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Abstract: The tomato crop is very sensitive to stress conditions. A water deficit is defined as when
precipitation is less than the evapotranspiration (ETc) of the crop in a given period, and in this
scenario of climate change, it is identified as responsible for global productivity losses. The use of
potential technologies for better irrigation management, such as electromagnetically treated water,
remains controversial. Thus, the objective of the present work was to investigate the effects of very
low-frequency electromagnetic resonance field treatment on water for tomato crops submitted to
different irrigation rates. For this, an experiment was carried out under controlled conditions with
different types of water: electromagnetically treated water (WTVLF) and untreated water (UNW),
as well as four water replacement rates: 40, 60, 80, and 100% ETc. The electromagnetic treatment
of the water was carried out using the commercial equipment AQUA4D®. The experiment was
carried out in pots with five replications per treatment. Lower activity of SOD, POD, CAT, and APX
enzymes was observed in plants irrigated with water treated with very low-frequency electromagnetic
resonance fields (WTVLEF), indicating less oxidative stress caused by water deficit. Water deficit
reduced chlorophyll content, but the effects were less harmful with WTVLF water. The water deficit
resulted in less accumulation of dry matter and less productivity in a linear relationship. However,
plants irrigated with WTVLF showed increments of about 20% in dry matter accumulation and 20%
in fruit production concerning plants irrigated with untreated water, independent of the irrigation
rates. We can conclude that irrigation with WTVLF can be a solution to reduce the damage caused by
water deficits and increase the productivity of tomato crops.

Keywords: drought stress; EROs; Solanum lycopersicum L.

1. Introduction

The tomato (Solanum lycopersicum L.) is one of the most produced and consumed
vegetables worldwide [1,2]. Its fruit has high nutritional value and is a source of vitamins
A and C and carotenoids such as lycopene, which is responsible for the red color of the
vegetable [3,4]. Although it can be grown in tropical and subtropical regions [5], the tomato
crop is vulnerable to biotic and abiotic stresses [5,6]. Among the environmental factors
that most affect tomato growth and productivity, stress due to lack of water (water deficit)
stands out [5-8].

Stomatal closure is the first plant response to water deficit to reduce water loss through
transpiration [9]. However, stomatal closure results in the accumulation of electrons
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derived from the photosynthetic process, increasing the production of reactive oxygen
species (ROS) [10]. Thus, from a biochemical point of view, the response of plants to a
water deficit is the production of enzymes in the antioxidant system, such as superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and peroxidase (POD),
to combat ROS and avoid the cell damage resulting from its accumulation [11,12]. In
addition, water deficiency should lead to a reduction in chlorophyll levels [13], inhibition
of photosynthesis [14], reduction in leaf area and dry matter production of plants, and,
consequently, a reduction in tomato productivity [15].

Irrigation studies on tomatoes to reduce the effects of water stress have become
frequent due to extreme conditions resulting from climate change [16,17]. In this sense,
proper irrigation management is essential given the need to use water efficiently, directly
influencing the productive potential of the crop. More efficient irrigation practices can
reduce water application by up to 70% and increase crop productivity by up to 90% [18].
Although some studies have shown that irrigation increases tomato productivity, there is a
point, or a specific level, at which productivity stabilizes, no longer responding to irrigation
rates [19,20].

In this scenario, eco-friendly technologies emerge to investigate ways to efficiently
optimize the use of water in agriculture, seeking agricultural and environmental sustain-
ability [21]. Magnetically treated water is considered a technology of great potential, which
concerns a process where water passes through a magnetic field, causing changes in its
physical and chemical parameters [7]. Studies show that electromagnetically treated water
is an interesting alternative, ranging from seed treatment to the growth and development
of seedlings, evidencing changes in the properties of magnetized water in the face of in-
creased hydration of ions, promoting an increase in nutrient and water use rates by plants,
increasing their productivity and yield [7,22].

Several studies have reported the effects of water treatment with electromagnetic and
magnetic fields. Adopting the same equipment used in this research (AQUA4D®), one
study found that the treatment effect persists for up to 15 h after the electromagnetic field
induction in the water [23].

Such changes are related to the dipole moment of water molecules and the oxygen
content [22,24,25], in which they form a small complex of water molecules (e.g., with five
or six molecules), which leads to improvements in water activity, such as solubility and
reaction rate. Ref. [26] propose that, under a magnetic field, polarized water molecules
organize in one direction as hydrogen ions decrease, leading to an increase in pH. Ref. [27]
presented a clear explanation of the action of water in the field based on the changes and
structure of water through intra-cluster and inter-cluster hydrogen bonds. Magnetization
and oxidation treatments alter the physicochemical properties of irrigation water [28],
including an increase in pH, electrical conductivity (EC), diffusion, and permeability, and a
decrease in viscosity and surface tension when compared to untreated water [29,30]. There
are also reports in the literature of changes in viscosity (kg:m~!-s~!) and surface tension
(N/m) that decrease, which facilitates fluidity and permeability [31].

Several studies aim to understand the mechanisms of using water treated with mag-
netic fields [27,32]. For Populus [33], eggplant [34], wheat [35], and lettuce crops [36], it
was found that it provided a reduction in the effects caused by water stress conditions. In
addition, studies with germination in tomatoes [37,38] and wheat [39] in saline conditions
showed greater development when irrigated with treated water.

Thus, the use of water treated with an electromagnetic or magnetic field is still
scarce [40]. In recent years, the use of “eco-friendly” technologies has made researchers
seek to understand the mechanism of how treated water behaves in the soil-water—plant
relationship. Studies using treated water that aim to reduce the negative effects of water
stress have been potentially promising. In barley cultures the characteristic phenological
parameters, possible cell damage, electron transport rate, chlorophyll fluorescence, and
content of macroelements (Ca, Mg, P, and K) are gradually reduced with increasing MF
forces; in opposition, the microelement content (Fe, B, Cu, Mn, Zn, and Mo) is increased
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in roots [41]. As for cotton crops, there is an increase in the net photosynthetic rate (Pn),
transpiration rate (Ir), and instantaneous water use efficiency (iWUE) indexes, and the
morphological indexes of cotton seedlings are greater with magnetized fresh water [42],
unlike non-magnetized water. Magnetized water irrigation also promotes the growth of
rice seedlings and roots [43].

In tomato crops, it has been observed that the use of electromagnetically treated water
increases the absorption of nutrients and reduces the occurrence of fruits with symptoms
of blossom-end rot [7]. Therefore, we hypothesized that the irrigation of tomato plants
with electromagnetically treated water (WTVLF) would reduce the effects of water stress
and increase productivity compared to untreated water plants (UNW). Thus, the objective
of the present work was to investigate the effect of a very low-frequency electromagnetic
resonance field treatment on water for tomato crops, submitted to different irrigation rates.

2. Results

The probability values associated with the factors studied are shown in Table 1. There
was a significant effect for the type of water applied, in which the content of peroxide
(H,03) and total chlorophyll b and total dry matter and production showed higher values
when irrigated with WTVLF (p < 0.05). For the other evaluated components, irrigation with
UNW presented higher values (p < 0.05). Also, we can infer that there was a significant
effect for all components due to the application of different irrigation rates.

Table 1. Probability (p) of the values associated with the factors: water type (WT), irrigation rates
(ID), the content of peroxide (H,O,) and foliar malondialdehyde (MDA), the activity of antioxidant
enzymes (CAT, APX, SOD, POD), chlorophylls (Cl a/b/total), and biometric components, total dry
matter (DM), and production.

