion 6a likely served as original parents of T and OT
hybrids, while wild species of Archelirion were likely the parent lines for
O and OT hybrids as well. Wild lilies of Sinomartagon 5b and 5a lilies are
potential parents for all the three types (A, OA, and L) of lily hybrids
(Fig. 2b). In addition, we discovered shared genomic haplotypes
between Clade 1-1 and Clade 1-2, where four OT hybrids (‘Black Beauty;
‘Palazzo’, ‘Conca d’'Or’, and Zelmira’) from Clade 1-2 exhibited shared
genomic haplotypes with lilies from Clade 1-1, suggesting that these OT
hybrids have parental lines from both Clade 1-1 and 1-2, whereas other
OT hybrids have parental lines exclusively from Clade 1-1 (Fig. 2b).

For lilies in Clade 1, we used transcriptome assemblies from dif-
ferent lilies and the longest transcripts of the L. sargentiae genome
assembly to calculate the number of gene clusters for each species
(Fig. 2c). Among the lilies from Clades 1-1 and 1-2, three cultivated lilies
(‘Regale Albun’, ‘Red Morning’, and ‘Judith Saffigna’) from Clade 1-1,
and four (‘Black Beauty; ‘Palazzo’, ‘Conca d’Or’, and Zelmira’) from
Clade 1-2 exhibited a higher number of clusters with multi-copy tran-
scripts (two or three copies) compared to the number of clusters with
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Fig. 2 | Phylogeny and hybridization patterns of Lilium. a The phylogenetic tree
of the wild Lilium species and cultivated lilies was inferred from combined RNA-seq
data of wild Lilium species and Lilium cultivars. The blue numbers labeled on the
tree represent the classified clades. Bootstrap values for important branches were
labeled above branches. b Heatmap showing shared genomic haplotype patterns
among different lily species. Each cell represents the ratio of the number of tran-
scripts with the highest gene similarity (identity >95%) between two species to the
total number of transcripts within the corresponding species in that row (excluding
self-aligning transcripts). The intensity of the box color reflects the proportion of
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gene similarity (best match ratio, BMR), with redder shades indicating higher
similarity. The yellow rectangle highlights shared genomic haplotypes between
clades, while boxes of species within the same clade are delineated by black rec-
tangles. The order of species represented vertically (from top to bottom) and
horizontally (from left to right) in the heatmap corresponds to the order of species
in the phylogenetic tree represented in (a). ¢ The ratios of the number of gene
clusters obtained through Orthofinder to the number of genes within a cluster were
depicted for different lilies within Clade 1-1 (upper panel) and Clade 1-2 (lower
panel). Source data are provided as a Source Data file.

single-copy transcripts, indicating the presence of genetic materials
from more than one parental line (Fig. 2¢). For instance, ‘Red Morning’
showed the highest number of gene clusters with two-copy transcripts
(Fig. 2c). In contrast, wild lilies, and some other cultivated lilies (‘Beijing
Moon’, ‘Siberia’, ‘Marlon’, ‘Sorbonne’, ‘Isabella’, and ‘Brasilia’) pre-
dominantly showed single-copy transcripts (Fig. 2c). This implies that
the seven cultivated lilies with a higher number of clusters with multi-
copy transcripts likely underwent hybridization, as also evidenced by
their positions at the outermost branches of clades (Fig. 2a, c). While
the other cultivated lilies with the highest number of clusters with
single-copy genes are likely bred through alternative methods, such as
domestication and mutation breeding (Fig. 2c).

Evolution of genes involved in the formation of lily bulb and
flame lily rhizome

Bulbs of lily and rhizomes of flame lily are modified stem-originated
rootstocks serving as both storage and propagation organs. They

enable plants to survive adverse conditions. These two types of mod-
ified stems exhibit distinct different structures: lily bulbs consist of
imbricating scales with a central bud being surrounded inside, while
rhizomes lack the distinct layering structure like lily bulbs and have
short internodes instead. To investigate the evolution and develop-
ment of lily bulbs and flame lily rhizomes, we performed comparative
genomic and transcriptomic analysis using the huge amount of high-
resolving genomic and transcriptomic data of the two species. Our
phylogenetic analyses identified significant expansions of gene famil-
ies involved in starch and sucrose metabolism (Fig. 3a, b and Supple-
mentary Figs. 9-14), which play important roles in the initiation and
expansion of storage organs™> . L. sargentiae has an average eight
more copies of Sucrose Synthase 1/4 (SUS1/4), ADP Glucose Pyropho-
sphorylase 2/3/4 (APL2/3/4), Starch Synthase 2 (SS2), Beta-Amylase 1
(BAMI), BAM3, and Cell Wall Invertase (CWINV) homologs, mainly
generated through tandem duplication (TD) (Fig. 3a, b and Supple-
mentary Figs. 9-14). For instance, we identified a total of 15 SUS1/4
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as EV control lines and OE-LaXTH overexpressed lines, respectively. Error bars are
shown as mean + s.e.m. of three technical repeats (two-sided Student’s ¢-test; **:
P<0.01). *P=0.0004 (TRV2-LaXTH-1), *P=0.0002 (TRV2-LaXTH-2), **P=0.0009
(TRV2-LaXTH-3), **P < 0.0001 (OE-LaXTH-1), **P=0.0005 (OE-LaXTH-2),

**P < 0.0001 (OE-LaXTH-3). f The statistics of bulb induction rate (bulblet initiation
rate plus bulblet expansion rate) of the TRV2 (n=5) and TRV2-LaXTH (n=7) lines as
well as EV (n=5) and OE-LaXTH (n=7) lines, respectively. Error bars stand for
mean +s.e.m. (two-sided Student’s ¢-test; **: P< 0.01). **P=0.0076 (TRV2-LaXTH),
**P=0.001 (OE-LaXTH). g A proposed model of the evolutionary and genetic
mechanisms of bulblet initiation and bulblet expansion in L. sargentiae. JA jasmonic
acid, BR brassinolide. The detailed functions of the involved genes could be found
in Supplementary Data 3. More candidate genes were listed in Supplementary
Fig. 15. Source data are provided as a Source Data file.

homologs in L. sargentiae, all of which were tandem duplicates, while
only five SUS1/4 homologs were identified in G. superba (Fig. 3a, b and
Supplementary Fig. 9). The extra copies in L. sargentiae can be mainly
attributed to two tandem arrays on Scaffold 4 (coordinates:
4.65-4.66 Gb, and 4.68-4.69 Gb) which contained six and seven
SUS1/4 homologs, respectively (Fig. 3b and Supplementary Fig. 9).
Moreover, G. superba has 12 Sucrose Transporter 2 (SUT2) homologs
(including seven TD-generated ones), a notable expansion relative to
only two copies in L. sargentiae (Fig. 3b and Supplementary Fig. 13).
Interestingly, the two lily and flame lily might have followed indepen-
dent trajectories along the same direction; the gene families expanded
in L. sargentiae were related to biosynthesis or degradation of sucrose
and starch, while only the SUT gene family related to sucrose transport
was significantly expanded in G. superba (Fig. 3a).

