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Tomato is one of the most consumed vegetables worldwide 
with a total production of 182 million tons worth more than 
US$60 billion in 2017 (http://www.fao.org/faostat). A refer-

ence genome sequence was released1 and has greatly facilitated 
scientific discoveries and molecular breeding of this important 
crop. Cultivated tomato (Solanum lycopersicum L.) has experienced 
severe bottlenecks during its breeding history, resulting in a narrow 
genetic base2. However, modern cultivated tomatoes exhibit a wide 
range of phenotypic variation3 and metabolic diversity4, mainly 
because of natural and human breeding-mediated introgressions 
from wild relatives5, in addition to spontaneous mutations that have 
also contributed to this seeming paradox3. Consequently, individual 
cultivars are expected to contain alleles or loci that are absent in the 
reference genome6.

S. lycopersicum L. can be further divided into two botanical 
types: large-fruited tomatoes S. lycopersicum var. lycopersicum (SLL) 
and cherry-sized early domesticates S. lycopersicum var. cerasiforme 
(SLC). Following the release of the tomato reference genome, hun-
dreds of diverse cultivated and wild tomato accessions have been 
resequenced, and the resulting data have been analyzed to reveal 
genomic changes through the history of tomato breeding. This has 
led to identifying specific genome regions targeted by human selec-
tion7–10. Notably, in these studies, reported genomic variation was 
revealed through mapping of short reads to the reference genome, 
an activity whose very nature ignores sequence information that is 

absent from the reference genome, precluding the discovery of pre-
viously unknown loci and highly divergent alleles.

A pan-genome comprising all genetic elements from cultivated 
tomatoes and their wild progenitors is crucial for comprehensive 
exploration of domestication, assessment of breeding histories, 
optimal utilization of breeding resources and a more complete 
characterization of tomato gene function and potential. We con-
structed a tomato pan-genome using the ‘map-to-pan’ strategy11, 
based on resequencing data of 725 accessions belonging to the 
Lycopersicon clade, which consists of S. lycopersicum L. and its 
close wild relatives, Solanum pimpinellifolium (SP), and S. chees-
maniae and S. galapagense (SCG). The pan-genome captured 
4,873 additional genes not in the reference genome. Comparative 
analyses using the constructed pan-genome revealed abundant 
presence/absence variations (PAVs) of functionally important 
genes under selection and identified a rare allele defined by 
promoter variation in the tomato lipoxygenase gene, TomLoxC. 
TomLoxC is known to influence fruit flavor by catalyzing the syn-
thesis of lipid-derived C5 and C6 volatiles. Further characteriza-
tion reveals a role of TomLoxC in apocarotenoid production. The 
rare allele of TomLoxC may have undergone negative selection in 
the early domesticates, followed by more recent reintroduction. 
The PAV dynamics presented here provide a case model of the 
profound impact of human selection on the gene repertoire of an 
important modern crop, in addition to a more complete picture 
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of the genome potential of tomato that will guide breeding for 
targeted traits.

Results
Pan-genome of cultivated tomato and close wild relatives. 
Genome sequences were collected/generated for a total of 725 
tomato accessions in the Lycopersicon clade, including 372 SLL, 
267 SLC, 78 SP and 8 SCG (3 S. cheesmaniae and 5 S. galapagense) 
(Supplementary Tables 1 and 2). Among these accessions, genome 
sequences of 561 were available from previous reports1,7–9,12–14, 
whereas genomes of 166 accessions (of which 2 were also sequenced 
previously), including 121 SLC, 26 SP and 19 SLL, were sequenced 
in this study to obtain broader regional and global representation. 
Among the 725 accessions, 98 and 242 had sequence coverage of 
more than 20× and 10×, respectively.

The genome for each accession was de novo assembled, produc-
ing a total of 306 Gb of contigs longer than 500 base pairs (bp) with 
an N50 value (the minimum contig length needed to cover 50% of 
the assembly) of 3,180 bp (Supplementary Table 2, Supplementary 
Fig. 1 and Supplementary Note). All assembled contigs were com-
pared with the reference genome to identify previously unknown 
sequences. A total of 4.87 Gb of nonreference sequence with identity 
<90% to the reference genome was obtained (Supplementary Table 2, 
Supplementary Fig.  2 and Supplementary Note). After removing 
redundancies, 449,614 sequences with a total length of 351 Mb com-
prising the nonreference genome remained. Approximately 78.2% 

of the nonreference genome comprised repetitive elements, which 
was higher than that of the reference genome (63.5%)1.

A total of 4,873 protein-coding genes were predicted in the 
nonreference genome (Supplementary Table  3). The reference 
‘Heinz 1706’ genome contains 35,768 protein-coding genes (ver-
sion ITAG3.2), of which 272 were potential contaminations and 
thus were removed (Supplementary Table  4 and Supplementary 
Note). The tomato pan-genome, including reference and nonref-
erence genome sequences, had a total size of 1,179 Mb and con-
tained 40,369 protein-coding genes. Among the nonreference 
genes, 2,933 could be annotated with gene ontology (GO) terms or 
Pfam domains. A total of 332 nonreference genes were covered by 
‘Heinz 1706’ reads with a coverage fraction greater than 95%, and 
170 were fully covered, suggesting that they were not assembled in 
the reference genome (Supplementary Table 3). Among them were 
two well-characterized genes, GAME8 (TomatoPan006500), which 
encodes a CYP72 family P450 protein involved in regulation of ste-
roidal glycoalkaloid biosynthesis15, and PINII (TomatoPan007410), 
which encodes a wound-inducible proteinase inhibitor16. In addi-
tion, several other well-characterized genes, including Hcr9-OR2A 
(TomatoPan017870, a homolog of Cf-9 involved in Cladosporium 
fulvum resistance17), I2C-1 (TomatoPan019380, a disease resis-
tance gene18) and Pto (TomatoPan028750, a protein kinase gene 
conferring disease resistance19), were not covered by any ‘Heinz 
1706’ reads, suggesting their absence in the reference accession. 
Moreover, we found that 69.6% of the reference and 22.4% of the 
nonreference genes were expressed at >1 reads per kilobase (kb) 
of exon per million mapped reads (RPKM) in fruit pericarp tissues 
at the orange stage (about 75% ripe) in at least 1 of 397 accessions 
for which RNA-sequencing (RNA-Seq) data were available4. Gene 
expression analysis indicated generally lower expression levels of 
nonreference genes than reference genes (Supplementary Fig. 3a), 
similarly to pan-genome analysis of rice20. Given that the tomato 
RNA-Seq data used emanated from a single tissue at one develop-
mental stage, these expression frequencies represent a conservative 
estimate with many additional nonreference genes likely expressed 
in other tissues.

