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Preface

It is with great pleasure that we present this reprint of the Special Issue ”Horticultural Crops

under Stresses” from the journal Plants. This collection of 13 scientific articles addresses a topic of

increasing importance in the context of climate change and contemporary agricultural challenges.

Horticultural crops, essential for nutrition and food security, face a variety of abiotic stresses that can

compromise their productivity and quality.

The scope of this reprint is broad, covering topics from phenotyping and the modeling of stress

responses to innovative management strategies, such as the use of biostimulants and micromolecules.

Our goal is to provide insights into recent advances in research and agricultural practices that

contribute to the resilience and sustainability of horticultural crops.

This reprint is intended for a diverse audience, including researchers, agronomists, students, and

professionals in the field of agricultural and environmental sciences. We extend our sincere thanks to

all of the authors who contributed their valuable work and the reviewers who ensured the scientific

quality of this special edition. We also express our gratitude to the editorial team of the journal Plants

for their continuous support.

We hope that this reprint will be a source of inspiration and knowledge for all those interested

in addressing the challenges of horticultural crops under stress and promoting more sustainable

agricultural practices.

Alberto Soares De Melo and Hans Raj Gheyi

Editors
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Editorial

Horticultural Crops under Stresses
Alberto Soares de Melo 1,* and Hans Raj Gheyi 2

1 Center of Biological and Health Sciences, Universidade Estadual da Paraíba, Campus I,
Campina Grande 58429-500, PB, Brazil

2 Center of Tecnologia and Natural Resources, Universidade Federal de Campina Grande,
Campina Grande 58429-900, PB, Brazil; hgheyi@gmail.com

* Correspondence: alberto.melo@servidor.uepb.edu.br

Climate change causes alterations in the spatio-temporal temperature and rainfall
distribution. These changes have led to soil water restriction and decreased food production.
Understanding plant plasticity will result in new genotypes with attributes of interest to
farmers and plants adapted to environments under abiotic stresses.

In arid and semi-arid regions, abrupt changes in the soil–plant–atmosphere continuum
cause oxidative stress, germination failures, reduced growth, and changes in gas exchange
and plant stands, decreasing grains and fruit production. Seedlings grown under water
stress conditions associated with high temperatures, a common situation in these regions,
have nutrient-uptake restrictions. Another striking phenomenon is increased reactive
oxygen species (ROS) production. ROS production changes cell membrane properties and
decreases plants’ photosynthetic efficiency. Oxidative stress decreases dry mass production
and leaf water status, compromising crop production. Biochemical, physiological, and agro-
nomic responses depend on plant tolerance or sensitivity to abiotic stresses. Thus, studies
that explore fitness due to genotypic diversity in hostile environments are needed. Using
technologies that enable sustainable agricultural production, even in adverse conditions,
will provide farmers with food and economic security.

The literature shows mechanisms for inducing tolerance to abiotic stresses using elici-
tor application technologies, promoting resilience and stress memory, with biochemical and
physiological benefits in plants. Seed priming is a technology that presents positive results.
Seed priming uses several mitigating agents such as silicon, light radiation, gibberellic acid,
hydrogen peroxide, and polyethylene glycol 6000. Other technologies had positive results,
such as balanced mineral fertilizer for stressful conditions, glycine betaine, salicylic acid,
methionine, and bio-input applications aiming to mitigate the harmful effects of salinity,
thermal oscillation, and water deficit expected in arid and semi-arid regions.

This Special Edition of Plants comprises 12 articles, highlighting the promising results
of agrotechnologies in inducing tolerance and diagnosing the nutritional status of plants
under abiotic stress. They provide knowledge of plants’ physiological and biochemical
processes in challenging environments and elucidate the response mechanisms of elicitors
for agriculture. However, many knowledge gaps in knowledge of regarding horticultural
cropping systems, especially under adverse conditions, require further investigation due to
the environmental dynamics imposed on plants.

In summary, this collection reflects the efforts of multiple researchers in the field of
plant sciences, who collaborated with different insights to investigate horticultural plants’
responses under abiotic stress conditions. Therefore, this Special Issue will contribute
to instigating new studies that enable the incorporation of scientific and technological
knowledge into production processes in the face of climate change.

Plants 2023, 12, 3400. https://doi.org/10.3390/plants12193400 https://www.mdpi.com/journal/plants1



Plants 2023, 12, 3400

Conflicts of Interest: The authors declare no conflict of interest.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

2



Citation: Li, N.; Pu, K.; Ding, D.;

Yang, Y.; Niu, T.; Li, J.; Xie, J. Foliar

Spraying of Glycine Betaine

Alleviated Growth Inhibition,

Photoinhibition, and Oxidative Stress

in Pepper (Capsicum annuum L.)

Seedlings under Low Temperatures

Combined with Low Light. Plants

2023, 12, 2563. https://doi.org/

10.3390/plants12132563

Academic Editors: Alberto Soares De

Melo and Hans Raj Gheyi

Received: 26 May 2023

Revised: 30 June 2023

Accepted: 3 July 2023

Published: 6 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Article

Foliar Spraying of Glycine Betaine Alleviated Growth
Inhibition, Photoinhibition, and Oxidative Stress in Pepper
(Capsicum annuum L.) Seedlings under Low Temperatures
Combined with Low Light
Nenghui Li, Kaiguo Pu, Dongxia Ding, Yan Yang, Tianhang Niu, Jing Li * and Jianming Xie *

College of Horticulture, Gansu Agricultural University, Yingmen Village, Anning District, Lanzhou 730070, China;
linh@st.gsau.edu.cn (N.L.); pukaiguo1998@163.com (K.P.); dingdongxia100741@outlook.com (D.D.);
yy@st.gsau.edu.cn (Y.Y.); niutianhang@outlook.com (T.N.)
* Correspondence: lj@gsau.edu.cn (J.L.); xiejianming@126.com (J.X.); Tel.: +86-15193134766 (J.L.);

+86-13893335780 (J.X.)

Abstract: Low temperature combined with low light (LL stress) is a typical environmental stress
that limits peppers’ productivity, yield, and quality in northwestern China. Glycine betaine (GB),
an osmoregulatory substance, has increasingly valuable effects on plant stress resistance. In this
study, pepper seedlings were treated with different concentrations of GB under LL stress, and 20 mM
of GB was the best treatment. To further explore the mechanism of GB in response to LL stress,
four treatments, including CK (normal temperature and light, 28/18 ◦C, 300 µmol m−2 s−1), CB
(normal temperature and light + 20 mM GB), LL (10/5 ◦C, 100 µmol m−2 s−1), and LB (10/5 ◦C,
100 µmol m−2 s−1 + 20 mM GB), were investigated in terms of pepper growth, biomass accumulation,
photosynthetic capacity, expression levels of encoded proteins Capsb, cell membrane permeability,
antioxidant enzyme gene expression and activity, and subcellular localization. The results showed
that the pre-spraying of GB under LL stress significantly alleviated the growth inhibition of pepper
seedlings; increased plant height by 4.64%; increased root activity by 63.53%; and decreased pho-
toinhibition by increasing the chlorophyll content; upregulating the expression levels of encoded
proteins Capsb A, Capsb B, Capsb C, Capsb D, Capsb S, Capsb P1, and Capsb P2 by 30.29%, 36.69%,
18.81%, 30.05%, 9.01%, 6.21%, and 16.45%, respectively; enhancing the fluorescence intensity (OJIP
curves), the photochemical efficiency (Fv/Fm, Fv′/Fm′), qP, and NPQ; improving the light energy
distribution of PSΠ (Y(II), Y(NPQ), and Y(NO)); and increasing the photochemical reaction fraction
and reduced heat dissipation, thereby increasing plant height by 4.64% and shoot bioaccumulation
by 13.55%. The pre-spraying of GB under LL stress also upregulated the gene expression of CaSOD,
CaPOD, and CaCAT; increased the activity of the ROS-scavenging ability in the pepper leaves; and
coordinately increased the SOD activity in the mitochondria, the POD activity in the mitochondria,
chloroplasts, and cytosol, and the CAT activity in the cytosol, which improved the LL resistance
of the pepper plants by reducing excess H2O2, O2

−, MDA, and soluble protein levels in the leaf
cells, leading to reduced biological membrane damage. Overall, pre-spraying with GB effectively
alleviated the negative effects of LL stress in pepper seedlings.

Keywords: pepper; low temperature combined with low light; glycine betaine; antioxidant;
photoinhibition; biological membrane; subcellular localization

1. Introduction

Plants live in an ever-changing environment that is often unfavorable for growth
and development or stressful, which can include biotic stress (pathogen infection) and
abiotic stresses such as drought, high and low temperature combined with low light,
nutrient deficiency, and excessive salt or toxic metals in the soil [1]. Among these, low

Plants 2023, 12, 2563. https://doi.org/10.3390/plants12132563 https://www.mdpi.com/journal/plants3



Plants 2023, 12, 2563

temperature combined with low-light stress is a major environmental factor that limits
crop productivity in agriculture, resulting in threatened economic benefits [2]. In addition,
low temperature combined with low light inhibits plant biological processes from seed
germination to seedling growth, flowering, and fruiting [3–5]. It is worth noting that
overwintering vegetables are often damaged by low temperatures combined with low light
in facilities in northwestern China.

Pepper (Capsicum annuum L.), the second largest edible crop of Solanaceae after toma-
toes, has an annual yield of more than 37 million tons and great economic benefits [6]. As
the most important off-season vegetable cultivated in solar greenhouses in northwestern
China, it is often exposed to low temperatures combined with low-light conditions in
winter or early spring months. Studies have shown that the low temperatures combined
with low-light stress damage the cell membrane, then increase osmotic substances, thereby
weakening photosynthesis and destroying leaf tissue [5]. Moreover, antioxidants accumu-
late [7], key gene expression is downregulated, and antioxidant enzyme activity reduces in
pepper leaves [8].

When plants are exposed to stresses, morphology (height, stem diameter, leaf count,
and dry biomass) change is the most intuitive outcome of their response to an external
stimulus. Similarly, the increase in MDA level and electrolyte leakage rate (EC) typically
serves as the main reason for damage-induced biological membrane rigidification [9–11].
As a typical indication of photosynthesis, chlorophyll fluorescence parameters such as
Fv/Fm, qP, NPQ, and Y(II) provide a detailed insight into the electron transfer process
in photosystem II and beyond [12]. Likewise, the OJIP phase of the Chl fluorescence
induction curve can be the most useful surrogate value for whole-plant seedling vigor [13].
In addition, the leaf relative water content (RWC), which includes free and bound water
content (FWC, BWC), is an indicator of stress and tolerance in spring wheat [14] and
cassava [15], and a reduction in RWC is a common consequence of stress [16].

