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A B S T R A C T

Salinity is a limiting factor that can affect plant growth and cause significant losses in agricultural productivity.
This study provides an insight about the viability of partial root-zone irrigation (PRI) system with saline water
supported by a biochemical approach involving antioxidant responses. Six different irrigation methods using low
and high salt concentrations (S1-0.5 and S2-5.0 dSm−1) were applied, with or without PRSI, so that one side of
the root-zone was submitted to saline water while the other side was low salinity water irrigated. The results
revealed different responses according to the treatments and the PRSI system applied. For the treatments T1, T2
and T3, the PRSI was not applied, while T4, T5 and T6 treatments were applied with PRSI system. Lipid per-
oxidation, proline content, and activities of SOD, CAT, APX, GR and GSH in tomato plants subjected to PRSI
system were analyzed. Plant growth was not affected by the salt concentrations; however, plants submitted to
high salt concentrations showed high MDA content and Na+ accumulation when compared to the control plants.
Plants submitted to treatments T4, T5 and T6 with PRSI system exhibited lower MDA compared to the control
plants (T1). Proline content and activities of SOD, CAT, APX, GR and GSH content were maintained in all
treatments and tissues analyzed, with only exception for APX in fruits and GSH content, in roots. The overall
results showed that PRSI system could be an applicable technique for saline water supply on irrigation since
plants did not show to be vulnerable to salt stress, supported by a biochemical approach involving antioxidant
responses.

1. Introduction

Agricultural irrigation relies upon the good quality in water supplies
for an adequate plant growth and crop production. The water supply for
irrigation has become a limiting factor for greenhouse farming due to
the use of low quality water, usually with high salt levels, and non-
occurrence of salt washing by the rainwater, as occurs in the crop field
(Guedes et al., 2015). Additionally, the use of saline water in a sus-
tainable agricultural irrigation has become a challenge for researchers
seeking to improve water management practices in order to achieve a
lower environmental impact and a higher yield.

High salinity is a severe limiting factor among all the abiotic

stresses, which can negatively affect the crop production (Maskri et al.,
2010; Yasar et al., 2016). Abiotic stresses can lead to an enhanced
production of reactive oxygen species (ROS) in plants, due to the dis-
ruption of cellular homeostasis, causing damage to proteins, DNA, li-
pids, activation of the programmed cell death (PCD) pathway and ul-
timately leading to different tissues death (Cuypers et al., 2010; Stolfa
et al., 2016; Yasar et al., 2016).

Once formed, the cascade of uncontrolled oxidation reactions by
these ROS can be disrupted by enzymatic and non-enzymatic mechan-
isms to maintain the adequate cell redox state (Gratão et al., 2015;
Alves et al., 2017). The primary defense response comprises the activity
of antioxidant enzymes such as Superoxide Dismutase (SOD, EC
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1.15.1.1), which converts the O2¯ (superoxide radical) into H2O2 (hy-
drogen peroxide) (Foyer and Noctor, 2013). Subsequently, H2O2 may
be detoxified to H2O by different enzymes such as Glutathione Perox-
idase (GPX, EC 1.11.1.9), Ascorbate Peroxidase (APX, EC 1.11.1.11)
Catalase (CAT, 1.11.1.6) and other peroxidases (Serkedjieva, 2011;
Ismail et al., 2014; Nawaz et al., 2015; Noctor and Foyer, 2016). The
ascorbate–glutathione cycle is closed by regeneration of reduced glu-
tathione (GSH) from oxidized glutathione (GSSG) by glutathione re-
ductase (GR, EC 1.6.4.2) using NADPH as a reducing agent (Pompeu
et al., 2016).

Moreover, non-enzymatic mechanisms may be also responsible for
quenching excessively ROS, such as ascorbate (AsA), flavonoids, car-
otenoids, glutathione (GSH) and metabolite proline, (Gratão et al.,
2005; Ahmad et al., 2010; Szabados and Savouré, 2010; Foyer and
Noctor, 2013; Souza et al., 2013; Zouari et al., 2016a; b).

Different researches have been carried out seeking to understand
the best management strategy for using saline water in agriculture. In
contrast, to date is not yet possible to state which system provides the
more adequate use of saline water, in order to assure the proper plant
growth and yield (Borghesi et al., 2011; Manai et al., 2014; Parvin
et al., 2015).

High concentrations of NaCl in root-zone can reduce water poten-
tial, causing osmotic stress (Abreu et al., 2013; Deinlein et al., 2014;
AbdElgawad et al., 2016) which consequently will induce an oxidative
stress through the overproduction of ROS (Murshed et al., 2014). The
whole plant system can be affected leading to reduced growth and
development (Manai et al., 2014).

