elSSN 1981-1829

L ———

ciencia € —
Agrotecnologia

Science and Agrotechnology

I —

erance

Saladette-tlype dwarf tomato introgression lines with aFronomic
,

potentia

mproved fruit quality, and biotic stress to

Linhagens de introgressao de tomateiro anao do tipo saladete com potencial agronémico,
qualidade de frutos e tolerante a estresse biético

Camila Soares de Oliveira’

, Gabriel Mascarenhas Maciel™ @, Ana Carolina Silva Siquieroli?®, Frederico Garcia Pinto3®,

Brena Rodrigues Mota Ikehara3®, Lucas Medeiros Pereira’

ABSTRACT

Obtaining introgression lines of saladete-type dwarf tomato plants can provide
several advantages in breeding programs. In addition to increasing productivity,
the dwarf plant can produce metabolites that are important to resistance to
biotic stress. However, there are no saladette-type dwarf tomato introgression
lines. The objective of this study was to evaluate the agronomic potential,
fruit quality, and secondary metabolites associated with pest resistance
for the development saladette-type dwarf tomato introgression lines. The
experiment was conducted with 23 treatments, including the UFU MC TOM
1 donor parent, the UFU TOM 5 recurrent parent, the Pizzadoro commercial
cultivar (control), 5 populations from the first backcross, and 15 populations
from the second backcross. Agronomic and nutraceutical characteristics of
fruits and the acylsugar content in the leaflets were evaluated. The genetic
dissimilarity was calculated using the generalized Mahalanobis distance (D?).
Genetic gain through selection was estimated using the rank sum index and
the genotype-ideotype distance index. The selection indices showed the
importance of obtaining the second backcross. The populations UFU_13_1,
UFU_17_1,UFU_10_1, UFUIi_11_3, UFUi_10_3, and UFU_11_2 have the potential
to obtain introgression lines as they present good agronomic and fruit quality
characteristics and acylsugar content similar to UFU MC TOM 1. The dwarf
tomato germplasm obtained has significant genetic variability and a saladette-
type genetic background with the potential to develop introgression lines.
The cultivar UFU MC TOM 1 is promising and can overcome the wild access
Solanum pennellii for breeding programs aimed at pest resistance, increasing
productivity, and biofortification of fruits to enhance carotenoids.

Index terms: Solanum lycopersicum L.; dwarfism in vegetables;
hybrids; metabolomics; sustainable production.

RESUMO

A obtencdo de linhas de introgressdo de tomateiro ando do tipo Saladete
pode proporcionar vantagens em programas de melhoramento. Além do
aumento de produtividade, a planta ana pode apresentar metabdlitos
para o estresse biético. No entanto, ndo existe linhas de introgresséo de
tomateiro ando do tipo Saladete. O objetivo do trabalho foi avaliar o potencial
agrondmico, qualidade de fruto e metabdlitos secundarios para resisténcia
a pragas visando a obtencdo de linhas de introgressdo de tomateiro ando
do tipo Saladete. Foram avaliados 23 tratamentos, sendo o genitor doador
UFU MC TOM 1, genitor recorrente UFU TOM 5, cultivar comercial Pizzadoro
(Testemunha), cinco populagdes provenientes do primeiro e 15 populagdes
do segundo retrocruzanento. Foram avaliadas caracteristicas agrondmicas e
nutraceuticas dos frutos, e acilaglicares nos foliolos. A dissimilaridade genética
foi calculada por meio da distancia generalizada de Mahalanobis (D?) e as
estimativas de ganhos genéticos a partir dos indices de soma de ranks e da
distancia genétipo-ideoétipo. Foi possivel afirmar a importancia de se obter o
segundo retrocruzamento. As popula¢des UFU_13_1, UFU_17_1, UFU_10_1,
UFUI_11_3, UFUi_10_3 e UFU_11_2 possuem potencial para obtencdo de linhas
de introgressao por apresentarem boas caracteristicas agrondmicas, qualidade
de frutos e teores de acilagtcar similares a UFU MC TOM 1. O germoplasma de
tomateiro ando possui variabilidade genética e background do tipo Saladete
com potencial para explorar linhas de introgressao. A cultivar UFU MC TOM
1 é promissora e pode superar o acesso silvestre Solanum pennellii para
programas de melhoramento visando resisténcia a pragas, produtividade e
frutos biofortificados para carotenoides.

Termos para indexacgdo: Solanum lycopersicum L.; nanismo em ve-
getais; hibridos; metaboldmica; produgdo sustentavel.
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Introduction

Tomato (Solanum lycopersicum L.) is an important
vegetable in the agricultural sector worldwide (Ronga et al.,
2021), with global production exceeding 186 million tons in
an area of more than 5 million hectares (Food and Agriculture
Organization of the United Nations — FAOSTAT, 2023). In
2021, tomato cultivation occupied an area of more than 54,000
hectares in Brazil (Instituto Brasileiro de Geografia e Estatistica
- IBGE, 2022), significantly contributing to direct and indirect
employment creation in the country.

The post-COVID-19 pandemic period has sparked the
world’s interest in eating healthier (Silva et al., 2022). Its
culinary versatility and nutritional properties have increased
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the consumption of this vegetable, which bears fruits rich
in minerals, fiber, carotenoids, and vitamin C, in addition to
antioxidant properties (Silva et al., 2021).

The preference for Saladette tomatoes has increased
considerably in Brazil (Zayat et al., 2022), resulting in a
greater demand for research into new technologies used
in the production of this plant type. Additionally, research
should be directed towards the development of strategies to
promote sustainable production with the plans aligned with
the Sustainable Development Goals (SDGs) established by
the United Nations (United Nations, 2024). In this context,
aiming at reducing pesticide application, new cultivars should
be resistant to the main types of biotic stress, especially pests
(Smith, 2020), have agronomic potential, and be rich in nutrients
(Gomes et al., 2023).

