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Super-pangenome analyses highlight 
genomic diversity and structural variation 
across wild and cultivated tomato species
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Effective utilization of wild relatives is key to overcoming challenges in 
genetic improvement of cultivated tomato, which has a narrow genetic 
basis; however, current efforts to decipher high-quality genomes for 
tomato wild species are insufficient. Here, we report chromosome-scale 
tomato genomes from nine wild species and two cultivated accessions, 
representative of Solanum section Lycopersicon, the tomato clade. Together 
with two previously released genomes, we elucidate the phylogeny of 
Lycopersicon and construct a section-wide gene repertoire. We reveal the 
landscape of structural variants and provide entry to the genomic diversity 
among tomato wild relatives, enabling the discovery of a wild tomato 
gene with the potential to increase yields of modern cultivated tomatoes. 
Construction of a graph-based genome enables structural-variant-based 
genome-wide association studies, identifying numerous signals associated 
with tomato flavor-related traits and fruit metabolites. The tomato 
super-pangenome resources will expedite biological studies and breeding 
of this globally important crop.

Tomato (Solanum lycopersicum L.) is among the most important veg-
etable crops in terms of global production (http://www.fao.org/faostat/
en/#data/QCL), also serving as a classic model system for genetic, 
developmental and physiological studies of fleshy fruits1. It belongs 

to the genus Solanum in the nightshade family Solanaceae. Cultivated 
tomatoes have lost substantial genetic diversity owing to a domestica-
tion bottleneck and intensive artificial selection in pursuit of bigger 
fruits and higher yield2, which has impeded tomato improvement. 
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and utilization of genetic variants in tomato wild relatives. Recently, 
it was highlighted that a super-pangenome that includes genomic 
information of many diverse species, especially wild relatives within 
a genus, could expedite crop improvement23. Therefore, it is neces-
sary to assemble additional reference genomes for tomato wild rela-
tives to accelerate biological studies and genetic improvement in 
tomato. In this study, we construct a section-wide super-pangenome 
by de novo assembling 11 chromosome-level genomes from ten 
tomato species, representing major clades of tomato wild relatives 
and their cultivated counterparts in Lycopersicon. Comparative analy-
ses reveal the panorama of genomic content, evolutionary history 
and structural variation across tomato species, empowering the dis-
covery of a wild tomato gene that has the potential to increase yield 
in modern cultivated tomatoes. These results will provide insight 
for the construction and exploitation of super-pangenomes in other  
crop species.

Results
Eleven wild and cultivated tomato reference genomes
To represent the diversity of wild and cultivated tomato species, we 
selected nine wild tomatoes (eight species from Solanum section Lyco-
persicon: S. habrochaites, Solanum chilense, Solanum peruvianum, 
Solanum corneliomulleri, Solanum neorickii, Solanum chmielewskii, 
S. pimpinellifolium and S. galapagense; and one from Solanum sec-
tion Lycopersicoides: S. lycopersicoides) and two diverse domesti-
cated tomatoes (S. lycopersicum var. cerasiforme and S. lycopersicum 
var. lycopersicum cv. M82; Table 1). We assembled a high-quality 
chromosome-scale reference genome of wild tomato S. galapagense 
‘LA0436’, using a hybrid assembly approach integrating Pacific Bio-
sciences (PacBio) sequencing, optical genome mapping (Bionano 
Genomics) and high-throughput chromosome conformation cap-
ture (Hi-C; Supplementary Note and Supplementary Tables 1–5). The 
802-Mb final assembly had a contig N50 length of 15.5 Mb, and more 
than 99.5% of sequences in the final assembly were anchored to the 
12 chromosomes, higher than the corresponding percentages for 
the three existing reference genomes ‘LA2093’ (99.0%), ‘Heinz 1706’ 
(97.5%) and ‘LA716’ (93.6%) (Table 1). The ten other tomato genomes 
were also assembled at chromosome level using the above-mentioned 
strategy, except that Bionano data were not generated. These 

By contrast, wild tomatoes in Solanum section Lycopersicon, which 
have adapted to various ecological environments in western South 
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genomes had monoploid assembly lengths ranging between 770.0 Mb  
(S. chmielewskii) and 1.2 Gb (S. lycopersicoides), close to their predicted 
genome sizes (Table 1 and Supplementary Tables 6 and 7). More than 
99% of Illumina short reads and 95.7% of ESTs could be mapped to the 
11 tomato genome assemblies, and 94.0% of embryophyte Benchmark-
ing Universal Single-Copy Orthologs (BUSCO)24 were captured in these 
assemblies, indicative of their high completeness (Supplementary  
Tables 8–10).