PAVs in protein-coding genes. PAVs in genes among the wild, 
early domesticates and modern tomato accessions can reveal 
genetic changes through breeding history. High-depth sequencing 
data are preferable for robust PAV calling and have been deployed 
in several previous plant pan-genome studies examining relatively 
small numbers of accessions20–26. However, if sequencing data are 
uniformly distributed across the genome, low-depth data can still 
effectively cover a large proportion of the genome and provide suf-
ficient evidence for PAV calling. Based on our analysis, we lim-
ited our investigation to a total of 586 accessions (294 SLL, 225 
SLC, 60 SP and 7 SCG) for PAV calling (Supplementary Note and 
Supplementary Fig. 4).

The total number of detected genes from the 586 accessions was 
40,283, accounting for 99.97% of genes in the tomato pan-genome 
(40,369). Similarly to Gordon et  al.24, we categorized genes in the 
tomato pan-genome according to their presence frequencies: 29,938 
(74.2%) core genes shared by all the 586 accessions, and 3,232 softcore, 
5,912 shell and 1,287 cloud genes defined as present in more than 
99%, 1–99% and less than 1% of the accessions, respectively (Fig. 1a 
and Supplementary Table 5). The core and softcore groups contained 
highly conserved genes, whereas the shell and cloud groups con-
tained the so-called flexible genes. Modeling of the pan-genome size 
by iteratively randomly sampling accessions suggested a closed pan-
genome with a finite number of both pan and core genes (Fig. 1b). 
The most striking feature of the tomato pan-genome was its high 
core gene content (74.2%), as compared with those of Arabidopsis 
thaliana23 (70%), Brassica napus25 (62%), bread wheat26 (64%), rice11 
(54%), wild soybean22 (49%) and Brachypodium distachyon24 (35%). 
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Fig. 1 | Pan-genome of tomato. a, Composition of the tomato pan-genome. 
b, Simulations of the increase of the pan-genome size and the decrease 
of core-genome size. Accessions were sampled as 10,000 random 
combinations of each given number of accessions. Upper and lower edges 
of the purple and green areas correspond to the maximum and minimum 
numbers of genes, respectively. Solid black lines indicate the pan- and core-
genome curves fitted using points from all random combinations according 
to the models proposed by Tettelin et al.41.
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Only Brassica oleracea21 was higher (81%), although it is noteworthy 
that this pan-genome was based on only eight cultivated and one  
wild accession, and would likely shrink in core gene representation if 
additional accessions were sequenced.

The reference genome contained the majority of highly con-
served genes (99.6%) but only around one-third of the flexible 
genes. We also observed lower expression levels of the flexible genes 
compared with conserved genes (Supplementary Fig.  3b), in line 
with reports in A. thaliana23 and B. distachyon24. Moreover, con-
served reference and nonreference genes displayed similar expres-
sion levels, whereas the flexible reference genes generally had higher 
expression levels than flexible nonreference genes (Supplementary 
Fig.  3c). Within the flexible genome, the occurrence of reference 
and nonreference genes displayed distinct distribution patterns 
(Supplementary Fig. 5): most of the former were sporadically absent 
in a small number of accessions, whereas the majority of the latter 
could be found in only a few accessions. The largest groups of genes 
in the flexible genome included those involved in the oxidation-
reduction process, regulation of transcription and defense response 
(Supplementary Fig.  6a). Compared with the entire pan-genome, 
genes in the flexible genome were significantly enriched with those 
involved in biological processes, such as defense response, photo-
synthesis and biosynthetic processes (Supplementary Fig.  6b). It 
thus could be anticipated that divergence within the flexible genes 
among different tomato accessions would be related to correspond-
ing phenotypic and metabolic variations.

Selection of gene PAVs during tomato breeding. Genomes of wild 
accessions (SP and SCG) encoded significantly more genes than SLC, 
whereas SLC contained significantly more genes than SLL (Fig. 2a), 
suggesting a general trend of gene loss during tomato domestica-
tion and subsequent improvement. Furthermore, more genes were 

lost during domestication than improvement. Phylogenetic and 
principal component analyses using the PAVs suggested that wild 
accessions clearly separated from domesticated accessions with only 
a few exceptions, and the two domesticated groups (SLC and SLL) 
separated but with clear overlaps (Fig. 2b,c).