LL stress can cause oxidative damage to plants and produce excessive reactive oxygen
species (ROS), such as superoxide anion (O2

–), H2O2, and hydroxyl (-OH); therefore,
plants have evolved enzymatic antioxidant systems, such as superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX), to cope with stress,
either by stress avoidance or stress tolerance [17]. Under abiotic stress (heavy metals, drugs,
drought, temperature extremes, etc.), plants are generally exposed to oxidative stress and
produce excess free radicals, therefore, they respond to stress by regulating the activity of
enzymes such as SOD, POD, and CAT [5,18–20]. In the ascorbate–glutathione cycle, APX
reduces H2O2 by using ascorbate as an electron donor. Hamid et al. found that hormones
regulate leaf senescence mainly by modulating H2O2 through different mechanisms, such
as enzymatic antioxidants (SOD, POD, and CAT) and nonenzymatic antioxidant defense
systems, under water stress in wheat [21]. Furthermore, the subcellular localization of
antioxidant enzymes remains an important indicator of abiotic stress, and studies have
shown that organelles (mitochondria, chloroplasts, and cytosol) mitigate stress at extreme
temperatures by coordinating the intracellular activity of antioxidant enzymes [22,23].

However, when pepper seedlings experience low temperatures combined with low-
light stress, the traditional solution is to install a passive climate control system in the
greenhouse; however, the installation costs are high [24]. Therefore, it is imperative to
mitigate low temperatures combined with low light by spraying with exogenous osmolytes.

Glycine betaine (GB) has been widely studied as an osmolyte in plants, bacteria,
animals, and humans [25]. GB is also a protein stabilizer known as an osmoprotector that
plays an important role in osmoregulation and is one of the main nitrogenous compatible
osmolytes in Poaceae. When plants encounter abiotic stresses, exogenous GB applications
have been shown to induce the expression of genes that are involved in oxidative stress
responses that limit the accumulation of ROS and lipid peroxidation in cultured plant
cells under drought, salinity, heavy-metal, chilling, and waterlogging conditions, and even
stabilize photosynthetic structures under stress.

4
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Although research on GB under abiotic stresses is sufficient, the study of low tem-
peratures combined with low light with exogenous GB in pepper seedlings is still lacking.
Therefore, the aim of the present study was to explore some of the physiological func-
tions that regulate plant tolerance, especially in terms of photosynthesis, osmoregulatory
substances, and antioxidant enzyme activity, and their ability to coordinate subcellular
distribution.

2. Results
2.1. Changes in Growth, Water Content, and Antioxidant Enzyme Activity under LL Stress by GB
at Different Concentrations

In Figure 1A, the pepper seedlings wilted severely (T0) after 24 h of LL (low tem-
perature combined with low light); however, spraying with different concentrations of
GB obviously alleviated the wilting. The cotyledons of the pepper in the T1 treatment
were pendulous, the tips of the second true leaves were dehydrated and wilted in the T3
treatment, all of the true leaves curled in the T4 treatment, and, interestingly, the leaves in
the T2 treatment were under normal conditions. The results of the LL treatment for 7 days
regarding the accumulation of dry material in the aboveground part of the seedlings are
shown in Figure 1B. At different concentrations of GB, the leaf count, plant height, and stem
diameter of the pepper seedlings showed the same trend, which gradually increased from
T0 to T2 and decreased from T2 to T4. Among these, the value of T2 was significantly higher
than that of the other treatments in terms of the leaf count and stem diameter; however, the
plant height was not significantly different from that of the others. The relative intracellular
water content of the leaves of the pepper seedlings was also used to measure the degree of
damage caused by LL stress. The BWC (bound water content), FWC (free water content),
RWC (relative water content), and WSD (water saturation deficit) in Figure 1C show that
low temperature combined with low light increased BWC and decreased FWC; however,
in T2, with the sparse nature of GB, the BWC was significantly higher than that of T0,
and the FWC was significantly lower than that of T0. The RWC was the highest and the
WSD was the lowest in T0 compared with the other four treatments; however, T2 was
significantly different from T0, T1, T3, and T4. It is also noteworthy that the RWC of T0, T1,
T3, and T4 increased by 20.75%, 9.14%, 16.18%, and 11.63%, compared to T2, respectively,
while the WSD of T0, T1, T3, and T4 was lower that of T2 by 83.07%, 7.32%, 66.09%, and
47.48%, respectively.

As shown in Figure 1D, the antioxidant enzyme activities of SOD, CAT, and APX
were clearly observed in the pepper seedlings in response to LL stress at different GB
concentrations. Compared with the other treatments (T0, T1, T3, and T4), the activities of
SOD, CAT, and APX in T2 were significantly different and higher. The SOD activity of T2
increased by 368% in T0, 83.86% in T1, 64.51% in T3, and 25.86% in T4; the CAT activity of
T2 increased by 20.96% in T0, 40.27% in T1, 22.92% in T3, and 27.43% in T4; and the APX
activity of T2 increased by 9.57% in T0, 69.43% in T1, 33.31% in T3, and 60.98% in T4.

In conclusion, exogenous spraying with 20 mM of GB (T2) was the optimal concentra-
tion to respond to LL stress in subsequent experiments.

2.2. GB Affected the Growth, Dry Biomass, and Root Activity under LL Stress

Figure 2 shows that exogenous GB had no effect on the growth of the pepper seedlings
at a normal temperature (CK) after 7 days of treatment; however, compared with LL
treatment, exogenous GB treatment (LB) significantly increased the plant height by 4.64%,
increased the dry and fresh weight of the pepper shoot by 13.55% and 7.53%, respectivley,
and enhanced the root activity by 63.53%. The dry and fresh weight of the pepper root was
not significantly different from the treatments with LL.

5
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Figure 1. The growth and physiological indices affected by LL stress in pepper seedlings. Pho-
tographs and data of pepper plants under low-temperature conditions were obtained after 7 days.
(A) Morphological changes. (B) Accumulation of dry material. (C) Related water content, water
saturation deficit, free water content, and bound water content. (D) Enzyme activity contained SOD,
CAT and APX. The results show the mean ± SE of three replicates, and the different letters denote
the significant difference among the treatments (p < 0.05), according to Duncan’s multiple tests. T0,
control; T1, 10 mM GB; T2, 20 mM GB; T3, 40 mM GB; and T4, 80 mM GB. Data are means ± SDs
(n = 3). Different lowercase letters represent significant differences (p ≤ 0.05) in the same period
among treatments, according to Duncan’s test. The “**” in blue and gray color represented leaf
number and stem diameter under T2 treatment were significantly different with T0, T1, T3 and T4.

2.3. GB Affected the Photosynthetic Pigment Content and Analysis of the OJIP Curve under
LL Stress

In order to understand how GB alleviates the PSΠ photoinhibition induced by LL
stress, the photosynthetic pigment content and fluorescence intensity (OJIP curve) were
determined for each treatment (Figure 3). At normal temperatures, exogenous GB signifi-
cantly increased the chla and chlT contents but had no effect on the chlb and car contents.
In contrast, under LL stress, the addition of exogenous GB significantly increased the
chla, chlb, chlT, and car contents of the pepper leaves by 21.32%, 20.92%, 21.23%, and
20.37%, respectively, compared to the LL treatment. The OJIP curves showed that GB
enhanced the fluorescence intensity at the normal temperatures, and LL stress significantly
decreased the fluorescence intensity at the J-I-P stage. However, GB significantly increased
the fluorescence intensity at LL and was greater than that under LL stress.
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Figure 2. Impact of exogenously pre-spraying with GB on plant height, fresh and dry weight, and
root activity of pepper leaves under LL stress. Photographs and data of the pepper plants under
LL conditions were obtained after 7 days, which contained plant morphology, dry and fresh weight
of the shoot and root, and root activity. CK: Normal conditions, spring RO water. CB: Normal
conditions, spring 20 mM GB. LL: Low temperature combined with low light condition, spring
RO water. LB: Low temperature condition, spring 20 mM GB. Different lowercase letters represent
significant differences (p ≤ 0.05) in the same period among treatments, according to Duncan’s test.
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Figure 3. GB affected the photosynthetic pigments content and fluorescence intensity (OJIP curve)
by LL stress in pepper seedlings. Data of pepper plants under LL conditions were obtained after
7 days. (A) chlorophyll content, contained chla, chlb, chlT (chla + b), and car (total carotenoids)
content. (B) changes in OJIP curve. Data are means± SDs (n = 3). Different lowercase letters represent
significant differences (p ≤ 0.05) in the same period among treatments, according to Duncan’s test.

2.4. GB Affected Chlorophyll Fluorescence Parameters and Energy Distribution under LL Stress

In Figure 4A, Fv/Fm (the maximum photochemical efficiency of PSΠ) and Fv′/Fm′

(the efficiency of excitation energy capture by open PSΠ reaction centers) levels showed
the same trend. The pre-spraying of GB under normal conditions effectively increased the
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Fv/Fm levels, with no difference in Fv′/Fm′ levels, and both levels decreased significantly
under LL stress; however, the addition of GB significantly increased the Fv/Fm and Fv′/Fm′

levels, even when there was no difference compared to normal temperature. As seen in
Figure 4B, the values of the Y(NO) and Y(NPQ) levels were significantly lower under LL
stress, and the addition of GB under LL stress significantly increased the values of Y(NO)
and Y(NPQ) and was not different from CK and CB treatments at the normal temperature.
The order of the Y(II) levels was CK > CB > LB > LL. As shown in Figure 4C, the NPQ level
was significantly reduced by the LL treatment, which was significantly increased the LB
treatment and was not different from the CK and CB treatments. Compared with the CK
treatment, the qP level was significantly reduced in the CB treatment; however, compared
with the LL treatment, its level was significantly increased in the LB treatment and was
not different from the CB treatment. A portion of the energy reaction in PSII is shown in
Figure 4D. The LL stress resulted in a significant decrease in P and Ex and a significant
increase in D. However, the application of GB under LL stress reversed this phenomenon,
with P and Ex significantly increasing and D significantly decreasing in the CB treatment.
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Figure 4. GB affected the chlorophyll fluorescence parameters and light energy distribution of PSΠ.
(A) Fv/Fm, the maximum photochemical efficiency of PSΠ and the efficiency of excitation energy
capture by open PSΠ reaction centers, Fv′/Fm′. (B) Light energy distribution of PSΠ. [Y(Π)] was the
actual quantum yield and Y(NPQ) and Y(NO) were the quantum yield of nonregulated and regulated
energy dissipation, respectivley. (C) Non-photochemical quenching, NPQ; Photochemical quenching,
qP. (D) The portion of energy reaction in PSII, where P is the portion of photochemical reaction, Ex is
the portion of non-photochemical reaction, and D is the portion of antenna heat dissipation. Data are
means ± SDs (n = 3). Different lowercase letters represent significant differences (p ≤ 0.05) in the
same period among treatments, according to Duncan’s test.
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Figure 5. Expression patterns of differentially expressed genes related to the PSΠ reaction center
proteins in pepper seedling leaves under LL stress for 7 days. The expression levels of the control
group in the three treatment groups were used as the reference for the corresponding gene expression
levels, and actin served as the internal standard. The figures show the expression levels of Capsb
A, Capsb B, Capsb C, Capsb D, Capsb S, Capsb P1, and Capsb P2, respectively. The color scale
corresponds to relative expression values. The more purple the block is, the higher the expression,
and the more red, the lower the expression. Each row represents a unigene. CK, LL, and LB represent
different treatments. Data are means ± SDs (n = 3). Different lowercase letters represent significant
differences in the same period among treatments, according to Duncan’s test. the “*” represent
significant differences (p ≤ 0.01), “**” represent significant differences (p ≤ 0.05).

