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Abstract: In 1998, the plant breeding team at the School of Engineering of Orihuela (EPSO), part
of the Miguel Hernández University (UMH) in Elche, commenced a tomato breeding program.
Marker-assisted selection and backcrossing were used to simultaneously introduce three genes
(Tm-2a, Ty-1, and Sw-5) that confer resistance to relevant viruses, such as tomato mosaic virus (ToMV),
tomato yellow curl virus (TYLCV), and tomato spotted wilt virus (TSWV), to traditional varieties
of local tomatoes, specifically the “Muchamiel” and the “De la pera” types. After each backcross,
cleaved amplified polymorphic sequence (CAPS) molecular markers were used to select the plants
with the resistance genes of interest. A previously described marker was used for TSWV, and new
markers were designed for ToMV, and TYLCV using available sequences in the National Center for
Biotechnology Information (NCBI) database. In parallel to the breeding program, several molecular
markers—Sequence Related Amplified Polymorphism (SRAP), Simple Sequence Repeats (SSRs),
Amplified Fragment Length Polymorphisms (AFLPs), Single Nucleotide Polymorphisms (SNPs),
and (GATA)4 probes—were used to study genetic variability, and to identify a collection of Spanish
and Italian traditional tomato varieties. The results showed a limited genetic variability among
cultivated tomato varieties. The breeding lines Muchamiel UMH 1200, and De la pera 1203 (both with
homozygous resistance to the three viruses) were the first new varieties that were obtained. They were
included in the Register of Protected Plant Varieties in 2013. Lines without a resistance to TYLCV were
also developed, and protected in 2017. We have begun to use SNP massive genotyping for studies
of genetic association, and for selecting plants with the Ty-1 gene with less linkage drag. Molecular
markers have been extremely useful in identifying the different steps of the tomato breeding program
at EPSO-UMH.
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1. Introduction

Over the years, traditional agriculture has produced an enormous range of local plant varieties
that have been adapted to specific environmental conditions and for local uses and preferences. With no
knowledge of genetics or statistics, farmers have created new varieties by saving the seeds from the
best plants for the following year. These plants have been selected for their organoleptic qualities
(including flavor, aroma and texture), their adaptation to the local environment (resistance to frost and
drought, proper fruit set, etc.), and their suitability for different local uses (such as fresh consumption,
canning, and drying). In southeastern Spain, there are a number of local tomato varieties, including
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the “Muchamiel” from Alicante, the “Tres cascos” from Elche, the “De la pera” from the Vega Baja del
Segura region of Alicante, the “Valenciano” from Valencia, the “Flor de Baladre” from Murcia, and the
“Morunos” from different regions. The Muchamiel and the De la pera, which have traditionally been
cultivated in the province of Alicante, are particularly esteemed for their exceptional organoleptic quality.
In local markets, they can be sold at a price that is six times higher than that of hybrid varieties [1].

Intensive farming, however, requires varieties that are consistently and highly productive in
different systems and cycles, that are exceptionally uniform in size, shape and color, and that show a
certain level of resistance to the different infestations, diseases and disorders that can affect the crop.
Traditional varieties tend to fall short in at least one of these categories.

In fact, many traditional tomato varieties in southeastern Spain are endangered because of their
high susceptibility to the three main viruses affecting tomatoes in the area: tomato mosaic virus (ToMV),
tomato yellow leaf curl virus (TYLCV), and tomato spotted wilt virus (TSWV) [2]. Because of these
viruses, in addition to other factors, traditional tomatoes are less attractive to farmers than modern
hybrids, which are resistant to these viruses and are also far more productive. Yet, giving up on the
traditional varieties could result in an irreversible loss of vital genetic variability [3]. For economic
reasons, improving upon varieties with a limited market share is not a priority for seed companies and
therefore should be undertaken by public institutions [4].