In tomato plants, the presence of acylsugars in the leaflets
provides resistance against a broad spectrum of tomato pests. So
far, the introgression of genes responsible for this characteristic
has only occurred from the wild accession Solanum pennellii
(Maluf et al., 2010; Maciel et al., 2018; Peixoto et al., 2020).
There are reports that the dwarf tomato plant UFU MC TOM 1
has acylsugar contents close to those of the S. pennellii accession
(Oliveira et al., 2022), along with additional advantages, which
make it surpassing the wild accession. Despite the potential use
of dwarf plants in genetic improvement, there is no advanced
saladette-type dwarf tomato germplasm.

To obtain Saladette tomato hybrids from dwarf male parents,
it is necessary to initially obtain dwarf introgression lines with
the genetic background of the saladette-type. The introgression
of dwarfism genes in tomato can be performed using the UFU
MC TOM 1 dwarf line (Maciel, Silva, & Fernandes, 2015)
through backcrossing (Finzi et al., 2020; Cavasin et al., 2021;
Oliveira et al., 2022) focusing on the genetic background for the
traits of interest. Backcrossing is a viable and efficient technique,
that allows the selection and crossing back of progenies
agronomically superior to the donor parent for the characteristics
of interest that are introgressed into the genetic background of
the recurrent parent (Finzi et al., 2020). Obtaining, selecting,
and characterizing the saladette-type dwarf tomato germplasm
is important for future breeding programs.

The objective of this study was to evaluate the agronomic
potential, fruit quality, and secondary metabolites associated
with pest resistance of saladette-type dwarf tomato plants aiming
to obtain introgression lines.

Material and Methods

Experiment and treatments

The experiment was conducted between October 2020
and March 2021 in an arched greenhouse (7 x 21 m) with a

ceiling height of 4 m, which was covered with 150-micron
transparent polyethylene film, with an ultraviolet inhibitor
additive and lateral white anti-insect curtains. The
greenhouse is located in the Vegetable Experimental Station
of the Federal University of Uberlandia (UFU), Monte
Carmelo Campus, MG, Brazil (18°42'43,19" S, 47°29'55,8"
W and altitude of 873 m).

The experiment consisted of 23 treatments, including 5
first backcross populations (BC; UFU _17, UFU _4, UFU
13, UFU 10, and UFU 11), 15 s backcross populations
(BC,; UFU_17_1, UFU_10_1, UFU_4_1, UFU_11_1,
UFU_10 2, UFU 4 2, UFU_10 3, UFU 17 2, UFU 17 3,
UFU 13 1,UFU 13 2,UFU 11 2,UFU 4 3,UFU 10 4,
and UFU_11 3), UFU MC TOM 1 donor parent, UFU TOM 5
recurrent parent, and Pizzadoro commercial cultivar (control).

Saladette-type dwarf tomato populations were obtained
from the cross between the pre-commercial homozygous line
with saladette-type fruits and indeterminate growth (UFU
TOM 5) Q and the dwarf mini-tomato line UFU MC TOM1) &
(Maciel, Silva, & Fernandes, 2015). To obtain the first backcross
populations (BC)), the F generation (UFU TOM 5% versus UFU
MC TOMI13) was crossed to UFU TOM 5 (recurrent parent),
followed by self-fertilization.

The second backcross (BC,) generation was derived from
the cross between previously selected dwarf plants of the
segregating generation BC, and UFU TOM 5 (recurrent parent),
followed by self-fertilization. Subsequently, only dwarf plants
were selected from the segregating generations, and normal
plants were discarded. The selection of dwarf plants from the
segregating populations, which originated from the natural self-
fertilization of BC, and BC, generations (Figure 1) was possible
owing to prior knowledge of the type of genetic inheritance of
dwarfism in tomato plants (Maciel, Silva, & Fernandes, 2015;
Oliveira et al., 2022).

The seeds were sown in polystyrene trays (200 cells) filled
with a coconut fiber substrate. At 40 days after sowing (DAS),
the seedlings were transplanted into 5-L plastic pots containing
the same substrate used for sowing. The experiment was
conducted in a protected environment, which is recommended
for tomato cultivation (Alvarenga, 2013). The recurrent parent
and the commercial controls were vertically staked with two
stems in a staking system using plastic ribbons.

The experiment was laid out in a randomized complete
block design (RCBD) with four replications. Each experimental
plot consisted of six plants. Agronomic, nutritional, and pest
resistance parameters were evaluated.

Agronomic evaluation

Fruit harvest started at 90 DAS. Ripe fruits were harvested,
counted, and weighed, and their mean weight (MW, g) was
determined. Subsequently, 15 fruits per plot were sampled and
evaluated for the following parameters:
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Fruitlength (FL, cm): measured from the scar in the peduncle
inserted at the floral meristem termination of the fruit (Oliveira
et al., 2022).

Fruit diameter (FD, c¢cm): measured in the transversal
direction of the vertically cut fruit (Oliveira et al., 2022).

Fruit shape index (FS): the ratio of the transversal diameter
to the longitudinal diameter of the fruit (Gomes et al., 2021).

Pulp thickness (PT, mm): determined by the greatest distance
from the mesocarp of the fruit (Finzi et al., 2020).

Number of loci (NL). the direct count of the number of loci
in the fruit (Gomes et al., 2021).

Plant height (PH, cm): the vertical length of the whole plant
measured using a tape (Finzi et al., 2020).

Internode length (IL, cm): calculated as the ratio of plant
height to internode number determined at the end of the crop
cycle (155 DAS)

Assessments of fruit quality properties and
acylsugar content in the leaflets

The content of acylsugars (nmol. cm? of leaf area), the
allelochemicals that provide broad-spectrum suppression of

+0 UFU TOM 5

Normal plants === w———  Dyarf plants

" v
50% Fl

(RPxF1)

75% . F,BC,
®

100% normal plants

100% normal plants

pests (Maluf et al., 2010; Santos et al., 2020), was determined
at 75 DAS using a sample which was composed of eight leaf
disks (equivalent to 4.2 cm?) from each plant in the plot. The
disks were collected from the leaflets from the upper third of
the plants and then placed in test tubes. The extraction and
quantification of acylsugars followed the methods described by
Maciel and Silva (2014).

