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ABSTRACT 
 
The impact of climate change on hor�cultural crops is increasingly evident, leading 
to dras�c loss and erosion of gene�c diversity. This poses significant challenges for 
crop improvement, which requires the explora�on of plant gene�c resources 
conserved in germplasm banks and the development of technologies that allow the 
evalua�on of the phenotypic and genotypic value of these materials. However, the 
current situa�on of germplasm collec�ons is characterized by the existence of 
uniden�fied duplicates among collec�ons, taxonomic mislabelling, insufficient and 
unavailable documenta�on for researchers and breeders, and a lack of funding for 
proper conserva�on and management. This greatly hampers the u�liza�on of these 
resources. This thesis addresses this problem by star�ng with the unifica�on of 
passport, phenotyping, and image data from the main collec�ons of tomato, 
pepper, and eggplant into a single repository. Genotyping the collec�on and jointly 
analysing the generated genotyping data has enabled the construc�on of core 
collec�ons that have been phenotyped in detail, thereby increasing knowledge of 
genotypic and phenotypic variability and, consequently, enhancing their u�liza�on 
by researchers and breeders. 
In the first chapter, an inventory, standardiza�on, and review of available passport 
and phenotypic data of tomato, pepper, and eggplant accessions conserved in 
major European and non-European germplasm banks were conducted to improve 
the efficiency of plant gene�c resource management. 

The second chapter focuses on the development and op�miza�on of a high-quality, 
fast, and cost-effec�ve genomic DNA extrac�on method that combines the 
advantages of the CTAB-based extrac�on method with nucleic acid purifica�on on 
a silica matrix. It is a universal method that can be used for different species and 
�ssues. The efficiency of the resul�ng genomic DNA was evaluated on different 
sequencing pla�orms, such as Single Primer Enrichment Technology (SPET) and 
Oxford Nanopore, yielding promising results. This facilitates the prerequisite step of 
DNA extrac�on before genotyping the collec�ons. 

Chapter three addresses the genotyping of the collec�ons. The high number of 
accessions for each crop, par�cularly tomato, poses an o�en insurmountable 
economic problem. Therefore, chapter three is focused on evalua�ng the poten�al 
of SPET sequencing technology, which is more cost-effec�ve than other known 
methods, for high-throughput genotyping of tomato and eggplant germplasm 
collec�ons. SPET is a targeted genotyping technology based on sequencing a region 
flanking a unique primer, thereby sequencing the SNP and the surrounding regions, 
allowing the discovery of thousands of closely related novel SNPs. The results reveal 
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that SPET genotyping is a robust and high-performance technology for gene�c 
studies, including the iden�fica�on of duplicates and taxonomic misclassifica�ons 
in the accessions stored in the germplasm banks. Based on the informa�on 
generated in the first three chapters, core collec�ons were established for each 
crop, encompassing maximum gene�c and phenotypic diversity in a set of 450 
individuals. 

Finally, in the fourth chapter, the gene�c and phenotypic analysis of the tomato core 
collec�on is examined and described using an approach based on establishing 
gene�c groups based on their gene�c proximity. Gene�c and phenotypic diversity 
analysis revealed dis�nct paterns of varia�on among different gene�c groups, 
contradic�ng previous claims of a decrease in gene�c diversity due to gene�c 
improvement and uncovering unique correla�ons between morphological traits 
within different groups. The study highlights the importance of considering both 
gene�c and phenotypic diversity in tomato breeding ini�a�ves, with a par�cular 
emphasis on aspects such as fruit size, shape, color, and quality. 

In conclusion, the work carried out in this thesis increases the knowledge and 
accessibility to the major Solanaceae collec�ons conserved in germplasm banks, 
while also genera�ng molecular tools for their genotypic evalua�on. Furthermore, 
the findings emphasize the crucial role of germplasm banks as reservoirs of gene�c 
diversity, as well as the challenges they face, including limited data availability, 
duplica�ons, inaccurately classified accessions, and lack of consensus in 
characteriza�ons, underscoring the need to maintain efforts in data collec�on, 
review, and standardiza�on. In summary, these advancements provide a founda�on 
for the future, offering valuable informa�on for the conserva�on of the collec�ons 
themselves and for their use in breeding programs. 
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RESUMEN 
 
El impacto del cambio climá�co en los cul�vos hor�colas es cada vez más evidente, 
lo que ha llevado a la pérdida y erosión de diversidad gené�ca de manera drás�ca. 
Esto plantea importantes desa�os para la mejora de los cul�vos, que requiere la 
exploración de los recursos fitogené�cos conservados en los bancos de 
germoplasma y el desarrollo de tecnologías que permitan evaluar el valor feno�pico 
y geno�pico de estos materiales. Sin embargo, la situación actual de las colecciones 
de germoplasma es la existencia de duplicados no iden�ficados entre colecciones, 
errores en la clasificación taxonómica, documentación insuficiente y no disponible 
para inves�gadores y mejoradores, añadido a la falta de financiación para la 
conservación y ges�ón adecuadas. Esto dificulta enormemente la u�lización de 
estos recursos. En la presente Tesis se aborda este problema comenzando por la 
unificación de datos de pasaporte, feno�pado e imágenes de las principales 
colecciones de tomate, pimiento y berenjena en un mismo repositorio. El 
geno�pado de la colección y el análisis conjunto de los datos de geno�pado 
generados ha permi�do la construcción de colecciones nucleares que han sido 
feno�padas con detalle, aumentando su conocimiento acerca de la variabilidad 
geno�pica y feno�pica y, consecuentemente, su aprovechamiento por parte de los 
inves�gadores y mejoradores. 
En el primer capítulo, se ha realizado el inventariado, estandarización y revisión de 
los datos de pasaporte y feno�picos disponibles de las accesiones de tomate, 
pimiento y berenjena conservados en los principales bancos de germoplasma 
europeos y no europeos, con el objeto de mejorar la eficiencia del manejo de los 
recursos fitogené�cos.  

El segundo capítulo se centra en el desarrollo y op�mización de un método de 
extracción de ADN genómico de alta calidad, rápido y económico que combina las 
ventajas del método de extracción basado en el CTAB, añadido a la purificación de 
los ácidos nucleicos en una matriz de sílice. Es un método universal que puede 
u�lizarse para diferentes especies y tejidos. Se ha evaluado la eficiencia del ADN 
genómico resultante en diferentes plataformas de secuenciación como SPET (Single 
Primer Enrichment Technology) y Oxford Nanopore, generando resultados muy 
prometedores. Esto facilita el paso previo al geno�pado de las colecciones que es 
la extracción de ADN. 

En el tercer capítulo se aborda el geno�pado de las colecciones. El elevado número 
de accesiones de cada cul�vo, en par�cular el tomate, supone un problema de �po 
económico, en ocasiones irresoluble. Por ello, el tercer capítulo está orientado a la 
evaluación del potencial de la tecnología de secuenciación SPET, más económica 
que otras conocidas, para el geno�pado de alto rendimiento de colecciones de 
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germoplasma de tomate y berenjena. SPET es una tecnología de geno�pado dirigida 
basada en la secuenciación de una región que flanquea a un cebador único, 
secuenciando al SNP y las regiones que rodean al SNP diana, lo que permite 
descubrir miles de SNP nuevos estrechamente relacionados. Los resultados revelan 
que el geno�pado SPET es una tecnología robusta y de alto rendimiento para 
estudios gené�cos, incluyendo la posibilidad de iden�ficación de duplicados y 
errores de clasificación taxonómica en las entradas conservadas en los bancos. Con 
la información generada en los primeros tres capítulos se establecieron las 
colecciones nucleares para cada cul�vo, abarcando la máxima diversidad gené�ca 
y feno�pica en un conjunto de 450 individuos.  

Finalmente, en el cuarto capítulo, se analiza y describe la colección nuclear de 
tomate a nivel gené�co y feno�pico, mediante un enfoque basado en el 
establecimiento de grupos gené�cos basados en su proximidad gené�ca. El análisis 
de la diversidad gené�ca y feno�pica reveló patrones de variación dis�ntos entre 
diferentes grupos gené�cos, contradiciendo afirmaciones anteriores que proponían 
una disminución en la diversidad gené�ca como consecuencia de la mejora gené�ca 
y descubriendo correlaciones entre rasgos morfológicos únicas dentro de los 
diferentes grupos. El estudio destaca la importancia de considerar tanto la 
diversidad gené�ca como la feno�pica en las inicia�vas de mejora del tomate, con 
especial énfasis en aspectos como el tamaño, la forma, el color y la calidad del fruto. 

En defini�va, los trabajos realizados en esta Tesis aumentan, por un lado, el 
conocimiento y la accesibilidad a las principales colecciones de solanáceas 
conservadas en los bancos de germoplasma, y por otro, generan herramientas 
moleculares que permiten su evaluación geno�pica. Además, los hallazgos 
obtenidos destacan el papel crucial de los bancos de germoplasma como 
reservorios de diversidad gené�ca, así como los desa�os a los que se enfrentan:  
disponibilidad limitada de datos, duplicaciones, accesiones erróneamente 
clasificadas y la falta de consenso en las caracterizaciones, que enfa�zan la 
necesidad de mantener los esfuerzos en la recopilación, revisión y estandarización 
de los datos. En resumen, estos avances suponen una base para el futuro, 
proporcionando información valiosa para la propia conservación de las colecciones 
y para su uso en programas de mejora. 
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RESUM 
 
L'impacte del canvi climà�c en els cul�us hor�coles és cada vegada més evident, la 
qual cosa ha portat a la dràs�ca pèrdua i erosió de la diversitat genè�ca. La reduïda 
diversitat genè�ca planteja importants reptes per a la millora dels cul�us. Sent 
necessari l'exploració dels recursos genè�cs vegetals conservats en els bancs de 
germoplasma i el desenvolupament de tecnologies que permeten avaluar el valor 
feno�pic i geno�pic d'aquests materials. Pel que fa a les col·leccions de 
germoplasma presenten duplicats no iden�ficats entre col·leccions, errors en la 
classificació taxonòmica, falta de finançament per a la conservació i ges�ó 
adequades a banda de documentació insuficient i no disponible (inves�gadors i 
milloradors vegetals). En la present tesi doctoral s'aborda aquest problema unificant 
les dades de passaport, feno�pat i imatges de les principals col·leccions de tomaca, 
pebre i albergínia en un mateix repositori. El geno�pat de la col·lecció i l'anàlisi 
conjunt dels geno�ps ha permès la construcció de col·leccions nuclears (que han 
sigut feno�pats amb detall), augmentant el coneixement per part dels inves�gadors 
i milloradors vegetal sobre la variabilitat geno�pica i feno�pica de la/les col·leccions 
nuclears generades. 
En el primer capítol, s'ha realitzat l'inventariat, estandardització i revisió de les 
dades de passaport i feno�piques disponibles de les accessions de tomaca, pebre i 
albergínia conservats en els principals bancs de germoplasma a nivell mundial, a fi 
de millorar l'eficiència del maneig dels recursos genè�cs vegetals.  

El segon capítol es focalitza en el desenvolupament i op�mització d'un mètode 
d'extracció de ADN genòmic d'alta qualitat, ràpid i econòmic que combina els 
avantatges del mètode d'extracció basat en el CTAB amb l’ús de matrius de sílice. El 
mètode desenvolupat pot u�litzar-se de manera universal per a diferents espècies 
i teixits vegetals. S'ha avaluat l'eficiència del ADN genòmic resultant en diferents 
plataformes de seqüenciació com SPET (Single Primer Enrichment Technology) i 
Oxford Nanopore, generant resultats molt prometedors. Això facilita el pas previ al 
geno�pat de les col·leccions que és l'extracció d'ADN. 

En el tercer capítol aborda l’op�mització del procés de geno�pat de les col·leccions 
generades. L'elevat nombre d’accessions de cada cul�u, en par�cular la tomaca, 
suposa un problema de �pus econòmic, a vegades irresoluble. Per això, aquest 
capítol està orientat a l'avaluació del potencial de la tecnologia de seqüenciació 
SPET per al geno�pat d'alt rendiment de col·leccions de germoplasma de tomaca i 
albergínia a un preu econòmic . SPET és una tecnologia de geno�pat dirigida basada 
en la seqüenciació d'una regió que flanqueja a un encebador únic, seqüenciant el 
SNP diana i les regions genòmiques que l’envolten, permetent descobrir milers de 
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SNP nous estretament relacionats. Els resultats revelen que el geno�pat SPET és 
una tecnologia robusta i d'alt rendiment per a estudis genè�cs, incloent-hi la 
possibilitat d'iden�ficació de duplicats i errors de classificació taxonòmica en les 
entrades conservades en els bancs de germoplasma. La informació generada va 
permetre establir col·leccions nuclears per a cada cul�u, abastant la màxima 
diversitat genè�ca i feno�pica en un conjunt de 450 individus. 

Finalment, en el quart capítol, s'analitza i descrigué la col·lecció nuclear de tomaca 
a nivell genè�c i feno�pic, focalitzant-se en l'establiment de grups genè�cs basats 
en la seua proximitat genè�ca. L'anàlisi de la diversitat genè�ca i feno�pica va 
revelar patrons de variació diferents entre diferents grups genè�cs, contradient 
afirmacions anteriors que proposaven una disminució en la diversitat genè�ca a 
conseqüència de la millora genè�ca. També és descobriren noves correlacions entre 
trets morfològics únics dins dels diferents grups. L'estudi destaca la importància 
d’abordar les inicia�ves de millora de la tomaca tenint en compte tant la diversitat 
genè�ca com la feno�pica, amb especial èmfasi en aspectes com la grandària, la 
forma, el color i la qualitat del fruit. 

En defini�va, els treballs realitzats en aquesta tesi doctoral augmenten, d'una 
banda, el coneixement i l'accessibilitat a les principals col·leccions de solanàcies 
conservades en els bancs de germoplasma. Per un altre, generen eines moleculars 
que permeten l’ avaluació geno�pica de les col·leccions analizades. A més, dels 
resultats ob�nguts destaca el paper crucial dels bancs de germoplasma com a 
reservoris de diversitat genè�ca, així com els desafiaments als quals s'enfronten: 
disponibilitat limitada de dades, duplicacions, accessions erròniament classificades 
i la falta de consens en les caracteritzacions. Aquests reptes als que fan front el 
bancs de germoplasma, emfa�tzen la importància dels esforços en la recopilació, 
revisió i estandardització de les dades. En resum, aquests avanços suposen una base 
per al futur, proporcionant informació valuosa per a la pròpia conservació de les 
col·leccions i el seu ús en programes de millora. 
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I was taught that the way of progress is neither swift nor easy. 
Marie Curie 
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1. Genetics resources and Genebanks  
 
Collec�ons of plant gene�c resources (PGRs) began in the mid-20th century, 
triggered by the accelerated loss of agronomic diversity when tradi�onal landraces 
started to be replaced by the first improved cul�vars (Peres, 2016). Indeed, seed 
banks were conceived as a response to preserve gene�c material solving the gene�c 
erosion issue due to the globaliza�on of crops, resul�ng from the introduc�on of 
new high-yielding agricultural varie�es during the Green Revolu�on promoted by 
Norman Borlaug in 1970 (Khush, 1999).  
The main purpose of gathering and inventorying all available gene�c diversity was 
their further use in the future (Fowler & Hodgkin, 2004), both as a source of 
diversity for breeding programmes and directly through the reintroduc�on of 
landraces to face possible environmental changes and society's needs (Mascher et 
al., 2019). PGRs stored in genebanks are considered historical documents that have 
the poten�al to elucidate the gene�c history of agriculture (Fowler & Hodgkin, 
2004; Tripodi et al., 2021). Seed banks have evolved throughout history to suit the 
demands of users. 

However, the accessibility and use of gene�c varia�on present in genebanks and its 
transfer into crop improvement is currently limited due mainly to the 
incompleteness of the available informa�on and a lack of data allowing 
comparability of genebank accessions held in different countries (Weise et al., 
2020). To beter serve the user community, genebanks must strengthen their core 
ac�vi�es by providing access to more comprehensive, uniform and per�nent 
informa�on on a crop's gene pool. There is a need to provide novel services, such 
as the introduc�on of specific user-oriented collec�on types, including research 
popula�ons and gene�cally purified lines, and the development of novel 
informa�on services, allowing end-users to access the phenotypic and experimental 
informa�on on accessions generated by genebanks during collec�on management 
but also by the community of genebank users. These services will accelerate 
Solanaceae Gene�c Resources (SGR) mobiliza�on stored in genebanks to foster crop 
improvement, diversifica�on, and beter adaptability to changing environments.  
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2. G2P-SOL initiative 
 
G2P-SOL (Linking genetic resources, genomes and phenotypes of Solanaceous crops) 
is a global research alliance bringing together the major European and Interna�onal 
repositories hos�ng germplasm of the four major Solanaceous food crops (potato, 
tomato, pepper and eggplant). The produc�on value of these crops amounts to 66% 
of the total European hor�cultural crop produc�on value (FAO, 2021). The G2P-SOL 
project will focus on harmonizing informa�on on Solanaceous germplasm resources 
and performing sequence-based genotyping and phenotyping for traits of strategic 
importance for each crop. These ac�vi�es will lead to a significantly enhanced 
understanding of the variability held in these highly valuable collec�ons, thus 
greatly increasing their u�lity in Solanaceous crop improvement, which will have 
downstream impacts on food security in the face of rapid environmental changes. 
The G2P-SOL project aims to set up a pipeline to generate novel and curated 
phenotypic and genotypic data and promote linking the gene�c code underlying 
Solanaceae biodiversity with the genotypes stored in germplasm bank and with the 
traits that improve produc�vity and adapta�on to different stresses.  
 
The advances in sequencing technologies and its cost reduc�on have made the 
genotyping of hundreds of thousands of accessions stored affordable. Nevertheless, 
the u�liza�on of gene�c diversity stored in genebanks and its integra�on into 
cul�vated crops is constrained by the inadequate and insufficient informa�on 
available across various countries. To address these limita�ons, genebanks need to 
enhance their efforts by offering broader, standardized, and concise access to 
comprehensive informa�on regarding their crop collec�ons. 
 
To atain the objec�ves of this project, a range of specifics goals were established 
to accomplish: 
 

(1) Defining and maintaining gene�c pools for crop improvement.  
(2) Phenomic and genomic data: collec�on, genera�on, analysis, harmoniza�on, 

storage and linkage with genebanks.  
(3) Pre-breeding and germplasm enhancement: introduc�on of important traits 

from wild non-adapted germplasm into elite germplasm. 
(4) Dissemina�on, valorisa�on and training.  

 
The project will redefine how to manage and organize SGRs to make them 
accessible to the community. The u�liza�on of this knowledge has facilitated the 
development of cul�vars with enhanced contribu�ons to sustainability, human, 
nutri�on, and health.  
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3. Relevance of solanaceous crops: understanding the importance of tomato and 
eggplant 
 
The Solanaceae family includes more than 2.800 species, organized into 96 genera, 
defined by their extraordinary morphological and ecology diversity (Peralta et al., 
2008). Moreover, from an economic point of view, it is one of the most important 
families with some of the largest cul�vated worldwide crops such as tomato 
(Solanum lycopersicum), eggplant (Solanum melongena), pepper (Capsicum 
annuum) and potato (Solanum tuberosum). Specifically, tomato and eggplant crops 
ranked first and fi�h, respec�vely, in terms of annual world total produc�on 
(FAOSTAT, 2021). Produc�on has dras�cally increased by 189·106 t in tomato and 
58.6·106 t in eggplant over the last decades to cover feed requirements (Figure 1). 
The relevance of tomato and eggplant crops have been increasing in the past 
decades and, consequently, their harvested area and produc�on volume have 
increased during that same period.  

 
Figure 1. World eggplant and tomato produc�on (mtons) per year between 1994 and 2021. Based on 
data from FAOSTAT,  2021.  
 
According to the available data from FAO in 2021, more than half of tomato 
produc�on was produced in Asia (63 %), more precisely in China (35.7 %), which is 
responsible for a third of the world's tomato produc�on (Figure 2ab). Followed by 
Europe (12.9 %), where the most important growers are Turkey (1.3·107 t), Italy 
(6.6·106 t) and Spain (4.7·106 t), and America (12.5 %), with USA as the largest 
producer (1.1·107 t). 
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Figure 2. (a) Global tomato produc�on by region. (b) Ranking of top 10  tomato-producing (tons) 
countries in the world in 2021. Adapted and modified from FAOSTAT, 2021. 
 
Regarding the eggplant crop, the Asian con�nent accounts for most of global 
produc�on, contribu�ng approximately 94.2 % of the total output (Figure 3a). 
Among the Asian countries, China and India are the largest producers, contribu�ng 
63.8 % and 21.9 % of the total produc�on, respec�vely (Figure 3b). Notably, Europe 
only accounts for 1.7 % of produc�on. Spain ranks second in European eggplant 
produc�on with a total output of 2.6·105 t and ranks tenth globally. Conversely, Italy 
has the highest eggplant produc�on in Europe (3.1·105 t) and ranks eighth globally 
(Figure 3b). 

 
Figure 3. (a) Global eggplant produc�on by region. (b) Ranking of top 10 eggplant-producing (tons) 
countries in the world in 2021. Adapted and modified from FAOSTAT, 2021. 
 
Furthermore, the significance of tomato and eggplant is due to their extensive 
u�liza�on by humans for a mul�tude of purposes over countless years. These 
purposes encompass their ornamental value, nutraceu�cal proper�es, and their 
role as model species in biological and gene�c research. However, their primary and 
most prevalent use has been as a food source. As such, tomato and eggplant 
con�nue to play a vital role in global agriculture and culinary tradi�ons, making 
them indispensable crops in many regions around the world. 
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4. The case of tomato  

Introduction 

The tomato crop is globally recognized owing to its economic and nutri�onal 
importance (FAO, 2021). The nutri�onal value is due to its richness of fiber, 
minerals, vitamins, and being an essen�al source of an�oxidants, making it a highly 
appreciated product worldwide (Rosa-Mar�nez et al., 2021).  
 
The taxonomic classifica�on of tomato has been a topic of extensive discussion 
among scien�sts due to the large number of species comprising the Solanum genus. 
The currently accepted taxonomic classifica�on is that presented in Peralta et al., 
(2008). In a very simplified vision, the Lycopersicon clade encompasses the 
cul�vated tomato (S. lycopersicum) and its 12 closest wild rela�ves (Causse et al., 
2017; Peralta & Spooner, 2005), all of which are na�ve to South America and occupy 
a vast range of ecological niches, including dry deserts, coastal regions, and high-
al�tude Andean valleys (Figure 4) 
 
The origin and domes�ca�on of tomato has also been the subject of debate for 
decades, however, the latest research established that cul�vated tomato originated 
in Mesoamerica (Blanca et al., 2015), specifically in the region now known as 
Mexico. It is the result of the domes�ca�on of its semi-domes�cated ancestor S. 
lycopersicum var. cerasiforme (Blanca et al., 2012; Razifard et al., 2020), which in 
turn was pre-domes�cated from the wild species S. pimpinellifolium, na�ve to Peru 
(Blanca et al., 2015) and Ecuador (Blanca et al., 2022a; Zuriaga et al., 2009). The 
tomato was introduced to Europe from La�n America at the beginning of the 16th 
century (Bauchet & Causse, 2012). However, it was not un�l three centuries later 
that the tomato became a popular food for human consump�on, which led to an 
explosion in its diffusion throughout Europe via Spain, North America, and Asia. The 
Spanish introduced tomatoes to their colonies, including the Philippines, which 
served as a gateway to reach other parts of Asia (Peralta et al., 2008). The 
widespread acceptance of tomatoes in the United States did not occur un�l the 
19th century, during which a period of "tomato fever" emerged. First breeding 
programs were launched in the 1930s to sa�sfy this growing demand, crea�ng more 
produc�ve tomato varie�es (Ronga et al., 2019). In addi�on, the emergence of seed 
companies and trained breeders allowed the commercializa�on of the first tomato 
hybrids (Cheema & Dhaliwal, 2004). The advent of hybrids was a pivotal moment in 
tomato cul�va�on. It resulted in a rise in commercial yield due to farmers needing 
to purchase new seeds yearly, given trait segrega�on in the offspring. In response 
to the rising demand for tomatoes, produc�on experienced a significant boost in 
the 20th century, mainly due to the adop�on of chain packaging. Besides that, in 
the 1940s-1960s, there were the first introgressions with wild tomato species to 
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develop more produc�ve varie�es beter adapted to the industry's demands and 
the incipient effect of climate change on crops. 

 
Figure 4. Geographic distribu�on of wild tomato species belonging to the Lycopersicon clade. Based 
on data from the TGRC database and Peralta et al. (2008). The highlighted countries correspond to the 
countries where that species is found.  
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Tomato germplasm collections  

Tomato germplasm collec�ons play a crucial role in preserving the gene�c diversity 
for further uses. These collec�ons serve as repositories of gene�c resources, 
encompassing wild rela�ves, landraces and cul�vated varie�es, and breeding 
materials. They provide valuable material for research and breeding efforts. 
Addi�onally, these collec�ons serve as a safeguard against the loss of gene�c 
diversity, thereby ensuring the long-term sustainability of tomato cul�va�on. They 
provide a solid founda�on for developing improved tomato varie�es that can meet 
the evolving demands of the agricultural industry and consumer preferences. The 
availability and accessibility of well-curated germplasm collec�ons, and 
collabora�ve research efforts, are essen�al for advancing tomato research, 
fostering innova�on, and ensuring a sustainable future for tomato cul�va�on. 
 
Currently, some of the most notable interna�onal germplasm collec�ons for tomato 
and its wild rela�ves include the World Vegetable Center in Taiwan (14,398 
accessions), the United States Department of Agriculture - Agricultural Research 
Service (USDA-ARS; 12,589 accessions), Plant Gene�c Resources Unit (PGRU; 6,600 
accessions), and the C.M. Rick Tomato Gene�cs Resources Center (TGRC; 4,153 
accessions) in the United States (Table 1). In terms of germplasm collec�ons in 
Europe, noteworthy ins�tu�ons include the Centre for Gene�c Resources at 
Wageningen University in the Netherlands, the Leibniz Ins�tute of Plant Gene�cs 
and Crop Plant Research (IPK: 1227 accessions) in Germany, and the two Spanish 
collec�on held in the Ins�tute for the Conserva�on and Breeding of Agricultural 
Biodiversity at Universitat Politècnica de València (COMAV-UPV; 4189 accessions) 
and the Banco de Germoplasma de Especies Hor�colas del Centro de Inves�gación 
y Tecnología Agroalimentaria (BGHZ; 3131 accessions)— addi�onally, the N.I. 
Vavilov All-Russian Scien�fic Research Ins�tute of Plant Industry (VIR) in Russia is 
renowned for its valuable materials, albeit with limited accessibility. 
 
Considering the informa�on included in Genesys and WIEWS databases, as well as 
the individual databases of the different germplasm banks or na�onal inventories 
such as the Spanish Inventory of Plant Gene�c Resources (INIA-CRF) (Table 1), the 
majority of the conserved material corresponds to the cul�vated species S. 
lycopersicum var. lycopersicum (SLL), followed by S. lycopersicum var. cerasiforme 
(SLC). Among the wild species, S. pimpinellifolium (SP) is the most abundant, 
followed by S. peruvianum, S. habrochaites and S. chilense. Apart from these 
species, the remaining species belonging to the Lycopersicon clade, such as S. 
arcanum, S. galapagense, and S. cornelliomulleri, are very poorly represented 
(Table 2). The species with the least conserved representa�veness is S. huaylasense. 
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Table 1. Inventory of accessions for tomato and its wild rela�ves belonging to Lycopersicon 
clade across diverse germplasm banks, databases, and inventories. 

Institutions Description Country Total* SLL SLC SP WR 
WorldVeg1 Genebank Taiwan 14,398 8,070 396 333 790 
TGRC2 Genebank USA 4,153 2,869 421 331 532 
USDA-ARS3 Genebank USA 12,589 10,515 591 576 907 
INRAE4 Genebank France 3,380 3,095 nd nd 285 
IPK5 Genebank Germany 1,227 nd nd nd nd 
UPV-COMAV Genebank Spain 4,189 3,629 253 120 187 
BGHZ Genebank Spain 3,131 3,025 102 2 2 

INIA-CRF6 Databases and 
inventory Spain 13,048 11,893 535 228 392 

Genesys7 Databases USA  27,806 1,654 1,028 1,411 
WIEWS8 Databases USA 65,207 42,480 1,691 1,951 2,451 

The asterisk (*) refers to the total number of accessions for tomato and wild rela�ves belonging to Lycopersicon 
clade. SLL = Solanum lycopersicum var. lycopersicum; SLC = Solanum lycopersicum var. cerasiforme; SP = Solanum 
pimpinellifolium; WR = Wild rela�ves. and nd = no data. The table was compiled using data from the following 
databases: 1htps://genebank.worldveg.org , 2htps://tgrc.ucdavis.edu/ , 3htps://www.ars-grin.gov/ , 
4htps://urgi.versailles.inra.fr/siregal/siregal/grc.do , 5htps://www.ipk-gatersleben.de/forschung/genbank , 
6htps://bancocrf.inia.es/es/ , 7htps://www.genesys-pgr.org/ and 8htps://www.fao.org/wiews/data/ex-situ-sdg-
251/search/es/#results.  
 
Table 2. Inventory of tomato wild rela�ves among germplasm banks, databases, and 
inventories. 

Specie Genesys TGRC AVRDC ARS-GRIN INIA-CRF WIEWS Total 
S. galapagense 59 28 27 32 11 70 227 
S. cheesmaniae 71 41 17 55 6 164 354 
S. neorickii 75 47 12 61 38 124 357 
S. arcanum 27 37 4 19 24 45 156 
S. chmielewskii 42 16 11 27 28 85 209 
S. peruvianum 492 66 116 295 54 934 1957 
S. huaylasense  14  3 9 8 34 
S. cornelliomulleri 42 56 10 35 18 75 236 
S. chilense 163 114 46 116 105 382 926 
S. habrochaites 367 114 137 202 89 584 1493 
S. pennellii 135 47 59 62 23 175 501 

 

Significant aten�on has been dedicated in recent years to conduc�ng 
comprehensive phenotypic evalua�ons on tomato germplasm collec�ons, which 
display an extensive range of natural diversity. These traits varia�on included not 
only standardized descriptors developed by IPGRI (1996), such as fruit shape, colour 
and plant growth habit but also included analysis of fruit quality traits as sugar 
content (°Brix), vola�les organic compound, secondary metabolites, among other; 
and stresses tolerances analysis against the diseases and pest.  
Numerous studies have been conducted to assess the morphological diversity of 
tomato germplasm, aiming to understand and characterize the wide range of 
varia�ons present within different tomato cul�vars and related gene�c resources 
(Farinon et al., 2022; García-Mar�nez et al., 2013; Grozeva et al., 2021; Mazzucato 

https://www.ipk-gatersleben.de/forschung/genbank
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et al., 2008; Pons et al., 2022; Schouten et al., 2019). All studies revealed the 
extensive diversity of collec�ons stored in germplasm banks, ranging from 
morphological descriptors such as fruit shape, size, and colour to agronomic traits 
such as yield output, flowering, and maturate dates. Addi�onally, there was 
diversity observed in metabolic compounds of interest for fruit quality 
improvement, such as VOCs (vola�le organic compounds), lipids, and semi-polar 
compounds. On the other hand, the evalua�on of wild rela�ves of tomato has been 
conducted to a lesser extent. The characteriza�on and genotyping of a total of 163 
tomato accessions by Mata-Nicolás et al., (2020), which include the cul�vated 
tomato, S. lycopersicum var. cerasiforme, and the wild species S. pimpinellifolium, 
represen�ng the morphological and gene�c variability of their center of origin and 
domes�ca�on, resulted in a wide diversity in most of the evaluated traits, primarily 
related to leaf characteris�cs, fruit shape, size, colour, and floral morphology.  
Another study conducted by Blanca et al., (2015) on approximately 1000 accessions, 
of which the majority were cul�vated tomatoes (350 S. lycopersicum var. 
lycopersicum and 316 S. lycopersicum var. cerasiforme), also included wild species 
such as S. pimpinellifolium, S. galapagense, S. neorickiii, S. chmielewskii, and hybrids 
between tomato and S. pennellii and S. pimpinellifolium. The study revealed a wide 
range of varia�on and iden�fied genes associated with desirable traits such as 
disease resistance and fruit quality. These findings provide insights into the history 
of tomato breeding and underscore the importance of preserving gene�c diversity. 
 
Furthermore, huge efforts have been made to store these data in easily accessible 
online databases that can be navigated to explore varia�ons in traits. These 
databases serve as repositories for the passport data, allowing researchers to 
efficiently search and analyse trait varia�ons in cul�vated tomato and other related 
species. As a reflec�on of this, three major completed interna�onal ini�a�ves, the 
Na�onal Natural Science Founda�on of USA Varitome Project (NSF IOS 1564366; 
htps://www.solgenomics.net/projects/varitome), and the European H2020 
Projects TRADITOM (No. 634561; htps://traditom.eu/es/), G2P-SOL (No. 677379; 
htp://www.g2p-sol.eu/) and BRESOV (No. 774244; htps://bresov.eu/) have 
demonstrated tremendous poten�al and provided valuable informa�on on the 
gene�c and morphological diversity of tomato, as well as its poten�al for future 
research and breeding programs. 

Genetic and phenotypic diversity: an asset for enhancing genetic resources 

The morphologic and genetic diversity of tomatoes has been enhanced over time 
through the processes of domestication and natural selection, resulting in its 
adaptation to various environmental conditions and significant morphological 
variability (Schouten et al., 2019). Nevertheless, domestication also caused a 
bottleneck effect that limited genetic diversity, resulting in a dramatic reduction in 

https://www.solgenomics.net/projects/varitome
https://traditom.eu/es/
http://www.g2p-sol.eu/
https://bresov.eu/
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early modern varieties lacking introgressions (Cebolla-Cornejo et al., 2007; Gao et 
al., 2019; Tamburino et al., 2020), thereby decreasing their ability for adaptation. 
To prevent these problems it is essential to broaden the genetic base. To achieve 
this, a good source of genetic diversity is the wild relatives. In fact, some gene sets 
associated with biotic and abiotic stresses lost during domestication are present in 
wild species (Kapazoglou et al., 2023). Wild species are much more genetically 
diverse compared to cultivated tomatoes. It has been observed that wild species 
and taxonomically closely related varieties to cultivated tomatoes exhibit different 
genetic variabilities, such as the case of the wild S. pimpinellifolium and the variety 
S. lycopersicum var. cerasiforme (Blanca et al., 2012). On the other hand, within the 
species S. pimpinellifolium, different levels of genetic diversity are also found 
depending on their geographical origin (Blanca et al., 2015). Populations in the 
northwest of Peru show the highest variability, progressively decreasing towards 
the south of Peru and Ecuador (Zuriaga et al., 2009).  

Over the years, significant progress has been made in understanding the diversity 
of cultivated tomatoes (Bai & Lindhout, 2007). According to Schouten et al., (2019), 
the genetic diversity of cultivated tomato varieties was minimal in the 1950s and 
even lower in the 1960s. However, from the 1970s onward, the diversity expanded 
significantly, increasing eightfold compared to the previous decade. This expansion 
is thought to be a result of the introduction of introgressions, which offset the 
decline in diversity caused by selective breeding. Notably, chromosomes 4, 5, 6, 9, 
11, and 12 exhibit a notable increase in diversity in modern varieties due to the 
incorporation of large introgressions from related wild species. 

Further detailed studies on existing tomato materials have unveiled the causal 
introgressions and the donor species responsible associated with the response to 
major biotic and abiotic stresses.  As a reflection, a large introgression from S. 
peruvianum on chromosome 9 carries the Tomato mosaic virus (ToMV) resistance 
genes Tm-2 and Tm-22 (Alexander, 1963; Laterrot & Pecaut, 1969; Schroeder et al., 
1967), while genes Cf-4 and Cf-9 located in chromosome 1 and Cf-2 and Cf-5 in 
chromosome 6 for resistance to leaf mold disease (Cladosporium fulvum) were 
introgressed from S. pimpinellifolium (Jones et al., 1993). Additionally, the 
resistance gene Mi-1, providing resistance to the root-knot nematode 
(Meloidogyne incognita), is found on chromosome 6 and came from S. peruvianum 
(Bailey, 1941; Ho et al., 1992). These findings shed light on the specific genetic 
contributions from different donor species that confer important stress tolerance 
traits in cultivated tomatoes. 

Furthermore, using wild species has proved an efficient strategy to improve fruit 
quality. For instance, the species S. pimpinellifolium serves as a valuable gene�c 
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source for desirable traits associated with fruit quality. Notably, it exhibits a high 
lycopene and soluble solid content (Y. D. Sun et al., 2012), fruit colour varia�ons 
(Barrantes et al., 2016; Grandillo & Tanksley, 1996), sugar content (Grandillo & 
Tanksley, 1996), and vola�le organic compounds (VOCs) (Capel et al., 2015; Rambla 
et al., 2016). 
Regarding the phenotypic diversity of tomatoes, it has not been reduced over the 
years; rather, it has been modified in response to changing market demands and 
consumer preferences. Morphological variations have emerged to facilitate crop 
and fruit management. In the case of tomatoes intended for industrial purposes, 
modifications have been made to select more manageable shapes for 
transportation and harvesting, both mechanically and manually. This involves 
selecting tomatoes without pistil scars, round, with high firmness, and with fewer 
ribs to facilitate transportation and minimize mechanical injuries that could lead to 
pathogen proliferation and shorten their post-harvest life (Sun et al., 2017; van der 
Knaap et al., 2014). While there is still diversity in morphologies, the predominant 
focus is on forms that are easier to handle. 

Moreover, the genetic basis of fruit characteristics has been explored, and specific 
quantitative trait loci (QTLs) associated with fruit shape, such as ovate, fs8.1, or sun, 
have been identified in populations resulting from crosses between cultivated 
tomatoes and S. pimpinellifolium (Wang et al., 2019). In terms of fruit size, Víquez-
Zamora et al., (2013) demonstrated that the development of cherry-like fruit sizes 
was achieved through the introgression of large segments of chromosomes 4, 5, 
and 12 from S. pimpinellifolium. These findings highlight the genetic mechanisms 
underlying the morphological diversity observed in tomato fruits and provide 
valuable insights for breeding programs aiming to enhance fruit characteristics. 

Tomato Genetic Improvement: Current Trends and Strategies 

The needs and requirements for tomato produc�on, aiming to adapt to different 
cultural contexts as market demand and popula�on growth, have been modifying 
the objec�ves of breeding programs. The ini�al goal of breeding programs was to 
increase yield by reducing damage caused by pests and diseases, which remains 
relevant today (Savary et al., 2012). Both pests and diseases to which cul�vated 
tomatoes are suscep�ble, such as those caused by fungi, bacteria, viruses, 
nematodes, insects, and mites, can cause significant economic losses, as they affect 
characteris�cs such as fruit quality and plant produc�on (Stout et al., 2018). From 
the 1970s onwards, globaliza�on of the market led to the transporta�on of 
tomatoes to distant regions from their place of produc�on. Consequently, breeding 
programs in the 1980s focused on extending the post-harvest life of fruits and 
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enhancing their firmness to withstand handling and transporta�on (Bai & Lindhout, 
2007). However, this emphasis on post-harvest traits resulted in a decline in tomato 
quality (Díez & Nuez, 2008), as delayed ripening led to a reduc�on in the 
accumula�on of carotenoids and vola�le compounds (Baldwin et al., 2000). As a 
result, consumer preference for high-quality tomatoes became prominent in the 
1990s. Subsequently, breeding programs redirected their efforts towards improving 
flavor and fruit quality  (Bai & Lindhout, 2007). 
 
Currently, breeding objec�ves vary depending on the market type, consumer 
preferences, and the intended use of the fruit. These factors are closely 
interconnected and share common goals. With regards to the fruit's u�liza�on, it 
can be categorized for either fresh consump�on or processing. In the case of fresh 
consump�on, the focus is on fruit shape and colour, uniform appearance, extended 
post-harvest life, flavour, and texture. On the other hand, for processing tomatoes, 
such as sauces, purees, or canned products, the aim is to have compact growth and 
absence of abscission zone to facilitate mechanical harves�ng, determinate growth 
habit, and traits related to fruit quality such as pH, acidity, soluble solids content, 
lipids, VOCs (vola�le organic compounds) and inorganic compound. In addi�on to 
these quality aspects, disease resistance and adaptability of the crops to different 
environments are common objec�ves for both markets (Foolad, 2007).  
 
Addi�onally, new objec�ves are being incorporated, which are equally important. 
These include the genera�on and search for new varie�es that exhibit efficient 
nitrogen u�liza�on and a broader spectrum of stress tolerance, enabling a 50% 
reduc�on in pes�cide usage and a 20% decrease in fer�lizer applica�on. 
Furthermore, there is a current drive to promote tradi�onal varie�es due to their 
predominantly local characteris�cs and high risk of disappearance (Figàs et al., 
2015). This trend aligns with the growing preference for proximity trade, 
highligh�ng the need to preserve these tradi�onal varie�es. 
 
Tomato breeding programs have undergone significant transforma�ons to meet the 
evolving needs and requirements of tomato produc�on (Bohra et al., 2021). These 
programs have been driven by market demands, popula�on growth, and consumer 
preferences. In order to achieve desired traits and address challenges, various types 
of breeding programs have been implemented. These programs encompass 
tradi�onal breeding methods, such as mass selec�on, pedigree breeding, 
hybridiza�on, and gra�ing, as well as modern approaches that incorporate gene 
technologies and bioinforma�cs. Each of these breeding programs plays a crucial 
role in developing improved tomato varie�es with enhanced yield, quality, disease 
resistance, and adaptability to different environments.  
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Thanks to the introduc�on of new plant varie�es, advancements in technologies, 
and improved crop management prac�ces, tomato produc�vity has witnessed 
remarkable increases. Over the past 50 years, tomato yields have surpassed a 240% 
increase, while in the last 30 years alone, they have risen by 88% (Hernández et al., 
2021). In 1970, the average tomato yield in Spain stood at 25 tons per hectare, 
whereas in 2018, it reached an impressive 85 tons per hectare. These significant 
produc�vity gains highlight the posi�ve impact of advancements in tomato 
breeding, cul�va�on techniques, and agricultural prac�ces on mee�ng the growing 
demand for this valuable crop. 

Genomic and Biotechnological Innovations for Genetic Resources Enhancement  

The establishment and maintenance of germplasm collec�ons must be coupled 
with an ac�ve exploita�on of them, which requires that both the phenotypic and 
the gene�c diversity of these collec�ons are well described (Mascher et al., 2019). 
The development and implementa�on in PGRs of novel genomic tools over the last 
decades has been considerably increased mainly due to their affordability and the 
high poten�al to generate meaningful informa�on, shi�ing from using a few dozen 
of markers to using several thousands in a single experiment (Sim et al., 2012a), as 
well as the possibility of gene�cally evalua�ng interes�ng popula�on and the 
subsequent selec�on of the most promising individuals.  
Regarding that, morphological and biochemical markers such as allozymes have 
been widely used in tomato breeding. However, in the 1990s, the advent of 
different DNA molecular markers such as RAPDs (Randomly Amplified Polymorphic 
DNAs), SSR (microsatellites), AFLPs (Amplified Fragment Length Polymorphisms) 
and SNPs (Single Nucleotide Polymorphisms) enabled individual genotyping and the 
construction of genetic maps (Ashrafi et al., 2009; Grandillo & Tanksley, 1996; Sim 
et al., 2012a). In tomato crop, since the first map was released in 1968 based on 
morphological and physiological markers (Butler, 1968), several genetic linkage 
maps have been created based on interspecific crosses between cultivated tomato 
and its wild relatives, in particular S. pennellii (Foolad, 2007), as well as using 
different molecular approaches. 
 
Concerning sequencing procedures, Frederick Sanger was the pioneer in DNA 
sequencing during the late 1970s with the development of the Sanger sequencing 
method (Sanger et al., 1977), whose technic relied on the utilization of chain-
terminating fluorescently-labeled, which were incorporated into the single-
stranded DNA chain. Subsequently, the DNA fragments were separated using an 
electrophoresis-based method. The automation of the process enabled the 
development of the first generation of sequencers, which exhibited varying reading 
and resolution capacities. This milestone has led to significant advancements in 
genomics research, particularly with the completion of the whole genome 
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sequencing of tomato in 2012 (Sato et al., 2012). This milestone has triggered a 
rapid evolution in next-generation sequencing (NGS) technologies, enabling the 
efficient identification and screening of an immense number of SNPs distributed 
throughout the genome. In 2005, 454 Life Sciences Roche introduced the first NGS 
machine (Daigle et al., 2011), revolutionizing the sequencing process relied on 
pyrosequencing (Parameswaran et al., 2007). Subsequently, in 2006-2007, two 
additional platforms became available to the scientific community: SOLiD by 
Thermo-Fisher Scientific and Solexa, which was later acquired by Illumina, which 
were based on sequencing by ligation and subsequent amplification (Huang et al., 
2012; Kircher et al., 2011). Another notable second-generation platform that 
emerged was Ion Torrent (Rothberg et al., 2011), which utilized a sequencing-by-
synthesis approach without the need for fluorescence or luminescence techniques. 
This innovation not only reduced costs but also accelerated the sequencing process, 
further advancing the field of NGS. The shift from second-generation to third-
generation sequencing methods has revolutionized the scale of analysis, 
dramatically increasing throughput, reducing errors and generating a huge 
amounts of data (Schadt et al., 2010). Pacific Biosciences (PacBio) (Roberts et al., 
2013; Xiao & Zhou, 2020) and Oxford Nanopore Technologies (MinION) (Loit et al., 
2019) are two prominent technologies that have implemented long-read 
sequencing.  
 
Consequently, this remarkable progress in sequencing has opened up unprecedent 
opportunities to develop novel applications and facilities that can accelerate 
processes in genetics research and breeding programs (Tripodi, 2022). In relation 
to these developments, microarrays emerged as the pioneering tool employed in 
plant research to study gene expression patterns and conduct genome-wide 
analyses (GWAS). Microarrays have played a significant role in investigating diverse 
biological processes in plants, including plant development, response to biotic or 
abiotic stress tolerance. Moreover, Microarray technology has also been utilized for 
genotyping and mapping purposes. In recent years, microarray technology has 
evolved, leading to the emergence of new platforms, such as DNA microarrays 
(Hoheisel, 2006), and transcriptome profiling arrays, further expanding the 
possibilities for plant research. On the other hand, the genotyping-by-sequencing 
(GBS) methodology has made substantial contributions to the scientific community 
and has become one of the most prevalent genotyping strategies. Its widespread 
adoption can be attributed to its versatility and broad range of applications (Elshire 
et al., 2011; Poland & Rife, 2012; Scheben et al., 2017; Sonah et al., 2013). The GBS 
method has enabled the discovery of single nucleotide polymorphisms (SNPs), high-
density genetic mapping, genome-wide association studies (GWAS), diversity 
studies, and genomic selection, among other valuable applications. Its utilization 
has revolutionized genotyping practices and significantly advanced genetic 
research. Furthermore, SPET (Single Primer Enrichment Technology), a new 
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genotyping technology for targeted sequencing of single nucleotide polymorphisms 
(SNPs) in plants, has been successfully introduced recently. However, there is 
currently limited information on its performance for high-throughput plants 
genotyping (Barchi et al., 2019). This advancement holds great potential for driving 
advancements in agricultural research and enhancing breeding programs. 
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Highlight 

This review emphasizes the importance of gene�c resources, including 
germplasm accessions and new experimental popula�ons, for a breeding revolu�on 
in eggplant in the context of climate change. 

Abstract 

Eggplant (Solanum melongena) is a major vegetable crop with great poten�al for 
gene�c improvement owing to its large and mostly untapped gene�c diversity. 
Eggplant is closely related to over 500 species of Solanum subgenus 
Leptostemonum, belonging to its primary, secondary, and ter�ary genepools, and 
exhibits a wide range of characteris�cs, including adap�ve traits to climate change, 
that are useful for eggplant breeding. Germplasm banks worldwide hold more than 
19,000 accessions of eggplant and related species, most of which have yet to be 
evaluated. Nonetheless, eggplant breeding using the cul�vated S. melongena 
genepool has yielded significantly improved varie�es. To overcome current 
breeding challenges and adapta�on to climate change, a qualita�ve leap forward in 
eggplant breeding is necessary. The ini�al findings from introgression breeding in 
eggplant indicate that unleashing the diversity present in eggplant rela�ves can 
greatly contribute to a revolu�on in eggplant breeding. The recent crea�on of new 
gene�c resources, such as mutant libraries, core collec�ons, recombinant inbred 
lines (RILs), and sets of introgression lines (ILs) will be another crucial element for 
an eggplant breeding revolu�on, which will require the support of new genomics 
tools and biotechnological developments. The systema�c u�liza�on of eggplant 
gene�c resources supported by interna�onal ini�a�ves will be cri�cal for a much-
needed eggplant breeding revolu�on to address the challenges posed by climate 
change. 

