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Abstract: Water shortage can be a restrictive factor for the growth and quality of vegetable crops.
Considering the alleviating effects of biostimulant application against water stress, this study aimed
to investigate the effect of four biostimulant products (protein and amino acids with carboxylic acids
(Tr1); protein and amino acids with seaweed extracts (Tr2); humic and fulvic acids with seaweed
extracts (Tr3); SiO2 (Tr4); and control (no biostimulants added)) and two irrigation systems (regulated
deficit irrigation (RDI)—65% of field capacity and regular irrigation (RI)—100% of field capacity)
on quality parameters of processing tomato fruit. Regulated deficit irrigation and biostimulant
application increased the energetic value, carbohydrates, and free sugars content, while organic acids
showed a variable response to biostimulant use. In terms of tocopherols (α-, β-, γ-, δ-) and carotenoids
(lycopene and β-carotene), regular irrigation and biostimulant application negatively affected their
content, while Tr3 treatment had a beneficial impact on these lipophilic compounds under RDI
conditions. The main fatty acids were palmitic (C16:0) and linoleic (C18:2n6) acids, which increased
when plants were treated with Tr3 and Tr1 biostimulants under a deficit regime. Antioxidant activity
(assessed by TBARS and OxHLIA assays) and total phenolic and flavonoids content also showed a
variable response to the studied factors. In particular, the application of Tr3 and the control treatment
under RDI increased the total phenolic content, while the control and Tr3 treatments under the same
irrigation regime recorded the highest antioxidant activity. In conclusion, our results indicate that the
adoption of eco-friendly strategies such as regulated deficit irrigation and biostimulant application
can beneficially affect the quality traits of processing tomatoes.

Keywords: water stress; Solanum lycopersicum L.; humic and fulvic acids; seaweed extracts; silicon;
bioactive compounds; antioxidant activity

1. Introduction

Tomato (Solanum lycopersicum L.) belongs to the Solanaceae family and is one of the
most consumable vegetables worldwide [1]. This fruit has high nutritional value due to
its rich content in carbohydrates, mainly free sugars, and also dietary fiber, protein, and
lipids [2–4]. The most important fatty acids are palmitic and linoleic acids, followed by
oleic, linolenic, and stearic acids in descending order [4]. Moreover, tomatoes contain
minerals such as magnesium (Mg), phosphorus (P), and calcium (Ca) and vitamins such as
B1, B2, B3, B5, and B6 [2]. They also have great antioxidant activity owing to carotenoids
such as β-carotene, lycopene, and lutein [5], which increases their value as a functional
food product [6].
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Recent changes in climate conditions have led to an increase in global temperature
and uneven distribution of annual precipitation [7,8], imposing extreme environmental
stresses on plants [9]. The limited availability of irrigation water throughout the growing
period requires the redesign of commonly applied farming practices [10], and farmers need
to shift to new, more sustainable cultivation methods [11]. In response to water shortage,
sustainable use of water resources through the adoption of water deficit irrigation scenarios
could save large amounts of water in the Mediterranean region [12–15]. Deficit irrigation is
an irrigation management strategy based on supplying water at levels lower than the crop
requirements at specific growth stages, thus helping to achieve water saving, while the
plants deal with regulated stress [16–18]. In particular, the proper use of deficit irrigation
not only improves water use efficiency but may also lead to balanced yield and fruit quality,
as soon as the impact of regulated water stress on tomato fruit quality has been properly
established [19–21]. For instance, the application of mild water stress in tomato plants
beneficially affected irrigation water use efficiency (IWUE) without resulting in reduced
yield compared to untreated (control) plants. [22]. In general, controlled deficit irrigation
strategies may affect fruit quality through the induction of bioactive compounds accu-
mulation which may beneficially affect consumers’ health [19]. Recent reports suggested
that the application of deficit irrigation in tomato crops may increase the accumulation of
carotenoids [23], reducing sugars, soluble solids content, total acids, and vitamin C and
enhancing their taste and sweetness [24]. Moreover, water deficit can increase antioxidant
activity, total flavonoids and total phenolic compounds content, and further increase the
bioactive properties of tomato fruit [19].

Non-microbial biostimulants are complex products that contain various compounds
of natural origin [25] and can be categorized into three main classes: humic substances,
seaweed extracts, and products that contain hydrolyzed proteins and amino acids [26,27].
The application of biostimulants on crops is a novel agronomic tool that can be integrated
in a green and sustainable crop production strategy [28], while recently they have been
extensively used in horticultural crops to improve their yield and quality and mini-
mize the negative effects of abiotic stresses through improving stress tolerance [9,29,30].
Their beneficial effects on crops could be attributed to the adjustment of plant metabolic
processes that are involved in stress responses [31], the improvement of nutrients and water
use efficiency, and the increase of tolerance to biotic and abiotic stresses [26]. Particularly in
tomato crops, biostimulant products based on seaweed extracts and protein hydrolysates
have been associated with improvement in plant growth, yield, and quality of fruit under
drought stress and deficit irrigation [18,32–36]. Moreover, Wang et al. [34] suggested that
animal-derived biostimulants (pig blood-derived protein hydrolysate) may alleviate the
negative effects of water stress through the regulation of photosynthetic processes and
osmoregulation, as well as by triggering the antioxidant mechanisms of tomato plants.
Similarly, Rouphael et al. [37] reported that the application of a legume-derived protein
hydrolysate (Trainer®) may improve the fruit yield and quality of greenhouse tomato,
while Ascophyllum nodosum extracts (Rygex (R) and Super Fifty (SF)) may allow tomato
plants to cope and adapt to salinity stress and eventually improve plant growth and fruit
quality. The application of a plant-based biostimulant that contained flavonoids and organic
acids on the foliage of tomato subjected to stress conditions showed protective effects on
the functions of photosynthetic machinery [28], while Francesca et al. [38] reported that
protein hydrolysates promoted hormonal biosynthesis in tomato plants grown under heat,
drought, or combined stress. Alfosea-Simón et al. [39] also highlighted the importance of
amino-acid-based biostimulants in sustainable cropping systems through the reduction of
agrochemical inputs. Biostimulants with complex composition such as Kendal Root that
contains Ascophyllum nodosum and plant extracts or fulvic acids of various sources may
alter morphological and physiological parameters and ultimately improve the yield and
quality of tomato fruit in a dose-dependent manner [1,31]. Other studies also suggested
the over-expression of genes that regulate physiological functions (e.g., cell homeostasis,
carbohydrates translocation and metabolism and stomatal closure, nutrients metabolism
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osmotic regulation) following the application of biostimulants containing magnesium
and polyphenols [40] or calcium [41]. Therefore, their application could counterbalance
the negative impacts of climate change, improving the sustainability of agricultural and
horticultural production systems and reducing inputs of valuable resources [39,40,42–44].
In the present study, a field experiment was carried out to evaluate the effect of biostim-
ulant application and regulated deficit irrigation on the chemical composition and fruit
quality of processing tomato. For this purpose, four biostimulant treatments combined with
two irrigation systems were tested, aiming to evaluate their potential use in sustainable
agronomic practices.

