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Dear Editor,

In 2005, the current commonly used rice reference genome

(Oryza sativa ssp. japonica cv. Nipponbare) was initially released

by the International Rice Genome Sequencing Project

(International Rice Genome Sequencing Project, 2005).

Thereafter, the reference genome was further updated in 2013

with improved genome assembly (IRGSP-1.0) and gene annota-

tions (MSU7, RAP-DB) (Kawahara et al., 2013; Sakai et al., 2013).

In the past 10 years, this reference has been serving as one of the

most important genetic resources for subsequent rice functional

genomics efforts. As several rice genomes had been assembled

into gapless chromosomes with only 2–5 telomeres absent (Li

et al., 2021; Song et al., 2021; Zhang et al., 2022), the IRGSP-

1.0 and its annotations still performed as the most widely used

reference. However, limitations of sequencing technology and

intricate genomic organization led to an under-representation of

complex regions in this reference, leaving a total of 72 major

gaps (including 19 telomeres), 167 minor gaps, and 779 unknown

bases (Kawahara et al., 2013), with an estimated length of�3%of

the genome unsolved.

To pursue a complete sequence of this foundational reference

genome, we applied a hybrid assembly strategy that integrated

Pacbio HiFi and Oxford Nanopore Technology (ONT) ultra-long

reads to generate original contigs, which were then scaffolded

onto a chromosome-level assembly with the support of the

Hi-C dataset. Gap filling and terminal extension were further con-

ducted to resolve the remaining seven gaps and one telomere

region within the scaffolds. All gap-closure regions were sup-

ported with uniform coverage of ONT reads (Supplemental

Figure 1). A large rDNA array was identified beside the telomere

of short arm in chromosome 9 with nearly identical repeats of

45S rDNA (Supplemental Figure 2), which was artificially filled

with consecutive blocks reflecting their estimated copy number

(see supplemental materials and methods). This captured

93.8% of HiFi reads and 93.9% of ONT reads containing 45S

rDNA by full-length mapping, but should be treated as model se-

quences. Following sequence polishing employing the HiFi and

Illumina PE (next-generation sequencing [NGS]) reads, we pro-

duced a complete assembly of the rice reference genome, T2T-

NIP (version AGIS-1.0), within which all 12 centromere and 24

telomere regions were resolved (Figure 1A).

Multiple strategies were applied to evaluate the accuracy and

completeness of T2T-NIP. All available primary data—including

HiFi, ONT, NGS, and Hi-C—were remapped to T2T-NIP with

high mapping rates of >99.6% in all datasets except for ONT

reads (93.1%). All reads displayed uniform coverage across the

whole genome, except for the Hi-C dataset because of large cen-

tromeres and complex regions near two telomeres (Figure 1B).

Chromatin immunoprecipitation and sequencing (ChIP-seq)

were conducted with the rice CENH3 antibody to identify the
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location and sequence of functional centromeres in T2T-NIP

(Figure 1A, Supplemental Table 1, and Supplemental Figure 3).

CentO-enriched regions were also identified by sequence homol-

ogy to the 155- to 165-bp CentO satellite repeats (Figure 1A

and Supplemental Table 1), eight of which showed similar or

consistent size with a previous report as determined by

fluorescence in situ hybridization (Cheng et al., 2002). The

consensus accuracy of the whole genome was estimated to

be approximately one error per 5 million bases (Q63), which

showed much higher sequence accuracy (Supplemental

Table 2). For gene content assessment, T2T-NIP captured

99.88% of a BUSCO 1614 gene set (Supplemental Table 3),

which was equal to or higher than previously reported gapless

rice genomes (Li et al., 2021; Song et al., 2021; Zhang et al.,

2022). A total of 1747 ribosomal RNA (rRNA) genes were

identified in T2T-NIP, whereas only several hundred were identi-

fied in the IRGSP-1.0. A total of 57 359 protein-coding genes

and 325 794 repeat elements (51.1%) were identified, both of

which represent more than for IRGSP-1.0 (Supplemental

Tables 4 and 5). In a model sequence of the 45S rDNA array,

1022 genes were annotated with support of transcriptome data

(Supplemental Table 6). Among 314 protein-coding genes anno-

tated in the gap-filling regions excluding this rDNA array, 142

genes were confirmed to be expressed in T2T-NIP and showed

tissue-specific patterns (Supplemental Figure 4).

