
A telomere-to-telomere reference genome 
assembly of tomato cultivar ‘Heinz 1706’

Dear Editor,

Tomato (Solanum lycopersicum) is one of the most important 

vegetable crops globally. As a model plant for genetic and 

genomic research, it has been extensively studied, particularly 

for insights into fruit development and the mechanisms behind bi-

otic and abiotic resistance. While the first tomato genome assem-

bly of the cultivar ‘Heinz 1706’ was released over a decade ago 

(Tomato Genome Consortium, 2012), the latest ‘SL5.0’ version, 

assembled using Pacific Biosciences HiFi sequencing data 

(Zhou et al., 2022), remains incomplete, with 31 gaps, 21 

missing telomeres, and a lack of information about 45S 

ribosomal RNA genes (rDNAs). Recently, advances in ultra-long 

Oxford Nanopore Technologies (ONT) sequencing technology 

have enabled the assembly of many telomere-to-telomere (T2T) 

plant genomes. It is crucial to provide such a T2T tomato refer-

ence genome for genomic and evolutionary studies.

We obtain 95.7 Gb of ultra-long ONT reads (∼98× coverage 

of high-quality reads with lengths > 50 kb and base accuracy > 

99%, ∼Q25 on average) and 11.8 Gb of Illumina short reads from 

‘Heinz 1706’ (Supplemental Table 1; Supplemental Figure 1A). 

Using the high-quality ONT reads as input to Hifiasm (Cheng 

et al., 2024), we obtained an assembly that included 10 complete 

chromosomes, each with two telomeres, a nearly complete 

chromosome 3 with one telomere, a partial chromosome 2 with 

one telomere, and 4 additional contigs longer than 1 Mb that 

were mainly composed of 45S rDNAs (including a telomere in a 

single contig) (Supplemental Table 2). Using overlapping ONT 

reads, chromosome 3 was completed by extending the 

chromosome end with the missing telomere (Supplemental 

Figure 2A). Chromosome 2 was further built by scaffolding the 5 

rDNA-containing contigs (Supplemental Table 2) with 4 gaps, 

each represented by 100 ‘‘N’’. After correction using the Illumina 

short reads for homozygous SNPs and small insertions or 

deletions (Supplemental Table 3), the final genome sequence 

(designated SL-T2T) had a total size of 831.45 Mb with a contig 

N50 size of 68.49 Mb. Composed of 12 chromosomes with all 24 

telomeres, the genome was completely assembled except for 

the 45S rDNA region on chromosome 2 (Figure 1A; Supplemental 

Tables 4 and 5).

To examine the assembly quality, we first combined the previ-

ously released HiFi reads (∼43× coverage) (Zhou et al., 2022) 

with the high-quality ONT reads to obtain an assembly consisting 

of 12 chromosome-level contigs using Verkko (Rautiainen et al., 

2023). A comparison of SL-T2T, SL5.0, and the major contigs 

of the Verkko assembly showed only small discrepant regions 

(up to 46 kb) that were caused either by heterozygosity 

(probably due to the mixed seeds used in this study) or by 

sample differences between the ONT and HiFi sequencing 

(Supplemental Figures 2B and 2C; Supplemental Table 6), with

the exception of the extra sequences present in SL-T2T. We 

next checked the mapping rate of ONT, HiFi, and Illumina reads 

on SL-T2T. These were 100%, 100%, and 98.15%, respectively, 

with uniform depth of coverage throughout the genome except in 

the 45S rDNA region (Supplemental Figure 3A). Visual inspection 

in the Integrative Genomics Viewer (https://igv.org/) of all satellite 

DNA regions confirmed the contiguous mapping of ONT reads. 

Finally, SL-T2T was assigned a Merqury quality value estimate 

of 53.39, a completeness score of 99.66% (k-mer length of 25 

and k-mer multiplicity > 22) (Supplemental Figure 1B), and a 

Benchmarking Universal Single-Copy Orthologs score of 

98.6%. Taken together, these results demonstrate the high 

base accuracy and completeness of SL-T2T.

Compared with SL5.0, SL-T2T contained a total of 29.67 Mb of 

additional sequences, the majority (84.51%) of which were 45S 

rDNAs and other tandem repeats. Among the 31 gaps in SL5. 

