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Abstract: The constitution of heat tolerant F1 hybrids is a challenge to ensure high yield and good
fruit quality in the global climate. In the present work, we evaluated 15 genotypes for yield-related
traits highly affected by high temperatures (HT). This phenotypic analysis allowed to identify
four parental genotypes showing promising yield performances under HT conditions. Two of
these genotypes also exhibited good fruit quality traits. A molecular marker analysis was carried
out for six resistance genes to pathogens mostly affecting tomatoes. This analysis evidenced the
presence of a maximum of three resistant alleles in parental genotypes. Exploring single nucleotide
polymorphisms (SNPs) revealed by two high-throughput genotyping platforms allowed identifying
additional 12 genes potentially involved in resistance to biotic stress, to be further investigated.
Following these considerations, 13 F1 hybrids were constituted combining the parental genotypes
and then evaluated for multiple traits under HT conditions. By estimating a hybrid index based
on yield performances, desirable quality and resistance gene, we identified seven hybrids showing
the best performances. The promising results obtained in the present work should be confirmed by
evaluating the best hybrids selected for additional years and environments before proposing them as
novel commercial hybrids that could maintain high performances under HT conditions.

Keywords: selection index; SolCAP genomic platform; reduced representation sequencing (RRS);
high temperatures; resistance genes

1. Introduction

High temperatures (HT) and the predicted resulting global warming will affect several
aspects of the ecosystems. As a whole, agriculture represents one of the human activities
highly affected from these changes. In fact, the predicted increase of 2–3 ◦C in the seasonal
temperature average [1] will require the adoption of several strategies to mitigate the
negative effect of the harsh temperatures on crops. In particular, HT negatively affect
plants during their entire life cycle, especially during reproductive phases, leading to
harvest losses in several crops [2]. Tomato (S. lycopersicum L.) is one of the most widely
grown vegetables worldwide and is regarded as a relevant functional food, widely used in
the Mediterranean diet [3,4]. Notwithstanding its subtropical origin, tomato is negatively
affected by HT. Indeed, temperatures over 35 ◦C during the reproductive phases, from
pollen development to fruit set [5], lead to a dramatic drop of the final yield. In this context,
research in tomato is today focused on the exploration of novel genetic resources tolerant
to HT by carrying out phenotypic evaluations, which can represent a robust instrument for
the selection of genotypes useful for breeding strategies. In particular, the recovery of old
varieties as a source of genetic variability can help to develop F1 hybrids, carrying traits
that may guarantee the improvement of final yields under HT conditions.
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On the other hand, the increase of temperatures also leads to the onset of plant
diseases [6], due to the improved growth conditions of pests under HT. Indeed, one of
the issues in tomato cultivation is the proliferation of the whiteflies Bemisia tabaci that is
reported to be more effective under increased temperatures [7]. This pest acts as vector for
different virus diseases, such as the tomato yellow leaf curl virus (TYLCV), which is found
to be highly dangerous in tropical and subtropical environments [8]. Moreover, climate
change has a strong impact on the soil ecosystem, leading to the growth of dangerous
parasites, such as nematodes, which are more aggressive at higher temperatures [9].

The use of F1 hybrids represents a powerful tool to combine in the same genotype
favorable alleles at different loci, such as those controlling tolerance to biotic and abiotic
stresses [10–12]. Nowadays, this goal can be successfully achieved by the aid of genotypic
characterization of tomato parental lines of F1 hybrids by using different genotyping
platforms belonging to the array-based and next-generation sequencing (NGS) technologies.
The availability for tomato of the Solanaceae Coordinated Agricultural Project (SolCAP)
SNP array allows the identification of effective SNPs for breeding applications [13]. Several
works reported the use of this platform in genome-wide association studies (GWAS) for
the identification of candidate genes involved in the tolerance to HT and for agronomical
traits [14,15]. Moreover, the NGS technology known as reduced representation sequencing
(RRS) permits one to investigate the genetic variability, building datasets of thousand SNP
markers and reducing genotyping costs [16]. Among the RSS technologies, the genotyping-
by-sequencing (GBS), an enzyme-based technology that reduces the genome representation,
has the advantage to compare the discovered polymorphisms within the population of
interest, extracting rapidly genotypic information [16]. Analogously, the double-digest
restriction-site associated DNA sequencing (ddRAD-seq) technology uses two different
restriction enzymes to construct the genomic library, generating more information on
genetic variability and maximizing cost-effectiveness [17].

The aim of the present study is to develop F1 hybrids showing tolerance to HT com-
bined with the capacity of contrasting plant diseases and maintaining good quality traits,
using as parental lines some genotypes previously characterized for heat tolerance and
quality traits [15,18,19]. Their genetic variability was explored and allowed the identifica-
tion of candidate genes potentially involved in biotic stress responses. Cleaved amplified
polymorphic sequences (CAPS) and sequence characterized amplified region (SCAR) mark-
ers targeting known resistance genes were also designed. This multilevel analysis allowed
to develop different hybrid combinations. In the future, the promising F1 hybrids selected
in this study will be evaluated in additional environments and years to select the most
stable combinations to get commercial hybrids tolerant to HT.

2. Results and Discussion

A major challenge in agriculture in the global warming era is how to develop novel
strategies to mitigate heat stress by maintaining high crop yield under elevated temper-
atures and contrasting the correlated onset of plant biotic diseases. In this context, new
and traditional breeding tools could support programs aimed at pyramiding desirable
traits in F1 hybrids, in terms of yield performances, quality traits and pathogens resistance.
Therefore, the present work proposes a breeding approach that combines phenotypic and
molecular analyses to obtain novel F1 hybrids exhibiting good performances and high fruit
quality under HT. This work has been carried out using 14 tomato lines available in our
laboratory and previously characterized for tolerance to HT and for fruit quality [15,19,20].
Among them, two genotypes (E103 and E111) did not show good yield under HT but good
fruit quality when grown under standard environmental conditions. An additional line
(PDLUC) was added as parental line in the crossing schemes for its very high good fruit
quality traits [21]. These 15 lines were intercrossed in different combinations and tested
again under HT together with the F1 hybrids obtained.