With T2T-NIP, we achieved a complete sequence of the important

rice reference genome with 385.7 million base pairs (Mbp),

including abundant improvements compared with the prior as-

sembly (Figure 1A and Supplemental Tables 4–6). Compared to

IRGSP-1.0, T2T-NIP contains 12.5 Mbp of newly identified

sequence, including rDNA arrays (33.2%), pericentromeric and

centromeric regions (32.1%), transposable elements (27.1%),

and telomere and subtelomeric regions (5.1%), all of which are

necessary for fundamental cellular processes (Figure 1C–1E).

Some of the largest gap-filling regions covered the centromeres

of nine chromosomes, subtelomeric and telomeric regions of

two chromosomes, and large complex and repetitive regions in

three chromosomes, which are represented in IRGSP-1.0 as un-

known or unresolved sequences (Figure 1A and Supplemental

Table 7). In addition to these apparent gaps, other minor gap

regions of IRGSP-1.0 were found to be artificial or otherwise incor-

rect (Supplemental Table 8). We investigated all possible 500 kb

flanking regions adjacent to the 72 major gaps in IRGSP-1.0 and

found that most regions far from centromeres and telomeres

(39/44) showed excellent synteny with T2T-NIP, while almost all

regions close to centromeric gaps (11/12) contained additionalmi-

nor gaps with extensive large structural differences (e.g., deletions

and inversions with lengths >20 kb) compared to T2T-NIP
r.
ttp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Improvements of the complete rice reference genome T2T-NIP on assembly statistics and potential applications.
(A) Ideogram of T2T-NIP assembly features. For each chromosome (Chr), the following information is provided from bottom to top: gaps and issues in

IRGSP-1.0 fixed by T2T-NIP overlaid with the density of genes exclusive to T2T-NIP in red; rRNA genes; transposable elements; denotation of cen-

tromeres and telomeres. The bottom scale is measured in Mbp. CoER, CentO-enriched region,

(legend continued on next page)
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(Figure 1D). Additionally, fourmajor gaps and their flanking regions

with several minor gaps could be well resolved by T2T-NIP,

resulting in two continuous regions of 100–117 kb (Figure 1D

and Supplemental Table 7). These results demonstrated a

significant update of the rice reference genome by resolving the

gaps and misassembled structures probably caused by

complex and large repetitive structures in IRGSP-1.0.

T2T-NIP removes a long-standing barrier that has hidden 3% of

the genome from sequence-based analysis, resolving all centro-

meric and telomeric regions. Therefore, it is important to further

describe the initial analysis of a truly complete rice reference

genome and to discuss its potential applications. We have pro-

duced a rich collection of annotations and omics datasets for

T2T-NIP, including gene models and transposon elements

(TEs), RNA sequencing, and methylation datasets, as presented

in an online database (http://www.ricesuperpir.com/web/nip).

To highlight the utility of these genetic resources, we demon-

strate examples of complex duplicated regions in chromosomes

10 and 11 that were associated with previously unresolved gaps.

The gene AGIS_Os10g035850 (denoted as LOC_Os10g43075 in

IRGSP-1.0/MSU7) traversed across the boundary of a major gap

at the subtelomeric region of chromosome 10, resulting in an

incomplete annotation of only 76.3% of the entire gene and

some misannotated exons in the previous version. T2T-NIP

thus supported the correction of this gene model, including an

addition of six new exons into each of its two splicing alternatives

from the gap-filling region (Supplemental Figure 5). Most TE-

related genes have multiple copies (paralogs) caused by repeti-

tive sequences, which previously have always complicated their

genetic analysis. When mapping NGS reads, the absence of

the additional paralogs in IRGSP-1.0 causes these reads to incor-

rectly align to LOC_Os11g12240 (AGIS_Os11g010790), resulting

in many false-positive variants (Figure 1F). Whenmapped to T2T-

NIP, the reads show the expected coverage and a typical hetero-

zygous variation pattern at a small region. Any variants within

these paralogs, and others like them, will be overlooked when us-

ing IRGSP-1.0 as a reference, thereby promoting the importance

of the release of T2T-NIP.

To investigate how the T2T-NIP affects short-read variant calling,

we collected NGS reads of 230 cultivated (Oryza sativa) and wild
(B) Sequencing coverage and assembly validation of the T2T-NIP. Uniform w

shownwith primary alignments. Large centromeres caused low coverage of m

recovered by other types of sequencing datasets.

(C–E) Additional bases in the T2T-NIP assembly relative to IRGSP-1.0 per ch

gap-flanking regions (D), and sequence type (E). The digits above the bars

continuous regions.

