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Abstract: The use of fungicides from the strobilurin and carboxamide groups demonstrates an effect
on photosynthetic efficiency by increasing CO2 assimilation and, consequently, plant productivity,
due to better a physiological performance. The objective was to evaluate the effect of the application
of these fungicides on the physiology and yield of tomato plants. A randomized block design was
used with six treatments and five blocks: control, azoxystrobin (75 g ha−1), boscalid (75 g ha−1),
pyraclostrobin (75 g ha−1), fluxapyroxad (75 g ha−1) and fluxapyroxad + pyraclostrobin (50.1 g
and 99.9 g ha−1). Different physiological, biochemical and antioxidant enzymatic parameters were
evaluated. The application of fungicides increased the CO2 assimilation by 64% and the production
per plant by 91%. The activity of the nitrate reductase enzyme increased by 1.69 times, the antioxidant
system by 3.68 times and photosynthetic pigments by 1.16 times under the action of the studied fungi-
cides with respect to the control. Therefore, the application of fungicides favored the development of
the tomato plant, especially with the use of Pyraclostrobin (75 g ha−1).

Keywords: Solanum lycopersicum L.; fungicide; gas exchange; antioxidant enzymes; yield

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most cultivated vegetables in the world.
China is the largest producer, with 64 million tons, and Brazil ranks as the tenth largest
producer [1]. Its production in 2021 was 3.88 million tons, and the expectation for 2022 is a
negative variation of 9.2% [2].

Worldwide, the group of fungi Alternaria sp. is responsible for significant damage
to several crops, including tomatoes, favored mainly by high temperatures and humidity
variation [3]. The disease attacks all parts of the plant and causes a total loss of the fruits,
with fungicides based on strobilurins and carboxamides being among the groups most
widely used to control Alternaria sp. [4]. However, the use of such products for disease
control generates additional crop management costs

In a study of production costs for the 2017/2018 harvest, inputs accounted for the
largest share of investment by the producer, and, within this item, 55% of the capital is
devoted to agricultural pesticides [5]. In view of this, pesticides, including fungicides,
in addition to having a disease control function, must also act to improve metabolism,
enabling a greater production efficiency and plant yield.

The application of fungicides from the strobilurin group, for example, has the demon-
strated effect of increasing the assimilation of nitrite and its incorporation in the chlorophyll
molecule; other effects are reported in relation to the photosynthetic efficiency, such as
an increase in the assimilation of CO2 and a reduction in the respiratory rate. Effects on
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plant hormone regulation are also seen, such as reduction in ethylene production, delaying
leaf senescence [6–8]

As for production, the application of pyraclostrobin or boscalid fungicides to grafted
cucumber plants increased plant productivity, probably due to their better physiological
performance [9]. In carrot cultivation, biweekly application of boscalid provided greater
root length [10], and studies have shown the positive effects of these fungicides on the
postharvest quality of tomatoes [11] and melons [12].

In this way, the inclusion of the application of these products in the management
program for tomato cultivation, combined with techniques such as cultivation in a protected
environment, fertigation and use of hybrids, may provide an increase in the efficiency of
the production systems, their productivity and the quality of this vegetable.

Thus, the hypothesis of this research is that fungicides based on strobilurins and
carboxamides cause changes in the physiological and biochemical processes of tomato
plants that are reflected in productivity gains. To confirm this hypothesis, the present
research was carried out with the objective of evaluating the effect of the application of
fungicides from the strobilurin and carboxamide groups on the physiology, production and
quality of tomato fruits in a protected environment.

2. Materials and Methods
2.1. Design Experimental

The experiment was carried out at the Research and Production Farm of São Manuel, in
São Manuel city, São Paulo state, belonging to the School of Agronomic Sciences, Botucatu
Campus, Sao Paulo State University, UNESP (22◦44′ S, 47◦34′ W and 750 m above sea level).
The climate is humid subtropical mesothermal with drought in the winter season [13].

The protected ambient used was of the arch type, 30 m long, 7 m wide and 3 m high,
covered with a 150 µm low-density polyethylene film with additives and closed on the
sides with a 75% shading screen.

