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Abstract 

Rice (Oryza sativa L.) is a staple crop crucial for global food security, yet its productivity is limited 

by climate change, diseases, and genetic erosion. The indica cytoplasmic male sterile (CMS) line 

Funong A (FNA) is an elite breeding resource, exhibiting strong blast resistance, favorable floral 

traits, and enhanced stem strength through high silica and hemicellulose deposition. Its hybrids 

demonstrate >10% yield advantages with medium blast resistance, positioning FNA as a pivotal 

parent for subtropical hybrid breeding. breeding. Here, we present a fully gap-free, telomere-to-

telomere (T2T) chromosome-scale genome assembly of FNA. By integrating PacBio HiFi, Oxford 

Nanopore long reads, and Hi-C sequencing, we produced a 394.7 Mb gap-free assembly with a 

contig N50 of 32 Mb, capturing all 24 telomeric regions. The assembly demonstrates exceptional 

accuracy and completeness, including fully resolved centromeres across all 12 chromosomes. We 

annotated 39,453 protein-coding genes and 1,376 lncRNAs, with the majority of genes 

functionally characterized. Repetitive elements comprise 51.1% of the genome, reflecting lineage-

specific bursts of long terminal repeat retrotransposons. This high-quality T2T genome provides a 

valuable foundation for dissecting CMS mechanisms, centromere biology, and structural evolution, 

while offering critical resources for hybrid rice improvement. 

Background & Summary 

Rice (Oryza sativa L.) is a cornerstone of global food security, feeding over half the world’s 

population1-4. Despite its agronomic importance, rice productivity faces escalating threats from 

climate change-induced heat stress, diseases like rice blast, and the erosion of genetic diversity in 

modern cultivars5-10. These challenges necessitate the development of resilient cultivars through 

genomic-driven breeding, particularly leveraging cytoplasmic male sterile (CMS) lines—the 

maternal foundation of three-line hybrid systems11-14. Among these, the indica CMS line ‘Funong 

A’ (FNA) has emerged as an ideal genetic resource15,16. Developed through pyramiding critical 

alleles from the blast-resistant donor 'Huahang Simiao' and the agronomically elite but disease-

susceptible maintainer 'Fudao B', FNA exhibits exceptional blast resistance (integrating Pi5, Pid2, 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

and Pid3 genes), optimal floral traits (85% morning flowering rate, 57.12% stigma exertion), and 

enhanced stem strength due to high silica and hemicellulose deposition (stem diameter: 4.8 mm, 

18% thicker than average). Its hybrids demonstrate >10% yield advantages with medium blast 

resistance, positioning FNA as a pivotal parent for subtropical hybrid breeding15,16. 

Recent advances in telomere-to-telomere (T2T) assembly have revolutionized rice genomics by 

resolving previously inaccessible regions such as centromeres, telomeres, and ribosomal DNA 

arrays17-19. Study for the first gap-free genomes of two elite indica rice varieties (Zhenshan 97 

(ZS97) and Minghui 63 (MH63))20 revealed conserved centromere structures with satellite motifs, 

identifying over 395 actively transcribed non-TE genes in centromere regions, and discovering 

large structural variants on chromosome 11 linked to disease resistance. Analysis of gap-free 

genomes for four key hybrid rice parents (Xiangling 628S, Jing 4155S, Longke 638S, and Huazhan) 

demonstrated that structural variations (SVs), particularly presence/absence variations (PAVs) 

affecting 2,182 functional genes, play critical roles in heterosis and transcriptional advantages in 

hybrid breeding21. A major milestone was reached with the release of the NIP T2T rice genome 

(AGIS-1.0), representing the first complete T2T genome sequence in rice22. The AGIS-1.0 genome 

closed all 72 gaps in the IRGSP-1.0 reference and added 12.5 Mb of novel sequences, including 

functional centromeric repeats, and corrected 1,324 protein coding gene annotations. Recently, the 

gap-free genome of an early-season indica variety Jiafuzhan (JFZ) provided insights into 

thermotolerance and grain quality, highlighting the role of phased assemblies in breeding23. 

