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Solanum pennellii is a wild tomato species endemic to Andean 
regions in South America, where it has evolved to thrive in arid 
habitats. Because of its extreme stress tolerance and unusual 
morphology, it is an important donor of germplasm for the 
cultivated tomato Solanum lycopersicum1. Introgression lines 
(ILs) in which large genomic regions of S. lycopersicum are 
replaced with the corresponding segments from S. pennellii 
can show remarkably superior agronomic performance2. Here 
we describe a high-quality genome assembly of the parents 
of the IL population. By anchoring the S. pennellii genome 
to the genetic map, we define candidate genes for stress 
tolerance and provide evidence that transposable elements had 
a role in the evolution of these traits. Our work paves a path 
toward further tomato improvement and for deciphering the 
mechanisms underlying the myriad other agronomic traits that 
can be improved with S. pennellii germplasm.

Crosses between distantly related plants can lead to substantial 
improvements in performance. Notably, S. pennellii × S. lycopersicum  
ILs have been used to define numerous quantitative trait loci (QTLs) 
for superior yield, chemical composition, morphology, abiotic stress 

tolerance and extreme heterosis3,4. Although genetic studies have 
proven informative, few genes underlying specific QTLs have been 
cloned, largely because of the lack of a S. pennellii genome sequence. 
To support QTL analyses, we sequenced the genome of S. pennellii  
using Illumina sequencing with ~190-fold coverage (Fig. 1 and 
Supplementary Tables 1–5). The initial assembly size was 942 Mb, 
with a scaffold N50 value of 1.7 Mb and N90 value of 0.43 Mb (Table 1  
and Supplementary Tables 6 and 7). We estimated the total genome size to 
be about 1.2 Gb using a k-mer–based analysis (Supplementary Fig. 1 and 
Supplementary Table 8), in accordance with previous estimations3,4. We 
anchored 97.1% of the genome assembly to chromosomes using genetic 
maps and restriction site–associated DNA sequencing (RAD-seq)-based 
markers from the IL population5 (Supplementary Note). Comparison 
of the assembly to publicly available BAC sequences indicated an accu-
racy of >99.9%, and a satisfactory accuracy of gap-filled regions was 
shown by realigning reads (Supplementary Fig. 2 and Supplementary 
Table 9). Of the 307,350 S. lycopersicum and 7,812 S. pennellii publicly 
available ESTs, 93% and >96% could be aligned to the genome, respec-
tively (Supplementary Table 10), indicating comprehensive coverage 
of the gene-rich regions. We predicted 32,273 high-confidence genes 
and a potential set of 44,966 protein-coding genes and checked these  
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for codon usage (Supplementary Table 11). 
We found that 20,076 (ref. 6) protein-coding  
genes were functionally annotated and com-
pared to other species (Supplementary 
Figs. 3–6, Supplementary Tables 12 and 13,  
and Supplementary Data Sets 1–6). The 
average gene had 5.7 exons and coded for a 
518-amino-acid protein. Multiple statistical  
analyses indicated a complex interplay 
between Copia transposable elements and  
stress-related genes.

In addition, we sequenced the S. lycopersicum cv. M82 
genome—the recurrent parent of the IL population—at approxi-
mately 44-fold coverage. We compared this sequence to the 
S. lycopersicum cv. Heinz genome7, identifying 1,338,510 
variants, of which 1,188,524 were SNPs. There was a clear  
enrichment for variants on chromosomes 4, 5 and 11, likely as a result 
of putative Solanum pimpinellifolium introgressions into the M82 culti-
var, as evidenced by pairwise SNP analyses (Supplementary Figs. 7–9).  
Previous analyses7 suggested introgression of S. pimpinellifolium into 
the Heinz cultivar genome, and our genome-wide data seem to sug-
gest an additional introgression on chromosome 4 as well.

