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Abstract: Tomato (Solanum lycopersicum L.) is widely grown in the tropics, where its production
is subjected to heavy disease losses. A goal of tomato breeders is genetic improvement of early
maturity genotypes with higher fruit quality under challenging environmental conditions, such as
the presence of multiple pathogens, is the goal of tomato breeders. In Mexico, tomato is one of the
main exported vegetables, grown in most of the northwestern states of the country, with the state
of Sinaloa as one of the largest producers. In this study, we evaluated fruit quality parameters in
16 tomato hybrids (14 hybrids under development in Sinaloa and 2 as commercial lines), which were
previously analyzed with molecular markers to detect gene resistance. The hybrids were harvested
at the “red ripe” stage at three different harvest dates. Total soluble solids (TSS), titratable acidity, pH,
color, firmness, and the TSS/acidity ratio were evaluated. Of the 16 hybrids analyzed, 2 showed the
presence of genes for resistance to TYLCV, 7 for resistance to TSWV and Fol race 3, 15 for resistance to
Fol race 2, and all 16 for resistance to Fol race I. Results show that most of the tomato hybrids analyzed
during the three harvest dates met market standards reported in the USDA'’s fresh tomato import
regulations and Mexico Supreme Quality 2005 (MCS Mexico Calidad Suprema for its acronym in
Spanish). However, two of the advanced developmental hybrids better met the market requirements
and are also maturing early.

Keywords: tomato; early maturity; harvest quality

1. Introduction

Tomato (Solanum lycopersicum L.) is a diploid plant that belongs to the Solanaceae
family, originated in South America, and its domestication occurred in Mexico. The Aztecs
first cultivated it. Its name, “tomato”, from the Nahuatl language spoken in the region of
Mexico, corresponds to Physalis philadelphica; the tomato itself, “jitomatl”, corresponds to
S. lycopersicum [1]. Section Lycopersicon of the genus Solanum contains 13 subspecies: the
cultivated tomato, S. lycopersicum, the only domesticated species, and 12 wild species [2].
During its domestication, the species S. lycopercicum lost much of the genetic diversity
present in its wild ancestor [3]. Several factors probably contributed to this, such as
migration out of the area of origin, gene selection and introgression to obtain a high number
of fruits under self-fertilization, and genetic bottlenecks associated with domestication and
crop improvement [4]. Crossing between the cultivated variety and wild species with the
genetic traits of interest is necessary to recover these lost genes. However, the chances of
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these favorable genetic combinations occurring by chance and the probability of identifying
them without the use of molecular markers could be higher. Therefore, the use of molecular
markers for both the selection of wild species and the development of new hybrids is of
utmost importance.

Globally, there are both private and public germplasm banks with mandates to collect
accessions (wild species and developed cultivars) of tomatoes with specific characteristics
such as disease resistance, adaptation to agroecosystems, and regional agricultural systems
for subsequent use in the genetic improvement of the cultivated species. Older landraces
are also collected to conserve the countries” national biocultural heritage [5,6]. Germplasm
characterization in Mexico is very scarce despite being the center of domestication and
high germplasm production. Particularly in northwestern Mexico, there needs to be more
material collections.

Tomato crop production and exporting to the United States are two main agricultural
activities in Mexico. The United States is a country demanding a quality product, which
represents a challenge for Mexican production companies [7]. The maturity date of tomato
fruits is an essential factor in defining the price of these fruits in the market. Fruits of
ultra-early and early maturing tomato varieties (60-75 days after sowing) with good quality
characteristics tend to have higher prices because they are harvested on time when the
product is scarce [8]. Tomatoes can only be stored for a short period, forcing producers
to meet the demand for them with current production. This causes prices to increase
when supply is scarce (winter months) and decrease when supply is abundant (summer
months) [9,10]. In addition to seasonal trends, tomato prices can also be highly variable
throughout the harvest season due to crop affectations by some pathogens, such as Tomato
yellow leaf curl virus (TYLCV), tomato spotted wilt virus (TSWV), and Fusarium oxysporum f.
sp. lycopersici (Fol) [11-13]. These variations in markets and their effects on grower incomes
cause growers to seek pathogen-resistant tomato hybrids that produce early-maturity fruits
with good quality.