We collected samples from the scale bases and the callus/bulblets
on them across four development stages from bulblet initiation to

bulblet expansion (abbreviated as S0-S4) of lily plants for RNA-seq
(Fig. 3c, d) (see detailed characteristics in Supplementary Fig. 15) and
conducted RNA-seq. During the development stages SO to S4, we
found that 9 of 15 SUS1/4 homologs exhibited higher expression levels
at S4, four of which were exclusive to bulbs (Supplementary Fig. 16). At
S0, we found that eight out of ten BAMIs exhibited higher expression
levels (Supplementary Fig. 16).

To identify more potential genes related to bulblet development
in lily, we performed weighted gene co-expression network analysis
(WGCNA). We identified a gene co-expression module (the turquoise
module) correlated with bulblet expansion as well as the green module
correlated with both bulblet initiation and bulblet expansion (Sup-
plementary Fig. 15), both of which contained multiple members of the
xyloglucan endotransglucosylase/hydrolase (XTH) family. The XTH
genes play a crucial role in cell wall loosening for plant cell expansion,
an important process in bulb development®*°. Interestingly, we found
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that the XTH gene family was also expanded in L. sargentiae (81 copies)
compared with G. superba (47 copies), and most of the extra copies in
L. sargentiae were produced through TD (Supplementary Fig. 17a, b, ¢).
Additionally, five LsaXTHs were only expressed in bulbs (Supplemen-
tary Fig. 17d). To evaluate the importance of these LsaXTHs in bulb
formation, we produced transient Virus-Induced Gene Silencing (VIGS)
(TRV-LaXTH) and transient over-expression lily lines of LaXTH (OE-
LaXTH). We found that the expression levels of LaXTH in TRV-LaXTH
and OE-LaXTH lines were significantly lower and higher than their
controls, respectively (Fig. 3e). Moreover, the bulblet induction rate
(bulblet initiation and bulblet expansion rate) in TRV-LaXTH lines and
OE-LaXTH lines are significantly lower and higher, respectively, than
observed in their respective controls (Fig. 3f). The positive correlation
between bulb induction and LaXTH expression suggests that LsaXTHs
relate to the bulblet initiation and bulblet expansion processes, and
the expansion of XTHs may have contributed to the formation of bulbs
in L. sargentiae (Fig. 3g). Moreover, we identified other candidate
genes (e.g., homologs of JAZ1, SOCI, and PMEI41) of lily bulblet initia-
tion and bulblet expansion (Fig. 3g and Supplementary Fig. 15). Several
of these genes showed high expression patterns exclusively during
bulblet initiation and bulblet expansion in bulbs. Given their estab-
lished functional roles and involvement in biological processes in
other plants, this suggests they might participate in lily bulb
development®>*?* (Fig. 3g and Supplementary Fig. 18).

In flame lily, we also identified several genes that might be related
to rhizome expansion, including the rhizome-specific ones, e.g., the
Granule Bound Starch Synthase 1 homolog (GsuGBSS1, Gs05G074250)
(Supplementary Figs. 19, 20b, and 21). During rhizome expansion,
three SUS1/4 homologs were highly expressed and six SUT2 homologs
showed the highest expression levels in rhizomes among all the
examined tissues (Supplementary Figs. 19 and 20a). Among them,
GsuSUT2 (Gs05G154810) was only expressed in rhizomes and dis-
played significantly higher expression level at 60 days after sprouting
(DAS) in G. superba (Supplementary Figs. 19 and 20). Additionally, we
found that genes encoding enzymes which catalyze starch biosynth-
esis, including GsuSSI (Gs05Gl116640), GsuSS2 (Gs10G066010),
GsuGBSS1 (Gs05G074250), and GsuAPL2/3/4 (Gs03G099340), all
showed the highest expression levels at 40 DAS, followed by down-
regulation at 60 DAS and subsequent up-regulation at 80 DAS (Sup-
plementary Fig. 20b). GsuGBSSI was specifically expressed in rhi-
zomes, suggesting the coordinated regulation of starch biosynthesis
and rhizome development (Supplementary Fig. 20b). In summary,
these results indicate that the expansion and expression of SUS and
SUT genes monitor enhanced metabolism of sucrose and starch dur-
ing bulb and rhizome development, the predominant natural con-
stituents of bulbs and rhizomes®.

Floral organ identity genes in lily and flame lily

The lilies and flame lilies feature flower structures with petaloid organs
called tepals, which contribute significantly to their ornamental values.
Here we elucidate the molecular basis of the floral morphology of L.
sargentiae and G. superba by identifying the floral organ identity genes
(including class A, B, C, and E MADS-box genes) and analyzing their
expression patterns (Supplementary Figs. 22, 23, and 24). We identified
atotal of four class A, three class B, one class C, and three class E MADS
genes in L. sargentiae, and two class A, three class B, two class C, and
two class E MADS genes in G. superba (Supplementary Fig. 22).
Regarding the class B PI-like genes, both PIl-like genes in L. sargentiae
and G. superba underwent independent duplication events after their
divergence (Supplementary Fig. 22). Additionally, both Pl-like genes
(GsuPla and GsuPIb) in G. superba contain the PI-motif. In contrast, only
one Pl-like gene (LsaPla) in L. sargentiae possesses the Pl-motif, while
the other (LsaPIb) does not (Supplementary Fig. 24a). This finding is in
agreement with the previous reports that there are two types of Pl-like
genes in lilies with one containing the PI motif®*. As for the AGL2

homologs in the class E MADS genes, the two identified AGL2 homo-
logs (LsaAGL9 and LsaAGL6) in lily are distributed across two separate
clades: one clustering with AtAGL9 and another grouping more closely
with AtAGL2/3/4 (Supplementary Fig. 22)*.