Clustering of tomato accessions based on gene PAVs could be 
explained by geographic origin and domestication stage (Fig. 2c, 
Supplementary Fig. 7 and Supplementary Note). A small SP clade 
(SP2), nested in SLC, including nine accessions from the coastal 
region of northern Ecuador, possessed significantly fewer genes 
than the phylogenetically separated main SP clade (SP1), imply-
ing that environmental adaptation within SP may have taken place 
in this region. The continuing decrease of gene content and wild 
ancestral proportions of SLC accessions from Ecuador and Peru 
to Mesoamerica suggests that tomato domestication followed 
this trajectory. Similar gene content and homogeneous genetic 
structures were found in Mexican SLC and SLL, and older cul-
tivars found in Europe and the rest of the world, supporting the 
completion of tomato domestication in Mexico with minimal gene 
loss during subsequent improvement. Modern breeding has left a 
conspicuous genetic signature on contemporary tomato genomes, 
because modern elite inbred lines and hybrid cultivars possess sig-
nificantly higher gene content than SLL heirlooms. This could be 
at least partially attributed to the intense introgression of disease 
resistance and abiotic stress tolerance alleles from wild species into 
modern cultivars5,27.

To identify gene PAVs under selection during the history of 
tomato breeding, we conducted two sets of comparisons of flexible 
gene frequencies, between SLC and SP for ‘domestication’ (Fig. 3a) 
and between SLL heirlooms and SLC for ‘improvement’ (Fig. 3b). 
Ten accessions that were positioned into an unexpected species 
group (Fig.  2c) were excluded from the downstream analyses.  
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For each comparison, genes with significantly different frequencies 
between the two groups were identified as selected genes. We treated 
genes with higher frequencies in SLC than SP, or in SLL heirlooms 
than SLC as possible favorable genes, and those with lower frequen-
cies as possible unfavorable genes. We note that the selection or loss 
of any particular gene could be random or due to respective positive 
or negative selection. In total, we identified 120 favorable and 1,213 
unfavorable genes during domestication, and 12 favorable and 665 
unfavorable genes during improvement (Supplementary Table  5). 
These results suggest that more genes were selected against than 
selected for during both domestication and improvement of tomato. 
For genes favorable or unfavorable in one stage, most (94.9%) 
showed the same trend in the other stage (Fig. 3c,d), suggesting the 
possibility of common and continued selection preferences from 
domestication to improvement.

Enrichment analysis indicated that defense response was the 
most enriched group of unfavorable genes during both domestica-
tion and improvement, and especially for genes related to cell wall 
thickening (Fig.  3e,f), which influences abiotic and biotic stress 
responses through fortification of the physical and mechanical 
strength of the cell wall. Cell wall modifications also can contribute 
to fruit firmness and flavor28,29. Aging and plant organ senescence 
were additional enriched classes of unfavorable genes, possibly 
reflecting selection for increased storability and shelf-life. Of the 
120 favorable genes selected during domestication, 21 were related 
to oxidation-reduction processes (Fig.  3g). The unfavorable and 
favorable genes selected during domestication also showed distinct 
molecular functions, with the former enriched for ADP binding and 
the latter for cofactor, coenzyme and flavin adenine dinucleotide 
binding (Fig.  3e–g). No significantly enriched gene families were 
found in favorable genes during improvement.

It is worth noting that among the unfavorable genes, seven 
were not full length (Supplementary Table  6). These included 
TomatoPan028690, which corresponded to the truncated part of a 
fruit weight gene Cell Size Regulator (CSR) as previously reported30. 
TomatoPan028690 was detected in all SP, 88.6% of SLC and 14.4% 
of SLL heirlooms, supporting that the deletion allele arose during 
domestication and has been largely fixed in cultivated tomatoes. 
Another nonreference gene, TomatoPan005770, corresponded to 
the 5′ part of a full-length gene encoding a UDP-glycosyltransferase, 
and the reference gene Solyc05g006140 corresponded to the 3′ por-
tion (Supplementary Table  6 and Supplementary Fig.  8). UDP-
glycosyltransferases have been reported to catalyze the glycosylation 
of plant secondary metabolites and play an important role in plant 
defense responses31. TomatoPan005770 has experienced strong neg-
ative selection during both domestication and improvement (pres-
ent in all SP, 13.2% of SLC and 1.4% of SLL heirlooms), consistent 
with the loss of disease resistance in SLL heirlooms. Notably, for 
three of the seven genes, both truncated and full-length transcripts 
were expressed in orange-stage fruit (Supplementary Table  6), 
implying that these truncated genes might be functional, such as 
the gain-of-function truncation of CSR as reported in Mu et al.30.

Selection of promoter PAVs during tomato breeding. A total of 
90,929 nonreference contigs could be localized to defined regions 
(with both ends aligned) or linked sites (one end aligned) on the 
‘Heinz 1706’ genome (Supplementary Table  7). The majority of 
these sequences were found in intergenic regions, whereas only 8.7% 
(7,912) overlapped with reference genes, much lower than the genic 
content of the reference genome (18.0%), implying a functional con-
straint against these structure variations. There were 3,741 nonref-
erence sequences localized in putative promoter regions (<1 kb to 
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gene start positions) of 2,823 reference genes. To identify promoter 
sequences possibly under selection during tomato domestication 
and improvement, we checked PAV patterns of these promoters, as 
well as those in the reference genome (Supplementary Fig. 9a,b).

A total of 856 and 388 sequences were under selection during 
domestication and improvement, respectively (Supplementary 
Table 8). Similar to the selection pattern of protein-coding genes, 
domestication exerted greater influence on the promoter sequences 
than did improvement. Among these promoter sequences, 717 
(83.8%) and 385 (99.2%) were unfavorable during domestication 
and improvement, respectively. A conserved selection preference 
from domestication to improvement was also observed for most 
unfavorable promoters, with 89.9% of them displaying a similar 
trend in frequency changes from SP to SLC and from SLC to SLL 
(Supplementary Fig. 9c,d).

