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SUMMARY

Watershield (Brasenia schreberi), belonging to Cabombaceae within the order Nymphaeales, represents one
of the early-diverged angiosperm lineages. This perennial floating leaf freshwater aquatic plant features sub-
merged juvenile leaves enveloped in a thick layer of transparent gelatinous mucilage, aiding in its resistance
to aquatic stress. However, the evolutionary history of the mechanisms underlying its specific phenotype
remains unclear. In this study, we present the telomere-to-telomere level genome of B. schreberi, unveiling
that it underwent two rounds of whole-genome duplications (WGDs) and a recent whole-genome triplica-
tion, with the most ancient WGD being shared by Nymphaeaceae. WGD and dispersed duplication signifi-
cantly contributed to the expansion of gene families, which are primarily associated with environmental
adaptation. Additionally, we discovered that mature leaves primarily conduct photosynthesis and may
transport nutrients to underwater juvenile leaves for polysaccharide synthesis. We also identified an ances-
tral broad expression pattern of ABC genes, and the similar expression of anthocyanin biosynthesis genes
across all flower organs resulted in entirely purple flowers. Our findings deepen the understanding of the
evolution of this specific aquatic plant phenotypes.
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INTRODUCTION . .
submerged stem apices and developing leaves enveloped

Through evolutionary time, plants have developed intri-
cate adaptive strategies through dynamic interactions with
their environments, evolving specialized physiological and
morphological traits to cope with environmental variabil-
ity (Bowles et al., 2023). Aquatic plants in particular face
unique challenges, as aquatic ecosystems present funda-
mentally distinct physicochemical conditions from terres-
trial habitats, including oxygen limitation, light
attenuation, hydrodynamic forces, and thermal fluctua-
tions (Anderson et al., 2011; Titus & Urban, 2009), driving
the evolution of sophisticated adaptive traits in these
organisms (Li et al., 2024). A prime example is Brasenia
schreberi (2n = 72), a perennial aquatic angiosperm of the
Cabombaceae family (Nymphaeales) distributed across
Asia (Lu et al., 2023; Zhang, Chen, et al., 2020; Zhang,
Zhang, et al., 2020), North America, and Oceania. This
species exhibits remarkable adaptations including
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in a transparent mucilaginous matrix that dissipates dur-
ing leaf maturation and emergence. The edible juvenile
shoots and developing leaves, characterized by their thick
mucilage coating, have been traditionally utilized in Chi-
nese cuisine and medicine (Ai et al., 2024; Hongyi
et al., 2024). Biochemical analyses reveal this mucilage
contains valuable polysaccharides, proteins, vitamins, and
bioactive compounds with demonstrated antimicrobial,
anti-inflammatory, and hypoglycemic properties (Wang
et al., 2023; Xiao et al., 2016). However, the photoassimi-
lates translocation and thick mucilage biosynthesis remain
to be elucidated.

While recent transcriptomic, chloroplast genomic and
whole-genome studies have firmly established B. schre-
beri’s taxonomic position within Cabombaceae as sister
to Nymphaeaceae (Lu et al., 2023; Zhang, Chen,
et al.,, 2020; Zhang, Zhang, et al., 2020), its genomic
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evolutionary trajectory remains incompletely understood.
Despite synonymous site divergence (Ks) analyses,
whether B. schreberi shares its whole-genome duplication
(WGD) event with other Nymphaeaceae species remains
unresolved (Wen et al., 2025; Zhang, Chen, et al., 2020;
Zhang, Zhang, et al., 2020), necessitating integrated
methods for clarification. Moreover, angiosperms exhibit
remarkable plasticity in floral pigmentation, showing sub-
stantial interspecific and intraspecific variation (Amborella
Genome Project et al., 2013; Gigord et al., 2001; Hop-
kins, 2013; Wessinger et al., 2012). In striking contrast to
the showy, multicolored blooms of water lilies in the
closely related Nymphaeaceae family, B. schreberi dis-
plays small, uniformly purplish-red flowers with undiffer-
entiated perianth parts; yet its evolutionary mechanism
remains unclear.

In this study, we successfully generated a high-quality
telomere-to-telomere (T2T) genome assembly for B. schre-
beri through integrated sequencing approaches combining
PacBio HiFi, ONT ultra-long reads, and Hi-C data. Our com-
prehensive genomic analyses identified two WGD events
and one whole-genome triplication (WGT), with compara-
tive genomic evidence confirming the most ancient WGD
as a shared evolutionary event across Nymphaeaceae spe-
cies. By employing multi-omics strategies, we systemati-
cally reconstructed metabolic pathways for flavonoids and
anthocyanins while elucidating differential gene expres-
sion patterns associated with mucilage distribution, a key
adaptive feature in this aquatic angiosperm. These findings
significantly advance our understanding of genome evolu-
tion and phenotypic adaptation in this early-diverging
flowering plant lineage.