The fruit soluble solid content (SSC or ° Brix) was measured
in 15 fruit samples per plot using a digital portable refractometer
(Atago PAL' 3810).

B-Carotene and lycopene were extracted and quantified
according to the methodology adopted by Nagata and Yamashita
(1992), Rodrigues-Amaya (2001), and Rodrigues-Amaya and
Kimura (2004). Tomatoes were crushed into a pulp, and 1 g of
the pulp was placed in a glass vial containing 3 mL of acetone
p-a. The samples were kept in the refrigerator with an absence
of light at 8 °C for 48 h. The absorbance of the supernatants
of the extracted samples for f-carotene and lycopene was
recorded by spectrophotometry at a wavelength of 450 and
470 nm, respectively. The pigments were quantified according
to the protocols developed by Rodriguez-Amaya (2001) and
Rodriguez-Amaya and Kimura (2004).

®©

Q UFU MCTOM 1

Experiment

scgregating populations

BC, |

(RP x BC,)

87.5% ‘ F,BC,
®

5 treatments

segregating populations

BC,

15 treatments

Figure 1: Dwarf tomato populations obtained from the first (BC,) and second (BC,) backcross generations used in the
experiment; RP = recurrent parent, DP = donor parent, and &= self-fertilization.
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Analysis of the metabolic profile using gas
chromatography coupled to mass spectrometry
(GC-MS)

Six leaflets were collected from the middle portion of
the plant and crushed in liquid nitrogen using a mortar and
pestle until a fine powder was obtained. Then, 100 mg of the
powder was transferred to Eppendorf microtubes containing 2
mL of an extracting solution composed of methanol (MeOH),
chloroform (CHCIl,,), and ultrapure water in a 3:1:1 ratio,
and 50 pL/mL of Adonitol Purex was added as an internal
standard. The samples were then shaken for 5 s using a
vortex mixer and allowed to rest for 1 min. Subsequently, 1
mL of the supernatant was transferred to a new microtube
containing 300 uL of hexane (p. a.). The samples were left
to rest for 3 min, and then, 500 uL of the middle part of the
supernatants were collected and transferred to microtubes
placed in a concentrator to dry at 40 °C for 24 h. Thereafter,
50 pL methoxyamine hydrochloride dissolved in pyridine (20
mg/mL) was added to dried extracts, and they were incubated
at 37 °C. After 2 h, 50 pL of BSTFA (Bis (trimethylsilyl)
trifluoroacetamide) was added, and the samples were again
incubated at 37 °C for 30 min. The derivatized aliquots were
transferred to 2 mL vials containing 200 pL volume-reducing
inserts to perform chromatographic analysis.

The analysis was performed by a gas chromatograph-mass
spectrometer (GCMS-QP2010, Shimadzu, Kyoto, Japan),
with a DB-5MS capillary column (30 m x 250 um internal
diameter). The temperature of the injection port was 250 °C.
Gas chromatographic separation was carried out in a column at
an initial column temperature of 80 °C, which was maintained
for 2 min and then increased at a rate of 5 °C/min until reaching
250 °C. The final temperature was maintained for 5 min, with
a constant flow of helium gas at 1.0 mL/min and an injection
volume of 1 uL with a split ratio of 10:1. Mass spectra were
scanned in the range of 40 to 650 m/z in full-scan mode,
with 5 scans per second. The solvent cutoff time was set at
3 min, considering the retention time of pyridine used in the
derivatization step. The interface and ion source temperatures
were 280 °C. The detector voltage was set at 1.2 kV, and
the electron-impact (EI) ionization method was selected for
metabolite ionization at 70 eV. Standard solutions of n-alkanes
(C9-C30) were used for quality control and the calculation of
retention indices. Compound identification was performed
using the NIST Mass Spectral Library 2017, focusing on
compounds with hits that had a similarity score of more than
85% and matched m/z values. The data were processed using
MS-DIAL software v. 4.9.221218, MetaboAnalyst v. 5.0, and
OriginLab v. 10.0.

Statistical analyses

To perform the presupposition test on data, they were
analyzed for the normality of regression residuals (Kolmogorov-
Smirnov Test), homogeneity of variances (O’neill and Mathews
test), and additivity of blocks (Tukey). Subsequently, the data
were subjected to the analysis of variance (ANOVA) using the
F test (a = 0.05) (Montgomery, 2000). The mean values were
compared using the Scott-Knott test (a = 0.05) and Dunnett’s
test (a = 0.05), with the dwarf donor parent (UFU MC TOM1)
taken as a control to verify the gains obtained by backcrossing
(Scott & Knott, 1974; Dunnett,1995).

Contrasts of interest were analyzed by Scheffé’s test (a.=0.01
and 0.05) for all characteristics to compare dwarf populations
obtained from the first backcross (BC,) versus donor parent
(UFU MC TOM1), dwarf populations obtained from the second
backcross (BC,) versus donor parent (UFU MC TOM1), dwarf
tomato BC, populations versus BC, populations, recurrent
parent versus BC, populations, and recurrent parent versus BC,
populations. The analyses were performed using the Genes
software integrated with R (Cruz, 2016).

Analysis of genetic dissimilarity

The genetic distance between dwarf tomato plant populations
derived from the first and second backcross generations (BC,
and BC)) and the donor parent (UFU MC TOM1) was calculated
by the Mahalanobis generalized distance matrix (D?) using the
Genes software integrated with R (Cruz, 2016). The genetic
dissimilarity among genotypes was represented by a heat map
of the maximum and minimum distances obtained from the
Mabhalanobis distance matrix using the R software (R Core Team,
2024) and the ggplot2 package (Wickham, 2016).

Estimates of selection genetic gains by different
indices

For the estimates of selection gains, only dwarf phenotypes
were considered, with a selection intensity of 33.3%. The
techniques used were the rank sum index by Mulamba and Mock
(1978) (MM) and the genotype-ideotype distance index (GIDI)
(Cruz, Regazzi, & Carneiro, 2012). The selection criterion was
a decrease in values of IL and PH accompanied by an increase
in values of the other characteristics. The economic weight
used in the selection indices was equal to the coefficient of the
genetic variation (CVg), as recommended by Cruz, Regazzi
and Carneiro (2012). As for the GINI, the optimal values and
the lower and upper limits were considered the most desirable
measures of evaluation.