We combined ab initio prediction, homology search and transcrip-
tome mapping approaches for protein-coding gene prediction (Meth-
ods), resulting in gene numbers ranging from 31,613 (S. chmielewskii) 
to 34,375 (S. chilense), similar to that of Heinz 1706 (35,768) but fewer 
than that of LA716 (44,965) (Table 1). A total of 81.7% to 89.5% of exons 
of the predicted genes were supported by transcript data, suggesting 
the high quality of gene predictions. All assembled genome sequences 
and annotations are publicly accessible through a web-based database 
(http://caastomato.biocloud.net).

Eukaryotic genomes are rich in transposable elements (TEs), 
which shape genome evolution through expansions, eliminations 
and transpositions25. The TE contents of the 11 tomato genomes 
ranged from 64.3% to 74.5%, with long terminal repeat retrotrans-
posons (LTR-RTs) representing the most abundant class of TE  
(Fig. 1a). A higher abundance of Gypsy LTR-RTs was found in S. lycoper-
sicoides, which possibly contributed to it having the largest assembled 
genome size (1.2 Gb) among the tomato species22 (Fig. 1a). To trace 
the evolutionary history of the expanded TEs in S. lycopersicoides, we 
estimated insertion times of 162,216 intact LTR-RTs and detected a 
lineage-specific burst of Gypsy LTR-RTs occurring c. 2 million years ago 
(Ma) in S. lycopersicoides, after its divergence from potato, probably 
leading to its large extant genome (Supplementary Fig. 3). Notably, 
we observed recent amplification of Gypsy and Copia LTR-RTs in four 
wild tomato species (S. lycopersicoides, S. corneliomulleri, S. peru-
vianum and S. chilense; Supplementary Fig. 3), implying that these 
wild species may have increasing degrees of genomic diversity and 
environmental adaptability compared with cultivated tomatoes. These 
results provide insight into the role of TEs in genome evolution of the  
Solanum genus.

Phylogeny of Lycopersicon and neighboring species
Reconstructing the phylogeny of Lycopersicon species has been prob-
lematic owing to the conflict between gene trees and morphological 
trees, especially for the wild tomato clade3. The phylogenetic relation-
ship between S. pennellii and other tomatoes remains unresolved6, 
owing largely to limited available genomic data, despite S. pennellii 
being considered to be a unique group based on morphological clas-
sification. Using 9,343 single-copy orthologous genes, we inferred 
the phylogeny of ten wild and three domesticated tomatoes, using 
potato (Solanum tuberosum) as an outgroup; the results indicated that 
section Lycopersicoides (including S. lycopersicoides) was sister to sec-
tion Lycopersicon (Fig. 1b), consistent with previous research3. Based 
on the phylogeny, we resolved the polytomy issue in Lycopersicon and 
unambiguously classified Lycopersicon species into four main clades. 
Clade I encompassed two species, S. pennellii and S. habrochaites, which 
diverged from the common ancestor of the other wild and cultivated 
tomatoes (except S. lycopersicoides) c. 1.97 Ma. Clade IV, which com-
prised domesticated tomatoes and two closely related wild species 
(S. galapagense and S. pimpinellifolium), divided from the ancestor 
of clade III (S. neorickii and S. chmielewskii) approximately 1.73 Ma. 
Similar to a recent study of Oryza genus evolution26, a few conflicts 
were observed between the phylogeny constructed using genes from 
one chromosome and that built using whole-genome genes (Fig. 1b 
and Supplementary Fig. 4). For example, within Lycopersicon, phylo-
genetic analyses using genes from chromosomes 1, 2, 9 and 11 showed 
that S. pennellii was sister to other wild and cultivated tomato species, 
rather than clustering into a monophyletic group with S. habrochaites 
as inferred from the genome-wide phylogeny (Supplementary Fig. 4), 
suggesting possible incomplete lineage sorting and/or hybridization 
events. These results enhance our understanding of the evolutionary 
history within Solanum section Lycopersicon.

