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A telomere-to-telomere genome 
assembly of Chinese grain sorghum 
654
Fulin Wang1,5, Jiandong Bao   2,5, Heng Zhang1,5, Guowei Zhai3, Tao Song   1, Zhijian Liu1, 
Yu Han   1, Fan Yu4, Guihua Zou1 ✉ & Ying Zhu   1 ✉

The grain sorghum inbred line 654 serves as a parent for numerous Chinese commercial hybrids and 
recombinant inbred lines (RILs), which have played a pivotal role in the cloning of several agronomically 
important traits. In this study, we present a telomere-to-telomere (T2T) genome assembly of the inbred 
line 654 (728.81 Mb) using PacBio HiFi, ultra-long Oxford Nanopore Technology, and Hi-C sequencing 
data. The T2T genome assembly has high integrity (contains all of 10 centromeres and 20 telomeres 
without any gaps), high contiguity (contig N90: 52.02 Mb), high completeness (98.33% BUSCO 
completeness, 98.88% k-mer completeness, and LAI 24.38), and extremely low base error (3.37 × 10−7, 
QV: 64.72). A total of 62.34% sequences were identified as repetitive, and rest region contained 44,399 
protein-coding genes, of which 30,245 were functionally annotated. The gap-free T2T genome assembly 
enables the full picture of the potential translational genomics, and provides the highest resolution 
genetic map for future studies on genome evolution, structure variation, and the genetic control of 
agronomic traits in sorghum breeding.

Background & Summary
The sorghum cultivar 654, developed by the Chinese National Sorghum Improvement Center at the Liaoning 
Academy of Agricultural Sciences (LAAS), is a high-yielding grain sorghum variety characterized by its photo-
period insensitivity, dwarf, small grain, compact plant architecture, and early maturity1. The inbred line 654 acts 
as a fundamental parent for modifying numerous restored lines, which have been extensively utilized to breed 
elite commercial hybrids in China (Fig. 1a). Furthermore, line 654 was utilized to develop various recombi-
nant inbred lines (RILs) in conjunction with other notable sorghum lines, such as the sweet sorghum LTR1082. 
These have been instrumental in the cloning of several agriculturally significant traits, including grain size3 
and color4, mesocarp thickness5, and polyphenol oxidase6. However, these works were rely on the reference 
genome BTx623, which can only explore the conserved genome regions, but know little about the diversity 
variety-specific regions. So, high-quality genome assembly of grain sorghum 654 is urgently needed.

The completion of a gapless and telomere to telomere (T2T) genome has always been a long-term goal of 
genome research. The rapid development of sequencing technologies including PacBio high-fidelity (HiFi) 
sequencing, ultra-long Oxford Nanopore Technology (ul-ONT) sequencing, and Hi-C sequencing, make the 
first T2T human genome come true in 2022, taking over twenty years to fix 8% gaps of the original version7,8. The 
T2T genome of the plant closely followed, maize9, rice10 and soybean11 were completed in 2023. And sorghum 
kept pace with this progress and the T2T genome assemblies were blowing out in 2024, including baijiu-brewing 
landraces Hongyingzi12,13 and Huandiaonuo12 released by our group, the reference inbred line BTx62314,15, the 
red-seeded inbred line Ji205514, and an ancient local landrace “Cuohu Bazi”16. However, no genome assembly of 
inbred line 654 is available.
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In this study, we presented a gap-free telomere-to-telomere (T2T) genome assembly of grain sorghum inbred 
line 654 in size of 728.81 Mb using 26.53 Gb PacBio HiFi reads (N50: 14.53 kb), 17.74 Gb ul-ONT reads (N50: 
100 kb), and 69.75 Gb Hi-C reads (Figs. 1b, 2 and Tables 1, 2). The genome survey yielded a smaller 626-Mb 
estimated genome size (Fig. 3) and 2n = 20 chromosomes by Karyotyping (Fig. 4). Using all of three types of 
reads, we first obtained a 736.98 Mb draft genome assembly (V1) consisting of 162 contigs (N50: 69.96 Mb), 
of which 8 reached T2T chromosome level (Table 3). Then, the top longest 12 contigs were selected and rear-
ranged as a chromosome-level assembly (V2) by comparing with the reference genome BTx623 (Fig. 5a). Only 
2 gaps remained, Gap 1 in Chr01 and Gap2 in Chr09 were fixed with model sequence of 358 copies 45S rRNA 
arrays, and 690 copies of 5S rRNA units, respectively (Fig. 5b). Finally, we obtained a T2T genome assembly 