The experimental design used consisted of randomized blocks with six treatments
and five blocks. Each plot was composed of 6 plants, considering 4 useful plants. The
treatments used were: T0—control; T1—azoxystrobin 75 g ha−1; T2—boscalid 75 g ha−1;
T3—pyraclostrobin 75 g ha−1; T4—fluxapyroxad 75 g ha−1; T5—fluxapyroxad 50, 1 g ha−1

+ pyraclostrobin 99.9 g ha−1.

2.2. Crop Management

The “Conquistador” tomato hybrid was used, sown in expanded polystyrene trays
with 128 cells, placing two seeds per cell with the recommended substrate for the production
of vegetables. Thinning, to remove plants that had not developed normally, was carried
out when the seedlings had cotyledonary leaves.

Transplanting was carried out 30 days after sowing, with one plant per hole spaced
at 1.0 × 0.5 m. The beds had a height of 0.20 m above ground level, and each was served
by an irrigation and fertirrigation line. The plants were guided with a rod throughout the
cycle and vertically tutored.

The first application of the treatments was carried out 3 days after transplanting the
seedlings (DAT), and the five subsequent applications at 10, 17, 24 and 31. All fungicide
applications were carried out via the leaves using a pressurized CO2 manual sprayer with
0.3 kgf cm−2 and conical nozzles, using a plastic curtain between treatments to prevent drift.

As a source of azoxystrobin (strobilurin), the product Amistar® was used, containing
500 g kg−1 of active ingredient (a.i.) manufactured by Syngenta; for boscalid (carboxamide)
the Cantus® product containing 500 g kg−1 (a.i.); for pyraclostrobin (strobilurin) the Comet®

product containing 250 g L−1 (a.i.); for fluxapyroxad (carboxamide) the product Xe-mium®

was used and for the fluxapyroxad + pyraclostrobin mixture Orkestra® was used. All of
them are manufactured by BASF S.A. The applications were carried out via leaf, in the
whole plant, using a manual pressurized CO2 sprayer, with 0.3 kgf cm−2, open conical
nozzle, using a plastic curtain between treatments to avoid drift.
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2.3. Physico-Chemical Properties of the Substrate for Vegetable Production

The commercial substrate Carolina Soil® II (São Paulo, Brazil) was used, composed
of Sphagno peat, expanded vermiculite, class A agro-industrial organic waste, dolomitic
limestone, agricultural gypsum and traces of NPK fertilizers, with pH 5.5 ± 0.5, EC
0.4 ± 0.3 mScm−1 and a density of 155 kg m−3, placing one seed per cell. When the
seedlings had cotyledonary leaves, they were thinned and removed from the plants that
had not developed normally.

2.4. Variables Analyzed

Gas exchanges were analyzed at 60 DAT, between 8:00 am and 11:00 am, using equip-
ment with an open photosynthesis system with a CO2 and water vapor analyzer employing
infrared radiation (“Infra Red Gas Analyzer—IRGA”) (LI-6400, Photosynthesis Meter, Li-
Cor Biosciences, Lincoln, NE, USA). The gas exchange characteristics analyzed were the
CO2 assimilation rate (A, µmolCO2 m−2 s−1), stomatal conductance (gs, mol m−2 s−1),
internal concentration of CO2 in the leaf (Ci, µmolCO2 mol−1 air) and transpiration rate
(E, mmol water vapor m−2 s−1). Water use efficiency (WUE, µmolCO2 (mmol H2O)−1) was
determined through the relationship between CO2 assimilation and transpiration rate, and
carboxylation efficiency (A/Ci) was determined through the relationship between water use
rate and CO2 assimilation and internal CO2 concentration in the leaf.

Three collections were carried out for enzymatic and photosynthetic pigment analysis
at 30, 60 and 120 DAT, in which three leaves were collected, later wrapped in aluminum foil
and placed in plastic bags, and then frozen in liquid nitrogen. Lipid peroxidation (TBAR)
was determined according to the technique described by [14]. The activity of the enzyme su-
peroxide dismutase (SOD) was determined by the methodology described by [15], catalase
(CAT) was determined by the methodology described by [16], and the peroxidase enzyme
activity (POD) was measured by the spectrophotometric method proposed by [17]. For
nitrate reductase activity, the methodology described by [18] was used. The quantification
of chlorophylls a and b was performed according to the methodology described by [19],
and the levels expressed in µg.g of fresh mass−1.