 
Keywords: eggplant, genepools, gene�c resources, genomics, germplasm banks,  
introgression breeding, Solanum melongena, wild rela�ves 
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Introduction 

Eggplant (Solanum melongena L.), also known as common eggplant, brinjal or 
aubergine, was domes�cated 9,000-10,000 years ago from its wild ancestor S. 
insanum L. in the Indian subcon�nent and southeast Asia (Page et al., 2019a; Barchi 
et al., unpublished). Apart from the intra-specific diversity of eggplant over 500 
species of Solanum subgenus Leptostemonum (Vorontsova and Knapp, 2016; Knapp 
et al., 2019), belonging to its primary, secondary and ter�ary genepools provide a 
formidable source of addi�onal diversity (Syfert et al., 2016). As the sixth most 
important vegetable crop in produc�on globally, following tomato, onion, 
watermelon, cucumber and cabbage (FAOSTAT, 2023), eggplant holds significant 
agricultural value. Its global produc�on has increased by 24% over the past decade, 
from 47.3·106 t in 2012 to 58.6·106 t in 2021 (FAOSTAT, 2023). As a warm-climate 
crop, it is mostly cul�vated in tropical, subtropical, and temperate regions of the 
world, and is an important part of the cuisine from East Asia, the Indian 
subcon�nent, Southern Asia, the Middle East, and the Mediterranean basin. 
Eggplant contributes to allevia�ng “hidden hunger” by providing significant dietary 
amounts of K, P, Mn,Cu and folate, but also high concentra�ons of bioac�ve 
phenolics beneficial for human health (Plazas et al., 2013; Rosa-Mar�nez et al., 
2021).  

In recent years, the impact of climate change on agricultural produc�on has 
become a significant concern, and eggplant cul�va�on is expected to be strongly 
affected by its effects (del Pozo et al., 2019; Habib-ur-Rahman et al., 2022). 
Increased spells of extreme events such as intense drought periods may have a 
drama�c impact on crops sensi�ve to water stress, such as eggplant (Plazas et al., 
2022). 

Although significant advances have occurred in eggplant breeding (Daunay and 
Hazra, 2012; Chapman, 2020; Toppino et al., 2021; Arafa et al., 2022) they have not 
kept pace with other major vegetable crops, such as tomato. Tomato breeding 
programs have made extensive use of gene�c resources, including the introgression 
of mul�ple genes from crop wild rela�ves (CWRs) that have been incorporated into 
modern cul�vars (Díez and Nuez, 2008; Schouten et al., 2019). While eggplant 
breeding programs have been successful in developing new improved cul�vars, un�l 
now only a few of them have involved the introgression of useful traits. For example, 
resistance to the fungal wilts Fusarium oxysporum f. sp. melongenae (Fom) and 
Verticillium dahliae from S. aethiopicum (Toppino et al., 2007, 2008b, 2009) and S. 
linnaeanum  (Liu et al., 2015) has been exploited with considerable success and new 
resistant materials of eggplant to these diseases have been obtained  (Toppino et 
al., 2021). 

 In addi�on to brinjal eggplant, two other related minor crops, namely the 
scarlet eggplant (S. aethiopicum L.) and the gboma eggplant (S. macrocarpon L.), 
were domes�cated in Africa (Page et al., 2019b) and are mostly grown in the sub-
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Saharan region (Schippers, 2000). Although they have mostly local importance, they 
are relevant crops, par�cularly S. aethiopicum, in some parts of the world such as 
Brazil and the Caribbean as well as in Southern Italy, where a Protected 
Denomina�on of Origin exists for the S. aethiopicum landrace ‘Melanzana Rossa di 
Rotonda’ (Schippers, 2000; Sunseri et al., 2010). The fact that both species are cross-
compa�ble with common eggplant (Bletsos et al., 2004; Oyelana and Ugborogho, 
2008; Ro�no et al., 2014) is of great relevance for the breeding of the later crop, as 
they share many domes�ca�on traits, facilita�ng the introduc�on of resistance to 
some pests and diseases from these species to common eggplant without dragging 
undesirable traits present in wild species (Toppino et al., 2021; Arafa et al., 2022).  

Eggplant displays a wide morphological diversity, even within a single varietal 
group, par�cularly for fruit traits such as size, color and shape (Figure 1), as well as 
for agronomic traits and adapta�on to different environments (Cericola et al., 2013; 
Taher et al., 2017; Chapman, 2020; Kouassi et al., 2020; Ro et al., 2022; Salinier et 
al., 2022; Toppino et al., 2022). The diversity present within the cul�vated eggplant 
is of great interest for eggplant breeding and has allowed the development of 
significantly improved modern cul�vars (Daunay and Hazra, 2012). However, as 
occurs with many other vegetables, this high morphological diversity is mostly the 
consequence of gene�c varia�on in a few major genes, par�cularly those related to 
fruit traits (Daunay et al., 2004; Por�s et al., 2015; Toppino et al., 2016; Mangino et 
al., 2021; Arrones et al., 2022; Guan et al., 2022), and the overall gene�c varia�on 
of the crop is narrow (Acquadro et al., 2017; Barchi et al., 2019a; Liu et al., 2019). 
Therefore, the exploita�on of the gene�c diversity present in other cul�vated 
eggplants (S. aethiopicum and S. macrocarpon) and wild rela�ves represents a 
promising avenue for developing improved eggplant materials by incorpora�ng 
unique traits from these exo�c materials (Oyelana and Ugborogho, 2008; Prohens 
et al., 2012; Toppino et al., 2021). 
 

 
Figure 1. Diversity for fruit morphology in the cul�vated (S. melongena) gene pool (a), within 
a par�cular cul�var type (striped eggplant) (b) and in eggplant wild rela�ves from the 
primary (GP1), secondary (GP2) and ter�ary (GP3) genepools (c).  
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Eggplant breeding challenges for the present and the future: the need for a 
breeding revolution 

Eggplant yield increased drama�cally from a global average of 10.2 t/ha in 1961-
1970 to 28.0 t/ha in the 2012-2021 decade (FAOSTAT, 2023). There is not much 
informa�on on the gene�c vs. agronomic factors that have driven this drama�c 
yield increase, although Muñoz-Falcón et al. (2009) found that modern varie�es of 
black eggplants yielded on average 29.8% more than landraces, sugges�ng that 
improvement of cultural techniques such as protected cul�va�on, irriga�on, 
improved fer�liza�on and pest and pathogens management, may have had a major 
role in yield increase in the last decades. This suggests that major gene�c advances 
that occurred in the past in other major staple and vegetable crops (Hedden, 2003; 
Díez and Nuez, 2008) may s�ll have to occur in the coming decades for eggplant 
breeding, resul�ng in drama�cally improved varie�es, adapted to the new 
condi�ons posed by climate change. So far, breeding advances and actual 
exploita�on of gene�c resources in eggplant, par�cularly those from related 
species, are not comparable to those obtained in other major vegetable crops such 
as tomato (Schouten et al., 2019). Although tomato has a narrow gene�c diversity 
and exhibits limited crossability with only a few CWRs, considerable broadening of 
the gene�c base and gene�c advances have been achieved in this species through 
introgression breeding using wild rela�ves as donors. Among these achievements, 
the introgression of mul�ple genes for tolerance to diseases and fruit quality traits, 
the development of hetero�c hybrids, the improvement of shelf-life, the 
diversifica�on of varietal types, and the adapta�on to mul�ple environments (Díez 
and Nuez, 2008), enabled the produc�on of a large number of highly produc�ve 
tomato varie�es of many different typologies, resistant to the major diseases and 
suited to different environments. The success obtained in the extensive use of 
gene�c resources in tomato breeding suggests that in eggplant, which exhibits an 
even greater diversity of cross-compa�ble rela�ves, the advances in breeding for 
adapta�on to climate change and other traits, achievable with a systema�c use of 
its gene�c resources may be extraordinary. 

Like tomato, eggplant is self-compa�ble and mostly autogamous (Daunay and 
Hazra, 2012).  Indeed, in a study involving eggplant and tomato accessions 
genotyped by Single Primer Enrichment Technology (SPET) - a genotyping technique 
that employs targeted amplifica�on of specific genomic regions using a single 
specific primer - (Scaglione et al., 2019), the heterozygosity of eggplant and tomato 
was reported to be 0.67% and 0.65%, respec�vely (Barchi et al., 2019a), confirming 
the mostly autogamous reproduc�on of both species, which in turn impacts on the 
applicable breeding methods. However, high levels of cross-pollina�on can occur 
when the circumstances are favourable, such as in open field condi�ons with the 
presence of pollinators (Quamruzzaman, 2021). Avoiding cross-pollina�on is highly 
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relevant for maintaining purity in the case of reproduc�on of landraces or 
germplasm accessions. 

Breeding in eggplant tradi�onally relies on selec�on from both within and 
among landraces as well as in the development of F1 hybrids, which are 
predominant in high-value markets (EU Plant Variety Database, 2022). It is known 
since long ago that F1 hybrids in eggplant generally display heterosis (i.e., when a 
hybrid displays superior quan�ta�ve traits, such as yield, with respect to the 
standard parent)  (Kakizaki, 1931; Sambandam, 1964) and heterobel�osis (i.e., 
when a hybrid displays superior quan�ta�ve traits with respect to the best parent)) 
is also common (Rodríguez-Burruezo et al., 2008; Kumar et al., 2020). Selec�on of 
parents for hetero�c hybrids is possible by evalua�ng the parents’ combining ability, 
as well as by selec�ng parents with high gene�c distance using molecular markers 
(Rodríguez-Burruezo et al., 2008). It is worth remembering that landraces and pure 
line selec�ons of eggplant with excellent yields are also available and extensively 
cul�vated (Muñoz-Falcón et al., 2009; Taher et al., 2017). However, further 
improvement of the yield poten�al is a significant challenge in eggplant breeding, 
which will undoubtedly benefit from the incorpora�on of new gene�c diversity to 
allow addi�onal gene�c advances (Muñoz-Falcón et al., 2009; Daunay and Hazra, 
2012).  

One of the major current challenges in eggplant breeding is the development of 
breeding lines with an improved tolerance or resistance to major pests and diseases 
(Toppino et al., 2021), which may cause crop losses of up to 100% (Daunay and 
Hazra, 2012; Arafa et al., 2022). Eggplant is affected by numerous diseases, although 
the most relevant in terms of economic impact is the bacterial wilt caused by 
Ralstonia solanacearum, which is highly prevalent in tropical regions (Lebeau et al., 
2013; Barik et al., 2020). In many cases, bacterial wilt prevents eggplant cul�va�on 
unless plants are gra�ed onto resistant rootstocks (Namisy et al., 2019). Ver�cillium 
and Fusarium wilts, as well as nematodes, are also important eggplant pathogens 
in many regions of the world (Arafa et al., 2022). So far, most eggplant modern 
commercial varie�es do not carry genes for disease resistance (Srinivasan, 2009). 
Introgression breeding from the mul�ple sources of resistance found in eggplant-
related species can result in the development of a new genera�on of materials with 
resistance to the main eggplant pathogens, mimicking the process occurred in 
tomato breeding,, where the incorpora�on of disease-resistant genes introgressed 
from wild rela�ves are crucial technical innova�ons for the success of modern 
commercial varie�es (Díez and Nuez, 2008; Schouten et al., 2019). 

The eggplant fruit and shoot borer (Leucinodes orbonalis), is the most damaging 
and difficult pest to control in the Indian subcon�nent, Southern and East Asia, 
where mul�ple insec�cide sprays are used to par�ally control it (Srinivasan, 2008). 
This pest is such a damaging and limi�ng factor in eggplant cul�va�on that two 
countries (Bangladesh and the Philippines) have authorized the use of gene�cally 
modified Bt eggplants expressing the cry1Ac gene from Bacillus thuringiensis to 
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control the eggplant fruit and shoot borer (Shelton et al., 2018; Gonzalvo et al., 
2022). Addi�onal pests atacking S. melongena are spider mites, whiteflies and 
aphids, which affect other solanaceous crops as well (Srinivasan, 2009). To this 
purpose, the development of eggplant hairless materials such as CleanLeaf® (Rijk 
Zwaan, De Lier, The Netherlands) has improved biological pest control in 
greenhouse cul�va�on, as the pests are more accessible to their predators and 
parasites. The development of new resistant or tolerant varie�es can benefit from 
the use of eggplant gene�c resources, as sources of varia�on to the main diseases 
are available in these materials (Arafa et al., 2022).  

Abio�c stresses are expected to increase in the areas where eggplant is 
cul�vated due to climate change (Toppino et al., 2022; Khalid et al., 2023). Eggplant 
is mildly tolerant to water and salinity stresses (Heuer et al., 1986; Díaz-Pérez and 
Eaton, 2015; Kouassi et al., 2020; Toppino et al., 2022); however, developing new 
varie�es with beter resilience is needed, par�cularly in drought-prone areas or 
where water and soil salinity is a problem for eggplant cul�va�on. Tolerance to 
extreme temperatures as well as to soil flooding are also important breeding 
objec�ves. Despite being a warm-climate plant, high temperatures affect pollen 
viability and fruit set (Toppino et al., 2022) and heat-tolerant varie�es are needed 
for produc�on in the warm seasons. Tolerance to cold is also important in off-season 
produc�on in temperate areas, as growth and development are arrested, and fruit 
set is impaired by low temperatures (Toppino et al., 2022). To this purpose, 
parthenocarpic materials have been developed which can set fruit even under cold 
condi�ons affec�ng pollen viability (Kikuchi et al., 2008). Improving water and 
nutrient use efficiencies is also necessary for a more sustainable agriculture. In this 
context, breeding for beter root systems could lead to more sustainable produc�on 
(Chapman, 2020).  

  Diversifica�on and improvement of fruit quality (Daunay and Hazra, 2012) 
represent other important challenges in breeding. Eggplant displays a large diversity 
of fruit sizes, shapes, and colors, facilita�ng breeding for outer fruit quality and 
appearance traits. QTLs (quan�ta�ve trait loci) have been iden�fied for fruit 
morphological traits (Por�s et al., 2015; Toppino et al., 2016, 2020; Barchi et al., 
2019c; Mangino et al., 2021), although few causa�ve genes have been iden�fied. 
One excep�on is the APRR2 gene (Arrones et al., 2022), which controls the synthesis 
of fruit peel chlorophyll, as well as several genes involved in anthocyanin synthesis 
(Florio et al., 2021; He et al., 2022; Li et al., 2022). The iden�fica�on of causa�ve 
genes underlying other important traits for fruit appearance, such as the presence 
of fruit stripes, fruit ne�ng or prickliness, will provide addi�onal tools for eggplant 
breeding. Eggplant is one of the vegetables with the highest an�oxidant and 
bioac�ve proper�es, resul�ng from its high content of phenolic acids (Kaushik et al., 
2015), which are also associated with increased browning of the fruit flesh (Mishra 
et al., 2013; Docimo et al., 2016; Kaushik et al., 2017), a non-desirable trait. 
Breeders, by directly selec�ng genotypes with low fruit browning, indirectly 
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selected for low content in phenolic acids (Prohens et al., 2007).  Selec�on for low 
polyphenol oxidase (PPO) ac�vity has been proposed to improve the phenolic acid 
content while limi�ng the effects of browning, (Plazas et al., 2013). Indeed, 
CRISPR/CAS9 edi�ng of PPO genes expressed in the fruit has been shown to reduce 
fruit flesh browning without affec�ng phenolic acid content (Maioli et al., 2020; 
Kodackatumannil et al., 2023). Parthenocarpic fruit set is also of interest for 
reducing fruit browning, as browning is more intense in the �ssues surrounding the 
seeds (Sarengaowa et al., 2022). Finally, saponins present in the fruit flesh �ssues 
contribute to the biterness of some accessions, which is also an undesirable trait 
(Aubert et al., 1989). In summary, research on the above traits for a more efficient 
development of improved eggplant cul�vars.  

Eggplant CWRs o�en exhibit concentra�ons of glycoalkaloids above those 
considered safe for human consump�on (Aubert et al., 1989; Rosa-Mar�nez et al., 
2022a). This represents a challenge in introgression breeding of eggplant, although 
several works showed that most introgression lines display glycoalkaloid 
concentra�ons similar to those of the cul�vated recurrent parent (Mennella et al., 
2010; Rosa-Mar�nez et al., 2022a). This indicates that, although levels of 
glycoalkaloids have to be monitored in the introgressed breeding lines, most of 
them will be safe for consump�on.  

Rootstock development is another important field in eggplant breeding. 
Rootstocks with robust root systems have been shown to improve yield and confer 
tolerance to soil diseases and abio�c stresses in eggplant (Gisbert et al., 2011; Barik 
et al., 2020). In this way, wild eggplant rela�ves, as well as interspecific hybrids have 
demonstrated high poten�al as rootstocks for improving eggplant produc�on 
(Saba�no et al., 2018; Toppino et al., 2021). For example, the eggplant wild rela�ve 
S. torvum, which is resistant to most soil diseases and nematodes, and hybrids 
between eggplant and scarlet eggplant, which provide vigor and good performance 
under cold condi�ons, are used as rootstocks at the commercial level (King et al., 
2010; Schwarz et al., 2010; Calvo-Asensio et al., 2014; Ranil et al., 2015). 

The systema�c exploita�on of gene�c diversity and the use of modern 
technologies, such as molecular markers, for introgression breeding in eggplant will 
facilitate the development of highly produc�ve and resilient varie�es with traits 
such as disease and pest resistance, yield heterosis through gene�c diversity, 
tolerance to abio�c stresses, including improved rootstocks, removal of undesirable 
traits such as prickliness, and the development of long shelf-life or seedless 
materials (Daunay and Hazra, 2012; Chapman, 2020; Arafa et al., 2022; Toppino et 
al., 2022). To achieve a successful breeding revolu�on, systema�c efforts must be 
made to efficiently and rapidly u�lize the high gene�c diversity present in eggplant 
and its close wild rela�ves (CWRs). In par�cular, so far, the large gene�c diversity 
present in CWRs has been barely exploited and used in eggplant breeding. 
Moreover, speed breeding techniques, such as cold priming at the expanded 
cotyledon stage, K fer�liza�on supplementa�on, and embryo rescue, have proven 
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to be efficient tools for reducing genera�on cycles in tomato and pepper (Manzur 
et al., 2014; Ayenan et al., 2019; Gimeno-Páiz et al., 2023), need to be developed 
for a faster and more efficient eggplant breeding revolu�on. 

The eggplant genepools and their potential for eggplant breeding enhancement 

The large diversity present in cul�vated eggplant for morphological and 
agronomic traits of interest (Figure 1) has facilitated the development of new 
varie�es with improved performance and new combina�ons of traits (Taher et al., 
2017). However, intra-specific varia�on is reduced for some traits, par�cularly 
tolerance to some bio�c and abio�c stresses (Arafa et al., 2022) and improving such 
traits will require accessing inter-specific diversity. In addi�on, the vast number of 
eggplant rela�ves, with their diverse phenotypic (Figure 1) and physiological 
characteris�cs and environmental adapta�on greatly expands the access to exo�c 
and wild gene�c diversity for eggplant breeding. Indeed, eggplant can be hybridized 
with many wild rela�ves from the subgenus Leptostemonum, which are adapted to 
a wide range of environments of all tropical and subtropical regions of the world 
(Vorontsova and Knapp, 2016; Knapp et al., 2019). Many of these wild rela�ves can 
be crossed with eggplant (Daunay and Hazra, 2012; Ro�no et al., 2014; Plazas et al., 
2016), facilita�ng conven�onal breeding methods to introgress the traits of interest 
in eggplant from allied species. Interspecific hybrids between eggplant and wild 
rela�ves as well as backcrosses with eggplant have been obtained through sexual 
crosses using several wild and allied species (Daunay and Hazra, 2012; Ro�no et al., 
2014; Premaba� Devi et al., 2015; Plazas et al., 2016; Daunay et al., 2019). This 
include many species from the Old World (Ro�no et al., 2014; Plazas et al., 2016; 
Toppino et al., 2021), as well as American species such as S. elaeagnifolium, S. 
torvum, S. viarum and S. sisymbriifolium (Daunay and Hazra, 2012; Ro�no et al., 
2014; Kouassi et al., 2016; Plazas et al., 2016), which diverged from eggplant 
approximately 6.7, 7.7, 8.3 and 8.9 million years ago, respec�vely (Särkinen et al., 
2013). The accessibility for breeding of the available gene�c diversity of eggplant-
related species depends mainly on the genepool (primary, secondary, or ter�ary) 
they belong to (Prohens et al., 2017), although there are significant differences 
within the secondary and ter�ary genepools in the crossability and ease of 
hybridiza�on and subsequent introgression breeding (Kouassi et al., 2016; Plazas et 
al., 2016).  

The primary genepool (GP1) of eggplant consists of the cul�vated eggplant S. 
melongena and its ancestor S. insanum L. (Syfert et al., 2016), which was previously 
considered a botanical variety of S. melongena (S. melongena var. insanum) (Knapp 
et al., 2013; Ranil et al., 2017). Although two gene�c groups, named Occidental 
(predominantly grown in the Middle East, Europe and Africa) and Oriental (mostly 
grown in the Indian subcon�nent, Southeast Asia and eastern Asia), have been 
recognized within S. melongena (Vilanova et al., 2012; Cericola et al., 2013) no 
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gene�c barriers exist between them or with S. insanum, and hybridiza�on within 
and between S. melongena groups or between S. melongena and S. insanum is 
equally successful (Plazas et al., 2016; Daunay et al., 2019). S. insanum grows as a 
wild or weedy species in a wide range of environments in its natural distribu�on 
(Indian subcon�nent, Southeast and Eastern Asia, Madagascar and some Indian 
Ocean islands) (Ranil et al., 2017). In these areas, S. melongena and S. insanum form 
a gene�c con�nuum with intermediate forms resul�ng from hybridiza�on, and 
gene�c flow between both species has been documented (Knapp et al., 2013; 
Davidar et al., 2015; Mutegi et al., 2015; Page et al., 2019a). Solanum insanum has 
a high poten�al for the development of improved cul�vars (Ranil et al., 2017). 
Nonetheless, due to the natural gene�c flow between S. insanum and S. melongena, 
it is plausible that some unknown introgressions from the former have been already 
inadvertently incorporated and u�lized in eggplant breeding. This species, 
therefore, represents a reservoir of poten�al superior untapped alleles for traits of 
interest, including those related to climate change, which could be easily 
transferred to the S. melongena genepool. 

The secondary genepool (GP2) is very broad in terms of number of species 
(Eggplant clade, Anguivi grade, and Climbing clade), geographic distribu�on (Africa, 
Indian subcon�nent, Southeast and Eastern Asia), and environmental adapta�on 
(from deser�c areas to wet forests; from sea level to 3,300 m) (Vorontsova and 
Knapp, 2016; Syfert et al., 2016; Knapp et al., 2017). The wild ancestor of eggplant 
(S. insanum) diverged from all GP2 species between 1.5 and 4.6 million years ago 
(Särkinen et al., 2013). Within the GP2, eggplant hybridiza�on and introgression are 
easier with Eggplant clade species, showing a higher hybridiza�on success, hybrid 
seed viability and pollen fer�lity than in the Anguivi grade and Climbing clade 
(Ro�no et al., 2014; Plazas et al., 2016). Generally, embryo rescue is unnecessary to 
obtain hybrids and backcrosses with S. melongena, although hybridiza�on with GP2 
species is more challenging than with GP1 materials (Kouassi et al., 2016; Plazas et 
al., 2016; Daunay et al., 2019) and some�mes alterna�ve breeding strategies such 
as soma�c hybridiza�on were necessary to obtain fer�le hybrids (Ro�no et al., 
1998; Särkinen et al., 2013). Several species belonging to the GP2 such as S. anguivi, 
S. dasyphyllum, S. incanum, S. linnaeanum and S. tomentosum (Table 1) have been 
iden�fied as of great interest for eggplant breeding due to their tolerance to bio�c 
and abio�c stresses and high contents of bioac�ve compounds beneficial for human 
health (Syfert et al., 2016; Kaushik et al., 2017; Arafa et al., 2022; Toppino et al., 
2022) and for some of them, introgressed and backcrossed popula�ons have been 
obtained, while many other interes�ng GP2 species s�ll unexploited in breeding 
hold great poten�al.  Moreover, the two cul�vated eggplants (S. aethiopicum and 
S. macrocarpon) are also valuable for eggplant breeding, since aside from 
presen�ng characteris�cs of interest for eggplant breeding, they display the typical 
traits associated to the domes�ca�on syndrome, which facilitates their use in 
breeding (Särkinen et al., 2013; Plazas et al., 2014). 
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Table 1. Solanum species from the primary (GP1), secondary (GP2) and ter�ary (GP3) genepools (according to Syfert et al., 2016) for which 
introgression breeding with eggplant has been reported. 

Species Main traits of interest for eggplant 
breeding 

Most advanced type of generations 
obtained with S. melongena References 

Primary genepool (GP1) 
   S. insanum Drought and salinity tolerance, 

phytochemical composition  
Advanced backcrosses  Ranil et al. (2017); Brenes et al. (2020); 

Plazas et al. (2020); Nadeeshani et al. (2021); 
González-Orenga et al. (2023)  

Secondary genepool (GP2) 
   S. aethiopicum Resistance or tolerance to Fusarium and 

bacterial wilts and nematodes, vigor of F1 
hybrids as rootstocks, spider mite 
resistance 

Lines with introgressed resistance to 
Fusarium and Verticillium wilt 

Collonnier et al. (2001); Toppino et al. 
(2008); Prohens et al. (2012); Calvo-Asensio 
et al. (2014); Barbierato et al. (2016); Barchi 
et al. (2018); Taher et al. (2019); Zhuang & 
Wang (2009) 

   S. anguivi Drought tolerance, high content of 
phenolics 

Second backcross generation Kaushik et al. (2019); Plazas et al. (2020); 
Kouassi et al. (2021) 

   S. dasyphyllum Drought tolerance, two-spotted spider 
mite and silverleaf whitefly tolerance 

Advanced backcrosses Plazas et al. (2020); Kouassi et al. (2021); 
Taher et al. (2020); Villanueva et al. (2023) 

   S. incanum Drought tolerance, bacterial wilt 
resistance, fruit and shoot borer 
resistance, silverleaf whitefly tolerance, 
high content of phenolics 

Introgression lines Bletsos and Olympios (2008); Prohens et al. 
(2013); Gramazio et al. (2017); Namisy et al. 
(2019); Mangino et al. (2020); Taher et al. 
(2020) 

   S. lichtensteinii Drought tolerance, silverleaf whitefly 
tolerance 

Second backcross generation Vorontsova and Knapp (2016); Plazas et al. 
(2020); Taher et al. (2020) 

   S. lidii Unexplored so far Second backcross generation Plazas et al. (2020) 
   S. linnaeanum Salinity tolerance, Verticillium wilt 

resistance 
Lines with introgressed resistance to 
Verticillium wilt 

Mennella et al. (2010) Acciarri et al. 2007; 
Zhuang et al. (2014); Liu et al. (2015) 

   S. tomentosum Fusarium and Verticillium wilts and 
nematodes resistance, silverleaf whitefly 
tolerance 

Introgression lines Toppino et al. (2018); Taher et al. (2020); 
Caliskan et al. (2023) 

Tertiary genepool (GP3) 
   S. elaeagnifolium Drought tolerance, high content of 

phenolics 
Advanced backcrosses García-Fortea et al. (2019); Plazas et al. 

(2020); Villanueva et al. (2021) 
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Hybridiza�on of eggplant with around 20 GP2 species has been achieved, 
including the Anguivi grade cul�vated species S. aethiopicum and S. macrocarpon, 
as well as with S. linnaeanum, S. incanum and S. tomentosum (Daunay and Hazra, 
2012; Särkinen et al., 2013; Ro�no et al., 2014; Plazas et al., 2016; Daunay et al., 
2019; Toppino et al., 2021). Different kinds of introgression materials were obtained 
with eggplant rela�ves from the GP2, mostly aimed at exploi�ng resistance traits to 
pathogens and adverse environmental condi�ons. The ter�ary genepool (GP3) is 
gene�cally very diverse, including species found in Africa and Madagascar, as well 
as in Australia, Pacific Islands, Asia and in distant American species of subgenus 
Leptostemonum (Figure 2) (Knapp et al., 2013; Syfert et al., 2016). As expected, the 
success of hybridiza�on of eggplant with GP3 species is very low, although atempts 
to obtain interspecific hybrids with eggplant have been successful in several cases, 
including the Madagascar species S. pyracanthos and the American S. 
elaeagnifolium, S. sisymbriifolium, S. torvum, and S. viarum (Ro�no et al., 2014; 
Kouassi et al., 2016; Plazas et al., 2016; Daunay et al., 2019). In many cases, embryo 
rescue was necessary, especially in crosses with American species. Although 
interspecific hybrids between eggplant and American species are highly sterile, 
some backcrosses to eggplant were obtained when the interspecific hybrid with S. 
elaeagnifolium was used as maternal parent, sugges�ng the possibility to exploit 
previously untapped GP3 gene�c material for introgression breeding (Plazas et al., 
2016; García-Fortea et al., 2019). 

Overall, the large gene�c, phenotypic and physiological diversity present in the 
three genepools represents an enormous poten�al for eggplant breeding, which 
has been barely explored, par�cularly in the case of wild species (Daunay and Hazra, 
2012; Ro�no et al., 2014; Taher et al., 2017; Toppino et al., 2021, 2022; Arafa et al., 
2022; Salinier et al., 2022). Unlocking this high diversity will be essen�al for 
developing new materials with adapta�on to climate change and mee�ng the 
urgent need for an eggplant breeding revolu�on. 
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Figure 2. Dendrogram represen�ng rela�onships of the most relevant groups of the primary 
(GP1), secondary (GP2) and ter�ary (GP3) genepools of S. melongena. Based on. Whalen, 
1984; Vorontsova et al., 2013; Aubriot et al., 2016; Knapp and Vorontsova, 2016 and Knapp 
et al., 2019. 

Eggplant germplasm collections 

Based on the recent Global Strategy for the Conserva�on and Use of Eggplants 
(Solberg et al., 2022), 19,020 accessions of cul�vated eggplants and rela�ves are 
conserved in 110 germplasm banks and collec�ons around the world (Figure 3) 
(FAO, 2010). The largest genebank collec�ons of eggplant are conserved at the 
Na�onal Bureau of Plant Gene�c Resources (India; 4,236 accessions), the World 
Vegetable Center (an interna�onal organiza�on with eggplant germplasm 
collec�ons headquartered in Taiwan; 3,036 accessions), the INRAE Genebank of 
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France (2,388 accessions), the Na�onal Genebank for Vegetable Germplasm 
Resources of China (1,601 accessions) and the NARO Genebank of Japan (1,501 
accessions) (Taher et al., 2017; Salinier et al., 2022; Solberg et al., 2022).  
 

 
Figure 3. Map of global distribu�on of cul�vated eggplant and its wild rela�ves in genebank 
holdings. Map elaborated according to data from FAO et al. (2010), Taher et al. (2017), 
Salinier et al. (2022) and Solberg et al. (2022). 
 

When considering the Genesys (htps://www.genesys-pgr.org/) and WIEWS 
(World Informa�on and Early Warning System on Plant Gene�c Resources for Food 
and Agriculture; htps://www.fao.org/wiews/en/) global germplasm databases, 
most of the conserved materials of the eggplant genepools correspond to cul�vated 
S. melongena (12,665 accessions), S. aethiopicum (1,004) and S. macrocarpon (208) 
while the wild species of the GP1, GP2 and GP3 genepools are much less 
represented (2,351 accessions in total) (Solberg et al., 2022). Among the wild 
species, S. incanum is the most abundant (GP2; 423 accessions), followed by S. 
torvum (GP3; 358 accessions), S. aculeatissimum (GP3; 210 accessions), S. 
virginianum (GP2; 187 accessions) and S. grandiflorum (GP3; 184 accessions). 
However, apart from these five wild species, the number of remaining wild species 
accessions from GP2 and GP3 of eggplant is drama�cally low, with just 14 species 
having more than 10 accessions conserved, while for many others no accessions are 
conserved at all (Solberg et al., 2022). This is par�cularly evident for the 14 eggplant 
CWRs classified as at risk of ex�nc�on (one cri�cally endangered, nine threatened, 
three near threatened, and one ex�nct in the wild), for six of them (including S. 
ruvu, which is considered ex�nct in the wild) no accessions are conserved in 
germplasm banks and for the remaining, up to just four accessions are conserved 
ex situ (Syfert et al., 2016).  
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Relevant informa�on for the in situ conserva�on, i.e. the on-site management of 
gene�c resources, is available thanks to Syfert et al. (2016). The study iden�fied 
hotspots of diversity of eggplant crop wild rela�ves in southern and eastern Africa 
and the Indian subcon�nent. These hotspots, found in protected areas of Kenya, 
Tanzania, and Uganda, are poten�al areas of interest for establishing in situ 
conserva�on policies and collec�ng gene�c resources to fill germplasm gaps in ex 
situ collec�ons. However, few in situ programmes are ongoing. A total of five 
eggplant wild rela�ves (S. lidii, S. linnaeanum, S. marginatum, S. sisymbriifolium, 
and S. torvum) are included in the European priority CWR taxa (Rubio Teso et al., 
2021), although none of them is na�ve to con�nental Europe (Vorontsova et al., 
2013; Vorontsova and Knapp, 2016), and two (S. sisymbriifolium and S. torvum) are 
invasive (Alaniz et al., 2020; Musarella, 2020). Two of these species (S. lidii and S. 
marginatum) are found only in one European country, and specific conserva�on 
sites exist only for S. lidii, which is an endangered endemism of the Canary Islands 
(Gramazio et al., 2020; Rubio Teso et al., 2021).  

The level of explora�on of the cul�vated eggplant germplasm is variable, 
depending on the traits. While passport data are available for most accessions 
conserved in germplasm banks, the availability of characteriza�on data, generally 
performed using standardized descriptors such as those of Bioversity (IBPGR, 1990), 
UPOV (2002) or EGGNET (van der Weerden and Barendse, 2007), is much more 
limited. On the one hand, some phenotypic studies were performed using a large 
number of accessions (>150) and aiming at evalua�ng the morphological diversity 
of cul�vated eggplant (Cericola et al., 2013; Kumar et al., 2013; Liu et al., 2018; 
Oladosu et al., 2021; Ro et al., 2022). These studies revealed a large diversity of 
morpho-agronomic characteris�cs in the cul�vated eggplant genepool and 
provided relevant informa�on for their u�liza�on in breeding. Large screening for 
evalua�on traits in germplasm collec�ons of eggplant rela�ves is more limited. 
Seventy S. aethiopicum accessions, mostly belonging to the gilo group, were 
assessed for morpho-physiological traits, AFLP (amplified fragment length 
polymorphism) and SSR (simple sequence repeat) molecular markers and 
chlorogenic acid content, revealing a wide gene�c diversity (Sunseri et al., 2010).  A 
total of 125 accessions of S. aethiopicum and S. macrocarpon were evaluated by 
Taher et al. (2019) for resistance to the two-spoted spider mite (Tetranychus 
urticae), resul�ng in the iden�fica�on of high levels of resistance in two accessions 
of S. macrocarpon. In another large evalua�on study, Stommel and Whitaker (2003) 
studied the phenolic acid profiles of 115 accessions, mostly of cul�vated S. 
melongena, but also including some accessions of S. aethiopicum, S. anguivi, S. 
incanum and S. macrocarpon. Another study on 73 accessions, most of which were 
of S. melongena, but also included S. aethiopicum and S. macrocarpon, also found 
large varia�ons in total phenolics content (8.4-fold), and fruit flesh browning (7.3-
fold), but less in ascorbic acid (2.3-fold) (Prohens et al., 2007). 
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Overall, given the large number of species in the GP2 and GP3 of eggplant, the 
Focused Iden�fica�on of Germplasm Strategy (FIGS), which is based on the 
assump�on that wild accessions growing in specific environments must have 
adap�ve genes to these condi�ons (Street et al., 2016), might help in iden�fying 
puta�ve species or accessions of interest for tolerance to a certain bio�c or abio�c 
stress (Prohens et al., 2017). However, the explora�on of eggplant and rela�ves 
germplasm collec�ons for traits relevant to adapta�on to climate change has been 
very scarce un�l now. To achieve a breakthrough in eggplant breeding, it is essen�al 
to systema�cally evaluate the available varia�on and iden�fy sources of varia�on 
for adapta�on to climate change.  

Use of genetic resources in breeding: achievements and challenges 

Selec�ons of eggplants started very early in breeding, with accessions having 
improved characteris�cs already present in seed catalogues in the late 19th and 
early 20th centuries (Daunay and Janick, 2007). In addi�on, heterosis for yield was 
already reported in 1931 (Kakizaki, 1931), which opened the door for the 
development of hybrid varie�es with improved features. Gene�c improvements in 
eggplant have relied on the use of germplasm, and breeders have been using the 
eggplant germplasm (mostly of cul�vated S. melongena) for breeding and 
developing new selec�ons, lines and hybrids. According to a survey of germplasm 
banks (Solberg et al., 2022), the number of eggplant accessions distributed per year 
ranged between 0 and 503, revealing that some germplasm banks make a 
significant distribu�on to users, many of whom are breeders. 

The gene�c improvements of eggplant are evident in the characteris�cs of 
modern cul�vars, which are considerably beter in yield and overall quality than 
landraces. For example,  by considering the western market modern F1 hybrid 
cul�vars found in western markets have no prickles, greater earliness, intense black 
color and epidermal shininess, and lower fruit flesh browning (Prohens et al., 2007; 
Muñoz-Falcón et al., 2009) or increased yield (Sambandam, 1964; Rodríguez-
Burruezo et al., 2008; Daunay and Hazra, 2012; Kaushik et al., 2018; Kumar et al., 
2020).  The development of modern eggplant cul�vars has been mainly carried out 
employing the cul�vated genepool. This resulted in a reduc�on of the gene�c base 
of eggplant elite breeding lines and materials used for developing modern F1 
hybrids. For instance, Muñoz-Falcón et al. (2009) evaluated the gene�c diversity of 
black eggplants of different groups and found that modern F1 hybrids have a narrow 
gene�c base and share a common genepool. This situa�on is in contrast to tomato, 
where the widespread use of CWRs, especially for introgressions of bio�c resistance 
traits increased the gene�c diversity of modern varie�es (Díez and Nuez, 2008; 
Schouten et al., 2019). The exploita�on of cul�vated eggplant germplasm allowed 
the development of new cul�vars and elite materials with improved resistance or 
tolerance to pests and diseases. Indeed, sources of resistance to the most significant 
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pests, including the eggplant fruit and shoot borer, lea�opper, aphids, spider mites, 
and whiteflies, as well as to the primary diseases such as bacterial wilt, Fusarium, 
and Ver�cillium wilts, have been iden�fied (Taher et al., 2017; Arafa et al., 2022; 
Salinier et al., 2022). Many of these cul�vated accessions have been transferred to 
researchers and breeders to incorporate them into their breeding pipelines (Taher 
et al., 2017). However, while some quan�ta�ve improvements have been achieved, 
resul�ng in cul�vars with improved tolerance, the gene�c diversity for resistance to 
these bio�c stresses present in the primary genepool of eggplant seems to be 
limited (Taher et al., 2017).  

Accessions of wild species of eggplant GP2 and GP3 species, as well as from the 
cul�vated S. aethiopicum, have been employed for introgression breeding 
(Mennella et al., 2010; Liu et al., 2015; Gramazio et al., 2017; Plazas et al., 2020; 
Villanueva et al., 2021). Eggplant lines fully resistant to F. oxysporum f. sp. 
melongenae (Fom) have been obtained by introgressing the Rfo-sa1 resistance 
locus from S. aethiopicum (Toppino et al., 2008b). Interes�ngly, the response 
mechanism to Fom inocula�on triggered by this locus is also able to protect the 
plant from Verticillium wilt (Barbierato et al., 2016; Barchi et al., 2018) when the 
two fungi are used in a combined ar�ficial inocula�on. These elite Fom-resistant 
lines introgressed from S. aethiopicum, along with associated molecular markers, 
are of great interest for the development of commercial cul�vars. 

Solanum linnaeanum has also been used in introgression breeding for the 
development of early backcross eggplant materials with resistance to Ver�cillium 
wilt (Acciarri et al., 2004; Liu et al., 2015). However, no eggplant commercial 
cul�vars with resistance derived from S. linnaeanum have been produced un�l now. 

First backcross genera�ons of eggplant with S. aethiopicum as a donor displayed 
a wide morphological variability (Prohens et al., 2012). Similarly, high morphological 
diversity and a wide range of values for phenolic acid contents were found in the 
first backcross genera�ons using S. incanum as the donor parent (Prohens et al., 
2013). However, introgression lines (ILs) derived from these early S. incanum 
backcrosses were largely similar to the recurrent parent, although two lines with 
higher plant vigour were iden�fied (Mangino et al., 2020). Some advanced 
backcrosses with S. elaeagnifolium exhibited a higher yield than the recurrent S. 
melongena parent (Villanueva et al., 2021). However, these materials are s�ll in an 
early stage of development and have not been used for the development of new 
cul�vars. In addi�on, several species such as S. aethiopicum, S. anguivi, S. 
grandiflorum, S. kurzii, S. violaceum and S. virginianum have been used for the 
development of alloplasmic lines of eggplant that display cytoplasmic male sterility 
(Khan and Isshiki, 2016). These male-sterile lines have poten�al interest in the 
produc�on of hybrids. However, to our knowledge, alloplasmic male sterility has 
not been used so far in the commercial produc�on of eggplant hybrids. 

Eggplant wild species and interspecific hybrids have also been explored for their 
use as rootstocks, mainly to obtain resistance to diseases and enhanced vigor (King 
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et al., 2010; Schwarz et al., 2010). In this way, apart from selec�ons of S. torvum 
and interspecific hybrids between eggplant and S. aethiopicum used as commercial 
rootstocks, other wild species, such as S. anguivi, S. incanum, S. insanum, S. 
palinacanthum or S. sisymbriifolium (Gisbert et al., 2011; Rakha et al., 2020; Kumbar 
et al., 2021; Murata et al., 2022) were proposed as poten�al new rootstocks. 
However, no commercial rootstocks have been developed so far from these later 
species. One poten�al reason is that some of these species with poten�al interest 
have prickly stems (Vorontsova et al., 2013; Vorontsova and Knapp, 2016), making 
the gra�ing procedure difficult and unusable for mass-scale gra�ing, typical of field 
cul�va�on (Figure 4).  

It is worth considering that interspecific hybrids of eggplant with some wild 
species such as S. tomentosum or S. elaeagnifolium (Figure 4) are highly vigorous 
and have an extended root system (García-Fortea et al., 2019), making them 
exploitable as rootstocks. However, in some cases such as the hybrids between S. 
melongena and S. elaeagnifolium, the obtainment of hybrids is very challenging and 
requires embryo rescue (Kouassi et al., 2016), limi�ng their exploita�on. 
Introgression breeding with wild species that display high contents of glycoalkaloids 
(solasonine and solamargine) might result in the inadvertent increase of these 
glycoalkaloids in the recurrent eggplant parents. However, studies performed by 
Mennella et al. (2010) with S. aethiopicum and S. linnaeanum and by Rosa-Mar�nez 
et al. (2022a) with S. incanum did not detect significantly higher levels of 
glycoalkaloids in ILs with these species than in the recurrent parents. However, 
given that these ILs did not represent the whole genome of the donor parents, the 
evalua�on of glycoalkaloids should be performed in the elite materials obtained 
a�er the introgression process with eggplant rela�ves that exhibit high contents in 
poten�ally harmful glycoalkaloids. Similarly, given some toxic alkaloids synthesized 
in the roots can move in the epigeal part of the plant, in the case of using wild 
species or interspecific hybrids with high alkaloid contents as rootstocks, the 
content in the fruit should be checked to ensure the safety of the poten�al new 
commercial varie�es.  

Although considerable improvements have been made in eggplant breeding, the 
diversity used mostly relied on the cul�vated eggplant S. melongena (Daunay and 
Hazra, 2012; Taher et al., 2017; Kumar et al., 2020). Furthermore, breeding efforts 
have been made in using eggplant CWRs for breeding, even if they did not have a 
major impact on the modern cul�vars presently grown. As in other important crops, 
a qualita�ve leap forward in gene�c advances in eggplant will require unleashing 
the huge poten�al of CWRs, which is s�ll largely unexploited. 
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Figure 4. Unexploited eggplant wild rela�ves and interspecific hybrids as poten�al 
roortstocks for eggplant: highly prickly rootstocks are challenging for commercial rootstock 
u�liza�on as prickles difficult the manual gra�ing process (above le�; A); interspecific 
hybrids of eggplant (S. melongena) with some wild species such as S. elaeagnifolium (above, 
right; B) and S. tomentosum (below; C) are highly vigorous and/or have an extended root 
system which is great interest for improving resilience. 

A new generation of genetic resources 

Besides germplasm accessions of eggplant cul�vated and CWRs, during the last 
years a new genera�on of eggplant gene�c resources, consis�ng of core collec�ons, 
recombinant inbred lines (RILs), and ILs (Table 2) have been generated (Toppino et 
al., 2008b, 2018, 2020; Gangopadhyay et al., 2010; Mennella et al., 2010; Lebeau et 
al., 2013; Gramazio et al., 2017; Barchi et al., 2018; Miyatake et al., 2019; Mishra et 
al., 2020; Arrones et al., 2022; Ro et al., 2022; Gaccione et al., 2022; Mangino et al., 
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2022). These materials are considered immortal since they can be regenerated by 
selfing for seed propaga�on. This is in contrast to F2 and early backcross materials, 
for which several popula�ons have been obtained in eggplant (Daunay and Hazra, 
2012; Prohens et al., 2012, 2013; Clarke et al., 2014; Por�s et al., 2014; Toppino et 
al., 2016; Boyaci et al., 2021; Qian et al., 2022), and where each individual has a 
variable degree of heterozygosis and can be thus maintained only by vegeta�ve 
propaga�on.  

We should also point out that few mutant collec�ons exist so far for eggplant 
(Xi-ou et al., 2017; Du et al., 2022). Two ethyl methane sulfonate (EMS) mutant 
libraries of 400 and 790 M2 lines (Table 2) were generated and used to iden�fy 
mutants for phenotypic traits, including dwarf mutant plants (Xiao et al., 2016; Xi-
ou et al., 2017; Lu et al., 2021; Du et al., 2022).  

Core collec�ons allow a representa�on of most of the diversity of large 
germplasm set in a reduced number of accessions (Odong et al., 2013) exploitable 
for genotype to phenotype studies. The first eggplant core collec�on of 181 
eggplant accessions was developed by Gangopadhyay et al. (2010) from an original 
set of 1,798 accessions by using 14 morphological descriptors (Table 2). In a first 
atempt to apply a GWAS (genome-wide associa�on study) approach in eggplant, 
Ge et al. (2013) were able to iden�fy several phenotype/genotype associa�ons 
related to eight fruit-related traits. Subsequently, a selected eggplant associa�on 
panel of 191 selected accessions (Cericola et al., 2013), comprising a mixture of 
breeding lines, old varie�es and landrace selec�ons origina�ng from Asia and the 
Mediterranean Basin, was genotyped and phenotyped. This allowed the 
iden�fica�on and posi�oning of several marker/trait associa�ons related to fruit, 
plant and leaf morphological traits relevant to eggplant breeding (Cericola et al., 
2014; Por�s et al., 2015) as well as to iden�fy contras�ng genotypes for nitrogen 
use efficiency (NUE) (Mauceri et al., 2020) and, most recently, to iden�fy the gene 
networks responsible of such diversity (Mauceri et al., 2021). 

Subsequently, Miyatake et al. (2019) genotyped 893 accessions, mostly from 
Asia, with 831 SNP and 50 SSR markers and established a core collec�on of 100 
accessions (World Eggplant Core; WEC). More recently, a core collec�on of 288 
accessions from an ini�al set of 587 accessions by using 52 SNP markers 
complemented with agro-morphological traits (Ro et al., 2022). The combina�on of 
both types of data resulted in the iden�fica�on of significant associa�ons of SNPs 
with six traits, which allowed the iden�fica�on of several candidate genes. Another 
core collec�on of 322 S. melongena accessions was obtained from an original set of 
over 3,600 accessions (Gaccione et al., 2022), most of which were genotyped with 
the 5k probes eggplant SPET pla�orm (Barchi et al., 2019a). This core collec�on has 
been re-sequenced and phenotyped at three loca�ons for mul�ple agronomic and 
composi�on traits (Gaccione et al., 2022) and has already proved useful in 
iden�fying allelic variants for the SmAPRR2 transcrip�on factor responsible for 
chlorophyll pigmenta�on in the eggplant fruit peel (Arrones et al., 2022). 
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Table 2. New eggplant gene�c resources, consis�ng of mutant libraries, core collec�ons, biparental and mul�parental recombinant inbred lines 
and introgression lines sets. 

