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1. Introduction

Brazil has stood out as one of the largest fruit producers 
in the world, occupying third place in production, only 
behind China and India (FAO, 2021). The Northeast 
region has ideal edaphic conditions, temperature, and 
luminosity for the cultivation of fruit crops of tropical 
climate, among which soursop (Annona muricata L.) has 
gained space, especially in the State of Bahia, standing 

out as an alternative for income generation (Lemos, 2014; 
Caliman et al., 2021).

Although the semi-arid region of northeastern Brazil 
has favorable conditions for soursop cultivation, water 
restrictions in terms of quality and quantity make its 
cultivation dependent on irrigation, which is often carried 
out with waters containing high salt levels (Silva et al., 2019).
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Resumo
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eletrólitos no limbo foliar e os pigmentos fotossintéticos da gravioleira, aos 270 dias após o transplantio.
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2.2. Treatment and experimental design

The treatments consisted of four levels of electrical 
conductivity of irrigation water - ECw (0.8, 1.6, 2.4, and 
3.2 dS m-1) and four concentrations of hydrogen peroxide - 
H2O2 (0, 10, 20, and 30 μM), in a 4 × 4 factorial arrangement, 
distributed in a randomized block design, with three 
replicates. H2O2 concentrations were established according 
to a study conducted by Veloso et al. (2019) and water 
salinity levels were defined according to Silva et al. (2020).

The adoption of the randomized block design was due 
to the heterogeneity of luminosity inside the greenhouse, 
due to the shading effect of another greenhouse located 
on the left-hand side, taking into account the three basic 
principles of experimentation: repetition, randomization, 
and local control.

2.3. Establishment and management of the experiment

The seedlings were propagated sexually and the 
formation period was of 180 days. After this period, 
the seedlings were transplanted into plastic pots. The 
experiment was conducted using plastic pots adapted as 
drainage lysimeters, with a capacity of 200 L, filled with 
a 1.0-kg layer of crushed stone followed by 230 kg of soil 
classified as Entisol, collected at a depth of 0-30 cm, from 
the municipality of Riachão do Bacamarte - PB, whose 
physical-chemical characteristics (Table 1) were determined 
according to Teixeira et al. (2017).

The irrigation waters with different electrical 
conductivity were prepared by dissolving NaCl, CaCl2.2H2O, 
and MgCl2.6H2O salts, in the equivalent proportion of 
7:2:1, respectively, in water from the municipal supply 
(ECw = 0.38 dS m-1). Irrigation waters were prepared 
considering the relationship between ECw and the sum 
of cations (Richards, 1954), according to Equation 1:

Q    10 ECw≈ ×   (1)

Where:

The excess of salts in the irrigation water promotes 
the reduction of plant growth, because, while absorbing 
water, plants simultaneously absorb Na+ and Cl- ions, 
which cause damage to membranes, inactivation of 
biochemical pathways, consumption of reserves, and 
alterations in osmotic and ionic homeostase (Sá et al., 
2022; Sousa et al., 2024). Salt stress also causes structural 
changes in photosynthetic pigments, compromising the 
excitation energy efficiency of the light-harvesting antenna 
and causing damage to photosystem II reaction centers 
(Tatagiba et al., 2014), affecting leaf turgor potential and 
inducing membrane damage.

Despite the negative effects of salts on plants, the use of 
saline water in irrigation can be made possible through the 
use of hydrogen peroxide (H2O2) (Andrade et al., 2019). H2O2 
can act in acclimatization to salt stress, through metabolic 
changes in plants that will be responsible for increasing 
their tolerance to a new exposure to stress (Gohari et al., 
2020), antioxidant metabolism, and reduce lipid 
peroxidation in leaves and roots (Hossain et al., 2015). In 
this context, the aim of this study was to evaluate the effect 
of foliar spraying of hydrogen peroxide as an attenuator of 
salt stress effects on soursop morphophysiology.

2. Material and Methods

2.1. Experimental location

The experiment was carried out during April 2020 
and September 2021 in a greenhouse, belonging to the 
Academic Unit of Agricultural Engineering - UAEA of the 
Federal University of Campina Grande - UFCG, in Campina 
Grande, Paraíba, Brazil, at the geographical coordinates 
7°15’18” South latitude, 35°52’28” West longitude and 
an average altitude of 550 m. The data of air temperature 
(maximum and minimum) and relative air humidity during 
the experimental period are shown in Figure 1.