2. Genetic Variability Studies in Tomato

Morphological traits (such as the shape, size, and color of the different parts of the plant),
and agronomical traits (such as yield, the ability to set in adverse conditions, and resistance to different
biotic and abiotic stresses) are often very useful to distinguish traditional and commercial tomato
varieties, even by visual inspection. However, there are other traits that can only be detected by using
analytical methods. This is the case for the levels of different key components (such as sugars, acidity,
or microelements), and the volatile compounds responsible for aroma. To study these traits, which are
subtler than the more obvious differences, it is often necessary to use a specific methodology. Despite
the fact that these subtle differences (such as fruit composition) are more difficult to see, they are,
nevertheless, equally as important as the more obvious differences.

We already know that cultivated tomatoes have a narrow genetic base [5]. This narrow genetic
base is probably due to the bottleneck effect that occurred during tomato domestication [5]. Based
on estimates made with DNA markers, the relative species of wild tomatoes are much more variable
than their cultivated counterpart at the whole genome level. It is estimated that the genomes of tomato
cultivars contain <5% of the genetic variation of their wild counterparts [5]. In other words, cultivated
tomatoes vary tremendously in their fruit size, shape, color, firmness, soluble solids, volatile aroma
content, and acidity, but have little genetic variation elsewhere in their genome [6,7]. In one study,
notable differences in parameters, such as flavor, texture and micronutrient content, between the
traditional Muchamiel and De la pera varieties, and a modern F1 hybrid, were found [8]. Four years
later, different aromatic profiles in Muchamiel accessions, De la pera accessions, and a F1 hybrid, were
also found [9].

3. Molecular Markers in Variability Studies

Despite these previous findings and observations, it had not been possible to distinguish the
phenotypic variation among the characterized accessions at the genetic level. For this reason, in parallel
to the breeding program, our group began to study variability using different molecular markers, which
would make it possible to distinguish between the different traditional varieties and to coherently
organize them according to genotype. Our group believed this would be an informative and exceptionally
powerful approach in the breeding program. Tomato was one of the first crops in which molecular
markers were used to study genetic variability. In the genetic variability studies of tomato, a number of
DNA markers, such as SSR [10,11] and AFLP [12], were successfully used. SSR [13,14] and (GATA)4

probes [15,16] were also successfully used for variety identification.
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Our group has performed a range of variability studies, mostly using accessions from closely
related traditional European tomato varieties. In these studies, we have been able to confirm the
efficacy of certain molecular markers in differentiating between varieties, and in grouping similar
varieties together.

The results of the different marker analysis studies that we have carried out are detailed below,
and are summarized in Table 1.

Table 1. Markers used in the genetic variability studies.

Marker Number Number of
Bands

% of Polymorphic
Bands Usability

SRAP 26 384 60 Distinguish between cultivar types, wild relatives and
14 of 16 traditional cultivars studied

SSR 10 + 9 77 98 Distinguish between cultivar types, wild relatives and
23 of 34 traditional cultivars studied

AFLP 7 470 40 Distinguish between cultivar types, wild relatives and
24 of 31 traditional cultivars studied

(GATA)4 N.A. 30 100 Distinguish between cultivar types, Spanish traditional
cultivars and 4 of 10 Italian traditional cultivars studied

SNP 41 N.A. 76 Distinguish traditional cultivars from modern cultivars,
hybrids and wild relatives

N.A.: Not applicable.

3.1. Sequence Related Amplified Polymorphism (SRAP)

The SRAP technique is based on an amplified polymerase chain reaction (PCR), and it is designed
to detect polymorphisms in the DNA sequence [17].

In 2005, we carried out a variability study using SRAP and single sequence repeat (SSR) markers
in traditional Spanish varieties, including the Muchamiel, the De la pera, the Moruno, commercial
hybrids, and wild tomato species [18]. A total of 26 not specific for tomato primers were used.
These primers made it possible to identify polymorphisms between the main varieties, and to
distinguish between cultivar types and the wild relatives under study (De la pera, Muchamiel, Moruno,
hybrids, S. pimpinellifolium, S. chilense and S. peruvianum). It was even possible to differentiate between
the different accessions within each group. Although the SRAP markers are dominant and not very
polymorphic, they have significant coverage throughout the genome and produce a more in-depth
variability study than the SSRs used in the same analysis. SRAP, for example, made it possible to
distinguish between the Mexican variety of Zapotec tomato and the Spanish varieties, which SSRs
were unable to do.

