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Abstract: Basil is susceptible to biotic or abiotic stress, negatively interfering with growth and
production. Thus, the objective of this work was to evaluate the physiological effects of the application
of plant regulators in basil plants that suffer from water deficit. The experiment was conducted in
a randomized block design (RBD) in a 2 x 4 factorial scheme, including plants that were subjected
to water stress and those that were not. In addition, plants also received five doses of Stimulate®
composed of indolylbutyric acid (IBA) + gibberellic acid (GA3) + kinetin (Kt) with four repetitions
each. The experiment was evaluated through the biochemical analyses of superoxide dismutase
(SOD), catalase (CAT), peroxidase (POD) and lipid peroxidation performed 20, 35, and 50 days after
transplanting (DAT). The mixture of plant regulators attenuateds the effects through the increasing
activities of these enzymes. The plants that received the highest dosages (9 and 12 mL L) offered the
best protetion. Parameters of growth measures such as number of leaves and leaf area also showed
significant responses regarding the application of the plant growth regulators. The use of a mixture
of plant regulators, despite satisfactory results, does not make basil economically viable because it
presents inaccurate results regarding its use.
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1. Introduction

Basil (Ocimum basilicum L.) is a species belonging to the Lamiaceae family, characterized
as being an annual plant, erect, branched, and being between 30 and 50 cm of height [1].
Its main function is as a seasoning or flavoring, where green and fresh leaves are used.
Basil leaves are also extracted for an essential oil which is used in cosmetics, perfumery,
medicines, and food [2,3]. The main factors that interfere with its essential oil are the
stage of development of the plant, seasonality, availability of light radiation, temperature,
nutrients, and water [4,5].

When subjected to water stress, aromatic plants show a reduction in the growth and
production of fresh and dry biomass. Altered biochemical responses include stomatal
closure; an increase in the synthesis of abscisic acid and compatible solutes (such as amino
acids and sugars); alterations in the content and elasticity of the cell wall; the reduction
of leaf emission; and a reduction of leaf area [6,7]. In addition, it presents an increase in
resistance to water flow in the vascular tissues and roots [8].

One of the ways found to mitigate the problems that occurs with water stress in the
crop is the use of plant regulators, as these positively affect the expansion of the photo-
synthetic leaf area, the development of the root system, and the increase of antioxidative
enzyme activity. Stimulate®, a product composed of a mixture of plant regulators, auxin,
gibberellin, and cytokine, presents satisfactory results regarding its application in large
cultures; however, for medicinal and aromatic plants, there are few studies and publications
on the use of this mixture of plant regulators for the benefit of the culture.
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Cavalcante et al. (2020) studied the efficiency of bio-stimulants in the treatment of
water deficit in soybeans and observed that they were effective in giving these plants a
greater capacity to withstand periods of draught [9]. To mitigate the effects of water deficit
in sugarcane, Stimulate® was used by Torsian et al. (2020), presenting significant results
when used alone but not in a mixture with other plant regulators [10]. In Oliveira et al.
(2016), Stimulate® was able to maintain culture growth under water stress at doses of 10
to 15 mL L~! [11]. In contrast, the work by Reis (2021) showed that the mixture of plant
regulators did not minimize the effect of water deficit in bean cultivars [12].

During plant development, auxin is mainly produced in the apical meristems and
actively transported to the roots by membrane transporters. Depending on its concentra-
tion, auxin helps to increase the rhizogenic response, which helps in the regeneration of
culture [13]. Lameira et al. (1997) tested the rooting of black sage with the use of auxin,
concluding that auxin had a positive influence on the formation of the root system [14].
Cytokinins are mostly synthesized in apical root meristems and transported via xylem to
the shoot, where they play a fundamental role in controlling the phases of cell division in
plant tissues and in breaking the dormant phase in auxiliary buds [13]. Cytokinin aided
the growth and increased the production of essential oil in cultures such as Mentha piperita,
M. spicata and Salvia officinalis [15]. Gibberellin is synthesized in all young developing
tissues, controlling the organization of the cellulose microfibrils in such a way that the
cell can expand longitudinally [13]. Mentha spicata x suaveolens, Costus spicatus (Jacq.) Sw
(Zingiberaceae), and even in the culture under study (basil) demonstrate that AG increases
plant height, leaf area, the number of leaves, the dry and fresh mass of the shoots, as well
as the number of secondary branches [16].

Freschi and Magalhaes Filho (2017) found that auxin promoted greater root develop-
ment but at a significant cost to the shoot. Soy plants treated with cytokinin cracked more,
but the lower development of the root system impaired water replacement during tran-
spiration in addition to generating lower stomatal conductivity, limiting photosynthesis.
In any case, gibberellin stimulated stem and petiole branching, resulting in a plant with the
appearance of an unsupported vine [13]. In the same study, the use of a mixture of plant
regulators displayed better responses in all evaluated aspects, thus showing that the use of
plant hormones together present significant responses for cultivated plants [13].

To display the response to plant hormones when plants are under stress, antioxidant
enzymes are used in order to show the plant defense system protecting them from reactive
oxygen species, as these are capable of damaging cellular components.