Collectively, these advances underscore T2T genomes as indispensable tools for dissecting genetic 

mechanisms underlying agronomic traits. 

In this study, we reported a telomere-to-telomere, chromosome-level reference genome assembly 

of the indica CMS line FNA. Using PacBio HiFi, Oxford Nanopore long reads, and Hi-C data, we 

generated a 394.7 Mb gap-free assembly with a contig N50 of 32 Mb and complete representation 

of all 24 telomeric regions. The assembly demonstrates outstanding accuracy, with 99.99% of HiFi 

reads and 99.85% of ONT reads successfully remapped, and exhibits high completeness 
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(BUSCO >99%, LTR Assembly Index (LAI) of 21.99). A total of 39,453 high-confidence protein-

coding genes were predicted, of which more than 81% were functionally annotated, together with 

1,376 lncRNAs. Repetitive elements comprise 51.1% of the genome, with long terminal repeat 

retrotransposons (LTR-RTs) as the dominant class, reflecting multiple lineage-specific 

amplification bursts. Complete centromere assemblies revealed chromosome-specific divergence 

in repeat composition and organization, suggesting evolutionary specialization of centromeres in 

FNA. The near-complete homozygosity of FNA further reflects its breeding history through 

recurrent backcrossing. Collectively, this high-quality reference genome provides a valuable 

resource for elucidating CMS mechanisms, centromere biology, and evolutionary dynamics in rice. 

Methods 

Rice Sample Collection 

The CMS line FNA, used as the experimental material, was developed by the Rice Research 

Institute of Fujian Academy of Agricultural Sciences. Plants were grown under controlled 

greenhouse conditions. Healthy, disease-free seedlings at the 5- to 6-leaf stage were carefully 

selected for sampling. Collected tissues were immediately snap-frozen in liquid nitrogen to 

preserve RNA integrity. To ensure experimental consistency, all samples were obtained from plants 

grown under comparable environmental conditions. 

Genomic DNA Extraction, Library Construction and Sequencing 

Genomic DNA was extracted from rice cultivar FNA using the CTAB DNA extraction method. 

Briefly, rice leaves were harvested and quickly ground into powder in liquid nitrogen. The ground 

samples were placed in an Eppendorf tube containing 1 ml of pre-warmed 1.5 × CTAB buffer (40 

mM CTAB, 75 mM Tris–HCl pH 8.0, 15 mM EDTA, and 1M NaCl), vortexed thoroughly, and 

incubated at 65°C for 30 minutes. After cooling, an equal volume of chloroform/isoamyl alcohol 

(V/V = 24:1) was added, mixed thoroughly, and centrifuged at 10,391 × g for 15 minutes. The 
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supernatant was transferred to a new Eppendorf tube, and 1/10 volume of 10% CTAB (0.27 M 

CTAB, 0.7 M NaCl, pre-warmed at 65°C) was added. After mixing, an equal volume of 

chloroform/isoamyl alcohol (V/V = 24:1) was added, and the solution was centrifuged at 10,391 

× g for 15 minutes. The supernatant was transferred to another tube, and 2.5 volumes of 1% CTAB 

(27 mM CTAB, 50 mM Tris–HCl pH 8.0, and 10 mM EDTA) was added. The mixture was 

centrifuged again at 10,391 × g for 15 minutes, and the supernatant was discarded. The precipitated 

DNA was dissolved in 0.5 ml TE buffer containing 2 mg RNase and incubated at 37°C for 1 hour. 

An equal volume of chloroform/isoamyl alcohol solution (V/V = 24:1) was added, mixed 

thoroughly, and centrifuged at 10,391 × g for 15 minutes. The supernatant was transferred to a new 

tube, and two volumes of pre-cooled ethanol were added. The mixture was incubated for 2 hours 

at -20°C, then centrifuged at 10,391 × g for 15 minutes, and the supernatant was discarded. The 

DNA pellets were washed with 70% ethanol and air-dried. Finally, the dried DNA pellets were 

resuspended in 100 µl TE buffer. 