Fig. 1  Genome characteristics of T2T assembly of Chinese grain sorghum inbred line 654. (a) Characteristics 
of the inbred line 654. (b) Circos plot showing genome features including GC content (I), transposable elements 
(TEs) and satellites (II), and gene density(III). Black triangles represent telomeres and blue lines represent 
centromeres where containing thousands copies of 137-bp satellites in track II.

Fig. 2  Quality and length distribution of ul-ONT (a) and HiFi reads (b).
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(654-T2T) consisting of 10 chromosomes, and no inter- or intra-chromosomal assembly errors were detected 
by Hi-C chromatin interaction heat map (Fig. 6), each chromosome with one centromere and two telomeres 
(Figs. 1a, 7a and Table 4). Genome coverage was universal along whole chromosomes (Fig. 7b). Genome com-
pleteness assessment revealed 98.88% k-mer based Merqury completeness, 98.33% BUSCO completeness, over 
99% read mapping rate (99.14% for HiFi, 99.98% for ONT), and LTR assembly index (LAI) of 24.38 (Tables 1–2 
and Fig. 7c,d). The average genome base error evaluated by Merqury with HiFi reads was extremely low at 
3.37 × 10−7 (base accuracy > 99.9999%, QV: 64.72) (Table 1 and Fig. 7c). In short, the quality of the 654-T2T 
genome assembly is comparable to that of other genomes.

654 BTx623v3 BTx623-CAS BTx623-AGI Ji2055 Cuohu Bazi Hongyingzi Huandiaonuo

Pubmed ID This study 19189423 38751118 38882488 38882488 39095379 38689492 38689492

Genome size (Mb) 728.81 708.86 719.07 719.90 722.96 724.85 724.37 726.89

T2T Chromosomes 10 / 10 10 10 10 10 10

Gaps 0 2,679 0 0 0 0 0 0

Repeat content 62.34% 63.18% 72.42% 66.50% 65.22% 70.41% 70.11% 70.04%

BUSCO completeness 98.33% 98.08% 98.14% 98.50% 98.60% 99.01% 99.50% 98.63%

Base quality value score (QV) 64.72 44.86 49.76 70.93 71.98 61.6 70.11 66.76

LTR Assembly Index (LAI) 24.38 24.39 24.73 25.17 24.07 23.63 25.54 25.66

45S rRNA array copies 358 47 78 160 109 70 743 559

5S rRNA copies 690 306 1070 1988 666 180 1872 776

Protein-coding genes 44,399 34,211 36,950 35,696 36,950 32,855 43,913 44,465

Table 1.  Summary of T2T genome assemblies of sorghum. Note: BTx623-CAS was released by Chinese 
Academy of Agricultural Sciences and BTx623-AGI was released by Agricultural Genomics Institute at 
Shenzhen.

Reads type HiFi* ul-ONT# Hi-C RNA-Seq

Application Denovo genome assembly Gene annotation

Platform Revio PromethION NovaSeq 6000

Library size 20 kb 100 kb PE150 (2 × 150 bp)

Coverage (×) 36.40 24.34 95.70 /

Total size (Gb) 26.53 17.74 69.75 9.84

Reads number 1,840,149 175,253 468,220,263 65,603,249

Reads N50 (bp) 14,526 100,001 PE150 PE150

Mapping Software Winnowmap2 Bowtie2 HISAT2

Mapping rate 99.14% 99.98% / 96.84%

Table 2.  Raw sequencing reads of sorghum 654. *PacBio high-fidelity (HiFi) reads. #: Oxford Nanopore 
Technologies ultra-long (ul-ONT) reads.