The mixture of plant regulators such as auxin, cytokinin, and gibberellin can promote
or inhibit physiological, morphological and biochemical changes, causing qualitative and
quantitative changes [17]. Each of the plant hormones brings benefits to the plant, especially
under stress conditions, and they have been used both individually and in combination
for different purposes [18]. One of these purposes is to activate the antioxidant enzymes
that are responsible for the plant’s defense. Several works already published showed the
activity of antioxidant enzymes in response to stress and the use of regulators for their
activation: Kang and Saltveit (2002) [19] working with cucumber seedlings; Souza et al.
(2011) [20] studying rice culture; and Souza (2014) working with grapevines [18].

The enzyme superoxide dismutase controls damage caused by superoxide anions
(Oy7), a reactive oxygen species (ROS) that generates the oxidation of various organic
molecules such as ascorbate or the reduction of metals such as ferric (Fe3*) [21]. SOD H,O,
activates molecules for plant defense in addition to producing antioxidative or cleaning
enzymes [22]. Besides SOD, there are several other antioxidative enzymes capable of de-
composing ROS, such as ascorbate, catalase (CAT) and peroxidase (POD) [23]. Similar to the
SOD enzyme, CAT also plays a role in the defense against oxidative stress, eliminating ROS
from plant tissues by converting two molecules of H,O, into HyO and O, [24]. Peroxidase,
similar to Catalase, is an enzyme that catalyzes the oxidation-reduction between H,O, and
various reducers, which helps to control oxidative stress and, therefore, is part of several
physiological processes in plants, namely lignification, suberization, auxin catabolism,
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and protection against attacks by pathogens and insects as well as abiotic stresses [25].
In addition, POD participates in the catabolism of IAA (indolebutyric acid), and with
that they can together alter the hormonal balance in plants, causing modification of the
morphogenesis. However, there are also indications that the activity of IAA oxidase is
similar to that of peroxidase and that the latter may help regulate the content of IAA [26].

Lipid peroxidation or lipoperoxidation refers to the various reactions that occur as a
result of the oxidative degradation of lipids. This happens when there is oxidative stress in
the plant caused by an increase in ROS. Some factors are responsible for increased oxidative
stress, including drought, waterlogging, temperature changes, chemical and environmental
changes, and biotic and abiotic factors. This oxidative stress causes damage to plants,
with proteins being the most sensitive [27]. Therefore, it is important that there is activity
on the part of antioxidant enzymes so that they are able to eliminate ROS.

Nevertheless, for medicinal and aromatic plants there are few studies and publications
on the use of this mixture of plant regulators and defense enzymes, and as basil is a crop
capable of producing essential oil and is usually activated by some type of stress, it is of
interest to investigate possible treatments so as not to impair crop productivity and increase
oil production. Based on the research carried out, this work raises the hypothesis that
the foliar application of Stimulate® can reduce the negative effects that water deficiency
causes on the plant’s defense system, based on the activity of antioxidative enzymes.
In order to verify the hypothesis, the activity of superoxide dismutase (SOD), catalase
(CAT), peroxidase (POD), and lipoeroxidation were evaluated, in addition to growth
analyses such as number of leaves, leaf area and stem diameter in the culture of basil
subjected to a water deficit and the application of different doses of Stimulate ®.

2. Results
2.1. Analysis of Antioxidative Enzyme Activity

The activity of SOD was greater in plants under water stress, boosting enzyme activity
with the increase in Stimulate ® doses (Table 1). Meanwhile, in plants without water
deficit, the influence of the regulator was negative; hence, SOD activity was reduced with
increasing doses (Figure 1).

Table 1. Analysis of variance of superoxide dismutase (SOD, U.ug.pt—!) activity of basil cv. Basil
submitted to water deficit and different plant regulator doses (0, 3, 6,9, and 12 mL L~1), for 20, 35,
and 50 days after transplanting (DAT). Botucatu city, Sao Paulo State, Brazil, 2020.

F SOD 20 DAT SOD 35 DAT SOD 50 DAT
Water Deficit (DH) 46.96 ** 50.85 ** 119.56 **
Plant Regulators (PR)  9.95 ** 46.10 ** 9.74 **

WD x PR 40.12 ** 54.46 ** 32.18 **

CV (%) 4.09 5.25 5.5

** significance at 5% probability by the F test.
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Figure 1. Superoxide dismutase (SOD, U.ug.pt~!) enzyme activity of basil plants grown under water
deficit (W/WD) and without water deficit (WO/WD) as a function plant regulator dose (0, 3, 6, 9,

and 12 mL L~1), for 20 (A), 35 (B), and 50 (C) days after transplanting (DAT). Botucatu city, Sao Paulo
State, Brazil, 2020.

There was an influence on the activity of the catalase enzyme (CAT) with water
deficiency and application of the mixture of plant regulators in practically all evaluations.
At 20 DAT, the results of CAT activity showed a significant interaction between the two

factors (Table 2), and for plants with a water deficit, the activity of the catalase enzyme
increased as a function of increasing doses.

Table 2. Analysis of variance of catalase enzyme activity (CAT, mkat.ug.pt~!) of basil cv. Basil
submitted to water deficit and different plant regulator doses (0, 3, 6, 9, and 12 mL L1, for 20, 35,
and 50 days after transplanting (DAT). Botucatu city, Sao Paulo State, Brazil, 2020.