2. Materials and Methods
2.1. Description of Biostimulant Treatments and Experimental Design

The research was conducted at the University of Thessaly’s experimental farm dur-
ing the spring–summer growing season of 2021, in Velestino Greece (22.756 E, 39.395 N;
Figure 1). Tomato seedlings (Solanum lycopersicum L. cv. Heinz 1162) were transplanted
in the field on May 14, while harvest took place on August 6. Each experimental plot
was 10 m2, and plants were planted in rows at a distance of 0.75 × 0.45 m (plant den-
sity of approximately 30,000 plants ha−1). The soil was sandy clay loam (48% sand,
29% silt, and 23% clay), with pH 7.4 (1:1; soil:H20) and organic matter 1.3%. Four for-
mulations of biostimulants were used, namely Tr1: proteins (20%), free L-amino acids
(11%), short chain peptides (24%) of plant origin + carboxylic acids (5%); Tr2: proteins
(20%), free L-amino acids (11%), short chain peptides (24%) of plant origin + algae extract
(Laminaria digitata + Ascophyllum nodosum); Tr3: humic and fulvic acids balanced solution
+ algae extract (Laminaria digitata + Ascophyllum nodosum); Tr4: SiO2 (92%; w/w). All treat-
ments were applied by foliar spraying; plus for the control treatment (C: no biostimulants
added) plants were sprayed with water. All plants were spayed until runoff. Four appli-
cations were implemented throughout the growing period at regular intervals of 15 days,
e.g., two applications before flowering and two more after fruit setting and before harvest.
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Figure 1. The map of the experimental plot at the experimental farm of the University of Thessaly in
Velestino, Greece (22.756 E, 39.395 N).

2.2. Irrigation Treatments

Two levels of irrigation were applied (100% (RI) and 65% of field capacity (RDI)) via a drip
irrigation system. Irrigation was scheduled based on sensors (Delta T PR2/4 + HH2; Delta-T
devices Ltd., Burwell, UK) that measured the soil moisture content at 10 cm gradients up to
a depth of 40 cm. The total water input (irrigation + precipitation) throughout the growing
period for RI and DI treatments was the following: RI = 3540 m3 ha−1 and DI = 2190 m3 ha−1.
All plants received the same irrigation from transplantation (middle of May) to end of May (e.g.,
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480 m3 ha−1), while for the rest of the growing period (June until August) and till harvest, the
two levels of irrigation were applied (total irrigation water: 3060 m3 ha−1 and 1710 m3 ha−1

for RI and RDI treatments, respectively). Finally, plants received 356 m3 ha−1 of water through
precipitation (208 m3 ha−1 until the middle of May and 148 m3 ha−1 from the middle of May
until harvest). The amounts of water that plants received are shown in Figure 2. Meteorological
data are displayed in Figure 3.
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throughout the growing period. Two distinct periods are considered, namely from transplantation
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100% of field capacity; regulated deficit irrigation (RDI): 65% of field capacity) and from regulated
deficit irrigation until harvest.
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At the day of harvest (6th of August), all mature fruit were collected and pooled into
three batch samples for each treatment and stored in a deep-freezer for quality assessment as
described below. Prior to analysis, fruit were lyophilized and ground to a 20 mesh fine powder.

The experiment was laid out according to split-plot design using irrigation treatments
as the main plots and biostimulant applications as the sub-plots (Figure 4).
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Figure 4. The layout of the experiment. Tr1: proteins (20%), free L-amino acids (11%), short chain
peptides (24%) of plant origin + carboxylic acids (5%); Tr2: proteins (20%), free L-amino acids (11%),
short chain peptides (24%) of plant origin + algae extract (Laminaria digitata + Ascophyllum nodosum);
Tr3: humic and fulvic acids balanced solution + algae extract (Laminaria digitata + Ascophyllum
nodosum); Tr4: SiO2 (92%; w/w); C: no biostimulants added. RI: regular irrigation (100% of field
capacity); RDI: regulated deficit irrigation (65% of field capacity).

2.3. Chemical Composition Analysis
2.3.1. Proximate Composition and Energy

Tomato fruit samples were analyzed for protein, fat, and ash contents according to
the methods of the Association of Official Analytical Chemists (AOAC) methods [45].
In brief, the crude protein content (N × 6.25) was determined with the macro-Kjeldahl
method; the crude fat content was evaluated after Soxhlet extraction with petroleum ether;
and the ash content was evaluated after incineration in a muffle furnace (550 ± 15 ◦C).
For carbohydrates, the content was estimated by difference. The results are presented in
100 g of fresh weight (fw).

The energy value was determined according to the conversion factors of 9 kcal g−1 for
fat and 4 kcal g−1 for proteins and carbohydrates, while the results are presented in kcal
per 100 g fw.

2.3.2. Free Sugars and Organic Acids

Free sugars were determined in a high-performance liquid chromatography (HPLC)
system (Knauer, Smartline system 1000, Berlin, Germany) coupled to a refraction index
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(RI) detector, using melezitose as internal standard, according to the protocol previously
described in detail by Spréa et al. [46]. The identification of free sugars was performed after
the comparison of chromatographs with commercial standards, while internal standard
concentration was used for the quantification of the detected compounds (results are
presented as g per 100 g fw). The content of individual free sugars was used to calculate
the sweetness index (SI) of fruit through the formula [47]:

SI = fructose content × 2.30 + glucose content × 1.00 + sucrose content × 1.35

Organic acids were determined in an ultra-fast liquid chromatography (UFLC) sys-
tem (Shimadzu 20A series, Kyoto, Japan) coupled to a photodiode array detector (PDA)
based on the protocol previously described in detail by Pereira et al. [48]. The identifica-
tion of detected compounds took place after comparing chromatographs with commer-
cial standards and quantified (mg per 100 g fw) using the respective calibration curves
(r2 ≥ 0.994) constructed with oxalic acid (y = 8 × 106x + 331,789), malic acid (y = 942,562x + 38,506),
ascorbic acid (y = 5 × 107x + 449,262), and citric acid (y = 968,367x − 12,295). All standards were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.3.3. Fatty Acids, Tocopherols, and Carotenoids

The crude fat obtained after the Soxhlet extraction was subjected to a transesterification
process, following the protocol previously described by Spréa et al. [46]. The identification
of the detected fatty acids was performed by comparing the retention times of the sample
chromatographs with those of the standard mixture 47885-U from Sigma-Aldrich (St. Louis,
MO, USA). The results are presented as relative percentage.

Tocopherols were determined using an HPLC system coupled to a fluorescence detec-
tor (FP-2020, Jasco, Easton, MD, USA), based on the procedure previously described by
Pinela et al. [49]. The identification of the detected compounds took place after compar-
ing chromatographs with authentic standards, while quantification took place using the
internal standard method (results are presented as mg per 100 g fw).

Lycopene and β-carotene were estimated following the method previously optimized
by Nagata and Yamashita [50]. These compounds were extracted with acetone/hexane
(4:6, v/v), and the results of the optical density of the supernatant recorded at 453, 505, 645,
and 663 nm (Zuzi spectrophotometer, model 4255/50; Beriain, Navarra, Spain) were used
to calculate the concentrations (mg per 100 g fw) of both carotenoids.

