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Highlight 89 

The high phenotypic diversity observed among European vintage varieties was created by 90 

traditional farmers by combining very few polymorphic loci subjected to balancing selection.  91 

 92 

Abstract 93 

A comprehensive collection of 1,254 tomato accessions corresponding to European heirlooms 94 

and landraces, together with modern varieties, early domesticates and wild relatives, were 95 

analyzed by genotyping by sequencing. A continuous genetic gradient between the vintage and 96 

modern varieties was observed. European vintage tomatoes displayed very low genetic diversity, 97 

with only 298 loci out of 64,943 variants being polymorphic at the 95% threshold. European 98 

vintage tomatoes could be classified in several genetic groups. Two main clusters consisting of 99 

Spanish and Italian accessions showed a higher genetic diversity than the rest varieties, 100 

suggesting that these regions might be independent secondary centers of diversity and with a 101 

different history. Other varieties seem to be the result of a more recent complex pattern of 102 

migrations and hybridizations among the European regions. Several polymorphic loci were 103 

associated in a GWAS with fruit morphological traits in the European vintage collection, and the 104 

corresponding alleles were found to contribute to the distinctive phenotypic characteristic of the 105 

genetic varietal groups. The few highly polymorphic loci associated with morphological traits in an 106 

otherwise diversity-poor genome suggests a history of balancing selection, in which tomato 107 

farmers maintained the morphological variation by applying a high selective pressure within 108 

different varietal types. 109 

 110 

Keywords: Crop evolution, diversification, selection, genotyping by sequencing, GWAS, SNP, fruit 111 

morphology 112 

 113 

Abbreviations 114 

 115 

GBS: Genotyping by Sequencing 116 

GWAS: Genome-Wide Association Analysis 117 

LD: Linkage Disequilibrium 118 

LSL: Long Shelf-Life 119 
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MAF: Minimum Allele Frequency 120 

PcoA: Principal Coordinate Analyses  121 

QTL: Quantitative Trait Locus 122 

SLL: Solanum lycopersicum L. var. lycopersicum 123 

SLC: S. lycopersicum var. cerasiforme 124 

SNP: Single Nucleotide Polymorphism 125 

SP: S. pimpinellifolium  126 

Introduction 127 

The widespread tomato crop (Solanum lycopersicum L. var. lycopersicum; SLL) originated in 128 

Mesoamerica in a region corresponding to today’s Mexico as a result of the S. lycopersicum L. 129 

var. cerasiforme (SLC) (Blanca et al., 2012; Blanca et al., 2015; Razifard et al., 2020). Tomato 130 

was later brought to Europe, and the Italian botanist Mattioli in 1544 already described varieties 131 

with flat, round and segmented fruit types (McCue 1952). This indicated that tomato had probably 132 

arrived to Europe in different shapes from America  (Luckwill, 1943; Sanfuentes-Echevarria 2006; 133 

Sahagún 1577). Tomato was not immediately adopted for consumption by Europeans, as it was 134 

considered at different times and regions as: poisonous, aphrodisiac, ornamental, valuable for 135 

sauces and soups, miracle cure and, finally, a fresh salad ingredient (Harvey 2004). It was only 136 

as late as the mid-19th century that the tomato became a regular component of the diet in Britain 137 

and North America (Harvey 2004). On the contrary, the tomato was better received, extensively 138 

cultivated, and consumed as food by the 18th century in Southern Europe, which therefore could 139 

have become a secondary center of diversity (Boswell 1937; Bauchet and Causse 2012). As a 140 

result of this long tradition of use a large number of traditional varieties are currently available 141 

along the Mediterranean basin showing an impressive phenotypic diversity in terms of fruit 142 

appearance, adaptation to local conditions and culinary use. Despite the interest for unveiling the 143 

population history and the processes that gave rise to the domestication of tomato (Blanca et al., 144 

2015; Razifard et al., 2020), there are yet no detailed genetic analyses of the diversification history 145 

of the European traditional tomato varieties.  146 

 147 

The extent and type of the molecular variation in the tomato clade has been extensively analyzed 148 

in previous studies. The first molecular studies, carried out with isoenzymes, determined that the 149 

worldwide cultivated SLL was less variable than the wild S. pimpinellifolium (SP) and that the wild, 150 

feral and semi-domesticated S. lycopersicum var. cerasiforme (SLC) was genetically closer to 151 
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SLL than to SP (Rick et al., 1974; Rick and Fobes 1975). A clear trend of diversity reduction was 152 

already observed at the species/subspecies level, probably due to bottlenecks associated with 153 

migrations and to the selection pressure imposed by humans during the early domestication 154 

stages and development of cultivars from SP to SLC, and lastly, to SLL, (Blanca et al., 2012, 155 

2015, Razifard et al., 2020).  156 

 157 

Despite this limited SLL diversity, several molecular studies have unveiled the worldwide genetic 158 

structure within SLL, dividing it into four major groups: processing and fresh market, cherry and 159 

vintage tomatoes (Williams and St. Clair 1993; Robbins et al., 2011; Sim et al., 2011; Casals et 160 

al., 2019). The first three groups correspond to modern tomato varieties created by breeders in 161 

the 20th century, characterized by their different culinary use and the introgression of wild species 162 

genes, mainly to increase disease resistance and also to develop new type of cultivars. Vintage 163 

cultivars are defined as those developed by traditional farmers by intuitive breeding and were 164 

cultivated (and some of them are still nowadays locally) before the advent of professional 165 

breeding. In this study, landraces, traditional and heirlooms are considered as synonymous of 166 

vintage. Park et al., (2004) found genetic differentiation between vintage and modern cultivars. A 167 

more comprehensive analysis using 7,720 SolCAP single nucleotide polymorphisms (SNP) from 168 

over 426 accessions confirmed the previously described fresh, processing, and vintage groups, 169 

at the same time finding two extra clusters located between SLL and SP that corresponded to 170 

cultivated and wild cherry tomatoes (Sim et al., 2012). Blanca et al., (2012; 2015) also obtained 171 

the fresh, processing, and vintage split and clarified the status of the cherry tomatoes: some of 172 

them were SLC from South America, Mesoamerica, and the subtropical regions, while others 173 

were modern cherry tomatoes obtained by hybridizing cultivated SLL with wild SP. Blanca et al., 174 

(2015), compared with a rarefaction analysis the genetic diversities of the different groups and 175 

found that vintage SLL and SLC from outside Peru and Ecuador had the lowest diversity, whereas 176 

Peruvian and Ecuadorian SP and SLC had much higher diversities.  177 

 178 

The studies mentioned above differentiated the modern varieties from the vintage ones, but none 179 

of them found any structure within the vintage tomato group. García-Martínez et al., (2006) 180 

studied a collection of vintage Spanish cultivars belonging to the varietal groups “Muchamiel”, 181 

“Pera”, and “Moruno” with 19 microsatellite and amplified fragment length polymorphism markers 182 

and managed to differentiate the “Pera” type from the other two groups. Mazzucato et al., (2008) 183 

dissected a collection of 36 Italian vintage accessions by using 29 microsatellites, and Sacco et 184 

al., (2015) found differences between 61 Italian vintage varieties and 26 American ones. Current 185 
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genomic sequencing technologies allow finding variable molecular markers even in very narrow 186 

genetic contexts. Thus, recently, Esposito et al., (2020), using double digest restriction-site 187 

associated DNA sequencing (ddRAD-seq), was able to obtain a sufficient number of SNPs to 188 

study the differentiation of a special type of vintage tomatoes cultivated in Spain and Italy, called 189 