F CAT 20 DAT CAT 35 DAT CAT 50 DAT
Water Deficit (WD) 16.45 ** 15.79 ** 2.19ns

Plant Regulators (PR)  2.00 * 391* 4.80 **

WD x PR 3.57 ** 1.52ns 3.96 *

CV (%) 25.88 27.81 26.17

** significance at 5% probability by the F test. * significance at 1% probability by the F test. ns = not significant at
the 5% probability level.
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For the last evaluation, as previously presented, plants without a water deficit showed
an increase in the activity of the CAT enzyme that was proportional to the increase in
the plant regulator mixture doses (Figure 2C). Meanwhile, in plants with a water deficit,
there was no significant difference for the applied doses of the plant regulator mixture, in
which the action of CAT was similar between all applied doses.
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Figure 2. Catalase enzyme activity (CAT, mkat.ug.pt—!) of basil plants grown under water deficit
(W/WD) and without water deficit (WO/WD) as a function of plant regulator doses (0, 3, 6, 9,
and 12 mL L~ 1), for 20 (A), 35 (B) and 50 (C) days after transplanting (DAT). Botucatu city, Sao Paulo
State, Brazil, 2020.

In the results obtained for the activity of the enzyme Peroxidase (POD) (Table 3), for the
first analysis, at 20 days after planting, the activity of POD was inversely proportional to
the application of the plant regulator mixture in both analyzed plants with and without a
water deficit (Figure 3A). As observed in the first analysis for the CAT enzyme, there was
an increase in the first evaluation. This means that there may have been a greater action of
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the catalase enzyme that degraded H,O, into O, and H;O, meaning that it did not require
the activity of the peroxidase enzyme for such action.

Table 3. Analysis of variance of peroxidase enzyme activity (POD, umol.min.mg ') of basil cv. Basil
submitted to water deficit and different plant regulator doses (0, 3, 6, 9, and 12 mL LY, for 20, 35,
and 50 days after transplanting (DAT). Botucatu city, Sao Paulo State, Brazil, 2020.

F POD 20 DAT POD 35 DAT POD 50 DAT
Water Deficit (DH) 47.55 ** 44.86 ** 3.75ns

Plant Regulators (PR)  33.02 ** 25.07 ** 4.14

WD x PR 6.04 ** 23.98 ** 12.15 **

CV (%) 10.93 13.88 20.97

** significance at 5% probability by the F test. ns = not significant at the 5% probability level.
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Figure 3. Peroxidase enzyme activity (POD, umol.min.mg~!) of basil plants grown under water
deficit (W/WD) and without water deficit (WO/WD) as a function of plant regulator doses (0, 3, 6, 9,
and 12 mL L™1), for 20 (A), 35 (B) and 50 (C) days after transplanting (DAT). Botucatu city, Sao Paulo
State, Brazil, 2020.
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For the second evaluation, carried out at 35 DAT, the result for POD activity was
the opposite of the first (Figure 3B). The application of the mixture of plant regulators
together with water deficiency influenced both groups of plants so that the activity of the
peroxidase enzyme increased according to the increase in the plant regulator mixture doses.
In addition, the plants subjected to the deficiency presented higher POD activities when
compared to the plants without a water deficiency.

In the last evaluation, the plants with a water deficiency were influenced by the plant
regulator mixture doses and showed an increase in the activity of the peroxidase enzyme
(Figure 3C). This result did not occur in the plants without a water deficiency. In their case,
there was a decline in the activity from POD.

2.2. Lipid Peroxidation

Evaluations of lipid peroxidation were carried out in basil plants throughout their
development. In the first evaluation, carried out 20 days after transplanting (Figure 4A),
there was a significant interaction between the deficiency and the application of plant
growth regulators (Table 4). It was observed in this first evaluation that the plants that were
subjected to a water deficiency had an increase in lipid peroxidation (Figure 4A); that is, the
application of the plant regulator mixture was shown to not be efficient in protecting the
plants that presented a deficiency. Yet, it can also be said that in this assessment, the plant
regulators may have not yet acted. This result is in line with that which was presented in
the first analysis of the peroxidase enzyme activity, which showed a decline in its activity
with the application of the plant regulator. For plants that did not suffer a water deficiency,
there was also an increase in lipoperoxidation as well as in the evaluation of the peroxidase
enzyme activity.

Table 4. Analysis of variance of lipid peroxidation activity (MDA, nmol.g_l) of basil cv. Basil
submitted to water deficit and different plant regulators doses (0, 3, 6, 9, and 12 mL L1, for 20, 35,
and 50 days after transplanting (DAT). Botucatu city, Sao Paulo State, Brazil, 2020.

F MDA 20 DAT MDA 35 DAT MDA 50 DAT
Water Deficit (DH) 0.23 ns 2.64 ns 47.21 **

Plant Regulators (PR)  4.37 ** 11.49 ** 36.11 **

WD x PR 3.06* 277 * 46.48 **

CV (%) 12.52 7.07 7.36

** significance at 5% probability by the F test. * significance at 1% probability by the F test. ns = not significant at
the 5% probability level.
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Figure 4. Peroxidase enzyme activity (MDA, nmol.g~!) of basil plants grown under water deficit
(W/WD) and without water deficit (WO/WD) as a function of plant regulator doses (0, 3, 6, 9,
and 12 mL L~1), for 20 (A), 35 (B), and 50 (C) days after transplanting (DAT). Botucatu city, Sao Paulo
State, Brazil, 2020.