Super-pangenome of tomato
Although pangenomes for cultivated tomato and its close wild relatives 
have been reported13, the gene pool of Lycopersicon, which contains 
wild and cultivated tomato species, remains largely inaccessible. Here, 
we extended the tomato pangenome that integrates genomes from 
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previous tomato pangenome13 were captured in our super-pangenome 
(Supplementary Table 13), and we also identified 9,320 nonredundant 
genes absent from the reported tomato pangenome13 (Supplementary 
Note and Supplementary Table 14), indicating the rich diversity of the 
13 wild and domesticated tomatoes. This super-pangenome dataset 
lays a foundation for exploration and exploiting of genes or alleles in 
wild tomato species.

Extensive variation among wild and cultivated tomatoes
Despite efforts to characterize genetic variants among cultivated toma-
toes and their proposed progenitor species S. pimpinellifolium12,13,16, 
the genetic diversity among distantly related wild tomato species, for 
example, S. peruvianum, S. habrochaites and S. chilense, remains poorly 
explored. We identified 2.0–8.1 million SNPs and 0.6–1.5 million small 
indels (≤50 base pairs (bp) in size) in the 12 tomato genomes, relative 
to the reference S. galapagense genome. The total number of SNPs 
and small indels (42.4 M) was much higher than that of each acces-
sion (Supplementary Tables 15 and 16), suggesting a diverse nature 
among the 12 wild and cultivated tomato accessions (Supplementary 
Note). Leveraging genome alignments, we identified 103,333 inser-
tions, 119,794 deletions, 41,960 CNVs, 23,516 translocations and 1,320 
inversions (<1 Mb in length) in the 12 tomato accessions compared with 
the S. galapagense genome (Supplementary Tables 17 and 18). Species 
in clade II (S. chilense, S. peruvianum and S. corneliomulleri) contained 
markedly varied numbers of SVs (Fig. 2b), possibly associated with the 
recent proliferation of LTR-RTs in those genomes (Supplementary  
Fig. 3). The majority of insertions, deletions and CNVs were shorter than 
2 kb, 2 kb and 8 kb, respectively, and most of the translocations had 
lengths shorter than 20 kb, whereas some inversions were longer than 
300 kb (Supplementary Fig. 17). We found that insertions and deletions 
were more likely to be found at both ends of the chromosomes, consist-
ent with previous studies12,20, whereas inversions and translocations 
were randomly distributed along the 12 chromosomes (Fig. 2c). SVs 
were more likely to occur at repeat regions than nonrepeat genomic 
regions (Student’s t test, P = 1.03 × 10−4). We further identified 5,186 
large indels (>50 bp) fixed either in all wild or all domesticated tomato 
genomes investigated in this study, some of which led to insertions of 
protein-coding genes present only in certain wild tomato genomes 
(Supplementary Table 19 and Fig. 2d). Further functional characteriza-
tion of these variants may enable a better understanding of the genetic 
basis of phenotypic divergence between domesticated tomatoes and 
their wild relatives.

Previous studies have identified several SVs responsible for pheno-
typic variation, including a 1.4-kb deletion in the CSR gene resulting in 
increased fruit weight28, a 7.1-kb deletion in the LNK2 locus responsible 
for a light-conditional clock deceleration29, an 85-bp deletion in the 
promoter of ENO that regulates floral meristem activity30 and a CNV 
affecting NSGT associated with biosynthesis of a fruit flavor volatile 
guaiacol12. These SVs were all accurately detected in this study (Supple-
mentary Figs. 18–21), indicating the broad diversity of our collection. 
Two different alleles (4,724 bp and 4,151 bp) have been identified at 
149 bp upstream of TomLoxC, a gene encoding a 13-lipoxygenase; the 
4,151-bp allele was reported to contribute to desirable fruit flavor and 
is rare in cultivated tomatoes13. We found that S. pennellii, S. habro-
chaites, S. chilense and S. neorickii carried the 4,151-bp allele upstream 
of TomLoxC (Supplementary Fig. 22), suggesting that these wild spe-
cies have the potential to improve fruit flavor in cultivated tomato 
by backcrossing. The extensive variation among wild and cultivated 
tomato species presented herein provides access for further harness-
ing of the genetic diversity of distantly related wild tomato species in 
genomic-based breeding.