2.5. GB Affected the Expression of Genes Encoding the PSΠ Reaction Center Proteins under
LL Stress

Figure 5 shows that the expression levels of Capsb A, Capsb B, Capsb C, Capsb
D, Capsb S, Capsb P1, and Capsb P2 genes were significantly downregulated after LL
treatment, especially the relative expression of Capsb S and Capsb P1, with values of
0.8% and 0.29%, respectivley; however, this result was reversed by pre-spraying with
GB. Compared with LL treatment, the expression of Capsb A, Capsb B, Capsb C, Capsb D,
Capsb S, Capsb P1, and Capsb P2 genes were upregulated at LB, with values of 30.29%,
36.69%, 18.81%, 30.05%, 9.01%, 6.21%, and 16.45%, respectively.

2.6. GB Affected the Osmotic Substances under LL Stress

To investigate how GB regulates leaf membrane permeability and osmotic substances
in pepper seedlings under LL stress, EC, proline, soluble protein, and endogenous GB
contents were measured (Figure 6A–D). There was no difference in the content of EC,
proline, or soluble protein in the CK and CB treatments; however, they were significantly
increased in the LL treatment, and their levels were significantly lower than those of LL
with the addition of exogenous GB.
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Figure 6. GB affected the osmotic substances by LL stress in pepper seedlings. Data of pepper
plants under low-temperature conditions were obtained after 7 days. (A) EC: electrical conductivity.
(B) Proline. (C) Soluble protein. (D) GB (glycine betaine) content. Different lowercase letters represent
significant differences (p ≤ 0.05) in the same period among treatments, according to Duncan’s test.

In addition, there was no difference in endogenous GB content under CK and LL
treatments. However, when exogenous GB was sprayed on the leaves, the GB content was
significantly higher in the CB and LB treatments, and the GB content in the LB treatment
was significantly lower than that of CB.

2.7. GB Affected the ROS Scavenging-Ability under LL Stress

As shown in Figure 7A, the ROS-scavenging ability of peppers also reflected the
vital role of exogenous GB under LL stress. At the normal temperature, the CK and CB
treatments showed no difference in the activity of SOD or POD. Compared with the normal
temperature, the activities of SOD and POD were significantly decreased under LL stress;
however, their activities significantly increased under LB treatment, and the SOD activity
of LB was similar to that of CK. For CAT activity, the results showed that the treatment
with exogenous GB addition was significantly higher than that of the treatment without
GB addition at the normal temperature and LL stress, and CAT activity was higher under
the LB treatment than under the CB and CK treatments.

In Figure 7B, the results showed that the expression of CaSOD and CaPOD genes were
significantly upregulated by the exogenous pre-spraying of GB under normal conditions,
and sharply downregulated under LL stress. However, it is notable that the GB pre-spraying
reversed the low level of expression caused by LL stress and significantly upregulated the
expression of CaSOD, CaPOD, and CaCAT genes under LB treatment.

Furthermore, H2O2 and O2
− contents significantly increased under LL treatment, but

significantly decreased after the pre-spraying of GB (LB treatment). Likewise, the shades
of color in NBT and DAB histochemical staining showed the levels of H2O2 and O2

−

(Figure 8C), indicating that the color of LL was darker than that of LB, and the colors of CK
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and CB were light. These results suggest that exogenous GB enhances the ROS-scavenging
ability under LL stress.
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Figure 7. GB affected the antioxidant enzymes, relative expression, and histochemical staining by LL
stress in pepper seedings. Data from pepper plants under low-temperature conditions were obtained
after 7 days. (A) Contained SOD activity, POD activity, and CAT activity. (B) The relative expression
of CaSOD, CaPOD, and CaCAT. (C1) H2O2 and O2

− content. (C2) NBT and DAB histochemical
staining. Data are means ± SDs (n = 3). Different lowercase letters represent significant differences
(p ≤ 0.05) in the same period among treatments, according to Duncan’s test.

2.8. GB Affected the Subcellular Localization of Antioxidant Systems in Pepper Leaves under
LL Stress

Each subcellular component can coordinate antioxidant protection. Therefore, we
examined how the subcellular components coordinate the activities of the antioxidant
enzymes SOD, POD, and CAT under the application of exogenous GB under LL stress. In
Figure 8A, the data show that, under LL stress, the addition of exogenous GB significantly
increased the SOD activity in the mitochondria, whereas it made no difference in the chloro-
plasts, but significantly decreased the SOD activity in the cytosol. Furthermore, the SOD
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activity in the chloroplasts and cytosol was significantly higher under the low temperature
combined with low light treatment compared to that of the normal temperature treatment.
Figure 8B shows that the CAT activity in the cytoplasmic solutes was significantly higher
than that in the mitochondria and chloroplasts, and there was no significant difference
in the pre-spraying with GB at the normal temperature; however, the addition of GB
significantly increased the CAT activity in the chloroplasts, mitochondria, and cytosol
under LL stress. Moreover, the addition of GB under LL stress significantly increased the
activity of POD in the chloroplasts, mitochondria, and cytosol, whereas the difference in
the levels of activity at normal temperatures was not extremely significant between the CK
and the CB treatments (Figure 8C). In addition, the MDA and soluble protein contents in
the chloroplasts, mitochondria, and cytosol were all significantly higher in the LL treatment
than in the other treatments (Figure 8C,D).
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Figure 8. GB affected the subcellular localization of antioxidant systems in pepper leaves. Data from
pepper plants under LL conditions were obtained after 7 days. (A) SOD activity in mitochondria
(mit), chloroplast (chl), and cytosol (cyt). (B) CAT activity in mit, chl, and cyt. (C) POD activity in mit,
chl, and cyt. (D) MDA content in mit, chl, and cyt. (E) Soluble protein content in mit, chl, and cyt.
Data are means ± SDs (n = 3). Different lowercase letters represent significant differences (p ≤ 0.05)
in the same period among treatments, according to Duncan’s test.

In conclusion, the addition of exogenous GB can respond to LL stress by coordinately
increasing the activity of SOD in mitochondria, increasing the activity of POD and CAT in
the chloroplasts, mitochondria, and cytosol, and decreasing the levels of MDA and soluble
proteins in the chloroplasts, mitochondria, and cytosol.

3. Discussion

Abiotic stresses have a negative impact on crop performance. In particular, LL stress
is a major constraint on crop yield and quality [26] and effects plant physiology at the
both whole-plant and cellular levels at all stages of developmental, from seedling to senes-
cence [27]. Therein, the seedling stage of plants is sensitive to adverse environmental
factors. In this study, it has been shown that LL-stress-induced growth inhibition is associ-
ated with decreased photosynthesis and antioxidant enzyme activity in pepper plants. As
an osmolyte, GB effectively improves plant stress resistance [28,29], increasing the root
activity of pepper seedlings, decreasing photoinhibition, lowering the levels of osmoreg-
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ulatory substances, increasing the activity of antioxidant enzymes, and coordinating the
activity of subcellular antioxidant enzymes.

Morphological indexes are the most intuitive expression of a plant’s response to
an external stimulus. Dry biomass, as the morphological establishment trait, is equally
sensitive when plants face stress [30]. Meanwhile, root activity affects the ability of the
plant to absorb nutrients and, thus, the morphological establishment of the aboveground
parts under abiotic stress [31]. Studies have shown that drought stress negatively affects
root morphology and reduces photosynthetic pigments (Chl), which severely inhibits the
growth and biomass production of tomato seedlings [32]. Likewise, it was found that
the exogenous spraying of GB significantly enhanced the growth characteristics, biomass,
proteins, and chl content of wheat under chromium (Cr) stress, which was consistent
with the results of this research. Exogenous GB increased the shoots’ fresh weight and
root activity, thereby increasing the dry biomass of the pepper seedlings under LL stress
(Figure 2). Thus, we found that a low temperature of 10/5 ◦C decreased the root activity
of the pepper plants in this experiment, which inhibited the morphological establishment
of the aboveground parts by reducing the uptake of nutrients, and that the application of
exogenous GB may have increased the nutrient NPK [33], thereby increasing the dry matter
accumulation of the pepper seedlings and reducing growth inhibition.

Moreover, LL stress affects photosynthesis in plants. The typical indicators are the
photosynthetic pigment (chl) content and chlorophyll fluorescence parameters, which
describe the mechanism of photosynthesis and the physiological status of photosynthesis
in plants and are considered intrinsic probes for studying the relationship between the
photosynthesis of plants and the environment [34]. When high salt concentrations enter
plant cells, the membrane system and function of cyst-like bodies in the chloroplasts
can be disrupted [35]. Heat stress impairs the energy flux reaching the reaction centers
of PSII and the ability of the active reaction centers to photon capture [36], and a low
temperature combined with low light significantly reduces Fv/Fm, Y(NO), NPQ, Fv′/Fm′,
and [Y(II)] in watermelon plants [37]. Interestingly, one study has reported that cadmium
(Cd) stress decreased Fo, Fm, and Fv/Fm levels; however, this was reversed after the foliar
application of GB [38]. Another study investigated whether exogenous GB could preserve
the photochemical activity of PSII, maintain higher Fv/Fm, and recover more rapidly from
photoinhibition under drought stress [39], the results of which were similar to those of this
experiment. The pepper seedlings had reduced Fv/Fm, Y(NO), NPQ, Fv′/Fm′, Y(II), and
qP contents (Figure 4A–C). Finally, in our study, we examined pepper seedlings under LL
stress, which reduced P and Ex and increased D; however, GB resisted the low temperature
combined with low-light stress by reducing D and increasing P and Ex (Figure 4D), which
was consistent with the study that reported that the energy distribution ratio of the PSII
reaction center changed significantly (P and Ex showed an overall downward trend, while
D was promoted) under salt stress [40]. Similarly, the OJIP curve, which represents the
fluorescence intensity, can indicate the light and efficiency of the plant [41]. Studies have
shown that the PSII system of shade-intolerant plants is more vulnerable, with J-P sites
having a lower fluorescence intensity in low light [42]. Salt stress has also been found
to reduce the intensity of all of the peaks of the plant chlorophyll fluorescence transient
(OJIP) curve, indicating a significant deactivation of energy on the donor and acceptor side
of the PSII [43]. Again, LL stress reduced the intensity of the J-P dot, but pre-spraying
with GB increased the intensity of the J-P dot in the pepper plants under LL treatments
(Figure 3). We hypothesize that GB may mitigate the energy deficiency caused by LL
stress on the donor and acceptor side of the PSII and respond to LL stress by improving the
sufficiency of light energy utilization and reducing the dissipation of excess energy from the
pepper seedlings.