For the second evaluation at 35 DAT, it is noted that lipoperoxidation reduced in the
plants with a water deficiency and with increasing doses of the plant regulator mixture
(Figure 4B). The results, once again, are in line with those presented for the activity of
the peroxidase enzyme, which, for this evaluation, showed an increase in enzyme activity.
In the plants that did not suffer from a water deficit, the same response shown in the
previous evaluation was maintained and was also equal to what was displayed in the POD
enzyme evaluation.

In the last evaluation, at 50 DAT, lipid peroxidation in the water-deficient basil plants
was lower at lower doses of plant regulator mixture (Figure 4C), while for higher doses,
lipid peroxidation increased. Once again, the results presented were in agreement with
those shown with the activity of the POD enzyme. In the plants without water deficiency,
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lipid peroxidation increased with increasing plant regulator doses, which goes against
what occurred for the activity of the POD enzyme but which was equal to the CAT enzyme
result. With this, it is worth noting that the lowest dosages may be more efficient when the
plant has been subjected to a water deficiency for a longer time.

2.3. Growth Measurements

Data on plant height did not present a significant interaction for any of the isolated
factors (water deficit and treatments with the mixture of plant regulators), thus showing
that basil has good tolerance regarding the reduction in irrigation and that the use of the
mixture of plant regulators did not influence stem growth. For the evaluations of plant dry
mass, there was also no significant response from the plant regarding water deficit and
application of plant growth regulators in any of the evaluated factors.

For the leaf number and leaf area data (Figures 5 and 6), there was a significant
interaction between the factors (Table 5). For the number of leaves (Figure 5), it was noted
that plants under water stress had a greater number of leaves (65 leaves) when compared
to plants without a water deficit (58 leaves). The plants of the two evaluated water regimes
were influenced by the mixture of plant regulators in their highest dosage (12 mL L~1).

Table 5. Analysis of variance of number of leaves (NL) and leaf area (cm?) of basil cv. Basil submitted
to water deficit and different plant regulators doses (0, 3, 6, 9, and 12 mL L1, for 60 days after
transplanting (DAT). Botucatu city, Sao Paulo State, Brazil, 2020.

F Number of Leaves Leaf Area
Water Deficit (DH) 88.18 ** 21.52 **
Plant Regulators (PR) 22.71** 6.86 **
WD x PR 34.77 ** 10.87 **
CV (%) 7.50 9.37

** significance at 5% probability by the F test.
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Figure 5. Number of leaves (NL) of basil plants grown under water deficit (W/WD) and without
water deficit (WO/WD) as a function of plant regulator doses (0, 3, 6, 9, and 12 mL L1, for 60 days
after transplanting (DAT). Botucatu city, Sao Paulo State, Brazil, 2020.
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It was also verified that in the plants without water deficiency the use of the mixture
of plant regulators negatively affected the leaf area (Figure 6) as the dose of the product
increased. The same was observed with the number of leaves for this group of plants,
contradicting the possibility that a high number of leaves can reduce the leaf area due
to shading.

LEAF AREA
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Figure 6. Leaf area (cm?) of basil plants grown under water deficit (W/WD) and without water
deficit (WO/WD) as a function of plant regulator doses (0, 3, 6, 9, and 12 mL L1, for 60 days after
transplanting (DAT). Botucatu city, Sao Paulo State, Brazil, 2020.

For stem diameter (Table 6), basil plants grown under water deficit responded posi-
tively to the application of plant growth regulators (Figure 7), since the diameter increased
proportionally to the product doses. It can also be observed that this behavior in the growth
of the stem diameter was repeated in the three evaluations carried out (Figure 7A-C),
where the plant responded to the application of plant growth regulators during the evalu-
ated period.

Table 6. Analysis of variance of diameter (mm) of basil cv. Basil submitted to water deficit and
different plant regulators doses (0, 3, 6,9, and 12 mL L1, for 20, 35, and 50 days after transplanting
(DAT). Botucatu city, Sao Paulo State, Brazil, 2020.

F Diameter 20 DAT Diameter 35 DAT DIAMETER 50 DAT
Water Deficit (DH) 8.43 ** 7.24* 7.23*

Plant Regulators (PR) 091 ns 3.21*% 6.35 **

WD x PR 5.76 ** 6.12 ** 8.27 **

CV (%) 12.76 10.27 7.87

** significance at 5% probability by the F test. * significance at 1% probability by the F test. ns = not significant at
the 5% probability level.
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Figure 7. Diameter (mm) of basil plants grown under water deficit (W/WD) and without water
deficit (WO/WD) as a function of plant regulator doses (0, 3, 6,9, and 12 mL Lfl), for 20 (A), 35 (B),
and 50 (C) days after transplanting (DAT). Botucatu city, Sao Paulo State, Brazil, 2020.

3. Discussion

The use of the plant regulator mixture, especially in the highest dosages (9 and
12 mL L™1), increased the antioxidative enzymes that serve as protection for the plant
when it is in conditions of water deficiency. The increase in enzymes suggests that they are
protecting the basil plant from possible damage caused by the dehydration of the crop.

3.1. Analysis of Antioxidative Enzyme Activity

Data on increased SOD activity in basil plants show that the plant regulator mixture
present in the commercial product Stimulate© was able to help defend the plant when it
was subjected to some type of deficiency. In the case of this work, this deficiency was water,
since SOD activity increased significantly in plants that were under water deficit, which
may be a defense mechanism of plants when they are subjected to oxidative problems
resulting from stress [28]. Results such as this were also found by [29], in which corn plants
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under water stress were subjected to the application of a plant regulator mixture and had
an increase in SOD activity. In the work carried out by [30], rice plants under water stress
showed higher SOD activity than in plants that did not suffer stress—results that were also
found in the present work. On the other hand, in a study carried out by [31], gerbera plants
under normal conditions and to which were applied plant regulators, showed an increase
in SOD activity differing from the present work, in which the plants under normal water
conditions and with the application of the product had a reduction in SOD activity.