Table 1 Comparison of four Brasenia schreberi assemblies

RESULTS AND DISCUSSION
Implementation of T2T assembly and annotation

Genome analysis of B. schreberi using Illumina short-read
sequencing estimated a genome size of 1048.18 Mb with
0.621% heterozygosity (Figure S1). For high-quality
genome assembly, we generated 87.79 Gb of PacBio HiFi
reads (~79.81x coverage) supplemented with ~9.09x cover-
age of Oxford Nanopore (ONT) ultra-long reads to improve
assembly continuity (Table S1). The assembly pipeline
integrated HiFi, Hi-C, and ONT data using hifiasm, produc-
ing contigs totaling 1.10 Gb with an N50 of 26.83 Mb
(Table 1; Table S4). Using Juicer, we aligned 115.17 Gb of
Hi-C data to these contigs and scaffolded them onto 36
chromosomes with 3D-DNA, achieving 96.91% anchoring
efficiency (Figure 1b). Subsequent gap-filling with HiFi and
ONT reads yielded a final assembly containing only four
remaining gaps, including 33 completely gapless chromo-
somes. Our assembly successfully identified all 36 centro-
meres and 72 telomeres, confirming T2T status for all
chromosomes, with 33 reaching complete T2T gapless
level (Figure 1a; Table 1). Notably, B. schreberi exhibits
unique (AAAGGATAAGAC)n telomeric repeats, differing
from the canonical (TTTAGGG)n sequence found in most
angiosperms (Table S3; Fajkus et al., 2005).

The quality of our T2T genome assembly was rigor-
ously assessed through multiple evaluation metrics. Com-
parative analysis with three previous assemblies
demonstrated significant improvements in contiguity, with
the contig N50 increasing from 7.1 (V1) to 26.7 Mb
(V4_T2T) and a substantial reduction in gap regions
(Table 1; Figure 1d). Comprehensive quality assessments

B. schreberi
Type V1 V2 V3 V4_T2T
Assembly
Assembly level Chromosome Contig Chromosome Chromosome
Total length of Contigs (bp) 1170 389 352 1 055 148 839 1011 141 865 1 088 856 280
Contig N50 (bp) 7 141 099 22 379 495 49 104 26 836 987
Gaps 1674 — 139 348 4
Telomeres — — — 72
LTR Assembly Index, LAl 6.21 5.99 4.89 8.48
BUSCO (embryophyta) 94.3 95.4 90.8 96.4
Annotation
Percentage of repeat elements 47.69 49.42 48.73 49.89
Protein-coding genes 74 699 67 747 74 426 70 821
Average gene length (bp) 6053.912 5421.904 4549.780 5108.817
Average CDS length (bp) 1018.713 952.981 934.155 1159.819
Average exons per gene (bp) 4.155 4.092 4.055 4.407
Average exon length (bp) 245177 232.871 219.092 263.134
Average Intron Length (bp) 1356.679 1261.722 1198.541 1158.844
Reference Lu et al. (2023) Wau et al. (2024) Wen et al. (2025)
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further validated the assembly’s robustness, including
superior Long Terminal Repeats Assembly Index (LAIl)
scores compared to earlier versions. The assembly
achieved a BUSCO completeness of 96.4%, surpassing
most published Nymphaea genomes (Povilus et al., 2020;
Zhang, Chen, et al., 2020; Zhang, Zhang, et al., 2020), along
with a consensus quality value of 41.7 (Figure S5), meeting
reference-grade standards. Synteny analysis with two pub-
lished chromosome-level genomes (Lu et al., 2023;
Wen et al.,, 2025) revealed strong collinearity without
inter-chromosomal rearrangements, consistent with Hi-C
clustering patterns across all assemblies (Figures S2 and
S3). In particular, the longest chromosome (Chr12) showed
excellent linear synteny between the V4_T2T and V1 ver-
sions (Figure 1b). However, other chromosomes exhibited
numerous intra-chromosomal structural variations, with a
typical example being a large-scale intra-chromosomal
translocation detected in Chr35 when comparing the
assemblies (Figure 1d). We then examined whether this
translocation was a misassembly in different versions or a
natural variation between different individuals. Hi-C data
re-anchoring confirmed this as a misassembly in the V1
version, whereas our T2T assembly exhibited stronger
intra-chromosomal interaction signals and proper contig
ordering (Figure 1b,c; Figure S4). These findings collec-
tively demonstrate the superior accuracy and reliability of
our T2T-level B. schreberi genome assembly.

Our comprehensive analysis of repetitive elements in
the B. schreberi genome, employing both ab initio predic-
tion and homology-based approaches, revealed 543.34 Mb
of repetitive sequences representing 49.33% of the
genome. Among these, Long Terminal Repeats (LTRs) con-
stituted the predominant class, accounting for 33.28% of
the genomic content, with Gypsy (14.55%) and Copia
(10.87%) elements emerging as the most abundant LTR
subfamilies (Table S4). Gene prediction analysis identified
70 821 protein-coding genes exhibiting an average coding
sequence length of 2659.37 bp, containing exons averag-
ing 263.13 bp in length and introns averaging 1158.84 bp
(Table S4). Quality assessment through OMArk and
BUSCO analyses demonstrated exceptional gene set com-
pleteness, with scores of 98.00 and 91.20%, respectively
(Figure S5; Table S4). Functional annotation further estab-
lished that 84.76% of predicted genes share significant
homology with documented proteins in the NCBI-NR, Gene
Ontology (GO), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases (Table S5).

