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Salicylic acid concentrations and forms of application mitigate
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Abstract

The present study aimed to evaluate concentrations and forms of application of salicylic acid used for water stress
mitigation on the gas exchange and growth of yellow passion fruit. The experimental design was arranged in
randomized blocks in a4 x 4 x 2 factorial scheme, with four concentrations of salicylic acid (SA) via foliar application
(0.0,0.7,1.4,and 2.1 mM), four SA concentrations via fertigation (0.0, 0.7, 1.4, and 2.1 mM), and two irrigation depths
estimated based on the actual evapotranspiration - ETr (50 and 100% of ETr), with three replications. Water stress
negatively affected the physiology and growth of yellow passion fruit seedlings at 75 days after sowing (DAS).
The application of salicylic acid, regardless of the form of application, attenuates the effects of water stress on
gas exchange and growth of yellow passion fruit, with the best results obtained when applying a concentration
of 1.30 mM via leaf or 0.90 mM via fertirrigation. The combination of foliar application of AS and fertigation
contributed to improve photosynthetic and growth parameters under water conditions of 50 and 100% of ETr.
The foliar application of AS presents superior responses to the application via fertigation. These results reinforce
the hypothesis that the attenuation of water stress by salicylic acid is related to the maintenance of gas exchange,
which depends on the concentration and form of application, and studies testing combinations throughout the
crop cycle become promising for advances in knowledge from the action of this phytohormone on abiotic stress.
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Resumo

O presente estudo teve como objetivo avaliar as concentragdes e formas de aplicagdo do acido salicilico como
mitigador do estresse hidrico sobre as trocas gasosas e parametros de crescimento do maracujazeiro amarelo.
O delineamento experimental foi em blocos casualizados, em esquema fatorial 4 x 4 x 2, com tratamentos
constituidos por quatro concentragdes de acido salicilico (SA) via aplicagdo foliar (0,0, 0,7, 1,4 e 2,1 mM), quatro
concentragdes de SA via fertirrigacao (0,0, 0,7, 1,4 e 2,1 mM) e duas laminas de irrigacao estimadas com base na
evapotranspiragdo real - ETr (50 e 100% da ETr), com trés repeticdes. O estresse hidrico afetou negativamente a
fisiologia e o crescimento das mudas de maracujazeiro amarelo aos 75 dias ap6s o semeio (DAS). A aplicagdo de
acido salicilico, independente da forma de aplicagdo, atenua os efeitos do estresse hidrico nas trocas gasosas e
crescimento do maracujazeiro amarelo, com os melhores resultados obtidos ao se aplicar a concentra¢ao de 1,30
mM via foliar ou 0,90 mM via fertirrigagdo. A combinagao de aplicacdo de AS via foliar e fertirrigacao contribuiu
para melhorar os parametros fotossintéticos e de crescimento nas condi¢des hidricas de 50 e 100% da ETr. A
aplicacao via foliar de AS apresenta respostas superiores a aplicacdo via fertirrigagdo. Esses resultados reforcam
a hipétese de que a atenuacdo do estresse hidrico pelo acido salicilico esta relacionada a manutencdo das trocas
gasosas, a qual depende da concentracdo e forma de aplicada, sendo que estudos testando combinagdes ao longo
do ciclo da cultura se torna promissores para avangos nos conhecimentos provenientes da atuacao desse fitorménio
sobre o estresse abidtico.
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1. Introduction

Passion fruit (Passiflora edulis) is a variety of tropical
and subtropical fruit-bearing plants of the genus Passiflora
(Vieira et al., 2022). In Brazil, their main representative
is Passiflora edulis Sims, popularly known as yellow or
sour passion fruit, corresponding to more than 95% of
the passion fruit orchards in this country (Meletti, 2011).
The relevance and high acceptance of these fruits are
because of their high contents of carbohydrates, sugars,
vitamins, minerals, and organic compounds, favoring their
commercialization and industrial use (Biswas et al., 2021;
Vieira et al., 2022).

The Northeast region of Brazil has stood out as the
largest passion fruit producer, accounting for 69.6% of the
683,993 tons produced in 2021 (IBGE, 2022). However,
this region is characterized by irregular rainfall and high
evaporation rates, limiting water availability during the
crop cycle and causing losses in production and fruit quality
(Limaetal,, 2015; Soares et al., 2018; Pinheiro et al., 2022a).