2.4. Evaluation of Bioactive Properties
2.4.1. Preparation of Hydroethanolic Extracts

Each fruit sample (1 g of fine powder) was stirred with 30 mL of ethanol/water (80:20,
v/v) for 60 min at room temperature and then filtered through Whatman No. 4 paper.
The filtrate was collected, while the solid residue was extracted once more with an addi-
tional 50 mL of solvent. After that, both filtrates were combined and evaporated under
reduced pressure and then redissolved using the same solvent for further quantification of
total phenolic compounds and total flavonoids or using phosphate-buffered saline (PBS)
solution to assess antioxidant activity.

2.4.2. Total Phenolic and Flavonoids Contents

The total phenolic compounds (TPC) content was estimated using the Folin–Ciocalteu
method after modifications, as described in detail by Añibarro-Ortega et al. [51]. Gallic acid
(0.05–0.8 mg mL−1) was implemented to create the calibration curve y = 2.0372x + 0.043 (r2 = 0.9981),
and the results are presented as mg of gallic acid equivalents (GAE) per g of extract.

The total flavonoids (TF) content was estimated using the aluminium chloride method,
as previously described in detail by Añibarro-Ortega et al. [51]. Catechin (0.03125–1 mg
mL−1) was implemented to create the calibration curve y = 0.8578x + 2 × 10−5 (r2 = 0.9999),
and the results are presented as mg of catechin equivalents (CE) per g of extract.
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2.4.3. Thiobarbituric Acid Reactive Substances (TBARS) Assay

The tested samples were evaluated for their capacity to inhibit the formation of
thiobarbituric acid reactive substances, using the protocol previously described in detail by
Pinela et al. [49], and the results are presented as EC50 values (µg mL−1).

2.4.4. Oxidative Hemolysis Inhibition (OxHLIA) Assay

The capacity of the tested samples to inhibit oxidative hemolysis was performed using
the protocol previously described in detail by Lockowandt et al. [52], while PBS solution
was used as negative control, Trolox as positive control, and distilled water as baseline.
The results are presented as IC50 values (µg mL−1 at ∆t of 60 min).

2.5. Statistical Analysis

For chemical analysis, batch samples of fruit collected from each treatment were
analysed in triplicate, and the results are presented as mean ± standard deviation; the
decimal place of the uncertain digit of the mean was established by rounding the stan-
dard deviation to one significant figure. Prior to analysis, normal distribution and homo-
geneity of variance were assessed using the Shapiro–Wilk and Levene tests, respectively.
For data analysis, the one-way analysis of variance (ANOVA) was applied, while for means
comparison the Tukey’s honestly significant difference (HSD) test at p > 0.05 was employed.
All analyses were conducted using IBM SPSS Statistics software (Version 22.0, IBM Corp,
Armonk, NY, USA).

Additionally, principal component analysis (PCA) was carried out to detect the con-
tribution of each variable to the total diversity and classify the tested biostimulants and
irrigation regimes based on chemical composition and antioxidant activities of processing
tomato fruit. All statistical analyses were carried out using the StatGraphics Centurion-XVII
statistical package (StatPoint Technologies Inc., Warrenton, VA, USA).

3. Results and Discussion
3.1. Nutritional Value

The results of tomato nutritional value are displayed in Table 1. In general, regulated
deficit irrigation (RDI) decreased the moisture content of tomato fruits compared to regular
irrigation (RI). Similarly, Mu and Fang [53] mentioned that tomato water content increased
with increasing soil water content and water availability. Moreover, the application of bios-
timulants significantly enhanced fruit moisture content compared to the control treatment
when plants received regular irrigation, whereas at regulated deficit irrigation treatments
Tr2 (protein and amino acids with seaweed extract) and Tr3 (humic and fulvic acids with
seaweed extract) resulted in the lowest moisture content.

Table 1. Proximate composition and energy value of the tested tomato samples (mean ± SD; n = 3).

Regulated Deficit
Irrigation

Moisture
(g 100 g−1 fw)

Proteins
(g 100 g−1 fw)

Crude Fat
(g 100 g−1 fw)

Ash
(g 100 g−1 fw)

Carbohydrates
(g 100 g−1 fw)

Energy
(kcal 100 g−1 fw)

Tr1 92.7 ± 1.8 c 1.04 ± 0.03 bc 0.082 ± 0.003 b 0.47 ± 0.02 d 5.7 ± 0.2 b 27.9 ± 0.1 bc
Tr2 92.1 ± 1.6 d 1.04 ± 0.02 bc 0.075 ± 0.005 cd 0.61 ± 0.03 a 6.2 ± 0.2 a 29.7 ± 0.8 a
Tr3 92.0 ± 0.7 d 1.25 ± 0.03 a 0.075 ± 0.005 cd 0.59 ± 0.02 a 6.1 ± 0.2 a 30.1 ± 0.8 a
Tr4 92.8 ± 1.3 c 1.07 ± 0.06 b 0.062 ± 0.003 f 0.59 ± 0.03 a 5.5 ± 0.2 b 26.6 ± 0.8 c
Control 92.5 ± 0.5 c 1.28 ± 0.02 a 0.077 ± 0.003 c 0.55 ± 0.02 b 5.6 ± 0.2 b 28.2 ± 0.8 b

Regular Irrigation Moisture
(g 100 g−1 fw)

Proteins
(g 100 g−1 fw)

Crude fat
(g 100 g−1 fw)

Ash
(g 100 g−1 fw)

Carbohydrates
(g 100 g−1 fw)

Energy
(kcal 100 g−1 fw)

Tr1 94.0 ± 1.3 a 1.01 ± 0.01 c 0.066 ± 0.001 ef 0.50 ± 0.01 c 4.4 ± 0.2 de 22.2 ± 0.8 e
Tr2 93.8 ± 1.1 a 0.86 ± 0.03 d 0.070 ± 0.004 de 0.49 ± 0.02 cd 4.7 ± 0.2 cd 23.0 ± 0.8 e
Tr3 93.9 ± 1.5 a 0.86 ± 0.01 d 0.077 ± 0.005 bc 0.49 ± 0.01 cd 4.6 ± 0.2 d 22.7 ± 0.8 e
Tr4 94.2 ± 2.2 a 1.05 ± 0.03 bc 0.069 ± 0.002 e 0.50 ± 0.02 c 4.2 ± 0.2 e 21.7 ± 0.8 e
Control 93.3 ± 1.4 b 1.04 ± 0.05 bc 0.090 ± 0.005 a 0.55 ± 0.03 b 5.1 ± 0.2 c 25.2 ± 0.7 d

Means in the same column followed by different Latin letters are significantly different according to Tukey’s HSD
test at p = 0.05.
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According to Mannino et al. [54], the biostimulant dosage (application of Expando®

three or four times throughout the growing period at 1.5 mL L−1) may affect tomato fruit
moisture and can lead to decreased values at the highest application rates. The protein
content ranged from 0.86 to 1.28 g 100 g−1 fw, while biostimulant application showed
decreasing trends or no effects compared to the control treatments for both irrigation
regimes. On the other hand, protein content increased under RDI conditions, especially in
the case of Tr2, Tr3, and the control treatments. According to Wang et al. [34], biostimulant
application (pig blood-derived protein hydrolysate applied at 1 g L−1, 2 g L−1 and 3 g
L−1) can increase the fruit protein content in tomato plants grown under drought stress
due to improved osmolyte accumulation. Moreover, Stagnari et al. [55] mentioned that
drought stress favors the accumulation of proteins, a finding which is in line with the
results of the present study, while Mu and Fang [53] and Jin et al. [19] also associated water
stress with increased accumulation of osmolytes. In terms of fat content, biostimulant
application resulted in decreased values compared to the control treatment under regular
irrigation, whereas RDI had no effect or increased fat content (except for Tr4 (SiO2) where
a decrease was recorded). These findings are in accordance with Fernandes et al. [4],
who also mentioned that full irrigation led to increased fat content and further reported a
varied response depending on the biostimulant composition (Twin-Antistress, x-Stress and
Nomoren applied three times at recommended doses).

