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The evolutionary tale of lilies: Giant genomes derived from transposon
insertions and polyploidization
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Dear Editor,

Lily (Lilium spp.), known as the “king of bulbous flowers,” has high ornamental
and medicinal value due to its attractive, fragrant flowers and nutritious bulbs.
The Lilium genus comprises approximately 115 perennial bulbous herbal species
distributed in the Northern hemisphere, including 55 species and 18 varieties that
were discovered in China. The rich diversity of lilies in China likely contributes to
their extensive utilization and provides valuable resources for scientific studies.
However, their giant genomes pose a challenge to high-quality genome assem-
bly, and there is no reference genome for this lineage. To date, only a few giant
genomes have been published due to technical difficulties and high costs.' The
substantial diversity in genome size among organisms is of fundamental biolog-
ical significance. However, the correlation between organismal complexity and
genome size remains tenuous.? Sequencing and assembling large/complex ge-
nomes remain challenging due to issues such as polyploidy, high heterozygosity,
and high repeat ratios. Because they have significantly larger genomes than
other eukaryotes, almost all Lilium species could serve as ideal models in which
to study the relationship between organismal complexity and genome size.
L. davidii var. unicolor, the only edible sweet lily variety, has been cultivated for
~150 years in Lanzhou, China, providing an important source of income for local
farmers. We selected this variety for genome sequencing to acquire valuable
data for studying the giant genomes of lilies and, thereby, facilitate their genetic
improvement and enhance breeding efforts.

CHROMOSOME-SCALE ASSEMBLY OF THE LILY MEGA-GENOME

We estimated the genome size of L. davidii var. unicolor to be approximately
38.01 Gb by flow cytometry analysis and 37.62 Gb with 2.18% heterozygosity
by K-mer distribution analysis. Karyotype analysis showed that L. davidii var. uni-
color is diploid, with 12 pairs of giant chromosomes. To assemble this extremely
large genome, we generated 3.32 Tb of lllumina short-read and 2.25 Th of Nano-
pore long-read data. We employed the optimized NextDenovo pipeline, which is
suitable for giant genomes, to produce a preliminary non-redundant contig-level
assembly of 36.68 Gb (13,068 contigs, N50 = 7.72 Mb). Subsequently, 4.45 Tb of
High-throughput Chromosome Conformation Capture (Hi-C) data were produced

for physical mapping, and after four rounds of manual adjustment, 96.99% of the
contigs were anchored onto the 12 pseudochromosomes, corresponding to 12
chromosomes (Figure 1A).

We assessed the completeness and accuracy of the assembly using various
methods. First, we measured the relative physical lengths of 12 sets of chro-
mosomes from three somatic cells. The lengths of all chromosomes in the as-
sembly were proportional to the observed physical lengths. We then realigned
the lllumina and Nanopore reads to the genome, with high mapping rates of
97.80% and 99.10%, respectively. The long terminal repeat (LTR) assembly in-
dex (LAI) value was estimated to be >10, and base-level accuracy analysis
yielded a quality value (QV) of 30.18, far exceeding the standard for a refer-
ence-level assembly. We also identified telomeric sequences in two pseudo-
chromosomes at both ends and five pseudochromosomes at one end, con-
firming the high completeness of the assembly. Genome annotation yielded
87,501 protein-coding genes, and 78,348 (89.54%) genes could be functionally
annotated. Finally, benchmarking universal single-copy orthologs (BUSCO) eval-
uation captured 94.90% completeness in the assembly. These findings high-
light the high completeness, accuracy, and contiguity of this lily genome
assembly.