Plant material used 
Number of 

lines or 
accessions 

Conventional and 
biotechnological tools used for 

the development 
Reference 

Mutant libraries 
S. melongena accession E31-1 790 Ethyl methane sulfonate Xi-ou et al. (2017) 
S. melongena line 14-345 400 Ethyl methane sulfonate Du et al. (2022) 

Core collections 
1,798 accessions of S. melongena 181 14 morphological descriptors Gangopadhyay et al. (2010) 
392 accessions of S. melongena 191 314 SNPs, 33 morphological traits, 

NUE 
Cericola et al. (2013), 2014, Portis et 
al. (2015), Mauceri et al. (2020); 

893 accessions of S. melongena 100 831 SNPs and 50 SSRs Miyatake et al. (2019)  
587 accessions of S. melongena 288 52 SNPs and 17 agromorphological 

traits 
Ro et al. (2022) 

3,600 accessions of S. melongena and wild relatives 322 5k probes SPET platform Gaccione et al. (2022) 
Biparental recombinant inbred lines 

S. melongena lines MM378 and AG91-25 178 F6 AFLP, SSR and SRAP Lebeau et al. (2013) 
S. melongena lines 305E40 and 67/3 163 F7 GBS (10 k polymorphic markers) Toppino et al. (2020) 
S. melongena landrace Ramnagar Giant and S. incanum 
accession W-4 

114 F8 282 polymorphic RAPD, ISSR, SCoT 
and SSR  

Mishra et al. (2020) 

Multiparental recombinant inbred lines 
Seven S. melongena accessions (MM1597, DH ECAVI, AN-
S-26, H15, A0416, IVIA-371 and ASI-S-1) and one S. 
incanum accession (MM577)  

420 (S3 MAGIC) 5k probes SPET platform Mangino et al. (2022) 

Introgression lines sets 
S. melongena lines 1F5(9), Dourga, Tal 1/1 and CCR3, two 
accessions of S. aethiopicum and one accession of S. 
linnaeanum 

57 Selection for tolerance to Fusarium 
and Verticillium wilts 

Acciarri et al. (2007) Mennella et al. 
(2010) 

S. melongena AN-S-26 and S. incanum MM577 51 COSII, SSRs, SNPs (GBS and SPET) Gramazio et al. (2017), Plazas et al. 
(2020) 

S. melongena accession 67/3 and one S. tomentosum 
accession 

90 HRM Molecular markers Toppino et al. (2018) 
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RILs from bi-parental or mul�-parental crosses are gene�c resources of great 
relevance, as each of them is a different gene�c mosaic of the parents (Arrones et 
al., 2020). Therefore, new genotypes of interest for breeding combining desirable 
characteris�cs present in the set of parents may be recovered in the set of RILs. In 
addi�on, in the absence of selec�on, bi-parental or mul�-parental RIL sets do not 
present gene�c structure, which makes them a powerful tool for the detec�on of 
major genes and QTLs involved in traits of interest (Cockram and Mackay, 2018). 
Several RIL popula�ons of eggplant (Table 2), which have in common one eggplant 
rela�ve (S. aethiopicum or S. incanum) in their pedigree, have been obtained from 
bi-parental crosses (Lebeau et al., 2013; Toppino et al., 2020). A first RIL popula�on 
composed of 178 F6 lines was obtained by single seed descent from the F2 
genera�on obtained a�er crossing an eggplant line (MM738) suscep�ble to 
bacterial wilt with a resistant breeding line (AG91-25) derived from the crossing of 
a resistant S. melongena and an S. aethiopicum accession (Lebeau et al., 2013). 
Genotyping of this RIL popula�on with AFLP, SSR and SRAP (sequence-related 
amplified polymorphism) markers allowed the construc�on of a gene�c map with 
119 polymorphic markers in which a major dominant gene and several QTLs were 
detected. Interes�ngly, some RILs displayed beter performance than the resistant 
parent (AG91-25) for some of the resistance traits evaluated (Lebeau et al., 2013). 
More recently, Toppino et al. (2020) developed a RIL popula�on of 163 F7 lines 
derived from single seed descent of the F2 from the cross between eggplant lines 
‘305E40’ and ‘67/3’. The parent ‘305E40’ derived from the repeated backcrossing of 
a doubled haploid of the soma�c hybrid between S. melongena and S. aethiopicum 
to two eggplant lines and carries the Rfo-sa1 gene from S. aethiopicum, which 
confers resistance to Fom, as well as tolerance to Ver�cillium wilt (Barbierato et al., 
2016; Barchi et al., 2018; Toppino et al., 2018). This RIL popula�on was sequenced 
at low coverage and employed to anchor the genome of the male parent ‘67/3’ 
(Barchi et al., 2019b). More recently the same popula�on was genotyped by GBS, 
resul�ng in over 10k polymorphic markers, which allowed the development of a 
high-density gene�c map and the iden�fica�on of a large number of QTLs, as well 
as candidate genes, for mul�ple morphological and metabolic traits (Toppino et al., 
2020; Sulli et al., 2021), together with the characteriza�on of two major QTLs for 
resistance to Fom (Tassone et al., 2022). Also, Mishra et al. (2020) developed a RIL 
popula�on of 114 F8 RILs from the crossing between a cul�vated landrace 
(Ramnagar Giant) and an accession of S. incanum (W-4), allowing the development 
of a gene�c map a�er genotyping the popula�on with 282 polymorphic RAPD 
(random amplified polymorphic DNA), ISSR (inter-simple sequence repeat), SCoT 
(start codon targeted) and SSR markers.  

Following the intercrossing of eight parental lines (seven S. melongena of 
different origins and characteris�cs and one S. incanum), the only mul�parental RIL 
popula�on is a MAGIC (mul�-parent advanced genera�on inter-cross) set of lines of 
eggplant (MEGGICS3), cons�tuted of 420 S3 lines (Table 2) that were resequenced 
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at an average of an average depth of 20x (Gramazio et al., 2019). The MEGGICS3 
popula�on was developed following a funnel scheme and single seed descent from 
the S0 quadruple hybrid recombinant genera�on (Mangino et al., 2022) and has 
been genotyped with the eggplant 5k SPET panel (Barchi et al.), resul�ng in 7,724 
high-confidence SNPs. The phenotyping of plant and fruit anthocyanic pigmenta�on 
as well as fruit peel chlorophyll presence has allowed the iden�fica�on of several 
major QTLs and candidate genes for the traits evaluated (Arrones et al., 2022; 
Mangino et al., 2022). Interes�ngly, in combina�on with the core collec�on 
developed within the H2020 programme project G2P-SOL (Linking gene�c 
resources, genomes and phenotypes of Solanaceous crops; htps://www.g2p-
sol.eu/), the MAGIC popula�on allowed iden�fying the gene SmAPRR2 as 
responsible for fruit chlorophyll pigmenta�on in the fruit peel (Arrones et al., 2022). 

The occurrence of interspecific gene exchanges between eggplant and its 
rela�ves is a fundamental prerequisite for enlarging the eggplant gene�c pool and, 
therefore, exploi�ng the varia�on resident in the allied germplasm for the 
improvement of the cul�vated species. As an example, the occurrence of tetrasomic 
inheritance, including chroma�d recombina�on, disclosed in the popula�on of 
dihaploids obtained from anther culture of the tetraploid soma�c hybrid between 
S. melongena and S. aethiopicum gr. Gilo (Toppino et al., 2008a) it opened up the 
possibility to introduce this material into advanced breeding programs. The first ILs 
of S. melongena with related species were obtained a�er recurrent backcrossing of 
two hybrids between S. melongena lines 1F5(9) and Dourga and S. aethiopicum, 
towards cul�vated eggplant (Toppino et al., 2008b). Also, ILs were obtained a�er 
hybridiza�on of several eggplant lines with S. linnaeanum (Mennella et al., 2010). 
In total, 57 ILs derived from these programmes a�er 6-7 cycles of backcrossing were 
studied for several health-related compounds and PPO ac�vity (Mennella et al., 
2010). The results revealed that both IL sets displayed similar glycoalkaloid levels to 
the recurrent parents, indica�ng their safety for human consump�on, while a 
significant number of ILs displayed beter values for an�oxidant compounds. 
Subsequently, Gramazio et al. (2017) used marker-assisted selec�on in the repeated 
backcrossings (up to BC6) and subsequent selfings between S. melongena accession 
ANS26 and S. incanum accession MM577. This resulted in 25 ILs with single 
introgressions that covered 61.7% of the S. incanum genome, which was recently 
increased to over 70% of the S. incanum MM577 genome (Plazas et al., 2020). A 
subset of these ILs have been characterized for morphological and agronomic traits 
(Mangino et al., 2020; Rosa-Mar�nez et al., 2022b), fruit shape characteris�cs 
(Mangino et al., 2021), and composi�on (Rosa-Mar�nez et al., 2022a,b), 
highligh�ng several stable QTLs, as well as low levels of glycoalkaloids. Toppino et 
al. (2018) recently developed 90 ILs carrying introgressions from the wild rela�ve S. 
tomentosum, which may be of great interest for breeding for resistance to several 
traits present in this wild rela�ve, such as resistance to Fusarium, Verticillium or 
nematodes (Caliskan et al., 2023), as well as to whitefly (Taher et al., 2020). New 
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sets of ILs with S. insanum, S. dasyphyllum and S. elaeagnifolium are in advanced 
stages of development (Plazas et al., 2020) and will soon increase the diversity 
available to eggplant breeders from so far unexplored exo�c gene�c resources. 
Advanced backcrosses containing S. elaeagnifolium introgressions, screened under 
low N condi�ons have revealed a great poten�al for low-input agriculture 
(Villanueva et al., 2021). 

These new genera�ons of gene�c resources make extant eggplant gene�c 
diversity more accessible to breeders, allowing the development of new 
recombinant genotypes and represen�ng powerful tools for iden�fying 
genes/alleles and QTLs associated with traits of interest, including complex traits 
such as those related to climate change (Prohens et al., 2017; Chapman, 2020). The 
extended use of these materials has already started to demonstrate their 
tremendous poten�al for eggplant breeding (Lebeau et al., 2013; Barchi et al., 2018; 
Mangino et al., 2020, 2022; Arrones et al., 2022). 

Genomic and biotechnological tools to enhance the exploitation of genetic 
resources 

New genomic tools such as high-throughput genotyping derived from NGS 
technologies, reference genomes, pangenomes and resequencing projects, can 
efficiently contribute to the enhancement of eggplant gene�c resources and are 
essen�al for the breakthrough in eggplant breeding  (Gramazio et al., 2018; Lanteri 
and Barchi, 2019; Simko et al., 2021). Although DNA molecular markers of different 
types, such as RAPDs, AFLPs and SSRs have been widely used for eggplant 
genotyping and gene�c mapping since the early 1990s (Collonnier et al., 2001; 
Gramazio et al., 2014, 2018), the availability of NGS technologies allowed an easier 
genotyping of large sets of accessions and experimental popula�ons with hundreds 
to thousands of markers, contribu�ng to the evalua�on of the eggplant and CWRs 
gene�c diversity, the establishment of gene�c rela�onships of germplasm sets and 
iden�fica�on of QTLs (Barchi et al., 2019c; Liu et al., 2019; Miyatake et al., 2019; 
Toppino et al., 2020; Sulli et al., 2021; Mangino et al., 2022; Ro et al., 2022; Tassone 
et al., 2022; Gaccione et al., 2023), which is of interest in iden�fying materials for 
breeding and germplasm management (Lanteri and Barchi, 2019; Arafa et al., 2022; 
Toppino et al., 2022).  

A first dra� of the eggplant genome was published in 2014 (Hirakawa et al., 
2014), but chromosome-anchored eggplant genome assemblies have not been 
available un�l recently (Barchi et al, 2019b; Wei et al., 2020; Barchi et al., 2021, 
2022; Li et al., 2021) and this has delayed the applica�on of the poten�al of 
resequencing and pangenome projects to enhance the management of eggplant 
gene�c resources. The availability of resequencing data from eight accessions 
(Gramazio et al., 2019) allowed the development of an eggplant 5k.  



Linking genetic resources, genomes and phenotypes of Solanaceous crops 

48 
 

SPET pla�orm (Barchi et al., 2019a), which is the first specific eggplant 
genotyping pla�orm. This pla�orm has been used for the genotyping of germplasm 
of eggplant and wild rela�ves and the first MAGIC popula�on (Barchi et al., 2019a, 
2022; Gramazio et al., 2020; Arrones et al., 2022) as well as the marker-assisted 
selec�on for the development of ILs (Plazas et al., 2020; Villanueva et al., 2021). The 
first eggplant pangenome, which included the resequencing data of 23 accessions 
of S. melongena and two of CWRs (S. incanum and S. insanum) is very recent and 
allowed the iden�fica�on of addi�onal genes compared to the reference genome 
used, as well as of selec�ve sweeps during domes�ca�on and the associated 
underlying candidate genes (Barchi et al., 2021).  

Genebank genomics can help in the management and u�liza�on of eggplant 
germplasm collec�ons (Mascher et al., 2019), but so far no studies have been 
performed on eggplant. Similarly, the poten�al of landscape genomics (Li et al., 
2017) to iden�fy materials of eggplant with adap�ve genes to specific 
environmental condi�ons has not been exploited yet. Both genomics approaches 
have a lot of poten�al for contribu�ng to the eggplant breeding revolu�on. The 
gene�c/genomic data and the phenotypic informa�on available on the eggplant 
gene�c resources (i.e. core collec�on and experimental popula�ons) might lay the 
founda�on to start applying genome-enable predic�on methods to both accelerate 
eggplant breeding and increase the efficiency of the selec�on processes. 

New Plant Breeding Techniques (NPBTs) such as those based on CRISPR 
(clustered regularly interspaced short palindromic repeats) and Cas (CRISPR-
associated protein) genome edi�ng represent valuable tools useful to create novel 
gene�c varia�on as well as to determine the func�on of genes via targeted 
mutagenesis. However, only two studies have been published so far on CRISPR/Cas 
gene edi�ng in eggplant (Maioli et al., 2020; Kodackatumannil et al., 2023), 
probably as a consequence of the recalcitrance of S. melongena to in vitro 
regenera�on (García-Fortea et al., 2020) and gene�c transforma�on. In the study 
of Maioli et al. (2020), polyphenol oxidase (PPO) genes PPO4, PPO5, and PPO6 were 
knocked out, which resulted in reduced fruit flesh browning demonstra�ng how the 
crea�on of new allelic varia�on contributed to the improvement of an important 
trait. In a subsequent study, Kodackatumannil et al. (2023) found that CRISPR/Cas 
muta�on of PPO2 resulted in the inhibi�on of fruit flesh browning, but also had 
mul�ple pleiotropic effects in morphological and agronomic traits.  

Conclusions and future perspectives 

The explora�on of the cul�vated and wild eggplant germplasm both at the 
phenotypic and molecular levels is required for the iden�fica�on of sources of 
varia�on for new traits barely explored so far, such as tolerance to new stresses 
caused by climate change as well as for improved sustainability, such as water and 
fer�lizers use efficiencies. The establishment of core collec�ons, such as the ones 
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already exis�ng (Gangopadhyay et al., 2010; Miyatake et al., 2019; Gaccione et al., 
2022; Ro et al., 2022), as well as the FIGS approach of iden�fica�on of poten�ally 
useful germplasm (Street et al., 2016), genebank and landscape genomics (Li et al., 
2017; Mascher et al., 2019) may help in facilita�ng the iden�fica�on accessions of 
interest carrying novel and/or superior alleles. 

The eggplant breeding revolu�on requires coordinated ac�vi�es and programs 
for an improved exploita�on of its gene�c resources enhancement of its gene�c 
resources. Two major interna�onal ini�a�ves, the “Adap�ng Agriculture to Climate 
Change” (2011-2021) ini�a�ve of the Global Crop Diversity Trust (Dempewolf et al., 
2014), and the H2020 project G2P-SOL (2016-2021) have demonstrated the 
enormous poten�al of interna�onal collabora�on in the improved conserva�on and 
u�liza�on of eggplant gene�c resources. In this way, the eggplant ac�vi�es and 
projects performed under the “Adap�ng Agriculture to Climate Change” (2011-
2021) ini�a�ve allowed the iden�fica�on of gaps in the eggplant CWRs germplasm 
collec�ons and proposed priori�es for collec�on and in situ conserva�on (Syfert et 
al., 2016), as well as the collec�on of 474 new accessions of eggplant and CWRs (32 
different species) for the comple�on of these gaps (Eastwood et al., 2022). Also, this 
ini�a�ve allowed the development of advanced backcrosses and ILs with four 
different eggplant CWRs (S. dasyphyllum, S. elaeagnifolium, S. incanum and S. 
insanum) (Gramazio et al., 2017; Plazas et al., 2020; Villanueva et al., 2021). 
Characteriza�on of these sets of ILs for mul�ple traits and stress condi�ons is 
expected to result in new materials with improved adapta�on to climate change 
(García-Fortea et al., 2019; Plazas et al., 2020). The “Adap�ng Agriculture to Climate 
Change” ini�a�ve has also contributed to the development of the Germinate 
pla�orm (Raubach et al., 2021), which includes a database on eggplant 
(htps://ics.huton.ac.uk/cwr/eggplant) that contains 59 datasets with genotypic 
and phenotypic data from cul�vated eggplant, wild species and pre-breeding 
materials.   

The H2020 project G2P-SOL represents another landmark for the enhancement 
of gene�c resources of S. melongena and the species of its genepools, in which the 
5k SPET pla�orm was developed (Barchi et al., 2019a) and used for the largest 
genotyping effort in eggplant germplasm (around 3,500 accessions), allowing the 
evalua�on of diversity of the eggplant genepool, establishment of rela�onships, 
iden�fica�on of duplicates, and in combina�on with historical characteriza�on data 
the iden�fica�on of hundreds of QTLs (Barchi et al., 2022; Gaccione et al., 2022). By 
using these data, a core collec�on of 322 eggplant accessions was created, which 
has been resequenced and phenotyped in mul�ple loca�ons as well as evaluated 
for several bio�c (Fusarium wilt, Verticillium wilt, Meloidogyne nematodes) and 
abio�c (drought tolerance and salinity tolerance) related to climate change 
(Gaccione et al., 2022; Salinier et al., 2022). In addi�on, fruit metabolomic analyses 
of the core collec�on have been performed (Sulli et al., in prepara�on). 
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Although these two ini�a�ves represented a star�ng point for the eggplant 
breeding revolu�on, new interna�onal, preferably global, ac�ons are needed for a 
coordinated and systema�c exploita�on of the advances obtained so far. In this way, 
the Global Strategy for the Conserva�on and Use of Eggplants (Solberg et al., 2022) 
calls for seven priority ac�vi�es: (i) establishing a global eggplant working group, (ii) 
developing an Eggplant Knowledge Pla�orm; (iii) improve passport data accuracy 
and completeness in the collec�on databases; (iv) facilitate and encourage 
collabora�ve plant health-related ac�vi�es; (v) support collabora�ve ac�vi�es 
associated with accessions regenera�on and safety duplica�on, (vi) characterize the 
global eggplant collec�on morphologically and gene�cally, and (vii) encourage 
collabora�ve efforts to involve CWR in breeding programmes. However, the 
implementa�on of this strategy, which would represent an addi�onal boost for an 
eggplant breeding revolu�on is s�ll in the phase of funding acquisi�on for its 
effec�ve fulfilment. In any case, the founda�ons are set for the interna�onal 
networks already established, together with new projects and developments in the 
fields of genomics and biotechnology, to bring forward the eggplant breeding 
revolu�on. As for other crops, we foresee this will result in drama�c gene�c 
improvements in eggplant cul�vars that will increase yield and quality and will allow 
the development of more resilient materials able to cope with climate change 
challenges.  
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In order to ensure future produc�vity and quality of crops, it is necessary to 
preserve and use the valuable gene�c resources stored in genebanks. However, for 
these collec�ons to be useful and for the conserved materials to be ac�vely and 
successfully u�lized, a comprehensive morphological and gene�c characteriza�on 
is essen�al as well as the availability of these data in a complete and easily 
searchable databases. In the present doctoral thesis, we aimed at enhancing the 
value of the tomato, pepper, and eggplant germplasm collec�ons from the G2P-SOL 
project, as well as to develop and implement molecular tools that allow for their in-
depth study. 

Therefore, we propose the following specific main objec�ves: 

1. To compile and harmonize the passport and phenotypic data and images of the 
three major solanaceous crops, namely tomato, pepper, and eggplant, into a single 
and user-friendly database.  

2. To develop and op�mize a fast and affordable DNA extrac�on protocol that can 
be applied to solanaceous crops as well as to a wide range of species and �ssues. 

3. To develop SPET genotyping pla�orms for tomato and eggplant, and use them to 
inves�gate the gene�c varia�on and popula�on structure of an extensive collec�on 
of cul�vated and wild tomato and eggplant accessions.  

4. To evaluate the genotypic and phenotypic characteris�cs of a tomato core 
collec�on to make it more useful to breeders and researchers.  
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CHAPTER I 
 

Origin and composi�on of the Solanaceae germplasm collec�on: tomato, 
pepper, eggplant and potato from the european project G2P-SOL 

David Alonso1, Jaime Prohens1, María José Díez1 and Giovanni Giuliano2 
 
1Instituto de Conservación y Mejora de la Agrodiversidad Valenciana (COMAV). Universitat Politècnica 
de València. Camino de Vera 14, 46022 Valencia 
2Agenzia Nazionale per le Nuove Tecnologíe, L’Energia e lo Sviluppo Economico Sostenible (ENEA). Via 
Anguillarese 301 – 00123 Roma, Italia (En representación del Consorcio G2P-SOL) 

ABSTRACT 

The G2P-SOL project (Linking genetic resources, genomes, and phenotypes of 
Solanaceous crops), funded by the European program Horizon 2020, aims to 
ra�onalize the major collec�ons of tomato, pepper, eggplant, and potato 
worldwide. This will be addressed by construc�ng a core collec�on for each crop 
using passport, genotyping, and phenotyping data, followed by the evalua�on of 
various traits. The project includes 58,636 accessions from various European 
germplasm banks, as well as the Interna�onal Potato Center (CIP, Peru), and the 
World Vegetable Center (WorldVeg, Taiwan). As a first step towards construc�ng the 
core collec�ons, a me�culous study of the passport data has been conducted, 
enabling the detec�on of species misatribu�ons, iden�fying duplicates within and 
between collec�ons, and gaining detailed knowledge of the geographic origin of the 
collec�on and the rela�ve par�cipa�on of different types of biological materials. 
 

 

 

 

 

 

 

 

Keywords: Solanum lycopersicum, Solanum melongena, Capsicum annuum, 
Solanum tuberosum, wild species, passport data.   
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INTRODUCTION 

According to Indicator 2.5.1 of the Sustainable Development Goals 2 (SDGs) of the 
FAO on plant genetic resources, it is estimated that germplasm collections 
worldwide house around 5.8 million accessions, which are conserved in the 
medium or long term in 846 gene banks (Gil et al., 2019). These germplasm 
collections represent a source of diversity with great potential for genetic 
improvement. Accessibility to the genetic resources diversity contained in them is 
limited, mainly due to the incomplete status and lack of standardization of the 
databases, which significantly hinders their comparison. The European project G2P-
SOL (Linking genetic resources, genomes and phenotypes of Solanaceous crops), 
funded by the European program Horizon 2020, aims to rationalize the major 
collections of Solanaceous crops worldwide. The germplasm collection included in 
the project consists of 58,937 accessions, and it involves 14 institutions from 8 
European countries (Germany, Bulgaria, Spain, France, Netherlands, Italy, Poland, 
and the United Kingdom) and four non-European countries (Israel, Peru, Taiwan, 
and Turkey). Rationalization has been approached by creating a single database as 
an indispensable tool for efficient and unified information management. In the 
second step, most accessions from the four crops were genotyped, and core 
collections were established. These core collections have been characterized for 
agro-morphological traits, both nutraceutical and organoleptic quality, through 
metabolomic analysis and resistance to pathogens and abiotic stresses. This 
chapter describes the characteristics of the G2P-SOL collection based on passport 
and phenotypic data available in the germplasm banks, which are essential for the 
orderly pursuit of future project objectives. Although the project includes potato 
cultivation, this chapter will focus on tomato, pepper, and eggplant since our bank 
actively participated in these crops with data and plant material. 
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MATERIALS AND METHODS 

Plant material  
 
A germplasm collection composed of a total of 58,937 accessions has been 
analyzed. These accessions originate from the Leibniz Institut fuer Pflanzengenetik 
und Kulturpflanzenforschung (IPK), the Institut National de la Recherche 
Agronomique (INRAE), the Wageningen University & Research (WUR-DLO), the 
Instituto de Conservación y Mejora de la Agrodiversidad Valenciana de la 
Universitat Politècnica de València (COMAV-UPV), the Università degli Studi di 
Torino (UniTO), the  Agenzia Nazionale Per le Nuove Tecnologie, L’Energia e lo 
Sviluppo Economico Sostenible (ENEA), the  James Hutton Institute (JHI), the 
Instytut Hodowli i Aklimatyzacji Roslin – Panstwowy Instytut Badawczy (IHAR-PIB),  
the Consiglio per la Ricerca e la Sperimentazione in Agricoltura e l’Analisis 
dell’Economia Agraria (CREA) and the Maritsa Vegetable Crops Research Institute 
(MVCRI). In addition, four non-European institutions are participating in the 
project: the World Vegetable Center (WorldVeg), the Hebrew University of 
Jerusalem (HUJI), the Agricultural Research Organisation of Israel – The Volcanic 
Center (ARO) and the Bati Akdeniz Agricultural Research Institute (BATEM). 
Regarding crops, there are 24,767 tomato accessions, 14,117 pepper accessions 
and 6,574 eggplant accessions, including cultivated and wild species. 
 
Gathering available passport and phenotypic data 
 
To gather the available passport data stored in different germplasm banks, a 
subgroup of descriptors based on the Multicrop Passport Descriptor List (MCPD 
V2.1) developed by IPGRI (International Plant Genetic Resources Institute) and FAO 
(Alercia et al., 2015) was employed. The selection of descriptors was agreed upon 
and evaluated to fulfill the objectives of a) taxonomic identification of the 
accessions, b) understanding their origin, c) identifying the original donor of the 
accession and any possible duplicates existing in other banks, and d) determining 
the type of biological material for each entry. 
 
Three sets of descriptors were developed to compile the available phenotypic data 
of the accessions included in the collections, one for each crop (tomato, pepper, 
eggplant). The descriptors were developed using the system designed by IPGRI-
FAO, which categorizes them into four types: vegetative, inflorescence, fruit, and 
agronomic traits, considering the descriptors used in each germplasm bank (Annex 
1). 
 
To enhance the quality and utility of the database, images of a significant number 
of accessions were also included. 
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Data review 
 
After receiving the available data from germplasm banks, they were standardized 
and unified based on the scales described in the phenotypic descriptors (Annex 1). 
In cases where images were available, they were reviewed alongside the available 
phenotypic data, correcting any errors if present. Additionally, to enhance the 
quality of the database, information from different available databases such as 
Genesys, USDA (U.S. Department of Agriculture), TGRC (Tomato Genetics Resource 
Center, Davis, California), CGN (Center for Genetics Resources, Wageningen, 
Netherlands), IPK (Leibniz Institute of Plant Genetics and Crop Plant Research, 
Gatersleben, Germany), and WorldVeg (Taiwan) was reviewed and added to the 
corresponding accessions. 
 
All graphical representations were created using R software version 4.2.0 (R Core 
Team, 2020). The maps were generated using the Tidyverse 1.3.2 package, 
specifically ggplot2 3.4.0 (Wickham, 2016), using available longitudinal and 
latitudinal georeferences generated with the map_data function, assigning new 
ones if necessary to construct the map. The cladograms were designed in Newick 
format and visualized using the ggtree 3.2.1 package (Yu, 2020). The bubble plots 
comparing passport traits and mosaic plots for phenotypic data were created using 
the ggplot2 3.4.0 package. 
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RESULTS AND DISCUSSION 
 

Passport data selection  
 
A total of 22 passport descriptors were selected (Table 1), out of which nine are 
identification codes for the accessions from the original banks and their possible 
duplicates in other repositories. These data are essential for identifying duplicates 
among collections and for completing the information of the accessions if 
incomplete. Three descriptors refer to the taxonomic classification of the 
accessions, six to the geographical origin, two to the type of biological material and 
collection origin, and finally, two descriptors related to the collection and 
acquisition dates. 
 
Table 1. Passport descriptors for identifying and classifying accessions in germplasm banks 
based on the Multicrop Passport Descriptor List (MCPD V2.1) developed by IPGRI and FAO 
(Alercia et al., 2015). 
 

Acronym Descriptor 
SAMPLE.ID Unique G2P-SOL code 
INSTCODE Institute code 
ACCENUMB Accession number 
LOCALNAME Local name 
COLLNUMB Collecting number 
COLLCODE Collection institute code 
DONORCODE Donor institute code 
DONORNUMB Donor accesión number 
OTHERDONORCODE Code of duplicates in other genebanks 
DUPLINSTNAME Code of the Genebank hoolder of the duplicates 
GENUS Genus 
SPECIES Species 
SUBTAXA Subtaxon 
COLLSITE Location of collecting site 
PROVINCE Province 
COUNTRY Country 
LATITUDE Latitude of collecting site 
LONGITUDE Longitude of collecting site 
ALTITUDE Elevation of collecting site 
BIOSTATUS Biological status of accession 
COLLSRC Collecting/acquisition sources 
ACQDATE Acquisition date 
COLLDATE Collecting date of sample 
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Characteristic of collections 
 
The total number of accessions with complete information regarding taxonomic 
classification is 58,937, out of which 24,767 correspond to tomato, 14,117 to 
pepper and 6,574 to eggplant (Table 2). 
 
Table 2. Number of accessions for different crops in the G2P-SOL collec�on provided by each 
par�cipant. 
 

Ins�tu�ons G2P-SOL total 
Tomato (% wild 

rela�ves) 
Pepper (%wild 

rela�ves) 
Eggplant (% wild 

rela�ves) 
Belonging to the European Union (EU) 
IPK (Germany) 11.679 3.835 (2,2%) 1.536 (0,7%) 112 (0%) 
INRAE (France) 5.263 1.210 (18,9%) 1.300 (1,7%) 1.546 (24,8%) 
COMAV-UPV (Spain) 4.076 2.390 (2,8%) 1.426 (0%) 260 (6,3%) 
WUR-DLO (Netherlands) 4.043 1.332 (7,9%) 1.033 (1,7%) 510 (7,1%) 
CREA (Italy) 660 - 300 (1,3%) 360 (7,9%) 
MVCRI (Bulgaria) 211 52 (3,8%) 67(0%) - 
ENEA (Italy) 239 239 (0%) - - 
UniTO (Italy) 136 - 136 (0%) - 
Non-EU countries 
WorldVeg (Taiwan) 20.254 8.545 (10,5%) 7.964 (0,5%) 3.745 (11.8%) 
HUJI (Israel) 7.114 7.114 (5,2%) - - 
ARO (Israel) 305 - 305 (1,3%) - 
BATEM (Turkey) 140 50 (0%) 50 (0%) 41 (0%) 

G2P-SOL total 58.636 24.767 (6.9%) 14.117 (0.7%) 6.574 (13.9%) 
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Tomato 
 
The tomato collection was contributed by nine institutions, with WorldVeg and 
HUJI being the major contributors, with over 7,000 accessions each (Table 2). These 
collections, along with those from INRAE, COMAV-UPV, IPK, and WUR-DLO, contain 
accessions from many countries and different types of materials, greatly enriching 
the genetic basis of the collection. On the other hand, other institutions contribute 
a smaller number of accessions, mostly from their own countries, such as MVCRI, 
ENEA, and BATEM. The cultivated tomato accessions come from 120 countries 
(Figure 1a), while those of related wild species are from Peru, Ecuador, and Chile. 
The number of accessions collected or originating from Spain and the United States 
is notable. COMAV-UPV mainly provides Spanish germplasm, while the American 
accessions are mostly from USDA and TGRC but preserved in other institutions. 
 
The percentage of wild species concerning the total is 6.9%, with WorldVeg, HUJI, 
and INRAE being the gene banks that contribute the highest number of accessions. 
Within the collection, all wild species and the cerasiforme variety are represented 
(Figure 1b), ranging from those most divergent from cultivated tomato, such as 
species belonging to the Hirsutum group (estimated divergence time from S. 
lycopersicum var. lycopersicum (SLL): ~2.2 Ma), S. habrochaites, and S. pennellii, to 
those closest, such as S. pimpinellifolium and the variety S. lycopersicum var. 
cerasiforme (SLC) belonging to the Esculentum group. Wild tomato species have 
been widely used in genetic improvement due to the narrow genetic base of this 
crop, which makes it highly susceptible to pests and diseases (Roselló et al., 2001; 
Foolad et al., 2014), as well as abiotic stresses (Reimer et al., 2021). In smaller 
numbers, we also find a representation of the Lycopersicoides section (S. 
lycopersicoides and S. sitiens) and the Juglandifolia section (S. juglandifolium and S. 
ochranthum). 
 
The tomato collection consists mainly of advanced or improved cultivars, 
traditional cultivars, wild species, and breeding lines (Figure 1c). The collection 
contributed by UPV-COMAV, which mostly includes traditional varieties 
prospecting throughout the country, deserves special mention. This collection is 
important since Spain was a center of tomato diversification and dissemination 
upon its arrival in Europe in the 16th century (Bergougnoux, 2014). The germplasm 
banks from Germany, the Netherlands, and HUJI hold the majority of advanced or 
improved cultivars in the collection. 
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Figure 1. Description of passport data. (a) Representation of the country of origin for cultivated 
tomato (SLL/SLC) accessions included in the G2P-SOL collection. The gray color represents countries 
with no accessions. (b) Cladogram of the Lycopersicon, Juglandifolia and Lycopersicoides sections used 
in this study based on Beddows et al., 2017, Pease et al., 2016 and Särkinen et al., 2013. The bars 
indicate the abundance of each species in the collection. (c) Box plot showing the distribution of 
biological status of accessions across different institutions (100: Wild; 200: Weedy; 300: Traditional 
cultivar/landraces; 400: Breeding lines; 500: Advanced or improved cultivar; 999: Others; NA: Missing 
data).  
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Pepper 
 
Regarding the pepper collection, WorldVeg is the most significant contributor, with 
over 7,000 accessions; with the other institutions, the total amount comes to 
14,117 accessions. The contributions from banks such as IPK, INRAE, UPV-COMAV, 
and WUR-DLO are also noteworthy, with each contributing just over 1,000 
accessions (Table 2). The genetic diversity of the Capsicum genus in the collection 
is represented by a wide range of accessions from cultivated species, including 
Capsicum annuum, C. frutescens, C. chinense, C. baccatum and C. pubescens, which 
account for 98,3% of the collection, originating from 180 countries (Figure 2a,b). 
Wild species such as C. tovarii, C. praetermissum, C. chacoense, C. galapagoense, C. 
eximium and C. cardenasii, from 13 countries, are present in a lower percentage. 
 
Most of the pepper collection consists of traditional varieties, primarily contributed 
by UPV-COMAV and IPK (Figure 2c). These varieties are highly interested in 
breeding due to their genetic variability and the result of farmer selection over 
hundreds of years. The Spanish collection is particularly important, as Spain served 
as the main entry point for all plant materials, especially C. annuum, brought from 
Mexico, the Caribbean, and South America  (Andrews, 1995; Nuez et al., 2003). The 
heterogeneous environments, soil conditions and diverse cultivation practices have 
given rise to locally adapted varieties suited to specific agroclimatic requirements  
(Nuez et al., 2003). Furthermore, improved cultivars and other breeding materials 
play a significant role in the collection. 
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Figure 2. Description of passport data (a). Representation of the country of origin for domesticated 
pepper accessions (Capsicum annuum, C. frutescens, C. chinense, C. baccatum and C. pubescens). The 
gray color represents countries with no accessions. (b) Cladogram showing the species relationships 
in Capsicum based on Barboza et al., 2022 and Carrizo García et al., 2016. The letter (d) corresponds 
to cultivated species. (c) Box plot showing the representation of biological status for each institution 
(100: Wild; 300: Traditional cultivar/landraces; 400: Breeding lines; 500: Improved cultivar; 999: 
Others; NA: Missing data).  
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Eggplant 
 
The eggplant collection comprises accessions sourced from seven institutions, with 
WorldVeg (Taher et al., 2017) once again being the largest contributor, supplying 
over half of the accessions (Table 2). While WorldVeg and INRAE provide most of 
the wild species, traditional varieties are contributed by multiple banks. In eggplant, 
improved cultivars are not as prominent as in the previously mentioned collections. 
 
Most of the eggplant collection (86,1%) consists of cultivated species (Solanum 
melongena, S. macrocarpon and S. aethiopicum) originating from 93 countries 
across Africa, Asia, and Europe (Figure 3a). Related species (854 accessions of 35 
different species) are distributed among 65 countries (Figure 3ab). Scarlet eggplant 
(S. aethiopicum) and gboma eggplant (S. macrocarpon) are predominantly 
cultivated in Africa, with their respective wild ancestors, S. anguivi and S. 
dasyphyllum, represented in the collection. Notably, the collection encompasses a 
substantial number of accessions from the wild ancestor S. insanum and other 
closely related species, including S. incanum, S. lichtensteinii and S. linnaeanum, all 
of which have significant relevance to common eggplant (S. melongena) (Acquadro 
et al., 2017; Vorontsova et al., 2013). The collection also exhibits a representation 
of more distantly related American species, including S. torvum and S. 
sisymbriifolium (Syfert et al., 2016; Vorontsova et al., 2013), which hold potential 
interest for genetic improvement of eggplant due to their resistance to significant 
biotic stresses such as bacteria and nematodes (Daunay y Hazra, 2012; Rakha et al., 
2020; Zhang et al., 2021). Species like S. elaeagnifolium, S. incanum and S. 
dasyphyllum also contribute to the genetic diversity of the collection, offering 
valuable traits related to abiotic stress tolerance (Christodoulakis et al., 2009; 
Gramazio et al., 2017; Villanueva et al., 2022). 
 
The collection predominantly comprises traditional varieties, improved cultivars 
and breeding materials (Figure 3c). Notably, the UPV-COMAV collection of 
traditional varieties stands out for its composition of accessions adapted to diverse 
environments and cultivation systems (Martínez-Ispizua et al., 2021; San José et al., 
2014).  
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Figure 3. Description of passport data. (a) Representation of the country of origin of cultivated 
eggplant accessions (S. melongena, S. aethiopicum, and S. macrocarpon). The gray color represents 
countries with no accessions. (b) Cladogram of the main species in the Solanum taxa collection based 
on Särkinen et al., 2013 and Vorontsova et al., 2013. The letter (d) corresponds to cultivated species. 
(c) Box plot showing the representation of the biological status of the accession in each institution 
(100: Wild; 300: Traditional cultivar/landraces; 400: Breeding lines; 500: Advanced or improved 
cultivar; NA: Missing data). 
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Phenotypic variability of the collections 
 
The final morphological descriptors for each crop were 25 for tomato, 26 for 
pepper, and 21 for eggplant (Supplementary material 1). Systematic 
characterization of germplasm through morphological and botanical descriptors 
(plant characteristics, leaf, inflorescence, and fruit) is crucial for adequately 
conserving and utilizing the material (Salinier et al., 2022). The descriptors are 
mainly focused on fruit traits of agronomic interest, such as color, shape and size. 
The main Solanaceae accessions contributed by different germplasm banks to 
establish the G2P-SOL project collection exhibit a high degree of morphological 
variability, encompassing all types of vegetative, inflorescence, fruit, and 
agronomic traits (Figure 4). 
 

 
Figure 4. Illustration of the phenotypic diversity present in the three G2P-SOL collections. (a) Tomato, 
(b) Pepper and (c) Eggplant 
 
The results presented below are based on the phenotyping provided by the 
germplasm banks. The analyses have focused on the most agronomic significant 
cultivated species. 
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Tomato 
 
The cultivated tomato collection is characterized by a wide range of phenotypic 
variability, particularly in agronomically relevant traits. This extensive diversity is 
evident in the broad variation observed across the 25 qualitative descriptors 
compiled. 
 
Among the significant vegetative descriptors, the growth habit is particularly 
noteworthy. The collection predominantly exhibits an indeterminate growth habit 
(55,2%), followed by a determinate growth habit (26,5%) (Figure 5a). This trait, 
regulated by the SP gene family  (Carmel-Goren et al., 2003), is crucial in 
determining the preferred agronomic management strategy in greenhouse or 
open-field conditions and the intended application, whether for fresh consumption 
or industrial processing. The style position is another trait exhibiting variation 
within the collection (Figure 5b). Variation in style position, which determines the 
transition from the allogamy of wild species to the autogamy of cultivated species 
(Blanca et al., 2012), is observed in the collection. Most styles are inserted (62,4%) 
compared to slightly exerted and exerted forms. Plants with flowers possessing 
inserted styles have been selected by humans to fix genotypes adapted to new 
conditions, favoring self-crossing and minimizing cross-pollination (Chen and 
Tanksley, 2004). However, exerted styles are commonly found in local varieties. 
 

 
Figure 5. Stacked bar chart of vegetative traits (a) Plant growth habit (1: Dwarf; 2: Determinate; 3: 
Semi-determinate; 4: Indeterminate) and Leaf type (1: Dwarf; 2: Potato leaf type; 3: Standard; 4: 
Double feathered) and inflorescence traits (b) Inflorescence type (1: Uniparous; 2: Forked; 3: 
Multiparous or irregular) and Style position (1: Inserted; 3: Same level as stamen; 5: Slightly exerted; 
7: Highly exerted). 
 
Regarding descriptors related to fruit morphology, the collection exhibits a wide 
range of fruit shapes and sizes (Figure 6a). Flattened (49,1%) and round (32,9%) 
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shapes are the most abundant, aligning with historical diversification, crop 
domestication, and market preferences where ribbed forms decreased in favor of 
round and uniform shapes since the 17th century (Blanca et al., 2023, manuscript 
in preparation). Medium-sized fruits (50 to 200 g) dominate, but extreme sizes (< 
50 g and > 200 g) are also represented. Moreover, there is significant diversity in 
fruit morphological traits of agronomic importance, such as fasciation, ribbing, and 
pistil scar (Figure 6a). Slightly fasciated fruits (41,8%) with mildly pronounced 
ribbing (49,9%) and a dot pistil scar shape (59.3%) are most prevalent, likely due to 
historical selection. Increased ribbing and irregular scars can lead to deformed 
fruits with numerous potential pathogen entry points, reducing post-harvest 
preservation and complicating transportation and handling (Bai and Lindhout, 
2007). 
 

 
Figure 6. Stacked bar chart of fruit descriptors related to vegeta�ve descriptors (a) Predominant fruit 
shape (1: Flatened; 2: Slightly flatened; 3: Rounded; 4: High rounded; 5: Heart-shaped; 6: Cylindrical; 
7: Pear-shaped; 8: Plum-shaped; 9: Others), Fruit fascia�on (1: Smooth; 3: Slight; 5: Medium; 7: 
Severe), Ribbing at calix end (0: Absent; 3: Slight; 5: Medium; 7: Strong), Shape of pis�l scar (1: Dot; 3: 
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Stellate; 5: Linear; 7: Irregular), Transvers sec�on (1: Round; 2: Angular; 3: Irregular), Puffiness (0: 
Absent; 3: Slight; 5: Medium; 7: Severe), Blossom end shape (1: Indented; 2: Flat; 3: Pointed), Presence 
of jointless pedicel (0: Absent; 1: Present), and Fruit size (1: Very small (less than 15 g); 3: Small (15 to 
50 g); 5: Medium (50 to 400 g); 7: Big (400 to 800 g); 9: Very big (over 1000 g)), fruit color (b) Exterior 
color of immature fruit (1: Greenish-white; 3: Light green; 5: Green; 7: Dark green; 9: Very dark green), 
Exterior color of mature fruit (1: Green, 2: Yellow, 3: Orange, 4: Red, 5: Pink, 6: Orange-red, 7: Brown, 
8: Violet, 9: Others), Skin color of ripen fruit (1: Colorless; 2: Yellow), Presence of green (shoulders) 
trips on the fruit (0: Absent (Uniform ripening); 1: Present), and Intensity of green shoulders (0: Absent; 
3: Slight; 5: Intermediate; 7: Strong) and agronomic descriptors (c) Flowering earliness (3: Early; 5: 
Medium; 7: Late), Maturity earliness (3: Early; 5: Medium; 7: Late), Fruit size varia�on within a plant 
(1: Uniform; 3: Slight; 5: Medium; 7: High), Fruit set (1: Low; 3: Intermediate; 5: High; 7: Very high), 
and Fruit yield per plant (1: Very low; 3: Low; 5: Medium; 7: High; 9: Very high). The leter n 
corresponds to the number of accessions with data. 

The descriptors related to fruit color reveal that most accessions in the collection 
produce red fruits (81,8%), although other colors such as yellow, orange, pink, and 
brown are also represented (Figure 6a). Another trait that exhibits significant 
variability is the presence and intensity of green shoulders (Figure 6a). The 
variability in fruit color at the maturity stage, skin color and the presence of green 
shoulders are depicted in Figure 7ab. 
 

 
Figure 7. Flowchart of fruit color-related characters. (a) Variability of fruit color at an immature stage 
(1: Greenish-white; 3: Light green; 5: Green; 7: Dark green; 9: Very dark green), mature stage (1: 
Green, 2: Yellow, 3: Orange, 4: Red, 5: Pink, 6: Orange-red, 7: Brown, 8: Violet, 9: Others), and 
presence of green shoulders (0: Absent; 1: Present); (b) Variability of fruit color at immature stage, 
skin color (1: Colorless; 2: Yellow), and color at maturity stage. The letter n corresponds to the number 
of accessions with data. 
 
The collection exhibits a remarkable diversity of agronomically relevant traits such 
as flowering and maturation earliness, fruit set, and yield (Figure 6c), highlighting 
its potential for selecting and breeding materials with specific characteristics and 
performance objectives.   
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For some descriptors, the variation is limited despite having all the ranges 
represented, such as inflorescence type (Figure 5b) and leaf type (Figure 5a), where 
the predominant forms are uniparous inflorescence (76,6%) and standard leaf type 
(80,8%). 

 
Pepper 
 
The pepper collection is predominantly composed of cultivated species from the 
three main complexes (Figure 2b): Annuum, which includes the widely consumed 
and highly diverse species Capsicum annuum (An), C. chinense (Ch), and C. 
frutescens (Fr); Pubescens, which includes C. pubescens (Pb), a less consumed 
species taxonomically more distant from the Annuum complex; and Baccatum, 
which contains C. baccatum (Ba), the species farthest from the other groups. 
 
The extensive diversity within the pepper collection is evident in the wide variation 
observed across the 26 evaluated descriptors. Plant height and the presence of 
anthocyanins in the nodes are the vegetative descriptors that display the highest 
level of heterogeneity (Figure 8). Accessions belonging to An exhibit intermediate 
heights (50-100 cm), while those belonging to Fr, Ch, Pb, and Ba tend to be shorter 
and more compact. Regarding the accumulation of anthocyanins in the nodes, a 
significant percentage of purple nodes is observed in An (85,8%), Ch (84,1%), Pb 
(77,7%), and Ba (64,8%), whereas Fr exhibits a higher degree of absence (60,8%). 
 

 
Figure 8. A mosaic plots of cultivated species (C. annuum (An), C. frutescens (Fr), C. chinense (Ch), C. 
pubescens (Pb) and C. baccatum (Ba) for vegetative descriptors.  Plant growth habit (3: Prostrate; 5: 
Compact; 7: Erect), Plant height (1: Short (<50cm); 3: Intermediate (50-100cm); 5: Tall (>100cm); 7: 
Very tall (>200cm)), and Nodal anthocyanins (0: Green; 1: Very pale purple; 3: Pale purple; 5: Purple; 
7: Dark purple). The letter n corresponds to the number of accessions with data. 
 
In terms of descriptors related to fruit morphology, the collection shows all the 
shapes, sizes, and types of fruit cross-sections described (Figure 9a). The elongated 
shape (37,7%), conical (34,49%) and rectangular (19,4%) predominate in An, while 
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in Fr and Ba the most abundant shape is elongated (81,8% and 68,9%), bell-shaped 
in Ch (46,5%) and rectangular in Pb (53,3%). Regarding the size of the fruit, An, Ch, 
and Ba present all categories. On the contrary, the very small fruit size 
(<4 g) stands out in Fr. 
 

 
Figure 9. A mosaic plots of cultivated species (C. annuum (An), C. frutescens (Fr), C. chinense (Ch), C. 
pubescens (Pb), and C. baccatum (Ba)) for fruit descriptors related to their morphology. (a) Fruit shape 
(1: Elongated; 2: Oblate; 3: Round; 4: Conical; 5: Campanulate; 6: Bell or blocky; 7: Pumpkin shaped; 
8: Other), Fruit size (1: Very small (<4 g); 3: Small (4 < x < 10 g); 5: Medium (10 < x < 40 g); 7: Big (40 < 
x < 150 g); 9: Very big (>150 g), and Fruit cross-sectional corrugation (0: Smooth; 3: Slightly corrugated; 
5: Intermediate; 7: Corrugated); (b) Flow chart of fruit color in mature and immature states in C. 
annuum. Fruit color at immature stage (1: Green; 2: Yellow; 3: Orange; 4: Red; 5: Purple; 6: Brown; 7: 
Black; 8: Yellow-green; 9: Other) and Fruti color at mature stage (1: Green; 2: Yellow; 3: Orange; 4: 
Orange-red; 5: Red; 6: Purple; 7: Brown; 8: Black; 9: Yellow-orange; 10: White). (c) A mosaic plot of 
Corolla color (1: White; 2: Light yellow; 3: Yellow; 4: Yellow-green; 5: White with purple base; 6: White 
with purple margins; 7: Purple; 8: Other). The letter n corresponds to the number of accessions with 
data. 
 