Additionally, the psbA and psbD genes encode the turnover proteins D1 and D2, and the
psbB and psbC genes encode the internal light-harvesting complex proteins CP43 and CP47,
which are located in the core of the reaction center, to recover and maintain the stability
of the PSII in plants after some stress [44]. The PsbP proteins are required for a normal
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cystoid structure and are also required for the assembly/stability of the PSII complex and
photoautotrophy in Arabidopsis [45,46]. The PsbS genes are rapidly activated in green
organisms by light stress. In this work, pre-spraying with GB significantly upregulated the
transcript expression levels of Capsb A, Capsb B, Capsb C, Capsb D, Capsb S, Capsb P1, and
Capsb P2 under LL stress (Figure 5). Therefore, we hypothesize that the enhanced tolerance
to LL stress in pepper plants is due to the redistribution of the PSII center energy by GB
using the encoded protein CapsB, which reduces the dissipation of excess energy and allows
more light energy to be captured by the PSII center, thereby increasing the photosynthetic
efficiency and accelerating the recovery of the PSII from the photoactivated state, allowing
it to recover more quickly from photoinhibition [47].

Osmotic regulatory substances are also indispensable in characterizing abiotic stress.
The levels of EC, soluble protein, and proline increased under drought stress in soybean
leaves [48] and decreased under low temperature combined with low light in pepper
leaves [5]. Remarkably, exogenous GB reversed this condition, and the levels of EC,
soluble protein, and proline decreased under drought stress. Additionally, in this study,
exogenous GB (LB treatment) was found to attenuate the increase in EC, soluble protein,
and proline levels in the pepper leaves under the LL treatment; however, we found that
the proline levels were significantly higher in the LB treatment than in the CK and CB
treatments at the normal temperature (Figure 6A–C). This may be due to the fact that
the exogenous GB responds to LL stress mainly by regulating proline metabolism. As
an osmotic regulatory substance, GB can alleviate stress under stress conditions by self-
accumulation, and studies have shown that GB acts as an accumulator inSolanaceae,
Asteraceae, Convolvulaceae, and Amaranthaceae under salt stress [4,49]. Indeed, the
experiment results accumulated with the increase in exogenous GB (Figure 2). Notably, the
pepper leaves did not accumulate endogenous GB under LL stress (which is in agreement
with previous studies) [50], and, compared to the CB treatment, the GB content significantly
decreased under the LB treatment, as shown in Figure 6D. It was assumed that the pepper
leaves would respond to LL stress by consuming the exogenous GB, converting it into other
substances or redistributing the exogenous GB, and that exogenous GB could alleviate the
LL stress by reducing the leaf membrane permeability and the osmotic substance levels
(proline and soluble protein) in the pepper leaves under low temperatures combined with
low-light conditions.

Plants have evolved a number of enzymatic antioxidant systems to control the pro-
duction and scavenging of ROS in order to cope with stress and to avoid photooxidative
damage, either by stress avoidance or stress tolerance [51]. SOD, POD, and CAT are typical
ROS scavenger enzymes that can effectively balance excess H2O2 and O2

− in plant cells.
Studies have suggested that the inhibition of plant growth by salinity may be related to
increased oxidative damage due to the accumulation of ROS, but the application of GB
can scavenge excess free radicals by enhancing the ROS enzyme activity. It has also been
shown that GB can activate the expression of ROS scavenger genes under abiotic stress. In
addition, in this experiment, the pepper seedings accumulated a lot of ROS under LL stress;
however, the application of GB upregulated the expression of CaSOD, CaPOD, and CaCAT,
enhanced the activity of the antioxidant enzymes (SOD, POD, and CAT), and enhanced
the ability of ROS scavenging (Figure 7). Thus, GB activates the enzymes and genes that
scavenge reactive oxygen, and the highly active enzyme scavenges excess ROS under low
temperature combined with low-light conditions, improving the LL tolerance of peppers.

Finally, owing to abiotic stress, high levels of reactive oxygen species (ROS) are
formed in various organelles, leading to cellular damage. The main organelles are the
mitochondria, chloroplasts, and cytosol. The PSI and PSII are the reaction centers in
the chloroplast, and controlling the ROS levels in the chloroplast is essential for plant
survival under stress. ROS is formed less in the mitochondria than in chloroplasts, which
are also sites of photorespiration that are surrounded by cytosol [52,53]. At a normal
temperature, plants rely on free radical scavenging systems inside organelles such as
chloroplasts and mitochondria to keep intracellular free radicals at low levels and to
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maintain normal physiological metabolism. However, under LL stress, the plant employs
the ROS scavenger enzyme activity system to scavenge free radicals and coordinate ROS
homeostasis between the organelles [22]. The POD and CAT activities were the strongest
in the cytosol of rhododendron leaves under high-temperature stress, consistent with the
findings of the present study, and differences in subcellular localization occurred after
exogenous hydrogen high temperatures [23]. Similarly, LL stress mobilizes SOD enzymes
in the chloroplasts and cytosol to scavenge free radicals in pepper leaves, while exogenous
GB under LL stress reduces cell damage by mobilizing SOD in the mitochondria and POD
and CAT in the chloroplasts, mitochondria, and cytosol to scavenge excess free radicals
(Figure 8A–C). Moreover, in response to stress, GB regulated the osmotic substances MDA
and soluble proteins in various organelles (Figure 8D,E). Therefore, we hypothesized that
GB coordinates the activities of the free radical scavenging enzymes in each organelle under
LL stress and that each enzyme activity is distributed differently and acts differently in
different species.

4. Materials and Methods
4.1. Experimental Materials and Growth Conditions

Pepper (Capsicum annuum L.) seeds of ‘HangJiao No. 2’ (provided by Tianshui Agricul-
tural Science Research Institute) were soaked in heated water (50–55 ◦C), stirred for 30 min,
immersed in 25 ◦C water for 6 h, and allowed to germinate in an artificial climate chamber
at 28 ◦C in the dark for 4 days. When the radicle reached 1–2 mm, two seeds were placed
in a nutrient tray (9 cm × 9 cm) containing seedling substrate, vermiculite, and peat (v/v
3:1:1) at a temperature of 28 ◦C/18 ◦C (day/night), a PPFD of 300 µmol m−2 s−1, a relative
humidity of 65%, and a photoperiod of 12/12 h (day/night) in an artificial climate chamber
(Ningbo Southeast Instrument, Ningbo, China). A total of 40 pots were grown for each
treatment.

4.2. Treatments
4.2.1. Different GB Concentration Treatments

When the sixth true leaf was fully expanded, the seedlings were pretreated with
five different concentrations of GB solution (CAS:107-43-7; Shanghai Yuanye Biotechnology
Co. Ltd., Shanghai, China), including 0 mmol L−1 GB (T0), 10 mmol L−1 GB (T1), 20 mmol
L−1 GB (T2), 40 mmol L−1 GB (T3), and 80 mmol L−1 GB (T4), and then transferred to
an artificial climate chamber for 7 days at a temperature of 10 ◦C/5 ◦C (day/night), PPFD
of 100 µmol m −2 s −1, relative humidity of 65%, and photoperiod of 12/12 h (day/night).
It was a preliminary experiment, which was expanded upon in the following experiments.

4.2.2. Alleviating Effects of Exogenous GB on Pepper Plants under LL Stress

Based on the above parameters, the following four treatments were set when the sixth
true leaf of the seedlings was expanded:

Normal temperature and light (CK, 28/18 ◦C, 300 µmol m−2 s−1);
Normal temperature and light + GB (CB, 28/18 ◦C, 300 µmol m−2 s−1, 20 mM GB);
Low temperature combined with low light (LL, 10/5 ◦C, 100 µmol m−2 s−1);
Low temperature combined with low light + GB (LB, 10/5 ◦C, 100 µmol m−2 s−1,

20 mM GB).
Before LL stress, the CB and LB treatments were sprayed with GB for five successive

days (solution containing 0.01% Tween-80 as a surfactant). The CK and LL treatments were
replaced with equal amounts of double-distilled water (containing 0.01% Tween-80) and
then placed in an artificial climate chamber for 7 days. The third and fourth leaves were
selected for subsequent physiological and biochemical analyses after 7 days at 8 am. The
experiments for each treatment were repeated three times.
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4.3. Determinations
4.3.1. Analysis of Morphology and Root Activity

The plant height, stem diameter, number of leaves, and fresh and dry weights of the
shoots and roots were measured at 24 h and 7 days after treatment. A tape measure was
used to measure the length of the pepper seedlings from the base to the growing point; the
stem thickness was measured using a vernier caliper to measure the thickness of the stem
below the cotyledons; and the number of fully development leaves was recorded. Whole
seedlings were collected, cleaned with water, dried, and separated into roots and shoots to
obtain a fresh weight, and dried to a constant weight at 80 ◦C to obtain a dry weight.

A total of 0.5 g of root tip was weighted into a 10 mL test tube, 10 mL of an equal
mixture of 0.4% TTC solution and phosphate buffer was added to completely immerse the
roots in the solution, and it was kept in the dark at 37 ◦C for 2 h, then, 2 mL of 1 mol/L
sulfuric acid was added to stop the reaction. Then, the root tips were removed, blotted dry,
ground in a mortar with 4 mL of ethyl acetate and a small amount of quartz sand, filtered,
and the absorbance values (OD) of the extracts were measured at 485 nm with a UV-1780
spectrophotometer (Shimadzu, Kyoto, Japan) to calculate the root activity.

