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Sugarcane (Saccharum spp.) is a vital sugar and bioenergy crop with an
exceptionally complex polyploid genome (10-12 sets of chromosomes). This
complexity resulted from nobilization—a historical breeding process involving
interspecific hybridization and repeated backcrossing'. However, the extreme
ploidy haslongimpeded efforts to elucidate the genetic basis of its considerable
sucrose-storing capacity. Here we present a fully phased genome assembly of the
foundational cultivar POJ2878, achieved using a Pore-C-based assembly algorithm.
This assembly resolved 118 chromosomes, revealing extensive subgenome
recombination and non-homologous chromosomal rearrangements. Using
identity-by-descent and allele-specific expression profiling, we identified
breeder-favoured haplotypes, including a SUS2 haplotype with enhanced sucrose
content. Resequencing of 981 Saccharum accessions traced POJ2878’s pervasive
contribution to modern cultivars and identified key domestication and improvement
sweeps. Genes under selectioninclude CBLI for cold tolerance, TIPI for cell size
regulation and 7BI for tillering control. A genome-wide association study tailored
for polyploid genomes resolved loci associated with parenchyma cell size and
sucrose storage capacity, including the functionally validated sucrose transporter
Saccharum hybrid SUT2. These findings clarify the genetic architecture underlying
sugarcane’s biomass productivity and sugar yield, offering a genomic foundation
for accelerating improvement in sugarcane and other polyploid crops critical for
global food and bioenergy security.

Itishard toimagine aworld without readily available sweet treats, but
thatwas the reality before sugarcane was domesticated. Early humans
depended onscarce and seasonal sources of sweetness, such as honey,
whichwere considered luxuries. The domestication of sugarcane rev-
olutionized sugar production, transforming it into a global dietary
staple. However, this transformation came with profound costs: wide-
spread availability and overconsumption of sugar have contributed toa
global health crisis, and the expansion of sugar production was deeply
intertwined with the transatlantic slave trade, which reshaped human
migration, cultures and economies at the global scale.

Sugarcane is the world’s leading sugar crop, renowned for its
exceptional ability to accumulate sucrose in stalk parenchyma cells.

However, the genetic mechanisms underlying this trait remain largely
unexplored. Evidence in other crops suggests a strong association
between parenchyma cell size and sugar accumulation. For exam-
ple, in sugar beet (Beta vulgaris), BZR1 promotes parenchyma cell
expansion, enhancing sugar loading efficiency?, and, in strawberry
(Fragariavesca), the tonoplast transporter MATESI coordinates sugar
transport with cell size®. In sugarcane, modifications in parenchyma
cellwall elasticity allow cells to withstand high turgor pressure from
sucrose accumulation®*. Nevertheless, the specific genes and regu-
latory networks governing these processes in sugarcane remain
unclear, limiting our understanding of its exceptional productivity
as asugar crop.

A list of affiliations appears at the end of the paper.
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Modern sugarcane improvement has been shaped by hybridiza-
tion between Saccharum officinarum and Saccharum spontaneum, fol-
lowed by repeated backcrossing with S. officinarum—aprocess known
as nobilization'. Together with evidence for an unknown Saccharum
contributor in early hybridization®, these processes have merged
divergent Saccharum lineages, resulting in extreme polyploidy and
genomic complexity. The evolutionary history has left genome-wide
signatures of introgression, identity-by-descent (IBD) from founder
cultivars, and selective sweeps associated with domestication and
modern breeding. Although challenging, dissecting these signatures
using haplotype-resolved references and allele-aware analyses offers
apromising path to unravelling the considerable adaptability and pro-
ductivity of sugarcane.

Advances in long-read sequencing technologies, such as PacBio
HiFi and BioNano, have proven to be effective in resolving polyploid
genomes, as demonstrated by recent assemblies for hybrid cultivars®™.
However, gaps remain in achieving full haplotype-level resolution,
understandingallele-specific expression and deciphering the molecu-
lar mechanisms that drive high sugar capacity. Short-read sequencing,
despite aiding high-throughput chromosome conformation capture
(Hi-C) and RNA-sequencing (RNA-seq) applications, struggles to resolve
homologous or homoeologous sequences, leadingto errorsin haplo-
type phasing and allelic expression analyses'®",

Emerging long-read technologies—Oxford Nanopore Technolo-
gies Ultra-Long (ONT-UL) reads, Pore-C sequencing® and multiplexed
arrays isoform sequencing (MAS-ISO-seq)**—offer possibilities for
accurate genome assembly and allelic resolution. Yet, their applica-
tion to sugarcane’s ultra-complex genome has been limited by the
absence of tailored bioinformatics tools. Here we integrate C-Phasing
(a haplotype-resolved assembly algorithm'), KMERIA (a polyploid
genome-wide association study (GWAS) tool”®) and Allele-Express (an
allele-specific expression tool) to generate a fully phased genome for
the hybrid cultivar POJ2878. By resequencing 981 Saccharum acces-
sions, we traced sugarcane’s domestication and improvement, identify-
ing key genetic shifts and loci associated with sugar storage. This work
illuminates sugarcane’s molecular evolution and establishes a robust
framework for polyploid genomics, positioned to accelerate breeding
insugarcane and other crops with complex genomes.

A fully phased genome assembly

The P0OJ2878 cultivar, known as the ‘King of sugarcane’, was selected
for de novo genome sequencing and assembly due to its role as akey
genetic donor for modern sugarcane cultivars. A high-quality genome
assembly was generated using advanced sequencing technologies,
including 678.52 Gb of MGl-seq short reads, 405.42 Gb of PacBio HiFi
reads and 148.64 Gb of ONT-UL reads with N50 lengths over 100 kb
(Supplementary Table 1). The average read lengths are 15.84 kb
(PacBio) and161.94 kb (ONT-UL) (Supplementary Fig. 2). Pore-C tech-
nology, an ONT-based method capturing high-order chromatin 3D
structure, produced 517.13 Gb of reads with 2.60 kb average length
and 4.15 kb N50. Notably, 15.15% of Pore-C reads (22.31 million out
of'147.25 million) contained at least three chromatin concatemers
(Supplementary Table 2 and Supplementary Fig. 3). Together, these
datasets provided 376 x coverage of the estimated 10-Gb genome.
Hifiasm was used with the HiFi and ONT-UL reads to yield a10.37-Gb
contig-level assembly witha15.60-Mb N50 (Extended Data Table1and
Supplementary Table 3).

The C-Phasing algorithm™, integrating Pore-C long-range con-
tact information, was used to achieve a fully haplotype-resolved,
chromosomal-scale genome assembly (Fig. 1a). Pore-C technology
substantially improved the proportion of uniquely aligned reads
(75.30% versus 39.81%), and the rate of valid interaction pairs (36.44%
versus 29.69%; Supplementary Table 2), producing aclearer chromatin
interaction heat map than Hi-C technology (Supplementary Fig. 4).

Usinga hyperpartition algorithm, C-Phasing resolved 118 groups, each
representing one chromosome (Extended Data Table 1), matching the
karyotype determined using fluorescencein situ hybridization (FISH)
(Fig. 1b). After manual correction, the final assembly comprises 10
homologous/homoeologous groups, each containing an average of
12 chromosomes (Fig. 1c).

The genome assembly quality was assessed across three dimensions:
completeness, contiguity and accuracy (Supplementary Note 1 and
Supplementary Table 4). Notably, the assembly demonstrated a high
level of contiguity, achieving a contig N50 of 15.60 Mb, along with
extremely low error rates, including 2.02% switched and 0.82% col-
lapsed genomic regions (Supplementary Fig. 5). Chromatin contacts
showed stronger intrasubgenome interactions thanintersubgenome
interactions (Fig. 1d). These results highlight the high quality of the
P0OJ2878 genome assembly, with most evaluation metrics meeting or
exceeding those of previously published hybrid sugarcane genomes.

Recombination and rearrangement

The genomic components of POJ2878 was analysed using resequencing
datafrom10S. officinarum and 10 S. spontaneumindividuals (Methods).
This analysis revealed that 80.5% (8.35 Gb) of the genome originated
from S. officinarum and 19.5% (2.02 Gb) from S. spontaneum (Supple-
mentary Fig. 6). We further identified marked recombination events
betweenthesS. officinarumand SS. spontaneum subgenomes, with recom-
bined regions constituting at least 10% of their length. This classified
the genome into 92 S. officinarum-derived, 16 S. spontaneum-derived
and 10 recombinant chromosomes (Extended Data Fig. 1a and Sup-
plementary Table 5).

Weidentified 13.23 Mb of small-scale homoeologous exchanges dis-
tributed across 49 S. officinarum-derived and 2 S. spontaneum-derived
chromosomes, representing 0.13% of the genome (Supplementary
Table 5) and encompassing 320 protein-coding genes (11 S. offici-
narum and 309 S. spontaneum derived). Functional analysis showed
that S. officinarum-derived genes were enriched in processes such
as stimulus response and intracellular signal transduction, whereas
S.spontaneum-derived genes were enriched in post-embryonic devel-
opment and system development (Fisher’s exact test, P < 0.05; Sup-
plementary Fig. 7).

To investigate chromosomal rearrangements, we generated
telomere-to-telomere (T2T) monoploid genome assemblies for the
progenitor species S. officinarum XZ and S. spontaneum 82-114 (Sup-
plementary Note 2). Synteny analysis revealed high overall collinear-
ity and frequent non-homologous chromosomal rearrangements
in POJ2878 (Extended Data Fig. 1), including confirmed chromo-
some fission and fusion events in S. spontaneum-derived subge-
nome’ and four large-scale non-homologous rearrangements in the
S. officinarum-derived subgenome. Notably, chromosome 5g1 resulted
fromacrossover, withits first 42 Mb derived from the S. spontaneum
subgenome and the rest from the S. officinarum-derived subgenome.
This structure wasindependently validated using haplotype-specific
probesin oligo-FISH experiments (Fig. 1b), confirming the recombina-
tion event and assembly accuracy.

Telomeric analysis revealed that all 118 chromosomes had at least
one telomere annotated, with 73 (61.86%) chromosomes containing
telomeres at both ends (Extended Data Fig. 2 and Supplementary
Table 6). Centromeric analysis identified 14 telocentric, 6 acrocentric,
33 submetacentricand 65 metacentric regions with averaging 2.22 Mb.
Notably, 40% of the 10 S. spontaneum-S. officinarum recombined chro-
mosomes were telocentric and acrocentric.

Haplotype-specific gene expression

The POJ2878 genome is composed of 69.24% (7.18/10.37) transposable
elements with long terminal repeat (LTR) retrotransposons being
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Fig.1|Genome assembly, subgenomeidentificationand chromosomal
rearrangement. a, Schematic of the pipeline used to generate a haplotype-
resolved genome assembly for the Saccharum hybrid cultivar POJ2878 and T2T
monoploid genome assemblies for the progenitor species, S. spontaneum 82-114
andS. officinarum XZ. The genomes were sequenced using the PacBio HiFi,
ONT-UL and Pore-C sequencing technologies. For POJ2878, phased unitigs
(p_utg) assembled by hifiasm were partitioned intohomologous orhomoeologous
groupsand haplotypes using C-Phasing with Pore-C contacts, and collapsed
regions were recovered based onsequencing depth to produceafully haplotype-
resolved assembly. For the progenitor T2T monoploid assemblies, hifiasm
contigs (p_ctg) were deduplicated, scaffolded into monoploid chromosomes
using C-Phasing and gap-filled with ONT-UL reads. b, Oligonucleotide painting

the predominant class in both subgenomes (52.04% in the S. spon-
taneum subgenome and 59.05% in the S. officinarum subgenome;
Supplementary Table 7 and Supplementary Fig. 8a). Both values
exceed the proportions observed in the progenitor genomes, with
41.36% in S. spontaneum 82-441and 49.48% in S. officinarum XZ. This
elevated LTR content reflects lineage-specific LTR bursts, occurring
around 0.16 million years agoin the S. officinarum-derived subgenome
and around 0.2 million years ago in the S. spontaneum subgenome
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(oligo-FISH) of chromosome (chr.) 5gl using two probe sets (chromosome
5gl-Rand chromosome 5g1-G) labelling S. spontaneum-derived (red; 1.56-
42 Mb) and S. officinarum-derived (green; 42-81.72 Mb) segments, respectively.
Theimageis representative of one metaphase cell from one POJ2878 plant.
¢, Aproposed model of chromosomal rearrangement based on subgenome
assignments and synteny analysis. Different colours represent distinct
homologous orhomoeologous groups; the shaded rectangles indicate
S.spontaneum-derived sequences and the filled rectangles represent

S. officinarum-derived sequences. d, Raw chromatin interactions among the
118 chromosomes, highlighting intrachromosomal and interchromosomal
interactions.