Almost 82% of the nongapped S. pennellii assembly consisted 
of repeats (Supplementary Fig. 10). Long terminal repeat (LTR)- 
retrotransposons (LTR-RT) elements were by far the most abundant 
repeats, comprising ~45% of the S. pennellii genome assembly. As in  
S. lycopersicum, there were many more Gypsy-type (349 Mb) 
than Copia-type (79 Mb) LTR-RTs in the S. pennellii genome 
(Supplementary Fig. 11). LTR-RTs have a substantial role in genome 
size variation, representing 355 Mb of the 781-Mb S. lycopersicum 
genome assembly and 428 Mb of 942 Mb in S. pennellii. We assessed 
the recent activity of LTR-RTs in these two tomato genomes and the 
potato (Solanum tuberosum) genome using a sequence alignment of 
full-length LTR-RTs and transformed distances into ages. This analysis  
showed that S. pennellii has a higher abundance of young LTR-RTs 
(~15% showed close to zero divergence; Supplementary Figs. 12  
and 13) than S. lycopersicum (less than 5% showed very low  
divergence), which is especially pronounced for Copia elements. 
These results point toward different genome dynamics in these two 
species since their separation from a common ancestor.

We next compared orthologous gene pairs from S. pennellii 
and S. lycopersicum to find genes with evidence for positive selec-
tion (Supplementary Fig. 14, Supplementary Tables 14–17 and 
Supplementary Data Set 7), as indicated by a Ka/Ks ratio (ratio of 

nonsynonymous to synonymous nucleotide changes) of >1.0. In the 
resulting gene list, we found an enrichment of genes encoding acyl-
carrier proteins, which are known to be involved in lipid biosynthesis.  
This enrichment might reflect an adaptation of the S. pennellii  
hydrophobic cuticle to minimize transpiration water loss and thus 
promote survival in desert habitats.

Previous studies on the fruit cuticles of wild tomato species 
documented considerable diversity in waxes and cutin8. We there-
fore analyzed the leaf cuticular waxes of both S. pennellii and  
S. lycopersicum and observed a threefold greater abundance of waxes, 
primarily very-long-chain alkanes, in S. pennellii (Supplementary 
Fig. 15). The alkane abundance in S. pennellii and the higher ratio of 
alkanes to triterpenoids have previously been suggested as mecha-
nisms for increasing resistance to water flux across the cuticle9,10. 
Additionally, the phenylpropanoid component of S. pennellii cutin 
was reduced to ~20% of that found in S. lycopersicum. We thus com-
pared the expression of orthologs of known cuticle biosynthesis– 
related genes in the two species (Fig. 2, Supplementary Fig. 16 
and Supplementary Tables 18 and 19). The expression of CER1, an 
ortholog of a key regulator of alkane concentrations in Arabidopsis 
thaliana11, was substantially higher in S. pennellii, consistent with 
the greater abundance of alkanes. In contrast, a consistent dif-
ferential expression pattern was not evident for genes associated 
with the biosynthesis of aliphatic cutin components, in agreement  
with the absence of major differences in cutin biochemical data. 
Lastly, the abundance of cutin phenylpropanoids in S. lycopersicum 
correlated with the much higher expression of two feruloyltrans-
ferase homologs and PAL1, which encodes the phenylpropanoid 
pathway gateway enzyme. This comparative analysis of the genome 
sequences of S. pennellii and S. lycopersicum, together with gene 
expression studies, demonstrates their potential for elucidating  
the ecological constraints and adaptations underlying traits of  
agronomic importance.
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Figure 1  Genomic landscape of S. pennellii 
chromosome 1. (a–d) Densities of genes (a), 
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window. (e) Average RNA sequencing coverage 
in a 500-kb window. (f–h) Percentages of 
variants relative to S. pimpinellifolium (f),  
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Table 1  S. pennellii genome assembly statistics
Stage N50 N90 Contigs/scaffolds n > N50 Assembled size (bp) Unknown nucleotides Anchored

Contigs 2,176 68 4,315,954 81,824 1,117,562,721 0

Scaffolding 1,603,317 98,078 407,506 177 1,021,472,455 125,806,430

Gap filling 1,590,935 95,443 407,506 177 1,012,612,203 67,624,937

Final 1,741,129 437,042 4,579 156 942,595,034 67,190,021 97.1%

n > N50, number of sequences longer than the N50 length. 
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The high stress tolerance of S. pennellii, which has also been  
shown in some ILs (Supplementary Tables 20 and 21), led us to inves-
tigate its underlying mechanism. Stress tolerance has frequently been 
associated with allelic polymorphisms12, copy number variation13 and 
constitutive or inducible differential expression of numerous genes 
involved in regulatory or metabolic pathways14. To specifically target 
stress-related mechanisms, we identified 389 potential stress-related 
genes by mining the literature (Supplementary Table 22). These 
genes were filtered against drought- or salt-related QTLs detected 
in the ILs14–19, which resulted in the identification of 100 candidate 

genes (Fig. 3 and Supplementary Note). Alignment of the M82 and 
S. pennellii protein sequences indicated only minor differences, with 
no outliers in Ka/Ks ratios (Supplementary Data Set 7). Most non-
synonymous changes, if any, occurred in the less-conserved portions 
of the protein sequences (Supplementary Note), with a few instances 
occurring in highly conserved portions of the protein sequences, as 
was the case for dehydration-responsive element–binding protein 1 
(DREB1, Solyc06g050520)20.