Fig. 3  Genome size estimated by k-mer based GenomeScope using HiFi reads.
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We identified 62.34% repeat sequences in the 654-T2T genome assembly, and the LTR retrotransposon 
(Gypsy: 38.96% and Copia: 5.66%) is the most abundant, followed by satellites (5.75%) (Table 5). A total of 
44,399 protein-coding genes were identified, of which 30,245 were functionally annotated (Table 6 and 
Supplementary Table 1). Comparing with other T2T genome assemblies using homologous genes cluster-
ing, we obtained 22,637 core orthogroups (19,744 single-copy orthogroups), and 1,611 unique genes in 654 
(Fig. 8a). The complete 654-T2T genome assembly shed light on the black hole regions, such as telomeres and 
centromeres, and provided a complete picture of the genetic map, for future studies on sorghum diversity, evo-
lution, and new variety-specific agronomic genes to benefit sorghum breeding.

Methods
Plant materials and sequencing.  Three-week young whole plants of Chinese grain sorghum inbred line 
654 were collected and immediately frozen in liquid nitrogen, and sent to BIOZERON Biotechnology Company 
Ltd (Shanghai, China) for whole genome sequencing, including PacBio HiFi, 100-kb ul-ONT and Hi-C, and 
RNA-seq. DNA extraction and sequencing library construction were conducted following relative protocols of 
sequencing technology. We obtained 26.53 Gb HiFi reads (~36×), 17.74 Gb ul-ONT reads (~24×), and 69.75 Gb 
Hi-C reads (~96×) for de novo T2T genome assembly, and 9.84 Gb RNA-seq reads and 0.90 Gb clustered Iso-seq 
reads (GSA accession: CRR933028) from our previous study12 for gene annotation (Table 2 and Fig. 2).

Genome survey.  The genome size was estimated using k-mer based methods (k-mer number/k-mer 
depth) by GenomeScope v217 (genomescope2 -i reads.histo -o genomescope -k 21 -p 2), the k-mer count dis-
tribution reads.histo was generated by KMC v3.2.418 truncate the histogram at 10,000 using highly accurate 
HiFi reads. (kmc -fm -k21 -m64 -ci1 -cs10000 654_hifi.fa reads /tmp/; kmc_tools transform reads histogram 
reads.histo -cx10000). The estimated genome size of sorghum 654 is ~ 626 Mb with 0.15% heterozygous (Fig. 3), 
much smaller than previously reported T2T genome assemblies including BTx623 (719.90 Mb)14, Hongyingzi 
(724.37 Mb)12 and Huandiaonuo (726.89 Mb)12, which may affected by the up to 70% repeats in genome.

Karyotyping.  Oligonucleotide-based chromosome painting was used for karyotyping. Oligo libraries derived 
from sugarcane Saccharum officinarum19 were used and labeled by Cy3 (red) and FAM (green). Fluorescence 

Fig. 4  Karyotying shown 2n = 20 chromosomes in sorghum 654.

Draft assembly size (bp) 736,983,944

Contigs 162

Max contig length (bp) 81,086,248

Average contig length (bp) 4,549,283

Contig N50 (bp) 69,958,719

Contig L50 5

Contig N90 (bp) 52,021,175

Contig L90 10

Gaps 2

Telomeres 20

T2T chromosomes 8

Table 3.  Genome features of sorghum 654 draft assembly.
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in situ hybridization (FISH) steps following published protocol in sugarcane19 and maize20. Slides were inocu-
lated overnight at 37°C, washed for 5 minutes in 2 × SSC (RT), for 10 minutes in 2 × SSC (RT), and for 3 min-
utes in 1 × PBS (RT), finally dried, and counterstained with 10 µL of 4, 6-diamidino-2-phenylindole (DAPI). 
Chromosomes were imaged using an Olympus BX53 microscope. A total of 10 pairs (2n = 10) of sister chromat-
ids were detected in inbred line 654 (Fig. 4).