(F) Reference (gray) and variant (colored) allele coverage for four rice access

mapped to T2T-NIP, the reads show the expected coverage and a typical hete

the region shows excessive coverage and variants, indicating that reads from

(G–K) Improvements to short-read (G–I) and long-read (J and K) mapping and

instead of IRGSP-1.0 presented with box plots with the number of invalid pair

accession across different populations. Or, wild rice; XI, Xian/indica; GJ, Gen

(L–O) GWAS analysis of yield per plant based on T2T-NIP as a reference.

AGIS_Os01g037910 (OsAGPL2) based on T2T-NIP (M) compared to that bas

per plant of different individuals with wild type (MH-86) and function-loss mut

cessions with different haplotypes of this gene (O). The boxplots in (G–K) and

extend to minimum and maximum value. Data in (N) are presented as mean

statistical differences according to Student’s t test (*, p < 0.05; **, p < 0.01; **
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(Oryza rufipogon) rice accessions from our previous study (Shang

et al., 2022). The cultivated collection consisted of three

populations: Xian/indica (XI), Geng/japonica (GJ), and Aus (cA).

The same pipeline was applied for variant calling based on

T2T-NIP and IRGSP-1.0 to eliminate the interferences caused

by software parameters. On average, BWA-MEM mapped an

additional 1.04 3 107 (6.9%) of properly paired reads to T2T-

NIP compared to IRGSP-1.0. Interestingly, even though more

reads align to T2T-NIP, the subsequent per-read mismatch rate

was 1.2%–8.2% lower across all populations (Figure 1G).

Similarly, T2T-NIP improved other mapping characteristics

such as reducing the number of misoriented read pairs

(Figure 1H) and improving coverage uniformity (Figure 1I)

compared to IRGSP-1.0. Within gene regions, we noted a

decrease of 2.0%–4.3% in the standard deviation of read

coverage with analogous improvements among all population

groups (Figure 1I). From these alignments, we identified a total

of 741 895 221 high-quality single-nucleotide variants and small

indel variants relative to T2T-NIP (per-sample mean, 3 225 631)

compared to 744 667 800 variants relative to IRGSP-1.0 (per-

sample mean, 3 237 686), observing a shared decrease in the

number of called variants per individual genome (Supplemental

Figure 6 and Supplemental Table 9). Along with the

improvement in the per-read mismatch rate, we attribute the

reduction in the number of per-sample variant calls to the lower

number of consensus errors, structural errors, and especially

the resolution of the complex repetitive regions with correct

copies in T2T-NIP (Figure 1F). This conclusion is supported by

the observation that the number of heterozygous variants per

sample decreased largely in all populations while their

homozygous variants showed a slight increase except for GJ

(Supplemental Figure 6 and Supplemental Table 9). These

results demonstrated the superiority of T2T-NIP as a reference

genome for more accurate mapping and variation analysis based

on short reads.

Next, we investigated the effects of using T2T-NIP as a reference

genome for structural variant (SV) calling from published long

reads (Shang et al., 2022). Alignment to T2T-NIP also reduced

the observed mismatch rate per mapped read (Figure 1J) and

the standard deviation of coverage within genes (Figure 1K)

across all populations. T2T-NIP also corrected structural errors

in IRGSP-1.0 and contained a complete assembly of the genome,
hole-genome coverage of mapped HiFi, ONT, Hi-C, and Illumina reads is

apped Hi-C reads due to insufficient paired reads from this region but were

romosome, which was evaluated by total length difference (C), corrected

denote gap-flanking regions of four gaps that were corrected into two

ions with Illumina reads mapped to the paralog LOC_Os11g12240. When

rozygous variation pattern at a small region. When mapped to IRGSP-1.0,

the missing paralogs are mismapped to the target gene.

variant calling. Summary of alignment characteristics aligned to T2T-NIP

s, mismatch error rate, and coverage standard error within genes in each

g/japonica; cA, Aus.

Manhattan plot shows a significant signal related to a candidate gene

ed on IRGSP-1.0 (L). Significant differences were observed between yield

ation (osapl2-1 and osapl2-2) of OsAGPL2 (N) and between different ac-

(O) represent the median and the first and third quartiles, and the whiskers

± SD of three biological replicates. The asterisks in (N) and (O) indicate

*, p < 0.001).
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which facilitated amuchmore accurate alignment, similar to what

we observed for short reads (Supplemental Table S10). From

these results, we observed a shared reduction (from �16.3% to

�4.6%) in the number of SVs from different populations when

calling variants against T2T-NIP instead of IRGSP-1.0. Similar

to the results of the small variations above, the number of hetero-

zygous variants decreased more than those of homozygous var-

iants (Supplemental Figure 7), likely also due to improvements in

resolution of the complex repetitive regions in T2T-NIP, which

reduced the rare structures found in IRGSP-1.0.

