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Abstract: The use of elicitors or biostimulants such as salicylic acid (SA) is an emerging novel practice
to improve the yield and quality of crops since it plays an important role in the regulation of various
physiological and metabolic processes. The objective of this research was to study the effect of
the foliar application of SA on the nutraceutical quality and yield of tomato fruits. A completely
randomized experimental design with 10 repetitions was used. SA was applied at five doses
(0.025 mM, 0.05 mM, 0.075 mM, 0.1 mM, and 0.125 mM) every 15 days through foliar sprays after
transplantation, accumulating seven applications through the cycle. The response variables were
yield (total fruit weight per plant), fruit parameters (weight, diameter, firmness, and total soluble
solids), percentage of weight loss, and nutraceutical quality. The obtained results suggest that the
foliar spraying of SA improves the yield and biosynthesis of phytochemical compounds in tomato
fruits, compared to control plants. According to the results, it is advisable to use the dose of 0.125 mM
of SA since it has a higher content of bioactive compounds without compromising yield.
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1. Introduction

Tomato (Solanum lycopersicum L.), is the most consumed and cultivated horticultural species in the
world [1] and its fruit has a large number of phytochemical compounds that can improve health [2].
Therefore, studies to increase yield and nutraceutical quality are desirable; in this sense, an agronomic
biotechnology that allows us to stimulate yield and increase the biosynthesis of phytochemical
compounds in the plants is the use of elicitors [3]. Salicylic acid (SA) is a growth regulator [4] that
improves yield [5] and prolongs the shelf life of fruits [6]. In addition, SA can regulate the levels
of reactive oxygen species in plants by controlling the activity of protective enzymes and avoiding
or eliminating plant cell damage caused by oxygen stress [7]. The above is due to increases in
the activity of the enzymes phenylalanine ammonium lyase (PAL) [8] and peroxidases (POD) [9],
which improve the biosynthesis of antioxidant compounds in the plant [10]. Antioxidant compounds
have a chemical structure that prevents the formation of free radicals and can prevent diseases caused
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by oxidative stress [11]. Among the most important antioxidants are phenolic compounds, vitamins,
and carotenes [12] which provide anti-inflammatory, anticancer, antiviral, and antiallergic benefits [13].
From this perspective, the objective of this research was to determine the effect of the foliar application
of SA on the yield and nutraceutical quality of tomato fruits under soilless conditions.

2. Materials and Methods

The study was carried out in a greenhouse covered with a 720-caliber high density polyethylene film
and a semi-automatic cooling system (wet wall and extractors) (Figure 1), located at the Technological
Institute of Torreon, México (24°30’ and 27° NL, 102°00” and 104°40” WL, at an altitude of 1120 m).

Figure 1. Sahel hybrid tomato plants under greenhouse conditions; Technological Institute of
Torreén, México.

2.1. Experimental Design

A completely randomized experimental design was used with five doses of SA (0.025 mM,
0.05 mM, 0.075 mM, 0.1 mM, and 0.125 mM) and a control. Similar varying SA supply (0 mM, 0.1 mM,
0.5 mM, and 1.0 mM) on growth, mineral uptake, chlorophyll, carotenoid concentrations, and other
variables of crops have been previously tested and validated [14]. The effect of exogenous SA on
growth is dependent on concentration and plant species; usually, SA at relatively low concentrations
(less than 100 uM) enhances plant growth [15]. Accordingly, the selection of the applied doses was
made considering the results and suggestions of previous studies, aiming to find the doses that may
lead us to improve the nutraceutical fruit quality without compromising the yield of tomato [4-7].

Each dose had 10 repetitions, accomplishing 60 experimental units (EU); one EU consisted in one
plant grown in a plastic pot, establishing ten plants per treatment.

2.2. Plant Material and Experimental Conditions

Sahel hybrid tomato seedlings with six true leaves were transplanted into black polyethylene
plastic pots of 500 caliber of 15 kg capacity, which contained river sand and perlite (80:20) as the
substrate. The river sand was washed and disinfected with a 5% sodium hypochlorite solution.
The pots were placed in a double row, in a staggered arrangement, so that a density of four plants
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per square meter was obtained. A drip irrigation system was used to provide three irrigations per
day; each plant per day received 0.6 L from transplant to the beginning of flowering and 2.5 L to 3.5L
from flowering to harvest. The plants were guided to a stem and for support were staked with raffia
attached to the upper part of the greenhouse structure. The activity of pollinating agents was emulated
to maintain production using an electric brush at the beginning of flowering.