In this scenario, the effects of water stress on each
crop may vary depending on the management of
irrigation and fertilization, edaphoclimatic conditions,
species, or even the different developmental stages
(Deka et al., 2018), manifesting more intensely during
early development through metabolic and physiological
changes and resulting in growth inhibition (Morales et al.,
2020; Zombardo et al., 2020). As already observed in
passion fruit, the photosynthetic rate decreases through
stomatal closure due to the lower CO, entry and electron
transport limitations in the PSII, resulting in lower carbon
fixation and forming reactive oxygen species (ROS), which
affect the metabolic activity of the plant (Pinheiro et al.,
2022b; Souza et al., 2018; Cavalcante et al., 2020; Lozano-
Montafia et al., 2021).

Furthermore, the application of salicylic acid (SA) has
shown promising responses in mitigating water stress in
several crops (Andrade et al., 2021; Kaya, 2021; Kulak et al.,
2021) by maintaining the photosynthetic apparatus while
inducing greater enzymatic activity, also controlling ROS,
contributing to the water status, and improving the cell
turgor and nutrient assimilation (Shadmehri and Khatiby,
2020; Damalas and Koutroubas, 2022). With regard to
gas exchange, SA contributes to stomatal opening and
CO, entry into the substomatal chamber, thus favoring
transpiration and increasing the carboxylation rate, as
observed by Saheri et al. (2020) in common purslane
(Portulaca oleracea L.), by Zafar et al. (2021) in Java plum
(Syzygium cumini L), and by Galviz et al. (2021) in tomato
(Solanum lycopersicum L.).

However, the best form of SA application and its
appropriate concentrations are reasons for discussion
since there are different responses when the application is
performed exclusively via the leaves or roots (Lopes et al.,
2019; Sohag et al., 2020; No6brega et al., 2021). In this
scenario, studies assessing plant responses to different
forms of application and concentrations are still incipient in
the literature (Gharbi et al., 2018; Souri and Tohidloo, 2019).

The hypothesis of the present work is that salicylic acid
in low concentrations attenuates the effects of water stress,
regardless of the form of application, by maintaining gas
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exchange and increasing carbon assimilation, with gains
in the growth of sour passion fruit seedlings.

From this perspective, this study aimed to evaluate
different concentrations and forms of application of salicylic
acid used for water stress mitigation on the physiology
and growth of sour passion fruit plants.

2. Material and Methods

2.1. Site description and experimental design

The experiment was performed from September to
December 2020 in a greenhouse (7° 15’ 18" S, 35° 52’ 28"
W) located at the Agricultural Engineering Academic
Unit (UAEA) of the Federal University of Campina Grande
(UFCG), Campina Grande, Paraiba, Brazil. Air temperature
data (maximum and minimum) and average relative
humidity at the experimental site are shown in Figure 1.

The experimental design was arranged in randomized
blocks in a 4 x 4 x 2 factorial scheme, with four salicylic
acid (SA) concentrations via foliar application (0.0, 0.7, 1.4,
and 2.1 mM), four SA concentrations via fertigation (0.0,
0.7,1.4,and 2.1 mM), and two irrigation depths estimated
based on the actual evapotranspiration (ETr - 50 and 100%
ETr), with three replications, totaling 96 experimental units.

2.2. Conducting the experiment

The actual evapotranspiration was determined using
drainage lysimeters, as proposed by Bernardo et al. (2006).
The water depths for replacement were determined by the
difference between the volume applied and the volume
drained in the previous irrigation event, thus resulting in
the volume consumed by the plants, which was multiplied
by 0.5 and 1.0 to obtain the water depths corresponding
to 50 and 100% ETr.

The salicylic acid concentrations were obtained
according to Silva et al. (2020) by dissolving 30% ethyl
alcohol - C,H,0 (95.5%) in distilled water due to its low
solubility in water at room temperature. The Wil-fix
adjuvant (adhesive spreader, Charmon Destyl Ltd., Valinhos,
BR) was used at the concentration of 0.5 mL L to reduce
the surface tension of the droplets on the leaf surface.