Analysis of selection gain estimates by the two indices, MM
and GIDI, was performed using the Genes software integrated
with R (Cruz, 2016).
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Results and Discussion

Agronomic evaluation

BC, and BC, populations of saladette-type dwarf tomato, the
UFUMC TOM 1 dwarf donor parent, the UFU TOM 5 recurrent
parent, and the Pizzadoro cultivar showed significant differences

in all variables, indicating the existence of variability among
treatments (F test; a = 0.05).

The donor parent exhibited a marked increase in the first
(BC,) and second backcross (BC,). The fruits produced by BC,
and BC, populations of dwarf tomato had 4.03- and 5.1-fold
greater length than those of the UFU MC TOM 1 donor parent,
respectively (Scott-Knott and Dunnett; o = 0.05) (Table 1).

Table 1: Mean values of agronomic traits evaluated in saladette-type dwarf tomato populations obtained from the first (BC,)

and second backcross (BC,) generations.

NL

Populations Backcrosses V(\g\)/l (CFrl;]) (;?]) FS (fn-l;) (Ioc]yrlfii)per (anI:'I) (Clrl;])
UFU _17_1 BC, 2453c¢* 501b* 284c* 177a™ 053b" 263a°” 43.56b* 1.95c”
UFU _10_1 BC, 2438c* 466b* 279c* 1.70b ™ 051b* 294a* 3438cm™ 1.68d"™

UFU_4_1 BC, 2457c* 457b* 278c* 1.64br 045b* 264a” 35.90c™ 1.93c”
UFU _11_1 BC, 20.40c* 4.43b* 2.62c* 1.70b ™ 048b* 273a“ 36.56c™ 1.86c™™
UFU _10_2 BC, 26.58c* 487b* 259c* 1.88a™ 040b* 224bm™ 37.63c™ 1.78d"™

UFU _4.2 BC, 23.65¢c” 5.04b* 298c* 1.72brs 049b* 254a* 46.50b* 2.26c”
UFU _10_3 BC, 23.57c¢* 466b* 3.02c* 1.55b" 0.52b* 2.80a* 37.38cm™ 1.70d"™
UFU _17_2 BC, 2390c* 449b* 274c* 1.64b™ 047b* 246a“ 3941cm 192c”
UFU _17_3 BC, 25.61c” 486b* 273c* 1.79a™ 051b* 252a* 46.00b* 1.86cCc™
UFU _13_1 BC, 23.78c* 496b* 278c* 1.79a™ 051b* 262a° 4156b* 1.88cm
UFU _13_2 BC, 20.00c* 4.72b* 288c* 1.64br 054b* 265a” 35.94c ™ 1.61d™
UFU _11_2 BC, 20.27c¢* 436b* 243c* 1.80a™ 048b* 263a“” 3731cm™ 1.75d"™

UFU 4.3 BC, 2661c* 486b* 292c* 1.69b™ 051b* 273a* 39.88cm™ 1.96¢c”
UFU _10_4 BC, 2212c¢* 451b* 254c* 1.78a™ 0.48b* 255a” 49.63b* 217c”
UFU _11_3 BC, 2414c* 515b* 256c¢* 2.01a™ 048b* 286a“ 40.28c* 1.97c*

UFU _17 BC, 2242c* 483b* 271c* 1.79a™ 053b* 255a° 3931Tcm™ 1.93c”

UFU _4 BC, 15.24d* 395c¢™ 252c" 1.58b" 0.42b* 235bm™ 3225cm 1.57dm™

UFU _13 BC, 22.67c* 474b* 320b" 1.50b" 0.50b* 2.79a* 38.63cm™ 1.58d"™

UFU _10 BC, 16.60d* 458b* 258c* 1.78a™ 042b* 256a" 43.88b* 1.69d"™

UFU _11 BC, 16.18d* 3.57c™ 2.18d"™ 1.64b" 0.33c¢* 225b™ 4275b* 1.60d™
Pizzadoro Check 56.94b* 693a* 387a* 1.79a™ 0.86a" 275a" 9438a* 7.19b”
UFU TOM 5 RP 63.41a* 6.59a" 3.83a* 1.72b™ 0.85a" 278a" 9538a* 7.86a"

UFU MC TOM12 DP 4.62e 3.19c¢ 1.65e 194a 0.20d 2.00b 30.25¢ 1.22d
DMS Dunnett 6.91 0.91 0.65 0.32 0.13 0.54 10.11 0.66
Mean 24.88 4.76 2.77 1.73 0.50 2.58 44.31 2.29
CV% 13.12 9.01 11.11 8.63 12.40 9.76 10.77 13.64

MW: mean weight; FL: fruit length; FD: fruit diameter; FS: fruit shape index; PT: pulp thickness; NL: number of locules; PH: plant height; IL:
internode length; RP: recurrent parent; DP: donor parent; and check (control): commercial cultivar. Mean values followed by different letters
in the column differ from each other according to the Scott-Knott test at 0.05. *Mean values in the column differ from the UFU MC TOM 1
dwarf donor line control according to Dunnett's test at the level of 0.05. " Mean values in the column do not differ from the UFU MC TOM
1 dwarf donor line control according to Dunnett's test at the level of 0.05. 2 check in the Dunnett's test.
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Among the BC, dwarf tomato populations, UFU_17 and
UFU 13 produced larger fruits with an MW value greater than
22 g, similar to BC, populations, for which, a mean MW of 23.6
g was observed (Scott-Knott test; o = 0.05). In addition to the
highest fruit weight, UFU_13 from the BC, population showed
a higher FD value than the other dwarf tomato populations
(Scott-Knott test; a. = 0.05).