All the parameters that define the quality of tomatoes are vital for their value in the
market. According to [14], the external color is one of the essential characteristics of the
quality of any product since the first thing consumers consider when buying a product is
the visual aspect; in the case of tomato, for the consumer, the red color is an indicator of taste
quality. For this reason, markets usually adopt measures to improve the external quality
of the products, such as wax coating, excellent and innovative packaging, etc. Although
these measures can be of great help in the first sales, the increase or decrease in subsequent
sales depends on the internal quality of the fruit [15], such as internal color, pH, titratable
acidity, total soluble solids (TSS), TSS/acidity ratio and pulp firmness [16]. In this research,
we first evaluated the fruit quality of 16 tomato hybrids, 14 under development in Sinaloa,
Mexico and 2 as commercial lines, which contained genes resistant to the abovementioned
pathogens using some PCR protocols optimized by [17]. We evaluated the quality of both
external and internal factors (internal and external fruit colors, firmness, total soluble solids,
pH, and titratable acidity) of tomato fruits at three maturity dates of harvest to select early
ripening varieties that maintain acceptable fruit quality.

2. Materials and Methods
2.1. Plant Materials and Resistant Genes Experiment

Seeds of 16 round tomato hybrids, 14 hybrids under development, and 2 commercial
hybrids were used for the trials. Dr. Juan Lopez of Tricar company provided both the
developing hybrids and the commercial hybrids in Sinaloa, Mexico. The seeds were sown
in 128-cavity polypropylene trays for germination using peat moss as substrate. After
that, the trays were covered with black plastic bags to protect the seeds from light during
germination. Five days after sowing, the seeds were germinated. The seedlings were kept
in the trays until they were sufficiently developed to be transplanted into the greenhouse.
They were then grown under greenhouse conditions (daytime temperatures of 21 °C to
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27 °C and nighttime temperatures of 16 °C to 18 °C) and irrigated as needed using coconut
fiber as a growing medium.

Leaf samples were taken to identify resistance genes present in these hybrids, and
optimized PCR protocols validated by [17] were used.

Fruits were harvested at 75, 105, and 140 days after sowing (March, April, and May
2022) and immediately transported to the experimental laboratory (quality laboratory of
CIAD-Culiacan), presenting uniform characteristics in color (red stage maturity or color six
according to “Color Classification Requirement in United States Standards for Grades of
Fresh Tomatoes” chart, published by USDA) and size. Three fruits per hybrid were taken
for each sampling date for quality analysis. External factors were evaluated on the same
day, and parts of the samples were stored at —20 °C until all internal factors were assessed.

2.2. Harvest Quality Analysis
2.2.1. External and Internal Colors

The external color was measured on the surface or epidermis of the tomato fruit
(2 longitudinal readings/sample). The fruits were split in half for the internal color, and the
measurement was made on the fruit’s pulp (2 equatorial readings/sample). Three fruits
were analyzed for each hybrid. The color of tomato fruits was determined using a Konica
CM-700d spectrophotometer (Minolta Inc., Tokyo, Japan), recording the components of hue
angle (h°) and chromaticity (chroma) with the program OnColor QC version 5. The chroma
has values ranging from 0, corresponding to dark colors, to 100, representing light colors
or those with greater luminosity. In the hue angle (1°), the values range from 0 to 360°
representing the color of the fruit; for example, counterclockwise, red = 0°, yellow = 90°,
green = 180°, blue = 270° and from purple to red in 360°. The chromaticity of the color
ranges from 0 to 60, where low values represent impure colors (towards the center of the
color circle), while high values represent pure or more intense colors. To interpret the value
of the equipment in a* and b* coordinates, the following formulas were used to calculate
the chromaticity.
Chromaticity = /a2 + b2 1)

hue angle (h°) = tan —1 (b/a) (2)

2.2.2. pH and Titratable Acidity

The determinations of pH and titratable acidity were carried out according to the
methodology proposed by [16]. An extract was obtained by liquefying 10 g of the sample
with 50 mL of distilled water previously neutralized to pH seven and filtered through an
organza cloth. An aliquot of 50 mL of the extract was taken and titrated with a 0.1 N NaOH
solution in a Mettler Toledo Model T-50 automatic titrator until a pH of 8.2 was reached,
which indicates acid-base neutralization. The pH was expressed directly prior to titration
as hydrogen ions were present in the sample. Three repetitions were made for each hybrid.
The results of the titratable acidity were expressed as a percentage of citric acid present in
the sample, according to the following formula:

%A.T. = (mL NaOH spent) (N of NaOH) (0.064) (100)/mL of concentrate 3)
where 0.064 is the milliequivalent of citric acid.