Four seeds of the sour passion fruit cv. ‘BRS GA1’ were
used in each experimental unit due to the high yield
and great market acceptance of this cultivar. Sowing
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Figure 1. Temperature (maximum and minimum) and average relative
humidity in the greenhouse area during the experimental period.
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was performed in 10-L pots filled with Fluvic Neosol
(Santos et al. 2018), classified as Fluvents by Soil Taxonomy
(USDA, 2014), collected from the 0.0-0.40 m layer.
The physical and chemical soil characteristics (Table 1)
were analyzed according to Teixeira et al. (2017).

Each experimental unit corresponded to one pot
containing an 18-mm wide drain covered with a geotextile
fabric (Bidim type) and a 0.5-kg thick layer of crushed stone.
The drained water was collected in a 2-L plastic bottle
connected to the bottom of the lysimeters. The drained
water volume was used to estimate the crop water balance.
Soil moisture was maintained at maximum water retention
capacity until seedling emergence. Then, the plants were
thinned to one plant per plot when showing one pair of
true leaves.

The applications of salicylic acid started 20 days after
sowing (DAS), were performed every 15 days in the late
afternoon and were split into four applications, totaling
200 mLin each plant at the end of the experiment. In the
foliar application treatments, the product was applied on
the abaxial and adaxial leaf surfaces using a manual sprayer
with a capacity of 1 L, with the soil protected by a plastic
barrier to prevent drift. In treatments via fertigation, the
volume per application was 50 mL per plant, which was
diluted until reaching the amount of water necessary to
maintain the evapotranspiration defined per pot.

Fertilization with N (300 mg kg'), P,0, (150 mg kg
1), and K,0 (300 mg kg') was performed according to
Novais et al. (1991) using urea, potassium chloride, and
monoammonium phosphate as the respective sources.
A micronutrient solution with 1.0 g L' of Dripsol micro®
(Dripsol SQM Vitas Ltd., Candeias, BR) containing Mg
(1.4%),Zn (0.5%), B (0.05%), Fe (0.5%), Mn (0.05%), Cu (0.5%),
and Mo (0.02%) was applied on the adaxial and abaxial
leaf surfaces using a backpack sprayer. Fertilization with
macro and micronutrients was performed every 20 days
in the late afternoon.

All phytosanitary preparations and practices
recommended for the crop were performed during
the experiment by monitoring the emergence of pests
and diseases and adopting control measures whenever
necessary.

Salicylic acid mitigate water stress in sour passion fruit

2.3. Gas exchange and growth analyses

The gas exchange variables were determined at 75 days
after sowing from 7:00 to 9:00 a.m. using a portable infrared
gas analyzer - (IRGA - ADC BioScientific Ltd., LCpro T model,
Hoddesdon, UK) with an airflow of 300 mL min' and a light
source of 1,200 pmol m s (Freire et al., 2014). The variables
analyzed were net CO, assimilation rate (A - pmol CO, m2s™),
stomatal conductance (gs - mol H,0 m™ s!), intercellular
CO, concentration (Ci - pmol CO, m?s™), and transpiration
(E-mmol H,0 m?s1). The water use efficiency (WUE - pmol
CO, m?s'/mmol H,0 m?s), intrinsic water-use efficiency
(iWUE - pmol CO, m? s/ mol H,0 ms'), and instantaneous
carboxylation efficiency (iCEi - pmol CO, m? s'/ pmol
CO, m?s!) were calculated.

Moreover, the following growth variables were also
determined in the same period: plant height (PH), measured
from the base of the plant to the apical meristem; stem
diameter (SD), measured with a digital caliper (mtx Ltd.,
316119 model, CN) at 5 cm from the ground; and leaf area
(LA), obtained by measuring the leaf length and width using
the methodology proposed by Cavalcante et al. (2009), as
seen in Equation 1:

LA=Lx Wx0.74 (1)

Where: LA= leaf area (cm?); L= leaf length (cm); and
W= leaf width (cm).

2.4. Statistical analyses

The data were subjected to analysis of variance and
polynomial regression (p < 0.05 and p < 0.01) using the
statistical software R (R Core Team, 2017).

3. Results

There were significant effects of the interaction irrigation
depths x salicylic acid via foliar application x salicylic
acid via fertigation on all sour passion fruit physiological
variables at 75 DAS (Table 2).

In the plants subjected to water deficit (50% ETr), the gs
was influenced by salicylic acid (Figure 2A), increasing by

Table 1. Chemical and physical attributes of the soil used in the experiment before the application of treatments.

