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SUMMARY

We explored genetic variation by sequencing a selection of 84 tomato accessions and related wild species

representative of the Lycopersicon, Arcanum, Eriopersicon and Neolycopersicon groups, which has yielded a

huge amount of precious data on sequence diversity in the tomato clade. Three new reference genomes were

reconstructed to support our comparative genome analyses. Comparative sequence alignment revealed

group-, species- and accession-specific polymorphisms, explaining characteristic fruit traits and growth hab-

its in the various cultivars. Using gene models from the annotated Heinz 1706 reference genome, we

observed differences in the ratio between non-synonymous and synonymous SNPs (dN/dS) in fruit diversifi-

cation and plant growth genes compared to a random set of genes, indicating positive selection and

differences in selection pressure between crop accessions and wild species. In wild species, the number of

single-nucleotide polymorphisms (SNPs) exceeds 10 million, i.e. 20-fold higher than found in most of the crop

accessions, indicating dramatic genetic erosion of crop and heirloom tomatoes. In addition, the highest levels

of heterozygosity were found for allogamous self-incompatible wild species, while facultative and autoga-

mous self-compatible species display a lower heterozygosity level. Using whole-genome SNP information for

maximum-likelihood analysis, we achieved complete tree resolution, whereas maximum-likelihood trees

based on SNPs from ten fruit and growth genes show incomplete resolution for the crop accessions, partly

due to the effect of heterozygous SNPs. Finally, results suggest that phylogenetic relationships are correlated

with habitat, indicating the occurrence of geographical races within these groups, which is of practical

importance for Solanum genome evolution studies.

Keywords: Solanum genetic diversity, comparative sequence analysis, phylogenomics, introgression, chro-

mosome evolution, Solanum lycopersicum, Solanum pennellii, Solanum arcanum, Solanum habrochaites,

heterozygosity.

INTRODUCTION

The Solanaceae or nightshade family consists of more

than 3000 species with great diversity in terms of habit,

habitat and morphology. Its species occur worldwide, and

range from large forest trees in wet rain forests to annual

herbs in deserts (Knapp, 2002). Solanum is the largest

genus in the family, and includes tomato (Solanum lyco-

persicum) and various other species of economic impor-

tance. Tomato breeding over recent decades has focused

on higher productivity and adaption to different cultivation

systems. Its economic success is reflected by the fact that,

on a global scale, tomato is one of the most important veg-

etable crops, with a worldwide production of 161 million

tonnes covering some 4 800 000 ha (http://faostat.fao.org/

site/567/DesktopDefault.aspx?PageID=567#ancor). However,

domestication of tomato is clearly distinct from the species

divergence by natural selection as a consequence of select-

ing for a limited set of traits, including fruit shape and size

(Rodr�ıguez et al., 2011). As a result, its genetic basis has

been seriously narrowed, known as the ‘domestication

syndrome’ (Hammer, 1985; Doebley et al., 2006; Bai and

Lindhout, 2007; Bauchet and Causse, 2012). In more recent

times, tomato has been adapted to different growing sys-

tems by adjustment of a small number of traits, including

self-pruning, plant height, earliness, fruit morphology and

fruit color (Rodr�ıguez et al., 2011; Bauchet and Causse,

2012). The relative small genetic variation became apparent

in the face of rapidly changing environmental conditions,

competing claims for arable lands, and new consumer

requests. These challenges have pushed tomato breeding

efforts towards better biotic and abiotic stress tolerance,

higher productivity, and increased sensory and nutritional

value. However, the reduced genetic variation that resulted

from extensive inbreeding has decelerated tomato crop

improvement. To enlarge the genetic basis, breeders now

focus on introgression of desirable genes from wild rela-

tives into the elite cultivars, but so far, this has been quite

limited (Bai and Lindhout, 2007; Singh, 2007).

The first step of introgressive hybridization involves

crosses of the cultivated tomato with heirloom species,

wild relatives or more distant species of the tomato clade.

Introgression breeding is possible as cultivated tomato

and related wild species are intra-crossable, and most of

wild species are also inter-crossable (Rick, 1979, 1986;

Spooner et al., 2005) despite the fact that diverse mating

systems have evolved, varying from allogamous self-

incompatible (SI) and facultative allogamous, to autoga-

mous self-compatible (SC). Especially at the geographic

margins of the distributions, inter-species changes in

incompatibility systems that promote inbreeding over out-

crossing have been documented (Peralta et al., 2008;
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Grandillo et al., 2011). Species boundaries and genetic

diversity have been extensively studied in tomato using a

wide range of molecular data (Peralta et al., 2008 and Gran-

dillo et al., 2011). For example, RFLP analysis showed that

genetic diversity for SI species far exceeds that of SC spe-

cies, estimated at 75% versus 7% (Miller and Tanksley,

1990). Furthermore, ‘within-accession’ genetic variation was

estimated at 10% of the ‘between-accession’ variation, in

contrast to the genetic variation of the modern cultivars,

which was estimated at <5%. This further illustrates the

dramatic erosion of genetic diversity in cultivated tomato

crops.

Selection of crossing parents for inter-specific hybridiza-

tion requires insight into phylogenetic relationships for the

tomato clade, but trees based on morphological and

molecular data have not been undisputed. Four informal

species groups have been proposed for the tomato clade

(Lycopersicon, Arcanum, Eriopersicon and Neolycopers-

icon; Peralta et al., 2008), which are thought to have

evolved from the most recent common ancestor approxi-

mately 7 million years ago (Nesbitt and Tanksley, 2002;

Spooner et al., 2005; Moyle, 2008; Peralta et al., 2008).