T2T genome assembling.  Hifiasm v0.19.7-r59821 was employed to generate the draft genome assembly 
(V1) of sorghum 654 using HiFi, ul-ONT, and Hi-C reads with T2T assembly model (hifiasm -t 32 --h1 Hi-C_
R1.fq.gz -- h2 Hi-C_R2.fq.gz -- ul ul-ONT.fq.gz HiFi.fq.gz). The V1 draft genome assembly comprises 162 contigs 
(N50: 69.96 Mb and N90: 52.02 Mb) in size of 736.98 Mb (Table 3). The V1 draft genome assembly was aligned 
with the reference genome BTx623 using Mummer v4.0.0rc122 (nucmer–mum -t 32 -b 500 -c 100 -l 10000), then 

Fig. 5  T2T genome assembly finished by gap filling. (a) Two gaps in draft genome assembly shown by Mummer 
against reference genome BTx623. (b) Gap1 in chromosome 1 fixed by 358 copies of 45S rRNA array and Gap2 
in chromosome 9 fixed by 690 copies of 5S rRNA unit clusters.

Fig. 6  Hi-C chromatin interaction heat map.
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the top 12 longest contigs were reordered and rearranged into chromosome-level assemblies (V2) with only 2 
gaps (Gap1 in Chromosome 1 and Gap2 in Chromosome 9), according the virtualization of alignments (mum-
merplot–png–large -f) (Fig. 5a).

Contigs assembled from whole HiFi reads or gap flanking region mapped HiFi reads, were failed to close 
any gaps. The boundary sequences of Gap1 in Chromosome 1 were nearly identical repeats of 45S rRNA array 
(consist of 18S, 5.8S, and 28S rRNA subunits) identified by Infernal v1.1.523 using Rfam v14.724 (cmscan -Z 100 –
cut_ga --rfam–nohmmonly --fmt 2 --cpu 60 --tblout). And mapped long reads were also identical repeats of 45S 
rRNA array. So Gap1 was fixed with artificial model sequence of 45S rRNA array with the mean copies estimated 
using Blastn v2.1425 against mapped HiFi and ONT reads (-task megablast -max_hsps 5000 -max_target_seqs 
100000) (Fig. 5b). Similarly, Gap2 in Chr09 was fixed with artificial model sequences of the mean copies of 5S 
rRNA units (Fig. 5b). Finally, we got a complete T2T genome assemblies of 654 (654-T2T) in size of 724.37 Mb, 
by filling artificial model sequences of 358 copies of 45S rRNA assays in Gap1 in chromosome 1 (much higher 
than other genomes including BTx623, Ji2055, and Cuohu Bazi), and 690 copies of 5S rRNA units in Gap1 in 
chromosome 9 (Figs. 1, 5 and Table 1).

Fig. 7  T2T genome quality assessment. (a) Whole genome alignment shown by Mummer. (b) Genome 
coverage shown by HiFi and ul-ONT reads. (c) Base accuracy and assembly completeness assessed by Merqury 
using HiFi reads. (d) Assembly and gene set BUSCO completeness against embryophyta_odb10 (n = 1614) 
database.

Chr

Telomeres (CCCTAAA/TTTAGGG)n Centromeres

5′ repeat copies 3′ repeat copies 137-bp tandem repeat copies Length (bp)