For L. sargentiae, the expression profiles of various floral tissues,
including tepals, stamens, filaments, ovaries, and stigmas, were ana-
lyzed across five consecutive stages (S1-S5) from the bud stage to full
maturity. For G. superba, tepals, stamens, and carpels were analyzed at
the bud stage (Supplementary Fig. 23). We found that the class A and B
MADS genes in L. sargentiae and G. superba exhibited broader
expression in floral organs than their counterparts in eudicot model
systems (Supplementary Fig. 23). Compared to class A MADS genes,
both LsaAGL6 and GsuAGL6 exhibited significantly higher expression
levels in tepals, indicating their A-class function, similar to the roles of
AGL6 homologs reported in other plants, e.g., rice’”*® (Supplementary
Fig. 23). LsaAG inlily and two AG genes in flame lily almost exhibited no
expressions in tepals, but those showed high levels of expression in the
reproductive organs (Supplementary Fig. 23). For class E genes,
GsuAGL2 and GsuAGL6 showed high expression levels in all examined
flower tissues at the bud stage (Supplementary Fig. 23). While in lily,
class E LsaAGL2 showed lower expressions than the other two class E
genes, LsaAGL9 and LsaAGL6. LsaAGL9 was expressed in all tissues,
while LsaAGL6 was not expressed in stamens (Supplementary Fig. 23).

Genes related to growth transition of bulbs in lily

Lily bulbs need to undergo low-temperature conditions to facilitate
growth transition and vernalization required for flowering. Incomplete
growth transition inhibits the later-stage vegetative and reproductive
growth of lilies, ultimately affecting the quality and yield of lily flowers.
In L. sargentiae, we found a huge number (107) of the Suppressor of
overexpression of CO 1 (SOCI) homologs, which is substantially (35.7-
fold) more than the three SOCI homologs in G. superba (Supplemen-
tary Fig. 25). LoSOC1, a vernalization-related candidate gene was
recently identified in the RNA-seq study of dormancy bulbs and dor-
mancy released bulbs'®. We compared the ratios of bud length to bulb
length in TRV and TRV-LoSOCI-infiltrated bulbs under 8 weeks of long-
term cold treatment (4 °C). We observed that the central bud of TRV-
LoSOClI-infiltrated bulbs exhibited significantly slower growth com-
pared to that of the control bulbs, that is, the rate of bud length to bulb
length of the control bulbs was about 1.45 times of that of the TRV-
LoSOClI-infiltrated bulbs (Fig. 4a, c¢), indicating that the expansion of
SOC1 homologs might influence the evolution of the bud transition
growth trait of lilies. Additionally, we identified a dormancy-related
modaule (the turquoise module) using WGCNA, which contains an AP1/
FUL-like homolog (lili00G414190) with higher expressions in dor-
mancy released bulbs, suggesting that this gene might also be involved
in growth transition in lily (Supplementary Fig. 26). We observed that
LoFUL expression is significantly induced in the shoot apical meristems
with 12 °C cold treatment (bud-forcing treatment) to accelerate ger-
mination in lily cultivar ‘Siberia’ (Fig. 4d). After bud-forcing treatment
for 15 days, the number of flower buds and the flower bud transition
rate of the TRV-LoFUL-infiltrated bulbs were both significantly lower
than those in the TRV-infiltrated bulbs (Fig. 4b, e, f), demonstrating
that the AP1/FUL-like homolog is associated with the floral bud growth
transition in lily.

The origin, evolution, and function of colchicine in flame lily

In flame lily, we detected distinct structural types of alkaloids,
including high abundance of colchicine in leaves, flowers, and rhi-
zomes (Fig. 5a, b and Supplementary Fig. 35a). We identified multiple
homologs of the previously identified colchicine biosynthesis
genes®*? (Fig. 5¢ and Supplementary Figs. 27-30). Specifically, a gene
cluster (named CYP75A109-OMTs gene cluster) spanning a 1.12Mb
region on Chromosome 5 contained homologs of all reported
colchicine-related O-methyltransferase genes (GsOMTI, GsOMT2,
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a Representative images of bulbs in TRV control lines and TRV-LoSOCI silenced
lines after infiltration under 4 °C long-temperature cold treatment for 8 weeks.

b Representative images of bulbs in TRV control lines and TRV-LoFUL silenced lines
under 12 °C bud-forcing treatment for 15 days. TP tepal primordium, FAM flower
apical meristem, SAM, shoot apical meristem. ¢ Statistics of the ratios of central
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replicate) lines after infiltration under 4 °C long-temperature cold treatment for
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treatment from 3 days to 15 days. W, week; d, day. Error bars are shown as the
mean = s.d. of three biological replicates. ANOVA with Turkey’s HSD tests for
pairwise comparisons is used for data analysis and the letters represent significant
differences (P=0.0001). **P = 0.0001. e Statistics of the number of flower buds of
TRV and TRV-LoFUL lines (n =15) with 12 °C bud-forcing treatment for 15 days. Error
bars stand for mean + s.d. (two-sided Student’s t-test; **: P< 0.01). **P < 0.0001.

f Statistics of flower bud transition rate of TRV (n=15) and TRV-LoFUL (n=15) lines
with 12 °C bud-forcing treatment for 15 days. Error bars stand for mean + s.d. of
three technical replicates (two-sided Student’s -test; **: P< 0.01). **P < 0.0001.
Source data are provided as a Source Data file.

GSOMT3, and GsOMT4), as well as the homolog (GsuCYP75A109,
Gs05G056020) of the reported cytochrome P450 (P450) gene
(GsCYP79A109)*°. Additionally, this cluster includes genes encoding
retrotransposons or RNA-dependent DNA polymerases (Fig. 5d and
Supplementary Fig. 32). These are homologs to key genes encoding
enzymes that are involved in the transformation of the (S)-1-phe-
nethylisoquinoline scaffold to O-methylandrocymbine®’. GsuOMTI
(Gs05G056070), GsuOMT2 (Gs05G055960), GsuOMT3a
(Gs05G056090), GsuOMT3b (Gs05G056290), and GsuCYP75A109 were
all highly expressed at 40 DAS in rhizomes (Fig. 5¢), among which
GsuOMTI, GsuOMT3a, and GsuCYP75A109 belong to the same co-
expression module (the magenta module) identified by WGCNA
(Supplementary Fig. 31), suggesting coordinated expression of genes
in a cluster*. Synteny analyses found that in the genomic region cor-
responding to the CYP75A109-OMTs gene cluster, only the flame lily
genome had the GsCYP754109 homologous gene, while other exam-
ined monocots had different number of uncharacterized OMT genes
(for example, the lily genome only has one OMT gene in this region)
(Fig. 5d and Supplementary Fig. 33a). While plant OMTs constitute a
large family of enzymes that methylate the oxygen atom of a variety of
secondary metabolites, only GSOMTI, GsOMT2, GsOMT3, and GsOMT4
in flame lily are reported to function in colchicine biosynthesis***%
Thus, the roles of other OMT members in colchicine biosynthesis
remain to be explored. In addition, we found two tandem arrays of
P450 encoding genes in G. superba, including ten paralogs of
GsCYP7IDAI12 (encoding enzymes that catalyze the oxidation of N-