For the 980 promoter sequences that were under selection in 
at least one of the two stages, we checked the expression of their 
downstream genes in the 397 accessions for which RNA-Seq data 
were available for orange-stage fruit4. Of these promoters, 240 had 
downstream genes with significantly different expression (adjusted 
P value < 0.01, two-tailed Student’s t-test) associated with their pres-
ence and absence (Supplementary Table 8), suggesting that human 
selection influenced fruit quality or additional phenotypes in some 
instances by targeting regulatory sequences.

A rare promoter allele that modifies fruit flavor. Aroma volatiles 
have long been known to provide some of the unique flavor compo-
nents of tomato fruit32,33. Recent studies revealed the importance of 
specific volatiles to the overall liking of tomato fruit, as well as for 
aroma intensity and specific flavor characteristics9,34. In particular, 
short-chain alcohols and aldehydes derived from fatty acids, amino 
acids and carotenoids play crucial roles in determining consumer 
acceptance of tomato fruit9,34. Many of the favorable alleles at multi-
ple loci have been lost in recent years as a result of breeding empha-
sizing production over quality traits9.

Our pan-genome analysis identified an ~4-kb substitution in the 
promoter region of TomLoxC (Solyc01g006540) (Supplementary 

Note, Supplementary Table  9 and Supplementary Fig.  10), which 
encodes a 13-lipoxygenase previously shown to be essential for C5 
and C6 green-leaf volatile production in tomato fruit35,36. The two 
identified alleles were 149 bp upstream of the transcriptional start 
site: a 4,724-bp allele present in the reference ‘Heinz 1706’ genome 
(reference allele) and a 4,151-bp nonreference allele captured in 
our pan-genome. The nonreference allele was present in 91.2% of 
SP, 15.1% of SLC, and 2.2% of SLL heirlooms, indicating strong 
negative selection during both domestication and improvement. 
Further analysis indicated that only six accessions (two SP and four 
SLC) contain the homozygous nonreference allele, whereas 95 (50 
SP, 29 SLC, 5 heirloom SLL, 10 modern SLL and 1 SCG) contain 
both alleles and the remaining 473 possess the homozygous ref-
erence allele (Fig.  4a and Supplementary Table 9). The frequency 
of the nonreference allele was highest in SP (47.4%) and declined 
dramatically in SLC (8.4%) and SLL heirlooms (1.1%), but interest-
ingly recovered in modern SLL cultivars (7.2%), most likely because 
of recent introgressions from wild into cultivated tomatoes. Gene 
expression analysis based on RNA-Seq data from orange-stage 
fruit revealed that accessions containing both alleles displayed sig-
nificantly higher expression levels of TomLoxC than those homo-
zygous for either the reference or nonreference allele (Fig. 4b and 
Supplementary Table 10).

Given the association of TomLoxC with fruit flavor, we per-
formed quantitative trait locus (QTL) mapping for 65 volatiles, 
including those derived from nutritionally important molecules 
such as carotenoids, essential fatty acids and amino acids, using 
a recombinant inbred line (RIL) population (Supplementary 
Table 11). The RIL population was derived from a cross between 
LA2093, an SP accession containing the homozygous nonrefer-
ence TomLoxC promoter allele, and NC EBR-1, an advanced breed-
ing line harboring the homozygous reference allele37. LA2093 and 
NC EBR-1 displayed contrasting expression patterns of TomLoxC 
during fruit development (Fig.  4c). We identified 116 QTLs for 
56 volatiles across the 12 chromosomes (Supplementary Note, 
Supplementary Figs. 11 and 12 and Supplementary Tables 12–17). 
Interestingly, 28 volatiles, including 19 fatty-acid-derived volatiles  
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experiments for LA2093 and 4 for NC EBR-1. Br, breaker; Br + 3d, breaker plus 3 d; heterozygous, containing both alleles; MG, mature green; nonreference, 
homozygous nonreference allele; reference, homozygous reference allele; ripe, red ripe fruit. Asterisks (**) indicate significant difference (two-tailed 
Student’s t-test; α < 0.01) of TomLoxC expression between LA2093 and NC EBR-1. For each boxplot, the lower and upper bounds of the box indicate the 
first and third quartiles, respectively, and the center line indicates the median.
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and 9 apocarotenoids, shared a QTL at the same location on chro-
mosome 1 spanning a 153-kb interval (Fig. 5a) containing 19 genes 
including TomLoxC, which had the highest expression levels in 
RILs and largest expression difference between the two parents 
(Supplementary Table 18). The NC EBR-1 allele was associated with 
high levels of all 28 volatiles in concert with elevated expression of 
TomLoxC (Supplementary Table 12). These results strongly suggest 
that TomLoxC is the candidate gene underlying this QTL and might 
additionally play a role in apocarotenoid biosynthesis.

To verify the involvement of TomLoxC in apocarotenoid bio-
synthesis, we determined levels of 11 apocarotenoids and fatty-
acid-derived volatiles in ripe fruits of transgenic tomatoes in 
which TomLoxC expression was repressed36, and the expression 
of a previously known apocarotenoid biosynthesis gene, SlCCD1B 
(Solyc01g087260), remained unchanged (Fig. 5b). As expected, the 
majority of fatty-acid-derived volatiles showed significantly reduced 