(Supplementary Fig. 8b), predating POJ2878'’s hybridization events
less than 120 years ago. These results suggest that the actual pro-
genitors used in producing POJ2878 differ from those analysed
here.

A comprehensive annotation pipeline initially identified 398,858
protein-coding genes (including allelic genes), followed by classifica-
tion of genes with defined alleles, paralogous genes and haplotype-
specific genes (Methods and Extended Data Fig. 3). This produced a



high-quality allele-defined annotation with 98.6% BUSCO completeness
(Supplementary Table 8), encompassing 35,082 and 28,851 genes in
the S. officinarum- and S. spontaneum-derived subgenomes, respec-
tively (Extended Data Table 1 and Supplementary Table 9). These
allele-defined genesrepresentinstances in which multiple allelic vari-
antsare present within the genome, with each allele differing by at least
one nucleotide variant in coding sequences. A total of 28,523 homoe-
ologous gene pairs were identified between the two subgenomes.

Quantifying haplotype-specific gene expression in polyploid
genomes is challenging due to the inability of short RNA-seq reads
to accurately distinguish highly similar haplotypes. To address this,
we used MAS-ISO-seq®, which captures full-length transcripts by
ligating multiple cDNA fragments into single molecules, and devel-
oped Allele-Express, specifically designed to improve allele-specific
expression analysis in polyploids (Extended DataFig. 4). Benchmark-
ing showed that Allele-Express achieved higher accuracy compared
with RNA-seq methods (R?= 0.95 versus R* = 0.70; Supplementary
Note 3).

Using MAS-ISO-seq and Allele-Express, we sequenced transcripts
from mature leaf and stem tissues, generating 63.88 million and
56.23 million full-length transcripts, respectively (Supplementary
Table10).Eachreplicate yielded an average of 30.75 Gb (leaf, 1,444 bp
mean length) and 27.83 Gb (stem, 1,476 bp mean length), with repli-
cates showing high consistency (Pearson correlation > 0.98; Supple-
mentary Fig. 9). A saturation curve showed that transcript discovery
plateaued beyond 18 Gb (30x transcriptome coverage; estimated tran-
scriptomessize: 616.78 Mb; Supplementary Fig.10). We identified 6,994
allele-specific highly expressed genes (ASHEGs) in mature stem and
7,325 in mature leaf samples, where one allele was significantly more
highly expressed than its counterparts (G-test, P< 0.05). ASHEGs were
unevenly distributed across chromosomes, with significant enrich-
ment observed on five chromosomes in stem tissue and nine in leaf
tissue (binomial test with Bonferroni correction, adjusted P< 0.01;
Supplementary Fig. 11a,b). This enrichment followed tissue-specific
chromosomal activation patterns, withseven out of ten enriched chro-
mosomes originating from the S. spontaneum subgenome and only
threefromtheS. officinarum-derived subgenome. The S. spontaneum
subgenome displayed significantly higher ASHEG density than the
S. officinarum-derived subgenome in both stem (0.024 versus 0.016,
Mann-Whitney U-test, P < 0.001) and leaf (0.026 versus 0.017, P < 0.001)
tissues (Supplementary Fig. 11c,d), despite comprising only approxi-
mately 20% of the POJ2878 genome. This indicates a disproportionate
contribution of S. spontaneum-derived alleles to allele-specific high
expression.

Functional enrichment analysis revealed that these ASHEGs were
associated with critical biological processes and cellular components
(Supplementary Figs. 12 and 13). In leaf, ten ASHEGs were enriched
in cotyledon morphogenesis, and seven in the positive regulation of
auxin-mediated signalling pathways, including genes such as PIN1
(auxin transport”) and CSA-like transcription factors (regulating sugar
content’®; Supplementary Fig.14). In stem tissue, ASHEGs were enriched
instorage vacuoles (18 genes) and COPI-coated vesicles (9 genes; Sup-
plementary Fig.15), with examples including the probable aquaporins
TIP2and TIP3 (cell turgor pressure and cell expansion') and beta-COPI1
(light signalling regulation®).

Resequencing and population structure

Weresequenced 981Saccharum samples, including 78 S. officinarum,
290 S. spontaneum and 613 hybrid sugarcane cultivars, representing 19
major sugarcane-producing regions worldwide (Fig. 2a-c). This gener-
ated 125.58 Tb of short-read data with an average depth of 16.57x per
sample (Supplementary Table11). Analysis of uniquely aligned reads to
the POJ2878 reference genome yielded 11.43 million single-nucleotide
polymorphisms (SNPs) and 7.36 million insertion-deletions (indels).

Phylogenetic analysis using high-quality SNPs revealed three distinct
clades (S. spontaneum, S. officinarum and hybrids), supported by popu-
lation structure analyses (admixture and principal component analysis
(PCA)), which also highlighted extensive genetic admixture among
hybrids (Fig. 2d,e).

Saccharum spontaneum exhibited higher nucleotide diversity
(m=1.28 x10™*) than S. officinarum (i = 2.43 x 107°), reflecting itsbroader
natural distribution (Fig. 2f), and hybrid sugarcane showed diversity
(r=1.27 x10™*) similar toiits S. spontaneum progenitor, probably due to
diverse wild germplasmand gene flow. The population differentiation
statisticbetween S. spontaneum and S. officinarum (Fs; = 0.20) is higher
than that between S. spontaneum and hybrids (Fs; = 0.12), or between
S.officinarumand hybrids (Fs; = 0.08). Moreover, S. spontaneum showed
amore rapid decay of linkage disequilibrium, probably reflecting its
larger effective population size (Fig. 2g).

P0OJ2878 shaping modernbreeding

To access the genetic contribution of POJ2878 to modern sugarcane
cultivars, we analysed 573 geographically diverse samples (327 Chinese,
246 non-Chinese). IBD analysis revealed that 95.3% cultivars shared over
821.6 Mb of IBD sequences with POJ2878, underscoring the extensive
useinglobal sugarcane breeding programmes (Fig. 3a). Genome-wide
analysis showed that 98.15% of the genome exhibited introgression
from POJ2878 (Fig. 3b), with the top 5% of IBD-dense regions spanning
474.70 Mb. These regions contained 28,308 protein-coding allelic or
homoeologous genes, representing haplotypes favoured by breeders.
These genes were significantly enriched in important biological pro-
cesses, including starch and sucrose metabolism and environmental
adaptation (Fisher’s exact test, P < 0.05; Supplementary Fig. 16). Key
genesincluded sucrosesynthase (SUS), sucrose-phosphate phosphatase
(SPP), sucrose phosphate synthase (SPS)* and sucrose transporters
(SWEET14,SWEET15and SUT) (Fig. 3c). Allele-specific gene expression
analysis further revealed that many of these favourable haplotypes
exhibited expression in stem and/or leaf tissues (Fig. 3d). However,
their expression was not always the highest or lowest amongthe alleles,
consistent with previous observation?. This pattern suggests that
alternative haplotypes may still hold untapped potential for future
improvement.

The SUS2 gene has four haplotypes: one favourable haplotype
from the S. spontaneum subgenome (Ss_hapl) and three from the
S. officinarum-derived subgenome (So_hap1-3). Ss_haplincludes a
27-bpinsertioninexon 9 and a255-bp deletion in exon 11 (Fig. 3e). We
identified six unique k-mers to this haplotype and used their average
copy number to estimate its prevalence in each cultivar. A strong cor-
relation was found between Ss_hapl copy number and sucrose content
at 270 days after planting, with cultivars carrying 1-3 copies showing
substantially higher sucrose levels (Fig. 3f and Supplementary Table 12).
However, sucrose content did not increase proportionally with more
copies, as excessive S. spontaneum subgenome contributions may be
detrimental.

Further analysis revealed substantial differences in the use of
P0J2878 between Chinese and non-Chinese cultivars. On average,
non-Chinese cultivars exhibited a higher IBD density (0.20) com-
pared with Chinese cultivars (0.18; P < 0.001, Mann-Whitney U-test;
Fig.3b), indicating broader adoption of POJ2878 asagenetic donorin
non-Chinese breeding programmes. Moreover, IBD analysis revealed
distinct genomic regions preferentially selected by Chinese and
non-Chinese breeders (Fig. 3g), with the top 5% of IBD windows con-
taining 5,057 protein-coding genesin Chinese and 2,838 in non-Chinese
cultivars. Functional enrichment analysis revealed divergent selec-
tion pressures: genes in Chinese cultivars were significantly enriched
for herbicide response traits, whereas those in non-Chinese cultivars
were enriched for abiotic stress response (Fisher’s exact test, P < 0.05;
Supplementary Fig. 17). These findings highlight the critical role of
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geographical distribution of S. spontaneum (S.s.) (a;n=290), hybrid cultivars
(S. hybrid) (b; n=613) and . officinarum (S. 0.) (c; n=78), showcasing the global
representation of the sampled accessions. The base map was generated

using the R package rnaturalearth with data from Natural Earth (http://
naturalearthdata.com).d, Phylogenetic tree and admixture analysis (k=3)
oftheresequenced accessions, illustrating the genetic relationships and levels
of admixture amongS. spontaneum, S. officinarum and hybrid populations.

e, PCAof S. spontaneum, S. officinarum and hybrid accessions, highlighting

PQJ2878 in shaping the genetic architecture of modern sugarcane
cultivars and underscore region-specific selection pressures in global
breeding programmes.

Sugarcane domestication and improvement

Toinvestigate the development of key traits in sugarcane, we analysed
selective sweeps during three critical phases: natural selection in
S.spontaneum, early domesticationin S. officinarum and crop improve-
ment in hybrid cultivars through nobilization. Natural selection in
S. spontaneum was examined using within-population comparisons
with the S. spontaneum 82-114 T2T monoploid assembly as a refer-
ence. Early domesticationin S. officinaruminvolved comparisons with
its direct ancestor, Saccharum robustum, using the S. officinarum XZ
T2T monoploid assembly as a reference. Moreover, the detection of
selective sweeps during the crop improvement stage was based on the
P0OJ2878 haplotype-resolved genome assembly.

InS. spontaneum, we identified 17.56 Mb selective sweeps, or 2.29%
of its 766.92 Mb genome, encompassing 1,600 protein-coding genes
(Fig. 4a). These genes were enriched in biological processes related
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population fixation statistics (Fs;) between different populations, revealing
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and hybrids. g, Linkage disequilibrium decay patterns across the three
populations; linkage disequilibrium was measured as r*and plotted against
physical distance (kb), showing the population-specific difference in linkage
disequilibrium decayrates.

to defence response, probably contributing to the species’ robust
resistance (Supplementary Fig.18). Notable genesincluded ahomo-
logue of Arabidopsis thaliana GLP (AtGLP), essential for root growth
and development, and stress-response genes such as homologues of
AtRPMI (pathogen resistance)®and AtCBLI (regulator of drought, salt
and cold stress responses®*). Overexpression of Saccharum hybrid
CBL1(ShCBLI) in sugarcane increased proline content, superoxide
dismutase (SOD) activity and malondialdehyde levels (P < 0.05,
one-way analysis of variance (ANOVA)), and its overexpressioninrice
affected COLDI and ICEI (Extended Data Fig. 5), enhancing chilling
tolerance®?¢. These findings align with the long-standing view that
S. spontaneum contributed strong ratooning ability and resistance
traits to modern sugarcane cultivars.