Despite these studies, evolutionary relationships between

the 13 species in the Lycopersicon clade have not been

fully resolved; for example, the dichotomy between Sola-

num pennellii and Solanum habrochaites (Peralta et al.,

2005, 2008; Spooner et al., 2005). The evolutionary history

of Solanum genomes has also been investigated from the

perspective of chromosome organization. The study by

Szinay et al. (2012) involving cross-species BAC FISH paint-

ing of Solanum species revealed few large rearrangements

in the short arm euchromatin of chromosomes 6, 7 and 12,

whereas Anderson et al. (2010) demonstrated pairing

loops, multivalents and kinetochore shifts in synaptonemal

complex spreads of hybrids between members of the

tomato clade, suggesting paracentric and pericentric inver-

sions and translocations between the homeologous chro-

mosomes. Furthermore, comparative genomics suggest a

Solanum genome landscape in which chromosome evolu-

tion for the majority of the 12 chromosomes has been far

more dynamic than currently appreciated (Peters et al.,

2012). Collectively, these findings demonstrate that evolu-

tionary relationships among the wild relatives should be

considered provisional (Peralta et al., 2008).

The availability of high-throughput sequencing technolo-

gies has provided unprecedented power to determine gen-

ome variation across entire clades, at both the structural

and genotype level. Initiatives such as the 1001 Genomes

Project for Arabidopsis thaliana, the Drosophila sequence

project, and the 1000 Genomes Project for human have

demonstrated the existence of a vast amount of intra-spe-

cies specific polymorphic sequence features such as inser-

tion/deletion events (InDels), repeats and single-nucleotide

polymorphisms (SNPs) for hundreds of genes (Weigel and

Mott, 2009; The 1000 Genomes Project Consortium, 2010;

MacKay et al., 2012), and have illustrated that there is no

such thing as ‘the genome’ for a particular species. Rather,

the range of physiological and developmental traits

appears to be reflected in the tremendous amount of

sequence variants contributing to intra-specific variation.

Considering the overwhelming inter-species genetic vari-

ability, tomato germplasm collections represent a gene

pool with unprecedented possibilities to address new

breeding demands imposed by climate change, world pop-

ulation increase, and consumer needs. Here we have stud-

ied this genetic variation by genome sequencing a

selection of representative tomato accessions, which has

become possible through the recent development of the

S. lycopersicum Heinz 1706 reference genome (The

Tomato Genome Consortium, 2012). In addition to this ref-

erence genome for the Lycopersicon species, we describe

construction of reference genomes for three other related

species representing the Arcanum, Eriopersicon and Neol-

ycopersicon groups, respectively, providing an expanded

resource for detailed comparative genomic studies in the

near future. We also present results for robust/high-confi-

dence detection and identification of sequence polymor-

phisms, heterozygosity levels and introgressions, and

assess the genetic diversity within the tomato clade from a

phylogenetic and evolutionary perspective. This study pro-

vides an invaluable dataset for advanced ‘omics’ studies

on sequence trait relationships and the molecular mecha-

nisms of tomato genome evolution, as well as the develop-

ment of genotyping-by-sequencing breeding approaches.

RESULTS

Selection of tomato accessions

We selected 84 accessions of the Solanum clade section

Lycopersicum for shallow whole-genome sequencing (36-

fold coverage). The first set of 54 accessions consists of

tomato landraces and heirloom cultivars of S. lycopersi-

cum and S. lycopersicum var. cerasiforme, which have

been selected from the EU–SOL tomato core collection

(https://www.eu-sol.wur.nl). The second set of 30 acces-

sions comprises wild relatives of tomato, representing the

full range of expected genetic variation within S. lycopersi-

cum. Their selection was based on previous use in genetic

research and previous utilization of quality or (a)biotic

stress traits (Grandillo et al., 2011). We also chose S. arca-

num LA2157, S. habrochaites LYC4 and S. pennellii

LA0716 for de novo sequencing and whole-genome recon-

struction, aiming to produce a reference genome for each

of the four main phylogenetic groups in the tomato clade.

An important selection criterion was the self-compatibility

of these accessions, allowing inbreeding for several gener-

ations to minimize heterozygosity, and so reduce de novo

genome assembly problems. A complete list of the
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phenotyped selected accessions used in this study is pre-

sented in Table S1 and at http://www.tomatogenome.net.