RECENT TE EXPANSIONS AND POLYPLOIDIZATION CREATED THE
SUPER-LARGE GENOME OF L. DAVIDII VAR. UNICOLOR

The main factors affecting genome size are the accumulation of repetitive
DNA sequences and polyploidization. We identified an extremely high percentage
of repetitive sequences (88.31%) in the lily genome through annotation, with
transposable elements (TEs) accounting for 84.19% of the genome. Among
these TEs, LTR retrotransposons (LTR-RTs) are the major components
(64.40%), with Copia and Gypsy accounting for 16.62% and 31.53%, respectively.
An estimation of the insertion time of the LTR-RTs revealed the sharply acceler-
ated accumulation of LTR-RTs over the past 5 million years. The accumulation
rate of Copia reached a peak ~1.65 million years ago (mya), showing a burst
of Copia insertions, whereas the burst of Gypsy insertions occurred more
recently, at approximately 0.89 mya (Figure 1B). The explosive insertions of Copia
and Gypsy elements near the peak accounted for 29.6% and 22.1% of total TE
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Figure 1. The lily genome and multi-omic analysis (A) Genomic features of L. davidii var. unicolor. (B) Estimated insertion times of Gypsy and Copia retrotransposons. (C) Phylogeny

and classification of Gypsy and Copia retrotransposon subclasses. (D) Identification of WG
shared by all monocots but Acorales and Alismatales. (F) Expression patterns of genes with
sucrose contents during lily bulblet development. (H) Correlation analysis between glycolyti

insertions, respectively. Therefore, these recent intensive TE insertion events
largely explain the giant genome of this lily.

Phylogenetic analysis indicated that both the Gypsy and Copia LTR-RTs in lily
comprise multiple subclasses (Figure 1C). Of these, two Gypsy subclasses
(Athila and Tekay) and two Copia subclasses (Tork and Ikeros) outnumbered
the others, suggesting they contributed significantly to the expanded genome
size. Different subclasses of TEs have expanded in different plants during their
evolution, with Athila, Retand, Tekay, and Tork having undergone explosive
expansion in lily (Figure 1C). Some subclasses (such as Athila) are reported to
show target-site bias in pericentromeric heterochromatin and thus suppress
recombination, which in theory should have resulted in lower LTR-RT removal
rates and facilitated genome expansion.”

Apart from TE insertions, whole-genome duplications (WGDs) might also
directly contribute to the expansion of genome size. We therefore analyzed
WGDs that have occurred in the lily genome. Analysis of the age distributions
of synonymous substitution sites (Ks) for paralogs retained in collinear regions
showed two signature peaks at 1.35 and 0.97, indicating that two rounds of
WGDs occurred in the lily genome (Figure 1D). Intergenomic collinearity analysis
revealed ratios of 4:2 between lily and Acorus gramineus, 4:4 between lily and
Asparagus officinalis, and 4:4 between lily and Dioscorea alata. Considering
that A. gramineus experienced only one WGD and A. officinalis and D. alata
each experienced two WGDs,"® the ratios of the intergenomic collinearity blocks

u_n

D events. (E) Phylogenetic position and divergence time of the lily. “t" refers to the WGD
different lengths and intron numbers in the lily genome. (G) Fresh weight and starch and
ic metabolites and co-expression modules.

support the notion that two WGDs occurred in the lily genome. Based on the po-
sitions of the Ks peaks representing speciation events (Figure 1D), we deter-
mined that both WGDs in lily occurred after its divergence from A. gramineus
(1.50), with one ancient WGD (1) being shared with Asparagales and Dioscoreales
(as evidenced by a larger Ks peak value than the speciation peaks) and one more
recent WGD having occurred independently in the lily lineage (showing a smaller
Ks peak value compared to the speciation peaks).

Using genes from 563 low-copy orthogroups, our reconstructed monocot phy-
logeny resolved lily as the sister group of Asparagales, with a divergence time
dating back to 72.7 mya (Figure 1E), which is consistent with the findings of
most studies employing nuclear genes.® By contrast, the hypothesis that Liliales
and Asparagales are successive sisters to commelinids is mainly supported by
studies using plastid genomes,” possibly reflecting the cyto-nuclear conflict
arising from different modes of inheritance (biparental vs. uniparental). Although
the onion and garlic genomes from Asparagales both underwent two more
rounds of WGDs,® their genomes are less than half the size of the lily genome.
This finding suggests that the lily genome has been better preserved after the
TE insertion events and WGDs, reflecting distinct evolutionary modes for lily
and the two Asparagales species. Unequal recombination is considered to be a
major LTR-RT removal mechanism in plants® and has been used to explain the
formation of giant genomes: giant genomes have a significantly lower rate of un-
equal recombination, in theory leading to a slower LTR removal rate, the
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continuous accumulation of LTRs, and a giant genome.'° Perhaps the lily genome
has an even lower rate of unequal recombination than other plant genomes.