Further investigation showed that around half of the candidate 
stress-related genes had extensive polymorphisms in the regions 
upstream of their initiation codons. These sequence polymorphisms 
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Figure 2  Expression of cuticle biosynthesis–
related genes. (a–d) The expression of genes 
related to cutin biosynthesis (a) and wax 
biosynthesis (b) and of genes putatively (c) or 
known to be (d) associated with the formation 
of cuticular aromatic components was analyzed 
using quantitative PCR to validate data from 
RNA sequencing experiments and biochemical 
analysis. Statistical analysis was performed 
using a two-tailed t test. *P < 0.05, **P < 0.01,  
***P < 0.001. Gene expression shown is 
relative to that for actin (Solyc05g054480). 
Error bars, s.e.m.; four biological replicates, 
each with three technical replicates.
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correlated with the magnitude of differential expression detected 
between M82 and S. pennellii21 (Supplementary Tables 23 and 24). 
One S. pennellii gene, a member of the drought tolerance–promoting 
dehydrin family (Solyc02g084850), contained two upstream insertions.  
A search for cis-acting elements in these two insertions showed  
the presence of several overlapping motifs, including some cis  
elements specifically responsive to dehydration (for example, 
MYCATRD22). This gene has been reported to show higher expres-
sion in the more drought-tolerant S. pennellii seedlings in comparison 
to M82 (ref. 21).

We further used the stress-related gene set to survey the  
colocalization of these genes with retrotransposons in the two species 
(Supplementary Note and Supplementary Data Sets 8–12). Stress-
related genes (Supplementary Table 25) were found to be enriched 
in a 5-kb window around Copia-like retrotransposons in S. pennellii  
and S. lycopersicum. However, this enrichment was much more 
pronounced in S. pennellii (P < 0.0001 versus P = 0.001), and the 
enrichment around Gypsy elements was significant (P = 0.0021) in 
S. pennellii only (Supplementary Fig. 17 and Supplementary Note). 
Unsurprisingly, Copia elements in the proximal promoters (500 bp 
in length) of S. pennellii genes led to lower expression of these genes 
than for orthologous genes in S. lycopersicum that lacked such a Copia 
element, under standard conditions (Supplementary Note). We then 
investigated the correlation between the distribution of Copia-like ele-
ments and gene expression data from a published data set22 studying 
drought stress in leaves from S. pennellii and S. lycopersicum. We found 
a significant enrichment of S. pennellii–specific Copia elements within  
5 kb of genes that were more stress responsive in S. pennellii than their 
S. lycopersicum orthologs (66 of 293 upregulated genes, P < 0.038 and 
69 of 399 downregulated genes, P < 0.022). Genes that were more 
stress responsive in S. lycopersicum than their orthologs in S. pennellii  
were not significantly associated with S. lycopersicum–specific  
Copia-like elements (Supplementary Note).

This differential distribution of Gypsy and Copia-like elements, 
along with their association with stress responsiveness, suggests  
that, at least in some instances, LTR-RTs may exert a potential role  
in the regulation of gene expression. Such a role was proposed  
decades ago23, and some evidence of a role for transposable  
elements in the modulation of proximal gene expression has  
accumulated24–26. Our S. pennellii data set thus provide grounds, in 
future investigations, to assess the hypothesis that, in specific gene 
neighborhoods, Copia-like elements might represent ‘conditional’ 
regulatory sequences co-opted by the host genome upon exposure 
to different environmental stresses.

S. pennellii has additionally been widely documented to show  
phenotypes divergent from S. lycopersicum in relation to fruit  
development, maturation and metabolism27–33 (Supplementary 
Note and Supplementary Data Set 13). In terms of fruit maturation,  
several differences in the sequence and expression of some key  
regulatory genes were apparent. Most notable were differences in 
positive regulators, such as the FUL1 MADS-box gene34 that might 
be masked by the redundant FUL2 gene, and reduced expression  
and predicted activity of AP2A35, a negative regulator of ethylene 
synthesis that might compensate for the reduced ethylene production 
of maturing S. pennellii fruit36.