De novo assembly of three wild tomato relatives and

Heinz

Comparisons of molecular data have indicated relatively

low DNA sequence diversity between genetically related

species within the phylogenetic groups of the tomato

clade (Miller and Tanksley, 1990). Furthermore, prelimin-

ary analysis indicated that the SNP frequencies for

S. pimpinellifolium and S. pennellii compared to S. lyco-

persicum were 1 and 10%, respectively. As S. pimpinel-

lifolium and S. pennellii are phylogenetically among the

closest and most distantly related species to tomato,

respectively, we assumed the same range of SNP fre-

quencies for other species. Our strategy to determine the

proportion of polymorphic loci across the entire Lycop-

ersicon clade therefore comprised de novo sequencing

and assembly of three new reference genomes, followed

by shallow sequencing of the bulk of the accessions and

subsequently mapping them to a reference genome. For

reference genome reconstruction, we relied on massive

parallel sequencing using Illumina HiSeq 2000 (http://

www.illumina.com/systems.ilmn) and 454 FLX technology

(http://454.com/products/gs-flx-system/). Two paired-end

libraries with insert sizes of 170 and 500 bp and one MP

library of 2 kbp were sequenced using the Illumina HiSeq

2000 at 25-, 25- and 30-fold coverage, respectively

(assuming a genome size of 950 Mbp), and at least 80%

of the bases had a Q value >30 (error rate ≤1/1000). For

the 454 FLX sequencing, large-insert size libraries of 8

and 20 kbp were created, each at 0.6-fold coverage. For

S. pennellii LA0716, we used an additional 8 kbp Illumina

MP library at 0.4-fold coverage. We discarded unpaired

reads, resulting in 205-fold coverage. For de novo assem-

bly, we aimed to maximize short-range contiguity, long-

range connectivity, completeness and quality by follow-

ing the strategy outlined by Gnerre et al. (2011). Our

assembly statistics show a total contig length for S. arca-

num, S. habrochaites and S. pennellii of approximately

760 Mb (Figure 1 and Table S2). The unique portion is

comparable in size in these genomes, consistent with

widespread research, including comparative mapping

studies, revealing a high level of synteny among species

of the Solanaceae (Paterson et al., 2000). However, previ-

ous estimates on DNA content and flow cytometry analy-

ses suggest a considerable variation in total genome size

among species in the tomato clade (Grandillo et al.,

2011). For example, the DNA content of cultivated tomato

varies from 1.87 to 2.07 pg/2C, indicating a genome size of

approximately 950 Mbp, whereas that of S. pennellii is

substantially larger and corresponds to a DNA content of

2.47–2.77 pg/2C, corresponding to 1200 Mbp. Furthermore,

we assume that most of the estimated 35 000 genes reside

on the approximately 220–250 Mb of DNA in the euchro-

matic regions (http://www.rbgkew.org.uk/cval/; Arumuga-

nathan and Earle, 1991; Van der Hoeven et al., 2002; The

Tomato Genome Consortium, 2012). For the most part, the

increased genome size of S. pennellii may probably be

explained by expansion of the repetitive portion of the

genome. Repeats are known to impede genome recon-

struction, resulting in a more fragmented assembly and a

lower N50 contig size. This is consistent with the S. pen-

nellii LA0716 assembly statistics (Table S2). The re-assem-

bled de novo S. lycopersicum cv. Heinz reaches the

assembly size plateau more slowly, and also appears to

be more fragmented than the published reference gen-

ome, probably due to previous use of older sequencing

platforms and a BAC-by-BAC sequencing strategy.
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Figure 1. Evaluation of genome assemblies.

De novo assemblies for S. lycopersicum Heinz

1706, S. habrochaites LYC4, S. pennellii LA0716

and S. arcanum LA2157 were generated using

the ALLPATHS-LG assembler and scaffolded with

the SCARPA scaffolder using 454 data. The num-

ber of contigs (x axis) is plotted against the

cumulative contig size (y axis) with contigs

ordered by size (largest first). Values for the

gold standard assembly S. lycopersicum cv.

Heinz 1706 version 2.40 are plotted in green.
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To determine the extent of sequence diversity, read pairs

from de novo sequenced genomes were mapped to the

S. lycopersicum cv. Heinz 1706 version 2.40 reference gen-

ome. S. lycopersicum has the lowest number of unmapped

reads (11%), which probably consist of low-quality

sequences; this value increases for S. arcanum (17%),

S. pennellii (22%) and S. habrochaites (25%). Given the

comparable sequence quality, we assume an equal per-

centage of low-quality reads for the de novo sequenced

genomes, while sequence diversity, introgressions and

genome expansion contribute to the remainder of the

unmapped reads.

Sequencing and mapping of the 84 accessions and wild

species

For the 84 accessions, 2.9 9 1012 base pairs were

sequenced, giving a mean coverage of 36.7 � 2.3-fold per

accession (32.5 � 2.1-fold for Q ≥ 30). All individuals were

mapped against S. lycopersicum cv. Heinz 1706 ver-

sion 2.40 to assess the diversity in both crop and wild spe-

cies, resulting in 96.4 � 0.88 and 52.9 � 2.93% of the reads

correctly mapping for crops and wild species, respectively

(Figure 2). These numbers improved when reads from wild

species were mapped against a reference genome from a

closer relative. For S. arcanum, S. habrochaites and S. pen-

nellii, 72.87 � 7.87, 78.74 � 15.63 and 55.37 � 9.29% of the

reads correctly mapped against the S. arcanum LA2157,

S. habrochaites LYC4 and S. pennellii LA0716 reference

genomes, respectively. These results illustrate the large

genetic erosion within the crop tomatoes, and the large

sequence diversity among the wild species. Moreover, they

emphasize the need for multiple reference genomes to

support unbiased interpretations of genetic variation

consequences among species in the tomato clade.

Whole-genome sequence diversity

To further assess the sequence diversity in Solanum section

Lycopersicon, we quantified and classified the SNPs for

each of the 84 accessions using read mappings against

Heinz. The SNP counts for tomato cultivars are relatively

low and gradually increase for S. galapagense, S. cheesma-

niae and S. pimpinellifolium accessions. The SNP numbers

for specific members of the Arcanum, Eriopersicon and Ne-

olycopersicon groups increase sharply (Figures 3 and S1),

which correlates with their more distant position in the phy-

logenetic tree in the tomato clade (Peralta et al., 2008).

When compared to the Heinz annotated genome, we

consistently observed a significantly higher SNP frequency

in intergenic regions than in genic regions for all acces-

sions: 89.47 � 3.03% of the polymorphisms fall into inter-

genic regions, while 7.55 � 2.19% map to introns and

2.33 � 0.68% map to exons (Figure 4). Of the polymor-

phisms in exons, 55.17 � 11.54% are synonymous while

44.83 � 21.03% are non-synonymous (Figure S2).

The mean number of SNPs in wild species is 20 times

higher than in crop tomatoes. These results are consistent

with the notion that crop tomato genomes are extensively

genetically eroded compared to the large genetic diversity

found among wild species. A striking trend is the genome-

wide ratio between synonymous and non-synonymous

SNPs (dN/dS). For crops, non-synonymous SNPs outnum-

ber synonymous SNPs, while the opposite is generally true

for wild species (Figure S2). Although we currently have

no clear explanation for the higher dN frequency in crop

accessions, it may partly be the result of the artificial

selection pressure imposed by breeding, maintaining

a relatively small number of SNP determining traits

under positive selection, while allowing fixation of many
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Figure 3. Strict consensus tree based on whole-genome homozygous SNPs from 84 accessions with overlaid bootstrap values obtained by maximum-likelihood

analysis. Bars show the numbers of SNPs (in millions) for the various classes of polymorphisms per accession.
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deleterious non-synonymous SNPs, as previously reported

for tomato crop accessions (Sim et al., 2011, 2012; Koenig

et al., 2013).