4.3.2. Related Water Content of Pepper Leaf Cells

The fresh leaves were washed with steamed water and weighed (FW), soaked in 60%
sucrose solution for 6 h, kept in the dark at 4 ◦C, removed, washed several times, and
weighed as saturated water (SW). Then, the leaves were placed in an oven at 70 ◦C for 48 h,
and the dry leaf tissue was weighed as DW.

To determine the relative water content (RWC), the fresh leaves were washed with
double-steamed water and weighed (Wf), the weighed fresh leaves were soaked in double-
steamed water for 24 h, were weighted as a saturated quality (Wt), and then kept in a drying
oven at 70 ◦C for 48 h (Wd). RWC (%) = (Wf −Wd)/(Wt −Wd) × 100. The free water
content (FWC) was evaluated as FWC (%) = (FW− SW)/DW× 100%, bound water content
(BWC) (%) =TWC-FWC, total water content (TWC) (%) = Wf −Wd, and water saturation
deficit (WSD) (%) = 100% − RWC [54].

4.3.3. Determination of Photosynthetic Pigment Content and Chlorophyll Fluorescence
Parameter Determination
Photosynthetic Pigment Contents of chla, chlb, chlT, and car

Each sample (0.1 g fresh samples) was transferred to a 20 mL tube immersed in 10 mL
80% acetone and then placed in the dark for about 48 h (shaking every 12 h) until the
leaves had turned white. Finally, the absorbance values (OD) of the extracts at 663 nm,
645 nm, and 440 nm were measured using a UV-1780 spectrophotometer (Shimadzu, Japan)
to calculate the content of chla, chlb, chlT, and car, respectively [55].

Chlorophyll Fluorescence Parameters

After 7 days of low temperature combined with low-light treatment, an Imaging-
PAM fluorimeter (Walz, Effeltrich, Germany) was used to measure the indexes. Previ-
ously, the whole seedlings were kept in the dark for at least 30 min, and the third young
leaf was selected for measurement. Fo (minimum fluorescence yield of dark-adapted
leaves) and Fm (maximum fluorescence yield of dark-adapted leaves) were obtained by
applying a saturation pulse of 2700 µmol m −2 s −1. Subsequently photochemical light
(81 µmol m −2 s −1) was turned on every 0.8 s for 20 s, and photoadaptation was per-
formed for 5 min. The actual photochemical efficiency of photosystem II [Y(II)], maximum
photochemical efficiency of photosystem II (Fv/Fm), quantum yield of regulatory energy
dissipation of photosystem II [Y (NPQ)], quantum yield of nonregulatory energy dissipa-
tion of photosystem II [Y(NO)], and portion of energy reaction in PSII were P = (Fv′/Fm′)
× qP, Ex = (1 − qP)/(Fv′/Fm′), D = 1 − (Fv′/Fm′) [35].

16



Plants 2023, 12, 2563

Measurement of the “OJIP” Curve and the JIP Test

Chlorophyll fluorescence induction kinetics (OJIP curves) were captured using a Plant
Efficiency Analyzer (Handy PEA, Hansatech, UK), resulting in light response curves and
fitting parameters. The leaves were placed in complete darkness for 30 min and then
continuously illuminated with 3000 µmol m−2 s−1 of red light to induce a fast chlorophyll
fluorescence curve. Instantaneous fluorescence was recorded from 10 µs to 300 s using
an OJIP curve diagram to reflect the details of the PSΠ linear electron transfer. In the
OJIP curve, “O” represents the “origin” (minimal fluorescence), “P” represents the “peak”
(maximum fluorescence), and “J” and “I” represent the “inflection points” between the “O”
and “P” levels. Fo is the fluorescence intensity at the “O” level, while Fm is the intensity at
the “P” level, and Fv = (Fm − Fo) is the variable fluorescence [54].

4.3.4. Analyses of Biological Membrane Damage

The membrane permeability was evaluated using relative electrical conductivity
(EC) [56]. Leaf discs (0.1 g, 0.6 cm in diameter) were weighed and placed in glass test tubes
with 15 mL deionized water and vacuumed for 30 min using a vacuum pump. The tubes
were sealed and shaken on a shaking table for 3 h. Then, the initial electric conductivity
(L1) was determined with a Ddsj-308f-type conductivity meter (Shanghai INESA Scientific
Instrument Co., Ltd., Shanghai, China) after it was set to 25 ◦C for 10 min. Then, the final
electrical conductivity (L2) was measured after the tubes were boiled in a water bath for
15 min and then cooled to 25 ◦C. The electrical conductivity (L0) of deionized water was
used as the blank. The REC was evaluated as REC (%) = (L1 − L0)/(L2 − L0) × 100%.

The malondialdehyde (MDA) content can be used as a representative index to evaluate
the degree of membrane lipid peroxidation. The leaf samples (0.3 g) were ground into
homogenates on ice with 5% trichloroacetic acid (5 mL). Then, the samples were centrifuged
at 3000 r/min for 10 min. The supernatant (2 mL) was mixed with 2 mL of 0.67% thiobarbi-
turic acid and dissolved in 5% trichloroacetic acid. The samples were heated at 100 ◦C for
30 min and then immediately placed into ice water to cool. Finally, the absorbance of the
mixture was measured at 450 nm, 532 nm, and 600 nm using a UV-1780 spectrophotometer
(Shimadzu, Japan).

The proline and soluble protein contents were determined according to Huang et al.,
with some fine adjustments [57]. A total of 0.5 g of the leaves was weighted, 10 mL of 3%
sulfosalicylic acid solution was added and quickly ground on ice to a homogenous slurry,
filtered, and then 2 mL of filtrate was transferred to a test tube, 2 mL of ninhydrin solution
and 2 mL of glacial acetic acid were added, the test tube was placed in boiling water for
1 h, quickly cooled on ice, 4 mL of toluene was added, and it was thoroughly mixed. The
determined absorbance at 520 nm was used to calculate the content of the proline using a
spectrophotometer.

The leaf sample (0.2 g) was weighed into a precooled mortar, 1.6 mL of 50 mmol/L of
precooled phosphate buffer (pH 7.8) was added, and the sample was ground in an ice bath
to form a homogenate. It was then transferred to a centrifuge tube at 4 ◦C and centrifuged
at 12,000× g for 20 min. The supernatant was the crude protein extract. A total of 100
mL of enzyme solution was taken and added to 2.9 mL of Coomassie brilliant blue G-250
solution. After a reaction time of 2 min, OD595 was measured to calculate the content of
soluble protein.

4.3.5. Determination of the ROS-Scavenging Capability

The H2O2 and O2
− contents were determined by histochemical staining with nitroblue

tetrazolium (NBT) and 3,3-diaminobenzidine (DAB), respectively [51]. The leaves were
washed with distilled water to remove extraneous material. Then, the leaves were collected
in conical flasks, and each treatment included 4 leaves immersed in either 0.1 mg·mL−1

NBT (pH 7.8; 0.2 h) or 1 mg·mL−1 DAB (pH 7.0; 24 h) staining solutions at 25 ◦C in the dark
to detect H2O2 and O2

−, respectively. Finally, the samples were decolorized with lactic acid:
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glycerol: ethanol = 1:1:3 (v/v) in a boiling water bath for 5–6 min and photographed using
an EPSON Expression 11,000 XL color image scanner (WinRHIZO Pro LA2400, Canada).

The leaf tissues (0.5 g) were ground in 5 mL ice-cold 0.05 mol sodium phosphate buffer
(containing 5 mM EDTA-Na2, 2 mM AsA, and 2% (w/v) PVP, pH 7.8) using a prechilled
mortar and pestle. The homogenate was centrifuged at 12,000 r/min for 20 min at 4 ◦C. The
antioxidant activity of the supernatant was determined using a UV-1780 spectrophotometer
(Shimadzu, Japan). The superoxide dismutase (SOD) activity was measured according to
the method of Geng et al. The SOD activity was measured using the nitrotetrazolium blue
chloride (NBT)-illumination method, the peroxidase (POD) activity was measured using
the o-methoxyphenol method, the catalase (CAT) activity was measured by ultraviolet
absorption, and the ascorbic acid peroxidase (APX) activity was estimated by monitoring
the decline in absorbance at 290 nm, due to the oxidation of AsA (ascorbic acid) oxidation
by H2O2 [23].

4.3.6. Determination of the Subcellular Location of ROS-Scavenging Enzymes

Subcellular antioxidant enzyme activity in pepper leaves was reported by Geng
et al., and the subsequently determined numerical by visible spectrophotometric deter-
mination [23]. The mitochondria, chloroplasts, and cytoplasmic stroma were separated
using differential centrifugation. A total of 10 g of leaf sample was taken, 30 mL of pre-
cooled extraction buffer (0.05 mol/L Tris-HCl, 0.35 mmol/L sorbitol, 2 mmol/LEDTA,
and 2.5 mmol/LDTT, pH = 7.5) and a little quartz sand were rapidly ground on ice, and
then the sample was filtered into 4 layers and centrifuged at 500 g/min for 5 min. The
supernatant was centrifuged again (2000 rpm/min, 10 min) and the resulting precipitate
was the chloroplast fraction. The supernatant was further centrifuged (12,000 rpm/min,
20 min), and the resulting precipitate was the mitochondrial fraction, and the supernatant
was the cytosolic fraction. The chloroplasts and mitochondria were washed once with
the extraction solution, centrifuged again, and the precipitate was suspended in 5 mL of
extraction buffer. The suspensions were then used to determine the antioxidant enzyme
activities in each organelle. The NBT method was used to determine the SOD enzyme
activity, the guaiacol method was used to determine the POD enzyme activity, and the UV
absorption method was used to determine the CAT enzyme activity.

4.3.7. Content of Glycine Betaine

The sample (0.5 g) was homogenized with 5 mL of 0.05% toluene, shaken at 25 ◦C
for 24 h, and centrifuged at 3000× g for 20 min. The supernatant was mixed with 3 mL of
1 M hydrochloric acid and KI-I2 solution, mixed thoroughly, and shaken at 0 ◦C for 90 min.
Next, 10 mL of 1,2 dichloroethane was added, and, after the separation of the organic layer,
the absorption was measured at 365 nm [58].