The activity of the SOD was determined based on the ability of the enzyme to inhibit
the photoreduction of NBT (nitrotetrazolium chloride blue). For reaction, 50 µL of crude
extract was added to 2950 µL of the reaction medium composed of potassium phosphate
buffer (50 mM, pH 7.8), methionine (13.0 mM), EDTA (0.1 µM), NBT (75.0 µM) and ri-
boflavin (2.0 µM). The reaction was started with the aid of a 15 W fluorescent light chamber
at 25 ◦C, the catalysis was ended by interrupting the light at 10 min, and the absorbance
of the blue formazan resulting from the photoreduction of the NBT was determined with
the aid of a spectrophotometer at 560 nm. The mixture for reading the reaction white
consisted of the junction of the crude extract and reaction medium kept in the dark, with
a unit of SOD being defined as the activity of the enzyme necessary to inhibit 50% of the
photoreduction of the NBT.

To determine the activity of the CAT, 50 µL of crude extract was added to 950 µL of
the reaction medium composed of 50 potassium phosphate buffer (mM pH 7.0) supple-
mented with H2O2 (12.5 mM), with the reading performed on a spectrophotometer with an
absorbance of 240 nm after 60 s, and the enzymatic activity was calculated using the molar
extinction coefficient ε = 39.4 mM.

The activity of the POD enzyme was determined using 100 µL of the crude extract to
4900 µL of the buffer with a reaction medium consisting of potassium phosphate (25 mM
pH 6.8), H2O2 (12.5 mM) and pyrogallol (20 mM). The reaction was stopped with 500 µL
of sulfuric acid (5%), and the reading was performed on a spectrophotometer with an
absorbance of 420 nm. The enzymatic activity was calculated using the molar extinction
coefficient ε = 2.47 mM cm−1.

For the determination of nitrate reductase activity, 200 mg of the leaf was collected and
inserted into a penicillin tube, and 10 mL of the extracting solution was added. The samples
were incubated under vacuum for a duration of 3 cycles of 2 min. After incubation, the
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samples were placed in a water bath at 30 ◦C for 1 h. Then, 1 mL of the extracted solution
was collected and transferred to tubes, where 1 mL of the sulfanilamide solution and 1 mL of
the N-naphthyl solution were added. The readings were performed by spectrophotometry
at 540 nm.

In order to evaluate the productive parameters, nine harvests were carried out in two
central plants in which the fresh weight of the fruit (g), number of commercial fruits and
commercial production (kg plant−1) were evaluated, according to the Tomato Classifica-
tion Norms [20].

With the fruits of the fourth harvest, physical-chemical analyses and shelf life were
carried out. The pH was determined by direct reading in a homogenized pulp solution
using a bench pH meter (HI22091-01, Hanna Instruments, Woonsocket, RI, USA), according
to the technique described by [21]; the soluble solids content was determined with a
portable digital refractometer (PAL-1, Atago, Tokyo, Japan), with the results expressed
in ◦Brix, and the titratable acidity, expressed in grams of citric acid per 100 g of pulp, as
recommended from the [22]. The “ratio” was determined through the relationship between
the soluble solids (SS) content and the titratable acidity (TA) [23].

To evaluate weight loss, two fruits from each plot were selected, identified and placed
on expanded polystyrene trays at room temperature. The fruits were weighed on a precision
digital electronic scale (Travola 30, Micheletti, São Paulo, Brazil) every two days until they
all lost their commercial aspect.

2.5. Statistical Analysis

The data were previously submitted to the Anderson Darling homogeneity test,
through the Minitab program; the number of fruits and weight loss data were trans-
formed into

√
(x + 1), the normality of the data was verified, the analysis of variance

was performed (F test) and the means were compared using the Scott Knott test at 5% of
probability, using the AGROESTAT® program. For the variables analyzed over time and
which showed a significant effect for the applied treatments, graphs were constructed using
the SIGMAPLOT program, version 12.5.