An overview of the SNP and InDel variation in the 84

accessions supported by JBROWSE (Skinner et al., 2009;

Westesson et al., 2013) and downloadable consensus VCF

files may be accessed in the tomato 100+ variant browser

that is publicly accessible via http://www.tomatoge-

nome.net/VariantBrowser/.

Heterozygosity and introgressions

For the Lycopersicum accessions, the highest heterozygos-

ity levels were observed for beef-type accessions S. lyco-

persicum EA03222 and EA01155 (Dana), as shown in

Figure 3. With respect to mating type, highest ratios were

found for allogamous SI wild species, while facultative SC

wild species display an intermediate heterozygosity ratio

(Figure S3). On average, autogamous SC species have a

slightly lower heterozygosity level compared to facultative

SC species, of which the autogamous SC wild species

S. neorickii LA0735 has the lowest (Figure S3). The ‘north-

ern’ Eriopersicon species group displays a higher level of

heterozygosity than the ‘southern’ Eriopersicon and Arca-

num species group.

Surprisingly, some tomato accessions display very high

SNP counts (Figures 3 and S1), which may be attributed to

introgressions. Indeed, additional footprints for inter-spe-

cific introgressions in 54 lycopersicum accessions com-

pared to Heinz were found by testing the SNP distributions

in 1 Mbp-sized bins along each of the 12 chromosomes.

Bins with SNP counts deviating significantly from the

mean (z test, P < 0.05) were considered as either introgres-

sed in crop accessions or natural highly divergent in wild

S. lycopersicum species after subtracting the number of

SNPs found when mapping Heinz reads against itself and

correcting for chromosome position- and species-specific

effects by median polish. Introgressions occurred in

5.56 � 7.98% of the 767 1 Mbp bins, with S. lycopersicum

PC11029 having the smallest number (0.13%), S. lycopersi-

cum LA0113 having the highest number (31.42%), and

S. lycopersicum PI272654 having 0.91% of its bins marked

as introgression. Cherry, giant and beef tomatoes have a

higher number of introgressions among the crops, while

wild S. lycopersicum species are even more divergent

(Figure S4).

The specific chromosome locations of divergent SNP

intervals are shown in Figure S4. Here, similar patterns of

SNP concentrations may be observed between crop acces-

sions, which most probably are introgressions originating

from the same donor accessions. In some cases, the most

likely source of introgressions may be deduced from the

SNP identity and the phylogenetic distance inferred from

the SNP alignment. Indeed, when plotting the

chromosomal SNP distribution, we found a 2.2 Mb intro-

gressed segment in the long arm of chromosome 6

roughly between Tomato-EXPEN2000 genetic markers

C2_At4g10030 (44 cM) and TG365 (50 cM) for accessions

LA2838A (Alisa Craig), LA2706 (MoneyMaker), LA2463 (All

Round) and CGN15820. Phylogenetic distance analysis

revealed that a 2.2 Mb segment in the heirloom open-polli-

nated tomato accession MoneyMaker is most closely

related to the wild species S. pimpinellifolium LYC2798

(Figure S5). Interestingly, the Heinz ITAG 2.4 annotation of

this segment indicates several loci that have been impli-

cated in hormone-induced stress responses, fruit develop-

ment, flavonoid phytonutrient production, and mitogen-

activated protein kinase-mediated production of reactive

oxygen species involved in innate immunity to Phytophter-

a infestans-induced late blight.

Sequence diversity and phylogenetic relationships

SNPs in genes related to fruit and growth diversifica-

tion. To analyze diversity in specific genes and loci that

underlie a phenotypic effect on fruit diversification and
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plant growth (FDPG), we determined the orthologs for

ovate (Solyc02g085500), fw2.2 (Solyc02g090740), ls (Sol-

yc07g066250), og/beta (Solyc06g074240), lcy1 (Solyc04g0

40190), lfy (Solyc03g118160), rin (Solyc05g012020), sp (Sol-

yc06g074350), fer (Solyc06g051550), style (Solyc02g0

93580), psy1 (Solyc03g031860), lin5 (Solyc09g010080) and

locus lc (gb|JF284941). Based on the ITAG 2.4 annotation of

the tomato reference genome (The Tomato Genome Con-

sortium, 2012), the polymorphisms in the orthologs were

classified as coding or non-coding, and as non-synony-

mous or synonymous (silent) SNPs to compare intra- and

inter-species sequence diversity and SNP effects among

the 84 accessions. FDPG genes in many cases underlie a

phenotypic trait that is determined by a few SNPs or some-

times a single one (see below). While tomato breeding has

primarily been directed toward selection of these traits, it

is conceivable that a SNP determining a single trait was

subjected to positive selection but the bulk of the genes

were subjected to more relaxed selection. Non-synony-

mous SNP counts in FDPG genes from wild species are

consistently higher than observed for a randomly selected

set of genes. In contrast, synonymous SNP are consistently

lower. Nevertheless, both counts are just below one stan-

dard deviation from the mean (Figure S6). Perhaps this

observation reflects a higher selection pressure in wild

species than in crop accessions against deleterious muta-

tions in FDPG genes.

Lycopersicon-, Aracanum-, Eriopersicon- and Neolycopers-

icon-specific SNPs. Several characteristic SNPs were

found to be distinctive for the Lycopersicon, Arcanum, Eri-

opersicon and Neolycopersicon sections. For example, the

red or orange/yellow-fruited Lycopersicon group acces-

sions have a GTC codon for valine at position 23 in the og/

beta gene on tomato chromosome 6 encoding chromo-

plast-specific lycopene b–cyclase, whereas the green-

fruited Arcanum, Eriopersicon and Neolycopersicon spe-

cies have a non-synonymous TTC (Phe) substitution at the

same position. In all accessions in the Arcanum group, the

GAG codon for the Gln30 residue of lycopene b–cyclase 1

encoded by the lcy1 gene on chromosome 4 has been

substituted. S. chmielewskii accessions have a GTG codon

(Val), while the S. neorickii and S. arcanum accessions

have a CTG codon(Leu).