POD
Variai H,0, MDA CAT APX SOD@U  (umol Chla Chlb  Total Chl .
ariation _1 1 (nmol (nmol 1 Production
Sources (umol g (nmol g me-1 me-1 mg H.zoz (umol (numol (umol D.M. (g) (ke)
FW) FW) 8 8 protein) min-1 m-2) m-2) m-2) 8
protein) protein) g1 FW)
WT <0.001 <0.001 <0.001 <0.001 <0.001 0.018 <0.001 <0.001 <0.001 0.006 0.003
1D <0.001 0.01 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
WT x ID <0.001 <0.001 0.003 <0.001 0.012 <0.001 <0001 0.005 <0.001 0.1 0.9
vC 0.68 12.32 11.32 8.94 6.96 9.50 2.69 1.92 12.41 13.80 10.20
WT UNW 70.93° 10.06 2 699.33 2 21.46° 52.16 2 7249.99 2 177.0° 48.74 225.76 ° 259.33 P 4176.66 ®
WTVLF 77.852 743" 320.55° 27.002 40.44° 6605.82 P 189.7° 50.98 2 240.69 2 309.90 2 5071.66 2
D (%) 40 78.21 9.21 554.71 13.44 39.11 8517.60 199.5 54.46 253.91 225.15 2710
60 70.65 8.71 363.77 21.34 43.59 6481.17 175.2 49.55 224.77 235.85 3780
80 73.04 9.43 439.28 35.07 46.79 8950.76 197.4 54.06 251.46 315.63 5290
100 75.67 7.62 682.01 27.08 55.71 3762.13 16.1.4 41.36 202.76 361.85 6713

Description: VC: Variation coefficient; DM: dry matter; UNW: untreated water; WTVLEF: electromagnetically
treated water. Means followed by the same letter, lowercase, compare the types of water treatment (p < 0.05)

according to Tukey’s test.

2.1. Treatment and Experimental Design

The level of H,O; and the level of lipid peroxidation, evaluated by the concentration
of malondialdehyde (MDA), showed an interaction between the factors (Table 1).

The content of H,O; as a function of the water type differed in all applied irrigation
rates (p < 0.05) (Figure 1A). The 100% ETc rate had the greatest difference with an incre-
ment of 30% when irrigated with water treated with very low-frequency electromagnetic
resonance fields (WTVLF). Except for an ID of 40% ETc, irrigation with UNW led to a lower
content of H,O,. We verified that there was an inverse effect, in which an increase in the
irrigation rate of UNW led to a reduction in the content of HyO,, and, for WTVLE, there
was an increase (p < 0.05).
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Figure 1. Hydrogen peroxide (H,O;) (A); Lipid peroxidation (MDA) (B); in tomato leaf grown at
different irrigation rates with two types of water. Means followed by the same letter, lowercase,
compare the types of water treatment and, uppercase, compare the different irrigation rates (p < 0.05)
according to Tukey’s test. Error bars indicate the standard deviation of the mean of five replicates.

There was a reduction in MDA concentration with increasing ID for UNW application
(Figure 1B). On the other hand, for the application of WTVLE, the lowest concentration of
MDA was obtained with the ID of 40% ETc. Furthermore, except the 100% ETc rate, the
application of the other IDs with UNW resulted in higher concentrations of MDA than
for WTVLE.

The activity of the SOD enzyme showed an interaction between the factors (Figure 2A)
(p < 0.05). Irrigation with UNW caused the SOD activity to be higher when compared to the
WTVLE for all slides. When observing the effect of water as a function of ID, we observed
that there was an increase when irrigated with UNW. As for WTVLF, no differences were
observed between treatments irrigated with 40, 60, and 80% ETc. However, significant
differences were observed for the 100% ETc rate (p < 0.05).

For the POD activity (Figure 2B), there was an antagonistic effect of the irrigation
rates, in which there was greater activity at the rates of 40 and 80% ETc when irrigated with
UNW and at the rate of 60% ETc when irrigated with WTVLE. For 100% ETc, there was no
difference (p > 0.05). Nevertheless, for irrigation with UNW, the 40 and 80% ETc irrigation
rates showed higher POD enzyme activity than the 60 and 100% ETc rates. In addition, the
use of WTVLF presented superior activity for 60 and 80% ETc, compared to the other rates.

The highest activity of the catalase enzyme occurred when irrigated with UNW for all
slides (Figure 2C). When analyzing the effect of the rate for UNW, there was a difference
between the rates of 40 and 100% ETc compared to that of 60 and 80% ETc (p < 0.05). When
irrigated with WTVLE, the rate of 100% ETc differed from the others (p < 0.05). The activity
of the enzyme APX (Figure 2D) had an effect due to the type of water and irrigation rate, in
which, at 60% ETc, there was a greater activity for irrigation with UNW. The others had a
positive effect when irrigated with WTVLE. The highest activity for both types of water
was found at 80% ETc.
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Figure 2. The activity of antioxidant enzymes in tomato crops grown under different irrigation
rates with two types of water, representing (A) superoxide dismutase (SOD), (B) peroxidase (POD),
(C) catalase (CAT), and (D) ascorbate peroxidase (APX). Means followed by the same letter, lowercase,
compare the types of water treatment and, uppercase, compare the different irrigation rates (p < 0.05)
according to the Tukey test. Error bars indicate the standard deviation of the mean of five replicates.

2.2. Effects of Water Stress on Chlorophyll and Tomato Production

The interaction between the water type and irrigation rate significantly affected the
content of chlorophyll a, b, and total (Figure 3). We can highlight that the behaviors of the
40 and 60% ETc levels were similar for chlorophyll a and b, in which the irrigation with
WTVLF presented higher levels (p < 0.05). However, for the application of IDs of 80 and
100% ETc, the water types did not differ among themselves in terms of chlorophyll a and b
(Figure 3A,B). The total chlorophyll content in the leaves showed an effect of the adopted
water type, in which only the 100% ETc rate showed no difference (p > 0.05). Furthermore,
analyzing the impact of ID, the concentrations of chlorophylls a, b, and total (Figure 3C)
were higher in the function of the irrigation rates of 40 and 80% ETc.
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Figure 3. The chlorophyll of tomatoes cultivated in different irrigation rates with two types of water.
(A) Chlorophyll a, (B) chlorophyll b, and (C) total chlorophyll. Means followed by the same letter,
lowercase, compare the types of water treatment and, uppercase, compare the different irrigation
rates (p < 0.05) according to the Tukey test. Error bars indicate the standard deviation of the mean of
five replicates.

The dry matter accumulation showed no interaction between the factors (Figure 4A,B).
Thus, increasing irrigation rates resulted in a linear increase in plant dry matter production,
with each 1% increase in ETc causing an increase of 2.44 g plant~! (Figure 4A). As for
the applied water type, irrigation with WTVLF showed a 20% increase in dry matter
accumulation (Figure 4B).

As with dry matter accumulation, commercial production showed no interaction
between factors (Figure 4C,D). There was a linear effect of the irrigation rate, in which
a 1% increase in ETc caused an increase in the production of 67.61 g plant~! (Figure 4C).
Regarding the applied water type, irrigation with WTVLF provided an average increase of
20% in production per plant (Figure 4D).
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Figure 4. Total dry matter accumulation (A,B) and total commercial production (C,D) of tomato
cultivated under different irrigation rates and two water types. Means followed by the same letter,
lowercase, compare the types of water treatment and, uppercase, compare the different irrigation
rates (p < 0.05) according to Tukey’s test. Error bars indicate the standard deviation of the mean of
five replicates. * multiplicate and *** significative a 1%.

Figure 5A presents a heatmap of the correlations found between the variables analyzed
in the experiment. We can thus observe a strong correlation (above 0.94) between the
chlorophyll contents. Another important result regards the positive correlations between
production and dry matter (DM), total, and APX activity and the negative correlation
between production and DM, total, POD, and chlorophyll contents. In addition, the activity
of the SOD enzyme correlated positively with production and the activity of the CAT
enzyme and negatively with H,O,, POD, and chlorophyll content (Figure 5A).

Figure 5B,C present the PCA and its components, respectively. We can observe that
the irrigation rates of 40, 60, and 80% ETc irrigated with UNW had a greater influence
on components of the activity of CAT, MDA, and SOD. It also had a lower weight of
components related to chlorophyll contents. The component of POD activity was associated
with the treatment of 40% ETc irrigated with WTVLE. In addition, the 100% ETc treatments
with WTVLF and UNW were strongly influenced by the production component and total
dry matter.
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Figure 5. Heatmap for Pearson’s correlation coefficients (A), and principal component analysis (PCA)
(B,C) for tomato cultivation submitted to different irrigation rates and water types. The heatmap

graph shows only significant values (p < 0.05).

3. Discussion
3.1. Effects on the Tomato Antioxidative System

The tomato crop is classified as sensitive to water deficits. The first changes pro-
moted by a water deficit that can be noted happen in plant morphology, physiology, and
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biochemistry, thus leading to various disorders [44]. These changes are reported as re-
duced photosynthetic activity [45,46], biochemical changes [47,48], and, finally, impact on
production [49].