Therefore, the partial root-zone irrigation (PRI) system has been
largely studied in different crop plants. The PRI consists of the root
partitioning in two or more sections so that each part receives different
solutions (Kang and Zhang, 2004; Liu et al., 2007; Shahnazari et al.,
2007). Plants grown under the PRI system are able to maintain its yield
and tolerate abiotic stress with low water consumption, in addition its
antioxidant defense system can act with effectiveness thus reducing
oxidative stress (Kang and Zhang, 2004; Hu et al., 2010; Dai et al.,
2014).

The PRI system can be an applicable technique for saline water
supply on irrigation, even if the system success appears to be dependent
on the salinity level and time exposure of roots to the salts of nutrient
solution (Koushafar et al., 2011; Dai et al., 2014; Guedes et al., 2015),
because any additional salt stress may induce different physiological
responses to drought under PRI irrigation (Kusakabe et al., 2009).

The use of the PRI system can establish itself as a possible alter-
native for the irrigation management for plants in which the use of
saline water can become inevitable for irrigation. In this system, the
water potentials for plants with part of the roots at high-salinity can be
equalized by water potentials to those plants growing in low-salinity,
maintaining transpiration, stomatal conductance and photosynthesis
(Bazihizina et al., 2012).

In view of the promising application of the PRI system as well as the
economic and sustainable potential for agriculture, this work aimed to
present the viability of the PRI with the use of saline water in the ir-
rigation of the tomato, subsidized by the antioxidant systems responses
of the crop to stressful-salt conditions.

2. Material and methods

2.1. Experimental area

The study was carried out at the Environmental and Technological
Sciences Department at the “Universidade Federal Rural do Semi-Radio
(UFERSA)”, in Mossoró, RN, Brazil (latitude: 05° 11′ S, longitude: 37°
20’ W, altitude 18m). The experiment was conducted in an arc-shaped
greenhouse, covered with a transparent low density polyethylene
(LDPE), with 10mm thickness, treated to avoid the ultraviolet radiation
effects, with 7m wide and 18m of length. The side and front walls were

made from polyethylene shade cloth, 50% black, fixed in 0.30m re-
inforced concrete footer.

2.2. Experimental design

The experimental design was completely randomized, containing six
treatments and four replicates each. Experimental unit consisted of a
plastic pot with a capacity of 10 dm−3, one-plant-per-pot. The tomato
has four distinct phases: from the seeding to transplant (phase I – one to
four weeks); from the transplant to the beginning of flowering (phase II
– four to six weeks); from the flowering to the beginning of fruit in-
itiation (phase III - five to twelve weeks); and from the fruit develop-
ment to the end of harvest (phase IV – twelve to eighteen weeks)
(Henareh and Hassani, 2014).

The treatments consisted of six different irrigation managements
using low (0.5 dSm−1) and high saline (5.0 dSm−1) water, applied
with or without the partial root-zone saline irrigation (PRSI). PRSI
management has been adopted in different ways during distinct phases,
described as follows: T1 – Irrigation with water from the campus sup-
plying network as a control (0.5 dSm−1); T2 – Irrigation with saline
water (5.0 dSm−1); T3 – Alternate irrigation system between these two
established salt concentrations (0.5 and 5.0 dSm−1), with a cycling
period of 15 days for each one; T4* - Irrigation with 0.5 and
5.0 dS m−1, adopting the PRSI system, such that one side of the root-
zone was submitted to low saline water (0.5 dS m−1) while the other
side was high saline water irrigated (5.0 dS m−1), the PRSI was adopted
from the phase II to the phase IV; T5* - Irrigation with the two estab-
lished salt concentrations (0.5 and 5.0 dS m−1), adopting the PRSI
system in the phase II, whereas each side of the root-zone received both
saline water irrigation, with the interchange between low and high
saline water during the phase III, thus remaining until the end of phase
IV; T6* - Irrigation with the two established salt concentrations (0.5 and
5.0 dS m−1), adopting the PRSI system in the phase II, whereas each
side of the root-zone received both saline water irrigation, with the
interchange between low and high saline water every 15 days, re-
maining until the end of the phase IV. The PRSI system was settled
using plastic bags within the pots in order to avoid the pot con-
tamination with salts (Fig. 1).