Chemical characteristics

pH P K* Na* Ca* Mg? AP + H*
(H,0) OM % i ESP (%) ECse (dSm)
(1:25) (mgkg™) e (CMOIC KE™) covveremrmmemenenenee
5.90 1.36 6.80 0.22 0.16 2.60 3.66 1.93 1.87 1.00
Physical-hydraulic characteristics
e - S -
Particle-size fraction (dag kg!) Textural Moisture (kPa) Tota.l BD PD
AW porosity
Sand Silt Clay class 33.42 1519.5 g kg’ 9 (g cm?)
732.90 142.10 125.00 SL 119.80 43.20 76.60 47.74 1.39 2.66

OM - Organic matter: Walkley-Black Wet Digestion; Ca?* and Mg?* extracted with 1 mol L' KCI at pH 7.0; Na* and K* extracted with 1 mol L'
NH,OAc at pH 7.0; AI** and H* extracted with 1 mol L' calcium acetate 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.
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Table 2. Summary of the analysis of variance for stomatal conductance (gs, mol H,0 ms'), intercellular CO, concentration (Ci, pmol
CO, m?s™), transpiration (E, pmol H,0 m s'), net CO, assimilation rate (A, pmol CO, m s™), water-use efficiency (WUE, pmol CO, m™
s”'/mmol H,0 m?s™), intrinsic water use efficiency (IWUE, pmol CO, m*s!/ mol H,0 m?s), and instantaneous carboxylation efficiency

(iCE, pmol CO, m? s'/ pumol CO, m s!) of sour passion fruit plants subjected to different irrigation depths (I) and concentrations of
salicylic acid applied via foliar application (L) and fertigation (F) 75 days after sowing.

Sou‘rce‘ of DE Ms
variation gs Ci E A WUE WUEi CEi
Irrigation (I) 1 1.0e-ns 593.77 0.53" 11.50" 0.07" 270.91" 6.3e%"
SA Leaves (L) 3 0.014** 418.75 117" 5.26" 2.327 500.91" 6.3e"
SA Fertigation (F) 3 5.5e3" 547.88" 0.32" 7.88" 0.83" 229.27" 5.3e%"
IxL 3 5.5e3" 1129.12" 0.97" 483" 245" 26727 8.4e"
IxF 3 4.5e3" 354.90° 0.15* 0.71m 0.10™ 50.90™ 3.0e-6m
LxF 9 6.4e" 980.30" 0.56" 4.60" 0.80" 163.66 7.2e%"
[xLxF 9 6.8e3" 486.23" 0.34" 4.79" 0.30" 152.18" 6.3e"
Blocks 2 4.0e-%n 54.56™ 0.26" 0.57™ 0.06" 14.44" 9.0e-6m
CV (%) 12.38 3.28 8.54 9.53 9.63 15.68 10.09
Mean 0.248 310.87 2.81 7.21 2.62 30.54 0.023
DtF— det(g,)rgi of freedom; MS- mean square; R - regression; CV - coefficient of variation. ™ not significant. * significant at p <0.05. ~ significant
at p<0.01.
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Figure 2. Stomatal conductance - gs (A), intercellular CO, concentration - Ci (B), transpiration - E (C), and net CO, assimilation rate - A (D)
of sour passion fruit (Passiflora edulis) as a function of SA application via foliar application and fertigation under two water replacement
depths 75 days after sowing. ™, °, ', respectively not significant, significant at p < 0.05 and p < 0.01.
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40.48% (0.300 mol H,0 m?s') when the SA concentration
of 2.1 mM was applied via foliar application. On the other
hand, SA application via fertigation reduced stomatal
opening, reaching the lowest values at the SA concentration
of 2.1 mM (0.209 mol H,0 m™ s'). With 100% ETr water
replacement, the highest stomatal opening value (0.304 mol
H,0 m? s) was also observed with 2.1 mM SA via foliar
application. Under this condition, the lowest value of this
variable was observed with the combination of 1.05 mM
SA via foliar application and 1.31 mM via fertigation
(0.204 mol H,0 m2s").