2.2.3. Total Soluble Solids

All tomato fruits were harvested at a late stage of ripening (full red color) because
the physiological maturity of the fruit at the time of harvest is a determinant of quality as
TSS content. As for pH and acidity, the same extract was obtained by liquefying 10 g of
the sample with 50 mL of distilled water, which had been previously neutralized to pH
seven and filtered through an organza cloth. One to two drops of clear juice were placed
on the prism of a Mettler Toledo RM-40 refractometer (Columbus, OH, USA) previously
calibrated with distilled water with a range of 0 to 32 °Brix, a resolution of 0.2 °Brix, and a
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compensated temperature. Between samples, the prism of the refractometer was washed
with distilled water and dried before use. The results obtained were multiplied by the
dilution factor (water and pulp) and expressed in °Brix. Three repetitions were made for
each hybrid. The TSS/acidity ratio was calculated by dividing the TSS percentage by the
acidity percentage.

2.2.4. Firmness

For the determination of firmness by puncture, a tetrameter (Chatillon DFGS100,
AMETEK Measurement and Calibration Technologies division, Somerset Drive Largo,
FL, USA) was used, equipped with a round steel tip of 8 mm diameter, whose force to
penetrate the fruit tissue was expressed in Newton (N). A 10 mm insertion was applied on
the mesocarp side, using two sides of each tomato fruit (in equidistant zones). Three fruits
and two readings per fruit were analyzed for each tomato hybrid.

2.3. Statistical Analysis

A two-factor, completely randomized design with one covariate, was used. The factors
were 16 hybrids used in the study and three harvesting dates (75, 105, and 140 days after
sowing). The covariate was five resistance genes (I, I-3, Sw-5, Ty-3, I-2). The response
variables were total soluble solids (°Brix), firmness (N), internal and external colors (hue
angle and chromaticity), pH, and titratable acidity. Three replications (fruits) were analyzed
for each hybrid on each harvest date.

3. Results
3.1. Genes Detections

Of the 16 hybrids (14 in development and 2 commercial) analyzed, 2 showed the
presence of genes for resistance to TYLCYV, 7 for resistance to TSWV and Fol race 3, 15 for
resistance to Fol race 2, and all 16 for resistance to Fol race 1 (Table 1).

Table 1. Commercial and non-commercial tomato materials were used in this study.

Codes Tomato Hybrids Resistance/Susceptibility
T-101 non-commercial IR: Fol (1, 2); SC: Fol (3), TSWV; TYLCV
T-108 non-commercial IR: Fol (1, 2); SC: Fol (3), TSWV; TYLCV
T-142 commercial IR: Fol (1, 2, 3), TSWV; SC: TYLCV
T-140 commercial IR: Fol (1) SC: Fol (2, 3), TYLCV, TSWV
T-117 non-commercial IR: Fol (1, 2, 3); HR:TSWV; SC: TYLCV
T-118 non-commercial IR: Fol (1, 2); SC: Fol (3), TSWV; TYLCV
T-128 non-commercial IR: Fol (1, 2, 3), TSWV; SC: TYLCV
T-132 non-commercial IR: Fol (1, 2, 3), TSWV; SC: TYLCV
T-58 non-commercial IR: Fol (1, 2); SC: Fol (3), TSWV; HR: TYLCV
T-49 non-commercial IR: Fol (1, 2, 3); HR:'TSWYV, SC: TYLCV
T-59 non-commercial IR: Fol (1, 2, 3); HR:-TSWV, SC: TYLCV
T-63 non-commercial IR: Fol (1, 2); SC: Fol (3), TSWV; IR: TYLCV
T-57 non-commercial IR: Fol (1, 2, 3), TSWV; SC: TYLCV
T-90 non-commercial IR: Fol (1, 2); SC: Fol (3), TSWV; TYLCV
T-91 non-commercial IR: Fol (1, 2); SC: Fol (3), TSWV; TYLCV
T-66 non-commercial IR: Fol (1, 2); SC: Fol (3), TSWV; TYLCV

R: resistance; IR: intermediate resistance; HR: high resistance; SC: susceptible; Fol: Fusarium oxysporum f. sp.
Lycopersici; TSWV: Tomato Spotted wilt virus; TYLCV: Tomato yellow leaf curl virus. Resistance/Susceptibility was
analyzed using the protocols developed by [18].