“de penjar” or “da serbo”, characterized by their long shelf-life (LSL). Overall, “de penjar/da serbo” 190 

varieties tended to cluster together, showing certain genetic differentiations when compared with 191 

other vintage and modern cultivars, but some level of admixture was also found. These former 192 

studies were focused on a limited number of accessions from a narrow local diversity and 193 

therefore a broader view is clearly needed to better understand the history and relationships of 194 

the European vintage varieties. 195 

 196 

In the present study, the genomes of 1,254 European tomato accessions collected from Southern 197 

European seed banks were partially sequenced by Genotyping by Sequencing (GBS, Elshire et 198 

al., 2011; Baird et al., 2008) to obtain genotypes for unbiased markers. Based on these, the 199 

genetic structure, diversity, and the association between the polymorphic loci with the 200 

morphological variation in that collection were analyzed to shed light on the history of the making 201 

up of the diverse vintage European tomatoes.  202 

Material and methods 203 

Materials 204 

A total of 1,254 tomato accessions were analyzed in this study. One thousand forty four of these 205 

accessions are part of the collection of the EU TRADITOM project (www.traditom.eu). Seeds 206 

composing the TRADITOM collection were obtained from the genebanks of the Institute for the 207 

Conservation and Improvement of Valencian Agrodiversity at the Polytechnic University of 208 

Valencia (COMAV-UPV, Valencia, Spain), of the Balearic Island University (UIB, Mallorca, Spain), 209 

the Station d`Amelioration des Plantes Maraicheres of the French National Institute for 210 

Agricultural Research, (INRA, Montfavet, France), of the Department of Agriculture and Forest 211 

Sciences of the University of Tuscia (UNITUS, Viterbo, Italy), of Institute of Biosciences and 212 

Bioresources of the Italian National Council of Research (CNR-IBBR, Portici, Italy), of of the 213 

Agricultural Research Center of Macedonia and Thrace of the National Agricultural Research 214 

Foundation (GGB-NAGREF, Thessaloniki, Greece) and the seed collections of the Miquel Agustí 215 
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Foundation of the Polytechnic University of Catalunya (FMA-UPC, Casteldefels, Spain),  of 216 

BioEconomy of the Italian National Council of Research (CNR-IBE, Catania, Italy), of ARCA 2010 217 

S.C.ar.l. (ARCA, Acerra, Italy), of the University of Reggio Calabria (UNIRC, Reggio Calabria, 218 

Italy), of the Robert H. Smith Faculty of Agriculture, Food and Environment of the Hebrew 219 

University of Jerusalem (HUJI-ARO, Rehovot, Israel). An additional set of 110 accessions were 220 

obtained from the COMAV genebank (http://www.upv.es/contenidos/BGCOMAV/indexi.html) that 221 

contained 10 wild accessions from the Galapagos Islands, one accession of each wild species S. 222 

habrochaites, S. chmielewskii and S. peruvianum, 36 S. pimpinellifolium accessions from Peru 223 

(SP) and North Ecuador (SP_NECu) and 52 S. lycopersicum var. cerasiforme (SLC) accessions, 224 

three modern and 20 SPxSL (S. pimpinellifolium x S. lycopersicum hybrids, corresponding to 225 

cherry cultivars and other crosses between the two species). Passport data can be found in 226 

Supplementary Table S1. The germplasm collection was extensively phenotyped in the 227 

TRADITOM project (Pons et al., 2017, and in preparation). The dataset corresponding to fruit 228 

morphology and color traits obtained at the HUJI-ARO trial was used and analyzed for this article 229 

(Supplementary Table S2).  230 

DNA extraction, library preparation and sequencing 231 

Genomic DNA was isolated from young leaves of 5-10 seedlings per accession, using the DNeasy 232 

96 Plant Mini Kit (Qiagen, Germany). Genotype-By-Sequencing (GBS) was performed following 233 

the procedure reported by Elshire (2011). Briefly, DNA was digested with the restriction enzyme 234 

ApeK I, barcoded libraries were prepared to track each accession and the DNA sequence 235 

corresponding to the region flanking the ApeK I site was obtained on an Illumina HiSeq 2000 236 

platform by LGC Genomics GmbH (Berlin, Germany). Following the Variant Call Format standard, 237 

we used the term sample to refer to one genotyping experiment from one accession. 238 

 239 

Read mapping, SNP calling and SNP filtering 240 

FastQC was used to evaluate the quality of the sequenced reads, and these were mapped against 241 

the S. lycopersicum genome build 2.5 (Sato et al., 2012) using BWA mem (Li 2013). After 242 

mapping, the PHRED quality of 3 aligned nucleotides from each read end was set to 0 in order to 243 

avoid possible false positives caused by misalignments (Li 2011). Mapping statistics were 244 

calculated with the samtools stats command (Li et al., 2009). 245 

 246 
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SNP calling was carried out by freebayes (Garrison and Marth 2012) with the following 247 

parameters: a minimum mapping quality of 57, 5 best alleles, 20 minimum base quality, 0.05 248 

maximum mismatch read alignment rate, 10 minimum coverage, 2 minimum alternate allele 249 

count, and 0.2 minimum alternate fraction. To avoid regions in the reference genome with 250 

potential assembly problems, the Heinz 1706 reads used to build the reference genome were 251 

mapped against the reference assembly version SL2.50, a 50X mean coverage was obtained, 252 

and when any region had a coverage higher than 200X was removed from the SNP calling. 253 

 254 

SNP and genotype processing were carried out by using the variation Python library located at 255 

https://github.com/JoseBlanca/variation. To create the tier1 SNP set to be used in the rest of the 256 

analyses, the genotypes with a quality lower than 5 were set to missing, and the variants with a 257 

SNP quality lower than 50, an observed heterozygosity higher than 0.1, and a call rate lower than 258 

0.6 were filtered out. Moreover, in order to avoid false positives, only variants in which the minor 259 

allele was found in more than 2 samples were kept. This filtering was carried out with the 260 

“create_tier1.py” script. For some analyses, the pericentromeric regions, that seldom recombine, 261 

were removed as part of the heterochromatin. To locate the pericentromeric regions a piecewise 262 

regression analysis was applied to the relationship between the genetic distance and the physical 263 

positions of the markers of the EXPIM map (Sim et al., 2012). Regression analyses were done 264 

using the segmented R library (Muggeo 2003). The calculated pericentromeric regions were: 265 

chromosome 1, from 5488553 to 74024603, chromosome 2, from 0 to 30493730, chromosome 266 

3, from 16493431 to 50407653, chromosome 4, from 7406888 to 50551374, chromosome 5, from 267 

9881466 to 58473554, chromosome 6, from 3861081 to 33077717, chromosome 7, from 4056987 268 

to 58629226, chromosome 8, from 4670213 to 54625578, chromosome 9, from 6225214 to 269 

63773642, chromosome 10, from 3775719 to 55840828, chromosome 11, from 10947270 to 270 

48379978, and chromosome 12, from 5879033 to 61255621. 271 

PCoA and genetic structure, Diversities and Linkage disequilibrium 272 

The genetic structure and the division in subpopulations were determined by conducting a series 273 

of hierarchical Principal Coordinate Analyses (PCoA). The PCoAs were carried out with a subset 274 

of the variants after filtering. The variant filtering process was comprised of several steps. First, 275 

only the euchromatic variants were considered, and from those only the ones with a call rate lower 276 

than 0.95, also the ones in which the minor allele was present in less than 3 samples were 277 

removed. From the remaining variants, 2000 evenly distributed across the genome were selected. 278 
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Furthermore, in order to avoid overrepresentation of large regions with complete linkage 279 

disequilibrium, when several consecutive variants had a correlation higher than 0.95, only one of 280 

them was kept. Finally, pairwise distances between samples were calculated (Kosman and 281 

Leonard 2005), and from the distance matrix, a PCoA (Krzanowski and Krzanowski 2000) was 282 

generated following the pycogent implementation. These methods were implemented in the 283 

do_pca.py script. Additionally, the genetic structure was also estimated with fastSTRUCTURE 284 