Figure 1. Mean air temperature (maximum and minimum) and mean Relative humidity of the air in the internal area of the greenhouse 
during the experimental period.
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Q - sum of cations (mmolc L
-1)

ECw - electrical conductivity of water (dS m-1)
Irrigation events with saline waters started 45 days 

after transplanting, this time was necessary for the 
acclimatization of the plants to the drainage lysimeters 
and the climatic conditions of the greenhouse. A three-day 
irrigation interval was adopted, taking into account the 
soil’s water retention capacity, climatic conditions, and 
the water requirements of plants. The applied volume 
was estimated by the soil water balance, determined by 
Equation 2:

( )
( )
Va Vd

VI  
1 LF
−

=
−

  (2)

Where:
VI - volume of water to be used in the irrigation event (mL);
Va - volume applied in the previous irrigation event (mL);
Vd - volume drained in the previous irrigation event (mL);
LF - leaching fraction of 0.15, applied every 30 days to 
avoid excessive accumulation of salts.

H2O2 applications began 30 days after transplantation 
(DAT), on the abaxial and adaxial sides of the leaves, and 
the subsequent ones were performed at 30-day intervals 
using a backpack sprayer, between 17:00 and 17:45 h. 
Nitrogen, phosphorus, and potassium fertilization were 
based on the recommendation of Cavalcanti (2008) for 
the soursop crop, applying 33,3 kg of nitrogen, 20 kg of 
phosphorus, and 13,3 kg of potassium ha-1 for the first year 
of cultivation, split into 24 portions and applied at 15-day 
intervals. Ammonium sulfate (21% N), monoammonium 
phosphate (61% P2O5, 12% N), and potassium chloride (60% 
K2O) were used as sources of nitrogen, phosphorus and 
potassium, respectively.

Every two weeks, a backpack sprayer was used to apply 
a Dripsol® micro solution on the adaxial and abaxial sides 
of the leaves, to meet the micronutrient requirement at the 
concentration of 1.0 g L-1, with the following composition: 
Mg (1.1%), Zn (4.2%), B (0.85%), Fe (3.4%), Mn (3.2%), Cu 
(0.5%), and Mo (0.05%).

2.4. Variables analyzed

At 270 days after transplanting (DAT), when the plants 
were in full vegetative development, growth was evaluated 
based on stem diameter (SD), crown height (CRH), crown 
volume (CRV), crown diameter (CRD), and vegetative 
vigor index (VVI). At the same time, electrolyte leakage 
(% EL) in the leaf blade, relative water content (RWC), 
and water saturation deficit (WSD) in the leaf blade, and 
photosynthetic pigments (chlorophyll a, chlorophyll b, total 
chlorophyll, and carotenoids) were determined.

CRH was measured by taking as reference the distance 
from the plant collar to the insertion of the apical meristem. 
Stem diameter was determined at 3 cm height from the 
plant collar with a digital caliper. CRD was obtained from 
the average crown diameter observed in the directions of 
the planting row (DR) and inter-row (DIR). Crown volume 
(CRV) was calculated from crown height (CRH), DR, and DIR, 
using Equation 3, and VVI was calculated using Equation 4, 
according to Portella et al. (2016).

CRV  CRH DE DIR 
6
π

= × × ×   (3)

( )( )CRH CRD SD 10
VVI  

100

+ + ×
=   (4)

Where:
CRV - crown volume (m3);
CRD - crown diameter (m);
VVI - vegetative vigor index;
CRH - crown height (m);
DR - crown diameter in the row direction (m);
DIR - crown diameter in the inter-row direction (m); and
SD - stem diameter (mm).

The vegetative vigor index (VVI), considering plant 
height, crown, and stem diameter, despite the evident 
correlation of its components, is possibly the parameter that 
best reflects the vegetative vigor of plants (Bordignon et al., 
2003).

Table 1. Chemical and physical attributes of the soil (0-0.30 m layer), used in the experiment, before the application of the treatments. 
Campina Grande, PB.

Chemical characteristics

pH (H2O) 
1:2.5

OM  
dag kg-1 P mg kg-1

K+ Na+ Ca2+ Mg2+ Al3+ + H+

ESP 
ECse  

dS m-1
.....................................cmolc kg-1............................