The 5.0 dS m−1 saline water was obtained by dissolving sodium
chloride (NaCl) in water collected in the UFERSA supplying water
system. The dissolved NaCl volume used to acquire this specific EC was
determined from an artificial water salinization curve, relating the salt
concentration with the EC, based on Richard's differential equation for
the movement of water in unsaturated soils (Richards, 1954) (C= 640.
ECa) where C is the salt concentration (mg L−1) and ECa, the solution
electrical conductivity (dS m−1). For this procedure, samples of water
from the UFERSA supplying water system were used, considering its
natural EC.

2.3. Plant growth

The tomato SUPERA F1 belongs to saladette-type hybrids group,
and was chosen not only due to its higher yield potential, but also to its
short-cycle variety. The main root cutting and the portioning of the
remaining roots was performed, in order to have the same root volume
in both sides of the pots. Furthermore, these pots were disposed in 4
lines containing 6 pots each, distributed in 1.5m spacing among the
lines and 0.70m between plants. During the first 10 days after the
transplanting (DAT), all treatments were irrigated using low saline
water, in order to promote a uniform seedlings development. In the
period of 11 DAT, the different levels of saline water irrigation were
performed, according to the established treatments.

2.4. Irrigation and fertigation management

A dripping irrigation system was carried out with microtube
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emitters, which were previously evaluated under regular operation
conditions. The emitters were coupled to the 16mm sideway lines
(polyethylene tubes), in which pressure control microvalves were in-
stalled, which were used to apply the proper water volume. An

autonomous water irrigation system was applied to each type of water.
The fertilizer application was performed on a daily basis through

the irrigation water, according to Miranda et al. (2011) recommenda-
tion. Additionally, the following fertilizers were used to prepare the

Fig. 1. Outline of the experimental design.

Fig. 2. Roots, leaves and fruits (A) dry mass (g dry weight) and total plant growth (B) (g dry weight) in tomato plants irrigated with saline water under PRSI with
significantly different at P < 0.05 by Tukey test.
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nutrient solution: calcium nitrate (1740 g/2000 l), potassium nitrate
(606 g/2000 l), potassium sulfate (348 g/2000 l), magnesium sulfate
(650 g/2000 l), monopotassium phosphate (480 g/2000 l), iron chelate
(94 g/2000 l), manganese sulfate (7.6 g/2000 l), copper sulfate(3 g/
2000 l), zinc sulfate (2.8 g/2000 l), boric acid (8.2 g/2000 l) and so-
dium molybdate (0.26 g/2000 l).

2.5. Growth analysis of plants and accumulation of Na +

Plants were collected and separated 120 days after the transplanting
in leaves, stem, fruit and root and placed in an oven for 72 h at 70 °C.
The dry mass measurements were carried out using an analytical bal-
ance accurate to 0.01 g and the results expressed in g plant−1.

Assays for the determination of the Na+ contents of the plant tissues
were performed following digestion with a mixture of nitric and per-
chloric acids according to Epstein and Bloon (2005). Na+ concentra-
tions were measured using a flame photometer (Micronal – B462) and
flame atomic absorption spectroscopy with a Perkin Elmer spectrometer
model 310, respectively. Na+ concentrations are expressed as mg kg−1

of dry tissue. The accumulation was obtained by the following ex-
pression:

=
×

=

+

−

−

Accumulation Na
dry weight g concentration mgkg

mg plant

( ) ( )
1000

1

1

2.6. Biochemical analysis

2.6.1. Lipid peroxidation
Lipid peroxidation was estimated by the content of thiobarbituric

acid reactive substances (TBARS). The concentration of mal-
ondialdehyde (MDA) equivalents was calculated using the absorbance

coefficient 1.55×10−5 mol−1 cm−1, with readings between 535 and
600 nm (Gratão et al., 2012). The results are expressed in μmoL/mg
fresh tissue (Shimizu et al., 2006).

2.6.2. Proline content
Free proline content was measured as described by Gratão et al.

(2012). Plant tissues were extracted with 3% sulphosalicylic acid and
the homogenate was centrifuged at 10,000×g for 15min at 4 °C. The
supernatant was held for 1 h in boiling water, 100 °C, by adding 2mL of
glacial acetic acid and 2mL of ninhydrin, to which cold toluene (4mL)
was added. The absorbance was read at 520 nm and calculated as μmol
g−1fresh weight against standard proline.