(Raj et al., 2014). 285 

 286 

The observed and expected heterozygosity and the number of variants per genetic group were 287 

calculated considering only the variants variable in the samples involved in the analysis. The script 288 

that implemented these analyses is calc_diversities2.py. The allele spectrum figure was plotted 289 

by the script calc_maf_trends.py and the rarefaction curves by rarefaction_analysis.py. 290 

 291 

The linkage disequilibrium (LD) was calculated between euchromatic markers with a major allele 292 

frequency lower than 0.98 following the Rogers and Huff method for loci with unknown phase 293 

(Rogers and Huff 2009).  294 

GWAS and allele frequencies  295 

A heatmap plot that represents the major allele frequency in each group was generated according 296 

to a dendrogram by the method implemented in the Python seaborn library 297 

(https://seaborn.pydata.org/) and was plotted by the get_most_diverse_snps.py script. 298 

A Genome-Wide Association Analysis (GWAS) was carried out with the Genesys R package 299 

(Gogarten et al., 2019) on the set of polymorphic variants (95% threshold). The quantitative 300 

characters were normalized by using the Box and Cox transformation implemented by the Python 301 

scipy library (https://www.scipy.org/). The character normality was checked with a qqplot plotted 302 

by the Python statsmodels library (Seabold and Perktold 2010). The correction for genetic 303 

structure was calculated with a Principal Component Analysis on the filtered variants implemented 304 

by the SNPRelate R library with a 0.3 linkage disequilibrium threshold (Zheng et al., 2012). The 305 

quantitative trait associations were tested with the Wald method, and the binomial ones by the 306 

Score one. To account for the multiple tests, a Bonferroni threshold was applied. The step-by-307 

step implementation of the GWAS analysis can be analyzed in the gwas.py script.  308 
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Genetic group distances 309 

Two genetic distances among groups were calculated and compared: Nei and Dest (Peakall and 310 

Smouse 2006; 2012). They were implemented by the Python variation library and the 311 

cacl_pop_dists.py script. From those distances both a neighbor joining tree and a split network 312 

were calculated using SplitsTree (Huson and Bryant 2006). 313 

Results 314 

High through-put genotyping of a European vintage tomato 315 

collection 316 

To genetically characterize vintage European tomatoes, a total of 1,254 tomato accessions were 317 

used (Supplementary Table S1). That set included an extensive representation of the extant 318 

European vintage tomato variability constituted by 506 accessions from Spain, 305 from Italy, 203 319 

from Greece, 96 from France, and 58 from other origins, with 25 modern commercial cultivars, 39 320 

SP and 22 SLC accessions (the two last ones of American origin) used as references. A total of 321 

3,700 million reads with a mean phred quality of 33.5 were obtained after genotyping-by-322 

sequencing, providing an average of 2.9 million reads per sample. Out of those, 99.0% were 323 

successfully mapped to the tomato reference genome (v2.50), but only 55.9% were kept after 324 

applying the MAPQ filter with a 57 threshold. These reads were mostly properly paired (96.1%). 325 

Of all of the genomic positions that comprise the reference genome, 0.79% had a per sample 326 

average sequencing coverage higher than 5X, 0.46% higher than 10X and 0.21% higher than 327 

20X. The complete sequencing and mapping statistics for all samples are available in 328 

Supplementary Table S3 and the number of positions per megabase with more than 5 reads in at 329 

least 90% of the samples is represented in Supplementary fig 1. Finally, 448,121 variants were 330 

called by freebayes, and after filtering them, a working dataset of 64,943 variants was created. 331 

 332 

Genetically defining true European vintage tomatoes and its 333 

relationship with American relatives  334 

 335 

To genetically position the European tomato collection relative to South and Mesoamerican 336 

germplasms, which represent early domestication and improvement steps (Blanca et al., 2015), 337 
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the observed variability of European tomato was analyzed together with SP, SLC, SLxSP hybrids 338 

and a sample of modern cultivars including modern fresh and processing cultivars. A series of 339 

PCoAs (Fig. 1 and 2) was performed comparing vintage and modern vintage collections. The 340 

genetic classification based on these PCoAs can be found in Supplementary Table S1 under the 341 

header rank1 classification. 342 

 343 

The PCoA performed with this expanded collection (Fig. 1A and 1B), showed that the green fruited 344 

and Galapagos wild species, Peruvian SP (SP), Northern Ecuadorian SP (SP_NEcu), Ecuadorian 345 

SLC (SLC_Ecu), Peruvian and Mesoamerican SLC (SLC_Peru_MA), as well as several SP x SL 346 

hybrids and admixtures (SPxSL), formed a series of clusters that were clearly separated from the 347 

modern and European vintage tomatoes (Fig. 1A and 1B), with the Peruvian and Mesoamerican 348 

SLC (SLC_Peru_MA) being the closest American group to the European vintage tomatoes. To 349 

obtain a further insight into the genetic architecture of the European tomato, the genetic data was 350 

analyzed by using fastSTRUCTURE (Raj et al., 2014). The model marginal likelihoods reached a 351 

plateau by four populations (Supplementary Fig. 2). When this result was compared with the 352 

PCoA classification, the four fastSTRUCTURE populations were found to correspond to: SP, 353 

modern tomatoes, and two distinct vintage populations (Supplementary Fig. 2). It is remarkable 354 

that, according to fastSTRUCTURE, the modern tomato, that has been obtained after crossing 355 

varieties from different sources, was identified as an original population whereas all the wild and 356 

semi-domesticated SLCs, including the Ecuadorian, the Peruvian, and the Mesoamerican ones, 357 

appeared as admixtures.  358 

 359 

 360 

A continuous gradient from vintage to modern rather than clearly split groups was observed in the 361 

PCoA plots (Fig. 1A, 1C and 1D). To define the limits between modern and vintage in the PCoA, 362 

we chose Heinz 1706 as the reference (in pink, Fig. 1 and 2), since it was one of the first tomato 363 

varieties reported to include introgressions from wild Solanum species on chromosomes 4, 9, 11 364 

and 13 (Sato et al., 2012; Causse et al., 2013; Menda et al., 2014), typical of modern cultivars 365 

carrying mainly disease resistance genes. 366 

 367 

 PCoA-based classifications indicate that a total of 24.9% of the accessions labelled as vintage 368 

according to their passport data mapped outside the vintage genetic cluster in the PCoA space 369 

and were localized within the modern and SPxSL genetic groups (Fig. 1). This indicates that either 370 

they have been misclassified or correspond to a mixture between vintage and modern varieties. 371 
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To find introgressions in European tomatoes, a haplotype analysis was performed to reveal 372 

haplotypes not typically found in the vintage materials. For this, the genome was divided into 373 

windows and, in every one of them, the Kosman distances were calculated from the non-vintage 374 

samples to the haplotypes found in the vintage samples. When the analyzed non-vintage sample 375 

haplotype had a non-zero distance to any of the vintage ones, it was marked as distant from the 376 

vintage collection. Several accessions mapping close to the modern varieties in the PCoA space 377 

were consistently found to include haplotypes not present in the vintage group (Supplementary 378 

Fig. 3) and, despite these being initially catalogued as vintage, it was clear that they actually came 379 

from modern breeding programs or were the result of a cross with modern cultivars, and thus 380 

were reclassified as modern genetic material (see Supplementary Table S1).  381 

 382 

The modern materials (including both modern references and the vintage reclassified as modern) 383 

were spread across the PCoAs according to their use: fresh or processing, and also to their 384 

degree of introgression (Fig. 1C, 1D, and 2, Supplementary Fig. 3). PCoAs, when applied only to 385 

the modern accessions resulted in four groups (Fig. 2): modern processing, modern and 386 

processing long-shelf-life (LSL), modern fresh 1 and modern fresh 2 (Fig. 1 and 2). Modern 387 

processing tomatoes, the most distant group to Heinz 1706, were characterized by introgressions 388 

that included almost the entire chromosome 5 and the beginning of chromosome 11, and small 389 

introgressions in chromosomes 2, 3, 4 and 11 (Supplementary Fig. 3). Modern fresh 1 tomatoes, 390 

distributed across the PCoAs between Modern processing and Heinz 1706, were characterized 391 

by having a large introgression at the beginning of chromosome 11, a small one at the end of the 392 

same chromosome, and another introgression at the beginning of chromosome 6. Modern fresh 393 