3.2. Analysis of Internal and External Color

In all the hybrids, the external color values of the hue angle were found between 30
and 60°, which means that the tomato fruit’s color is red, and the values of chromaticity
were between 30 and 40, which means that the red color is intense (Figure 1A-C). In the
case of the internal color, the values of the hue angle were between 18 and 32, and the
values of the chromaticity were between 18 and 30 (Figure 1D-F). These data indicate that
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the internal color is also red but less intense than the peel or external color. The closer the
chromaticity values are to 60, the purer or more intense the color. The developing hybrid
117 had the highest external chromaticity values during the three harvest dates between
39 and 35, and the developing hybrid 118 had the highest internal chromaticity values
during the three harvest dates between 31 and 27, while the commercial hybrid T142 had
the lowest external and internal chromaticity values between 31 and 28 and 21 and 18,
respectively (Figure 2A,C). On the first and second harvest dates, the hue angle values
were lower compared to the third harvest date. In the third harvest date for most of the
hybrids, the external and internal hue angle values were the highest, which means that
during this harvest date, the tomato fruits were less red than in the previous harvest date
(Figure 2B,D).

Chroma vs h®

1015 20 % B B 5\{?,5)0 5 2 B W B

—0 ’u T [ ./0 i T T LD r[o

6 5 0 15 20 25 30 36
S B ’>1
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0 + 0
9 = > = B g 10 % 20 Z»m 3
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Figure 1. Polar plot of the external and internal colors (h° & chroma) for the three harvest dates.
(A) An external color of the first harvest date; (B) the external color of the second harvest date; (C) the
external color of the third harvest date; (D) the internal color of the first harvest date; (E) the internal
color of the second harvest date; (F) the internal color of the third harvest date.

3.3. Analysis of Total Soluble Solids, Firmness, pH and Titratable Acidity

Even though no statistically significant differences were observed in the amount of
TSS among the three dates of harvest (Table 2), in the T-128, T-132, and T-140 hybrids, an
increased TSS content was observed on the second harvest date from 6 to 7 °Brix, but on
the third harvest date the TSS of T-132 and T-140 was reduced to 6 °Brix except for T-128,
which remained at seven °Brix (Figure 3A (Supplementary Table S1). Fruit firmness was the
parameter that showed the greatest variation during the three harvesting dates. On the first
date, it ranged from 4.7 to 9.5 N; on the second, from 5.6 to 10.8 N; and on the third, from
7.0 to 14.8 N. The hybrids T-128, T-140, and T-142 were the ones with the highest firmness
values on the third harvesting date, with 14.8, 14.3, and 14.2 N, respectively (Figure 3B)
(Supplementary Table S2).
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Figure 2. Bar plots of the external and internal chromaticity and hue angle for the three harvest
dates. (A) External chromaticity; (B) external hue angle; (C) internal chromaticity; (D) internal hue
angle (chroma A, external chromaticity of the harvest date; chroma B, external chromaticity of the
second harvest date; chroma C, external chromaticity of the third harvest date; chroma D, internal
chromaticity of harvest date; chroma E, internal chromaticity of the second harvest date; chroma F,
internal chromaticity of the third harvest date) (hue (h°) a*, external angle hue of the first harvest
date; hue (h°) b*, external angle hue of the second harvest date; hue (h°) C*, external angle hue of the
third harvest date; hue (h°) *d, internal angle hue of the first harvest date; hue (h°) *e, internal angle
hue of the second harvest date; hue (h°) *f, internal angle hue of the third harvest date).