The domestication of S. officinarum, originating in New Guinea
from S. robustum®¥, involved substantial genetic changes. Compara-
tive selective sweep analyses between S. officinarum and S. robustum
identified 20.22 Mb of domesticated regions, representing 2.30%
of the 879.72 Mb genome and encompassing 1,099 protein-coding
genes (Fig. 4b). These genes were enriched in biological processes
critical to key agronomic traits, particularly carbohydrate metabolic
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Fig.3| Thegenetic contribution of POJ2878 and analysis of breeder-
favoured haplotypes. a, Empirical cumulative distribution of total IBD

length shared between 573 sugarcane cultivars and POJ2878. The x axis shows
thetotal IBD length per cultivar (Mb), and the y axis shows the percentage of
cultivars. The dashed line at 821.6 Mb indicates that 95.3% of cultivars share
atleast 821.6 Mb of IBD sequence with POJ2878.b, The IBD density in 50-kb
non-overlapping genomic windows across global (n = 573), Chinese (n =327)
and non-Chinese (n=246) population cultivars. Statistical analysis was
performed using two-sided Mann-Whitney U-tests; ***P < 0.001. The violin plot
widthreflects the frequency of windows; the white dots show the average IBD
density; theboxindicates theinterquartile range (IQR; 25th-75th percentiles);
and the whiskers extend to 1.5 x IQR. Exact P values are provided as Source data.
¢, Thedistribution of IBD density across the 118 chromosomes. The red regions
indicate higher IBD density (thatis, breeder-favoured haplotypes), and
thegreenregionsindicatelower values. Saccharum spontaneum-derived,

and biosynthetic processes (Fisher’s exact test, P < 0.05; Supplemen-
tary Fig.19). Notably, selected genesincluded regulators of flowering
time (such as RFTI*® and TFL4%), probably contributing to flowering
suppression—a trait that enhances biomass and sugar accumulation.
This aligns with findings that homologues of flowering locus Tin sug-
arcane can delay flowering time and modify productive structure®
Key genesinvolved in sugar metabolism and transport, such as ShFPB

S. officinarum-derived and recombinant chromosomes are coloured green, red
and black, respectively. SUS2is highlighted in red to facilitate detailed analysis.
d, Allele-specific expression shows genes (x axis) with chromosome-specific
haplotypes (for example, chromosome 10g5) and progenitor origins (y axis).
Haplotypes areindexed arbitrarily for visualization. Expression levels (n=3
replicates) from mature stem and leaf were normalized as log,[transcripts per
million (TPM) +1]. The black squares highlight breeder-selected haplotypes
and thegreyareasindicate haplotype absence. e, Haplotypic variations

of SUS2, with Ss_haplidentified as the breeder-favoured haplotype.f, The
frequency of SUS2Ss_hapl CNVs across 595 samples; the bars represent
sample countsand proportion. The brokenline represents the average sucrose
content,andtheerrorbarsindicate thes.e.m.Significance was assessed using
one-way ANOVA. g, Differential use of POJ2878 haplotypes exists between
Chinese (-C) and non-Chinese (-N) populations.

(fructose-l-6-biophosphatase)* and ShINV (responsible for breaking
down sucrose into glucose and fructose)®?, were also under selection,
supporting the early domestication of sugarcane.

Selective sweep analyses during the crop improvement process
of hybrid cultivars, compared with their progenitor species, identi-
fied 4,032 genes (Fig. 4c,d) associated with response to light, carbo-
hydrate metabolic process, response to stimulus and shoot system
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through within-population comparisonsin the S. spontaneum population
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XP-CLR profiles atselected targetloci (SUS2 (e), FT (f), TB1 (g) and BX8 (h)),
highlighting regionsunder strongselectionintheS. hybrid population.
i, Expression analysis of allelic genes within selective swept regions related

(n=290independent varieties). The T2T monoploid genome of S. spontaneum
82-114 was used as the reference genome. b, Selective sweep signals identified
through cross-population comparisonsintheS. officinarum population
(n=78independent varieties) against the S. robustum population (n =43
independent varieties). The T2T monoploid genome of S. officinarum XZ

was used as the reference genome. ¢,d, Selective sweep signalsidentified
through cross-population comparisons with S. spontaneum (c; n=290) and

S. officinarum (d; n=78) inthe S. hybrid population (n = 613). Sweep candidates
were defined as genomic windows in the top 5% of genome-wide uStat (a) or
XP-CLR (b-d) values. Genes with putative functional relevance are highlighted
inthe Manhattan plots. e-h, Local population fixation statistics (Fs;) and
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togrowth development, vacuole development and disease resistance under
selective sweeps. Stemand leaftissues were collected with three biological
replicates pertissue (n =3). Expression levels are shown as log,[TPM +1].
j,Aproposed model delineating natural and artificial selectionin sugarcane.
Inwild sugarcane (S. spontaneum), genes associated with disease resistance
androot development are subject to natural selection. During the early
domestication of S. officinarum, selective sweeps targeted genes linked to
flowering time and sugar metabolism. After nobilizationbreeding, crop
improvement effortsin modern sugarcane hybrids (S. hybrid cultivars) have
drivenselective sweepsin genes governing floral development, flowering time,
bioticand abiotic resistance, vacuole development and tiller architecture.



development (Supplementary Fig. 20). Sugar accumulation and resist-
ance related genes were identified, including homologues of SUS2
(Fig. 4e), SWEET14, TPS11*, BXS* (Fig. 4h) and GSKI*. Key genes also
include homologues of TBI (Fig. 4g), which reduces branching for
upright plant structure®, FT (flowering locus T; Fig. 4f) and NRT1.1,
which facilitates lateral root branching by controlling the transport of
thehormoneauxinin response to nitrate availability”. Notably, genes
under strong artificial selection for vacuole development and cell wall
loosening include homologues of TIPI*® and QRTI®. TIP1 encodes an
aquaporin protein that facilitates water transport across the vacuole
membrane in Arabidopsis®®. Overexpression of ShT/P1 modified leaf
width in sugarcane and rice by reducing vein distance without affect-
ing veins and epidermal cell count (Extended Data Fig. 6), suggesting
thatit hasaroleinregulating cell size during development. The QRT1
gene encodes a pectin methylesterase in Arabidopsis that is involved
in cell wall loosening and modification®.

To confirmthat the selection signals (Fig.4e-h) exceed the expecta-
tions of random drift, we compared the cross-population composite
likelihood ratio (XP-CLR) and F; values of candidate genes against
genome-wide empirical distributions derived from all gene regions.
Candidate genes (SUS2, FT, TB1 and BX8) were identified as signifi-
cantoutliers (P < 0.05, Fisher’s combined test), with their valuesin the
extreme tails of the empirical distributions (Supplementary Fig. 21).
Expression analysis supported their potential functions during the nat-
uraland/or artificial selection (Fig. 4i). Together, these genes underpin
sugarcane domestication and crop improvement, contributing to traits
such as flowering regulation, stress response and sucrose metabolism
and storage—key characteristics that define modern sugarcane as a
leading sugar crop (Fig. 4j).

GWAS reveals key genes for sugar storage

Sugarcane’s ability to maintain high sugar content is largely attrib-
uted to its efficient sucrose storage in stem parenchyma cells*°. Our
analysis revealed that parenchyma cellsin high-sugar-content S. offici-
narum (10,525 pm?) are significantly larger than those in S. sponta-
neum 82-114 (6,526 pm?, Mann-Whitney U-test, P < 0.01; Fig. 5a—f).
Similarly, high-sugar-content hybrids had larger cells compared with
low-sugar-content hybrids (14,862 pm? versus 6,506 um?). To further
examine this relationship, we measured parenchyma cell density and
size across 265 hybrid cultivars using a robust image recognition
approach (Extended Data Fig. 7). Significant correlations were observed
between these cell traits and Brix (ameasure of sugar content; P < 0.05;
Supplementary Fig. 22), supporting the potential breeding value of
parenchyma cells.

Traditional GWASs face comprehensive limitations in polyploid
genomesincludinginability to detect multiallelic variants, neglecting
allele dosage effects and inaccuracies in genotyping due to ambigu-
ous short-read alignments. To overcome these challenges, we used
KMERIA®, a k-mer-based GWAS approach specifically designed for
polyploid genomes (Methods). KMERIA analysis of parenchyma cell
traits and sugar contentrevealed key genes linked to important biologi-
calfunctions (Fig. 5g-iand Supplementary Table 13). Theseinclude a
homologue of AtMob1A that is essential for organ growth and tissue
patterning*, which may regulate cell proliferation and organ size*’.
We alsoidentified a MATE (multidrug and toxic compound extrusion)
transporter family member that is involved in hormone transport
and stressresponses, highlighting their potential in parenchyma cell
development®. Moreover, we identified a WD40-domain-containing
protein homologous to the cucumber LITTLELEAF (LL) gene, whichis
known to control organ size and lateral branching**. This gene may
similarly influence parenchyma cell size and contribute to sugarcane’s
architecture and sucrose storage.

Notably, the SUT2 (sucrose transporter 2), a gene that is essential
for sucrose transport, was identified by KMERIA to have a significant

association with parenchyma cell size (Fig. 5g). Overexpression of
ShSUT2in sugarcane cultivars significantly increased parenchyma
cellsize, witha7.20% enhancementinthe OEllineand a28.92% increase
in the OE2 line (P < 0.0001, Wilcoxon rank-sum tests; Extended Data
Fig.8).

Discussion

This study establishes a comprehensive genomic framework (Supple-
mentary Note 4 and Extended Data Fig. 9) for understanding the genetic
basis of sugarcane domestication and improvement. By generating a
fully haplotype-phased assembly of the hybrid cultivar POJ2878, which
substantially reduced switch errors and collapsed assembly artefacts
presentin previous assemblies, we identified key geneticinnovations that
have driventhe transformation of sugarcane fromwild Saccharum spe-
ciesintoahigh-sugar, high-biomass crop. InS. officinarum, genes under
domestication involved in regulating sucrose metabolism (NINV, FPB)
and floral development (for example, TFL4 and AGL80), consistent with
selection for delayed flowering and enhanced sink strength. By contrast,
S. spontaneum retained alleles associated with disease resistance and
ratooningability, including homologues of RPM1, SERK1* and TB1, which
were later introgressedinto hybrids during nobilization. We demonstrate
that POJ2878 occupies a central positionin the sugarcaneimprovement
trajectory. More than 95% of modern cultivars harbour extensive IBD
tracts from POJ2878, and around 98% of the genome shows non-zero
introgression across the panel, including haplotypes at SUS2, SWEETS,
SPSs and SUTs. At the same time, we observe that increasing dosage of
thefavourable S. spontaneum-derived SUS2 haplotype improves sucrose
contentonly uptoapoint; excessiveS.spontaneum contribution, typically
reflecting low nobilization, is associated with reduced agronomic perfor-
mance. This pattern highlights ageneral principle of polyploid breeding:
beneficial haplotypes often act within an optimal dosage window, and
overall subgenome balance cannot be ignored. A haplotype-resolved
reference and dosage-aware approaches such as KMERIA provide a practi-
cal framework for explicitly managing this trade-off.