formyldemecolcine) and eleven paralogs of GsCYP71FBI (encoding
enzymes that catalyze the transformation of O-methylandrocymbine
to N-formyldemecolcine by the unusual oxidative ring expansion
reaction) (Supplementary Fig. 32). Similarly, the CYP71FB1 tandem
array in G. superba were not found in the respective syntenic genomic
regions in other examined monocots (Supplementary
Figs. 33b and 34b). In the syntenic genomic region of the CYP71DAI12
tandem array, we identified a corresponding CYP71DAI2 tandem array
in the lily genome (Supplementary Fig. 34a). However, only two lily
CYP71DA12 genes exhibit synteny with the CYP71DA12 genes from the
flame lily (Supplementary Figs. 33c and 34). Liquid Chromatograph-
Mass Spectrometer (LC-MS) analysis of L. sargentiae did not detect any
traces of colchicine in bulbs and buds (Fig. 5a and Supplementary
Fig. 35b), consistent with the absence of these colchicine-related gene
clusters in L. sargentiae. Based on these results, the absence of these
colchicine-related clusters in the other examined monocots including
L. sargentiae, is suggestive of a scenario where colchicine biosynthesis
has originated independently within the Colchicaceae.

Discussion

In this study, we unveil the reference genome assemblies for both L.
sargentiae (47.09 Gb) and G. superba (5.15 Gb) of Liliales. Notably, L.
sargentiae represents the largest sequenced eukaryotic genome
published to date, surpassing even that of the Chinese pine genome
(Pinus tabuliformis, 25 Gb), as well as the lungfish genome (Neocer-
atodus forsteri, 37 Gb)*. The extraordinary size of L. sargentiae is
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Fig. 5 | Origin, evolution, and biosynthesis of colchicine. a The extracted ion
chromatogram (EIC) of the theoretical m/z value (400.1755, [M + H]+) of colchicine
in the total ion chromatograms (TICs) of the colchicine standard, the rhizome of
Gloriosa superba, and the bulb of Lilium sargentiae. b Contents of the detected
metabolites of the colchicine biosynthesis pathway in G. superba. Sampling time
points of 20, 40, 60, and 80 days after sprouting (DAS) in G. superba were named S1,
S2, S3, and S4, respectively. Flowers on the bud stage (Bud), initial opening stage

(Ini), turning stage (Tur), and mature stage (Mat) were sampled from the G. superba
plants at the time of 60 DAS. L leaf, T Tepal, R rhizome. ¢ Heatmap showing
expression patterns of potential colchicine-related genes in flame lily. Genes from
the CYP75A109-OMTs gene cluster are in red fonts (refer to Supplementary Fig. 32).
d Microsynteny analysis of the colchicine-related O-methyltransferase genes and
CYP75A109 between G. superba and L. sargentiae. Source data are provided as a
Source Data file.

mainly attributed to the substantial activity of LTR-RTs, which are
recurrent factors in the evolution of large plant genomes*****, While
the genomes of most monocot orders have been sequenced, geno-
mic information for the order Liliales remains sparse. The large
genome sizes in Liliales, with an exceptionally high mean 1 C value of
39.26 pg (38.39 Gb) for monocots*®, have evidently increased the
challenge of resolving their genomes. The genome size diversity
among Liliaceae, Melanthiaceae, and Colchicaceae has been
evaluated"**%, For example, Lilium species exhibit a wide range of
estimated genome sizes, from 44.88 pg (43.89 Gb) in L. souliei to
167.58 pg (163.93 Gb) in L. grayi®, which offers a valuable opportunity
to compare the underlying evolutionary mechanisms driving gen-
ome size diversity in plants. We will gain more detailed insights into
genome size and diversity of Liliales as more genomes within Liliales
are sequenced in the future.

Several phylogenetic studies have utilized plastome (the chlor-
oplast genome) sequences to infer relationships among species in
Lilium**-°. However, relying solely in plastome sequences has limita-
tions that could compromise the reliability of the resulting phylogeny.
A main limitation is that plastid gene sequences only reflect maternal
lineages, making them insufficient for detecting hybridization events®.
Furthermore, the limited taxon in these previous studies may have
further reduced the accuracy of the evolutionary conclusions from
phylogenetic analyses*. In our study, nuclear sequences from 85 lilies
were analyzed, resulting in the most comprehensive and up-to-date
phylogenetic study of the Lilium genus. Unlike previous reports, our
findings revealed that Lilium was divided into two major clades: one

consisting solely of Asian species (the Leucolirion 6a + Archelirion
species) and the other comprising species from Asia, Europe, and
North America**~"*, Notably, we found that Sinomartagon is poly-
phyletic, with species distributed across three different clades, and
that Leucolirion 6a and 6b are independent sections rather than sub-
sections, consistent with earlier findings**~"**. Additionally, we further
demonstrated that L. henryi and L. rosthornii belonged to Leucolirion
6a, while L. brownii was part of Leucolirion 6b, respectively**°°,
However, the composition of sections within the three Sinomartagon
clades differs from the previous reports***°. Our results also confirmed
that the Nomocharis genus is closely related to Sinomartagon 5¢**°*.
Our results confirmed that Martagon was monophyletic and sister to
Sinomartagon Sa, rather than derived from Sinomartagon***°. We also
validated that numerous wild lilies belonging to Sinomartagon 5c and
Nomocharis have not undergone hybridization with the dominant
cultivated lily species. This highlights the existence of untapped
genetic reservoirs and offers immense potential for future lily breeding
endeavors. We detected shared genome haplotypes among wild and
cultivated lily species. While significant advancements in lily breeding
have been made in the past 50 years, particularly through interspecific
hybridization”’, we found that some modern lilies may have been
developed through methods other than hybridization, such as
domestication and breeding. Our classification of the Lilium genus, the
origin of cultivated lilies, and hybridization patterns at the nuclear
gene level provide extensive insights into the relationships among
major wild and cultivated lily species and offer directions for future
breeding efforts.
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To date, while several genomes of bulbous and rhizomatous
plants have been previously documented”*>***’, our understanding
of these unique plant structures remains limited. In our proposed
module for lily bulb development, we identified biological pathways
similar to those found during bulb formation in onion, which are
known to play crucial roles in storage organ formation*. Notably, we
discovered that multiple gene families involved in sucrose and starch
metabolism, key processes in the initiation and expansion of storage
organs””> %, have undergone significantly TD in lily. Furthermore,
members of the XTH gene family in lily are also significantly expan-
ded due to TD; these genes have been previously reported to exhibit
differential expressions during storage organ development®.
Importantly, we provide the experimental evidence of the role of
LsaXTH in bulb formation in plants. The research on rhizome
development in flame lilies is more fragmentary compared to that of
lily bulb formation®. In this study, we proposed a model for rhizome
formation in flame lily, highlighting the potential importance of
sucrose metabolism/transport and starch biosynthesis pathways in
this process. On the basis of the crucial roles of St¢SUTI and StGBSS
genes in potato tuber development® >, We propose that the rhizome
specific GsuSUT2 and GsuGBSS1 genes may be vital for flame lily
rhizome formation. Specifically, in the flame lily rhizome, GsuSUT2
likely facilitates the transport of sucrose for subsequent starch bio-
synthesis in amyloid, while GsuGBSS1 is involved in the following
amylose synthesis process. Additionally, the two significantly
expanded gene families in lily and flame lily are different, providing a
valuable opportunity to understand the formation of distinct mod-
ified stem structures in these two species.