The ash content was not affected by irrigation regime; however, when RDI was
combined with the application of Tr2, Tr3 and Tr4 treatments, a significant increase by
up to 9% compared with the control treatment was recorded. In contrast, all the tested
biostimulants led to significantly reduced ash compared with the control treatment under
regular irrigation. In contrast to our study, Mannino et al. [54] reported that biostimulant
usage (application of Expando® three or four times throughout the growing period at
1.5 mL L−1) had no significant impact on ash content of tomato fruit. This difference that
could be attribute to the application regime, since in our study all biostimulants tested were
applied before flowering and after fruit setting compared to applications after flowering
that Mannino et al. [54] performed. Regulated deficit irrigation significantly increased
carbohydrates and energy content for all the biostimulants tested, while treatments Tr2 and
Tr3 resulted in the highest overall content. Mannino et al. [54] also suggested a positive
impact of biostimulant application on sugars and energy content of tomato fruit, although
they suggested a dose-dependent response.

3.2. Free Sugars and Organic Acids

The main free sugars detected in the studied tomato samples were fructose, glucose,
and sucrose in descending order ranging from 2.04 to 3.3 g 100 g−1 fw, 0.57 to 1.58 g
100 g−1 fw, and 0.01 to 0.06 g 100 g−1 fw, respectively (Table 2). Lipan et al. [56] also
identified fructose and glucose as the main sugars in tomato samples, while they also
suggested an increase under prolonged regulated deficit irrigation. Similarly to our study,
deficit irrigation led to increased reducing sugars and soluble solid content of tomato fruits
has been reported in several other studies [19,23,24,53]. This finding could be associated
with a concentration effect and the lower fruit moisture content under deficit irrigation,
as well as to induced accumulation of sugars as an adaptation to stress conditions [55].
Under water deficit irrigation, some stress regulatory genes have been identified in tomato
fruit and can enhance sugar accumulation and increase the sweet taste of tomatoes [24].

Regarding the effect of biostimulant application, regulated deficit irrigation combined
with biostimulant application resulted in increased content of free sugars compared to
the respective controls (no biostimulant added), apart from the case of sucrose where the
highest content was measured for the control treatment. On the other hand, biostimulant
application did not have a positive effect on free sugars content for plants grown under
regular irrigation, thus suggesting the stress mitigation effects of the tested biostimulants.
In particular, the highest values of fructose and glucose were measured for Tr1 treatment
under deficit irrigation. Considering the contribution that free sugars may have on fruit
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taste, the sweetness index increased under RDI conditions compared to the respective
treatments of RI regardless of the biostimulant application, while Tr1 treatment recorded
the highest value (9.22) under deficit irrigation. Several previous studies have reported
that the use of biostimulants such as seaweed extract (Ascophyllum nodosum; three doses
of Kendal Root at 2.5, 5.0, and 10 L ha−1; five doses of Ascophyllum nodosum extracts
at 0, 0.1, 0.2, 0.3 and 0.4%; three doses of liquid seaweed extracts at 0.2, 0.4, and 1.0%),
animal-derived (pig blood-derived protein hydrolysate applied at 1 g L−1, 2 g L−1, and
3 g L−1) and legume-derived protein hydrolysate (eight applications of Bioup® TF at
0.1%, v/v; four applications of Trainer® at 4 mL L−1) may increase total sugars content
[1,18,29,37,57,58]. This positive effect could be due to increased photosynthetic efficiency
that was recorded after the application of biostimulant, which resulted in enhanced sugar
accumulation [1], since soluble sugars can support osmotic balance and stabilize cell mem-
branes under stress conditions [59]. In contrast, the use of biostimulants under regular
irrigation resulted in decreased content of fructose, while glucose either decreased (Tr3 and
Tr4 treatments) or remained unaffected (Tr1 and Tr2) compared to the control treatment.
These findings are in accordance with those of Distefano et al. [60] who suggested that
a plant-derived biostimulant (eight applications of Bioup® TF at 0.1%, v/v) negatively
affected the accumulation of fructose and glucose in tomato fruit grown at optimum con-
ditions. Moreover, it is interesting to highlight that Tr1 treatment had noticeable effect on
free and total sugars content regardless of the irrigation regime. This finding is in accor-
dance with the study of Alfosea-Simón et al. [39] who suggested that the use of amino acids
(foliar application of tyrosine, lysine, methionine, and their mixture at 15 mM) can increase
fructose and glucose content in tomato leaves as they enhance the C influx in the plant.

Table 2. Free sugars and organic acids composition of the tomato samples (mean ± SD; n = 3).

Free Sugars (g 100 g−1 fw) Organic Acids (mg 100 g−1 fw)

Regulated
Deficit
Irriga-
tion

Fructose Glucose Sucrose Total Oxalic Acid Malic Acid Ascorbic
Acid Citric Acid Total

Tr1 3.3 ± 0.2 a 1.58 ± 0.08 a 0.040 ± 0.002 b 4.9 ± 0.2 a 71 ± 1 c 544 ± 14 b 14.5 ± 0.2 c 754 ± 21 d 1383 ± 12 c
Tr2 2.74 ± 0.06 c 1.36 ± 0.05 c 0.030 ± 0.001 c 4.13 ± 0.02 c 48 ± 3 f 616 ± 26 a 17.0 ± 0.7 a 815 ± 29 c 1497 ± 59 b
Tr3 2.4 ± 0.2 d 1.02 ± 0.06 d 0.030 ± 0.002 c 3.4 ± 0.2 d 61 ± 2 d 473 ± 19 c 7.9 ± 0.2 f 821 ± 25 c 1362 ± 7 c
Tr4 3.05 ± 0.08 b 1.48 ± 0.05 b 0.040 ± 0.002 b 4.57 ± 0.04 b 61 ± 4 de 602 ± 29 a 16.3 ± 0.2 b 724 ± 30 e 1403 ± 63 c
Control 2.37 ± 0.02 d 1.00 ± 0.05 d 0.060 ± 0.003 a 3.43 ± 0.04 d 57 ± 3 e 588 ± 39 a 13.3 ± 0.2 d 941 ± 9 a 1599 ± 12 a

Regular
Irriga-
tion

Fructose Glucose Sucrose Total Oxalic Acid Malic Acid Ascorbic
Acid Citric Acid Total

Tr1 2.2 ± 0.1 e 0.91 ± 0.05 e 0.030 ± 0.001 d 3.16 ± 0.08 ef 57 ± 2 de 329 ± 16 d 3.8 ± 0.1 g 634 ± 7 f 1024 ± 25 e
Tr2 2.04 ± 0.09 f 0.97 ± 0.07 de 0.0100 ± 0.0003 e 3.0 ± 0.2 f 49 ± 4 f 276 ± 9 e 0.50 ± 0.01 j 577 ± 18 g 902 ± 10 g
Tr3 1.84 ± 0.04 g 0.75 ± 0.04 f 0.010 ± 0.001 e 2.60 ± 0.09 g 61 ± 2 de 321 ± 22 d 2.6 ± 0.1 h 701 ± 10 e 1085 ± 30 d
Tr4 1.88 ± 0.05 g 0.57 ± 0.02 g 0.0100 ± 0.0002 e 2.46 ± 0.06 g 102 ± 3 a 303 ± 6 de 1.7 ± 0.1 i 565 ± 20 g 972 ± 10 f
Control 2.33 ± 0.02 de 0.95 ± 0.05 de 0.010 ± 0.001 e 3.30 ± 0.03 de 77 ± 6 b 541 ± 25 b 11.8 ± 0.5 e 888 ± 15 b 1517 ± 36 b

Means in the same column followed by different Latin letters are significantly different according to Tukey’s HSD
test at p = 0.05.