Hidden genetic diversity of tomato wild species
Large inversions have been reported to suppress recombination by 
reducing crossing-over31,32, resulting in severe linkage drag when 

conducting backcross breeding. To overcome this, it is necessary to 
choose donor lines without inverted segments harboring targeted 
genes. However, a holistic view of genome-wide inversions is not avail-
able, owing to the lack of chromosome-scale wild tomato genomes. 
Based on the 11 high-quality tomato genomes, we identified 12 (S. 
lycopersicum var. lycopersicum cv. Heinz 1706) to 42 (S. chmielewskii) 
megabase-scale inversions compared with the S. galapagense genome 
(Supplementary Table 20). Notably, a 7.1-Mb inversion on chromosome 
3, carrying 55 genes, was present in all clade IV tomato accessions com-
pared with other wild species (except S. pennellii) and was supported 
by clear chromatin interactions around the breakpoints when Hi-C 
reads of S. neorickii and S. chmielewskii were mapped to the S. galapa-
gense genome (Fig. 2e). This inversion might occur after the divergence 
between species from clade IV and other clades. Given that S. pennel-
lii does not carry this inversion within this region, this wild tomato 
species would be an ideal donor parent to introduce possibly favored 
genes within this 7.1-Mb segments into elite cultivars by backcrossing.

Previous research reported a tomato pan-SV map, which was built 
by long-read sequencing of 100 cultivated and closely related wild 
tomato accessions12. Compared with this pan-SV map, 180,314 out of 
the 224,447 SVs were exclusively identified in this study, of which 4,124 
(2.3%) were localized within coding regions (CDS) of 3,515 genes (Sup-
plementary Note and Supplementary Table 21), suggesting that the 
majority of SVs found in this study were captured owing to the inclusion 
of distantly related wild tomato species. Integrating our identified SVs 
with the pan-SV dataset generated 153,873 insertions, 203,364 dele-
tions, 2,952 inversions and 45,987 duplications in 112 tomato accessions 
(12 in this study and 100 in the pan-SV map), allowing us to investigate 
the divergence of SVs during tomato evolution. We divided these 112 
accessions into four groups: wild (19 non-S. pimpinellifolium wild acces-
sions), SP (22 S. pimpinellifolium accessions), SLC (24 S. lycopersicum 
var. cerasiforme accessions) and SLL (47 big-fruited S. lycopersicum var. 
lycopersicum accessions; Supplementary Fig. 24a). The vast majority 
of SVs displayed relatively low frequencies (<0.25) in all four groups, 
and accessions from the wild group contained a higher proportion 
of SVs with presence frequency between 0 and 0.25 (Supplementary 
Fig. 24b). We observed that 8,094 SVs exhibited significant frequency 
changes between the wild and cultivated (SLL and SLC) groups (Fish-
er’s exact test, false discovery rate (FDR) < 0.01; Supplementary Fig. 
24c), affecting upstream regions and exons of 2,585 genes. Functional 
analyses indicated that these genes were mainly enriched for biological 
processes such as meristem development and ammonium transport 
(Supplementary Fig. 24d). We further identified 388 highly divergent 
SVs between wild and cultivated tomatoes, which disrupted CDS of 
328 genes by causing frameshift, loss of exons or in-frame insertions 
(Supplementary Table 22). These results suggest that SVs in these 
distantly related wild tomatoes have undergone distinct evolutionary 
trajectories compared with cultivated tomatoes and their progenitors. 
Our analyses also provide a candidate dataset for further characterizing 
genes underlying phenotypes with great divergence between wild and 
cultivated tomatoes.