levels in transgenic fruits (Supplementary Table 19). The levels of 
the nine apocarotenoids having a QTL at the TomLoxC position 
were also significantly reduced in transgenic fruits, whereas the lev-
els of two other apocarotenoids without a QTL at this region, as 
well as their corresponding carotenoid substrates, were not affected 
(Fig.  5c and Supplementary Table  19). We further investigated 
apocarotenoid levels in two Arabidopsis mutants of the AtLOX2 
gene, the closest homolog of TomLoxC. Both mutants showed sig-
nificantly reduced levels of specific apocarotenoids (Fig.  5d,e), 
further supporting the contribution of 13-lipoxygenases (for exam-
ple, TomLoxC and AtLOX2) to apocarotenoid biosynthesis. Even 
though the involvement of LOX enzymes in volatile and nonvolatile 
apocarotenoid production was demonstrated in vitro in a co-oxida-
tion mechanism coupled to fatty acid catabolism38 (Supplementary 
Note), it is demonstrated here to be active in  vivo. Furthermore, 
transgenic tomato fruits with decreased expression of SlHPL35, 
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Fig. 5 | Involvement of TomLoxC in apocarotenoid biosynthesis. a, QTL interval for apocarotenoids and fatty-acid-derived volatiles on chromosome 1. 
b, Expression levels of TomLoxC and SlCCD1B in ripe fruits of TomLoxC-AS (TomLoxC antisense) and M82 plants. n = 3 independent experiments for M82 
and 4 for TomLoxC-AS. c, Relative levels of apocarotenoids in ripe fruits of TomLoxC-AS and M82 plants. n = 3 independent experiments for M82 and 
4 for TomLoxC-AS. d,e, Relative levels of apocarotenoids in Arabidopsis leaves of AtLOX2 mutants and the corresponding controls. n = 6 independent 
experiments for CS3748, CS3749 and col-0, and 11 for lox2-1. Volatiles accumulated in significantly different levels (two-tailed Student’s t-test) in target 
plants compared with the controls are marked with asterisks (*α < 0.05 or **α < 0.01). Apocarotenoids with QTL at the TomLoxC position are in red text 
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center line indicates the median.
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which follows LOX in C6 volatile biosynthesis, accumulated higher 
levels of C5 volatiles and cyclic apocarotenoids (Supplementary 
Note and Supplementary Figs.  13 and 14). Because the C5, not 
the C6, pathway has been proposed to additionally involve a LOX 
activity, this further supports the co-oxidation hypothesis. Finally, 
transgenic tomato with reduced SlCCD1B expression showed only 
up to 60% reduction in apocarotenoid levels36. The existence of a 
non-carotenoid cleavage dioxygenase pathway to apocarotenoids 
might explain this residual accumulation of these compounds 
(Supplementary Note).

Discussion
We have constructed a pan-genome of cultivated tomato and 
its close relatives, which includes a 351-Mb sequence and 4,873 
protein-coding genes not captured by the reference genome. The 
observation that 25.8% of genes in the pan-genome exhibit varying 
degrees of PAVs highlights the diverse genetic makeup of tomato 
with potential utility for future improvement. It is well known that 
cultivated tomatoes contain a narrow genetic base compared with 
their wild progenitors, although the specific lineages of SP contrib-
uting to domestication remain unknown. Here we show that at least 
part of this genetic diversity reduction could be attributed to sub-
stantial gene losses during domestication and improvement. Our 
PAV analysis suggests the loss of ~200 genes within SP took place in 
northern Ecuador, with gene losses continuing through subsequent 
domestication of SLC in South America and on to Mesoamerica. 
These findings point to northern Ecuador as a region for assessment 
of further accessions that may encompass additional genetic diver-
sity useful for tomato breeding and in identifying more precisely 
the origins of domesticated tomatoes. Examination of the pan-
genome further revealed that substantial gene content recovery has 
been achieved in modern commercial cultivars possibly because 
of intense introgression from diverse wild donors. Comparative 
analyses of the tomato pan-genome revealed extensive domestica-
tion- and improvement-associated loci and genes, with an evident 
bias toward those involved in defense response. It is unclear why  
these genes may have been disproportionally lost, although we 
speculate it could reflect a fitness cost of nonutilized defense genes 
(negative selection) or random loss caused by the absence of any 
positive selection force for their retention. Furthermore, it seems 
that selection against promoter regions that affect downstream gene 
expression had also shaped tomato domestication and improve-
ment of genetic outcomes.

Modern tomato breeding has primarily focused on yield, shelf-
life and resistance to biotic and abiotic stresses39, often ignoring 
organoleptic/aroma quality traits that are difficult to select, result-
ing in decline of flavor-associated volatiles9. Because the reference 
genome is a modern processing tomato cultivar, at least some fla-
vor-associated alleles may be absent in this accession. A nonrefer-
ence allele of the TomLoxC promoter captured in the pan-genome 
represents a rare allele in cultivated tomatoes that reflects strong 
negative selection during domestication. Heterozygous TomLoxC 
promoter genotypes have the strongest expression in orange-stage 
fruit. Interestingly, the TomLoxC rare allele experienced a recov-
ery in modern elite breeding lines (7.25% versus 1.13% in SLL 
heirlooms, all heterozygotes), consistent with its selection during 
modern breeding, possibly the consequence of selecting lines with 
superior stress tolerance in agricultural settings. In addition, QTL 
mapping pointed to TomLoxC as the cause of changed levels of fla-
vor-associated lipid- and carotenoid-derived volatiles. Analysis of 
transgenic tomato fruit reduced in TomLoxC expression revealed a 
previously unknown alternative apocarotenoid production route, 
likely to be nonenzymatic, in addition to that initiated by carotenoid 
cleavage dioxygenases. Apocarotenoids are positively associated 
with flavor and overall liking of tomato fruit9, and are components 
of the tomato fruit aroma40. Because of their very low perception 

threshold33, apocarotenoids present an attractive target for improv-
ing tomato flavor at minimal metabolic expense.