3.2. Simple Sequence Repeat (SSR)

SSR markers, or microsatellites, are short tandem repeats in DNA sequences, mostly between two
and four base pairs (bp) [19]. These markers are highly polymorphic because the repeated sequences
vary significantly between the different genotypes.

In the study mentioned above [18], our group used 10 previously selected microsatellites for
tomato. With only three SSRs, we were able to differentiate between the three main types of cultivated
tomatoes under study (Muchamiel, De la pera and Moruno). Nevertheless, despite using 10 SSRs,
we were unable to differentiate between the different cultivars within each varietal type, which could
be done using SRAP. SSR markers are highly polymorphic, but they are concentrated in very specific
loci within the genome, and they have very little genomic coverage. As a result, we were unable to
find polymorphisms between highly similar accessions.

In a second study, we used up to 19 microsatellites selected for tomato, but we were unable
to distinguish between all of the cultivars evaluated, even though there were clear phenotypical
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differences. Nevertheless, only four SSRs were necessary to differentiate between the three main
varietal groups (Muchamiel, De la pera, and Moruno) [20].

The results of both studies demonstrate the minimal genetic variability among cultivated
tomato varieties.

3.3. Amplified Fragment Length Polymorphisms (AFLPs)

AFLPs are molecular markers used to detect polymorphisms in the DNA sequence. After the
restriction enzyme digestion of DNA, certain fragments are selected for amplification [21].

In a variability study conducted by our group [20], the obtained results were compared using
19 microsatellites and seven combinations of AFLP markers. The AFLPs made it possible to distinguish
between the main varietal groups, although out of the 43 accessions studied, there were seven that
could not be identified with certainty, and they were all traditional Spanish varieties. Using the SSR
analysis, 11 accessions could not be differentiated, and, once again, they were all Spanish varieties.
Curiously, the seven accessions that could not be identified using AFPLs were different from the 11 in
the SSR analysis. This means that all of the cultivars used in the study could be identified using a
combination of both markers.

Once again, the results showed the limited genetic variability among cultivated tomato varieties.

3.4. (GATA)4 Probes

Labelled (GATA)4 probes are molecular markers based on the hybridization of a short sequence
(16 nucleotides, with the GATA motif repeated four times), which hybridizes when it finds a
complementary sequence [22]. The (GATA)4 technique was developed in 1995, and it has been used to
successfully distinguish between varietal types, and also between different accessions [15,16,23].

In 2013, researchers at UMH and the Università degli Studi di Napoli Federico II (Naples, Italy)
performed a variability study of traditional Spanish and Italian varieties, including accessions from the
Muchamiel, and the De la pera type tomatoes, and the Italian varieties San Marzano, and Sorrento [24].
The (GATA)4 probes could clearly detect differences between all of the Spanish accessions studied,
but not the Italian accessions. Furthermore, the researchers found polymorphisms between different
plants within a single accession in 14 of the 26 accessions studied (in a previous study, SSRs were only
able to detect polymorphisms in two out of the 16 accessions studied). This level of polymorphism is
not unusual, given that small-scale farmers have not traditionally considered crop uniformity as an
essential factor in their selection process.

The results of this study confirmed that (GATA)4 probes are a powerful tool for studying variability
between closely related tomato accessions. The markers are able to distinguish between plants at a
much deeper level than SSRs, SRAPs, and AFLPs.

3.5. Single Nucleotide Polymorphism (SNP)

A SNP is a variation in a single nucleotide in the DNA sequence [25]. SNPs are the most
abundant polymorphisms in the genome, making them highly useful in both genetic variability and
phylogenetic studies.

Our group studied 41 SNPs, obtained from expressed sequence tags (ESTs), in several different
tomato varieties, including traditional varieties (mostly Spanish), commercial hybrids, and wild tomato
varieties [26]. These markers were selected because they were readily detected on standard agarose or
polyacrylamide gels, which was the equipment available in our laboratory at that time. This study
found that it was not possible to differentiate between all of the traditional cultivars, although the
researchers were able to distinguish between wild accessions and hybrid varieties.