LILY'S ULTRA-LONG GENES RESULT FROM ULTRA-LONG INTRONS AND
SHOW A NEGATIVE CORRELATION BETWEEN EXPRESSION LEVEL AND
GENE LENGTH

Lily contains a large proportion of long genes (57.61 kb on average), with genes
longer than 50 kb (defined as ultra-long genes) accounting for 33.88% of all an-
notated genes. However, the coding sequences of lily genes have an average
length of only 847.17 bp, comprising an average of 3.97 exons and 213.72 bp
per exon, which are comparable to those of other plants with significantly smaller
genomes. These findings suggest that extremely long introns are the primary
cause for the ultra-long genes in lily. Indeed, the average intron length of lily genes
is ~19.13 kb, the second longest among all published plant genomes (second
only to that of Cycas panzhihuaensis).

In the gymnosperm Pinus tabuliformis, large genes with long introns exhibit
higher expression levels than the others, which was attributed to greater chro-
matin accessibility.' To investigate the expression patterns and factors influ-
encing the long genes in the lily genome, we conducted a comprehensive anal-
ysis of several gene characteristics. Among all investigated factors, gene
length showed significant but variable correlations with expression levels (Fig-
ure 1F): a positive correlation between gene length and expression levels was
observed for genes shorter than 50 kb, but a negative correlation was observed
for genes that exceeded 50 kb. This contrasting trend in gene expression was
uniquely observed in L. davidii var. unicolor, distinguishing it from other plants
possessing long genes. Additionally, the L. davidii var. unicolor genes with the
highest expression levels typically contained 3 or 4 introns (Figure 1F).

Overall, lily genes exhibit an expression pattern distinct from that of P. tabulifor-
mis genes: a trend of increasing expression for genes shorter than 50 kb and
decreasing expression for genes longer than 50 kb. Perhaps 50 kb represents
atransition point that limits the efficiency of transcription or intron splicing, result-
ing in lower efficiency for longer genes.

LILY BULBLET DEVELOPMENT AND CARBOHYDRATE METABOLISM

Lily bulbs are nutrient-storing organs that serve as important resources for the
pharmaceutical and food industries in East Asia. To examine nutrient accumula-
tion and the underlying mechanisms during lily bulblet development, we collected
bulblets at five developmental stages and subjected them to comprehensive
cytological, transcriptomic, and metabolomics analyses. Starch and sucrose
accumulation in bulblets was detected throughout bulblet development (Fig-
ure 1G), and a significant number of genes in the glycolytic metabolic pathway
were highly expressed exclusively in bulblets, demonstrating clear organ-specific
expression patterns. Furthermore, wide-targeted metabolomics detected a total
of 870 metabolites in lily bulblets across the five developmental stages, including
carbohydrates, lipids, phenolic acids, and so on, demonstrating rich metabolic di-
versity. Metabolome-transcriptome correlation analysis revealed a significant as-
sociation between carbohydrate metabolites and one gene expression module
(turquoise), which likely includes genes encoding enzymes in carbohydrate
and starch metabolic pathways (Figure TH).

In conclusion, we successfully assembled a chromosome-level lily genome,
the largest plant genome published to date. Our analysis of this genome provided
an in-depth understanding of the features and mechanisms of giant genomes, as

LETTER

well as other characteristics, including prevalent ultra-long genes and their
expression profiles. The high-quality lily reference genome will lay the foundation
for genetic and molecular research on lilies, including population genetics and
evolutionary genomics to trace the origin and evolutionary history of different
lily cultivars and genome-wide association studies to identify key genes associ-
ated with important agronomic traits. The lily reference genome will also facilitate
the mining of the abundant genetic resources within lilies and the identification of
candidate genes associated with key traits and provide essential genetic re-
sources for molecular breeding.

DATA AND CODE AVAILABILITY

All genomic and transcriptomic data for Lilium davidii var. unicolor have been deposited in
the China National GeneBank Database (CNP0005511). More detailed results of this paper
are provided at https://doi.org/10.6084/mQ figshare.27222642.
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