2 group, which is closer to Heinz 1706, was characterized by having an introgression at the 394 

beginning of chromosome 11 (Supplementary Fig. 3).  The modern LSL and processing group 395 

was genetically very close to Heinz 1706 (in blue, Fig. 1C and 1D, sharing a large part of 396 

chromosome 9, including an introgression considered to be the result of the introduction of the 397 

Tm-2 gene, conferring resistance to Tomato Mosaic Virus, in modern breeding programs. All of 398 

these haplotypes could be used for the identification of non-true European vintage tomatoes.  399 

Diversity among European vintage tomatoes 400 

European vintage tomatoes are usually considered to have low genetic diversity (Blanca et al., 401 

2015). Therefore, it was important to calculate the number of polymorphic variants present in our 402 

collection of European vintage tomatoes, the largest collection analyzed by sequencing thus far, 403 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.26.465840doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?fPcTpf
https://www.zotero.org/google-docs/?fPcTpf
https://doi.org/10.1101/2021.10.26.465840


14 
 

and to compare it with the variability present in the wild SP, the wild and semi-domesticated SLC, 404 

and the modern cultivars. The number of variants within the European vintage collection was quite 405 

large (26,129), it was even larger than the number found in SP (19,164), in SLC (7,690), or in the 406 

materials classified as modern (17,328). However, this comparison could be biased in favor of 407 

the vintage collection because of the larger number of samples in vintage 890, compared to SP 408 

24, SLC 42, and modern 243. 409 

 410 

To correct for this factor, diversity indexes were calculated with the same number of samples (20) 411 

(fig 3A) and the analysis was repeated 100 times, with a different set of 20 samples chosen at 412 

random each time. Both the Nei diversity and the percentage of polymorphic variants (with a 95% 413 

threshold) was much higher in the wild SP that in any other group, and, even more relevant, both 414 

indexes were the lowest, by far, in vintage. The analysis indicated that the many of the variants 415 

found in the vintage collection could not be considered polymorphic. At 95 % threshold, the 416 

vintage collection contained only 298 polymorphic variants. This scarcity in polymorphic variants 417 

in the European vintage group can also be observed in the allele frequency spectrum 418 

(Supplementary Fig. 4) in which it is clear that most variants were almost fixed in the vintage 419 

collection.  420 

 421 

To better compare the amount of genetic variability in each major cultivated group 422 

(SLC_Peru_MA, vintage, and modern) a rarefaction analysis was carried out. In this analysis, the 423 

samples were added one at a time, to check if the number of variants, including the ones at very 424 

low frequencies, reached a maximum when more samples were considered (fig 3B). The number 425 

of variants found in the vintage group was always lower than in the modern and SLC_Peru_MA 426 

groups. However, the total number of variants within the vintage collection kept increasing as 427 

more samples were added. However, the number of polymorphic variants did stabilize with a few 428 

samples. Finally, the Nei diversity decreased (Supplementary Fig. 6) when more samples were 429 

added. This decrease was due to the high number of variants found within vintage that were close 430 

to fixation. 431 

Linkage disequilibrium 432 

The linkage disequilibrium (LD) was calculated for the genetic groups with enough polymorphic 433 

markers (Minimum Allele Frequency (MAF)> 0.02 threshold) (Supplementary Fig. 6), which were 434 

SP, SLC from Peru and Mesoamerica, modern, and European vintage varieties. Wild SP showed 435 
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the lowest LD (r2=0.42) at 5 kb and it was also the group in which LD decreased the fastest, being 436 

only r2=0.2 at 25 Kb. In SLC, r2 was 0.8 at 5 kb and at 1000 Kb it was still 0.4. Vintage had the 437 

highest LD at 25 Kb (r2=0.97); however, it decreased to the lowest value (r2=0.05) at 1000 Kb. 438 

The modern accessions had a high LD both at 25 Kb (r2=0.9) and at 1000 Kb (r2=0.6). The LD 439 

found at 1000 Kb is likely due to population substructure. SLC and modern had high long range 440 

LDs, perhaps because modern included both fresh and processing accessions, which were 441 

clearly separated in the PCoAs, and SLC contained accessions from Peru and Mesoamerica, two 442 

geographically distant areas. Additionally, modern cultivars often contain introgressions from wild 443 

species, including disease resistance genes, that span large regions for which recombination is 444 

usually suppressed. SP is also known to have a clear population structure (Blanca et al., 2012) 445 

and also showed some long range LD, which clearly supports the conclusion that LD is not due 446 

just to gamete disequilibrium, but to other causes too. The vintage accessions showed the lowest 447 

LD at 1000 Kb perhaps because it has a less remarkable population substructure. 448 

Classification of vintage tomato clusters  449 

To further classify true vintage tomatoes, a series of PCoAs (Supplementary Fig. 7) were 450 

performed. A genetic group was created when several samples that grouped together in the 451 

PCoAs shared their geographic origin or traditional variety name, or some aspect of their 452 

phenotype (Supplementary Table S2) e.g. fruit shape and size. Most vintage samples could be 453 

classified into 27 different genetic groups, using this PCoA strategy, and were named as “Balearic 454 

cherry”, “Bell pepper”, “Cor de bou”, “Greek (grc)”, “Italian (ita) ellipsoid”, “Ita grc”, “Ita small”, 455 

“Lemonia”, “Liguria”, “Long Shelf Life (LSL) da serbo”, “LSL heart”, “LSL penjar cat”, “LSL penjar 456 

vlc”, “LSL piennolo”, “LSL ramellet”, “Marmande”, “Montserrat”, “Muchamiel”, “Palosanto pometa 457 

1”, “Palosanto pometa 2”, “Pera girona”, “Pimiento”, “San Marzano”, “Scatolone di bolsena”, 458 

“Spagnoletta”, “Tondo piccolo”, “Valenciano”.  459 

 460 

Two connected clusters of genetic groups (for the sake of clarity we will use “group” to refer to a 461 

PCoA group of samples and “cluster” to talk about a cluster of groups) were observed in PCoA 462 

(Supplementary Fig. 7A and 7B). Within the cluster at the center of PCoA, we found the genetic 463 

groups “LSL ramellet” , “LSL penjar vlc” , “LSL penjar cat”, “LSL ramellet”, “Marmande”, 464 

“Montserrat”, “Bell pepper”, “Lemonia”, “Muchamiel”, “Palosanto pometa 1”, “Palosanto pometa 465 

2”, “Pera girona”, “Scatolone di bolsena”, “Spagnoletta” and “Valenciano” (Supplementary Fig. 7C 466 

and  7H). These genetic groups belong to Spain, with the exception of “Marmande”, “Bell pepper” 467 
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and “Palosanto pometa 1”, which were represented in all four Mediterranean countries (Spain, 468 

Italy, France and Greece), the Italian “Scatolone di bolsena” and “Spagnoletta”, and the 469 

Greek ”Lemonia” (Fig. 4A). Outside the central cluster, but close, we found groups of big 470 

tomatoes: ”Liguria”, with accessions mainly collected in Italy, and “Cor de bou” and “Pimiento”, 471 

present in all four countries (Supplementary Fig. 7C and 7D, Fig. 4A and 4B). A second cluster 472 

included mostly Italian accessions classified into the “Ita ellipsoid”, “Ita small”, “LSL da serbo”, 473 