A wild tomato cytochrome P450 gene that increases yield
A major goal of tomato breeding is to increase yield by developing varie-
ties with larger fruit size and/or more effective shoot branches. Regula-
tion of shoot architecture is thus of great interest to the tomato research 
community33. Wild tomato species usually display a markedly greater 
number of lateral fruit-bearing branches than their domesticated coun-
terpart; however, whether we can introduce this trait into cultivated 
tomatoes, especially modern processing tomato varieties, remains elu-
sive. Among the 388 highly divergent SVs between wild and cultivated 
tomatoes that greatly affected gene CDS, a 244-bp deletion, showing 
the second most significant frequency change (FDR = 1.43 × 10−8; Sup-
plementary Fig. 24c), was present in the first exon of Sgal12g015720 
(Fig. 3a,b). This gene encodes a protein belonging to the cytochrome 
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P450 superfamily, which has been reported to play important parts in 
plant growth, development and secondary metabolite biosynthesis34. 
The 244-bp deletion was found in 22.22% of the 19 wild accessions and 
100% of cultivated tomatoes, which represented the derived state, as 
this deletion was absent from all the nine wild tomato species used in 
this study (Fig. 3a,b and Supplementary Fig. 25). Sgal12g015720 was 
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mapping of short reads from SV regions and thus SV genotyping38,39. We 
then genotyped these SVs in a tomato population comprising 321 acces-
sions2 and performed SV-based GWAS for 32 flavor-related compounds2 
and 362 fruit metabolites40. For comparison, we also called SNPs and 
indels from the 321 accessions and employed SNP-based GWAS.

Significantly associated signals were detected for 17 flavor vola-
tiles and 249 fruit metabolites. Surprisingly, we observed that only 
5.2% (161) of peaks (quantitative trait loci) overlapped (800-kb flank-
ing region) between SV-based and SNP-based GWAS results, and 21.3% 
(658) could only be identified by SVs. The remaining 2,263 (73.4%) 
were exclusively detected by SNPs (Fig. 4a,b and Supplementary Table 
23). Examples included a peak at 65.2 Mb on chromosome 10 that 
could only be detected using SVs, which was strongly associated with 
the content of geranylacetone (P = 7.91 × 10−9), one of the important 
tomato flavor volatiles contributing a leafy flavor to fruits (Fig. 4c and 
Supplementary Fig. 29). The leading SV was a 347-bp deletion, and 
the content of geranylacetone in tomato fruits significantly differed 

between accessions carrying the reference allele and those carrying 
the alternative allele (Student’s t test, P = 3.7 × 10−8, Fig. 4c). Similarly, 
we detected significantly associated SVs for the content of additional 
metabolites (Fig. 4d–f, Supplementary Figs. 30–32 and Supplementary 
Table 23). Tomato accessions carrying alleles of corresponding lead-
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species contains valuable breeding materials. However, the availabil-
ity of only a few wild tomato genomes has hampered the exploration 
and utilization of alleles and gene repertoire in those wild species. 
The chromosome-scale reference genomes for nine wild tomato spe-
cies presented here offer valuable resources for not only compara-
tive genomics but also biological studies and molecular breeding in 
tomato. Notwithstanding, our dataset still lacks three wild tomato spe-
cies in Solanum section Lycopersicon (Solanum cheesmaniae, Solanum 
huaylasense and Solanum arcanum). S. cheesmaniae is endemic to the 
Galápagos island with yellow to orange fruits41, whereas S. huaylasense 
and S. arcanum are wild tomatoes segregated from S. peruvianum42. 
Development of their genome sequences and annotation will further 
enrich our understanding of the biodiversity and evolutionary trajec-
tory within Lycopersicon.