The main organic acids were citric acid (561–941 mg/100 g fw), followed by malic acid,
oxalic acid, and ascorbic acid (Table 2). According to Fernandes et al. [4], citric, malic, and
oxalic were also the main organic acids of tomato, whereas ascorbic acid was detected in trace
amounts. Moreover, a varied response was recorded to the irrigation regime and biostimulant
treatment of the total and individual organic acids content. In particular, the highest value of
oxalic acid was observed for treatment Tr4 under regular treatment, while the same treatment
was not different from the control under regular irrigation. Tr1 and Tr3 treatments increased
oxalic acid content by up to 19.7% under deficit irrigation, whereas the lowest content was
recorded for Tr2 treatment for both irrigation regimes. Considering the anti-nutritional effects
of oxalic acid, the application of proteins and amino acids combined with seaweed extract
could reduce its content and improve the nutritional value of tomato fruit.

In terms of malic acid, the values in tomato samples ranged from 276 to 616 mg
100 g−1 fw, while RDI significantly increased malic acid content compared to regular ir-
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rigation for the respective biostimulant treatments. Particularly, the highest values were
recorded for treatments Tr2 and Tr4 without being significantly different from the con-
trol. According to the literature, plant-derived protein hydrolysates (four applications
of Trainer® at 3 mL L−1 or 4 mL L−1) led to enhanced malic acid accumulation [58,61].
In contrast, under regular irrigation, biostimulant application reduced malic acid content
in comparison with the control treatment, a finding which was also reported by Distefano
et al. [60]. Regarding ascorbic acid, biostimulant application resulted in a decrease under
regular irrigation, while the opposite trend was recorded for RDI (except for Tr3 treatment
where a decrease over the control was noted) ranging from 7.9 to 17.0 mg 100 g−1 fw.
As mentioned before, the application of amino acids can modulate the metabolic processes
in plants, influencing the accumulation of organic acids [39,62], especially under water
deficit conditions when they serve as osmoprotectants [19]. In contrast to the present study,
the application of Ascophyllum nodosum extract (three doses of Kendal Root at 2.5, 5.0, and
10 L ha−1) and plant-derived protein (four applications of Trainer® at 3 mL L−1) led to a
higher concentration of ascorbic acid [1,58], while Rouphael et al. [37] suggested that a high
dose of plant-based protein (5 mL L−1) can enhance ascorbic acid accumulation by direct
or indirect effects on the biosynthesis of antioxidant compounds.

Citric acid was the richest organic acid in tomato fruit, with a content that ranged
from 565 to 941 mg 100 g−1 fw. It is interesting to mention that citric acid content was
negatively affected by biostimulant application regardless of the irrigation regime, since the
control treatments (no biostimulants added) recorded the highest content. Moreover, RDI
resulted in increased citric acid content for all the biostimulant treatments in comparison to
the respective treatments under regular irrigation. This trend was also recorded for total
organic acids content where both control treatments (no biostimulants added) recorded the
highest values compared to the rest of the biostimulant treatments of the same irrigation
regime. Previously, Mu and Fang [53] suggested that increasing soil water content resulted
in gradually decreased organic acids, while fruit acidity can be affected by water stress
through osmotic adjustments that include the synthesis of sugars and organic acids [10,56].
Considering that the flavor of tomato fruit is determined by sugar and acid contents, the
application of biostimulants and deficit irrigation may alter the balance of sugars and
organic acids and improve its organoleptic properties [63].

Free sugars and organic acids content are important for fruit quality since they de-
termine flavor and taste and eventually consumer acceptance [64], while the ratio of the
content of free sugars:organic acids is a useful index for fruit quality assessment and the
determination of ripening stage [65]. The combined effect of irrigation regime and bios-
timulant application on this index did not show a specific trend since RDI increased the
ratio values only in the case of Tr1 and Tr4 treatments (3.54 and 3.25; and 3.08 and 2.53;
for RDI and RI conditions, respectively), whereas the opposite trend was recorded for Tr2
treatment (2.76 and 3.32 for RDI and RI conditions, respectively). These results could be
associated with the osmoregulatory role of free sugars which tend to increase under water
deficit conditions [64], while biostimulant application may also alleviate negative effects of
water shortage through regulation of photosynthetic and biosynthetic processes [34,66].

3.3. Tocopherols and Carotenoids

The tested tomato samples contained all the tocopherols, although α-tocopherol was
most abundant, followed by γ-tocopherol with values ranging from 212 to 555 and 42
to 233 µg 100 g−1 fw for α- and γ-tocopherol, respectively (Table 3). Tocopherols occur
in plant-based foods, and there are different isomers (α-, β-, γ-, and δ-), with α- and γ-
tocopherol being the most common [67], while Distefano et al. [60] also mentioned that
α-tocopherol is the main isoform of vitamin E in tomato fruit, whereas β-tocopherol had
the lowest content. In previous reports, biostimulant application (three or four applications
of Expando® throughout the growing period at 1.5 mL/L−1) increased the tocopherol
content from 398 to 445 µg 100 g−1 fw [54], while Fernandes et al. [4] mentioned that
biostimulant application (Twin-Antistress, x-Stress and Nomoren applied three times at
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recommended doses) combined with limited irrigation can lead to variable results in terms
of tocopherol content. Similarly, in our study there was not a certain impact of irrigation
and biostimulant application. In particular, the maximum concentrations of α-, γ- and total
tocopherols were recorded in the Tr3 treatment, while the general trend showed increased
contents of tocopherols under RDI conditions compared to the respective biostimulant
and the control treatments under regular irrigation. The only exception was β-tocopherol
where a varied response was recorded in terms of biostimulant application and irrigation
regime. Pereira et al. [68] also suggested that the application of certain biostimulants
under water stress conditions may increase α-tocopherol and total tocopherols in spinach
plants. This finding could be attributed to the main role of tocopherols as important
antioxidants involved in the mechanisms of plants responsible for adaptation to abiotic
stresses such as water stress [69,70]; hence, the increased content under deficit irrigation.
Finally, δ-tocopherol was detected only under RDI in Tr1, Tr2 and Tr3, with the highest value
being observed in Tr1. Considering the varied response in terms of β- and δ-tocopherol,
it could be suggested that biostimulant composition is important for tocopherols profile
in tomato fruit. Similarly, Distefano et al. [60] also reported that the application of a
plant-derived biostimulant (eight applications of Bioup TF® at 0.1%, v/v) may increase
β-tocopherol content, while the same authors and Fernandes et al. [4] did not detect
δ-tocopherol in any of the studied tomato fruit samples.