Species-specific SNPs. In addition to group-specific poly-

morphisms, we also found species-specific SNPs. For

example, further downstream in the og/beta orthologous

gene of S. corneliomulleri, a GCT (Ala437) ? ACT (Thr)

SNP and a TTG (Leu464) ? TTT (Phe) SNP occur, and the

AAA codon for amino acid Lys277 is replaced by ATA (Ile)

for the S. chmielewskii accessions. In the lfy gene ortho-

logs, a synonymous SNP TTA (Leu25) ? CTA is shared by

the huaylasense accessions, whereas a CCA (Pro122) ?

CAA (Gln) nucleotide substitution is characteristic of

S. chmiemlewskii accessions. S. peruvianum accessions

have a CGATGA insertion (Asp Asp) downstream of Asp89

in the fer gene. S. arcanum and S. chilense accessions

share a GCC (Ala107) ? GCA synonymous SNP in the

ovate gene ortholog, and we detected several intron SNPs

that are specific for S. neorickii in the sp orthologous gene.

Finally, S. chilense accessions have a TTT (Phe80) ? TTC

substitution in the style gene.

Accession-specific SNPs related to fruit traits. We also

observed accession-specific polymorphisms related to spe-

cific fruit traits. The cultivar Black Cherry has a single

nucleotide deletion in the coding sequence of the chromo-

some 6 B gene (Figure S7). This specific deletion occurs in

the old-gold-crimson (ogc) null allele (Ronen et al., 2000).

The resulting frameshift causes the loss of lycopene

b–cyclase function, resulting in accumulation of lycopene

and dark red/purple appearance of the tomato fruits. Gali-

na, Iidi and T1039 are yellow-skinned cherry tomatoes, and

have a single nucleotide deletion resulting in a frameshift

causing a Lys389 ? Ser substitution and a premature TGA

stop codon directly downstream, resulting in a truncated

psy1 protein lacking the terminal 23 amino acids (Figure S7).

In this respect, it is interesting to note that the ry mutant

allele, which encodes a phytoene synthase lacking these

terminal amino acids, has been shown to underlie the yel-

low-colored fruit skin phenotype in tomato mutants (Fray

and Grierson, 1993).

Fruit shape and size in tomato are influenced by locule

number. Two QTLs, lc and fas, have major effects on these

traits, and may act synergistically, leading to extremely

high locule numbers (Cong et al., 2008; Munos et al.,

2011). Fas is the major gene responsible for increasing loc-

ule numbers (from two to more than six), while lc has a

weaker effect, increasing locule numbers to three or four.

Two T ? C and A ? G SNPs are associated with the high

locule number allele (lch), while an extreme high locule

number caused by down-regulation of a YABBY-like tran-

scription factor is associated with a 6–8 kb insertion in the

first intron of the fas gene (Cong et al., 2008). Sequence

analysis revealed that all bi-locule accessions have the low

locule number allele (lcl), while accessions with three to

four locules (except Cal J TM VF and Dana) have the lch

allele. Whether tomato fruit are pear-shaped is controlled

by the quantitative trait locus OVATE. The allelic interac-

tions at the ovate locus have been described as recessive,

but their expression depends on the genetic background

(Ku et al., 1999). Liu et al. (2002) showed that a GAA

(Glu279) ? TAA nonsense mutation in the second exon

causes an early stop codon and a premature translation

termination, resulting in a 75 amino acid truncated ovate

protein (AAN17752), leading to formation of pear-shaped

fruit. All accessions with pear-shaped fruits have the
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premature stop codon, but the mutational effect is less pro-

nounced in the ovate-fruited accession ‘Porter’ (Figure S8).

Phylogenetic relationships

Cladistics based on molecular data resulted in clear group-

ing of species within the Solanum genus section Lycopers-

icon (Peralta et al., 2008). However, at the species level,

relationships are still unresolved. For example, while

S. pennellii was placed in its own group (Neolycopersicon)

as a sister to the rest of the section Lycopersicon, it none-

theless appears as sister to S. habrochaites in the main

trichotomy (Spooner et al., 2005; Peralta et al., 2008; Gran-

dillo et al., 2011). Our SNP analysis indicates that many

polymorphisms are distinct for habrochaites species,

whereas S. pennellii LA0716 shares many SNPs with

accessions of the Arcanum and Eriopersicon groups. This

suggests the existence of a complicated phylogenetic rela-

tionship for S. pennellii and S. habrochaites.

We applied the vast amount of multi-locus molecular

data obtained in this study to shed more light on the spe-

cies and accession relationships in the tomato clade. First,

we used the polymorphisms detected in the FDPG gene or-

thologs to assess species boundaries and relationships

within the tomatoes and wild relatives. A strict consensus

tree for ten concatenated genes (Figure S9) revealed that

all S. habrochaites species cluster into a monophyletic

group, while S. pennellii LA0716 is sister to S. habrocha-

ites. The S. chilense accessions also group together and

cluster with S. corneliomulleri and S. peruvianum acces-

sions, which are representatives of the erstwhile S. peru-

vianum ‘southern group’, and with accession LA2172. The

green-fruited self-compatible (SC) S. chmielewskii and

S. neorickii species, which are representatives of the Arca-

num group (Peralta et al., 2008), are resolved into two

monophyletic groups and cluster with two S. arcanum spe-

cies into a larger clade. Furthermore, all red- or orange-

fruited SC species of the Lycopersicon group (S. cheesma-

niae, S. galapagense, S. lycopersicum and S. pimpinellifo-

lium) form a well-supported clade. In particular, the

orange-fruited S. cheesmaniae and S. galapagense cluster

into a sub-group, illustrating the very close relationship

between both species. These relations are in agreement

with previously presented phylogenetic studies (Grandillo

et al., 2011).