Analyses of differential gene expression in mature fruit were  
dominated by photosynthesis-related genes, which showed consid-
erably higher expression in S. pennellii, consistent with the lack of  
a chloroplast-to-chromoplast transition in this species. Elevated 
expression of GLK2 (refs. 37,38) in S. pennellii fruit is consistent with 
these phenotypes.

Primary metabolism–associated genes did not show any unexpected 
changes in behavior, with core metabolic pathways having essen-
tially conserved gene structures and similar expression patterns in 
the two species. Secondary metabolism in S. pennellii is considerably  
more complex, as evidenced by its glycoalkaloid, acyl sugar, terpene, 
carotenoid and volatile content. The additional glycoalkaloids in  
S. pennellii can be toxic, and their abundance is reflected in the relative  
expression of decorative enzymes of glycoalkaloid biosynthesis in  
S. pennellii and S. lycopersicum39 (Supplementary Note), with similar 
patterns also observed for acyl sugars and terpenes29,33. Variants seen 
in several carotenoid pathway genes, including PSY1 and lyc-B genes,  
are consistent with the lack of lycopene accumulation in mature  
S. pennellii fruit (Supplementary Note). Domestication has selected 
against anti-nutrients and bitter-tasting flavors in S. lycopersicum but 
has also inadvertently led to poorer tasting tomatoes, which is in 
part a consequence of reduced volatile production40,41. A detailed 
analysis showed divergence in both the sequence and expression of 
different volatile content–associated genes (Supplementary Note). 
A more complete understanding of these candidate genes, alongside 
those involved in the flavonoid and vitamin biosynthetic pathways, 
will likely greatly facilitate the breeding of better tasting and more 
nutritious fruit.

In conclusion, we have generated a valuable resource for the char-
acterization of QTLs in the S. pennellii × S. lycopersicum IL population 
and have provided examples of how this genomics resource can be 
used to understand changes in response to water deficit, fruit matu-
ration and metabolism. These investigations demonstrate the power 
of sequencing the parental lines of immortalized genetic populations 
for which a broad spectrum of phenotypic data has been collected42. 
One of the next challenges is to combine these phenotypic data with 
data gleaned from the genomes to explain the myriad of QTLs that 
have already been identified. For a comprehensive understanding of 
the evolutionary mechanism at play in the diverse Solanum genus, 
access to even more genomes is crucial.

Notably, this study suggests that the distinctive morphological 
characteristics of S. pennellii involved in differential stress resistance 
might be underpinned both by alterations in cuticle composition  
and nonrandom association of specific gene sets with transposable 
elements. Further investigations are needed to shed light on the role 
of candidate transposable elements in transcriptional rewiring and 
genome evolution43,44 within the tomato clade.

Methods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. The S. pennellii (LA716) raw data have been depos-
ited with the European Bioinformatics Institute (EBI) under project 
number PRJEB5809. The genome sequence is available from the 
European Nucleotide Archive (ENA) under accessions HG975439–
HG975452. The S. lycopersicum cv. M82 raw data have been deposited 
at the EBI under project number PRJEB6302. The genome sequence is 
available from the ENA under accessions HG975512–HG975525.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
The genome of S. pennellii LA0716 was sequenced using the whole-genome 
shotgun (WGS) approach on the Illumina platform. The three libraries of 
paired-end sequencing, with insert sizes of 205 bp, 275 bp and 515 bp, provided 
a total of 229.4 Gb of sequence data in 2.1 billion reads and were supplemented 
by 13 libraries of mate-pair sequencing, with insert sizes ranging from 3 kb to 
40 kb, yielding an additional 348 million read pairs containing longer-distance 
structural information. Additionally, a BAC library was prepared and end 
sequenced using the Sanger approach.

Next-generation sequencing data were filtered to remove adaptors and low-
quality base calls. Genome size estimation was performed using the k-mer  
counting approach (Supplementary Fig. 1). Filtered data were corrected, 
assembled, scaffolded and then gap filled. Contaminant scaffolds were detected 
by alignment of the assembly against the NCBI non-redundant nucleotide data-
base, and scaffolds that were found to be closest to a reference sequence of non-
plant origin were removed. Finally, the paired-end libraries were remapped to 
the assembly, and the resulting SNPs were used to correct the assembly.

