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Abstract

The introduction of virus resistance genes into traditional tomato varieties offers a strategy
to preserve genetic diversity and enhance commercial viability. However, the homozygous
presence of these genes has been associated with negative effects on yield and fruit quality.
This two-year study evaluated the impact of introducing the Tm-2a, Sw-5 and Ty-1 genes,
which are associated with resistance to ToMV, TSWV and TYLCYV, respectively, on the
agronomic yield, fruit characteristics and metabolic profile of Muchamiel-type cultivars.
Four hybrids were obtained by crossing two breeding lines carrying the resistance genes in
homozygosis (UMH1139 and UMH1200) with two traditional susceptible varieties (MC1
and MC2). Hybrids matched or exceeded the agronomic performance of their parents.
Fruit morphology of the hybrids was similar to traditional parents. The presence of
Ty-1 correlated with reduced organic acid concentration, though hybrids exhibited higher
levels than the homozygous line, UMH1200. No negative effects on soluble sugars or
secondary metabolites were observed. Genotypes carrying resistance genes, breeding lines
and hybrids exhibited higher flavonoid contents, suggesting a potential role in virus response.
Hybrids maintained or improved the bioactive profile of traditional varieties. These findings
support the development of Muchamiel-type hybrids that combine the presence of virus
resistance genes in heterozygosity with the desirable traits of traditional tomatoes.

Keywords: landraces; bioactive composition; flavor-related quality; tomato breeding

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most economically valuable horticultural
crops in the world. According to the Food and Agriculture Organization, it is the second
biggest crop in terms of cultivated area, accounting for 14% of total vegetable production
(excluding potatoes) in 2023 [1]. Since the advent of modern plant breeding, programs
have prioritized the development of varieties with high yields and disease resistance, as
well as a longer postharvest life. This has resulted in a genetic bottleneck and a significant
loss of crop and variety diversity [2]. The recovery of traditional varieties is a promising
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strategy for increasing agricultural biodiversity, particularly in the Mediterranean basin, a
secondary center of tomato diversification [3]. In addition to reducing genetic erosion, many
of these varieties are notable for their flavor and fruit quality, attributes that are gaining
increasing importance among consumers [4,5]. The flavor-related quality is determined
by primary metabolites, such as sugars and organic acids, while nutritional quality is
associated with secondary metabolites, such as carotenoids, phenolic compounds, and
vitamins [6,7]. The flavor profile is influenced by the interaction and balance between
organic acids, such as malic, citric, and glutamic acids, and soluble sugars, including
fructose and glucose [8]. Secondary metabolites are bioactive compounds that have been
shown to promote health. Lycopene, for instance, has been associated with a reduced risk
of cardiovascular disease, macular degeneration, and cancer [9]. Despite their outstanding
quality, traditional varieties are limited by their susceptibility to viral diseases, which are
among the leading causes of economic losses in tomato cultivation [10]. The tomato mosaic
virus (ToMV), the tomato spotted wilt virus (TSWV), and the tomato yellow curl virus
(TYLCYV) are three viral agents that cause significant economic losses in crops. Integrated
pest management can reduce populations of thrips and whiteflies, the main vectors of
TSWYV and TYLCV, to levels that limit direct damage, but it is often insufficient to prevent
virus transmission. In the case of ToMV, mechanical spread further complicates disease
control in greenhouse systems [10]. The development of breeding programs to introduce
resistance genes is considered to be an effective and sustainable strategy, particularly in
the Mediterranean basin, where intensive agriculture contributes to high virosis pressure
that compromises tomato production [11]. The dominant genes that confer resistance to
ToMV and TSWYV, as well as tolerance to TYLCV, are Tm-2a, Sw-5, and Ty-1, respectively.
These genes were isolated and characterized in previous studies. These genes have been
identified in wild tomatoes, specifically S. peruvianum (Tm-2a and Sw-5) and S. chilense
(Dunal) accession LA1969 (Ty-1) [12-14]. Due to the high incidence of mixed infections,
breeding programs have focused on introducing multiple genes using technologies such as
marker-assisted selection (MAS), which accelerates the selection process [11].

The Muchamiel tomato variety, a traditional cultivar with significant value in local
markets in southeastern Spain, is limited by its susceptibility to virosis [15]. Like other
traditional varieties, its cultivation has declined despite being highly appreciated for its
flavor, due to its replacement by commercially available varieties that are resistant to
viruses, particularly virosis [10]. In order to address this issue, in 1998, the CTAGRO-UMH
plant breeding group initiated a program intending to enhance traditional varieties by
introducing virus-resistance genes into local varieties from southeastern Spain. These
varieties include the Muchamiel variety, as well as others such as the De la Pera and
Moruno varieties. Breeding lines incorporating the Tm-2a, Sw-5, and Ty-1 resistance genes
in homozygosis have been developed and officially registered within the Spanish Plant
Variety Office since 2011 [11]. However, the introgression of resistance genes from wild
species has been shown to have a negative impact on fruit quality and yield. This can be
attributed to either the genes themselves or to linkage drag. A decline in yield and fruit
quality has been observed in the processing of tomatoes resistant to ToMV [16], as well
as in tobacco plants that possess the N gene from the Nicotiana glutinosa L. species, which
confers resistance to TMV [17]. As described by Verlaan et al., the recombination of the
Ty-1 gene was restricted in the S. chilense region [18]. This was attributed to the presence of
two chromosomal inversions in S. chilense LA1969 and S. lycopersicum. According to Alonso
et al.,, the introgression of Ty-1 had a negative effect on yield and quality traits in De la Pera
breeding lines [19]. In the Muchamiel and De la Pera breeding lines, yield was reduced by
up to 50% due to the presence of Ty-1 and in the absence of TYLCV [15,20]. Rubio et al,,
also reported that Ty-1 homozygosity significantly compromised most of the measured
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parameters in near-isogenic lines (NILs), with homozygosity for one, two or all of the three
introgressed genes (Tm-2a, Sw-5, and Ty-1), resulting in a 40-50% yield decrease [21].

Although the Muchamiel-type breeding lines developed by the CIAGRO-UMH carry
resistance genes targeting the major viruses affecting tomatoes, improving quality and
productivity remain a challenge. Therefore, alternative strategies must be explored to
preserve their exceptional fruit quality. One promising approach is to use resistance genes
in the heterozygous state, as this maintains resistance through dominant inheritance while
reducing yield and quality losses [16]. A hybrid resulting from a cross between a Muchamiel
breeding line and a US heirloom variety was evaluated in a previous study [22]. While a
reduction in the negative impact of gene introgression on yield and quality was observed,
this hybrid could not be categorized as Muchamiel-type, since one of its parents belonged
to a different cultivar. In this context, the CTAGRO-UMH and the IMIDA have developed
new Muchamiel tomato hybrids using varietal-type Muchamiel parents carrying resistance
genes in the homozygous state for ToMV, TSWV, and TYLCV [15,23], as well as traditional
varieties that were previously selected for their high quality yet remain sensitive to these
viruses [24-26]. The present study aims to evaluate the impact of introducing the Tm-2a,
Sw-5, and Ty-1 genes into Muchamiel-type hybrids on their agronomic performance, fruit
morphology, and metabolic composition. This approach seeks to increase the available
biodiversity for tomato cultivars and to provide viable alternatives without compromising
the distinctive traits that are particularly valued by consumers.