3. Results
3.1. Gas Exchange in Tomato Plants

There was a significant difference at 60 DAT for the gas exchange variables: A, gs,
Ci, WUE and A/Ci, with the exception of variable E. In the evaluated period, treatment
T2 (Boscalid 75 g ha−1) and T3 (Pyraclostrobin 75 g ha−1) provided, respectively, greater
CO2 assimilation rates (A) of 70 and 58% in relation to the control. Stomatal conductance
was maintained, while Ci was simultaneously reduced by 25% and 19%, resulting in the
efficiency of A in relation to the control treatment (Table 1).

Table 1. CO2 assimilation rate (A), stomatal conductance (gs), internal CO2 concentration (Ci), water
use efficiency (WUE), carboxylation efficiency (A/Ci) and transpiration (E) of plants of tomato plants
treated with fungicides with a physiological effect.

Treatments A
(µmolCO2 m−2s−1)

gs
(mol m−2s−1)

Ci
(µmolCO2
mol−1ar)

E
(mmol Water

Vapor m−2s−1)

EUA
µmolCO2 (mmol

H2O)−1
A/Ci

T0—Control 12.47 d 0.313 a 274.40 a 6.00 a 2.10 c 0.046 d
T1—Azoxystrobin 15.09 c 0.269 b 229.10 b 5.83 a 2.62 b 0.067 c

T2—Boscalid 21.27 a 0.269 b 207.18 c 5.76 a 3.71 a 0.103 a
T3—Pyraclostrobin 19.69 a 0.299 a 222.64 b 5.83 a 3.39 a 0.089 b
T4—Fluxapyroxad 18.45 b 0.318 a 241.76 b 6.17 a 3.01 a 0.076 b

T5—Fluxapyroxad +
Pyraclostrobin 18.14 b 0.296 a 227.99 b 5.71 a 3.21 a 0.080 b

CV (%) 8.07 7.09 5.15 7.04 10.89 10.95

Different lowercase letters in the columns differ statistically using the Scott Knott test at 5% probability.
CV = Coefficient of variation.
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In the WUE, treatments T2 (Boscalid 75 g ha−1), T3 (Piraclostrobin 75 g ha−1), T4
(Fluxapiroxad 75 g ha−1) and T5 (Fluxapiroxad + pyraclostrobin (50.1 g and 99.9 g ha−1)
resulted in greater water efficiencies of 77%, 61%, 43% and 53% in relation to the control.
The A/Ci was significantly higher in T2, with gains above 100% of the value of those
obtained in the tomato plants not treated with the groups of fungicides adopted (Table 1).

3.2. Photosynthetic Pigment Content of Tomato Plants

As for the photosynthetic pigments, the plants under the action of the tested fungicides
presented contents of chlorophyll a and b, 1.11 and 1.21 times higher, simultaneously, than
the control in all the evaluations carried out.

For 30 DAT, the application of associated fungicides (T5—Fluxapyroxad + pyra-
clostrobin (50.1 g and 99.9 g ha−1) resulted in a greater presence of chlorophyll a, while, for
the evaluation of 60 DAT, the treatments T2 (Boscalid 75 g ha−1) and T3 (Pyraclostrobin
75 g ha−1) showed the best results, respectively. As for the evaluation of 120 DAT, the treat-
ments that stood out were the application of Azostrobin and the associated application of
Fluxapyroxad and Pyraclostrobin (Table 2). Such results for the treatments with fungicides,
when compared with the lower results of the control treatment, demonstrate that both
carboxamide and strobirulin positively influenced the levels of chlorophyll a.

Table 2. Chlorophyll a (Cl a) and chlorophyll b (Cl b) content of tomato plants treated with fungicides
with physiological effect, at different collection times.