High-quality genomic DNA extracted from the FNA was used for sequencing on multiple 

platforms, including PacBio HiFi, Oxford Nanopore Technologies (ONT), Hi-C, and RNA-seq 

(Table 1). For HiFi sequencing, approximately 15–20 kb high-molecular-weight DNA fragments 

were size-selected and used to construct SMRTbell libraries with the SMRTbell Express Template 

Prep Kit 2.0 (PacBio, Menlo Park, USA). Libraries were sequenced on the PacBio Sequel II 

platform in circular consensus sequencing (CCS) mode, generating 20.97 Gb of data from 

1,420,823 reads with an N50 read length of ~15 kb, corresponding to ~52.8× genome coverage. 

For ONT, high-molecular-weight DNA (~5–10 µg) was used to construct long-read libraries with 

the Ligation Sequencing Kit (SQK-LSK109, Oxford Nanopore Technologies, Oxford, UK). 

Libraries were loaded onto PromethION flow cells (R9.4.1) and sequenced until 16.25 Gb of data 

were obtained from 166,654 reads, with an N50 read length of 100 kb, achieving ~39.9× genome 

coverage. Hi-C libraries were prepared from young leaf tissues using the Arima-HiC kit (Arima 

Genomics, USA). Chromatin was crosslinked with formaldehyde, digested with a restriction 

enzyme cocktail, end-labeled with biotin, and ligated to generate proximity ligation products. DNA 
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was purified, sheared to ~350 bp fragments, and enriched for biotin-labeled fragments. Libraries 

were sequenced on the Illumina NovaSeq 6000 platform (Illumina, San Diego, USA) to generate 

44.51 Gb of paired-end 150 bp reads, representing ~82.3× genome coverage. 

Table 1. Summary of sequencing data for FNA rice  

Data Type Total Bases Total Reads Reads N50 Average Cov. 

CCS (HiFi) 20.97 Gb 1,420,823 15 kb 52.8 X 

ONT 16.25 Gb 166,654 100 kb 39.9 X 

Hi-C 44.51 Gb 148,594,582 150 bp 82.3 X 

RNA-seq 14.31 Gb 47,988,016 150 bp 102.7 X 

RNA-seq Library Construction and Sequencing 

Total RNA was extracted from a mixture of tissues, including root, stem, leaf, and flower, of the 

FNA, using the Eastep Total RNA Extraction Kit (Promega, Wisconsin, USA) according to the 

manufacturer’s instructions. The RNA quality and quantity were assessed using a NanoDrop 2000 

spectrophotometer, and integrity was verified by agarose gel electrophoresis. First-strand cDNA 

synthesis was performed using the PrimeScript RT Reagent Kit with gDNA Eraser (Takara, Japan) 

to remove residual genomic DNA. Strand-specific RNA-seq libraries were prepared and 

sequenced on the Illumina NovaSeq 6000 platform, generating 14.31 Gb of paired-end 150 bp 

reads from 47,988,016 reads, corresponding to ~102.7× transcriptome coverage (Table 1). The 

RNA-seq data were used to assist genome annotation, providing evidence for gene structure and 

transcript models across diverse tissues. 