Although a near-complete colchicine biosynthesis pathway in G.
superba has recently been elucidated, the genomic foundation of this
pathway remains largely unexplored®*°. We identified gene clusters
responsible for colchicine biosynthesis that are unique to flame lily.
Notably, the critical gene clusters associated with colchicine bio-
synthesis and colchicine-related metabolites, are absent in L. sargen-
tiae, suggesting that this species lacks the complete pathway to
synthesize colchicine. This finding is consistent with the previous
report that colchicine production is restricted to the Colchicaceae
family’, supporting the hypothesis of an independent origin of col-
chicine biosynthesis within this family. Within the syntenic genomic
region of the colchicine-related CYP71DA12 tandem array in flame lily,
the lily genome also contains a CYP7IDAI2 tandem array. However,
only two of the lily CYP7IDAI2 genes are syntenic homologs of the
flame lily CYP71DA12 genes. Interestingly, each of these two lily
CYP71DA12 genes forms multiple syntenic gene pairs with the flame lily
CYP71DA12s, particularly LsaCYP7IDAI2a (lili00G285310). This sug-
gests that after the divergence of the lily and flame lily, their ancestral
CYP71DA12 genes underwent TD in flame lily, leading to functional
divergence of these genes. Subsequently, the CYP7IDAI2 genes in
flame lily have evolved to encode enzymes for colchicine biosynthesis.
However, it remains to be verified whether the CYP71DAI12 genes in lily
exhibit similar function to the CYP71DA12s of flame lily. Furthermore,
in the phylogenetic analysis of CYP75A genes, we identified one
GsCYP75A109 homolog, and multiple GsCYP75A110 and GsCYP75A109/
110-like homologs in flame lily. In contrast, we identified only one
CYP75A gene in both the lily genome and the transcriptome assemblies
of various lilies, which was found to occupy the most basal branches
relative to the homologs of GsCYP75A109 and GsCYP75A110 (Supple-
mentary Fig. 29¢). Considering that GsCYP75A109 and GsCYP75A110
play distinct roles within colchicine biosynthesis, specifically in the
phenethylisoquinoline scaffold hydroxylation and phenol ring cou-
pling, respectively**°, we propose that the CYP75A109 and CYP75A110
genes in flame lily may have undergone functional divergence fol-
lowing the formation of multiple copies and have acquired novel
functions. In contrast, the single CYP75A gene in lily is not likely to
contain these specialized functionalities.

In summary, our work provides insights into the evolution of
expansive plant genomes, which offers valuable genomic resources for
the future study of Liliales plants and acceleration of the selection and
breeding of lilies and flame lilies.

Methods

Plant materials

The 51 Lilium wild species as well as 34 lily cultivars used in RNA-seq
were cultivated at the Yanqging Base in Beijing, China under natural
conditions. The L. sargentiae plants used in genome sequencing and
NGS were cultivated in Kunming, Yunnan Province, China (25.04°N,
102.72°E) under natural conditions. The G. superba (the cultivated
variety named ‘Passion flame’) plants used in genome sequencing,
RNA-seq, and NGS were cultivated in Yuxi, Yunnan Province, China
(25.04°N, 102.72°E) under natural conditions. Lily cultivars ‘Tresor’ and
‘Siberia’ used in gene cloning were planted in the Science Research
Garden at China Agricultural University, Beijing, China (39.90°N,
116.40°E) under natural conditions. The leaves of L. sargentiae and G.
superba plants were used to isolate DNA for genome sequencing and
NGS. The detailed list of plant samples used in RNA-seq in this study
can be found in Supplementary Data 1 and 2.

Genome sequencing and assembly

PacBio library construction and sequencing. According to PacBio’s
standard protocol for third-generation sequencing, the PacBio DNA
library was built and then sequenced on the Sequel platform using the
CCS mode of the single-molecule real-time sequencing technology. To
obtain sub-reads, long sequencing reads were initially corrected. The
size of fragments selected for sequencing was approximately 20 kb.
HiFi reads were generated by merging sub-reads.

Hi-C library construction and sequencing were conducted on
the Illumina HiSeq X Ten system using the 150-bp pair-end reads. The
Hi-C libraries were constructed to anchor scaffolds onto
chromosomes®’. DNA isolated from L. sargentiae and G. superba
leaves were digested with Hindlll overnight, respectively. Sticky ends
were biotinylated and proximity-ligated, and then physically sheared
to a size of 500-700 bp and enriched to make chimeric junctions.
The cross-linked long-distance physical connections were next pro-
cessed into chimeric fragments, followed by reverse cross-linking,
purification, and PCR amplification, and were subsequently used to
create paired-end sequencing libraries. For the PCR amplification
reaction, the cycling conditions are set as follows: (1) initial dena-
turation: 95 °C for 3 min for (1 cycle); (2) denaturation: 98 °C for 20 s
(10 cycles); (3) annealing: 60°C for 15s (10 cycles); (3) extension:
72 °C for 30 s(10 cycles); (4) final extension: 72 °C for 5 min (1 cycle);
(5) hold: 4 °C. To evaluate the Hi-C sequencing, the Hi-C-Pro program
(v3.1.0) was then used®.

Short-read library construction and sequencing. The 150-bp
paired-end libraries were constructed from the high-quality DNA for
NGS and were subsequently sequenced using the Illumina X-ten plat-
form (lllumina, CA, USA).