30 DAT 60 DAT 120 DAT

Treatments Cl a
(µg/g)

Cl b
(µg/g)

Cl a
(µg/g)

Cl b
(µg/g)

Cl a
(µg/g)

Cl b
(µg/g)

T0—Control 464.67 d 210.06 d 522.98 f 595.02 a 753.36 b 507.76 c
T1—Azoxystrobin 395.91 d 177.98 d 642.48 e 483.10 b 1153.66 a 791.88 a

T2—Boscalid 814.77 b 414.55 c 1169.82 b 682.56 a 846.93 b 669.68 b
T3—Pyraclostrobin 627.74 c 526.23 b 1282.36 a 619.89 a 897.90 b 683.65 b
T4—Fluxapyroxad 769.96 b 513.99 b 806.07 d 621.80 a 948.46 b 651.35 b

T5—Fluxapyroxad +
Pyraclostrobin 1091.90 a 600.21 a 942.55 c 576.29 a 1156.86 a 565.72 c

CV (%) 10.94 10.81 5.61 9.52 9.15 8.23
Different lowercase letters in the columns differ statistically using the Scott Knott test at 5% probability.
CV = Coefficient of variation.

As for the chlorophyll b content, greater differences between treatments occurred
at 30 and 120 DAT, and, in both, the control showed lower results than the strobilurins
and carboxamides applied separately (with the exception of Azoxystrobin at 30 DAT). At
60 DAT, there was no statistical difference between the treatments, with the exception of
Azoxystrobin, which presented a lower result than the others (Table 2).

3.3. Antioxidant Defense System of Tomato Plants

The application of fungicides to the plants favored the production of the enzymes
that regulate antioxidant metabolism and reduced membrane damage on the analyzed
dates (Table 3).

Lipid peroxidation was significantly reduced after the application of Azoxistrobin
(T1): by 77%, at 60 DAT, when compared to control plants. This reduction in membrane
damage was also observed at 120 DAT in the T3 treatment (Piraclostrobin 75 g ha−1), which
inhibited lipid peroxidation by 36% compared to the control (Table 3).
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Table 3. Lipid peroxidation (TBARS), superoxide dismustase (SOD), catalase (CAT), peroxidase
(POD) and nitrate reductase (NR) activity of tomato plants treated with fungicides with physiological
effect, at different collection times.

30 DAT

Treatments TBARS
(nmol/g MF)

SOD
(U/mg prot.)

CAT
(mKat µg prot.)

POD
(µmol/min/mg prot.)

NR
(µg nitrito/min/g MF)

T0—Control 7.70 a 2906.71 c 0.85 c 31.22 c 4.94 b
T1—Azoxystrobin 7.60 a 3090.72 c 0.79 c 155.62 a 5.87 b

T2—Boscalid 7.36 a 6585.28 a 1.88 b 131.27 a 6.79 a
T3—Pyraclostrobin 7.38 a 4744.58 b 1.69 b 135.42 a 8.06 a
T4—Fluxapyroxad 7.74 a 5884.36 a 2.26 a 78.38 b 7.07 a

T5—Fluxapyroxad +
Pyraclostrobin 6.65 a 2836.29 c 2.44 a 55.18 b 6.43 a

CV (%) 10.95 13.13 13.33 16.57 13.01

60 DAT

T0—Control 7.58 b 1421.22 d 0.77 d 146.22 b 3.75 c
T1—Azoxystrobin 13.48 a 3990.48 c 4.01 c 143.54 b 8.93 a

T2—Boscalid 8.33 b 6124.88 b 4.54 c 271.81 a 7.95 a
T3—Pyraclostrobin 10.62 b 9860.88 a 7.52 b 145.40 b 6.95 b
T4—Fluxapyroxad 9.30 b 5907.59 b 12.56 a 112.67 c 6.82 b

T5—Fluxapyroxad +
Pyraclostrobin 9.05 b 4324.46 c 2.01 d 94.50 c 6.74 b

CV (%) 13.71 13.56 19.40 7.99 12.72

120 DAT

T0—Control 10.44 b 3254.68 b 2.66 c 47.37 e 3.99 c
T1—Azoxystrobin 11.64 b 2234.13 b 4.30 b 114.68 d 6.48 b

T2—Boscalid 7.16 c 3589.37 b 4.36 b 129.14 d 9.57 a
T3—Pyraclostrobin 14.25 a 11197.49 a 3.35 c 155.40 c 7.66 b
T4—Fluxapyroxad 10.13 b 4173.26 b 7.86 a 316.56 a 10.74 a

T5—Fluxapyroxad +
Pyraclostrobin 7.71 c 5126.82 b 2.53 c 234.92 b 7.59 b

CV (%) 13.46 78.86 18.95 11.13 13.88

Different lowercase letters in the columns differ statistically using the Scott Knott test at 5% probability.
CV = Coefficient of variation.