4.3.8. Quantitative Polymerase Chain Reaction (PCR) Analysis

The total RNA of the different treatments was extracted using the RNA extraction kit
provided by Tengen Biotechnology and then reverse-transcribed with a cDNA synthesis kit
provided by TaKaRa, Kusatsu City, Japan, to obtain cDNA. Primer 5 software was used to
design all primers (Table 1), which were synthesized by Sangon Biotech. The qRT-PCR was
performed on BioRad (CFX96, Hercules, California, USA) using the TransStart Top Green
qPCR SuperMix kit (TransStart Green, Beijing, China). The reaction mixture contained 2 µL
cDNA, 0.6 µL forward primer, 0.6 µL reverse primer, 10 µL qPCR SuperMix, and 6.8 µL
RNase-free ddH2O. The reaction conditions were 94 ◦C for 30 s, 95 ◦C for 5 s, and 60 ◦C
for 30 s, with a total of 40 cycles. The technique was repeated three times for each sample.
Actin was used as the reference gene, and the relative gene expression was calculated by
the 2−∆∆Ct method.
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Table 1. The sequences of primers used for the qRT-PCR.

Gene
Name Sequence (5′–3′) GenBank Accession

Number Encoded Target Amplicons
Size (bp)

Actin
F: GTCCTTCCATCGTCCACAGG

XM_016722297.1 Capsicum annuum actin 1134R: GAAGGGCAAAGGTTCACAACA

CaSOD
F: GTGAGCCTCCAAAGGGTTCTCTTG

AF036936.2 Manganese superoxide
dismutase

687R: AAACCAAGCCACACCCAACCAG

CaPOD
F: GCCAGGACAGCAAGCCAAGG

FJ596178.1 Peroxidase 975R: TGAGCACCTGATAAGGCAACCATG

CaCAT
F: TTAACGCTCCCAAGTGTGCTCATC

NM_001324674.1 Catalase 1479R: GGCAGGACGACAAGGATCAAACC

CaPsbA
F: GAATAGGGAGCCGCCGAATACAC

NC_018552.1:565–1626 Turnover proteins D1 1062R: TATTCCAGGCTGAGCACAACATCC

CaPsbB
F: TGGGTTTGCCTTGGTATCGTGTTC

NC_018552.1:75670–77196
Internal light-harvesting
complex proteins CP43 1527R: GCCCAACCAGCAACCAGAGC

CaPsbC
F: GGATCTGCGTGCTCCATGGTTAG

NC_018552.1:35289–36674
Internal light-harvesting
complex proteins CP47 1386R: CCGTTCCTGCCAAGGTTGTATGTC

CaPsbD
F: TGGTCACCGCTAACCGCTTTTG

NC_018552.1:34244–35305 Turnover proteins D2 1062R: AGACCGACTACTCCAAGAGCACTC

CaPsbS
F: AGGGAAAGGAGCATTGGCACAAC

XM_016719676.1
Photosystem II
22 kDa protein 834R: GCAGCAAAGAAGAAGAAGGCAACG

CaPsbP1
F: GCTGCTTCCACACAATGCTTCTTG

XM_016701483.1
Oxygen-evolving

enhancer protein 2 783R: TGGTTAGGCTTGAGGGTTGAAACG

CaPsbP2
F: CTCGGGCAGCATTTGCTACCATAG

XM_016690370.1
Capsicum annuum

photosynthetic
NDH subunit

699

R: CCTGAAATGAGTCGGCCACCAC

Note: F: Forward primer; R: Revers primer.

4.4. Statistical Analysis

The statistical analysis was performed with ANOVA using SPSS software (version 22.0,
SPSS Institute Limited., California, USA) and EXCEL (Office, 2019). Significant differences
(p < 0.05, p < 0.01) between the means of the different treatments were assessed using
Duncan’s multiple range tests. All figures were plotted using Origin Pro software. 9.0
(Origin Lab Institute, incorporated., California, USA).

5. Conclusions

In conclusion, the application of GB could be an effective way to improve the tolerance
of pepper seedlings under low temperatures combined with low-light stress, which can in-
volve photosynthetic and antioxidant aspects. The pre-spraying of GB alleviated the growth
inhibition caused by LL stress by reducing photoinhibition, as indicated by the increased
Fv/Fm and chl contents, as well as [Y(II)], Y(NPQ), Y(NO), NPQ, and qP, regulating the
lipid peroxidation of membranes, thereby improving the ability to scavenge excess H2O2
and O2

− through the increased activity of antioxidant enzymes and the expression of genes
encoding antioxidant enzymes and the PSII reaction center proteins, and coordinating the
activities of antioxidant enzymes in the mitochondria, chloroplasts, and cytosol. Overall,
this study provides a better understanding of the mechanisms by which GB affects the
growth of pepper plants under LL conditions and provides preliminary ideas for studying
the response mechanisms of pepper seedlings under LL stress.
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Abstract: This research aimed to evaluate the effects of salt stress, varying the phenological stages,
and K fertilization on NPK concentrations, physiology, and production of Passiflora edulis Sims. The
research was carried out at the University Farm of São Domingos, Paraíba, Brazil, using a randomized
block design with a 6 × 2 factorial arrangement. Six irrigation strategies were evaluated (use of
low electrical conductivity water (0.3 dS m−1) during all stages of development and application of
high-salinity water (4.0 dS m−1) in the following stages: vegetative, flowering, fruiting, successively
in the vegetative/flowering, and vegetative/fruiting stages) and two potassium levels (207 and
345 g K2O per plant), with four replications and three plants per plot. The leaf concentrations of N,
P, and K in the sour passion fruit plants found in the present study were below the optimal levels
reported in the literature, regardless of the development stage and the cultivation cycle. The relative
water content, stomatal conductance, and photosynthesis were reduced by salt stress in the first cycle.
However, in the second cycle, irrigation with 4.0 dS m−1 in the vegetative/flowering stages increased
the CO2 assimilation rate. Passion fruit is sensitive to salt stress in the vegetative/flowering stages
of the first cycle. In the second cycle, salt stress in the fruiting stage resulted in higher production
per plant.

Keywords: Passiflora edulis; water scarcity; osmotic regulation

1. Introduction

Passiflora edulis Sims stands out as one of the main fruit species due to its high nutritive
value, excellent organoleptic features, and significant economic potential as fresh fruit or
in the agroindustry [1]. Although the northeastern semi-arid region has the potential for
the increased cultivation of this fruit species, the occurrence of high temperatures and the
irregular distribution of rainfall associated with intense evaporation throughout the year
are limiting factors for irrigated fruit cultivation [2]. In this region, it is common to find
water sources with high levels of dissolved salts, standing out as one of the abiotic stresses
that promote osmotic and ionic changes in plants [3] when used to irrigate orchards.

Salts in the root zone cause osmotic stress, ion toxicity, nutrient imbalance, and water
deficit, inducing a decrease in water and nutrient uptake by plants. Furthermore, excessive
ion concentrations in the soil solution also damage photosynthetically active leaves and can
result in chlorosis and early senescence, thus negatively affecting photosynthetic efficiency
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and production [4]. In this context, several studies have been carried out evaluating the
effects of irrigation with saline water in the passion fruit crop, highlighting changes in gas
exchange [5], photochemical efficiency [6], synthesis of photosynthetic pigments [7], and
membrane instability [8], as well as a reduction in production components [9,10] and post-
harvest quality [11]. However, these studies are restricted to the use of water with different
levels of salinity throughout the plant development cycle, thus requiring further research,
especially to assess the effects of salt stress on the accumulation of NPK, physiology, and
production of sour passion fruit plants of the cultivar BRS GA1, one of the most commonly
grown in northeast Brazil, at varying phenological stages.

It is important to highlight that the intensity of salt stress effects depends on the species,
genotype, duration of exposure, fertilization, irrigation management, and development
stage [12], in addition to stress tolerance mechanisms, including the maintenance of ion
homeostasis and the osmotic balance and the elimination of reactive oxygen species [13].
Thus, the use of water with a high concentration of salts in the phenological phase(s) in
which the crop expresses tolerance is a promising alternative for reducing the effects of
salt stress [14,15]. Soares et al. [16] observed that salt stress in the initial stages leads to
earlier flowering in cotton and does not compromise its production. Lima et al. [17] found
that salt stress in the vegetative, flowering, and fruiting stages is a promising strategy for
sesame cultivation in the semi-arid region of Brazil. Silva et al. [18], in a study evaluating
the production and post-harvest quality of mini-watermelon fruits, saline water irrigation
management strategies, and potassium fertilization, concluded that irrigation with water
of 4.0 dS m−1 in the flowering and fruit maturation stages is a promising strategy for
cultivation, since it does not compromise the production, and fertilization with 50% of the
K2O recommendation can be used in the cultivation of mini-watermelon without losses
in production.

Thus, the use of saline water in the phenological stage(s) in which the crop has higher
tolerance is a promising irrigation strategy, as it allows minimizing the effects of salt stress
on plants and reduces changes in the physical-chemical attributes of the soil due to the
formation of saline and sodic soils.

Another strategy capable of mitigating salt stress in plants is potassium fertiliza-
tion [12–15]. Potassium is involved in almost all plant physiological processes that require
water. These processes include stomatal regulation, photoassimilate transport, enzyme
activation, and heliotropic movements of leaves. Potassium also assists in water transport,
translocation of mineral compounds to the entire plant through the xylem, and maintenance
of ion homeostasis and osmotic balance [19]. Under salt stress conditions, Munir et al. [20]
observed that high K+ levels improved the concentrations of antioxidant enzymes and the
morphophysiological attributes of the plants. From this perspective, potassium fertilization
could be an alternative means to maintain ion homeostasis, compensate for the negative
charges of the macromolecules, maintain electroneutrality, and establish cell turgor and
volume [21].

In this context, several studies have been carried out evaluating the effects of irrigation
with saline water in the passion fruit crop, highlighting changes in gas exchange [5,22],
photochemical efficiency [6], synthesis of photosynthetic pigments [7], and membrane
instability [8], as well as a reduction in production components [9,10] and post-harvest
quality [11]. However, these studies are restricted to the use of water with different levels
of electrical conductivity throughout the plant development cycle, thus requiring further
research, especially to assess the concentrations of NPK, physiology, and production of
Passiflora edulis Sims, cultivar BRS GA1, grown under salt stress in the phenological stages
and fertilization with K.

The hypothesis of this study is that the sensitivity and/or tolerance of passion fruit to
salt stress varies with the development stage of the crop and that the intensity of salt stress
effects on NPK accumulation, physiology and production can be attenuated by potassium
fertilization through its function in osmoregulation, enzymatic activation, and oxidative
protection. Thus, it is imperative to conduct new studies aimed at identifying the stage
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of the development cycle of BRS GA1 sour passion fruit in which it is sensitive and/or
tolerant to water salinity, as well as a dose of potassium capable of mitigating the intensity
of salt stress as an alternative for production in areas with qualitative and quantitative
scarcity of water resources, a situation found in semi-arid areas of northeastern Brazil.