The level of polymorphism found in this SNP study was therefore lower than the levels found in
previous studies on the Muchamiel, De la pera, and Moruno varieties using SSRs, AFLPs, and SRAPs.
This was perhaps due to the fact that the SNPs were obtained from ESTs, which are coding regions
of DNA that show fewer mutations than non-coding regions and where it is typical to find more
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variability. Perhaps it would have been more interesting to study SNPs that are outside functional
genes, which are highly polymorphic regions [27].

4. Traditional Tomato Variety Breeding Program

In 1998, the plant breeding team at the School of Engineering of Orihuela (EPSO), part of the
Miguel Hernández University (UMH) in Elche, commenced a breeding program using marker-assisted
backcrossing in order to simultaneously introduce genes that confer resistance to the three most
relevant viruses found in traditional local tomato varieties, specifically in the Muchamiel and the
De la pera types. We have used the genes Tm-2a, and Sw-5, which come from the wild tomato
Solanum peruvianum L. [28,29] to confer resistance to ToMV, and TSWW, respectively, and the gene Ty-1,
which confers resistance to TYLCV and originated in another wild tomato series, the Solanum chilense
(Dunal) Reiche accession LA1969 [30].

We have performed the following steps in our program: agronomic characterization of the
traditional varieties and of the sources of resistance; performance of crossings; performance of
backcrossings; fixation of the resistance genes; selection of the best lines; and application for registration
in the Spanish Register of Protected Plant Varieties.

As mentioned above, the first step in the breeding program was to characterize and select the
most suitable plant material. Since the program aims to help preserve the genetic variability of
certain traditional tomato varieties in southeastern Spain, it was essential to fully understand the plant
material before proceeding.

5. Molecular Markers in Resistance Gene Introgression

The first step in our breeding program was to characterize different accessions of interest in order
to select those that met the minimum quality standards. Based on these characterizations, we selected
M18 Muchamiel accession, and P21 De la pera accession to be used as traditional parentals in the
program. The next step was to manually cross these accessions with the F1 hybrid Anastasia (Seminis
Vegetable Seeds), which is a source of resistance that contains the genes Tm-2a, Sw-5, and Ty-1.

The descendants obtained from the traditional varieties were repeatedly backcrossed with the
initial parents in order to recover as much of the genome as possible. After each backcross, cleaved
amplified polymorphic sequence (CAPS) molecular markers were used to select the plants with the
resistance genes of interest. To do this, it was necessary to use specific markers that would efficiently
recognize the presence or absence of these genes.

CAPS markers are short DNA fragments amplified by PCR and later digested by restriction
enzymes, which produces a pattern of bands that makes it possible to distinguish between homozygous
and heterozygous individuals. The CAPS markers used thus far in the breeding program are
detailed below.

High selection pressure for desirable traditional cultivar characteristics (such as shape,
and organoleptic quality) and good agronomic behavior (proper fruit set, sufficient uniformity among
fruits, and yields) was applied during the backcrossing process. Only the best plants (between one
and three per progeny) were selected for further backcrossing.

5.1. CAPS Linked to the Sw-5 Gene

The CAPS markers we used to select individuals resistant to TSWV have been successful thus far
in the breeding program [31].

5.2. CAPS Linked to the Ty-1 Gene

The ApsF-2 marker was developed specifically for this breeding program from the isoenzyme
marker Aps [32]. In earlier studies and in this breeding program, ApsF-2 has proven to be a suitable
marker for confirming TYLCV tolerance.
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5.3. CAPS Linked to the Tm-2a Gene

Initially, we tried to use two previously described CAPS markers [33,34]. After determining that
these markers did not work correctly with our material, we designed new CAPS markers, using the
allele sequences Tm-2a (AF536201) and tm-2 (AF536199), which were entered into the National Center
for Biotechnology Information (NCBI) database [35].

5.4. Other Examples of Tomato Breeding Programs with MAS (Marker-Assisted Selection)

Tomato was among the first crop species for which genetic markers were suggested as indirect
selection criteria for breeding purposes and for which molecular markers and maps were developed [36,37].
Private companies do not disclose the markers that they use. However, there seems to be a considerable
use of markers for various purposes, including testing hybrid purity, screening breeding populations
for disease resistance, and marker assisted backcross breeding [38]. The use of MAS in tomato breeding
in public research institutions is well documented. The breeding programs that use MAS and send
their results to the Register, are summarized in Table 2.