Overall, 90% of the dwarf tomato populations produced
fruits with 47.5% and 67.3% higher FL and FD values than the
UFU MC TOM 1 donor parent, respectively (Scott-Knott and
Dunnett tests; o = 0.05). Furthermore, all BC, and BC, dwarf
tomato populations showed a 2.4-fold higher mean PT value
than the donor parent (Scott-Knott and Dunnett tests; a = 0.05).

The superiority of dwarf tomato populations obtained from the
first (BC,) and second backcrosses (BC,) to the UFU MC TOM 1
donor parent in terms of MW, FL, FD, and PT indicated the efficiency
of backcrossing in increasing fruit size. These characteristics are
associated with the fruit size (Vazquez et al., 2022). Similar results
were obtained by Finzi et al. (2020) and Oliveira et al. (2022),
who obtained saladette-type dwarf and salad tomato populations,
respectively, from the first-generation backcross (BC,) with a larger
fruit size compared to the dwarf donor parent.

All BC, and BC, populations of dwarf tomato, the donor
parent (UFU MC TOM 1), the recurrent parent (UFU TOM
5), and the Pizzadoro cultivar showed FS values of more than
1.5, indicating fruits with an elongated shape (Andrade et al.,
2014), which is ideal for the saladette-type tomatoes. The
predominance of this trait (FS) among dwarf tomato parental
lines and backcross populations is due to the fact that the
elongated shape of the fruits is a recessive trait with monogenic
inheritance (Maciel & Silva, 2008).

The increased fruit size of BC, and BC, tomato populations,
which is associated with the elongated fruit shape, similar to that
observed for the UFU TOM 5 recurrent parent and the Pizzadoro
cultivar, proves that the fruit characteristics of the saladette-type
(recurrent parent) were recovered in dwarf tomato populations
as a result of backcrossing. Although backcrossing is the most
commonly employed method in interspecific hybridization,
studies conducted by Finzi et al. (2020), Cavasin et al. (2021),
Gomes et al. (2021), and Oliveira et al. (2021) demonstrated the
efficiency and effectiveness of this technique in recovering fruit
agronomic characteristics of tomatoes from different segments
after the introgression of genes that are involved in dwarfism
into intraspecific crosses.

NL is a relevant characteristic that determines the shape and
size of fruits (Chu et al., 2019). In general, fruits with a smaller
NL have more elongated shapes, whereas flattened fruits have
multiple locules (Vazquez et al., 2022), which is undesirable for
saladette-type tomatoes. The dwarf tomato populations UFU_17
and UFU_I1 (BC)), along with UFU_10_2 (BC,), showed the
lowest NL values among all populations, with no difference from
the UFU MC TOM 1 donor parent, which had two locules per fruit

(Scott-Knott and Dunnett tests; o = 0.05). However, NL, which
is a predominant characteristic in saladette-type fruits, was lower
than three in all dwarf tomato populations, the Pizzadoro cultivar,
and the recurrent parent (UFU TOM 5) (Alvarenga, 2013).

The UFU MC TOM 1 donor parent exhibited the lowest PH
(30.25 cm) and IL (1.22 c¢cm) values. Among the dwarf tomato
populations, the BC, populations UFU_4 and UFU_13, as well
as the BC, F, populations (UFU_10_1, UFU_11_1, UFU_10_2,
UFU 10 3, UFU 13 2, and UFU 11 2) did not differ from
the donor parent in both of these characteristics (Dunnett test;
o = 0.05). In contrast, normal-sized tomato plants (recurrent
parent and Pizzadoro cultivar) were superior to saladette-type
dwarf tomato populations in terms of PH and IL, with means of
137.2% and 310.6%, respectively (Scott-Knott test; a = 0.05).

IL is a trait that directly influences PH (Sun et al., 2019; Liu
et al., 2020). Plants with short internodes are desired in tomato
breeding programs, as they have a more compact plant architecture
that favors mechanized harvesting and crop treatments, thereby
producing higher yields (Rajendran et al., 2022). Thus, the
saladette-type dwarf tomato populations evaluated in this study
are important genetic resources for obtaining future hybrid crops
with more compact architecture and higher productivity, as well
as mini-tomatoes (Finzi et al., 2017).

Fruit quality and acylsugar content in the leaflets

BC, and BC, populations of saladette-type dwarf tomato
plants are promising for segments of fresh produce consumers,
as they produced fruits with an SSC higher than 4.91 ° Brix
(Scott-Knott test; o = 0.05) (Table 2). Tomatoes used for fresh
consumption are required to have an SSC > 3 ° Brix, while for
industrial purposes, they should have an SSC > 5 ° Brix (Peixoto
et al., 2018; Seabra Junior et al., 2022). According to Seabra
Junior et al. (2021), the tomatoes from the Saladette segment
have good organoleptic quality and a higher SSC content, leading
to a more pleasant taste, which makes them suitable for fresh
consumption, as observed in this study.

The increase in fruit size promoted by backcrossing may be
related to decreased SSC content in the fruits of dwarf tomato
populations because, according to Beckles (2012), SSC is
inversely proportional to fruit size.

In addition to influencing tomato fruit pigmentation, both
lycopene and B-carotene are also important in the human diet
owing to their antioxidant and provitamin A properties (Liang et
al., 2021; Orchard et al., 2021). Thus, tomato populations rich in
these carotenoids are used for the production of functional foods
for both fresh and processed consumption (Martinez-Hernandez
et al., 2016). In this study, 45% of the saladette-type dwarf
tomato populations showed a higher lycopene content than both
parents and the Pizzadoro cultivar (Scott-Knott test; a = 0.05).
Moreover, the donor parent, the Pizzadoro cultivar, and 65% of
the dwarf tomato populations had an average 1.7-fold higher
[-carotene content than the recurrent parent (1.66 mg/100 g).
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Table 2: Mean values of fruit quality characteristics and acylsugar content in the leaflets of saladette-type dwarf tomato
populations obtained from the first (BC,) and second backcross (BC,) generations.