The oxidative system is directly or indirectly altered in the plant, in which cell mem-
brane damage occurs, totally altering their functioning and leading to metabolic disor-
ders [50,51]. The ROS produced must be eliminated as quickly as possible, reducing
electrolyte leakage and lipid peroxidation to maintain the integrity of organelles and cell
membranes [52].

Water stress induces antioxidant stress, generating ROS, which can produce O,°~,
hydroxyl radicals (OHe), singlet oxygen (;0?%), and HyO; [53]. The accumulation of ROS
causes the degradation of lipids, with the formation of malondialdehyde (MDA) as the
end product of cell wall degradation [52,54,55]. Numerous studies conducted under water
deficit conditions have found enhanced activities of essential antioxidant enzymes such
as SOD, POD, CAT, and APX to control the production of O,*~ and H,0O, in tomato
crops [13,54,56,57]. According to [58], APX uses ascorbate as a substrate to stimulate the
conversion of H,O, to H,O, and its activity is generally elevated under stress conditions.
This effect was observed at work with greater intensity for the 80 and 100% ETc rates with
the application of WTVLF (Figure 2D). Yet, APX activity proved to be sufficient to control
ROS levels, as the MDA concentration for these treatments was not the highest observed
(Figure 2) [59].

Thus, plants irrigated with WTVLF would have greater ease at absorbing the available
water under lower irrigation rates, providing less oxidative stress compared to plants
irrigated with untreated water. This result is evident when we compare the MDA con-
centrations between treatments, which remained at lower levels for plants treated with
WTVLE. As mentioned earlier, MDA is related to cell membrane damage and, therefore,
displays an insufficient performance of antioxidant enzymes in the face of stress [52,54,55].
In an experiment with water stress in tomatoes, ref. [60] found high concentrations of MDA
where water stress was severe. Increases in MDA concentration were also observed by [54]
for irrigation rates of 60% ETc.

3.2. Effects of Water Stress on Chlorophyll and Production

Water stress affects chlorophyll contents, which are extremely important for photosyn-
thesis. One of the main causes for the decline in the amount of chlorophyll due to water
stress is the O,*~ and HyO, promoted by drought, which results in lipid peroxidation
and, finally, chlorophyll degradation [61]. Reduction of chlorophyll content has also been
observed in plants under water stress and at high temperatures [54].

The mode of action of water induced by a magnetic or electromagnetic field is partially
broken by its hydrogen bonds. In addition, some water molecules become free monomer
molecules that can more easily penetrate the walls of biological cells, thus promoting plant
growth [30]. Ref. [62] stated that the increase in cell division and enlargement can be
attributed to an increase in the activities of the enzymes gibberellic acid (GA3) and indole
acetic acid (IAA), cytokinin synthesis, and reduction of abscisic acid (ABA).

The increase in chlorophyll content agrees with that in cowpea plants, in which it has
been found that treating plants with magnetic technologies caused a significant increase
in photosynthetic pigment concentrations. Higher levels of photosynthetic pigments,
when using magnetically treated water, indicate the effect of activating magnetic fields
on the concentration of ions such as K* and GAj [35], which leads to an increase in the
number of chloroplasts per cell. Ref. [63] suggested that magnetic technology increased the
phospholipid/sterol ratio, causing an increase in the fluidity of the membrane lipid bilayer,
while sterols act as a barrier to prevent leakage in biological membranes.

The increase in growth and yield of wheat plants irrigated with magnetic water may
be due to changes in the transport of assimilates, enzymatic activity, growth regulators,
ions and water uptake [64], and/or an energetic excitation of one or more cellular substrate
parameters, such as proteins and carbohydrates [65]. In tomato plants subjected to saline
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stress, irrigation with WTVLF provided higher plant growth and higher fruit yield [7]. The
authors also observed a better nutritional status of the plants, as well as a lower occurrence
of blossom-end rot symptoms in the fruits [7].

Regarding understanding the behavior of WTVLEF, there are still some gaps. Neverthe-
less, we know that water is more available in the soil, that is, studies indicate that there is a
direct influence on soil tension and moisture [6,66—69].

4. Materials and Methods
4.1. Experimental Area Characterization

The experiment was carried out at the Experimental Farm of the Faculty of Sciences
and Engineering, Tupa city campus, Sao Paulo State, Brazil, whose geographic location is
defined by the coordinates 22° 51’ south latitude (S) and 48° 26’ west longitude (W) and
an average altitude of 786 m above sea level. The monthly average wind speed at 10 m
height is 3.1 ms~! and the daily monthly average global solar energy is 4772.13 Wh m~2.
The greenhouse was 6 m wide, 27 m long, and 4 m tall, and was coated with transparent
polyethylene plastic film with an anti-UV additive on top (150 um thick) as well as aphid
screens on the sides.

The climate is characterized as AW, according to the Koppen classification, meaning
hot and humid with summer rains, with an annual mean air temperature of 27.1 °C and an
annual precipitation mean of 2423 mm. The experiment was conducted between 3 October
and 20 December 2021.

Temperature and humidity data were collected daily at 9 a.m., recorded by a datalogger
located at the center of the greenhouse and approximately 2 m high. A Class A tank was
also installed at the center of the greenhouse to collect evaporation data.

The soil used in the experiment is classified as eutrophic red-yellow argisol [70], with
a sandy/medium texture and electric conductivity around 0.50 d Sm~!. Table 2 presents
the results of the physical and chemical analyses of the soil sampled at a rate between 0
and 0.20 m (Table 2).

Table 2. Chemical and physical characteristics of the soil.

Chemical Characteristics

A% H + Al Na K Ca Mg SB CTC V%
mmolc/dm®
0 11 - 2.7 8 4 15 26 57
pH pH M.O. Presin S B Cu Fe Mn Zn
©CaCl,  H,0  g/dm®  mg/dm® mg/dm®
5.1 - 6 3 4 0.14 0.5 18 284 0.8
Physical characteristics
Sand Clay Silt
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2
915 38 47

Before installing the experiment, the necessary corrections were carried out in the soil
to raise the base saturation to 80%, applying dolomitic limestone (relative neutralizing
value, RNV = 91%), according to recommendations [71].

Fertilization was performed according to [72], in which the application recommen-
dations before planting were 70 kg ha~! of N; 600 kg ha~! of P,Os; 200 kg ha~! of K,O;
30 kg ha~1 of sulfur; 2 kg ha~1 of boron; and 4 kg ha~1 of zinc. Cover was applied in 8 in-
stallments at 10-day intervals, with the recommendation of 300 kg ha~! of N; 150 kg ha~!
of P,Os; and 300 kg ha~! of K,O divided over each installment.

The seedlings were sown in polyethylene trays with a capacity of 50 seeds and filled
with substrate. Thirty-five days after sowing, the seedlings were transplanted into polyethy-
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lene pots with a volumetric capacity of 12 dm 3. Following a recommendation [73] for
the tomato crop, we adopted a spacing between lines of 1 m in width and 0.25 m between
plants. The pots were placed on an iron structure, so that they were 0.20 m from the ground,
avoiding contact with it. The plants were tutored using ribbons tied to the plant stem and
to the aluminum structure in the greenhouse.

Irrigation at 100% ETc was kept constant for the first 20 days to stabilize the culture.
Afterward, the irrigation was differentiated according to the treatments.

The air temperature measured inside the greenhouse during the experiment had a
maximum of 36.8 °C and an average of 19.39 °C, with a variation of 17.41 °C. The indoor air
humidity determined had a maximum of 98.4% and an average of 40.9%, with a variation
of 57.5 °C. The total Eca accumulated during the period was 311 mm, with an average of
3.11 mm day .

4.2. Treatment and Experimental Design

The experiment was carried out in a 2 x 4 factorial scheme with 5 replications, as
follows: (i) two types of irrigation water (untreated water, UNW, and water treated with
very low-frequency electromagnetic resonance fields, WIVLF); and (ii) four irrigation rates
(40, 60, 80, and 100% of tomato ETc). The water treatment was performed by commercial
AQUA4D® equipment, as described in the following section.

For proper irrigation management, the reference evapotranspiration was estimated
by a Class A tank. Two independent drip irrigation systems were used, one with water
treated with very low-frequency electromagnetic resonance fields (WTVLF) and another
with untreated water (UNW).