Next we excluded heterozygous SNPs from the analysis,

as they are arbitrarily converted into a single nucleotide call

for FASTA-converted sequences, thereby introducing noise

and possible bias in the data. SNPs in introns were also

excluded as they are likely to be under less selective pres-

sure than exon SNPs and probably carry less phylogenetic

information and introduce more noise. Figure S10 shows

that the homozygous SNPs in the FDPG genes have suffi-

cient power to resolve the phylogenetic placement consis-

tent with the grouping at the sectional level as previously

described (Peralta et al., 2008). We noticed a slight increase

in resolution when comparing the gene trees based on

unfiltered and filtered SNPs (Figures S9 and S10). Neverthe-

less, at the species level, placement of lycopersicum, pimpi-

nellifolium, galapagense and cheesmaniae accessions

appeared largely unresolved. In this analysis, S. pennellii is

a sister species to the Eriopersicon group. We also assessed

the clustering using genome-wide homozygous SNPs

aiming to increase resolution. The whole-genome SNP clad-

ogram in Figure 3 shows complete resolution into separate

branches, with high bootstrap values for each of the Lycop-

ersicon accessions and wild species. Although phylogenetic

relationships may be influenced by SNPs that arise from int-

rogressions, the genome-wide SNP information generates

sufficient resolution power, and enables inter-species and

intra-species identification of all 84 individuals in monophy-

letic groups. Based on our phylogenetic analysis and SNP

sequences, we propose that accession LYC2740 should be

considered as an S. lycopersicum species rather than a

S. pimpinellifolium species. We also observed that several

S. lycopersicum accessions grouped with S. pimpinellifoli-

um, S. galapagense and S. cheesmaniae. These S. lycoper-

sicum accessions probably are hybrids or carry substantial

S. pimpinellifoulium introgressions. Additional analysis

should be performed to substantiate this hypothesis. In addi-

tion, S. pennellii appears to be a sister species to the S. hab-

rochaites species group in the whole-genome SNP tree,

suggesting that S. pennellii may be considered an interme-

diate species between S. habrochaites and S. arcanum,

which coincides with its intermediate geographical distribu-

tion.

DISCUSSION

Multiple reference genomes and sequence diversity

Our study has yielded a huge amount of precious data on

sequence diversity in wild species of the tomato clade. The

reads for S. habrochaites (78%), S. arcanum (73%) and

S. pennellii (53%) were mapped onto the corresponding

species reference genome, illustrating the large inter-spe-

cies sequence variation in the Lycopersicon clade. We also

demonstrated dramatic genetic erosion in cultivated toma-

toes. There is an increasing demand for broadening the

genetic base of this crop, and our study provides pivotal

information for future tomato breeding programs. The

Heinz reference genome is not simply only partly represen-

tative of the genetic and structural information in the

related wild species, it also emphasizes the need to recon-

struct additional reference genomes. The three de novo

sequenced genomes presented here thus constitute a valu-

able resource in addition to the currently available geno-

mic tools in support of studies on evolution, domestication

and the genetic basis underlying important traits such as

disease resistance and abiotic stress tolerance.
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Our sequencing and mapping strategy effectively sup-

ports the detection and identification of high-confidence

sequence polymorphisms and is explanatory for the rich

phenotypic diversity among a large set of cultivated

tomato accessions and wild relatives. We observed group-,

species- and accession-specific polymorphisms, some of

which may be attributed to economically important fruit

and growth traits. Such information may easily be trans-

lated into array- or PCR-based assays to genotype genetic

variants across extensive populations as well as progeny

populations. Assuming that gene models from the Heinz

annotated reference genome are also applicable for other

species, 8–10% of all sequence polymorphisms are located

in the genic portion of the genome. Non-synonymous and

synonymous SNPs occur each at 1% of the total number of

SNPs. As a conserved estimate for wild species, such a

percentage equates to approximately 1 9 105 non-synony-

mous SNPs, but little is known about how much of the

phenotypic diversity may be attributed to this. Given that

traits such as fruit color and shape are determined by a

single SNP, the total number of SNPs most likely repre-

sents a wealth of diversity that awaits further exploration.

Relationships of tomatoes and wild species relatives

The past few decades have seen the publication of several

phylogenetic studies of Solanum species in the Lycopers-

icon section, but use of phenotypic characteristics, markers

and sequencing data for their construction resulted in dis-

similar trees, with provisional species groupings lacking

fully resolved relationships (Grandillo et al., 2011). In this

study, we reconstructed intra- and inter-species relation-

ships for a large number of tomato accessions and related

wild species, taking advantage of whole-genome sequence

data to maximize tree resolution. Initially, our phylogenetic

analysis focused on genes controlling economically impor-

tant traits that have been subject to inter-specific hybridiza-

tion breeding. As a subset of these genes originated from

wild species, cladistics potentially may result in skewed

relationships. However, our maximum-likelihood consen-

sus cladograms for the targeted genes and the whole-gen-

ome SNP data show comparable tree topology down to

the sub-sectional (species group) level, suggesting that

phylogenetic relationships between fruit and growth diver-

sification genes are not particularly skewed. While the

strict consensus cladogram for the concatenated fruit and

growth diversification genes displays unresolved relation-

ships at the species level for some of the cultivated tomato

and S. peruvianum accessions, the use of whole-genome

SNP data allowed increased tree resolution. Indeed, the

whole-genome SNP dataset supports the placement of

taxa into separate branches with high bootstrap values for

each of the accessions and wild species, including cor-

rected placement of several previously putatively typed

accessions.