Table 2. Analysis of variance titratable acidity, total soluble solid, firmness, pH, external and internal
chromaticity, and hue angle.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value
External chromaticity
Genes 1 0.000631 1.10% 0.000631 0.000631 0.93 0.364
Harvest dates 2 0.04666 81.29% 0.04666 0.02333 34.25 0*
daizb“ds x Harvest 18 0.004663 8.12% 0.004663 0.000259 0.38 0.958
Error 8 0.005449 9.49% 0.005449 0.000681
Total 29 0.057403 100.00%
External hue angle (1°)
Genes 1 4.001 1.90% 4.001 4.001 0.22 0.653
Harvest dates 2 12.125 5.77% 12.125 6.062 0.33 0.728
daizb“ds x Harvest 18 46916 22.32% 46916 2.606 0.14 1
Error 8 147.117 70.00% 147.117 18.39

Total 29 210.159 100.00%
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Table 2. Cont.
Source DF SeqSS  Contribution Adj SS Adj MS F-Value p-Value
Internal chromaticity
Genes 1 4.001 1.90% 4.001 4,001 0.22 0.653
Harvest dates 2 12.125 5.77% 12.125 6.062 0.33 0.728
daizbnds x Harvest 18 46.916 22.32% 46.916 2.606 0.14 1
Error 8 147.117 70.00% 147.117 18.39
Total 29 210.159 100.00%
Internal hue angle (h°)
Genes 1 1.517 0.46% 1.517 1517 0.05 0.826
Harvest dates 2 14.4 4.33% 144 7.2 0.24 0.789
daizb“ds x Harvest 18 80.741 24.27% 80.741 4486 0.15 1
Error 8 236.076 70.95% 236.076 29.509
Total 29 332.734 100.00%
Titratable Acidity (%)
Genes 1 0.000631 1.10% 0.000631 0.000631 0.93 0.364
Harvest dates 2 0.04666 81.29% 0.04666 0.02333 34.25 0*
daizb“ds x Harvest 18 0.004663 8.12% 0.004663 0.000259 0.38 0.958
Error 8 0.005449 9.49% 0.005449 0.000681
Total 29 0.057403 100.00%
Total soluble solids (°Brix)
Genes 1 0.1673 0.90% 0.1673 0.1673 0.17 0.693
Harvest dates 2 4.0372 21.80% 4.0372 2.0186 2.02 0.194
daizbnds x Harvest 18 6.3411 34.23% 6.3411 0.3523 0.35 0.968
Error 8 7.9771 43.07% 7.9771 0.9971
Total 29 18.5227 100.00%
Firmness (N)
Genes 1 1.26 0.67% 1.26 1.26 0.22 0.652
Harvest dates 2 84.547 44.78% 84.547 42274 7.34 0.015*
daizbnds x Harvest 18 56.951 30.16% 56.951 3.164 0.55 0.861
Error 8 46.052 24.39% 46.052 5.756
Total 29 188.811 100.00%
pH units
Genes 1 0.009538 1.42% 0.009538 0.009538 0.7 0.426
Harvest dates 2 0.462261 69.00% 0.462261 0.23113 17.04 0.001 *
daizb“ds x Harvest 18 0.089586 13.37% 0.089586 0.004977 037 0.963
Error 8 0.10851 16.20% 0.10851 0.013564
Total 29 0.669895 100.00%

DE degree of freedom; Seq, SS, sequential sums of squares; Adj SS, adjusted sums of squares *, indicates
significant differences.

The value of pH decreased in almost all hybrids on the second date of harvest. pH
intervals varied between 4.62 to 4.79 and 4.18 to 4.53. The T-140 hybrid was the only one
that maintained a constant pH in the three harvesting dates (Figure 3C) (Supplementary
Table S3). An increased percentage of acidity was also observed on the second and third
harvesting dates, ranging between 0.119 and 0.151% of citric acid to a range between 0.143
and 0.245% (Figure 3D) (Supplementary Table S4). The ratio of total soluble solids to
titratable acidity is important in defining flavor differences between tomato hybrids and
affects consumer acceptability. The highest values of the TSS/titratable acidity ratio were
observed at the first harvesting date, and all developing hybrids had higher values than
the commercial hybrid T-140 (Figure 3E) (Supplementary Table S5).
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Figure 3. Bar plots of the three harvest dates. (A) Total soluble solid; (B) firmness; (C), pH; (D) acidity;
(E) ratio TSS/acidity (A, first harvest date; B, second harvest date; C, third harvest date).