2. Materials and Methods
2.1. Plant Materials

A total of eight Muchamiel-type tomato cultivars were evaluated, including two
traditional varieties, two breeding lines, and four hybrids developed by the CTAGRO-UMH
Plant Breeding Group and the IMIDA (Figure 1 and Table 1). The MC1 (BGMU0753)
and MC2 (BGMUO0672) traditional varieties were selected from the IMIDA germplasm
bank (BAGERIM) for their outstanding quality traits and agronomic performance [24,26].
The UMH1200 and UMH1139 breeding lines were developed through a backcrossing
program involving a Muchamiel variety and six backcrosses, as described in [15,23]. Each
breeding line carries a distinct combination of virus-resistance genes that were introgressed
during the breeding program. UMH1200 and UMH1139 carry the Tm-2a and Sw-5 genes,
respectively associated with resistance to ToMV and TSWV. Additionally, UMH1200 carries
the Ty-1 gene, linked to tolerance of TYLCV. The four hybrids were obtained through
simple crosses between the two breeding lines and two traditional varieties, each of which
was heterozygous for the corresponding resistance genes. The Anairis commercial variety
(Seminis, Bayer S.L., Barcelona, Spain), whose size is comparable to that of Muchamiel,
was included as a yield reference, but was excluded from the statistical analysis due to its
different varietal group. The virus resistance performance of hybrid varieties was evaluated
in laboratory, using agroinoculation for TYLCV and mechanical inoculation for ToMV
and TSWV.

Table 1. Genotypes of the resistance genes Tm-2a (tomato mosaic virus), Sw-5 (tomato spotted wilt
virus) and Ty-1 (tomato yellow leaf curl virus) in traditional varieties, breeding lines and developed
hybrids (RR: resistant homozygous; rr: susceptible homozygous; Rr: heterozygous).

G
Type Cultivar enotype
Tm-2a Sw-5 Ty-1
Traditional variety MC1 (BGMUO0753) T T T

MC2 (BGMU0672) T rr r
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Table 1. Cont.
G
Type Cultivar enotype
Tm-2a Sw-5 Ty-1

Breeding line UMH1200 RR RR RR
UMH1139 RR RR T

Developed hybrid UMH1200xMC1 Rr Rr Rr
UMH1200xMC2 Rr Rr Rr

UMH1139xMC1 Rr Rr rr

UMH1139xMC2 Rr Rr r

Figure 1. Images of eight cultivars: traditional varieties (A) MC1, (B) MC2; breeding lines
(C) UMH1139, (D) UMHI1200; developed hybrids (E) UMH1139xMC1, (F) UMH1200xMCl1,
(G) UMH1139xMC2, and (H) UMH1200xMC2.

2.2. Experimental Desingn and Crop Conditions

The above-described cultivars were grown in a polyethylene multi-tunnel green-
house at the “Torreblanca” experimental farm in Torre Pacheco, Murcia, southeastern
Spain (37°46/33.564" N, 0°53'47.225" W), which is characterized by an arid to semi-arid
Mediterranean-type climate. Water for irrigation was supplied from the Tajo-Segura trans-
fer system (electrical conductivity: 0.8-1.3 dS m~!). Mineral fertilization was carried out
following standard agronomic practices adapted to the soil and climatic conditions of the
region, in compliance with the technical guidelines for integrated tomato production set
out in the Order of 10 May 2012 [27].

Cultivars were grown during the spring season (March-July) of two consecutive years
(2022 and 2023). Transplanting was performed using 40-day-old seedlings on 22 March 2022
and 14 March 2023. The planting frame was 0.4 m between plants and 1 m between rows,
resulting in a transplant density of 2.5 plants per square meter. The experimental design
included three randomized blocks, each comprising three rows containing eight cultivars,
with ten plants per cultivar (a total of eighty plants per block). The same experimental
design was used in both years. Plants were grown vertically with one stem after axillary
bud removal and maintained until the fourth truss.

During the two-year study, average daily temperature and accumulated radiation
were recorded by the TP42 weather station in the experimental farm of the SIAM (Murcia
Agricultural Information System). Temperature was measured using a 50Y thermohy-
grometer (serial number W0940091; Vaisala, Vantaa, Finland), while solar radiation was
monitored with a CMP7 pyranometer (serial number 980198; Kipp & Zonen, Delft, The
Netherlands), both integrated into the station. Whereas the cycles had a similar length
in both years (120 days in the first year and 112 days in the second year), environmental
conditions varied between years (Supplementary Figure S1). The vegetative development
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phase occurred within the first 60 days after transplanting. In the first year, the maximum
temperatures during this period were slightly higher than in the second year. After the
onset of fruit set (60 days after transplanting), minimum temperatures remained similar in
both years, whereas higher maximum temperature and cumulative radiation values were
recorded during the second year. Four harvests were made: 98, 105, 113, and 120 DAT, and
91, 98, 105, and 112 DAT in the first and second years, respectively. Climatic conditions
were similar in both years during this period of fruit production.

2.3. Agronomic and Fruit Morphology Evaluation

To evaluate the agronomic performance of the studied cultivars, all the fruit from
ten plants per replicate (thirty plants per cultivar) was harvested and weighed. Yield was
determined as the total weight of the fruit harvested per plant (kg/plant). To characterize
the fruit and analyze the metabolites, three replicates were established for each cultivar,
with each replicate consisting of ten fully ripe, homogeneously colored and defect-free
fruits selected from the ten plants corresponding to each experimental block. The equatorial
and longitudinal diameters, as well as the external color, were measured using a Mitutoyo
500-196-30 Digimatic caliper (Kawasaki, Japan) and a Minolta CR-200 Chroma Meter
(Ramsey, NJ, USA), respectively. The L* (lightness), a* (redness), and b* (yellowness) color
parameters were measured in three areas on the surface of each fruit. Subsequently, the hue
angle (h® = tan — 1 [b*/a*]) and saturation or chroma (C* = [a*2 + b*2]/2) were calculated
from these primary measurements.

2.4. Metabolite Analysis

To analyze the metabolites, ten mature, uniform fruits from the same replicate were
cut into small pieces, mixed together, and frozen at —80 °C. This mixture was then homog-
enized using a Thermomix and frozen at —80 °C until further analysis.

Individual soluble sugars, glucose (GLU) and fructose (FRU), were extracted using
deionized water and purified with C18 Sep-Pak cartridges. These were subsequently ana-
lyzed using molecular exclusion chromatography on an Agilent 1100 liquid chromatograph
(Waldbronn, Germany). The device was equipped with a refractive index (RI) detector and
a CHO-682 LEAD 300 x 7.8 mm ID CARBOSep column (Concise Separations, San Jose,
CA, USA). Deionized water was used as the mobile phase at a flow rate of 0.4 mL/min [28].
Results are expressed as milligrams per gram of fresh weight (FW).

Organic acids were analyzed as described in [28], using liquid chromatography (Agi-
lent 1200; Agilent Technologies, Santa Clara, CA, USA) with a G6410A triple quadrupole
mass spectrometer detector (Supplementary Table S1, HPLC-MS-MS). Organic acids were
quantified relative to their corresponding standards (Sigma-Aldrich, Steinheim, Germany).
Results are expressed as mg g~ FW.

Vitamin C (ascorbic acid and its derivative, dehydroascorbic acid) was extracted using
a solution of 0.05% (w/v) ethylenediaminetetraacetic acid (EDTA) and dithiothreitol (Sigma-
Aldrich, Steinheim, Germany). The extract was analyzed using high-performance liquid
chromatography coupled with tandem mass spectrometry (HPLC-MS-MS), according to
the methodology developed in [29]. Vitamin C (VC) is expressed as pug g~ ! FW, using
commercial ascorbic acid (Sigma-Aldrich, Steinheim, Germany) as a standard.