In order to characterize these parental lines, we exploited the use of different molecular
markers. Using high-throughput genotyping platforms, the genetic variability exhibited
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by these lines was investigated at the whole genome level as well as at targeted resistance
genes to different pathogens. Finally, using loci-specific markers we also explored the
presence of resistant/susceptible alleles in six genes. All together, these analyses allowed
us to in-depth characterize the parental lines and the F1 hybrids.

2.1. Phenotypic Evaluation of Parental Lines

Fourteen parental genotypes were previously grown and characterized under HT for
two years (2016 and 2017) in two different locations (Campania and Puglia) in Southern
Italy. Data concerning heat tolerance in terms of reproductive (FS) and yield (TNF, FW
and YP) traits, reported in the years 2016 [15], 2017 [18] and in the present work (Table S1),
were here pooled and used to estimate a selection index (SI) [15], calculated based on
reproductive (FS) and yield traits evaluated in each experimental area (Figure 1). The SI
varied between 22 (E103) and 68 (E42) in Puglia and between 15 (E103) and 57 (LA3120) in
Campania. This analysis allowed the identification of four genotypes (E36, E42, LA2662
and LA3120) showing good yield performances in both the environments. In particular
E36 and E42 confirmed the high SI previously reported [15] whereas the genotypes E103
and E111, which were selected for their good fruit quality [20] and not for heat tolerance,
had the worst SI in both Campania and Puglia with values lower than the averages.
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Figure 1. Scatter plot of the selection indexes (SI) calculated for 14 genotypes in the two experimental
fields in Puglia (X-axis) and in Campania (Y-axis) pooling data recorded in the years 2016 and 2017.

Then, in the year 2019 all 15 parental genotypes were grown under HT, transplanting
plants with one-month delay compared to the standard agronomic practices of the location,
similarly to previous studies [15,18], thus imposing higher temperatures during flowering
and fruit set stages, since it is reported that temperatures exceeding the 32 ◦C are critical
during all the preharvest phases [1]. During the 2019, 72% of the growing season showed
maximum temperatures higher than 32 ◦C and in the 33% of days the temperature even
exceeded 35 ◦C. Indeed, only a window on nine days showed temperatures lower than
30 ◦C, assessing the high temperatures during the reproductive stages (Figure S1).

Data regarding one reproductive trait (FS) and three yield-related traits (TNF, FW,
and YP) evidenced that most genotypes maintained good FS percentages under HT, and
that four genotypes (E7, E20, E36, and E48) confirmed YP values higher than 3.0 kg/plant
(Table S2). Yield performances under HT cannot be the only final goal to get novel toler-
ant genotypes for the tomato market. Indeed, this trait should be combined with other
desirable traits for the consumers and farmers. On one hand, climate change and raising
temperatures can alter the fruit quality in tomato fruits, whereas the guarantee of good
tasting and nutritional properties are also highly desirable [22]. On the other hand, besides
the good performances under high temperatures, the availability in parental lines of vari-
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ability in resistance genes potentially facing biotic stresses is also crucial to get novel F1
hybrids tolerant/resistant to pathogens [23]. For these reasons, in the present work the
parental genotypes were also evaluated in the year 2019 for quality traits, measuring total
soluble solid content (TSSC), titratable acidity (TA) and the TA/TSSC ratio. Most of the
genotypes (12 out 15, 80.0%) exhibited a high or medium quality level when considering
both marketable (TSSC) and nutritional traits (TA and TSSC/TA) (Table S2), usually con-
firming the good quality data already reported [20]. Indeed, in various studies the values
of 5 for TSSC, 0.4 for TA and 12 for TSSC/TA ratio were considered as minimum thresholds
for a good-tasting tomato [24,25].

2.2. Molecular Screening for Resistance Genes in Parental Lines

Since the HT also can enhance the proliferation of important vectors and negatively
affect the immunity response of tomato plants [26], causing the increase of plant diseases
due to ubiquitous pathogens or vector-mediated infections [27], the raising use of chemicals
in agriculture would be required, thus favoring environmental pollution and the onset of
pest resistances [28].

In terms of response to pathogen attack, the development of molecular markers tar-
geting known resistance genes can help the selection of resistant genotypes [29]. Therefore,
the screening of six well-known resistance genes was carried out on parental genotypes
by using CAPS and SCAR markers (Table S3). Three of these markers (for the root-knot
disease, Mi-1.2, tomato yellow leaf curl virus, Ty-3 and late blight disease, Ph-3) were
already reported in the literature [30–32]. From the molecular screening, we found that all
the parental genotypes showed the Mi-1.2 homozygous resistant allele, and in the global
warming era, this would be very important due to the increased proliferation of nematodes
under HT conditions [9]. As for the Ph-3 and Ty-3 genes, we found eight (E11, E36, E45, E48,
E55, E109, E111 and PDLUC) and three (E55, PDLUC and PDVIT) genotypes evidencing
the homozygous resistance alleles for Ph-3 and Ty-3, respectively. The first gene is usually
incorporated in breeding programs [33], whereas the interest in the second one is crucial
since the vector of the TYLCV, the white tobacco fly Bemisia tabaci, shows an increased
proliferation under HT [7]. Three additional markers targeting the genes Sw-5, Tm-2 and
Ve-1 were designed in the present work, deriving from the multiple alignment of resistant
and susceptible alleles retrieved from GenBank accessions (Figures S2 and S3). As for
the CAPS marker targeting the Sw-5 gene, the alignment among four different sequences
permitted the identification of a missense substitution of a C (resistant variant) with a T
(susceptible variant) at the position 68,085,710 (Tomato Genome version SL4.0, available
at the Solgenomics Network, www.solgenomics.net; accessed on 2 September 2021). Two
primers targeting a region that includes this mutation were designed and the expected
amplicons of 358 bp were digested with the Hpy188I restriction enzyme. The enzymatic
digestion pattern consisted of two fragments of 133 and 225 bp for the susceptible allele
whereas three fragments of 43, 133 and 182 bp were produced for the resistant variant.
Among the genotypes evaluated, no one showed the resistant allele. As for the Tm-2
gene, two SCAR markers, targeting alternatively the susceptible (Tm-2S) and resistant
(Tm-2R) alleles were designed based on the identification of highly polymorphic regions
by aligning sequences deriving from resistant and susceptible genotypes. The amplicon
size of both Tm-2 markers was 206 bp and the genotypes showing expected amplicons in
the two PCR reactions resulted in heterozygous condition. From the combined analysis
on parental genotypes, we demonstrated that the genotypes E103 and PDVIT carried the
Tm-2 resistant allele.