Table 3. Tocopherols and carotenoids composition of the tested tomato samples (mean ± SD; n = 3).

Tocopherols (µg 100 g−1 fw) Carotenoids (µg 100 g−1 fw)

Regulated
Deficit
Irrigation

α-Tocopherol β-Tocopherol γ-Tocopherol δ-Tocopherol Total Lycopene β-Carotene

Tr1 520 ± 6 b 58 ± 1 c 143 ± 3 b 11.5 ± 0.3 a 732 ± 10 b 404 ± 4 g 346 ± 4 c
Tr2 448 ± 4 c 73 ± 3 b 108 ± 1 c 9.8 ± 0.4 b 639 ± 9 c 728 ± 8 b 506 ± 4 a
Tr3 555 ± 29 a nd 233 ± 11 a nd 788 ± 39 a 761 ± 16 a 515 ± 26 a
Tr4 406 ± 12 d 78 ± 1 a 110 ± 1 c 6.9 ± 0.5 c 601 ± 11 d 568 ± 9 c 398 ± 11 b
Control 408 ± 4 d 33 ± 1 h 99 ± 1 d nd 540 ± 6 e 489 ± 5 e 391 ± 1 b

Regular
Irrigation Fructose Glucose Sucrose Total Oxalic Acid Malic Acid Ascorbic Acid

Tr1 212 ± 3 g 52 ± 2 e 51 ± 2 h nd 314 ± 7 h 238 ± 14 j 199 ± 4 f
Tr2 213 ± 2 g 36 ± 2 g 63 ± 4 f nd 312 ± 4 h 358 ± 14 h 224 ± 18 e
Tr3 215 ± 2 g 18 ± 1 i 42 ± 2 i nd 275 ± 5 i 272 ± 5 i 191 ± 7 f
Tr4 290 ± 3 f 55 ± 2 d 56 ± 2 g nd 401 ± 8 g 544 ± 6 d 337 ± 22 cd
Control 319 ± 10 e 48 ± 2 f 79 ± 2 e nd 446 ± 14 f 441 ± 5 f 321 ± 7 d

Means in the same column followed by different Latin letters are significantly different according to Tukey’s HSD
test at p = 0.05; nd: not detected.

Lycopene and β-carotene were the main carotenoids detected in tomato fruit (Table 3), since
they usually represent almost 75% of tomato carotenoids [59]. In particular, under RDI, Tr2 and
Tr3 treatments increased carotenoids content in comparison to the control treatment, while all
biostimulant treatments enhanced carotenoids content under deficit irrigation in comparison to
the respective treatments under regular irrigation (except for Tr1 where lower content than the
control was recorded). Water limitation seemed to enhance lycopene andβ-carotene accumulation
in fruits [55,56] and can lead to increased carotenoid biosynthesis, favoring the accumulation
of lycopene [23]. Moreover, concentration effects could partly explain the increased content of
carotenoids under RDI conditions, since water scarcity may lead to lower moisture content in fruit
as recorded in our study [71,72]. According to literature reports, the effect of biostimulants
on this trait may vary, as Hernández-Herrera et al. [59] observed that liquid seaweed
extract (0.2, 0.4, and 1.0%) had no significant impact on carotenoid content, whereas Paul
et al. [32] mentioned that plant-based protein hydrolysate (two foliar sprays of nine protein
hydrolysates applied at 1%) may reduce the accumulation of carotenoids. In contrast, Colla
et al. [57], Rouphael et al. [37], and Subramaniyan et al. [1] observed that legume-derived
protein hydrolysates and seaweed extracts of Ascophyllum nodosum increased lycopene
accumulation by up to 34.9%. Colla et al. [57] also suggested a positive correlation between
lycopene and potassium concentration and reported that biostimulant application seemed
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to benefit lycopene accumulation through the increase in mineral uptake. The positive
impact of biostimulant application (four applications of Trainer® at 3 mL L−1 [58] and
application of corn straw-derived fulvic acids with different methods and doses [31])
improving mineral uptake has also been suggested, whereas Costan et al. [73] did not
observe any effects from Si application (2 mmol L−1 K2SiO3) on mineral composition of
hydroponically grown tomato fruit. Moreover, considering the importance of pigments on
photosynthetic apparatus, the increase in carotenoids after biostimulant application may
justify their stress alleviation effects [59].

3.4. Fatty Acids

Seventeen fatty acids were identified in total, while the main ones (those detected in
amounts higher than 1%) are presented in Table 4. A variable response to the irrigation
system and biostimulant application was observed. In particular, the most abundant fatty
acids were palmitic acid (C16:0; values ranged between 24.9% and 52.0%), followed by
linoleic acid (C18:2n6c; 21.0% and 43.0%), and oleic acid (C18:1n9; 5.0% to 24.4%). Re-
garding the particular treatments, Tr3 recorded the highest palmitic acid content, fruit
from plants treated with Tr1 were the most abundant in linoleic and oleic acids, while
Tr2 and Tr4 treatments significantly increased linolenic and myristic acids. On the other
hand, no specific trends were observed regarding the effect of irrigation regime. More-
over, saturated fatty acids (SFA) were the most abundant class of fatty acids (values
ranged between 26.3% and 68%), followed by monounsaturated (MUFA) and polyun-
saturated (PUFA) (values ranged between 5.0% to 27% and 24% to 47.1%, respectively).
Similarly, Mannino et al. [54] identified palmitic, linoleic, and oleic acids as the main fatty
acids in tomato fruit, while they suggested that the use of a biostimulant based on seaweed
and yeast extract (application of Expando® three or four times at 1.5 mL L−1) affected the
fatty acids in a dose-dependent manner. In a previous study, Zhang et al. [74] mentioned
that protein hydrolysates combined with seaweed extracts (Clever HX® at 10%, Ascovip®

at 10% and their combination at 5% each) can modify the fatty acids biosynthetic pathways,
thus indicating the regulatory role of biostimulants in fatty acids biosynthesis.

The ratio of PUFA/SFA evaluates the influence of diet on cardiovascular health,
assuming that PUFAs can depress low-density lipoprotein cholesterol, while SFAs lead to
high levels of cholesterol in serum. Therefore, a high ratio is an index of positive health
effects [75]. In our study, the values of PUFA/SFA ratio were higher than 0.45 for Tr1,
Tr2, and the control treatment under deficit irrigation, as well as for Tr4 and the control
treatment under regular irrigation, a finding which indicates that these treatments may
enhance the nutritional value of tomato fruit. Similar to our study, Fernandes et al. [4]
reported that irrigation systems and biostimulants (Twin-Antistress, x-Stress and Nomoren
applied three times at recommended doses) can lead to a variable response of fatty acid
concentration. In terms of the n6/n3 ratio, the highest values were recorded under regular
irrigation and the application of Tr2, Tr3, and Tr4 biostimulants and the control treatment,
while RDI resulted in decreased values of this particular ratio. The recorded values for
all the treatments were higher than 4.0, which is considered the upper threshold for high
nutritional value (i.e., the ratio must be lower than 4.0) [76,77], although Tr2 treatment
under RDI recorded the lowest overall value.
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Table 4. Fatty acids composition of the tested tomato samples (mean ± SD; n = 3).