Table 2. Public research institutions with tomato breeding programs, coordinators and objectives.

Breeding Program Coordinators Traits

University of Florida (USA) J.W. Scott and
S.F. Hutton

Fusarium oxysporum f. sp. lycopersici, Verticillium dahliae,
Stemphyllium solani, TSWV, TYLCV

University of North Carolina
(USA) R.G. Gardner Fusarium oxysporum f. sp. lycopersici, Verticillium dahliae,

Alternaria solani, TSWV

United States Department of
Agriculture (ARS) J.R. Stommel Beta carotene content

Ohio State University (USA) M. Francis Xanthomonas euvesicatoria

6. Lines Obtained in the EPSO-UMH Breeding Program

When we consider that the characteristics of the traditional variety have been recovered (after
five to eight backcross generations, depending on the line) and the pure-breeding lines have been
obtained, selecting the plants that show homozygous resistance due to introgressed genes is necessary.
These plants were selected using the three CAPS markers and the progenies were obtained by
self-pollination during the last backcross generation.

In 2013, the EPSO-UMH breeding program obtained its first plant variety certificates for
the lines UMH 1200 (a Muchamiel-type tomato), and UMH 1203 (De la pera), which both show
homozygous resistance to the three viruses of interest (Table 3). The morphological characteristics
and quality of these lines are similar to those found in the traditional varieties from which they
are derived. Nevertheless, homozygous resistance to TYLCV considerably reduces production
(up to 40%), particularly in TYLCV-free conditions, which are possible in greenhouse cultivation [39,40].
This decrease in production is due to the introgressed genes themselves and/or to the linkage
drag associated with the resistance genes, particularly the Ty-1 gene. This problem has been
previously described in tomatoes for industrial use [41], in tobacco [42], and in tomatoes for fresh
consumption [43].
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Table 3. Breeding lines registered in the Register of Protected Plant Varieties, with their genotypes for the
three virus resistance genes. RR: resistant homozygote, Rs: resistant heterozygote, ss: sensitive homozygote.

Varietal Type Line
Resistance Sent to Registry Title Obtained

ToMV-TYLCV-TSWV

Muchamiel UMH 1200 RR-RR-RR 2011 2013
Muchamiel UMH 1139 RR-ss-RR 2013 2017
Muchamiel UMH 1101xIF Rs-Rs-Rs 2014 2017
De la pera UMH 1203 RR-RR-RR 2011 2013
De la pera UMH 1422 RR-ss-ss 2013 2017
De la pera UMH 1415 RR-ss-RR 2013 2017
De la pera UMH 1353 RR-ss-RR 2013 2017
De la pera UMH 1354 RR-ss-RR 2013 2017

In an attempt to avoid these problems, we have developed lines that are not resistant to TYLCV.
Within the Muchamiel type, we have developed the lines UMH 1093, UMH 1127, and UMH 1139, which
all have homozygous resistance to ToMV, and TSWV. UMH 1139 obtained a plant variety certificate
in 2017. Within the De la pera type, we have developed the line UMH 1422 (with homozygous
resistance to ToMV), and the lines UMH 1415, UMH 1353, and UMH 1354 (which all have homozygous
resistance to ToMV and TSWV). All of these De la pera lines obtained plant variety certificates in 2017.
The morphological characteristics and quality of these lines are similar to those found in the traditional
varieties they are derived from, and there is no drop in production like that which occurs in UMH 1200,
and in UMH 1203. These lines are therefore of great interest for cultivation purposes in TYLCV-free
conditions, which can be achieved in a greenhouse with sufficient control measures, particularly in the
spring season, when TYLCV occurs less frequently [44–46].

All of these improved lines possess homozygous resistance genes, and therefore, they can be
cultivated by farmers year after year using a rigorous selection process.

