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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
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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 
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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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