The nutrient solution for the plant was prepared according to Steiner [16]. The pH and electrical
conductivity were maintained at 5.5 dS m~! and 2.0 dS m~, respectively. The response variables were
yield and its components, percentage of weight loss, and the nutraceutical quality of the fruit.

The experimental doses were applied every 15 days through foliar spray from the transplant,
accumulating seven applications of SA through the life cycle. Pure SA (2-hydroxybenzoic acid,
Sigma Chemical Co. St. Louis, MO, USA) was initially dissolved in 100 mL of dimethylsulfoxide (pH
6.0-6.5) prepared with distilled water containing 0.02% Tween 20.

SA foliar sprays were carried out between 8:00 a.m. and 10:00 a.m. with a manual sprinkler.
In order to avoid spraying neighbor plants and a possible overlapping of treatments, a flexible plastic
barrier was used to isolate the application space.

2.3. Yield and Weight Loss of Fruits

For yield quantification, ten fruits per plant per repetition of each treatment were harvested
from the first to the fifth cluster when the fruits evidenced an intense red color. For estimating the
fruit weight loss, a sample of 10 fruits was collected from the last bunch; the fruits were exposed to
laboratory conditions, where the weight loss was taken seven days after harvest on a predefined scale
(bapred-3 brand Rhino). The difference was calculated with respect to the initial weight, registering the
data as percentage, according to the following expression:

WL(%) = IW — FW)/IW 1)
where, WL: Weight Loss; IW: Initial weight; FW: Final weight

2.4. Biophysical Fruit Quality and Firmness

The biophysical fruit quality was evaluated in three fruits taken at random from each cluster, from
each repetition of the treatments, measuring the average weight of the fruit, the polar and equatorial
diameter, the firmness of the fruit, weight loss, and total soluble solids.

Firmness was measured with a penetrometer (Fruit Hardness Tester FHT200, Extech®, Hsinchu,
Taiwan), with an 8 mM diameter strut. The readings were taken in the central part of the fruit and an
average was obtained, and the results were expressed in Newton units (N).

2.5. Total Soluble Solids, Total Phenols, Flavonoids and Antioxidant Capacity

The total soluble solids (TSS) were measured in °Brix; for this purpose, a drop of juice was
extracted from the fruit and the reading was taken in a manual refractometer from 0 to 32% (Master-«
2311, Atago®, Tokyo, Japan).

For nutraceutical determinations, fruits from the last harvested bunch were used, which, at
harvest time, were placed in a cooler to preserve their properties, then they were taken to a laboratory,
where they were crushed and freeze-dried. For vitamin C, samples of the fruits were taken under the
same conditions and the determination was made fresh.

For the nutraceutical quality assessment, total phenols were measured by means of colorimetry
using the Folin-Ciocalteau method [17]; for this purpose, 5 mL of 80% methanol were added toa 0.5 g
lyophilized sample to extract the compounds. A 750 pL solution of 2% Na,CO3; was added in a test
tube, adding 250 uL of 50% Folin-Ciocalteau reagent, and a volume of 1375 uL of deionized H,O
plus 250 uL of the sample extract. The absorbance was measured at 725 nm by spectrophotometry.
The results of total phenols were expressed in mg of gallic acid g~! of dry weight (mg GA g~! DW).
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The total flavonoids were analyzed according to the method of Zhishen et al. [18]. Compounds were
extracted with methanol. A quantity of 0.5 g of sample lyophilized was homogenized with 5 mL of
80% methanol. It was centrifuged at 4000 rpm for 10 min at 4 °C. In order to get the desired mix,
250 pL of the aliquot was placed in a test tube, followed by the addition of 75 pL. of NaNO, and
vortexed. After five minutes 150 uL of AlCl3 was added; then, a volume of 500 pL. of NaOH was added,
plus a volume of 2025 mL of H,O. The absorbance was immediately measured by spectrophotometry
at 510 nm. Flavonoids were quantified based on a standard catechin curve, based on dry weight
(mg CE g~! DW).