5.90 1.36 6.80 0.22 0.16 2.60 3.66 1.93 1.87 1.0

Physical-hydraulic characteristics

Particle-size fraction (g kg-1)
Textural 

class

Moisture (kPa)

AW
Total 

Porosity 
%

BD PD

Sand Silt Clay 33.42*
1,519.5** 
dag kg-1 kg dm-3

732.9 142.1 125.0 SL 11.98 4.32 7.66 47.74 1.39 2.66

OM - Organic Matter: Walkley-Black Wet Digestion; Ca2+ and Mg2+ - Extracted with 1 M KCl at pH 7.0; Na+ and K+ - Extracted with 1 M 
NH4OAc at pH 7.0; Al3+ and H+ - Extracted with 0.5 M CaOAc at pH 7.0; ESP - Exchangeable sodium percentage; ECse - Electrical conductivity 
of saturation extract; SL - Sandy loam; AW - Available water; BD - Bulk density; PD - Particle density; *Field capacity.**Permanent 
wilting point.
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In order to determine the percentage of intercellular 
electrolyte leakage (% IEL) in the leaf blade, a copper hole 
punch was used to obtain five-leaf discs with an area of 
1.54 cm2 each, per experimental unit, which were washed 
and placed in Erlenmeyer® flasks containing 50 mL of 
distilled water. After being closed with aluminum foil, the 
Erlenmeyer® flasks were kept at a temperature of 25 °C for 
90 minutes, and then the initial conductivity of the medium 
(Xi) was measured using a benchtop conductivity meter 
(MB11, MS Techonopon®). Then, the Erlenmeyer® flasks 
were subjected to a temperature of 90 °C for 90 minutes 
in a drying oven (SL100/336, SOLAB®) and, after cooling 
their contents, the final conductivity (Xf) was measured. 
The percentage of intercellular electrolyte leakage was 
expressed as the percentage of initial electrical conductivity 
relative to the electrical conductivity after treatment 
for 90 minutes at 90 ºC, according to Equation 5 (Scotti-
Campos et al., 2013).

Xi% IEL 100
Xf

= ×   (5)

Where:
% IEL - percentage of intercellular electrolyte leakage;
Xi - initial electrical conductivity;
Xf - final electrical conductivity.

To determine the relative water content (RWC) and 
water saturation deficit (WSD), two leaves were collected 
from the middle third of the main branch to obtain five 
discs of 12-mm diameter from each leaf. Immediately 
after collection, the leaves were washed with distilled 
water and the discs were weighed, avoiding moisture 
loss, to obtain fresh mass (FM); then, these samples were 
placed in a beaker, immersed in 50 mL of distilled water, 
and stored for 90 minutes. After this period, excess water 
was removed from the discs with paper towels to obtain 
the turgid mass (TM) of the samples, which were dried in 
an oven at ≈ 65 ± 3 ºC until reaching constant weight to 
obtain the dry mass (DM). RWC and WSD were determined 
according to Lima et al. (2015), by Equations 6-7:

FM-DMRWC  100
TM-DM

 = × 
 

  (6)

TM-FMWSD  100
TM-DM

 = × 
 

  (7)

Where:
RWC - relative water content (%);
WSD - water saturation deficit (%);
FM - fresh mass of discs (g);
TM - turgid mass of discs (g); and
DM - dry mass of discs (g).

The contents of photosynthetic pigments (chlorophyll 
a, chlorophyll b, total chlorophyll, and carotenoids) were 
quantified according to Arnon (1949), with plant extracts 
from samples of discs from the blade of the third mature 
leaf from the apex. In each sample, 6.0 mL of 80% acetone 
(A.R.) was used. Through these extracts, chlorophyll and 
carotenoid concentrations in the solutions were determined 

using a spectrophotometer at absorbance wavelength 
(ABS) (470, 647, and 663 nm) according to Equations 8-11.

( ) ( )Chl   12.25 ABS663 2.79 ABS647a= × − ×   (8)

( ) ( )Chl   21.50 ABS647 5.10 ABS663b= × − ×   (9)

( ) ( )Chl   7.15 ABS663 18.71 ABS647t = × + ×   (10)

( ) ( ) ( )( )1000 ABS470 1.82 Chl 85.02 Chl 
Car = 

198

a b× − × − ×   (11)

Where:
Chl a - Chlorophyll a;
Chl b - Chlorophyll b;
Car - Carotenoids; and
Chl t - Total chlorophyll.