FNA T2T Genome Assembly and Completeness Evaluation 

To construct a high-quality reference genome for FNA, we generated 20.97 Gb of PacBio HiFi 

reads (∼52.8× coverage, with reads N50 of 15 kb), 16.25 Gb of Oxford Nanopore (ONT) long 
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reads (∼40×, with reads N50 of 100 kb), and 44.51 Gb of Hi-C data (∼82.3×). The HiFi reads, 

together with ONT long reads and Hi-C data, were assembled using Hifiasm software (version 

0.19.5-r587) with default settings 24. After gap-filling using TGS-GapCloser (v1.2.1) 25 with 

parameters of ‘-m 2000 -c 2 -l 100 -s minimap2 -p 80’, we achieved a gap-free, chromosome-scale 

assembly comprising 12 chromosomes, with genome size of 394.7 Mb (Fig. 1A, B, Table 2). The 

genome assembly was visualized using Circos 26. The assembly exhibits exceptional continuity 

with a contig N50 of 32 Mb. Hi-C sequencing data were processed using HiC-Pro (v3.1.0) 27, 

which performs quality control, read alignment, and generation of contact maps. For visualization, 

contact matrices generated by HiC-Pro were imported into HiCPlotter (v0.92)28 to generate 

genome-wide Hi-C heatmaps and visualize chromosomal interactions. Chromatin interaction maps 

derived from Hi-C data confirmed precise chromosome assignment and strong organizational 

continuity (Fig. 1B). 

The telomeric regions were predicted using Tandem Repeat Finder (v 4.09) 29 with parameters of 

‘2 6 6 80 10 50 200’, and the simple repeat with the repeat unit of either ‘TAAACCC’ or 

‘GGGTTTA’ was considered as the telomeric repeat. All 24 telomeric regions at the both ends of 

12 chromosomes were identified with telomeric repeat unit copy numbers ranging from 100 to 

1080 (Table 3), indicative of telomere-to-telomere (T2T) level of FNA genome. The completeness 

of the genome was assessed using Benchmarking Universal Single-Copy Orthologs (BUSCO, 

version 5.5.0) with fungi_odb10, ascomycota_odb10 databases 30. Assessment with BUSCO using 

three lineage-specific datasets including Viridiplantae (n=425), Embryophyta (n=1,614), and 

Poales (n=3,386) revealed completeness rates of 99.5%, 98.9%, and 98.7%, respectively, 

indicating outstanding genome completeness (Fig. 1C). The HiFi reads were realigned to the 

assembly using Minimap2 and Samtools software 31,32. Remarkably, 99.99% of HiFi reads and 

99.85% of ONT reads could be remapped to the assembly, demonstrating exceptional assembly 

accuracy. Collectively, the FNA reference genome assembly demonstrates excellent quality in 

terms of accuracy, completeness, continuity and integrity. 
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Consistent with its breeding history as a CMS line developed through repeated backcrossing with 

its maintainer line 'Funong B', FNA exhibits near-complete genomic homozygosity. Comparative 

analysis of the two haplotype-resolved assemblies using Minimap2 and SyRI 31,33 software with 

default parameters revealed only 53 heterozygous SNVs/Indels (0.0134 heterozygous sites per 

Mb), further confirming its genetic uniformity. This exceptionally low heterozygosity underscores 

the efficacy of the backcrossing protocol in eliminating residual genetic variation. 

Table 2. Genomic characteristics of FNA and other rice T2T genomes. 

Genome Features FNA NIP T197 ZH11 

Genome size (bp) 394,697,788 385,710,679 395,084,276 379,330,463 

Contig Number 92 - - - 

Contig N50 (Mb) 32.10 31.11 31.53 31.07 

Contig N90 (Mb) 25.62 27.47 26.56 23.89 

Chr Number 12 12 12 12 

Repeat Content 51.10% 51.10% 55.38% 50.66% 

Gene Number 39,453 57,359 56908 57,178 

Transcript Number 50,965 57,359 56908 57,178 

GC Content 43.64% 43.71% 43.63% 43.52% 

LTR Assembly Index (LAI) 21.99 21.68 20.78 21.61 

BUSCO 99.00% 99.88% 98.80% 99.01% 

 