As for the Ve-1 gene, initially we performed a PCR using dCAPS primers designed on
the mutation in position 60,264 bp, which discriminates the resistant (C variant) from the
susceptible genotypes (G variant), following the digestion with the restriction enzyme DdeI.
Unfortunately, the electrophoretic analysis revealed that the designed marker discrimi-
nated the homozygous resistant genotypes but did not distinguish the susceptible from
the heterozygous ones. This probably resulted from the high identity percentage (91%),

www.solgenomics.net
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covering the 99% of the sequences, between the Ve-1 gene (Solyc09g005090) and the Ve-2
gene (Solyc09g005080), which probably would lead to the amplification of regions from
both the genes. Therefore, since the two sequences are very similar, we studied the regions
with lower identity percentages to design highly specific primers the Ve-1 gene in order
to set up a nested PCR (Figure S3) to amplify the desired target only from the Ve-1 gene.
Then, using the nested-PCR amplicon as template, we performed the second PCR using
the dCAPS primer pair located in the internal region of the first template sequence. The
expected amplicon size of the Ve-1 gene obtained by the first-PCR was 1016 bp, whereas
the second one generated a fragment of 261 bp. For the dCAPS marker on the forward
primer a A has been changed in a C at position 22, to permit the allele discrimination
through a restriction enzyme reaction with DdeI (sequence recognized and cut: C/TNAG).
Following the digestion, two fragments of 156 bp and 105 bp for the resistant allele or three
fragments of 130, 105 and 26 bp for the susceptible allele were produced. Using this marker,
we detected three genotypes (E11, E42 and E109) showing the resistant allele.

2.3. Genomic Characterization of Parental Lines

A whole genome characterization of the parental genotypes was carried out using
two high-throughput genotyping datasets, one deriving from a ddRAD experiment and
the other from a SolCAP analysis, previously carried out in our laboratory [15,18,20].
Comprehensively, 37,554 and 7720 SNPs were investigated, respectively. This analysis
allowed to reach two different objectives. The first was the quantification of the genetic
distance among the genotypes, by estimating the Identity-by-State (IBS) score on each
dataset (Table S4). In most comparisons the IBS values were higher than 90% in both the
datasets, whereas they were lower when including E11, E55, and E109 (0.63–0.85), and
decreased when including E42 or PDVIT (0.54–0.66). The lowest value of IBS (0.54) was
observed when E42 and PDVIT were compared, thus indicating that these two genotypes
were the most genetically distant [34]. The second objective was the investigation of the
presence in these genotypes of additional genes potentially involved in the resistance to
pathogens. This investigation was performed by exploring the genetic variability of genes
reported in the PRGdb (http://www.prgdb.org/prgdb; accessed on 2 September 2021),
which is an accessible open-source bioinformatic platform holding more than 16,000 known
and putative R-genes belonging to 192 plant species [35]. Out of 1516 genes retrieved from
the database for tomato, 761 were polymorphic in our datasets respect to the reference
genome (SL4.0 cv Heinz1706).

Among the genotypes, E11 was the most polymorphic with 38 out of the 71 SNPs
detected and 53.5% polymorphic genes, followed by E42 and PDVIT with more than 40%
polymorphic loci and E55 with approx. 38%; on the contrary LA2662 showed no SNPs. The
prediction of the SNP effect was derived for these polymorphic loci, in order to identify
mutations in genes involved in the resistance to biotic stress. We identified SNPs with
moderate and high impact on the protein function in most parental genotypes, which could
consequently suggest the tolerance/resistance of these genotypes to different pathogens,
besides those evidenced by the molecular marker analysis described above. In particular,
four SNPs (0.53%) showed high impact on the protein function. As for the other SNPs,
91 (12.0%) and 595 (78.2%) showed low and modifier impacts on proteins, respectively,
whereas 71 (9.3%) had a moderate effect (Table S5).

Regarding the 71 SNPs mapping on coding regions of 57 resistance genes (Table 1),
three genes were polymorphic in most of the genotypes. Among them, Solyc02g093100, cod-
ing for a leucine-rich protein, was polymorphic in eight genotypes whereas Solyc04g008650
and Solyc07g055670 coding for a leucine-rich receptor and for a lectin domain receptor,
respectively, in six genotypes. Moreover, SNPs showing predicted high impact on pro-
tein function were found in four genes. In particular, three of them code for protein
kinases (Solyc04g082510, Solyc06g060690 and Solyc06g068920) and the last one codes for
a receptor-like serine-threonine-protein kinase (Solyc07g062040). Regarding other genes
carrying moderate impact variants in some of the parental genotypes, Solyc01g087200,

http://www.prgdb.org/prgdb
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coding for a generic disease resistance protein, is reported to be the target of a micro-RNA,
which modulates the immunity against Phytophtora infestans [36]. Other two genes coding
for two kinases (Solyc04g057930 and Solyc05g053930) were identified in RNA-seq experi-
ment as downregulated genes in a Sw-7 resistant line [37]. On chromosome 11, the gene
Solyc11g011180, coding for a LRR receptor-like serine/threonine-protein kinase, was re-
ported to be responsible for the resistance to Fusarium oxysporium f.s. lycopersici [38]. Finally,
the gene Solyc09g011320, coding for a Serine/threonine-protein kinase, was found to be
part of a gene cluster putatively involved in the tolerance to Fusarium oxysporium f.s. radicis
lycopersici [39]. The role of these potential resistance genes in contrasting pathogens causing
diseases will be further investigated in the parental genotypes, by applying resistance tests
or molecular marker analysis.

Table 1. List of 71 SNPs with high (in bold) and moderate impact detected in 57 resistance genes reported in the PRG
database (prgdb.org; accessed on 2 September 2021). The locus and the protein function were reported together with the
genotypes carrying each mutated gene respect to the reference genome Heinz1706 (www.solgenomics.net; accessed on
2 September 2021). When more than one SNP was detected in the same gene for some genotypes, the number of SNPs is
reported in brackets.