In this scenario, the aim of this study was to evaluate the NPK concentrations, physiol-
ogy, and production of Passiflora edulis Sims under salt stress in the phenological stages and
fertilization with K.

2. Results

The ISBW × KD significantly affected the leaf concentrations of nitrogen and potas-
sium of Passiflora edulis Sims in the first and second cycle. The brackish water irrigation
strategies significantly influenced all studied variables in the first cycle. In the second
cycle, the ISBW had a significant effect on all variables except for the leaf P concentration.
The potassium levels, in turn, significantly interfered with the nitrogen and potassium
concentrations in the first cycle; in the second cycle, the KD significantly affected the K
concentrations in leaves (Table 1).

Table 1. Summary of the analysis of variance referring to the leaf concentrations of nitrogen (N),
phosphorus (P), and potassium (K) in Passiflora edulis Sims under brackish water irrigation strategies
(ISBW) and potassium fertilization (KD).

Mean Squares

ISBW KD ISBW × KD Blocks Residual CV (%)

1st cycle
N 81.35 ** 22.77 * 41.48 * 6.22 ns 6.30 13.67
P 0.42 * 0.34 ns 0.25 ns 0.49 * 0.16 18.26
K 112.46 ** 100.31 ** 10.75 * 9.00 ns 4.55 15.35

2nd cycle
N 26.14 ** 3.34 ns 15.26 * 1.65 ns 4.09 14.21
P 0.15 ns 0.16 ns 0.02 ns 0.07 ns 0.05 14.71
K 102.09 ** 78.23 * 19.48 * 8.14 ns 5.10 24.77

DF 5 1 5 3 33 -
DF—degree of freedom; CV (%)—coefficient of variation; * significant at 0.05 probability level; ** significant at
0.01 probability level; ns not significant.

In the first cycle (Figure 1A), the leaf nitrogen concentrations in plants subjected to the
T3 and T5 strategies were higher than those found in the other strategies (T1, T2, and T4)
when receiving 345 g of K2O. On the other hand, fertilization with 207 g of K2O resulted in
the lowest N concentrations in plants cultivated under the T4 and T6 strategies compared
to those subjected to salt stress in T2 and T5 strategies. When decomposing the effect of
the potassium levels in each strategy, the N concentrations of plants subjected to the ECw
of 4.0 dS m−1 in the vegetative stage and fertilization with 207 g of K2O were superior to
those of plants that received 345 g K2O.

Despite the increase in the N concentrations, especially in plants fertilized with
345 g K2O and irrigated with high-salinity water in T3, T5, and T6, the values obtained
(24.07 and 19.21 g kg−1) are considered insufficient for the adequate nutrition of Passiflora
edulis Sims, which should range from 40 to 50 g kg−1 [23]. Carvalho [24] evaluated the
effects of nitrogen fertilization, irrigation, and sampling time on the leaf nutrient concentra-
tions of Passiflora edulis f. flavicarpa Deg. and observed that the leaf N concentrations were
below the range considered adequate for the crop during the flowering and fruiting peaks.
However, the plants did not show any nutritional deficiency symptoms.
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Figure 1. Leaf nitrogen concentrations of Passiflora edulis Sims as a function of the interaction ISBW
× KD in the first (A) and second (B) cycle. Standard error of the mean (n = 4); Means followed
by different lowercase letters indicate a significant difference between the irrigation strategies with
brackish water for the same KD (p ≤ 0.05), and different uppercase letters indicate a significant
difference between potassium levels for the same irrigation strategy. T1—irrigation with low-salinity
water during the entire cultivation cycle; salt stress in the following stages: T2—vegetative; T3—
flowering; T4—fruiting; T5—vegetative and flowering; T6—vegetative and fruiting.

For the second cycle (Figure 1B), plants under salt stress in T3, T4, T5, and T6 and fertil-
ized with 345 g K2O obtained higher N concentrations than plants that received T1 during
the entire cultivation cycle and high-salinity water in T2. On the other hand, treatments T2
and T4 and fertilization with 207 g K2O resulted in a higher N concentrations, differing
significantly only from the T5 strategy. When analyzing the effects of the potassium levels
in each irrigation strategy, the N concentrations of plants fertilized with 207 g K2O differed
significantly only when irrigated with the lowest ECw water (T1) during the entire cycle.
There were no significant differences in the remaining irrigation strategies regardless of the
potassium level. When comparing the two cycles, the leaf N concentrations of the plants
decreased markedly in the second cycle compared to the first.

Concerning the effects of salt stress on the phosphorus concentrations of the first
cycle, plants irrigated with high ECw successively in the vegetative and flowering stages
differed significantly only from those cultivated under salt stress in the vegetative stage
(Figure 2). There were no significant differences when comparing the concentrations of
plants subjected strategies T1, T3, T4, T5, and T6.
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Figure 2. Leaf concentrations of phosphorus of Passiflora edulis Sims as a function of salt stress,
varying the phenological stages in the first cycle. Standard error of the mean (n = 4); Means followed
by different letters indicate a significant difference between treatments. T1—irrigation with low-
salinity water during the entire cultivation cycle; salt stress in the following stages: T2—vegetative;
T3—flowering; T4—fruiting; T5—vegetative and flowering; T6—vegetative and fruiting.
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The potassium concentrations of sour passion fruit plants fertilized with 207 g of K2O
and continuously irrigated with high-salinity water in T5 decreased significantly compared
to those found in plants subjected to the other irrigation strategies (T1, T2, T3, T4, and T6)
in the first cultivation cycle (Figure 3A). Also, there were no significant differences when
comparing the control treatment (T1) with the T1, T3, T4, and T6 strategies. Furthermore,
fertilization with 345 g of K2O promoted the highest leaf concentrations of potassium in
plants subjected to the T1, T4, and T6 strategies. There were significant differences in
the potassium concentrations of plants subjected to T2, T3, and T5 compared to the other
strategies, T1, T4, and T6. When analyzing KD in each strategy, a clear superiority of the
leaf K concentrations in plants that received 345 g K2O in T1, T4, and T6 was observed.

Regardless of the irrigation strategy and the cultivation cycles, the leaf concentrations
of N, P, and K obtained in this study are below the range considered adequate [23]. However,
it should be noted that fertilization management followed the recommendations of [25] and
the plants during the crop cycle did not show any deficiency symptoms. Soares et al. [26]
studied the effects of salinity on the early development of sour passion fruit and also
observed that potassium uptake was reduced even at low salinity. According to these
authors, this reduction occurred as a function of the loss in the selective absorption capacity
of ions by the plasmalemma.
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Figure 3. Leaf K concentrations of Passiflora edulis Sims as a function of the interaction ISBW ×
KD in the first (A) and second (B) cycle. Standard error of the mean (n = 4); Means followed by
different lowercase letters indicate a significant difference between irrigation strategies with brackish
water for the same KD (p ≤ 0.05), and different uppercase letters indicate a significant difference
between potassium levels for the same irrigation strategy. T1—irrigation with low-salinity water
during the entire cultivation cycle; salt stress in the following stages: T2—vegetative; T3—flowering;
T4—fruiting; T5—vegetative and flowering; T6—vegetative and fruiting.

The ISBW × KD interaction also influenced the leaf K concentrations in the second
cycle (Figure 3B). Fertilization with 207 g of K2O promoted the highest leaf K concentrations
in plants subjected to T1 during the entire cultivation cycle, differing significantly from the
other strategies. On the other hand, fertilization with 345 g K2O resulted in the highest K
concentrations in plants cultivated under the T1 strategy and salt stress in the vegetative
stage (T2), surpassing the values observed in the other irrigation strategies with brackish
water. When analyzing the effects of potassium levels in each irrigation strategy (Figure 4B),
significant differences were observed only in the K concentrations of T2, with plants
fertilized with 345 g K2O attaining the highest values.

There was a significant effect of the irrigation strategies with brackish water on all
variables measured in the first and second cycle (Table 2). However, the KD and the ISBW
× KD interaction did not significantly influence any of the variables measured in the first
and second cycle.
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Figure 4. Relative water content—RWC (A,B) and electrolyte leakage—%EL (C,D) in Passiflora edulis
Sims as a function of salt stress, varying the phenological stages in the first (240 DAT) and second
(445 DAT) cycles. Standard error of the mean (n = 8); Means followed by different letters indicate a
significant difference between treatments. T1—irrigation with low-salinity water during the entire
cultivation cycle; salt stress in the following stages: T2—vegetative; T3—flowering; T4—fruiting;
T5—vegetative and flowering; T6—vegetative and fruiting.

Table 2. Analysis of variance for relative water content (RWC), electrolyte leakage (%EL), stomatal
conductance (gs), intercellular concentration of carbon dioxide (Ci), photosynthesis (A), and pro-
duction per plant (PROD) in Passiflora edulis Sims under brackish water irrigation strategies (ISBW)
(ISBW) and potassium fertilization (KD).

Mean Squares
ISBW KD ISBW × KD Blocks Residual CV (%)

1st cycle
RWC 969.94 ** 91.52 ns 52.08 ns 22.16 ns 82.43 13.29
%EL 52.92 ** 12.56 ns 5.74 ns 2.77 ns 4.73 14.72

gs 0.14 ** 0.01 ns 0.004 ns 0.004 ns 0.01 32.76
Ci 5944.07 * 0.02 ns 3059.97 ns 213.57 ns 1787.48 22.04
A 418.15 ** 9.62 ns 21.38 ns 5.10 ns 12.71 20.46

PROD 1,989,844.2 ** 13,612,052.5 ns 5,063,282.6 ns 1,225,254.3 ns 2866,438.2 25.63
2nd cycle

RWC 764.30 ** 186.48 ns 18.42 ns 69.36 ns 48.55 11.06
%EL 149.28 ** 14.64 18.00 12.67 8.97 14.67

gs 0.10 ** 0.004 ns 0.005 ns 0.01 ns 0.006 28.91
Ci 3213.20 * 74.32 ns 135.61 ns 1161.56 ns 763.06 ns 12.15
A 177.71 ** 2.55 ns 8.27 ns 15.46 ns 4.41 ns 16.26

PROD 1,989,844.2 ** 13,612,052.5 ns 5,063,282.6 ns 1,225,254.3 ns 2,866,438.2 27.48
DF 5 1 5 3 33 -

DF—degree of freedom; CV (%)—coefficient of variation; * significant at 0.05 probability level; ** significant at
0.01 probability level; ns not significant.
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In the first cycle, the relative water content (Figure 4A) of plants subjected to T1
surpassed the values of plants that received high-salinity water in the other irrigation
strategies (T2, T3, T4, T5, and T6). When comparing the RWC of plants subjected to water
stress in the different phenological stages, significant differences were observed between
T3 and T6 compared to T4. However, there were no significant differences in the RWC of
plants subjected to salt stress in T2, T3, T5, and T6.