Although pangenomes for numerous crops have been reported, 
most of them incorporated one or a few species43. Here, we con-
structed a super-pangenome by analyzing 11 distinct tomato species, 
representative of major wild and cultivated tomato clades. Coupling 
this with an existing dataset12, we identified a wild tomato gene that 
could increase fruit yield by an average of 67.1% in OE transgenic lines  
(Fig. 3d–f). As both OE lines and ILs carrying this gene had higher 
numbers of fruit-bearing branches (Fig. 3d and Supplementary Fig. 27),  
we anticipate its use in modern processing tomatoes. According to 
tomato population resequencing data, this gene was predominantly 
found in wild tomato accessions (52% of S. pimpinellifolium, 80% of  
S. cheesmaniae and 100% of S. galapagense), in contrast to a mere 6% and 
19% in cultivated tomato forms S. lycopersicum var. lycopersicum and  
S. lycopersicum var. cerasiforme, respectively (Supplementary Table 24). 
These results indicate that this gene, although potentially important, 
has not been widely utilized in tomato breeding programs. Backcross-
ing would be an ideal approach to introduce this gene into cultivated 
tomatoes from wild species. However, hybridization between wild and 
cultivated crops may lead to severe repression of genetic recombina-
tion, owing largely to the presence of large-scale genomic divergence, 
such as large inversions10,31. This may ultimately result in the introduc-
tion of exotic genomic fragments carrying unfavorable alleles that are 
hard to purge40. We did not observe chromosomal rearrangements 
between the genome of Heinz 1706 and those of eight out of the nine 
wild species surrounding this gene (Supplementary Table 25), suggest-
ing that introgression of this gene by backcrossing, when the donor 
parent is properly selected, would be less likely to cause linkage drag.

To facilitate the utilization of genetic diversity from our 
super-pangenome, we constructed a graph-based genome reference 
for wild and cultivated tomatoes by integrating SV information for 112 
tomatoes from 11 Solanum species into the linear reference sequence, 
offering a powerful platform for population-level SV genotyping. As 
previous research has suggested that SVs are more likely to be causal 
variants in tomato16, further studies could use this graph-based genome 
to perform SV-based association analyses to identify additional signals 
responsible for agronomically important traits. However, the current 
graph-based tomato genome is only capable of storing certain types of 
SVs: insertions, deletions and inversions. Other SVs of relatively high 
complexity, such as inverted duplications and translocations, cannot 
yet be integrated. Furthermore, SVs with multiple alleles are not repre-
sented in the graph, as downstream analytic pipelines can only handle 
biallelic variants. It is possible that an insertion with distinct inserted 
fragments in various individuals contributes to different phenotypic 
outcome. We anticipate further implementation of relevant tools and 
algorithms that could tackle these issues. This research will accelerate 
comparative genomics and biological studies in tomato and shed light 
on the utilization of super-pangenomes in crop improvement.
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Methods
Plant materials
Briefly, eight wild species from section Lycopersicon (S. galapagense, 
S. pimpinellifolium, S. chmielewskii, S. neorickii, S. corneliomulleri,  
S. peruvianum, S. chilense and S. habrochaites), one wild species from 
section Lycopersicoides (S. lycopersicoides) and two domesticated 
tomatoes (S. lycopersicum var. lycopersicum cv. M82 and S. lycopersicum 
var. cerasiforme) were collected. All seedlings were planted in Anningqu 
field test station of Xinjiang Academy of Agricultural Sciences.

De novo genome assembly
Methods for library construction and sequencing are provided in the 
Supplementary Note. Contig-level assemblies for the 11 representative 
accessions were conducted using a pipeline based on Canu (v.1.5)16,44 
with the following procedures: longer seed reads were selected with the 
settings corOutCoverage = 35; raw read overlapping was detected using 
a highly sensitive overlapper MHAP45 (v.2.1.2, parameter corMhapSensi-
tivity = normal), and error correction was performed using the Falcon46 
sense method (option correctedErrorRate = 0.025); error-corrected 
reads were trimmed of unsupported bases and hairpin adapters to 
reach their longest supporting range with default parameters, and 
the draft assemblies were then generated using the top 80% longest 
trimmed reads. Finally, to ensure base accuracy of assembly results 
from SMRT molecules, we further polished the consensus genome 
sequences based on Illumina paired-end reads using Pilon47 (v.1.22) 
with parameter: -mindepth 10–fix bases.