Polyploidization histories of Nymphaeales

Through a multi-method approach, we systematically
investigated the polyploidization history of Nymphaeales
species. Analysis of synonymous substitution rates (Ks)
distribution using syntenic paralogs revealed three poly-
ploidization events in B. schreberi (Ks peaks: 0.11, 0.62,

and 1.11), along with one event in Nymphaea (Ks peak:
0.98) and two in Euryale (Ks peaks: 0.18 and 1.09), consis-
tent with previous studies (Figure 2b) (Zhang, Chen,
et al., 2020; Zhang, Zhang, et al., 2020). Syntenic dot plot
analysis identified two intact chromosome-level synteny
blocks in B. schreberi (Ks ~ 0.11), indicating a recent WGT
event, while the presence of triplicated (Ks=0.62) and
hexaploid (Ks = 1.11) (Figure 2b) synteny blocks confirmed
two ancient WGD events. Similarly, Euryale ferox exhibited
one ancient WGD and one recent WGT, whereas Nym-
phaea colorata showed only one WGD event. These find-
ings were further supported by interspecific syntenic depth
ratios (B. schreberi-Victoria cruziana 12:2; B. schreberi-N.
colorata 12:2; B. schreberi-E. ferox 12:6) and aligned with
existing research (Figure 2d) (Wu et al., 2022; Yang
et al., 2020).

Further analyses revealed that species from both
Nymphaeaceae and Cabombaceae share an ancient WGD
event. All three species exhibited similar Ks peak charac-
teristics that exceeded their divergence values (Figure 2b).
Interspecific synteny plots between N. colorata and B.
schreberi revealed two synteny block groups with differ-
ent Ks values, indicating their shared ancient WGD
(Figure 2d). A similar pattern was also observed in the B.
schreberi-E. ferox and N. colorata-E. ferox comparisons
(Figure 2d; Figure S7). Finally, collinear gene tree analysis
showed that 91.7% of gene trees supported this shared
WGD event in both Nymphaeaceae and Cabombaceae
species (Figure 2c).

Phylogenomic and expanded gene family analyses

A total of 1476 single-copy orthologous genes were
retrieved by SonicParanoid among nine species, which
included one gymnosperm (Ginkgo biloba) as the out-
group, four species from the ANA-grade (Amborella tricho-
poda, E. ferox, V. cruziana, N. colorata, and B. schreberi),
one monocot (Acorus gramineus), two eudicots (Nelumbo
nucifera and Vitis vinifera). A highly supported species tree
was obtained through maximume-likelihood (ML) analysis
of the concatenated nucleotide sequences. The phylogeny
tree showed that Amborella and Nymphaeales are succes-
sively sister to all other angiosperms (Figure 2a). Within
the order Nymphaeales, Brasenia diverged from the com-
mon ancestor shared with Euryale, Victoria and Nymphaea
approximately 117.94 million years ago (Mya), marking a
key divergence event within the family during the
mid-Cretaceous period (Figure 2a). Interestingly, further
resolution within the Nymphaeaceae reveals that the
genus Nymphaea diverged earlier, around 54.13 Mya,
forming a distinct lineage. Subsequently, the genera Victo-
ria and Euryale form a sister clade that split approximately
33.54 Mya.

Further analysis of gene expansion identified 3841
expanded gene families in the ancestral Nymphaeales
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lineage. The GO enrichment analysis revealed a significant to ethylene’, suggesting a common aquatic adaptation in
enrichment for traits associated with aquatic adaptation Nymphaeales species. Furthermore, it was determined that
(Table S15), such as ‘response to hypoxia’ and ‘response 69.98% (34 342 genes) of all expanded genes originated
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Figure 1. Assembly and annotation of V4_T2T Brasenia schreberi.

(a) The center of the circle diagram is the flower organ display of B. schreberi. A-D are receptacle, pistil, stamen, petal, sepal. The different trajectories (extend-
ing outward) are as follows: (I) Long Terminal Repeats (LTR) density; (ll) LTR-Copia element density; (Ill) LTR-Gypsy element density; (IV) gene density; (V) GC
content; (VI) chromosomes. The values were calculated using a 500 kb sliding window. The telomere and centromere regions are represented by red and blue

triangles, respectively. Gray circles indicate chromosomal gaps.

(b) Comparative sequence alignment of Chr12 and Chr35 between V1 and V4_T2T genome assemblies. Connecting lines represent syntenic relationships

between homologous chromosomal regions.

(c) Chromosome conformation capture (Hi-C) interaction heatmaps of Chr35 for V4_T2T and V1 genome assemblies, displayed separately.
(d) Genome synteny comparison: V4_T2T, V1 assemblies. Paired homologous chromosomes are shown. V1 and V4_T2T have slim black lines indicating gap

positions.

from duplication events (Table S9). Especially, WGD and
dispersed duplication (DSD) were identified as the most
significant contributors to gene expansion, representing
35.10 and 29.15%, respectively, among all duplication-
derived expanded genes (Table S9). These duplication pro-
cesses are proposed to have played a crucial role in shap-
ing the phenotype and local adaptation of Nymphaeales
species. We further focused on the ERF-VII subfamily,
which plays a critical role in hypoxia sensing in plants
(Sasidharan & Mustroph, 2011) and has been recognized
as a central regulator of flooding or hypoxia stress
responses in various crops (Wei et al., 2019; Yu et al.,
2019). Significantly expanded gene numbers were detected
in B. schreberi (19 genes) and E. ferox (14 genes) com-
pared to A. trichopoda (2 genes) and Arabiopsis thaliana (5
genes), while N. colorata possessed the same gene num-
ber as A. trichopoda. We also found that WGD is the pri-
mary factor contributing to the expansion of this gene
family in B. schreberi and E. ferox (Figure S13), which sup-
ports the conclusion that WGD is a major driver of gene
family expansion.