The antioxidant capacity was determined by the method proposed by Hsu et al. [19], using the
free radical 1,1-diphenyl-2-picryl-hydracil (DPPH), which has an absorption maximum of 517 nm.
The extract was obtained by macerating 1 g of lyophilized tomato sample in 5 mL of 80% methanol,
then centrifuging it at 6000 rpm for 10 min at a temperature of 4 °C, followed by extracting 0.5 mL of the
resulting supernatant. Finally, 2.5 mL of 0.1 mM DPPH solution were mixed, which was incubated for
60 min in the dark and cold. The absorbance was measured in an ultraviolet-visible spectrophotometer
at 517 nm. The white was measured using 0.5 mL of 80% methanol and 2.5 mL of 0.1 mM DPPH
solution. The results of the DPPH test were obtained with the following equation:

Inhibition percentage = (1 — X) x 100 )

X = As17 samples/As;7 white 3)

where results are expressed as inhibition percentage.

2.6. Lycopene Extraction and Vitamin C Content

The lycopene extraction was carried out according to Fish et al. [20], with some modifications.
Approximately 1 g sample (without seeds) was placed in 50 mL aluminum-covered test tubes while
on ice. An extraction solution (39 mL) of hexane, 0.05% (w/v) butylated hydroxytoluene (BHT) in
acetone, and 95% ethanol in a 1:1:1 ratio was added to the tubes and stirred for 10 min at 180 rpm.
Six mL of cold distilled water was added to each tube and stirred for an additional five minutes for
better separation of polar and nonpolar compounds. The tubes were then removed from shaking
and left for 15 min at room temperature to separate into polar and non-polar layers. The supernatant
was placed in new 15 mL aluminum covered test tubes and kept at —80 °C for further experiments.
The absorbance of the supernatant (hexane layer) containing lycopene was read three times using the
spectrophotometer at a wavelength of 503 nm. Absolute hexane was used as a blank.

The amount of lycopene in the tissues were estimated with the following expression:

Lycopene (mg kg_l DW) = (x/y) X Asgz x 3.12 4)

where, DW is dry weight, x is the amount of hexane (mL), y is the weight of the sample, Asg; is the
absorbance at 503 nm, and 3.12 the extinction coefficient.

The content of vitamin C was determined by the titration method based on fresh weight (FW) [21].
Fresh fruit samples of 10 g were taken, crushed together with 10 mL of 2% hydrochloric acid,
filtered, and made up to 100 mL with distilled water in an Erlenmeyer flask. A volume of 10 mL of the
dilute was titrated with 2.6 dichlorophenolindophenol (1 x 103 N) and the vitamin C content was
determined with the following equation:

(mL of 2.6 diclorofenolindofenol) (0.088) (total volume)(100)
(volume of aliquote) (weight of sample)

Vit C (mg per 100 g FW) = (5)
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2.7. Statistical Analysis

The results obtained were analyzed by analysis of variance and means comparison with the Tukey
test (p < 0.05) using the statistical package SAS (Statistical Analysis System Institute) version 9.3 [22].
The normality of data for each response variable was verified with the Kolmogorov-Smirnov Test;
the data of the antioxidant capacity and weight loss variables (both expressed as a percentage) were
normalized applying the arcsine and square root transformation [23].

3. Results

3.1. Yield

The SA foliar sprays at 0.05 mM increased the yield in 0.43 kg per plant, compared to the control
(Table 1), responding with a higher weight and number of fruits per plant; accordingly, previous studies
reported that SA increases the number of flowers and fruits per plant, thus ensuring a higher yield [24].

Table 1. Tomato yield components as affected by salicylic acid (SA) foliar sprays.

(SA) mM)  Fruit Number  Polar Diameter (mm) .Equatorlal Fruit Weight (g)  Yield (kg plant~1)
Diameter (mm)
0.00 216 +1.6b* 56.70 £8.5c* 419+ 6.6b* 100.7 9.6 NS 217+0.1b*
0.025 23.8 +2.7 ab 61.20 + 3.3 abc 474+41a 108.3 +9.06 257+03a
0.05 238+19ab 67.07 +46a 456 +4.2ab 108.9 +5.2 260+03a
0.075 250+32a 63.02 2.4 ab 475+09a 104.3 + 6.1 259+02a
0.100 225+2.8ab 61.20 + 2.7 bc 447 + 2.6 ab 107.5 + 15.5 244 £0.6 a
0.125 22.6 +4.04 ab 63.50 £ 2.9 ab 445 +5.1ab 108.8 +10.3 248+05a

Note. Values with same letters within a column are statistically similar. The significance level is represented by * at
0.05 according to Tukey, p < 0.05. NS: non-significant.