Chr1 1,011 1457 28,955 5,477,715

Chr2 1,296 1005 34,789 6,167,606

Chr3 1,551 1191 47,578 9,325,421

Chr4 1,967 1558 40,092 8,560,658

Chr5 1,398 1299 45,479 7,521,374

Chr6 1,442 1196 40,445 6,584,381

Chr7 1,287 1088 34,197 6,837,451

Chr8 1,613 7 38,931 6,772,259

Chr9 1,461 1678 48,726 9,627,688

Chr10 1,644 1440 41,126 6,921,375

Table 4.  Telomeres and centromeres identified by tandem repeats.
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Evaluation of the genome assembly.  The T2T genome assembly quality was assessed by a series of 
methods. Raw reads were mapping to genome assembly using repeat sensitive long-read mapping algorithm 
Winnowmap v2.0326 for HiFi (-ax map-pb) and ul-ONT (-ax map-ont) reads. The mapping rate (mapped reads 
/ total reads) was calculated by Samtools v1.16.127 and revealed 99.14% for HiFi reads, 99.98% for ul-ONT reads 
(Table 2). Hi-C reads were mapped by in 3D-DNA v20100828, then generated a Hi-C chromatin interaction heat 
map by Juicebox v2.20.0029 to check chromosome integrity and continuity (Fig. 6). The 654-T2T genome assembly 
was aligned with the reference genome BTx623 using Mummer v4.0.0rc122 to generate a whole-genome plotting 
and see genome collinearity (Fig. 7a) (nucmer–mum -t 32 -b 500 -c 100 -l 10000; mummerplot–png–large -f).  
Genome coverage (window = 1 Mb, step = 100 kb) was assessed by Sambamba v1.0.030 (sambamba depth win-
dow -t 40 -w 1000000 --overlap 900000) and found universal genome coverage along whole chromosomes 
(Fig. 7b). Base accuracy was evaluated by reference-free k-mer based assembly evaluation Merqury v1.331 using 
HiFi reads (meryl count k = 19 654_HiFi.fa.gz output 654.HiFi.meryl; merqury.sh 654.HiFi.meryl 654-T2T.fa 
654_merqury). The base quality value score (QV) of 654-T2T genome assembly is 64.72, which means extremely 
low base error (3.37 × 10−7, <1 bp per 1 Mb), slightly higher than that of BTx623v3, BTx623-CAS and Cuohu 
Bazi (Table 1 and Fig. 7c). LTR Assembly Index (LAI)32 was calculated by LTR-retriever v2.9.433 based on the 
intact LTR retrotransposons in assembly. The LAI is 24.38 (>20) suggests 654-T2T assembly touches the high-
est gold-stand, and does not diff significantly from other T2T genomes (Table 1). BUSCO completeness was 
performed by BUSCO v5.5.034 using benchmarking universal single-copy orthologs from embryophyta_db10 
(n = 1614) in genome model (busco -i 654-T2T.fa -l embryophyta_db10 -m geno for genome assembly or prot for 
gene annotation). The BUSCO completeness is 98.33% and 98.70%, for 654-T2T assembly and gene set, respec-
tively (Fig. 7d).

The identification of telomeres and centromeres.  Telomeres and centromeres were detected by 
associated simple repeats using TRF v4.0935 (trf 1 1 2 80 5 200 2000 -d -h -r). The chromosome 5′ or 3′ end 
regions with the 7-bp telomere simple repeat (CCCTAAA / TTTAGGG)n clusters were defined as telomeres 
(awk ‘$3==7 & & $4>=100). All of the 20 telomeres were identified in the 10 chromosomes of 654-T2T genome 
assembly, most of them with thousands copies of 7-bp telomeric simple repeats (from 1,011 to 1,967). The 3’ end 
of chromosome 8 only have 7 copies, which may still have some bug need to fix in future (Table 4).

All of the 10 centromeres were identified by the 137-bp sorghum centromere associated simple repeats36, 
each one with thousands clustered copies (awk ‘$3==137 & & $4>=100). The 10 centromeres of 654-T2T 
assembly are in average length of ~7.38 Mb, consist of average ~40,032 copies (28,955 to 48,726) of the 137-bp 
simple tandem repeats (Table 4).

Repeat sequence identification and masking.  de novo transposable element (TE) families in 654-T2T 
genome assembly were identified and classified by RepeatModeler v2.0437. Then the de novo TE families were 
used as query library to detect and mask repeats in 654-T2T genome assembly using RepeatMasker v4.1.538. The 

Type Main repeats Elements Length (bp) Percentage

Interspersed repeats

LINE 9,947 6,573,665 0.90%

SINE 4,113 602,665 0.08%

LTR/Copia 31,223 41,225,423 5.66%

LTR/Gypsy 114,329 283,909,278 38.96%

DNA/CMC-EnSpm 36,242 25,596,044 3.51%

DNA/MULE-MuDR 14,201 5,489,301 0.75%

DNA/PIF-Harbinger 94,219 20,781,512 2.85%

DNA/TcMar-Stowaway 34,197 5,737,800 0.79%

Unclassified 28,624 5,833,770 0.80%

Tandem repeats

Satellites 6,788 41,887,900 5.75%

Simple repeats 190,578 9,147,485 1.26%

Low_complexity 27,793 1,401,146 0.19%

Table 5.  Repeat sequences in sorghum 654-T2T assembly.