The flow chart in Figure 9b illustrates the extensive diversity observed in the 
collection, as it showcases the color transformation of fruits from their immature 
to mature states in An. The majority of fruits that are initially green, orange, or 
purple transition to a red hue when fully mature. Pepper, being naturally abundant 
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in a variety of beneficial compounds such as carotenoids, phenolic compounds, fats, 
oils, and minerals, holds great significance as one of the world's most important 
crops (Rodríguez-Burruezo et al., 2010; Rosa-Martínez et al., 2023). The dual-stage 
consumption of these fruits adds to their allure, as they exhibit distinct nutritional 
characteristics depending on their level of ripeness (Ribes-Moya et al., 2018). 
Consequently, diversity in these traits becomes crucial in identifying and selecting 
the most desirable attributes and the optimal stage for consumption (Rodriguez-
Burruezo and Nuéz, 2006). 
 
Analyzing the corolla color, which plays a pivotal role in taxonomic classification of 
different species  (Ortiz et al., 2010), we observe that An and Ch predominantly 
display white and greenish corollas, while Fr and Ba exhibit green corollas, and Pb 
showcases shades of purple (Figure 9c). Additional significant traits for taxonomic 
differentiation include the presence of spots on the corolla, with Ba distinguished 
by a distinctive yellow-green spot. Likewise, the black seed color in Pb provides a 
clear distinction for this particular species (data not shown). 
 
Among the agronomic and commercial traits, pungency emerges as noteworthy 
(Figure 10). Fr, Ch, Pb, and Ba species possess pungent fruits, whereas An 
substantial exhibits variability in pungency, ranging from absence to varying 
degrees (data not shown). Regarding flowering and maturation earliness (Figure 
10), the collection demonstrates remarkable diversity. An predominantly displays 
a moderate level of flowering earliness (75,1%) and early to moderate maturation 
earliness (57,3% and 38,6%, respectively), while Fr, Ch, Pb, and Ba exhibit late 
flowering and moderate maturation earliness. 
  

 
Figure 10. A mosaic plot of cultivated species (C. annuum (An), C. frutescens (Fr), C. chinense (Ch), C. 
pubescens (Pb), and C. baccatum (Ba)) for agronomic descriptors. Fruit pungency (0: Non-pungent 
(sweet); 1: Pungent), Flowering earliness (3: Early; 5: Medium; 7: Late), and Maturation earliness (3: 
Early; 5: Medium; 7: Late). The letter n corresponds to the number of accessions with data. 
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Eggplant 

 
The eggplant collection, which includes cultivated varieties S. melongena, S. 
macrocarpon and S. aethiopicum, exhibits a wide variation in most studied traits. 
This analysis is primarily based on S. melongena, the most consumed cultivated 
species worldwide. The extensive diversity of the eggplant collection is evident in 
the broad range of variation observed in the 21 analyzed qualitative descriptors. 
 
The collection shows significant variability in vegetative descriptors, encompassing 
all possible types (Figure 11a). Intermediate growth habit (60%) and erect growth 
habit (30,6%) are the most abundant. The vast majority exhibit varying degrees of 
anthocyanin pigmentation in stems and leaves, contrasting with their absence 
(88,7%). Regarding the presence or absence of prickles on leaves, non-prickles 
accessions predominate (51,5%), which results from domestication and selection 
processes  (Hilgenhof et al., 2023). Additionally, as depicted in Figure 11b, the 
absence of leaf prickles does not influence the presence or absence of prickles in 
the calyx, giving rise to a wide variety of combinations. 

 
Figure 11. (a) Stacked bar chart of vegetative traits: Plant growth habit (1: Very upright; 2; 3: Upright; 
4; 5: Intermediate; 6: Slightly prostrate; 7: Prostrate) and Leaf blade lobes (1: Very weak; 2; 3: Weak; 
4; 5: Intermediate; 6; 7: Strong; 9: Very strong), Leaf prickles (0: None; 1: Very few (1-2); 2; 3: Few (3-
5); 4; 5: Intermediate (6-10); 7: Many (11-20); 9: Very many (>20)), and General anthocyanin 
distribution in the plant (apex and stem) (0: Absent; 3: Low; 4; 5: Medium; 7: High). (b) Bar chart 
showing the flow of prickles presence degree in leaf and calyx. Leaf prickles (0: None; 1: Very few (1-
2); 2; 3: Few (3-5); 4; 5: Intermediate (6-10); 7: Many (11-20); 9: Very many (>20)) and Calyx prickles 
(0: None; 1: Very few (<3); 3: Few (~5); 5: Intermediate (~10); 7: Many (~20); 9: Very many (>30)). The 
letter n corresponds to the number of accessions with data. 
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The fruit morphology-related traits (Figure 12), particularly the fruit's shape, cross-
section, and curvature, demonstrate the significant heterogeneity and diversity 
present in the collection, primarily caused by preferences in different global 
markets (Frary et al., 2006). Regarding fruit color in the mature stage, green 
(35,5%), purple (25,5%), dark purple (11,2%), and fire red (8,3%) stand out, as well 
as fruits with a uniform color distribution (45,5%) and striped pattern (36,1%) 
 

 
Figure 12. Stacked bar chart of fruit descriptors related to morphology. Fruit size (1: Very small (less 
than 15 g), 3: Small (15 to 50 g), 5: Medium (50 to 400 g), 7: Big (400 to 800 g), 9: Very big (over 1000 
g)), Fruit size (1: Broader than long; 3: As long as broad; 5: Slightly longer than broad; 7: Twice as long 
as broad; 8: Three �mes as long as broad; 9: Several �mes as long as broad), Fruit cross sec�on (1: 
Circular, no grooves; 3: Ellip�c, no grooves; 5: Few grooves (~4); 7: Many grooves (~8); 9: Very 
irregular), Fruit curvature (1: None; 2: Slight curvature; 3: Slight curvature; 5: Curved; 7: Snake-shaped; 
8: Sickle-shaped; 9: U-shaped), Fruit apex shape (3: Protruded; 5: Rounded; 7: Depressed), Fruit color 
at commercial ripeness (1: Green; 2: Milk white; 3: Deep yellow; 4: Fire red; 5: Scarlet red; 6: Lilac gray; 
7: Purple; 8: Dark purple; 9: Black), and Fruit color distribu�on at commercial ripeness (1: Uniform; 3: 
Motle; 5: Neted; 7: Striped). The leter n corresponds to the number of accessions with data. 

In the agronomic descriptors, such as flowering earliness and yield, we find all the 
options represented (Figure 13a). These traits are related and, as revealed by the 
data, are also associated with fruit size (Figure 12) and the number of flowers per 
inflorescence (Figure 13b). 
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Figure 13. (a) Stacked bar chart of agronomic descriptors. Flowering earliness (3: Early; 5: Medium; 7: 
Late) and Fruit yield per plant (1: Very low; 3: Low; 5: Medium; 7: High; 9: Very high). (b) Violin plot 
displaying quan�ta�ve data on the number of flowers per inflorescence. The leter n corresponds to 
the number of accessions with data  
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Strengths and weaknesses of the documentation associated with germplasm 
collections 
 
Understanding and disseminating the genetic diversity stored in germplasm banks 
is an essential task for the efficient management and subsequent utilization of plant 
material, both in breeding programs and basic research. Under the frame of the 
G2P-SOL project, the availability of passport and phenotypic data and images of the 
complete set of accessions was essential to know the potential of the germplasm 
to be studied, the extent of phenotypic variability, and the geographical coverage. 
All this information constitutes the most complete inventory of the most 
economically relevant Solanaceous crops. The detailed analysis of this vast amount 
of data is essential for determining duplication among collections, germplasm 
exchange among genebanks, and the variability of phenotypic characteristics, 
including different types of materials, cultivated varieties, and wild relatives. 
Consolidating this huge amount of information into a single database is also 
relevant for constructing core collections in conjunction with genotyping data. 
 
The joint analysis of passport data from accessions distributed among major 
European and Asian germplasm banks has provided us a more accurate 
comprehension of the distribution and composition of genetic resources in these 
crops. Taking tomato as an example, which has the highest number of accessions 
(24,767), a significant number of duplicates among collections is evident. To explain 
this phenomenon, it is necessary to consider the history of germplasm banks 
worldwide, the interest and leadership in tomato genetic improvement since its 
inception, and the policies for protecting genetic resources in different countries. 
In this regard, the predominant role of the United States must be highlighted. The 
most important tomato collections are housed at the Tomato Genetic Resources 
Center (Davis, California) and the USA National Plant Germplasm System. Nearly 
6,000 accessions from US genebanks and over 1,500 accessions from the TGRC are 
duplicated in many genebanks worldwide. An exceptional case is WorldVeg from 
Taiwan, which holds 4,289 accessions from the USA and 615 from the TGRC. 
Similarly, other important European genebanks also contain numerous accessions 
from these collections. This indicates that the same germplasm is utilized globally 
for tomato breeding. Fortunately, the incorporation of wild relatives in breeding 
programs helps prevent excessive narrowing of the genetic background in modern 
cultivars. From the analysis of passport data provided by the banks, the weakness 
of the databases becomes evident, as they lack key information such as the 
biological status of the accession, cultivar names, collecting date, or codes that 
facilitate the detection of duplicates. Depending on the research objectives, all this 
information is of crucial interest. Despite numerous international initiatives 
(Genesys, EURISCO, WIEWS databases), a considerable amount of work still needs 
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to be done, as complete and detailed information on conserved germplasm 
exponentially enhances its utility. 
 
The availability of these data in the Phenome database (https://unity.phenome-
networks.com/) developed in this project has facilitated their joint study. In the 
case of pepper, combining this information with genotyping data has led to the 
detection of 1,618 duplicates among and within collections and the determination 
of the global expansion of this crop (Tripodi et al., 2021). Similar studies are about 
to be published for tomato and eggplant. 
 
Regarding the phenotypic data provided by the germplasm banks, the most notable 
finding of this study is likely the low proportion of phenotyped accessions, 
especially in genebanks that have contributed a large number of accessions (Table 
3). Furthermore, despite the efforts made at the European level by the ECPGR 
(European Cooperative Programme on Plant Genetic Resources) to standardize the 
management of plant genetic resources, and by other institutions such as UPOV 
(The International Union for the Protection of New Varieties of Plants), there is a 
lack of uniformity in the collected data, requiring significant efforts to rationalize 
the received data. 
 
Table 3. Number of accessions for different crops in the G2P-SOL collec�on and the number 
of accessions with at least one available phenotypic data. 

 Tomato Pepper Eggplant 

Ins�tu�ons 
Total 

number of 
accessions 

With 
phenotypic 

data 

Total 
number of 
accessions 

With 
phenotypic 

data 

Total 
number of 
accessions 

With 
phenotypic 

data 

IPK  3.835 1205 1.536 308 112 70 
INRAE 1.210 1205 1.300 2.611 1.546 1.057 
COMAV-UPV 2.390 1385 1.426 703 260 147 
WUR-DLO 1.332 1300 1.033 1.003 510 498 
CREA - - 300 300 360 360 
MVCRI 52 52 67 67 - - 
ENEA 239 0 - - - - 
UniTO - - 136 98 - - 
WorldVeg 8.545 4711 7.964 6380 3.745 2.269 
HUJI  7.114 4251 - - - - 
CIP  - - - - - - 
ARO - - 305 0 - - 
BATEM 50 50 50 50 41 41 

Total 24.767 14.159 14.117 11.520 6.574 4.442 
   

The conducted study has also highlighted the significant morphological variability 
contained within the collections. For the majority of the studied descriptors, all 

https://unity.phenome-networks.com/
https://unity.phenome-networks.com/
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possible variants have been found among the set of accessions. The availability of 
these data in a single database, which also includes genotyping data and 
information regarding the constructed core collections for each crop, will enable 
the qualitative and quantitative utilization of this germplasm in a previously 
unexplored manner. In addition to passport and phenotypic data, the thousands of 
images provided by the germplasm banks further enhance the value of the 
collection. 
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ABSTRACT  
 

Background: The use of sequencing and genotyping pla�orms has undergone 
drama�c improvements, enabling the genera�on of a wealth of genomic 
informa�on. Despite this progress, the availability of high-quality genomic DNA 
(gDNA) in sufficient concentra�ons is o�en a main limita�on, especially for third-
genera�on sequencing pla�orms. A variety of DNA extrac�on methods and 
commercial kits are available. However, many of these are costly and frequently give 
either low yield or low-quality DNA, inappropriate for next genera�on sequencing 
(NGS) pla�orms. Here, we describe a fast and inexpensive DNA extrac�on method 
(SILEX) applicable to a wide range of plant species and �ssues.  
 

Results: SILEX is a high-throughput DNA extrac�on protocol, based on the standard 
CTAB method with a DNA silica matrix recovery, which allows obtaining NGS-quality 
high molecular weight genomic plant DNA free of inhibitory compounds. SILEX was 
compared with a standard CTAB extrac�on protocol and a common commercial 
extrac�on kit in a variety of species, including recalcitrant ones, from different 
families. In comparison with the other methods, SILEX yielded DNA in higher 
concentra�ons and of higher quality. Manual extrac�on of 48 samples can be done 
in 96 min by one person at a cost of 0.12 €/sample of reagents and consumables. 
Hundreds of tomato gDNA samples obtained with either SILEX or the commercial 
kit were successfully genotyped with Single Primer Enrichment Technology (SPET) 
with the Illumina HiSeq 2500 pla�orm. Furthermore, DNA extracted from Solanum 
elaeagnifolium using this protocol was assessed by Pulsed-field gel electrophoresis 
(PFGE), obtaining a suitable size ranges for most sequencing pla�orms that required 
high-molecular-weight DNA such as Nanopore or PacBio.  
 

Conclusions: A high-throughput, fast and inexpensive DNA extrac�on protocol was 
developed and validated for a wide variety of plants and �ssues. SILEX offers an 
easy, scalable, efficient and inexpensive way to extract DNA for various next-
genera�on sequencing applica�ons including SPET and Nanopore among others.  
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BACKGROUND 

In the last decade, sequencing and genotyping technologies have become rou�ne, 
allowing to generate a wealth of genomic informa�on even in non-model plant 
species and neglected crops (Scheben et al., 2017; Jung et al., 2019). Nowadays, 
genome sequencing, as well as the most common high-throughput genotyping 
strategies, like Genotyping-by-Sequencing (GBS; Elshire et al., 2011), Restric�on 
Associated DNA Sequencing (RADseq; Baird et al., 2008) and Single Primer 
Enrichment Technology (SPET; Scaglione et al., 2019; Barchi et al., 2019), are 
conducted using next-genera�on sequencing (NGS) pla�orms. However, despite the 
advances, DNA quality is s�ll a main botleneck, mostly for the third-genera�on 
sequencing pla�orms where high-molecular-weight DNA free of contaminants is 
required (Vaillancourt and Buell, 2019). Unlike bacteria and mammalian cells, fungi 
and plant cells are protected by rigid polysaccharide cell walls that hamper the 
extrac�on of unfragmented DNA (Anderson et al., 2018). Furthermore, plants 
produce a wide array of compounds and secondary metabolites (e.g., pigments, 
phenols, carbohydrates, waxes, among others) that tend to co-precipitate with the 
DNA and interfere with the subsequent enzyma�c reac�ons (Rana et al., 2019). 
 
So far, the CTAB DNA extrac�on protocol developed by Doyle and Doyle (Doyle and 
Doyle, 1990) is one of the most widely used by plant researchers. Several 
modifica�ons of this protocol have been implemented in order to minimize 
contamina�on by other compounds of specific �ssues of species (Vaillancourt and 
Buell, 2019; Healey et al., 2014; Mar�nez-González et al., 2017). These 
modifica�ons, apart from being species or �ssue-specific and frequently not 
removing completely interfering compounds, are �me-consuming due to many 
handling steps, and thus are not suitable for high-throughput applica�ons (Barbier 
et al., 2019; Souza et al., 2019).  
 
Conversely, commercial kits based on silica matrices avoid many of these issues by 
op�mizing the condi�ons in which only DNA can bind to the silica surface. 
Therefore, contaminants such as polysaccharides, polyphenols and proteins can be 
easily removed (Kovačević et al., 2016). They also tend to be faster than the 
standard CTAB protocol, being the preferred op�on for sequencing studies in which 
many samples must be evaluated (Rana et al., 2019; Mar�n et al., 2019). Usually, 
commercial kits rely on the reversible interac�on between DNA and a silica or 
silicate support, either in the form of a filter membrane or of silica-coated magne�c 
par�cles (Zhou et al., 2018; Park et al., 2019). The adsorp�on of DNA to the silica 



Results | Chapter II 

107 
 

surface is facilitated by buffers with low pH, high concentra�ons of chaotropic salts 
(such as guanidinium hydrochloride, guanidinium thiocyanate, or sodium iodide) 
and ethanol (Boom et al., 1990; Carter and Milton, 1993; Carvalho et al., 2018; 
Branton et al., 2019). Under these condi�ons, the surface of the silica can interact 
with the nega�ve surface of DNA via ionic interac�ons (Cheng et al., 2016; Shi et al., 
2015). A�er several washes with high concentra�ons of ethanol to eliminate 
contaminants, DNA is generally eluted with water or TE at pH 8.0. At this higher pH 
value, the nega�vely charged silica surface and DNA repeal each other, releasing the 
DNA (Kateva�s et al., 2017; Green et al., 2018; Toole et al., 2019). 
 
However, commercial kits are usually expensive, with reagent costs commonly 
ranging between 2 and 9 US$ per sample (Anderson et al., 2018; Pistaka et al., 
2019), and many �mes provide low yields, insufficient for some NGS applica�ons  
(Anderson et al., 2018; Xia et al., 2019). Furthermore, for some commercial kits, the 
DNA quality and quan�ty obtained in recalcitrant species is low (Akkurt, 2012; 
Marsal et al., 2011; Abdel-La�f et al., 2017). DNA extrac�on methods relying on 
silica matrices and chaotropic salts have been reported (Huang et al., 2000; Rogstad 
et al., 2012; Li et al., 2010; Li and Sheen, 2012); however, chaotropic salts can inhibit 
subsequent enzyma�c reac�ons which are essen�al for NGS applica�ons 
(Vandeventer et al., 2012; Boesenberg-Smith et al., 2012; Emaus et al., 2018). 
 
In this study, we present a novel, fast and inexpensive DNA extrac�on protocol that 
combines the advantages of CTAB-based extrac�on coupled with a purifica�on on 
a silica matrix. The new method was assessed on different species, including 
recalcitrant ones and different �ssues. To test its suitability for different NGS 
applica�ons, the method was compared with commercial kits for Single Primer 
Enrichment Technology (SPET) genotyping (Barchi et al., 2019). The method was 
also used to extract high-molecular-weight DNA from a recalcitrant wild species 
(Solanum elaeagnifolium). The DNA obtained was successfully used to construct 
long insert size Nanopore libraries for a de novo genome assembly, which can be 
difficult for recalcitrant species (Dumschot et al., 2020), thus proving its suitability 
for third-genera�on sequencing pla�orms. 
 
We demonstrate that this new method combines the advantages of commercial kits 
(high-quality DNA, fast and broad range of species spectrum) with those of a CTAB-
based method (high yield and inexpensive) being suitable for rou�nely DNA 
screening and NGS pla�orms. 
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MATERIALS 

Plant material 
 
To test our proposed protocol (herea�er named SILEX, for SILica matrix EXtrac�on), 
leaf and fruit �ssue from non-recalcitrant species and leaf �ssue from recalcitrant 
species was sampled for four different trials. In a first trial, leaf �ssue from a total 
of 1,860 accessions of tomato (S. lycopersicum) and its wild rela�ves was extracted 
to compare the quality, quan�ty and integrity of DNA extracted using SILEX and the 
commercial kit sbeadex maxi plant kit (herea�er SMP kit; LGC Genomics, 
Teddington, UK) for SPET genotyping. Extrac�ons were performed on different days 
over several months 
 
 In a second trial, in order to evaluate the appropriateness of SILEX in different plant 
�ssues, 50 mg of fresh and 30 mg of lyophilized fruit �ssue of tomato, eggplant (S. 
melongena) and pepper (Capsicum annuum) were extracted. The fruit �ssue was 
collected, immediately frozen in liquid N2 and lyophilized. In a third trial, the 
suitability of SILEX for DNA extrac�on in recalcitrant species was assessed using 
leaves �ssue of six species, cassava (Manihot esculenta), grapevine (Vitis vinifera), 
loquat (Eriobotrya japonica), banana (Musa × paradisiaca), naranjillo (Solanum 
bonariense), and strawberry (Fragaria × ananassa), selected to represent a wide 
range of recalcitrant species presen�ng different contaminants and secondary 
metabolites that interfere with DNA extrac�on. Extrac�ons from recalcitrant plants 
made by SILEX were compared with those carried out using the standard CTAB 
protocol (Doyle and Doyle, 1990) and the commercial SMP kit following the 
manufacturer's instruc�ons. Finally, the suitability of SILEX to extract clean and 
high-molecular-weight DNA for third-genera�on sequencing was assessed in the 
silverleaf nightshade (S. elaeagnifolium), a wild rela�ve of eggplant (Knapp et al., 
2017), that we selected for the difficulty to obtain contaminant-free DNA due to its 
high content in phenolics (García-Fortea et al., 2019). 
 
Solutions, reagents and consumables 
 
• 2 ml Sarstedt Microtube (www.sarstedt.com, Cat No. 72.691)  
• 5 mm Glass beads (www.vwr.com, Cat No. MARI4901005) 
• N-Cetyl-N,N,N-trimethylammonium bromide, CTAB (www.itwreagents.com, Cat 

No. A6284.0500) 
• Polyvinylpyrrolidone, PVP-40 (www.sigmaaldrich.com, Cat No. PVP40-500G) 
• Ethylenediaminetetraacetic acid, EDTA (www.itwreagents.com, Cat No. 

131026.1210) 
• Trizma® hydrochloride, Tris HCl (www.sigmaaldrich.com, Cat No. 93363-500G) 
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• Sodium Chloride (www.itwreagents.com, Cat No. 131659.1211) 
• β-Mercaptoethanol (www.sigmaaldrich.com, Cat No. M6250-100ML) 
• RNase A (www.vwr.com, Cat No. NA-03) 
• Chloroform Essent® (www.scharlab.com, Cat No. CL1981000) 
• Isoamyl alcohol Essent® (www.scharlab.com, Cat No. AL02851000) 
• Polyethylene Glycol 8000 (www.itwreagents.com, Cat No. 146224.1211) 
• Silicon dioxide (www.fishersci.se, Cat No. S5631-500G) 
• Hydrochloric acid (www.sigmaaldrich.com, Cat No. H1758-500ML) 
• Absolute Ethanol ExpertQ® (www.scharlab.com, Cat No. ET0002025P) 
• Tris Base (www.itwreagents.com, Cat No. 14194.1211) 

 
Equipment  
 

• Qiagen TissueLyser II (www.qiagen.com, Cat No. 85300) 
• Thermoblock (www.vwr.com, Cat No. 12621-096) 
• Eppendorf Centrifuge 5424 (www.eppendorf.com, Cat. No. 5404000010) 

 
Reagent setup 
 
Extrac�on buffer: 2% (w/v) CTAB, 2% (w/v) PVP-40, 20 mM EDTA, 100 mM Tris HCl 
(pH 8.0) and 1.40 M NaCl. The buffer may be stored for several months at room 
temperature. 
 

Protein precipita�on buffer: 24 parts of chloroform and 1 part of isoamyl alcohol. It 
may be stored for several months at room temperature. 
 

Binding buffer: 2.5 M NaCl and 20% PEG 8000. It may be stored for several months 
at room temperature. 
 

Silica matrix buffer: Mix 5 g of silicon dioxide with 50 ml of MilliQ water and let stand 
for 24 hours. Discard the supernatant and resuspend the pellet in 50 ml of MilliQ 
water and let stand for another 5 hours. Discard the supernatant and resuspend the 
pellet in 1:1 (v/v) MilliQ water. Finally, add 10 µl of HCl 36% per ml of silica matrix 
solu�on obtained. It may be stored for several months at room temperature. 
 

Washing buffer: Fresh prepared ethanol 70%. It may be stored for several months 
at room temperature. 
 

Elu�on buffer: 10 mM Tris HCl (pH 8.0) and 1 mM EDTA (pH 8.0). It may be stored 
for several months at room temperature. 
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PROTOCOL 

SILEX DNA extraction protocol 
 

1. Add a 5 mm glass bead to a 2 ml tube, place around 50 mg of fresh or lyophilized 
�ssue into the tube and immediately frozen in liquid nitrogen. 

2. Place the tubes in the Qiagen TissueLyser adapters, grind the samples for 60 secs at 
13,000 rpm and immediately return the samples in liquid nitrogen. 

NOTE: This is a cri�cal step and can greatly influences the final DNA recovery. Avoid sample thaw 
and pre-chill Qiagen TissueLyser plate adapters. Check that the plant material has become 
a fine powder. 

3. Take the tube from the liquid nitrogen and gently tap it vertically to settle the plant 
material at the bottom of the tube. Add 1 ml of extraction buffer, add 14 µl of β-
mercaptoethanol and gently mix the tube until complete homogenization. Then, 
add 2 µl of RNase (10 mg/ml) and incubate in a thermoblock for 30 min at 65 °C. 

NOTE: Avoid sample thaw before adding the extrac�on buffer. Preheat the thermoblock at 65 °C. 
4. Put the samples on ice for 5 min. Add 700 µl of protein precipitation buffer and 

gently vortex or (for very high molecular weight DNA) gently invert by hand 
thoroughly for approximately 20 seconds. 

5. Centrifuge at 11,000 rpm for 5 min at room temperature, carefully recover around 
800 µl of the supernatant phase and transfer it to a new 2 ml tube. 

NOTE: Pipete carefully to avoid dragging the interphase. Interphase contaminants can largely 
affect the final quality of the DNA. 

6. Add 480 μl of binding buffer and gently invert the tube by hand until complete 
mixing. Subsequently, add 720 μl of absolute ethanol and gently invert the tube 
again for a few seconds until complete mixing. 

NOTE: The amount of binding buffer plus ethanol must be 1.5 volumes of the supernatant 
recovered in step 5. In the binding buffer plus ethanol mix, 40% should be the binding buffer 
and 60% should be absolute ethanol. 

7. Add 20 µl of silica matrix buffer and mix gently during 5 min (by hand or using an 
orbital shaker).  

8. Spin down the silica for 5 to 6 seconds and discard the supernatant by decantation.  
NOTE: Longer centrifuga�on �mes will make it difficult to resuspend the silica in the subsequent 

steps. 
9. Add 700 μl of washing buffer and shake gently by hand until a uniform dispersion 

of the silica is obtained. 
10. Spin down the silica for 5 to 6 seconds, gently discard the supernatant by 

decantation and let dry at room temperature for 5 min. 
NOTE: Make sure that all ethanol is completely evaporated. 
11. Add 100 µl of elution buffer, shake gently by hand until the pellet is resuspended 

and incubate 5 min at 65 ºC. 
12. Centrifuge at 14,000 rpm for 10 min at room temperature and transfer 90 µl of the 

supernatant to a new tube. 
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DNA concentration and quality 
 
DNA integrity was checked by electrophoresis on a 0.8% agarose gel (Condalab, 
Madrid, Spain) in 1X TAE buffer (GenoChem World, Valencia, Spain) stained with 
GelRed® (Bio�um, Fremont, CA, USA) at a constant voltage of 100 V for 50 min. Gel 
Doc XR+ System transilluminator (Bio-Rad, Hercules, CA, USA) was used to visualized 
agarose gels. For high-molecular-weight DNA, the size and integrity were tested by 
pulse-field gel electrophoresis was run at 3.3 V/cm in 15-second cycles with an angle 
of 120º for 24 h at 4 ºC with 0.8% agarose in TB buffer.  
 
DNA yield and quality were measured spectrophotometrically using NanoDrop™ 
ND-1000 (Thermo Scien�fic, Waltham, MA, USA). A260/A280 and A260/A230 ra�os were 
measured to determine, respec�vely, protein and polysaccharide contamina�on. 
DNA quan�ty was also quan�fied with a Qubit™ 2.0. Fluorometer (Thermo 
Scien�fic, Waltham, MA, USA). An aliquot of 2 µl of each sample was examined 
using the Qubit™ dsDNA BR Assay Kit (Thermo Scien�fic, Waltham, MA, USA) 
according to the instruc�ons of the manufacturer.  
 
In addi�on, the concentra�on of DNA obtained from the 1,860 tomato samples was 
measured fluorometrically using Quant-iT™ PicoGreen™ dsDNA Assay Kit (herea�er 
PicoGreen, Thermo Scien�fic, Waltham, MA, USA) and a 96-wells plate reader 
VICTOR3 1420 (PerkinElmer, Waltham, MA, USA) equipped with an excita�on filter 
F485 and emission filter F535.   
To check the suitability of the DNA extrac�on method for sequencing applica�ons 
where DNA is fragmented, approximately 1 µg of DNA was digested for 1 h at 37 ºC 
followed by 20 min at 65 ºC with restric�on enzymes EcoRI (New England Biolabs, 
Ipswich, MA, USA). The diges�on was evaluated through 1% agarose 
electrophoresis as above.  
 
High-throughput genotyping quality check  
 
For the first trial, sequencing of tomato samples for genotyping by SPET was 
performed with an Illumina NextSeq 500 pla�orm (Illumina Inc., San Diego, CA, 
USA), following the manufacturer protocol. Phred values were obtained using 
FastQC Version 0.11.8. and ploted in R (Ihaka and Gentleman, 1996) using the 
package ggplot2 (Wickham, 2016). 
 
Suitability of extracted DNA for third-generation sequencing platforms  
 
For the third trial, 5 µg of S. elaeagnifolium DNA from a single extrac�on were size-
selected using the Circulomics SRE-XL-Kit (Circulomics Inc., Bal�more, MD, USA). For 
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library prepara�on, 1 µg of the size-selected DNA was used to prepare each of the 
three Nanopore LSK-109 libraries. Two of these libraries were sequenced on a 
MinION R9.4.1 (Oxford Nanopore, Oxford, UK) and the third was loaded on a 
PromethION PRO-002 (Oxford Nanopore, Oxford, UK). All three sequencing runs 
were basecalled using Oxford Nanopores Guppy basecaller version 3.2.2 (Oxford 
Nanopore, Oxford, UK) using the high accuracy basecalling models. 
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RESULTS 
 

Comparison of DNA extraction methods   
 

Tomato leaf samples 
Total DNA yield extracted through the SMP kit and es�mated by NanoDrop ranged 
from 14.5 ng/mg to 366.9 ng/mg with a mean of 38.3 ng/mg and a standard 
devia�on (SD) of 29.2 ng/mg. DNA extracted by SILEX showed higher output, 
ranging from 86.1 ng/mg to 1,698.1 ng/mg with an average of 382.9 ng/mg and a 
SD of 205.3 ng/mg (Table 1). Despite higher SD, the coefficient of varia�on (CV) of 
SILEX (53.6%) was lower than that of the SMP kit (76.1%).  
 
Table 1. Mean value, standard devia�on (SD), range and coefficient of varia�on (CV) of the 
DNA yield (ng/mg) using SILEX and SMP kit and quan�fied by NanoDrop (ND) and PicoGreen 
(PG). 
 

 SILEX SMP kit 
 ND PG ND PG 
Samples (n)  1,380 480 
Mean 382.9 141.3 38.3 41.7 
SD 205.3 36.8 29.2 26.4 
Range 86.1–1,698.1 37.9–231.2 14.5–366.9 1.2–134.8 
CV (%) 53.6 26.1 76.1 63.4 
Ra�o ND/PG 2.7 0.9 

 
The A260/A280 ra�o, which indicates protein contamina�on, was very variable in the 
SMP kit protocol, ranging from 1.15 to 2.32, with an average of 1.76 and a SD of 
0.33 (Figure 1a). In contrast, SILEX showed a more consistent ra�o with less 
varia�on (from 1.91 to 2.12) and with an average value of 2.03 and a SD of 0.05. 
Similarly, for the A260/A230 ra�o, which indicates salt and carbohydrates 
contamina�on, SMP kit showed a greater dispersion, with a ra�o between 0.27 and 
2.43 with an average of 1.09 and a SD of 2.55, compared to SILEX, which ranged 
from 1.16 to 2.16 with an average of 1.66 and a SD of 0.25 (Figure 1b) (Table 2). 
  

Table 2. Mean value, standard devia�on (SD), range and coefficient of varia�on (CV) of 
NanoDrop absorbance ra�os (A260/A280 and A260/A230) using SILEX and SMP kit.  
 

 SILEX  SMP kit  

 A260/A280 A260/A230 A260/A280 A260/A230 

Samples (n) 1,380 480 

Mean  2.03 1.66 1.76 1.17 
SD 0.05 0.22 0.22 0.45 
Range  1.91–2.12 1.16–2.16 1.15–2.32 0.27–2.43 
CV (%) 2.5 13.3 12.5 38.5 

        n: Samples indicate the number of independent extrac�ons performed 
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Figure 1. Quality control of DNA extracted with SILEX (orange) and SMP kit (blue) in 1,380 
and 480 tomato samples respec�vely.  Box and whisker plots are based on (a) A260/A280 and 

(b) A260/A230. Each dot represents a sample, the median is indicated by a horizontal line, the 
box represents the upper and lower quar�les and the whiskers show the variability outside 
the quar�les. 
 
Since spectrophotometric measurements with NanoDrop tend to overes�mate 
DNA yield due to likely interferences of proteins (Pon� et al., 2018), those measures 
were compared with the fluorometric ones performed with PicoGreen. Yields 
es�mated by the later ranged from 1.2 ng/mg to 134.8 ng/mg with a mean of 41.7 
ng/mg and a SD of 26.4 ng/mg in the case of DNA extracted by SMP kit. On the 
other hand, SILEX had higher yields, ranging from 37.9 ng/mg to 231.2 ng/mg with 
a mean of 141.3 ng/mg and a SD of 36.8 ng/mg (Table 1). In addi�on, yields 
es�mated by PicoGreen had greater varia�on between samples in DNA extracted 
by SMP kit (63.4%) in comparison with that extracted by SILEX (26.1%).   
 
To assess the overes�ma�on of DNA yield extracted using the different protocols, 
we compared the ra�os obtained by NanoDrop and PicoGreen measurements. 
Es�ma�on of yield by NanoDrop of DNA extracted with the SMP kit showed an 
es�ma�on of 0.9-fold compared to PicoGreen, sugges�ng that for this commercial 
kit NanoDrop measurements were comparable with the PicoGreen ones. In 
contrast, NanoDrop measurements from SILEX tended to overes�mate DNA yield 
2.7-fold compared to PicoGreen, sugges�ng contamina�on with a molecule 
absorbing at 260 nm. One possible explana�on for this overes�ma�on is that 
remnants of degraded RNA were present in our samples, since nanodrop is unable 
to discriminate among free nucleo�des, RNA, single-stranded DNA, and double-
stranded DNA. However, even with this overes�ma�on, the average yield obtained 
with SILEX (141.3 ng/mg with PicoGreen) was 3.4 �mes higher than with SMP kit 
(41.7 ng/mg). 

a b

SILEX SILEXSMP Kit SMP Kit

SILEX
SMP Kit
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DNA extraction from dry and fresh fruit tissues 
The amount of DNA obtained from dry and fresh fruit �ssues was similar to that 
achieved using leaf �ssue and ranged from 116.4 to 920.3 ng/mg. In general, higher 
yield of DNA was obtained with lyophilized �ssue (Table 3). Regardless of the �ssue 
used, A260/A280 ra�os were above 2.0 which indicates no protein contamina�on. On 
the other hand, lower ra�os were observed in A260/A230 ra�o, sugges�ng the 
presence of some organic contaminants. Despite these ra�os, DNA obtained was 
successfully digested by HindIII restric�on enzyme. 
 
Yield and quality control of DNA extracted by lyophilized and fresh fruit �ssue of 
tomato, eggplant and pepper measured using NanoDrop. 
 
Table 3. Yield and quality control of DNA extracted by lyophilized and fresh fruit �ssue of 
tomato, eggplant and pepper measured using NanoDrop.  

Species Fruit sample Yield (ng/mg) 
Absorbance ra�os 
A260/A280 A260/A230 

Tomato 
Lyophilized 116.4 ± 65.3 2.08 ± 0.08  1.30 ± 0.11  
Fresh 237.6 ± 40.2 2.22 ± 0.04  0.98 ± 0.08  

Eggplant 
Lyophilized 863.0 ± 289.0 2.10 ± 0.05  1.36 ± 0.13  
Fresh 253.0 ± 63.8 2.11 ± 0.04  1.38 ± 0.06  

Pepper 
Lyophilized 920.3 ± 248.7 2.10 ± 0.04  1.46 ± 0.14  
Fresh 271.6 ± 54.0 2.08 ± 0.03  1.18 ± 0.15  

Mean value and standard devia�on of 12 independent extrac�ons are shown. 
 

DNA extraction from recalcitrant species 
Overall, SILEX resulted in higher DNA yields, ranging (with fluorimetric 
determina�on) from 46.4 ng/mg in strawberry to 318.0 ng/mg in grapevine, than 
those obtained with the standard CTAB method or the SMP kit (Table 4). In addi�on, 
A260/A280 ra�os obtained with SILEX were above 2.0, which is considered a protein-
free DNA, except in strawberry where values were on average 1.86, even though 
they were higher than in standard CTAB and SMP kit. In the same way, SILEX 
A260/A230 ra�os were higher than in the two other protocols, from 1.71 in loquat to 
2.16 in banana, except in strawberry, where the results were similar to standard 
CTAB and SMP kit (Table 4). The differences were very no�ceable in banana and 
grapevine, where the A260/A230 ra�os were 2.7 and 4.3-fold lower for standard CTAB 
and 1.7 and 3.3-fold lower for SMP kit, respec�vely (Table 4). NanoDrop/Qubit ra�o 
es�mated with SILEX for recalcitrant species seemed to be species-dependent, and 
ranged from 1.4-fold in grapevine to 6.6-fold in naranjillo with a mean of 3.9-fold in 
comparison to Qubit. However, even though the SMP kit provided lower 
NanoDrop/Qubit ra�os, SILEX performed beter than the standard CTAB, which on 
average had a NanoDrop/Qubit ra�o of 18-fold. 
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Table 4. Yield and quality control of DNA extracted from six recalcitrant species using three 
different methods: SILEX, standard CTAB, and SMP kit quan�fied by NanoDrop (ND) and 
Qubit (Q).  
 Species/ 
Methods 

Yield (ng/mg)  Absorbance ra�os Ra�o 
ND/Q ND Q A260/A280 A260/A230 

Cassava      

   SILEX 556.0 ± 76.6 106.9 ± 17.4 2.04 ± 0.02  2.13 ± 0.05  5.3 
   CTAB 512.7 ± 61.1 37.7 ± 27.7 2.12 ± 0.02  1.96 ± 009  13.6 
   SMP kit 75.4 ± 9.4 85.5 ± 13.9 1.80 ± 0.09  1.44 ± 0.10  0.9 
Grapevine      

   SILEX 442.8 ± 24.1 318.0 ± 115.2 2.07 ± 0.02  1.93 ± 0.01  1.4 
   CTAB 394.3 ± 18.7 21.5 ± 6.1 1.60 ± 0.05  0.44 ± 0.03  18.4 
   SMP kit 50.7 ± 30.2 0.0 ± 0.0 1.73 ± 0.20  1.09 ± 0.09 ∞ 
Loquat      

   SILEX 284.4 ± 24.9 92.7 ± 35.5 2.02 ± 0.05  1.71 ± 0.06  3.1 
   CTAB 112.7 ± 7.5 4.3 ± 2.1 1.58 ± 0.17  0.57 ± 0.08  25.9 
   SMP kit 66.7 ± 36.0 7.7 ± 6.1 1.78 ± 0.25  1.15 ± 0.41  8.6 
Banana      

   SILEX 267.8 ± 5.1 59.2 ± 8.2 2.13 ± 0.01  2.16 ± 0.05  4.5 
   CTAB 202.0 ± 37.5 19.1 ± 5.6 2.20 ± 0.14  0.78 ± 0.13  10.6 
   SMP kit 31.4 ± 37.5 1.3 ± 2.3 1.47 ± 0.31  0.74 ± 0.32  23.3 
Naranjillo      

   SILEX 1,184.1 ± 484.3 180.4 ± 60.6 2.06 ± 0.02  1.85 ± 0.03  6.6 
   CTAB 525.4 ± 126.2 26.0 ± 7.7 1.91 ± 0.11  0.86 ± 0.20  20.2 
   SMP kit 105.4 ± 35.8 42.6 ± 19.8 1.82 ± 0.04  1.72 ± 0.07  2.5 
Strawberry      

   SILEX 193.8 ± 5.1 46.4 ± 6.1 1.86 ± 0.05  1.02 ± 0.08  4.2 
   CTAB 405.3 ± 108.5 24.6 ± 4.0 1.77 ± 0.08  1.14 ± 0.11  16.5 
   SMP kit 25.9 ± 2.8 20.0 ± 14.3 1.69 ± 0.16  0.97 ± 0.02  1.3 

Ra�os of the later are reported. Mean value and standard devia�on are based on a minimum of three 
independent extrac�ons. 
 
In order to test if the presence of contaminants could inhibit the enzyme ac�vity, 
DNA was digested with the restric�on enzyme EcoRI. Agarose gels, such as the one 
shown in Figure 2 indicated efficient endonuclease ac�vity in all the DNA extracted 
from the six recalcitrant species even though in some cases A260/A230 ra�os were 
below 1.8 (strawberry and loquat). Also, strawberry samples showed yellow and 
brown colora�on and high viscosity even a�er two washing steps.  
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Figure 2. Agarose gel electrophoresis of uncut genomic DNA extracted from six recalcitrant 
species with SILEX (a) and the same DNA cut with EcoRI enzyme. (b) Two biological replicates 
for each species are shown. Lambda DNA restricted with HindIII (lane 1 and 8); cassava (lane 
2); grapevine (lane 3); loquat (lane 4); banana (lane 5); naranjillo (lane 6) and strawberry 
(lane 7).  
 
SILEX Timing and cost 
 
The �me needed to extract 48 samples, without taking into account the sampling 
of the plant material) is approximately 96 minutes (around 2 min/sample; Figure 3). 
The es�mated cost of all consumables required to extract high-molecular-weight 
gDNA using SILEX is approximately 0.12 € per sample (Supplementary data S1). 

 
 
 
 
 
 
 
Figure 3. Flowchart of the twelve steps of SILEX 
DNA extrac�on method and �ming es�ma�on to 
perform 48 samples in tubes. The warning signal 
indicates key points (see in the text the notes in 
the protocol sec�on).  
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High-throughput genotyping platforms 
 
In order to evaluate the suitability of the gDNA obtained with SILEX for high-
throughput genotyping, 1,380 tomato samples were genotyped using SPET (Barchi 
et al., 2019). The reads obtained showed excellent Phred-quality scores along the 
150 bp, with a mean value of 33.1 (Figure 4). Similar results were obtained with 480 
samples extracted using the SMP kit with a mean value of 33.5. The mean Phred 
score along the 150 bp sequenced was always over 30, indica�ng good sequencing 
quality in both methods, with the SILEX method providing more DNA per equal 
amount of �ssue.   
 

 
Figure 4. Summary of Phred values for 1,380 tomato samples extracted with the SILEX 
protocol and genotyped with SPET along the 150 bp sequence. Each dot corresponds to one 
sample. Yellow spots indicate the mean value. 
 
High molecular weight DNA extraction 
 
To test the suitability of using SILEX for NGS pla�orms requiring high-molecular-
weight DNA, S. elaeagnifolium DNA was size-selected using the Circulomics short 
read eliminator kit, recovering 3.5 µg, and analysed using Pulsed-field gel 
electrophoresis (PFGE) (Figure 5). The size-selected DNA ranged from 20 to 100 Kb 
and contained rela�vely litle small fragments. The sizes obtained were suitable for 
most sequencing pla�orms that require high molecular weight DNA free of 
impuri�es such as Nanopore or PacBio. Two libraries were sequenced with a 
MinION sequencer and yielded 6.8 and 7.5 Gbp, with N50 values of 22.8 and 28.2 
kbp, respec�vely, while the third library, sequenced with a PromethION sequencer, 
resulted in 55.7 Gbp of raw data with N50 of 24.2 kbp. A�er the base-calling, the 
total sequencing yield was 70.1 Gbp. 
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Figure 5. Solanum elaeagnifolium gDNA size es�ma�on using PFGE a�er extrac�on with 
SILEX. Line 1 is MidRange PFG Marker (New England Biolabs, Ipswich, USA) and line 4 is 
GeneRuler 1 kb Plus DNA (Thermo Fisher Scien�fic, Waltham, USA). Line 2 shows the gDNA 
before size selec�on and line 3 the gDNA before size selec�on a�er using Short Read 
Eliminator XL Kit. 

DISCUSSION 

One of the main advantages of the SILEX protocol for DNA extrac�on is the use of 
common and inexpensive reagents and its simplicity. No toxic salts such as 
guanidinium thiocyanate or sodium iodide at high concentra�ons are used. Several 
authors reported that the use of NaCl at concentra�ons higher than 2 M facilitated 
the DNA binding to the silica surface (Lakshmi et al., 1999; Taylor et al., 2000; 
Prodělalová et al., 2004). Also, it is known that the addi�on of polyethylene glycol 
(PEG) to the binding solu�on increases the adsorp�on due to the compact globular 
structure of DNA adopted under these condi�ons (Shan et al., 2015). For these 
reasons, we use a binding buffer composed by the non-toxic, inexpensive NaCl and 
PEG compound to facilitate the DNA binding to the silica surface. The total cost of 
reagents and consumables is only 0.12 € per sample and for mul�ple simultaneous 
manual extrac�ons, each sample requires less than 2 min per person. In this 
respect, in the SILEX method, the silica matrix used for each extrac�on cost less than 
0.001 € and the washing buffer is only water and ethanol, a common non-toxic 
reagent in most molecular biology laboratories.  
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The protocol presented here has been tested on many samples of different species 
with similar sa�sfactory results, confirming its wide applicability. The quality and 
quan�ty parameters obtained also indicate that SILEX is at least as effec�ve as 
commercial kits even when recalcitrant species were used. In recalcitrant species, 
the presence of polysaccharides and phenols was significantly lower in SILEX 
compared to the standard CTAB protocol where several samples showed yellow and 
brown colora�on and high viscosity, indica�ng the presence of oxidized polyphenols 
and high concentra�on of polysaccharides. One of the reasons for this difference 
could be the absence of a precipita�on step in SILEX, as polysaccharides and 
polyphenols tend to co-precipitate with DNA when isopropanol or ethanol is added 
(Greco et al., 2014). This is important since the presence of polysaccharides such as 
carrageenan, pec�n and xylan are strong inhibitors of PCR (Schrader et al., 2012; 
Demeke et al., 1992). We also observed that in species with very high polyphenol 
and polysaccharide compounds, such as strawberry (Asami et al., 2003), a second 
washing step increases the A260/A230 ra�o. Our DNA extrac�on protocol has been 
tested by other research groups and it has been found to provide high-quality DNA 
in high concentra�ons in other plant species as different as silver fir (Abies alba), 
watermelon (Citrullus lanatus), melon (Cucumis melo), summer squash (Cucumis 
pepo), common fig (Ficus carica), letuce (Lactuca sativa), European larch (Larix 
decidua), Spanish stonecrop (Sedum hispanicum), avocado (Persea americana) and 
sweet cherry (Prunus avium). Applica�ons have included genotyping by SSRs (Single 
Sequence Repeats), HRM (High-Resolu�on Mel�ng), and GBS among others.   
 
Although DNA is usually extracted from fresh leaf �ssue, it is some�mes necessary 
to use other types of material such as fresh or freeze-dried fruit. Our protocol was 
flexible enough to successfully extract high DNA quan��es from lyophilized and 
fresh fruit �ssues obtaining A260/A280 ra�os above 2.0.  
 