The SOD activity was higher in the treatments based on Boscalid (T2), Pyraclostrobin
(T3) and Fluxapyroxad (T4), with increases of 1.26, 5.94 and 1.02 times, respectively, in
relation to the control. The same behavior was observed for the CAT activity, in which
plants treated with fungicide, in general, showed greater enzymatic activity, while the
application of Fluxapyroxad (T4) and Fluxapyroxad + Piraclostrobin (T5) increased it on
average 6.30 and 1.87 times, respectively, in relation to T0, demonstrating the positive effect
of strobirulins and carboxamides in increasing the activity of these antioxidant enzymes
throughout the tomato cycle (Table 3).

The POD enzyme activity increased 5.68 times under application of 75 ha−1 of Fluxapy-
roxad in relation to the control at 120 DAT (Table 3).

The application of Fluxapyroxad increased 1.69 times the activity of the nitrate reduc-
tase enzyme in relation to the control at 120 DAT. This result demonstrates the promising
impact of fungicides with a physiological effect from different chemical groups throughout
the entire crop cycle (Table 3).

3.4. Productive Parameters of Tomato Plants

The productive parameters, including the weight, number and production of fruits
of the tomato, were positively influenced by the application of the tested fungicides in
relation to the control. Plants under application of Azoxystrobin (T1), Pyraclostrobin (T3),
Fluxapiroxad (T4) and Fluxapyroxad + pyraclostrobin (T5) presented an average fruit
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weight higher than that of the other treatments. Likewise, the application of Pyraclostrobin
(T3) provided a greater number of fruits and, consequently, greater production per plant at
the end of the cycle, with gains of 26% and 91% over the control, respectively (Table 4).

Table 4. Fruit weight (FW), production per plant (PP) and number of fruits (NF) of tomato plants
treated with physiological effect fungicides.

Treatments FW
(g/Fruit)

PP
(kg/Plant)

NF
(N◦ Fruits/Plant)

T0—Control 139.42 b 7.73 d 7.50 d
T1—Azoxystrobin 158.20 a 11.60 b 8.62 b

T2—Boscalid 129.28 b 9.99 c 8.85 b
T3—Pyraclostrobin 158.29 a 13.90 a 9.43 a
T4—Fluxapyroxad 152.62 a 11.09 b 8.59 b

T5—Fluxapyroxad + Pyraclostrobin 151.02 a 9.77 c 8.10 c
CV (%) 8.23 8.93 3.78

Different lowercase letters in the columns differ statistically using the Scott Knott test at 5% probability.
CV = Coefficient of variation.

3.5. Postharvest Quality of Tomato Fruits

The postharvest characteristics of soluble solids and acidity were altered depending
on the application of the treatments (Table 5); however, the pH did not differ statistically
between the treatments. As for acidity, plants under the application of Boscalid (T2),
Pyraclostrobin (T3) and Fluxapyroxad+pyraclostrobin (T5) did not differ from the control.
Meanwhile, for soluble solids, only Pyraclostrobin (T3) and the control showed higher
◦Brix content.

Table 5. Soluble solids content (◦Brix), pH (pH), titratable acidity (Ac) and the ratio between ◦Brix
and acidity (Ratio) of tomato fruits treated with fungicides with physiological effect.

Treatments Brix pH Ac
(g Critic Acid/100 g Pulp) Ratio

T0—Control 3.76 a 4.42 a 0.13 a 31.86 c
T1—Azoxystrobin 3.46 b 4.41 a 0.10 b 46.71 b

T2—Boscalid 3.62 b 4.28 a 0.16 a 25.10 d
T3—Pyraclostrobin 3.88 a 4.28 a 0.15 a 27.01 d
T4—Fluxapyroxad 3,66 b 4.42 a 0.10 b 61.82 a

T5—Fluxapyroxad + Pyraclostrobin 3.52 b 4.42 a 0.13 a 34.26 c
CV (%) 4.18 4.10 19.88 11.38

Different lowercase letters in the columns differ statistically using the Scott Knott test at 5% probability.
CV = Coefficient of variation.