Gene Mutated Genotype (no.
SNPs) Predicted Effect Protein Function

Solyc01g014520 E42 missense_variant Receptor-like protein kinase
Solyc01g074010 E11, E42 missense_variant Protein kinase domain
Solyc01g080880 E20, E42, PDVIT missense_variant Protein kinase domain
Solyc01g087200 E42, E55 missense_variant Disease resistance protein
Solyc02g070000 E11, E36, E42, E55 missense_variant Leucine-rich receptor-like protein kinase family protein
Solyc02g078780 PDVIT missense_variant Protein STRUBBELIG-RECEPTOR FAMILY 3

Solyc02g093100 E7, E11, E36, E42, E45, E48,
E55, PDVIT missense_variant Leucine-rich repeat protein kinase family protein

Solyc04g007030 E11, E36, E42 missense_variant Disease resistance protein

Solyc04g008650 E7. E11, E20, E36, E42, E45 missense_variant Inactive leucine-rich repeat receptor-like
serinethreonine-protein kinase

Solyc04g014400 E11, E36, E42, E55 missense_variant LRR receptor-like serine/threonine-protein kinase GSO1
Solyc04g015130 E42, E55, PDVIT missense_variant Protein kinase G11A
Solyc04g049400 E42, E55, PDVIT missense_variant Protein kinase domain
Solyc04g054200 E42, E55, PDVIT missense_variant Leucine-rich receptor-like protein kinase family protein

Solyc04g057930 E11 (2), E42 (2), E55 (2) E109,
PDVIT (2) missense_variant Pkinase domain-containing protein/Usp

domain-containing protein
Solyc04g074270 E11 (3), PDVIT (3) missense_variant Outer arm dynein light chain 1

Solyc04g082510 E55 (2) missense_variant;
stop_gained Protein kinase

Solyc04g082620 E55 (2) missense_variant Serine/threonine-protein
kinase/endoribonuclease IRE1a

Solyc05g009740 E7, E11 (2), E20, E45, E109 (2) missense_variant Disease resistance protein

Solyc05g009800 E11, E109 missense_variant Leucine-rich repeat receptor-like
serine/threonine-protein kinase

Solyc05g013280 LA3120 (2) missense_variant Pseudomonas resistance
Solyc05g050700 E11, E36, E42, E109, PDVIT missense_variant Leucine-rich repeat protein
Solyc05g051050 E11, E36, E42, E109 missense_variant Shaggy-related protein kinase theta
Solyc05g053010 E11, E109, PDVIT missense_variant Lectin receptor kinase
Solyc05g053930 E55 missense_variant Protein kinase APK1B, chloroplastic
Solyc05g054340 E55, PDVIT missense_variant Plant resistance protein

Solyc06g036470 E55 missense_variant G-type lectin S-receptor-like
serine/threonine-protein kinase

Solyc06g060690 E11, E55, PDVIT stop_gained Protein kinase superfamily protein
Solyc06g068920 E7, E20, E36, E42, E48 stop_lost Protein kinase domain
Solyc06g072340 E11, E36, E45, E55, E109 missense_variant Protein kinase domain
Solyc07g007140 E11, E42, E48, E55, E109 missense_variant MAP kinase kinase kinase 44
Solyc07g053010 E42, PDVIT missense_variant Disease resistance protein
Solyc07g053300 E42 missense_variant ABC transporter G family member 10
Solyc07g053910 E55 missense_variant Protein kinase domain

Solyc07g055670 E11, E42, E45, E48, E55,
PDVIT missense_variant Lectin-domain receptor-like kinase

Solyc07g062040 E42, E55 stop_gained Receptor-like serine/threonine-protein kinase

prgdb.org
www.solgenomics.net
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Table 1. Cont.

Gene Mutated Genotype (no.
SNPs) Predicted Effect Protein Function

Solyc08g081210 E20, E36, E42, PDVIT missense_variant MAP kinase kinase kinase 66
Solyc09g005080 E36, PDVIT missense_variant Verticillium resistance

Solyc09g007110 E36 (5), E45 (5), E48 (5),
PDVIT (5) missense_variant Leucine-rich receptor-like protein kinase family protein

Solyc09g011320 E11, E109 missense_variant Serine/threonine-protein kinase
Solyc09g074240 E11, E36, E109, PDVIT missense_variant Protein kinase domain
Solyc09g091580 E11, E55 missense_variant Protein kinase domain
Solyc09g091990 E42, E48, PDVIT missense_variant Receptor like protein kinase S.2
Solyc10g005140 E55 missense_variant probably inactive receptor-like protein kinase At2g46850
Solyc10g084390 E55 missense_variant Protein kinase superfamily protein
Solyc11g007280 E42 missense_variant Pleiotropic drug resistance protein 2
Solyc11g011080 E11 (3), E36 (3), E109 (3) missense_variant Disease resistance protein (TIR-NBS-LRR class)
Solyc11g011090 E11 (2), E36, E109 (2) missense_variant Disease resistance protein (TIR-NBS-LRR class)
Solyc11g011180 E11, E36, E109 missense_variant Lrr receptor-like serinethreonine-protein kinase gso1

Solyc11g013880 E11 missense_variant G-type lectin S-receptor-like
serine/threonine-protein kinase

Solyc11g018690 E11, E42, PDVIT missense_variant ABC transporter G family member 25
Solyc11g020230 E11, PDVIT missense_variant Serine/threonine-protein kinase-like protein CCR4
Solyc11g020280 E11, PDVIT missense_variant Receptor-like protein kinase
Solyc11g033270 E11, PDVIT missense_variant MAP kinase kinase kinase 82
Solyc11g042990 E11, PDVIT missense_variant Kinase protein
Solyc11g056680 E11, PDVIT missense_variant Leucine-rich repeat receptor-like protein
Solyc12g016220 E55 missense_variant Disease resistance protein
Solyc12g021280 E11, E36, E45, E48, E55 missense_variant Serine/threonine-protein kinase STN7, chloroplastic

All phenotypic and genotypic data obtained in this study on the parental genotypes
are reported in Table 2: out of 15 selected genotypes, three (E36, LA2662 and LA3120)
showed high heat tolerance both in terms of fruit set and yield production, five (E45,
E103, E111, PDLUC and PDVIT) showed desirable qualitative traits, other two (E42 and
PDVIT) showed high source of whole-genome genetic variability, three (E11, E42, PDVIT)
exhibited high or medium variability in potential resistance genes, and five genotypes (E11,
E55, E109, PDLUC, PDVIT) carry the maximum of three resistance genes. Therefore, the
interactions of these genotypes in different cross combinations could lead to the production
of F1 hybrids exhibiting good performances for many desirable traits.

