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Two Melanthiaceae genomes with dramatic
size difference provideinsightsinto giant
genome evolution and maintenance
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To characterize genome size evolution in the Melanthiaceae family, we
sequenced the genomes of Paris polyphylla var. yunnanensis (54.58 Gb/1C)
and Veratrum dahuricum (Turcz.) O. Loes. (3.93 Gb/1C). Using a hierarchical
bottom-up chromosome assembly strategy, we successfully assembled

the five giant chromosomes of P. polyphylla, with the largest chromosome
reaching 14.14 Gb. We observed widespread secondary diagonal signals in
aHi-Cinteraction heat map of P. polyphylla, which suggests a higher-order
helical structure (with ~250 Mb per turn) of interphase chromatin. Our
genome assemblies reveal that P. polyphylla has not undergone recent
whole-genome duplications since its divergence from V. dahuricum. Gene
family analysis showed that the five DNA repair pathways are all significantly
enriched in the expanded gene families in P. polyphylla. Our results not
only reportagiant, high-quality plant genome, but also reveal how giant
chromosomes evolved and were retained.

Genome size (GS) is a crucial aspect in the evolution of land plants as
itinfluences numerous biological processes. The amount of DNAin a
haploid genome (1C-value) also exhibits astonishing diversity, varying
over 24,000-fold"*. So far, researchers have sequenced species from
most families on the plant phylogenetic tree, resulting in over 1,720
assemblies (Supplementary Table 1). However, the majority of plant
genomic studies have focused on species with small genomes. Only
~10% of the assemblies are greater than the median GS for angiosperms,

whichis 2.45 Gb/1C". In the Plant C-value Database (https://cvalues.sci-
ence.kew.org, Supplementary Table 2), over 600 species (top 5%) have
extremely large GS (>20 Gb/1C). However, <1% (10 of 1,720) of the assem-
blies have GS >20 Gb/1C, which remain severely under-represented
(Supplementary Table1). Knowledge derived from small genomes may
not be applicable to all genomes. As ref. 3 demonstrated, in small and
medium-sized genomes, the repeat proportionis positively correlated
with GS, but for genomes >10 Gb/1C, the repeat proportion does not
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Table 1| Summary of assembly metrics and completeness of both genomes and annotated genes

Species Genome Number of Total length (bp) N50 (bp) N9O (bp) Longest (bp)
assembly sequences
Contigs 78,381 52,745,548,966 1,517,703 334,444 257,336,657

P. polyphylla Chromosomes 5 47,765,251,326 9,900,240,954 7,583,609,810 14,138,182,717
Un-anchored 34,838 5,178,980,651 674,000 58,386 92,110,000
Contigs 7,626 3,553,867,786 2,215,577 264,688 18,611,606

V. dahuricum Chromosomes 16 3,262,103,997 219,022,602 161,792,680 262,217,294
Un-anchored 4,557 293,313,289 106,880 24,764 6,462,241

Species Complete Complete and singlecopy Complete and duplicated Fragmented Missing
Genome 1,578 (97.77%) 1,256 (77.82%) 322 (19.95%) 8(0.5%) 28 (1.73%)

P. polyphylla
Gene 1,523 (94.4%) 1,211 (75.03%) 312 (19.3%) 12 (0.7%) 79 (4.9%)
Genome 1,586 (98.27%) 628 (38.91%) 758 (59.36%) 4 (0.25%) 24 (1.49%)

V. dahuricum
Gene 1,491(92.4%) 734 (45.5%) 757 (46.9%) 39 (2.4%) 84 (5.2%)

increase with GS. Recently, ref. 4 published the genome sequence of
Lanzhoulily (Lilium davidiivar. unicolor, 35.6 Gb/1C) and proposed that
the giant GS was mainly due to recent transposon insertions (TEs, with
apeakat~1millionyearsago (Ma)) and polyploidization. Nevertheless,
thetiming of TEburstsin giant genomes varies greatly, even within the
same genus, such as in Pinus: Pinus tabuliformis (6 Ma)®, Pinus lamber-
tiana (16 Ma)® and Pinus taeda (17 Ma)*’. Therefore, more studies on
species with giant genomes are needed to clarify the mechanism of
genome expansion.

As the most diverse family in terms of GS, Melanthiaceae species
from 16 genera are classified into 5 tribes, Chionographideae, Helo-
niadeae, Melanthieae, Parideae and Xerophylleae® (Supplementary
Fig.1). Themean GS of the Parideae tribe is ~50 Gb/1C (the largest being
150 Gb/1C), while the mean GSs of the other four tribes range from 1.23
to 3.69 Gb/1C®. This indicates that Parideae underwent substantial
genome expansion, probably through transposoninsertion or genome
duplication after diverging from the Xerophylleae tribe 52.4 Ma’. In
the Parideae tribe, Paris polyphyllavar.yunnanensis (2n = 2x =10) has
agiant flow cytometry-based GS of 54.58 + 0.54 Gb/1C (Supplementary
Table 3) and consists of only 5 chromosomes. The average chromosome
lengthisestimated at10.9 Gb, ranking among the largest chromosome
classes of organisms recorded in the Plant C-value Database (Supple-
mentary Fig. 2a and Table 2). Although chromosomes are fundamen-
tal organizational units in eukaryotic genomes, how extremely long
chromosomes (at 10-Gb level) fold into higher-order structures and
perform their functions remains unclear. The giant chromosomes of
P. polyphylla provide a valuable opportunity to reveal how such
extremely long chromosomes have evolved and been maintained.

To investigate the mechanism underlying the dramatic genome
expansion in the lineage leading to P. polyphylla, we sequenced the
genomes of P. polyphylla and Veratrum dahuricum (Turcz.), repre-
sentatives of Parideae and Melanthieae tribes, respectively. Here we
present achromosome-level genome assembly of P. polyphylla, span-
ning 52.75 Gb/1C. This assembly is compacted into 5 chromosomes'®",
withsizes ranging from 7.58 to 14.14 Gb and an average length of 9.55 Gb.
Thelongest chromosome exceeds the size of the Lanzhoullily’s largest
chromosome by more than 3-fold and also surpasses the length of the
South American lungfish’s largest chromosome, which is 12.03 Gb™
(Supplementary Fig.2b). The Darwin Tree of Life Project (https://www.
darwintreeoflife.org/) has released the largest chromosome assembly
sofar (92 Gb/1C) for Viscum album, which consists of 10 chromosomes,
with the longest chromosome being10.8 Gb, still smaller than that of P.
polyphylla (Supplementary Fig. 2b). Another species in the Melanthi-
aceaefamily, V. dahuricum, possesses a significantly smaller assembly,
witha GS of 3.55 Gb/1C and an average chromosome length of 0.20 Gb.
The stark contrast in GS among closely related species provides a

valuable opportunity to study the mechanism underpinning large
genome and chromosome evolution.

Results and Discussion

Chromosomal-level assembly of two Melanthiaceae genomes
For P. polyphylla, we obtained a genome assembly of 52.75 Gb/1C in
length with a contig N50 of 1.52 Mb (Table 1), using a HiFi assembly
and additional round of hybrid assembly protocol with HiFi reads,
ONT reads and Hi-C reads from the Pacbio Revio, PromethION and
MGISEQ-2000 platforms, respectively (Supplementary Table 4). The
assembly is equivalent to 96.64% of the whole genome (54.58 Gb/1C)
based on flow cytometry (Supplementary Fig. 3 and Table 3) or 77.75%
ofthe whole genome (67.85 Gb/1C) based on K-mer analysis with short
reads (Supplementary Fig. 4). We assessed the completeness and
accuracy of the assemblies using three different methods: BUSCO
gene set alignment by compleasm®, K-mer-based quality assessment
by Merqury*, and mapping of genomic short reads and full-length
transcripts. The results of compleasm showed 97.77% of the 1,614
BUSCO genesincomplete forminthe genome, while Merqury showed
abase-level quality value (QV) of 46.01 (indicating accuracy higher
than 99.99%). In addition, 99.95% of the genomic short reads could
be mapped to the assembly and covered 98.32% of the assembly, and
97.06% of the 177,874 full-length transcripts could be mapped to the
assembly using BLAT with the maximum intron size set to 500 kb. All
theaboveresultsindicated high accuracy and integrity of the assembly.
Repeat sequence annotation showed that the assembly was mainly
composed of repetitive sequences (96.8%), including 36.21% of Ty3/
Gypsy and 21.61% of Helitron (Supplementary Table 5). Gene annotation
resulted in a set of 82,505 protein-coding genes, 93.47% of which had
functional annotations (Supplementary Table 6).