The values obtained for chlorophyll a, chlorophyll b, 
total chlorophyll, and carotenoid contents in the leaves 
were expressed in mg g-1 of fresh matter (FM).

2.5. Statistical analysis

The multivariate structure of the results was 
evaluated employing principal component analysis (PCA), 
synthesizing the amount of relevant information contained 
in the original data set in a smaller number of dimensions, 
resulting from linear combinations of the original variables 
generated from the eigenvalues (λ ≥ 1.0) in the correlation 
matrix, explaining a percentage greater than 10% of the 
total variance (Govaerts et al., 2007).

From the reduction of dimensions, the original data 
of the variables of each component were subjected to 
multivariate analysis of variance (MANOVA) by the Hotelling 
test (Hotelling et al., 1947) at a 0.05 probability level for 
salinity levels and hydrogen peroxide concentrations, as 
well as for the interaction between them. Only variables 
with correlation coefficient greater than or equal to 
0.6 were maintained in each principal component (PC) 
(Hair et al., 2009). The statistical analyses were performed 
using Statistica software v. 7.0 (Statsoft, 2004).

3. Results and Discussion

The multidimensional space of the original variables was 
reduced to two principal components (PC1 and PC2) with 
eigenvalues greater than λ ≥ 1.0, according to Kaiser (1960). 
The eigenvalues and percentage of variation explained for 
each component (Table 2) represented together 81.08% 
of the total variation. PC1 explained 57.76% of the total 
variance, formed by most of the variables analyzed, except 
for stem diameter (SD) and vegetative vigor index (VVI). 
PC2 represented 23.32% of the remaining variance, formed 
by SD and VVI.

According to the multivariate analysis of variance 
(Table 2), there was a significant effect of the interaction 
between the electrical conductivity of irrigation water 
(ECw) and hydrogen peroxide concentrations (H2O2) for 
the two principal components (PC1 and PC2).
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The two-dimensional projections of the effects of 
treatments and variables in the first and second principal 
components (PC1 and PC2) are presented in Figure 2A-2B. 
In the first principal component (PC1), a process possibly 
characterized by the effect of the interaction between ECw 
and H2O2 concentrations was identified: the correlation 
coefficients between CRH, CRV, CRD, % IEL, RWC, WSD, 
Chl a, Chl b, Chl t, and Car were higher than 0.70 (Table 2).

In principal component 1, it is possible to note that 
soursop plants grown with ECw of 1.6 dS m-1 and sprayed 
with an H2O2 concentration of 10 μM (S2H2) stood out 
from those of the other treatments, as they had the 
highest values (Table 2) of CRH (1.64 m), CRV (0.44 m3), 
CRD (1.47 m), RWC (80.25%), Chl a (1,824 mg g-1 FM), Chl b 

(752.54 mg g-1 FM), Chl t (2,576.54 mg g-1 FM), and Car 
(648.57 mg g-1 FM).

When comparing the results obtained in plants of 
the S2H2 treatment to those obtained in plants of the 
S2H1 treatment, there were increments of 15.49, 46.67, 
14.84, 10.62, 22.63, 29.92, 24.67, and 13.96% in CRH, 
CRV, CRD, RWC, Chl a, Chl b, Chl t, and Car, respectively, 
showing the beneficial effect of the foliar application of 
H2O2 at concentration of 10 μM. Hydrogen peroxide is a 
reactive oxygen species (ROS) that, when applied at low 
concentrations, helps acclimatize to salt stress, due to 
metabolic changes that are responsible for increasing 
its tolerance to stress, thus enabling the use of waters 

Table 2. Eigenvalues, percentage of total variance explained, in the multivariate analysis of variance (MANOVA) and correlations (r) 
between original variables and the principal components.