Ecological differences probably have resulted in dra-

matic genome evolutionary consequences. Moreover,

there is evidence that mating system shifts have a large

impact on complex multigene-based traits such as floral

and fruit development (Moyle, 2008), which may further

account for large intra-species variation. Large intra-spe-

cies variation trends have been observed for S. chilense

species, which have been grouped into geographic races

that may be distinguished both morphologically and

genetically (Grandillo et al., 2011). Other examples involve

remarkable levels of morphological and genetic diversity,

as found in S. peruvianum populations (Rick, 1986; St€adler

et al., 2005), which may apply also to S. arcanum explain-

ing the distinct phylogenetic positions for accessions

LA2157 and LA2172. Here, we placed both accessions into

the Arcanum group with ‘northern’ species of the peruvia-

num complex. Accession LA2172, which is allogamous SI,

appears to be sister to the monophyletic S. neorickii clade,

while LA2157 is facultative SC and sister to the monophy-

letic S. chmielewskii clade. Furthermore, it is important to

note that AFLP cladistics previously resulted in grouping of

S. arcanum LA1984 with southern S. peruvianum species,

while the other S. arcanum accessions grouped with

S. huaylasense (Spooner et al., 2005). Interestingly, it has

been speculated that accessions such as LA1984 may rep-

resent a ‘crossing bridge’ between morphologically and

genetically distinct populations (Rick, 1986; Grandillo et al.,

2011).

Detection of introgressions in crop accessions and

genome structure

While marker-assisted introgressions focus on the relation-

ships between traits and allelic variants, they are mostly

used for indirect selection of genetic determinants for a

trait of interest, and are restricted to alleles that may be

diagnosed. Based on genome-wide SNP data, introgres-

sions from S. pimpinellifolium into chromosomes 4, 9, 11

and 12 of S. lycopersicum Heinz 1706 have been reported

previously (The Tomato Genome Consortium, 2012). Fol-

lowing the same strategy, the bulk of our introgression

detection was based on SNP distributions divergent from

the reference genome, targeting introgressions not present

in Heinz. Our approach shows that both the location and

size of introgressed segments may be inferred from the

SNP distribution. By testing the phylogenetic distance for

84 accessions, we found a 2.2 Mb chromosome 6 intro-

gressed segment in S. lycopersicum acceptor accessions

LA2838A, LA2706, and CGN15820, and assigned S. pimpi-

nellifolium LYC2798 as the closest related donor accession.

These results add a new perspective to future introgression

hybridization breeding.

The success of introgressive hybridization breeding

depends, among other things, on proper identification of

colinear chromosome segments in donor and recipient
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genomes, which, in turn, is dependent on the consistency

and completeness of their assembled genomes. The gen-

ome structure of the parental species influences crossing

success, and a difference in genomic colinearity has a

direct effect on chromosome pairing at meiosis, and hence

determines the rate of alien chromatin transfer into a reci-

pient crop. However, the proper ordering and orientation

of contigs into megabase-sized scaffolds depends on the

availability of genetic and physical maps, which are cur-

rently lacking for the three de novo sequenced genomes.

Furthermore, the N50 contig sizes for the de novo assem-

blies of S. arcanum, S. habrochaites and S. pennellii do

not exceed 400 kb. Although advances in next-generation

sequencing technology for the use of extant germplasm

resources now allow assembly of large numbers of

complex genomes relatively rapidly and cheaply, they do

not yet allow full genome reconstruction of the Solanaceae

family, and hence are of limited use in introgression

breeding. The identification of compatible genomes for

introgression breeding, the rearrangement phylogeny

within the Solanaceae, and reconstruction of the ancestral

Solanum karyotype all require additional physical mapping

information in addition to the genome sequence informa-

tion to properly order contigs along the chromosome

arms. Therefore, we suggest integration of next-generation

sequencing and new technological platforms, such as opti-

cal mapping, to advance Solanum genome reconstruction.

EXPERIMENTAL PROCEDURES

Selection of tomato accessions

We genotyped the 7000 accessions in the EU–SOL project
(https://www.eu-sol.wur.nl) on the basis of 20 traits and markers,
followed by denser genotyping of a subset of 1000 accessions
using 384 SNP markers, and a final selection of 200 accessions
covering the full genetic diversity of the crop. We also included
a set of old cultivars that were selected on the basis of previ-
ously documented trait identifications of wild tomato relatives
(Grandillo et al., 2011).

DNA isolation

Young leaves were collected from the first plant of each plot (self-
compatible accessions) or from the pollen acceptor (self-incom-
patible accessions) for DNA extraction. Approximately 100 mg fro-
zen leaf material was ground using an M300 mixer mill (Retsch,
www.retsch.com). Subsequently, genomic DNA was extracted by
a standard DNA isolation protocol (Van der Beek et al., 1992),
using a nuclear lysis buffer containing sarkosyl. The DNA was
quantified using a Qubit 2.0 fluorometer (Lifetechnologies, www.
lifetechnologies.com/qubit.html). For each accession, 1.5–2.0 lg
DNA was used for library construction.

Sequencing and read mapping of Illumina and 454

libraries

Shallow sequencing of 500 bp inserts was performed using an
Illumina HiSeq 2000 sequencer to generate a 100 bp paired-end
(PE) library at a mean coverage of 36-fold. Bases with Q < 20 were

trimmed before read mapping with BWA (Li and Durbin, 2009,
2010) against S. lycopersicum cv. Heinz version 2.40 with a maxi-
mum insert size of 750 bp (50% deviation), taking into account at
most 30 hits and removing PCR duplicates. SAMTOOLS (Li et al.,
2009) was used for variant calling without skipping InDels, a mini-
mum gap distance of 5 bp, a minimum alignment quality of 20, a
minimum depth of 4, and default parameters otherwise. The same
protocol was used to map the wild species to their closest de novo
version 1.0 assembled counterpart. Contamination with Escheri-
chia coli, human, insect, mouse, ΦX174 phage, yeast and phytovi-
ral genomes (Adams and Antoniw, 2006) was checked using
BOWTIE (Langmead et al., 2009).