Irrigations were carried out by drip using emitters with a nominal flow of 2L h~1. To
estimate the reference evapotranspiration (ETo), an evaporimeter tank was used, installed
inside the greenhouse, according to [73-75], in which measurements were performed daily.
ETo was determined using Equation (1), defined by [76]:

ETo = EV x Kt, 1)

where ETo is the reference evapotranspiration (mm d—1); Kt is the tank coefficient (dimen-
sionless); and EV is the tank evaporation (mm d ).

The correction of the tank coefficient was estimated by [76], according to the follow-
ing equation:

Kp = 0.482 + 0.025(In(b) — 0.00376 x S + 0.0045 x UR) @)

where B is the distance around the Class A tank of vegetation; S is the wind speed at 2 m
altitude (km day-); and UR is the relative humidity (%).

We emphasize that the values of B and S were disregarded, as the experiment was
conducted in a greenhouse.

The gross rate applied was calculated using Equation (3):

LB = (Eto x Kc)/Ef, 3)

where LB is the raw water rate (mm d~!); Eto is the reference evapotranspiration (mm d~!);
Kc is the crop coefficient (dimensionless); and Ef is the irrigation system efficiency (0.90).

The crop coefficient (Kc) used in each tomato development stage was adapted from
the recommendation [77]. Stage I: from transplanting to 10% of vegetative development
(0.60); Stage II: from the end of Stage I to the beginning of the flowering phase (0.85); Stage
III: from the end of Stage II to the beginning of maturation (1.15); and Stage IV: from the
end of Stage III to the end of harvest (0.90).

Irrigation intensity was determined using Equation (4):

la=(n x v)/ec, 4)
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where Ia is the application intensity (mm h™1!); n is the number of emitters per plant; v is
the emitter flow (L h™1); and ec is the area of the vessel (m?).
The irrigation time was calculated according to Equation (5):

Ti=LB/Ia, 5)

where Ti is the irrigation time (h); LB is the raw rate (mm d~!); and Ia is the application
intensity (mm h~1).

The equipment used for the water electromagnetic treatment was the AQUA4D®,
which performs a physical treatment in the water. Quantum physics indicates that water
is organized and structured matter, and not chaotic, as one might think. Water is an
element that can adapt to very different structures. Thus, when water passes through an
electromagnetic field, it provides a better dissolution and distribution of minerals in the
water thus causing an increase in water retention in the soil as well as a better adsorption of
minerals by plants. As such, the equipment consists of an electronic panel pre-programmed
to generate electromagnetic signals and a tube that the water passes through, where it
receives the aforementioned signals.

The water after treatment has effects for up to 15 h of magnetic field tracking. The mag-
netic field fluctuation recorded is relatively low with Bmax = 0.023 mT and Bmin = 0.008 mT,
with Bavg = 0.0155 mT for magnetic water, while for tap water, the estimated values were
Bmax = 0.0185 mT and Bmin = 0.005 mT, with Bavg = 0.01175 mT [23].

To carry out the biochemical analyses of this project, leaf samples were collected from
four tomato plants per treatment. After collection, the leaves were placed in 45 mL Falcon
tubes, and liquid nitrogen was immediately added for rapid freezing of the samples. Then,
the tubes were kept in a freezer at —80 °C. To process the leaves, macerations were carried
out in a mortar with liquid nitrogen until fine powder particles were obtained, which were
properly weighed and transferred to tubes, and stored again in a freezer at —80 °C [78].
The last total expanded leaves were collected for enzymatic extraction. After collection,
they were stored in liquid N until processed. For homogenization, a ball mill was used, in
which the samples were macerated.

4.3. Determination of Enzyme Activity

The processed extract was used to analyze the protein concentration and enzymatic
activities (superoxide dismutase, SOD; and catalase, CAT) of the tomato samples. The
plant material was obtained by resuspension of the processed extract, using a mass of
200 mg in 4.0 mL of 0.1 M potassium phosphate buffer, at pH 7.8, and adding 300 mg of
PVPP (polyvinylpolypyrrolidone). The mixture was centrifuged for 20 min at 5000 x g, and
the supernatant was separated, collected in tubes, and stored in a freezer at —80 °C. The
concentration of soluble protein present in the samples was determined according to the
method in [79], well established in the literature for this purpose. Finally, bovine serum
albumin (BSA) was used as a standard.

The activity of the enzyme superoxide dismutase (SOD—EC 1.15.1.1) was determined
according to the protocol described by [80,81]. The determination of catalase (CAT—EC
1.11.1.6) was performed by the method of [82]. Ascorbate peroxidase activity (APX—EC
1.11.1.11) was determined according to the methodology of [83]. The determination of POD
activity was performed using the technique described by [84].

4.4. Determination of the Total Soluble Protein Content

To analyze the content of hydrogen peroxide (H,O;), the methodology described
by [85] was used. For the determination of malondialdehyde (MDA), the methodology
described by [86] was used.

4.5. Determination of Chlorophylls

The determination of chlorophylls a, b, and total was performed using the technique
described by [87].
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4.6. Determination of Production and Dry Mass

The determination of the dry mass of the aerial part was carried out at the end of the
experiment. The plants were cut close to the ground, packed in a paper bag, and taken to a
dry air oven at 65 °C for 4 days. Afterward, they were weighed and thus the accumulation
of dry matter in the plant was determined.

4.7. Analyses Statistics

Data normality was verified using the Kolmogorov—Smirnov statistical test. For data
with a normal distribution, analysis of variance (ANOVA) was performed with subsequent
use of Tukey’s test. In this case, for the analyses that present interaction between the
factors (types of water and levels of conductivity), the averages were compared by first
contrasting the levels of one of the factors with each of the levels of the other factor, and
vice-versa. When there was no interaction between the factors, comparisons were made
between the means only of the factor levels that showed a significant difference in ANOVA.
A confidence level of 5% was considered in all statistical tests [88] and the R software [89]
was used for the application of the described tests.

Pearson’s correlation analysis (p < 0.05) was performed using the R software (R Devel-
opment Core Team). For the elaboration of the heatmap, the packages ‘corrplot’, ‘latticeEx-
tra’, and ‘RColorBrewer” were used. Principal component analysis was also performed in
the R software, in which the “‘PCAtools’, ‘chemometrics’, and ‘stats’ packages were used.
The ‘ellipse’ package was used for the construction of the figures. For the construction of the
heatmap and hierarchical clustering, the Euclidean distance algorithm was used [90-92].

5. Conclusions

Water deficits are a reality to which producers are increasingly susceptible, due to
climate change and its consequent shift in rainfall regimes. As such, technology and
management that seek to reduce the impacts caused by these changes are of fundamental
importance and need to be elucidated.

An increase in the supply of irrigation suitable for tomato crops provides less oxidative
stress, greater accumulation of dry matter, and greater production of commercial fruits.
However, it was possible to verify a reduced impact of water deficit on oxidative stress
in plants irrigated with electromagnetically treated water (WTVLF). In addition, the use
of WTVLEF resulted in a greater accumulation of dry matter and greater production of
commercial fruits, regardless of the used irrigation rate. In this way, we conclude that the
use of the technology studied in this article can be an alternative to help reduce the impacts
of the water deficit and also a way to increase production.

Author Contributions: Conceptualization, FEP.; methodology, ].P.d.Q.B.; software, L.R.A.G.E; vali-
dation, M.M.N; formal analysis, B.C.G. and R.F.A,; investigation, W.A.L.Z.; resources, EE.P,; data
curation, EE.P; writing—original draft preparation, A.V.d.S.; writing—review and editing, EF.P. and
A.0.d.S,; funding acquisition, EEP. All authors have read and agreed to the published version of the
manuscript.

Funding: Thanks to CNPq (National Council for Scientific and Technological Development) for the
financial support of the research project/MCTI/CNPQ/Universal—(Proc. n° 9449541/2018-7), and
the award of the Productivity Scholarship for the first author F. F. Putti (Proc. 309427 /2021-5), and
the L. R. A. Gabriel Filho (Proc. 315228/2020-2).

Conflicts of Interest: The authors declare no conflict of interest.