3.2. Fruit Quality

3.2.1. Firmness and Weight Loss

Among the quality parameters most appreciated by consumers is the firmness of fruits since
possible mechanical damages severely affect the shelf life of fruits after harvest [25]. The SA dose of
0.125 mM caused increases by 44.53% in the firmness and decreases by 60.38% in the weight loss of
fruits, as compared to the control (Table 2).

Table 2. Tomato fruit biophysical quality and weight loss as affected by SA foliar sprays.

SA (mM) Firmness (N) Weight Loss (%)  TSS (°Brix)
0.00 64+065c* 154+39a* 6.0+037c*
0.025 7.7 £ 091 be 150+ 1.37a 6.6 + 0.40 abc
0.05 8.5+ 0.99 ab 109 +247Db 6.2 +0.44 bc
0.075 8.7 £1.07 ab 11.3+342b 71+051a
0.100 8.9 +1.54ab 9.4+2.08c¢ 70+0.83a
0.125 92+19%a 93+43c¢ 6.9 +0.76 ab

Note. Values with same letters within a column are statistically similar. The significance level is represented by * at
0.05 according to Tukey, p < 0.05. N: Newton.

The results are similar to those of a previous study, where it was reported that SA increased
firmness by reducing the softening of fruits [26], delaying their ripening by avoiding the conversion of
1-aminocyclopropane-1-carboxylic acid (ACC) into ethylene which is responsible for cell senescence [27].

3.2.2. Total Soluble Solids (TSS)

Sugars are one of the most abundant components in fruits, accounting for most TSS [28]. Our results
show that SA increased TSS of fruits in 1.1 °Brix with the dose 0.075 mM (Table 2), which agree with
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results published by Baninaiem et al. [29], who reported significant increases of TSS in tomato fruits
caused by SA.

3.3. Nutraceutical Quality

3.3.1. Total Phenols and Flavonoids

The obtained results indicate that the foliar spray with 0.125 mM of SA promoted significant
increases in phenolic compounds and total flavonoids, estimated, respectively, at 40.1 and 166.76%
higher than the control (Table 3), being an effective biostimulant to maintain and enhance the phenolic
compounds and antioxidants, desirable [30] for human health purposes [31].

Table 3. Nutraceutical quality of tomato fruits as affected by SA foliar sprays.

SA (mM) Total Phenols Flavonoids Antiox. Capacity Lycopene Vitamin C
(mg GAg1DW) (mgCEg'DW) (% Inhibition) (mg kg~ DW) (mg 100 g1 FW)
0.00 189+£33b* 35+12c* 69.01+21b* 765+9.3b* 196+1.6c*
0.025 20.8 +0.8 ab 47 +0.1bc 72.04+£32b 85.9 + 2.3 ab 20.5+ 1.6 be
0.05 21.7+29ab 53+13bc 76.01 £ 1.3 ab 86.9 2.2 ab 23.7+1.7ab
0.075 232+29ab 59+ 1.6bc 8058 +7.4a 893+19a 247+12a
0.100 246+42a 6.8 +1.6ab 81.87+42a 895+22a 251+09a
0.125 264+42a 94+21a 8292+21a 895+22a 259+02a

Note. Values with same letters within a column are statistically similar. The level of significance is represented by *,
p < 0.05 according to Tukey Test. GA: gallic acid; CE: catechin equivalents.

3.3.2. Antioxidant Capacity

The results reflect a 20.15% inhibition increase for the antioxidant capacity in fruits treated
with 0.125 mM of SA, compared to the control (Table 3). These results are potentially beneficial for
consumers [32] and are similar to those published previously [33], confirming an increase in the
antioxidant capacity of tomato fruits treated with SA.

3.3.3. Lycopene and Vitamin C

Lycopene is the main carotenoid in tomato fruits, and it is considered that its intake can prevent
various diseases [34]. The foliar applications of SA improved up to 16.92% the lycopene content,
with the highest dose of SA, in relation to the control (Table 3). Similar increases of lycopene in tomato
fruits with SA applications were reported elsewhere [29,35].

The foliar applications of SA increased the vitamin C content in tomato fruits up to 25.9 mg 100 g™
FW (31.55% higher than control) (Table 3); as an antioxidant, vitamin C protects tissues from damage
caused by free radicals [36]. It is expected to play fundamental roles in tomato plants as one of the
most important antioxidants in their main defense system when facing different types of stress [37].