2.6.3. Enzyme extraction and protein determination
The following steps were carried out at 4 °C unless stated otherwise.

Leaves, roots and fruits samples were homogenized in buffer volume/
fresh weight (2:1) in a mortar with a pestle in 100mM potassium
phosphate buffer (pH 7.5) containing 1mM ethylene diaminetetraacetic
acid (EDTA), 3 mM DL-dithiothreitol and 5% (w/v) insoluble poly-
vinylpolypyrrolidone (Boaretto et al., 2014). The homogenate was
centrifuged at 10,000×g for 30min and the supernatant was stored at
−80 °C prior to SOD, CAT, APX and GR analyses. Protein concentration
for all samples was determined by the method of Bradford (1976), using
bovine serum albumin as a standard.

2.6.3.1. Superoxide dismutase (SOD) assay. The activity of SOD was
determined by the nitrotetrazolium blue chloride method (Alves et al.,
2017). The assay medium contained 50mM sodium PBS buffer (pH
7.8), 50mM methionine, 10mM ethylene diaminetetraacetic acid
(EDTA), 1mM nitrotetrazolium blue chloride and 0.1 mM riboflavin,
with non-enzyme solution as control. One unit of enzyme activity was
defined as the amount of enzyme required to inhibit the

Fig. 3. Na+ content in roots (A), leaves (B), fruits (C) and total (D) (mg kg−1dry weight) in tomato plants irrigated with saline water under PRSI with significantly
different at P < 0.05 by Tukey test, *R and L right and left sides of the root.
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nitrotetrazolium blue chloride reduction by 50% at 560 nm. SOD
activity was expressed as U SOD mg−1 protein.

2.6.3.2. Catalase (CAT) assay. Catalase activity (CAT) was assayed
spectrophotometrically at 25 °C in a reaction mixture containing 1mL
of 100 mM potassium phosphate buffer (pH 7.5), containing 25mL
H2O2 (30% solution). The activity was determined by monitoring the
decomposition of H2O2 at 240 nm over 1min (Cia et al., 2012). CAT
activity was expressed as μmol min−1 mg−1 protein.

2.6.3.3. Ascorbate peroxidase (APX) assay. Ascorbate peroxidase (APX)
activity was assayed spectrophotometrically in a reaction containing
50mM potassium phosphate buffer (pH 7.0), 0.5 mM ascorbate,

0.1 mM EDTA and 0.1mM H2O2 (Gratão et al., 2012). APX activity
was determined by monitoring the rate of ascorbate oxidation at
290 nm at 30 °C. APX activity was expressed as μmol ascorbate min−1

mg−1 protein.

2.6.3.4. Glutathione reductase (GR) assay. Glutathione reductase (GR)
activity was determined spectrophotometrically at 30 °C in a mixture
consisting of 100mM potassium phosphate buffer (pH 7.5), containing
1mM 5.500-dithiobis (2-nitrobenzoic acid),1 mM GSSG and 0.1 mM
NADPH. The rate of reduction of GSSG was followed by monitoring the
increase in absorbance at 412 nm over 2min (Carvalho et al., 2013). GR
activity was expressed as μmol min−1 mg−1 protein.

Fig. 4. MDA content in roots (A), leaves (B) and fruits (C) (μmol mg−1 fresh weight) of tomato plants irrigated with saline water under PRSI with significantly
different at P < 0.05 by Tukey test, *R and L represented right and left sides of the root.

R.d.C. Alves et al. Plant Physiology and Biochemistry 127 (2018) 366–379

370



2.6.3.5. Reduced glutathione (GSH) content. The reduced Glutathione
(GSH) content was assayed using 5,5″dithiobis (2-nitrobenzoic acid)-
GSH reductase procedure. GSH was determined in a mixture containing
0.1 M phosphate buffer (pH 7.0), 0.5 m Methylene diaminetetraacetic
acid (EDTA) and 3mM 5,5dithio-bis-(2-nitrobenzoic acid) (DTNB).
After 5min, absorbance for determination of GSH was read at 412 nm
using UV–vis spectrophotometer. To the same tube, 0.4 mM of NADPH
and 2 μl GR was added for the determination of total glutathione. The
amount of GSSG was calculated by subtracting GSH from total
glutathione concentrations and a standard curve was prepared from
varying concentrations of reduced glutathione (Israr et al., 2006).

2.7. Statistical analyses

The parameters evaluated were submitted to normality test using
the test Kolmogorov-Smirnov and Shapiro-Wilk, for the verification of
absence of normality. A multiple comparison between means by the
Tukey test followed by an individual ANOVA for each character at 0.05
level of significance were performed. The statistical analysis was per-
formed using the Sisvar 5.3 software (Ferreira, 2011).