Our results also connected cellular anatomy to agronomic perfor-
mance. Differences in parenchyma cell size and density between high-
and low-sugar lines, combined with KMERIA signals at MoblA, MATE
transporters, LL-like WD40 proteins and SUT2, indicate that vacuole
development and sink cell architecture represent underexplored tar-
gets for improving sugar yield. Overexpression of ShSUT2 increased
parenchymacellsize, supporting a causal relationship between sucrose
transport capacity and sink cell expansion. Nonetheless, given the
complexity of sugarcane’s polyploid genome and possible functional
divergence among homoeologues, these inferences should be regarded
astestable hypotheses that require systematic validationin sugarcane
germplasm and field conditions.

This study provides a template for genomics-assisted breeding in
sugarcane and other polyploid crops. In practice, breeders can now (1)
track and optimize the dosage of favourable haplotypes such as the S.
spontaneum-derived SUS2allele; (2) select or engineer Mob1A, MATE or
LL-like haplotypesto fine-tune parenchyma cell proliferation and organ
architecture; and (3) exploit POJ2878-derived regions while monitoring
genetic diversity to avoid over-narrowing the breeding base.

The contrasting selection signatures observed in Chinese versus
non-Chinese cultivars, for example, enrichment of genes associated
with herbicide response versus abiotic stress tolerance, highlight how
regional priorities shape the genomic architecture of crop improve-
ment. These patterns support the need for locally tailored genomic
strategies that integrate climatic conditions, management practices
and market demands, rather than a one-size-fits-all deployment of
elite alleles. At the same time, the widespread global reliance on
P0J2878 underscores both the value and the potential vulnerability
associated with foundational cultivars in polyploid breeding pro-
grammes.
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Fig.5| Genome-wide association analysis of parenchyma cell traits.

a-d, Representative stem cross-sections showing parenchymacell
organizationinfour groups: the two progenitor species (S. spontaneum (a)
and . officinarum (b)), low-sugar-content S. hybrid cultivars (Cul-L) (c) and
high-sugar-contentS. hybrid cultivars (Cul-H) (d). One representative image
isshown foreachgroup. For each group, the microscopy observations were
repeated three timesindependently with similar results. For a-d, scale bars,
500 pm. e, Brix (%) measurements across the four groups. For each biological
sample, Brix was measured 15 times (n =15 independent biological replicates).
Dataaremean +s.d. Statistical significance was assessed using a two-sided
Student’s t-test. f, Parenchyma cell size across the four groups quantified from

More broadly, resolving the genomic architecture of sugarcane
bridges a critical gap between polyploid genome structure and agro-
nomic function. By integrating long-read and proximity-ligation
sequencing, haplotype-aware assembly, k-mer-based association and
allele-specific expression profiling, this study establishes a general-
izable framework for dissecting complex traits in polyploid crops.
The genes, haplotypes and pathways identified here provide immedi-
ate targets for improving sugar yield and resilience in sugarcane. As
demands for sustainable sugar and bioenergy productionintensifies,

1002 | Nature | Vol 654 | 25 June 2026

15microscopy fields of view per biological sample.n =15 fields of view per
group. Dataare mean +s.d. Statistical significance was assessed using a
two-sided Student’s t-test. g-i, Genome-wide association results for parenchyma
cellsize (um?) (g), cell density (cells per mm?) (h) and Brix (%) (i) in 265 cultivars
(n=265). Theyaxis shows —log,,[P], where the Pvalues indicate significance

of k-mer-traitassociations, determined using two-sided Wald testsin alinear
mixed model using KMERIA. The horizontal dashed lines indicate the Benjamini-
Hochbergfalse-discovery-rate-corrected significance threshold with Pvalues
0f5.10 x107(g), 5.06 x107 (h) and 3.85 x 107" (i), respectively. Exact P values
foreandfare provided asSource data. **P < 0.01.

such polyploid-aware genomic resources and analytical tools will be
indispensable for accelerating the development of climate-resilient,
high-efficiency cultivars in sugarcane and other staple crops.
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Methods

Plant materials
For genome assembly and annotation, we used plant materials includ-
ing, S. hybrid POJ2878, S. spontaneum 82-114 and S. officinarum XZ.
These were cultivated in the greenhouse at Shenzhen. Tender leaves
were collected for subsequent genome sequencing.

Thisstudy alsoresequenced 981 sugarcane accessions, including 78
S. officinarum, 290 S. spontaneum accessions and 613 cultivated varie-
ties. Among the cultivated varieties, 246 were non-Chinese germplasms,
while 327 were core domestic cultivars or breeding linesin China. The
plant materials were grown at three experimental sites representing
distinct climates: (1) a tropical monsoon climate at the sugarcane
research base in Lingao County, Hainan Province (19° 34’-20° 02’ N,
109°3’-109° 53’ E, altitude: 34 m); (2) a subtropical monsoon climate
in Fusui County, Guangxi Zhuang Autonomous Region (22° 38’ 06” N,
107° 54’ 15” E; altitude 94 m); and (3) a subtropical plateau climate in
Kaiyuan City, Yunnan Province (23° 307-23° 58’ N,103° 04’-103° 43’ E;
altitude 1,051 m). Buds were first disinfected and then planted using a
single-bud method within arandomized complete block design (1.2 m
row spacing; 15 cm plant spacing). To ensure uniform germination,
the field was subject to standardized management, including regular
irrigation and pest and weed control.

DNA and RNA sequencing

DNA extraction. DNA extraction for single-molecule sequencing inv-
olved collecting samples and preparing long genomic DNA. The DNA
was then purified using the QIAGEN GenomicKit. For ONT-UL sequenc-
ing, the SDS method was used to extract DNA, omitting the purification
step to preserve long DNA molecules. The DNA integrity and purity
were evaluated using the NanoDrop system. Moreover, the Qubit 4.0
Fluorometer was used to measure DNA concentration.

PacBio sequencing. The library preparation process included gDNA
shearing, DNA damage repair, end repair, A-tailing, hairpin adapter
ligation, nuclease treatment, size selection and polymerase binding.
Atotal of 15 pg of genomic DNA was used for each sample and sheared
using g-TUBEs. We removed single-strand overhangs and performed
repair, end-repair and A-tailing on the DNA fragments. Subsequently, we
ligated the fragments with hairpin adapters, treated them with nucle-
ase and purified the samples. We used the BluePippin systemto select
fragments with target sizes and the library size was verified in Agilent
2100. HiFireads were sequenced on the PacBio Sequel Revio platform.

ONT-UL sequencing. Genomic DNA (8-10 pg per sample) was selected
forfragments larger than 50 kb using the SageHLS HMW library system.
The ONT-UL reads were sequenced on the PromethION platform.

RNA-seq. High-quality RNA (RIN > 8), extracted and purified using the
Omega Bio-tek and Takarakits, was used to construct libraries (NEBNext
Ultra) for NovaSeq paired-end sequencing after Agilent 2100 validation.

Isoform sequencing. The full-length RNA libraries were constructed
based onthelso-Seq Express 2.0 kit and the Kinnex kit. The cDNA syn-
thesis was performed, followed by PCR amplification with barcoded
Iso-Seq primers. The barcoded full-length cDNA products were pooled
and sequenced on the PacBio Revio platform.

Pore-C library construction and sequencing. The Pore-Clibrary was
constructed using an enhanced Pore-C (ePore-C) protocol developed
in our companion study*. The ePore-C protocol largely follows the
previously published Pore-C methodology', with several refinements
designed to improve datayield. In brief, approximately 2 g of young
plant tissue was finely ground in liquid nitrogen and mixed with a
prechilled extraction buffer. Cross-linking was initiated by adding

formaldehyde to the homogenate, incubating for 25 min with per-
iodic vacuum release and then stopped with glycine. The mixture
was filtered and the filtrate was layered onto a sucrose buffer and
centrifuged to isolate nuclei, followed by further purification using
gradient centrifugation with sucrose and Percoll. The nuclei were
washed with PBS.

Cross-links were reversed using proteinase K, SDS, Tween-20 and
RNase A at 56 °C for 18 h. The sample was divided for DNA extraction
using phenol-chloroform, and the aqueous phase was combined and
precipitated with NaCl, sodium acetate and ethanol. The DNA pellet
was washed, air-dried and resuspended in water. Fragments larger
than 1kb were selected using DNA Clean Beads. DNA concentration
and quality were assessed with Qubit and confirmed by agarose gel
electrophoresis.

Using a modified Nanopore Ligation Sequencing Kit (2.5 pg input;
around 1 pg yield), DNA underwent repair and end-prep at 20 °C and
65 °C and ligation and clean-up at 30 °C before flow cell loading for
sugarcane genome analysis.

Genome assemblies

Contig-level assembly. Approximately 30x HiFireads, combined with
ONT-UL reads exceeding 100 kb, were processed using the hifiasm*®
(v.0.19.1-r559) program using its default settings. The resulting p_utg
file, which contained haplotype-phased contigs, was then used for
subsequent haplotype-resolved scaffolding.

Chromosomal-scale and haplotype-resolved assembly using
C-Phasing. The complex hybrid sugarcane genome assembly was
successfully achieved using a haplotype-resolved genome scaffolding
program, C-Phasing, which was developed in our companion study™.
This program comprises five core modules: Hitig, Methalign, Hy-
perpartition, Kprune, and Scaffolding. In brief, Hitig uses split-read
alignment with ONT Ultra-long reads to identify and correct chimeric
and collapsed errors, which are critical for accurate haplotype phas-
ing. Methalign leverages the long reads of Pore-C data to improve
alignment accuracy by combining traditional sequence alignment
with allele-specific 5SmC site information to filter ambiguous map-
pings and enhanceread alignmentaccuracy. Kprune identifies allelic
contigs through pairwise alignments and uses amaximum-matching
algorithm to detect and remove interallelic and crossallelic signals,
retaining only intrahaplotype interactions for further partitioning.
Hyperpartition implements a two-layer partitioning strategy using
the Louvain community detection algorithm®. It processes the raw
hypergraph from Methalign to group allelic contigs into homologous
chromosome groups (HCGs). By reweighting edges between allelic
and cross-allelic contigs, it refines the hypergraph for accurate hap-
lotype phasing. Scaffolding integrates functionalities from HapHiC*®
and ALLHiC* to efficiently sort and assemble contig groups using
parallel computing. This module addresses the challenge of missing
signals in homologous regions, ensuring consistent chromosome
orientation across haplotypes. The combined approach substantially
enhanced the phasing results, which were then manually corrected
using Pore-C interactionsinJuicebox*. This process ultimately yield-
ed a high-quality, haplotype-resolved genome assembly for hybrid
sugarcane.

Assessment of genome assembly

We compared the quality of the POJ2878 genome assembly with three
published hybrid sugarcane cultivars (R570 (ref. 7), ZZ1 (ref. 6), and
XTT22 (ref. 8)) based on three key criteria: continuity, completeness
and accuracy.

Continuity. We measured genome continuity by calculating the contig
N50 and the number of gaps for each assembly. This enabled us to com-
parethestructural continuity of the four sugarcane genome assemblies.



Completeness. To evaluate genome completeness, we first used
the BUSCO® tool with the embryophyta_odb10 database to assess
the presence of conserved single-copy orthologous genes. More-
over, we applied Meryl*? (v.1.4.1) to generate k-mer databases from
next-generation sequencing reads by splitting them into 21-mers.
Using these k-mer databases, we calculated k-mer completeness
using Merqury* (v.1.3). Using LTR_FINDER _parallel® (v.1.2) and LTR_
HARVEST parallel (v.1.1; https://github.com/oushujun/LTR_HAR-
VEST parallel), we identified LTR elements in each genome, which
were further processed using LTR_retriever** (v.2.9.6). This library was
used to annotate LTRs across the genome and calculate the propor-
tion of intact LTRs relative to total LTRs. To provide a genome-wide
measure of LTR completeness, we used the raw LTR Assembly Index®.
Furthermore, we evaluated genome completeness by analysing the
alignmentrate of next-generation sequencing reads to the assemblies,
the scaffold anchoring rate and the ratio of assembled genomessize to
estimated genome size. These metrics collectively provided a com-
prehensive view of the completeness of the four sugarcane genome
assemblies.