With a hierarchical bottom-up chromosome assembly strategy
comprising temporary scaffolding, chromosome grouping and itera-
tive chromosome anchoring (Extended Data Fig. 1), we successfully
anchored 90.5% of contigs (47.7 out of 52.75 Gb) to the 5 chromosomes,
with the largest chromosome being 14.14 Gb in length (Fig. 1a, Table 1
and Supplementary Table 7; please refer to Supplementary Notes 1-3
for more details on chromosome assembly). To validate the quality of
chromosome assembly, we carried out fluorescence insitu hybridiza-
tion (FISH) experiments using 9 probes designed for putative cen-
tromeres, telomeres, 5.85\185\28S\5S ribosomal DNA (rDNA) and
3 chromosome-specific repeat sequences, respectively (Extended
Data Fig. 2, Supplementary Figs. 5 and 6 and Table 8). The chromo-
somal locations of the probe signals aligned well with the chromo-
some assembly. Consistent with the hypothesis that centromeres have
high mutation rates, we have found many different tandem repeats
near the constriction region of chromosomes and chose the most
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Fig.1| Overview of P. polyphylla chromosomes and higher-order structure.
a, Hi-Cinteraction heat map of the 5 chromosomes in P. polyphylla. The
P.polyphylla chromosomes are labelled PPY_1to PPY_5 following descending
chromosome size with parallel secondary diagonal lines (-250 Mb away from
main diagonal), suggesting a helical chromatin structure. b, Normalized
interaction intensity plots for each of the 5 P. polyphylla chromosomes.
Genome-wide interaction intensity was plotted over genomic distance from

0.1Mb to 10 Gb after normalization to the interaction intensity at 0.1 Mb by
setting interaction intensity at 0.1 Mb as 1. The dashed lines mark a peak at
250 Mb, representing the interaction over one helical loop. ¢, Model of

P. polyphylla chromatin structure. Third-order hierarchical folding structure
of P. polyphylla chromatin is shown from the nucleosome (at periods of

200 bp) to helices (at periods of 250 Mb).

prevalent 79-mer repeat as the target to design oligo probes for FISH.
The results showed that the centromere probe signals were found on
all5 pairs of chromosomes near the chromosomal contractions except
the longest pair of chromosomes (PPY_1) and one of the third pair of
chromosomes (PPY_3). These results showed not only high diver-
sity in centromere sequences among chromosomes''¢, but also high
polymorphism between homologous chromosomes, which has been
recently identified by comparison of centromeres from two complete
humangenomes”, suggesting that dynamic evolution of centromeres
isgoing onin P. polyphylla.

For V. dahuricum, we obtained a 3.55 Gb/1C genome assembly
with acontig N50 of 2.21 Mb and QV of 42.85 using HiFi reads (Supple-
mentary Table 4), and further anchored 3.26 Gb (91.83%) of contigs to
16 chromosomes with Hi-C data (Supplementary Fig. 7 and Table 4).
Repeat and gene annotation of the assembly identified 85.78% of the
genome as repetitive sequences (including a higher 39.74% of Ty3/
Gypsyand alower 1.71% of Helitron component thanin P. polyphylla) and
104,721 protein-coding genes, 99.3% of which had functional annota-
tions (Supplementary Tables 5and 6), more than the numbers of total
and functional protein-coding genesin P. polyphylla.

Putative helical chromatin structure in giant chromosomes

of P. polyphylla

The Hi-C data not only assisted our chromosome-level assembly but
also provided novel insights into the three-dimensional (3D) struc-
tural information of the P. polyphylla genome. In the Hi-C interaction
heat map (Fig.1a), we observed a pair of secondary diagonals ~250 Mb
away from the main diagonal. This suggests that these genomic parts
interactintensely with neighbouring regions on the genome, contrib-
uting to the signals on the main diagonal, and also with other genomic
regions at a constant distance away, which contribute to the parallel
secondary diagonals. Inaddition, outside of the secondary diagonals,
a pair of weak diagonals was just discernible. A plot of the Hi-C inter-
action intensities over genomic distance revealed a peak at 250 Mb
and a shoulder at -500 Mb (Fig. 1b). A helical model of a higher-order
chromatin structure (Fig. 1c) offers a compelling explanation for the
pattern of multiple parallel diagonals in the Hi-C interaction map in
P.polyphylla.In this model, sequences distant from each other on the
same chromosome are broughtinto close proximity in 3D space due to
theirlocation on the same side of neighbouring loops on a helix. When
the helixis highly compressed, similar toa compressed spring, points
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onthe same side of neighbouring three or more loops can be brought
evencloser together, accounting for the existence of diagonals beyond
the secondary ones. We also observed similar secondary diagonals in
the published Hi-C data from leaf tissues of ginkgo'®, suggesting that
the chromatin helical structureininterphase cellsis not aspecial case
limited to P. polyphylla. 1t is worth noting that secondary diagonals
along the main diagonals in Hi-C interaction maps have previously been
observed only in purified metaphase cells (not ininterphase cells) in
barley”, humans®, chickens* and axolotls?. These findings are inter-
preted as evidence of a higher-order helical structure of metaphase
chromosomes. In these studies, the distance between the primary
and secondary diagonals varied from 12 Mb to 35 Mb, representing
the genomic length of each helical turn.

In our research, the distance between these diagonals in P. poly-
phyllawas ~250 Mb (Fig. 1b,c), significantly larger than that observed
in purified metaphase cells (<35 Mb). We determined the Hi-C inter-
action intensity between pairs of 10-Mb bins separated by a distance
of 240-260 Mb. When we plotted the intensity distribution across
chromosomes, it was consistently around 10,000 pairs of Hi-C reads/
bin pair in most chromosome regions, with a noticeable decrease at
some centromeres and telomeres (Supplementary Fig. 8). This suggests
that parallel diagonals are prevalent in most areas of the P. polyphylla
chromosomes and only absent in regions of high repetitive hetero-
chromatin. Further sequence analysis of the regions delineated by
secondary diagonals revealed no specific repeat type enrichment
or significant difference in gene density compared with the whole
genome (Supplementary Fig. 9). This helical structure might repre-
sent a unique 3D conformation of large chromosomes in interphase
nuclei, potentially preventing DNA entanglement and promoting
efficient gene transcriptional regulation. To validate this hypothesis
andinvestigate its functionalimplications, further experiments, includ-
ing high-resolution Hi-C and microscopy analyses of selected cells in
both mitosis and interphase, are essential. Such studies will contribute
to our understanding of the high-order chromatin structure of large
chromosomes.

Contrasting histories of polyploidization between
P.polyphylla and V. dahuricum

Polyploidization, which instantly and significantly increase genome
size, has been a key factor in the evolution of numerous plant
lineages® . However, its long-term contribution to genome size
remains unclear’*”. We reconstructed the polyploidization history
in the lineages leading to P. polyphylla and V. dahuricum by using
Amborella trichopoda as outgroup. This was achieved by combining
evidence of genome synteny within and between species with the distri-
bution of synonymous substitutions per synonymoussite (K,) between
paralogous genes retained in syntenic blocks (anchor pairs) within
each species. Surprisingly, our synteny analysis within each species
did not reveal any recent polyploidization events post divergences in

the giant genome of P. polyphylla (Supplementary Fig. 10). However,
itdid uncover two polyploidization events (V-a and V-f3) in the smaller
genome of V. dahuricum (Supplementary Fig. 11), although the syn-
teny blocks corresponding to the older V-B event accounted for only
14% of the genome (Supplementary Table 9). Interspecies collinear-
ity revealed a syntenic depth ratio of 4:1between P. polyphylla and A.
trichopoda (Supplementary Fig. 12) and 10:1 between V. dahuricum
and A. trichopoda (Supplementary Fig. 13), suggesting two ancient
whole-genome duplication (WGDs) for P. polyphylla and at least three
WGDs for V. dahuricum. Notably, the syntenic depth ratio between P.
polyphyllaand V.dahuricumstands at 1:5 (Supplementary Fig.14) rather
than4:X, indicating extensive recombination and gene loss after their
divergence. We used ChrO5 of A. trichopoda as the query to demonstrate
asyntenic depth of 1:4:16 for A. trichopoda:P. polyphylla:V. dahuricum
(Fig. 2a). Hence, we infer that P. polyphylla underwent two ancient
WGD events (1 and M- shared with V. dahuricum) and V. dahuricum
experienced two additional WGD events (V-a.and V-f3) post divergence
from P. polyphylla.