Scaffolding using Bionano optical maps
For S. galapagense, we constructed Bionano optical maps. Young leaves 
were collected after two days of dark treatment. High-molecular-weight 
DNA was isolated and labeled with the restriction endonuclease 
Nb.BssSI, and labeled DNA was imaged with a Bionano Irys system. 
Molecules with lengths >150 kb, label SNR ≥3.0 and average molecule 
intensity <0.6 were retained for scaffolding. These molecules were 
de novo assembled into genome maps using IrysSolve v.3.5_12162019 
(https://bionanogenomics.com/support/software-downloads/). Pair-
wise comparison was first performed with RefAligner (https://biona-
nogenomics.com/support/software-downloads/) to identify overlaps 
among these molecules, and consensus maps were constructed. All 
molecules were then mapped back to the consensus maps and recur-
sively refined and extended.

The Bionano IrysSolve module ‘HybridScaffold’ was used to per-
form hybrid assembly between the assembled contigs and genome 
maps. Assembled contigs were first converted into cmap format and 
then aligned to the contig cmaps with RefAligner, followed by label 
rescaling. The rescaled Bionano cmaps were aligned again to the contig 
cmaps, and sequences were split at the conflict points. Finally, scaf-
folds were built according to the alignment information. To improve 
the contiguity of assembly results, PBJelly48 (v.15.8.24) was used to fill 
gaps using the error-corrected PacBio reads.

Pseudomolecule construction
The Hi-C data were mapped to the assemblies using BWA49 
(v.0.7.10-r789) with default parameters. Only uniquely aligned read 
pairs with mapping quality >20 were retained for further analysis. Dupli-
cate removal, sorting and quality assessment were performed using 
HiC-Pro50 (v.2.8.1) with default parameters. Only valid interaction pairs 
of Hi-C reads were fed into LACHESIS (v.1.0)51 for chromosome-scale 
scaffold construction. Briefly, contigs or scaffolds for each tomato 
assembly were broken into fragments with a length of 200 kb and 
then clustered using valid interaction read pairs by LACHESIS with the 
following parameters: ‘CLUSTER_MIN_RE_SITES = 22, CLUSTER_MAX_
LINK_DENSITY = 2, CLUSTER_NONINFORMATIVE_RATIO = 2, ORDER_
MIN_N_RES_IN_TRUN = 10, ORDER_MIN_N_RES_IN_SHREDS = 10’. We 
manually checked the Hi-C interaction heat maps to identify potential 

genomic regions containing assembled haplotigs due to heterozygo-
sity, which were then excluded from the assembly. The manual curation 
step was reperformed several times, until the chromatin interaction 
signals reflecting putative haplotigs were undetectable.

Evaluation of genome assemblies
Completeness of the assembled tomato genomes was first assessed 
using BUSCO24 (v.5.2.0) based on the embryophyta_odb9 database. We 
also assessed the mapping proportions of transcripts assembled with 
Trinity (v.2.8.5)52 to corresponding genome assemblies using BLASTN 
(v.2.12.0+)53 with minimum alignment length of 300 bp and sequence 
identity >95%. These assemblies were also evaluated by mapping the 
Illumina short reads using BWA (default parameters).

Repeat sequence annotation
Both homology-based and de novo strategies were applied to identify 
repetitive sequences for all the tomato genomes. Four de novo predic-
tion programs were applied: RepeatScout54 (v.1.0.5), LTR-FINDER55 
(v.1.05), MITE-hunter (v.1.0)56 and PILER-DF57 (v.1.0). Results from these 
four programs were integrated into a repetitive sequence database, 
which was then merged with Repbase58 (v.19.06) and classified into dif-
ferent categories by the PASTEClassifier.py script included in REPET59 
(v.2.5). Using this repeat database, repetitive sequences were identified 
by homolog searching using RepeatMasker60 (v.4.0.5) with default 
parameters. We computed the genetic distance (K) between both ends 
of an intact LTR-RT using the distmat (default parameters) program 
in the EMBOSS package (v.6.6.0)61, and the insertion time (T