Table 2. Summary of the phenotypic analyses and the molecular screening of resistance genes carried out in 15 parental
genotypes. The resistant allele detection is reported for six genes: Mi-1.2, Root-knot nematode resistance; Ph-3, late blight
resistance; Sw-5, Tomato spotted wilt virus; Tm-2, Tomato mosaic virus resistance; Ty-3, Tomato yellow leaf curl virus
resistance; Ve-1, Verticillium wilt resistance. Scores of heat tolerance, fruit quality traits, genetic distance, variability in PRG
database of parental genotypes are also reported. HH, very-high; H, high; M, medium; L, low.

Genotype
Heat Tolerance

Fruit Quality 3 Genetic
Distance 4

Variability In
Prg Database 5 Resistance Allele

FS 1 YP 2

E7 HH M M L L Mi-1.2
E11 M M M M H Mi-1.2, Ph-3, Ve-1
E20 M M M L L Mi-1.2
E36 H H M L M Mi-1.2, Ph-3
E42 M M M H H Mi-1.2, Ve-1
E45 M M H L L Mi-1.2, Ph-3
E48 M M M L L Mi-1.2, Ph-3
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Table 2. Cont.

Genotype
Heat Tolerance

Fruit Quality 3 Genetic
Distance 4

Variability In
Prg Database 5 Resistance Allele

FS 1 YP 2

E55 H M L M M Mi-1.2, Ph-3, Ty-3
E103 HH L H - - Mi-1.2, Tm-2
E109 M M M M L Mi-1.2, Ph-3, Ve-1
E111 M L H - - Mi-1.2, Ph-3

LA2662 H H L L - Mi-1.2
LA3120 H H L L L Mi-1.2
PDLUC - - H - - Mi-1.2, Ph-3, Ty-3
PDVIT H M H H H Mi-1.2, Tm-2, Ty-3
1 For fruit set: HH ≥ 70%; H = 50–70%; M = 30–50%; 2 For yield production: H ≥ 3.0 kg/pt; M = 2.0–3.0 kg/pt; L ≤ 2.0 kg/pt; 3 For fruit
quality: H = both market and nutritional good quality traits; M = marketable or nutritional good quality traits; L = neither marketable nor
nutritional good quality traits [22]; 4 For genetic distance: H = average IBS < 0.7; M = 0.7 < average IBS < 0.9; L = average IBS > 0.9; 5 For
genetic variability in PRG database: H ≥ 40% of polymorphic PRGs; M = 20–40%; L ≤ 20%.

2.4. Multilevel Evaluation of F1 Hybrids

The 13 F1 hybrids obtained from different cross combinations involving the fifteen
parental genotypes (Figure 2) were also evaluated in the year 2019. Data concerning
the parental lines have been already reported in a previous paragraph, whereas we here
compare those recorded for the hybrids (Table S6).
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Figure 2. Thirteen F1 hybrid combinations obtained using 15 different parental genotypes.

As for the hybrids, they usually exhibited FS values higher than 50%, and six of them
performed more than 4.0 kg/plant, mostly due to a very high production of fruit/plant. In
order to compare each F1 hybrid with its parents, the ANOVA and post-hoc Duncan’s tests
were applied to each combination for the productive and qualitative traits. The analysis
evidenced variable results for each trait (Figure 3; Table S7).
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As for TNF, five hybrids (17H25, 17H39, 17H56, 17H57 and 18H17) showed a sig-
nificant increase compared to the parental genotypes and eight (17H14, 17H36, 17H37,
18H13, 18H48, 18H56, 18H57 and 18H59) were statistically similar to at least one parent.
For FW, only three combinations (17H37, 17H39 and 17H56) showed a significant increase
whereas in most cases (17H14, 17H57, 18H13, 18H17, 18H56 and 18H59) the FW resulted
intermediate between the two parents. As for YP, six hybrids (17H25, 17H37, 17H39, 17H56,
17H57 and 18H56) had values statistically higher than both parental genotypes, showing a
significant 3-, 4-fold increase. These results underlined a substantial improvement of the
yield components in the hybrids respect to the parents [40–42]. Although the yield, as well
as the yield-related traits, are important aspects for selecting genotypes tolerant under HT,
these must be combined with other good qualitative traits desirable for consumers [40].
As for the TSSC, in most cases the F1 hybrids showed values that were intermediate be-
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tween the two parents (17H14, 17H25, 17H36, 17H37, 17H39, 17H57, 18H56, 18H57 and
18H59), whereas only three hybrids (18H13, 18H17 and 18H48) showed values higher
than both parental genotypes, although not statistically significant. This behavior is in
agreement with findings from Solieman et al. [40], who observed similar trends for this
trait. For TA, most of the hybrids did not show a statistical increase or decrease while only
the hybrid 18H17 showed a value significantly higher than both parents. Finally, for the
derived-trait TSSC/TA ratio, similarly to previous qualitative traits, most of the hybrids
showed values that ranged between those of their parents and only three (17H56, 17H57
and 18H48) showed values higher than both parents. This trait is generally an indicator of
the palatability and flavor, and, in all cases, we observed values similar or higher than 10,
corresponding to the best ratio reported in literature [25].

Due to the significant increase detected in some traits for some F1 hybrid combination,
the mid-parent heterosis was calculated to quantify the magnitude of the increases (Table 3),
and it indicated a global positive heterotic effect for many traits.

Table 3. Heterosis percentage (Het%) of six phenotypic traits in 13 F1 hybrids. TNF, number of fruit
per plant, FW, fruit weight, YP, yield per plant, TSSC total soluble solid content, TA titratable acidity,
TSSC/TA total soluble solid content/titratable acidity ratio. The green and brown colours and their
shades represent the lower and the higherpositive and negative heterotic levels, respectively.