The polyploidization history was further cross-validated using
the K, distribution of intraspecies anchor pairs. Significant K|
distribution peaks indicative of polyploidization events were
detected and aligned with the K, peaks of orthologous gene pairs
between species, which enabled localization of the polyploidiza-
tion events on the branches of the phylogenetic tree (Fig. 2b-e).
The phylogenetic relationships among Liliales (P. polyphylla and V.
dahuricum), Commelinids (Oryza sativa and Elaeis guineensis) and
Asparagales (Asparagus officinalis) in Fig. 2e were determined by phy-
logenomic analysis, and are different from those inferred by previous
chloroplast genome- and transcriptome-based phylogenies (Supple-
mentary Note 4). K, analysis of intraspecies comparison in V. dahu-
ricum identified two peaks (K, = 0.08 and 0.39) after its divergence
from P. polyphylla (K,=0.75 and adjusted to 0.85 after rate adjust-
ment), which represent two polyploidization events (V-a and V-f3)
(Fig.2b). Two peaks were also identified in the interspecies K, analysis
between P. polyphylla and V. dahuricum, indicating two shared ances-
tral polyploidization events (t and M-) (Fig. 2c and Supplementary
Fig.15). Furthermore, we calculated the K, of paralogue gene pairsin
P. polyphylla and V. dahuricum identified by collinear orthologues
of chrO5in A. trichopoda (Fig. 2a). The K, distribution of these para-
loguein V. dahuricum also showed two peaks. The peak at K; = 0.4 in
V. dahuricum is highly consistent with the V-p event and the peak
around K;=1.1in both V. dahuricum and P. polyphylla represents
the M-@ event in the common ancestor of the two Melanthiaceae
species (Fig. 2d).

Our results confirmed a common WGD (M-) before the diver-
gence of P. polyphylla and V. dahuricum, followed by two polyploidiza-
tions in V. dahuricum but no recent polyploidization in P. polyphylla
since their divergence (Fig. 2e). This finding offered a convincing expla-
nation for the large differencesingene number between the two species

Fig.2|Genome synteny between P. polyphylla and V. dahuricum and their
contrasting WGD histories. a, Interspecies synteny plotted withJCVI’. Links
represent collinearity among P. polyphylla, V. dahuricum and A. trichopoda.

The coloured ribbon represents the 1:4:16 collinearity between chromosome
5of A. trichopoda, 4 chromosomes of P. polyphylla and 12 chromosomes of
V.dahuricum. Coloured rectangles represent the corresponding syntenic blocks
mapped to Amborella chromosome 5. Blue arrows point to the 16 homologous
copies of V. dahuricum.b, WGD signatures in paralogue K; distributions within
the V. dahuricum genome using the ‘ksrates’ software. Block-wise median K,
values for each syntenic block (Supplementary Fig. 11) were calculated and
plotted in grey histogram. Two putative WGD events could be inferred (two peaks
inblue and purple, with dashed lines to mark the modes of these components as
age estimates of WGD events). The mode of rate-adjusted K, of the nodes labelled
with numbers on the phylogramsin e are marked with coloured boxes, indicating
arange of +1s.d. ¢, Mixed modelling of K, distribution between P. polyphylla and

V.dahuricum.Based on 11,453 anchor pairs between P. polyphylla and
V.dahuricum, mixed modelling of K, distribution using the ‘wgd’ software
showed three components, labelled in e, representing divergence between
P.polyphylla and V. dahuricum, an M- event in the common ancestor of the two
Melanthiaceae species and an older t event. Coloured rectangles mark the range
of mean t s.d. for each component. d, K, distribution of paralogue gene pairs
indirectly inferred from collinear orthologues of A. trichopoda. The homologous
chromosome pairs from the most recent polyploidizationin V. dahuricum were
excluded from the analysis. The two K, distributions have two peaks,with the peak
atK,= 0.4 of V. dahuricum coinciding well with the ‘b’ event in b, and the peak at
K,=1.1shared by the two species coinciding with the ‘c’ eventin c. e, Inferred WGD
histories of P. polyphylla and V. dahuricum are marked on the phylogeny of six
representative monocot species and Arabidopsis, with outgroup A. trichopoda.
Branchlengths are in proportion to K, values. WGD events from other studies are
marked on relevant branches.
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Fig. 3 | Different transposable element (TE) insertion histories in two
Melanthiaceae species. a, TE family composition in two genomes. b, TE
insertion time of the five most abundant TE superfamilies in P. polyphylla and
V.dahuricum. c, Proportional distribution of TEsin the two species. The two
curvesintersect at~29 Ma, with 78.05% of the TEs in P. polyphylla older than this
time and 78.60% of the TEs in V. dahuricum younger than it. d, Bar plot showing
copy numbers of the 50 most abundant protein domainsin the two species. Bars

representing domains from the P. polyphylla genome are further subdivided

and filled with different colours representing copy numbers of the different

TE superfamilies. Colour code asin a. Domains with namesinred are TE-
associated protein domains. e,f, Phylogenetic relationships among copies of two
representative gag polypeptide of LTR, Retrotrans_gag (e) and Retrotran_gag_2
(f), respectively representing retrotransposons of the Ty3/gypsy and Tyl/copia.

and revealed the reason why the species with a smaller genome has
more genes. Therefore, it could be inferred that mechanisms other
than WGD were responsible for the genome expansionin P. polyphylla.

Contribution of repetitive sequences to genome expansion

Toexplore the possible contribution of repetitive sequences to the huge
genome of P. polyphylla, we identified TEsin both genomes on the basis
of denovoannotationand searching of entriesin the Repbase TE library.
Thetotal repetitive sequences content amounted to 96.80% and 85.78%
(including 21.61% and 1.71% Helitron components) for the P. polyphylla
and V. dahuricum genomes, respectively (Fig. 3a and Supplementary
Table 5). We further corroborated these findings using awhole-genome
protein domain search, revealing that TE-associated domains were
the most prevalent within the genome of P. polyphylla (Fig. 3d). An
extended proteindomain searchacross 78 plant species with sequenced
genomes demonstrated a significant positive correlationbetween the
quantity of TEdomains and genome size (Supplementary Table 10 and
Extended Data Fig. 3). This underscores the pivotal role of TE inser-
tions in determining genome size diversity among plants. Notably,
certain P. polyphylladomains,suchasRVT_1and RVT_2, were below the

regression line, suggesting a lower copy number than expected. This
discrepancy might arise from the pronounced divergence of ancient
TEs, rendering them elusive for homologue identification. In a previ-
ous study focusing on repeat content using unassembled reads, it was
observedthat the proportion of repeat content does not continuously
increase with an increase in genome size, particularly in plant spe-
cies with large genomes®. Our assessment of repeat sequences in the
P.polyphylla genome surpasses previous estimations, which were based
onshort-reads clustering with Repeatexplorer2in two other Paris spe-
cies, ranging from 76% to 83%’. This difference could be attributed to
both methodological distinctions and differences in repeat definition
(see Supplementary Note 5 for further details).