http://www.nature.com/naturegenetics
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then concatenated. We constructed a phylogenetic tree using phyML 
(v.3.3.20190909)79 with parameters ‘–model JTT -f e -v 0.576 -a 0.886–
nclasses 4–search SPR -t e’. The divergence time was estimated using 
the MCMCtree program in the PAML package80 (v.4.7b). Three cali-
bration points (S. tuberosum versus S. lycopersicum var. cerasiforme: 
7.0–8.0 Ma; S. lycopersicoides versus S. lycopersicum var. cerasiforme: 
2.0–2.7 Ma; and S. pimpinellifolium versus S. lycopersicum var. cerasi-
forme: 1.0–1.5 Ma)81 were used to constrain the divergence time.

Analyses of the super-pangenome
To identify homologous relationships among the genomes of 11 toma-
toes assembled in this study, S. lycopersicum var. lycopersicum cv. Heinz 
1706 and S. pennellii, the longest transcript of each predicted gene in each 
genome was chosen as a representative. To handle unannotated genes, 
a common issue during gene prediction, we aligned coding sequences 
of all predicted genes to each of the 13 tomato genomes using GMAP 
(v.2015-06-12)82. If a gene showed more than 80% alignment coverage 
and identity, and no gene was predicted within the aligned regions, it 
was considered to be an unannotated gene in the corresponding genome 
and was not regarded as ‘missing’ in the further analysis. An all-against-all 
comparison was then performed using BLASTP53 (E
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Genome-wide association studies
We selected the 321 tomato accessions that have been resequenced2,10 
for GWAS. A total of 43,901,591 SNPs were identified using the GATK 
(v.4.1.4.1) pipeline90 with the S. galapagense genome as the refer-
ence. Population structure was calculated by principal component 
analysis in PLINK (v.1.9.0b4.6)91 using 437,028 SNPs showing less link-
age disequilibrium, which was extracted using PLINK with param-
eters ‘–indep-pairwise 50 5 0.1 (windows, step, r2)’. The first five 
principal components were used as cofactors for population structure  
correction.

A total of 32 tomato flavor-related metabolite traits reported previ-
ously2 and contents of 362 annotated metabolites from tomato fruits 
reported previously40 were analyzed using EMMAX (v.20120210)92 with 
the default KN kinship, in which the selected principal components 
were used as cofactors. SNP-based and SV-based GWAS were performed 
using SNPs or SVs with minor allele frequency >0.01 and missing call 
rate <0.1. The genome-wide significance thresholds (7.58 × 10−7) were 
determined using a uniform threshold of 1/n, where n is the effective 
number of independent SNPs and SVs calculated using the Genetic type 
1 Error Calculator (v.0.2)93. Phenotypic variation explained (PVE) was 
calculated by the formula PVE = [2 × (beta2) × MAF × (1 − MAF)]/[2 × (be
ta2) × MAF(1-MAF) + ((s.e. × (beta))2) × 2 × N × MAF × (1 − MAF)], where 
N represents sample size, s.e. is the standard error of the effect number 
of genetic variants, beta is the effect number of genetic variants and 
MAF is the minor allele frequency of the target marker.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All assembled genome sequences and annotations are accessible 
through our database (http://caastomato.biocloud.net). Assemblies 
for the tomato genomes have also been deposited in the National 
Center for Biotechnology Information (NCBI) under BioProject acces-
sion number PRJNA809001. Raw PacBio, transcriptome and Hi-C 
sequencing reads have been deposited in the NCBI sequence read 
archive (https://www.ncbi.nlm.nih.gov/sra/) under BioProject acces-
sion number PRJNA756391. Tomato whole-genome sequencing data 
were downloaded from NCBI (BioProjects: PRJNA259308, PRJNA353161, 
PRJNA454805 and PRJEB5235). The RepBase database was downloaded 
from https://www.girinst.org/server/RepBase/index.php. Source data 
are provided with this paper.

Code availability
Custom scripts and codes used in this study are available at GitHub 
(https://github.com/HongboDoll/TomatoSuperPanGenome) and 
Zenodo (https://doi.org/10.5281/zenodo.7396707)94.
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