With regard to gs (Figure 2A), the intercellular
CO, concentration also increased with SA application
(Figure 2B), and the association between the highest SA
concentration via foliar application and 0.656 mM via
fertigation resulted in the highest values of this variable
(323.65 pmol CO, m? s'), decreasing to 289.78 pmol
CO, m?s" when plants were subjected only to 2.1 mM SA
via fertigation. There was no positive influence of salicylic
acid on the intercellular CO, concentration under the
water depth corresponding to 100% ETr, with the highest
value of this variable occurring without SA application
(320.92 pmol CO, m? s') and the lowest value occurring
with 2.1 mM SA for both forms of application (302.57 pmol
CO, m? ), showing that the highest CO, entry resulted
from stomatal opening in plants under water stress.

Salicylic acid increased the transpiration rate of sour
passion fruit plants grown under irrigation with 50%
ETr (Figure 2C), ranging from 2.23 mmol H,0 m? s in
plants without SA to 3.38 mmol H,0 m? s in plants that
received 2.1 mM via foliar application and 1.18 mM via
fertigation, increasing the E variable by 51.57%. In plants
irrigated with 100% ETr, the application of 0.92 mM salicylic
acid via fertigation led to the highest transpiration value
(3.15 mmol H,0 m?s'), whereas the lowest value of this
parameter was observed in the combination between
1.05 mM via foliar application and 2.1 mM via fertigation
(2.61 mmol H,0 m? s'), decreasing by 17.14% compared
to the highest concentration.

The combination of the SA concentrations of 0.79 mM
via fertigation and foliar application resulted in the highest
net CO, assimilation rate (Figure 2D) in plants subjected to
water deficit (8.10 umol CO, m?s™). In contrast, the lowest
value of this variable was obtained with 2.1 mM SA in both
forms of application (4.96 pmol CO, m?s'). On the other
hand, the plants grown under irrigation with 100% ETr
showed the lowest net CO, assimilation rate (6.49 pmol
CO, m?s ') with 2.1 mM SA via fertigation, decreasing by
13.70% compared to plants that did not receive salicylic
acid. The highest A value was obtained by associating
the concentrations of 1.18 mM via foliar application and
0.65 mM via fertigation (8.23 pmol CO, m?s).

In plants under water deficit, the lowest values
of water use efficiency (1.44 pmol CO, m2 s'/mmol
H,0 m? s), intrinsic water use efficiency (17.25 pmol
CO, m?s'/mol m? s'), and instantaneous carboxylation
efficiency (0.0163 pmol CO, m2 s'/umol CO, m? s1)
were obtained with 2.1 mM in both forms of application
(Figure 3), resulting in respective losses of 55.28, 52.29,
and 38.26%. On the other hand, the highest mean values
were obtained with the combination of 0.39 mM via
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foliar application and 0.52 mM via fertigation for WUE
(3.22 pmol CO, m? s”'/mmol H,0 m? s'), 0.65 mM via
foliar application and 0.92 mM via fertigation for iWUE
(36.16 pmol CO, m* s'/mol H,0 m? s), and 0.52 mM
via foliar application and 0.79 mM via fertigation for iCE
(0.0264 pmol CO, m s/ pmol CO, m?s™).

Under water replacement conditions corresponding to
100% ETr, the highest water use efficiency was achieved
with 1.18 mM SA via foliar application (2.96 pmol
CO, m? s'/mmol H,0 m? s), increasing by 30.97%
compared to the lowest mean (2.26 pmol CO, m2s-'/mmol
H,0 m?s) obtained with 2.1 mM via fertigation (Figure 3A).
The highest intrinsic water use efficiency (39.70 pmol
CO, m?s'/mol m?s) was achieved using 1.05 mM SA in
both forms of application (Figure 3B), increasing by 57.29%
compared to plants that did not receive SA (25.24 pmol
(€O, m?s'/mol H,0 m*s). The combination using 1.18 mM
via foliar application and 0.39 mM via fertigation resulted
in the highest instantaneous carboxylation efficiency
(0.026 pmol CO, m2 s/ pmol CO, m s') (Figure 3C).

As observed for gas exchange, the interaction between
factors had significant effects on the growth variables of
plant height, leaf area, and stem diameter of sour passion
fruit 75 DAS (Table 3).