To supplement our variant and phenotype datasets, we conducted

genome-wide association studies (GWASs) to assess potential im-

provements on efficiency of genetic analysis by using T2T-NIP as a

reference genome instead of IRGSP-1.0. A total of 101 associated

SNPs were identified for five agronomic traits, in which all associ-

ated SNPs were detected only from variant datasets relative to

T2T-NIP. For example, a pleiotropic locus related to yield per plant

in chromosome 1 (qYPP1) of T2T-NIP was significantly associated

with both grain yield and plant height that was not identified

using IRGSP-1.0 (Figure 1L–1M and Supplemental Figure 8).

Gene-editing experiments and phenotype screening revealed

significant differences of yield per plant and plant height

between plants with wild type and function-loss mutation of a

gene encoding the large subunit of ADP-glucose pyrophosphory-

lase,OsAGPL2 (Figure 1N andSupplemental Figure 8). A favorable

haplotype ofOsAGPL2was identified, showing significantly higher

yield per plant (44.7± 11.8 g) than the other haplotypes (Figure 1O).

Additionally, we identified some T2T-NIP-specific associated SVs

related to grain width (Supplemental Figure 9). These results

demonstrated the enhanced efficiency of genetic analysis on

population variation and gene mining based on T2T-NIP.

In summary, we achieved complete sequences of the most

commonly used rice reference genome in our assembly, T2T-

NIP, by addressing the missing 3% of the genomic information,

which represents a significant update to this important resource.

T2T-NIP introduced �12.5 Mbp containing 1324 gene predic-

tions, which include rDNA arrays, centromeric satellite arrays,

subtelomeres, and large repeat regions, thereby unlocking these

complex regions of the genome for rice variational and functional

studies.
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Supplemental figure 1. Nanopore long reads coverage of two closed gap regions in the 

T2T-NIP. Detailed position of the gap-filling region was noted bellow the coverage plot. 

  

 

 



 
Supplemental figure 2. Frequency of 31-mers across the monomer sequence of 45S rDNA 

array based on HiFi reads. A relatively low frequency corresponds to small variants or 

sequencing error existed in the corresponding mer. This plot confirms the strong conservation 

among the repeats of this 45S rDNA array with only rare variations. 

 

  



 

Supplemental figure 3. Schematic representation showing the distribution of different 

sequence compositions across the 12 centromeres. The CENH3 levels were represented by the 

enrichment level in 1 kb windows along chromosomes. The centromeres were marked by dotted 

boxes. CentO-enriched regions (CoERs) were presented bellow each plotting for CENH3 levels. 



 

 

Supplemental figure 4. Expression profile of the newly identified genes in gap-filling regions 

of T2T-NIP based on transcriptome datasets from different rice tissues. The FPKM values 

derived from different issues were standardized for each gene as presented in the heat map. 



 

Supplemental figure 5. Correction for a gene model across a gap-filling region. The gene 

LOC_Os10g43075 in IRGSP-1.0 was annotated with incomplete gene structure due to a nearby 

major gap (down), and was corrected in T2T-NIP as AGIS_Os10g035940 with full annotation by 

resolving that gap (up). Coverage and alignment of the RNA-seq reads for the two gene 

annotations were shown above the corresponding gene models. 

  

 

 

 

 

 

 



 

Supplemental figure 6. Boxplots of overall number of small variants, number of 

heterozygous and homozygous variants found in each rice accession across different 

populations based on Illumina reads. Comparison of different results with IRGSP-1.0 and 

T2T-NIP as a reference genome was presented. Or: wild rice; XI: Xian/indica, GJ: Geng/japonica, 

cA: Aus. The boxplots represent the median and the first and third quartiles, and the whiskers extend to 

minimum and maximum value. 

 

  



 

Supplemental figure 7. Boxplots of overall number of structural variants, number of 

heterozygous and homozygous variants found in each rice accession across different 

populations based on Nanopore ONT reads. Comparison of different results with IRGSP-1.0 

and T2T-NIP as a reference genome was presented. Or: wild rice; XI: Xian/indica, GJ: 

Geng/japonica, cA: Aus. The boxplots represent the median and the first and third quartiles, and the 

whiskers extend to minimum and maximum value. 