In the two genomes, the most abundant category of TEs was the
long terminal repeat (LTR) Ty3/gypsy, constituting 36.21% (19.1 Gb)
and 39.74% (1.41 Gb) of the P. polyphylla and V. dahuricum genomes,
respectively (Fig. 3a). A divergence analysis of the top 5 TE categories
(Ty3/gypsy, Helitron, Mutator, CACTA and Tyl/copia) that compose
83.69% of the P. polyphylla genome exposed a major broad peak at
-45Mainthe temporal distribution of TEinsertions. These dataimply
that ancient TE bursts facilitated the predominance of TE content in

Nature Plants


http://www.nature.com/natureplants

Article

https://doi.org/10.1038/s41477-025-02060-3

the P. polyphylla genome (Fig. 3b). In contrast, the TEs inthe V. dahuri-
cumgenome displayed only narrow peaks below 5 Ma, indicating that
the majority of TEs in this genome are relatively recent (Fig. 3c). The
proportional distribution of TEsinthe two speciesrevealed anintersec-
tion point at 29 Ma, indicating that 78.05% of the TEs in P. polyphylla
wereinserted earlier than 29 Ma, whereas 78.6% of TEsin V. dahuricum
were inserted later than this time (Fig. 3c). These results suggest that
ancient TE bursts contributed to the dominance of TE content in the
P. polyphylla genome, while most TEs in the V. dahuricum genome
are very young. Given that Ty3/gypsy and Tyl/copia are the two most
abundant LTR categories in P. polyphylla (Supplementary Fig. 6 and
Table 5), we constructed the phylogeny of these LTRs on the basis of the
alignments of 4 LTR functional domains from the genomes of P. poly-
phylla, V.dahuricum and two outgroups (Zea mays and Ginkgo biloba).
The results showed that the majority of Ty3/gypsy and Tyl/copia were
clustered into species-specific clades rather than into shared clades
across species. This suggests that the majority of LTRs emerged after
the split of the two species. Moreover, numerous P. polyphylla-specific
clades exhibited a brush-like tree topology (Fig. 3e,f and Supplemen-
tary Fig. 16), implying that many LTR duplication events occurred
within a short period of time, accounting for the TE insertion peak
(Fig. 3b). Previous research on the large genome of Fritillaria species
within Liliales found that most TE families exhibited high divergence
andlow copy number. This suggests that the vast genomein Fritillaria
plants arose from TE accretion rather than from recent extensive TE
amplification, indicating inefficient DNA removal mechanismsin these
plants®. We noted that distinct TE categories accumulated differently in
P.polyphylla; for example, some TEs such as CACTA accumulated slowly
with aflatbroad peak, whereas other TEs such as Helitron accumulated
rapidly withasharp peak. In particular, Helitron, unlike all other types of
TEentryinthedenovo TElibrary,isaClass I TE, which generally lacks
typical transposon features®. Helitron has significantly higher repeat
copies than other types of TE (Supplementary Fig. 17), accounting
for >21% of the P. polyphylla genome. Therefore, the genome expan-
sionin P. polyphylla seems to be the consequence of both ancient and
recent amplification, as well as both rapid and slow TE accumulation,
suggesting that inefficient DNA removal might also contribute to its
huge genome.

TE insertions have not only played an important role in P. poly-
phyllagenome expansion but have also had animpact onthe structure
of protein-coding genes. We found that the TE insertions in introns
increased thelength of many genes, resulting inabimodal gene length
distribution (Supplementary Fig. 18 and Note 6).

Genetic and epigenetic changes accompanying genome
expansion

Greater copy number and unique sequence changes in P. polyphylla
genesrelated to nucleotide repair-associated pathways. Maintaining
chromosome stability is particularly challenging for the 10-Gb chro-
mosomes of P. polyphylla. Several DNA repair pathways, including base
excision repair, nucleotide excision repair (NER), mismatch repair,
homologous recombination and non-homologous end joining, play a
crucialrolein safeguarding the genome against damage from various
mutagens and preserving stability*’. Our study consistently revealed
that all these pathways were significantly enriched (Supplementary
Fig.19) in both expanded gene families in P. polyphylla in compari-
sons among 11 angiosperm species (Supplementary Tables 11 and
12), and those genes with non-synonymous substitutions correlated
with genome size in the analysis on 49 plant species (Supplementary
Tables13-15).

Our analysis, based on Café® in 10 monocots with Arabidopsis as
the outgroup (Supplementary Table11), detected 1,793 expanded gene
familiesin P. polyphylla (Supplementary Fig.20). We conducted Kyoto
Encyclopedia of Genes and Genomes (KEGG)** pathway enrichment
analysisonthese 1,793 gene families and found significant enrichment

in all 5 DNA repair pathways (Supplementary Fig. 19 and Table 12). In
addition to examining gene family size, we also conducted protein
sequence variation analysis on orthologous genes across 49 plant
genomes of varying sizes (Supplementary Table13). These genomes are
categorized into two groups: one group consists of 37 small genomes
with GS <2.45 Gb/1C, while the other group comprises12 large genomes
with GS >2.45 Gb/1C. Through this analysis, we identified 731 ortholo-
gous gene families that exhibit significant variations across different
genome size groups (Supplementary Table 14 and Note 7). Among
these 731 gene families, we again observed significant enrichment in
the 5 DNA repair pathways (Supplementary Fig. 19 and Table 15), sug-
gesting convergent evolution of key genes innumerous plant lineages
with large genomes (GS > 2.45 Gb/1C).

Inthe NER pathway, P. polyphylla exhibited the highest gene count
(216) across all DNA repair pathways and plant species under considera-
tion (Supplementary Table 16). This prompted a deeper investigation
into gene family expansion and sequence evolution within this pathway
for P. polyphylla. Atotal of 61 P. polyphylla genes (compared with 36 V.
dahuricumgenes) from15 expanded families were mapped to10 KEGG
entries in the NER pathway (Fig. 4a,b, and Supplementary Tables 16
and17).Furthermore, 2 genesin the NER pathway displayed mutations
unique to P. polyphylla, while 9 others demonstrated rapid evolution.
These findings suggest that both new gene copies and novel mutations
might haveinfluenced the evolutionary trajectory of the NER pathway
inP. polyphylla, potentially as aresponse to genome expansion and the
challenges of maintaining genome stability.

Higher DNA 5mC methylation in P. polyphylla thanin V. dahuricum.
The process of DNA methylation is essential in silencing transpo-
sons and maintaining genome stability®. In line with the higher TE
content in P. polyphylla compared with V. dahuricum, P. polyphylla
demonstrated a greater proportion of 5-methylcytosine (5SmC) at
CpG dinucleotides (94.24%) than V. dahuricum (90.72%) based on
nanopore signals. Both proportions surpass that of maize, which
is 86%**. To delve deeper into the methylation levels, we catego-
rized all methylated CpG sites according to the level of methyla-
tion at those sites, defined as the ratio of methylated CpG reads to
total reads at the same site. More than half of the sites (61.53% in
P.polyphylla and 63.59% in V. dahuricum) displayed full methylation
(100%, that is, all reads at the site were methylated). Meanwhile,
sites exhibiting zero to intermediate methylation levels (0%-70%)
constituted 4.77% and 9.20% of all CpG sites in P. polyphylla and
V. dahuricum, respectively. In addition, sites with high methyla-
tion levels (71%-99%) made up 33.71% and 27.21% of all CpG sites in
P.polyphylla and V. dahuricum, respectively, and these formed a peak
around the 94% methylationlevel (Fig.4cand Supplementary Table18).
Notably, compared with P. polyphylla, the V. dahuricum genome had
a higher percentage of unmethylated sites at 0% (2.67% vs 0.51% in
P.polyphylla) and fully methylated sites at 100% (63.59% vs 61.53% in
P.polyphylla) (Fig. 4c). For high methylation levels between 90% and
99%, the proportion of sites at each methylation level was generally
higherin P. polyphylla compared with V. dahuricum.