Accuracy. The base-level accuracy was calculated by Merqury (v1.3).
Wethenassessed structural accuracy using three metrics: Switch error,
Collapse error and Hi-C H-trans error.

Switch errors: we extracted the 1,000 longest ultra-long ONT reads
and divided theminto 5-kb windows. Each window was searched back
to the genome using blastn® (v.2.9.0), and windows with a primary
alignmentscore at least 1.5x higher than the secondary alignment (and
exceedingascore of1,000) were considered to be valid. Reads with at
least five valid windows were retained for analysis. If at least 50% of the
valid windows aligned to asingle chromosome, the read was assigned
tothat chromosome. Any valid window that failed to align to the same
chromosome was classified as a switch error. The switch error rate
was defined as the proportion of switch error windows relative to all
valid windows.

Collapsed regions: to identify collapsed regions, we divided the
genome into 50-kb non-overlapping windows. Mosdepth* (v.0.3.9)
was used to calculate the depth of each window, denoted as x;. The
set of all x; values is represented as X, and the frequency of each x; is
denoted as P(x;). The mode of X was then determined based on the
following formula:

Mode(X) = {x;| P(x;) = max(P(x;)), Vx; € X}

If x;exceeds 1.5x mode(X), the depth of that window is considered
abnormally high due to collapse. The extent of genomic collapse was
quantified by dividing the total size of windows exhibiting abnormal
depths by the size of the entire genome. This ratio is defined as the
collapse error.

Hi-C H-trans error: Hi-C alignments by BWA>® with a mapping quality
score (MAPQ) of O were discarded to ensure reliable mapping. We then
used C-Phasingto convert the BAM filesinto contact maps, capturing
interaction frequencies between genomic regions. For each pair of
homologous chromosomesiandj, we defined intrachromosomal inter-
action counts as C;and C;, and interchromosomal interaction counts
as C;. The Hi-C H-trans error for the chromosome pair was calculated
using the formula:

=
YOG+ Gt Cy)

This error rate reflects the proportion of interactions that errone-
ously link different haplotypes or non-homologous chromosomes,
indicating potential misassemblies or chimeric joins. We averaged
the H-trans error across all homologous chromosome pairs to obtain
agenome-wide estimate.

Identification of telomeric and centromeric sequences

To identify telomeric and centromeric sequences in the POJ2878
genome, we used quarTeT (v.1.2.2), usingits TeloExplorer and Centro-
Miner modules for targeted analysis.

Telomeric sequence identification. Using the TeloExplorer module,
we firstidentified the most enriched telomeric-like repeat sequences
atthe ends of each chromosome. The distribution of these repeats was
then analysed to determine the precise location and copy number of
telomeric regions on each chromosome.

Centromeric sequence identification. For centromeres, we app-
lied the CentroMiner module to detect tandem repeat monomers.
Candidate centromeric sequences were selected on the basis of their
repeat period and copy number. To reduce redundancy, the candi-
date monomers were clustered, and representative monomers were
aligned back to the chromosomes. Regions with continuous matches
were designated as candidate centromericregions. These regions were
further refined by considering match length and the abundance of
retrotransposons, which are characteristic of centromeric regions.
Finally, centromere types were classified based on the ratio of the
distance between the centromere and the chromosome end (D) to
the total chromosome length (L). Chromosomes were categorized
as: (1) telocentricif D/L < 0.001; (2) acrocentric if 0.001<D/L <0.1;
(3) submetacentricif 0.1 < D/L < 0.4;and (4) metacentricif 0.4 <D/L < 0.5.

Analysis of genome architecture

Subgenome identification. To dissect the distribution of ancestral
geneticcomponentsin the genome, this study selected tenindividuals
from each representative ancestral lineage to generate high-quality
resequencing data (with sequencing depth of over 10x). Using the
P0J2878 genome as areference, we used the commercial GTX (v.2.1.0;
http://www.gtxlab.com/en/product/cat) software package for SNP
detection and implemented stringent quality control measures. Only
SNPs meeting the criteria of alignment quality > 30, base quality > 30
and sequencing depth > 5were retained, while complex variant types
were excluded, leaving only biallelic sites. This high-confidence dataset
was used for subsequent analyses.

We identified lineage-specific SNPs by defining S. officinarum-
specificsites as those where >70% of S. officinarum and S. spontaneum
samples were homozygous for the reference (0/0) and alternate
(1/1) alleles, respectively. The reciprocal pattern was used to define
S. spontaneum-specific SNPs.

We performed a sliding-window analysis with a 50 kb window
size and 10 kb step size to examine the distribution of these ances-
tral components across the genome. We counted the number of
S. officinarum-specific and S. spontaneum-specific sites in each win-
dow. A window was classified as belonging to the S. officinarum line-
age if it contained at least 1.5x more S. officinarum-specific sites than
S. spontaneum-specific sites, and vice versa for the S. spontaneum
lineage. Regions that did not meet these criteria were labelled as
undetermined (UN).

For regions marked as UN, we applied two methods for further clas-
sification. The first method used an optimization strategy based on
neighbouring information, reflecting the tendency of chromosomal
recombination to occurinlarge, linked segments. If an UN region was
flanked by at least three consecutive windows of the same lineage, it was
reclassified according toits neighbours. The second method inferred
the dominant ancestral affiliation of the entire chromosome. For each
chromosome, windows that were not labelled UN and contained at least
five S. officinarum- or S. spontaneum-specific SNPs were considered
tobevalid. If more than 50% of these valid windows belonged to the S.
officinarumlineage, the chromosome’s dominant ancestry was classi-
fied as S. officinarum, and any UN regions on that chromosome were


https://github.com/oushujun/LTR_HARVEST_parallel
https://github.com/oushujun/LTR_HARVEST_parallel
http://www.gtxlab.com/en/product/cat

Article

redefined accordingly; the same process applied for the S. spontaneum
lineage.

Identification of recombined chromosomes. The identification of
recombined chromosomes was also based on a sliding window app-
roach with the window size set up to one-tenth of the chromosome
length and a step size of 1 Mb. If a chromosome contains two or more
windows where regions with lower ancestry proportions exceed 60%,
itis classified asarecombined chromosome between two subgenomes.

Identification of HEs. The homoeologous exchanges (HEs) were iden-
tified using classified genomic windows (that s, S. officinarum- and
S.spontaneum-assigned windows) as described above. HEs involving a
switch fromthe S. spontaneum subgenome to the S. officinarum subge-
nome were detected when two consecutive windows, located withinan
S. officinarum-derived non-recombined chromosome, showed more
than 70% of resequenced S. spontaneum samples supporting their
originfromtheS. spontaneum species. Similarly, HEs involving a switch
fromthe S. officinarum subgenome to the S. officinarum subgenome
were identified following the same criteriain reverse.

Design of oligo-FISH probes and chromosome painting.
Haplotype-specific oligonucleotides were designed against the
PQJ2878 reference genome using Chorus2 software®® with param-
eters -140 -homology 93 -d 5 -step 1. The initial oligonucleotides
were subsequently filtered against whole-genome sequencing data
to eliminate sequences with high coverage depth, whichmay represent
potential repetitive sequences. The resulting oligonucleotides were
designated as POJ2878 haplotype-specific probes. Chromosome paint-
ing by oligo-FISH was performed as described previously®.. Probes
were labelled by PCR amplification with Cy3-dUTP or FITC-dUTP
(Roche Diagnostics). The hybridization cocktail was composed of
10 pl deionized formamide, 2 pl 20x SSC, 4 pl 50% dextran sulfate and
approximately 100 ng of oligonucleotide probes. After denaturation
at 95 °C for10 min, the mixture was applied to denatured chromosome
slides and incubated at 37 °C for 16 h, followed by standard washing
procedures®’. Chromosomes were counterstained with DAPI (Vector
Laboratories) and imaged using an Olympus BX53 fluorescence mic-
roscope with acooled CCD camera, then processed through cellSens
Dimension 1.9.

Allele-defined gene annotation and expression

Genome annotation. Anintegrative approach was used for gene pre-
diction, combining evidence from three sources: ab initio prediction,
homologous protein alignments and RNA-seq read mapping. This pro-
cess was implemented using the GETA program, using clean RNA-seq
datasets, homologous proteins and the POJ2878 genome as references.
The GETA pipeline used sequencing-depth-based coverage thresholds
to filter low-quality transcripts and refine intron predictions. These
refined structures were then used to guide the iterative training of
gene models in AUGUSTUS® (v.3.3.3), a process that continued until
the highest predictive scores were achieved. Homologous proteins
fromsix related plant species (S. spontaneum, Oryza sativa, Sorghum
bicolor, Erianthus rufipilus, Zea mays and A. thaliana)—retrieved from
Phytozome and GWH database—were further refined using GENEWISE®®
(v.2.4.1) for proteinidentification. The final gene models were selected
based on sequence conservation, expression levels and AUGUSTUS
supportscores.

Toensure the reliability of annotations, a stringent filtering process
was applied. Genes were aligned against the NR database and the PFAM
conserved domain database, and their expression levels were calculated
using RNA-seq data. Genes were retained if they met at least one of
the following criteria: (1) presence of ahomologous proteinin the NR
database; (2) presence of aconserved domaininthe PFAM database; or
(3) anFPKM value greater than 3 with sequence coverage exceeding 50%.

Annotation and analysis of TEs. The transposable elements (TEs)
of each genome were identified using the EDTA®* package using the
default parameters. This method provides a whole-genome de novo
TE annotation by integrating structural and homology-based ap-
proaches, filtering out false positives from raw TE candidates and
generating a high-quality, non-redundant TE library for comprehen-
sive genome-wide TE annotations. RepeatMasker (http://www.repeat-
masker.org) and RepeatModeler2 (ref. 65) were used asthe TE libraries
for homology-based annotation. Insertion time for full-length LTR-RTs
were determined based on the divergence between flanking LTR seq-
uences. Based on the Kimura two-parameter model®, we applied the
rate® of 6.5 x 107° to the formula 7= K/2r to convert genetic distance
into absolute time.

Identification of allelic and homoeologous genes. Toidentify genes
withdefined alleles, paralogous genes and haplotype-specific genesin
the complex polyploid sugarcane genome, we developed a three-step
method, asillustrated in Extended Data Fig. 3:

Identification of paralogues within each haplotype genome. We con-
structed the haplotype genome by selecting one chromosome from
each homologous chromosome group in the order of haplotype
numbering (that is, from gl to g13). Paralogues within each haplo-
type genome were identified using hierarchical clustering combined
with tree-cutting methods, based on sequence identity and cover-
age. Toensure accuracy, we dynamically determined the tree-cutting
height to achieve paralogue identities exceeding 90% (category 6).
Specifically, sequence alignment was performed using DIAMOND®®
(--query-cover 60 --subject-cover 60 --id 80), generating a gene-gene
matrix where each element represented the product of coverage and
identity between gene pairs. Hierarchical clustering was then applied
to this matrix using Ward’s method with Euclidean distance as the dis-
similarity metric®. This approach minimized within-cluster variance,
ensuring that genes within the same cluster exhibited high similarity
while maintaining clear distinctions between clusters. Adendrogram
was constructed to represent the relationships among genes, with
branch heights reflecting dissimilarity between clusters. Starting from
atree-cutting height of 2, the threshold was gradually reduced by 0.1
until paralogous gene pairs with over 90%identity were identified. This
step was performed within each subgenome to minimize interference
insubsequent allele identification.