The tomato pan-genome harbors useful genetic variation that 
has not been available to researchers and breeders relying on the 
‘Heinz 1706’ reference genome alone. We demonstrate here that 
such variation may have important phenotypic outcomes that could 
contribute to crop improvement. The constructed tomato pan-
genome represents a comprehensive and important resource to 
facilitate mining of natural variation for future functional studies 
and molecular breeding.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41588-019-0410-2.
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Methods
Genome sequences of tomatoes in the Lycopersicon clade. Genome 
sequencing data of 561 tomato accessions in the Lycopersicon clade published 
previously1,7–9,12–14, including species SLL, SLC, SP and SCG, were downloaded 
from the National Center for Biotechnology Information Sequence Read Archive 
database (Supplementary Table 1). Genome sequences of a total of additional 166 
accessions were generated here, with two shared among the previously sequenced 
561 accessions. Genomic DNA was extracted from a single seedling from each 
of these 166 accessions using Qiagen’s DNeasy 96 Plant Kit. Paired-end libraries 
with insert sizes of ~500 bp were constructed using the NEBNext Ultra DNA 
Library Prep kit (Illumina Inc.) according to the manufacturer’s instructions and 
sequenced on an Illumina NextSeq platform using the paired-end 2 × 150 bp mode. 
For quality evaluation, we also generated Illumina genome data of 45× coverage for 
the reference cultivar ‘Heinz 1706’.

Pan-genome construction. Raw Illumina reads were processed to consolidate 
duplicated read pairs into unique read pairs. The resulting reads were then 
processed to trim adapters and low-quality sequences using Trimmomatic42 with 
parameters ‘SLIDINGWINDOW:4:20 MINLEN:50’. The final high-quality cleaned 
Illumina reads from each sample were de novo assembled using Megahit43 with 
default parameters. The assembled contigs with lengths >500 bp were kept and 
then aligned to the tomato reference genomes, including the nuclear genome1 
(version SL3.0), chloroplast genome44 (GenBank accession no.: NC_007898.3) and 
mitochondrial genome (SOLYC_MT_v1.50, http://www.mitochondrialgenome.
org), using the nucmer tool in the Mummer package45. A reliable alignment was 
defined as a continuous alignment longer than 300 bp with sequence identity 
higher than 90%. Contigs with no reliable alignments were kept as unaligned 
contigs. For contigs containing the reliable alignments, if they also contained 
continuous unaligned regions longer than 500 bp, the unaligned regions were 
extracted as unaligned sequences. The unaligned contigs and unaligned sequences 
(>500 bp) were then searched against the GenBank nucleotide database using 
blastn46. Sequences with best hits from outside the green plants, or covered by 
known plant mitochondrial or chloroplast genomes, were possible contaminations 
and removed.

The cleaned nonreference sequences from all accessions were combined. The 
redundant sequences were consolidated into unique contigs using CD-HIT47. To 
further remove redundancies, we performed all-versus-all alignments with nucmer 
and blastn, respectively. The resulting nonredundant sequences were subsequently 
aligned against the reference genome using blastn to ensure no sequences were 
redundant with the reference genome. In all of the above filtering steps, the 
sequence identity threshold was set to 90%. The final nonredundant nonreference 
sequences and the reference tomato genome1 (version SL3.0) were merged as the 
pan-genome.

The assembled contigs from the newly sequenced reads of the ‘Heinz 1706’ 
cultivar were aligned against the ‘Heinz 1706’ reference genome1, using the nucmer 
tool45, and sequences from the one-to-one alignment blocks were extracted and 
aligned with MUSCLE48, to validate the quality of the de novo assemblies. Putative 
assembly errors were identified based on sequence variants between the assembled 
contigs and the reference genome.

Annotation of the tomato pan-genome. A custom repeat library was constructed 
by screening the pan-genome using MITE-Hunter49 and RepeatModeler  
(http://www.repeatmasker.org/RepeatModeler/), and used to screen the nonreference  
genome to identify repeat sequences using RepeatMasker (http://www.repeatmasker.
org/). Protein-coding genes were predicted from the repeat-masked nonreference 
genome using MAKER2 (ref. 50). Ab initio gene prediction was performed using 
Augustus51 and SNAP52. The ‘tomato’ model was selected for Augustus prediction, 
and SNAP was trained for two rounds based on RNA-Seq evidence according to 
MAKER2 instruction. RNA-Seq data of fruit pericarp tissues at the orange stage 
of 397 accessions reported in Zhu et al.4 were used as transcript evidence. The 
raw RNA-Seq reads were processed to trim adapter and low-quality sequences 
using Trimmomatic42. Potential ribosomal RNA (rRNA) reads were filtered using 
SortMeRNA53. The final cleaned RNA-Seq reads were then mapped to the pan-
genome using Hisat2 (ref. 54), and the resulting alignments were used to construct 
gene models using StringTie55. Furthermore, reads mapped to the nonreference 
genome were extracted and then de novo assembled for each individual accession 
using Trinity56. The assembled transcripts from all accessions were combined, 
and the redundant sequences were removed using CD-HIT47. The resulting 
nonredundant sequences were aligned to the nonreference genome using Spaln57. 
In addition, protein sequences of Arabidopsis, rice and all asterid species were 
downloaded from RefSeq and aligned to the nonreference genome using Spaln57. 
Finally, gene predictions based on ab initio approaches, and transcript and protein 
evidence were integrated using the MAKER2 pipeline50. A set of high-confidence 
gene models supported by transcript and/or protein evidence were generated by 
MAKER2. The remaining ab initio predicted gene models were checked against the 
InterPro domain database using InterProScan58. Gene models containing InterPro 
domains were recovered and added to the final predicted gene set. Predicted genes 
with deduced protein length shorter than 50 amino acids, or overlapping with repeat 
sequences for more than 50% of their transcript length were removed.

Genes were functionally annotated by comparing their protein sequences 
against the GenBank nonredundant database and InterPro domain database. GO 
annotation and enrichment analysis were performed using the Blast2GO suite59.