The mixture of plant regulators is interesting for increasing the SOD enzyme, as the
results presented by Moreira et al. (2018) [32] show that the use of auxin applied alone in
the sugarcane crop intensified the stress in the plant instead of decreasing it. When auxin
was applied together with other plant hormones, the mixture helped to control stress in
addition to increasing the production quality of sugarcane juice, which is of great interest
to the industry.

Cytokinin assists in the synthesis of compounds that are capable of reducing stress in
addition to being able to produce a compound that is efficient in removing the superoxide
radical, thus acting similarly to the enzyme superoxide dismutase (SOD). Cytokinin can also
help combat oxidative stress and cause an increased activity of antioxidant enzymes [33].
With this important function, cytokine becomes interesting in being combined with other
hormones, and Sousa (2016) [33] presented results in which the combination of plant
regulators, in which cytonin was a part, increased the activity of SOD when compared to its
use alone. In addition, the mixture of regulators was also able to decrease the production
of free radicals.

The results obtained for the first two CAT evaluations contradict the results found
in the work carried out by [34] in which rice plants subjected to water stress showed
an increase in CAT activity over several days; that is, CAT activity was higher in the
last day’s evaluation and in plants that had been subjected to deficiency for a longer
time. The obtained results indicates that the CAT was not enough to eliminate hydrogen
peroxide (H,O,), since what is indicated for the removal of H,O, is the increase of catalase
enzyme activity. This is because CAT is the main enzyme involved in the elimination of
hydrogen peroxide [35], and in the present work the opposite occurred—the activity of the
enzyme decreased.

These results show that, for the first days of deficiency, the plant regulator mixture
was able to protect the plant against possible damage caused by water stress. In plants
without water deficit, the opposite result was obtained (Figure 2A), in which CAT activity
was higher in the control plants in relation to the plants that received the application
of the plant regulator mixture. The increase in CAT enzyme activity in the basil plants
with a water deficit and that were subjected to the application of the mixture of plant
regulators shows that these help in the elimination of HyO,, which consequently becomes
effective for water stress resistance [36]. CAT then acts in conjunction with other antioxidant
enzymes to prevent the oxidative stress produced at the site of infection [37]. In the second
evaluation, carried out at 35 DAT (Figure 2B), CAT activity in the plants with a water deficit
was inverse, showing lower enzymatic activity when plant regulator doses were applied.
This showed that, for this evaluation, the plant regulator mixture was unable to protect the
plant from the damage caused by water deficiency. That happened because CAT, which
helps in this defense, showed decreasing results, while the plants that did not suffer from a
water deficiency showed an increase in enzymatic activity at the highest dose of the plant
regulator mixture.

With this as a possible explanation for the last result, it can be said that the plant
regulator mixture Stimulate© was not able to help protect basil plants against damage
from oxidative stress caused by a lack of water since, in plants that did not experience a
water deficiency, the activity of the CAT enzyme increased as the days went by. Results in
which CAT activity was higher in non-stressed plants were also found in tomato plants
treated with Putrescine [28]. Furthermore, as already mentioned in related works, the CAT
enzyme is active under conditions of high stress in the plant. The fact that basil is a crop



Stresses 2023, 3

294

that apparently tolerates drought well may explain why it does not show so much damage
when subjected to a water deficit [38].

Gibberellin, which is present in the composition of Stimulate, plays an important role
in the resistance and adaptation of plants when they are subjected to a water deficiency.
For this, the studies carried out by Garcia (2014) [39] showed that the use of gibberellin in
tomato plants subjected to water deficiency increased the activity of antioxidant enzymes—
especially the CAT enzyme, which presented the highest activity among all.

The POD results were also presented in the first hours of evaluation in castor bean
plants subjected to stress, which subsequently displayed an increase in the activity of this
enzyme [40]. Another study described how pineapple plants under saline stress displayed
an increase in POD activity in the first days of evaluation—the possible cause of which
being the adaptation of the crop to stressors [41]. These results were contrary to the ones
obtained in the present work, in which it can be said that, for the first evaluation, the water
deficiency was not severe to the point of harming the plant in relation to oxidative stress.

A study previously carried out evaluated brassica species under water stress and
observed similar results to the present work, in which there was an increase in the POD
enzyme, especially in plants that were subjected to a water deficit [42]. This result also
occurred in the work carried out with Umbu plants, which showed greater POD enzyme
activity in plants subjected to water stress [43].

The increase in the activity of the POD enzyme in plants subjected to a water deficit
and treated with a plant regulator mixture was also reported in corn and soybean plants
under water stress. The application of the plant regulator mixture presented growth in the
activity of the peroxidase enzyme [29], showing that Stimulate© helped to protect basil
plants when they were subjected to some type of stress.

The hormones present in the Stimulate formulation (Ak—Ck-GA) were responsible for
reducing the stress levels of the plants, and therefore the mixture between them becomes
interesting. However, the use of one of these hormones combined with others that are also
available on the market can help protect the plant. In the work carried out by Camargo
(2016) [44], there was an increase in POD activity in grapevines treated with cytokinin alone
and together with putrescine.