Finally, we also identified 7909 gene families that
expanded in the B. schreberi lineage, and 840 and 5475
expanded gene families in N. colorata and E. ferox, respec-
tively (Table S8). These expanded genes were mainly
related to species-specific local adaptations, such as
‘response to freezing’ (GO:0050826) and ‘response to blue
light' (GO:0009637) in B. schreberi (Table S6); ‘cellular
response to salt’ (GO:0071366) in N. colorata (Table S16);
and ‘cellular response to cold’ (GO:0070417) in E. ferox
(Table S17). We also noticed an interesting event: the
expanded genes of B. schreberi also enriched in secondary
metabolic processes that may be related to its unique
mucilage synthesis ability in Nymphaeales. These enriched
GO terms included ‘regulation of flavonoid biosynthetic
process’ (G0O:0009962), ‘anthocyanin-containing compound
biosynthetic process’ (GO:0009718), ‘antibiotic biosynthetic
process’ (GO:0017000), and ‘terpenoid catabolic process’
(GO:0016115) (Table S6).

Flower development-related genes in B. schreberi

The B. schreberi lineage descended from one of the
early-diverged angiosperms, which offers a unique

window into the early evolution of the flower organs, espe-
cially as it has bisexual flowers, and the petals are very
similar to the calyx (Figure 1a; Figure 3a). We mainly
focused on the MADS-box genes, which are important reg-
ulators of flower development (Ma et al., 2021; Qiu
et al., 2024; Zhang et al., 2024). We identified 146
MADS-box genes in B. schreberi with phylogenetic distri-
butions across all major lineages identified in angiosperms
(Table S10). Among them, 55 genes belonging to type Il
were further clustered into 15 lineages (Figure S12); these
lineages were highly consistent with those genes in
Amborella and N. colorata, which supported all gene line-
ages of MADS-box formed in the ancestor of angiosperms
(Amborella Genome Project et al.,, 2013; Zhang, Chen,
et al., 2020; Zhang, Zhang, et al., 2020). We also found that
FLC only evolved in the eudicots, and AGL75 and
OsMADS3252 were specifically lost in the monocots and
eudicots, respectively (Arora et al., 2007; Ma et al., 2021)
(Table S10). Homologs of the genes for the ABCE model of
floral organ identities in B. schreberi were also found,
including six AGL6s (A function for sepals and petals), five
AP3s and one PI (B function for petals and stamen), three
AGs and three STKs (C function for stamen and pistil), and
four SEP (E function for interacting with ABC function pro-
teins) (Table S10).

To gain more insight into the functions of the
MADS-box homologs in B. schreberi, we performed
RNA-seq for different tissues (Figure S9) and the expres-
sion levels of these genes were determined in the four flo-
ral organs (sepal, petal, stamen and pistil), leaves, roots
and stems. The expression profiles of B. schreberi ABCE
homologs were mainly expressed in the floral organs and
also largely agree with their putative ascribed roles in floral
organ patterning (Figure 3b). Two of the six B. schreberi
AGL6 homologs showed a high expression in sepals and
petals, consistent with the A-function gene. The other four
AGL6s showed a low expression in all the floral organs.
Four of the five AP3s (B-function genes) showed a broad
expression in all the four floral organs with the highest
expression in stamen, while the last AP3 showed a very
low expression in all floral and non-floral organs. The
other B-function gene Pl showed a high expression in both
stamen, petal and sepal. Among the C-function homologs
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(b) Distribution of synonymous substitutions (Ks) for collinear gene pairs.

(c) The phylogenetic topology of Nymphaeales constructed from collinear genes extracted from AAK protochromosomes, with Amborella as the outgroup

(numerals 1-4 denote subgenomes).

(d) Collinearity dot plots comparing Brasenia schreberi with B. schreberi, Euryale ferox, Nymphaea colorata and Victoria cruziana.

of B. schreberi, three AGs are highly expressed in stamen
and pistil, while the STK gene is mainly highly expressed
in stamen. This evidence showed that the ABCE homologs
in B. schreberi generally exhibit wider ranges of expression
in floral organs than their counterparts in eudicot model
systems, which may represent the ancestral characters just

like those previously reported in N. colorata, Persea ameri-
cana (Chanderbali et al., 2008) and Chloranthus sessilifo-
lius. Besides the ABCE genes, we also found that AGL15s
showed a relatively high expression in stamen and one
AGL32 showed higher expression in pistil, which may both
be related to floral development.
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Figure 3. Analysis of flower development and anthocyanin biosynthesis related genes Brasenia schreberi.

(a) Photograph of B. schreberi flower.

(b) Expression patterns of type |l MADS-box genes from various organs (from left to right: root, stem, mature leaf, juvenile leaf, pistil, stamen, petal and sepal)
of B. schreberi. Expression values were scaled by log,(FPKM+1), in which FPKM is fragments per kilobase of exon per million mapped reads.

(c) Relative contents of anthocyanins at six organizations.