Our genome-wide SmC analysis revealed that while P. polyphylla
exhibited higher overall DNA methylation, V. dahuricum demonstrated
agreater percentage of sites with 100% methylation. This is probably
attributable to the latter’s higher ratio of recently inserted TEs with low
divergence, which arerigorously methylated viathe RNA-directed DNA
methylation pathway. When compared with maize, the P. polyphylla
genome possesses agreater TE proportion, whereas the V. dahuricum
genome’s TE proportion is similar to that of maize at 85%, but it has
anelevated ratio of TE at low sequence (-1%) (Supplementary Fig. 21).
The increased TE proportion in P. polyphylla and the more recent TE
duplicationsin V.dahuricummay account for their heightened methyla-
tion levels compared with maize. The spontaneous molecular process
of SmC deamination in methylated repeat regions can lead to C-to-T
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mutations and a reduction in GC content®®?, potentially explaining
the reduced GC contentin the P. polyphylla genome.

Increasing copies of histone gene family along the P. polyphylla
lineage. In addition to exploring the NER pathway and TE silencing
via DNA methylation, we also investigated the histone-coding genes
within P. polyphylla. These genes encode the primary protein com-
ponents of chromatin and play a crucial role in epigenetic regulation
of chromatin structure®. Notably, our whole-genome Pfam®® search
results revealed a significant correlation between the copy number
of the ‘histone’ protein domain and genome size (Supplementary
Fig.22a). Moreover, utilizing HistoneDB 2.0 (ref. 40), we identified 136
histones in P. polyphylla. This number exceeded that of the other 10
speciesincludedin our gene family clustering analysis (Supplementary
Fig.23 and Table19).

Among all the histone gene families, the most substantial expan-
sion of a histone subfamily inthe P. polyphyllalineage was discoveredin
genes encoding H2A.W, avariant of the core nucleosome histone H2A.
The evolutionary history of the H2A.W subfamily was further elucidated
through phylogenetic analysis. On the basis of the maximum-likelihood
and neighbour-joining trees of 19 P. polyphylla and 9 V. dahuricum
H2A.Wgenes, along with collinearity patterns among the regions where
these genes are located, we hypothesized the presence of 2 ancestral
copies of H2A.Win each of the ancestral genomes of the P. polyphylla
and V. dahuricum lineages. Nevertheless, these 4 copies probably
coexisted in the common ancestor of P. polyphylla and V. dahuricum,
giventhattheir divergence predatesthe splitbetweenthe two species.
Duringspeciation,incomplete lineage sorting led the P. polyphylla and
V. dahuricum lineages to inherit 2 of the 4 copies each. Subsequently,
fromthese 2 ancestral genes, 8 copiesin V. dahuricum emerged through
two rounds of WGDs, while the ninth copy arose from a recent gene
duplication. In contrast, the 19 H2A.Wgenesin P. polyphylla can be traced
back to a series of gene duplications, notably including highly uneven
tandem gene duplication, resulting in 4 copies stemming from one
ancestral gene and 15 copies from the other (Supplementary Fig. 24).

The H2A.W molecule possesses a distinctive C-terminal motif,
KSPKKA, which participates in the formation of higher-order interfibre
interactions contributing to heterochromatin structure. This motif can
maintain genomic TE silencing independently of the genome and the
histone methylation H3K9me pathway**>. Our analysis revealed that
the H2A.W genes in P. polyphylla exhibit species-specific variations in
theloop region of the core histone domain (Fig.4d and Supplementary
Fig.22b). This particular loop region has beenimplicated in the dimeri-
zation of H2As*’. Consequently, the unique modification at this motif
might enhance the stability of H2A dimers in the nucleosomes, result-
ing in more stable heterochromatin within the genomic TE regions.

Insummary, the above genetic (genesin DNA repair pathways and
genes coding for H2A.W) and epigenetic (CpG methylation) changes
accompanying genome expansion in P. polyphylla could be an evolu-
tionary response to maintain the larger genome.

Conclusions

In this study, we report a high-quality assembly of P. polyphylla with
a total length of 52.75 Gb, boasting the largest chromosome ever
reported. Our innovative hierarchical bottom-up chromosome assem-
bly strategy offers a promising method for tackling the assembly of
other giant plant genomes. The data from this research augment our
comprehension of the composition and chromosomal architecture of
exceptionally large genomes (-50 Gb/1C), which have been relatively
underexplored. The genome assemblies described herein provide a
unique avenueto investigate the mechanisms underlying genome size
expansion and stability. Notably, despite diverging only -73.4 Ma, the
two species exhibited a staggering 13-fold disparity in their genome
size. Our analyses suggest that TE insertions play a pivotal role in this
expansion, particularly influencing the growth of intergenic regions

and introns. While WGD may have catalysed the formation of additional
protein-coding genes, itsimpact on overall genome size appears limited
in this context, as WGD mainly facilitated an increase in genes in the
smaller genome. Moreover, we observed a significant expansion of the
H2A.W histone gene subfamily in P. polyphylla, which is implicated in
heterochromatin formation and TE silencing. In addition, the P. poly-
phylla genome displays pronounced methylation, a key component
of the TE silencing mechanism.

Methods

Sample collection and usage

The P. polyphylla samples were collected from a nursery in Kunming,
Yunnan Province, while the V. dahuricum samples were collected from
native habitatsinJilin Province, China. Fresh P. polyphyllaleaves from
three healthy individual plants were harvested for flow cytometry. A
plant labelled ‘Leaf-1" was used for whole-genome DNA sequencing
using Oxford Nanopore Technology (ONT), Pacbio Revio sequencing
and next generation sequencing. Seedling individuals were used for
Hi-C and Pore-C libraries and three flowering individuals were used
for RNA extraction. For V. dahuricum, three mature individuals were
collected for flow cytometry, withthe plantlabelled ‘LL-1" used for DNA
sequencing, and ‘LL-2" and ‘LL-3’ used for Hi-C and RNA sequencing
(RNA-seq), respectively.

Flow cytometry experiment

The genome sizes of P. polyphylla and V. dahuricum were estimated
using flow cytometry. Ginkgo (with a genome size 0f10.61 Gb/1C) and
tomato (with a genome size of 0.88 Gb/1C) were used as reference
plants for P. polyphylla and V. dahuricum, respectively. Young leaves
were used for estimation. Samples were placed in 0.8 ml of pre-cooled
mGb dissociation buffer (45 mM MgCl,-6H,0, 20 mM MOPS, 30 mM
sodium citrate, 1% (w/v) PVP 40, 0.2% (v/v) TritonX-100, 10 mM Na,E-
DTA, 20 pl mI™ B-mercaptoethanol, pH7.5) and finely chopped with a
sharpblade. Afterincubation onice for 10 min, the sample was filtered
through a 40-pm filter to obtain a nuclear suspension. Appropriate
volumes of propidiumiodide (PI) and RNAase solution were then added
to the suspension to achieve aworking concentration of 50 pg ml™ for
both, followed by staining in the dark for 0.5-1 h. The stained sample
suspension was mixed with the reference sample suspension in an
appropriateratioand analysed using a BD FACScalibur flow cytometer
at488 nmexcitation. Atotal of 10,000 particles were collected for each
sample, with a coefficient of variation (c.v.%) controlled to within 5%.
Data analysis was conducted using Modifit 3.0 software. Pl dye inter-
calates into the DNA double strand, and under 488 nm excitation, it
emits fluorescence proportional to the DNA content. By comparing the
fluorescence intensity peaks of the sample and the reference plant, and
using the C-value of the reference, the genome size of the sample can
be calculated using the formula: DNA content of sample = DNA content
of reference x (fluorescence intensity of sample/fluorescence inten-
sity of reference). We measured the genome sizes of P. polyphylla and
V.dahuricum, withresulting average of three replicates of 54.58 Gb/1C
and 3.93 Gb/1C, respectively (Supplementary Table 3 and Fig. 3).