Fig. 5. Proline content in roots (A), leaves (B) and fruits (C) (μmol mg−1 fresh weight) of tomato plants irrigated with saline water under PRSI with significantly
different at P < 0.05 by Tukey test, *R and L represented right and left sides of the root.
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3. Results

3.1. Plant growth and Na+ content

Roots of T2, T3 and T6* treatments exhibited similar growth to
control plants (T1), while roots of T4* and T5* treatments exhibited a
reduction of dry mass compared to T1(Fig. 2A). Plants of T6* treatment
exhibited an increase in leaf growth when compared with the leaves of
T1, T2, T4* and T5* treatments (Fig. 2A). Treatments T2, T3, T4*, T5*
and T6* showed similar fruit growth to the control T1, under the PRSI.
T4* was superior to T6* (Fig. 2A). No changes were observed in total
plant dry mass among all treatments (T2, T3, T4*, T5* and T6*) when
compared to the control plants (Fig. 2B).

Roots of the T4R* treatment exhibited lower Na+ amount than T2
(high salinity) roots, while only roots of the plants T5L* treatment
exhibited higher Na+ than control plants (Fig. 3A). Leaves of T2
treatment exhibited the highest Na+ content among all treatments
(Fig. 3B). The fruits that presented lower Na+ treatments were T1, T4
and T6 when compared to the T2 treatment (high salinity) (Fig. 3C).
Total plant Na+ content in plants of T2, T3 and T6* treatments ex-
hibited higher Na+accumulation than control plants (T1) (Fig. 3D).

3.2. Lipid peroxidation

Lipid peroxidation, expressed as MDA content, was similar in roots
of T4R*-T4L* and T5R*-T5L* treatments, which decreased lipid

Fig. 6. SOD specific activity in roots (A), leaves (B) and fruits (C)(U SOD mg−1 protein) of tomato plants irrigated with saline water under PRSIwith significantly
different at P < 0.05 by Tukey test, *R and L right and left sides of the root.
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peroxidation rates (Fig. 4A). The same pattern was observed among the
leaves of treatments with PRSI (T4*, T5* and T6*) when compared to
the control plants (T1) and treatments with high salinity (T2) (Fig. 4B).
However, fruits of the plants T4* treatment showed low MDA content
when compared to control plants (Fig. 4C).

3.3. Proline content

Proline content in roots of T1, T3, T5L* and T6R*-T6L* treatments
exhibited higher proline content compared to T2 (high salinity), T4R *
-T4L * and T5R * presented lower content than T2 (Fig. 5A). The same
effect was more pronounced in leaves of the plants T2 and T6 treat-
ments, however T3 was also similar to T2 (Fig. 5B). Furthermore, only

plants of T4* and T5* treatments showed low proline content when
compared to control plants(Fig. 5C).

3.4. Antioxidant enzymes activity

CAT (Fig. 7), APX (Fig. 8) and GR (Fig. 9) activities are crucial for
the detoxification of any excess H2O2 produced by SOD (Fig. 6) and/or
by other metabolic processes. The overall results showed significant
effects of SOD activity in fruits and roots (Fig. 6). In fruits (Fig. 6C), T2,
T3, T4*, T5* and T6* treatments showed similar SOD activity to the
control plants. In roots, only T6L* treatment showed high SOD activity
compared to the other treatments (Fig. 6A).

In fruits, the CAT activity was more pronounced in plants of T2 and

Fig. 7. CAT specific activity in roots (A), leaves (B) and fruits (C) (μmol min−1 mg−1 protein) of tomato plants irrigated with saline water under PRSI with
significantly different at P < 0.05 by Tukey test, *R and L represented right and left sides of the root.
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T3 treatments. However, fruits of plants submitted to PRSI system (T4*
and T5* treatments) exhibited CAT activity similar to the control
plants, with the exception of plants to T6* treatment (Fig. 7C). When
the APX activity was analyzed in fruits no enzyme activity could be
detected. In contrast, fruits of control plants showed higher GR activity
when compared to plants with PRSI (T4*, T5* and T6*) treatments
(Fig. 9C).

When roots were analyzed, plants of T4R* treatment exhibited the
highest CAT activity compared to other treatments (Fig. 7A). Roots of
T2, T4R*-T4L*, T5L* and T6R*-T6L* treatments showed higher CAT
activity when compared to the control plants (Fig. 7A). Roots of T4R*,
T5R*-T5L* and T6L* treatments with PRSI systems showed lower APX
activity when compared to the control plants (Fig. 8A). However, roots
of T4L* treatment exhibited the highest GR activity (Fig. 9A), while
roots of T4R* treatment exhibited lower GR activity when compared to
control plants T1, T2, T3, T5R* and T6R* treatment (Fig. 9A). Roots of
T2, T3, T5R*-T5L* and T6R*-T6L* treatments showed GR activity si-
milar to the control plants (Fig. 9A).