 

 

  



 

Supplemental figure 8. Functional diversity of the candidate gene AGIS_Os01g037910. A-B, 

Manhattan plot showed a significant signal related to a candidate gene AGIS_Os01g037910 

(OsAGPL2) based on T2T-NIP (A) compared to that based on IRGSP-1.0 (B). C-D, Morphological 

traits of different individuals with and without loss-of-function variation of the candidate gene (C) 

and different accessions with different haplotypes (D). E, Frequencies of different haplotypes of 

the candidate gene in XI and GJ populations. Data in (C) are presented as mean ± SD of three 

biological replicates. The boxplots in (D) represent the median and the first and third quartiles, and the 

whiskers extend to minimum and maximum value. The asterisks in (C) and (D) indicate statistical 

differences according to Student's T Test (*, P<0.05; **, P<0.01; ***, P < 0.001). 

 

 

  



 

Supplemental figure 9. GWAS analysis on grain width based on different SNV and SV 

datasets which were generated by using IRGSP-1.0 and T2T-NIP as a reference genome, 

respectively. A, Manhattan plot of associated loci related to grain width based on SNPs from 

using IRGSP-1.0 as reference genome. B, Manhattan plot of associated loci related to grain width 

based on SNPs from using T2T-NIP as reference genome. C, Manhattan plot of associated loci 

related to grain width based on SVs from using IRGSP-1.0 as reference genome. D, Manhattan 

plot of associated loci related to grain width based on SVs from using T2T-NIP as reference 

genome. E, Gene express patten of the candidate gene AGIS_Os03g016550 (LOC_Os03g18770) 

among different accessions with different haplotypes. F, Grain width performance of different 

accessions with different haplotypes. The boxplots in (E) and (F) represent the median and the first 

and third quartiles, and the whiskers extend to minimum and maximum value. The asterisks indicate 

statistical differences according to Student's T Test (*, P<0.05; **, P<0.01; ***, P < 0.001).  



Supplemental materials and methods 

 

Sample collection and genome sequencing 

Young leaves, stems, panicles and roots of Nipponbare were flash-frozen in liquid nitrogen. The 

leaves were prepared for DNA sequencing and all the four tissues were prepared for RNA 

sequencing. Genomic DNA and RNA were isolated using the DNeasy Plant Mini kit (Qiagen) 

following the manufacturer's instructions. For PacBio HiFi sequencing, two single-molecule 

real-time cells were sequenced on a PacBio Sequel II platform, and a total of 33.0 Gb of HiFi read 

was generated using CCS (https://github.com/PacificBiosciences/ccs) with the default parameter 

for the sequenced accessions. For Nanopore ONT sequencing, two cells of DNAs were sequenced 

on Oxford Nanopore Technology GridION X5/PromethION sequencer and generated a total of 

85.6 Gb ONT reads. Illumina Novaseq sequencing platform was used for generating a total of 36.4 

Gb Hi-C read dataset and 24.6 Gb paired-end read dataset. For RNA sequencing, Illumina 

NovaSeq 6000 platform was used to generate a total of 11.2 Gb paired-end reads, and Oxford 

Nanopore PromethION sequencer was used to generate a total of 9.9 Gb ONT reads. 

 

T2T genome assembly 

Both PacBio HiFi reads and Nanopore ONT sequencing reads were self-corrected, trimmed and 

assembled by HiFiasm v0.18.5-r500 (Cheng et al., 2021; Cheng et al., 2022) to generate contigs 

(draft assembly v1.0) with high quality and long continuity. The Hi-C sequencing data were 

applied to hierarchically cluster the assembled contigs into 12 pseudo-chromosomes by using 

3d-DNA (Dudchenko et al., 2017). The obtained assembly (v1.1) had 7 gaps and an absence of 

one telomere across all the chromosomes. To filling the unsolved region, we applied customized 

strategy to process gaps in complex regions. The published gap-free genome, ZS97RS3 was used 

to guide the gap-filling process. The SyRI v1.6.4 (Goel et al., 2019) was applied to analyze the 

synteny between the draft assembly v1.1 and the reference genome to find the corresponding 

region of reference genome related to the gaps, which were further analyzed in RAfilter (Yang et 

al., 2023) to calculate gap-region specific kmer sets (k=21) and enrich the target reads containing 

those specific kmers. Those target reads were re-assembled into one or more contigs covering 

across the gap with HiFiasm to fill the target gaps. Two gaps were successfully filled with this 

procedure and generated the assembly version v1.2. For the remaining 5 gaps containing complex 

repeats, we extended the target region (gap-filling region) to the blanking regions of the gaps and 

subsequently collected the target reads with the target-region specific kmers as described above. 