PAV analysis. Genome reads from each accession were aligned to the pan-genome 
using BWA-MEM60 with default parameters. The presence or absence of each gene 
in each accession was determined using SGSGeneLoss61. In brief, for a given gene 
in a given accession, if less than 20% of its exon regions were covered by at least 
two reads (minCov = 2, lostCutoff = 0.2), this gene was treated as absent in that 
accession, otherwise it was considered present.

A maximum-likelihood phylogenetic tree was constructed based on the binary 
PAV data with 1,000 bootstraps using IQ-TREE62. Population structure based 
on the same PAV data was investigated using STRUCTURE63. Fifty independent 
runs for each K from 1 to 10 were performed with an admixture model at 
50,000 Markov chain Monte Carlo (MCMC) iterations and a 10,000 burn-in 
period. The best K value was determined by the ‘Evanno’ method implemented 
in STRUCTURE HARVESTER64. Principal component analysis using the PAV 
data was performed with TASSEL5 (ref. 65). To identify genes under selection 
during domestication or improvement, their presence frequencies in each of the 
three groups (SLL heirlooms, SLC and SP) were derived. The significance of the 
difference of the presence frequencies for each gene between the two compared 
groups (SP versus SLC for domestication and SLC versus SLL for improvement) 
was determined using the Fisher’s exact test. The resulting raw P values of all genes 
in each of the two comparisons were then corrected via false discovery rate (FDR). 
Genes with significantly different frequencies (FDR < 0.001 and fold change >2) 
were identified as those under selection. GO enrichment analysis was performed 
for the favorable or unfavorable gene sets using the FatiGO package integrated in 
the Blast2GO suite59 with a cutoff of FDR < 0.05.

Anchoring of nonreference sequences and selection of promoter sequences. For 
the nonreference sequences, if the ends of their source contigs had reliable and 
unique alignments to the reference genome (described earlier in this article), their 
defined genome positions could be assigned based on these alignments. For the 
remaining nonreference sequences, if they contained uniquely mapped hanging 
read pairs, that is, one read of the read pairs was uniquely mapped to the reference 
genome, their genomic positions on the reference genome could be deduced based 
on the alignments of these hanging read pairs. Because both of the earlier strategies 
were based on unique alignments, they might fail to localize sequences with 
extensive repeats on their ends.

PAV patterns of promoters (<1 kb to gene start positions) in both reference 
and nonreference sequences were derived. For promoters in the nonreference 
sequences, only those connected to the downstream genes supported by three or 
more hanging read pairs were included in the analysis. A promoter sequence in a 
given accession was considered ‘present’ if at least 50% of its length was covered 
by two or more reads, whereas a promoter sequence was considered ‘absent’ if no 
more than 20% of its length was covered. For each promoter sequence, accessions 
not assigned with presence or absence were excluded from subsequent analyses. 
Based on their PAV patterns, the promoter sequences were analyzed to identify 
those under selection during domestication and improvement, using the same 
method for protein-coding genes.

RNA sequencing, SNP calling and expression analysis. A total of 146 F10 RILs 
and their two parents, S. lycopersicum breeding line NC EBR-1 and SP accession 
LA2093, were grown in triplicates in an open field in Live Oak, Florida. From each 
plant, at least four fruits were harvested at the red ripe stage, and pericarp tissues 
were flash-frozen in liquid N2 and then pooled. Total RNA was extracted using 
the QIAGEN RNeasy Plant Mini Kit following the manufacturer’s instructions 
(QIAGEN). RNA quality was evaluated via agarose gel electrophoresis, and the 
quantity was determined on a NanoDrop (Thermo Fisher Scientific).

Strand-specific RNA-Seq libraries were constructed from the total RNA using 
the protocol described in Zhong et al.66, and sequenced on an Illumina HiSeq2500 
platform with single-end 100-bp read length. At least three independent 
biological replicates were prepared for each sample. In addition, besides LA2093, 
RNA-Seq data were also generated from orange-ripe fruits of four additional 
accessions (BGV006231, BGV006859, BGV006904 and BGV006906) with 
the homozygous nonreference allele of TomLoxC promoter (Supplementary 
Table 10). Raw RNA-Seq reads were processed to remove adapter, low-quality 
and poly A/T tails using Trimmomatic42. Trimmed reads longer than 40 bp were 
kept and aligned to the SILVA rRNA database (https://www.arb-silva.de/) to filter 
out rRNA reads. The resulting high-quality cleaned reads were aligned to the 
reference ‘Heinz 1706’ genome (version SL3.0) using HISAT2 (ref. 54) allowing 
two mismatches. Following alignments, raw counts for each gene were derived 
and normalized to RPKM.

To identify SNPs across the RILs and the two parents, we aligned the cleaned 
RNA-Seq reads to the reference ‘Heinz 1706’ genome using STAR67 with the two-
pass method and default parameters. Duplicated reads in each RNA-Seq library 
were marked using Picard (http://broadinstitute.github.io/picard/), and read 
alignments from biological replicates of the same samples were combined. SNPs 
were called using GATK (Genome Analysis Toolkit)68 following the online  
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Best Practices protocol with recommended parameters for RNA-Seq data  
(https://software.broadinstitute.org/gatk/best-practices/). Other than high-quality 
SNPs assigned as ‘PASS’ by GATK, SNPs were further filtered to retain only those 
with different homozygous genotypes in the two parents, missing rate <0.2 and 
minor allele frequency >0.05.