“LSL piennolo”, “San Marzano”, and “Tondo piccolo” genetic groups, and also some Greek and 474 

Spanish accessions included in the “grc”, “Ita grc”, and “Balearic cherry” genetic groups, all 475 

characterized by having a small size with no or weak ribbing (Supplementary Fig. 7A, 7B. 7M-R, 476 

Fig. 4A and 4B). In summary, the PCA separated vintage accessions mainly by country of origin 477 

and fruit size. It is interesting to note that the LSL-type accessions, which were highly represented 478 

in the collection, were not grouped together, but rather segregated by country: the Italian LSL 479 

varieties were found within the Italian cluster, and the Spanish LSL within the Spanish cluster. 480 

Several accessions located between the Spanish and the Italian clusters could not be grouped 481 

by passport data or any other characteristic.  482 

 483 

Allele frequencies across the genome in Vintage groups and their 484 

relationship with phenotypic diversity 485 

A clustering of the vintage genetic in groups based on a distance tree was calculated using the 486 

polymorphic variants (95% threshold) (Fig. 4A). This analysis showed that the defined genetic 487 

groups had quite distinct allele frequencies along the genome. Concomitantly, the genetic groups 488 

also showed enrichment in specific phenotypic characteristics related to their horticultural 489 

classification. For example, varieties belonging to the genetic groups “Pera girona", “LSL ramellet” 490 

and “LSL penjar vlc” have colourless skin, while “Balearic cherry”, “Tondo piccolo”, LSL piennolo”, 491 

“Lemonia”, “LSL heart”, “LSL Penjar vlc”, “grc”, and “San Marzano” showed mostly weak ribbing, 492 

and, finally, “Spanoletta” was characterized by its fasciation (Fig. 4B). Moreover, the fruit size was 493 

also different for different genetic groups and clusters “LSL heart”, “Ita ellipsoid”, “Ita small”, “LSL 494 

da serbo”, “LSL piennolo”, “San Marzano”, “Tondo piccolo”, “grc”, “Ita grc” and “Balearic cherry” 495 

were characterized by having a small size, while the rest were medium or large in size. 496 

Furthermore, several noticeable clusters of genetic groups with common phenotypic traits could 497 

be observed. For instance, there was a cluster formed by small-fruited, slightly-ribbed, long shelf-498 

life and processing Italian genetic groups which included the well-known Italian “da Serbo” and 499 
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“San Marzano” tomatoes. Another cluster was comprised mainly by long shelf-life colourless-500 

skinned Spanish tomatoes, which included the “LSL penjar cat”, “LSL penjar vlc”, and the “LSL 501 

ramellet” groups. Interestingly, this cluster also included the Catalonian big fruited “Monserrat” 502 

group which, in contrast to the others, were fasciated and used for fresh consumption. Close to 503 

this cluster were some of the most typical Spanish vintage fresh-market varieties: “Valenciano”, 504 

“Muchamiel” and “Palosanto pometa 2”. In addition, big tomatoes appertaining to “Liguria”, “Cor 505 

de bou”, and “Pimiento” clustered together.  506 

 507 

Some of the genetic differences between the groups could be due to genetic drift not related with 508 

the phenotypic variability generated during the history that gave rise to the different vintage 509 

varieties, but allele frequencies of genes involved in the phenotypic variation could have been 510 

selected either inadvertently or consciously by traditional farmers. In order to elucidate whether 511 

the differentiating variants were associated to the phenotypic variation observed in the different 512 

genetic groups a GWAS analysis was carried out using selected fruit characters (Fig. 4C).  513 

Two of the main phenotypic characteristics differentiating the vintage tomatoes are fruit weight 514 

(fw) and ribbing (Fig. 4B). In the GWAS analysis fruit weight was associated to variants on 515 

chromosome 1, 3 and 11. The MAF analysis indicated that most of the small fruited tomatoes 516 

such “LS heart”, “Ita ellipsoid”, “Ita small”, “LSL da serbo”, “LSL piennolo”, “San Marzano”, “Tondo 517 

piccolo”, “grc”, “Ita grc”, and “Balearic cherry” shared the fixation of the same allelic variant in 518 

chromosome 1. The pattern found in chromosome 3 was similar, except for the “LS heart” and 519 

“LSL piennolo” groups. 520 

For ribbing, GWAS revealed association with variants on chromosomes 1, 7, 10 and 11. The 521 

chromosome 1 region was fixed in the weak ribbed groups “Balearic cherry”, “Tondo piccolo” and 522 

“LSL piennolo”. In contrast, almost all medium and large tomatoes, with the exception of 523 

“Pimiento” and “Spanish LSL” fruits (both showing no or weak ribbing) had a fixed common variant 524 

in chromosome 11 that was associated by GWAS with fruit weight, ribbing at calyx end, and fruit 525 

shape index. 526 

 527 

Another trait differentiating vintage tomato cultivars was skin colour, for instance, most Spanish 528 

LSL as well as tomatoes included in the “Cor de bou”, “Montserrat”, and “Pera girona” genetic 529 

groups had a colourless skin, which resulted in pinkish fruit (Fig. 4B). GWAS found association 530 

with this pink color in chromosomes 1 (two regions), 3, 5, and 10. The GWAS and MAF analysis 531 

comparison (Fig. 4A and 4C) showed that different pink genetic groups had different allelic 532 

composition in the associated genomic regions, what might reflect a complex genetic control. 533 
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Fruit shape was associated with regions in chromosomes 2, 5, 10, and 12. The region in 534 

chromosome 2 was fixed in “Marmande” and “Scatolone di bolsena”, two groups that are well 535 

known for having flat fruits. In addition, “Valenciano”, “Pimiento”, and “Liguria” had the minor allele 536 

almost fixed in the chromosome 10 region. High frequency minor alleles, almost fixed in the 537 

regions associated to fruit shape in the GWAS, were also observed in other genetics groups such 538 

as the Italian “LSL da serbo”, in chromosome 5, and “Ita ellipsoid” and “Tondo Piccolo”, in 539 

chromosome 6 as well as in “Cor de bou” and “Pimiento” groups, in chromosome 12. 540 

In the case of use, associated variants were found in chromosomes 10 and 11, but, in this case, 541 

no clear relationship was found between allelic frequencies among the tomato genetic groups and 542 

GWAS.  543 

Network analyses supports the differentiation between Spanish 544 

and Italian vintage tomatoes and the occurrence of hybridization 545 

events in vintage tomatoes across Europe  546 

To study the genetic relationships between accessions and groups of accessions, a network 547 

based on pairwise Dest group distances was created with Splitstrees. Evolutionary relationships 548 

are often represented as an unique tree under the assumption that evolution is a branching or 549 

tree-like process (Husson 1998). However, real data does not always clearly support a tree. 550 

Phylogenetic split decompositions represented in a network may be evidence for conflicting 551 

reticulated phylogenies due to gene flow and/or hybridization (Husson 1998). 552 

The splitrees network of European tomato is depicted in Fig. 5. The group organization in the 553 

network was structured, like the PCoAs (Supplementary figure 7), in two main country-related 554 

clusters. One cluster was comprised mainly of Spanish vintage groups, which included the 555 

Spanish LSL, “Muchamiel”, and “Montserrat” types, and another cluster was mostly comprised by 556 

the small fruited Italian LSL and processing groups. Interestingly, the “Liguria” group clustered 557 

with Spanish clusters, although the branch that linked it with the core Spanish clusters was quite 558 

large. 559 

The degree of reticulation found (Fig. 5) suggested that hybridizations might have occurred 560 

between the ancestors of accessions collected from the same geographical regions. On the other 561 

hand, the groups that included accessions from different countries, such as “Marmande”, 562 