In order to grow tomatoes outdoors in an environment with a high incidence rate of TYLCV,
it was decided to develop hybrids with a heterozygous resistance to the three main viruses. Previous
studies have shown that introducing resistance to TYLCV heterozygously has a reduced negative
effect on yield and other traits [47]. The hybrid UMH 1101xIF, a Muchamiel-type tomato, was the first
hybrid obtained in our breeding program, and more hybrids (from both Muchamiel and De la pera
types) are currently being developed and will be ready to be presented in two years.

7. Massive Genotyping

In the last few years, the genetics team at UMH has performed numerous massive sequencing
analyses using the Illumina platform. These analyses have made it possible to sequence a large number
of traditional tomato varieties and accessions. In the most notable of these analyses, we use the
8K SolCap Illumina Infinium SNP chip, described as a part of the Solanaceae Coordinated Agricultural
Project (SolCAP: http://solcap.msu.edu/) [48]. This chip is made up of 8784 SNPs distributed across
12 chromosomes, and it has been used for different purposes, both in the study of genetic variability
(genetic association) and in the breeding program (reduction of linkage drag).

7.1. Genetic Association

As part of a collaboration with the University of Naples Federico II (Prof Rosa Rao), massive
sequencing was performed on 42 traditional Spanish and Italian tomato varieties, and on three
accessions of Solanum lycopersicum var. cerasiforme, and Solanum pimpinellifolium. The analyzed group
of traditional varieties includes Muchamiel, De la pera, Valenciano, Morunos, Raf, Flor de Baladre,
San Marzano, Sorrento, Costoluto, and Vesuvio. The genotypes obtained with the 8K SolCap chip will
be used for future genetic association studies, taking advantage of the phenotyping performed in the
group in order to study the variability among the traditional cultivars in greater depth.

http://solcap.msu.edu/
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7.2. Obtaining Plants with the Ty-1 Gene with Less Linkage Drag

Despite the breeding program’s success, homozygous alleles for resistance, especially for the Ty-1
gene, have been found to negatively affect both production levels and other parameters of agronomic
quality [43]. This work does not clarify whether the negative effects on production and quality are
directly due to the Ty-1 gene, or whether they are caused by genes associated with the resistance gene.
We do know that in the introgression of genes from wild species, large segments of chromosomes
surrounding the resistant gene remain in the resulting line, even after many backcrosses [49]. In fact,
it has been reported that two chromosomal inversions in S. chilense LA1969 (the Ty-1 gene donor) give
rise to a recombination suppression in the region of chromosome six, where the Ty-1 gene is found in
cultivated tomatoes [50].

Studying plants with a distinct number of backcrosses confirms these results. Despite backcrossing
up to 10 times, a large fragment of chromosome six, in which the gene Ty-1 is found, does not recombine.
By selecting plants with TYLCV resistance, this fragment barely changes as it passes from generation
to generation. Furthermore, unpublished results recently obtained by the UMH team, in collaboration
with groups from the Institute of Plant Molecular and Cellular Biology (IBMCP) in Valencia, also show
the negative effect of introgression on volatile compounds and other metabolites. All together, these
results seem to indicate that it is the presence of DNA fragments associated with the Ty-1 gene that
is responsible for changes to the aromatic characteristics of the UMH tomato varieties. It is not clear
whether this effect can be attributed to the Ty-1 gene itself, or to other genes around it. Plants where the
resistance gene is present but linkage drag was reduced by recombination may help in understanding
this aspect.

8. Future Work

In the future, the main goal of the UMH breeding program is to introduce a resistance without
altering the quality and productivity of the new lines of traditional tomato varieties. The Ty-5 gene,
for example, from the commercial hybrid Tyking, has shown good behavior against various mono-
and bipartite begomoviruses, including TYLCV [51,52]. Using massive genotyping, next-generation
sequencing (NGS) technologies, and bioinformatics, our group is currently collaborating with other
groups from the Institute of Plant Molecular and Cellular Biology (IBMCP) in the search for descendants
of UMH breeding program plants that self-fertilize and have been able to recombine in the zones
adjacent to the Ty-1 gene. This approach will allow us to obtain plants with different configurations in
chromosome six and later study the phenotypic characteristics of these plants in the field. This process
will be extremely useful in identifying the genes responsible for the most important productivity and
quality parameters in tomato.
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