Identification of syntenic and non-syntenic allelic/homoeologous genes.
Alleles were identified using JCVI® to compare synteny blocks across
haplotype genomes. Each haplotype genome was used as a reference
to ensure comprehensive gene representation. Syntenic blocks iden-
tified from different haplotype reference genomes were merged,
and low-quality syntenic gene pairs were filtered using an identity
threshold of 80%. High-quality syntenic gene pairs were classified
as syntenic allelic or homoeologous genes (categories 1, 2 and 3).
For non-syntenic homologous genes, if the gene exhibited over 90%
sequence identity with any classified allelic’homoeologous gene,
it was considered as non-syntenic allelic or homoeologous genes
(category 4).

Clustering of unclassified genes and identification of single genes.
Unclassified genes were further analysed using Broccoli”, a tool for
identifying orthologous protein groups and pairs through phylo-
genetic and network-based methods. Broccoli performs rapid phy-
logenetic analysis, builds orthologous relationship networks and
applies machine learning to classify groups. Using Broccoli, those
unclassified genes were categorized as either non-syntenic allelic/
homoeologous gene pairs (category 5) or haplotype-specific genes
(category 7).

This three-step approach enabled the classification of genes into
seven categories: categories 1-5represent genes with defined alleles,
category 6 includes paralogous genes and category 7 identifies
haplotype-specific genes (Supplementary Table 9).
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Allele-specific expression analysis using MAS-1SO-seq. To inves-

tigate allele-specific expression patterns in sugarcane, we developed

arobust pipeline integrating MAS-ISO-seq data using the program

Allele-Express (Supplementary Note 3). This approach enabled precise

quantification of gene expression from individual alleles within the

complex sugarcane genome.

Initially, raw MAS-ISO-seq data were processed to generate HiFi
reads using the ccs (https://github.com/PacificBiosciences/ccs) tool.
Stringent quality-control measures were applied, filtering reads based
on minimum pass number, length, signal-to-noise ratio and quality
score. These high-quality HiFi reads were then segmented using skera
(https://github.com/PacificBiosciences/skera) split, guided by a
custom primer design file, to separate reads originating from differ-
ent targeted regions. Primer sequences, poly(A) tails and chimeric
sequences were subsequently removed using lima (https://github.com/
PacificBiosciences/barcoding) and isoseq refine (https://github.com/
PacificBiosciences/IsoSeq), yielding full-length non-chimeric reads for
downstream analysis.

To create a non-redundant reference set, similar transcripts were
clustered using mmseqs’?, retaining only one copy of identical
sequences. The FLNC reads were then aligned to these clustered ref-
erence transcripts using minimap2”, optimized for splice junctions.
Thesequencing depth at each site was calculated using bedtools™, and
saturation curves were generated to confirm sufficient sequencing
depth.

Akey component of our pipeline, Allele-Express, systematicallyiden-
tified and filtered candidate read alignments for each homologous
gene group. Reads sharing the same identifier were grouped and a
multi-layered filtering strategy was implemented. Initially, a priority
alignment was selected on the basis of mapping quality, edit distance
and alignment score. For ambiguous alignments, where a read could
potentially map to multiple alleles, we developed two complementary
approaches:

(1) Read depth stable point (RDSP) method: this approach identifies
the point within a transcript at where the read depth stabilizes,
discarding reads aligning beyond this point as ambiguous.

(2) Read clustering method: this method performs a comprehensive
sequence comparison of all full-length MAS-ISO-seq reads using a
greedy incremental clustering algorithm. Ambiguous reads are as-
signed toaspecific transcriptif other reads within the same cluster
align uniquely to that transcript.

Finally, Allele-Express quantified read counts for each transcript
and aggregated them to the gene level using transcript-to-gene
mappings. Read counts were normalized using TPM to enable
comparisons across samples. This integrated pipeline, combining
MAS-ISO-seq and Allele-Express, provides a comprehensive analysis
of allele-specific expression in sugarcane, offering valuable insights
into the regulatory mechanisms governing this complex polyploid
genome.

Haplotype counts were determined using allele-aware annotations
derived from the haplotype-resolved genome assembly. Although
multiple copies of a gene may be annotated, only haplotypes con-
taining atleast one mutation, compared with alternative forms, were
included in the analysis. For example, while a total of 12 copies of the
MNS2 gene were annotated, only eight haplotypes were retained for
further analysis: three allelic genes from S. spontaneum and five from
S. officinarum.

ASHEGs were identified using the following criteria: within eachallele
group, the allele with the highest TPM must exhibit an expression level
atleast 2.5x greater than the second-highest allele. A Grubbs test was
conductedtoidentify outliers, withaP< 0.05indicating statistical sig-
nificance. The allele with the highest TPM was considered a candidate
ifit qualified asanoutlier. The second-highest allele in the group must
not be classified as an outlier.

Population genetics

Whole-genome resequencing and variant detection. Sequencing
datawerealigned to the reference genome POJ2878 using GTX (v2.1.0),
ensuring unique alignments by filtering out ‘SA’ and ‘XA’ tags in BAM
filesand retaining reads with alignment scores AS:i > XS:i and mapping
quality mapq > 20. Variants were called using HaplotypeCaller tool, and
SNP filtering was performed with beftools™ (v.1.10.2) using stringent
criteria: QD < 2.0||FS > 60.0||MQ < 40.0|[MQRankSum < -12.5||ReadPos-
RankSum < -8.0|SOR > 3.0. Additionalfiltering retained only biallelic
SNPs with minor allele frequency (MAF) > 0.05and a missing rate <50%.
Atotal 0f 11,427,420 high-quality SNPs was identified for downstream
analysis. SNP annotation was performed using SnpEff” (v.5.2c). Among
these SNPs, 656,089 (5.74%) were shared between S. spontaneum and
S. officinarumin the POJ2878 genome (defined as sites with call rate
>50% in both populations). To assess whether shared loci correspond
to conserved homologous sequence contexts across progenitor gen-
omes, 500 loci were randomly sampled from the 656,089 shared set
and evaluated for syntenic context using the T2T monoploid assemblies
of S. spontaneum 82-114 and S. officinarum XZ. A locus was deemed to
be conserved if its SNP coordinate and +200 bp flanking sequence
were identifiable in POJ2878, S. spontaneum 82-114 and S. officinarum
XZ within syntenic regions. Based on this criterion, 57.8% (289 out of
500) of loci were conserved across all three genomes, while 27.2% (56
inS. officinarumand 80in S. spontaneum) were detected in atleast one
progenitor genome. The remaining unmatched loci probably reflect
local assembly gaps, structural or presence-absence variationamong
genomes, and/or stringent matching thresholds, rather than mapping
artefacts.

Phylogenetic analysis and population structure. Phylogenetic rel-
ationships were inferred using VCF2Dis (v.1.52; https://github.com/
BGI-shenzhen/VCF2Dis) to construct aneighbour-joining tree. Popula-
tion structure was analysed with Admixture” (v.1.3.0). Linkage disequi-
librium (LD) decay was calculated and visualized using PopLDdecay’®
(v.3.42),and PCA was conducted using VCF2PCACluster” (v.1.40).

Identification of shared IBD regions and favourable haplotypes. To
investigate shared IBD regions across sugarcane accessions, we used
IBDseq®® (r1206) withits default settings. We quantified the contribu-
tion of each IBD region by introducing a metric, termed IBD density,
which measures the proportion of varieties sharing IBD segments with
P0J2878. The formulafor calculating IBD density is:

IBD density =
Number of varieties sharing IBD segments with POJ2878
Total number of varieties examined in the population

The genome was analysed in 50-kb non-overlapping windows, and
regions within the top 5% of IBD density were designated as hotspots
of PQJ2878 contributions, representing favourable haplotypes. These
hotspots mark genomic regions with substantial genetic contribu-
tions from POJ2878, and probably harbour key alleles associated with
important agronomic traits in sugarcane.

Selective sweep analysis. Selective sweeps within populations were
identified using three complementary methods: SweeD® (v.4.0.0),
RAiSD® (v.2.9) and nucleotide diversity (i1). Genomic regions that
ranked in the top 5% by any of these methods were considered to be
candidate selective sweep regions. Regions identified by at least two
methods were classified as high-confidence selective sweeps, provid-
ing robust evidence of natural selection. To detect interpopulation
selective signals, Fg; values and XP-CLR scores were calculated using
VCFtools® (v.0.1.16) and XP-CLR (https://github.com/hardingnj/xpclr),
respectively. Domestication-related selective sweepsin S. officinarum
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were identified by comparing it to 43 resequencing individuals of
S. robustum, downloaded from a previous publication®. Moreover,
hybrid sugarcanes were compared against both S. spontaneum and
S.officinarumto detect selective signals specific to hybrid populations.
The thresholds for selective sweeps were set at the top 5% for hybrids
andthetop 5%for S. officinarum. Allanalyses used a sliding-window app-
roach with 50-kb window size and 10-kb step size. Regions supported
by both Fs; and XP-CLR were designated as high-confidence selective
sweeps, highlighting key genomic signatures linked to domestication
and hybridization.

Application of KMERIA in Sugarcane GWAS

Traditional SNP-based GWAS face great challenges when applied to
polyploid genomes. These include genotyping errors due to ambiguous
read alignments, reliance on biallelic variants despite the prevalence
of multiallelic variants in polyploid genomes and the time-intensive
nature of the process. To address these challenges, we applied a k-mer
based GWAS approach (KMERIA), which hasbeen submitted elsewhere
as a companion paper®. This method leverages short, fixed-length
sequence subsequences (k-mers) directly from resequencing data,
eliminating the need for reference genome. The algorithm package
has key steps. k-mers are counted from whole-genome sequencing
reads of all samples using KMERIA with arecommended k-mer size of
31bp for optimal efficiency. To improve accuracy, k-mers appearing
onceinasingleindividual are filtered out. A population k-mer matrix
isbuilt fromindividual k-mer counts using the KMERIA kctm function.
Subsequently, k-mers atboth very low and high frequencies (represent-
ing sequencing errors or repetitive regions) are filtered based on the
genome ploidy and k-mer frequency distribution for each individual.
k-mers exceeding a predefined individual missing rate are removed
to ensure valid population-level associations. Individual sequencing
depths areincorporated to account for their influence on k-mer copy
number statistics.

To calculate the allele dosage, k-mer abundance values are trans-
formed to better suit the GWAS model and enhance allele dosage
estimation. The k-mer abundance below the 5th percentileis setto O,
and values exceeding the 95th percentile are set to 2. The remaining
values are linearly transformed between 0 and 2 based on the original
k-mer abundance value.

To perform GWAS using the transformed k-mers, we estimate the
population structure and kinship relatedness through randomly
selecting a small proportion (approximately 0.1%) of recoded k-mer
genotypes. The association test further uses a mixed linear model
incorporating a series of factors, including fixed effect, genotyped
k-mers principal component vector, polygenic random effect vector
andresidual error.

Toachieve precise genomic localization, KMERIA uses aread-based
refinement strategy. Instead of mapping k-mers directly, we first
retrieved sequencing reads that contain the significant k-mers. These
longer, context-rich reads are then searched against the monoploid
reference genome by BWA (default parameters) or minimap2 (option
-x sr). This approach substantially improves alignment accuracy and
enables unique localization of the associated genomic regions with
high confidence. Once significant k-mers are anchored through this
read-based mapping, KMERIA defines a candidate genomic interval
for gene discovery. By default, a 50 kb window is surveyed on both
sides of the mapped site, although this can be adjusted according to
the LD decay of the studied population. All annotated genes within
thisinterval are considered putative candidates underlying the asso-
ciated trait.