An interesting tendency was observed in enzymes activities among
leaves of different treatments. Leaves of T2, T3, T4*, T5* and T6*
treatments showed similar CAT activities, which were also higher than
the control plants (Fig. 7B). The APX activity in leaves exhibited sig-
nificant increase for both T1 and T6*treatments compared to the other
treatments(Fig. 8B), whereas the GR activity increased in leaves of T1,
T2 and T4* treatments, however, T3, T5* and T6* treatments showed
low GR activity. (Fig. 9B).

3.5. GSH content

The non-enzymatic GSH content did not show a response in roots.
Leaves of T4* treatment showed the highest GSH content compared to
all other treatments, in contrast to the observed results by leaves of T3
treatment, which showed the lowest GSH content among the treatments
(Fig. 10A). In fruits, the highest GSH content occurred in fruits of T2
plants, while the lowest GSH was showed by fruits of T1 and T4*
treatments (Fig. 10B).

4. Discussion

The toxic effects of high soil salinity disrupt the development of
plants. This deleterious response is often directly related to the length of
exposure period, the salt's concentration, the specific crop tolerance and
volume of transpired water by the plant (Hanin et al., 2016; Negrão
et al., 2017; Rahnesan et al., 2018). Above all, the high salt con-
centration implicates in a lower soil water potential resulting in lower
transpiration, lower photosynthesis rates and an imbalance in the mi-
neral nutrient's uptake. As a result, there is an overproduction of ROS
and increased oxidative damages (Farias et al., 2009; Liu et al., 2015;
Yasar et al., 2016).

According to published data, there are evidence of positive effects in
the growth rate and photosynthetic capacity in plants under the PRSI
system (Koushafar et al., 2011; Dai et al., 2014; Guedes et al., 2015).
Despite the deleterious effect of salinity to plant growth was not ob-
served in all treatments (Fig. 2), the accumulation of Na+ was higher in
leaves and fruits (Fig. 3) of T2 treatment (high salinity) without the
adoption of the PRSI system.

Fig. 8. APX specific activity in roots (A) and leaves (B) (μmol min−1 mg−1 protein) of tomato plants irrigated with saline water under PRSI with significantly
different at P < 0.05 by Tukey test, *R and L represented right and left sides of the root.
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When plants are submitted to prolonged exposure to high salinity,
the main site of Na+ toxicity is in the limbo leaf, where photosynthesis
and other metabolic processes occur, which can cause physiological
damages in plants (Wang et al., 2015; Ma et al., 2016). Extrusion of
Na+ by plants into the substrate solution and removal of Na+ from
some tissues, especially in the xylem, can minimize deleterious effects
of salinity on foliar metabolism, especially on the photosynthetic pro-
cess (Munns, 2002). Our results are in agreement with results obtained
by Kong et al. (2017), where the treatment with PRSI decreased the
concentration of Na+ in cotton plants.

High levels of NaCl can induce oxidative stress in plant cells and
consequently increase ROS production (Alharby et al., 2016). These
ROS are highly reactive and can induce the lipid peroxidation, causing

damage to proteins, nucleic acids and also enzymes (Mishra et al., 2006;
Duman and Koca, 2014).

According to the results (Fig. 4), the MDA content was higher in
leaves among all treatments, however, the treatments adopting the PRSI
showed similar MDA content in leaves compared to the control and T2
plants (higher salinity). However, in fruits, the MDA content under the
T4* treatment was lower when compared to other treatments. This
tendency is similar to the results observed in roots, where T4R*-T4L*
and T5R*-T5L* treatments also demonstrated lower MDA content when
compared to control. Therefore, through appropriate irrigation man-
agement the plants were relatively tolerant to salinity stress, due to the
performance of CAT enzyme (Fig. 7). Furthermore, the increased MDA
content on tissues submitted to salinity stress can be dependent on the

Fig. 9. GR specific activity in roots (A), leaves (B) and fruits (C) (μmol min−1 mg−1 protein) of tomato plants irrigated with saline water under PRSI with sig-
nificantly different at P < 0.05 by Tukey test, *R and L represented right and left sides of the root.
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non-regulation of the antioxidant defense system (Ediga et al., 2013).
Leaves and roots of maize showed increased MDA content submitted to
high salinity without water management systems (AbdElgawad et al.,
2016).