Two separate extractions were performed to analyze the carotenoid profile, as detailed
in Supplementary Table S2. Polar carotenoids were extracted using the method described
in [28], entailing the utilization of a methanol-tetrahydrofuran (1:1, v/v) solution containing
200 mg of MgO and 0.1% BHT. This was followed by evaporation and dissolution in a
methanol-tetrahydrofuran (1:1, v/v) solution containing 2% BHT. Non-polar carotenoids
were extracted using the method of [30], involving the use of a mixture of hexane, ace-
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tone, and ethanol (2:1:1) containing 0.1% BHT. The hexane layer was then evaporated,
and the residue was dissolved in a mixture of methanol and tetrahydrofuran (1:1, v/v)
containing 2% BHT. The polar and non-polar carotenoids were analyzed using the method-
ology validated in [31], with a Hewlett-Packard 1100 HPLC system (Waldbronn, Germany)
equipped with a photodiode array UV /Vis detector operating in the 250-800 nm spectral
range. Separation was achieved using a 250 mm X 4.6 mm, 3 pm Prontosil C30 column
(Bischoff, Leonberg, Germany), with a mobile phase consisting of methanol (solvent A) and
methyl tert-butyl ether (solvent B). Elution was performed at a flow rate of 1.3 mL min~!
with an injection volume of 20 pL, with detection performed at 287 nm for phytoene,
347 nm for phytofluene, and 444 nm for lutein, neoxanthin, and violaxanthin. The
carotenoids in the samples were identified by comparing their retention times (min) and
UV/Vis absorptions with the corresponding standards reported in the literature [28]. Com-
pounds were quantified in pg g=! FW.

Phenolic compounds were extracted using a methanol-formic acid solution (97:3,
v/v) and identified as described in [32]. Analysis was performed using HPLC-MS/MS
(Agilent Series 1100; Agilent Technologies) with an ESI interface operating in negative
ion mode, and the following operating parameters: capillary voltage of 2000 V, nebulizer
pressure of 60 psi, drying gas flow of 13 L min~!, and drying gas temperature of 350 °C.
Separation was achieved using an analytical column (250 mm x 4 mm, 5 pm particle size)
of Lichrosphere C18 (Agilent Technologies, Waldbronn, Germany), with a mobile phase
consisting of solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in
acetonitrile) at a flow rate of 1 mL min~!. Full-scan, neutral loss scan, and precursor ion
scan experiments were performed to confirm the identity of some compounds for which
standards were unavailable (Supplementary Table S3). Polyphenols were quantified relative
to their corresponding standards, which were purchased from Sigma-Aldrich. When
standards were unavailable, quantification was performed relative to the corresponding
isomers, hydroxycinnamic acids or aglycones. Compounds were quantified in pg g~ FW.

2.5. Statistical Analysis

All of the statistical analyses were conducted using IBM SPSS Statistics 21. First,
normality of the data distribution was assessed using the Shapiro-Wilk test, while homo-
geneity of variances was evaluated through the Levene’s test based on the median. A
two-way analysis of variance (ANOVA) was performed separately for each F1 hybrid and
its two parental lines to evaluate the effect of variety (V), harvesting year (Y), and their
interaction (V x Y). Duncan’s multiple range test was applied to each group (hybrid and
parents) when significant differences were found.

3. Results
3.1. Yield and Fruit Characterization

Table 2 shows the yield per plant and fruit characteristics for the Muchamiel-type
hybrids (UMH1139 x MC1 and UMH1200xMC1) and their respective parents. The two-way
ANOVA data included the effects of year and variety, as well as the interaction between these
two factors. The yield per plant of the hybrids ranged from 3.2 to 4.4 kg per plant in 2022
and from 3.0 to 3.5 kg per plant in 2023. UMH1200xMC1 exhibited the lowest yield in both
years, whereas UMH1200x MC2 attained the highest yield. No variety x year interaction was
found for this parameter, and no significant differences were observed between years either,
except for UMH1200xMC2, whose yield in 2023 was 12% lower than in 2022. However,
significant differences were found for the variety factor in hybrids with UMH1200 as the
parent; these were more productive than their parents. Regarding fruit morphology, the
year factor did not affect the longitudinal or equatorial diameters of the studied hybrids,
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except for UMH1200xMC2 and UMH1139 x MC1, where the fruit was slightly smaller in
2023 than in 2022 (—5% in both cases). The variety effect was significant in all of the hybrids
compared to their parents, with the hybrids retaining the morphology of the traditional
varieties. The UMH1139 x MC1 hybrid exhibited a comparable longitudinal diameter and a
larger equatorial diameter than its parents. In contrast, the other three hybrids exhibited

diameters comparable to the traditional parent and exceeding those of the breeding line,

which generally produced smaller fruit. No variety X year interaction was observed for

these parameters. When color was evaluated using the chroma (C*; saturation) and hue

angle (h°; hue) parameters, variability was observed between cultivars and years. However,

the variety x year interaction was not significant. In general terms, hybrids exhibited more

intense, reddish colors (higher C* and h°) than their traditional parents, with a decrease in

C* and an increase in h°® observed in 2023 compared to 2022.

Table 2. Yield (kg plantfl), longitudinal diameter (LD; mm), equatorial diameter (ED; mm), chroma
(C*) and hue angle (h°) and the p-values from ANOVA for the effects of variety, year and variety x year
interaction in the developed hybrids and their respective parents during the years 2022 and 2023.

Yield LD ED C* h°
2022 2023 2022 2023 2022 2023 2022 2023 2022 2023
UMH1139 28402 25402 58 +1 564+1 93+42 85+12 42+1°¢ 39+1°¢ 48+1° 54+1°
MC1 26403 25401 5741 594+1 92432 92422 29+12 24+12 36+12 37412
UMH1139xMC1 32+04 31+04 59 £+ 2 57 +1 100bi2 95+3b 3441b 324+1P 46+1P 45+1P
Variety 0.105 0.654 0.003 ** 0 **+ 0 *
Year 0.465 0.568 0.024 * 0 **+ 0.001 **
Variety x Year 0.934 0.307 0.542 0.074 0 *
UMH1200 25+0.12 254032 56+12 54412 87432 81+£22 44+1°¢ 37+1°¢ 50+1°¢ 50+1°
MC1 26+032 254012 574+1P 5941P 9243P 9242b 29412 24412 36412 37412
UMHI1200xMC1  32+03P 30+£01° 58+1b 57+1P 95+£3b 93+2b 354+1P 28+1P 46+1P 47+1°P
Variety 0.015 * 0.012 * 0.001 ** 0 *** 0 **
Year 0.547 0.691 0.153 0 **+ 0.133
Variety x Year 0.945 0.228 0.828 0.353 0.138
UMH1139 28402 25402 58+12 56+12 93+42 85+12 42+1°¢ 39+1°¢ 484+1¢ 54+1¢
MC2 34+ 04 25402 624+2P 63+1P 104bi3 106bi3 29+12 27+12 38+12 43+1°
UMH1139xMC2 35404 32402 624+2P 60+1P 1O7bi 2 101bi 2 3641 32+1° 46+1P 504+1b
Variety 0.129 0 % 0 * 0 **+ 0 **
Year 0.055 0.207 0.030 * 0 *** 0 **+
Variety x Year 0.505 0.356 0.144 0.732 0.723
UMH1200 25+0.1°2 254032 56+12 54412 87432 81+22 444+1°¢ 37+1°¢ 50+1°¢ 5041P
MC2 34+042 254022  62+2P 63+1P 104bi3 106bi3 29+12 27+12 38+12 43+1°
UMHI1200xMC2  4.0+02P 35+01° 63+1P 60+1P 109bi 3 101bi 2 3741® 3441b 4741b 49410
Variety 0.001 * 0 %+ 0 * 0 **+ 0 **
Year 0.024 ** 0.145 0.092 0 **+ 0.009 **
Variety x Year 0.213 0.257 0.249 0.005 ** 0.019 *

*, ** *x% Significant differences between means at a 5, 1 or 0.1% probability levels, respectively. Different letters in
the same column indicate significant differences between genotypes within each year according to Duncan’s test

atp < 0.05. Values are means =+ SE (1 = 6).