1.  FAOSTAT. Available online: https:/ /www.fao.org/faostat/en/#home (accessed on 19 June 2022).

2. Kumar, S.; Li, G,; Yang, ].; Huang, X,; Ji, Q.; Liu, Z.; Ke, W.; Hou, H. Effect of Salt Stress on Growth, Physiological Parameters, and
Ionic Concentration of Water Dropwort (Oenanthe Javanica) Cultivars. Front. Plant Sci. 2021, 12, 660409. [CrossRef]

3. Kumar, A.; Kumar, V,; Gull, A ; Nayik, G.A. Tomato (Solanum Lycopersicon). In Antioxidants in Vegetables and Nuts-Properties and
Health Benefits; Springer: Berlin/Heidelberg, Germany, 2020; pp. 191-207. [CrossRef]


https://www.fao.org/faostat/en/#home
https://doi.org/10.3389/fpls.2021.660409
https://doi.org/10.1007/978-981-15-7470-2_10

Plants 2023,12, 3721 14 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Gheribi, R.; Khwaldia, K. Tomato (Lycopene and p-Carotene) and Cancer. In Nutraceuticals and Cancer Signaling; Springer:
Berlin/Heidelberg, Germany, 2021; pp. 39-60. [CrossRef]

Conti, V,; Mareri, L.; Faleri, C.; Nepi, M.; Romi, M.; Cai, G.; Cantini, C. Drought Stress Affects the Response of Italian Local
Tomato (Solanum lycopersicum L.) Varieties in a Genotype-Dependent Manner. Plants 2019, 8, 336. [CrossRef]

Raja, V,; Qadir, S.U.; Alyemeni, M.N.; Ahmad, P. Impact of Drought and Heat Stress Individually and in Combination on
Physio-Biochemical Parameters, Antioxidant Responses, and Gene Expression in Solanum Lycopersicum. 3 Biotech 2020, 10, 208.
[CrossRef]

Putti, EE.; Nogueira, B.B.; Vacaro de Souza, A.; Festozo Vicente, E.; Zanetti, W.A.L.; de Lucca Sartori, D.; Pigatto de Queiroz
Barcelos, J. Productive and Physico-Chemical Parameters of Tomato Fruits Submitted to Fertigation Doses with Water Treated
with Very Low-Frequency Electromagnetic Resonance Fields. Plants 2022, 11, 1587. [CrossRef]

Moreira de Carvalho, D.B.; de Souza, A.V.; Domingues Neto, FJ.; Iglesias, L.; Nogueira, B.B.; Zanetti, W.A.; Gabriel Filho, L.R.A;
Putti, FEF. Growth Models and Nutriente Uptake Curve of Tomato BRS 1509 Subjected to Irrigation Pulses. J. Plant Nutr. 2020, 43,
1999-2012. [CrossRef]

Farooq, M.; Wahid, A.; Kobayashi, N.; Fujita, D.; Basra, S.M.A. Plant Drought Stress: Effects, Mechanisms and Management.
Agron. Sustain. Dev. 2009, 29, 185-212. [CrossRef]

Das, K.; Roychoudhury, A. Reactive Oxygen Species (ROS) and Response of Antioxidants as ROS-Scavengers during Environ-
mental Stress in Plants. Front. Environ. Sci. 2014, 2, 53. [CrossRef]

Hatamleh, A.A.; Danish, M.; Munirah, B.; Al-Dosary, A.; El-Zaidy, M.; Ali, S. Physiological and Oxidative Stress Responses of
Solanum Lycopersicum (L.) (Tomato) When Exposed to Different Chemical Pesticides. RSC Adv. 2022, 12, 7237-7252. [CrossRef]
Garcia-Caparr6s, P; Lao, M.T. The Effects of Salt Stress on Ornamental Plants and Integrative Cultivation Practices. Sci. Hortic.
2018, 240, 430-439. [CrossRef]

Nemeskéri, E.; Helyes, L. Physiological Responses of Selected Vegetable Crop Species to Water Stress. Agronomy 2019, 9, 447.
[CrossRef]

Zhang, Y,; Liang, Y.; Zhao, X,; Jin, X.; Hou, L.; Shi, Y.; Ahammed, G.J. Silicon Compensates Phosphorus Deficit-Induced Growth
Inhibition by Improving Photosynthetic Capacity, Antioxidant Potential, and Nutrient Homeostasis in Tomato. Agronomy 2019, 9,
733. [CrossRef]

Khapte, P.S.; Kumar, P; Burman, U.; Kumar, P. Deficit Irrigation in Tomato: Agronomical and Physio-Biochemical Implications.
Sci. Hortic. 2019, 248, 256-264. [CrossRef]

Deligios, P.A.; Chergia, A.P; Sanna, G.; Solinas, S.; Todde, G.; Narvarte, L.; Ledda, L. Climate Change Adaptation and Water
Saving by Innovative Irrigation Management Applied on Open Field Globe Artichoke. Sci. Total Environ. 2019, 649, 461-472.
[CrossRef] [PubMed]

Dai, A. Increasing Drought under Global Warming in Observations and Models. Nat. Clim. Chang. 2012, 3, 52-58. [CrossRef]
Saccon, P. Water for Agriculture, Irrigation Management. Appl. Soil Ecol. 2018, 123, 793-796. [CrossRef]

Kirda, C.; Cetin, M.; Dasgan, Y.; Topcu, S.; Kaman, H.; Ekici, B.; Derici, M.R.; Ozguven, A.I Yield Response of Greenhouse Grown
Tomato to Partial Root Drying and Conventional Deficit Irrigation. Agric. Water Manag. 2004, 69, 191-201. [CrossRef]
Harmanto; Salokhe, V.M.; Babel, M.S.; Tantau, H.]. Water Requirement of Drip Irrigated Tomatoes Grown in Greenhouse in
Tropical Environment. Agric. Water Manag. 2005, 71, 225-242. [CrossRef]

Yu, J.; Wu, J. The Sustainability of Agricultural Development in China: The Agriculture-Environment Nexus. Sustainability 2018,
10, 1776. [CrossRef]

Liu, X,; Zhu, H.; Meng, S; Bi, S.; Zhang, Y.; Wang, H.; Song, C.; Ma, F. The Effects of Magnetic Treatment of Irrigation Water on
Seedling Growth, Photosynthetic Capacity and Nutrient Contents of Populus x Euramericana ‘Neva’ under NaCl Stress. Acta
Physiol. Plant. 2019, 41, 11. [CrossRef]

Mghaiouini, R.; Salah, M.; Monkade, M.; El Bouari, A. A New Knowledge of Water Magnetism Phenomenon. Arab. ]. Sci. Eng.
2021, 47,1129-1136. [CrossRef]

Esmaeilnezhad, E.; Choi, H.J.; Schaffie, M.; Gholizadeh, M.; Ranjbar, M. Characteristics and Applications of Magnetized Water as
a Green Technology. . Clean. Prod. 2017, 161, 908-921. [CrossRef]

Khoshravesh, M.; Mostafazadeh-Fard, B.; Mousavi, S.E; Kiani, A.R. Effects of Magnetized Water on the Distribution Pattern of
Soil Water with Respect to Time in Trickle Irrigation. Soil Use Manag. 2011, 27, 515-522. [CrossRef]

Gaafar, M.M.; Hussain, M.S.; Ali, K.; Khraibt, C.; Shandi, N.R.; Mohamed, S.K. Effect of Magnetic Water on Physical Properties of
Different Kind of Water, and Studying Its Ability to Dissolving Kidney Stone. J. Nat. Sci. Res. 2015, 5, 85-94.