Those obtained reads were also re-assembled in HiFiasm to generate target contigs for filling the 

gaps. All the remaining 5 gaps were successfully solved with this procedure and produced the 

assembly version v1.3. For the only absent telomere in Chromosome 9 (Chr9), we firstly 

conducted a simply extension from the terminal of Chr9 to the corresponding telomere by 

identifying and mapping HiFi reads with telomere-specific repeats to this region of the assembly 

v1.3. Verification analysis of this extension was conducted by checking the read coverage of ONT 

reads with minimap2 v2.21 (Li, 2018) and IGV browser (https://github.com/igvteam/igv), which 

revealed a much higher coverage depth of ONT reads in this subtelomeric region than the average 

depth of the whole genome, indicating that this region could be an unsolved large repetitive 

sequence. Sequence analysis for this high-coverage region showed that it was an rDNA array 

consisting of multiple exact repeats of 45S rDNA and internal transcribed spacer (ITS) region. We 



further mapped 5S, 5.8S and 25S rDNA sequences of Nipponbare (https://rapdb.dna.affrc.go.jp) to 

the entire assembly v1.3 with blastn program (Altschul et al., 1990) to screen all potential 45S 

rDNA array and confirmed that this high-coverage region was the only 45S rDNA array in the 

genome. We then conducted a second extension from both flanking region of this region based on 

the gap-closure approach for 45S rDNA array as described in maize (Chen et al., 2023). The 

extension results further confirmed that this region was a large repetitive sequence consisting of 

nearly-identical tandem repeats of the 45S rDNA and ITS region with rare variations which could 

not be extended to a valid terminal with the ONT and HiFi reads. Finally, we summed up the 

length of the 45S rDNA array harbored for ONT and HiFi reads and normalized it by division by 

the average genome coverage of the two datasets, which resulted a total of 4.25 and 3.77 Mb for 

this region, respectively. Based on the average size of the two estimations as well as the adjacent 

regions between the rDNA array and its flanking regions, the total length of this rDNA array was 

estimated as 4.05 Mb. Therefore, the model array sequences were created by filling in the gaps 

between confidently assembled boundary repeat units of 45S rDNA array with the estimated 

copies as described in assembling complete genome of human (Nurk et al., 2022). After filling all 

the gaps, we generated a gapless telomere-to-telomere assembly version v1.4. Nextpolish v1.3.0 

(Hu et al., 2020) with parameters ‘HiFi_options -min_read_len 5k -max_read_len 60k -max_depth 

90’ was used to polish the assembly v1.4 by PacBio HiFi and Illumina short reads, and generated 

the final complete genome, T2T-NIP.  

 

Verification for accuracy and completeness of the T2T genome 

To estimate the coverage depth of the raw reads to the whole genome, we applied BWA v0.7.17 

(Li and Durbin, 2009) for mapping Hi-C and next generation sequencing datasets to the T2T-NIP, 

and applied minimap2 v2.21 (Li, 2018) for mapping PacBio HiFi and Nanopore ONT reads to this 

complete genome. Depth function of samtools v1.13 (Danecek et al., 2021) was applied to 

calculate the coverage depth of each site across the genome which was further plotted with a 

sliding window size of 1 Mb and step size of 100 Kb. To evaluate the consensus accuracy of 

Nipponbare assembly, Illumina short reads were aligned to its assembly with BWA v0.7.17 (Li 

and Durbin, 2009) with default parameters and then GATK v4.1.9.0 (Van der Auwera et al., 2013) 

was used to call SNPs. The homozygous SNPs sites were used to calculate the single base error 

rate. BUSCO v5.4.3 (Simao et al., 2015) was applied to yield raw statistics of mapped genes with 

multiple strategies, i.e., “metauk+hmmer” and “augustus+blast”, and the results were merged to 

evaluate all mapped genes in the 1614 genes dataset. The remaining absent genes were further 

searched in T2T-NIP with tblastn program (Altschul et al., 1990) for identify fragmental mapped 

genes in them. All those results were used to calculate the final BUSCO statistics of T2T-NIP. The 

public WGBS data of Nipponbare (Dong et al., 2017) was used to obtain methylation sites. WGBS 

raw reads were trimmed with Trimmomatic v0.36 (Bolger et al., 2014) and then mapped to 

T2T-NIP with Bowtie2 v2.1.0 (Langmead et al., 2019) and kept only unique mapped reads by 

using the tool deduplicate_bismark in bismark v0.22.1 (Krueger and Andrews, 2011). After that, 

we extracted methylated cytosines using bismark_methylation_extractor and only kept sites with 

more than four mapped reads. 