3.2. Primary Metabolites

The characterization of flavor-related traits in ripe fruit was performed based on the presence

of primary metabolites, thus determining the concentrations of soluble sugars (mainly fructose

and glucose; Figure 2) and organic acids (mainly citric, glutamic, and malic acids; Figure 3), as well

as isocitric and quinic acids at lower concentrations (Supplementary Table 54). Two-way ANOVA

was used to analyze the effects of year and variety, as well as the interaction between the
two factors (Table 3).
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Figure 2. Concentrations of glucose and fructose (mg g~! FW) in the developed hybrids and
their respective parents in 2022 and 2023. Different letters indicate significant differences between
genotypes within each year according to Duncan’s test at p < 0.05: lowercase letters for 2022 and
uppercase letters for 2023. Statistical significance of the main effects (variety, year, and interaction) is
provided in Table 3. Values are means + SE (1 = 6).
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Figure 3. Concentration of the main organic acids (citric, glutamic, and malic acids) (mg g~ FW)
in the developed hybrids and their respective parents for 2022 and 2023. Different letters indicate
significant differences between genotypes within each year according to Duncan’s test at p < 0.05:
lowercase letters for 2022 and uppercase letters for 2023. Statistical significance of the main effects
(variety, year, and interaction) is provided in Table 3. Values are means + SE (1 = 6).
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Table 3. p-values from a two-way ANOVA assessing the effects of variety, year and their interaction
on concentrations of soluble sugars and organic acids. Each analysis was performed separately for
each hybrid and its two corresponding parental lines, which are grouped under the hybrid name in
the table.

Effect Glucose Fructose Citric Acid Glutamic Acid Malic Acid

Varzety 0 L 0 k% 0 s O k% 0.001 *3%

UMH1139xMC1 Year 0.05 ** 0 *** 0.012* 0 #** 0.609
Variety x Year 0.785 0.517 0.033 * 0.085 0.001 **

Variety O B 0 et O R 0 Lt O R

UMH1200xMC1 Year 0.025 * 0 *** 0.022 * 0 *** 0.933
Variety x Year 0.539 0.770 Q *** 0.190 0.026 *
Variety 0 *** 0 *** Q *** 0.001 ** 0.024 *

UMH1139xMC2 Year 0.024 * 0 *** Q *** 0 *** Q ***
Variety x Year 0.819 0.249 0 *** 0.315 0.035*

Vlll’lety O Ak O k3% O *kk O k3% O Hokk

UMH1200x MC2 Year 0 *** 0 *** 0 *** 0 *** 0 ***
Variety x Year 0.256 0.099 0.114 0.359 0.042 *

*, %%, % Significant differences between means at a 5, 1 or 0.1% level of probability, respectively.

3.2.1. Soluble Sugars

Significant differences were found in the variety and year factors of the four developed
hybrids concerning this parameter, with no variety x year interactions (Table 3). Among the
parents, MC1 exhibited higher fructose and glucose concentrations than MC2. Among the
breeding lines, UMH1200 exhibited lower values than UMH1139 (Figure 2). The developed
hybrids outperformed their traditional parents in terms of concentration of these sugars,
with glucose and fructose increases ranging from 13% to 34%, depending on the hybrid
and year. The glucose concentration in the hybrids ranged from 9.7 to 9.9 mg g~ ! in 2022
and from 10.2 to 11.9 mg g~ ! in 2023. Meanwhile, the fructose concentration ranged from
10.1 to 10.9 mg g~ ! in 2022 and from 12.7 to 14.9 mg g~! in 2023. A significant overall
increase was observed in the second year.

3.2.2. Organic Acids

Eleven organic acids were identified and quantified in the analyzed cultivars
(Supplementary Table S1). This study assessed the three major acids: citric acid, rep-
resenting 60% of the total acid concentration on average; glutamic acid, constituting 25%
on average; and malic acid, accounting for 13% on average. These percentages varied
according to variety and year (Figure 3). Significant differences in the concentrations of
these metabolites were observed between hybrids and their parents, and between years of
cultivation, as well as between these two factors (Table 3).

Of the four hybrids evaluated in terms of citric acid concentration, the UMH1139 x MC1
hybrid performed exceptionally well, exceeding its traditional parent (MC1) by 6% and 9%
in 2022 and 2023, respectively. By contrast, the values determined for UMH1200 x MC1 were
lower than those obtained for MC1. Regarding glutamic acid, crosses with the UMH1200
resistance line exhibited lower values than those obtained with MC1 and MC2. However,
hybrids with the UMH1139 resistance line outperformed or equaled their traditional parent
(MC2 or MC1). Regarding malic acid, all of the hybrids, except UMH1139 x MC2 in 2022,
exhibited a superior performance than the respective breeding lines used as their parents.
The effect of the year varied according to the compound and hybrid versus parental
combination. Whereas the concentration of glutamic acid decreased in all of the cultivars in
2023, the concentrations of citric and malic acids were influenced by the interaction between
variety and year. An increase in citric acid concentration was recorded in the breeding lines
and MC2 in 2023, whereas MC1 maintained a constant concentration of citric acid in its
fruits. Regarding malic acid, the breeding lines exhibited stable concentrations in both years,



Horticulturae 2025, 11, 838

10 of 20

whereas MC1 decreased and MC2 increased in 2023 compared to 2022. A heterogeneous
response was observed among the hybrids concerning citric acid: an increase was observed
in UMH1200xMC2, a decrease in UMH1139xMC2 and UMH1200xMC1, and stability in
UMH1139xMC1. All of the hybrids exhibited an increase in malic acid concentration by
2023, except for UMH1139 xMC1, which remained stable over both years.

3.3. Secondary Metabolites
3.3.1. Vitamin C

The concentration of vitamin C in the studied cultivars was significantly affected by
variety and year, with no meaningful interactions between the two factors (Table 4). The
developed hybrids had higher vitamin concentrations than the breeding lines, which were
similar to those observed in the traditional parents in both years of the study (Figure 4). In
2022, the values in the developed hybrids ranged from 120 pug g~! (UMH1139xMC1) to
130 pug g ! (UMH1139xMC2), and in 2023, they ranged from 94 pg g~! (UMH1139x MC1)
to 112 ug g’l (UMH1200xMC2). There was an overall decrease in vitamin C concentration
in 2023 compared to 2022.

Table 4. p-values from a two-way ANOVA assessing the effects of variety, year and their interaction
on vitamin C and carotenoid concentrations. Each analysis was performed separately for each hybrid
and its two corresponding parental lines, which are grouped under the hybrid name in the table.

Effect Vitamin C Lycopene B-Carotene Phytoene Phytofluene

Vﬂi’iety 0 s 0 s O Hkk 0 2t O Hk

UMH1139xMC1 Year 0 *** 0 *** 0 *** 0 *** 0 ***
Variety x Year 0.439 0.002 ** 0.552 0.112 0.002 **

Vlll’lety O A% O *%% O b O A%% O b

UMH1200xMC1 Year 0 *** 0 ** 0 *** 0 *** 0 ***
Variety x Year 0.440 0.225 0.454 0.469 0.039 *

Vllrlety 0 3% 0 %4 0 3% 0 Etd 0 H3k

UMH1139xMC2 Year 0 *** 0+ 0 #** 0 *** 0 *=*
Variety x Year 0.116 0.159 0.459 0.034 * 0.008 **

Vuriety 0 s 0 s O e 0 bt O Hkk

UMHlZOO ><1\/1(:2 Year 0.002 *3% 0 *%% O b O *3%% O B
Variety x Year 0.137 0.169 0.460 0.048 * 0.020 *

*, #* % Significant differences between means at a 5, 1 or 0.1% level of probability, respectively.