(d) Gene expression levels (logo(FPKM+1)) at different tissues (stamen, pistil, sepal, petal, mature leaf, and juvenile leaf) are represented by color grading. Gene
IDs are shown on the right side of each heatmap. Genes identified in tandem clusters are marked in turquois color. The leaf anthocyanins and flavonoid glyco-
sides are marked and framed. 4CL, 4-coumarate CoA ligase 4; ANR, anthocyanidin reductase; ANS, anthocyanidin synthase; C4H, cinnamate-4-hydroxylase; CHI,
chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol 4-reductase; F3'5 H, flavonoid 3'5'-hydroxylase; F3 H, flavonoid 3'-hydroxylase; F3H, flava-
none 3-hydroxylase; FLS, flavonol synthase; PAL, phenylalanine ammonia-lyase; UFGT, flavonoid-3-O-glucosyltransferase.
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Figure 4. Brasenia schreberi polysaccharide biosynthesis pathway and sugar transporter protein transcription factor identification.

(a) Biomass of five polysaccharide monomers in mature leaf and juvenile leaf.

(b) Gene expression analysis of genes involved in polysaccharide biosynthesis in B. schreberi. Different color blocks represent the expression levels of the

encoded genes in different tissues; the squares from left to right correspond to
Table S14.

In addition to the MADS-box genes, we further investi-
gated the pigments’ accumulation in the different flower
organs. Pigments, responsible for the majority of colora-
tion in angiosperms, are flavonoid derivatives, predomi-
nantly sourced from three precursors in the anthocyanin
pathway: pelargonidin (red flowers), cyanidin (ranging
from red to purple to blue), and delphinidin (blue or purple
flowers) (Wessinger & Rausher, 2012). The flowers of B.
schreberi display a uniform purplish-red color (Figure 3a).
By analyzing the transcriptome and metabolites of B.
schreberi, we constructed a metabolic pathway for its fla-
vonoids and anthocyanins (Figure 3d). We discovered that
only two precursors appeared in the anthocyanin pathway
of B. schreberi, including delphinidin and cyanidin. The
content of cyanidin and delphinidin demonstrates the basic
structure of the flower, with no significant differences in
anthocyanin content among petals, sepals, stamens, and
pistils, corroborating the observation of a single
purplish-red color in the flowers (Figure 3a,c). We also
delved into the pigments present in the leaves of B. schre-
beri. Notably, the upper side of mature leaves that float on
the water surface exhibits a greenish-blue hue, whereas

© 2025

mature leaf, juvenile leaf, root and stem. Detailed gene names can be found in

the underside submerged in water displays a purplish-red
color, with the submerged juvenile leaves appearing ten-
der green. Our investigation revealed that the anthocyanin
content is higher in mature leaves compared to juvenile
leaves (Figure 3c). Moreover, we observed that the expres-
sion levels of enzymes involved in the anthocyanin synthe-
sis pathway are higher in juvenile leaves than in mature
leaves, particularly for the four key genes C4H, DFR, ANR,
and ANS (Figure 3d). This differential expression pattern
may originate from more active anthocyanin biosynthesis
during juvenile leaf growth, followed by progressive accu-
mulation during development, ultimately leading to higher
anthocyanin content in mature leaves than in juvenile
leaves. This phenomenon demonstrates strong concor-
dance with their distinctive phenotypic characteristics
(Figure 4a).

Mucilage synthesis in B. schreberi juvenile leaves

Mucilage, a viscous polysaccharide-rich secretion pro-
duced by specialized epidermal cells, forms a protective
coating on plant surfaces that serves as an effective barrier
against microbial colonization in aquatic habitats

Society for Experimental Biology and John Wiley & Sons Ltd.,
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(Galloway et al., 2020). The submerged juvenile leaves of
B. schreberi are wrapped in a thick layer of transparent
gelatinous mucilage, which is secreted by mucilage hairs,
rich in polysaccharides (Ai et al., 2024; Xie et al., 2018).
However, this mucilage disappears when juvenile leaves
develop into mature leaves, which are on the water sur-
face. Comparative transcriptomic analysis between these
two distinct leaf developmental stages revealed 3569 dif-
ferentially expressed genes (DEGs), comprising 1556 upre-
gulated and 2014 downregulated transcripts in juvenile
leaves relative to mature leaves (Figure S10). Functional
enrichment  analysis  demonstrated that mature
leaf-upregulated genes were predominantly associated
with photosynthetic apparatus organization (G0:0009521),
chloroplast membrane biogenesis (GO:0009706), and car-
bohydrate metabolism (G0:0046364) (Table S13). Con-
versely, juvenile leaf-enriched transcripts were significantly
overrepresented in biological processes related to polysac-
charide biosynthesis, including transmembrane water
transport  (GO:0005372), glucosyl transfer reactions
(GO:0046527), and sucrose metabolism (G0:0016157)
(Table S13), consistent with the observed mucilage produc-
tion in developing leaves.