To distinguish the most likely causal genes from the initial can-
didates, we integrated statistical causal inference with functional
evidence. Fine-mapping was performed within the +50 kb genomic
windows centred on the significantly associated k-mers. We used the
CAVIAR®* to quantify the causal posterior probability (CPP) for each

associated k-mer within the interval by integrating GWAS z-scores
with a local LD correlation matrix calculated using PLINK2 using
the --r-unphased square option®. CAVIAR also identifies a minimal
causal set, representing the smallest group of k-mers witha collective
confidence level of 295% in capturing all true causal variants. Within
this set, the top five k-mers with the highest CPP were designated as
the primary statistical anchors for gene prioritization. To ensure the
biological relevance of the statistically identified candidates, genes
within the fine-mapped intervals were prioritized based on the fol-
lowing criteria: (1) priority was given to genes that either overlapped
with the k-mer exhibiting the highest CPP or were located within its
immediate flanking regions. (2) Candidates were referenced for func-
tional orthologues with genes previously reported to be involved
in biosynthesis or regulatory pathways in related species (such as
S.bicolor, O. sativaand Z. mays). This integrated approach facilitated
the transition from broad association intervals to high-confidence
functional candidates.

Association analysis with parenchyma cell traits and Brix

Tissue sections of sugarcane stems. The experiment was conducted
using different sugarcane cultivars grown in Lingao County, Hainan
Province, China. The sampling was performed in September 2024,
during the pre-mature growth stage, approximately 210 days after
planting. The samples were collected from the sixth internode above
the ground of the sugarcane stem.

Fresh sugarcane stem segments (5 mm x 3 cm) were fixed in
70% FAA (>48 h) and dehydrated through a graded ethanol series
(60-95%;24-72 h per step), followed by two rounds of 100% ethanol
(12-24 h each), before resin embedding. Subsequently, dehydrated
samples were infiltrated with T7200 photosensitive resin (KULZER,
Technovit7200VLC) for 15-25 days, depending on the sample size.
To prevent premature resin polymerization, the infiltration process
was conducted in the dark. The infiltrated samples were placed in
embedding moulds, and T7200 resin was added to cover the samples.
Polymerization was carried outin a photocuringembedding machine
(EXAKT, E520) for 12 h. The resin-embedded samples were glued to
glass slides (Servicebio) using T4000 adhesive (KULZER, Techno-
vit4000). The tissue surface was ground to a smooth and uniform
plane using a hard tissue grinding machine (EXAKT, E400CS) with
1200-gritsandpaper. The samples were sectioned into 200 pm slices
(EXAKT, E300CP) and polished to a final thickness 0of 20-30 pm. The
sugarcane stemtissue sections were stained using the toluidine blue
staining protocol as follows. The sections wereimmersed in toluidine
blue staining solution (Servicebio, G1032) for 5 min. The degree of
staining was monitored under a Nikon Eclipse E100 upright opti-
cal microscope. Overstained sections were differentiated with 95%
ethanol. After staining, the sections were rinsed with tap water for
10 sand dried inan oven at 60 °C. The stained sections were cleared
in xylene (SCRC, 10023418) for 30 s and mounted with neutral gum
(SCRC, 10004160). The stained sections were observed under a
Nikon DS-U3 imaging system. A blue-green hue characterized the
lignified cell walls, distinct from the purple-blue of the cellulose
walls.

Automated parenchyma cell analysis in sugarcane stems. To quan-
tify parenchyma cell density and size in sugarcane stems, we developed
an automated image analysis pipeline for high-resolution scanned
virtual slides (SVS). This workflow comprises three key steps.

Image tiling and conversion: the high-resolution SVS files were sys-
tematically divided into non-overlapping tiles (2,560 x 2,560 pixels)
and converted to a standard image format for efficient processing.

Background filtering and vascular bundle identification: to isolate
parenchyma tissue, we first removed background areas. Images were
dividedintoblocks (320 x 320 pixels), and large white blocks were identi-
fied asbackground and excluded. The remaining blocks were analysed to



identify vascular bundles based on their distinct staining characteristics
after Toluidine Blue treatment and their morphology.

This processinvolved further dividing the non-background image
intosmaller blocks (160 x 160 pixels) and calculating the average RGB
colour values for each block, creating a colour feature matrix. Tolui-
dine Blue staining creates a strong colour contrast between paren-
chymacells and the sieve tube portion of vascular bundles. However,
the xylem tissue within the bundles shares similar colour and mor-
phological features with parenchyma cells, making differentiation
challenging. To address this, a Gaussian smoothing filter was applied
to the colour feature matrix, reducing noise and enhancing colour
transitions. This smoothing process effectively corrected the xylem
tissue colour to match therest of the vascular bundle and also reduced
dye-induced noise in the parenchymaregions. Finally, K-means clus-
tering was applied to the smoothed colour feature matrix to separate
vascular bundles and parenchymacell regionsinto two distinct groups.

For cell segmentation and counting, parenchyma cells within the
identified regions were segmented using Cellpose®®, using the cyto2
model with optimized parameters (minimum cell area, 6,400 pixels;
cell probability threshold, 2) to ensure accurate detection. The number
of parenchyma cells was then quantified based on these segmented
regions.

Thisautomated method enables precise identification and quantifi-
cationof parenchyma cellsin sugarcane stem cross-sections. To validate
itsaccuracy, we compared automated counts and size measurements
with manual counts from ten randomly selected stem cross-sections.
Astrong positive correlation was observed for both cell density (Pearson’s
r=0.9828, P<0.0001) and cell size (Pearson’s r = 0.9155, P= 0.0002),
demonstrating the reliability of our automated approach (Extended
Data Fig. 7).

Assessment of Brix. For each sugarcane variety, juice was extracted
fromatleast six mature stalks. The soluble solids content was measured
using a digital refractometer (PAL-1, ATAGO). The refractometer was
calibrated with distilled water and adjusted to 28 °C. The SSC values
were expressed in degrees Brix.

Genetic transformationin the hybrid sugarcane cultivar

Vector construction and activation of Agrobacterium strains. The
openreading frame sequence of ShSUT2, ShTIP1,ShCBL1and ShATG18a
were amplified by PCR and cloned into the downstream region of the
maize Ubi promoterinthe pCAMBIA3300 vector through homologous
recombination. The construct was transferred into Agrobacterium
tumefaciensEHA105 through freeze-thaw transformation. Before trans-
formation, the positive clones were activated twice on YEP agar plates.
Thebacterial cells were then collected into the infection medium, inc-
ubated at 28 °C with agitation (90 rpm) for 60-90 min to achieve an
optical density at 600 nm of 0.3-0.6, and subsequently used for callus
infection and genetic transformation.

Embryogenic callus induction and transformation. The young
leave rolls from the stem apex of sugarcane cultivar XTT22 were steri-
lized using ethanol and mercury chloride (HgCl,), and then cut into
1-2-mm-thick sections. These sections were cultured on aninduction
medium (MS +30 g I sucrose + 2 mg 1™ 2,4-D) to induce embryogenic
callus formation at 28 °C in darkness, changing the medium twice
during the induction period until embryogenic calli emerged. App-
roximately 5 g of embryogenic calli was collected and incubated in
Agrobacterium infection solution under agitation (90 rpm) at 28 °C
for 30 min. Inoculated calli were dried and incubated at 22 °C in dark-
ness for 3 days. Subsequently, they were transferred to recovery
medium (MS +30 g I sucrose + 2 mg 17 2,4-D) for 1 week, followed
by selection on screening medium (MS +30 g1 sucrose + 2mg ™
2,4-D +2 mg 17 Basta+300 mg " Timentin) for 25-30 days. Surviving
healthy embryogenic calliwere selected to culture on differentiation

medium (MS +30 g™ sucrose + 1.5 mg 1™ 6-BA + 2 mg | Basta + 300
mg I Timentin) to regenerate shoots, which were further rooted
onrooting medium (MS+30 gl 'sucrose +1.5mg 1" NAA+2mg|™*
Basta+300 mg I Timentin). Finally, the rooted seedlings were trans-
planted into plug trays for growth. Transgenic lines were verified
using a PAT/bar lateral flow assay test kit (Genesino) using aqueous
leaf homogenates (1:20, w/v).

Statistics and reproducibility. All experiments were repeated indepen-
dently atleast three times with similar results. This includes all assays
from which representative images are shown, such as micrographs of
plant tissue sections, plant phenotypes and gels.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The raw sequencing data have been deposited in NCBI database
under accession number of PRJNA1303125. The genome assembly
and annotation are available at Figshare® (https://figshare.com/s/
€79249d6cel1539fa105) and NCBI database under accession number
PRJNA1312687. Source data are provided with this paper.

Code availability

The codes of C-Phasing, Allele-Express and KMERIA have beenreleased
in GitHub and Zenodo® (https://doi.org/10.5281/zenodo.18544719);
CPhasing (https://github.com/wangyibin/CPhasing); Allele-
Express (https://github.com/xiaochen-eden/Allele-Express); KMERIA
(https://github.com/Shlnelll/KMERIA). The codes for automated
analysis of parenchyma cell have been archived at GitHub (https://
github.com/Chaiyuangungun/Automated-Parenchyma-Cell-Analysis-
in-Sugarcance-Stems). The codes for the identification of allelic or
homoeologous genes are available at GitHub (https://github.com/
Chaiyuangungun/PolyHomology).
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Extended DataFig.2|Genomic features along the 118 chromosomesin
P0OJ2878 genome. Each vertical barrepresents anindividual chromosome,
withits physicallengthindicated in megabases (Mb) on the y-axis. The density
of genes from S. spontaneum (Ss) and S. officinarum (So) is represented by

heatmapsinblue andred, respectively. The colour intensity corresponds to the
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Extended DataFig.4|Overview of the Allele-Express framework. (a) The
Allelemodule foridentifyingallelic genesin haplotype-resolved genomes. The
process begins with the construction of ahaplotype backbone from Coding
Sequences (CDS). Anallele table is subsequently constructed by integrating
threecriteria: collinearity, genomic coordinates, and sequence similarity.

This multi-faceted approach classifies genesinto allelic, tandem, or dispersed
groups, leveraging tandem gene annotations and haplotype information.

(b) The Expression module for measuring allele-specific gene expression.

M HapA D HapB ™ Hap C & Hap D

This module first preprocesses raw MAS-1SO-seq reads. To resolve ambiguous
alignments, two complementary methods are employed: the CSP (coverage
stable point) finder, which identifies astable pointinread coverage to trim
ambiguousread ends, and aread clustering approach, whichgroups reads
based onsequence similarity to confidently assign ambiguous reads. Finally,
theexpression of each allele is quantified and normalized to Transcripts Per
Kilobase Million (TPM).
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Extended DataFig.5|Overexpression of ShCBL1and ShATGI8aenhances
cold toleranceinsugarcane andrice. (a) Phenotypes of wild-type (WT-XTT22)
andtransgenicsugarcanelines overexpressing ShCBL1 (ShCBL1-OE) or ShATGI8a
(ShATGI8a-0OE) under normal (26 °C) and cold (=5 °C) stress conditions for 7 h.
Scalebars=5cm (left) and 1 cm (right). (b-d) Measurement of proline content
(b), superoxide dismutase (SOD) activity (c),and malondialdehyde (MDA)
content (d) inthe leaves of WT-XTT22, ShCBLI1-OE, and ShATGI8a-OE sugarcane
linesunder normal and cold conditions. Different lettersindicate statistically
significant differences (P < 0.05, one-way ANOVA). (e) Relative expression
levels of ShCBL1and ShATG18ain WT-XTT22 and transgenic sugarcane lines as
determined by qRT-PCR. (f) Phenotypes of wild-type rice (WT-ZH11) and

transgenicricelines overexpressing ShCBL1 or ShATGI8a under normal and
cold (4 °C) stress conditions for 5 days. Scale bars =10 cm (left) and 1 cm (right).
(g,h) Semi-quantitative RT-PCR analysis of ShCBLI and ShATGI8a expression
intransgenicricelinesunder normal and cold conditions (For gel source
data, see Supplementary Fig.1). OSACTIN was used as an internal control.