Genome sequencing

High-quality genomic DNA was extracted from P. polyphylla leaves
and V.dahuricum stems, respectively. The extracted DNA was used for
genomic library construction following the protocols of the different
sequencing platforms. For P. polyphyllalong-read sequencing, genomic
DNA libraries were sequenced on the Revio and PromethION plat-
forms, obtaining1.83 Tb HiFireads and 2.95 Tb of QC-passed long-read
sequencing data (including 57.28 Gb ultra-long reads and 60.64 Gb
Pore-Creads withrestriction enzyme Dpnll), respectively. For V. dahu-
ricum, two HiFi libraries were sequenced using the circular consen-
sus sequencing (CCS) mode of the PacBio Sequel System, generating
55.03 Gb of self-corrected long-read data. We also sequenced 192.49 Gb
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of ONT reads. For short-read sequencing, paired-end libraries withan
insertsize of 250 bp were constructed and sequenced using the 150-bp
paired-read mode, resulting in1.81 Tb of clean datafor P. polyphylla on
the DNBSEQ-T7 platform and 135 Gb of data for V. dahuricum on the
Illumina NextSeq 500 platform. For Hi-C, the sequencing methods
were the same as for short-read sequencing, resulting in 5.90 Tb and
436.84 Gb of Hi-C (Dpnll) data for P. polyphylla and V. dahuricum,
respectively (Supplementary Table 4).

Estimation of genome size based on k-mer frequency

We estimated genome size on the basis of k-mer frequency of short-read
sequencing data using Jellyfish (v.2.2.10)** with commands ‘jellyfish
count-mK-s10000 M -t 20 -c 7 -C’ and ‘jellyfish histo’, where K is the
length of oligomers (K =21 for V. dahuricum and K = 39 for P. poly-
phylla). The frequency results were then used to calculate genome
size with GenomeScope2, resulting in 67.85 Gb/1C for P. polyphylla and
4.07 Gb/1C for V. dahuricum (Supplementary Fig. 4).

Genome contig building, scaffolding and chromosome
construction

Hifiasm (0.19.8-r603 with default parameters), a de novo assembler
for PacBio HiFireads*, was used to perform de novo genome assembly
for both P. polyphylla and V. dahuricum. On the basis of 33.28x and
14x depth of HiFi reads, we generated contigs of 56.34 Gb/1C (N50
1.18 Mb) and 3.55 Gb/1C (N50 2.21 Mb) for P. polyphylla and V. dahu-
ricum, respectively. For V. dahuricum, we aligned 111x depth of Hi-C
data (Supplementary Table 4) to the contigs using Juicer (v.1.6)** and
used 3D-DNA (v.180922)* to anchor the contigs with the interaction
information. We visualized the interaction data among contigs using
Juicebox (v.1.11.08)***° to manually correct and re-order the inappropri-
ate 3D-DNA contig placements into the final 16 chromosomes.

For P. polyphylla, we added ONT and Hi-C data to further extend
the contigs by local hybrid assembly. Briefly, we first mapped the 107x
Hi-C data, 33.28x HiFi reads and 53.71x ONT reads to the contigs of
the HiFi assembly. On the basis of the Hi-C alignment results, the con-
tigs were divided into 9 groups using the cluster module of HapHiC*°
(v.1.0.3, parameters: -REAAGCTT -threads 10 -aln_format bam -cor-
rect_nrounds 2 -bin_size 1000). For each group of contigs, all the HiFi
and ONT reads mapped were subjected to local hybrid assembly using
Hifiasm, scaffolding by ONT reads using Longstitch®' and polishing
by HiFireads with Racon®. Finally, we mapped the polished scaffolds
in the 9 groups with the initial HiFi-based assembly using minimap2
(ref. 53), retained the longer sequences of the two assemblies, com-
bined these sequences with the contigs that were not clustered by
HapHiC to purge haplotigs using purge_dups**, and obtained the final
assembly (52.75 Gb/1C, contig N501.52 Mb).

For the ~10-Gb-long chromosomes of P. polyphylla, we could
not concatenate the contigs into chromosomes accurately using
JuiceBox due to frequent programme freezing, even when using a
128-CPU and 256-Gb memory computer (Extended Data Fig. 1a-d).
Thus, we developed a hierarchical bottom-up chromosome assembly
strategy to solve this issue. First, all contigs were split at assembly
errors using YaHS> and ordered using 3D-DNA on the basis of the Hi-C
interaction maps. Then, adjacent contigs with strong Hi-Cinteraction
signals were linked as temporary scaffolds (Extended Data Fig. 1e,f).
Finally, ordering was performed for all 19,902 linked temporary scaf-
folds (size >100 Kb and total length 52.09 Gb). Using manual adjust-
ment, temporary scaffolds were grouped into 5 giant chromosomes
(Extended Data Fig. 1g). For each chromosome, we broke down the
temporary scaffolds of each chromosome into contigs (Extended Data
Fig. 1h) and then ran 3D-DNA to obtain the anchored contigs of the
chromosome, as well as the un-anchored contigs. We next calculated
theinteractionstrengths between all un-anchored and anchored con-
tigs of the 5 chromosomes to determine the corresponding strongest
interacting anchored contigs, and then reassigned the un-anchored

contigs tothe chromosome where the strongestinteracting anchored
contigs were located. Finally, we repeated the anchoring of contigs
for each chromosome (Extended Data Fig. 1i). Lastly, on the basis of
the assembly files of the 5 chromosomes and all un-anchored contigs,
we ran the 3D-DNA pipeline shell ‘run-asm-pipeline-post-review.sh’
to generate chromosomal sequences and the whole-genome Hi-C
interaction map.

Completeness and accuracy of the assembly

The software compleasm (v.0.2.6) was used to perform completeness
evaluation, with parameters ‘-t 50 -1 embryophyta_odb10’. The soft-
ware Merqury (v.1.3) was used to perform accuracy evaluation. First,
we counted the k-mer using the command ‘meryl k =21 memory=150
threads=30’ for short reads and merged k-mer with the command
‘meryl k=21 memory=180 threads=60 union-sum’. Then, we used
‘merqury.sh’to calculate the quality value (QV) of the assembly.

Repetitive sequence annotation

Toidentify the repetitive sequencesin the genomes, we first searched
simple tandem repeats in the genome using Tandem Repeats Finder*®
(v.4.09, with parameters *-d -h Match=2 Mismatch=7 Delta=7 PM=80
PI=10 Minscore=50 MaxPeriod=20’). We then annotated the TEson the
basis of two strategies: homology-based and de novo prediction. For
homology-based prediction, we applied RepeatMasker (v.4.1.0, http://
www.repeatmasker.org/) and its RepeatProteinMask package to search
the genome with the nucleotide and proteinlibraries of TEs curated by
Repbase (https://www.girinst.org/repbase). For de novo prediction,
we first built a non-redundant de novo TE library with the Extensive
denovo TE Annotator (EDTAv.1.9.4) pipeline” following the classifica-
tion system based ona curated library of rice TEs (https://github.com/
oushujun/EDTA/tree/master/database). Among all the entries in the
denovolibrary, Helitrons were predicted by the HelitronScanner soft-
ware**integrated in the EDTA pipeline and were classified to two types
using TEsorter software*: (1) autonomous Helitron with Helitron encod-
ing Rep/Helicase and RPA proteins, and (2) non-autonomous Helitron
without Rep/Helicase and RPA proteins. Next, we searched the genome
with this de novo TE library using RepeatMasker (v.4.1.0, rmblastn
parameters: -num_alignments 9999999 -gapopen 24 -gapextend 6
-mask_level 101 -complexity_adjust -word_size 9 -xdrop_ungap 450
-xdrop_gap_final 225 -xdrop_gap 112 -min_raw_gapped_score 225 -dust
no -num_threads 4). For the generated TEs from the de novo predic-
tion, aminimum similarity of 60% was required to assign a particular
sequence to a TE repeat family. Finally, we merged and calculated the
total length of all detected TEs.

We used a Perl script (parseRM.pl, available at https://github.
com/4ureliek/Parsing-RepeatMasker-Outputs) to parse theraw de novo
alignment outputs from RepeatMasker and estimate TE insertion time
with the parameters‘-1100,1-m 0.0025 for P. polyphylla and -1100,1-m
0.0026’ for V. dahuricum. The ‘-m’ parameter was to set substitution
rate, which was calculated using r8s. This process uses the corrected
percentage of divergence (from these alignment files) of each copy to
itsmatching repeatinthe denovolibrary,and the TEinsertion time (in
Ma) is equal to divergence /100/ (substitution rate x 2).