Table 3. Telomeric regions in 12 chromosomes of FNA genome 

Telomere Type Chr Start End Repeat Unit Copy Num 

5'Telomere Chr1 1 3,866 CCCTAAA 558 

3'Telomere Chr1 45,324,362 45,329,017 TTTAGGG 669 

5'Telomere Chr2 1 2,184 CCTAAAC 317 

3'Telomere Chr2 37,460,464 37,462,194 TTAGGGT 250 

5'Telomere Chr3 282 3,664 CCTAAAC 486 

3'Telomere Chr3 40,069,290 40,071,035 AGGGTTT 252 
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5'Telomere Chr4 5 5,744 ACCCTAA 832 

3'Telomere Chr4 35,539,245 35,543,193 TTTAGGG 568 

5'Telomere Chr5 1 5,124 CCCTAAA 737 

3'Telomere Chr5 31,379,812 31,383,567 TTAGGGT 536 

5'Telomere Chr6 1 2,316 CCCTAAA 331 

3'Telomere Chr6 32,415,086 32,418,284 AGGGTTT 462 

5'Telomere Chr7 4 1,514 ACCCTAA 216 

3'Telomere Chr7 31,136,607 31,138,558 AGGGTTT 281 

5'Telomere Chr8 1 2,843 TAAACCC 411 

3'Telomere Chr8 31,789,185 31,792,190 TAGGGTT 436 

5'Telomere Chr9 1 866 CCTAAAC 124 

3'Telomere Chr9 24,791,355 24,798,814 TTAGGGT 1080 

5'Telomere Chr10 5 704 TAAACCC 100 

3'Telomere Chr10 25,618,219 25,622,470 TTTAGGG 609 

5'Telomere Chr11 8 2,111 CCCTAAA 303 

3'Telomere Chr11 32,097,286 32,099,204 TAGGGTT 276 

5'Telomere Chr12 1 1,928 CCTAAAC 278 

3'Telomere Chr12 27,038,466 27,039,246 TAGGGTT 112 
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Figure 1. A) Circos plot displays the chromosomes (circle A), genomic density of gene (circle B), 

DNA transposon (circle C), Gypsy LTR retrotransposon (LTR-RT) (circle D), Copia LTR-RT 

(circle E), lncRNA (circle F) and centromere (circle G) using 100-kb windows. The positions 

marked with purple triangles indicate regions enriched for centromeric repeat sequences. B) 

Genome-wide Hi-C heatmap showing chromatin interactions across all 12 chromosomes of FNA. 

The intensity of the color represents the frequency of interactions, with higher intensity indicating 

stronger chromatin contacts. Chromosomes are ordered along both axes according to their genomic 

ARTICLE IN PRESS
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positions. C) Completeness of the assembled genome and predicted proteins was evaluated with 

BUSCO (v5.0) in both genome and protein modes. Three lineage-specific datasets were used: 

Viridiplantae (n = 425), Embryophyta (n = 1,614), and Poales (n = 3,386). D) Ridge plot shows 

the distribution of LTR retrotransposon (LTR-RT) insertion times across FNA and six reference 

rice genomes. Three major bursts of LTR-RT activity are evident across all genomes. Notably, the 

second burst exhibits significant differences in peak insertion times among japonica, indica, and 

wild rice species, indicating lineage-specific retrotransposon activity 

Gene Structure Prediction and Functional Annotation 

Gene structure prediction was carried out using the GETA software version 2.5.7, which is 

accessible at its GitHub repository (https://github.com/chenlianfu/GETA). GETA integrates three 

different gene prediction approaches: the de novo method, homology-based prediction, and 

transcriptome-based prediction. Throughout this process, a suite of tools was applied, including 

PASA 34 , genewise 35, AUGUSTUS 36, Hisat2 37, hmmsearch 38, BGM2AT, exonerate, and others. 

This comprehensive approach enabled the identification of 39,453 high-confidence protein-coding 

genes (Table 1). Further refinement yielded annotations for 50,965 mRNA transcripts, revealing 

that 6,129 genes (15.5% of the total) possess alternative transcript isoforms, indicative of complex 

regulatory potential. Additionally, 1,376 long non-coding RNA (lncRNA) loci were annotated 

using the GETA pipeline. The exceptional completeness and accuracy of this annotation were 

quantitatively validated through BUSCO assessment against different lineage-specific datasets, 

achieving a near-complete score of 99.3% for Viridiplantae_odb10 database (Fig. 1C). 