Scaffolds were anchored to chromosome regions using a combination of tra-
ditional markers, BAC-end sequences and ‘de novo’ markers extracted from an 
existing RAD-seq data set of the S. pennellii IL population. Some scaffolds that 
were likely to have been misassembled were detected and split during this process. 
Nine existing BAC sequences were used to independently validate the genome.

The chloroplast was separately assembled by selecting for reads from  
very-high-coverage regions and assembling these, followed by manual arrange-
ment to best align with the existing S. lycopersicum chloroplast sequence.

Gene annotation was performed using parameters trained for S. lycopersicum,  
supplemented by evidence from EST and RNA sequencing data. In addition  
to the publicly available EST and RNA sequencing data, 70 new RNA sequenc-
ing samples were sequenced covering a variety of conditions and tissues.  
The resulting gene transcripts were filtered on the basis of orthology against 
known related protein sequences and RNA support, at two different thresh-
olds, resulting in a primary gene set and a high-confidence subset. These gene 
models were validated against the proteomes of Arabidopsis, S. lycopersicum 
and S. tuberosum.

Functional gene annotation and assignment to MapMan classes was  
performed using the Mercator pipeline. To enable cross-species comparison, 
the same pipeline version was used to annotate the S. lycopersicum and  
S. tuberosum gene models. MapMan classes that showed significant differences 
in their proportion in S. pennellii in comparison to the other species were 
further investigated manually. Orthology analysis was performed to identify 
simple orthologous pairs between S. pennellii and S. lycopersicum and also 
to identify orthologous gene families between S. lycopersicum, S. tuberosum, 
Arabidopsis and Oryza sativa (Supplementary Fig. 5).

Protein domains of S. pennellii, S. lycopersicum and S. tuberosum were 
analyzed using Interproscan and Pfam, identifying some notable differences. 

Pectin esterase and P450 proteins (Supplementary Figs. 18–22) were aligned 
against the appropriate hidden Markov model (HMM), and phylogenetic 
trees were created. Evolutionary analysis was performed on orthologous 
gene pairs by first aligning their protein sequence and then calculating their  
Ka/Ks ratio.

The coding sequence, promoter sequence and expression of genes known  
to be involved in primary metabolism, secondary metabolism, fruit  
development and ripening were further investigated in S. pennellii and  
S. lycopersicum.

Expression patterns were compared by aligning RNA reads from six tissue  
types against the S. pennellii transcriptome (Supplementary Figs. 23 and 24,  
Supplementary Tables 26–29 and Supplementary Data Sets 14–16).  
The RPKM (reads per kilobase (of transcript) per million reads mapped) 
values from this analysis were hierarchically clustered with those available 
from S. lycopersicum and S. pimpinellifolium, using the pairwise orthologs 
described above.

Repeat analysis was performed by de novo identification of repeats fol-
lowed by whole-genome annotation. Repeats were classified using the REPET 
classification utility followed by semi-manual curation. LTR insertion times 
were estimated by finding full-length LTR transposons, and sequence align-
ment and evolutionary distances were calculated and converted to ages using 
a previously established rate.

Various stress-related gene sets were tested for proximity to transposable 
elements. The initial investigation used a set of 389 genes manually identified  
from the literature, which were expanded using the gene family clusters to  
form a more statistically powerful gene set. This gene set was tested for enrich-
ment around both Gypsy and Copia elements, using the Fisher’s exact test. 
Further similar analyses were performed using salt stress–responsive genes in 
S. pennellii, as well as a cross-species comparison of drought-responsive genes 
between S. pennellii and S. lycopersicum.

The S. lycopersicum cv. M82 genome was resequenced using the existing 
S. lycopersicum cv. Heinz genome as a reference. One paired-end library was 
created with an insert size of 190 bp and sequenced to provide 574 million 
reads totaling 47.4 billion bases. These data were initially aligned to the Heinz  
reference genome, and this alignment was further refined. The detected  
variants were then applied to the genome, and a further round of alignment 
was performed, where additional SNPs were detected and applied to create 
the final M82 genome.

Waxes and cutin from S. lycopersicum cv. Heinz and S. pennellii leaves 
were extracted, derivatized and then analyzed by gas chromatography–mass 
spectrometry. Metabolic differences were cross-referenced with quantitative 
PCR–derived expression data for genes known to be involved in wax and 
cutin synthesis.

Detailed methods and their associated references can be found in the 
Supplementary Note.
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