Thousands of samples of tomato and wild rela�ves were successfully genotyped 
using SPET high-throughput genotyping, that relays on DNA fragmenta�on, target 
probe annealing, PCR amplifica�on and NGS sequencing (Barchi et al., 2019). The 
quality of the reads produced had a mean Phred value over 30, which represents a 
base call accuracy of 99.9%. Also, hundreds of samples of grapevine and 
watermelon were genotyped using GBS, obtaining similar results (C. Esteras, 
personal communica�on). This indicates the suitability of SILEX to yield DNA of 
enough quality to be used in different genotyping pla�orms. Furthermore, our DNA 
extrac�on method could be used in applica�ons requiring high molecular weight 
genomic DNA, such as long-read single molecule Nanopore sequencing (Schimidt et 
al., 2017) without any addi�onal steps.  
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CONCLUSIONS 

The SILEX protocol presented here is very robust and can be used in a wide variety 
of plants (including recalcitrant ones) and several �ssues. It is based on common 
reagents without the need of expensive salts or equipment. This makes it 
inexpensive (0.12 € of reagents and consumables per sample) and accessible to 
most laboratories. It is also a fast method, where a trained person could process up 
to 48 samples in 96 minutes using Eppendorf tubes or 192 min if the extrac�on is 
performed in 96-well plates. The protocol is also amenable to 
automa�za�on specially in labs that already have automa�c DNA extrac�on robots. 
This could save hands-on �me and increase the number of samples processed per 
day. We demonstrate that this new method gathers the advantages of commercial 
kits (high-quality DNA, fast and broad species spectrum) with those of the CTAB-
based method (high yield and inexpensive), being suitable for rou�ne DNA 
extrac�on for mul�ple applica�ons, including NGS pla�orms. 
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ABSTRACT  

Single primer enrichment technology (SPET) is a new, robust and customizable 
solu�on for targeted genotyping. Unlike genotyping by sequencing (GBS), and like 
DNA chips, SPET is a targeted genotyping technology, relying on the sequencing of 
a region flanking a primer. Its reliance on single primers, rather than on primer pairs, 
greatly simplifies panel design, and allows higher levels of mul�plexing than PCR-
based genotyping. Thanks to the sequencing of the regions surrounding the target 
SNP, SPET allows the discovery of thousands of closely linked, novel SNPs. In order 
to assess the poten�al of SPET for high-throughput genotyping in plants, a panel 
comprising 5k target SNPs, designed both on coding regions and introns/UTRs, was 
developed for tomato and eggplant. Genotyping of two panels composed of 400 
tomato and 422 eggplant accessions, comprising both domes�cated material and 
wild rela�ves, generated a total of 12,002 and 30,731 high confidence SNPs, 
respec�vely, which comprised both target and novel SNPs in an approximate ra�o 
of 1:1.6, and 1:5.5 in tomato and eggplant, respec�vely. The vast majority of the 
markers was transferrable to related species that diverged up to 3.4 million years 
ago (Solanum pennellii for tomato and S. macrocarpon for eggplant). Maximum 
Likelihood phylogene�c trees and PCA outputs obtained from the whole dataset 
highlighted gene�c rela�onships among accessions and species which were 
congruent with what was previously reported in literature. Beter discrimina�on 
among domes�cated accessions was achieved by using the target SNPs, while beter 
discrimina�on among wild species was achieved using the whole SNP dataset. Our 
results reveal that SPET genotyping is a robust, high-throughput technology for 
gene�c fingerprin�ng, with a high degree of cross-transferability between crops and 
their cul�vated and wild rela�ves, and allows iden�fica�on of duplicates and 
mislabeled accessions in genebanks.  
 
Keywords: SPET, genotyping, tomato, eggplant, germplasm 
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INTRODUCTION 

Single nucleo�de polymorphisms (SNPs) are the most abundant type of sequence 
varia�on in eukaryo�c genomes and have emerged as the most widely used 
genotyping markers (Mammadov et al., 2012). Genotyping methods rely on 
different technologies, including next-genera�on sequencing (Davey et al., 2011), 
DNA microarrays (Hoheisel, 2006), and polymerase chain reac�on (PCR) (Semagn et 
al., 2014). A widely used method for high-throughput SNP discovery and genotyping 
is genotyping by sequencing (GBS) based on different reduced-representa�on 
sequencing (RRS) approaches, the majority of which are based on the use of 
restric�on enzymes (Elshire et al., 2011; Scheben et al., 2017). One major limita�on 
of GBS is the random distribu�on of restric�on enzyme sites on the genome, and 
thus the inability to target markers localized within genes, or having a func�onal 
significance. 
 
Recently Nugen® developed the single primer enrichment technology (SPET, United 
States Patent 9,650,628), which is a customizable solu�on for targeted sequencing 
at an affordable price. SPET requires a priori genomic or transcriptomic informa�on 
and iden�fica�on of SNPs for probe design. SPET probes are around 40-bases long 
and are designed adjacent to a region containing a sequence variant, thus enabling 
detec�on of both the SNPs and the discovery of addi�onal ones, surrounding the 
target one (Figure 1). Up to now, SPET has been applied for medical purposes 
(Scolnick et al., 2015; Nairismägi et al., 2016). Its applica�on to plant materials is 
s�ll largely unexplored, with one recent excep�on (Scaglione et al., 2019) assessing 
SPET applica�on to Zea mays L. and to Populus nigra L. To date, SPET has not been 
applied for genotyping of germplasm sets, or of genepools including several related 
species. The rela�vely high sequence conserva�on of exons should facilitate the 
hybridiza�on of SPET probes designed on these regions across different related 
species and thus increase the chances to iden�fy novel SNPs, especially if the region 
downstream of the probe falls in less conserved regions such as introns and 
Untranslated regions UTR (Castle, 2011). Applica�on of SPET to plant materials for 
which the gene�c diversity and rela�onships are already known would allow its 
valida�on as a reliable and robust high-throughput genotyping method in 
germplasm sets. 
 
Tomato (Solanum lycopersicum L.) and eggplant (S. melongena L.) are amongst the 
economically most important vegetables, and the diversity and gene�c 
rela�onships of their genepools has been extensively studied. Several studies have 
applied sequence-, PCR- or microarray-based genotyping in tomato and eggplant, 
to analyze the gene�c diversity and popula�on structure of a limited number of 
cul�vars, breeding lines, landraces or cul�vated, and wild rela�ves (e.g., Vilanova et 
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al., 2012; Cericola et al., 2013; Acquadro et al., 2017; Pailles et al., 2017; Tranchida-
Lombardo et al., 2018). 
 
Cul�vated tomato materials maintained in germplasm collec�ons include 
tradi�onal varie�es and heirlooms which, compared to its wild rela�ves, display a 
narrow gene�c diversity resul�ng from several botlenecks during domes�ca�on 
and spread (Blanca et al., 2015). Regarding wild species, many studies have been 
performed evalua�ng the rela�onships between them and cul�vated tomato 
(Rodriguez et al., 2009; Aflitos et al., 2014; Lin et al., 2014; Dodsworth et al., 2016; 
Beddows et al., 2017). The general consensus, using different molecular 
approaches, is that within the core tomato clade (Solanum sec�on Lycopersicon), 
the wild species gene�cally closest to cul�vated tomato are those of the 
“Lycopersicon” group (Peralta et al., 2008), including S. pimpinellifolium L. and the 
Galápagos Islands endemisms S. cheesmaniae (L. Riley) Fosberg and S. galapagense 
S.C. Darwin & Peralta. While the gene�c diversity of the later two species is limited 
(Pailles et al., 2017), S. pimpinellifolium is much more diverse than cul�vated 
tomato heirlooms (Caicedo and Schaal, 2004; Razali et al., 2018). The next closest 
wild species to the “Lycopersicon” group are those of the “Arcanum” group, which 
includes S. arcanum Peralta, S. chmielewskii (C.M. Rick, Kesicki, Fobes & M. Holle) 
D.M. Spooner, G.J. Anderson & R.K. Jansen, and S. neorickii D.M. Spooner, G.J. 
Anderson & R.K. Jansen, followed by the five species of the “Eriopersicon” group (S. 
huaylasense Peralta, S. chilense (Dunal) Reiche, S. corneliomulleri J.F. Macbr, S. 
peruvianum L. and S. habrochaites S. Knapp & D.M. Spooner), and S. pennellii 
Correll, the only species included in the monotypic “Neolycopersicon” group 
(Rodriguez et al., 2009; Aflitos et al., 2014; Lin et al., 2014; Dodsworth et al., 2016; 
Beddows et al., 2017). 
 
Unlike tomato, eggplant belongs to the Solanum subgenus Leptostemonum, 
collec�vely known as the “spiny solanums” group (Vorontsova et al., 2013). Several 
species from the eggplant clade, such as the direct wild ancestor S. insanum L. and 
several close rela�ves such as S. incanum L., S. lichtensteinii Willd., and S. 
linnaeanum Hepper & P-M.L. Jaeger are closely related to eggplant (Vorontsova et 
al., 2013; Acquadro et al., 2017). Other more distant species include some from the 
Anguivi grade, which comprises the two other cul�vated species: scarlet eggplant 
(S. aethiopicum L.) and gboma eggplant (S. macrocarpon L.) and their respec�ve 
wild ancestors S. anguivi Lam. and S. dasyphyllum Schumach. & Thonn. as well as 
other species of poten�al for breeding such as S. tomentosum L. (Kouassi et al., 
2016; Plazas et al., 2016). A much more distant group includes American species 
(Vorontsova et al., 2013; Syfert et al., 2016; Acquadro et al., 2017), among which S. 
torvum Sw. and S. sisymbriifolium Lam. represent a poten�al source of tolerance to 
diseases for eggplant breeding (Daunay and Hazra, 2012). 
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Here, we report the applica�on of SPET genotyping, assessing its reliability and 
using both target and non-target SNPs for studying the gene�c varia�on and 
popula�on structure of a large set of accessions from cul�vated and wild genepools 
of tomato and eggplant, and to validate them against previous results on their 
diversity and gene�c rela�onships. The results obtained highlight the poten�al of 
the SPET technology for genotyping and management of germplasm collec�ons. 

 
Figure 1. The six main steps of the SPET workflow. Probes can be designed up or downstream 
the iden�fied SNP.  
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MATERIALS AND METHODS 

Single Primer Enrichment Technology (SPET) set up 
 
Tomato SNP data were retrieved from the SOL Genomics portal 
(htp://solgenomics.net) and specifically from the “150 Tomato Genome 
Resequencing Project” (Aflitos et al., 2014) and the “AGIS Tomato 360 Resequencing 
Project” (Lin et al., 2014). Respec�vely, 52 samples from “150 Tomato Resequencing 
Project” and 184 samples from “AGIS Tomato 360 Resequencing Project” were used 
to mine alleles of S. lycopersicum. To iden�fy intervarietal alleles across S. 
lycopersicum, S. pimpinellifolium, and S. lycopersicum var. cerasiforme, 159 
addi�onal samples were used from the “AGIS Tomato 360 Resequencing Project”. 
All resequenced accessions used in this work are available through the SOL 
Genomics FTP site (�p://�p.solgenomics.net/genomes/) and listed in 
Supplementary Table S1. 
 
Accessions from different VCF files were merged, retaining only simple biallelic 
SNPs. Since SNP calling was based on ITAG SL2.50 genome build, this was 
maintained as reference through the analysis with respec�ve gene models. SNP 
selec�on was then made based on the following criteria: (i) only posi�ons with 
alterna�ve cohort-wise allele count greater than 8 (summing two from homozygous 
loci or one from heterozygous loci), (ii) SNPs within introns and UTRs had to be at 
least 15 kbp apart from each other or with SNPs in CDS, (iii) SNPs within CDS had to 
be at least 5 kbp apart from other selected SNPs, and (iv) SNPs have to reside on 
anchored chromosomes. 
 
For the eggplant panel design sequencing data provided by the Universitat 
Politècnica de València and by the Italian Eggplant Consor�um, which included the 
whole-genome resequencing of eight S. melongena and one S. incanum accessions 
(Gramazio et al., 2019), were aligned against the “67/3” eggplant reference genome 
(Barchi et al., 2019) with BWA-MEM aligner with default parameters (Li, 2013), 
discarding mul�ple-mapping reads. Samtools was used for variant calling (Li et al., 
2009). Homozygous/heterozygous SNP calls were considered only with phred-
scaled genotype likelihood equal to zero. Similarly to tomato, only biallelic SNPs 
with an alterna�ve allele count of 4 and a minor allele frequency greater than 0.25 
were retained. 
 
From the eligible polymorphic sites previously iden�fied in both the species, a 
randomly selected panel of SNPs were forwarded for probe design to NuGen (San 
Carlos, CA, United States). These filtered tomato and eggplant panels were then 
tested for their sequencing performances and reproducibility, and to iden�fy a final 
set of about 5k probes for genotyping via SPET, commercialized under the name of 

http://solgenomics.net/
ftp://ftp.solgenomics.net/genomes/
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Allegro®. To this purpose, 24 accessions of both S. lycopersicum and S. melongena 
were used in a pilot experiment. In eggplant, the re-call performance was assessed 
with filtered VCF files using as parameters: (i) homozygous states called with a 
minimum of 10 reads; (ii) MAF (minor allele frequency) >0.04; (iii) heterozygosity 
comprised between MAF 0.25–0.5; (iv) a minimum genotyping ra�o of 80% (i.e., 
80% of samples must sa�sfy the above constraints). This allowed to retain 7,662 out 
of 11,625 SNPs (72%). 
 
Besides cross-species genomic sequence conserva�on and the frequency of 
expected SNP detec�on, in both crops, probes were first filtered based on their 
ability to hit the target SNPs in the first 25 bp a�er 3’-end of the probe. A�er the 
first pilot run with about twice the number of probes, a coverage analysis was used 
to select the final set of 5,000 and 5,082 probes in tomato and eggplant respec�vely. 
Sites showing an average coverage ranging from 46× to 90× and with less than four 
samples having five or less mapped reads were retained for tomato, while sites with 
a coverage range of 79–130× and excluding all those probes with three or more 
individual showing a coverage below 5× were selected for eggplant. Furthermore, 
82 extra probes were added to the final eggplant set for specific func�onal 
purposes. Sequencing yields, coverage analysis, and filtering for probe selec�on are 
provided in Supplementary File S1. 
 
Plant Material  
 
For tomato, a set of 400 G2P-SOL project (htp://www.g2p-sol.es/) accessions 
maintained at Universitat Politècnica de València (Valencia, Spain) were included in 
the study. They comprise 361 accessions of S. lycopersicum, 20 of S. 
pimpinellifolium, the closest wild ancestor of the cul�vated tomato (Blanca et al., 
2015), which has repeatedly served as a source of valuable traits for its 
improvement (Caicedo and Schaal, 2004), and 19 accessions of six other wild 
rela�ves. The later include three species belonging to the “Arcanum” group (i.e., S. 
arcanum, S. chmielewskii, and S. neorickii), two to the “Eriopersicon” group (i.e., S. 
huaylasense and S. habrochaites) and S. pennellii belonging to the monotypic 
“Neolycopersicon” group (Supplementary Table S2). Two DNA samples of the 
tomato inbred line “Heinz 1706” (CTR_H1_122 and CTR_H1_123) were used as 
controls. 
 
For eggplant, a set of 422 accessions from the G2P-SOL project were included in the 
study. According to passport data, the accessions, maintained at Universitat 
Politècnica de València (Spain) and at the CREA-GB (Montanaso Lombardo, Italy), 
comprise 362 accessions of S. melongena of the Occidental and Oriental groups 
(Vilanova et al., 2012), 36 and 9 accessions, respec�vely, of the cul�vated S. 
aethiopicum and S. macrocarpon, as well as 15 accessions belonging to seven wild 

http://www.g2p-sol.es/
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rela�ves (Supplementary Table S3). The later include four species from the Old 
World, of which two (S. incanum and S. linnaeanum), together with S. melongena, 
are part of the “Eggplant” clade, and two other (S. anguivi L. and S. tomentosum L.), 
which together with cul�vated S. aethiopicum and S. macrocarpon, are part of the 
“Anguivi” grade, while three are from American origin (S. paniculatum L., S. 
sisymbriifolium, and S. torvum) (Miz et al., 2008; Syfert et al., 2016). As control, 
three DNA samples of the eggplant inbred line “67/3” (i.e., GPE001970, 
GPE001970b, and control 31) were also genotyped. 
 
DNA extraction, library construction preparation, and sequencing 
 
DNA was extracted using the Qiagen plant mini-prep, the LGC Sbeadex kit or by a 
modified CTAB method. Libraries were prepared according to the Ova�on Rapid 
Library Systems (Nugen) specifica�ons. The streamlined workflow consists of six 
main steps, as shown in Figure 1. 
 
For the pilot test, sequencing was performed with the Illumina HiSeq 2500 pla�orm 
(Illumina Inc., San Diego, CA, United States), following the manufacturer protocol 
and using 75SE chemistry. For the genotyping of the whole set of accessions with 
the custom 5K probe sets, sequencing was performed with Illumina HiSeq 2500 
pla�orm (Illumina Inc., San Diego, CA, United States), following the manufacturer 
protocol and using 150SE chemistry. The sequencing raw data are available at NCBI 
SRA (BioProject ID PRJNA542237 for tomato data and BioProject ID: PRJNA542231 
for eggplant data). 
 
SPET sequencing and SNP calling 
 
Base calling and demul�plexing were carried out using the standard Illumina 
pipeline. The read quality check and adapter trimming was carried out using ERNE 
(Del Fabbro et al., 2013) and Cutadapt (Mar�n, 2011) so�ware. A�er alignment to 
the reference eggplant and tomato genomes, using BWAMEM (Li, 2013) with 
default parameters, the uniquely aligned reads were selected (i.e., reads with a 
mapping quality >10). SNP calling was obtained with GATK 4.0 (DePristo et al., 
2011), following the so�ware best prac�ces in June 2018 for germline short variant 
discovery(htps://so�ware.broadins�tute.org/gatk/bestprac�ces/workflow?id=11
145). Main steps of the analysis were: (i) per-sample variants calling on target 
regions using HaplotypeCaller (Poplin et al., 2017), resul�ng in GVCFs file for each 
sample; (ii) GVCFs consolida�on across mul�ple samples, in order to improve 
scalability and speed up the following step using ImportGenomicsDB; (iii) joint 
genotyping based on GenotypeGVCFs to produce a set of joint-called variants; and 
(iv) selec�on of SNPs (using SelectVariants) and quality filtering of SNPs using 

https://software.broadinstitute.org/gatk/bestpractices/workflow?id=11145
https://software.broadinstitute.org/gatk/bestpractices/workflow?id=11145
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VariantFiltra�on (filter expression used: QD < 2.0 || MQ < 40.0 || MQRankSum < -
12.5). 
 
To extract high confidence SNPs, Vc�ools (Danecek et al., 2011) was applied to both 
the eggplant and tomato generated VCFs, using the following parameters: min-
meanDP 30, max-missing 0.95 (0.80 for tomato) and non-ref-ac-any 1. 
 
Genetic relationships analysis 
 
The polymorphic informa�on content (PIC) of each SNP was evaluated by applying 
the following equa�on, as suggested by Anderson et al. (1993): PIC = 1 - ∑ Pij2, where 
Pij represented the frequency of the jth allele at the ith SNP and the summa�on 
was extended over n alleles. 
 
Gene�c rela�onships were described by construc�ng a phylogene�c tree by 
maximum likelihood (ML) method using the IQ-TREE so�ware (Nguyen et al., 2015); 
data are available in Supplementary File S2. Branch supports were obtained with 
the ultrafast bootstrap (Hoang et al., 2018). Comparison between ML trees was 
assessed using the Robinson-Foulds distance (Robinson and Foulds, 1981) 
calculated with ETE 3 (Huerta-Cepas et al., 2016). A principal component analysis 
(PCA) was obtained with SNPrelate (Zheng et al., 2012) program. Analyses were 
performed using target SNPs only or using all (target plus non-target) SNPs. 
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RESULTS 
 
SPET assay design and robustness 
 

In tomato, 344,373 eligible SNPs were iden�fied within S. lycopersicum (including S. 
lycopersicum var. cerasiforme) and S. pimpinellifolium using the data from the “150 
Tomato Genome Resequencing Project” and the “AGIS Tomato 360 Resequencing 
Project”, of which 14,566 sites were selected for probe design. Of these, 40% were 
localized in coding regions and the rest in introns or UTRs. In eggplant, 72,739 
eligible SNPs were iden�fied, using a resequencing panel including eight S. 
melongena and one S. incanum accessions (Gramazio et al., 2019), of which 11,928 
were selected for probe design, being 60% localized in coding regions and the rest 
in introns or UTRs. 
 
A pilot study was run on 24 genotypes for each species using 75-bases long 
sequencing, of which 40 bp corresponded to the probe sequence. A�er sequencing, 
13,615 (93%) and 11,265 (94%) probes were found to target SNPs within the first 
25 bp a�er the probe 3’ end in tomato and eggplant, respec�vely. 
 
Based on sequencing coverage and missing data (see sec�on “Materials and 
Methods”), a final set of 5,000 probes for tomato (of which 2,254 in CDSs and 2,746 
in Introns/UTRs), and 5,082 for eggplant (of which 3,619 in CDSs and 1,463 in 
Introns/UTRs) were chosen (Supplementary File S1). The probes localized to the 
gene-rich chromosome arms in both species (Figure 2), and their sequence is 
reported in Supplementary File S3. 

 
Figure 2. Eggplant and tomato distribu�on of the 5k SNPs panels according to their genomic 
posi�on. 
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To assess the robustness and transferability of the SPET method, the numbers of 
reads obtained with the final probe panels and their mapping efficiency were 
assessed using different DNA prepara�ons (Supplementary Table S4). As can be 
seen, both the number of reads and the mapping percentage were rela�vely stable 
when DNAs prepared with different DNA extrac�on methods and by different 
laboratories were used. 
 
SPET diversity assessment of the tomato germplasm set 
 
Using the final panel, around 215 million 150-bp single reads were produced in 
tomato, yielding 110 bp of useful sequence a�er probe trimming. A�er quality 
filtering, 198 high-quality million reads were retained (8% discarded) for the 
alignment to the “Heinz 1706” tomato genome sequence version 2.5 (The Tomato 
Genome Consor�um, 2012) with an average mapping rate of 92.2%. Three out of 
400 accessions gave an average read depth <10. By applying stringent criteria, 
12,002 SNPs were iden�fied among the 397 accessions included in the study. Of 
these, 4,577 SNPs were those originally targeted by the 5k probes set, while the 
remaining 7,425 were accessory non-target SNPs. By using the whole set of 
iden�fied SNPs, the PIC ranged from 0.002 to 0.539 with an average of 0.094 
(Supplementary Table S5), while by considering the target SNP panel, and the PIC 
average raised to 0.147 (Supplementary Table S6). 
 
The 358 S. lycopersicum accessions with a read depth >10 showed very low levels 
of missing data (1.2%), high iden�ty with the Heinz 1706 reference sequence 
(96.5%) and a low level of heterozygosity (0.65%), compa�ble with the autogamous 
reproduc�on of cul�vated tomato (Supplementary Table S2). The missing data 
were slightly higher for the wild species, due to the sequence polymorphisms 
underlying the probes, ranging from 1.7% in S. pimpinellifolium to 4.2% in S. 
neorickii. Only S. habrochaites displayed high missing data (average of 10.4%). 
Conversely, the iden�ty with the Heinz 1706 reference sequence was lower in wild 
species, ranging on average from 66.0% in S. pimpinellifolium to 43.2% in S. 
huaylasense. The heterozygosity level of wild species was higher than S. 
lycopersicum, ranging from 4.6% in S. pimpinellifolium to 27.5% in S. pennellii on 
average, consistent with the par�al or total allogamy reported for these species 
(Chen and Tanksley, 2004). As expected, in the two replicates of the inbred line 
“Heinz 1706,” more than 99.8% of SNPs showed the same allele of the reference 
sequence and just 18 and 19 sites, respec�vely, had alterna�ve/heterozygous SNPs. 
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SPET diversity assessment of the eggplant germplasm set  
 

In eggplant, more than 252 million single reads were produced. Sequences were 
trimmed and quality filtered to 242 million useful reads (4% discarded), 
corresponding to about 600K reads per sample on average. The later were then 
aligned to the recently produced reference “67/3” eggplant genome (Barchi et al., 
2019) with an average mapping rate of 95.8%. Three out of 422 accessions gave an 
average read depth <10. By applying stringent criteria, a total of 30,731 polymorphic 
sites were iden�fied among the 422 accessions included in the study. Among them, 
4,628 were SNPs targeted by the 5k probes set, while the remaining 26,103 were 
accessory non-target SNPs. By using the whole set of iden�fied SNPs the PIC ranged 
from 0.002 to 0.607 with an average of 0.105 (Supplementary Table S7), while by 
considering the target SNP panel, the PIC ranged from 0.002 to 0.607 with an 
average of 0.381 (Supplementary Table S8). 
 

The 360 S. melongena accessions with a read depth >10 showed, on average, 
extremely low levels of missing data (0.02%), high iden�ty with the “67/3” 
reference sequence (93.6%) and a low level of heterozygosity (0.67%), compa�ble 
with the autogamous reproduc�on of cul�vated eggplant (Supplementary Table 
S3). As for tomato, the missing data were slightly higher for the wild species, ranging 
from 0.5% in S. incanum to 4.5% in S. macrocarpon. Only the distantly related 
species S. torvum and S. sisymbriifolium displayed high missing data (21.2 and 
22.7%, respec�vely). The iden�ty with the “67/3” reference genome was lower in 
the eggplant rela�ves, ranging from 85.9% in S. incanum to 50.6% in S. 
sisymbriifolium. The heterozygosity level of wild species and cul�vated rela�ves S. 
aethiopicum and S. macrocarpon was higher than that of S. melongena, ranging 
from 1.7% in S. tomentosum and S. aethiopicum to 9.4% in S. sisymbriifolium, 
consistent with the par�al allogamy reported or suggested for these species 
(Daunay et al., 2001; Vorontsova and Knapp, 2016; Acquadro et al., 2017). As 
expected, in the three replicates of the eggplant inbred line “67/3” used as a 
control, over 99.9% of SNPs showed the same allele of the reference genome, and 
just from 26 to 35 sites showed alterna�ve/heterozygous SNPs. 
 

Genetic relationships in the tomato and eggplant germplasm set  
 

The maximum likelihood (ML) dendrograms (Figures 3, 4) show the gene�c 
rela�onships between the tomato accessions in the study. As expected, the 
replicated samples of the same reference genotypes (CTR_H1_122 and 
CTR_H1_123) clustered together. In the dendrogram obtained using the whole set 
of SNPs (Figure 3), the accessions of the “Eulycopersicon” group (i.e., S. 
lycopersicum and S. pimpinellifolium) cluster together in a main branch, in which S. 
pimpinellifolium accessions are basal to the monotypic S. lycopersicum cluster. The 
S. pimpinellifolium accessions do not intermingle with the ones of S. lycopersicum, 
and they are divided in two branches, one which contains only Peruvian accessions, 
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and another one basal to all S. lycopersicum that contains all accessions from 
Ecuador and three accessions from Peru. In the dendrogram, a second branch 
includes the other wild species and two main sub-clusters, of which one contains 
the three “Arcanum” group accessions (S. arcanum, S. chmielewskii, and S. 
neorickii), with S. arcanum basal to the two other species, and the other accessions 
of S. huaylasense and S. habrochaites from the “Eriopersicon” group, and S. pennelli 
from the “Neolycopersicon” group, with S. huaylasense basal to the two other 
species. 
 

 
Figure 3. Maximum likelihood phylogene�c tree obtained with IQ-TREE, based on the whole 
set of SNPs, illustra�ng the gene�c architecture of tomato and wild related species 
accessions in study. Solanum lycopersicum entries are in red, S. pimpinellifolium in blue, S. 
chmielewskii in yellow, S. neorickii in purple, S. arcanum in pink, S. pennellii in green, S. 
habrochaites in dark and S. huaylasense in orange. Branches are colored according to the 
boostrap values (red = 15 and green = 100) 
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Figure 4. Maximum likelihood phylogene�c tree obtained with IQ-TREE, based on the target 
SNPs, illustra�ng the gene�c architecture of tomato and wild related species accessions in 
study. Solanum lycopersicum entries are in red, S. pimpinellifolium in blue, S. chmielewskii 
in yellow, S. neorickii in purple, S. arcanum in pink, S. pennellii in green, S. habrochaites in 
dark and S. huaylasense in orange. Branches are colored according to the boostrap values 
(red = 15 and green = 100) 
 
Some of the main findings obtained using the whole set of SNPs were confirmed 
using target SNPs (Figure 4), as in both cases the different species are not 
intermingled. Notwithstanding, the two dendrograms present some differences in 
terms of topology and branch length, confirmed by the Normalized Robinson-Foulds 
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distance being 0.63. In the dendrogram based on target SNPs, S. pimpinellifolium is 
basal to the rest of accessions which are split in the two major clusters, one 
containing the S. lycopersicum accessions and one accession of S. pimpinellifolium, 
and the other containing the rest of wild species. In this later, the major branch S. 
pimpinellifolium is spread in different branches which are basal to the rest of wild 
species, which largely display the same topology than in the dendrogram obtained 
with all the SNPs (Figure 3). 
 
PCA analysis for the tomato set, based on the whole set of SNPs (Figure 5a) 
confirmed the grouping of the ML dendrogram. The first and second components 
accounted for 21.7 and 13.6% of the gene�c varia�on. S. lycopersicum and S. 
pimpinellifolium were clearly separated from the other species and all in all well 
differen�ated with a minor degree of overlap. The other wild species are not 
intermingled and cluster in a different area of the PCA plot (Figure 5a). The three 
species of the “Arcanum” group (S. arcanum, S. chmielewskii, and S. neorickii) are 
the closest to the “Eulycopersicon” (S. lycopersicum and S. pimpinellifolium), the 
species S. habrochaites (“Eriopersicon”), and S. pennellii (“Neolycopersicon”) are 
the most gene�cally distant, while S. huaylasense accessions occupy an 
intermediate posi�on (Figure 5a). The first and second axes of the PCA using only 
target SNPs account for 38.3 and 7.1%, of the gene�c varia�on, respec�vely (Figure 
5b), and largely confirm the results of the PCA based on all SNPs. However, S. 
lycopersicum and S. pimpinellifolium display a greater dispersion as highlighted in 
Figure 5b. 
 

 
Figure 5. PCA visualiza�on of the gene�c rela�onships among the accessions of tomato and 
wild related species in study, based on the whole (a) or target (b) SNP Datasets.  
 
In eggplant, the ML-based dendrograms (Figures 6, 7) display the gene�c 
rela�onships between the accessions in study. As expected, the three replicated 
samples of the reference genotype cluster together. The dendrogram obtained 
using the whole SNPs panel iden�fies two main branches, of which one includes the 
two accessions from American species (S. sisymbriifolium and S. torvum), and the 
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other includes the rest of species na�ve to the Old World (Figure 6) together with 
the two accessions labeled as S. paniculatum. In this later cluster, two major 
branches are dis�nguishable: one containing the four species of the “Anguivi” grade 
(S. aethiopicum, S. anguivi, S. macrocarpon, and S. tomentosum), and one including 
the three species of the “Eggplant” clade (S. melongena, S. incanum and S. 
linnaeanum), plus the two S. paniculatum accessions. In the cluster of the “Anguivi” 
grade, the four species are separated in different sub-branches, except S. 
aethiopicum and S. anguivi, which are intermingled. In the other cluster, a branch 
contains the “Eggplant” clade cluster, in which all the accessions of S. linnaeanum 
are separated in a sub-branch and S. melongena and S. incanum accessions in 
another sub-branch, with the later basal to the monotypic eggplant cluster. The 
two accessions labeled as S. paniculatum are basal to the “Eggplant” clade branch. 
Three S. melongena accessions ini�ally mis-labeled as S. aethiopicum in the 
germplasm bank list clustered correctly with the rest of S. melongena accessions. 
 

 
 
Figure 6. Maximum likelihood phylogene�c tree obtained with IQ-TREE, based on the whole 
set of SNPs, illustra�ng the gene�c architecture of eggplant and wild related species in study. 
Solanum melongena entries are in purple, S. aethiopicum in black, S. macrocarpon in orange, 
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S. anguivi in pink, S. incanum in blue, S. linnaeanum in dark green, S. paniculatum 
(mislabeled in the germplasm collec�on; actually Solanum sp.) in red, S. sisymbriifolium in 
brown, S. tomentosum in yellow, and S. torvum in light green. Branches are colored 
according to the bootstrap values (red = 25 and green = 100) 
 

 
 

Figure 7. Maximum likelihood phylogene�c tree obtained with IQ-TREE, based on the target 
SNPs, illustra�ng the gene�c architecture of eggplant and wild related species in study. 
Solanum melongena entries are in purple, S. aethiopicum in black, S. macrocarpon in orange, 
S. anguivi in pink, S. incanum in blue, S. linnaeanum in dark green, S. paniculatum 
(mislabeled in the germplasm collec�on; actually Solanum sp.) in red, S. sisymbriifolium in 
brown, S. tomentosum in yellow, and S. torvum in light green. Branches are colored 
according to the bootstrap values (red = 25 and green = 100) 
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The eggplant dendrogram based on target SNPs (Figure 7) confirms a good 
separa�on among species and the intermingling in the same cluster of S. 
aethiopicum and S. anguivi. Discrepancies, confirmed by the Normalized Robinson-
Foulds distance equal to 0.53, were observed in the topology and branch lengths 
compared to the dendrogram obtained with the whole SNPs dataset. The 
dendrogram based on target SNPs iden�fies two main branches, one of which 
includes only S. melongena accessions, while the other contains the rest of S. 
melongena accessions, and in a sub-cluster the other cul�vated and wild species. In 
this later, the two American species S. sisymbriifolium and S. torvum cluster 
together and are basal to all the others (Figure 7), while, unexpectedly, the S. 
linnaeanum accession GPE003740 (for which a low number of reads was obtained) 
shows an odd posi�on, and it appears gene�cally differen�ated (basal) from the 
others. 
The PCA analysis based on the whole eggplant SNPs dataset (Figure 8a), largely 
confirms the grouping of genotypes obtained in the ML-based dendrogram. The first 
and second principal axes account, respec�vely, for 13.5 and 11.5% of the gene�c 
varia�on. In the PCA graph, the two American species S. sisymbriifolium and S. 
torvum are clearly separated from the rest of entries. The species of the “Eggplant” 
clade and “Anguivi” grade are clearly separated by the first component of the PCA, 
with two excep�ons: the S. linnaeanum accession GPE003740 as well as the entries 
of S. aethiopicum and S. anguivi clustering together. The closest species to S. 
melongena are the other “Eggplant” clade species S. incanum and S. linnaeanum, 
as well as the two accessions labeled as S. paniculatum, followed by the “Anguivi” 
grade S. aethiopicum and S. anguivi, the entries of S. macrocarpon and the ones of 
S. tomentosum. 
 

 
Figure 8. PCA visualiza�on of the gene�c rela�onships among the accessions of eggplant as 
well as cul�vated and wild related species in study, based on the whole (a) or target (b) SNP 
Datasets. 
 
The first and second components of the eggplant PCA based on target SNPs account, 
respec�vely, for 29.1 and 11.3% of the gene�c varia�on. As observed with the ML-
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based dendrogram, the PCA displays considerable differences with the one 
obtained with the whole SNPs dataset (Figure 8b). Indeed, the first component 
separates S. melongena and, surprisingly, S. linnaeanum accession GPE003740 from 
the other species. Solanum melongena is spread over a large area of the PCA graph 
with a wide range of values for both the components. The rest of species of the 
“Eggplant” clade and the “Anguivi” grade cluster together and in some cases are 
overlapped. Among this group of species, the closest to S. melongena are S. 
macrocarpon, followed S. tomentosum, S. linnaeanum, S. incanum, and finally S. 
aethiopicum and S. anguivi. Surprisingly, the American species S. sisymbriifolium 
and S. torvum plot in an intermediate area between S. melongena and the rest of 
Old World species (Figure 8b).  

DISCUSSION 

The single primer enrichment technology, recently developed by Nugen, has been 
used up to now for biomedical applica�ons (Scolnick et al., 2015; Nairismägi et al., 
2016), and in plants, for genotyping in monocot (Z. mays) lines and in a natural black 
poplar (P. nigra) popula�on (Scaglione et al., 2019). Despite its poten�al interest, 
no informa�on is available on its performance for characterizing large germplasm 
sets from crop plants. Our main goal was to assess the reliability and efficiency of 
the SPET technique for high-throughput genotyping of a large (822) set of 
accessions of tomato, eggplant and their cul�vated and wild rela�ves. For this 
purpose, we evaluated the robustness of the technique and the diversity, 
heterozygosity and gene�c rela�onships within the germplasm included in this 
study, comparing with the data reported in the literature. 
 
Single primer enrichment technology is a robust method, performing well with DNA 
samples prepared by different laboratories using different DNA mini-prepara�on 
protocols, which is a prerequisite for large mul�center, and collabora�ve studies on 
plant gene�c resources. Indeed, based on tomato samples extracted with different 
protocols, both the number of reads and the mapping percentage were rela�vely 
stable. Addi�onally, a very low level of missing data (1.18% for tomato, and 0.02% 
for eggplant) was observed when genotyping an intra-specific diversity panel, and 
a s�ll acceptable (<5%) level was observed when genotyping species such as S. 
pennellii or S. macrocarpon which show 2.7 and 3.4 million years of divergence from 
tomato and eggplant, respec�vely (Kamenetzky et al., 2010; Särkinen et al., 2013). 
 
Single primer enrichment technology combines in a single approach both targeted 
analysis of SNPs, thus being comparable with genotyping arrays, and complexity 
reduc�on typical of GBS approaches (Scheben et al., 2017). Furthermore, SPET 
provides the ability of mul�plexing thousands of samples in a single sequencing run, 
which can be genotyped with tens of thousands of probes, and with a good 
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coverage at target sites. Finally, thanks to the sequencing of the genomic regions 
around the target SNPs, SPET allows the discovery of thousands of novel SNPs not 
originally included in the panel. 
 
Compared to other crop species, both tomato and eggplant are known to have 
experienced a drama�c reduc�on of the gene�c variability due to anthropogenic 
selec�on (Williams and St Clair, 1993; Cericola et al., 2013; Flint-Garcia, 2013), and 
hence present a lower frequency of SNPs than their wild species. The tomato and 
eggplant panels designed for this work, which originally targeted 5k SNPs for each 
species, allowed the discovery of 7,427 and 26,103 addi�onal non-target SNPs, 
respec�vely, in the tomato and eggplant sets. Of these, 2,224 and 3,292 were 
detected only in S. lycopersicum and S. melongena, respec�vely, while 7,130 and 
24,892 were found to be shared in the remaining species, belonging to the tomato 
and eggplant genepools, respec�vely. This indicates that the technique enables the 
discovery of high numbers of novel polymorphisms, even in gene pools that came 
across severe botlenecks during domes�ca�on, migra�on and selec�on. 
 
Most of the accessions of the largely autogamous S. lycopersicum and S. melongena 
(Chen et al., 2007; Daunay and Hazra, 2012; Acquadro et al., 2017) showed a low 
heterozygosity (on average 0.65 and 0.67%, respec�vely), in agreement with 
previous reports (Sim et al., 2012; Vilanova et al., 2012; Aflitos et al., 2014; 
Acquadro et al., 2017). Only a few accessions of both crops displayed higher values, 
up to 8.7% for tomato and 7.1% for eggplant, which probably reflect recent events 
of hybridiza�on either before collec�on or during germplasm mul�plica�on. Thus, 
the technique allows the iden�fica�on of segrega�ng accessions and may guide 
sampling during seed mul�plica�on. For the tomato germplasm set, the accessions 
of S. pimpinellifolium, the closest wild rela�ve of S. lycopersicum, exhibited on 
average an intermediate (4.7%) level of heterozygosity between S. lycopersicum and 
the other wild species, some of which are self-incompa�ble (Chen and Tanksley, 
2004). In the two addi�onal cul�vated species of eggplant, i.e., S. aethiopicum and 
S. macrocarpon, a higher heterozygosity was detected, being on average, of 1.9 and 
2.5%, respec�vely. This is atributable to the more limited anthropogenic selec�on 
on these species and to their higher rate of allogamy (Daunay et al., 2001). These 
values are slightly lower than the ones previously reported (Acquadro et al., 2017), 
based on the RAD-sequencing technique which provides a randomized 
representa�on of the genome. 
 
Gene�c rela�onships among the accessions in the study were explored by 
construc�ng ML phylogene�c trees and PCA analyses, based on both the whole set 
or just the target SNPs. The stringent criteria adopted to select the set of SNPs 
consistently reduced the frequency of missing data. A total of 358 of 361 accessions 
of S. lycopersicum displayed on average 1,18% of missing data and their frequency 
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was up to 3.3% in the closely related species S. pimpinellifolium. Higher values were 
detected in three tomato accessions (GPT141120, GPT130370 and GPT124880) due 
to the low number of reads obtained following sequencing. However, this did not 
affect their clustering with the other accessions of S. lycopersicum when ML tree 
and PCA were based on both the whole SNPs dataset or only the target SNPs. 
Indeed, several studies have explored how missing data may impact phylogene�c 
analyses using both empirical and simulated data, and suggest that it is possible to 
include taxa that have large amounts of missing data without ill effects (Wiens and 
Moens, 2008; Lynch and Wagner, 2010; Thomson and Shaffer, 2010; Wiens and 
Morrill, 2011). In the remaining accessions, the missing data ranged from 3.0 to 
17.7% and reached the highest values in S. habrochaites, the most evolu�onary 
divergent wild species among those evaluated (Aflitos et al., 2014; Beddows et al., 
2017). 
 
In almost all accessions of S. melongena, and the ones of the cul�vated S. 
aethiopicum, very low levels (0.02 and 0.7%, respec�vely) of missing data were 
detected; in the other cul�vated eggplant (S. macrocarpon) their frequency was on 
average 4.5%. The missing data varied in entries of the wild species and reached the 
highest values in the New World na�ve species S. torvum (21.2%) and S. 
sisymbriifolium (22.7%), characterized by greater evolu�onary divergence 
(Vorontsova et al., 2013; Acquadro et al., 2017). In two accessions of S. melongena 
and one of S. linnaeanum, an unexpected high frequency of missing data was 
observed, which was atributable to the low number of reads obtained. As observed 
for tomato, the two S. melongena accessions always clustered with the ones of the 
other accessions of this species, while the S. linnaeanum accession clustered with 
the others of the same species when the whole SNP dataset was used, but 
separately when only target SNPs were used. This suggests that, when a limited 
number of reads is obtained, the analysis based on the whole set of SNPs is less 
prone to misclassifica�on of highly diverse genotypes. 
 
Single primer enrichment technology genotyping with the whole set of SNPs or just 
the target SNPs proved to be a powerful tool for the iden�fica�on of duplicates and 
mislabeled accessions. The two replicates of the S. lycopercicum accession “Heinz 
1706,” as well as the three replicates of the S. melongena breeding line “67/3” 
clustered together, with SNP polymorphism ranging from 0.1 to less than 0.2%. 
Furthermore, the two accessions ini�ally labeled as S. paniculatum, a close rela�ve 
of S. torvum (Miz et al., 2008), did not cluster with the later nor with the other New 
World species S. sisymbriifolium. Instead, the SPET genotyping data suggested that 
these two accessions labeled as S. paniculatum correspond to an undetermined 
species (Solanum sp.) closely related to the eggplant clade or to the closely related 
“Anguivi” grade (Vorontsova et al., 2013). Closer passport and phenotypic 
inspec�on confirmed the taxonomic mislabeling of these two accessions. 
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Addi�onally, three S. melongena accessions ini�ally mislabeled as S. aethiopicum in 
the germplasm bank lis�ng were correctly clustered with the rest of S. melongena 
accessions, demonstra�ng that SPET is also a powerful technique (Mason et al., 
2015) for detec�ng misclassified accessions for which no or few characteriza�on 
data are available. 
 
Tomato and eggplant diversity  
 
Our results of the tomato and eggplant genotyping with the SPET pla�orm are 
largely congruent with previous results on the knowledge of diversity in these 
groups (Lester and Thitai, 1989; Peralta et al., 2008; Rodriguez et al., 2009; Aflitos 
et al., 2014; Dodsworth et al., 2016; Acquadro et al., 2017; Gramazio et al., 2017). 
On the basis of both ML dendrogram and PCA analysis with all SNPs, the S. 
lycopersicum accessions clustered separately from all the other species and 
grouped in a single branch, revealing a low diversity. S. pimpinellifolium, na�ve to 
Peru and Ecuador (Grandillo et al., 2011), is the only red-fruited wild species and it 
is the nearest wild rela�ve to the cul�vated tomato. In agreement with previous 
findings (Rodriguez et al., 2009; Aflitos et al., 2014; Dodsworth et al., 2016), its 
accessions were found to cluster close to S. lycopersicum in the ML dendrogram. It 
has been reported that the S. pimpinellifolium accessions are divided in three main 
gene�c groups, corresponding to the environmental differences found in the coastal 
regions of Northern Ecuador, in the mountain region of Southern Ecuador and 
Northern Peru, and the coastal region of Peru (Blanca et al., 2015). Due to the 
smaller number of accessions of this species under study, we were not able to 
iden�fy these three groups, however, the ML dendrogram detected two S. 
pimpinellifolium sub-clusters which par�ally correlate with the Ecuadorian and 
Peruvian origin of the entries. On the basis of PCA analysis, some S. pimpinellifolium 
and S. lycopersicum accessions were intermingled. This is in agreement with 
previous findings that the genome of the two species shows only 0.6% nucleo�de 
divergence and signs of recent admixture (The Tomato Genome Consor�um, 2012). 
Furthermore, due to the absence of crossing barriers between the two species, 
introgression events from S. pimpinellifolium into S. lycopersicum have probably 
occurred throughout the history of tomato domes�ca�on (The Tomato Genome 
Consor�um, 2012). 
 
The posi�on of the rest of wild species in the dendrogram and PCA analyses with all 
SNPs is in agreement with previous studies (Rodriguez et al., 2009; Aflitos et al., 
2014; Dodsworth et al., 2016; Beddows et al., 2017), i.e., “Arcanum” group species 
were found to be closer to the “Lycopersicon” group than the “Eriopersicon” and 
“Neolycopersicon”, and the two sister species S. chmielewskii and S. neorickii 
clustered together (Dodsworth et al., 2016).  
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Solanum melongena accessions of both Oriental and European origin, producing 
fruits of different shape and color, clustered separately from all the other cul�vated 
and wild species in both the ML dendrogram and PCA obtained by using the whole 
SNP dataset. The remaining species fell in the dendrogram and PCA plots according 
to their expected posi�ons (Acquadro et al., 2017; Gramazio et al., 2017). Among 
the eggplant rela�ves, our data showed that S. incanum was the closest species to 
eggplant, followed by the other “Eggplant” clade species (S. linnaeanum), as 
reported by other studies (Lester and Hasan, 1991; Weese and Bohs, 2010). 
 
Contras�ng results (Sakata et al., 1991; Sakata and Lester, 1997; Isshiki et al., 2008; 
Meyer et al., 2012; Vorontsova et al., 2013) have been reported on the rela�onships 
between S. melongena and the other two cul�vated eggplants: S. aethiopicum 
(scarlet eggplant) and S. macrocarpon (gboma eggplant). In recent studies, it has 
been reported that the later is gene�cally closer to eggplant (Acquadro et al., 
2017). However, by applying SSR or SNP genotyping, different results were obtained 
(Gramazio et al., 2017). Our SPET-based clustering highlighted that the three 
cul�vated species belong to clearly separate groups that probably diverged at 
similar �mes. As expected (Lester and Niakan, 1986; Lester and Hasan, 1991; Syfert 
et al., 2016), the accessions of S. aethiopicum resulted intermingled with those of 
its wild ancestor S. anguivi, indica�ng a probable gene�c flux between the two 
species (Plazas et al., 2014). Also, S. tomentosum clustered in the “Anguivi” grade, 
confirming previous results (Vorontsova et al., 2013; Acquadro et al., 2017). As 
previously reported (Acquadro et al., 2017), the wild S. sisymbriifolium and S. 
torvum, na�ve of South and Central America and represen�ng sources of resistance 
to several diseases (Daunay and Hazra, 2012) formed a separate group following 
both the ML tree and PCA analyses. 
 
In both the tomato and eggplant genepools, the ML dendrograms and PCA analyses 
performed on total SNP datasets provided a clustering similar to the one obtained 
on the basis of the target SNPs. However, some differences were evident: target 
SNPs provided a higher intra-specific discrimina�on within tomato and eggplant, 
accompanied by a less clear clustering of the other cul�vated and wild species. The 
higher discrimina�on of different eggplant accession was par�cularly evident in the 
PCA analysis (Figure 8), and their gene�c differen�a�on was maximized in the ML 
dendrogram as well (Figure 7). On the other hand, the use of target SNPs decreased 
the discrimina�on between the cul�vated S. aethiopicum and S. macrocarpon, and 
the wild species belonging to S. melongena genepool clustered into a single branch 
of the ML tree, showing a strong clustering in the PCA graph. 
 
The differences observed when using the target vs. whole SNP datasets are 
atributable to the number and the gene�c distance of the resequenced genotypes 
used for the ini�al iden�fica�on of the polymorphic sites for SPET set up. In tomato, 
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the SPET panel was based on a majority of resequencing data from S. lycopersicum 
(including var. cerasiforme) and some S. pimpinellifolium, while the eggplant panel 
was based on resequencing of eight S. melongena and one S. incanum accessions. 
Thus, in S. lycopersicum a clear assessment of the gene�c rela�onships among 
species of the tomato genepool was obtained when SPET was based on both the 
whole dataset and target SNPs, although the gene�c differen�a�on within tomato 
accessions was to a certain extent increased by the use of target SNPs. Vice versa, 
in eggplant, the whole SNP dataset was more informa�ve for phylogene�c studies, 
while the use of target SNPs allowed a huge increase in the detec�on of gene�c 
varia�on within accessions of S. melongena, as required for GWA studies. 

CONCLUSIONS 

Recently, a targeted genotyping approach (SPET) was released, but very limited 
informa�on of its performance for highthroughput genotyping in plants is presently 
available. We assessed the efficiency and robustness of this technique in analyzing 
the gene�c diversity in hundreds of S. lycopersicum and S. melongena germplasm 
accessions and of their cul�vated and wild rela�ves maintained in genebanks. A 
high number of both target and non-target polymorphisms were analyzed by ML 
dendrograms and PCA analyses and the two approaches were complementary in 
the interpreta�on of data. 
 