For transcriptome sequencing, cDNA libraries were constructed
from the integrated and high-quality RNA of the mixture of bulbs,
stems, leaves, and flowers from lilies as well as rhizomes, leaves, and
flowers from flame lily. Before the Agilent Bioanalyzer 2100 system
was used to evaluate the cDNA library, the PCR products were pur-
ified. The libraries were sequenced using lllumine HiSeq X Ten sys-
tem according to the manufacturer’s instructions. Trimommatic (v
0.39) was used to clean up the raw RNA-seq readings by removing
low-quality bases, adaptors, duplications, and potential
contaminants®®,

Genome size and heterozygosity estimation
Genome size and heterozygosity were estimated by K-mer frequency
distribution analysis. Initially, the short reads were filtered using fastp
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(v0.19.4) with default settings. K-mers were then counted using Jelly-
fish (v2.2.10) with the parameters “-C -m 17 -s 1 G -t 56°7°%, The resulting
output file was subsequently used as input for GenomeScope (v2.0)*’,
which estimated the genome size and heterozygosity using default
parameters. The 17-mer frequency distribution was analyzed based on
genome characteristics, considering the pattern of Poisson distribu-
tion. The genome sizes of L. sargentiae and G. superba were also esti-
mated by flow cytometry using DNA from fresh leaves. Zea mays
(2C=4.7pg) and Triticum aestivum (2C=30.9 pg) were used as an
internal standard for the evaluation of the genome sizes of G. superba
and L. sargentiae, respectively.

Genome assembly and evaluation

HiFi-asm (v 0.9) (https://github.com/chhylp123/hifiasm) was used to
assemble PacBio HiFi reads to obtain assembled contigs using the HiFi
read sequencing data’. Purge-dup (https://github.com/dfguan/purge_
dups) was used for sequence dehybridization to obtain the purged
assembled contigs. Juicer (v 1.5.6)"* was employed for the exclusive
mapping of purified Hi-C reads obtained from data quality control to
the cleansed contig assemblies. Additionally, 3D-DNA (v 180922)"* and
JuiceBox (v 2.0)”® were used to construct the scaffolds. The com-
pleteness of the genome annotation was evaluated using BUSCO
(v5.4.0)” with the embryophyta_odb10, which includes 1,664 single-
copy orthologs.

Genome annotation

Gene structure annotation was performed through the method of
combining evidence-based prediction and de novo prediction (De
novo). For evidence-based annotation, we used Maker (https://gmod.
org/wiki/MAKER_Tutorial) to utilize RNA-seq data as evidence files.
Using RNA-seq data and genome alignment information, the Augustus
training model was constructed through Program to Assemble Spliced
Alignments (v2.4.1)"*, and then De novo was performed by Augustus
(http://bioinf.uni-greifswald.de/augustus/). Then the Maker and De
novo results were integrated based on the principle that the evidence
results were prior to the predicted results. Finally, the genes encoding
proteins with a repeat ratio of less than 50% and with a length greater
than 50 amino acids, and with FPKM (fragments per kilobase of exon
per million mapped reads) greater than 0 in at least one transcriptome
sequencing sample were retained.

The repeat sequences of the L. sargentiae and G. superba genomes
were annotated by methods including homologous sequence align-
ment (Homolog) and De novo. RepeatModeler (http://www.
repeatmasker.org/RepeatModeler/), which can automatically per-
form RECON (v 1.08)” and RepeatScout (v1.0.5)’°, and LTR_FIN-
DER(v1.06) (http://tlife.fudan.edu.cn/Itr_finder/) were used to build de
novo repeat libraries of the L. sargentiae and G. superba genomes,
respectively. By the combination of the RepBase v21.12 database
(http://www.girinst.org/repbase), the repeat sequences were pre-
dicted using RepeatMasker (v 4.0.7)”.

Gene functional annotation

To perform functional annotation, orthology assignments, and
domain prediction, the identified proteins was used in eggNOG-
Mapper v27%. The annotation results were counted in Supplementary
Tables 13 and 14. The GO annotation information on genes were
obtained from the results of eggNOG-Mapper. TBtools (v 1.098696)
was used to conduct GO enrichment analysis of genes in proximity
(within 2 kb) to Tork and Tekay LTR-RTs or containing these LTR-RTs
in their introns in the lily genome”. The P-value cutoff for measuring
whether the enrichment of the GO term is significant is 0.05.

Phylogenetic tree reconstruction
The species phylogenetic tree of 26 plant species including L. sargen-
tiae and G. superba was constructed by 893 single-copy orthologous

genes obtained by BUSCO (Benchmarking Universal Single-Copy
Orthologs)”. Protein sequences from these single-copy homologous
genes were aligned using MAFFT (v 7.467) with default settings, fol-
lowed by trimming with default parameters of trimAL (v 1.4.1)**®. The
maximum likelihood tree was then constructed using FastTree (v2.1)**
default settings and visualized with MEGA (v 7.0.26)*.

Synteny analysis

The syntenic dot plots of syntenic gene pairs were drawn by WGDI
(v0.4.7)%%. Ks values were calculated for each gene pair in the aligned
blocks obtained by WGDI (v0.4.7)%. The distributions of all Ks values
were plotted to infer WGD events that occurred during the evolu-
tionary history. To correlate the Ks peak representing the monocot-
shared 1 event, we applied a Ks correction method as follows: if
species A and B experienced the same duplication event, it should
have occurred simultaneously in both, meaning their Ks peaks should
be equal (i.e., KsA=KsB). However, due to different evolutionary
rates among species, the actual KsA and KsB are not identical.
Assuming that after the duplication event, species A and B evolved at
rates VA and VB, respectively, and that the divergence point between
them, O, reflects an ancestral evolutionary rate of V, the correction
factor for species A is

A =V/VA @
and for species B is
AB=V/VB 2
Thus, the corrected Ks value between species A and B is
KsAB — correction =KsAB*AA*1B 3)

The correction for key evolutionary events within species A and B
are

KsA — correction = KsA*AA*AA 4)

KsB — correction = KsB*AB*AB (5)

LTR insertion time estimation

Careful classification of repeat sequences (solo-LTRs, intact-LTRs, and
the subfamilies of LTRs) was performed using EDTA (v1.9.9)%. The time
calculation module within LTR retriever (v2.9.5)% was used to deter-
mine the insertion times of LTR elements. Annotation of solo-LTRs was
performed using the solo_finder.pl script integrated into the above
software.