Fatty Acids Categories

Deficit
Irrigation C14:0 C16:0 C18:0 C18:1n9 C18:2n6 C18:3n3 C20:0 C23:0 C24:0 SFA MUFA PUFA PUFA/SFA n6/n3

Tr1 0.62 ± 0.04 e 24.9 ± 0.3 g nd 24.4 ± 0.8 a 40.3 ± 0.5 a 6.1 ± 0.4 b nd 0.26 ± 0.02 nd 26.3 ± 0.3 h 27 ± 1 a 47 ± 1 a 1.79 ± 0.04 a 6.5 ± 0.2 c
Tr2 0.75 ± 0.01 c 27 ± 1 f nd 21.6 ± 0.6 b 38.4 ± 0.5 b 7.5 ± 0.2 a nd 0.34 ± 0.01 1.03 ± 0.04 b 30 ± 1 g 23 ± 1 b 47.1 ± 0.3 a 1.59 ± 0.04 b 5.1 ± 0.1 d
Tr3 1.00 ± 0.06 b 52 ± 1 a 9.0 ± 0.4 c 5.5 ± 0.4 fg 24 ± 2 f 3.3 ± 0.1 c 1.09 ± 0.07 cd 2.1 ± 0.2 0.65 ± 0.02 f 67 ± 1 ab 5.9 ± 0.3 f 27 ± 2 c 0.40 ± 0.02 d 7.1 ± 0.5 c
Tr4 1.18 ± 0.06 a 50 ± 1 b 9.3 ± 0.1 c 5.1 ± 0.1 g 23.2 ± 0.9 f 2.6 ± 0.1 d 1.01 ± 0.03 e 3.7 ± 0.1 0.97 ± 0.07 c 68 ± 1 a 5.4 ± 0.1 g 27 ± 1 c 0.39 ± 0.01 d 9.00 ± 0.01 b
Control 0.73 ± 0.05 c 47 ± 1 c 11.1 ± 0.6 a 5.9 ± 0.1 ef 27 ± 1 cd 3.2 ± 0.1 c 1.22 ± 0.06 b 1.20 ± 0.03 0.63 ± 0.04 f 63 ± 1 d 6.3 ± 0.1 ef 31 ± 1 b 0.48 ± 0.01 c 8.5 ± 0.1 b

Regular
Irrigation C14:0 C16:0 C18:0 C18:1n9 C18:2n6 C18:3n3 C20:0 C23:0 C24:0 SFA MUFA PUFA PUFA/SFA n6/n3

Tr1 0.72 ± 0.01 c 45 ± 2 d 9.0 ± 0.4 c 15.5 ± 0.2 d 21 ± 1 g 2.2 ± 0.1 ef 1.04 ± 0.07 de 2.34 ± 0.09 0.73 ± 0.03 e 61 ± 2 e 15.7 ± 0.2 d 24 ± 1 d 0.39 ± 0.02 d 9.6 ± 0.6 b
Tr2 0.70 ± 0.03 cd 50 ± 1 b 10.0 ± 0.3 b 5.0 ± 0.4 g 26 ± 1 de 2.2 ± 0.2 ef 1.13 ± 0.02 c 2.89 ± 0.04 0.80 ± 0.05 d 67 ± 2 ab 5.2 ± 0.4 g 28 ± 1 c 0.42 ± 0.02 d 11.8 ± 0.3 a
Tr3 0.65 ± 0.03 de 47 ± 1 c 11.3 ± 0.7 a 6.3 ± 0.1 e 25 ± 2 ef 2.2 ± 0.1 ef 1.24 ± 0.07 b 2.9 ± 0.1 1.06 ± 0.07 b 66 ± 2 bc 6.6 ± 0.1 e 27 ± 2 c 0.41 ± 0.03 d 12 ± 1 a
Tr4 0.66 ± 0.05 de 50 ± 3 b 11.5 ± 0.2 a 5.0 ± 0.3 g 28 ± 2 c 2.4 ± 0.2 e 1.65 ± 0.08 a nd 1.33 ± 0.05 a 65 ± 3 cd 5.0 ± 0.3 g 30 ± 2 b 0.47 ± 0.04 c 11.8 ± 1.2 a
Control 0.53 ± 0.01 f 40 ± 1 e 8.5 ± 0.3 d 18.0 ± 0.4 c 25.2 ± 0.6 e 2.1 ± 0.1 f 1.05 ± 0.04 de 2.00 ± 0.03 0.67 ± 0.05 ef 54 ± 1 f 18.2 ± 0.4 c 28 ± 1 c 0.51 ± 0.01 c 12.1 ± 0.5 a

C14:0—myristic acid; C16:0—palmitic acid; C18:0—stearic acid; C18:1n9c—oleic acid; C18:2n6c—linoleic acid; C18:3n3—linolenic acid; C20:0—arachidic acid; C23:0—tricosylic acid;
C24:0—lignoceric acid; SFA—saturated fatty acids; MUFA—monounsaturated fatty acids; PUFA—polyunsaturated fatty acids. Means in the same column followed by different Latin
letters are significantly different according to Tukey’s HSD test at p = 0.05; nd: not detected.
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3.5. Total Phenolic and Flavonoids Content and Antioxidant Activity

The results of total phenolic compounds (TPC) and total flavonoids (TF) content
of tomato samples are presented in Table 5. Total phenolic compounds ranged from
17.3 to 24 mg GAE g−1 extract, and the highest values were recorded in Tr3 and the
control treatment under deficit irrigation, being significantly higher compared to the rest
of the biostimulant treatments. Moreover, under regular irrigation treatments, Tr1 and
Tr4 recorded significantly higher values than the control treatment. In terms of total
flavonoids content, Tr1 under regular irrigation recorded the highest overall value, being
significantly different from the rest of the treatments, whereas under RDI only treatments
Tr1 and Tr2 recorded values higher than the control. Jin et al. [19] and Villa e Vila et al. [18]
suggested that total phenolic compounds and total flavonoids content increased under
deficit irrigation, while the content of individual compounds varied depending on the
intensity of water stress and the biostimulant dose applied (five doses of Ascophyllum
nodosum extracts at 0, 0.1, 0.2, 0.3, and 0.4% [18]). In contrast, Lipan et al. [56] suggested
that prolonged water stress did not affect TPC content in tomato fruit for up to six weeks of
regulated deficit irrigation application. These contrasting results could be due to differences
in the application regime of biostimulants as well as in the intensity and duration of water
deficit irrigation.

Table 5. Total phenolic and flavonoids contents and antioxidant activity of the tomato samples (mean ± SD;
n = 3).