Hybrid
Trait

TNF FW YP TSSC TA TSSC/TA
17H14 −1.37 −21.44 8.00 7.16 14.41 −6.02
17H25 85.10 9.34 127.76 7.03 20.13 −15.17
17H36 −30.35 −10.65 −24.21 7.50 −0.98 −2.93
17H37 49.28 15.08 76.14 2.22 −12.74 15.17
17H39 128.27 27.05 183.09 −1.12 −16.92 16.92
17H56 69.83 22.42 120.76 5.49 −17.80 35.21
17H57 136.32 18.49 192.65 3.63 −12.12 20.04
18H13 −11.71 8.12 −5.52 5.88 16.54 −13.52
18H17 79.27 4.99 75.77 12.48 32.23 −16.01
18H48 9.60 12.70 22.04 9.45 2.72 18.94
18H56 80.34 13.33 126.21 0.87 −6.18 9.95
18H57 −4.79 −31.29 −8.24 1.32 −20.79 22.71
18H59 −6.97 −24.50 47.79 7.52 20.64 −8.63

As for the TNF, the Het% varied from −30.4% (17H36) to 136.3% (17H57), whereas
for FW the Het% ranged from −31.3% (18H57) and 27.1% (17H39). As for YP, the values
recorded varied from −24.2% (17H36) to a maximum of 192.7% (17H57), with other four
hybrids 17H25 (127.8%), 17H39 (183.1%), 17H56 (120.8%) and 18H56 (126.2%) exceeding
the 100% of heterosis. In addition, the two hybrids 17H37 and 18H17 exhibited values of
heterosis higher than 75%. These results suggested that heterosis is greater in TNF and
YP compared with FW, and that the higher values of YP even under HT depends on TNF
and not on FW, confirming data reported by other authors when grown tomato under
standard environmental conditions [43,44]. In particular, Hannan et al. [45] found very
high heterosis for yield (189%) in a hybrid, a value comparable with the 193% we observed
in the hybrid 17H57. These results reflect the trend of the mid-parents heterosis recorded
in the F1 hybrids and could depend on the effect of the interaction of numerous additive
genes [41], which favors the increase of the yield-related traits, even under HT.

Regarding the fruit quality traits, the Het% recorded in TSSC varied from−1.12% (17H39)
to 12.5% (18H17), with most hybrids showing a moderate heterotic effect. As for TA,
the Het% varied from −20.8% (18H57) to 32.2% (18H17), with most hybrids showing a
negative heterotic effect. Finally, considering the index TSSC/TA, the Het% ranged from
−16.0% (18H17) and 35.2% (17H56), with hybrids 17H56, 17H57 and 18H57 showing
good values.
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Finally, the presence of resistant alleles for four genes (Ph-3, Tm-2, Ty-3, and Ve-1) was
verified in all the F1 hybrids using the designed molecular markers. As expected, eight
hybrids (17H25, 17H37, 17H56, 17H57, 18H17, 18H56, 18H57 and 18H59) carried Ph-3
resistant allele at the heterozygous condition and one (18H48) in homozygous condition,
whereas six hybrids (17H14, 17H36, 17H37, 17H39, 17H56 and 17H57) carried the resistance
gene variant of Tm-2 in heterozygous condition. Finally, for Ty-3 and Ve-1 we found three
(17H14, 17H39 and 17H56) and seven hybrids (17H25, 17H36, 18H13, 18H17, 18H48, 18H56
and 18H57) in heterozygous condition for the resistant allele. Moreover, 18H59 showed the
Ve-1 resistant allele in homozygous condition. The Mi-1.2 and Sw-5 markers were excluded
from the genotypic analysis of the F1 hybrids due to the homozygous condition of their
parents for these loci. Regarding the Mi-1.2 all the F1 hybrids had the resistant allele in
homozygous condition whereas for the Sw-5 no parents and, consequently, F1 hybrids
showed the resistant allele. The use of molecular markers designed for targeting resistance
genes also allowed to verify the hybrid nature of the progeny of each cross.

As a whole, we summarize the results observed in the F1 hybrids for all the traits,
both in terms of response to high temperature and of resistance to biotic stresses and fruit
quality (Figure 4), estimating a hybrid index (HI). This takes into account three different
scores: the heat tolerance score (HTS), the quality score (QS) and the resistance genes score
(RGS). Indeed, among the hybrids, seven showed scores higher than the mean threshold
for each analysed trait. Among them, 17H39 and 17H56 showed the highest score for the
resistance genes detected by molecular markers (RGS = 0.7) whereas the hybrid 18H17
showed the highest score for the heat tolerance trait (HTS = 83.0). Finally, eight genotypes
showed quality score (QS) higher than the threshold of 3.6 and the hybrids 17H14 and
17H56 showed the highest score (QS = 4.1). Since the pyramiding breeding approach
has the final aim of cumulating in a single genetic background many desirable traits for
farmers and consumers, we summarized our results in a scatter plot, evidencing the three
most important parameters for the present study, that are heat tolerance, quality traits
and resistance genes. The scatter plot divided the hybrids in two macro-groups. This
analysis revealed that seven F1 hybrids (17H14, 17H25, 17H37, 17H39, 17H56, 17H57 and
18H17) showed a good compromise between yield components, qualitative traits and
resistance genes. Surprisingly, some of these heat tolerant F1 hybrids derived from crosses
involving two parental genotypes, previously selected only for their quality traits, such
as E103 × PDLUC (17H39) and E103 × E111 (17H57). These results should be confirmed
by evaluating the best hybrids for additional years and environments, before proposing
them as novel commercial hybrids that could maintain high performances under adverse
environmental conditions.
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3. Materials and Methods
3.1. Plant Material

Fifteen parental genotypes were grown in the year 2019 in an experimental field in
Acerra (Campania, 40◦96′52” N, 14◦42′86” E) together with 13 F1 hybrids deriving from
different cross combinations, obtained in the year 2018. The list of parental genotypes
is reported in Table S8. All plants were grown in a randomized complete block design
consisting of three replicates and ten plants per replicate and transplanted in open field
with one-month delay respect to the standard agronomic practices, in order to increase the
possibility to expose the plants to high temperatures during the reproductive phases.