3.3.4. Regression and Correlation Analysis

The SA foliar sprays influence the nutraceutical parameters of tomato fruits in different intensities.
Pearson linear correlations and regression models are shown in Table 4. The response variable Total
Phenols (TP) reflected the strongest correlation with SA doses (r = 0.996), and Lycopene shows the
weakest correlation (r = 0.833). The variable that responded with the highest unit increases was
Flavonoids, reflecting six-units interval between the minimum and maximum values. On the other
hand, Lycopene was the variable with the lowest amplitude of response to the doses of SA application,
reflecting a difference of around 13 units between the maximum and minimum values.
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Table 4. Linear regression models (y = ax + b) and correlation coefficients for five nutraceutical quality
variables in response to SA foliar sprays.

Linear Regression Model

Response Variable (y) (Axis x: SA in mM) Correlation Coefficient (r) p (uncorr)
Total Phenols (TP) TP =57.6 SA + 19 0.996 0.0001
Flavonoids (Fl) F1=41.6 SA +3.333 0.958 0.0026
Antiox. Capacity (AC) AC =118.41 SA + 69.671 0.976 0.0009
Lycopene (Ly) Ly = 89.371 SA + 80.681 0.833 0.0397
Vitamin C (VitC) VitC = 52.914 SA +19.943 0.954 0.0031

Note. TP in mg GA g~! DW; Fl in mg CE g~! DW; AC in % Inhibition; Ly in mg kg~! DW; VitC in mg 100 g~} FW.
GA: gallic acid; CE: catechin equivalents.

4. Discussion

The increases reached in yield can be derived from many processes in which SA is involved,
including an increase in root growth [38]. Also, a greater absorption of nutrients, protein synthesis,
division, and cell differentiation, associated to an increase in yield, have been observed [39].
Previous studies reported an increase in yield with SA low doses, but decreases with high doses [40],
due to the oxidative stress that SA can cause and that the plant is unable to restore [41]. It is well known
that plants respond to SA in different ways, but this response is dependent on the type of cultivar,
environmental conditions, and SA concentration; in particular, tomato is a crop sensitive to this growth
regulator [42]. In this study, toxicity levels were not reached, since all the plants treated with SA
showed similar results. The highest SA doses (0.1 mM, 0.125 mM) improved the firmness, gaining a
higher resistance, and therefore, a greater postharvest durability [43]; in this sense, fruits with less
firmness evidence a higher weight loss during storage [44]. In contrast, a medium SA dose (0.075 mM)
promoted the highest value of TSS; in this context, the increase in TSS by SA is evidenced by the
higher content of pigments and carbohydrates, which accumulate directly in the fruits, thus increasing
the TSS [45]. A similar tendency was found for the phenolic compounds, as medium to high doses
promoted the highest values. This finding is quite relevant for the nutraceutical quality, as SA increases
the synthesis of antioxidant compounds like phenols, by stimulating a greater activity of phenylalanine
ammonium lyase (PAL), responsible for the synthesis of this kind of compound [8,46].

The improvement of nutraceutical attributes through the application of biostimulants or elicitors,
such as SA, is a response of plants to the stress caused by them, increasing the synthesis of phytochemical
compounds [47]. Among the most relevant antioxidants produced by tomato, lycopene is considered a
bioactive compound due to its importance related to the antioxidant capacity in vegetables, which is known to
increase when secondary metabolism is activated, a condition caused by SA applications [5,48]. The observed
increases of vitamin C in tomato fruits treated with foliar applications of SA were similar to those
reported previously by Hafeznia et al. [49], which is explained by a higher production of carbohydrates
promoted by SA, being effective precursors for the synthesis of ascorbic acid [50]. Plants synthesize
ascorbic acid mainly through the Smirnoff-Wheeler pathway, dominating in photosynthetic tissues;
carbohydrates are its main intermediaries [51].

5. Conclusions

The foliar spraying of SA increased the yield and the biosynthesis of phytochemical compounds
in tomato fruits, in relation to the control without application. In conclusion, to obtain a higher content
of bioactive compounds without affecting the yield and commercial quality of tomato fruits, it is
advisable to use a concentration of 0.125 mM of SA. Finally, it should be noted that the use of SA is a
viable and sustainable option to improve the yield and nutraceutical quality of horticultural crops.
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