Principal Components

PC1 PC2

Eigenvalues (λ) 6.93 2.80

Percentage total variance (S2%) 57.76 23.32

Hotelling test (T2) for electrical conductivity of water (ECw) 0.01 0.01

Hotelling test (T2) for hydrogen peroxide concentrations (H2O2) 0.01 0.01

Hotelling test (T2) for interaction (ECw × H2O2) 0.01 0.03

PCs
Correlation coefficient

SD CRH CRV CRD VVI % IEL RWC WSD Chl a Chl b Chl t Car

PC1 -0.59 -0.74 -0.77 -0.71 -0.59 0.71 -0.73 0.73 -0.88 -0.86 -0.88 -0.87

PC2 0.67 0.54 0.50 0.59 0.67 0.53 -0.44 0.44 -0.30 -0.22 -0.28 -0.33

Treatments
Mean values

SD CRH CRV CRD VVI % IEL RWC WSD Chl a Chl b Chl t Car

S1H1 25.81 1.39 0.32 1.22 2.61 19.12 70.25 29.75 1,309.21 442.14 1,751.34 481.44

S1H2 26.09 1.40 0.37 1.30 2.64 20.26 76.24 23.76 1,389.83 520.63 1,910.47 511.14

S1H3 25.51 1.47 0.29 1.28 2.58 20.59 70.51 29.49 1,011.52 411.34 1,401.28 399.58

S1H4 24.60 1.35 0.28 1.25 2.49 21.20 64.89 35.11 989.74 325.55 1,337.39 375.10

S2H1 24.20 1.42 0.30 1.28 2.35 20.31 72.54 27.46 1,487.44 579.21 2,066.65 569.14

S2H2 27.27 1.64 0.44 1.47 2.76 20.58 80.25 19.75 1,824.00 752.54 2,576.54 648.57

S2H3 25.18 1.42 0.37 1.37 2.45 21.28 68.54 31.46 1,405.27 467.19 1,872.46 458.91

S2H4 24.54 1.40 0.36 1.35 2.48 21.55 66.27 33.73 969.73 393.31 1,363.04 320.55

S3H1 25.89 1.37 0.28 1.26 2.62 20.94 70.10 29.90 1,488.14 539.11 2,027.25 527.52

S3H2 25.10 1.39 0.32 1.29 2.54 22.79 66.82 33.18 1,635.11 571.69 2,206.80 542.11

S3H3 25.25 1.33 0.28 1.27 2.55 23.12 65.36 34.64 947.67 437.25 1,384.92 376.01

S3H4 24.98 1.31 0.27 1.25 2.52 23.82 62.48 37.52 873.12 351.41 1,224.53 281.42

S4H1 21.90 1.19 0.21 1.11 2.21 20.83 69.24 30.76 1,201.93 422.29 1,624.22 419.28

S4H2 22.26 1.28 0.23 1.16 2.25 21.98 67.20 32.80 1,255.19 511.24 1,766.43 469.67

S4H3 22.36 1.35 0.25 1.19 2.26 23.54 58.59 41.41 1,082.21 454.97 1,537.18 402.54

S4H4 24.78 1.36 0.27 1.22 2.50 32.18 50.21 49.79 666.78 242.66 909.43 253.56

S1 (0.8 dS m-1); S2 (1.6 dS m-1); S3 (2.4 dS m-1); S4 (3.2 dS m-1); H1 (0 μM); H2 (10 μM); H3 (20 μM); H4 (30 μM); SD (Stem diameter - mm); 
CRH (Crown height - m); CRV (Crown volume - m3); CRD (Crown diameter - m); Vegetative vigor index (VVI); % IEL (percentage of intercellular 
electrolyte leakage); RWC (Relative water content - %); WSD (Water saturation deficit - %); Chl a (Chlorophyll a - mg g-1 FM); Chl b (Chlorophyll 
b - mg g-1 FM); Car (Carotenoids - mg g-1 FM); Chl t (Total chlorophyll - mg g-1 FM).
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with higher concentrations of salts (Andrade et al., 2019; 
Silva et al., 2022).

In addition, H2O2 can stimulate activities of antioxidant 
enzymes, promoting less degradation of pigments and an 
increase in photosynthetic activity, which reflects in the 
greater growth and development of plants (Ashraf et al., 
2015).

In a study evaluating morphophysiological changes in 
soursop (Annona muricata L.) under irrigation with saline 
water (1.6 to 4.0 dS m-1) and H2O2 in the post-grafting stage, 
Veloso et al. (2020) also found a beneficial effect of H2O2 
(20 μM) on photosynthetic pigments; in addition, foliar 
application of H2O2 promoted increment in photosynthesis 
and reduction in electrolyte leakage in the leaf blade.