“Pimiento”, “Cor de bou” or “Palosanto pometa 1”, were located between the Spanish and Italian 563 

clusters.  564 
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These groups of mixed origin could be more modern and derived from hybridization from old 565 

Spanish and Italian varieties or, alternatively, they could be very old varieties found across Europe 566 

before the Spanish and the Italian diversification started. To check those possibilities, a 567 

rarefaction analysis was performed of the number of polymorphic sites found in these three 568 

clusters was calculated (Supplementary Fig. 8). The number of polymorphic sites was clearly 569 

higher in the Italian and Spanish clusters and much lower in the mixed origin cluster, an evidence 570 

that supports that Spain and Italy were secondary centers of diversity for the European tomato, 571 

whereas the varieties included in the mixture cluster would be more recent.  572 

 573 

Discussion 574 

Very low, but discriminant, variation in vintage European tomatoes 575 

 576 

The genetic diversity of this European vintage collection was very low when compared with the 577 

diversity found in SP or even in SLC. While this result is in agreement with previous surveys on 578 

worldwide SLL accessions carried out with the SolCAP SNP platform (Sim et al., 2012, Blanca et 579 

al., 2012; Blanca et al., 2015), the current analysis represents the first estimate obtained using a 580 

comprehensive representation of vintage European tomatoes, and it is relevant to study the role 581 

of Europe as a secondary center for tomato diversification. The low level of diversity found in 582 

these traditional materials was quite striking: after sequencing 0.8% of the genome, only 298 583 

polymorphic variants at the 95% level were found. This result is quite remarkable when we 584 

consider the high phenotypic diversity of vintage tomatoes. Moreover, the high linkage 585 

disequilibrium found in these traditional vintage materials suggests that it is rather unlikely that 586 

the total number of polymorphic blocks would grow much even if whole genome sequences were 587 

to be obtained.  588 

 589 

Previous studies demonstrated a strong bottleneck during the SLC tomato’s travel from Ecuador 590 

and Peru to Mesoamerica (Blanca et al., 2015, Lin et al., 2014; Razifard et al., 2020). However, 591 

it is remarkable that despite the low genetic diversity found in vintage European tomatoes there 592 

are still a few highly polymorphic loci within this tomato gene pool. Some of this variation could 593 

be due to the random nature of genetic drift. However, the association study carried out with major 594 

phenotypical/morphological traits found that a sizeable fraction of those diverse loci were 595 
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associated with the vintage fruit phenotypical/morphological variation. Therefore, it is quite likely 596 

that many of those polymorphic loci had been under balancing selection (Delph and Kelly, 2014) 597 

during the diversification process and were in fact responsible for a sizeable part of the tomato 598 

phenotypic variation, or, at least, in linkage disequilibrium with the variants selected. It may seem 599 

paradoxical that the high diversity of shapes, colors, sizes, uses, and other agronomic traits in the 600 

vintage group could be maintained by such a poor gene pool, but it seems that the selection 601 

carried out by the traditional growers in favor of this agronomic diversity resulted in a desert of 602 

variation, with just a handful of scattered polymorphic loci. This is consistent with two highly 603 

polymorphic SNPs found by Muños et al., (2011) in the lc locus. These were highly polymorphic, 604 

but were surrounded by loci with "drastically reduced" diversity. Thus, they seemed to be the 605 

result of selection for low or high number of locules in different materials. 606 

Recently, structural variants (SV) were studied in tomato using new long-read sequencing 607 

technologies and new analysis algorithms (Alonge et al., 2020; Domínguez et al.,, 2020). A large 608 

number of structural variants were identified and were mostly generated by transposons and 609 

related repeats. Similar to the variants studied here, most structural variants had a very low 610 

frequency, and the majority were singletons.  611 

Therefore, the phenotypic diversity present in European vintage tomatoes seems to have been 612 

built by remixing/reshuffling/swapping very few polymorphisms with the selection pressure 613 

associated with the creation of new varietal types and to the adaptation of these types to different 614 

regional environments.  615 

  616 

Tomato History: tomato movement in Europe 617 

 618 

The distribution of the genetic variability in the European vintage tomatoes showed mostly a 619 

continuous gradient. However, the Spanish and Italian varieties occupied opposite regions of the 620 

PCoA space what supports a genetically differentiation among varieties originated in those 621 

countries. The lack of clear-cut limits may be due to migrations between different regions and 622 

countries and subsequent intercrossing. Despite this difficulty, the genetic vintage groups 623 

proposed here were differentiated by characteristics such as: their main geographic origin, use, 624 

fruit morphology, and varietal name. The genetic groups sometimes corresponded with the 625 

varietal type, such as in “Valenciano”, “Muchamiel”, “Penjar” or “Piennolo”. However, the match 626 

between the proposed genetic group and the sample varietal name was seldom complete. For 627 

instance, the “Cor de bou” group included two “Valenciano” samples, one “Russe”, and one 628 
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“Costoluto”. This may be due to the limitations of the genotyping or genetic classification 629 

methodology utilized or to erroneous passport data, as it may not be trivial for a standard grower 630 

to evaluate the sometimes subtle varietal differences. Other genetic groups, such “Italian small” 631 

showed no clear associations to any variety name.. Finally, cultivars previously classified as 632 

belonging to some variety, such as “Marmande”, were included in many different genetic groups. 633 

It is likely that the popularity of some varietal types such as “Marmande”, made some growers 634 

prone to apply the label to any variety that displayed the typical morphological characteristics of 635 

a well-known varietal type. Thus, the “Marmande” tomatoes are characterized by its production 636 

of large and multi-locule tomatoes, and any other variety with a similar fruit morphology could 637 

have been labeled as “Marmande”. 638 

 639 

One clear example of mistaken identities and/or inadvertent out crossing is provided by the 640 

vintage samples that were found to include haplotypes not found in the vintage core and to be 641 

genetically closer to the modern varieties than to the vintage materials in the PCoA. It is not even 642 

trivial to define the borderline between vintage and modern varieties. One could think that until 643 

the 1950´s most varieties were heirlooms and landraces maintained by small farmers, but the real 644 

history is more complex. When tomato cultivation was popularized in the 19th Century in France, 645 

England, and the USA some of the varieties were already provided by seed companies (Boswell 646 

1937), and there were seed shipments documented between countries, for instance, from 647 

England to the Canary Islands (Amador et al., 2012). Moreover, from 1910 onwards, professional 648 

breeding efforts created new varieties adapted to long-distance shipping and for processing 649 

(Boswell 1937). These efforts did not yet include wild materials, so their results are not easy to be 650 

differentiated in a PCoA analysis. It is only when shortly afterwards, breeders started introgressing 651 

wild species alleles for disease resistance, that the varieties created were different enough to be 652 

easily differentiated in the PCoA analysis. In any case, the vintage-modern limit has to be 653 

somewhat conventional, although a characteristic of modern cultivars compared with vintage 654 

varieties is the introgression of genes from wild species. Therefore, true vintage cultivars were 655 

defined based on the absence of wild species haplotypes. 656 

 657 

Most of these introgressions seem to be related to disease resistance genes as the Cladosporium 658 

fulvum resistance gene Cf-2 in chromosome 6, Tm-2 (resistance Tomato Mosaic virus,) in 659 

chromosome 9. It is likely that the modern genetic variability has been combined with the true 660 

traditional varieties, so some materials catalogued in the genebanks as traditional are in fact a 661 

mixture of traditional and modern. This is to be expected, as the seed collectors/genebanks label 662 
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as vintage any material considered as such by the farmer from whom the seeds where collected. 663 