Our results demonstrate that SPET represents a valid alterna�ve to random 
complexity reduc�on methods and arrays, and it allows users to customize the 
panel of target markers and provides reliable fingerprin�ng of accessions 
maintained in genebanks. Our results also demonstrate the transferability of the 
panels to closely related species, and that the number and gene�c distances of the 
resequenced genotypes used for iden�fying the target SNPs play a significant role. 
We designed panels enriched in intra-specific SNPs reasoning that addi�onal inter-
specific ones would be more likely to be discovered in the surrounding sequenced 
regions, which was indeed the case. The use of the whole SNP dataset is more 
appropriate for broad phylogene�c studies, while the use of target SNPs, boos�ng 
the intra-specific discrimina�on, for domes�ca�on and genome wide associa�on 
studies. The SPET technology made it also possible to clearly separate the different 
species, confirmed established phylogene�c rela�onships among different species 
and taxonomic groups, resolved the mislabeling of entries, and demonstrated its 
high reproducibility when applied on replicates of the same accession, proving its 
usefulness for the high-throughput genotyping, management, and enhancement of 
genebank collec�ons. 
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CHAPTER IV 

Analysis of the gene�c and morphological variability of the tomato core 
collec�on of the G2P-SOL project 

INTRODUCTION 

Tomato (Solanum lycopersicum L.) is a crop of great economic and nutri�onal 
importance worldwide (FAO, 2021). The tomato was domes�cated from its ancestor 
S. lycopersicum var. cerasiforme (Blanca et al., 2012; Razifard et al., 2020), which in 
turn was pre-domes�cated from the wild species S. pimpinellifolium, na�ve to Peru 
and Ecuador (Blanca et al., 2022a; Zuriaga et al., 2009). The most notable 
morphological changes during the domes�ca�on process affected the shape and 
size of the fruits (Frary et al., 2000; Liu et al., 2002; Cong et al., 2008; Xiao et al., 
2008; Muños et al., 2011), resul�ng in increased plant vigor to support the 
development of significantly larger fruits. However, associated with domes�ca�on, 
there was also a significant loss of gene�c diversity (Rick, 1978; Miller & Tanksley, 
1990; Young et al., 2004), making cul�vated tomatoes suscep�ble to pests and 
diseases. The adapta�on to thrive in unfavourable environments, characteris�c of 
wild species, was also lost in this process, further increasing the vulnerability of this 
crop. However, nowadays, tomatoes are cul�vated in extensive areas throughout 
the world. This has been facilitated by the gene�c improvement that has u�lized 
the conserved gene�c resources in germplasm banks, including related wild species. 
The use of biotechnological techniques has overcome the crossability barriers 
between tomatoes and some of these species included in the Lycopersicon sec�on 
of the Solanum genus, as well as more distant species included in the 
Lycopersicoides sec�on, such as Solanum lycopersicoides and Solanum sitiens 
(Smith, 1944; Canady et al., 2005; Chetelat et al., 2019). Despite these successes, 
the plant gene�c resources conserved in germplasm banks remain underexploited, 
primarily due to the lack of accessible informa�on. 
 
The fast development of genotyping techniques has enabled the joint analysis of 
large collec�ons, thus opening up possibili�es for their u�liza�on for various 
purposes, such as studies on domes�ca�on and diffusion of this species (Blanca et 
al., 2012, 2022a), popula�on structure and gene�c differen�a�on associated with 
breeding history and selec�on (Sim et al., 2011, 2012;Blanca et al., 2015), 
associa�on mapping for traits related to fruit quality (Xu et al., 2013), genome-wide 
associa�on mapping for agronomic, fruit quality, and root architectural traits 
(Tripodi et al., 2021a), history of tomato breeding (Lin et al., 2014; Zhu et al., 2018)), 
discovery of new genes (Gao et al., 2019), genomic diversity (Esposito et al., 2020), 
and the diversity and rela�onships between European tradi�onal varie�es (Blanca 
et al., 2022b; Pons et al., 2022). 
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The establishment of the core collec�ons (subsets of the complete collec�on 
selected to include the majority of the diversity (van Hintum et al., 2000) and their 
genotyping and/or sequencing is an efficient way to op�mize the u�liza�on of 
gene�c resources conserved in germplasm banks. This is the case of the core 
collec�on consis�ng of 227 entries constructed from 1499 entries of European 
tradi�onal varie�es (Pons et al., 2022). This collec�on has been used to explore the 
basis of their phenotypic varia�on, Genotype x Environment (GxE) interac�ons, and 
stability for more than thirty agro-morphological traits. Roohanitaziani et al., (2020) 
selected a core collec�on of 122 resequenced accessions to explore its phenotypic 
and genotypic varia�on in vegeta�ve and fruit quality traits. Other collec�ons have 
been strategically curated for diverse aims, subjected to resequencing, and 
extensively characterized to ensure breeders access to these resources and all the 
accompanying informa�on (Mata-Nicolás et al., 2020). The availability of these 
collec�ons facilitates the fine mapping of the genes underlying the most important 
agronomic traits. 
 
With the aim of con�nuing to provide high-quality resources to the scien�fic 
community and effec�vely harnessing the natural variability preserved in 
germplasm banks, the G2P-SOL project (Linking gene�c resources, genomes, and 
phenotypes of Solanaceous crops) was ini�ated in 2016. This project involved 
approximately 24,000 accessions of tomato and other Solanaceae crops. A core 
collec�on consis�ng of 450 accessions of tomato and wild rela�ve’s species selected 
from a subset of 15,504  genotyped accessions was established. In this study, we 
present the gene�c and phenotypic analysis of the core collec�on, focusing on the 
changes in phenotypic and genotypic varia�on that have emerged through different 
processes of evolu�on and gene�c improvement in this crop.    
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MATERIAL AND METHODS 

Construction of the core collection and its composition 
 
The complete tomato collec�on of the G2P-SOL project (htp://www.g2p-sol.eu/) 
consisted of approximately 24,000 tomato accessions, with 6.9% corresponding to 
wild species. CHAPTER I of this thesis includes all relevant informa�on about the 
collec�on. A subset of 15,054 accessions from the complete collec�on was 
sequenced at low density using Single Primer Enrichment Technology (SPET) (Barchi 
et al., 2019) (see CHAPTER III). Tomato SNPs panel were obtained from the SOL 
Genomics portal, specifically from the "150 Tomato Genome Resequencing Project" 
(52 tomato samples) (Aflitos et al., 2014) and the "AGIS Tomato 360 Resequencing 
Project" (184 tomato samples) (Lin et al., 2014). To iden�fy interspecific alleles 
between S. lycopersicum, S. pimpinellifolium, and S. lycopersicum var. cerasiforme, 
an addi�onal 159 samples were taken from the "AGIS Tomato 360 Resequencing 
Project". From the iden�fied SNPs, 5,000 were selected (85% polymorphic in S. 
lycopersicum and 15% polymorphic in S. pimpinellifolium) for genotyping the G2P-
SOL collec�on. The resul�ng 150,472 SNPs were filtered based on the percentage 
of missing data (<5%) and a minimum allelic frequency of MAF>0.01, resul�ng in a 
set of 4,249 polymorphic SNPs. 
 
The core collec�on was established using the distance matrix obtained from the VCF 
file, employing Euclidean distance. The process began by selec�ng an entry 
randomly and grouping it with adjacent accessions within a small radius around it. 
This process was repeated with the remaining accessions, itera�vely adjus�ng the 
chosen radius un�l all accessions were grouped into approximately 400 clusters. 
Simultaneously, a total of 79 accessions were preselected based on their agronomic 
performance, resistance to pathogens, quality traits or historical purpose. For each 
of the established 400 clusters, if it contained one or more preselected accessions, 
those accessions were chosen to be included in the core collec�on. For the 
remaining clusters that did not contain any preselected accessions, a representa�ve 
accession was chosen. Addi�onally, 50 accessions from wild species were added to 
this collec�on.  
 
Molecular characterization 
  
For the analysis of gene�c diversity and popula�on structure of the collec�on, the 
genotypic informa�on of the 450 tomato accessions belonging to the core 
collec�on was extracted from the VCF file obtained through SPET (Barchi et al., 
2019) from the 15,054 accessions (Blanca et al., 2023, manuscript in prepara�on), 
using SAM-tools/BCFtools version 1.3.1. This subset of data was used for further 
analysis. 

http://www.g2p-sol.eu/
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Phenotypic characterization 
 
The phenotyping trial of the tomato core collec�on was carried out in a greenhouse 
in Alboraya, Valencia [39°30'33.3"N 0°20'00.9"W] from August 28, 2019, to January 
10, 2020. Due to the difference in agronomic management between determinate 
and indeterminate tomato plants, the trial was divided into two plots based on the 
available prior informa�on. A completely randomized three-block design was used 
for each set of plants (determinate or indeterminate), with three plants per block, 
resul�ng in nine plants represen�ng each genotype. Seed germina�on was carried 
out in a commercial nursery, and the plantlet were transplanted into a field with 
cer�fied organic cul�va�on at the 3-4 true leaf stage. The plan�ng spacing was 1.25 
m between rows and 0.45 m between plants for determinate plants, and 0.30 cm 
between plants for indeterminate plants. 
 
A total of 25 descriptors were evaluated, based on the IPGRI descriptors (1996) and 
the authors' previous experience in the study. These descriptors included 
vegeta�ve, inflorescence, fruit, and agronomic interest. Out of the 25 descriptors 
(Table 1), 11 were qualita�ve, and 15 were quan�ta�ve. Fruit firmness was 
measured using a model 53125 Fruit Hardness Tester (TR Turoni srl, Forli, Italy). The 
CIE 1976 L*a*b* parameters related to fruit color, were evaluated using a CR-
400/410 colorimeter from Konica Minolta. Soluble solid content (Brix degrees) was 
measure using 0.5 mL of tomato liquid extract with a HI 96801 digital refractometer 
(HANNA instrument, Padua, Italy).  
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Table 1. List of evaluated quan�ta�ve and qualita�ve descriptors, their corresponding abbrevia�on, scale or unit, and a brief descrip�on. 

Descriptor Abbrevation Units Scale/Description 
Vegetative descriptor   

Qualitatives  
Plant growth habit grohab  1: Determinate; 2: Semideterminate; 3: Indeterminate 

Inflorescence descriptors  
Qualitatives  

Inflorescence type  flotype  1: Uniparous; 2: Forked; 3: Irregular; 4: Compound 
Inflorescence with leaf and 
shoot 

floleaftype  1: Absent; 2: With leaf; 3: With shoots; 4: With leaf and shoots 

Fruit descriptors  
Qualitatives  

External immature fruit color  frucolim  1: Whitish; 2: Light green; 3: Medium green; 4: Dark green 
External mature fruit color frucolma  1: Yellow; 2: Orange; 3: Pink; 4: Red; 5: Dark red; 6: Purple; 7: Brown; 8: Other 
Green shoulder greensho  0: Uniform; 1: Light green; 2: Medium green; 3:  Dark green 
Blossom end scar bloshp  1: Dot; 2. Stellate; 3: Lineal; 4: Irregular 
Ribbing at calyx end ribcalend  1: Smooth; 2: Weak; 3: Intermediate; 4: Strong 

Fruit predominat shape frushp  1: Very flat; 2: Slightly flat; 3: Round; 4: Oxheart; 5: Heart, 6: Rectangular; 7: Bell pepper; 8: 
Ellipsoid; 9: Obovoid; 10: Long pepper 

Fruit set sequence  fruset  1: Very low; 3: Low; 5: Intermediate; 7: High; 9: Very high 
Quantitatives  

Fruit firmness frufirm kg/cm2 Measured at the longitudinal midpoint of a ripe fruit from one plant. 
Color L,a,b parameter   Measured at the longitudinal midpoint of a ripe fruit from one plant.  

Luminosity lcol  0: Black; 100: White 
Red-green balance  acol  Chromatic coordinates from red to green. 
Blue-yellow balance bcol  Chromatic coordinates from yellow to blue. 

Brix degree brix  Measured in one fruit per plant 
Pericarp thickness fruperi mm Measured at the equatorial section at the point of maximum fruit width in one fruit per plant.  
Fruit length frulen mm Measured from the base to the beginning of the pedicel in one fruit per plant. 
Fruit width fruwid mm Measured at the longest transverse diameter in one fruit per plant. 
Ratio length/width ratiolenwid mm Obtained by dividing fruit length by fruit width. 
Number of locules  nrloc  Measured in one fruit per plant 
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Descriptor Abbrevation Units Scale/Description 
    

Agronomic descriptors  
Qualitatives  

Puffiness puff  0: Absent; 3: Light; 5: Intermediate; 7: Severe 
Quantitatives  

Number of fruits nr_fruits  The fruits of three plants are counted, and the block average is calculated. 
Fruit weight  fruweight_mean g Two fruits per block are weighed, and the block average is calculated. 
Yield  yld g Calculated by multiplying the average number of fruits by the average fruit weight. 
Flowering earliness nr_sowtoflo  Number of days from sowing to the opening of the first flower. One measurement per block. 
Ripening earliness  nr_sowtoripe  Number of days from sowing to the first ripe fruit. One measurement per block. 
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Data analysis 
Genotypic data  
 

The analysis of the genomic diversity was inferred using several approaches. The 
VCF file containing the gene�c data obtained through SPET sequencing was used for 
this analysis In order to study the gene�c structure and rela�onship among the 
accessions in the core collec�on, a principal component analysis (PCA) was 
conducted with the 'snpgdsLDprunning' and 'snpgdsPCA' func�ons from the 
SNPRelate 1.28.0 library (Zheng et al., 2012) in R. The 'ggplot' func�on from the 
ggplot2 3.4.0 library (Wickham, 2016) was used for visualizing the results in two 
dimensions. To generate more informa�ve successive PCAs in two and three 
dimensions, the 'plot_ly' func�on from the plotly 4.10.1 library (Sievert, 2020) was 
employed. 
The study of gene�c diversity was conducted by calcula�ng Nei's gene�c diversity  
index (Nei, 1987) using the 'basic.stats' func�on from the hierfstat 0.5.11 package 
(Jerome and Thibaut, 2022) and the poppr 2.9.3 package (Kamvar et al., 2015; 
Kamvar and Grünwald, 2023) in R. For calcula�ng the percentage of missing SNPs 
and the propor�on of polymorphic loci in which the most frequent allele is lower 
than 0.95 frequency, TASSEL v5 (Bradbury et al., 2007) was used. 
 

Phenotyping data 
 

Firstly, the uniformity among the plants of each accessions was checked by 
removing accessions that showed heterogeneity for two or more traits. The 
generated data during the characteriza�on underwent pre-processing to detect 
outliers. Outliers were iden�fied using the inter-quar�le range (IQR) and those 
falling outside the range were removed. These range values were defined as those 
below Q1-1.5*IQR or above Q3+1.5*IQR, where IQR is equal to Q3-Q1. With the 
curated data, the average, standard devia�on, variance, maximum, and minimum 
were calculated for each quan�ta�ve trait using the summarytools 1.0.1 library 
(Comtois, 2019). 
With the aim of exploring the exis�ng variability among the studied accessions and 
their rela�onship with the established gene�c groups, a principal component 
analysis (PCA) was conducted using both qualita�ve and quan�ta�ve data. For the 
qualita�ve data, a scale was used, where higher values corresponded to greater 
expression of the trait. The PCAs were performed using the 'prcomp' func�on from 
the stats 4.1.3 library in R, and the obtained results were visualized using the 
'ggplot' func�on and the ggbiplot extension. Qualita�ve data was represented using 
mosaic plots, while boxplots were used for quan�ta�ve data. Addi�onally, the 
correla�on between traits was calculated using the 'corrplot' func�on (Wei et al., 
2021), aiming to iden�fy paterns and rela�onships among the different evaluated 
traits, thereby facilita�ng a beter understanding of the morphological variability of 
the studied accessions.  
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RESULTS AND DISCUSSION 

Composition of the G2P-SOL core collection 
 
The core collec�on included 450 accessions sourced from the germplasm banks of 
WorldVeg, INRAE, UPV-COMAV, MVCRI, WUR-DLO, IPK, and BATEM. According to 
the available passport data (Supplementary Table 1), out of the 450 accessions, 354 
corresponded to the cul�vated species (S. lycopersicum var. lycopersicum (SLL)), 46 
to S. lycopersicum var. cerasiforme (SLC), and 50 to wild species (Table 2). The 
geographical range of origin of the core collec�on encompasses the center of origin 
and domes�ca�on and centers of diversity (Europe, Asia), including wild species 
origina�ng from Ecuador, Chile, and Peru (Figure 1). Furthermore, this collec�on 
includes representa�ves of all wild species related to tomatoes included in the 
Lycopersicon sec�on and relevant for breeding purposes. Regarding the 
geographical origin of SLC accessions, the majority came from Mexico, Ecuador, 
Peru, and Bolivia. As for SLL, they are distributed worldwide. On the other hand, the 
core collec�on showed a balanced distribu�on of accessions with different 
biological status (Table 3). Approximately 34.0% of the accessions were tradi�onal 
cul�vars, origina�ng mainly from Spain, Italy, and Central and South America. These 
cul�vars represented the rich heritage and tradi�onal farming prac�ces associated 
with the crop. On the other hand, 28.2% of the accessions were classified as modern 
cul�vars, reflec�ng the influence of advancements in breeding from regions such as 
Northern Europe, Asia, and North America. Another 15.5% of the accessions 
consisted of breeding materials, indica�ng the con�nuous efforts to improve the 
crop's traits and adaptability. This diverse set of gene�c resources was further 
enhanced by the inclusion of the 12 closest wild species to tomato.  
 

Table 2. Species composi�on of the tomato core collec�on provided by different germplasm 
banks 

Species AVRDC INRAE COMAV-
UPV MVCRI WUR-

DLO IPK BATEM Total 

S. lycopersicum 143 32 55 15 4 97 8 354 
S.l. var. cerasiforme 23 5  2  16  46 
S. pimpinellifolium 8  1  1 6  16 
S. galapagense 1       1 
S. cheesmaniae  1      1 
S. chmielewskii  2      2 
S. arcanum   1     1 
S. peruvianum 5   1 1   7 
S. corneliomulleri  1   1   2 
S. chilense  5      5 
S. pennellii   1     1 
S. habrochaites 1 11 1   1  14 
Total 181 57 59 18 7 120 8 450 
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Table 3. Biological status of accessions composi�on of the core collec�on provided by 
different germplasm banks 

Biological status 
of accession AVRDC INRAE COMAV-

UPV MVCRI WUR-
DLO IPK BATEM Total 

100) Wild  15 20 4 1 3 8  51 
200) Weedy 7 3 1     11 
300) Traditional 
cultivar 

53 4 54   34 8 153 

400) Breeding 
material 

38 9  10  13  70 

500) Modern 
cultivar 

46 11  7 4 59  127 

900) Other      1  1 
No data 22 10    5  37 
Total 181 57 59 18 7 120 8 450 

 

 
 

Figure 1. Geographical distribu�on of the 450 accessions included in the G2P-SOL tomato 
core collec�on. The red color corresponds to cul�vated tomatoes and S.l. var. cerasiforme, 
while the green color represents all wild species.  
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Genetic structure of the core collection 
 
Outside the scope of this doctoral thesis, a preliminary gene�c analysis was 
conducted using all genotyped accessions from the Lycopersicon sec�on, using 
SPET. As a result, the accessions were structured into a series of gene�c groups 
through the implementa�on of consecu�ve Principal Component Analysis (PCAs) 
(Blanca et al., 2023, manuscript in prepara�on). These groups were formed based 
on the gene�c proximity of the included accessions. In addi�on, they were profiled 
using passport data (geographical origin, variety name, and biological status of 
accessions, primarily (Supplementary Table 1)), morphological characteris�cs 
provided by germplasm banks and supplying ins�tu�ons, and the evolu�onary 
history of tomatoes known from previous studies conducted by the group (Blanca, 
et al., 2022a). The established groups were named as follows and included the 
following types of materials: 
 

o green: wild species with green fruit (Solanum chmielewskii, Solanum 
arcanum, Solanum peruvianum, Solanum corneliomulleri, Solanum 
chilense, Solanum pennellii and Solanum habrochaites). 

o gal_chees: accessions from Solanum galapagense and Solanum 
cheesmaniae species. 

o sp: accessions from Solanum pimpinellifolium species. 
o slc_ecu_per_bol: accessions of Solanum lycopersicum var. cerasiforme 

considered the earliest local cultivated varieties from Ecuador, Peru, and 
Bolivia. 

o slc_ma: accessions of Solanum lycopersicum var. cerasiforme considered 
the earliest local varieties from Mesoamerica. 

o early_vint: initial local tomato varieties. 
o vint_esp: traditional or local varieties from Spain. 
o vint_ita: traditional or local varieties from Italy. 
o eim: first improved varieties without wild species introgressions. 
o mim: modern improved materials, including varieties and breeding 

materials with wild species introgressions. 
o im_cherry: modern improved varieties of "Cherry" type. Although they 

could have been included in the previous group, they have been separated 
as a distinct group due to their specific characteristics and use. 

 
For the analysis of the core collec�on, we considered this gene�c classifica�on to 
enhance the collec�on's interpreta�on, discussion, and u�liza�on. 
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The PCA performed on the core collec�on was carried out using 4,249 SNPs 
obtained through SPET genotyping (Figure 2). PC1 accounted for 41.65% of the 
observed varia�on and showed a clear separa�on between all wild species and S. 
lycopersicum. Similarly, PC2 (5.63% of the varia�on) separated the wild species into 
three groups: green-fruited species (green), red-fruited Solanum pimpinellifolium 
(sp), and orange-fruited species S. galapaguense and S. cheesmaniae (gal_chees). 
Finally, in the representa�on of the accessions in the plane defined by PC1 and PC3, 
a dis�nct separa�on among the green-fruited species was also observed. Posi�oned 
at the upper part of the green cluster is the "Arcanum" group, comprising the 
species S. arcanum and S. chmielewskii. In the middle sec�on, we find the species 
S. peruvianum, S. corneliomulleri, and S. chilense, forming the "Peruvianum" group. 
In this area, S. pennellii is also located, slightly more distanced from the main cluster. 
Finally, at the botom, we have S. habrochaites, belonging to the "Hirsutum" group. 
The remaining accessions are scatered, the representa�on on the axes formed by 
PC2 and PC3 providing a beter interpreta�on. It can be observed that the 
accessions comprising the main core are those of vint_esp, vint_ita, and the 
majority of eim. Addi�onally, some of the early_vint accessions are included in this 
group, although many of them scater and join the Mesoamerican S.l. var. 
cerasiforme (slc_ma). The group of accessions classified as early_vint 
predominantly originates from countries in Central and South America. These are 
local varie�es that have not undergone any breeding process and display 
considerable gene�c diversity. In an analysis conducted with a larger representa�on 
of S.l. var. cerasiforme materials (data not shown), these accessions exhibit close 
proximity to this variety, sugges�ng their ancestral nature and sharing of a 
significant por�on of the genome with S.l. var. cerasiforme. Furthermore, they were 
cul�vated and traded locally. These materials stand in contrast to the varie�es 
included in vint_esp, vint_ita, and the early improved materials (eim), which form 
a compact nucleus, indica�ng the limited gene�c diversity present within this 
group. The loss of gene�c diversity in cul�vated tomatoes is a well-established and 
demonstrated phenomenon by several authors (van der Beek et al., 1992; Tanksley 
& McCouch, 1997; Villand et al., 1998; Young et al., 2004; Tam et al., 2005; García-
Mar�nez et al., 2006; Blanca et al., 2022a), and is reflected in this extensive 
collec�on of gene�cally unimproved or only intraspecifically improved varie�es, 
such as the early improved materials (eim).  
 
In order to further inves�gate the rela�onships between groups of tradi�onal local 
varie�es and the oldest improved cul�vars, a new PCA has been conducted, 
incorpora�ng the early_vint group (the oldest tomato core), vint_esp, vint_ita, and 
the early improved cul�vars (eim) (Figure 3). The depic�on of the accessions with 
the first two components reveals a dis�nct division between the early_vint and the 
tradi�onal varie�es from Spain (vint_esp) and Italy (vint_ita). Furthermore, a 
notable differen�a�on exists between the tradi�onal varie�es from Spain 
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(vint_esp) and Italy (vint_ita) and the close connec�on observed among them and 
the early improved cul�vars (eim). It is worth no�ng that the ini�al progress in 
tomato breeding relied on harnessing intraspecific varia�on, with a primary 
objec�ve of combine advantageous traits found in diverse varie�es through 
controlled crossbreeding without the introduc�on of interspecific germplasm (Bai 
and Lindhout, 2007). 
 
Furthermore, modern improve cul�vars (mim) also exhibit dispersion, although in 
a different manner than the early_vint (Figure 2). The wide distribu�on of these 
materials indicates their higher gene�c diversity resul�ng from the incorpora�on of 
interspecific varia�on. In fact, the key criterion for classifying these accessions as 
improved modern cul�vars is the presence of wild species introgressions (data not 
shown), encompassing both commercially marketed cul�vars and breeding 
materials. 
  
Finally, slc_ecu_per_bol is also dispersed beyond the main core, as it comprises 
entries of the cerasiforme variety (Figure 2). A special case is represented by the 
modern "Cherry" cul�vars (im_cherry). It is widely recognized that the wild species 
S. pimpinellifolium has been involved in the development of these cul�vars, 
contribu�ng to their compact fruit size, abundant fruit yield per inflorescence, and 
high Brix degree levels (Casals et al., 2018), which results in a notable resemblance 
to the S. pimpinellifolium (sp) accessions. 
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Figure 2. Principal component analysis of the 450 tomato accessions based on 4,249 SNPs.  
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Figure 3. Principal component analysis of the 172 accessions from the early_vint, vint_esp, 
vint_ita, and eim groups of the core collec�on based on 4,249 SNPs. 
 
Genetic diversity of the core collection 
 
The results from the diversity indices further support the findings of the PCA 
analysis (Figures 2,3). In terms of the Nei's diversity index (Figure 4a), the accessions 
from sp and slc_ecu_per_bol showed considerable diversity. The discovery of lower 
diversity in wild species with green fruit (green) is a noteworthy finding, which 
contradicts the results reported by Schouten et al., 2019. This discrepancy may be 
atributed to the method employed for SNP selec�on panel, which focused on their 
polymorphism in S. lycopersicum (85%) and S. pimpinellifolium (15%) (Barchi et al., 
2019). In fact, the selec�on of SNPs based on this criterion led to a significant 
number of missing SNPs in the more distantly related species, ranging from 3.22% 
in S. chmielewskii to 12.77% in S. chilense (Figure 4b). Similar results were obtained 
by Barchi et al., (2019), with the percentage of missing SNPs varying in this case 
from 1.7% in S. pimpinellifolium to 4.2% in S. neorickii, and reaching a maximum 
value of 10.4% in S. habrochaites. There is a significant decline in diversity when 
transi�oning from the accessions of S.l. var. cerasiforme from South American 
countries (slc_ecu_per_bol) to those of the same species from Mesoamerica 
(slc_ma). This fact is crucial as it indicates where the highest gene�c diversity is 
found within this variety and where the botleneck phenomenon occurred as it 
moved away from the center of origin. The gene�c diversity of these cul�vars has 
already been highlighted in previous studies, emphasizing their poten�al significant 
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role in tomato breeding (Rick & Holle, 1990; Blanca et al., 2012, 2015). The gene�c 
diversity decreases, reaching its lowest values in the tradi�onal varie�es from Spain 
(vint_esp) and Italy (vint_ita). Studies conducted by Blanca et al., (2022b) with a 
comprehensive collec�on of tradi�onal varie�es from Spain, France, Italy, and 
Greece support this finding. The early improved materials (eim), which were 
predominantly developed from tradi�onal cul�vars, maintain this low level of 
gene�c diversity. The modern cul�vars (mim), par�cularly the Cherry types 
(im_cherry), increase gene�c diversity by incorpora�ng wild species into breeding 
programs. This increase in gene�c diversity resul�ng from gene�c improvement has 
been highlighted in recent studies (Schouten et al., 2019b). This publica�on aims to 
provide evidence of this increase in diversity to refute a previous publica�on by 
Zsögön et al., (2018), which highlights the opposite, sta�ng that ‘the focus on yield 
improvement has been accompanied by a loss of genetic diversity and nutritional 
quality and flavor’. Schouten et al., (2019) provide evidence to counter this claim by 
conduc�ng a comprehensive study on the changing dynamics of varie�es in Dutch 
greenhouses over the last seven decades, demonstra�ng the opposite effect. 
Indeed, the loss of diversity was evident in the 1950s and 1960s, but it has now 
increased eigh�old. According to these authors, this increase can be atributed to 
two new breeding objec�ves pursued: disease resistance breeding, which led to the 
widespread u�liza�on of wild species in breeding programs, and quality 
improvement. The u�liza�on of wild species had both posi�ve and adverse effects. 
On the posi�ve side, it facilitated the iden�fica�on of numerous useful disease 
resistance genes. However, it also had a nega�ve impact on fruit quality, resul�ng 
in significant consumer rejec�on. As a result, seed companies made fruit quality 
breeding a top priority. In this case as well, wild species were employed, focusing 
on vola�le compound profiles (VOCs) and organolep�c and nutri�onal quality 
components. The changes observed in these compounds in the improved cul�vars 
confirm this phenomenon. Moreover, the significant increase in diversity, 
specifically among Cherry-type cul�vars (im_cherry), was already highlighted by 
Sim et al., (2012), who found the highest diversity exhibited by modern cul�vars for 
fresh and processing market compared to tradi�onal varie�es, with Cherry-type 
cul�vars showing the highest diversity values. The propor�on of polymorphic loci 
corroborates the results demonstrated by the gene�c diversity index (Table 3). 
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Figure 4. (a) Nei's diversity index (1987) per gene�c groups and, (b) Number and percentage 
of missing SNPs per species.  
 

Table 3. Propor�on of Polymorphic SNPs.   
Specie Gene�c group Nr. Sample nr. Alleles P(0.95) 

All collec�on total 448 3193 75.2% 
S. lycopersicum total 392 1302 30.6% 

 early_vint  53 1321 31.1% 
 vint_esp 35 402 9.4% 
 vint_ita 22 427 10.1% 
 EIM 83 460 10.8% 
 MIM 190 1334 31.4% 

  im_cherry 9 2252 53.0% 
S. l. cerasiforme total 18 3760 88.5% 
  slc_ecu_per_bol 9 2842 66.9% 
S. pimpinellifolium sp  7 2437 57.4% 
Wild rela�ves green 31 1812 42.5% 

nr.Alleles. Numbers of polymorphic SNPs out of 4,248 SNPs in each gene�c group 
P(0.95). Percentage of markers with a frequency of the most common allele below 0.95.   
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Phenotypic characterization of the core collection 
 
The complete tomato collec�on consisted of 450 accessions. However, 18 
accessions could not be included due to phytosanitary requirements. Of the 432 
accessions evaluated in the field, 384 were cul�vated tomatoes and 49 were wild 
species. The wild species were not phenotyped; they were only used for seed 
regenera�on and taxonomic confirma�on of the species, except for S. 
pimpinellifolium, where Brix degrees were assessed. Out of the 384 tomato 
accessions phenotyped, 31 accessions were considered heterogeneous due to a 
high range of segrega�on based on the phenotypic assay and therefore were 
excluded from subsequent analysis. Finally, 353 accessions were characterized for 
26 traits, including 11 qualita�ve and 15 quan�ta�ve traits.  
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Analysis of morphological variability among established groups 
 
To explore the exis�ng variability in the studied set of accessions and its rela�onship 
with the established gene�c groups, a principal component analysis (PCA) was 
conducted using 11 qualita�ve and 15 quan�ta�ve traits, encompassing vegeta�ve, 
inflorescence, fruit, and agronomic traits (Table 1). The wild species (green and 
gal_chees) were not included in these analyses. Only S. pimpinellifolium (sp) was 
included in the analysis of °Brix, as it is a quality trait of interest in breeding where 
high variability has been found in this species (Mata et al., 2000; Casals et al., 2018). 
Figure 5 depicts the contribu�on of the traits to the first two principal component, 
with further details on the traits and their contribu�on to the first three 
components provided in Supplementary Table 2. PC1 and PC2 accounted for 
32.49% and 16.89% of the observed variance, respec�vely. PC1 showed a posi�ve 
correla�on with fruit traits such as fruwid, fruweight_mean, ribcalend, bloshp, and 
nrloc, while nega�vely correla�ng with nr_fruits and brix. As a result, accessions 
with larger, mul�locular, and ribbed fruits were posi�oned towards the right side of 
the figure, while those with smaller fruits and higher °Brix values were located 
towards the le� side. On the other hand, PC2 exhibited posi�ve correla�ons with 
traits like ra�olenwid, frushp, frufirm, fruperi, and frulen, which characterize 
processing-type cul�vars with elongated fruits, firmer flesh, and thicker pericarp. 
grohab and greensho traits displayed a nega�ve correla�on with PC2, indica�ng the 
determinate growth habit and absence of green shoulders typically found in these 
cul�vars. The PC3 were related to the fruit color traits. 
 

 
Figure 5. Biplot graph illustra�ng the contribu�on of the traits in (a) PC1 and PC2; (b) PC1 
and PC3. 
 
To provide a visual representa�on of the accession distribu�on, Figure 6a 
showcases the projec�on of the accessions onto the plane defined by the first two 
principal components. The accessions belonging to each gene�c group, determined 
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by the genotyping data, are highlighted with different colors. Although there is a 
con�nuous gradient, a clear separa�on can be observed between the SLC 
accessions (slc_ma and slc_ecu_per_bol), as well as the modern Cherry-type 
cul�vars (im_cherry), and some of the early_vint accessions. This separa�on is 
mainly atributed to the small size of their fruits and their high °Brix values (Figure 
5,6a). The Spanish tradi�onal varie�es (vint_esp) are located in a wide part of the 
figure, predominantly in the center-right, indica�ng a high morphological variability 
and a predominance of ribbed and large-sized fruits. The tradi�onal Italian varie�es 
(vint_ita) are posi�oned higher in the graph, primarily due to the elongated shape 
of their fruits, as the majority of them are of the conserved type. The collec�on of 
early improved cul�vars (eim) exhibits a notable range of morphological variability, 
as evidenced by their distribu�on across the en�re graph. Within the collec�on, the 
modern cul�vars (mim) can be categorized into two dis�nct groups. The first group, 
located at the upper por�on of the graph, comprises determinate growth plants 
and elongated-shaped fruits, which are characteris�c of varie�es for tomato 
processing. The second group consists of larger-sized fruits with non-elongated 
shapes, more suitable for fresh consump�on. Furthermore, the third principal 
component is mainly associated with color-related traits (acol, bcol, and lcol). The 
projec�on of accessions onto the plane defined by components 1 and 3 clearly 
separates accessions with yellow and orange fruits, as well as those with darker 
colora�ons (Figure 6b). 
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Figure 6. Principal Component Analysis of 353 accessions from the tomato core collec�on 
using 25 phenotypic descriptors. (a) First and second principal components. (b) First and 
third principal components. The tomatoes in the graph represent the contribu�on of color 
(lcol, acol, bcol) and fruit size to components 1 and 3. 
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Correlations between traits 
 
The calculated correla�ons (Figure 7, Supplementary Figure 1) with the studied set 
of accessions allow establishing certain rela�onships between traits. 

 
Figure 7. Correla�on matrix of 25 vegeta�ve, inflorescence, fruit and agronomic traits. 
Bonferroni's correc�on was applied to calculate the significance (p-value). Significance for p 
≤ 0.05 is marked with an asterisk. 
 
Traits related to yield 
 
Yield (yld) is one of the traits that shows a higher number of correla�ons with other 
traits, except for those related to fruit color and shape, and fruit number. Thus, yield 
depends much more on fruit weight (fruweight_mean, r=0.50) and, consequently, 
on other closely correlated traits. On the other hand, both yield and fruit weight are 
nega�vely correlated with Brix degree (r=-0.52 and r=-0.49, respec�vely). This may 
be partly due to a dilu�on of fruit soluble solids with increasing fruit weight or 
increasing total yield (Roohanitaziani et al., 2020). Figure 8 illustrates the 
rela�onship between Brix degree and yield (a) and Brix degree and fruit weight (b). 
However, the described nega�ve correla�on is not constant when considering each 
of the gene�c groups considered (Supplementary Figure 1). It should be noted that 
the varia�on for both traits is very different within each gene�c group, and this has 
a significant effect on the correla�on. Thus, in the slc_ecu_per_bol and im_cherry 
groups, the correla�on between Brix degree and fruit weight is zero and very low 
for slc_ma, while for the rest of the groups, it is high. Similar results with some 
differences were obtained for the correla�ons between Brix degree and yield. 
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Roohanitaziani et al., (2020), studying a core collec�on composed of 122 accessions, 
which also included high variability for the studied traits, also observed an inverse 
correla�on between fruit weight and soluble solids. In their case, it was observed in 
accessions with a fruit weight below 30 g, including Cherry types and wild species, 
while in fruits weighing over 30 g, the varia�on was very small, with values not 
exceeding 5.6 °Brix in the range of 30 to 300 g. In our case, the range of varia�on 
for both traits is larger, with varie�es having fruits up to 497 g and 8.3 °Brix. The 
different variability for the considered traits within each group is responsible for this 
fact, indica�ng that within each group, the best combina�on of fruit weight/°Brix 
must be selected. One of the accession that accumulates a rela�vely high fruit 
weight and acceptable °Brix is GPT003310, a selec�on of the cul�var Mon�avet, 
with fruits of 119.8 g and 6.7 °Brix. Roohanitaziani et al., (2020) also found cul�vars 
with high produc�on and °Brix, sugges�ng, according to these authors, that soluble 
solid content can be influenced by gene�c factors that do not affect total yield. This 
was also shown for the Brix9-2-5 QTL, caused by varia�on in the Lin5 gene, which 
was introgressed from S. pennellii in a cul�vated tomato background and led to a 
significant increase in Brix degree without an adverse effect on fruit size and yield 
(Fridman et al., 2002, 2004). 

 
Figure 8. Scater plot of yield (a) and fruit weight (b) versus brix degree (°Brix) 
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Fruit traits 
 
Regarding fruit traits, they can be grouped into two clusters. On one hand, frushp 
and ra�olenwid, which show higher values in the case of cylindrical, pear-shaped, 
or ellipsoidal fruits, and are strongly correlated with each other. On the other hand, 
the remaining traits, ribcalend, fruwid, fruweight_mean, bloshp, and nrloc, show 
higher values in the case of rounded or flatened fruits, which are smaller in size 
and o�en have larger scars and ribs. Both groups of traits exhibit nega�ve 
correla�ons among them. 
 
Flowering and ripening earliness 
 
Agronomic traits related to flowering earliness (nr_sowtoflo) and ripening earliness 
(nr_sowtoripe) show a clear nega�ve correla�on with the number of fruits per 
plant (nr_fruit, r=-0.27 and r=-0.32, respec�vely) and Brix degree (r=-0.22 and r=-
0.34, respec�vely), indica�ng that smaller-sized fruits are the earliest to mature. 
Conversely, the correla�ons between both measures of earliness and traits 
associated with larger-sized fruits are posi�ve, sugges�ng the need for a longer 
period of �me to reach maturity in larger-sized fruits. Therefore, fruit size is an 
important trait to consider when applying the principles of ‘speed breeding’ in 
breeding programs. Nowadays, compe��on among companies to launch new 
hybrids to the market as quickly as possible has led to research related to what is 
known as speed breeding. It has been demonstrated that cold treatment of 
cotyledons, specific fer�liza�on doses, or illumina�on are factors that significantly 
influence the number of days elapsed between sowing and obtaining the first 
mature fruit (Gimeno-Páez et al., 2023). According to our findings, fruit size should 
be also considered. 
 
Morphological diversity by genetic groups 
 
To gain a more comprehensive understanding of the morphological traits exhibited 
by the accessions in the core collec�on and explore the prac�cal implica�ons of 
including these entries within each established gene�c group, a morphological 
descrip�on of the materials is conducted, taking into account their gene�c 
clustering. This approach provides valuable insights into the evolu�on of 
morphological characteris�cs from the oldest materials to the most modern 
varie�es and offers prac�cal implica�ons for further use. The results presented 
below are based on Figures 9, 10 and 11, represen�ng the quan�ta�ve and 
qualita�ve traits, respec�vely, as well as Table 4, which provides the most important 
sta�s�cs of each gene�c group. 
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1. Accessions of S. lycopersicum var. cerasiforme considered as the first local 
varieties from Ecuador, Peru and Bolivia (slc_ecu_per_bol) 
 
The accessions included in this group (n = 6) show indeterminate growth habit, with 
uniparous inflorescences. The fruits exhibit varying shades of green in their 
immature state, turning red when ripe, with variable presence of green shoulders. 
Generally, they have a slightly flatened or rounded shape and a smooth surface. 
The fruits are very small, with an average weight of 23.3 grams, thin pericarp, 
without scars or puffiness, and are bi- or trilocular. The high value of Brix degrees is 
noteworthy, surpassed only by Cherry-type cul�vars (im_cherry) and S.l. var. 
cerasiforme from Mesoamerica (slc_ma), although the highest Brix degrees values 
are found in S. pimpinellifolium accessions (sp). The majority of accessions in this 
group were collected from markets in Bolivia and Peru in the 1930s. Hence, these 
are highly ancient materials that, in gene�c analyses, exhibit the closest 
resemblance to entries of the S.l. var. cerasiforme variety, thus jus�fying the 
designa�on of this gene�c group. Their substan�al gene�c variability, surpassed 
only by accessions of S. pimpinellifolium, makes them highly valuable for breeding 
purposes. 
 
2. Accessions of S. lycopersicum var. cerasiforme considered as the first local 
varieties from Mesoamerica (slc_ma) 
 
This group includes 4 accessions from El Salvador and Honduras. The plants have an 
indeterminate growth habit, with predominantly uniparous inflorescences. The 
immature fruits color is light green that turning red when ripe. The fruits generally 
lack green shoulders or exhibit only slight intensity, exhibi�ng a smooth and 
rounded shape, with a very small size. The Brix degree content for this set of 
accessions are comparable to those of accessions belonging to the group of modern 
Cherry-type cul�vars (im_cherry). Most of the accessions included in this group 
were collected from roadside loca�ons. As seen in the descrip�on of gene�c 
diversity, there is a significant loss of gene�c diversity compared to the previous 
group, although the limited number of entries included in this group should be 
taken into considera�on. 
 
3. Initial local tomato varieties (early_vint) 
 
The plants included in this group (n = 45) are mainly indeterminate plants, with 
predominantly uniparous inflorescences and, to a lesser propor�on, compound 
inflorescences. The fruits exhibit varia�on in the intensity of green shoulders. 
Regarding fruit color, in immature stage presents light or medium green color, and 
in mature stage displays a slightly wide range of colors, but they are primarily red 
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or pink. Notably, there is extraordinary variability in the shape and size of the fruits. 
They range from round and small fruits to larger, heavily ribbed, segmented, and 
deformed ones, as well as elongated fruits with prominent locules. The fruit weight, 
along with its associated traits, shows significant varia�on. This group ranks fourth 
in terms of Brix degrees, following groups more similar to S.l. var. cerasiforme 
(slc_ecu_per_bol and slc_ma), modern cul�vars of the Cherry type (im_cherry), 
and S. pimpinellifolium (sp). A large por�on of this collec�on was gathered from 
local markets, mainly in Guatemala and El Salvador, in 1960. It is a highly interes�ng 
material due to its extensive morphological variability. The gene�c diversity is also 
high, comparable to improved modern cul�vars. 
 
4. Traditional or local varieties from Spain (vint_esp) 
 
The majority of the accessions included in this group (n = 33) show indeterminate 
growth habit, with a smaller por�on being semi-determinate, and they exhibit 
predominantly irregular inflorescences. The fruits show varia�on in the presence 
and intensity of green shoulders, as well as in the color of the immature fruit. This 
group stands out for its extraordinary variability in terms of fruit shape, color, 
ribbing, and pis�l scar, with an increase in the number of fruits with irregular scars. 
The occurrence of puffiness fruits is also observed. It is the group with the heaviest 
fruits with an average weight of 248.5 grams and, consequently, the traits related 
to fruit weight, such as the number of locules. The yield is also the highest among 
the groups with an approximately 3,132.1 grams of fruits per plant. However, it is 
one of the groups with the lowest Brix degrees values. Most accessions included in 
this group were collected in the 1980s and serve as a good representa�on of the 
exis�ng variability in tradi�onal cul�vars in this country. Despite the significant 
morphological variability found, it is important to note the enormous loss of gene�c 
diversity in this group, making it the group with the lowest value. 
 
5. Traditional or local varieties from Italy (vint_ita) 
 
This group includes 17 accessions. In contrast to the groups described earlier, this 
group has a considerable propor�on of accessions with determinate growth plants, 
as well as semi-determinate, although the majority s�ll consists of indeterminate 
growth. Nearly 100% of the inflorescences are uniparous. The green shoulder 
exhibit varying degrees of green intensity, as well as the immature fruits. The fruits 
are smooth or only slightly ribbed, without scars, red when ripe, and somewhat 
display puffiness. A notable feature of this group is the presence of elongated fruits, 
whether ellip�cal, pear-shaped, or obovoid, typical of varie�es intended for 
industrial processing. This group represents a diverse range of collec�on years, from 
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the 1930s to the 2000s. The gene�c diversity is very low and comparable to that of 
tradi�onal Spanish cul�vars (vint_esp). 
 
6. Early improve cultivar (eim) 
 
This group includes 73 accessions from various countries worldwide, without a 
common origin. Within this group, there is an increased variability in plant growth 
habit type, with approximately 50% consis�ng of determinate or semi-determinate 
entries. The complexity of inflorescence architecture also increases, with all of them 
being irregular or compound. The fruits exhibit variability in color at the immature 
stage and the presence/intensity of green shoulders. All fruit shapes considered in 
this study are present in this group, as well as the fruit color at maturity and ribbing 
at calix end. Addi�onally, a high percentage of fruits display linear or stellate-shaped 
pis�l scars. Regarding fruit size, where the Spanish tradi�onal cul�vars (vint_esp) 
have the largest size, the accessions of this group follow in second posi�on. Both 
groups (vint_esp and eim) have the lowest soluble solids content (°Brix) with an 
average of 4.4 and 4.6 Brix degrees, respec�vely. The gene�c diversity remains low, 
although slightly higher than that of tradi�onal Spanish (vint_esp) and Italian 
cul�vars (vint_ita). 
 
7. Modern improve cultivars (mim) 
 
The group of modern varie�es is the largest, comprising 166 accessions. This group 
encompasses accessions acquired by germplasm banks from 1950 to 2013, 
origina�ng from numerous countries, developed by companies or public research 
centers. There is a notable increase in accessions with determinate and semi-
determinate growth habit. The majority of inflorescences are uniparous, although 
irregular ones are also present. Unlike previous groups, fruits without green 
shoulders or with slight intensity prevail. In their immature state, fruits are mostly 
light green. The pis�l scar is usually dot or linear, without any irregulari�es. Fruits 
are predominantly smooth or with slight ribbing, turning red when ripe, compact, 
and exhibi�ng various shapes, with slightly flatened, round, and ellip�cal forms 
predomina�ng. This indicates a lower morphological variability of the fruits. The 
fruit weight is slightly lower compared to the early improved varie�es (eim), with 
an average value of approximately 108.3 grams. It is one of the groups with higher 
yield and lower Brix degree content (alongside Spanish varie�es (vint_esp), and 
early improve cul�var (eim)). The gene�c diversity is higher as a result of 
incorpora�ng wild species into the breeding process. 
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8. Modern improved varieties of the "Cherry" type (im_cherry) 
 
This group comprises only 9 accessions, consis�ng of improved cul�vars that share 
the characteris�c of being "Cherry" type, although they exhibit varia�on in other 
traits. While the majority exhibit indeterminate growth habit, one of them display 
determinate type. The inflorescences are uniparous. Immature fruits display a light 
green color with varying intensity of green shoulders. They have a smooth texture 
and develop into compact, round, flatened, or ellip�cal shapes, turning red or 
yellow when ripe. These fruits are very small in size, characterized by a thin pericarp, 
medium firmness, low yield, and a higher soluble solids content (with an average of 
6.8 Brix degree) compared to the slc_ma cul�vars, albeit significantly lower than S. 
pimpinellifolium (sp) (with an average of 10.7 Brix degree). Addi�onally, this group 
stands out for its remarkable gene�c diversity, surpassing that of modern improved 
cul�vars. 
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Figure 9. Distribu�on of qualita�ve morphological traits for each gene�c group. (a) Plant 
growth habit [grohab] (1: Determinate; 2: Semideterminate; 3: Indeterminate), (b) Inflorescence type 
[flotype] (1: Uniparous; 2: Forked; 3: Irregular; 4: Compound), (c) Green shoulder [greensho] (0: 
Uniform; 1: Light green; 2: Medium green; 3:  Dark green), (d) External immature fruit color [frucolim] 
(1: Whi�sh; 2: Light green; 3: Medium green; 4: Dark green), (e) Blossom end scar [bloshp] (1: Dot; 2. 
Stellate; 3: Lineal; 4: Irregular), (f) Ribbing at calyx end [ribcalend] (0: Smooth; 3: Weak; 5: 
Intermediate; 7: Strong), (g) External mature fruit color [frucolma] (1: Yellow; 2: Orange; 3: Pink; 4: 
Red; 5: Dark red; 6: Purple; 7: Brown; 8: Other), (h) Puffiness [puff] (0: Absent; 3: Light; 5: Intermediate; 
7: Severe) and (i)  Fruit predominat shape [frushp] (1: Very flat; 2: Slightly flat; 3: Round; 4: Oxheart; 
5: Heart, 6: Rectangular; 7: Bell pepper; 8: Ellipsoid; 9: Obovoid; 10: Long pepper). 
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Figure 10. Boxplot of quan�ta�ve morphological traits for each gene�c group. (a) Fruit 
length [frulen], (b) Fruit width [fruwid], (c) Ra�o length/width [ra�olenwid], (d) Number of locules 
[nrloc], (e) Fruit firmness [frufirm], (f) Pericarp thickness [fruperi], (g) °Brix [brix], (h) Fruit weight 
[fruweight_mean], (i) Number of fruits [nr_fruits] and (j) Yield [yld].  
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Table 4. Sta�s�cal summary of the phenotypic traits evaluated in the different gene�c groups. Range (minimum – maximum), Mean ± 
Standard devia�on, and Coefficient of varia�on.  
 