On the other hand, in the work presented by Carvalho (2016) [45], auxin was used
to reverse the stress caused by viruses, and thus the POD activity increased with the
foliar application of isolated auxin; however, when used in combination with gibberellin,
the POD enzyme activity decreased, thus showing the importance of regular studies with
the hormones used at work.

3.2. Lipid Peroxidation

In a previous study carried out [46], the increase in the activity of antioxidant enzymes
and the reduction of lipid peroxidation resulted in the control of the possible effects caused
by ROS. Another study [46] presented results showing an increase in lipid peroxidation
in the first evaluation carried out in corn crop under stress, with a subsequent reduction.
Pea plants subjected to drought also showed increased lipid peroxidation [27].

Yet another study [47] showed how bean leaves treated with herbicide dosages dis-
played an increase in lipid peroxidation for the first evaluation, followed by a reduction
for the next evaluation, as occurred in the present work. A study carried out on tomato
crops with a water deficiency showed a reduction in lipid peroxidation in all evaluations
carried out on tomato leaves and also showed an increase in the activity of antioxidative
enzymes [28].

Literature suggests that, over time, the plant can minimize the damage caused by
oxidative stress, and therefore, high doses of plant regulators are not necessary to attenuate
this damage [44]. Other results also indicate differences between the evaluations carried
out and suggest that the plants adapt to the possible stress to which they are submitted [48].

To reduce the damage caused by oxidative stress, Soares et al. (2017) [49] studied the
application of auxin alone and together with catasterone in apple culture. The mixture of
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auxin with the other organic compound showed less lipid peroxidation activity compared
to its isolated use.

The increase in lipid peroxidation indicates that water stress in the plant caused
damage to the cell membrane due to the increase in free radicals. In work carried out by
Garcia (2014) [39], water stress without application of any plant regulator showed high
activity of lipid peroxidation. Subsequently, when gibberellin was applied, the activity
of this enzyme decreased, showing a positive response to the application of gibberellin,
which showed less lipid peroxidation in the tomato culture.

3.3. Growth Measurements

A study carried out by Santos (2017) shows that the basil crop has a low sensitivity
to water deficiency in terms of dry mass production [50]. Likewise, studies carried out
by Rossi (2011) presented a positive response for the plant height and plant dry mass of
the common bean crop with the application of plant regulators [51]. The increase in the
number of leaves with the use of plant growth regulators was also observed by Gongalves
et al. (2017) in passion fruit seedlings at a dosage of 150 mL L~! [52].

Although the highest dose (12 mL L) presents the highest stem diameter value, doses
greater than this can cause a reduction in these values in passion fruit plants, as displayed
by Gongalves et al. (2017), whose study show that doses ranging from 30 to 150 mL L~!
inhibited the growth of the passion fruit stem diameter [51]. For plants subjected to a water
deficit, the diameter was greater at the lowest dose, which is consistent with the results
already shown (high doses can negatively interfere with the diameter of plants).

The same effect of reducing leaf area was observed in studies carried out by
Oliveira et al. (2016), who analyzed the leaf area in Zea mays Everta corn, obtaining
a higher number of leaves and a smaller leaf area [51]. In contrast, Souza et al. (2013) ob-
served an increase in leaf area in yellow passion fruit seedlings using a dose of 12 mL L~!
of the plant regulator mixture [52]. When compared to the plants with a water deficit,
the control plants showed a greater number of leaves and leaf area, as did the ones with
the highest dosage of the plant regulator mixture. This result shows that water deficiency
did not directly affect the leaf area of the basil plants, differing from the studies carried
out by Oliveira et al. (2016) with Zea mays Everta corn under saline stress that showed a
decrease in leaf area, relating this response to the defense mechanisms of the plant [11].

The increase in leaf numbers with Stimulate dosages and the varying amount of
cytokinin was observed by Neiva and Souza (2012) [53] in cassava plants. The number of
leaves increased (both in live and dead leaves) with the application of the plant regulator,
especially at dosages in which the cytokinin concentration increased. Concerning the
results of isolated regulators, in the work conducted by Torres and Borges (2012) [54],
the application of isolated gibberellin presented an increase in the number of leaves when
compared to control plants.

In the leaf area analysis, the lowest dosages showed negative results, and according
to a study by Gongalves et al. (2015) [51], despite the increase in the number of leaves,
the formed leaves were smaller. Tecchio et al. (2015) [55] observed an increase in the
number of leaves and leaf area with the application of Stimulate in citrus at high dosages.

The increase in diameter can be explained by the composition of the mixture of plant
regulators used, which contained auxin, gibberellin, and cytokinin, acting on the secondary
growth and development of the plant, as highlighted by Oliveira et al. (2005) [56]. In the
work carried out by Santos et al. (2020), the application of compound plant regulator in
soybean seeds showed a superior result in stem diameter when compared to the use of a
nutrient complex or even when compared to the use of a plant regulator mixture added
to the nutrient complex [57]. A possible explanation for this fact, according to Scalon
et al. (2009), is that the combined presence of plant regulators promoted greater absorption
and use of nutrients by the roots, reflecting on the plant stem, promoting growth in stem
thickness, and helping in the resistance to lodging [58].
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The results obtained in tomato culture by Cerezer and Cin (2020) [59] show the positive
effects of the application of auxin and gibberellin for plant diameter, wherein they showed
an increase in the stem diameter when compared to the control plants. Both auxin and
gibberellin can help in the vegetative growth of plants and in the increase of expansive
enzymes and xyloglucanases in the culture stem, which explains the increase in diameter.