150 I 2022 [ 12023
= b
= 1407 b b b bg P bg b
'TLL 120 T 5 a s Is a B a B
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Figure 4. Concentration of vitamin C (ug g~! FW) in the developed hybrids and their respective
parents in 2022 and 2023. Different letters indicate significant differences between genotypes within
each year according to Duncan’s test at p < 0.05: lowercase letters for 2022 and uppercase letters for
2023. Statistical significance of the main effects (variety, year, and interaction) is provided in Table 4.

Values are means + SE (n = 6).
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3.3.2. Carotenoids

A total of nineteen compounds were identified, which together constituted the
carotenoid profiles of the studied cultivars (Supplementary Table S2). Eight compounds of
interest were considered in this study: phytofluene (calculated as the sum of phytofluene
I and II), phytoene, lycopene (the sum of the all-trans, 13-cis, 13/-cis, 9-cis, 9'-cis, 5-cis, and
5'-cis isomers), p-carotene, d-carotene, and three xanthophylls (lutein, neoxanthin, and
violaxanthin). As expected, lycopene was identified as the dominant component, followed
by the carotenoid precursors phytoene and phytofluene.

The concentrations of the major carotenoids lycopene, p-carotene, phytoene, and
phytofluene were found to be significantly affected by the variety and year (Table 4).
The interaction between variety and year was found to be significantly associated with
phytofluene concentration in cultivars. For phytoene, however, this interaction was only
observed in hybrids whose traditional parent was MC2. A significant variety X year
interaction was also detected for lycopene concentration in the UMH1139 x MC1 hybrid
compared to its parents. In both years, hybrids exhibited concentrations equal to or greater
than those of their traditional parents, except for UMH1139xMC1, which had a lower
phytoene concentration. Compared to breeding lines, hybrids exhibited similar or lower
lycopene and B-carotene concentrations. However, phytoene and phytofluene values
were higher than those observed in the breeding lines. Regarding the effect of the year,
the concentration of these carotenoids decreased in 2023 compared to 2022, except for
B-carotene, which increased in all of the studied cultivars (Figure 5). The concentrations
of /-carotene (a lutein precursor), lutein, and xanthophylls (neoxanthin and violaxanthin)
were significantly affected by variety (except for neoxanthin in the UMH1139 x MC1 hybrid
and its parents) and crop year (except for lutein concentration in all of the cultivars, and
for violaxanthin concentration in the UMH1139xMC1 hybrid and its parents) (Table 5).
The interaction between variety and year was only significant for violaxanthin in the
UMH1200xMC1 hybrid compared to its parents. In terms of variety, hybrids exhibited
equal or higher concentrations of J-carotene, violaxanthin, and neoxanthin than their
traditional parents. Lutein concentration was lower than that found in the traditional
parent in hybrids derived from MC1, and the same as in hybrids derived from MC2, in both
years. The year had a significant effect on the concentrations of -carotene and neoxanthin,
with a decrease in J-carotene and an increase in neoxanthin observed in all of the cultivars
in 2023 compared to 2022. A significant year effect was observed for violaxanthin, with
a generalized decrease in 2023, except for the UMH1200xMC1 hybrid, in which case an
increase was recorded.

Table 5. Concentrations of -carotene, lutein, neoxanthin, and violaxanthin (ug g~! FW) and the
p-values from a two-way ANOVA assessing the effects of variety, year and their interaction in the
developed hybrids and their respective parents in 2022 and 2023 years.

J-Carotene Lutein Neoxanthin Violaxanthin
2022 2023 2022 2023 2022 2023 2022 2023

UMH1139 4.42 4 0.08 2> 3.22 4 0.05 b 1.80 +0.03 2 1.57 £0.032 0.15 +£0.01 0.22 + 0.01 0.71 £0.01 ¢ 0.67 +0.02 ¢
MC1 4.17 £0.08 2 3.04+0.152 221 +0.05¢ 2.33+0.11¢ 0.16 = 0.01 0.19 + 0.02 0.55+0.012 0.52 +0.022
UMH1139xMC1 474 +0.05" 322 4+0.03" 2.054+0.04> 20440.05° 0.18 £ 0.01 0.21 £+ 0.01 0.61+0.02> 061+0.01°

Variety 0.007 ** Q 0.089 Q

Year 0 *** 0.370 0 *+* 0.098

Variety x Year 0.198 0.221 0.222 0.500
UMH1200 4.45+0.13" 4.1140.17° 1.78£0.05* 1.78+£0.02% 019+0.01° 025+0.02° 084+001¢ 0.69+0.03"
MC1 4.17 +0.082 3.04 +0.152 221 4+0.05°¢ 233 4+0.11°¢ 0.16 £ 0.012 0.19 +0.022 0.554+0.01% 0.52 +£0.022
UMH1200xMC1 454 +0.12° 3.88 +£0.07° 2104 0.04> 206+0.05> 0194001 0244+001> 0594001 0.63+0.03°

Vﬂriety 0 e 0 Ak 0 e 0 Ak

Year Q 0.606 Q *** 0.009 **
Variety x Year 0.112 0.441 0.430 0 ***
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Jd-Carotene Lutein Neoxanthin Violaxanthin
2022 2023 2022 2023 2022 2023 2022 2023
UMH1139 442 4+ 0.08° 3.22 4 0.05° 1.80 £0.03 2 1.57 £0.032 0.15£+0.01°¢ 0.22 +0.01 ¢ 0.71+£0.01° 0.67 +0.02°
MC2 3.95 4+ 0.09 2 2.63 +0.15* 2014005 2044006 010£0.012 0134+001° 0634+001* 055+0.012
UMH1139xMC2 4.61 +£0.05°¢ 344 +0.02¢ 1.94 +0.03° 2.00 £ 0.07° 0.13 4+ 0.01° 0.18 £0.01° 0.63 +0.032 0.53 +0.01°
Varlety O Ll 0 kK O L2 0 L3
Year 0 *** 0.214 0 *** 0 ***
Variety x Year 0.629 0.069 0.559 0.304
UMHI1200 445+ 0.13° 4114£017°  1784005° 178+0.02° 0194+001° 0254+002° 084+001° 069 +0.03°
MC2  3954009° 26340152  201+£005° 2044006 010+£0012 013+£001° 063+001* 055+0012
UMHI200xMC2 ~ 4.90 + 0.11°¢ 472£006°  199+003> 195+003® 013+001° 017+001° 062£003° 057 +£0.01°
Va?’let}/ O L2 0 kK O L2l 0 L2
Year Q 0.937 Q Q
Variety x Year 0.071 0.708 0.072 0.062

**, #** Significant differences between means at a 1 or 0.1% level of probability, respectively. Different letters in the
same column indicate significant differences between genotypes within each year according to Duncan’s test at
p < 0.05. Values are means + SE (n = 6).
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Figure 5. Concentrations of lycopene, B-carotene, phytoene and phytofluene (ug g~! FW) in the
developed hybrids and their respective parents in 2022 and 2023. Different letters indicate significant
differences between genotypes within each year according to Duncan’s test at p < 0.05: lowercase
letters for 2022 and uppercase letters for 2023. Statistical significance of the main effects (variety, year,
and interaction) is provided in Table 4. Values are means + SE (1 = 6).