It is also verified in PC1 that plants cultivated with ECw 
of 3.2 dS m-1 and subjected to a concentration of 30 μM 
(S4H4) had the highest values of % IEL (32.18%) and WSD 
(49.79%). The increase in the percentage of electrolyte 
leakage and water saturation deficit in plants subjected 
to higher H2O2 concentration (30 μM) may occur because, 
at high concentration, hydrogen peroxide can intensify 
the deleterious effects of salt stress, causing changes in 
plant metabolism due to the restriction of photosynthetic 
processes. Under salt stress conditions, photosynthetic 
processes can be affected directly, by stomatal restriction, 
reduced transpiration, and consequently, low CO2 
availability, or indirectly, by the imbalance between the 
production and removal of reactive oxygen species (ROS) 
produced during the photosynthetic process, causing 
oxidative stress (Carvalho et al., 2011; Silva et al., 2021a).

For principal component 2 (PC2), it can be observed 
that soursop plants irrigated with ECw of 1.6 dS m-1 and 
subjected to spraying with H2O2 at a concentration of 10 μM 
(S2H2), obtained the highest values of SD (27.27 mm) 
and VVI (2.76), corresponding to increments of 12.69% 
(3.07 mm) in SD and 17.44% (0.41) in VVI compared to 
plants irrigated with the same ECw (1.6 dS m-1) and 

without application of H2O2 (S2H1). On the other hand, 
plants cultivated with ECw of 3.2 dS m-1 and without H2O2 
application (S4H1) had the lowest values of SD (21.9 mm) 
and VVI (2.21).

Similar results were obtained in a study conducted by 
Silva et al. (2021a), who evaluated the effect of salt stress 
caused by irrigation water (0.8 to 4.0 dS m-1) on soursop 
morphophysiology at 480 days after transplanting and 
found that irrigation with ECw above 1.7 dS m-1 reduced 
soursop growth, with the lowest values of SD (30.09 mm) 
and VVI (2.42) obtained in plants subjected to ECw of 
4.0 dS m-1.

The decrease in soursop SD and VVI reflects the effect 
of the osmotic potential of the soil solution caused by the 
high concentrations of salts, which hinders the absorption 
of water and nutrients by plants and, consequently, causes 
loss of turgor pressure in the cells, which compromises 
plant growth (Lima et al., 2021).

In the present study, it was found that foliar application 
of H2O2 at a concentration of 10 μM promoted a significant 
increase in the growth, chlorophyll synthesis, and relative 
water content of soursop irrigated with ECw of 1.6 dS m-1. 
In addition, H2O2 (10 μM) reduced water saturation deficit 
and percentage of electrolyte leakage in plants irrigated 
with ECw of 1.6 dS m-1. The beneficial effects of applying 
H2O2 at a concentration of (10 μM) are related to the 
ability of this ROS to influence the tolerance of plants to 
salt stress, caused by increased synthesis of metabolites 
(El-Mogy et al., 2018; Nazir et al., 2019).

Therefore, the efficiency of H2O2 in attenuating the 
damage caused by salinity on the variables analyzed is 
evident. Possibly, the stress signaling function performed 
by H2O2 may have triggered the activation of antioxidant 
enzymes that persist in plants to alleviate oxidative damage, 
leading to improvements in physiological attributes for 
plant growth under stress (Dito and Gadallah, 2019).

Figure 2. Two-dimensional projection of the scores of the principal components for the factors electrical conductivity of irrigation water 
(S) and concentrations of hydrogen peroxide (H) (A) and the variables analyzed (B) in the two principal components (PC1 and PC2).
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4. Conclusions

Hydrogen peroxide at a concentration of 10 μM increases 
growth, chlorophyll synthesis, and relative water content 
in the leaves and consequently reduces the leaf water 
saturation deficit of soursop irrigated with ECw up to 
1.6 dS m-1.

Hydrogen peroxide concentration of 30 μM intensifies 
the deleterious effects of salt stress on the percentage 
of intercellular electrolyte leakage and photosynthetic 
pigments of soursop, 270 days after transplanting.
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