(i,j) Relative expression levels of cold-responsive genes COLD1 and ICEI in
WT-ZH11, ShCBLI-OE (i), and ShATG18a-OE (j) rice linesunder normal and
cold conditions.Forb, c,d, e, i,and j, dataare presentedasmean+SD (n=3
independentbiological replicates per genotype). Different letters indicate
statistically significant differences (P < 0.05, one-way ANOVA). Exact P values
areprovidedinthe Source data.
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Extended DataFig. 6 | Overexpression of ShTIP1 alters leaf morphology in
sugarcane andrice. (a) Phenotypes of 30-day-old wild-type (WT-XTT22) and
ShTIPI-overexpressing (ShTIP1-OE) sugarcane plants. Scale bar, 5 cm. (b) Leaf
morphology of WT-XTT22 and ShTIPI-OE sugarcane. Scalebar, 2.5 cm.

(c) Transverse sections from the middle of leaves of WT-XTT22 and three
independent ShTIPI-OE transgenic sugarcane lines (#1, #2, #3). Scale bar,

100 um. (d) Phenotypes of 60-day-old WT (WT-ZH11) and ShTIPI-OE rice plants.
Scalebar, 10 cm. (e) Leaf morphology of WT-ZH11and ShTIP1-OErice.Scale bar,
5cm. (f) Transverse sections from the middle of leaves of WT-ZH11 and three
independent ShTIPI-OE transgenicrice lines (#1, #2,#3). Scale bar, 500 um.
(g-i) Quantification of leaf anatomical traits in WT and ShT/PI-OE lines of

sugarcane (XTT22) andrice (ZH11), including (g) number of leaf veins,

(h) number of epidermal cells between veins, and (i) distance between veins.
(j) Relative expression analysis of ShTIP1,in both WT and ShTIPI-OE lines of
sugarcane andrice. In panels (g-j), dataare presentedasmean+SD (n=3
independentbiological replicates). Differentletters (a, b, ¢, d) above the bars
indicate statistically significant differences between the lines, as determined
by aone-way ANOVA test (P<0.05). Exact Pvalues are provided in the Source
data. (k) Semi-quantitative RT-PCR analysis of ShT/P1 expression in transgenic
ricelines with OsACTIN as aninternal control (For gel source data, see
SupplementaryFig.1).
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Extended DataFig.7| Validation and Analysis of Parenchyma Cell plotsillustrating the strong correlation between manual and Cellpose-
Countingusing Cellpose. (a) Representative originalimage of asugarcane based measurements of cell density (d) and cell size (e), demonstrating the
stem cross-section used for cell counting. For each group, the microscopic accuracy of the automated method. Statistical significance was determined
observations were repeated three timesindependently with similar results. using atwo-sided Pearson correlation test. The rvalues represent the pearson
(b) Corresponding classified image, with parenchyma cells identified in white correlation coefficients (n =10 independent biological samples). (f-h) Analysis
and other celltypesingrey. (c) Cellpose segmentation results overlaid on the of parenchymacell density (f) and cell size (g) distributions and their correlation
originalimage, with green outlines indicating segmented parenchymacells (h) across 265 Saccharumhybrid sugarcane cultivars.

andred outlines indicating segmented non-parenchymacells. (d-e) Scatter
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Extended DataFig. 8| Phenotypic analysis of ShSUT2-overexpressed
sugarcanelines. (a) Cross-sectional views of the12th internode from
6-month-old CK (XTT22), OE1 (overexpressionline1),and OE2 (overexpression
line 2) plants. Scale bar =500 pm. (b) Statistical comparison of parenchyma cell
sizebetween CK and overexpressed lines was performed using a two-sided
Wilcoxon rank-sum test. The lowest 10% and largest 10% outliers were removed
from the comparison. Box plots show the median (center line), 25th and 75th

percentiles (box limits), and minimum/maximum values (whiskers); n = 677
(CK), 570 (OE1), and 634 (OE2) cells. (c) Relative expression levels (QRT-PCR)

of ShSUT2 and stem sucrose content (HPLC analysis) in CK, OE1,and OE2. Data
are presented as mean + SD (n =3 independent biological replicates). Statistical
significance was determined by two-sided Student’s t-test. (d) Verification of
ShSUT2transgenic lines using a PAT/bar lateral flow assay.
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exemplified by the identification and validation of SASUT2 through haplotype
comparison and functional experiments. Thisintegrated approach createsa
synergistic framework where high-quality assembly enables precise functional
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Extended Data Table 1| Genome sequencing, assembly and

annotation of POJ2878
Sugarcane cultivar
Sequencing POJ2878
PacBio HiFi
Raw data (Gb) 405.42
Sequencing depth (x) 40.6
Average reads length (bp) 15,837.50
Reads N50(bp) 161,77
ONT Ultra-long
Reads exceeding 100 Kb (Gb) 148.64
Sequencing depth (x) 14.86
Average reads length (bp) 161,940
Reads N50(bp) 166,304
Pore-C
Raw data (Gb) 517.13
Sequencing depth (x) 51.7
Average reads length (bp) 2,598
Reads N50(bp) 4,150
Haplotype-phased chromosomal-level assembly
Estimated genome size (Gb) per 2 C 10.00
Assembly size (Gb) 10.37
% of estimated genome size 103.7
Contig N50 (Mb) 15.60
Scaffold N50 (Mb) 84.32
Number of groups 118
% of anchored sequences 97.30
Allele-defined gene annotation
No. of allel.e—deﬁned genes 35,082
in So-subgenome
No. of allele-defined genes
in Ss-subgenome 28,851
No. of homeolog-pairs 28,523
BUSCO completeness (%) 98.6
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Software and code

Policy information about availability of computer code

Data collection Pair-end re-sequencing was performed using BGI DNBSEQ-T7 platform;
HIFI reads and Isoform sequences were generated using PacBio Revio platform;
Ultra-long Nanopore sequencing was performed using Promethion platform;
Pore-C sequencing was performed using Oxford Nanopore Technologies;
The parenchyma cell statistics were obtained using our custom code (https://github.com/Chaiyuangungun/Automated-Parenchyma-Cell-
Analysis-in-Sugarcance-Stems).
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Data analysis Genome assembly, assessment, and annotation: hifiasm(0.19.1-r559), C-Phasingv(v0.2.0. r273), Juicebox (v2.17.00), BUSCO(v5.4.3), Meryl
(v1.4.1), Merqury (v1.3), LTR_FINDER_parallel (v1.2), LTR_HARVEST _parallel (v1.1), LTR_retriever (v2.9.6), blastn (v2.9.0), Mosdepth (v0.3.9),
quarTeT (v1.2.2), GETA (https://github.com/chenlianfu/geta), AUGUSTUS (v.3.3.3), GENEWISE (v.2.4.1), EDTA (2.3.0), RepeatMasker (http://
www.repeatmasker.org), RepeatModeler2(https://github.com/Dfam-consortium/RepeatModeler), DIAMOND (v0.7.10), JCVI (v1.4.18),
KMC(v3.2.4), Broccoli (https://github.com/rderelle/Broccoli).

Allele-specific expression analysis: ccs tool (https://github.com/PacificBiosciences/ccs), skera (https://github.com/PacificBiosciences/skera),
lima (https://github.com/PacificBiosciences/barcoding), isoseq refine (https://github.com/PacificBiosciences/IsoSeq), mmseqs (v15.6f452),
minimap2 (v2.24-r1122), bedtools (v2.31.1), Allele-Express (https://github.com/xiaochen-eden/Allele-Express).

Population analysis: GTX (v2.1.0) (http://www.gtxlab.com/en/product/cat), VCF2Dis (v1.52), Admixture (v1.3.0), PopLDdecay (v3.42),
VCF2PCACluster (v1.40), IBDseq (r1206), SweeD (v4.0.0), RAISD (v2.9), VCFtools (v0.1.16), XP-CLR (https://github.com/hardingnj/xpclr),
bcftools (v1.10.2), SnpEff (v5.2c).

GWAS: KMERIA (https://github.com/Sh1ne111/KMERIA), CAVIAR (http://genetics.cs.ucla.edu/caviar/).

Parenchyma cell statistics: Cellpose, custom code (https://github.com/Chaiyuangungun/Automated-Parenchyma-Cell-Analysis-in-Sugarcance-
Stems).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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The raw sequencing data has been deposited in NCBI database under accession number of PRINA1303125. The genome assembly and annotation are available at
figshare database (https://figshare.com/s/e79249d6ce11539fa105) or NCBI database under accession number of PRINA1312687.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In this study, a total of 981 sugarcane accessions were collected from 19 countries or regions, representing a broad range of genetic and
phenotypic variation. This collection comprised 613 hybrid cultivars, 78 Saccharum officinarum, and 290 Saccharum spontaneum, constituting
the largest known sugarcane population sufficient for comprehensive genetic analysis. To assess the contribution of POJ2878 to sugarcane
breeding both within and outside China, we selected 573 cultivated varieties with well-defined geographic origins, including 327 Chinese
cultivars (bred in China) and 246 non-Chinese cultivars (bred outside China). Due to the difficulty in cross-sectioning of hard and thick
sugarcane stalks, a subset of 265 hybrid cultivars was randomly selected for detailed sugar content analysis, parenchyma cell statistics, and
subsequent GWAS analysis. 43 S. robustum accessions used for the selective sweep analysis of S. officinarum were retrieved from the public
database NCBI database under BioProjects PRINA1228676 and PRINA1209834.
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Data exclusions  No data was excluded from the analyses.
Replication We confirmed that all attempts at replication were successful.

Randomization  For the filed-based sugarcane accessions trials, planting plots were randomized using a complete block design to minimize environmental
heterogeneity. For experiments involving stem cross-sectioning and Brix measurement, no experimental group were defined; rather, a
representative set of plants at identical developmental stages and physiological ages was selected from the population to ensure phenotypic
consistency. Because these experiments involved systematic phenotyping across the population (or genotype) rather than a comparative
study between randomized experimental groups, group allocation was not applicable. To control for potential covariates, all selected plants
were grown under identical field management practices, and measurements were performed using standardized sampling protocols (e.g.,
harvesting the same internode position).

Blinding Blinding was applied during parenchyma cell analysis, Brix measurements, KMERIA-based GWAS, and independent replications of phenotypic.
For transgenic experiments, blinding was not applicable because material identification and strict segregation of distinct genetic lines were
required. Blinding was not possible for transgenic experiments, as the strict segregation and tracking of distinct genetic lines were required.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used Anti-PAT/bar (Genesino, China)

Validation Antibody dilution: Not applicable. We used a commercial lateral flow assay (test strip), not a Western blot. The manufacturer pre-
fixes the conjugated antibodies to the strips, making them ready-to-use. The Methods section has been updated to clarify this.
Validation statements and experiments can be obtained from the following websites:
https://www.genesino.cn/pd.jsp?id=9&fromColld=0# pp=0_722_2

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

|:| National security
|:| Crops and/or livestock
|:| Ecosystems

XX XX X &

|:| Any other significant area




Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents
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Plants

Seed stocks The 981 sugarcane accessions were provided by the Yunnan Academy of Agricultural Sciences and are currently stored in the
National Sugarcane Germplasm Repository, Kaiyuan City, Yunnan Province (23°30'-23°58' N, 103°04'-103°43' E, altitude: 1051 m).

Novel plant genotypes Overexpression (OE) lines for both sugarcane (ROC22) and rice (ZH11) were generated using Agrobacterium tumefaciens (EHA105)-
mediated transformation of embryogenic calli. For sugarcane, OE lines for ShSUT2, ShTIP1, ShCBL1, and ShATG18a were developed.
For rice (ZH11), OE lines for ShTIP1, ShCBL1, and ShATG18a were developed.

Authentication Verification of the overexpression lines was performed through quantitative RT-PCR, Semi-quantitative RT-PCR, or immunoblotting
using Basta antibodies.
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