Chibowski, E.; Szczes, A. Magnetic Water Treatment-A Review of the Latest Approaches. Chemosphere 2018, 203, 54-67. [CrossRef]
[PubMed]

Zhao, G.; Mu, Y,; Wang, Y.; Wang, L. Response of Winter-Wheat Grain Yield and Water-Use Efficiency to Irrigation with Activated
Water on Guanzhong Plain in China. Irrig. Sci. 2021, 39, 263-276. [CrossRef]

Surendran, U.; Sandeep, O.; Joseph, E.J. The Impacts of Magnetic Treatment of Irrigation Water on Plant, Water and Soil
Characteristics. Agric. Water Manag. 2016, 178, 21-29. [CrossRef]

Toledo, E.J.L.; Ramalho, T.C.; Magriotis, Z.M. Influence of Magnetic Field on Physical-Chemical Properties of the Liquid Water:
Insights from Experimental and Theoretical Models. J. Mol. Struct. 2008, 888, 409-415. [CrossRef]


https://doi.org/10.1007/978-3-030-74035-1_3
https://doi.org/10.3390/plants8090336
https://doi.org/10.1007/s13205-020-02206-4
https://doi.org/10.3390/plants11121587
https://doi.org/10.1080/01904167.2020.1766067
https://doi.org/10.1051/agro:2008021
https://doi.org/10.3389/fenvs.2014.00053
https://doi.org/10.1039/D1RA09440H
https://doi.org/10.1016/j.scienta.2018.06.022
https://doi.org/10.3390/agronomy9080447
https://doi.org/10.3390/agronomy9110733
https://doi.org/10.1016/j.scienta.2019.01.006
https://doi.org/10.1016/j.scitotenv.2018.08.349
https://www.ncbi.nlm.nih.gov/pubmed/30176458
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1016/j.apsoil.2017.10.037
https://doi.org/10.1016/j.agwat.2004.04.008
https://doi.org/10.1016/j.agwat.2004.09.003
https://doi.org/10.3390/su10061776
https://doi.org/10.1007/s11738-018-2798-1
https://doi.org/10.1007/s13369-021-05750-0
https://doi.org/10.1016/j.jclepro.2017.05.166
https://doi.org/10.1111/j.1475-2743.2011.00358.x
https://doi.org/10.1016/j.chemosphere.2018.03.160
https://www.ncbi.nlm.nih.gov/pubmed/29605749
https://doi.org/10.1007/s00271-020-00706-y
https://doi.org/10.1016/J.AGWAT.2016.08.016
https://doi.org/10.1016/j.molstruc.2008.01.010

Plants 2023, 12, 3721 15 of 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

Szcze$, A.; Chibowski, E.; Rzeznik, E. Magnetic Field Effect on Water Surface Tension in Aspect of Glass and Mica Wettability.
Colloids Interfaces 2020, 4, 37. [CrossRef]

Sarraf, M.; Kataria, S.; Taimourya, H.; Santos, L.O.; Menegatti, R.D.; Jain, M.; Thtisham, M.; Liu, S. Magnetic Field (MF)
Applications in Plants: An Overview. Plants 2020, 9, 1139. [CrossRef]

Altalib, A.A.; Ali, WM.; Al-Ogaidi, A.A.; Al-Zubaidy, S.A.S. Effects of magnetic field treatment of broad bean seeds and irrigation
water on the growth and yield of plants. Irrig. Drain. 2022, 71, 1159-1167. [CrossRef]

Henrique Candido de Souza, A.; Rezende, R.; de Castro Seron, C.; Zolin Lorenzoni, M.; Marcelo Rodrigues do Nascimeto, J.;
Salim Lozano, C.; Nalin, D.; de Souza Terassi, D.; Carlos Andrade Gongalves, A.; Saath, R.; et al. Evaluation of the Growth and the
Yield of Eggplant Crop Under Different Irrigation Depths and Magnetic Treatment of Water. J. Agric. Sci. 2019, 11, 35. [CrossRef]
Selim, D.A.FH.; Nassar, RM.A.; Boghdady, M.S.; Bonfill, M. Physiological and Anatomical Studies of Two Wheat Cultivars
Irrigated with Magnetic Water under Drought Stress Conditions. Plant Physiol. Biochem. 2019, 135, 480—488. [CrossRef]

Putti, EF.; Gabriel Filho, L.R.A.; Klar, A.E.; Ferreira, ].D.S.].; Cremasco, C.P.; Ludwig, R. Response of Lettuce Crop to Magnetically
Treated Irrigation Water and Different Irrigation Depths. Afr. J. Agric. Res. 2015, 10, 2300-2308. [CrossRef]

Yusuf, K.O.; Sakariyah, S.A.; Baiyeri, M.R. Influence of Magnetized Water and Seed on Yield and Uptake of Heavy Metals of
Tomato. Not. Sci. Biol. 2019, 11, 122-129. [CrossRef]

Elloumi, N.; Mohamed, Z.; Fakhri, N.; Mehdaoui, H.Y.; Chaari, L.; Abdallah, EB.; Kallel, M. Effects of Magnetic Saline Water
Application for Improving Physiological Parameters of Tomato (Solanum lycopersicum) Seedlings. Ethiop. ]. Environ. Stud. Manag.
2018, 11, 131-143.

Massah, J.; Dousti, A.; Khazaei, ].; Vaezzadeh, M. Effects of Water Magnetic Treatment on Seed Germination and Seedling Growth
of Wheat. |. Plant Nutr. 2019, 42, 1283-1289. [CrossRef]

Zhang, J.; Wang, Q.; Wei, K.; Guo, Y,; Mu, W.; Sun, Y. Magnetic Water Treatment: An Eco-Friendly Irrigation Alternative to
Alleviate Salt Stress of Brackish Water in Seed Germination and Early Seedling Growth of Cotton (Gossypium hirsutum L.). Plants
2022, 11, 1397. [CrossRef] [PubMed]

Ercan, L.; Tombuloglu, H.; Alqahtani, N.; Alotaibi, B.; Bamhrez, M.; Alshumrani, R.; Ozcelik, S.; Kayed, T.S. Magnetic Field Effects
on the Magnetic Properties, Germination, Chlorophyll Fluorescence, and Nutrient Content of Barley (Hordeum vulgare L.). Plant
Physiol. Biochem. 2022, 170, 36-48. [CrossRef] [PubMed]

Yang, X.; Fan, J.; Ge, J.; Luo, Z. Effect of Irrigation with Activated Water on Root Morphology of Hydroponic Rice and Wheat
Seedlings. Agronomy 2022, 12, 1068. [CrossRef]

Zhou, B; Liang, C.; Chen, X; Ye, S.; Peng, Y.; Yang, L.; Duan, M.; Wang, X. Magnetically-Treated Brackish Water Affects Soil
Water-Salt Distribution and the Growth of Cotton with Film Mulch Drip Irrigation in Xinjiang, China. Agric. Water Manag. 2022,
263, 107487. [CrossRef]

Zlatev, Z.; Lidon, E.C. An Overview on Drought Induced Changes in Plant Growth, Water Relationsand Photosynthesis. Emir. ].
Food Agric. 2012, 24, 57-72. [CrossRef]

Bota, J.; Medrano, H.; Flexas, J. Is Photosynthesis Limited by Decreased Rubisco Activity and RuBP Content under Progressive
Water Stress? New Phytol. 2004, 162, 671-681. [CrossRef] [PubMed]

Flexas, J.; Bota, J.; Galmés, J.; Medrano, H.; Ribas-Carbd, M. Keeping a Positive Carbon Balance under Adverse Conditions:
Responses of Photosynthesis and Respiration to Water Stress. Physiol. Plant 2006, 127, 343-352. [CrossRef]

Sharma, A.; Zheng, B. Melatonin Mediated Regulation of Drought Stress: Physiological and Molecular Aspects. Plants 2019, §,
190. [CrossRef]

Osakabe, Y.; Osakabe, K.; Shinozaki, K.; Tran, L.S.P. Response of Plants to Water Stress. Front. Plant Sci. 2014, 5, 86. [CrossRef]
Vurayai, R.; Emongor, V.; Moseki, B. Effect of Water Stress Imposed at Different Growth and Development Stages on Morphological
Traits and Yield of Bambara Groundnuts (Vigna subterranea L. Verdc). Am. ]. Plant Physiol. 2011, 6, 17-27. [CrossRef]

Wang, H.; Li, J.; Cheng, M.; Zhang, F.; Wang, X.; Fan, J.; Wu, L.; Fang, D.; Zou, H.; Xiang, Y. Optimal Drip Fertigation Management
Improves Yield, Quality, Water and Nitrogen Use Efficiency of Greenhouse Cucumber. Sci. Hortic. 2019, 243, 357-366. [CrossRef]
Sharma, R.; Bhardwaj, R.; Gautam, V; Bali, S.; Kaur, R.; Kaur, P; Sharma, M.; Kumar, V.; Sharma, A.; Sonia; et al. Phytoremediation
in Waste Management: Hyperaccumulation Diversity and Techniques. In Plants under Metal and Metalloid Stress; Hasanuzzaman,
M., Nahar, K., Fujita, M., Eds.; Springer: Singapore, 2018; pp. 277-302. ISBN 978-981-13-2242-6.