To infer gene functions, interpro-scan and eggNOG-Mapper were used, and a range of gene 

function databases were consulted for detailed functional annotations. These databases included 

Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Pfam, Clusters of 

Orthologous Groups (COG), and the Swiss-Prot protein database 39-45. This analysis successfully 

assigned putative functions to over 81% of the predicted protein-coding genes, providing robust 

orthogonal validation of both the structural annotation's reliability and the biological relevance of 
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the gene models. The exceptionally high functional annotation rate, coupled with the benchmark 

BUSCO completeness score, strongly supports the accuracy and comprehensiveness of the final 

genome annotation. 

Repeat Landscape in FNA Genome 

For repeat annotation in the two genomes, the de novo identification of repeat elements was 

conducted with RepeatModeler (version 2.0.3) 46. The repeat consensus sequences identified were 

then used as seeds for RepeatMasker (version 4.1.0) 47 to locate and analyze all repeat regions 

within the genome. De novo repeat annotation revealed that repetitive elements constitute 202 Mb 

(51.1%) of the FNA genome assembly (Table 4). Long terminal repeat retrotransposons (LTR-

RTs), predominantly of the Gypsy lineage, represent the major repeat class (26.13% of the genome). 

DNA transposons comprise the second-largest category (16.44%), dominated by MULE-MuDR 

(5.3%), CMC-EnSpm (3.42%), PIF-Harbinger (3.25%), and TcMar-Stowaway (2.22%). 

Chromosomal distribution analysis indicates association between DNA transposons and genic 

regions (Fig. 1A), suggesting their potential influence on gene structure and regulatory 

mechanisms. Conversely, LTR-RTs exhibit an inverse correlation with gene density and were 

significantly enriched in centromeric regions, implicating their involvement in centromere 

architecture and 3D genome organization. 

Table 4. Repeat contents in FNA genome 

Class Number Length Percentage 

Total 679903 201718471 51.10% 

    Non-interspersed Repeats 119248 11554042 2.92% 

        Satellite 2111 5565188 1.40% 

        Simple_repeat 104939 5116559 1.29% 

    Interspersed Repeats 560655 191286071 48.46% 

        Retroelements 137605 110296920 27.94% 
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            LTR 108761 103153624 26.13% 

                Gypsy 81543 89321272 22.63% 

                Copia 18646 12724897 3.22% 

            LINE 10725 4562217 1.15% 

            SINE 12615 1078696 0.27% 

        DNA transposons 350478 64893978 16.44% 

            MULE-MuDR 87508 20958219 5.30% 

            CMC-EnSpm 32472 13515074 3.42% 

            PIF-Harbinger 91200 12857939 3.25% 

            TcMar-Stowaway 79705 8799131 2.22% 

            hAT-Ac 16081 3158623 0.80% 

            hAT-Tip100 9968 1991183 0.50% 

To predict full-length LTR retrotransposons (LTR-RTs), a combination of tools was used, including 

LTR_finder (version 1.07) 48, LTRharvest (version 1.6.2) 49, and LTR_retriever (version 2.9.0) 50. 

Analysis of intact LTR-RTs identified 2,738 full-length elements. Assessment of genome assembly 

quality using these elements yielded an LTR Assembly Index (LAI) value of 21.99, confirming 

high assembly continuity. Analysis of LTR-RT insertion time by estimating divergence between 

5’/3’ LTR pairs revealed 285 elements with identical LTRs, signifying recent insertion events. 

Temporal density analysis resolved three distinct amplification bursts of LTR-RTs, including a 

pronounced recent event (Fig. 1D). Comparative analysis of intact LTR-RT insertion times across 

six additional gap-free rice genomes – three indica (JFZ, ZS97, MH63), two japonica (NIP, CXG), 

and one wild rice (Y476) – identified three corresponding burst events in all seven genomes (Fig. 