Functional annotation database Genes

GO 11,494

KEGG 8,333

Pfam 28,839

KOG 28,931

CAZys 686

All annotated 30,245

Table 6.  Summary of gene functional annotation.

https://doi.org/10.1038/s41597-025-04791-6
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654-T2T genome assembly contains a total of 62.34% repeat sequences, of which, the highest abundance repeat 
is the long terminal repeat (LTR) retrotransposon Gypsy (38.96%), next is satellites (5.75%) and LTR retrotrans-
poson Copia (5.66%) (Table 5).

Gene annotation.  Protein-coding genes in 654-T2T genome assembly was identified by BRAKER 
v3.0339 using both of ab initio prediction and evidence-based prediction (braker.pl–genome = 654-T2T.fa–
prot_seq = homo_prot.fa–bam = RNA.bam). Both of RNA sequencing data (Table 2) and homologous pro-
teins from crop genome database Gramene (http://gramene.org/), including maize (B73 AGPv4), sorghum 
(NCBIv3), rice (IRGSP1.0), and Arabidopsis (TAIR10), were used and obtained 44,399 protein-coding 
genes. Gene functional annotation were performed by eggNOG-mapper v2.1.940 and revealed 30,245 func-
tional annotated genes, including 11,494 genes with GO41 terms, 8,333 genes with KEGG42 terms, 28,839 
genes with Pfam43 terms, 28,931 genes with COG44 terms, and 686 Carbohydrate-Active Enzymes (CAZys)45, 
(Table 6 and Table).

Unique genes in 654-T2T assembly.  Whole-genome representative proteins were selected (one gene 
one protein) and clustered with other varieties (including BTx623-AGI, Ji2055, Cuohu Bazi, Hongyingzi 
and Huandiaonuo) using OrthoFinder v2.5.446 (orthofinder -f./Proteins -M msa). We obtained 22,637 core 
orthogroups (19,744 single-copy orthogroups) present in all of the six varieties, 465 variety-specific orthogroups, 
and 9,042 singletons not assigned in any orthogroups (Fig. 8a). A total of 1,611 genes were unique in the variety 
654, and revealed top5 Pfam enrichment terms including putative gypsy type transposon (85 genes), integrase 
core domain (47 genes), zinc knuckle (45 genes), integrase zinc binding domain (45 genes), RNA-dependent 
DNA polymerase (42 genes)(Fig. 8b).

Data Records
The T2T genome assembly with gene annotations have been deposited in the Genome Warehouse database 
(GWH, accession: GWHFFNS00000000.147) in the China National Center for Bioinformation (CNCB) and also 
in the NCBI GenBank (accession: JBLVXU000000000.148). The raw sequence data including HiFi, ul-ONT, Hi-C, 
and RNA-seq reads have been deposited in the Genome Sequence Archive (GSA, accession: CRA01955449) and 
co-deposited in the NCBI Sequence Read Archive (SRA, accession: SRP56483750). The genome assembly data 
and annotation data have also been shared on the Figshare database51.

Technical Validation
The 654-T2T genome assembly quality was assessed in completeness, contiguity and correctness. For complete-
ness, we revealed 99.14% HiFi and 99.98% ul-ONT reads mapping rate, 98.25% Merqury completeness, 98.33% 
BUSCO completeness (1587 Complete, 11 fragment and 16 missing BUSCOs from embryophyta_odb10, 
n = 1614) and LAI of 24.38. For contiguity, the 654-T2T genome assembly consists of 10 gap-free chromosomes 
with all of 20 telomeres and 10 centromeres, has well whole genome collinearity with reference genome BTx623, 
and no chromosome assembly error detected by uniform genome coverage along chromosomes or Hi-C chro-
matin interaction heat map. For correctness, the average base error of 654-T2T genome assembly evaluated by 
Merqury is 3.37 × 10−7 (QV: 64.72).

Fig. 8  Pfam function of 654 unique genes. (a) 654 variety-specific gene analysis using homologous gene 
clustering. (b) Top20 Pfam functional analysis of 654 unique genes.
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Code availability
No custom script was used in this work. All analyses were using publicly available software according to the 
corresponding manual and protocols. The Methods section provides detailed information about the versions and 
specific parameters of each software. The default parameters were applied if no specific parameters mentioned.
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