Our comprehensive analysis of the polysaccharide bio-
synthetic pathway in B. schreberi revealed an integrated
metabolic network comprising sucrose synthesis, transport,
and subsequent conversion to polysaccharide monomers,
involving 112 functionally annotated genes (Figure 4b) (Cui
et al., 2025). The key sucrose synthesis enzyme sucrose-6-
phosphate phosphohydrolase (SPP) (Mehdi et al., 2024)
exhibited consistently high expression levels across both
mature and juvenile leaves, demonstrating their shared
capacity for sucrose production. This sucrose pool is subse-
quently mobilized by four highly expressed sucrose trans-
porter genes (SUCs) showing ubiquitous expression
patterns throughout all examined tissues. Enzymatic
conversion of sucrose yielded diverse monosaccharide
intermediates including GDP-mannose, UDP-galactose,
UDP-glucose, UDP-D-glucuronate, UDP-D-xylose, and GDP-
glucose, with metabolic profiling revealing GDP-glucose as
the only differentially accumulated metabolite between leaf
developmental stages. This metabolic signature correlated
strongly with the juvenile leaf-enriched expression profile
of GDP-glucose biosynthetic enzymes (INV, HK, and PGM),
particularly the five HK gene copies showing
developmentally restricted expression. Additional mono-
saccharide biosynthesis enzymes displayed either juvenile
leaf-preferential or constitutive expression patterns
(Figure 4a). The terminal glycosylation steps, mediated by
glycosyltransferases (GTs) (Lairson et al., 2008; Zhang,
Chen, et al., 2020; Zhang, Zhang, et al., 2020), were predom-
inantly associated with elevated GT expression in juvenile
leaves, consistent with active polysaccharide biosynthesis
during early leaf development.

CONCLUSIONS

Our study presents a high-quality T2T genome assembly
of B. schreberi, achieved through integrated PacBio HiFi,
ONT long-read, and Hi-C sequencing technologies. We
identified two WGD events and one WGT in this early-
diverging aquatic angiosperm, with phylogenetic analysis
confirming the most ancient WGD as a shared genomic
feature within Nymphaeaceae. Our findings demonstrate
that these large-scale genomic alterations, combined with
DSDs, facilitated the expansion of gene families associated
with environmental adaptation. Through transcriptomic
and metabolomic analyses, we uncovered key metabolic
pathways involved in flavonoid and anthocyanin biosyn-
thesis, while revealing differential gene expression pat-
terns correlated with mucilage distribution, which
represents a crucial adaptive trait in this aquatic species.
Our results further show that mature leaves conduct photo-
synthesis and likely transport nutrients to juvenile leaves
to support polysaccharide biosynthesis and mucilage pro-
duction. Additionally, we established that uniform expres-
sion of anthocyanin biosynthesis genes across floral
organs results in the characteristic purple pigmentation of
B. schreberi flowers. Collectively, our work provides funda-
mental insights into the genomic basis of chromosomal
evolution and ecological adaptation in aquatic angio-
sperms, significantly advancing understanding of genome
dynamics and adaptive strategies within Nymphaeales.

METHODS
Plant materials

The plant material for this study was obtained from water shield
plants in May 2023. The sampling site was located in Magian Vil-
lage, Lichuan City, Enshi Tujia and Miao Autonomous Prefecture,
Hubei Province, China (latitude 30°16'49” N, longitude
108°50'03" E). Eight different tissue types were harvested: sepal,
petal, stamen, pistil, root, stem, leaf, and juvenile leaf. Fresh leaf
tissue was used for DNA extraction to facilitate subsequent
genome sequencing. At the same time, samples from all eight tis-
sue types were collected and preserved for RNA extraction, in
which calyx, petal, stamen, pistillate, leaf, and juvenile leaf were
analyzed for comprehensive metabolomics, with the former serv-
ing as the basis for transcriptomic analysis. This strategic sam-
pling method allows for a multifaceted examination of the
molecular and biochemical characteristics of plants at different
organs and stages of development.

Library construction and sequencing

For PacBio HiFi sequencing, SMRTbell target-size libraries were
constructed for sequencing following PacBio’s standard protocol
(Pacific Biosciences, CA, USA), utilizing 15 kb preparation solu-
tions. In brief, 15 ug of genomic DNA per sample was used for
library preparation. The DNA was sheared using g-TUBEs (Cov-
aris, MA, USA) to achieve the desired fragment size for the library.
Subsequently, single-strand overhangs were removed, and DNA
fragments were subjected to damage repair, end repair, and A-
tailing. The fragments were then ligated to the hairpin adaptor for
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PacBio sequencing. The library underwent treatment with the
SMRTbell Enzyme Cleanup Kit, followed by purification with
AMPure PB Beads. Target fragments were selected using the Blue-
Pippin system (Sage Science, MA, USA). The SMRTbell library
was further purified using AMPure PB beads, and the size of the
library fragments was assessed using the Agilent 2100 Bioanalyzer
(Agilent Technologies, CA, USA). Sequencing was conducted on a
PacBio Sequel Il instrument using Sequencing Primer V2 and
Sequel Il Binding Kit 2.1 at Haorui Genomics, Xian, China.

For Oxford Nanopore sequencing, fresh leaves were col-
lected from B. schreberi. High-quality genomic DNA was isolated
from the fresh leaves using the CTAB method, and the DNA qual-
ity and concentration were tested by 0.75% agarose gel electro-
phoresis, NanoDrop One spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) and Qubit 3.0 Fluorometer (Life
Technologies, Carlsbad, CA, USA). The libraries were prepared
using the SQKLSK109 ligation kit and the standard protocol. The
purified library was loaded onto primed R9.4 Spot-On Flow Cells
and sequenced using a PromethlON sequencer (Oxford Nanopore
Technologies, Oxford, UK) with 48-h runs at Wuhan Benagen
Technology Co. Ltd., Wuhan, China. Base calling analysis of raw
data was performed using the Oxford Nanopore GUPPY software
(v0.3.0).