Although European small farmers often save their own tomato seed, they may occasionally 664 

purchase or get plantlets from markets or nurseries or save seeds from modern varieties 665 

purchased in the market and introduce them in their fields. This may lead after several years of 666 

reproduction and farmer selection to complex hybridizations and mixings. Clearly, there have 667 

been many opportunities for introgressing modern haplotypes into the vintage materials, such as 668 

unintentional crosses. This phenomenon could be thought of as blurring the boundaries of a 669 

supposedly pure vintage population, but one may also think that this leakage had the positive 670 

unintended consequence of increasing the very low diversity of the vintage pool, and it is also the 671 

case that evolution consists of change and adaptation of local varieties (Casañas et al.,, 2017). 672 

 673 

The allele frequency based tree (Fig. 4) defined three major clusters: Spanish, Italian, and Mixed 674 

origin. The mixed origin groups are basal in the Fig.4 tree, have longer branch lengths, and occupy 675 

an intermediate position between the Italian and Spanish clusters in the Dest network (Fig. 5). 676 

These results are compatible with the hypothesis that Italy and Spain formed two centers of 677 

diversity. The differentiation of Italian and Spanish gene pools is exemplified by the long LSL 678 

varieties from both countries. Italian and Spanish LSL varieties were clustered apart from each 679 

other with only a small number of samples from the other country, so it seems as if the origin of 680 

the long shelf life tomatoes in both countries was independent. The transformation from a fresh 681 

to a long shelf-life variety is likely due to a limited number of loci, as observed in Fig. 4 in which 682 

the Catalonian fresh “Montserrat” type is closely related to the Catalonian long shelf-life “Penjar” 683 

type. Esposito et al (2020) also observed geographic differentiation of the Italian and Spanish 684 

long shelf-life varieties. Therefore, although there may have been migrations from Italy to Spain 685 

and vice versa, these may not have been extensive enough to erase the genetic differences 686 

between the Italian and Spanish varieties 687 

 688 

Regarding the mixture cluster, the groups included in it are basal in the Fig.4 tree, they have 689 

longer branch lengths, and occupy an intermediate position between the Italian and Spanish 690 

clusters in the Dest network (Fig. 5). Moreover, the rarefraction analysis supports that it included 691 

varieties derived from the two secondary centers of diversity. This could be the result of long of 692 

tomato cultivation tradition in Southern Europe, being the groups included in this cluster 693 

developed from hybridizations between the two centers of diversity. New mutations, other 694 

introductions of tomatoes from America or new genes from varieties developed worldwide might 695 

also be involved in the history of the groups of mixed origin.  696 
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 697 

A complex pattern of migrations can also be inferred in several genetic groups as the “Cor de 698 

bou” group that included varieties from most countries: French “Coeur de boeuf”, Italian “Cuor di 699 

bue”, Catalonian “Cor de bou”, Castillian “Corazon de toro”, and “Navarran corazón de fitero”. 700 

Also, the Italian “Spagnoletta” group was closely related with the “Marmande” group comprised 701 

by French, Spanish, Greek, and Italian accessions. Other genetic groups with mixed geographic 702 

origin are “Liguria”, “Cor de bou”, “Pimiento”, “Palosanto Pometa 1”and “Marmande”. 703 

 704 

Do a few Polymorphic genes differentiate the true European vintage tomato 705 

genetic groups? 706 

 707 

In order to shed light on the apparent contradiction between the low genetic diversity and the 708 

large phenotypic variation of European vintage tomatoes, a GWAS was carried out with the 709 

polymorphic variants and some of the most obvious morphological traits (fruit morphology, color, 710 

and ripening behavior). 711 

Variants located in the genomic regions of previously identified loci involved in fruit weight, and 712 

likely involved in domestication and diversification, were associated with this trait in the GWAS 713 

performed with the European vintage collection. Most of the small fruited tomatoes shared fixed 714 

variation regions in chromosomes 1 and 3 which mapped close to previously-described 715 

Quantitative Trait Loci (QTL)and genes associated with fruit size: fw1.1 (Grandillo et al., 1999) 716 

and fw3.2/KLUH and ENO (Chakrabarti et al., 2013; Yuste-Lisbona et al., 2020) (Fig. 4A and 4B). 717 

In contrast, almost all medium and large tomatoes shared a region in chromosome 11 that 718 

mapped close to FAS (Xu et al., 2015) and fw11.3/CSR (Mu et al., 2017), with both genes playing 719 

a known role in controlling fruit size and fasciation. No more associations were observed in other 720 

genomic regions for fruit weight, so it seems reasonable to think that these QTLs can be 721 

responsible, at least in part, for the fruit size variability among the European vintage tomatoes. 722 

Regarding fruit shape, two of the associated regions found included known genes. The 723 

chromosome 2 region included previously mapped QTLs as heart shape hrt2.2 (heart shape), 724 

pblk2.2 (proximal end blockiness), psh2.2 (shoulder height), piar2.2 (indentation area) (Brewer et 725 

al., 2007) and ovate (Liu et al., 2002), and the region in chromosome 10 is located close to, where 726 

the original copy of the sun locus was found (Xiao et al., 2008). In the case of skin color, a different 727 

pattern was characteristic of different pink genetic groups. “LSL Penjar vlc” and “LSL ramellet” 728 
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shared a variant at the end of chromosome 1 that matched a region that was previously 729 

associated with skin color, the colorless-peel and locus (Ballester et al., 2010), while “Pera 730 

Girona” had the minor allele for the other chromosome 1 variant, which is located at the beginning 731 

of the chromosome and maps close to the SlCMT3 (Gallusci et al., 2016) and PSY3 (Li et al., 732 

2008) genes involved in epigenetic ripening regulation and carotene biosynthesis, respectively.  733 

 734 

The current analysis suggests that fruit morphology variability among European vintage tomatoes 735 

could be the consequence of the combination of a relatively low number of genes, as suggested 736 

by Rodriguez et al., (2011), including fw3.2/KLUH, ENO, FAS, SUN, and OVATE. On the other 737 

hand, skin color could be a consequence of y-locus and other genes related to phenylpropanoid 738 

metabolism. Interestingly, SV mutations have been found in fw3.2/KLUH, FAS and SUN that 739 

supports the impact of SV on tomato phenotypic diversity (Alonge et al., 2020, Dominguez et al., 740 

2020). Also some cryptic variation hidden in the Mesoamerican tomatoes may have emerged in 741 

European tomatoes after generating new combinations and divergent selection by the traditional 742 

farmers as found for the jointless trait in tomato (Soyk et al., 2017, Soyk et al., 2019, Alonge et 743 

al., 2020). 744 

Impact on genebank and on farm variability management 745 

 746 

Many of the few polymorphic genetic variants, within the very low diversity European vintage 747 

tomatoes, appeared to be associated with phenotypic variation. This has implications for the 748 

conservation efforts carried out by the genebanks. Thousands of European vintage tomatoes are 749 

maintained in many of those genebanks. However, the cost of these conservation efforts could 750 

be severely reduced if only these few polymorphic loci were taken into account. Of course, that 751 

would ignore most variants, the ones found in very low frequencies, but conserving these low 752 

frequency alleles, that in many cases would be neutral, and thus not associated with any 753 

phenotypic variation, requires a sizeable investment. An alternative would be to identify the alleles 754 

associated with a phenotype, however, that would require an exhaustive phenotypic 755 

characterization. 756 

 757 

Most of the European accessions analyzed here were collected from farmers in the 1950’s to 758 

1980’s, and as landraces, they are appreciated, competitive, and cultivated varieties. The genetic 759 

diversity of many other crops has also been maintained as landraces that evolved on-farm. 760 

However, this diversity is continuously under threat by the introduction of new modern varieties 761 
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derived from a limited gene pool that have replaced the vintage varieties. It is generally believed 762 

that most of the accessions in seed banks do not contribute to modern varieties (Tanksley and 763 