Populations Backcrosses (°SBSriCx) (mg/L1COO g) (mg/B%%O g) (n moI/cmZAoAf leaf area)
UFU_SDI_17_1 BC, 5.36 b* 3.03bm 3.01am 22.43cm
UFU_SDI_10_1 BC, 5.54 b* 2.99bns 2.50a" 27.69 b"s
UFU_SDI_4 1 BC, 5.64 b* 2.29c"m 231bm 2737 b
UFU_SDI_11_1 BC, 5.25b" 2.93bns 2.72ar 30.02b s
UFU_SDI_10_2 BC, 5.77 b* 2.74crms 244 ar 27.24 b
UFU_SDI_4_2 BC, 569b" 2.73c"m 2.09b 23.17cm
UFU_SDI_10_3 BC, 5.54 b* 3.02b"s 2.56an 27.39b"s
UFU_SDI_17_2 BC, 5.55 b~ 3.57a" 347ar 19.71d "
UFU_SDI_17_3 BC, 5.43 b* 2.77crs 1.64b" 20.74c”
UFU_SDI_13_1 BC, 5.75 b* 2.95bn 2.92an 27.59b "
UFU_SDI_13_2 BC, 5.29b* 2.77crms 245an 23.84cm
UFU_SDI_11_2 BC, 5.90 b* 3.03bm 2.83am 27.99b s
UFU_SDI_4_3 BC, 6.10 b* 2.52crms 2.30bm 24.61 b
UFU_SDI_10_4 BC, 5.38 b* 2.81cm 246ar 29.42 b s
UFU_SDI_11_3 BC, 6.00 b* 3.12bms 2.25bms 2097 c”

UFU_SDI_17 BC, 5.67 b* 2.53¢cm 2.59an 18.24d"

UFU_SDI_4 BC, 6.54 b* 2.34crms 1.73b" 23.65¢cm™

UFU_SDI_13 BC, 5.53 b* 242crms 1.94b " 27.29b s

UFU_SDI_10 BC, 5.66 b* 2.56 ¢ 2.61an 2751 b

UFU_SDI_11 BC, 491b~ 3.78 a" 3.17am 18.42d"

Pizzadoro Check 481 b* 2.23crms 2.57ars 15.48d"

UFU TOM 5 RP 5.07 b* 2.64crs 1.66b " 16.57d"

UFU MCTOM 12 DP 8.71a 2.50 ¢ 2.78a 29.18b
Solanum pennellii Wild access - - - 37.16 a"
DMS Dunnett 1.33 0.67 0.99 6.68
Mean 5.69 2.79 2.47 24.73
CV% 11.02 11.33 18.83 12.76

SSC: soluble solids content; LC: lycopene content; BC: B-carotene content; AA: acylsugar content; RP: recurrent parent; DP: donor parent;
and check (control): commercial cultivar; Mean values followed by different letters in the column differ from each other according to the
Scott-Knott's test at 0.05. *Mean values in the column differ from the UFU MC TOM 1 dwarf donor line control according to Dunnett's test
at the level of 0.05. ™ Mean values in the column do not differ from the UFU MC TOM 1 dwarf donor line control according to Dunnett’s test

at the level of 0.05.2: check (control) in Dunnett’s test.

The dwarftomato populations UFU 17 2 and UFU _11 stood
out with lycopene and B-carotene contents of higher than 3.00
mg/100 g. Saladette commercial hybrid tomatoes evaluated by
Mian et al. (2021) and Seabra Junior et al. (2022) showed lycopene
and B-carotene contents of lower than 2.73 mg/100 g and 1.33
mg/100 g, respectively. The B-carotene and lycopene contents
in the fruits of the commercial cultivar Pizzadoro evaluated in

these studies were similar to those found by Mian et al. (2021)
and Seabra Junior et al. (2022). The populations UFU_17 2 and
UFU_11 showed, on average, 1.65 and 1.30 times higher levels
of lycopene and B-carotene, respectively, than the Pizzadoro
cultivar. The results of this research indicate that saladette-type
dwarf tomato plants have the potential to produce high levels of
these carotenoids and are also considered biofortified.
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Acylsugars are important secondary metabolites synthesized
in type-1V glandular trichomes present in tomato leaflets that
confer pest resistance (Marinke et al., 2022; Resende et al.,
2022). The wild species Solanum pennellii, which is used for
comparing acylsugar levels among saladette-type dwarf tomato
populations, exhibited the highest mean value (37.16 nmol/ cm?
of leaf area), whereas the recurrent genitor UFU MC TOM 5, the
Pizzadoro cultivar, and the tomato populations UFU_SDI 17 2,
UFU _SDI 17,and UFU_SDI 11 showed acylsugar levels lower
than 20 nmol/ cm? of leaf area (Scott-Knott test; a = 0.05).

The UFU MC TOM 1 donor parent and 75% of the dwarf
tomato populations showed moderate levels of this metabolite,
which ranged from 22.43 to 30.02 nmol/ cm? of leaf area
(Scott-Knott and Dunnet tests; o= 0.05). The acylsugar content
in these dwarf tomato populations was approximately 65%
higher than that in the UFU TOM 5 recurrent parent and the
Pizzadoro cultivar. Similar results were reported by Gomes et
al. (2021) and Oliveira et al. (2022), who evaluated saladette-
(BC)) and Santa Cruz-type (BC,) dwarf tomato populations.
Furthermore, the classification of dwarf tomato populations
based on their acylsugar content into three groups (Table 2)

according to Scott-Knott’s test (oo = 0.05) corroborates the
findings obtained by Dias et al. (2021), who reported that
segregation for acylsugar content is commonly observed in
studies on advanced tomato populations.

The BC, UFU_SDI_11_1 population showed an acylsugar
content of 30.02 nmol per cm? of leaf area, indicating the relative
superiority of this population (98%) in terms of acylsugar content
compared to the commercial check (control) (15.48 nmol/ cm? of
leaf area). As reported by Maluf et al. (2010), hybrids obtained
from crossing between a low-acylsugar-producing line and a
high-acylsugar-producing line had moderate acylsugar levels,
promoting broad-spectrum pest resistance. Thus, we highlighted
the possibility of using UFU SDI 11 1 dwarf plants that are
rich in acylsugars to develop hybrids by intercrossing several
existing normal lines with low acylsugar levels.