3.3.3. Phenolic Compounds

In this study, 29 phenolic compounds were identified (Supplementary Table S3), the
most important of which were phenolic acids (Table 6), followed by flavonols and flavanones
(Table 7). Among the former were chlorogenic acid and its derivatives (chlorogenic acid-like
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1 and 2 and chlorogenic acid), followed by homovallinic acid-O-hexoside (1 and 2), caffeic acid
and its derivatives (caffeic acid, caffeic-acid-O-hexoside 1, 2, and 3, and dicaffeoylquinic
acid 1, 2, and 3), ferulic acid and its derivatives (ferulic acid and ferulic-acid-O-hexoside
1 and 2), and cryptochlorogenic acid. Among the flavonols, rutin and its derivatives (rutin
and rutin-O-pentoside), together with kaempferol-3-O-ruthinoside, were predominant,
whereas flavanones were represented only by naringenin and its derivatives (naringenin
and naringenin-O-hexoside 1, 2, 3, 4, and 5). The presented results correspond to the total
concentration of the compounds and their derivatives (Tables 6 and 7).

Table 6. Concentration of the main phenolic acids (ug g_1 FW) and the p-values from a two-way
ANOVA assessing the effects of variety, year and their interaction in the developed hybrids and their
respective parents in 2022 and 2023 years.

Chlorogenic Acid H-O-H Caffeic and Der Ferulic and Der Cryptochlorogenic Acid
2022 2023 2022 2023 2022 2023 2022 2023 2022 2023
UMH1139 53+04° 56+012 494012 234012 18+01* 21+01% 13+£022 114012 12+02% 1.0+01°2
MC1  86413P 68+02° 55406P 35404P 204012 19+02% 22+04Pb 1.8+ 01" 1.0+012 08+0.12
UMHI1139xMC1  86+09° 94406°¢ 74+14° 54+06° 274+01> 30+03> 21+01> 18+01> 14+01> 17+03P
VaViEt}/ 0 Rz 0 L 0 L2 O H*HF O LRt
Year 0.572 0 #** 0.033 * 0.005 ** 0.390
Variety x Year 0.021* 0.860 0.069 0.618 0.013 *
UMHI1200 59+09° 46+042 63+£06P 264022 12+01* 15+01* 1.0£012 084012 13401 09+01°
MC1 86+13® 69+02° 55+06% 35+04® 204+01P 19+02° 22404°¢ 184+01°¢ 1.04+012 08+01°
UMHI1200xMC1 87404 72+01> 71407 33+03b> 214+03" 234+01® 17+01° 15401 13+02°> 11+01P
Variety 0 *** 0.050 * 0 *** 0 #** 0.004 **
Year 0 *+ 0 *** 0.181 0.010 * 0 ***
Variety x Year 0.880 0.013* 0.149 0.329 0.224
UMH1139  53+04% 56+012 494+01* 23401° 18401 21+01° 13+£02® 114012 124+02° 1.0+01?
MC2 80+19° 72+09° 70+£05° 264+02° 16+01* 1.7+02% 31+02° 184+01°¢ 13+01° 08+01°2
UMH1139xMC2  8.0+0.8P 79+08° 694+03P 35402°P 2240.1°¢ 22401°b 19+01° 15+01P 1.5+01° 12+01°
Variety 0.001 ** 0 #** 0 *** 0 ** 0 ***
Year 0.707 0 *** 0.038 * 0 #** 0 ***
Variety x Year 0.713 0 #** 0.017 * 0 #** 0.199
UMHI1200 59+09° 46+04° 63+062 264+02% 124+01* 15+01° 1.0+01° 08+012 13+012 094012
MC2 80+19° 72+09® 70405 26402 164+01P 1.7+02° 314+02° 18+01bP 134012 08+01°
UMHI1200xMC2  6.8+19° 89+08P 82404P 42404P° 1.8+0.1°¢ 22401°¢ 21401° 15+01° 1.5+01° 1.0+£01°
Variety 0.005 ** 0 #** 0 *** 0 #** 0 ***
Year 0.980 0 *** 0.002 ** 0 ** 0 ***
Variety x Year 0.100 0.401 0.204 0 *** 0.895

*, ** *x% Significant differences between means at a 5, 1 or 0.1% probability levels, respectively. Different letters in
the same column indicate significant differences between genotypes within each year according to Duncan’s test
at p < 0.05. Values are means =+ SE (1 = 6).

Table 7. Concentration of the main flavonols and flavanones (ug g~ FW) and the p-values from a
two-way ANOVA assessing the effects of variety, year and their interaction in the developed hybrids

and their respective parents in 2022 and 2023 years.

Rutina and Der K-3-0-R Naringenin and Der Phloretin
2022 2023 2022 2023 2022 2023 2022 2023

UMH1139 1.37 £0.02°¢ 0.73 £0.11°¢ 1.25+0.08¢ 0.88 4 0.12¢ 0.21 £ 0.02° 0.21 +0.02° 0.37 £0.01°¢ 0.38 £ 0.03 ¢
MC1 0.09 +0.022 0.08 £0.012 0.09 +0.012 0.09 +0.012 0.06 £ 0.012 0.04 £0.01°2 0.02 +0.01°2 0.00 £ 0.012
UMH1139xMC1 0.35 4 0.09 0.26 £ 0.01° 0.38 4 0.03° 0.37 £ 0.01° 0.20 £ 0.03° 0.18 £ 0.03° 0.11 4 0.02° 0.09 £ 0.01°

Vm’lety O L2 O L2 0 L2 0 kK

Year 0 0.001 ** 0.205 0.483

Variety x Year 0 *** 0 *** 0.726 0.425
UMH1200 1.91 +£0.12°¢ 0.61 £ 0.02°¢ 1.71 £0.13°¢ 0.69 & 0.02 ¢ 0.26 = 0.06 0.20 +0.03 ¢ 0.50 & 0.09 P 0.38 £ 0.07°
MC1 0.09 +0.022 0.08 £0.012 0.09 +0.012 0.09 +0.012 0.06 £ 0.012 0.04 £0.01°2 0.02+0.012 0.00 £0.012
UMH1200xMC1 0.24 +0.02° 0.28 +0.01° 0.27 4+ 0.03° 0.26 +0.01° 0.15 £ 0.02° 0.13 £ 0.02° 0.09 £ 0.012 0.05+0.012

Vﬂ}’lé’ty 0 L2l 0 Ll 0 kK 0 L2

Year 0 0 0.048 * 0.001 **
Variety x Year 0 0 0.471 0.019*

UMH1139 1.37 +0.02 0.73 £0.11°¢ 1.25 +0.08 0.88 +0.12¢ 0.21+£0.02°¢ 0.21 +£0.02°¢ 0.37 £0.01°¢ 0.38 £0.03¢
MC2 0.12 £ 0.032 0.09 £ 0.012 0.05 = 0.022 0.07 £ 0.012 0.06 4 0.012 0.03 4+ 0.012 0.01 £ 0.012 0.00 & 0.012
UMH1139 x MC2 0.43 +0.04" 0.30 +0.04 ° 0.34+0.01° 0.33 +0.02° 0.20 +0.01° 0.15 + 0.03® 0.11+£0.01" 0.09 +0.02°

Vﬂriety 0 L 0 Lt 0 HAF 0 HAF

Year 0 *** 0.001 ** 0.011 * 0.238

Variety x Year 0 *** 0 *** 0.146 0.192
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Table 7. Cont.
Rutina and Der K-3-0-R Naringenin and Der Phloretin
2022 2023 2022 2023 2022 2023 2022 2023
UMH1200 191 +£0.12°¢ 0.61 +£0.02°¢ 1.71 £0.13¢ 0.69 £0.02°¢ 0.26 £ 0.06 © 0.20 +0.03 © 0.50 + 0.09 © 0.38 £0.07 ©
MC2 0.12+0.032 0.09 +0.012 0.05 +0.022 0.07 +0.01° 0.06 +£0.012 0.03 +0.012 0.01 +£0.012 0.00 +0.012
UMH1200xMC2 0.40 +0.07" 0.27 £ 0.06° 0.29 +0.04" 0.34+0.03" 0.18 + 0.04° 0.17 £ 0.01° 0.12+0.01" 0.07 +0.01°
Vﬂ?’lety 0 bt O Rt 0 4K 0 4K
Year Q *** Q *** 0.075 0.001 **
Variety x Year 0 *** 0 *** 0.471 0.018 *

*, **, % Significant differences between means at a 5, 1 or 0.1% probability levels, respectively. Different letters in
the same column indicate significant differences between genotypes within each year according to Duncan’s test
at p < 0.05. Values are means =+ SE (1 = 6).