McCouch, 1997) and this is also the case for tomato. Our Identification of the morphological and 764 

genetic structure present in the European vintage tomato gene pool will be important to guarantee 765 

access to that variability as the basis of the development of new varieties or evolved landraces in 766 

the future (Casañas et al 2017). 767 

Conclusion 768 

The entrepreneurship of many local European farmers during the last five hundred years has 769 

managed to create a very complex and diverse set of tomato varieties adapted to different local 770 

tastes and morphological preferences. These localized activities did not restrain those farmers 771 

from importing other interesting novelties developed by other farmers elsewhere, thus generating 772 

a much larger set of varietal tomato types that are characterized by an exuberant diversity that 773 

serves as a variety for fresh, processing, and long shelf-life uses. 774 

 775 

The current report shows that such a plethora of different types has been created from an original 776 

material devoid of genetic diversity, by exploiting very few polymorphic loci subjected to balancing 777 

selection.  778 

 779 
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Table S1. Accessions analyzed in this study.  793 
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Table S2. Phenotypic characterization of European vintage tomatoes 794 

Table S3. Sequencing and mapping statistics for each sample. 795 
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 1010 

Figure Legends 1011 

 1012 

Fig. 1. Principal Coordinate Analysis (PCoA) including cultivated tomato (Solanum lycopersicum 1013 

var. lycopersicum, SLL): vintage European tomato, modern cultivars with different culinary use 1014 

(fresh, processing and long shelf life, lsl), S. lycopersicum var. cerasiforme (SLC) from different 1015 

origin [Peru, Mesoamerica (MA) Ecuador (Ecu)], together with several American wild relatives: S. 1016 

pimpinellifolium (SP), S. cheesmaniae, S. galapagense (Galápagos), S. peruvianum, S. 1017 

chmielewskii and S. habrochaites (green) and SPxSL hybrids. The modern cultivar Heinz1706 1018 

was included as reference. (A) First and second principal components (dim1 and dim2) from the 1019 

PCoA using all accessions analyzed in this study. (B) First and third components (dim1 and dim3) 1020 

from the same PCoA. C) First and second components (dim1 and dim2) from PCoA using only S. 1021 

lycopersicum var. lycopersicum samples. D) First and third components (dim1 and dim3) from the 1022 

previous PCoA The percentage of explained variance for each principal component is indicated 1023 

on each axis. 1024 

 1025 

Fig. 2. Principal Coordinate Analysis (PCoA) of modern cultivars. (A) and (B) the three first 1026 

principal components (dim1, dim2 and dim3) from the PCoA considering all modern cultivars and 1027 

cv. Heinz1706 as reference. (C) and (D) PCoA including only modern fresh 2 and Long Shelf Llife 1028 

(LSL) and modern processing genetic groups. The variance accounted for each principal 1029 

component is depicted on each axis. 1030 

 1031 

Fig. 3. Genetic diversity for the rank1 genetic groups. (A) Genetic diversity estimated by the 1032 

expected heterozygosity and the percentage of polymorphic variants (95% threshold). The 1033 

indexes were calculated 100 times taking 20 samples at random from each genetic group. The 1034 

mean and standard deviation are shown. (B) Rarefaction analysis of the number of variants found 1035 

in each genetic group. Axis X shows the number of samples, Axis Y shows the number of variants. 1036 
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 1037 

Fig. 4. Allele frequencies across the genome in Vintage genetic groups and their relationship with 1038 

phenotypic diversity. (A) Clustering of genetic groups based on allele frequencies. Allele 1039 

frequency of the major allele within each genetic group is indicated by a density color according 1040 

the legend (blue, frequency=0, to white, frequency=1. (B) Distribution of the different traits within 1041 

genetic groups. (C) Statistical significance indicated by a colored gradient of -log(p) values of the 1042 

SNP-trait associations by Genome-Wide Association Analysis. 1043 

 1044 

Fig. 5. Evolutionary relationships between vintage European tomato, Modern tomato and Peru 1045 

and Mesoamerica Solanum lycopersicum var. cerasiforme (SLC), S. pimpinellifolium (SP) and the 1046 

hybrids SPxSL. Split network based on the Dest distances between genetic groups. The country 1047 

of origin of accessions within each genetic group is represented by a pie chart depicted in the 1048 

bottom left. (A) Zoom only in European modern and vintage tomatoes. (B) Zoom on American 1049 

ancestral and wild tomatoes. Each edge of the network represents a split of the accessions based 1050 

on one or more characteristics. If there was no conflict, each split was represented by a single 1051 

edge, while in the case of contradictory patterns the partition was represented by a set of parallel 1052 

edges. The edge lengths represent the weight of each split, which is equivalent to the distance 1053 

between groups. 1054 

  1055 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.26.465840doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465840


Vintage
Contemporary fresh 1
Contemporary LSL and processing
Contemporary fresh2
SLC Peru MA
Contemporary processing
SP
SPxSL
SP North Ecuador
SLC Ecuador
Galapagos
Heinz-1706
Green
Unclassified

A B

C D

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.26.465840doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465840


Contemporary fresh 1
Contemporary LSL and processing
Contemporary fresh2
Contemporary processing
Heinz-1706
Unclassified

A B

C D

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.26.465840doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465840


N
u
m

. 
va

rs

Num. samples

A

B

C

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.26.465840doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465840


Pa
lo

sa
n
to

 p
om

et
a 

1

B
al

ea
ri
c 

ch
er

ry

To
n
d
o 

p
ic

co
lo

LS
L 

p
ie

n
n
ol

o

B
el

l 
p
ep

p
er

Le
m

on
ia

S
p
ag

n
ol

et
ta

M
ar

m
an

d
e

S
ca

to
lo

n
e 

d
i 
b
ol

se
n
a

Pe
ra

 g
ir
on

a

M
u
ch

am
ie

l

Pa
lo

sa
n
to

 p
om

et
a 

2

V
al

en
ci

an
o

It
a 

g
rc

LS
L 

p
en

ja
r 

ca
t

M
on

ts
er

ra
t

LS
L 

p
en

ja
r 

vl
c

LS
L 

ra
m

el
le

t

Li
g
u
ri
a

C
or

 d
e 

b
ou

Pi
m

ie
n
to

LS
L 

h
ea

rt

G
re

ek

It
a 

el
lip

so
id

S
an

 M
ar

za
n
o

It
a 

sm
al

l

LS
L 

d
a 

se
rb

o

(g
)

A

B

C

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.26.465840doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465840


B

A modern
fresh

SLC Peru
MA

Modern LSL &
processing

LSL penjar VLC

LSL ramellet

montserrat

LSL penjar cat

Palosanto-
pometa 2

Palosanto-
pometa 1

Liguria

Muchamiel

Valenciano

Scatolone di Bolsena
Marmande

Pimiento

Cor de bou
Ita
Grc

San Marzano
Ita ellipsoid LSL da serbo

Ita small

Grc

LSL heart

SP NEcu

SLC Peru MA

SPxSL

vintage
modern

SP

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 28, 2021. ; https://doi.org/10.1101/2021.10.26.465840doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465840

	Highlight
	Abstract
	Introduction
	Material and methods
	Materials
	DNA extraction, library preparation and sequencing
	Read mapping, SNP calling and SNP filtering
	PCoA and genetic structure, Diversities and Linkage disequilibrium
	GWAS and allele frequencies
	Genetic group distances

	Results
	Diversity among European vintage tomatoes
	Linkage disequilibrium
	Classification of vintage tomato clusters
	Allele frequencies across the genome in Vintage groups and their relationship with phenotypic diversity
	Network analyses supports the differentiation between Spanish and Italian vintage tomatoes and the occurrence of hybridization events in vintage tomatoes across Europe

	Discussion
	Very low, but discriminant, variation in vintage European tomatoes
	Tomato History: tomato movement in Europe
	Do a few Polymorphic genes differentiate the true European vintage tomato genetic groups?
	Impact on genebank and on farm variability management

	Conclusion
	Data Availability
	References