Gharibi, S.; Tabatabaei, B.E.S.; Saeidi, G.; Goli, S.A.H. Effect of Drought Stress on Total Phenolic, Lipid Peroxidation, and
Antioxidant Activity of Achillea Species. Appl. Biochem. Biotechnol. 2016, 178, 796-809. [CrossRef]

Impa, S.M.; Nadaradjan, S.; Jagadish, S.V.K. Drought Stress Induced Reactive Oxygen Species and Anti-Oxidants in Plants. In
Abiotic Stress Responses in Plants; Springer: Berlin/Heidelberg, Germany, 2012; pp. 131-147. [CrossRef]

Liang, G.; Liu, J.; Zhang, J.; Guo, ]. Effects of drought stress on photosynthetic and physiological parameters of tomato. J. Am. Soc.
Hortic. Sci. 2020, 145, 12-17. [CrossRef]

Ayala, A.; Muiioz, M.E; Argtielles, S. Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialdehyde
and 4-Hydroxy-2-Nonenal. Oxidative Med. Cell. Longev. 2014, 2014, 360438. [CrossRef]

Yuan, X.K;; Yang, Z.Q.; Li, Y.X,; Liu, Q.; Han, W. Effects of Different Levels of Water Stress on Leaf Photosynthetic Characteristics
and Antioxidant Enzyme Activities of Greenhouse Tomato. Photosynthetica 2015, 54, 28-39. [CrossRef]

Takdcs, S.; Pék, Z.; Csanyi, D.; Daood, H.G.; Szuvandzsiev, P; Palotas, G.; Helyes, L. Influence of Water Stress Levels on the Yield
and Lycopene Content of Tomato. Water 2020, 12, 2165. [CrossRef]


https://doi.org/10.3390/colloids4030037
https://doi.org/10.3390/plants9091139
https://doi.org/10.1002/ird.2729
https://doi.org/10.5539/jas.v11n17p35
https://doi.org/10.1016/j.plaphy.2018.11.012
https://doi.org/10.5897/ajar2015.9616
https://doi.org/10.15835/nsb11110360
https://doi.org/10.1080/01904167.2019.1617309
https://doi.org/10.3390/plants11111397
https://www.ncbi.nlm.nih.gov/pubmed/35684170
https://doi.org/10.1016/j.plaphy.2021.11.033
https://www.ncbi.nlm.nih.gov/pubmed/34844116
https://doi.org/10.3390/agronomy12051068
https://doi.org/10.1016/j.agwat.2022.107487
https://doi.org/10.9755/EJFA.V24I1.10599
https://doi.org/10.1111/j.1469-8137.2004.01056.x
https://www.ncbi.nlm.nih.gov/pubmed/33873761
https://doi.org/10.1111/j.1399-3054.2006.00621.x
https://doi.org/10.3390/plants8070190
https://doi.org/10.3389/fpls.2014.00086
https://doi.org/10.3923/ajpp.2011.17.27
https://doi.org/10.1016/j.scienta.2018.08.050
https://doi.org/10.1007/s12010-015-1909-3
https://doi.org/10.1007/978-1-4614-0634-1_7
https://doi.org/10.21273/JASHS04725-19
https://doi.org/10.1155/2014/360438
https://doi.org/10.1007/s11099-015-0122-5
https://doi.org/10.3390/w12082165

Plants 2023, 12, 3721 16 of 17

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Hong, S.H.; Tripathi, B.N.; Chung, M.S.; Cho, C.; Lee, S.; Kim, ].H.; Bai, HW.,; Bae, H.].; Cho, ].Y.; Chung, B.Y; et al. Functional
Switching of Ascorbate Peroxidase 2 of Rice (OsAPX2) between Peroxidase and Molecular Chaperone. Sci. Rep. 2018, 8, 9171.
[CrossRef] [PubMed]

Abbasi, S.; Sadeghi, A.; Safaie, N. Streptomyces Alleviate Drought Stress in Tomato Plants and Modulate the Expression of
Transcription Factors ERF1 and WRKY?70 Genes. Sci. Hortic. 2020, 265, 109206. [CrossRef]

Altaf, M.A.; Shahid, R.; Ren, M.X,; Naz, S.; Altaf, M.M.; Khan, L.U.; Tiwari, RK.; Lal, M.K.; Shahid, M.A.; Kumar, R.; et al.
Melatonin Improves Drought Stress Tolerance of Tomato by Modulating Plant Growth, Root Architecture, Photosynthesis, and
Antioxidant Defense System. Antioxidants 2022, 11, 309. [CrossRef] [PubMed]

ALKahtani, M.D.E,; Attia, K.A.; Hafez, YM.; Khan, N.; Eid, A.M.; Ali, M.A.M.; Abdelaal, K.A.A. Chlorophyll Fluorescence
Parameters and Antioxidant Defense System Can Display Salt Tolerance of Salt Acclimated Sweet Pepper Plants Treated with
Chitosan and Plant Growth Promoting Rhizobacteria. Agronomy 2020, 10, 1180. [CrossRef]

Do, T.C.V,; Tran, D.T.; Le, T.G.; Nguyen, Q.T. Characterization of Endogenous Auxins and Gibberellins Produced by Chlorella
Sorokiniana THO1 under Phototrophic and Mixtrophic Cultivation Modes toward Applications in Microalgal Biorefinery and
Crop Research. J. Chem. 2020, 2020, 4910621. [CrossRef]

Novitskaya, G.V.; Kocheshkova, T.K.; Novitskii, Y.I. The Effects of a Weak Permanent Magnetic Field on the Lipid Composition
and Content in the Onion Leaves of Various Ages. Russ. J. Plant Physiol. 2006, 53, 638—648. [CrossRef]

Leelapriya, T.; Dhilip, K.S.; Narayan, P.V.S. Effect of Weak Sinusoidal Magnetic Field on Germination and Yield of Cotton
(Gossypium Spp.). Electromagn. Biol. Med. 2009, 22, 117-125. [CrossRef]

Hearris, M.A.; Hammond, K.M.; Fell, ].M.; Morton, J.P. Regulation of Muscle Glycogen Metabolism during Exercise: Implications
for Endurance Performance and Training Adaptations. Nutrients 2018, 10, 298. [CrossRef]

Khoshravesh, M.; Mohammad, S.; Mirzaei, J.; Shirazi, P.; Valashedi, R.N. Evaluation of Dripper Clogging Using Magnetic Water
in Drip Irrigation. Appl. Water Sci. 2018, 8, 81. [CrossRef]

Al-Ogaidi, A.A.M.; Wayayok, A.; Rowshon, M.K.; Abdullah, A.F. The Influence of Magnetized Water on Soil Water Dynamics
under Drip Irrigation Systems. Agric. Water Manag. 2017, 180, 70-77. [CrossRef]

Cui, H; Liu, X; Jing, R.; Zhang, M.; Wang, L.; Zheng, L.; Kong, L.; Wang, H.; Ma, F. Irrigation with Magnetized Water Affects the
Soil Microenvironment and Fruit Quality of Eggplants in a Covered Vegetable Production System in Shouguang City, China.
J. Soil Sci. Plant Nutr. 2020, 20, 2684-2697. [CrossRef]

Niu, H.; Bian, C.; Long, A.; Wang, Z.; Cao, M.; Luo, ]J. Impacts of root pruning and magnetized water irrigation on the
phytoremediation efficiency of Celosia argentea. Ecotoxicol. Environ. Saf. 2021, 211, 111963. [CrossRef] [PubMed]

Solos, E. Sistema Brasileiro de Classificagio de Solos; Centro Nacional de Pesquisa de Solos: Rio de Janeiro, Brazil, 2013; Volume 3.
Furlani, P.R. Instrugées Para o Cultivo de Hortaligas de Folhas Pela Técnica de Hidroponia NFT. Campinas, 2nd ed.; Furlani, PR., Ed.;
Instituto Agronémico: Campinas, Brazil, 1998; Volume 1.

Farias, ].R.B.; Bergamaschi, H.; Martins, S.R. Evapotranspiragao No Interior de Estufas Plasticas. Rev. Bras. De Agrometeorol. 1994,
2,17-22.