0 (Figure 1A), the largest was 362 kb (Supplemental Figure 4). All 

other gaps were shorter than 100 kb, including nine surrounded 

by overlapping repetitive sequences. Compared with SL-T2T, 

SL5.0 also contained two erroneously inverted (an example is 

shown in Supplemental Figure 4) and three erroneously 

translocated sequences with a total length of 371 kb and 23 kb, 

respectively. The gap-free assembly of all of these regions in SL-

T2T, supported by contiguous ONT read mapping, highlights the 

superiority of the ultra-long, highly accurate ONT reads for 

assembling complex regions.

We annotated a total of 36,006 genes in SL-T2T, of which 22,784 

were functionally annotated (including 254 genes transferred 

from SL5.0). Among the SL-T2T genes, 31,350 matched with 

SL5.0 annotation, and 23,294 matched with gene structures in 

SL5.0. We found that the SL-T2T genes that differed 

from SL5.0 usually had better transcriptome evidence (an 

example is shown in Supplemental Figure 3). Moreover, we 

identified 66.51% of the SL-T2T genome as repetitive 

sequences, including approximately 61.09% of transposons 

and 4.94% of tandem repeats, which included two satellite 

DNAs, SlSat181 and SlSat141, and two minisatellite DNAs, 

SlSat53 and SlSat35 (Supplemental Table 7; Supplemental 

Figures 1C and 5).

Using the previously reported tomato centromere-enriched re-

petitive sequence TGRIV (Chang et al., 2008), we identified 12 

centromeres with a total length of 40.90 Mb in SL-T2T 

(Figures 1B and 1C). A total of 582 annotated genes (including 

195 functionally annotated) were found in the centromeric 

regions, with a gene density far below the genome average 

(14.2 vs. 43.3 genes per Mb). SL-T2T contained only 1.24 Mb of 

tandem repeats in the centromeric regions, consistent with a pre-

vious report showing that the centromeric regions of Solanaceae 

species are primarily composed of long terminal repeat (LTR)
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Figure 1. Summary of SL-T2T genome features.

(A) Comparison of the SL-T2T and SL5.0 genomes.

(B) Identification of the putative centromere on chromosome 4 using the centromere-enriched repetitive sequence TGRIV. The distribution of LTR ret-

rotransposons and tandem repeats is also shown.

(C) Distribution of tandem repeats, transposons, and genes in the putative centromeres.

(D) Distribution of CG, CHG, and CHH methylation sites, as well as genes, tandem repeats (TRs), and LTR retrotransposons on chromosome 6.
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retrotransposons (Figure 1B; Supplemental Table 8) (Chen 

et al., 2024).

The satellite sequence SlSat181, with a tandem repeat unit length 

of 181 bp, was identified in 21 of the subtelomeric regions with a 

tandem array size ranging from 100 kb to 1.1 Mb. SlSat181 was 

also found in the centromeres of chromosomes 2 and 5 with total 

lengths of 480 and 7 kb, respectively (Figure 1A). The 35-bp min-

isatellite DNA SlSat35 was widely distributed across the genome, 

including all 12 centromeric regions, repeated a total of 57,254 

times (Supplemental Figure 1C). In addition, a single 5S rDNA 

array was found at 33.87–34.58 Mb on chromosome 1, 

containing 1,918 units and a single LTR retrotransposon.

It was previously known that the beginning of chromosome 2 

contains a large amount of 45S rDNA, with an estimate of 2,300 

units (Chang et al., 2008). Based on the total number of 45S 

rDNA units in the ONT data, we estimated that the ‘Heinz 1706’ 

genome contained approximately 3,400 complete 45S rDNA 

units. We found that the 45S rDNA array in SL-T2T, which 

adjoins the telomere, contained 2,105 complete units, with a 

total length of 19.11 Mb. All 45S rDNA units on chromosome 2 

are possibly oriented in the same direction, as no adjacent units 

in the opposite direction were observed in the ONT reads. 