In addition, Hi-C (high-throughput chromosome conforma-
tion capture) sequencing was performed. Fresh leaves were fixed
in 1% formaldehyde solution for chromatin cross-linking, followed
by digestion with the restriction enzyme Dpn Il. The resulting DNA
was used to construct a library, which was then sequenced using
the lllumina HiSeq 4000 platform.

Genome size and heterozygosity estimation

Initially, we utilized Jellyfish v.2.10 (Margais & Kingsford, 2011)
to calculate the depth distribution of K-mers, with a K-mer size
of 19. Then, GenomeScope v.1.0.0 (Vurture et al., 2017) was
employed to model the K-mer spectrum, which facilitated the
prediction of genomic characteristics such as genome size and
heterozygosity.

Genome assembly and pseudochromosome construction

Upon acquiring high-accuracy continuous long-read (CCS) data,
Oxford Nanopore (ONT) ultra-long reads and Hi-C data, we con-
ducted a contig-level genome assembly utilizing hifiasm
(v 0.19.5) (Cheng et al., 2021). Following this, the genomic com-
pleteness was evaluated with BUSCO (v5.4.3) (Simao
et al., 2015) and Merqury (v 1.0) (Rhie et al., 2020). For the
BUSCO assessment, we employed the lineage-specific gene
database, embryophyta_odb10, to ensure precise evaluation of
genome integrity.

Hi-C data were utilized for chromosome-scale scaffolding.
Initially, we employed HiC-Pro (v.3.1.0) (Servant et al., 2015) to
filter the Hi-C data digested by Mbol, resulting in clean Hi-C
data. Subsequently, these clean Hi-C data were aligned to the
assembled genome using Juicer (v.1.6) (Durand et al., 2016).
Chromosome-level assembly was conducted using 3D-DNA
(v.180922) (Dudchenko et al., 2017), which involved the cluster-
ing, sorting, and orienting of genomic proximity information
derived from Hi-C read pairs. The Hi-C cross-linking signals were
then visualizedusing Juicebox (v.1.11.08), linking adjacent
anchored assemblies to form 12 super assemblies correspond-
ing to 36 pseudo-chromosomes. Lastly, gaps within the
chromosome-level genome were sequentially filled using TGS-
GapCloser (v.1.2.1) (Xu et al., 2020) and quarTeT (v.1.1.4) (Lin
et al., 2023).

Identification of telomeres and centromeres

The TeloExplore module of quarTeT software v1.1.4 (Lin
et al., 2023) was used to identify telomeres in the B. schreberi
genome with the parameter ‘-c plant’. Telomeric repeats were
identified using TIDK v0.2.63 (Brown, 2025) with the following
parameters: ‘explore --minimum 5 --maximum 15 -t 8 --log’. Given
that telomeric regions are repetitive, the unit '"AAAGGATAAGAC,
which we use in this article, was employed. Telomere locations
were further refined using the TIDK search function with the
option -s ‘AAAGGATAAGAC'.

For centromere identification, the CentroMiner module of
quarTeT software was employed with default parameters. To visu-
alize the position of repeat units in the B. schreberi genome, a bed
file was created using the awk command.

Repeat element identification and gene prediction

RepeatMasker (Tarailo-Graovac & Chen, 2009) and RepeatProtein-
Masker (Tarailo-Graovac & Chen, 2009) were used to identify
repetitive elements based on homology alignments between B.
schreberi genome sequences and Repbase (v.16.10). We then
applied the de novo approach to improve the sensitivity of our
repeat identification. Briefly, RepeatModeler (Bao et al., 2015) and
LTR_Finder (Xu & Wang, 2007) (v1.06) were selected to construct
the repeat library, and then RepeatMasker (Tarailo-Graovac &
Chen, 2009) was employed to generate the de novo predictions.

We employed three strategies to predict and annotate genes
in the B. schreberi genome, including de novo, homology-based,
and transcriptome-based methods. For de novo prediction, we
used GlimmerHMM (v.3.0.4) (Majoros et al., 2004), Augustus
(v.3.0.2) (Stanke & Morgenstern, 2005), and Genscan (v.1.0) to pre-
dict genes. In the case of homology-based prediction, we aligned
protein sequences from E. ferox, N. colorata, Nymphaea ther-
marum (Povilus et al., 2020), B. schreberi (Lu et al., 2023), V. vinif-
era (Zheng et al., 2021) to the B. schreberi genome using tBlastn
(Altschul, 1997) (E-value <1e~®), and then used Genewise (v.2.4.1)
to annotate the genes based on these alignments. For
transcriptome-based prediction, RNA-seq data was aligned to the
genome using Hisat2 (Kim et al., 2019) (v.2.2.1) and assembled
into gene models using Cufflinks (Trapnell et al., 2012) (v.2.2.1).
Finally, with the assistance of Evidence Modeler (Haas et al., 2008)
(EVM, v.1.11), all genes predicted by these various methods were
integrated into a non-redundant and complete gene set. Func-
tional annotation of protein-coding genes was conducted by run-
ning eggNOG-mapper (v.2.1.6) (Cantalapiedra et al., 2021) and
Blast (Altschul, 1997) (v.2.2.3.1) (E-value <1e~®) against the NCBI
non-redundant (Nr) protein database, Swiss-Prot (Bairoch, 2000),
Pfam (Mistry et al., 2021), and KEGG (Kanehisa, 2000).