1D). The oldest burst (occurring millions of years ago) was highly conserved across all accessions, 

predating the divergence of these rice lineages. The most recent burst was also ubiquitous, 

potentially linked to domestication processes and environmental adaptation pressures. 

Interestingly, the timing of the second burst event varied among groups: it occurred most recently 
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in wild rice (~70-100 thousand years ago, kya), followed by indica (~150-200 kya), and was oldest 

in japonica (~250-300 kya). This differential timing likely reflects lineage-specific evolutionary 

pressures and demographic histories influencing retrotransposon activity after the initial 

divergence but before domestication. 

Centromeric regions were completely assembled and annotated on all 12 FNA chromosomes. 

These regions were characterized by significant enrichment of 155/165 bp centromeric monomer 

repeats and LTR-RTs. Centromere lengths varied substantially, ranging from 17.9 kb (Chr4) to 950 

kb (Chr1). Compositional heterogeneity was observed: chromosomes 2-8 were primarily enriched 

with the 155 bp monomer repeat, chromosomes 9 and 10 predominantly contained the 165 bp 

repeat unit, while chromosomes 1, 11, and 12 harbored a mixture of both 155 bp and 165 bp repeat 

units. This chromosome-specific centromeric repeat composition indicates evolutionary 

divergence in the organization and potential functional specialization of centromeres across the 

FNA genome. 

Data Records 

The raw sequencing reads generated for the FNA genome assembly have been deposited in the 

NCBI Sequence Read Archive (SRA) under BioProject PRJNA1373546. Specifically, these 

include ONT ultra-long reads (SRR36326080), in situ Hi-C data (SRR36326079), PacBio HiFi 

reads (SRR36326081), and RNA-seq data from mixed tissues (SRR36326078) 51. The assembled 

genome sequences have been submitted to NCBI GenBank under accession GCA_054286825.1 

52. The genome annotation files, including the gene annotation (GFF3), cDNA sequences, and 

protein sequences, have been deposited in Figshare and are publicly available at 

(https://doi.org/10.6084/m9.figshare.32244801) 53. 

Technical Validation 

The quality of the Funong A (FNA) genome assembly was rigorously validated through multiple 
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complementary approaches. All 24 telomeric regions were successfully identified across the 12 

chromosomes, with telomeric repeat copy numbers ranging from 100 to 1,080, and centromeric 

regions were fully resolved on every chromosome, confirming the telomere-to-telomere (T2T) and 

gap-free nature of the assembly. Read remapping demonstrated exceptional accuracy, with 99.99% 

of PacBio HiFi reads and 99.85% of Oxford Nanopore reads aligning successfully to the assembly. 

Completeness assessments using BUSCO (v5.5.0) against Viridiplantae, Embryophyta, and Poales 

datasets yielded scores of 99.5%, 98.9%, and 98.7%, respectively, while the LTR Assembly Index 

(LAI) of 21.99 further corroborated high continuity and integrity. Hi-C chromatin interaction maps 

exhibited strong intra-chromosomal signals, validating correct chromosome-scale scaffolding and 

organization. Genome annotation was supported by multi-tissue RNA-seq data, enabling the 

identification of 39,453 protein-coding genes and 1,376 lncRNAs, with over 81% of genes 

functionally annotated and BUSCO completeness exceeding 99% in protein mode. Comparative 

analyses with other high-quality rice genomes confirmed annotation accuracy and orthology 

assignments. Finally, only 53 heterozygous variants were detected across the entire genome, 

consistent with the near-complete homozygosity expected from the recurrent backcrossing history 

of this CMS line. Collectively, these metrics establish the FNA assembly as a high-quality, accurate, 

and complete reference genome suitable for downstream genomic and breeding studies. 

Code availability 

The bioinformatic tools, including version and parameters, that were used in this study have been 

described in the Method section. No customized script was used. 
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