Outside of chromosome 2, a single unit of 45S rDNA was 

located at 24.38 Mb on chromosome 11. The incompleteness 

of the assembled 45S rDNAs in SL-T2T was evidently caused 

by the presence of large number of nearly identical 45S units, 

since the average sequence similarity was 99.92% between the 

assembled repeat units including the intergenic spacers 

(Supplemental Figure 6A), and the average sequence similarity 

of 98.24% between the repeat units in the ONT reads 

(Supplemental Figure 6A) was very close to the limit set by the 

ONT read accuracy of Q25 as well. To assess sequence 

variation among the 45S rDNA repeat units, we identified a total 

of 11 SNPs and 62 small insertions or deletions (≤ 5 bp) at a 

minor allele frequency ≥ 0.05 (Supplemental Figures 6B–6E). 

These variations were consistent between the assembled 

sequence and the ONT reads but did not show characteristic 

patterns that could divide the repeat units into distinct 

subgroups. To better understand the evolutionary pattern of the 

45S rDNA in tomato, we also computed the copy number (6–1, 

551) and average sequence similarity (89.45%–97.02%) of the 

45S rDNA units in several recently published Solanaceae T2T 

genomes (Supplemental Table 9). The largest 45S rDNA size 

and unit similarity of SL-T2T among these species indicated a 

recent burst of expansion of the 45S rDNA in tomato after 

it diverged from potato.

In addition to the complete 45S rDNA units, we also identified two 

pseudo-45S rDNA regions containing only partial 18S or 28S 

rDNA sequences, located on chromosome 6 at 12.30–16.56 Mb 

(including six 18S units and 28 28S units) and on chromosome 

11 at 18.06–21.90 Mb (including 44 18S units and 53 28S units) 

(Supplemental Figure 6F). These pseudo-45S regions on chro-

mosomes 6 and 11 contained a high proportion of LTR retrotrans-

posons (18.49% and 36.14% of the entire region, respectively), 

whereas the 45S rDNA region on chromosome 2 contained only 

miniature inverted-repeat transposable elements (12%). The 

45S rDNA region also contained two types of tandem repeats in 

the intergenic spacers: SlSat141 with a unit length of 141 bp

and SlSat53 with 53 bp (Supplemental Figure 5). The two 

pseudo-45S regions were composed mainly of the minisatellite 

SlSat53 (Supplemental Figure 6F), which had undergone 

extensive expansion compared to its presence in the 45S rDNA 

region. SlSat53 was also found on chromosome 8 at 10.06– 

13.49 Mb, athough no 45S rDNA sequences were identified in 

that region. These results suggest that the pseudo-45S rDNA re-

gions evolved from the degradation of 45S rDNAs and the expan-

sion of the minisatellite SlSat53.

DNA methylation at cytosine bases (5mC) in plant genomes can 

occur at CpG dinucleotide sites (designated mCG) or CHG (H = 

A, T, or C) and CHH trinucleotide sites (mCHG or mCHH). Using 

the ONT sequencing data, we identified a total of 48,498,625 

methylation sites in SL-T2T (Supplemental Tables 10 and 11). 

The number and proportion of mCGs in the tandem repeats 

were markedly higher than the genome-wide averages (142.01 

vs. 37.65 sites/kb and 98.23% vs. 92.09%, respectively) 

(Figure 1D; Supplemental Figure 7), consistent with methylation 

patterns observed in the human genome (Francastel and 

Magdinier, 2019) and suggesting a potential role for mCGs in 

maintaining genome integrity in tomato. The proportions of 

mCG and mCHG in LTR retrotransposons also increased 

substantially compared with genome-wide averages (98.65% 

vs. 92.09% and 59.98% vs. 43.74%, respectively), consistent 

with the established function of DNA methylation in transposon 

silencing to maintain genome stability (Zhang et al., 2018). 

Notably, the densities of mCG and mCHG in 45S rDNAs were 

the highest among all genomic features, possibly reflecting 

selective expression within the nucleolar organizing region 

(Woo and Richards, 2008). Similarly, mCHH density was 

elevated in gene upstream regions (within 500 bp) (8.71 vs. 

3.86), consistent with a regulatory role for mCHH in gene 

expression (Henderson and Jacobsen, 2008). Together, these 

results highlight the distinct functions of the three types of 

methylation sites in the tomato genome, and the observed 5mC 

landscape aligns with their proposed biological functions.

In summary, we generated a highly accurate 831.45-Mb T2T 

genome assembly of the tomato cultivar ‘Heinz 1706’, providing 

a new reference genome to facilitate tomato genomics research 

and genetic improvement.
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