3.2. Phenotypic Evaluation

During the growing season, four yield-related and three fruit quality traits were
evaluated: fruit set (FS), number of fruit per plant (TNF), fruit weight (FW), yield per
plant (YP), total soluble solid content (TSSC) and titratable acidity (TA) and then, the
TSSC/TA ratio. Ten fruits at red ripe stage from each replicate and for each genotype
were harvested and stored to −80 ◦C until qualitative analysis. The TSSC was measured
using a refractometer (HANNA Instruments, Smithfield, RI, USA), whereas the TA was
measured by using a Fiveasy F20 digital pH meter (Mettler Toledo, Columbus, OH, USA).
Three fruits from each replicate and for each genotype were disrupted and centrifugated
for 20 min at 6000 rpm to collect the surnatant. Thirty milliliters of double-distilled water
were added to 2.5 g of surnatant and put on a stirrer at the speed of 100 rpm. Then,
25 mL of NaOH (0.1 N) solution was charged on an analytical burette and dropped in the
solution until the breakpoint of pH = 8.0. The formula TA (g CA/100 g) = [NaOH] (N)
× volNaOH (mL)/msample (g) × 1000/10 = G1 was used for the quantification of titratable
acidity, where CA corresponds to the citric acid monohydrate, [NaOH] corresponds to
the concentration of titratant expressed in Normality, volNaOH corresponds to the added
volume to the solution of titration, msample the quantity in grams of the surnatant used in
the solution of titration. Finally, to calculate the titratable acidity, the G1 was multiplied for
0.070, corresponding to the fixed factor for the determination of CA content.

3.3. Statistical Analysis

All the statistical analyses were carried out using IBM SPSS v. 23 (IBM Corp., Armonk,
NY, USA). In order to evaluate the 14 genotypes, a selection index was calculated for each
genotype based on the sum of the different score of the arbitrary scale assigned to the three
traits FS, TNF, YP: for FS and TNF 0 = trait value ranging from 0 to 10, 1 = from 11 to
20, 2 = from 21 to 30, 3 = from 31 to 40 etc.; for YP, the scale was applied by multiplying
the kg/plant value by 10, as reported in Ruggieri et al. [15]. Then, in order to compare
F1 hybrids and their parents, ANOVA analysis and post-hoc Duncan test were carried
out to evidence the statistical significance among them. In order to estimate the heterotic
effect of each trait in the F1 hybrids, the heterosis percentage (%Het) was calculated using
the formula Het% = (F1t − PMt)/PMt, where F1t is the value recorded for the hybrid for
trait t and PMt is the mean of the two parents for trait t. In order to select elite hybrids,
a hybrid index (HI) was estimated, considering three different scores: the heat tolerance
score (HTS) calculated as HTS = (TNF/10 + YP ∗ 10) [15]; the quality score (QS) calculated
by dividing each evaluated trait for the optimum values retrieved in bibliography [24,46]
using the formula QS = TA/0.3 + TSSC/5.5 + TSSC/(TA ∗ 12.5); the resistance score (RGS)
where RGS = n. of resistant allele/n. of assayed molecular markers. For each score, a mean
threshold corresponding to the average score of the hybrids was calculated in order to
select the elite hybrids. The scores and their mean thresholds obtained were represented in
a scatter plot.

3.4. Genomic Analysis

In order to carry out the genotyping analysis of all the parental lines, two different
sequencing datasets were used: one retrieved from previous studies [15,20] based on the
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platform 7.7K SolCAP single nucleotide polymorphism (SNP) array and the other deriving
from the ddRAD sequencing technology, here applied. In this last case, DNA extraction
and quantification, sample preparation and sequencing were carried out according to
Olivieri et al. [18].

The demultiplexing step of raw reads was performed using Stacks v2.0 [47]. The
alignment to the reference genome of Solanum lycopersicum cv Heinz (Tomato Genome
version SL4.0, available at the Solgenomics Network, www.solgenomics.net; accessed
on 2 September 2021) was carried out using BWA-MEM (Burrow-Wheeler Alignment—
Maximal Exact Matches) through the software Samtools 1.6 [48] with default parameters,
selecting reads that map to a single location. The detection of loci from the aligned
reads, the SNP calling and the generation of variant calling format (.vcf) file were car-
ried out using the software Bcftools 1.6 (http://samtools.github.io/bcftools/bcftools.html;
accessed on 2 September 2021) [49]. The filtering step was performed using VcfTools
v.0.1.13 (http://vcftools.sourceforge.net; accessed on 2 September 2021) [50] by setting the
maximum missing value (max-missing) = 0.5 and minimum mean of Depth of Coverage
(min-mean DP) = 5. All non-polymorphic loci were manually eliminated. Then, in order to
quantify the genetic distance among the genotypes, pairwise comparisons were carried
out by calculating the Identity-by-State (IBS) allele-sharing indexes using the software
PLINK v.1.90b5.2 [51,52], represented by a correlation matrix describing the genetic dis-
tance for each comparison. Finally, resistance genes were identified by querying the PRG
database (available at http://www.prgdb.org/prgdb; accessed on 2 September 2021) [35]
and searched for in the genotyping datasets. The polymorphic alleles were those showing
alternative allele to the reference tomato genome (SL4.0 cv Heinz 1706).