The ratio values of the tomatoes were higher in the plants treated with Fluxapyroxade
(T4), showing an increase of 94% in relation to the control. This result reflects a lower
acidity in the fruits under this treatment and a medium sugar content, providing better
flavor for the palates of the consumers.

In the dynamics of mass loss, a gradual decrease in the tomato fruits was observed
during the days of storage. At eight days, most of the fruits from all treatments already
showed physiological and phytosanitary damage. For this reason, the weight loss was
computed up to six days after harvesting (Figure 1). In the treatments where Azoxystrobin
(T1) and Boscalida (T2) were applied, the fruits maintained good visual and texture charac-
teristics, and, thus, showed less mass loss six days after harvesting, with a reduction of 27%
and 32%, simultaneously, in relation to the control.
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Figure 1. Weight loss on different evaluation days of tomato fruits treated with physiological effect
fungicides. Different lowercase letters in the columns in the same evaluation period differ statistically
using the Scott Knott test at 5% probability. CONT—Control; AZO—azoxystrobin; BOS—boscalid;
PIR—pyraclostrobin; FLU—fluxapyroxad; FLU + PIR—fluxapyroxad + pyraclostrobin.

4. Discussion

Several studies have proved the positive physiological effect on plants resulting
from the application of strobilurins and carboxamides, in addition to their fungicidal
activity [6,9,24]. The positive influence on photosynthesis of the application of boscalid and
pyraclostobin was reflected in the increase in A. One of the reasons for the increase in A in
plants subjected to the application of pyraclostrobin is the change in the CO2 compensation
point and the decrease in respiration that these compounds cause in the plant, reflected in
the increase of the photosynthetic rate [25,26] as also observed in soybeans [10]. Although
the mode of action of strobilurins and carboxamides is similar, there is still a lack of
information explaining the beneficial physiological action of carboxamides [27].

Our WUE results are in line with what has been observed in the literature, where
the application of strobilurins favored the WUE in tomatoes under conditions of water
deficit [28] and salinity [29]. A lower availability of carbon in the leaf mesophyll in plants
treated with fungicide, associated with little variation in stomatal conductance and a higher
A, reflects a greater efficiency of action of the rubisco enzyme (A/Ci). This demonstrates the
physiological activity of the products used, since the control had the lowest A/Ci value, but
the highest Ci value.

The application of strobilurin and carboxamide, mainly separately, resulted in a better
performance of the gas exchange variables, corroborating [9]. However, the physiological
action of carboxamides, although proven, has not yet been fully elucidated [30].

Strobilurins and carboxamides have a physiological effect that results in the so-called
’green effect’ [27]. This effect consists of reducing the rate of ethylene production through
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a decrease in the activity of the enzyme ACC synthase, thus reflected in the maintenance
of photosynthetically active green tissues [25,31]. Leaf senescence is an activity strictly
linked to oxidative physiological processes, mainly through the action of reactive oxygen
species (ROS) [32]. Since the SOD, POD and CAT enzymes are involved in the control and
elimination of ROS, their action is related to the plant’s ability to remain healthy [33].

Boari et al. observed that the application of the fungicide pyraclostrobin contributed
to a 61% increase in the activity of the SOD, POD, CAT and APX enzymes in tomato plants
under saline stress [29]. Also, in cucumber plants (Cucumis sativus L.), Amaro et al. observed
greater activity of the CAT enzyme in grafted plants treated with boscalid, pyraclostrobin
and both associated [9]. In ginseng (Panax ginseng Mey. cv. “Ermaya”), it was observed that
the application of azoxystrobin also favored the presence of the SOD, POD, CAT and APX
enzymes, decreasing the presence of the O2

•− radical in the leaves [34].
SOD is the enzyme responsible for the dismutation of superoxide (O2

•−), a highly
reactive free radical, into hydrogen peroxide (H2O2), another free radical, but one with
less damage potential [35]. After the action of SOD, the POD enzyme comes into play and
eliminates the H2O2 produced by the dismutation of O2

•− by SOD [36]. Similarly, CATs
(CAT) are enzymes that rapidly demutate H2O2 into H2O and O2, with a significant effect
on peroxisomes [37].