 

The annotation of genes and TEs 

Multiple strategies were applied to generate high-quality gene annotation for T2T-NIP. Liftoff 



v1.6.3 (Shumate and Salzberg, 2021) was primarily used for mapping the previous high-quality 

gene annotation (MSU7) of IRGSP-1.0 to T2T-NIP with an strict standard (coverage = 100% and 

identity > 90%). Additional gene copies not annotated in the previous reference could also be 

detected with this software under filtering params of coverage = 100% and identity > 99%. Genes 

of the gap-related regions of T2T-NIP were further annotated by using the 

Genome-Wide-Annotation-Pipeline 

(https://github.com/unavailable-2374/Genome-Wide-Annotation-Pipeline) with support of de novo 

prediction, RNA sequencing dataset and homologous gene datasets. After that, all gene 

annotations were manually checked to fix incomplete gene models or repeated annotations. Gene 

models in the gap-related regions were further manually checked and adjusted with support of 

RNA sequencing dataset in IGV-GSAman (https://gitee.com/CJchen/IGV-sRNA). Coding 

sequences of all annotated genes were mapped to the TE library rice6.9.5.liban 

(https://github.com/oushujun/riceTElib) by using blastn program (Altschul et al., 1990) with a 

filtering params of e < 1e-10 to identify TE-related genes. The Extensive de novo TE Annotator 

v1.9.6 (Ou et al., 2019) was used to predict TEs with the curated TE library (rice 6.9.5.liban) from 

its package with parameters ‘-overwrite 1 -sensitive 1 -anno 1’. The rRNA genes were identified 

by searching the genome against 5S, 5.8S, 18S and 25S rRNA genes of Nipponbare with blastn 

program (Altschul et al., 1990), and the hits with coverage > 90% and e-value < 1e-10 were 

annotated as rRNA genes. 

 

Genome comparison between IRGSP-1.0 and T2T-NIP 

To compare the genomic sequences of IRGSP-1.0 and T2T-NIP, we aligned the two assemblies by 

using minimap2 v2.21 (Li, 2018) and index the alignment BAM file by using samtools v1.13 

(Danecek et al., 2021). SyRI (Goel et al., 2019) was used to detect structural variations between 

the two genomes. To identify potential gaps in IRGSP-1.0 comparing to T2T-NIP, we applied 

customized Perl script to find the gap-filling regions and its blanking regions. Flanking regions of 

500 Kb around each of the previously reported 72 major gaps (Sakai et al., 2013) were extracted 

from IRGSP-1.0 with seqkit v2.4 (Shen et al., 2016) and mapped to T2T-NIP with minimap2 

v1.13 (Danecek et al., 2021). The closer breakpoint of a closest alignment with size > 5Kb to the 

gap was considered as the bounder of the gap-filling region. The closer breakpoint of a closest 

alignment with size > 100Kb to the gap was considered as the bounder of corrected flanking 

region of the corresponding gap. The bedtools v2.30 (Quinlan and Hall, 2010) were applied to 

compare the aligned positions from minimap2 results of the two whole genome assemblies and the 

entire regions of all chromosomes in T2T-NIP to identify the unaligned regions with length > 1Kb 

as potential newly solved regions.  

 

The identification of telomeres and centromeres 

We applied seqkit v2.4 (Shen et al., 2016) to search for the whole genome with the known 

telomere repeat units of rice genome, “CCCTAAA”, and identified the longest tandem repeat 

region containing this unit as the telomere. We used BLAST (Altschul et al., 1990) to align CentO 

satellite repeats to the genome sequence with an E-value threshold of 1e-5. To more precisely map 

the core centromere regions, we utilized Tandem Repeats Finder (Benson, 1999) to identify 

consecutive CentO satellite repeat clusters, occurring no less than twice within a continuous 

window of 50 kb. 