By analyzing the metabolic profile of the leaves of the dwarf
cultivar (UFU MC TOM 1) and the commercial cultivar Santa
Clara using GC-MS, significant increases were found in the
expression levels of amino acids such as L-alanine, L-aspartate,
L-serine, and L-threonine in UFU MC TOM 1 (at the significance
level of 5% by T-test) (Figure 2).

L-serine L-alanine ., L-aspartate L-treonine
2 2 Eo =
2 * 2, = £
g g 2 mm g
E £ E £
=0 o] =0 fee}
Q (5] o o
S Sl S S
: : H H
E1 5 B |5 5 E
“ p-value = 0.0000%#* “ p-value = 0.048 Z,] p-value = 1.660 Z p-value = 0.0099
Fold-c /zull ge = 6.2291 . 2 Fold-c /‘Iu/lg(’ =1.4489 i Fold-change = 0.0472 ) Fold-change = 2.191
4 2 1 2 1 2 i 1‘ é
BN UFU MC TOM1
M cv. Santa Clara
frm—
L-serine pyruvate 3
#@ ‘ L-alaninel
oxaloacetate +——— L-aspartatel
) — , N
L-treonine ‘ L-valine |
| { 3-methy1—2—oxobutanoate}

‘, L—leucinew — { 4-methyl-2-oxopentanoateJ

acylsugars

" L-isoleucine\ 4—>{ 3-methy1—2-oxopentanoate]

Figure 2: Amino acids identified in the leaves of the UFU MC TOM 1 dwarf tomato plants and the commercial cultivar Santa
Clara by metabolomic analysis using GC-MS; precursors in the pathway of fatty acid elongation for the production of acylsugars;
TCA cycle: tricarboxylic acid cycle; The statistical T-test was performed at a significance level of 5%. Note: *** indicates p <0.01.
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These compounds play fundamental roles in the tricarboxylic
acid (TCA) cycle, one of the most important metabolic pathways
involved in cellular defenses against biotic and abiotic stresses
(Abdelsalam et al., 2023). This pathway is associated with the
production of intermediate metabolites that directly impact
the immune response, the modulation of cellular homeostasis,
and the cellular antioxidant activity (Choi, Son, & Back, 2021;
MacLean, Legendre, & Appanna, 2023).

The amino acids L-alanine and L-serine act as the precursors
for the biosynthesis of pyruvate, while L-aspartate serves as a
precursor of oxaloacetate, one of the key substances regenerated
in the TCA cycle (Araujo et al., 2012). In addition, L-serine can be
used as a precursor of L-threonine, an amino acid essential for the
biosynthesis of L-valine, L-leucine, and L-isoleucine, which are of
great importance, as they can be metabolized into the precursors
for the production of acylsugars in the pathway of fatty acid
elongation (3-methyl-2-oxobutanoate, 4-methyl-2-oxopentanoate,
and 3-methyl-2-oxopentanoate, respectively) (Figure 2) (Slocombe
etal., 2008; Moutiez, Belin, & Gondry, 2017). These processes help
inregulating plant homeostasis, conferring resistance to abiotic and
biotic stresses, osmotic regulation, and ATP generation (Maeda,
2019; Singh, Dhanapal, & Yadav, 2019; Liu et al., 2023).

Thus, from a biochemical point of view, the UFU MC TOM
1 cultivar has been validated as an accession rich in acylsugars
and a potential new alternative for the promotion of breeding
programs. Additionally, it can be emphasized that UFU_SDI 11 1
can be considered an important introgressed lineage as it is rich
in acylsugars present in the leaflets and already has an advanced
genetic background of saladette-type tomato plants.

In view of this, it is suggested by Maluf et al. (2010) to use
UFU _SDI 11 1 dwarfplants that are rich in acylsugars to obtain
hybrids by intercrossing several existing normal lines with a
low acylsugar content.

Contrast estimation

The efficiency of backcrossing in obtaining dwarf tomato
populations with fruit characteristics of the Saladette segment
is evident from the results of the comparison tests (Scott-Knott
and Dunnett), which were confirmed by the estimated contrasts.
Estimates of contrasts between BC, populations and the UFU
MC TOM 1 donor parent and between BC, populations and the
UFU MC TOM 1 donor parent tested by the Scheffé’s test (a
=0.01 and 0.05) indicated the successful improvement of fruit
characteristics by backcrossing. The first (BC,) and second (BC))
backcrosses increased the MW and PT values of fruits of dwarf
tomato populations (Figure 3A and 3C, respectively).

The differences in MW and PT between BC, populations
of dwarf tomato and the donor parent were 14.01 g and 0.24
cm, respectively. Comparisons between BC, populations
and the UFU MC TOM 1 donor parent showed that the
second backcrossing further improved MW, PT, FL, and FD
(Schefté’s test; o =0.01 and 0.05) (Figures 3A, 3B, 3C, and 3D,

respectively). The difference in MW between BC, populations
of dwarf tomato and the donor parent was approximately 19
g. Furthermore, fruits of BC, populations showed differences
of 0.29, 1.55, and 1.10 cm in PT, FL, and FD, respectively,
compared to UFU MC TOM1 fruits.

The contrasts between BC, and BC, populations and the UFU
MC TOM 1 donor parent and between backcross populations
BC, and BC, of dwarf tomato showed no significant differences
in PH and IL (Figures 3E and 3F, respectively). On the contrary,
the normal-sized recurrent parent showed improved PH and IL.
The recurrent parent was 55.63 cm higher, on average, than the
dwarf tomato populations BC, and BC, and also exhibited more
elongated internodes, with a mean difference of 6.08 cm from
the dwarf tomato populations.

In contrast, there were no differences between the dwarf salad
tomato populations BC, and BC, in the evaluated variables. This
suggests that backcrossing contributes to significant enhancement
of genetic gains relative to the donor parents; however, although
there were differences between BC, and BC, populations of
saladette-type dwarf tomato, they were small and not significant.