Raij, B. van Recomendagoes de Adubagdo e Calagem Para o Estado de Sdo Paulo; IAC: Campinas, Brazil, 1996; Volume 100.

Fernandes, C.; Cor4, ].E.; Aratjo, ].A.C. de Utilizagao Do Tanque Classe a Para a Estimativa Da Evapotranspiragao de Referéncia
Dentro de Casa de Vegetacao. Eng. Agricola 2004, 24, 46-50. [CrossRef]

Souza, M.J.H.D.; Ramos, M.M.; Siqueira, D.L.D.; Costa, L.C.; Lhamas, A.J.M.; Mantovani, E.C.; Cecon, PR.; Salomao, L.C.C.
Produgao e Qualidade Dos Frutos Da Limeira Acida “Tahiti” Submetida a Diferentes Porcentagens de Area Molhada. Rev. Bras.
De Eng. Agricola E Ambient. 2003, 7, 245-250. [CrossRef]

Snyder, R.L. Equation for Evaporation Pan to Evapotranspiration Conversions. J. Irrig. Drain. Eng. 1992, 118, 977-980. [CrossRef]
De Souza Macédo, L.; Antonio, M.; Alvarenga, R. Efeitos de Laminas de Agua e Fertirrigagao Potassica Sobre o Crescimento,
Produgao e Qualidade Do Tomate Em Ambiente Protegido. Ciéncia E Agrotecnologia 2005, 29, 296-304. [CrossRef]

Silva, VM.; Boleta, E.H.M.; Lanza, M.G.D.B.; Lavres, J.; Martins, J.T.; Santos, E.E.; dos Santos, EL.M.; Putti, EE,; Junior, E.F.; White,
PJ.; et al. Physiological, Biochemical, and Ultrastructural Characterization of Selenium Toxicity in Cowpea Plants. Environ. Exp.
Bot. 2018, 150, 172-182. [CrossRef]

Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Protein-Dye Binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Del Longo, O.T.; Gonzalez, C.A.; Pastori, G.M.; Trippi, V.S. Antioxidant Defences under Hyperoxygenic and Hyperosmotic
Conditions in Leaves of Two Lines of Maize with Differential Sensitivity to Drought. Plant Cell Physiol. 1993, 34, 1023-1028.
[CrossRef]

Giannopolitis, C.N.; Ries, S.K. Superoxide Dismutases: II. Purification and Quantitative Relationship with Water-Soluble Protein
in Seedlings. Plant Physiol. 1977, 59, 315-318. [CrossRef]

Peixoto, PH.P,; Cambraia, J.; Sant’Anna, R.; Mosquim, P.R.; Moreira, M.A. Aluminum Effects on Lipid Peroxidation and on the
Activities of Enzymes of Oxidative Metabolism in Sorghum. Braz. |. Plant Physiol. 1999, 11, 137-143.

Moldes, C.A.; Medici, L.O.; Abrahao, O.S.; Tsai, S.M.; Azevedo, R.A. Biochemical Responses of Glyphosate Resistant and
Susceptible Soybean Plants Exposed to Glyphosate. Acta Physiol. Plant. 2008, 30, 469—-479. [CrossRef]

Teisseire, H.; Guy, V. Copper-Induced Changes in Antioxidant Enzymes Activities in Fronds of Duckweed (Lemna Minor). Plant
Sci. 2000, 153, 65-72. [CrossRef]


https://doi.org/10.1038/s41598-018-27459-1
https://www.ncbi.nlm.nih.gov/pubmed/29907832
https://doi.org/10.1016/j.scienta.2020.109206
https://doi.org/10.3390/antiox11020309
https://www.ncbi.nlm.nih.gov/pubmed/35204192
https://doi.org/10.3390/agronomy10081180
https://doi.org/10.1155/2020/4910621
https://doi.org/10.1134/S1021443706050074
https://doi.org/10.1081/JBC-120024621
https://doi.org/10.3390/nu10030298
https://doi.org/10.1007/s13201-018-0725-7
https://doi.org/10.1016/j.agwat.2016.11.001
https://doi.org/10.1007/s42729-020-00334-7
https://doi.org/10.1016/j.ecoenv.2021.111963
https://www.ncbi.nlm.nih.gov/pubmed/33493728
https://doi.org/10.1590/S0100-69162004000100006
https://doi.org/10.1590/S1415-43662003000200010
https://doi.org/10.1061/(ASCE)0733-9437(1992)118:6(977)
https://doi.org/10.1590/S1413-70542005000200005
https://doi.org/10.1016/j.envexpbot.2018.03.020
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1093/OXFORDJOURNALS.PCP.A078515
https://doi.org/10.1104/pp.59.2.315
https://doi.org/10.1007/s11738-008-0144-8
https://doi.org/10.1016/S0168-9452(99)00257-5

Plants 2023,12, 3721 17 of 17

85.

86.

87.

88.

89.

90.

91.

92.

Alexieva, V.; Sergiev, I.; Mapelli, S.; Karanov, E. The Effect of Drought and Ultraviolet Radiation on Growth and Stress Markers in
Pea and Wheat. Plant Cell Environ. 2001, 24, 1337-1344. [CrossRef]

Heath, R.L.; Packer, L. Photoperoxidation in Isolated Chloroplasts: I. Kinetics and Stoichiometry of Fatty Acid Peroxidation. Arch.
Biochem. Biophys. 1968, 125, 189-198. [CrossRef] [PubMed]

Sims, D.A.; Gamon, J.A. Relationships between Leaf Pigment Content and Spectral Reflectance across a Wide Range of Species,
Leaf Structures and Developmental Stages. Remote Sens. Environ. 2002, 81, 337-354. [CrossRef]

Banzato, D.A.; Kronka, S.N. Experimentagio Agricola, 4th ed.; FUNEP: Jaboticabal, Brazil, 2006.

de Souza, A.V.; de Mello, ].M.; da Silva Favaro, V.E; dos Santos, T.G.F.; dos Santos, G.P.; de Lucca Sartori, D.; Ferrari Putti, F.
Metabolism of Bioactive Compounds and Antioxidant Activity in Bananas during Ripening. J. Food Process. Preserv. 2021, 45,
€15959. [CrossRef]

da Silva, V.E.C.; Tadayozzi, Y.S.; Putti, EE; Santos, FA.; Forti, ].C. Degradation of Commercial Glyphosate-Based Herbicide via
Advanced Oxidative Processes in Aqueous Media and Phytotoxicity Evaluation Using Maize Seeds. Sci. Total Environ. 2022, 840,
156656. [CrossRef] [PubMed]

de Souza, A.V.; de Mello, ].M.; da Silva Favaro, V.F,; da Silva, V.F,; dos Santos, T.G.F.; de Lucca Sartori, D.; Putti, EE. Antioxidant
Activity, Bioactive Compounds, and Agro-Industrial Quality: Correlations between Parameters in Fresh and Processed Tomatoes.
J. Food Process. Preserv. 2021, 45, €15696. [CrossRef]

de Souza, A.V,; da Silva Vieira, M.R.; Putti, EF. Correlations between the Phenolic Compounds and Antioxidant Activity in the
Skin and Pulp of Table Grape Varieties. Braz. ]. Food Technol. 2018, 21, 2017103. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1046/j.1365-3040.2001.00778.x
https://doi.org/10.1016/0003-9861(68)90654-1
https://www.ncbi.nlm.nih.gov/pubmed/5655425
https://doi.org/10.1016/S0034-4257(02)00010-X
https://doi.org/10.1111/jfpp.15959
https://doi.org/10.1016/j.scitotenv.2022.156656
https://www.ncbi.nlm.nih.gov/pubmed/35709990
https://doi.org/10.1111/jfpp.15696
https://doi.org/10.1590/1981-6723.10317

	Introduction 
	Results 
	Treatment and Experimental Design 
	Effects of Water Stress on Chlorophyll and Tomato Production 

	Discussion 
	Effects on the Tomato Antioxidative System 
	Effects of Water Stress on Chlorophyll and Production 

	Materials and Methods 
	Experimental Area Characterization 
	Treatment and Experimental Design 
	Determination of Enzyme Activity 
	Determination of the Total Soluble Protein Content 
	Determination of Chlorophylls 
	Determination of Production and Dry Mass 
	Analyses Statistics 

	Conclusions 
	References