4. Discussion

In the case of tomatoes, the red color is an indicator of taste quality for the con-
sumer [19]. Based on the hue angle values ranging from 0 to 360° representing the color
of the fruit where the red color is represented by values below 50°, the closer the hue
angle values of tomato fruit are to 0, the redder it is [17]. In the third harvest date for most
of the hybrids, both external and internal hue angle values were highest, which means
that during this harvest date, the tomato fruits were less red than in the previous harvest
dates. That could be because the plants are no longer producing the same amounts of
ethylene due to their age [20]. Our values of hue angle and chromaticity were like the
values observed by other authors [21]. The increase in TSS in tomato fruit is due to the
breakdown of the starch, pectin, and sucrose chain present in the fruit at the green to ripe
stage, where this phenomenon provides individual glucose and fructose structures in ripe
fruits originating the sweet taste [22,23]. Ref. [24] mentioned that the titratable acidity
value of tomato ranges between 0.34 and 0.35%; however, this value tends to decrease as
the ripening process advances. In this work, we obtained a lower acidity value than the
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above-mentioned, which could be due to the ripening stage at which we harvested the
tomato fruits, which were red-ripe. Taste and flavor are increasingly recognized as key
components of tomato marketability, so more emphasis is now being placed on improving
traits such as TSS, acidity, and pH content in tomatoes. TSS is one of the most important
factors that determines fruit quality and affects the preferences of consumers [16,23]. That
is why, regardless of the date of harvest, TSS should be stable in hybrids that are going to
the fresh market. For tomatoes, several authors indicate an average pH between 3.78 and
5.25 [25-29]. Ref. [30] mentions that the pH of ripe tomatoes can exceed 4.6. In our study,
no significant differences were observed between the TSS of three harvesting dates. Our
pH values exceed 4.6 but are within the range mentioned by those authors.

Fruit firmness is another of the most important factors in determining tomato quality.
The USDA mentions that tomato fruits must be firm to be marketable [29]. We confirmed
that most of the hybrid tomatoes analyzed in this study met market standards in this
respect, as most of our firmness values were similar or higher than those found by other
authors [31,32]. It is very difficult to determine the texture of the inner structure of the
fruits by hand, even if some fruit looks very firm when touched by hand, so to determine
the exact firmness of the fruits, a tetrameter is needed [17]. The fruit firmness values of this
study were higher than those obtained by [32], who found an increase in firmness from
4.71 to 7.28 N when they analyzed three different hybrids in five different maturity stages.
According to [33], ripe tomato fruits with a firmness equal to or greater than 11 Newtons
are considered very firm and, consequently, have a longer shelf life. In reference to the
TSS/acidity ratio, it resulted in higher values in fruits with red aril; this factor is determined
by the sweet and sour balance of the fruit [34]. An increase in these two organic constituents
results in a consequent increase in flavor intensity. Particularly when sugar concentration
increases, flavor acceptability increases significantly. A high value of this ratio correlates
with a mild flavor, while low values correlate with a sour flavor. Consumer acceptability
tends to decrease with acid added at a given sugar concentration [35]. Many countries have
developed different quality standards to facilitate and ensure the exchange of products
and to define with precision the main aspects involved. For example, the United States
government reports its standards for the importation of fresh tomatoes [29]. In the case of
Mexico, the MCS tomato standard [28] indicates the different requirements of the product
for sale to the consumer. Based on these two standards, the tomato hybrids that we
analyzed during the three harvest dates met market standards. Statistically significant
differences were observed among the three dates of harvest for these parameters: firmness,
pH, titratable acidity, and external color. No statistically significant differences were
observed in the number of pathogen resistance genes present in the hybrids, nor was
there any possibility that these genes would affect the quality of tomato fruit produced by
these hybrids on the three harvest dates. The tomato hybrids analyzed maintain high fruit
quality regardless of the number of resistance genes. This result was expected because these
hybrids are advanced lines that were already genetically cleaned up to maintain quality
after gene introgression.

5. Conclusions

The results show that hybrids T-128 and T-132 best meet the requirements for the fresh
market and are in early maturation. This study confirmed that most of the tomato hybrids
analyzed during the three harvesting dates met the United States and Mexico standards to
be sold to consumers.
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