Regulated Deficit
Irrigation

Total Phenolic
(mg GAE g−1 Extract)

Total Flavonoids
(mg QE g−1 Extract)

TBARS
(EC50, µg mL−1)

OxHLIA
(IC50, µg mL−1)

Tr1 18.4 ± 0.7 g 3.0 ± 0.1 b 556 ± 21 b 67 ± 5 de
Tr2 17.5 ± 0.5 h 2.9 ± 0.1 c 268 ± 17 g 25 ± 2 f
Tr3 23.9 ± 0.3 a 2.6 ± 0.1 f 584 ± 17 a 15.4 ± 0.6 g
Tr4 20.5 ± 0.6 c 2.4 ± 0.1 g 518 ± 7 c 138 ± 8 b
Control 24 ± 1 a 2.7 ± 0.1 e 190 ± 7 h 67 ± 4 de

Regular
Irrigation

Total Phenolic
(mg GAE g−1 Extract)

Total Flavonoids
(mg QE g−1 Extract)

TBARS
(EC50, µg mL−1)

OxHLIA
(IC50, µg mL−1)

Tr1 19.6 ± 0.7 d 3.17 ± 0.04 a 477 ± 17 d 83 ± 3 d
Tr2 17.3 ± 0.4 h 2.60 ± 0.03 ef 270 ± 6 g 55 ± 5 e
Tr3 18.9 ± 0.2 f 3.0 ± 0.2 b 332 ± 17 f 62 ± 5 e
Tr4 22.5 ± 0.9 b 2.6 ± 0.1 e 326 ± 4 f 106 ± 7 c
Control 19.2 ± 0.7 e 2.8 ± 0.1 d 396 ± 7 e 718 ± 21 a
Trolox - - 5.4 ± 0.3 21.8 ± 0.3

Means in the same column followed by different Latin letters are significantly different according to Tukey’s HSD
test at p = 0.05; GAE: gallic acid equivalents; QE: quercetin equivalents.

The assessment of the antioxidant activity of tomato samples showed that the results
of the TBARS assay were in contrast with the OxHLIA assay (Table 5). In particular, the
highest activity for the TBARS assay was observed for the control treatment under deficit
irrigation, whereas the lowest one was recorded for Tr3 under the same conditions. On the
other hand, the same treatment (Tr3 under deficit irrigation) was the most effective in the
OxHLIA assay, whereas the lowest activity was recorded for the control treatment under
regular irrigation. This finding is in accordance with the results of Fernandes et al. [4] who
also observed a different response of tomato samples to the same assays. An appropriate
deficit irrigation system could affect secondary metabolite biosynthesis, supporting the
accumulation of bioactive compounds and increasing the antioxidant activity and therefore
the nutritional quality of tomato fruit [19]. Phenolic compounds such as flavonoids and
phenolic acids, as well as ascorbic acids and carotenoids, especially lycopene, contribute
to the antioxidant activity of tomatoes and tomato products [78]. Considering that Tr3
treatment under RDI recorded the highest content of tocopherols and carotenoids, this
could be associated with the highest antioxidant activity observed for the OxHLIA assay
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since the TPC and TF contents do not follow this trend (e.g., Tr3 and control treatment under
RDI recorded the highest TPC content and the highest and lowest antioxidant activity in
the case of the TBARS assay). Moreover, the irrigation and biostimulant application (Twin-
Antistress, x-Stress and Nomoren applied three times at recommended doses) did not have
a clear impact on the antioxidant activity of tomatoes [4], although biostimulants (Megafol,
Aminovert, Veramin Ca and Twin Antistress applied twice at recommended dose) seemed
to increase the antioxidant activity of spinach [68]. In another study where the antioxidant
activity was determined via the DPPH and ABTS assays, different biostimulants led to
increased antioxidant activity, although the FRAP assay did not show significant differences
between treated and untreated tomatoes [54], as the efficacy of the extracts is determined by
the antioxidant mechanism involved in each assay [68]. For instance, lipophilic antioxidant
activity was significantly increased by biostimulant application, while the hydrophilic
antioxidant activity was not affected by a high dose of biostimulant (3 and 5 mL L−1 of
Trainer ®; [37,58]). Finally, it is interesting to note that treatment Tr3 under RDI recorded
IC50 values lower than Trolox, which was implemented as a positive control.

3.6. Principal Component Analysis (PCA)

The principal component analysis (PCA) was performed to identify groups and indi-
cate similarities and differences in multivariate data. The analysis of our data showed that
the first seven principal components (PCs) were associated with eigenvalues higher than
1, explaining 95.7% of the cumulative variance, with PC1 accounting for 46.0%, PC2 for
18.6%, PC3 for 9.5%. PC4 for 7.0%, PC% for 5.8%, PC6 for 5.2%, and PC7 for 3.4%. In partic-
ular, PC1 showed a positive correlation with ascorbic acid, C15:0, C16:1, C17: 0, C18:1n9,
C18:2n9, C18:3n3: C20:5n3, C22:1n9, C22:2, C24:1, carbohydrates, energy content, glucose,
MUFA, PUFA, total tocopherols, and α-tocopherol, whereas it was negatively correlated
with C16:0, C18:0, C20:0, OxHLIA, and SFA. On the other hand, PC2 showed a positive
correlation with β-carotene, C16:0, C18:0, C20:0, lycopene, total phenolic compounds,
proteins, SFA, sucrose, and total organic acids, whereas it was negatively correlated with
C18:1n9, C18:2n6, C20:5n3, total flavonoids, moisture content, MUFA, and β-tocopherol.
Finally, PC3 showed a positive correlation with γ-tocopherol, whereas a negative correla-
tion was observed for C14:0, C15:0, C17:0, C22:2, C23:0, fructose, glucose, sucrose, total
sugars, and δ-tocopherol. Therefore, PCA facilitates the discrimination of the tested factors
as illustrated in the respective scatterplots and loading plots. The scatterplot in Figure 5
shows four distinct groups of the tested biostimulant and irrigation treatments based on
chemical composition and bioactive properties of processing tomato fruit.
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The loading plot of PC1 and PC2 correlated variables as follows: the upper left
quadrant included C12:0, C16:0, C22:0, C23:0, SFA, and moisture content; the lower left
quadrant included C18:0, C20:0, C24:0, TPC, OxHLIA, and oxalic acid; the upper right
quadrant included TF, fat, C16:1, C17:0, C18:1n9, C18:2n6, C18:3n3, C20:5n3, C22:1, C22:1n9,
MUFA, PUFA, β-tocopherol, and δ-tocopherol; the lower right quadrant included C14:0,
C15:0, ash, protein, TBARS, lycopene, β-carotene, sucrose, glucose, fructose, total sugars,
ascorbic acid, citric acid, malic acid, total organic acids, carbohydrates, α-tocopherol,
γ-tocopherol, total tocopherols, and energy content (Figure 6).
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4. Conclusions

Tomato contains several health-beneficial compounds and has high commercial im-
portance throughout the world. Nowadays, water shortage is a challenge for agricultural
production, especially for vegetable crops, and long-term and sustainable strategies should
be adopted to enhance productivity without compromising the quality of fruits and veg-
etables. Our results indicate that regulated deficit irrigation combined with biostimulant
application significantly improved the nutritional quality of processing tomato fruit by
increasing carbohydrates, fructose, glucose, malic acid, ascorbic acid, citric acid, linoleic
acid (C18:2n6), oleic acid (C18:1n9), and MUFA and PUFA content, as well as antioxidant
compounds such as tocopherols (α-, β-, γ-), lycopene, and β-carotene. On the other hand,
oxalic acid content, which is considered an antinutritional factor, decreased under these
conditions, while no specific trends were recorded for antioxidant activity. In conclusion,
regulated deficit irrigation and biostimulant application seemed to positively affect the
quality of processing tomato, depending on biostimulant composition. Therefore, further
research is needed to fine-tune the application of those formulations that had beneficial
effects in order to suggest an application protocol that may improve processing tomato
fruit quality under water limitation conditions.
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