Martinez et al. (2013) [60] observed an increase in stem diameter and number of leaves
in tomato plants that were treated with gibberellin. Gibberellin plays an important role in
cell expansion and stem growth, especially in plants that are damaged by biotic and abiotic
stresses [61]. This information regarding gibberellin shows the importance of the plant
regulator for the development of the crop as a whole.

The use of gibberellin and cytokinin was studied by Leite et al. (2003) [62] in soybean
plants, in which the mixture of both plant hormones decreased several aspects of growth,
such as stem diameter, leaf area and biomass production. The possible explanation for these
results was presented by Almeida and Rodrigues (2016) [63], who put forth the possibility
that cytokinin action had reduced the effects of gibberellin. However, in the same work
studied, the isolated application of cytokinin did not have a significant effect on the culture.

4. Materials and Methods
4.1. Experiment Setup and Conduction

The experiment was conducted in a greenhouse at the Department of Biostatis-
tics, Plant Biology, Parasitology and Zoology (BBVPZ) in the Institute of Biosciences
from Sao Paulo State University (UNESP), Botucatu Campus, in the city of Botucatu—
geographical coordinates 22°53'13” S latitude and 48°29'50” W longitude. The climate
in the region is classified as mesothermal type Cwa, humid subtropical, with rainy sum-
mers and dry winters according to Koppen-Geiger (2009). The internal temperature of
the greenhouse varied between 15 and 25 °C (average temperature 18.1 °C) and had an
air humidity of 73% during the days of the experiment. The sowing of basil seeds was
carried out in trays using the cultivar Alfavaca Basilicao. The seedlings were kept in a
greenhouse in a controlled environment at the Department of Forest Science, Soils and
Environment at the School of Agricultural Sciences for 30 days. Irrigation of the site was
carried out by sprinkling, with a flow rate of 3 m?/hour. To carry out the transplant, the
soil used was taken from the Lageado Farm of the School of Agricultural Sciences. The
soil was of the Red Latosol type and was submitted to chemical analysis for subsequent
correction, fertilization, and appropriate liming. Soil analysis was performed at the Agricul-
tural and Environmental Analysis Laboratory (AGRILAB), while fertilization and liming
were performed according to the results obtained (Table 7). Based on the recommendation
for mint crops using Bulletin 100, the fertilization for basil was adapted, as there are no
recommendations specifically for basil crops.

Table 7. Results of soil chemical analysis. UNESP/FCA. Botucatu city, Sao Paulo State, Brazil, 2020.

pH S A3 H+ AR+ K Ca Mg SB CTC V%
CaC, mg/ dm? mmol./dm?>
4.0 18 10 63 1.25 5 1 7 70 10

After the chemical analysis of the soil, calculations were made for the application of
lime, which was 210 g per pot, while for the application of nitrogen (N), phosphorus (P),
and potassium (K), 0.2 g, 2.7 g, and 0.07 g were respectively applied per pot.

The seedlings were transplanted into pots with a capacity of 8.5 L under a protected
environment thirty days after sowing. The experiment was carried out in a randomized
block design (RBD) in a factorial scheme with two factors, with water regimes of 50
and 100% of stomatal conductance, and with five treatments with a mixture of plant
regulators: T1—0 mL L~! (control); T2—3 mL L™!; T3—6 mL L~!; T4——9 mL L}, and
T5—12 mL L~!. Each treatment had 12 pots per repetition, each with 2 plants. Only the
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4 central ones were evaluated, while the others were considered borders, totaling 120 pots
in the whole experiment.

For the mixture of plant regulators, the commercial product Stimulate® was used
(manufactured by Stoller do Brasil Ltd.), consisting of 90 mg L~! of kinetin (Kt, cytokinin),
50 mg L~! of indolylbutyric acid (IBA, auxin), and 50 mg L~! of gibberellic acid (GA3,
gibberellin). Stimulate® was applied foliarly 20 days after transplanting (DAT) the seedlings
and when the water deficit was initiated, using a pressurized CO, manual sprayer with a
pressure of 4 kgf cm 2, flow rate of 0.2 L min~!, and open conical nozzle. Other applications
were made every 15 days until reaching 50 DAT. Applications were made on 8 May 2020;
23 May 2020; and 12 June 2020.

Water deficit was defined by measuring the stomatal conductance rate in fully ex-
panded leaves, using an InfraRed Gas Analyzer (IRGA), brand LI-COR, model 6400.
The stomatal conductance rate was measured in irrigated plants, presenting values from
250 to 300 mmol m~2 s~ 1. After that, irrigation was interrupted, and daily evaluations of
stomatal conductance were performed. When the stomatal conductance values reached
50% (between 100 and 150 mmol m~2 s~1) of the initially measured value, the plants were
considered to be under water deficit and as such maintained for 7 days before being rehy-
drated on the 8th day. Seven water-deficit cycles were performed until reaching sixty days.
After exposing the plants to water deficit, the plant regulator mixture was applied every
15 days, followed by evaluations. Evaluations were carried out on basil plants, looking for
the activity of antioxidative enzymes and lipid peroxidation.