The origin of cultivated lilies

A total of 85 transcriptomes comprising 34 cultivated and 51 wild lilies
were selected for phylogenetic tree analysis (Supplementary Data 1).
Trinity (v2.1.1)*” was used for transcriptome assembly, yielding the
longest transcript. TransDecoder (v5.5) (https://www.msi.umn.edu/
sw/transdecoder) was then used for opening reading frame prediction,
resulting in the extraction of the protein sequences from the longest
transcripts. Orthofinder (v2.3.1)® was then used to identify single-copy
genes, resulting in the detection of 360 single-copy orthologous
genes. IQ-TREE(v1.6.2)** was used for model selection and 1000
bootstrap tests. The JTT +F +1+ G4 model was selected for phyloge-
netic tree construction. To access the similarity of lily transcripts (the
shared genome haplotypes) across different species, an all-to-all blast
calculation was performed among lily species. For each lily species, the
proportion of transcripts exhibiting the highest gene similarities
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(identities > 95%) with those of other species was calculated, excluding
self-alignments within species. The resulting data were visualized using
the pheatmap package in R (1.0.12) to generate a heatmap. For lilies
within Clade 1, transcript assembly was performed using Trinity
(v2.1.1)¥. Orthofinder (v2.3.1)*® was employed to identify gene clusters
using these transcripts, along with the longest transcripts of the L.
sargentiae genome. Gene clusters containing transcripts from more
than 80% of these species were preserved. For each species, the
number of gene clusters of one to ten genes were calculated.

Gene family identification

Gene family members were identified by HMMER (v3.0)°° and BLASTP
(v2.2.26)°". Multiple sequence alignment was performed by MAFFT
(v 7.467)%, and the maximum likelihood tree was built using FastTree
(v2.)%% For the identification of MADS genes, we used 1Q-TREE
(v1.6.12)* to construct the phylogenetic trees using the most appro-
priate evolutionary model selected based on the data. To further
investigate the presence or absence of colchicine-related P450 and
OMT genes in Liliales, transcripts from a total of 71 transcriptome
assemblies of wild Liliales species were analyzed. This included data
from species including Colchicum autumnale, G. superba, Helonias
bullata, Smilax bona-nox, Xerophyllum asphodeloides, and L. sargen-
tiae, which were downloaded from the 1KP database (https://db.cngb.
org/onekp/) (Supplementary Data 4). The gene IDs corresponding to
the gene symbols mentioned in this study can be found in Supple-
mentary Data 5.

RNA-seq analysis

The RNA-seq results and samples of L. sargentiae and G. superba can be
found Supplementary Data 1 and 2, respectively. Flame lily rhizomes
were sampled for RNA-seq at 20, 40, 60, and 80 DAS, along with leaves
at 60 DAS, and flowers at various stages (bud, initial opening, turning,
and mature) at 60 DAS. Three biological replicates were collected for
each sample. For L. sargentiae, flower tissues, including tepals, sta-
mens, filaments, ovaries, and stigmas, were sampled at five con-
secutive stages from the bud stage to the mature stage. Additionally,
whole flowers at the mature stage were also collected for RNA-seq
analysis (at least two biological replicates were used). Using hisat2
(v 2.2.0) with the default parameters, clean reads were mapped into
the assembled L. sargentiae and G. superba genomes’. Cutfflinks
(v2.1.1) were used to obtain the expression levels (FPKM)*>. WGCNA
(v3.2.5)°* and Cytoscape (v3.6.1)” were used to analyze and show gene
co-expression networks, respectively. For WGCNA, the weighted net-
work was unsigned. Genes with a mean gene expression level (FPKM)
less than 1 were filtered. The used top 10,000 genes were selected by
median absolute deviation. The minimum module size was 30. The
public RNA-seq data from ‘Tresor’ and ‘Siberia’ were aligned to the
L. sargentiae genome and subsequently used in WGCNA analysis to
study bulb development and growth transition, respectively (Supple-
mentary Data 1). TBtools (v 1.098696) was used to display gene
expression patterns’’.

Silencing of LaXTH, LoSOCI, and LoFUL in lily scales by VIGS

LaXTH was chosen by BLASTP” using the protein sequence of
1ili00G412220, the homolog of AtXTH22. LaXTH was cloned from lily
cultivar ‘Tresor’. LoSOCI and LoFUL (the homolog of 1ili00G414190)
were cloned from lily cultivar ‘Siberia’. CDS sequences of these three
genes could be found in Supplementary Data 6. The pTRV2, pTRV2-
LaXTH, pTRV2-LoSOC1, and pTRV2-LoFUL lines were obtained using
the VIGS method. The gene fragments of LaXTH, LoSOCI, and LoFUL
were used to generate the constructs pTRV2-LaXTH, pTRV2-LoSOCI,
and pTRV2-LoFUL, respectively. These constructs, along with pTRV1,
pTRV2, and the modified pTRV2 vectors, were separately introduced
into Agrobacterium tumefaciens strain EHA105. The transformed A.
tumefaciens was cultured in liquid Luria-Bertani medium

supplemented with 50 mg/L kanamycin and 25mg/L rifampicin at
28 °C, then harvested by centrifugation. The bacterial pellets were
resuspended in an infiltration buffer (10 mM MgCl,, 200 pM acet-
osyringone, and 10 mM MES at pH 5.8) to a final optical density at
600 nm (OD600) of 1.0. For agroinfiltration, a 1:1 (v/v) mixture of A.
tumefaciens cultures carrying pTRV1 and pTRV2-LaXTH (or pTRV2-
LoSOCI or pTRV2-LoFUL) was prepared, while a mixture of pTRV1 and
pTRV2 served as the control. For the pTRV2 and pTRV2-LaXTH lines,
the infiltrated scales were dried on moist absorbent cotton in glass
culture bottles and were incubated in the dark for 14 days at room
temperature (22°C) for statistics of bulb induction rate. Bulblet
initiation rate and bulblet expansion rate are the rates of callus for-
mation and the rates of bulblet formation, respectively. In the pTRV2
lines, the bulb induction rate was counted at SO when it was a merely
lily scale, while in the pTRV2-LaXTH lines, the bulb induction rate was
measured at S1 when callus formation happened. The experiments in
PTRV2 lines and pTRV2-LaXTH lines were repeated five and seven
times using 10 scales in each repetition, respectively. For the pTRV2
and pTRV2-LoSOCI1 lines, the bud length and bulb length were calcu-
lated using ImageJ/FIJI. Student’s t-test (*: P<0.05; *: P<0.01) was
used in statistical analyses.