De novo assembly of the three wild species genomes and

Heinz

For de novo sequencing of S. arcanum LA2157, S. habrochaites
LYC4 and S. pennellii LA0716, we sequenced an overlapping PE
library with 170 bp insert size, at 93.2-, 76.4- and 80.8-fold cover-
age, re-used the 500 bp insert size PE library at 35.7-, 35.6- and
28.2-fold coverage, using 100 bp Illumina HiSeq 2000 reads, and
used a mate pair (MP) library with 2 kbp insert size at 33.8-,
38.0- and 31.2-fold coverage, respectively. Using the 454 FLX
system, a long mate pair library of 8 kbp insert size and an
extra-long mate pair library of 20 kbp insert size were
sequenced at 0.55 � 0.10- and 0.47 � 0.07-fold coverage, respec-
tively. For S. pennellii LA0716, we sequenced an additional short
mate pair library of 3 kbp insert size at 0.4-fold coverage. On
average, reads produced from 454 libraries contained 35 � 7%
adaptamers. For S. lycopersicum cv. Heinz 1706, we used a
reduced set of reads with 14.78-fold 250 PE, 17.54-fold 300 PE,
37.42-fold 500 PE, 6.25-fold 2 kb MP, 6.51-fold 3 kb MP, 5.94-fold
4 kb MP and 6.02-fold 5 kb MP, with a total of 69.74-fold cover-
age for PE libraries, 24.73-fold coverage for MP libraries and
94.47-fold coverage overall.

The S. pennellii, S. habrochaites and S. lycopersicum data were
assembled using ALLPATHS-LG (assembly version SL 2.0) as
described by Gnerre et al. (2011) with a ploidy of 2, while S. arca-
num was assembled using CLC GENOMICS WORKBENCH version 7 (CLC
Inc., www.clcbio.com) with a bubble size of 300, a minimum con-
tig length of 200, and a word size of 64 (assembly version 1.0).
Subsequently, S. arcanum was assembled using ALLPATHS-LG
(assembly version 2.0). ALLPATHS-LG-generated scaffolds were fur-
ther scaffolded using the 454 FLX data in the SCARPA scaffolder
(Donmez and Brudno, 2013). The de novo assembly statistics were
compared to the tomato reference genome S. lycopersicum cv.
Heinz version SL 2.40 (Table S2). The CLC, ALLPATHS-LG and ALL-

PATHS-LG plus SCARPA assembly are referred to as versions 1.0, 2.0
and 3.0, respectively. S. arcanum version 1.0, S. habrochaites ver-
sion 2.0 and S. pennellii version 2.0 were used for mapping of the
84 accessions. Version 3.0 was used to assess genome sizes and
rearrangements for all species.

Sequence diversity and phylogenetic relationships of 84

accessions

To assess sequence diversity in FDPG genes, orthologs in 84
accessions were obtained from reciprocal best BLASTN hits of
CLC-assembled contigs and tomato ITAG 2.4 annotated sequences
(http://solgenomics.net/gb2/gbrowse/ITAG2.4_genomic/) and aligned
using CLUSTAL W (Thompson et al., 1994). SNPs were then called
using the quality-based variant detection algorithm in CLC. Opti-
mal substitution models for CLUSTAL W -aligned gene and concate-
nated gene sequences were calculated using MEGA 5.1 (Tamura
et al., 2011). Maximum-likelihood trees for each individual gene as
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well as concatenated gene sequences were inferred using a neigh-
bor-joining initial tree followed by nearest-neighbor interchange.
Phylogenies were tested using 1000 random genes separated into
100 sets of ten genes (Figure S6). Finally, strict consensus trees
for individual genes and concatenated genes were calculated
using a cut-off value of 50%.

For each species, we used a concatenation of all homozygous
non-unique SNPs (Van Gent et al., 2011) with quality above 20,
which were obtained from the VCF files generated using BWA

and SAMTOOLS. Multiple nucleotide polymorphisms and InDels
were disregarded due to their low frequency and the low alig-
ment speed. We used ITAG version 2.3 gene models with FASTTREE

2.1.7 software (Price et al., 2010) for heuristic neighbor-joining as
input to the maximum-likelihood algorithm, thus reducing the
number of trees with a mix of nearest-neighbor interchange and
subtree-prune-regraft. A Jukes–Cantor generalized time-reversible
model, weighted neighbor joining, 100 bootstrap re-sampling,
and gamma fitting for reported likelihood were used in the
analysis.

Annotation of SNP calls

All VCF files from the mapped individuals were processed using
SNPEFF 3.4 (Cingolani et al., 2012) based on the ITAG 3.1 annotation
and default parameters. SNPEFF annotates SNPs in the VCF files
based on their position and the reference annotation, including
their effects and report statistics such as the rates of synonymous
and non-synonymous SNPs (Figures S2 and S6), heterozygosity
levels (Figures 3 and S3), the number of SNPs per 1 Mbp bins
(Figure S4) and the location of the SNP (Figure 4).

Introgression estimation in S. lycopersicum

To estimate the level of introgression in the S. lycopersicum spe-
cies, we used the median polish procedure (Mosteller and Tukey,
1977; Xie et al., 2009) on the SNP counts per 1 Mbp bin along
each chromosome (Figure S4, left panel) to remove species- and
bin-specific effects (species or bins naturally having a higher num-
ber of SNPs). The residuals were tested using a z test, and bins
from crop accessions with residuals significantly different from
the mean (P < 0.05) were labeled as introgressions (Figure S4,
right panel). Note that, in wild S. lycopersicum, we are unable to
discriminate between natural variance and inter-specific cross-
ings.

Variant browser

JBROWSE 1.10.12 (Skinner et al., 2009) was used to visualize the
detected structural variants. The SL2.40 genome assembly and
ITAG 2.31 genome annotation were loaded in the tomato 100+ var-
iant browser, together with the VCF files of the 84 accessions.

Sequence repository

Sequence reads and associated analyses have been deposited at
the European Nucleotide Archive (http://www.ebi.ac.uk/ena/)
under accession numbers PRJEB5226 (S. arcanum LA2157),
PRJEB5227 (S. habrochaites LYC4), PREB5228 (S. pennellii
LA0716) and PRJEB5235.
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