Many plant species have shown a notable increase in Proline con-
tent as a direct response to salinity stress, which can contribute to the
stabilization of protein molecules and membranes associated with the
ROS scavenging within the cell (Bandeoglu et al., 2004; Bhusan et al.,
2016). High proline content occurred in leaves of T2 and T6* treat-
ments (Fig. 5), possibly as a direct response to the induced stress in
order to protect the plant cells from the lipid peroxidation damage.
Proline can act on cellular osmotic adjustment and detoxification of
toxic ions in plants submitted to salinity stress (KaviKishor et al., 2005;
Ashraf and Foolad, 2007).

The proline accumulation in fruits and roots showed to be lower
than leaves, while plants of T4* and T5* treatments under PRSI, in
these tissues, also had a lower Proline concentration compared to the
control (Fig. 5). This was observed due to the management adopted in
these treatments, where the plants were not 100% exposed to saline
stress. This process caused the cell to maintain the normal metabolism,
resulting in lower proline content, oppositional to the antioxidant en-
zymatic system against the lipid peroxidation.

Moreover, proline content did not change under high levels of
salinity, such also observed in maize roots and leaves (AbdElgawad
et al., 2016), in contrast to many reports where proline levels increased
under salt stress to decrease the cellular water potential, and possibly
scavenge ROS. By the other way, proline content increased in seven
varieties of tomatoes submitted to high levels of salinity (Fariduddin
et al., 2012). These findings have shown that salt stressful conditions

depend on water management systems applied.
Antioxidant enzymes allow plants to avoid oxidative stress and

survive to different environmental adversities (Gratão et al., 2015;
Alves et al., 2017). SOD is one of the main antioxidant enzymes present
in all aerobic organisms, which converts O2¯ into H2O2. It has been
shown that SOD is induced in several plant species when exposed to
high salinity (Zare and Pakniyat, 2012; Noctor and Foyer, 2016). In our
work, SOD activity only increased in roots of T6L* treatment in the
roots (Fig. 6), possibly due to an excess of NaCl that has caused dis-
orders or production of biomolecules, which may impair the metabo-
lism of SOD (Mittler, 2002). A similar SOD activity pattern was ob-
served in maize roots under salt stress adopting PRI system (Hu et al.,
2010).

H2O2 produced in response to SOD activity or other metabolic ac-
tivities can be reduced to H2O and O2 by the action of CAT, APX and
others peroxidases (Carneiro et al., 2011; Liu et al., 2015). According to
our results for SOD activity, it can be demonstrated that the generation
of H2O2 occurred from other metabolic processes, activating other en-
zymes of the antioxidant defense system (Liu et al., 2015).

When other antioxidant enzymes are concerned, CAT and APX
(Fig. 7) are involved in H2O2 degradation, whereas GR (Fig. 7) did not
apparently participate effectively in such process. CAT activity was
higher in all treatments, excepting fruits of T4* and T5* treatments and
roots of T3 and T5D* treatments (Fig. 7). CAT has been considered an
important enzyme in the direct breakdown of H2O2 (Carneiro et al.,
2011; Mittler et al., 2011; Srinieng et al., 2015), acting to prevent
oxidative damages from salinity stress independent of the treatment
adopted.

Even though the CAT activity increased in tomato plants under salt

Fig. 10. GSH content in leaves (A) and fruits (B)(nmol g−1 fresh weight) of tomato plants irrigated with saline water under PRSI with significantly different at
P < 0.05 by Tukey test.
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stress (Mittova et al., 2003, 2004; Fariduddin et al., 2012), we de-
monstrated the stability of CAT activity in tomato root, leaf and fruit
adopting PRSI systems which indicates that levels CAT levels can affect
photorespiratory pathway in response to salt stress (Acosta-Motos et al.,
2017), since that increased CAT activity can reduce the photo-
respiratory CO2 loss (Brisson et al., 1998).

Differently from CAT activity, APX exhibited high activity in leaves
of T1 and T6* treatments (Fig. 8). In contrast to observed by CAT ac-
tivity, plants of T2, T3, T4* and T5* treatments, did not exhibit changes
in APX activity. In roots, the highest APX activity was showed in T6R*
treatment, which can be related to the decrease in CAT activity. There
was not a considerable increase in observed APX activity in most
treatments (Fig. 8), which could also be explained by the higher CAT
activity, low production of H2O2, and different APX location, such as
chloroplasts, apoplasts, mitochondria and cytosol (Mittler, 2002;
Dogan, 2012). According to Mittler (2002) and Locato et al. (2010),
APX participates in the ascorbate-glutathione cycle in chloroplasts and
mitochondria. In this cycle, the formed H2O2 from SOD is reduced by
the ascorbate, which could also explain the low APX activity, con-
sidering that there was no difference in most of the treatments for SOD
in tissues analyzed.