Trait slc_ecu_per_bol slc_ma early_vint vint_esp vint_ita eim mim im_cherry sp* 
  n= 6 n= 4 n= 45 n= 33 n= 17 n= 73 n= 166 n= 9   n= 6   

frufirm 
29.1 - 47.3 12.4 - 33.2 7.5- 68.8 28.8 - 66.1 31.4 - 68.3 26.6 - 66.7 10.6 - 77.8 24.4 - 78.2   
38.7 ± 4.9 20.6 ± 4.8 36.6 ± 4.6 49.3 ± 5.0 48.9 ± 3.0 43.3 ± 4.6 51.2 ± 4.8  47.3 ± 2.5  

12.7 23.1 12.6 10.2 6.2 10.7 9.3 5.3   

lcol 
32.4 - 34.6 30.9 - 33.1 30.6 - 42.8 31.5 - 56.8 28.7 - 48.8 29.9 - 48.5 30.6 - 40.5 28.9 - 46.3   
33.2 ± 1.1 31.9 ± 0.5 33.5 ± 1.0 36.5 ± 1.0 33.9 ± 0.6 34.8 ± 1.3 34.0 ± 0.8 33.0 ± 1.4  

3.2 1.7 3.1 2.7 1.8 3.8 2.3 4.4   

acol 
15.6 - 20.2 17.3 - 22.9 (-0.5) - 25.6 (-3.4) - 24.4 (-0.9) - 26.6 (-6.5) - 25.4 1.5 - 31.9 5.2 - 26.5   
18.3 ± 0.9 20.0 ± 0.8 19.2 ± 1.2 18.9 ± 1.2 18.6 ± 2.5 19.3 ± 1.2 22.3 ± 1.9 17.7 ± 1.3  

4.8 4.0 6.3 6.3 13.7 6.3 8.4 7.3   

bcol 
11.1 - 13.3 12.4 - 14.3 8.7 - 22.6 9.6 - 30.3 10.1 - 24.3 8.7 - 27.1 8.8 - 19.9 5.5 - 23.7   
11.9 ± 0.4 13.1 ± 0.2 12.6 ± 0.7 14.4 ± 0.8 13.6 ± 0.7 14.0 ± 1.1 13.7 ± 0.6 13.0 ± 0.7  

3.6 1.9 5.6 5.5 5.2 7.7 4.1 5.1   

brix 
5.3 - 6.3 6.0 - 7.2 3.5 - 8.3 3.4 - 5.5 4.0 - 6.4 3.4 - 6.7 3.3 - 7.6 5.1 - 8.3 9.3 - 12.1 
5.8 ± 0.3 6.5 ± 0.2 5.8 ± 0.5 4.4 ± 0.2 5.1 ± 0.3 4.6 ± 0.3 4.7 ± 0.3 6.8 ± 0.6 10.7 ± 0.9 

5.6 2.9 8.4 5.7 6.2 6.5 6.0 9.1 8.0 

fruperi 
2.4 - 4.0 1.0 - 1.3 1.0 - 7.6 4.1 - 8.0 2.4 - 9.0 3.3 - 8.2 1.0 - 10.0 2.33 - 4.9   
3.1 ± 0.4 1.1 ± 0.3 3.7 ± 0.4 5.7 ± 0.6 5.8 ± 0.5 5.5 ± 0.5 6.1 ± 0.5 3.4 ± 0.4  

11.6 23.1 10.3 10.5 7.9 8.9 8.5 11.8   

frulen 
23.1 - 30.5 15.6 - 19.6 13.7 -70.8 36.0 - 75.2 27.1 - 85.6 32.3 - 105.0 16.6 - 68.3 21.6 -39.4    
27.4 ± 0.5 16.7 ± 0.8 33.4 ± 2.2 59.1 ± 2.9 51.7 ± 3.1 49.7 ± 3.0 49.1 ± 2.0 32.5 ± 1.0  

1.8 4.7 6.5 4.9 6.0 6.0 4.1 3.0   

fruwid 
27.7 -38.7 16.6 - 19.9 14.7 - 76.6 46.7 - 112.0 29.3 - 65 23.4 - 97.2 17.0 - 94.1 17.7 - 43.5   
32.5 ± 1.5 17.7 ± 0.4 38.5 ± 2.8 81.3 ± 3.6 42.1 ± 6.3 62.5 ± 3.9 54.8 ± 3.3 30.7 ± 1.3  

4.7 2.4 7.3 4.4 14.9 6.2 6.0 4.2   

ra�olenwid 
0.8 - 0.9 0.9 - 1.0 0.5 -2.2 0.6 - 1.1 0.8 - 2.2 0.5 - 2.0 0.7 - 1.7 0.8 - 1.7   
0.8 ± 0.1 0.9 ± 0.0 1.0 ± 0.0 0.7 ± 0.0 1.3 ± 0.1 0.8 ± 0.1 0.9 ± 0.0 1.1 ± 0.0  

7.6 3.1 5.2 3.9 9.0 6.8 5.2 3.8   

nrloc 
3.0 - 5.0  2.0 -2.0 2.0 - 15.0 2.0 - 18.0 2.0 - 5.0 2.0 -17.0 2.0 - 13.0 2.0 -3.0   
3.3 ± 0.5 2.0 ± 0.0 4.3 ± 1.0 9.7 ± 1.4 2.7 ± 0.9 6.9 ± 1.1 4.3 ± 0.8 2.4 ± 0.2  

14.9 0.0 23.1 14.3 32.0 15.8 19.4 7.0   
41.3 - 63.0 35.7 - 47.7 32.7 -62.0 44.3 - 62.0 33.0 - 65.3 33.0 - 65.0 33.0 - 81.0 33.0 -46.3   
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Trait slc_ecu_per_bol slc_ma early_vint vint_esp vint_ita eim mim im_cherry sp* 
  n= 6 n= 4 n= 45 n= 33 n= 17 n= 73 n= 166 n= 9   n= 6   

nr_sowtoflo 46.3 ± 12.4 40.3 ± 1.7 43.1 ± 5.9 50.3 ± 4.0 49.0 ± 7.7 47.0 ± 4.4 48.4 ± 7.1 42.2 ± 1.6  

26.8 4.2 13.8 7.9 15.8 9.4 14.7 3.8   

nr_sowtorip
e 

84.7 - 101.0 86.0 - 95.3 78.3 - 105.0 89.3 - 171.0 81.7 - 143.0 84.0 -144.0 78.7 - 164.0 79.0 - 89.3   
91.1 ± 2.2 88.5 ± 6.0 90.2 ± 2.3 110.9 ± 10.9 100.2 ± 6.2 99.2 ± 6.2 98.5 ± 6.2 86.0 ± 3.1  

2.5 6.7 2.5 9.8 6.2 6.2 6.3 3.6   

nr_fruits 
26.0 - 67.0  51.0 -70.0 13.0 - 97.0  5.0 - 73.0 17.0 - 81.0 7.0 -72.0 9.0 -88.0 36.0 - 176.0   
43.6 ± 7.2 58.3 ± 8.8 48.6 ± 10.5 16.8 ± 8.4 45.1 ± 12.6 26.3 ± 7.8 33.2 ± 9.8 85.1 ± 17.0  

16.6 15.1 21.6 49.8 28.0 29.5 29.5 20.0   

fruweight_m
ean 

14.4 - 33.7 3.7 - 6.6 2.9 - 142.0 50.7 - 497.0 23.1 - 129.0 14.4 - 394.0 3.9 - 335.0 6.3 - 49.5   
23.3 ± 1.8 4.8 ± 0.4 44.4 ± 9.0 248.5 ± 60.5 61.8 ± 14.8 133.8 ± 32.5 108.3 ± 21.0 25.5 ± 3.2  

7.7 9.0 20.1 24.3 23.9 24.3 19.4 12.6   

yld 
710.0 - 1,684.0 220.0 - 378.0 136.0 -4,064.0 1208.0 - 4,012.0 1,112.0 -4,012.0 720.0 - 6,202.0 170.0 - 7,346.0 364.0 - 2,614.0   

968.8 ± 216.4 276.3 ± 40.7 1628.5 ± 506.8 3132.1 ± 797.9 2373.4 ± 633.6 2846.1 ± 992.8 2936.3 ± 1078.7 1645.0 ± 240.4  
22.3 14.7 31.1 25.5 26.7 34.9 36.7 14.6   

*sp was evaluated only for the sugar content in Brix degree. 
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Figure 11. Morphological varia�on of the fruits of the accessions in the core collec�on 
according to their gene�c group. The picture shows varia�on in fruit color, shape, and size, 
illustra�ng the varia�on between and within gene�c groups. Scale bar is 10 cm. (Con�nue) 
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Evolution of genetic diversity and morphological variation over time 
 
The approach of this study, clustering the accessions of the core collec�on based on 
their gene�c similarity complemented with passport data available in the 
databases, has allowed us to highlight the value of this collec�on, iden�fying the 
most gene�cally diverse accessions groups and the hotspots of phenotypic 
variability (Figure 11). 
Despite the limited number of accessions in some of the established gene�c groups, 
valuable insights can s�ll be obtained regarding the changes in gene�c diversity 
during the evolu�on from S.l. var. cerasiforme and the early tomato cul�vars, their 
migra�on outside their center of origin, and the breeding efforts undertaken by 
breeders.  
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The accessions of slc_ecu_per_bol exhibit a high gene�c diversity, comparable to S. 
pimpinellifolium (sp), among the accessions included in this study. This excep�onal 
gene�c richness was already demonstrated by Blanca et al., (2022a). The greatest 
loss of diversity occurs during the migra�on to Mesoamerica from the regions of 
Peru and Ecuador. Another significant botleneck is the transi�on from America to 
Europe, where diversity dropped dras�cally. Based on these results, the importance 
of S.l. var. cerasiforme from Ecuador, Peru, and Bolivia, as well as the accessions 
considered as early_vint, should be highlighted. These early_vint materials 
represent the ini�al introduc�on into local markets of these tomatoes and s�ll 
maintain a gene�c background very similar to S.l. var. cerasiforme. As observed in 
the performed PCA (Figure 2, 3), these accessions are dis�nct from the central 
cluster of Spanish and Italian vintages (vint_esp and vint_ita, respec�vely), as well 
as from eim and mim, highligh�ng the different gene�c background of these 
materials. Regarding the tradi�onal varie�es from Spain (vint_esp) and Italy 
(vint_ita), which are considered secondary centers of diversity, their gene�c 
diversity is low; however, their significant morphological variability reflects a high 
allelic varia�on in genes responsible for fruit phenotypic varia�on and other plant 
traits such as growth habit, a key trait for the adapta�on of tomato cul�va�on to 
mechanical harves�ng in tomatoes des�ned for industrial processing. The modern 
improve varie�es group (mim) represents gene�cally variable materials due to the 
involvement of wild species in their improvement and serves as a dis�nct source of 
varia�on compared to slc_ecu_per_bol. 
 
The varia�on among the established groups for the phenotypic traits is also of great 
interest (Figure 9, 10). The slc_ecu_per_bol and slc_ma groups exhibit considerable 
uniformity in terms of their fruit characteris�cs, which are predominantly round, 
red, and small in size, contras�ng with their high gene�c diversity. The explosion of 
morphological variability is clearly evident in the early_vint group. This variability is 
reminiscent of the descrip�ons provided by botanists about the earliest tomatoes 
that arrived from America. Van Andel et al., (2022) conducted a me�culous research 
work on exis�ng woodcuts illustra�on, names, and morphology of the oldest 
tomatoes. From this study, it becomes clear that different landraces of tomatoes 
were introduced early on in Europe, represen�ng a wide variety in flower and fruit 
shape, size, and color, as suggested by (Daunay et al., 2006; Peralta et al., 2008). 
Some tomato illustra�ons show a deeply furrowed (segmented) fruits. These 
descrip�ons resemble the accessions GPT019700, GPT049250, GPT192580 and 
GPT198820 included in this group (Figure 12). In a book published in 1937, Boswell  
(1937) provided a detailed account of the early tomato improvement efforts in the 
United States, describing the morphology of unimproved materials as follows: ‘Sixty 
years ago, the only large sorts were rough, ugly, heavily ribbed, variable 'varieties' 
of indifferent quality, although some good small ones of the greenhouse type had 
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been brought in from England.’. This supports the diversity of exis�ng forms before 
the beginning of the first gene�c breeding efforts. 
 

 
Figure 12. Morphology of deeply furrowed fruits described by Daunay et al., 2006, Peralta 
et al., 2008 and Van Ander et al., 2022 in the core collec�on. The included accessions are 
(le� to right) GPT019700, GPT049250, GPT192580, and GPT198820. 
 
The vint_esp group is another group with high morphological diversity, dis�nct from 
that found in the early_vint group. It may seem paradoxical that such a rich diversity 
of shapes, colors, sizes, uses, and other agronomic traits can be maintained with 
such a limited gene�c diversity. In fact, Blanca et al., (2022b) found in a study 
conducted with 1254 varie�es genotyped using GBS that only 298 SNPs were found 
to be polymorphic out of the 64,943 tested. According to these authors, this could 
be atributed to the selec�on carried out by tradi�onal farmers in favor of this 
agronomic diversity, resul�ng in a lack of varia�on with only a few scatered 
polymorphic loci that confer fruit shape, size, and color adapted to the preferences 
of local communi�es. There is, therefore, a high allelic diversity for the genes 
controlling these traits. Moreover, farmers have incorporated further diversity into 
the tradi�onal pool through the process of "tradi�onaliza�on," by integra�ng 
varie�es developed by breeding companies between the 18th and 21st centuries 
(Gen�lcore, 2010). It is now widely accepted that Spanish local varie�es (and also 
Italian tradi�onal varie�es) are the result of occasional crosses between truly 
tradi�onal varie�es and improved varie�es, although the majority of the genome 
remains "tradi�onal" due to successive backcrosses that naturally occur towards 
these varie�es (Casañas et al., 2017). This was also observed in the study performed 
by Blanca et al., (2022b), where introgressions coming from wild species were found 
in some of the accessions considered as vintage. Similarly to the vint_esp, the early 
improve material (eim) are highly phenotypically variable as they have been 
improved through intraspecific crosses using exis�ng heirlooms. In this previous 
breeding, the objec�ves were higher produc�on and, above all, the round shape of 
the fruits, which allowed for beter fruit handling and reduced losses. However, 
there s�ll existed considerable morphological variability (Boswell, 1937). 
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In the group of improved modern cul�vars (mim), a notable dis�nc�on can be 
observed between those intended for industrial processing and those cul�vated for 
fresh consump�on. This results in significant varia�on in traits that determine 
suitability for each type of use, such as growth habit, fruit shape and size, absence 
of green shoulders in the case of tomatoes for industrial processing, and higher 
pericarp thickness for fresh consump�on. However, within each group, there is a 
certain degree of uniformity, with the most predominant type for fresh 
consump�on being slightly flatened, medium-sized tomatoes without shoulders, 
aligning with the preferences of many markets. It should be noted that tomatoes of 
various colors have not been included in the core collec�on, as it is a current 
breeding objec�ve to diversify the offerings and atract new markets. 
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Interest of the core collection in breeding 
 
The core collec�on exhibited a high level of diversity across all inves�gated traits, 
as demonstrated for fruit size, color, and shape in Figure 9, 11 and the coefficients 
of varia�on in Table 4. The complete core collec�on is currently undergoing re-
sequencing, which will enable the detec�on of muta�ons or allelic variants in genes 
that determine fruit traits, such as the fasciated (fas) gene and locule number (lc), 
which influence both the final size and shape of the fruit (Rodríguez et al., 2011). 
Furthermore, it will allow the evalua�on of the major loci involved in fruit size 
control, namely fw1.1, fw2.1, fw2.2, fw3.1, fw3.2, and fw11.3, which collec�vely 
account for approximately 67% of the total phenotypic varia�on, resul�ng in size 
changes with minimal impact on shape (Lippman and Tanksley, 2001). Similarly, 
three major loci (ovate, sun, and fs8.1) modulate fruit shape with minimal effect on 
size  (Rodríguez et al., 2011). Ovate and sun lead to the development of elongated 
or pear-shaped fruits, while fs8.1 contributes to increased fruit length by 
augmen�ng the number of cells in the proximal-distal direc�on. The core collec�on 
also exhibits significant diversity in fruit color (Figure 11), which is atributed to 
various muta�ons encountered during the domes�ca�on and improvement of this 
crop. These muta�ons have been characterized and are located in genes involved in 
carotenoid or flavonoid biosynthesis or chlorophyll degrada�on. For instance, the 
yellow flesh color is determined by the yellow flesh (r) gene (Kachanovsky et al., 
2012), the orange color by the tangerine (t) gene (Isaacson et al., 2002), the green 
color by the green flesh (gf) gene (Barry et al., 2008), and the deep red color by the 
old gold crimson (ogc) gene (Ronen et al., 2000).  
 
In addi�on to the exis�ng varia�on in fruit traits, other traits related to plant 
architecture, inflorescences, and yield are also highly important. The varia�on 
observed in plant architecture and earliness allows plants to adapt to different 
environments and cul�va�on systems. For example, it enables the cul�va�on of 
very early varie�es with clustered flowering and frui�ng in cold environments 
where the tomato growing season is limited. The type of inflorescences also plays a 
crucial role, as it, along with fruit size, determines the number of fruits that can 
reach commercial maturity, a trait closely correlated with yield. There is a significant 
range of variability in these traits among the studied varie�es, which can be u�lized 
in breeding programs. 
 
As indicated in the materials and methods sec�on, the core collec�on included 
accessions that were specifically proposed by researchers due to their diverse 
characteris�cs of interest. These entries were selected based on their tolerance to 
abio�c stresses such as salinity, heat, cold, resistance to various viral, bacterial, or 
fungal diseases, as well as traits related to fruit quality such as firmness, high °Brix 
content, β-carotene, lycopene, ascorbic acid, and high yield poten�al. Addi�onally, 
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accessions were included for their relevance in studies of the demographic history 
of tomato. This increases the value of this collec�on. 
 
The tomato breeding con�nues to rely on the u�liza�on of wild species due to the 
absence of resistance genes and the lack of adapta�on to abio�c stresses in 
cul�vated varie�es. This approach will remain necessary due to the con�nuous 
emergence of diseases (Salem et al., 2023) and the progressive deser�fica�on of 
cul�va�on areas. However, there is also a clear trend towards expanding the gene�c 
base of modern tomatoes through introgressions of favourable traits from old 
cul�vars and tradi�onal varie�es. The loss of fruit quality in commercial hybrids has 
compelled companies to turn to old varie�es in search of flavour and all the 
associated traits. The availability of phenotypic and genotypic data from the studied 
collec�on, which largely consists of these types of cul�vars, represents a source of 
genes of extraordinary interest for further tomato improvement in many aspects. 
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Over the past few decades, the impact of climate change on hor�cultural crops has 
become increasingly evident. The loss of gene�c diversity and the erosion of gene�c 
resources pose significant challenges for crop improvement, demanding the 
explora�on of novel plant gene�c resources and the development of associated 
technologies to expedite the breeding process (Díez et al., 2018). Recently, there 
have been remarkable advancements in the applica�on of molecular tools to 
mi�gate the effects of climate change and enhance our understanding of 
hor�cultural species. These tools have allowed researchers to assess both the 
phenotypic and gene�c value of plant materials, providing valuable insights for crop 
improvement efforts. However, several challenges s�ll persist. Issues such as 
duplicate storage of germplasm, insufficient documenta�on of the stored material 
and seed exchange have been raised as concerns that must be addressed as they 
hamper the efforts to conduct comprehensive gene�c studies. Moreover, limited 
funding poses a barrier to conduc�ng more extensive gene�c inves�ga�ons. 
 
The objec�ves of this study were twofold. Firstly, it aimed to inventory and analyze 
the main solanaceous collec�ons within the frame of the G2P-SOL project. The 
focus was gathering and examining the available phenotypic and passport data from 
the germplasm banks (Chapter I), aiming to establish a core collec�on for each crop 
that encompasses maximum gene�c and phenotypic diversity (Chapter IV). To 
achieve this, a universal, rapid, and cost-effec�ve DNA extrac�on method was 
developed and op�mized for high-throughput genotyping pla�orms (Chapter II). 
Addi�onally, to enhance the value of the germplasm collec�ons, the study explored 
and op�mized the use of Single Primer Enrichment Technology (SPET) genotyping 
(Chapter III). This technique provided valuable insights into the diversity of the 
collec�ons and facilitated the discrimina�on of accessions within germplasm banks. 
SPET technology emerged as a powerful tool for iden�fying duplicates, detec�ng 
mislabelled samples, and iden�fying poten�al errors during regenera�on and 
storage processes. 
 
The findings presented in this study shed light on cri�cal aspects related to 
germplasm collec�ons and provide valuable knowledge for future endeavours (Vos 
and Bellù, 2019). By comprehensively assessing the available materials stored in 
germplasm banks, the study emphasizes their crucial role as reservoirs of gene�c 
diversity, serving as the founda�on for gene�c breeding ini�a�ves. In conclusion, 
this research contributes to the ongoing efforts aimed at addressing the challenges 
posed by climate change and the need for sustainable hor�cultural crop 
improvement. By elucida�ng the issues surrounding duplicate storage, seed 
exchange, and gene�c characteriza�on, this study provides valuable insights to 
support future work in the field. The materials preserved in germplasm banks play 
a pivotal role in gene�c conserva�on and hold immense poten�al for advancing the 
gene�c improvement of hor�cultural crop. 
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G2P-SOL. Inventory and gathering of available passport and phenotypic data from 
plant material stored in the most relevant germplasm banks of the major 
solanaceous crops: tomato, pepper, and eggplant. 
 
G2P-SOL is a collabora�ve research ini�a�ve that brings together the leading 
European and interna�onal repositories hos�ng germplasm collec�ons of the main 
solanaceous crops, including potato, tomato, pepper, and eggplant. This project 
represents the first comprehensive effort to examine such a large number of 
accessions, providing a worldwide sampling and a comprehensive view of the 
diversity and history of the main Solanaceous crops (Alonso et al., 2018). The high 
number of accessions stored in these germplasm banks highlights the importance 
of preserving and studying the gene�c resources (Mascher et al., 2019). However, 
one of the challenges encountered during this inventory was the lack of data from 
a significant por�on of the accessions. Many accessions needed proper 
characteriza�on in terms of both phenotypic and genotypic data. This limited 
accessibility of reliable characteriza�on data hampers the comprehensive 
understanding of the gene�c diversity and traits present within the collec�ons. 
These findings are similar to other studies conducted across numerous accessions, 
such as the one conducted by Milner et al., (2019), where a barley collec�on was 
genotyped and combined with insufficient and analogic passport data, available 
phenotypic data, and newly collected phenotypic data to dissect changes and 
selec�on of genes during crop evolu�on. 
 
Furthermore, the presence of duplica�ons between germplasm banks was 
observed to a considerable extent based on passport data. Duplicate accessions not 
only hinder the accurate assessment of the true diversity within the collec�ons but 
also raise concerns regarding the authen�city and reliability of the available data. It 
is crucial to address these issues of duplica�ons in order to ensure the accuracy and 
integrity of the germplasm collec�ons. These findings have been supported by 
genomic data, as demonstrated by Tripodi et al., (2021) in pepper crop, where they 
iden�fied 1,618 duplicate accessions within and between genebanks. The study also 
revealed that taxonomic ambiguity and misclassifica�on o�en involve interspecific 
hybrids that pose challenges for morphological classifica�on. Furthermore, 
addi�onal unpublished studies in eggplant (Barchi et al., 2023, manuscript under 
review) and tomato (Blanca et al., 2023, manuscript in prepara�on) have also 
provided evidence of the existence of a high rate of duplicates and misclassifica�on. 
Molecular passport data can reduce the workload through the exclusion of 
duplicates (Mascher et al., 2019).  
 
Another challenge encountered during the compila�on of data was the lack of 
consensus and agreement among the available characteriza�ons (Gotor et al., 2008; 
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Figàs et al., 2018). Even when using universal descriptors, discrepancies were 
observed in the characteriza�on data of various accessions. This lack of agreement 
can be atributed to varia�ons in the methodologies employed, differences in the 
criteria used for characterizing traits, and the subjec�ve interpreta�on of 
descriptors (Brewer et al., 2006; Figàs et al., 2018). Standardiza�on and 
harmoniza�on of characteriza�on protocols would greatly enhance the 
comparability and reliability of the available data. The available data, although 
limited, offer insights into the gene�c diversity and trait varia�ons within the 
solanaceous crops. These data can be u�lized to iden�fy accessions with specific 
traits of interest, assess their poten�al for gene�c enhancement, and guide 
breeding programs aiming to develop improved varie�es. 
 
In conclusion, the inventory and compila�on of passport and phenotypic data of 
solanaceous germplasm have revealed the immense gene�c diversity present in 
these collec�ons. However, the challenges of limited data availability, duplica�ons, 
mislabelling, and lack of consensus in characteriza�ons highlight the need for 
con�nued efforts in data collec�on, cura�on, and standardiza�on. By addressing 
these challenges, we can maximize the u�liza�on of solanaceous gene�c resources 
and enhance our understanding of the diversity and poten�al for crop 
improvement. 
 
SILEX. Development and implementation of high molecular weight and high-
quality genomic DNA extraction method for Next-Generation Sequencing 
platforms 
 
The availability of high-quality genomic DNA in sufficient concentra�on can 
some�mes be a limita�on, especially for third-genera�on sequencing pla�orms 
(Pucker et al., 2022). There is a wide range of DNA extrac�on methods available, 
from commercial kits to homemade protocols (Vaillancourt and Buell, 2019). 
However, the cost of these kits and o�en their low yield and weak DNA quality for 
NGS pla�orms, as well as the use of toxic substances in other protocols, have led to 
the development of a fast and high-quality DNA extrac�on method, as shown in 
Chapter II of this thesis. 
 
The SILEX protocol for genomic DNA extrac�on offers several advantages over other 
methods commonly used in molecular biology research. One of its main advantages 
is the use of common and inexpensive reagents, which makes it a cost-effec�ve 
op�on. The total cost of reagents and consumables employ in the SILEX protocol is 
only 0.12 € per sample.  
 
In contrast to certain protocols that u�lize toxic chaotropic salts at high 
concentra�ons (Huang et al., 2000; Li et al., 2010; Li & Sheen, 2012; Rogstad, 2012), 
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which can inhibit enzyma�c reac�ons relevant to NGS applica�ons (Rana et al., 
2019), the SILEX protocol u�lizes non-toxic reagents. Specifically, the SILEX protocol 
employs a binding buffer composed of NaCl and PEG, which aids in the binding of 
DNA to the silica surface. 
 
The effec�veness of the SILEX protocol has been demonstrated through extensive 
tes�ng on samples from different species and the widespread adop�on is evident 
through its successful applica�on across various genomic applica�ons. Research 
groups have validated the protocol in numerous studies involving different plant 
species, including snap bean (García-Fernández et al., 2022), cannabis (Galán-Ávila 
et al., 2021), pear (Simionca Mărcășan et al., 2023), almond (D’Amico-Willman et 
al., 2022) and the algae Alaria esculenta (Inaba et al., 2022). The quality and 
quan�ty parameters obtained using SILEX are comparable to those achieved with 
commercial kits, even when recalcitrant species are involved. Recalcitrant species 
o�en present challenges during DNA extrac�on due to the presence of 
polysaccharides and phenols, which can hinder downstream molecular analyses. In 
addi�on to its effec�veness in reducing contaminants, the SILEX protocol also 
adapts well to different sample types. While DNA extrac�on from fresh leaf �ssue 
is the standard prac�ce, there are instances where other types of material, such as 
fresh or freeze-dried fruit, need to be extracted. The SILEX protocol has 
demonstrated flexibility in successfully extrac�ng high quan��es of DNA from 
lyophilized and fresh fruit �ssues. This adaptability expands the protocol’s 
applicability to a broader range of species, type of samples and research areas 
(Inaba et al., 2022). 
 
The suitability of SILEX-extracted DNA for genotyping applica�ons, such as SSRs 
(Single Sequence Repeats), HRM (High-Resolu�on Mel�ng), Nanopore sequencing 
and GBS among others, has been extensively evaluated (Barchi et al., 2019; 
Gramazio et al., 2020; Arrones et al., 2022; Mangino et al., 2022). These findings 
demonstrate the robustness of the SILEX protocol and its ability to yield high-quality 
DNA suitable for different genotyping pla�orms.  
 
The simplicity of the SILEX protocol is another key advantage. The extrac�on process 
is straigh�orward and can be performed manually within a short �me frame. For 
mul�ple simultaneous manual extrac�ons, each sample requires less than 2 
minutes per person. This efficiency is beneficial for large-scale studies where a 
considerable number of samples need to be processed. However, the automa�on 
and simultaneous mul�plexing of 96-well plates, as seen in other extrac�on 
methods, should be considered for implementa�on in the near future. 
 
In conclusion, the SILEX protocol offers a cost-effec�ve, efficient, and versa�le 
method for DNA extrac�on from various plant species and sample types. Its use of 



General Discussion 

209 
 

common and inexpensive reagents, simplicity, and compa�bility with different 
genotyping pla�orms make it a valuable tool for molecular biology research. With 
its wide applicability, robustness, and compa�bility with advanced sequencing 
technologies, the SILEX protocol has the poten�al to significantly impact gene�c 
research and contribute to a beter understanding of plant genomes. As an example 
of the aforemen�oned, thousands of DNA samples from tomato and eggplant, as 
well as its wild rela�ves, were used to evaluated the efficiency and robustness of 
the genotyping technique (SPET) in Chapter III and IV of this Thesis, thus valida�ng 
the methodology and the suitability of the extracted DNA. 
 
SPET. Implementation and proof of concept of the SPET sequencing technique in 
horticultural crops, specifically tomato and eggplant. 
 
The SPET technique has been used in biomedical applica�ons (Scolnick et al., 2015; 
Nairismägi et al., 2016; Wei et al., 2020) and genotyping in plants (Scaglione et al., 
2019; Gonzalo et al., 2022), but its performance for characterizing large germplasm 
sets from crop plants was unknown. Furthermore, the implementa�on of this 
technique has led to the development of other applica�ons based on this 
technology, such as its use as a method to study other organisms like the microbiota 
(Benjamino et al., 2021). The study presented in Chapter III of this thesis aimed to 
evaluate the robustness and reliability of the SPET technique and explore the 
diversity, heterozygosity, and gene�c rela�onships within the germplasm included 
in the study. 
 
The results showed that SPET is a robust method that performs well with DNA 
samples prepared by different laboratories using different protocols. The number 
of reads and mapping percentage remained rela�vely stable even with different 
sample extrac�on protocols. This result validates the reliability of the SILEX method 
(Vilanova et al., 2020) shown in Chapter II. The technique also exhibited a very low 
level of missing data, indica�ng its suitability for genotyping diverse plant species 
(Baccichet et al., 2022). It provided a comparable analysis of single nucleo�de 
polymorphisms (SNPs) similar to genotyping arrays  (Acquadro et al., 2017), while 
also allowing for complexity reduc�on typical of genotyping-by-sequencing (GBS) 
approaches. SPET enabled the discovery of thousands of novel SNPs not originally 
included in the panel. These results are consistent with other studies conducted on 
different species, such as apricot (Baccichet et al., 2022), where a panel of 25K 
target SNPs yielded a total of 32,492 polymorphic sites. 
 
Tomato and eggplant, both subjected to human selec�on, have experienced a 
reduc�on in gene�c variability (Blanca et al., 2012a; Cericola et al., 2013). The 
panels designed for this study allowed the discovery of addi�onal non-target SNPs 
(7,427 and 26,103 non-target SNPs in tomato and eggplant, respec�vely), indica�ng 
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the technique's poten�al to iden�fy novel polymorphisms even in gene pools that 
underwent severe botlenecks during domes�ca�on, migra�on, and selec�on. 
Similar results have been obtained in Baccichet et al., (2022).   
 
The study also analyzed the heterozygosity of the accessions. Most accessions of 
tomato and eggplant displayed low heterozygosity (0.67% and 0.65%, repec�vely), 
consistent with previous reports (Acquadro et al., 2017; Aflitos et al., 2014; Sim et 
al., 2012b). However, a few accessions showed higher heterozygosity, likely 
reflec�ng recent hybridiza�on events. In the case of S. pimpinellifolium, the closest 
wild rela�ve of S. lycopersicum, an intermediate level of heterozygosity (4.7 %) was 
observed, indica�ng its gene�c posi�on between S. lycopersicum and other self-
incompa�ble wild species (Chen and Tanksley, 2004). These results are in line with 
similar results obtained in Blanca et al., (2022) using different genotyping pla�orm 
approach. A similar outcome was observed in eggplant, where two addi�onal 
cul�vated species, S. aethiopicum and S. macrocarpon, exhibited high 
heterozygosity (1.9% and 2.5%, respec�vely). This can be atributed to the lesser 
extent of human-driven selec�on on these species and their higher rate of allogamy 
(Daunay et al., 2001, 2019). These findings show a slight varia�on compared to the 
previous report by Acquadro et al., (2017) using the RAD-sequencing technique. 
 
Gene�c rela�onships among the accessions were explored through phylogene�c 
trees and PCA analyses. The analysis based on both the whole set of SNPs and the 
target SNPs revealed the rela�onships and clustering paterns among the 
accessions. Missing data, which ranged from minimal to higher percentages in some 
wild species, did not significantly impact the clustering of accessions. Mul�ple 
studies have delved into the impact of missing data on phylogene�c analysis, 
employing both empirical and simulated data. They propose that including taxa with 
extensive missing data does not have detrimental effects (Wiens and Moen, 2008; 
Lynch and Wagner, 2010; Thomson and Shaffer, 2010; Wiens and Morrill, 2011; Xi 
et al., 2016).  
In the case of tomato, the missing data varied from 0 to 17.7%. The cul�vated 
tomato (S. lycopersicum) exhibited an average of 1.18% missing data, S. 
pimpinellifolium showed 3.3%, and the highest values were observed in S. 
habrochaites (17.7%), which is the most evolu�onarily divergent wild species 
among the ones examined (Aflitos et al., 2014; Beddows et al., 2017). Those results 
are supported by the findings obtained in Chapter IV with a different set of 
accessions, where the species with the highest number of missing data is S. chilense 
(specie not included in this study), followed by S. habrochaites.  
On the other hand, the analysis of missing data in different eggplant species 
revealed varying levels of absence. S. melongena and S. aethiopicum exhibited very 
low levels (0.02 and 0.7%, respec�vely) of missing data, while S. macrocarpon had 
a higher frequency (4.5%). Wild species such as S. torvum and S. sisymbriifolium 
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showed the highest propor�ons of missing data (21.2% and 22.7, respec�vely), 
indica�ng greater evolu�onary divergence (Vorontsova et al., 2013; Acquadro et al., 
2017; Knapp et al., 2019). 
 
The technique also proved useful for iden�fying duplicates and mislabeled 
accessions, showcasing its poten�al for quality control in germplasm banks. These 
results are supported by the findings obtained in the analysis of the complete 
eggplant (Barchi et al., 2023, manuscript under review) and tomato (Blanca et al., 
2023, manuscript in prepara�on) collec�on discussed in Chapter I. The results of 
the genotyping analysis were consistent with previous knowledge of diversity in 
tomato and eggplant (Blanca et al., 2022; Gao et al., 2019; Hilgenhof et al., 2023; 
Knapp et al., 2019).  
On the basis of both ML dendogram and PCA analysis with all SNPs, S. lycopersicum 
accessions clustered separately, while S. pimpinellifolium showed a close 
rela�onship with cul�vated tomato.  This results are consistent with previous 
reports (Gao et al., 2019; Mata-Nicolás et al., 2020). The other wild species fell into 
expected posi�ons (Aflitos, et al., 2014; Beddows et al., 2017) in the dendrogram 
and PCA plots.   
On the other hand, Solanum melongena accessions from Oriental and European 
origins formed separate clusters from other cul�vated and wild species in both the 
ML dendrogram and PCA plots (Acquadro et al., 2017; Gramazio et al., 2017). S. 
insanum was iden�fied as the closest rela�ve to eggplant, followed by S. 
linnaeanum within the "Eggplant" clade, consistent with previous (Lester and 
Hasan, 1991; Weese1 and Bohs1, 2010) and recent studies (Acquadro et al., 2017; 
Aubriot et al., 2018; Knapp et al., 2019).  
 
The rela�onships between S. melongena and the other cul�vated eggplants, S. 
aethiopicum and S. macrocarpon, have shown conflic�ng results ( Sakata et al., 
1991; Sakata & Lester, 1997; Isshiki et al., 2008; Meyer et al., 2012; Vorontsova et 
al., 2013). While recent studies suggest that S. macrocarpon is gene�cally closer to 
eggplant, different outcomes have been obtained using SSR or SNP genotyping 
(Gramazio et al., 2017). Our SPET-based clustering revealed dis�nct groups for each 
of the three cul�vated species, indica�ng probable divergence at similar �mes. 
Accessions of S. aethiopicum were intermixed with its wild ancestor S. anguivi, 
sugges�ng gene�c exchange between the two species (Plazas et al., 2014). S. 
tomentosum was placed in the "Anguivi" group, suppor�ng previous findings 
(Vorontsova et al., 2013; Acquadro et al., 2017). Addi�onally, the wild species S. 
sisymbriifolium and S. torvum, known for disease resistance traits, formed a dis�nct 
group in both the ML tree and PCA analyses (Acquadro et al., 2017). 
 
In conclusion, the study demonstrated the reliability and efficiency of the SPET 
technique for high-throughput genotyping of tomato, eggplant, and their rela�ves. 
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It allowed for the iden�fica�on of novel SNPs, detec�on of segrega�ng accessions, 
and quality control in germplasm banks. The findings provided valuable insights into 
the gene�c diversity and rela�onships within the germplasm sets, allowing for the 
development of Chapter IV of this thesis. 
 
TOMATO CORE COLLECTION. Linking gene�c resources, genotypes to phenotypes 
of the G2P-SOL tomato core collec�on.  
 
The core collec�on analyzed in this study comprised 450 accessions obtained from 
renowned germplasm bank, including WorldVeg, INRAE, UPV-COMAV, MVCRI, 
WUR-DLO, IPK and BATEM. Through the examina�on of available passport data, it 
was determined that out of the 450 accessions, 354 belonged to the cul�vated 
species S. lycopersicum var. lycopersicum (SLL), while 46 were classified as S. 
lycopersicum var. cerasiforme (SLC), and 50 were wild species. The origins of this 
diverse collec�on encompassed Mesoamerica as the center of origin, along with 
Europe and Asia as centers of diversity. Notably, the inclusion of wild species from 
Ecuador, Chile, and Peru added to the gene�c richness of the collec�on. Moreover, 
the core collec�on showcased a well-balanced distribu�on of accessions with 
different biological statuses. Tradi�onal cul�vars accounted for approximately 
34.0% of the collec�on, origina�ng from Spain, Italy, and Central and South 
America, represen�ng the cultural heritage and tradi�onal farming prac�ces 
associated with the crop. Modern cul�vars, comprising 28.2% of the accessions, 
reflected advancements in breeding and agricultural prac�ces, predominantly from 
Northern Europe, Asia, and North America. Furthermore, 15.5% of the accessions 
consisted of breeding materials, highligh�ng ongoing efforts to enhance the crop's 
traits and adaptability. 
 
The gene�c structure of the core collec�on was inves�gated through the 
informa�on generated in a preliminary gene�c analysis (Blanca et al., 2023, 
manuscript in prepara�on) u�lizing all genotyped accessions from the whole 
tomato collec�on described on Chapter I. The accessions were classified into 
different gene�c groups based on their gene�c proximity, as determined by 
Principal Component Analysis (PCA). These groups were further characterized using 
passport data, morphological traits, and previous studies on tomato evolu�on 
(Blanca et al., 2022a). The PCA analysis revealed clear separa�ons between wild 
species and cul�vated tomatoes, with addi�onal differen�a�on among the different 
wild species groups. These results are consistent with previous research, such as the 
carried out by Blanca et al., (2012, 2015), indica�ng the reliability of the sequencing 
technology detailed in Chapter III. Moreover, the extrapola�on of data from a large 
collec�on (n = 15,504) to a core collec�on (n = 450) indicates that the core collec�on 
displayed a balanced distribu�on of accessions with different biological statuses, 
including old varie�es, tradi�onal cul�vars and modern cul�vars. The analysis 
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highlighted the gene�c diversity present within the collec�on and demonstrated 
the influence of breeding prac�ces and the incorpora�on of wild species on modern 
improved cul�vars. These results align with the conclusions drawn in earlier 
research developed by Schouten et al., 2019. Furthermore, the analysis emphasized 
the importance of early-vintage local varie�es, including tradi�onal varie�es from 
Spain and Italy. Our results are in line with the literature (Blanca, et al., 2022b; 
García-Mar�nez et al., 2013; Pons et al., 2022), which has consistently 
demonstrated the suitability of these accessions due to their adapta�on to specific 
soil and clima�c condi�ons in the cul�va�on areas. The presence of wild species 
introgressions in modern cul�vars, par�cularly in the "Cherry" type, was also 
observed. Our findings are in agreement with prior inves�ga�ons that have 
reported by Sim et al., 2012b. This comprehensive understanding of the gene�c 
structure of the core collec�on provides valuable insights for future research and 
breeding efforts aimed at enhancing tomato diversity and improving desirable 
traits. 
 
The analysis of gene�c diversity in the core collec�on provides further support for 
the findings obtained from the PCA analysis. The diversity indices reveal interes�ng 
paterns within different groups. Notably, the im_cherry group demonstrates the 
highest level of diversity, which is consistent with similar findings reported by Sim 
et al., (2012b). In addi�on, the accessions from sp and slc_ecu_per_bol also exhibit 
considerable diversity. These results are in concordance with Blanca et al., (2012, 
2015) and Razifard et al., (2020). Surprisingly, the wild species with green fruit 
(green) display lower diversity, contrary to the results reported by Schouten et al., 
(2019). This discrepancy could be atributed to the SNP selec�on panel used, which 
focused on polymorphism in S. lycopersicum and S. pimpinellifolium. Consequently, 
a significant number of SNPs were missing in more distantly related species. The 
decline in diversity from slc_ecu_per_bol to slc_ma indicates a botleneck 
phenomenon and highlights the regions of highest gene�c diversity within the 
variety. Furthermore, the early improved materials (eim) derived from tradi�onal 
cul�vars exhibit low levels of gene�c diversity. However, modern cul�vars (mim), 
par�cularly the Cherry types (im_cherry), show increased diversity due to the 
incorpora�on of wild species in breeding programs. These findings refute previous 
claims regarding a loss of gene�c diversity, as demonstrated by studies conducted 
by Schouten et al., (2019) in Dutch greenhouses. The u�liza�on of wild species has 
had both posi�ve and nega�ve impacts on disease resistance and fruit quality. 
Notably, the increased diversity among modern cul�vars, especially in the Cherry 
types, has been highlighted by Sim et al., (2012b), indica�ng higher diversity 
compared to tradi�onal varie�es. The propor�on of polymorphic loci further 
supports the observed paterns of gene�c diversity.  
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Phenotypic characteriza�on of the core collec�on revealed valuable insights into 
the morphological variability among the gene�c groups. PCA was performed on 11 
qualita�ve and 15 quan�ta�ve traits, showing dis�nct paterns among different 
gene�c groups. The PCA results highlighted the influence of fruit traits, such as size, 
shape, and ribbing, on the distribu�on of accessions. Addi�onally, correla�ons 
between traits provided further understanding of their rela�onships. Produc�on 
was strongly correlated with fruit weight, while nega�vely correlated with Brix 
degree. However, the correla�on varied across gene�c groups, indica�ng the 
importance of selec�ng the appropriate combina�on of fruit weight and Brix degree 
within each group. Fruit traits were divided into two clusters, with certain traits 
associated with cylindrical or rounded fruits. Agronomic traits related to flowering 
and ripening earliness showed nega�ve correla�ons with fruit size and Brix degree, 
sugges�ng that smaller-sized fruits tend to mature earlier. Despite the limited 
number of accessions in some groups, valuable insights were gained regarding the 
changes in gene�c diversity over �me. The slc_ecu_per_bol group exhibited high 
gene�c diversity comparable to S. pimpinellifolium, with a significant loss of 
diversity observed during migra�on to Mesoamerica and Europe as was already 
demonstrated by Blanca et al., 2022a. The early_vint group, represen�ng ini�al 
introduc�ons into local markets, displayed dis�nct gene�c backgrounds and a wide 
range of morphological variability. The substan�al gene�c and morphological 
variability within certain gene�c groups, such as sp and slc_ecu_per_bol, suggests 
their poten�al value for breeding programs aimed at enhancing specific traits as 
Brix content (Casals et al., 2018). Tradi�onal varie�es from Spain (vint_esp) and Italy 
(vint_ita) exhibited low gene�c diversity but demonstrated significant 
morphological varia�on, par�cularly in traits related to fruit phenotypes and 
growth habits. The presence of elongated fruits in the vint_ita group, typically used 
for industrial processing, underscores the importance of considering specific traits 
for different tomato market segments. The modern improved varie�es group (mim) 
showed gene�c variability due to the incorpora�on of wild species, with notable 
differences between varie�es intended for industrial processing and fresh 
consump�on. Overall, the findings highlight the importance of S.l. var. cerasiforme 
and early_vint accessions, emphasize the maintenance of morphological diversity 
despite limited gene�c diversity in tradi�onal varie�es, and underscore the 
poten�al for gene�c improvement in modern cul�vars. These findings contribute to 
the knowledge of tomato morphological diversity and provide valuable insights for 
breeding programs aiming for specific trait combina�ons and accelerated breeding 
strategies. Further studies have also supported the importance of considering fruit 
size and quality in breeding programs to meet market demands (Fridman et al., 
2002, 2004; Roohanitaziani et al., 2020; Gimeno-Páez et al., 2023). 
 
In conclusion, the core collec�on exhibited high diversity in various fruit traits, 
including size, color, and shape. These findings reinforce the importance of the core 



General Discussion 

215 
 

collec�on as a valuable resource for research and breeding programs aimed at 
enhancing tomato diversity and resilience. Ongoing re-sequencing of the collec�on 
will enable the iden�fica�on of muta�ons or allelic variants in genes related to fruit 
traits, such as size and shape control. Major loci involved in fruit size and shape have 
been iden�fied, contribu�ng to the understanding of the gene�c basis of these 
traits. Fruit color diversity in the core collec�on is atributed to muta�ons in genes 
involved in biosynthesis or degrada�on of carotenoids, flavonoids, and chlorophyll. 
In addi�on to fruit traits, varia�on in plant architecture, inflorescences, and yield-
related traits is also significant. The inclusion of accessions with diverse 
characteris�cs in the core collec�on, including tolerance to stresses and traits 
related to fruit quality, enhances its value for breeding programs. The u�liza�on of 
wild species and the integra�on of traits from old cul�vars and tradi�onal varie�es 
contribute to expanding the gene�c base of modern tomatoes. The availability of 
phenotypic and genotypic data from the core collec�on offers valuable gene�c 
resources for further tomato improvement in various aspects, including flavor and 
stress tolerance. 
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You have to believe in yourself, that’s the secret. 
Charlie Chaplin 
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1) A review has been performed on the tomato and eggplant germplasm collection 
and the status of the available information of these collections, as well as their 
relevance for breeding. This information serves as a crucial foundation for 
further research and breeding programs. 

2) A database has been developed for the major solanaceous crops, namely 
tomato, pepper, and eggplant, containing standardized and unified passport, 
phenotyping, and image data, and made them readily accessible to end-users. 

3) The analysis of the passport data has revealed the existence of duplicated 
accessions among and within genebanks, misclassifications, and insufficient 
documentation to establish traceability of these duplications in many cases. This 
contributes to an inefficient use of the genetic resources conserved. 

4) The analysis of phenotypic data of the tomato, pepper, and eggplant collections 
provided by genebanks, has revealed the extensive diversity for plant, 
inflorescence, fruit, and agronomic traits. The availability of these data in a 
single place can contribute to enhance their use for researchers and breeders. 

5) A robust genomic DNA extraction protocol has been developed, suitable for use 
in a wide range of species, including recalcitrant species, and various tissue 
samples. Furthermore, the SILEX protocol can be extensively utilized in 
laboratories due to the availability of common consumables, avoiding the need 
for expensive reagents and specialized equipment.  

6) The SILEX protocol offers numerous advantages compared to commercial kits 
and the CTAB-based method. It is well-suited for routine DNA extraction across 
various applications, including Next-Generation Sequencing (NGS) platforms. 

7) We have developed platforms for genotyping tomato and eggplant using the 
SPET technology, which combines targeted analysis of SNPs (like genotyping 
arrays) and complexity reduction (like GBS approach). The two platforms have 
bee used for assessing genetic diversity in tomato and eggplant accessions, 
including their wild relatives.  