All of the tested phenolic compounds were significantly affected by variety, whereas
the effect of the year depended on the tested compound and cultivar. Homovanillic
acid-O-hexoside and ferulic acid concentrations were significantly affected by the year
in all of the hybrid—parent comparisons. However, chlorogenic acid showed significant
differences only in UMH1139xMC1 and its respective parents. In those cases where the
effect of the year was significant, an overall decrease in these compounds was observed
in 2023 compared to 2022. A significant variety X year interaction was observed for
rutin, kaempferol-3-O-rutinoside (K-3-O-R), naringenin, and phloretin. These compounds
exhibited a decline in the hybrids in 2023, except for K-3-O-R, whose concentrations
remained stable. Additionally, phloretin concentrations in UMH1139 xMC1 and naringenin
concentrations in UMH1200xMC1 and UMH1200xMC2 showed no variation between
years. The concentrations of chlorogenic acid, the most abundant phenolic acid, in the
hybrids were similar to those of the traditional parent and higher than the ones found in the
breeding line in both years, except for UMH1139 x MC1 in 2023, which showed significantly
higher values than both parents (67% higher than UMH1139 and 38% higher than MC1).
The concentrations of homovanillic acid-O-hexoside and caffeic acid in all of the hybrids
were comparable to or greater than those found in their respective traditional parents.
The hybrids showed higher concentrations of cryptochlorogenic and ferulic acids than the
breeding lines. However, contrasting responses were observed when compared with their
traditional counterparts. All of the hybrids exhibited higher levels of cryptochlorogenic
acid. In the case of ferulic acid, however, only UMH1139xMC1 and UMH1200xMC2
attained concentrations that were comparable to those of MC1 and MC2, respectively; lower
concentrations were observed in the rest of the hybrids. Regarding the main flavonols
(rutin and kaempferol-3-O-rutinoside), flavanones (naringin), and phloretin, the hybrids
exhibited intermediate concentrations that were higher than those of the traditional parent,
but lower than those of the breeding line. The exception was UMH1139xMC1, which
exhibited values comparable to those of the UMH1139 breeding line in naringenin, and
UMH1200xMC1, which reached similar results to the ones found in the traditional parent
in phloretin.

4. Discussion

The recovery of traditional varieties is limited by their susceptibility to viruses, such
as ToMV, TYLCV, and TSWV, which leads to a substantial reduction in profitability for
farmers [10]. To address this issue and maintain genetic diversity, in 1998, the CIAGRO-
UMH plant breeding group initiated a program to introduce three dominant genes
(Tm-2a, Sw-5, and Ty-1), previously described as conferring resistance to these viruses into
traditional varieties from southeastern Spain, including the Muchamiel type [11]. However,
the breeding lines with the Ty-1 gene in a homozygous state obtained through this program
exhibited a reduced yield and, in certain instances, an inferior fruit quality compared to
the original variety. These losses are attributed to the introgression of linked genes that
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cannot be eliminated during the backcrossing process [18]. One strategy to minimize these
adverse effects is to use resistance genes in a heterozygous state [16]. This study sought to
evaluate the impact of introducing the Tm-2a, Sw-5, and Ty-1 genes on the agronomic per-
formance, fruit morphology, and metabolic composition of Muchamiel-type hybrids. This
approach aimed at enhancing the biodiversity available for tomato cultivars and providing
viable alternatives without compromising the distinctive traits that are particularly valued
by consumers.

Although the introduction of the Ty-1 gene has been reported to negatively affect
yield [18,19], no comparable effects were detected in the present study, either in the breeding
lines or the hybrids. These results are consistent with those obtained by [22], who also
found no yield differences between the UMH1200 and UMH1139 breeding lines used
in the present study. However, it is essential to note that these breeding lines do not
originate from identical Muchamiel cultivars, which could result in minor genetic variations
masking the negative impact of Ty-1 on yield. Indeed, a study previously carried out by
the same research group observed a 48% reduction in yield in Muchamiel NILs that were
homozygous for Ty-1 compared to susceptible lines [21]. In contrast, the hybrids that
were developed in this study had a higher yield than their parents, even though this
was only significant for UMH1200xMC1 and UMH1200xMC2. This increase could be
attributed to the vigor of the hybrid, albeit moderated by the reduced genetic distance
between the parental lines, which are both of the Muchamiel type [33]. The yield of
the evaluated hybrids (3 to 4.4 kg per plant) is within the range reported for traditional
Muchamiel varieties, with values ranging from 2 to 2.8 kg [21] and up to 4.5 kg per
plant [23]. Resistance genes were found to influence fruit morphology, as determined
by longitudinal and equatorial diameters and parameters directly correlated with fruit
weight. The breeding lines exhibited the smallest diameters, consistent with prior research
indicating a potential adverse effect of these genes on fruit size [19,21,22]. However, the
hybrids that were heterozygous for the resistance genes recovered the longitudinal and
equatorial diameter values of their traditional parents. This confirms that the introduction
of virus-resistance genes in a heterozygous state can help to avoid the negative effects
observed in homozygous lines [22].

Consumer preferences shape the commercial value of tomatoes, as fruits with a balance
between acidity and sweetness are often preferred [34]. Primary metabolites play a key role
in determining the flavor. The Muchamiel variety is characterized by intermediate concen-
trations of glucose, fructose, and citric acid, as well as high concentrations of malic acid and
glutamic acid. The latter is closely linked to the “umami” flavor, which is important for the
sensory quality of the fruit [25,26]. Whereas the impact of resistance genes’ introductions on
the primary metabolite profile of tomatoes remains largely unexplored, the literature does
offer insights into their influence on parameters such as titratable acidity and total soluble
solids, which are primarily determined by organic acids and soluble sugars, respectively.
Rubio et al. observed that the presence of the Ty-1 gene in homozygosis in NILs of the
traditional Muchamiel and De la Pera varieties reduced titratable acidity without affecting
the total soluble solids [21]. This effect was subsequently confirmed in [22,35]. The Ty-1
locus from S. chilense is located within a non-recombinant genomic region of approximately
35.5 Mb on chromosome 6, where two chromosomal inversions suppress recombination. As
a result, this large introgressed segment may retain wild tomato genes that negatively affect
acidity [18]. The results of this study are consistent with these findings. Hybrids derived
from the UMH1139 line, in which the Ty-1 gene is not present, were found to maintain
or increase their organic acid concentration compared to the traditional parent line. In
contrast, hybrids derived from the UMH1200 line, which carries the Ty-1 gene, exhibited re-
ductions in all of the three major organic acids (UMH1200x MC1) or the glutamic acid only
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(UMH1200xMC2). However, in the UMH1200xMC1 hybrid, this decrease did not reach
the levels observed in the breeding line, instead presenting an intermediate concentration
of the three acids, possibly due to the presence of a single copy of the Ty-1 gene [16,22]. No
effect that could be attributed to the introduction of resistance genes was detected with
regard to soluble sugars, but it was noted that hybrids consistently outperformed their
traditional parents (MC2 and MC1), with an average increase in glucose and fructose of
18% and 22%, respectively, over MC2 and MC1, and variations depending on the hybrid
and year.