Volatile and carotenoid analyses. Volatiles were analyzed via solid-phase 
microextraction (SPME) coupled to gas chromatography mass spectrometry 
according to Tikunov et al.69 with minor modifications. In brief, 1.5 g frozen tissue 
powder was incubated for 2 min at 30 °C, and 1.5 ml of 100 mM EDTA (pH 7.5) 
was added to each sample and then thoroughly vortexed. Subsequently, 2 ml of 
the resultant slurry was transferred to a 10-ml glass vial containing 2.4 g CaCl2, 
and 20 µl of 10 p.p.m. 2-octanone (Sigma-Aldrich) was added as the internal 
standard. Samples were sealed and stored at 4 °C for no more than 1 d before 
analysis. Samples were preheated to 50 °C for 5 min, and volatiles were sampled 
with a 1 cm long and 30/50 µm film thickness of divinylbenzene/Carboxen/
polydimethylsiloxane SPME fiber (Supelco) at 50 °C for 30 min with 10 s agitation 
every 5 min.

Volatiles were analyzed by gas chromatography–time of flight (TOF)–mass  
spectrometry (Pegasus 4D; LECO Corp.), using a CP-Sil 8 CB 
(30 m × 0.25 mm × 0.25 µm) fused-silica capillary column (Agilent). The SPME 
fiber was introduced to the gas chromatography inlet, which was set to 250 °C in 
splitless injection, and 10 min was allowed for thermal desorption. Helium was used 
as a carrier gas at a constant flow rate of 1 ml × min−1 in gas saver mode. The initial 
oven temperature was set to 45 °C for 5 min, then raised to 180 °C at a rate of 5 °C per 
minute, and then to 280 °C at 25 °C increase per minute and held for an additional 
5 min. The TOF–mass spectrometry was operated in electron ionization (EI) mode 
with an ionization energy of 70 eV, and the electron multiplier voltage was set to 1,700 
V. Mass spectrometry data from 41 to 250 m/z were stored at an acquisition rate of 
8 spectra per second. Data processing was performed using LECO ChromaTOF 
software. To resolve retention indices, we injected a mixture of straight-chain alkanes 
(C6–C25) into the column under the same conditions. Calculated retention indices 
and mass spectra were compared with the NIST mass spectral database for compound 
identification. Relative quantification was done based on single ion area normalized to 
the internal standard.

Carotenoids were extracted according to Alba et al.70 and analyzed using super-
critical fluid chromatography equipped with a diode array detector according to 
Gonda et al.71.

Map construction and QTL mapping. To generate a map of genomic bins 
composed of the genotype of every individual in the RIL population, we used 
SNPbinner71 with default parameters except that emission probability was set to 
0.99. QTL analysis was performed using R/qtl (ref. 72) with a script developed 
by Spindel et al.73. In brief, interval mapping was used for initial QTL detection, 
followed by multiple-QTL-model analysis in additive-only mode. Traits that 
were not normally distributed (as determined by the Shapiro–Wilk W test) were 
transformed by log10 or square root, and outliers were removed to reach normal 
distribution. Traits that did not reach normal distribution after transformations 
were analyzed considering nonparametric models.

Functional characterization of TomLoxC and AtLOX2. Antisense transgenic 
tomato plants with decreased TomLoxC expression described in Chen et al.36 and 
the corresponding wild-type plants (M82) were grown in triplicate in a greenhouse 
in Ithaca, New York, with a 16-h light period at 20 °C (night) to 25 °C (day). The 
Arabidopsis lox2-1 mutant74 carrying a point mutation causing a premature stop 
of AtLOX2 was obtained from Prof. Edward E. Farmer (University of Lausanne, 
Switzerland). Seeds of the AtLOX2 reduced expression line (CS3748) and the 
corresponding control (CS3749) were obtained from the Arabidopsis Biological 
Resource Center. Arabidopsis plants were grown in soil with a 16-h light period 
at 22 °C with 60% humidity and were harvested after 6 weeks. Each sample was 
composed of two plants from the same genotype to achieve sufficient plant 
material needed for the SPME analysis.

Real-time PCR. Total RNA was treated with DNase (Invitrogen), and 
complementary DNA was synthesized using ProtoScript II reverse transcriptase 
(New England Biolabs). Real-time PCR was carried out on an Applied Biosystems 
QuantStudio 6 Flex Real-Time PCR System using the SYBR Green master mix 
(Life Technologies). Primer sequences used for SlCCD1B, TomLoxC and SlRPL2 
(Solyc10g006580; the internal control) are listed in Supplementary Table 20. 
Relative expression values were determined as 2−(ΔΔCt) (ref. 75).

Statistical analysis. The statistical tests used are described throughout the article 
and in the figure legends. Specifically, Fisher’s exact test with FDR corrected for 
multiple comparisons was used to identify genes selected during domestication 
or improvement, and to identify enriched GO terms, we used Tukey’s honest 
significant difference (HSD) test to determine the significance of difference of 
detected gene counts among different tomato groups, TomLoxC expression levels 
among accessions with different promoter types and expression levels of genes 
belonging to different groups. The two-tailed Student’s t-test was performed to 

compare TomLoxC expression levels between NC EBR-1 and LA2093 at each 
fruit developmental stage, expression levels of TomLoxC and SlCCD1B between 
TomLoxC-AS and M82 fruits, relative levels of each volatile between mutants and 
corresponding wild-type controls, expression levels of genes between presence 
and absence of the promoters, and expression levels between reference and 
nonreference and between conserved and flexible genes.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Raw genome and RNA-Seq reads have been deposited into the National Center 
for Biotechnology Information Sequence Read Archive under accession codes 
SRP150040, SRP186721 and SRP172989, respectively. The nonreference genome 
sequences and annotated genes of the tomato pan-genome and SNPs called from 
the RIL population are available via the Dryad Digital Repository (https://doi.
org/10.5061/dryad.m463f7k).
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