Salicylic acid application in plants irrigated with 50% ETr
increased plant height and the leaf area, the first variable
ranging from 15.43 cm in plants without SA application
to 53.35 cm in plants grown under 1.31 mM via foliar
application and 1.05 mM via fertigation (Figure 4A), and
the second ranging from 232.56 cm? to 643.88 cm? in
plants grown under the combination with 1.57 mM via
foliar application and 1.05 mM via fertigation (Figure 4B).
Salicylic acid application also increased the stem diameter
of plants grown under In plants under water deficit
(Figure 4C), achieving the highest value (4.38 mm) with
1.44 mM via foliar application and 0.92 mM via fertigation.

Under 100% ETr, the growth variables showed the
lowest mean values under 2.1 mM SA via fertigation, with
19.42 cm for PH (Figure 4A), 336.45 cm? for LA (Figure 4B),
and 2.96 mm for SD (Figure 4C), decreasing by 72.52, 59.89,
and 40.44% compared to the highest means obtained for
the three variables with 1.31 mM via foliar application and
with fertigation at 0.79 mM for PH (70.66 cm), 0.39 mM
for LA (838.77 cm?), and 0.52 mM for SD (4.97 mm).

4. Discussion

The reduction in the gas exchange of sour passion fruit
plants due to low water availability results from plant
signaling under stress conditions, ultimately resulting in
stomatal closure. Hsu et al. (2021) associated this plant
signaling situation with increased abscisic acid production
and the potassium efflux from guard cells, decreasing
CO, entry into the substomatal chambers and decreasing
water loss. This behavior was observed in the present
experiment through the lower stomatal conductance,
transpiration, and net CO, assimilation rate in plants
grown under stress. Moreover, this effect is recurrent in
water deficit studies, as observed by Galviz et al. (2021) in
tomato (Solanum lycopersicum L.), by Kaya (2021) in pepper
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Figure 3. Water-use efficiency - WUE (A), intrinsic water-use efficiency - WUEi (B), and instantaneous carboxylation efficiency - CEi (C)
of sour passion fruit (Passiflora edulis) as a function of SA application via foliar application and fertigation for two water replacement
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Table 3. Summary of the analysis of variance for plant height (PH, cm), stem diameter (SD, mm), and leaf area (LA, cm?) of sour
passion fruit plants subjected to different irrigation depths (I) and concentrations of salicylic acid applied via foliar application (L) and
fertigation (F) 75 DAS.

MS
Source of variation DF
PH SD LA
Irrigation (I) 1 4589.20** 9.66" 816683"
SA Leaves (L) 3 2798.32" 5.44" 289183"
SA Fertigation (F) 3 1608.50" 3.94" 213877"
IxL 3 69.41" 0.25™ 25697
[xF 3 483.63" 0.24" 79107
LxF 9 213.51 0.66" 71094”
IxLxF 9 209.21" 0.32* 16344"
Blocks 2 7.52 0.058" 18896~
CV (%) 17.14 10.14 6.98
Mean 43.57 3.87 555.37

DF- degree of freedom; MS- mean square; R - regression; CV - coefficient of variation. ™ not significant. " significant at p <0.05. ” significant at
p<0.01

(Capsicum annuum L.), and by Lozano-Montafiaetal. (2021)  root osmotic potential, favoring water and nutrient uptake
in purple passion fruit (Passiflora edulis). from the soil (Silva et al., 2020; Ali, 2021). As a result,

Salicylic acid mitigated the effects of stress on passion  transpiration is also increased, corroborating the results
fruit. The initially greater stomatal opening is related to  obtained by Saheri et al. (2020), who evaluated the gas
the action of SA in forming secondary metabolites, such  exchange of common purslane (Portulaca oleracea L.) and
as proline and glycine betaine, that act by reducing the  observed that the transpiration flux increased with the
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greater stomatal opening in plants subjected to salicylic
acid under water deficit conditions.

On the other hand, the increase in the CO, assimilation
rate caused by SA application highlights the role of the
studied phytohormone in maintaining the photosynthetic
apparatus, probably due to the plant’s photochemical activity
and the CO, entry induced by stomatal opening (Kumaraetal.,
2021; Zafar et al., 2021). These findings were also observed
by Lobato et al. (2021), who evaluated tomato plants under
water deficit and found a positive correlation between the
increase in photosynthesis and the increase in the antioxidant
defense of plants after SA application, especially superoxide
dismutase, catalase, peroxidase, and ascorbate peroxidase.