Transient over-expression of LaXTH in lily scales

LaXTH was inserted into the pCAMBIA2300 vector, and the empty
pCAMBIA2300 vector was used as the control. The EV (35S:eGFP/
pCAMBIA2300) and OE-LaXTH (35S:LaXTH-eGFPpCAMBIA2300) vec-
tors were transformed into Agrobacterium tumefaciens GV3101,
respectively to get EV and OE-LaXTH lines'°. The bulb induction rate
was counted as described in the section of ‘Silencing of LaXTH,
LoSOC1, and LoFUL in lily scales by VIGS”. Student’s ¢-test (*: P<0.05,
*; P<0.01) was used in statistical analyses.

SEM observation

Scanning electron microscopy (SEM) was performed using central
buds of lily bulbs. The central buds were collected and fixed in FAA
solution (a mixture of 50% ethanol, 5% acetic acid, and 3.7% for-
maldehyde) for 8 h, followed by a 30-min vacuum treatment. The fixed
buds were gradually dehydrated in an ethanol series, undergoing
submersion with gentle agitation at concentrations of 50%, 70%, and
90% ethanol for 1h each, and twice in 100% ethanol for 1h each at
room temperature. The sample was placed on the Hitachi TM-4000
scanning electron microscopy and their tiny scales were removed
under the stereo microscope.

qRT-PCR analysis

Total RNA was extracted from SAMs of lily cultivars ‘Siberia’ under two
conditions: 4 °C from O to 8 weeks, and 12 °C bud-forcing treatment
from 3 to 15 days. Additionally, RNA was extracted from tissue located
2 mm above the base of the lily scales in pTRV2, pTRV2-LaXTH, EV, and
OE-LaXTH lines at the S1 stage. The extraction was performed using the
FastPure Plant Total RNA Isolation Kit (Vazyme, Nanjing, China), to
analyze the expression profiles of LoFUL and LaXTH, respectively. The
gRT-gPCR experiment was performed on the Applied Biosystems
StepOnePlus real-time PCR system using the ChamQ SYBR gPCR kit
(Vazyme, Nanjing, China). FP was used as the internal control gene. All
experiments were run in three replicates and the expression data were
calculated by the method of the 2722, Primer sequences were listed in
Supplementary Table 15.

Detection of colchicine in lily and flame lily

A total of 50 mg of plant materials were ground in liquid nitrogen, and
then 1 ml of 80% methanol-water solution was added. The mixture
was sonicated for 15min, and the supernatant was collected after
centrifugation. The sample was then added to a sample bottle
for detection. Thermo U3000-QEplus liquid chromatography-mass
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spectrometry system (Waters CI18 T3, 2.1x150 mm, and 3.5um chro-
matography column) was used in detection. Mobile phase A was 0.1%
formic acid in water, while mobile phase B was 0.1% formic acid in
acetonitrile. The flow rate was set at 0.2 ml/min with the following
gradient: 0-7 min, 5-90% B; 7-8 min, 90% B; 8.5-10 min, 5% B. The
colchicine standard purchased from Shanghai Yuan Ye was optimized
with a molecular weight of 400.1755 and the colchicine retention time
is 6.36 min.

Untargeted metabolomics

Flame lily rhizomes were sampled for metabolite sequencing at 20, 40,
60, and 80 DAS, along with leaves at 60 DAS, and flowers at various
stages (bud, initial opening, turning, and mature) at 60 DAS. Three
biological replicates were collected for each sample. Biological sam-
ples were processed using a Scientz-100F vacuum freeze-dryer for
freeze-drying. The resulting material was pulverized with a zirconia
bead in a mixer mill (MM 400, Retsch) for 1.5min at a frequency of
30 Hz. A portion of 50 mg of the powdered sample was dissolved in
1.2 mL of 70% methanol solution and subjected to vertexing for 30 s
every 30min, repeated six times in total. After centrifuging at
12,000 rpm for 3 min, the supernatant was filtered through a 0.22 um
pore size membrane (SCAA-104, ANPEL, Shanghai, China; http://www.
anpel.com.cn/) and prepared for UPLC-MS/MS analysis.

The analysis was carried out on a UPLC-ESI-MS/MS system, com-
prising a UPLC unit (ExionLC™ AD, https://sciex.com.cn/) and a mass
spectrometer (Applied Biosystems 6500 Q TRAP, https://sciex.com.cn/).
The chromatographic separation was performed on an Agilent SB-C18
column (1.8 um, 2.1 mm x 100 mm). The mobile phase consisted of sol-
vent A (water containing 0.1% formic acid) and solvent B (acetonitrile
containing 0.1% formic acid). A gradient program was applied, starting
with 95% A and 5% B, transitioning to 5% A and 95% B within 9 min,
maintaining this ratio for 1 min, then reverting to 95% A and 5% B over
11min and holding this condition for 2.9 min. The flow rate was
0.35 mL/min, with the column oven set at 40 °C and an injection volume
of 2 uL. The effluent was connected to an ESI-triple quadrupole-linear ion
trap mass spectrometer. The ESI source was operated at a source tem-
perature of 500 °C with an ion spray voltage of 5500 V in positive mode
and -4500 V in negative mode. Source gas I, source gas Il, and curtain
gas were set at 50, 60, and 25 psi, respectively, with a high collision-
activated dissociation setting. Multiple reaction monitoring (MRM)
transitions were acquired with nitrogen as the collision gas set to
medium. Declustering potential and collision energy were optimized for
each MRM transition, and specific MRM transitions were monitored for
metabolites based on their elution times.

Data acquisition was performed using the MRM mode, with
instrument control and raw data acquisition carried out via Analyst
(v 1.6.3)%° software. After data collection, metabolite identification
was conducted using Analyst (v 1.6.3)°° in conjunction with the
self-built Metware Database from Wuhan Metware Biotechnology
Co., Ltd. The identification process involved comparing the MS/MS
spectra of detected metabolites with database entries, using sec-
ondary mass spectral information to achieve high-confidence
qualitative analysis. During data processing, isotopic signals,
duplicate signals containing K*, Na*, and NH4" ions, and fragment
ion signals that were duplicates of larger molecular weight sub-
stances were removed to ensure data accuracy. For quantitative
analysis, chromatographic peaks of all detected substances were
integrated based on peak areas by MultiQuant (v 3.0)””. Quantifi-
cation was achieved by normalizing and correcting the peak areas
of the same metabolite across different samples, ensuring result
consistency and accuracy®®.

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 the Sequence Read Archive of the NCBI database under the acces-
sion PRJNA1037021. The genome assemblies with annotations and
metabolomics raw data are available at FigShare [https://figshare.com/
articles/dataset/ b_The_giant_ genome_of lily_provides_insights_into_
the_hybridization_of cultivated_lilies b /279333751°°. The accession
numbers in the NCBI GenBank database of the previously reported
functional genes used in this study are available in Supplementary
Data 7. Source data are provided with this paper.
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