Genome evolution and expansion/contraction of gene
families

To investigate the evolutionary trajectory of the B. schreberi
genome, a total of 17 other species were selected for phylogenetic
analysis: G. biloba (Liu et al., 2021), V. vinifera (Velasco
et al, 2007), A. trichopoda (Amborella Genome Project
et al., 2013), A. gramineus (Guo et al., 2023), N. nucifera (Li et al.,
2021), E. ferox (Ma et al., 2021), V. cruziana (Wen et al., 2025), N.
colorata (Zhang, Chen, et al., 2020) and B. schreberi. An all-versus-
all BLASTP (Altschul, 1997) (v2.2.26) (E-value cut-off: 1 x 107°)
was first employed to generate similarity information for all
genes. Then, we identified high-quality single-copy genes by
applying SonicParanoid v1.0 (Cosentino & Iwasaki, 2019) and con-
structed a phylogenetic tree with this gene set using IQ-TREE
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(Nguyen et al., 2015) (v1.6.12). We further estimated the times of
divergence between species with MCMCtree in the PAML package
(v4). The divergence times of A. thaliana and V. vinifera (109-124
Mya) and those of G. biloba and A. trichopoda (179-205 Mya)
obtained from TimeTree (http:/www.timetree.org) were used as
calibration points. Gene family expansion and contraction were
further estimated by CAFE (De Bie et al., 2006) (v4.2) using the
gene cluster information and the estimated time tree. The parame-
ter 1 was estimated along each branch with the random model,
and then all the gene families were classified into three types:
expanded, contracted, or unchanged. The final phylogenetic tree
was drawn using the online tool Chiplot (https://www.chiplot.
online/) and subsequently refined in Adobe Illustrator (v 26.0.1).

WGD and subgenome phylogeny

Utilizing the Whole-Genome Duplication Integration (WGDI) soft-
ware (Sun et al., 2022, 2024), we selected species from Nymphaea-
ceae as the reference genome to elucidate the WGD events in B.
schreberi. For subgenome delineation, the Angiosperms Ancestral
Karyotype (AAk) was selected as the outgroup for all species. The
specific methods included: using ‘-d" and "-icl" parameters to iden-
tify collinear genes and homologous blocks between two species;
employing ‘-ks’, ‘kp’, and ‘pf’ parameters to calculate synonymous
substitution rates (Ks), plot Ks distributions, and fit Ks peaks;
using ‘-km’ parameter to map ancestral karyotypes onto the stud-
ied species followed by subgenome partitioning; and finally
extracting genes from each subgenome set using ‘-pc’, ‘-a’, and -
at’ parameters to construct phylogenetic trees. Then, we inte-
grated these gene trees using the multi-locus coalescent tree-
building software Astral (v5.7.8).

Transcriptome sequencing and analysis of DEGs

The samples came from eight different tissues of the same plant,
including petals, sepal, stamen, pistil, mature leaf, juvenile leaf,
root, and stems, with three biological copies of each sample. RNA
extraction and cDNA library construction were performed. Filtered
clean reads were mapped to the B. schreberi. genome using
Hisat2 (Kim et al., 2019) (v.2.0.4). Using StringTie (Pertea
et al., 2016) (v.2.2.1) performed transcript assembly to obtain gene
expression levels and reads counts for each gene. We used
DESeq2 software package to analyze DEGs, and defined the genes
with log2-fold change (FC) >1, P value <0.001, and false discovery
rate (FDR) <0.05 as significant genes.

Flower development genes analysis

MADS-box genes were identified using the HMMER (Finn
etal., 2011) and iTAK (Zheng et al., 2016) software, and the param-
eters ‘-cut_tc’ and Pfam profiles (PF00319) were used for HMM
searching. For the other FDRGs, we performed the protein
sequences similarity search by BLASTP with an E-value cut-off of
107® using the known flowering genes in A. thaliana as a refer-
ence. InterProScan was applied to further check the integrity of
candidate gene domains. Multiple sequence alignment and ML
tree inference were performed to group them into subfamilies,
and the gene set that clustered with the reference sequence was
used for the next analysis.

Polysaccharide synthesis in B. schreberi

Genes associated with polysaccharide synthesis were initially
identified through the KEGG database. Subsequently,
polysaccharide-related genes in B. schreberi were screened using
HMMER (Finn et al., 2011) and BLASTP. In the HMMER analysis,

the parameters ‘-cut_tc’ and Pfam profiles (e.g., PF00319) from the
Pfam database were employed for Hidden Markov Model (HMM)
searching. For other candidate genes, protein sequence similarity
searches were conducted using BLASTP with an E-value cut-off of
107%, using known carbohydrate synthesis-related genes in A.
thaliana as a reference. The results above were combined to deter-
mine the genes related to the polysaccharide pathway of B.
schreberi.
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