The photosynthetic efficiency of passion fruit is
high under the water deficit condition caused by SA
application. However, under high SA concentrations, the
excessive accumulation of this metabolite decreases the
photosynthetic efficiency, which is related to the pro-
oxidant function of the phytohormone (Shadmehri and
Khatiby, 2020). These effects were noticed when applying
the highest SA concentration via fertigation, with the
greater water loss through transpiration (Figure 1C), which,
associated with the behavior of the CO, concentration in
the intercellular spaces (Figure 1B), tends to explain the
preference of the oxygenase function for RuBisCO enzyme
sites to the detriment of carboxylase, leading to the loss
of photosynthetic efficiency due to low leaf capacitance
(Xiong and Nadal, 2020; Morales et al., 2020).

Brazilian Journal of Biology, 2023, vol. 83, e270865

The benefits of SA application were also observed in
plants subjected to irrigation with 100% ETr, promoting
improvements ranging from stomatal opening to
photosynthesis. However, the internal CO, concentration did
not differ from plants without SA application, which could
be related to carbon consumption during the photosynthetic
activity, stabilizing CO, entry and exit in the substomatal
chamber (Morales et al., 2020), which was confirmed by
the increased carboxylation efficiency of passion fruit
plants. In this case, SA probably acts early in maintaining
the photosynthetic apparatus by maximizing the use of
energy during the photochemical phase of photosynthesis
(Chen et al., 2020).

Passion fruit growth is favored by SA application,
corroborating photosynthetic gains and increasing
meristematic activity and leaf expansion. These findings
highlight the importance of salicylic acid in reducing the
root osmotic potential, contributing to water and nutrient
uptake and cell turgor, thus facilitating stem growth in
diameter (Andrade et al., 2021; Zafar et al., 2021).

As observed for gas exchange, salicylic acid application
at high concentrations via fertigation reduces the growth
of sour passion fruit under ideal irrigation conditions,
which is related to the phytotoxic effect of SA due to its
low translocation to the shoots, unbalancing the enzymatic
activity, damaging the photosystem, and affecting plant
growth (Souri and Tohidloo, 2019; Shadmehri and
Khatiby, 2020).
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With regard to the highest values obtained by the growth
variables under the two water conditions, the PH, LA, and
SD variables decreased by 24.50, 23.23, and 11.87% when
plants were irrigated with 50% ETr compared to the values
obtained under 100% ETr. However, when comparing the
highest mean values under the stress condition (50% ETr)
to those obtained in plants without SA application and
under ideal water conditions, there were increments of
40.43% in PH, 15.22% in SD, and 14.73% in LA. Therefore,
these results highlight the positive influence of salicylic
acid in mitigating water stress in passion fruit plants.

With regard to the forms of application, the highest
values were observed when associating the application via
foliar application and via fertigation. However, gains were
also observed with the individual application of SA through
one of the forms of application, with values 10% higher
than those obtained in plants of the control treatment
for stomatal opening, internal CO, concentration, net
CO, assimilation rate, water-use efficiency, and growth
of passion fruit plants. In this growth stage, the foliar
application of SA led to the greatest differences compared
to fertigation, with gains 55.02 and 31.78% higher for PH,
10.94 and 42.72% higher for LA, and 24.29 and 22.02%
higher for SD under the respective conditions of 50 and
100% ETr. In addition, foliar application led to a greater
tolerance margin to SA application, with favorable effects
up to the concentration of 1.30 mM. On the other hand,
for fertigation, this limit was 0.90 mM. These results
corroborated those found by Souri and Tohidloo (2019)
when studying tomato, whose best results were obtained
when applying SA via foliar application compared to
fertigation.

5. Conclusions

Water stress negatively affected the physiology and
growth of sour passion fruit seedlings at 75 days after
sowing. The application of salicylic acid, regardless of the
form of application, attenuates the effects of water stress
on gas exchange and growth of sour passion fruit, with
the best results obtained when applying a concentration
of 1.30 mM via leaf or 0.90 mM via fertirrigation.
The combination of foliar application of AS and fertigation
contributed to improve photosynthetic and growth
parameters under water conditions of 50 and 100% of ETr.
The foliar application of AS presents superior responses to
the application via fertigation. These results reinforce the
hypothesis that the attenuation of water stress by salicylic
acid is related to the maintenance of gas exchange, which
depends on the concentration and form of application, and
studies testing combinations throughout the crop cycle
become promising for advances in knowledge from the
action of this phytohormone on abiotic stress.
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