In recent years, consumer interest in the functional value of agri-food products, pri-
marily driven by the secondary metabolites found in tomatoes, has increased due to the
health benefits offered by these metabolites [36]. The concentrations of different secondary
metabolites in the cultivars examined in this study were consistent with those reported in
previous studies on Muchamiel-type cultivars [25,26,37]. However, the metabolic profiles
of these breeding lines and their hybrids remain to be characterized. The adverse effect
of the introduction of resistance genes, particularly Ty-1, observed on organic acid con-
centrations, was not detected in the profile of secondary metabolites. It was reported that
the Ty-1 introgression in De la Pera breeding lines did not affect the antioxidant activity
of the fruit [35]. In this study, the cultivars carrying resistance genes (both the homozy-
gous breeding lines and the heterozygous hybrids) showed higher concentrations of rutin,
kaempherol-3-O-rutinoside, naringenin, and phloretin than the susceptible cultivars (the
traditional parents). The breeding lines showed the highest concentrations, whereas the
hybrids exhibited intermediate values. This suggests a direct relationship between the
number of copies of the resistance genes and the accumulation of these antioxidant com-
pounds. A higher basal antioxidant level, induced by increased flavonoid synthesis, can
enable a quick response to the virus without causing significant oxidative stress. Modu-
lating ROS accumulation during viral infection enables a rapid defense response, such as
a hypersensitive reaction, while preventing excessive oxidative damage to surrounding
tissues [38]. Differences in the metabolome of virus-susceptible and virus-resistant tomato
cultivars have been observed. For example, a 14.17-fold increase in naringenin in resistant
cultivars following TSWYV infection has been observed, compared to 2.81- and 1.57-fold
increases in susceptible lines [39]. Similarly, higher concentrations of secondary metabolites
were reported in TYLCV-resistant cultivars prior to infection, which suggests that these
metabolites play a role in conferring virus tolerance [40]. Further studies with near-isogenic
lines are recommended to confirm the effect of resistance genes on flavonoid accumulation,
as these lines are genetically identical, except for the single introgressed region. This enables
a more accurate evaluation of the impact of these introgressed regions, particularly the
resistance genes, in this context [21].

Maintaining an outstanding functional quality is crucial for Muchamiel cultivars.
Therefore, it is important to note that hybrids have conserved or improved the functional
characteristics of their parents. Depending on the compound, they present a higher concen-
tration of each secondary metabolite in either the breeding line or the traditional parent.
Previous studies have suggested that the predominant gene action for traits such as sec-
ondary metabolite content is additive [25,33], which is consistent with these results. From a
nutritional perspective, vitamin C is recognized for its potent antioxidant properties and
its ability to donate electrons, thereby protecting DNA from oxidative damage [41]. The
traditional parents were notable for their high vitamin C concentration, a trait that the
hybrids have retained. Due to their antioxidant properties, carotenoids such as lycopene,
B-carotene, and lutein play a crucial role in preventing chronic diseases, including cancer,
cardiovascular disease, and macular degeneration [9]. Despite their limited bioavailability,
xanthophylls are believed to bolster cellular defense and potentially reduce the risk of cer-
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tain cancers and skin damage [42]. Breeding lines (UMH1139 and UMH1200) exhibited the
highest concentrations of lycopene and S-carotene, consistent with their intense color. They
also showed elevated levels of neoxanthin and violaxanthin, whereas traditional parents
had higher amounts of lutein, phytoene, and phytofluene. Hybrids showed intermediate
values, even though some equaled their parents in terms of lycopene, B-carotene, and neox-
anthin content. Additionally, they outperformed traditional parents in phytofluene and, in
the case of those with MC2 as a parent, in phytoene. Phenolic acids have been associated
with anticancer effects and protection against inflammation-induced diabetic nephropa-
thy [43]. Naringenin, the primary flavanone in tomatoes, has been shown to play a role in
preventing cancer and other diseases [6]. Flavonols have been extensively studied for their
pharmacological properties, including anticancer, analgesic, and anti-arthritic effects, as
well as their benefits to various bodily systems [44]. All of the hybrids maintained the high
concentration of chlorogenic acid (the main phenolic acid found in tomatoes) characteristic
of their traditional parents. Most of the hybrids outperformed their parents in terms of
concentrations of caffeic and cryptochlorogenic compounds, except for UMH1200xMC1,
which matched them. The ferulic acid concentration of UMH1139 x MC1 is similar to that
of MC1. Among the flavonols and flavanones, the breeding lines exhibited the highest
concentrations, the traditional parents, the lowest, and the hybrids, intermediate values.

Finally, as most traits are quantitative and sensitive to environmental factors, analyzing
the effect of the year of culture on the development of new varieties is essential. Semi-arid
zones are characterized by elevated levels of solar radiation and high summer temperatures,
which can impact crop productivity and quality [45]. The yield of hybrids remained stable
in both years, indicating a high productive stability. The only significant yield reduction
observed in UMH1200 x MC2 in 2023 is within the range of interannual variation previously
reported [23]. Given the added value of this hybrid, such a reduction can be considered
acceptable from the perspective of the farmer. However, visual (morphology and color),
flavor-related (primary metabolites), and nutritional (secondary metabolites) quality pa-
rameters exhibited interannual variability, attributed to environmental differences between
2022 and 2023. Increased temperatures and cumulative irradiance during the fruiting
period in 2023 compared to 2022 could have triggered variations in the composition of the
studied fruit varieties (Supplementary Figure S1). Such conditions have been reported to
favor an increase in sugars, as well as variations in organic acids [45—47]. Regarding the
secondary metabolites, most compounds showed a reduction in 2023, which was consis-
tent with previous studies [47], although B-carotene increased in all of the cultivars [48].
Other metabolites, such as lutein and violaxanthin in certain cases, chlorogenic acid in
some cultivars, and caffeic acid, naringenin, and its derivatives under certain conditions,
remained stable between years. The interannual response of these compounds varied
according to the analyzed cultivar and metabolite, explaining the diversity of patterns that
were observed [49]. Despite these variations, differences between parents and hybrids
were maintained, indicating that the observed variability depended mainly on the genetic
component, with annual environmental conditions having a minor effect.

5. Conclusions

This study demonstrates that the introduction of virus-resistance genes (Tm-2a, Sw-5
and Ty-1) into traditional Muchamiel varieties in a heterozygous state did not compromise
yield or fruit quality. In contrast to previous reports on homozygous breeding lines, the
evaluated hybrids did not exhibit a reduced yield; in some instances, they even outper-
formed their traditional parents and breeding lines, likely due to hybrid vigor, highlighting
their commercial potential. Fruit morphology and visual quality were preserved, with
hybrids maintaining the characteristic diameters of the traditional variety. Flavor-related
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quality was also retained, as there were no adverse effects on soluble sugars; in fact, glucose
and fructose levels increased. Although Ty-1 negatively affected organic acid content, this
effect was reduced in the heterozygous state. Furthermore, the introgression of resistance
genes did not reduce the levels of secondary metabolites; instead, an increase in flavonoid
concentration was observed, which could enhance the functional quality of the hybrids.
Further studies using NILs are needed to clarify the specific metabolic effects of these
resistance genes. Overall, the introduction of heterozygosity is a promising strategy for
preserving the identity and quality of Muchamiel varieties while enhancing their resistance
and market potential.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/horticulturae11070838/s1, Figure S1: Evolution of minimum,
maximum and cumulative radiation during the two cycles; Table S1: Organic acids identified in the
studied varieties by MS/MS approaches; Table S2: Carotenoids identified in the studied varieties
by UV-vis HPLC; Table S3: Phenolic compounds identified in the studied varieties by MS/MS
approaches; Table S4: Concentration of the isocitric and quinic acid (ug g~! FW) and the p-values
from a two-way ANOVA assessing the effects of variety, year and their interaction in the developed
hybrids and their respective parents in 2022 and 2023 years.
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