8) SPET allows the discovery of thousands of novel SNPs not originally included in 
the panel, thanks to the sequencing of the genomic regions around the target 
SNPs. 

9) Through ML dendrograms and PCA analyses of SPET data, a substantial number 
of both target and non-target polymorphisms have been evaluated. The two 
approaches complemented each other in interpreting the data, providing 
valuable insights into the genetic diversity of the studied species. The utilization 
of the whole SNP dataset is preferable for comprehensive phylogenetic studies, 
whereas the use of target SNPs enhances intra-specific discrimination, 
particularly for studies on domestication and genome-wide association.  
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10) The SPET technology was successful in distinguishing between different species, 
confirmed established phylogenetic relationships, resolved mislabelling errors, 
and demonstrated its high reproducibility through replicate testing of the same 
accessions. These outcomes underscore the value of SPET for high-throughput 
genotyping, management, and improvement of genebank collections. 

11) The genetic analysis of the core collection made up of 400 tomato accessions 
and 50 accessions of wild species reveals a reduction in genetic diversity in the 
vintage materials of tomatoes compared to wild species and S.l. var. 
cerasiforme. However, modern improved varieties exhibit higher genetic 
diversity primarily due to their enhancement through introgressions from wild 
species. 

12) The core collection has been split in different genetic groups based on their 
genetic similarity. The phenotypic characterization of the core collection has 
demonstrated different patterns of diversity in each genetic group for plant, 
inflorescence, fruit, and agronomic traits, as a result of their evolutionary history 
and the level of genetic improvement. 

13) The development of this doctoral thesis has significant implications on the 
conservation and use of genetic resources, representing a substantial 
advancement in terms of generation of information and development of 
biotechnological tools. The work carried out here, along with the generated 
knowledge, paves the way for new research avenues in plant breeding 
management, allowing for the identification of novel genes related to 
morphological traits of interest, as well as resistance or tolerance to biotic and 
abiotic stresses. 
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CHAPTER I. Supplementary material 
  
Supplementary material 1.   Descriptors for tomato, pepper, and eggplant modified based 
on those developed by IPGRI-FAO for the collection of phenotypic data available in 
germplasm banks.  

Tomato Descriptors 
 

Characterization site descriptors 
Country of characterization [Code of country in which the sample was originally 
characterized. Use the 3-letter ISO]  
Cultivation period [Beginning and end month of cultivation] 
Cultivation type 

1. Greenhouse 

   2. Open air 
   3. Tunnel 
   4. Other (specify) 
 
Plant descriptors  
Vegetative data 

1. Plant growth habit  
1. Dwarf 

 2. Determinate 
 3. Semi-determinate 
 4. Indeterminate 

2. Leaf type 
1. Dwarf 
2. Potato leaf type 
3. Standard 
4. Double feathered 

 
Inflorescence data 

3. Inflorescence type  
1. Uniparous 
2. Forked 
3. Multiparous or irregular 

4. Style position 
1.    Inserted  
3.    Same level as stamens  
5.    Slightly exerted 
7.    Highly exerted 

 
Fruit data 

5. Predominant fruit shape (after the fruit turns color)  
1. Flattened 
2. Slightly flattened 
3. Rounded 
4. High rounded 
5. Heart-shaped 
6. Cylindrical 
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7. Pear-shaped 
8. Plum-shaped 
9. Other (specify) 

6. Exterior color of immature fruit 
1. Greenish-White 
3.    Light green 
5.    Green 
7.    Dark green 
9.    Very dark green 

7. Presence of jointless pedicel  
0. Absent 
1. Present 

8. Exterior color of mature fruit 
1. Green 
2. Yellow 
3. Orange 
4. Red 
5. Pink 
6. Orange-red 
7. Brown 
8. Violet 
9. Other (specify) 

9. Presence of green (shoulder) trips on the fruit  
0. Absent (Uniform ripening) 
1. Present 

10. Intensity of greenback (green shoulder) 
0.    Absent 
3.    Slight 
5. Intermediate 
7. Strong 

11. Fruit fasciation  
1. Smooth 
3.    Slight 
5.    Medium 
7.    Severe 

12. Fruit size  
1. Very small  
3.    Small  
5.    Medium 
7.    Big 
9.    Very big 

13. Shape of pistil car  
1. Dot 
2. Stellate 
3. Linear 
4. Irregular 

14. Blossom end shape  
1. Indented 
2. Flat 
3. Pointed 

15. Ribbing at calix end 



Supplementary material 

235 
 

0.    Absent 
3.    Slight 
5.    Medium 
7.    Strong 

16. Skin color of ripen fruit  
1. Colourless 
2. Yellow 

17. Transvers section  
1. Round 
2. Angular 
3. Irregular 

18. Number of locules 
19. Puffiness  

0. Absent 
3.    Slight 
5.    Medium 
7.    Severe 

Agronomic data 
20. Varietal type 
21. Fruit size variation within a plant 

1. Uniform 
3.    Slight 
5.    Medium 
7.    High 

22. Fruit set (it refers to the proportion of flowers that set fruit) 
1. Low 
3.    Intermediate 
5.    High 
7.    Very high 
 

23. Flowering earliness (measured in a qualitative basis, comparing each accessions with the 
other characterized in the same assay) 

3.    Early 
5.    Medium  
7.    Late 

24. Maturity earliness (measured in a qualitative basis, comparing each accessions with the 
other characterized in the same assay) 

3.    Early 
5.    Medium 
7.    Late 

25. Fruit yield per plant (measured in a qualitative basis, comparing each accessions with the 
other characterized in the same assay) 

1. Very low 
3.    Low 
5.    Medium 
7.   High 
9.   Very high 

Images 
Provide a photograph of the plant, flower and fruit (JPEG format). A picture of the fruit is the bare 
minimum, and should include a ruler and standardized color card. 
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Pepper Descriptors 
 

Characterization site descriptors 
Country of characterization [Code of country in which the sample was originally 
characterized. Use the 3-letter ISO]  
Cultivation period [Beginning and end month of cultivation] 
Cultivation type 

1. Greenhouse 

   2. Open air 
   3. Tunnel 
   4. Other (specify) 
Plant descriptors  
Vegetative data 

1. Plant growth habit 
3.     Prostrate 

 5.     Compact 
 7.     Erect 

2. Plant height 
1. Short (<50cm) 
3.    Intermediate (50-100 cm) 
5.    Tall (>100cm) 
7.    Very tall (>200cm) 

3. Nodal anthocyanin (whole plant) 
0. Green 
1. Very pale purple 
3.    Light purple 
5.    Purple 
7.    Dark purple 

Inflorescence data 
4. Number of pedicel per axil 
5. Pedicel position at anthesis  

3.    Pendant 
5.    Intermediate 
7.    Erect 

6. Corolla colour 
1. Whyte 
2. Light yellow  
3. Yellow 
4. Yellow-green 
5. White with purple base 
6. White with purple margin  
7. Purple 
8. Other (specify) 

7. Corolla spot 
0. Absent 
1. White 
2. Yellow 
3. Green-yellow 
4. Green 
5. Other 
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Fruit data 
8. Calyx margin shape 

3.   Smooth 
5.   Intermediate 
7.   Dentate 

9. Annular constriction at junction of calyx and peduncle (at mature green stage) 
0. Absent  
3.    Not clear 
5.   Clear 

10. Fruit position 
3.    Pendant 
5.    Intermediate 
7.    Erect 

11. Fruit colour at immature stage 
1. Green 
2. Yellow 
3. Orange 
4. Red 
5. Purple 
6. Brown 
7. Black 
8. Yellow-green 
9. Other (specify) 

12. Fruit color at mature stage 
1. Green  
2. Yellow  
3. Orange 
4. Orange-red 
5. Red 
6. Purple 
7. Brown 
8. Black 
9. Yellow-orange 
10. Other (specify) 

13. Fruit shape  
1. Elongate 
2. Oblate 
3. Round 
4. Conical 
5. Campanulate 
6. Bell or blocky 
7. Pumpkin shaped 
8. Other (specify) 

14. Fruit shape at peduncle attachment  
4. Acute 
3.    Obtuse 
5.    Truncate 
7.    Cordate 
9.    Lobate 

15. Fruit shape at blossom end 
3.    Pointed 
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5.    Blunt 
7.    Sunken 
9.    Sunked and pointed 

16. Fruit pungency 
0.    Not pungent (sweet) 
3.    Low pungency 
5.    Intermediate pungency 
7.    High pungency 

17. Fruit size 
1. Very small (< 4g) 
3.    Small (4 < x < 10 g) 
5.    Medium (10 < x < 40 g) 
7.    Big (40< x < 150 g) 
9.    Very big (> 150 g) 

18. Fruit cross-sectional corrugation (at 1/3 from pedicel end)  
0. Smooth 
3.    Slightly corrugated 
5.    Intermediate 
7.    Corrugated 

19. Fruit wall thickness 
1. Very thin (< 1 mm) 
3.    Thin (1 < x < 2 mm) 
5.    Medium (2 < x <4 mm) 
7.    Thick (4 < x < 6 mm) 
9.    Very thick (> 6 mm) 

Seed data 
20. Seed colour 

1. Straw 
2. Black/brown 
3. Other (specify) 

Agronomic data 
21. Varietal type 
22. Fruit set (it refers to the proportion of flowers that set fruit) 

1. Low 
3.    Intermediate 
5.    High 
7.    Very high 

23. Flowering earliness (measured in a qualitative basis, comparing each accessions with the 
other characterized in the same assay) 

3.    Early 
5.    Medium  
7.    Late 

24. Maturity earliness (measured in a qualitative basis, comparing each accessions with the 
other characterized in the same assay) 

3.    Early 
5.    Medium  
7.    Late 

25. Fruit yield per plant (measured in a qualitative basis, comparing each accessions with the 
other characterized in the same assay) 

2. Very low 
3.    Low 
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5.    Medium 
7.    High 
9.    Very high 

26. Use 
1. Fresh consumption  
2. Canned 
3. Flavouring 
4. Powder 
5. Other (specify) 

 
Images 
Provide a photograph of the plant, flower and fruit (JPEG format). A picture of the fruit is the bare 
minimum, and should include a ruler and standardized color card. 
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Eggplant Descriptors 
 

Characterization site descriptors 
Country of characterization [Code of country in which the sample was originally 
characterized. Use the 3-letter ISO]  
Cultivation period [Beginning and end month of cultivation] 
Cultivation type 

1. Greenhouse 
   2. Open air 
   3. Tunnel 
   4. Other (specify) 
Plant descriptors  
Vegetative data 

1. Plant growth habit  
1. Very upright 

 3. Upright 
 5. Intermediate 
 7. Prostrate 

2. Leaf blade lobes  
1. Very weak  
3.    Weak 
5.    Intermediate 
7.    Strong 
9.    Very strong 

3. Leaf prickles  
0. None 
1. Very few (1-2) 
3.    Few (3-5) 
5.    Intermediate (6-10) 
7.    Many (11-20 
9.    Very many (>20) 

Inflorescence data 
4. Number of flower per inflorescence 
5. Corolla colour 

0. Yellow 
1. Greenish white  
3.    White 
5.    Pale violet 
7.    Light violet 
9.    Bluish violet 

Fruit data 
6. Fruit size 

1. Very small (less than 15g)  
3.    Small (from 15 to 50 g) 
5.    Medium (from 50 to 400 g) 
7.    Big (400 to 800g) 
9.    Very big (more than 1000 g)  

7. Fruit length/breadth ratio  
1. Broader than long              
3. As long as broad 
5. Slightly longer than broad       
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7. Twice as long as broad 
8.  Three �mes as long as broad 
9. Several �mes as long as broad 

8. Fruit curvature 
1. None 
3     Slightly curved  
5. Curved 
7. Snake shaped 
8. Sickle shaped 
9. U shaped 

9. Fruit shape (position of widest part of the fruit) 
3.    About ¼ way from base to tip 
5.    About ½ way from base to tip  
7.    About ¾ way from base to tip 

10. Fruit apex shape 
3.    Protruded 
5.    Rounded 
7.    Depressed 

11. Fruit color at commercial ripeness 
1.    Green 
2.    Milk white 
3.    Deep yellow 
4.    Fire red 
5.    Scarlet red 
6.    Lilac gray 
7.    Purple 
8.    Purple black 
9.    Black 

12. Fruit color distribution at commercial ripeness 
1.   Uniform 
3.   Mottle 
5.   Netted 
7.   Striped 

13. Fruit flesh colour 
1.   White  
2.   Intermediate  
3.   Green 

14. Fruit calyx prickles  
0. None 
1. Very few (<3) 
3.    Few (~5) 
5.    Intermediate (~10) 
7.    Many (~20) 
9.    Very many (>30) 

15. Fruit cross section   
1.    Circular, no grooves 
3.    Elliptic, no grooves 
5.    Few grooves (~4) 
7.    Many grooves (~8) 
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9.    Very irregular 
16. General anthocyanin distribution in apex, stem, calix, leaf vein, leaf blade 

0.    Absent 
3.    Low 
5.    Medium 
7.    High 

Agronomic data 
17. Varietal type [is related with the usage of the fruit. For instance, some eggplants are used 

for pickling. Other varietal types in eggplant are - Round black/purple - Oval black/purple - 
Semi Long B/P - Long B/P - White (round, U) - Stripped - Green and Mini eggplants] 

18. Fruit set (number of fruits set compared with the number of flowers) 
1.   Very low 
3.    Low 
5.   Medium 
7.   High 
9.   Very high 

19. Flowering earliness (measured in a qualitative basis, comparing each accessions with the 
other characterized in the same assay) 

3.    Early 
5.    Medium  
7.    Late 

20. Maturity earliness (measured in a qualitative basis, comparing each accessions with the 
other characterized in the same assay) 

3.    Early 
5.    Medium  
7.    Late 

21. Fruit yield per plant (measured in a qualitative basis, comparing each accessions with the 
other characterized in the same assay) 

1.     Very low 
3.    Low 
5.    Medium 
7.   High 
9.   Very high 

Images 
Provide a photograph of the plant, flower and fruit (JPEG format). A picture of the fruit is the bare 
minimum, and should include a ruler and standardized color card.  
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CHAPTER IV. Supplementary tables and figures 
 
Supplementary Table 1. Passport data of the accessions included in the tomato core 
collec�on. Countries are labeled based on their ISO-3 code. ND = No data. 
 

G2PSOL_code Ins�tute 
code Genus Specie Subtaxa Country 

Biological 
status of 
accession 

Gene�c group 

GPT000140 BATEM Solanum lycopersicum  TUR 300 eim 
GPT000170 BATEM Solanum lycopersicum  TUR 300 vint_esp 
GPT000210 BATEM Solanum lycopersicum  TUR 300 vint_esp 
GPT000270 BATEM Solanum lycopersicum  TUR 300 vint_ita 
GPT000280 BATEM Solanum lycopersicum  TUR 300 vint_esp 
GPT000320 BATEM Solanum lycopersicum  TUR 300 vint_esp 
GPT000430 BATEM Solanum lycopersicum  TUR 300 mim 
GPT000500 BATEM Solanum lycopersicum  TUR 300 vint_esp 
GPT002130 FRA011 Solanum lycopersicum  USA 400 mim 
GPT002240 FRA011 Solanum lycopersicum  USA 400 mim 
GPT002580 FRA011 Solanum lycopersicum  BGR ND mim 
GPT002680 FRA011 Solanum lycopersicum  NLD 500 mim 
GPT003010 FRA011 Solanum lycopersicum  FRA ND mim 
GPT003250 FRA011 Solanum lycopersicum  FRA ND eim 
GPT003260 FRA011 Solanum lycopersicum  FRA 500 mim 
GPT003270 FRA011 Solanum lycopersicum  MAR 500 mim 
GPT003290 FRA011 Solanum lycopersicum  FRA 400 mim 
GPT003310 FRA011 Solanum lycopersicum  FRA 400 mim 
GPT003350 FRA011 Solanum lycopersicum  BGR ND im_cherry 
GPT003580 FRA011 Solanum lycopersicum  USA 400 mim 
GPT003680 FRA011 Solanum lycopersicum  CAN 400 mim 
GPT004060 FRA011 Solanum lycopersicum  FRA ND mim 
GPT004340 FRA011 Solanum lycopersicum  FRA ND mim 
GPT004490 FRA011 Solanum lycopersicum  BGR 400 mim 
GPT004560 FRA011 Solanum lycopersicum  ITA ND vint_ita 
GPT004570 FRA011 Solanum lycopersicum  FRA 500 mim 
GPT004940 FRA011 Solanum lycopersicum  USA 500 mim 
GPT005160 FRA011 Solanum lycopersicum  NLD 500 mim 
GPT005810 FRA011 Solanum lycopersicum  NLD 500 mim 
GPT006670 FRA011 Solanum lycopersicum  ITA 300 eim 
GPT006680 FRA011 Solanum lycopersicum  USA 500 mim 
GPT006760 FRA011 Solanum lycopersicum  USA 500 mim 
GPT007460 FRA011 Solanum lycopersicum  FRA 500 mim 
GPT007510 FRA011 Solanum lycopersicum  FRA 500 mim 
GPT008160 FRA011 Solanum lycopersicum  unknown ND eim 
GPT008350 FRA011 Solanum lycopersicum cerasiforme COL 200 early_vint 
GPT008470 FRA011 Solanum lycopersicum cerasiforme BRA 200 slc_ecu_per_bol 
GPT008680 FRA011 Solanum lycopersicum  PER 300 mim 
GPT008870 FRA011 Solanum lycopersicum  unknown ND mim 
GPT009590 FRA011 Solanum lycopersicum  unknown ND mim 
GPT009990 FRA011 Solanum lycopersicum  unknown 400 mim 
GPT010210 FRA011 Solanum lycopersicum cerasiforme MEX 300 early_vint 
GPT010220 FRA011 Solanum lycopersicum cerasiforme MEX 300 early_vint 
GPT010280 FRA011 Solanum habrochaites  PER 100 green 
GPT010460 FRA011 Solanum chmielewskii  PER 100 green 
GPT010510 FRA011 Solanum habrochaites  PER 100 green 
GPT010590 FRA011 Solanum habrochaites  ECU 100 green 
GPT010600 FRA011 Solanum habrochaites  ECU 100 green 
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G2PSOL_code Ins�tute 
code Genus Specie Subtaxa Country 

Biological 
status of 
accession 

Gene�c group 

GPT010610 FRA011 Solanum habrochaites  ECU 100 green 
GPT010630 FRA011 Solanum habrochaites  ECU 100 green 
GPT010720 FRA011 Solanum lycopersicum cerasiforme BLZ 200 early_vint 
GPT010730 FRA011 Solanum lycopersicum  unknown 400 mim 
GPT010780 FRA011 Solanum chilense  PER 100 green 
GPT010940 FRA011 Solanum chmielewskii  PER 100 green 
GPT011020 FRA011 Solanum habrochaites  PER 100 green 
GPT011220 FRA011 Solanum cheesmaniae  ECU 100 gal_chees 
GPT011440 FRA011 Solanum habrochaites  ECU 100 green 
GPT011450 FRA011 Solanum habrochaites  PER 100 green 
GPT011500 FRA011 Solanum corneliomulleri  unknown 100 green 
GPT012080 FRA011 Solanum chilense  PER 100 green 
GPT012090 FRA011 Solanum chilense  PER 100 green 
GPT012170 FRA011 Solanum chilense  CHL 100 green 
GPT012190 FRA011 Solanum chilense  CHL 100 green 
GPT012330 FRA011 Solanum habrochaites  PER 100 green 
GPT012470 FRA011 Solanum habrochaites  PER 100 green 
GPT012920 DEU146 Solanum lycopersicum  GTM 300 early_vint 
GPT014690 DEU146 Solanum lycopersicum  USA 500 eim 
GPT014700 DEU146 Solanum lycopersicum  unknown 500 eim 
GPT014710 DEU146 Solanum lycopersicum  USA 400 mim 
GPT014790 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT015530 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT015580 DEU146 Solanum lycopersicum  DEU 500 mim 
GPT015590 DEU146 Solanum lycopersicum  unknown 400 eim 
GPT015630 DEU146 Solanum lycopersicum  NLD 500 mim 
GPT016110 DEU146 Solanum lycopersicum  RUS 500 eim 
GPT016190 DEU146 Solanum lycopersicum  unknown 500 eim 
GPT016330 DEU146 Solanum lycopersicum  ROU 500 eim 
GPT016360 DEU146 Solanum lycopersicum  NLD 500 eim 
GPT016380 DEU146 Solanum lycopersicum  NLD 500 mim 
GPT016410 DEU146 Solanum lycopersicum  RUS 500 eim 
GPT016770 DEU146 Solanum lycopersicum  RUS 500 mim 
GPT016830 DEU146 Solanum lycopersicum  NLD 500 mim 
GPT017150 DEU146 Solanum lycopersicum  BGR 500 mim 
GPT017170 DEU146 Solanum lycopersicum  BGR 500 mim 
GPT017590 DEU146 Solanum lycopersicum  RUS 300 mim 
GPT017730 DEU146 Solanum lycopersicum  RUS 300 mim 
GPT017790 DEU146 Solanum lycopersicum  ITA 300 vint_ita 
GPT018970 DEU146 Solanum lycopersicum  unknown 500 eim 
GPT019250 DEU146 Solanum lycopersicum  ITA 300 vint_ita 
GPT019270 DEU146 Solanum lycopersicum  ITA 300 eim 
GPT019700 DEU146 Solanum lycopersicum  unknown 300 early_vint 
GPT019720 DEU146 Solanum lycopersicum  unknown ND eim 
GPT019950 DEU146 Solanum lycopersicum  DEU 500 mim 
GPT020030 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT020190 DEU146 Solanum lycopersicum  RUS 500 mim 
GPT020450 DEU146 Solanum lycopersicum  RUS 500 mim 
GPT020770 DEU146 Solanum lycopersicum cerasiforme USA 500 early_vint 
GPT020910 DEU146 Solanum lycopersicum  unknown 500 eim 
GPT020920 DEU146 Solanum lycopersicum  POL 500 eim 
GPT020940 DEU146 Solanum lycopersicum  DEU 500 mim 
GPT021280 DEU146 Solanum lycopersicum  ESP 300 eim 
GPT021360 DEU146 Solanum lycopersicum  unknown ND mim 
GPT021460 DEU146 Solanum pimpinellifolium  unknown 100 green 
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G2PSOL_code Ins�tute 
code Genus Specie Subtaxa Country 

Biological 
status of 
accession 

Gene�c group 

GPT021770 DEU146 Solanum lycopersicum  ESP 300 mim 
GPT021830 DEU146 Solanum lycopersicum  unknown ND vint_ita 
GPT022170 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT023030 DEU146 Solanum lycopersicum  USA 500 eim 
GPT023250 DEU146 Solanum lycopersicum  CHN 300 mim 
GPT023530 DEU146 Solanum lycopersicum  NLD 500 mim 
GPT023680 DEU146 Solanum lycopersicum cerasiforme CUB 300 early_vint 
GPT023780 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT023800 DEU146 Solanum lycopersicum  unknown 300 early_vint 
GPT023870 DEU146 Solanum lycopersicum  unknown 400 eim 
GPT023890 DEU146 Solanum lycopersicum cerasiforme unknown 300 early_vint 
GPT024020 DEU146 Solanum lycopersicum  USA 500 mim 
GPT024920 DEU146 Solanum lycopersicum  unknown 500 eim 
GPT025200 DEU146 Solanum lycopersicum  unknown 999 mim 
GPT025280 DEU146 Solanum lycopersicum  unknown 100 mim 
GPT025370 DEU146 Solanum lycopersicum  MEX 300 vint_ita 
GPT025480 DEU146 Solanum lycopersicum  ITA 400 mim 
GPT025600 DEU146 Solanum lycopersicum  RUS 500 eim 
GPT025710 DEU146 Solanum pimpinellifolium  unknown 100 sp 
GPT025800 DEU146 Solanum pimpinellifolium  unknown 100 im_cherry 
GPT025900 DEU146 Solanum lycopersicum cerasiforme HRV 300 mim 
GPT026050 DEU146 Solanum lycopersicum  SDN 300 eim 
GPT026150 DEU146 Solanum lycopersicum  SDN 300 eim 
GPT026210 DEU146 Solanum lycopersicum  SDN 300 eim 
GPT026380 DEU146 Solanum lycopersicum cerasiforme ARG 300 im_cherry 
GPT026390 DEU146 Solanum lycopersicum cerasiforme ARG 300 mim 
GPT026480 DEU146 Solanum lycopersicum cerasiforme ARG 300 early_vint 
GPT026750 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT027240 DEU146 Solanum lycopersicum cerasiforme CAN 400 early_vint 
GPT027550 DEU146 Solanum lycopersicum  unknown 400 mim 
GPT027760 DEU146 Solanum lycopersicum  unknown 400 vint_esp 
GPT027970 DEU146 Solanum lycopersicum cerasiforme CAN 300 mim 
GPT027980 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT028050 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT028320 DEU146 Solanum lycopersicum cerasiforme CAN 400 early_vint 
GPT028390 DEU146 Solanum pimpinellifolium  unknown 100 slc_ecu_per_bol 
GPT028510 DEU146 Solanum lycopersicum  unknown 500 eim 
GPT028520 DEU146 Solanum lycopersicum  USA 500 mim 
GPT028550 DEU146 Solanum lycopersicum  BGR 400 eim 
GPT028790 DEU146 Solanum lycopersicum  CAN 500 mim 
GPT028940 DEU146 Solanum lycopersicum  USA 500 eim 
GPT029310 DEU146 Solanum lycopersicum  DEU 500 mim 
GPT029360 DEU146 Solanum lycopersicum  HUN 400 mim 
GPT029380 DEU146 Solanum lycopersicum  HUN 500 mim 
GPT029600 DEU146 Solanum lycopersicum  NLD 412 mim 
GPT029760 DEU146 Solanum lycopersicum  BGR 500 mim 
GPT030150 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT030290 DEU146 Solanum lycopersicum  DEU 500 mim 
GPT030350 DEU146 Solanum lycopersicum  BGR 412 eim 
GPT030610 DEU146 Solanum lycopersicum  unknown 400 mim 
GPT030810 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT031030 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT031040 DEU146 Solanum lycopersicum cerasiforme SDN 300 vint_ita 
GPT031050 DEU146 Solanum lycopersicum cerasiforme SDN 300 vint_ita 
GPT031240 DEU146 Solanum lycopersicum  DEU 500 im_cherry 
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G2PSOL_code Ins�tute 
code Genus Specie Subtaxa Country 

Biological 
status of 
accession 

Gene�c group 

GPT031520 DEU146 Solanum lycopersicum  LBY 300 eim 
GPT031590 DEU146 Solanum lycopersicum  GEO 300 eim 
GPT031600 DEU146 Solanum lycopersicum  GEO 300 eim 
GPT031630 DEU146 Solanum lycopersicum  CAN 500 eim 
GPT032120 DEU146 Solanum lycopersicum cerasiforme GEO 300 early_vint 
GPT032190 DEU146 Solanum lycopersicum  CUB 500 mim 
GPT032610 DEU146 Solanum lycopersicum  CUB 300 mim 
GPT032770 DEU146 Solanum lycopersicum cerasiforme CUB 300 early_vint 
GPT033220 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT034780 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT034930 DEU146 Solanum pimpinellifolium  PER 100 sp 
GPT035860 DEU146 Solanum lycopersicum  unknown 500 eim 
GPT035870 DEU146 Solanum lycopersicum  unknown 500 eim 
GPT036180 DEU146 Solanum lycopersicum  ITA 300 mim 
GPT036640 DEU146 Solanum lycopersicum  RUS 500 eim 
GPT037560 DEU146 Solanum lycopersicum  RUS 500 mim 
GPT041810 DEU146 Solanum lycopersicum  UKR 500 eim 
GPT041890 DEU146 Solanum lycopersicum cerasiforme unknown 500 early_vint 
GPT041900 DEU146 Solanum lycopersicum  unknown 500 mim 
GPT042000 DEU146 Solanum pimpinellifolium  unknown 100 mim 
GPT042490 DEU146 Solanum lycopersicum  ITA 500 mim 
GPT042800 DEU146 Solanum lycopersicum  unknown ND mim 
GPT043070 DEU146 Solanum lycopersicum  unknown ND mim 
GPT043290 DEU146 Solanum habrochaites  PER 100 green 
GPT044980 DEU146 Solanum lycopersicum  SLV 300 early_vint 
GPT049020 DEU146 Solanum lycopersicum cerasiforme SLV 300 slc_ma 
GPT049250 DEU146 Solanum lycopersicum  GTM 300 early_vint 
GPT050980 BGR030 Solanum lycopersicum  BGR 410 eim 
GPT051000 BGR030 Solanum lycopersicum  BGR 410 vint_esp 
GPT051040 BGR030 Solanum lycopersicum  BGR 410 mim 
GPT051060 BGR030 Solanum lycopersicum  BGR 500 mim 
GPT051070 BGR030 Solanum lycopersicum  BGR 410 eim 
GPT051080 BGR030 Solanum lycopersicum  BGR 410 mim 
GPT051100 BGR030 Solanum lycopersicum  BGR 500 mim 
GPT051110 BGR030 Solanum lycopersicum  BGR 500 eim 
GPT051120 BGR030 Solanum lycopersicum  BGR 500 vint_esp 
GPT051130 BGR030 Solanum lycopersicum  BGR 410 im_cherry 
GPT051140 BGR030 Solanum lycopersicum cerasiforme BGR 410 im_cherry 
GPT051150 BGR030 Solanum lycopersicum cerasiforme BGR 500 im_cherry 
GPT051180 BGR030 Solanum lycopersicum  BGR 410 im_cherry 
GPT051230 BGR030 Solanum lycopersicum  BGR 410 eim 
GPT051240 BGR030 Solanum peruvianum  unknown 100 green 
GPT051280 BGR030 Solanum lycopersicum  BGR 500 mim 
GPT051390 BGR030 Solanum lycopersicum  BGR 500 mim 
GPT051420 BGR030 Solanum lycopersicum  BGR 410 mim 
GPT123460 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT123640 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT124040 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT124090 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT124380 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT124610 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT124940 ESP026 Solanum lycopersicum  ESP 300 eim 
GPT125570 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT125690 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT126040 ESP026 Solanum lycopersicum  ESP 300 mim 
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G2PSOL_code Ins�tute 
code Genus Specie Subtaxa Country 

Biological 
status of 
accession 

Gene�c group 

GPT126140 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT126280 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT126300 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT127470 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT127850 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT128010 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT128660 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT128730 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT129180 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT129230 ESP026 Solanum lycopersicum  ESP 200 eim 
GPT129520 ESP026 Solanum lycopersicum  ESP 300 eim 
GPT130260 ESP026 Solanum lycopersicum  ESP 300 eim 
GPT130740 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT130880 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT131210 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT131220 ESP026 Solanum lycopersicum  ESP 300 eim 
GPT131520 ESP026 Solanum lycopersicum  ESP 300 eim 
GPT131610 ESP026 Solanum lycopersicum  ESP 300 im_cherry 
GPT131700 ESP026 Solanum lycopersicum  ESP 300 eim 
GPT132040 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT132810 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT133470 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT133710 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT133910 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT134160 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT134170 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT134420 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT134520 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT134860 ESP026 Solanum pimpinellifolium  PER 100 mim 
GPT134990 ESP026 Solanum arcanum  PER 100 green 
GPT135010 ESP026 Solanum pennellii  PER 100 green 
GPT135350 ESP026 Solanum lycopersicum  ESP 300 im_cherry 
GPT135920 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT136160 ESP026 Solanum lycopersicum  ESP 300 eim 
GPT137710 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT138180 ESP026 Solanum lycopersicum  ESP 300 vint_ita 
GPT138690 ESP026 Solanum lycopersicum  ESP 300 eim 
GPT139240 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT140090 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT140450 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT140790 ESP026 Solanum lycopersicum  ESP 300 mim 
GPT140910 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT140950 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT141890 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT141940 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT142650 ESP026 Solanum lycopersicum  ESP 300 eim 
GPT142920 ESP026 Solanum lycopersicum  ESP 300 vint_ita 
GPT144270 ESP026 Solanum lycopersicum  ESP 300 vint_esp 
GPT147310 NLD037 Solanum peruvianum  PER 100 green 
GPT149330 NLD037 Solanum lycopersicum  USA 500 mim 
GPT152170 NLD037 Solanum lycopersicum  USA 500 mim 
GPT152370 NLD037 Solanum lycopersicum  USA 500 mim 
GPT152770 NLD037 Solanum corneliomulleri  PER 100 green 
GPT153840 NLD037 Solanum pimpinellifolium  unknown 100 sp 
GPT154450 NLD037 Solanum lycopersicum  NLD 500 im_cherry 
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G2PSOL_code Ins�tute 
code Genus Specie Subtaxa Country 

Biological 
status of 
accession 

Gene�c group 

GPT160840 TWN001 Solanum lycopersicum  PHL 400 mim 
GPT161040 TWN001 Solanum lycopersicum  PHL 400 mim 
GPT161270 TWN001 Solanum pimpinellifolium  PHL 100 eim 
GPT161400 TWN001 Solanum lycopersicum  TWN ND eim 
GPT162120 TWN001 Solanum pimpinellifolium  PER 100 vint_ita 
GPT162150 TWN001 Solanum lycopersicum  PER 300 mim 
GPT162220 TWN001 Solanum lycopersicum  USA 412 mim 
GPT162700 TWN001 Solanum lycopersicum  HKG 500 mim 
GPT162770 TWN001 Solanum lycopersicum  HKG 500 mim 
GPT163140 TWN001 Solanum lycopersicum  USA 500 mim 
GPT163220 TWN001 Solanum lycopersicum  USA 300 vint_ita 
GPT163250 TWN001 Solanum lycopersicum  USA 500 eim 
GPT163400 TWN001 Solanum lycopersicum  USA 500 eim 
GPT163440 TWN001 Solanum lycopersicum  USA 500 mim 
GPT164460 TWN001 Solanum lycopersicum  CHN 300 eim 
GPT164560 TWN001 Solanum lycopersicum  RUS 300 eim 
GPT164660 TWN001 Solanum lycopersicum  CHN 300 eim 
GPT164900 TWN001 Solanum lycopersicum  MAR 300 eim 
GPT164920 TWN001 Solanum pimpinellifolium  unknown 100 im_cherry 
GPT165000 TWN001 Solanum pimpinellifolium  ECU 100 slc_ecu_per_bol 
GPT165240 TWN001 Solanum lycopersicum  BRA 300 mim 
GPT165480 TWN001 Solanum lycopersicum cerasiforme VEN 300 early_vint 
GPT165490 TWN001 Solanum lycopersicum  VEN 300 early_vint 
GPT165510 TWN001 Solanum lycopersicum  VEN 300 mim 
GPT165590 TWN001 Solanum lycopersicum  TUR 300 eim 
GPT165770 TWN001 Solanum lycopersicum  TUR 300 eim 
GPT165860 TWN001 Solanum lycopersicum  IND 300 vint_ita 
GPT166200 TWN001 Solanum lycopersicum  PAN 300 vint_ita 
GPT166350 TWN001 Solanum lycopersicum  PER 300 vint_ita 
GPT166850 TWN001 Solanum peruvianum  PER 100 mim 
GPT167050 TWN001 Solanum lycopersicum  AFG 300 eim 
GPT167470 TWN001 Solanum lycopersicum cerasiforme BOL 300 slc_ecu_per_bol 
GPT167530 TWN001 Solanum lycopersicum cerasiforme BOL 300 slc_ecu_per_bol 
GPT167760 TWN001 Solanum lycopersicum cerasiforme BOL 300 slc_ecu_per_bol 
GPT167770 TWN001 Solanum lycopersicum cerasiforme BOL 300 slc_ecu_per_bol 
GPT167950 TWN001 Solanum lycopersicum cerasiforme BOL 300 early_vint 
GPT167960 TWN001 Solanum lycopersicum  BOL 300 vint_ita 
GPT168180 TWN001 Solanum lycopersicum  ARG 300 mim 
GPT168920 TWN001 Solanum peruvianum  CHL 100 green 
GPT168980 TWN001 Solanum peruvianum  CHL 100 green 
GPT169710 TWN001 Solanum lycopersicum cerasiforme COL 300 early_vint 
GPT169830 TWN001 Solanum lycopersicum cerasiforme USA 300 early_vint 
GPT170280 TWN001 Solanum lycopersicum  ARG 300 eim 
GPT171560 TWN001 Solanum lycopersicum  BRA 300 early_vint 
GPT171710 TWN001 Solanum lycopersicum cerasiforme PER 300 slc_ecu_per_bol 
GPT172160 TWN001 Solanum lycopersicum  TUR 300 eim 
GPT172170 TWN001 Solanum lycopersicum  TUR 300 eim 
GPT173480 TWN001 Solanum lycopersicum  IND 300 mim 
GPT175600 TWN001 Solanum lycopersicum  CRI 300 eim 
GPT176410 TWN001 Solanum lycopersicum  USA 400 vint_ita 
GPT177380 TWN001 Solanum peruvianum  PER 100 green 
GPT178030 TWN001 Solanum lycopersicum  ITA 400 mim 
GPT178160 TWN001 Solanum lycopersicum  USA ND vint_ita 
GPT178600 TWN001 Solanum lycopersicum  FRA 400 mim 
GPT178830 TWN001 Solanum lycopersicum  ESP 300 vint_esp 
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G2PSOL_code Ins�tute 
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Biological 
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Gene�c group 

GPT181170 TWN001 Solanum lycopersicum  IND ND eim 
GPT181850 TWN001 Solanum lycopersicum  SLV 300 early_vint 
GPT184270 TWN001 Solanum lycopersicum  SLV 300 early_vint 
GPT184360 TWN001 Solanum lycopersicum  SLV 300 early_vint 
GPT184680 TWN001 Solanum lycopersicum  SLV 300 early_vint 
GPT184980 TWN001 Solanum lycopersicum  SLV 300 early_vint 
GPT185270 TWN001 Solanum lycopersicum  SLV 300 early_vint 
GPT185480 TWN001 Solanum lycopersicum  SLV 300 mim 
GPT185590 TWN001 Solanum lycopersicum  SLV 300 early_vint 
GPT185670 TWN001 Solanum lycopersicum  SLV 300 early_vint 
GPT186070 TWN001 Solanum lycopersicum  SLV 300 early_vint 
GPT186310 TWN001 Solanum lycopersicum  GTM 300 early_vint 
GPT186760 TWN001 Solanum lycopersicum  BGR 400 mim 
GPT187230 TWN001 Solanum lycopersicum  unknown ND eim 
GPT189070 TWN001 Solanum lycopersicum  HUN 500 eim 
GPT189470 TWN001 Solanum lycopersicum cerasiforme HUN 500 early_vint 
GPT189980 TWN001 Solanum lycopersicum  CHN ND eim 
GPT190020 TWN001 Solanum lycopersicum  CHN 500 mim 
GPT190140 TWN001 Solanum lycopersicum  ISR ND mim 
GPT190580 TWN001 Solanum lycopersicum  USA 500 eim 
GPT190630 TWN001 Solanum lycopersicum  USA 500 eim 
GPT190740 TWN001 Solanum lycopersicum  USA 500 eim 
GPT190810 TWN001 Solanum lycopersicum  USA 500 mim 
GPT190890 TWN001 Solanum lycopersicum  USA 500 mim 
GPT190910 TWN001 Solanum lycopersicum  USA 500 mim 
GPT191800 TWN001 Solanum lycopersicum  USA ND eim 
GPT192040 TWN001 Solanum pimpinellifolium  unknown 100 sp 
GPT192050 TWN001 Solanum peruvianum  unknown 100 green 
GPT192580 TWN001 Solanum lycopersicum  GTM 300 early_vint 
GPT195010 TWN001 Solanum lycopersicum  GTM 500 early_vint 
GPT195070 TWN001 Solanum lycopersicum  RUS 500 mim 
GPT195380 TWN001 Solanum lycopersicum  USA 500 eim 
GPT195430 TWN001 Solanum lycopersicum  USA 500 mim 
GPT195530 TWN001 Solanum lycopersicum  USA 500 mim 
GPT195650 TWN001 Solanum lycopersicum  USA 500 mim 
GPT195870 TWN001 Solanum lycopersicum  HRV 500 mim 
GPT195980 TWN001 Solanum lycopersicum  HRV 500 vint_ita 
GPT196040 TWN001 Solanum lycopersicum  HRV 500 mim 
GPT196520 TWN001 Solanum habrochaites  ECU 100 mim 
GPT197060 TWN001 Solanum lycopersicum  BRA 500 early_vint 
GPT197080 TWN001 Solanum lycopersicum  BRA 500 vint_esp 
GPT197100 TWN001 Solanum lycopersicum  BRA ND eim 
GPT197420 TWN001 Solanum lycopersicum  BRA ND mim 
GPT197630 TWN001 Solanum lycopersicum  CAN 400 mim 
GPT197890 TWN001 Solanum lycopersicum  HRV 500 mim 
GPT198250 TWN001 Solanum lycopersicum  USA 500 mim 
GPT198270 TWN001 Solanum lycopersicum  USA 500 eim 
GPT198340 TWN001 Solanum lycopersicum  USA 500 mim 
GPT198410 TWN001 Solanum lycopersicum  USA 400 mim 
GPT198490 TWN001 Solanum lycopersicum  KOR 500 mim 
GPT198820 TWN001 Solanum lycopersicum cerasiforme NGA 400 early_vint 
GPT199090 TWN001 Solanum lycopersicum  USA 500 mim 
GPT199780 TWN001 Solanum lycopersicum  USA 500 mim 
GPT199860 TWN001 Solanum lycopersicum  TWN 400 mim 
GPT200110 TWN001 Solanum lycopersicum  IND 400 mim 
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GPT200240 TWN001 Solanum lycopersicum  PAN 400 mim 
GPT200700 TWN001 Solanum lycopersicum  USA 500 mim 
GPT200870 TWN001 Solanum lycopersicum  USA 500 mim 
GPT201180 TWN001 Solanum lycopersicum  HRV 500 vint_ita 
GPT201210 TWN001 Solanum lycopersicum  HRV 500 eim 
GPT201410 TWN001 Solanum lycopersicum cerasiforme GUF ND early_vint 
GPT201430 TWN001 Solanum lycopersicum cerasiforme GUF ND early_vint 
GPT201500 TWN001 Solanum lycopersicum cerasiforme GLP 400 early_vint 
GPT201980 TWN001 Solanum lycopersicum  ECU 300 mim 
GPT201990 TWN001 Solanum lycopersicum cerasiforme ECU 300 slc_ecu_per_bol 
GPT202340 TWN001 Solanum lycopersicum  HRV ND eim 
GPT202490 TWN001 Solanum lycopersicum  HRV ND mim 
GPT202680 TWN001 Solanum lycopersicum  COL 300 mim 
GPT203120 TWN001 Solanum lycopersicum  PER 300 mim 
GPT203350 TWN001 Solanum pimpinellifolium  PER 100 sp 
GPT203940 TWN001 Solanum lycopersicum  CAN ND mim 
GPT204460 TWN001 Solanum lycopersicum  SLV 300 vint_ita 
GPT204530 TWN001 Solanum lycopersicum  SLV 300 early_vint 
GPT205030 TWN001 Solanum lycopersicum cerasiforme HND 200 slc_ma 
GPT205290 TWN001 Solanum lycopersicum cerasiforme HND 200 slc_ma 
GPT205730 TWN001 Solanum lycopersicum cerasiforme PAN 400 early_vint 
GPT205740 TWN001 Solanum lycopersicum  PAN 400 mim 
GPT205750 TWN001 Solanum lycopersicum  PAN 400 mim 
GPT206160 TWN001 Solanum lycopersicum  JPN 400 mim 
GPT208160 TWN001 Solanum lycopersicum  BRA 500 early_vint 
GPT208450 TWN001 Solanum lycopersicum  CHN 400 mim 
GPT210380 TWN001 Solanum lycopersicum  CHN 400 mim 
GPT210570 TWN001 Solanum lycopersicum  CHN 400 mim 
GPT210590 TWN001 Solanum lycopersicum  CHN 400 mim 
GPT211460 TWN001 Solanum lycopersicum  CHN ND early_vint 
GPT211870 TWN001 Solanum lycopersicum  HUN 400 mim 
GPT212560 TWN001 Solanum lycopersicum  ITA ND mim 
GPT212730 TWN001 Solanum lycopersicum  JPN 400 mim 
GPT212960 TWN001 Solanum lycopersicum  NLD 500 mim 
GPT213070 TWN001 Solanum lycopersicum  THA 400 eim 
GPT213840 TWN001 Solanum lycopersicum  NLD 400 mim 
GPT213900 TWN001 Solanum lycopersicum  NLD 412 mim 
GPT214320 TWN001 Solanum lycopersicum  CHN 500 mim 
GPT214620 TWN001 Solanum lycopersicum  COL 300 eim 
GPT217020 TWN001 Solanum lycopersicum  IDN ND mim 
GPT217190 TWN001 Solanum lycopersicum  IDN 500 early_vint 
GPT218580 TWN001 Solanum pimpinellifolium  PER 100 sp 
GPT220940 TWN001 Solanum lycopersicum  unknown 400 mim 
GPT221790 TWN001 Solanum lycopersicum  unknown 500 eim 
GPT221990 TWN001 Solanum lycopersicum  USA 400 mim 
GPT222020 TWN001 Solanum lycopersicum  USA 400 mim 
GPT222750 TWN001 Solanum lycopersicum  IND 400 eim 
GPT222770 TWN001 Solanum lycopersicum  USA 400 mim 
GPT222880 TWN001 Solanum lycopersicum  TWN 400 mim 
GPT223690 TWN001 Solanum lycopersicum  THA 400 mim 
GPT224700 TWN001 Solanum lycopersicum  USA 400 mim 
GPT224720 TWN001 Solanum lycopersicum  PHL 400 mim 
GPT225120 TWN001 Solanum lycopersicum  LAO 500 mim 
GPT225620 TWN001 Solanum lycopersicum  VNM ND early_vint 
GPT226160 TWN001 Solanum lycopersicum  KHM 300 early_vint 
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GPT228360 TWN001 Solanum lycopersicum  ARM 500 mim 
GPT228460 TWN001 Solanum lycopersicum  PHL ND early_vint 
GPT228650 TWN001 Solanum lycopersicum  PHL ND early_vint 
GPT229430 TWN001 Solanum lycopersicum  unknown 500 mim 
GPT231400 TWN001 Solanum lycopersicum  TWN 400 mim 
GPT232470 TWN001 Solanum lycopersicum  ISR 400 mim 
GPT235010 TWN001 Solanum galapagense  ECU 100 gal_chees 
GPT235480 TWN001 Solanum lycopersicum  PER ND mim 
GPT235560 TWN001 Solanum lycopersicum  PER ND mim 
GPT235990 TWN001 Solanum pimpinellifolium  unknown 100 mim 
GPT236510 TWN001 Solanum lycopersicum cerasiforme GTM 200 early_vint 
GPT236730 TWN001 Solanum lycopersicum cerasiforme PER 200 early_vint 
GPT236740 TWN001 Solanum lycopersicum cerasiforme PER 200 early_vint 
GPT237080 TWN001 Solanum lycopersicum cerasiforme ECU 200 sp 
GPT237980 TWN001 Solanum lycopersicum cerasiforme HND 200 slc_ma 
GPT238970 TWN001 Solanum lycopersicum  USA 500 vint_ita 
GPT239410 ESP026 Solanum habrochaites  ECU 100 green 
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Supplementary Table 2. Contribu�on of the main components to the analyzed phenotypic traits. 
 

Descriptor Abbrevia�on PC1 PC2 PC3 

Plant growth habit grohab -0.01153 -0.29188 0.160337 

Inflorescence flotype 0.226722 -0.19836 0.043499 

Green shoulder greensho 0.076838 -0.18588 0.00781 

External immature fruit color  frucolim 0.144721 0.164993 -0.04763 

Fruit predominant shape frushp -0.15209 0.18615 0.164717 

Blossom end scar bloshp 0.313149 -0.18632 -0.05109 

Ribbing at calyx end ribcalend 0.296766 -0.13325 -0.08036 

Puffiness appearance puff 0.034254 0.232612 0.003251 

Fruit firmness frufirm 0.107026 0.349027 0.05261 

L lcol 0.139683 0.031718 0.602171 

a acol 0.025397 0.237772 -0.45145 

b bcol 0.084549 0.136242 0.573643 

°Brix brix -0.25843 -0.19027 0.105191 

Pericarp thickness fruperi 0.166795 0.398083 -0.0364 

Fruit length frulen 0.260361 0.305764 0.048168 

Fruit width fruwid 0.371617 -0.02982 -0.00916 

Ra�o length/width ra�olenwid -0.17621 0.32002 0.083606 

Number of Locules nrloc 0.305595 -0.21814 -0.03397 

Nº commercial fruits nr_fruits -0.28445 0.017238 0.079454 

Fruit weight mean fruweight_mean 0.343232 -0.01881 0.058524 

Yield yld 0.220836 0.186637 -0.05418 
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Supplementary Figure 1. Correla�on matrix of 25 vegeta�ve, inflorescence, fruit and agronomic 
traits considering the gene�c groups. Bonferroni's correc�on was applied to calculate the significance 
(p-value). Significance for p ≤ 0.05 is marked with an asterisk. n = number of samples.  
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