Construction of LTR trees

We selected Z. mays™ and G. biloba®® as outgroups at different phy-
logenetic distances. Pfam annotation of the four genomes was car-
ried out to identify the functional domains of the LTRs. Amino acid
sequences mapped to protein domains withnoless than 50% coverage
were extracted for the Retrotrans_gag, RVT_1, Retrotran_gag 2 and
RVT_2 domains of P. polyphylla, V. dahuricum, Z. mays and G. biloba,
respectively. The extracted amino acid sequences were aligned using
MAFFT (v.7.471, -thread -1-auto -phylipout -reorder), and the global
alignmentresults were then used to build phylogenetic trees with Fast-
Tree (v.2.1.11), with visualization using FigTree (v.1.4.4).
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Centromeric repeats

Centromericregions are usually located in the middle of chromosomes
and typically consist of satellite DNA and short stationary repeats
arranged intandem arrays®>®*>. We scanned the simple tandem repeats
of V.dahuricumwith copy numbers >100 and performed all-versus-all
BLASTn for their consensus sequences (each tandem repeat has a
consensus sequence). A 77-bp repeat unit (GCATAGCGAGGAGTCAC-
CGAAGTGGTCCAAGCGTAGTGTGTGGTG TGGCAACTTGTCGTTAC-
CTGCAACTTGTCGTT’) was found, which was homologous to most
consensus sequences. Most consensus sequences were located in the
middle of the chromosomes, that is, a presumed centromere region.
We therefore inferred that this 77-bp repeat unit in V. dahuricum was
centromeric satellite DNA. For P. polyphylla, a 79-bp repeat unit was
detected (TAAAGAAACCTAGTCTCGTAATAATAGAGAGAAAACGAAA-
GGGTC GCCGAGCTATAAATGCCACGGGTATACCTATTCG’) and iden-
tified as potential centromeric satellite DNA. However, no sequence
similarity was found between the centromeric repeat units of the two
species. The density distribution of centromere units shows that they
aremainlylocated in the putative centromere region (Supplementary
Table 20).

Telomere repeats

Telomeres are repeat sequences located at the ends of linear chro-
mosomes and range in length from 300 bp to many kilobases, usually
consisting of guanine-rich repeats 6-8 bpinlength. The V. dahuricum
simple tandem repeats predicted by Tandem Repeats Finder were
filtered, and those witha PeriodSize of 2-20 bp and copy number >100
were selected. By mapping the chromosomallocations of various con-
sensuses, we found that only “TTTAGGG’ conformed to the telomere
sequence signature. ‘TTTAGGG' is a typical telomeric sequence in
plants, also known as the Arabidopsis-type as it was first discovered in
Arabidopsisthaliana®. We also discovered the same telomere sequence
in P. polyphylla. The density distribution of telomere units shows that
they are mainly located at the ends of chromosomes (Supplementary
Table 21).

Fluorescent insitu hybridization (FISH)

Whole plants of P. polyphylla were obtained from the Key Laboratory
of Medicinal Plant Biology of Yunnan Province, Yunnan Agricultural
University, Kunming, China. Chromosome spread preparation was
performed as previously described®>*°. Briefly, root tips were collected
into cold 0.05% colchicine solution, incubated at 4 °C for 6 h in the
dark, fixed in Carnoy’s fixative (ethanol:acetic acid at 3:1) at 4 °C for
20-24 h and washed in 70% ethanol. The root tips were then softened
in an enzyme mixture (2.5% pectolyase and 2.5% cellulase) at 37 °C for
90-120 min, macerated onslides, steamed at 55 °C for 30-60 s and air
dried foratleast 20 minat 37 °C.

To verify the accuracy of the assembly, a FISH experiment tar-
geting centromeres, telomeres and tandem repeats was performed
following the protocols in refs. 66-68 with slight modifications. For
probe selection (Supplementary Table 8), the 7-bp telomeric repeat
(TTTAGGG) and the 79-bp centromeric repeat were repeated 30 times
and 3 times, respectively, to generate ~200 bp probe sequences. The
probe sequences for the 28S,18S and 5.8S rDNA regions were selected
as the 300-bp regions with the highest specificity across the genome
from the full-length of rDNA sequences. Additional tandem repeats
included a 323-bp repeat on chromosome PPY_2 (2-323), a200-bp
repeat on PPY_2 (2-200) and a 197-bp repeat on PPY_3 (3-197). All
probe sequences were synthesized by Tsingke Biotechnology and then
labelled by PCR using PCR Dig Labelling kit (Roche, 11636090910).

Slides were pretreated as previously described® in2x SSC, 45% ace-
ticacid and 4% formaldehyde successively. For hybridization, probes
were mixed with hybridization buffer (50% formamide, 10% dextran
sulfate, 0.25% SDS, 125 ng pl™ salmon sperm DNA, 2x SSC), denatured at
95 °Cfor 6 min, applied toslides and covered with coverslips. The whole

slideswere denatured on a hot plate (80 °C) for 10 min and hybridized
at37 °Covernight. Post-hybridization washesincluded 10% formamide
(in2xSSC) and 0.2% Tween-20 (in4x SSC). Anti-digoxigenin fluorescein
(Roche, 11207741910) and the anti-digoxigenin rhodamine (Roche,
11207750910) were applied for probe detection. Slides were coun-
terstained with 8 pl of 1 pg ml™ DAPI (4,6-diamidino-2-phenylindole)
solution for 10 min in the dark, washed in 2x SSC for 2 min and sealed
with antifade mounting medium (Beyotime).

For the 5S rDNA probe, a hybridization-elution-hybridization
approachwasused, involving repeated ethanol dehydration and dena-
turationin 70% formamide at 73 °C. Fluorescence signals were captured
usingaNikon AX/AXR laser confocal microscope systemand processed
with Image] (1.52i) software.

WGD inference

WGD events were inferred from genomic synteny and peaksin K, (synon-
ymous substitutions per synonymous site) distribution. Intragenomic
syntenic blocks were detected using i-ADHoRe® with the parameters
‘alignment_method=gg2, number_of_threads=4, gap_size=35, clus-
ter_gap=40, cloud_gap_size=40, cloud_cluster_gap=40, max_gaps_
in_alignment=40, q_value = 0.75, prob_cutoff=0.01, anchor_points=3,
level_2_only=false, multiple_hypothesis_correction=FDR’.

Using the ‘ksd’moduleinwgd (v.1.2)"°, we calculated the K, of both
the paralogous gene pairs from theintraspecies syntenic blocks and the
orthologous gene pairs between species constructed according to the
reciprocal best hit protocol. The ksrates (v.1.1.1)” programme was used
todetect WGD signaturesin paralogue K distribution and to perform
orthologue K;adjustment according to branchlength differences from
the common ancestral nodes to terminal nodes representing current
species. A phylogenetic tree in newick format of eight species was used
as the input tree of ksrates programme: P. polyphylla, V. dahuricum,
(Oryzasativa, Elaeis guineensis, Asparagus officinalis, Dioscorea rotun-
data,Arabidopsisthalianaand Amborellatrichopoda); where we placed
P. polyphylla and V. dahuricum sister to O. sativa and E. guineensis to
matchthe phylogenies generated in this study (Fig. 2e, Supplementary
Fig. 20). Both P. polyphylla and V. dahuricum were regarded as focal
species for WGD detection and K adjustment, respectively.

5mCDNA methylation of CpGsites
Asnanopore sequencing is sensitive enough to distinguish methylated
(5mC) and unmethylated cytosine bases on CpG sites, we identified
5mCin the CpG sites with Nanopolish (v.0.13.2) and compared the
methylation frequencyinthe P. polyphylla and V. dahuricum genomes.