Analyses were carried out at the Laboratory of Plant Physiology at the Department of
BBVPZ, Institute of Biosciences, Sao Paulo State University (UNESP), Botucatu city campus.

4.2. Analysis of Antioxidative Enzyme Activity

The activities of the antioxidative enzymes superoxide dismutase (SOD), catalase
(CAT), and peroxidase (POD) were evaluated. For these analyses, the leaves were collected
in the morning at 11:00 am every 15 days. These leaves were stored in plastic bags wrapped
in aluminum foil and immediately kept in Styrofoam containing liquid nitrogen for subse-
quent storing in a freezer. Thus, the leaves were ground and macerated until they turned
into a dry powder, and the resulting dry matter was weighed for each enzyme. To deter-
mine SOD activity, the enzyme’s ability to inhibit Nitrotetrazolium Blue chloride (NBT)
photoreduction was considered. To determine this activity, 50 uL of crude extract were
added to a solution containing 13 mM of methionine, 75 uL of nitrotetrazolium, 100 nM of
EDTA, and 2 puM of riboflavin in 3 mL of 50 mM potassium phosphate buffer pH 7.8.

The reaction started when the tubes were illuminated in a chamber composed of fluo-
rescent lamps at 25 °C. After 5 minutes of incubation, the end of catalysis was determined
by the interruption of light. The blue compound that was formed by the photoreduction of
nitretetrazolium was determined by reading it in a spectrophotometer at 560 nm. The SOD
unit is defined as the enzymatic activity required to inhibit 50% of NBT photoreduction.
This activity was defined by the percentage of inhibition obtained, the sample volume,
and the protein concentration in the sample (ug uL~1). CAT activity was determined by
spectrophotometer at a wavelength of 240 nm by monitoring the variation in hydrogen
peroxide absorption, according to the method by Peixoto et al. (1999) [64].

Further, 50 pL of crude extract was added to 950 uL of 50 nm potassium phosphate
buffer pH 7, which was supplemented with hydrogen peroxide to a final concentration
of 12.5 mM. The change in absorption was calculated over a 60-second interval. Enzyme
activity was calculated using a molar extinction coefficient of 39.4 mM cm~!. Catalase
takes into account the concentration of soluble protein in the test. POD activity was
determined using collected plant material, which was weighed and macerated in 5 mL
of 0.2 M phosphate buffer pH 6.7. The obtained residue was filtered twice using gauze
to obtain the crude extract, a procedure that was performed in a gel bath with substrate
based on hydrogen peroxide and pyrogallol. POD activity determination was performed
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according to the spectrophotometric method of Teisseire and Guy (2000) [65]. The activity
was expressed in uM of decomposed HO, min~! mg~! of protein.

4.3. Total Soluble Proteins

For the analysis of total soluble protein content, the method of Bradford (1976) [66]
was used. In test tubes of 15 mL, 100 mg of lyophilized MS/5.0 mL of extraction buffer
(Tris-HCl1 25 mM pH 7.6) were added. After that, it was shaken with sealed tubes for
2 hours in the shaker. Then, after extraction, the tubes were centrifuged in a benchtop
centrifuge (2000 rpm for 10 min) and the supernatant was collected to measure soluble
proteins. Soon after, 100 pL of sample was added in test tubes with an additional 2.5 mL of
Bradford reagent. The tubes were then gently shaken manually so as not to denature the
proteins. Fifteen minutes after the process, the reading was performed at 595 nm against
the blank with 100 uL of water + 2.5 mL of Bradford reagent. The results were expressed in
mg protein/g DM [67].

4.4. Lipid Peroxidation

Lipid peroxidation was determined according to the method described by Heath and
Packer (1968) [68]. For 200 mg of plant material, homogenization was performed with
0.25% thiobarbituric acid and 10% trichloroacetic acid. The material was incubated in a
water bath at 90 °C for one hour. Subsequently, it was cooled and centrifuged at 10,000 rpm
for ten minutes. Then, it was collected and subjected to readings at 560 to 600 nm in
a spectrophotometer.

4.5. Growth Measurements

The growth analysis was performed based on measurements of leaf area, number of
leaves, and diameter. The collections for leaf area and number of leaves were performed
at the end of 60 days with the separation and weighing of fresh leaves. Leaf area was
measured using a LICOR model 3100 benchtop leaf area meter, while the number of leaves
was taken from manual leaf counts on the plants. The diameter was recorded every 15 days
before and after application of the mixture of plant regulators while the plants were still in
the pots, using a digital caliper (mm).

4.6. Statistical Analysis

The results obtained were submitted to tests of normality and homogeneity before the
analysis of variance (ANOVA). The means were compared by the F test for a qualitative
factor (water deficiency) and regression analysis for a quantitative factor (plant regulator
doses) to a 5% level of probability. Statistical tests were performed using the AgroEstat and
SigmaPlot software.

5. Conclusions

With the results obtained, it can be concluded that the basil plants were sensitive
to water deficiency. The application of Stimulate® showed an increase in SOD enzyme
activity in stressed plants in all evaluations. However, for the CAT enzyme, only the
first day of application showed a positive response to the application. The POD enzyme
showed an increase from the second day of application of Stimulate®, and this enzyme had
a direct effect on the reduction of lipid peroxidation. The growth measures obtained better
responses in the highest doses applied.
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