Fungicides with side effects help to increase the activity of nitrate reductase [38] and
favor the assimilation of nitrogen and the conversion of nitrate into nitrite, a conversion that
occurs precisely due to the action of nitrate reductase in the cytosol [39]. Plants subjected
to treatments with fungicides, either isolated or associated, generally showed a greater
performance of the antioxidant enzymes and nitrate reductase. Such results demonstrate
the physiological effect of stimulating the expression of these enzymes, reflected in the
delay of tissue degradation and its consequent senescence.

Amaro et al., testing the same fungicides, also found a beneficial effect on nitrate
reductase activity, and, similarly, there was variation of the different chemical groups
throughout the cycle with a positive effect on enzyme expression [9]. Ruske et al. also
observed that strobilurins favored the assimilation of nitrogen, as well as its displacement
to wheat grains [40].

All plants under the application of the tested fungicides showed higher A, WUE
and A/Ci in relation to the control, reflected in a greater production per plant, since these
presented a greater production of photoassimilates, especially under the application of
pyraclostrobin. Therefore, it is possible to affirm that the use of this fungicide increased
the photosynthetic apparatus of the plants, increasing the assimilation of CO2 and re-
ducing possible stresses, and thereby reducing the floral abortion, resulting in a greater
number of fruits.

Similar to our production results, the application of boscalid, pyraclostrobin alone
and the two together promoted greater melon fruit weight [12], and, for tomato fruit
production, the application of fluxpyrad + pyraclostrobin and metiram + pyraclostrobin
provided higher yields [41]. These results demonstrate that the positive effects of the
application of these fungicides on the physiology and production of the tomato plant may
be linked to the active principle, cultivar used, edaphoclimatic conditions, number and
interval between applications.

Fruit flavor is determined by sensory aspects such as sweetness, acidity, aroma, texture
and others [42]. The ratio, the relation between soluble solids content and the titratable
acidity, is one of the best parameters for evaluating the flavor, demonstrating a balance
between the sugars and acids of the fruits, which is more important than the isolated
measurement of sugars or acidity [43].

Our results demonstrate that the application of fungicides reduced the degradation
of chlorophyll and, together with a better use of nitrogen due to the greater activity of the
enzyme nitrate reductase, caused a delay in the senescence of the leaves of the tomato plants.
Furthermore, since chlorophyll is an essential component for photosynthesis, and absorbs
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energy and directs it to the photosystems [44], the application of the tested fungicides also
increased the rate of CO2 assimilation.

Increased CO2 assimilation, in turn, increased fruit production in the plants treated
with pyraclostrobin. While the activity of the antioxidant enzymes, which were also
positively affected by the application of fungicides, may have reduced the environmental
stress that caused less fruit abortion, evidenced by the greater production in the plants
under application of the fungicides.

The physiological performance of these groups (strobilurins and carboxamides) is
probably related to their fungitoxic mode of action, as they depend more on the fungal
defense reactions, which interferes, at least partially, with the mitochondria of the plant cell
being affected in its respiratory process, thus being able to benefit the liquid photosynthesis
of the plant and, consequently, potentiate the assimilation of carbon. It is worth noting
that the temporary reduction in respiration may not mean phytotoxicity, depending on the
importance of mitochondrial respiration for the energy supply, which will vary according
to the plant phenology and environmental conditions [9,41,45].

5. Conclusions

The application of the tested fungicides promoted beneficial changes in the physiology
and biochemistry of the tomato plant in a protected environment, in addition to an increase
in fruit production, corroborating our hypothesis.

The plants under fungicide application showed a higher activity of the enzyme nitrate
reductase and higher rates of CO2 assimilation and carboxylation efficiency.

The application of 75 g ha−1 of pyraclostrobin in tomato plants in a protected environ-
ment can be recommended, due to the increase in fruit production per plant.
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