 

To further analyze the location and sequence of functional centromeres, we perfomed ChIP with 

rice anti-CENH3 antibody which was produced according as previous description (Nagaki et al., 

2004). Briefly, leaves of 4-week-old seedlings were collected and frozen in liquid nitrogen. Nuclei 

isolation was performed according to the published protocol (Zhang et al., 2012). Extracted nuclei 

were digested with micrococcal nuclease (Sigma, N3755). The digested mixture was then used for 

ChIP using the anti-CENH3 antibody. The rabbit pre-immune blood serum was used as negative 

control. ChIP-seq libraries was constructed following standard protocols (Nagaki et al., 2003).  

The ChIP–seq libraries were sequenced (Paired-end 150 nt) on Illumina platforms in Novogene 

Bioinformatics Technology Co., Ltd (Beijing, China). Resulting ChIP–seq data of CENH3 was 

used for the identification of functional centromere regions of the T2T-NIP. Raw reads were 

subjected to adapter trimming and filtering by fastp v0.23.1 (Chen et al., 2018). Resulting ChIP–

seq reads were mapped onto the T2T-NIP using Bowtie2 v2.1.0 (Langmead et al., 2019). Uniquely 

mapped reads were extracted by samtools v1.13 (Danecek et al., 2021) for further analysis. 

Enrichment level of CENH3 for each base was obtained using bamCompare in the Deeptools 

package (v3.5.1). Average enrichment of each 1 kb-bin of the genome was then calculated. The 

bins with enrichment levels greater than 5 were retained and with a distance interval less than 

200Kb were merged. The final centromeric regions were determined by visual inspection of the 

distribution of CENH3 ChIP–seq peaks. 

 

Population variation calling and GWAS analysis 

Illumina and Nanopore sequencing data of 251 cultivated and wild rice accessions were collected 

from our previous study (Shang et al., 2022). Quality control of short sequencing reads were 

conducted by using Trimmomatic (10) (version: 0.39 parameter: MINLEN: 75 LEADING: 20 

TRAILING: 20 SLIDINGWINDOW: 5:20). The reads were mapped to the two versions of rice 

reference genome, IRGSP-1.0 and T2T-NIP, with BWA v0.7.17 (Li and Durbin, 2009) and then 

were used for SNP calling in Sentieon v202112.02 (Kendig et al., 2019). The long sequencing 

reads were mapped to the two assemblies with minimap2 v1.13 (Danecek et al., 2021) and the 

low-quality reads (MQ < 20) were filtered with samtools v1.13 (Danecek et al., 2021). The 

cuteSV v2.0.3 (Jiang et al., 2020) were further used for SV calling.  

 

Vcftools v0.1.16 (Danecek et al., 2011) was used to filter SNPs retaining sites with parameters 

“-maf 0.05 -max-missing 0.8”. Principal component analysis (PCA) was conducted by using plink 

v1.90b6.26 (Purcell et al., 2007). The kinship of the population was estimated by GEMMA 

v0.98.5 (Zhou and Stephens, 2012). GWAS analysis was performed for the cultivated rice 

population by using GEMMA v0.98.5 (Zhou and Stephens, 2012) with a mixed linear model and 

the first five principal components and standardized matrix of kinship were used as covariates. 

The threshold for GWAS was calculated using Bonferroni test (0.05/number of SNPs). Phenotypes 

in our dataset comprised yield per plant and plant height were surveyed at the harvest stage in 

Mianyang of Sichuan provience, China (2020) and at heading stage in green house (2019), 

respectively. For construction of CRISPR/Cas9 plant expression vectors and rice transformation, 

one fragment (CTTGTGCACAACCAATGAGAAGG) targeting OsAPL2 was selected to generate 

mutants using the CRISPR/Cas9 system with the plant expression vector VK005-01 (ViewSolid 

Biotech, Beijing, China) (Zhu et al., 2019). The recombinant plasmids were inserted into 



Agrobacterium tumefaciens strain EHA105 cells for the subsequent transformation of rice 

varieties MH-86. Plant heights of the MH86 and the transgenic plants were measured at the 

maturation stage, and yield per plant were investigated at the harvest stage in the field. Expression 

levels of different candidate genes were evaluated based on transcriptome datasets reported in our 

previous study (Shang et al., 2022). Haplotypes of the candidate genes were estimated based on 

the population SNPs which were generated as described above and were then filtered by applying 

a MAF ≥ 0.05 cut-off. Low-frequency haplotypes could arise owing to errors in genotypes calling 

and we therefore filtered the haplotypes by retaining the ones with frequency ≥ 3. T-test was 

applied to assess the different significance between phenotypes and gene expression levels of 

different rice accessions and individuals. 
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