This improvement in several agronomic traits in tomato
plants after the first backcrossing was also reported by Gomes
et al. (2023). In the F1 generation, the plants have already
recovered 50% of the recurrent parent genome, and the first
backcrossing increased the value to 75%. After the second
backcrossing, further smaller increases were observed (Borém,
Miranda, & Fritsche-Neto, 2021); however, this was not evident
in dwarf plants. The smaller increase observed in BC, may be
due to the smaller size of the plant. Hybrids from different dwarf
tomato backcrosses should be used to evaluate the breeding
potential of introgression lines.

Genetic dissimilarities between saladette-type
dwarf tomato populations

The measure of dissimilarity using the Mahalanobis distance
D? showed genetic variability in the analyzed germplasm of
dwarf tomato plants. The distances ranged from 2.05 to 153.48,
and the greatest distances were observed between all BC, and
BC, populations of saladette-type dwarf tomato plants and the

UFU MC TOMI1 donor parent (Figure 4).

The maximum distance between saladette-type dwarf
populations was found between the UFU 4 and UFU 11
populations (79.04). Genetic variability is fundamental to genetic
improvement in plant breeding programs (Borém, Miranda, &
Fritsche-Neto, 2021). Despite the potential use of dwarf tomato
plants in breeding, there is great difficulty in creating genetic
variability in these plants because only plants that are not
commercially standard (dwarf plants) are evaluated, with the use
of normal plant morphological traits only for obtaining hybrids
(Maciel, Silva, & Fernandes, 2015; Finzi et al., 2017). The results
obtained showed the great potential of the evaluated germplasm
to be used in fostering future genetic improvement programs.
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Figure 3: Comparison between BC, and BC, populations and the donor parent (UFU MC TOM 1) and the recurrent parent
(UFU TOM 5) based on the contrasts of interest; ** and * indicate significant differences at a= 0.01 and a= 0.05, respectively,
according to the Scheffé's test. ™ = not significant according to the Scheffé's test; vs.: versus; BC,: BC, populations; BC,: BC,
populations; DP: donor parent (UFU MC TOM 1); RP: recurrent parent (UFU TOM 5); MW = mean weight, FL = fruit length, PT =
pulp thickness, FD = fruit diameter, PH = plant height, and IL = internode length.
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Figure 4: Genetic dissimilarity in the germplasm of dwarf
tomato plants based on the Mahalanobis distance D? (1-
UFU_SDi_17_1, 2- UFU_SDi_10_1, 3- UFU_SDi_4_1, 4-UFU_
SDi_11_1, 5- UFU_10_2, 6- UFU_SDi_4_2, 7- UFU_SDi_10_3,
8- UFU_SDi_17_2, 9- UFU_SDi_17_3, 10- UFU_SDi_13_1,
11-UFU_SDi_13_2, 12-UFU_SDi_11_2, 13- UFU_SDi_4_3, 14-
UFU_SDi_10_4, 15- UFU_SDi_11_3, 16- UFU_SDI_17, 17- UFU_
SDI_4, 18- UFU_SDi_13, 19- UFU_SDi_10, 20- UFU_SDi_11,
and 21- UFU MCTOM 1).

Genetic gain estimates by different selection indices

The total selection genetic gains estimated by MM and GIDI
were similar (both greater than 38%) (Table 3).

Selection based on the MM index generated the greatest
genetic gains in all characteristics related to fruit size
(MW, FL, FD, FS, PT, and NL). Additionally, selection by
this index provided the greatest gain in acylsugar content.
In contrast, selection using the GIDI resulted in gains of
approximately 8% in lycopene and B-carotene, as well as
lower gains in PH and IL.

Table 3: Estimates of genetic gains from selection in
saladette-type dwarf tomato populations using different
selection indices.

; %SG
Variables
MM GIDI
WM 9.95 833
FL 4.27 3.31
FD 2.78 2.05
FS 1.07 0.79
PT 7.21 6.21
NL 4.69 3.62
PH -0.55 0.67
IL 1.24 1.06
SS -0.41 -1.53
LC 3.57 7.87
BC 3.19 7.98
AA 1.79 -0.49
Total 38.8 38.5

UFU_13_1 UFU _13_1

UFU_17_1 UFU _17_1

UFUI_11_3 UFU 112

pc?s:ﬁ;';?odns UFU_4_3 UFU _11_3

UFU_10_1 UFU _10 3

UFUi_10_3 UFU _10_1

UFU_11_2 UFU 172

MW: mean weight; FL: fruit length; FD: fruit diameter; FS: fruit shape
index; PT: pulp thickness; NL: number of locules; PH: plant height; IL:
internode length; SS: soluble solids content; LC: lycopene content;
BC: B-carotene content; AA: acylsugar content; MM: rank sum index
of Mulamba and Mock; and GIDI: genotype-ideotype distance index.

Both indices selected mostly the dwarf tomato populations
obtained from the second backcrossing (BC,). This result
suggests that dwarf tomato populations selected by both indices
are promising for the development of introgression lines and
subsequently hybrids with additional advantages (Finzi et al.,
2017) compared to those by the traditional methodologies
(Maciel et al., 2010; Tamta & Singh, 2017). It is suggested
that the selection of the best populations can be advanced by
successive self-fertilization and obtaining tomato introgression
lines and hybrids through exploring the advantages of using
dwarf parents in the production of saladette-type tomato plants.

Conclusions

The populations UFU 13 1, UFU 17 1, UFU 10 1,
UFU 11 3, UFU 10 3, and UFU 11 2 have the potential to
obtain introgression lines as they presented improved agronomic
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characteristics, fruit quality and acylsugar levels similar to UFU
MC TOM 1. The dwarf tomato germplasm showed genetic
variability and a genetic background of the saladette-type with
the potential for exploring. The cultivar UFU MC TOM 1 can
surpass the wild access S. pennellii in breeding programs aimed
at pest resistance, productivity, and biofortification of fruits
(B-carotene and lycopene).
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