Using anin-house script, the counted numbers of CpGsitesin the
P.polyphylla and V. dahuricum genomes were found tobe 1,285,466,703
and 145,637,881, respectively. For each species, we first mapped the
ONT reads to the genome and sorted the alignments according to
the coordinates on the contigs/scaffolds. Next, the genome was split
into 500 (P. polyphylla) or 50 parts (V. dahuricum). For each read, we
extracted the corresponding alignment from ‘sorted.bam’ using the
command ‘samtools view -FOx900 sorted.bam contigl contig2 contig3
... | cat header - | samtools view -@ 5 -Sb - > part.bam’. The ‘part.bam’
file was converted to a fasta-format file of ONT reads (reads.fa). We
used theread IDs to extract the corresponding parts from the ‘readdb’
files in fast5 format as the input file for Nanopolish. The reads.fa was
compressed using ‘bgzip reads.fa && mv read.fa.gz read.index’ and
indexed using ‘samtools faidx read.index’. Finally, for each part of
the genome, we used ‘nanopolish call-methylation -t 8 -reads=read
-bam=part.bam -genome=part.fa -methylation=cpg > part.cpg.csv’
to call the methylation of CpG sites, with the methylation counts then
converted to methylation frequency using the Python script ‘calcu-
late_methylation_frequency.py’, which is available in the Nanopolish
(v.0.13.2) package.

After filtering sites with ONT depths <10, the number of sites for
which the methylation frequency could be calculated was found to be
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1,030,353,645(80.15% of P. polyphylla CpGs) and 118,935,593 (81.67% of
V.dahuricum CpGs). After methylation calling, we checked the methyla-
tiondistribution of called sites and found that P. polyphyllahad a higher
percentage of methylated sites at high methylation levels (80%-99%),
although the ratio of fully methylated sites in P. polyphylla (61.53%)
was lower than that of V. dahuricum (63.59%). The average methyla-
tion level for the P. polyphylla genome was 94.24%, higher than that of
V.dahuricum (90.72%).

Gene family expansion and contraction analysis and
functional enrichment analysis

Using the protein sets of 11 species (Supplementary Table 11), 28,970
gene families were clustered by OrthoMCL; we reconstructed the
evolutionary history of gene family expansion and contraction using
CAFE (v.5)*". Compared with the common ancestor of P. polyphylla
and V. dahuricum, we identified 1,793 and 2,577 expanded and con-
tracted gene families, respectively, in P. polyphylla. We carried out
KEGG functional enrichment analysis of the expanded gene families
in P. polyphylla against all P. polyphylla genes (background gene set)
using TBtools (v.2.121)with the plant BackEnd files. We identified 131
enriched KEGG pathways (Supplementary Table 12) in the expanded
gene families (p < 0.05).

Pfam domain annotation

We searched the whole genomes of P. polyphylla and V. dahuricum for
protein domains using the Pfam (release 33.1) database. The genomes
were firstsplitinto 248-kb fragments with al-kb overlap between two
adjacent windows. The fragments were then translated into amino
acid sequences with the ‘transeq’ command in EMBOSS (v.6.6.0)” in
six phases. We next used HMMER (v.3.3.1)" to search for these amino
acid sequences, then converted the search results into genome coor-
dinates, removed redundancies and counted the number of different
domains onthe genomes.

Histones prediction

The curated alignment results of five types of histone (H1, H2A,
H2B, H3 and H4) were downloaded from https://www.ncbi.nlm.nih.
gov/research/histonedb/ and profile HMMs were contructed using
hmmbuild (HMMER 3.3.1). Core and linker histone genes in Arabidop-
sis” were searched by the HMMs, and the main alignment regions were
considered as the core regions of the five histones. Proteins of 11 spe-
cies (Supplementary Table 11) were searched by the HMMs and filtered
out hits covered >50% of core regions. The proteins corresponding to
these matches were regarded as histones. We also downloaded histone
sequences of Oryza sativa and Arabidopsis thaliana with subfamily
information from HistoneDB 2.0 and used them as targets. We com-
pared the predicted histones with them and searched for the best hit
as the subfamily of the predicted histones.

Statistical analysis

Bootstrapping was used to test the phylogenetic tree nodes. Spear-
man’s rank correlation was performed to calculate the correlation
between the genome sizes and domain counts. Two-tailed Student’s
t-test was used to compare two samples. P values were used for KEGG
enrichment to avoid high false rates across multiple tests.

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

Data availability

The sequencing data for Paris polyphylla var. yunnanensis are avail-
able from NCBI Broproject PRJNA1130132 (https://www.ncbi.nlm.
nih.gov/bioproject/?term=PRJNA1130132) and the China National
GeneBank Database, under accession number CNP0002103, https://

db.cngb.org/search/project/CNP0002103/ The Veratrum dahuri-
cum datawere deposited at the National Genomic Data Center, under
accessionnumber PRJCA005207, https://ngdc.cncb.ac.cn/bioproject/
browse/PRJCA005207. The de novo Helitron TEs were uploaded to the
generalrepository Zenodo at https://doi.org/10.5281/zenodo.15401237
(ref.77).

Code availability

The code and shell scripts used for chromosome assembly are
described in GitHub at https://github.com/zengpeng2012/link_con-
tigs_to_temporary_scaffolds (ref. 78).
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Extended Data Fig. 1| Hierarchical bottom-up chromosome assembly
strategy for huge genome of P. polyphylla. (a) De novo assembly of HiFi reads
and coloured solid lines represent contigs from different chromosomes.

(b) Contigs correcting by YaHS, a Hi-C scaffolding tool. Black arrows point to the
contigs cut by YaHS. (c) Initial Hi-C interaction heatmap of contigs generated
by 3D-DNA. For most species, a general pipeline of a->b->c->d will generate
acceptable chromosome-level assemblies. The giant 52.75 Gb/1 C genome
comprising 78,381 contigs made it almost impossible to manually manipulate
these contigs into final chromosomes (d). (e) Ordered contigs in c were

linked into temporary scaffolds (f) where adjacent contigs have a normalized
interaction intensity >=100. Purple arrows point to the linked contigs.

(g) Ordering and visualizing for all temporary scaffolds. Manual adjustments
were conducted to group temporary scaffolds into five ultra-long chromosomes
accordingto theinteraction data between scaffolds. (h) Foreach chromosome
group, all temporary scaffolds were broken into contigs. (i) Two iterative cycles
of anchoring of contigs for each chromosome. Anchoring and visualizing was
performed on grouped contigs, with manual adjustments for each chromosome.
Un-anchored contigs were reassigned to the chromosomes where the strongest
interacting anchored contigs were located. Anchoring of contigs was repeated
using anchored contigs and reassigned un-anchored contigs. (d) Final
whole-genome Hi-C interaction heatmap were generated by pooling the five
chromosomes and un-anchored contigs and run post-review function of 3D-DNA.
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Extended Data Fig. 2| Karyotype and FISH in metaphase cells of P. polyphylla.
(a) Chromosomes of metaphase root tip cells stained with modified carbol
fuchsin dye. (b-j) FISH images with different types of probes, with the probe
nameindicated in the lower left corner of each image. All individual numbers
inthe figure represent the chromosome identifiers. The arrows indicate the
chromosome primary constrictions. The scale baris 20 pm. FISH with 45 s rDNA
probesincluding three probes for 5.8 s rDNA (d), 18 s rDNA(e) and 28 s rDNA(g).
All the three probes showed four signals at one end of four chromosomes, among

which two are at the short arm of a pair of acrocentric chromosomes. (f) FISH
with 5 s rDNA probe was performed on the same slide after the washing away

the centromere probes in c. (h) FISH with achromosome3-specific repeat probe
3-197. (i, j) FISH with two chromosome2-specific repeat probes: 2-200 and 2-323.
(k) The schematic diagram of P. polyphylla chromosomes with all probe signals
except the telomere probes. Green bands represent the centromere probes while
other bands were labeled with probe name in same color. All FISH experiments
were independently repeated at least three times with consistent results.
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genome size and domain count were tested using cor.test(GenomeSize, protease, RVT_3: Reverse transcriptase-like, RVT_2: Reverse transcriptase
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estimated trend line and calculated 95% confidence interval around the trend
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