3.5. Marker Design and Analysis

In order to transfer in the F1 hybrids resistance genes to common biotic diseases in
tomato, a marker-assisted screening was carried out on the parental genotypes. At this
purpose, six resistance genes were investigated: root-knot nematode resistance (Mi-1.2) [30],
late blight resistance (Ph-3) [30], tomato yellow leaf curl virus (Ty-3) [31], tomato spotted
wilt disease (Sw-5), tomato mosaic virus (Tm-2) and Verticillium wilt disease resistance
1 (Ve-1) (Table S9). For genes Mi-1.2, Ph-3, and Ty-3, markers were derived from the liter-
ature, whereas for the other three genes molecular markers were designed and reported
in the present work. In particular, the CAPS for the Sw-5 gene was designed based on a
SNP mutation within the genomic region of Solyc09g098130, identified following a multiple
alignment between four accessions of susceptible and resistant tomato genotypes (Genbank
accessions: AY007366.1, FJ686039.1, FJ686040.1, FJ686042.1). As for the Tm-2, two different
primer pairs were designed to distinguish the susceptible variant (using the primer pair
coded as Tm-2S_SCAR) from the resistant one (coded as Tm-2R_SCAR). The SCAR markers
targeting the Tm-2 were designed in a high polymorphic region of Solyc09g018220, aligning
resistant and susceptible genotypes (Genbank accessions AF536199.1 and AF536200.1,
respectively). Finally, Ve-1 gene was investigated designing a dCAPS marker. A multi-
ple alignment between eleven accessions of susceptible (Genbank accessions FJ464555.1,
FJ809925.1, FJ809926.1 and FJ686045.1) and resistant tomato genotypes (Genbank acces-
sions AF272367.1, NM_001247545.2, FJ809928.1, FJ809927.1, FJ464557.1, FJ464556.1 and
FJ464553.1) was carried out to detect the susceptible and resistant variants. As a whole,
markers used are CAPS, dCAPS and SCAR, and are listed in Table S9. The PCR cycle
was set up as follow: 95 ◦C for 5 min, 35 cycles at 95 ◦C for 30 s, annealing temperature
depending on the primer pair for 30 s and 72 ◦C for 30 s, a final extension of 7 min at 72 ◦C.
For the evaluation of PCR amplicons, a 1.2% standard agarose-gel electrophoresis analysis
was performed to assess the amplification at expected size. Following the restriction en-
zyme digestion, the agarose-gel concentration varied from 1.5 to 3.0% depending on the
resolution required to discriminate the fragments.

www.solgenomics.net
http://samtools.github.io/bcftools/bcftools.html
http://vcftools.sourceforge.net
http://www.prgdb.org/prgdb
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4. Conclusions

We evaluated 13 F1 hybrids under HT conditions in order to select those combining
good yield performances with quality traits and resistance to pathogens, by designing a
novel strategy of phenotypic and genotypic characterization of the parental lines involved.
A selection index based on phenotypic responses for yield-related traits under HT condi-
tions was used to characterize the 14 parental lines. A molecular markers analysis targeting
six specific resistance genes facing the most common disease evidenced the possibility of
pyramiding up to four resistant alleles in the same hybrid. In addition, a whole genome
characterization of these lines allowed us to identify polymorphisms in 57 genes potentially
involved in the response to various pathogens, and this result will be exploitable in the
future to increase the number of resistance genes in F1 hybrids actually under production
in our laboratory. Following this multi-trait evaluation of the parental lines, the 13 hybrids
were evaluated under HT, and we used a hybrid index based on yield performances, toler-
ance to pathogens and fruit quality traits to select the best ones. With this view in mind, we
identified seven hybrids (17H14, 17H25, 17H37, 17H39, 17H56, 17H57 and 18H17) showing
higher hybrid indexes and high heterotic effect, especially for yield-related traits. The
promising results obtained in the present work represent an initial proof of the application
of the methodology proposed and could be complemented in further studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10102168/s1, Figure S1. Temperature variation observed in Acerra during the summer
2019. Daily maximum (red), daily mean (blue) temperatures. Dashed red line represents the critical
threshold of 32 ◦C. Figure S2. Multiple alignment of two resistance genes for the discrimination of
resistant and susceptible variants. (A) Tomato spotted wilt virus resistance—Sw-5; (B) Tomato mosaic
virus resistance—Tm-2. The blue boxes represent the coding regions of the genes, the orange boxes
represent the UTR regions. Polymorphisms are evidenced by red rings. Figure S3. Design of the
nested and dCAPS markers targeting the Ve-1 gene. A) ClustalW alignment between the Ve-1 gene
resistant allele (FJ464557.1), Ve-1 susceptible allele (FJ464555.1) and Ve-2 gene (AF365929.1). The red
and blue arrows correspond to the primer pairs for the nested PCR and dCAPS marker, respectively.
The red box evidenced the SNP associated with susceptible/resistant phenotype. The position of
the mismatch introduced in the forward primer is also reported (in red bold). B) Electrophoretic
analysis of the dCAPS marker designed for Ve-1 gene on 4 hybrids and their parental lines. Table S1.
Phenotypic data of selected parental genotypes evaluated in 2017. FS, fruit set; TNF, no. fruit per
plant; FW, fruit weight; YP, yield per plant, are reported. Table S2. Phenotypic data of 15 parental
genotypes evaluated in 2019. TNF, no. fruit per plant; FW, fruit weight; YP, yield per plant; TSSC,
total soluble solid content; TA, titratable acidity; CA, citric acid. Table S3. Summary of molecular
screening of resistance genes in 15 parental genotypes. The resistant (R, in red) and susceptible
(S, in yellow) alleles are reported for six genes: Mi-1.2, Root-knot nematode resistance; Ph-3, late blight
resistance; Sw-5, Tomato spotted wilt virus; Tm-2, Tomato mosaic virus resistance; Ty-3, Tomato yellow leaf
curl virus resistance; Ve-1, Verticillium wilt resistance. Table S4. Identity-by-state values describing the
pairwise comparisons to estimate the genetic distance among the genotypes. Lower values indicated
higher genetic distances. The white color indicates missing values in the analysis. Table S5. Overview
of the number of SNPs mapping on genes involved in the response to resistance diseases. The number
of SNPs were grouped based on the categorical classification of the impact of the mutation. Table S6.
Phenotypic data of 13 F1 hybrids evaluated in 2019. FS, fruit set; TNF, no. fruit per plant; FW, fruit
weight; YP, yield per plant; TSSC, total soluble solid content; TA, titratable acidity; CA, citric acid.
Table S7. One-way ANOVA performed for each trait and for each source of variation. FS, fruit set,
TNF, no. fruit per plant; FW, fruit weight; YP, yield per plant; TSSC, total soluble solid content;
TA, titratable acidity, d.f., degrees of freedom. Table S8. Parental genotypes used in the crossing
schemes for the constitution of F1 hybrids. Experiment trials: C16, Campania 2016, C17, Campania
2017, C19, Campania 2019, P16, Puglia 2016, P17, Puglia 2017. Selected trait: HT, Heat-tolerance, Q,
Quality. Table S9. List of molecular markers designed for each resistance gene. The primer sequences,
restriction enzymes and references are also reported.
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