The enzyme GR plays an important role in maintaining the meta-
bolic balance between GSH, ascorbate (AsA) contents and H2O2 de-
gradation (Alves et al., 2017). GR is therefore a key enzyme that pro-
vides plant protection against a series of abiotic stresses (Romero-
Puertas et al., 2006; Sharma et al., 2012; Noctor et al., 2012). Based on
the results observed, it appears that high GR activity occurred in roots,
followed by fruits and leaves (Fig. 9). However, plants exposed to high
salinity (T2) exhibited similar GR activities when compared to control
plants. In addition, the fruits in PRSI treatments exhibited lower GR
activities when compared to control plants. By the other way, increased
GR activity was demonstrated in tomato plants adopting saline water
management systems (Manai et al., 2014)

This result shows damage to the enzymatic system due to stress,
such as others studies have shown (Chattopadhayay et al., 2002; Dogan
et al., 2010a,b; Dogan, 2012; Mohamed et al., 2015), indicating that
saline stress can affect GR levels differently, where these responses may
be related to other mechanisms still unknown (Dogan, 2012; Mohamed
et al., 2015).

Contrarily, the GSH is a non-enzymatic antioxidant compound that
protects plant cells from oxidative damage by scavenging ROS, re-
generation and degradation of enzymes such as GR and glutathione
peroxidase (GPX) (Guo et al., 2016). Studies have shown that the an-
tioxidant efficiency of this compound can be reduced when plants are
exposed to salinity stress for long periods (Bernstein et al., 2010;
Arghavani et al., 2012). GSH regeneration occurs from reduced glu-
tathione (GSSG) which is catalyzed by glutathione reductase (GR),
using NADPH as a reducing agent (Gratão et al., 2012; Nogueirol et al.,
2015). Thus, overall results obtained for GSH content (Fig. 10) showed
the strict relation between GSH and GR, however not in roots, where
the GSH content could not be quantified due to the lower GR levels in
this tissue with the exception of T4L*. Another explanation may also be
given by the low activity of APX in the present work, since it can use
ascorbic acid (AA) as a substrate, which is oxidized to dehydroascorbate
(DHA), resulting in AA accumulation, which could maintain levels of
DHA in turn. DHA is then regenerated through the enzyme dehy-
droascorbate reductase (DHAR, EC1.8.5.1), which oxidizes GSH to
GSSG. Therefore, due to the low levels of DHA, GSH could not have
been used against oxidative damages (Gratão et al., 2008) except in T2
(fruits) and T4 * (leaves) that had increased GSH (Fig. 10). Other
findings with saline water managements systems add further support to
reduce damage effects of stress in tomato plants (Mohamed et al., 2015,
Li et al., 2015), since that low GSH content was observed with the use of
saline water without management strategy.

The defense systems are an integral part of plant metabolism that
allows plants to cope instantly with environmental changes, once the

tolerance to salinity stress can be associated with increased enzymatic
activities and non-enzymatic compounds (Tari et al., 2015).

According to results, T4, T5 and T6 water managements adopted
with PRSI system could be used such management strategies since to-
mato plants did not show to be vulnerable to salt stress when using this
system, supported by antioxidant responses. However, overall results
demonstrated that T4 and T5 water managements were more efficient
in response to salt stressful-conditions than T6 water management. The
low efficiency of T6 treatment may be related to the water management
adopted, whereas the interchange between low and high saline water
can increase salt content in both sides of the root-zone. A high salt
content can cause ionic toxicity and, consequently to cause an im-
balance between the production and scavenging of ROS in plants,
leading to oxidative stress (Chawla et al., 2013; AbdElgawad et al.,
2016; Wang et al., 2018). The results obtained in the present work
demonstrated that the viability of PRSI system appears to be dependent
on the salinity level and time exposure of roots to the salts of nutrient
solution and saline water.

It is noteworthy that studies with the PRI system using saline water
are scarce, in particular, about the antioxidant defense systems
(Koushafar et al., 2011; Guedes et al., 2015). Therefore, our study
presents an innovative follow-up when compared to the current lit-
erature, in view of physiological and biochemical approaches.

5. Conclusion

The overall results showed that PRSI system could be an applicable
technique for saline water supply on irrigation, since tomato plants did
not show to be vulnerable to salt stress when using this system, sup-
ported by a biochemical approach involving antioxidant responses.
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