In the second cycle, the relative water content (Figure 4B) of plants cultivated under
T1 differed significantly from that of plants that received salt stress in the T2, T3, T4, and
T5 strategies. Plants subjected to continuous salt stress in T5 and T4 obtained the lowest
RWC values, possibly due to water uptake restrictions.

Electrolyte leakage of plants subjected to salt stress in T2, T3, and T5 differed signif-
icantly compared to those grown under the T1 and T6 strategies in the first cultivation
cycle (Figure 4C). No significant effect was observed when comparing the T2, T3, T4, and
T6 strategies. In the second cultivation cycle (Figure 4D), irrigation with 4.0 dS m−1 pro-
moted the highest electrolyte leakage of plants under the T2 and T5 strategies, differing
significantly from those that received T1, T3, and T6. Similar to the first cycle (Figure 4A),
irrigation with ECw of 1.3 dS m−1 during the entire cycle (T1) and the ECw of 4.0 dS m−1 in
T6 resulted in a lower %EL. The reduction in %EL in the T6 strategy indicates the recovery
potential of plants subjected to salt stress since, from the end of the vegetative stage to the
beginning of the fruiting stage, the plants were irrigated for 19 days with the ECw of 1.3 dS
m−1. Lima et al. [27] studied Passiflora edulis Sims plants irrigated with different cationic
natures and observed that the water with the ECw of 3.0 dS m−1 containing Na+ and Na+ +
Ca2+ increased electrolyte leakage in the leaf tissues.

Stomatal conductance was negatively affected by irrigation with water of 4.0 dS m−1

in the two cultivation cycles, regardless of the plant development stage (Figure 5). In the
first cycle (Figure 5A), the gs was superior in plants under T1 compared to plants subjected
to salt stress, regardless of the irrigation strategy. In the second cycle (Figure 5B), plants
under T1 also had the highest gs, differing significantly from those subjected to T2, T3, T4,
T5, and T6. When comparing the stomatal conductance of plants irrigated with 4.0 dS m−1,
it was observed that the salt stress applied in T5 resulted in the lowest value compared to
the T3, T4, and T6 strategies.

Intercellular concentration of carbon dioxide (Figure 5C) under the treatment T1 in the
first cycle did not differ significantly from the values found in T3, T4, T5, and T6. There
were significant differences only between plants subjected to the T1 and T2 strategies. In
the second cycle (Figure 5D), plants grown with 4.0 dS m−1 in T2, T3, and T5 obtained
higher intercellular concentrations of carbon dioxide compared to treatment T1. However,
there were no significant differences in the Ci of plants grown under T4 and T5 compared
to the T1 strategy.

The photosynthesis of the plants was influenced by the irrigation strategies with
brackish water (Figure 5E,F). In the first cycle (Figure 5E), irrigation with the treatment T1
promoted the highest photosynthesis compared to plants grown under other strategies.
Continuous irrigation with 4.0 dS m−1 in the vegetative and flowering stages resulted in
the lowest photosynthesis in both cycles.

In the second cycle (Figure 5F), the photosynthesis of plants under the treatment T5
did not differ significantly from the values of those receiving T1. This situation indicates a
possible recovery of plants that received T2 and T4. The application of treatments T2 and
T5 compromised the photosynthesis. In plants cultivated under irrigation with water of
high electrical conductivity, the stomata usually close and therefore limit the entry of CO2
into the substomatal chamber.
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Figure 5. Stomatal conductance—gs (A,B), intercellular concentration of carbon dioxide—Ci (C,D),
and photosynthesis—A (E,F) of Passiflora edulis Sims as a function of salt stress, varying the phe-
nological stages in the first (240 DAT) and second (445 DAT) cycle. Standard error of the mean
(n = 8); Means followed by different letters indicate a significant difference between treatments.
T1—irrigation with low-salinity water during the entire cultivation cycle; salt stress in the following
stages: T2—vegetative; T3—flowering; T4—fruiting; T5—vegetative and flowering; T6—vegetative
and fruiting.

The irrigation management strategies with brackish water influenced the production
per plant of sour passion fruit. In the first cycle (Figure 6A), plants subjected to the T3
and T5 strategies attained the lowest PROD values (5.54 and 4.16 kg per plant). In the
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second cycle (Figure 6B), plants under strategies T2, T3, T5, and T6 (4.32, 4.72, 3.28, and
4.37 kg per plant) did not differ significantly among themselves and showed the lowest
PROD values, on average 34.63% lower than that obtained with strategies T1 and T4 (7.00
and 5.75 kg per plant), which were statistically equal. The lowest PROD values observed
in plants under strategy T5 reflect the changes observed in the gas exchange parameters,
especially stomatal conductance, photosynthesis, and ion homeostasis. Another reason for
the reduced production is the decrease in N, P, and K accumulations, which were considered
insufficient for the nutrition of sour passion fruit [23], regardless of the irrigation strategy
and the cultivation cycle.
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Figure 6. Production per plant—PROD of Passiflora edulis Sims as a function of salt stress, varying the
phenological stages in the first (A) and second (B) cycles. Standard error of the mean (n = 8); Means
followed by different letters indicate a significant difference between treatments. T1—irrigation
with low-salinity water during the entire cultivation cycle; salt stress in the following stages: T2—
vegetative; T3—flowering; T4—fruiting; T5—vegetative and flowering; T6—vegetative and fruiting.

The reduction in production per plant (Figure 6A,B) in the first cycle under strategies
T3 and T5 and in the second cycle under T2, T3, T5, and T6 indicates that Passiflora edulis
Sims is sensitive to salt stress during the vegetative and flowering stages. Plant sensitivity
to salinity normally varies with the development stages.

In this research, the highest values of polar diameter of fruits in the first cycle were
obtained in plants under the T1, T4, and T6 strategies, but did not differ significantly from
those observed in plants grown with 4.0 dS m−1 water in T2 and T3. On the other hand,
irrigation with high-salinity water in T5 resulted in lower values of fruit polar diameter
compared to those found under T1, T4, and T6 strategies. In the second cycle, the fruits
produced under the T2 and T5 strategies had lower polar diameter values compared to
those of plants irrigated with ECw of 1.3 dS m−1 during the entire cycle. Regarding the
equatorial diameter, passion fruit plants subjected to the T1, T2, T4, and T6 strategies had
the highest values in the first cycle, while irrigation with ECw of 4.0 dS m−1 in T3 and
T5 resulted in fruits with smaller equatorial diameter. In the second cycle, there was no
significant effect of irrigation strategies with brackish water and K doses on the equatorial
diameter of the fruits.

Regarding the chemical characteristics of the fruits, as highlighted by Lima et al. [3],
irrigation with water of 4.0 dS m−1 in T5 and fertilization with 345 g K2O per plant per
year increases the total titratable acidity and reduces the hydrogen potential and soluble
solids in the passion fruit pulp, regardless of the adopted strategy. On the other hand,
fertilization with 345 g K2O and irrigation with water of 4.0 dS m−1 in T3 increases the
flavonoid contents and the ratio of soluble solids to total titratable acidity, while the salt
stress in the fruiting stage promotes an increase in anthocyanin contents in the passion
fruit pulp.
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3. Discussion

In the semi-arid region of northeastern Brazil, the salt stress caused by the high concen-
trations of salts found in surface and subsurface water sources negatively interferes with
plant growth and development. Salt stress induces osmotic, ionic, and oxidative stresses
and changes in gene expression, hindering normal physiological processes and nutrient
absorption and hence reducing plant production [28]. Thus, irrigation with high-salinity
water at varying phenological stages is an alternative means to minimize the deleterious
effects on plants through the maintenance of ionic homeostasis and modulation of physiol-
ogy and through the reduction in negative impacts and physical-chemical attributes of the
soil [29]. In addition, for performing osmoregulatory function, potassium also contributes
to the ionic and osmotic homeostasis of plants.

Plants fertilized with 345 g K2O had higher N concentrations than those that received
207 g K2O under irrigation with 4.0 dS m−1 in the T3 and T6 strategies. Potassium plays a
key role in the nitrogen metabolism of plants and can increase the synthesis of amino acids
and proteins. Furthermore, this macronutrient contributes to the balance of cations and
anions in the cytoplasm [30]. According to [31], plants that accumulate higher K contents
tend to restrict the absorption and transport of toxic ions (Na+ and Cl−) from irrigation
water.

This reduction in the second cycle could be related to the time of exposure of the
plants to salt stress, which is considered one of the main factors responsible for the low N
availability in the soil [32]. The results obtained for the N concentrations are lower than
those found by [33], who evaluated the macronutrient concentrations of Passiflora edulis f.
flavicarpa Deg. at the beginning of flowering under irrigation with saline water in soils with
and without mineral fertilization and obtained the mean value of 50.81 g kg−1.

The increase in the leaf K concentrations is an important mechanism of plants under
salt stress since this macronutrient plays a relevant role in stomatal regulation, especially
under restricted conditions of water, and ensures the turgidity of guard cells through a
reduction in the osmotic potential [34].

The phosphorus concentrations obtained in this study (1.91 to 2.53 g kg−1) are consid-
ered inadequate to meet the nutrient requirement of plants, i.e., they are below the range
indicated by [23] (between 4 and 5 g kg−1). Carvalho et al. [35], in a study on the effects of
potassium fertilization, irrigation depths, and times of the year on the concentrations of
macronutrients, micronutrients, and Na+ of Passiflora edulis f. flavicarpa, also observed that
the leaf concentrations of P and K in all seasons were below the range considered adequate
for the cycle.

The higher reduction in the potassium concentrations of the second cultivation cycle
could be related to the higher Na+ concentration compared to K+ in the root zone, with
Na+ inhibiting the K+ uptake by plants due to the competition between Na+ and K+ at the
uptake sites of the cell membranes. Sodium can replace potassium at the binding sites and,
as a result, inhibit regular plant metabolism [13].

The leaf contents of N, P, and K, regardless of the phenological stage and the cultiva-
tion cycle, obtained in this study are below the range considered adequate by Malavolta
et al. [23]. However, it is important to highlight that fertilization management was recom-
mended by [25] and the plants at no stage of their cycle showed symptoms of nutritional
deficiency. Soares et al. [26], in a study evaluating the effects of salinity on the early de-
velopment of passion fruit, also found that potassium absorption was drastically reduced,
even at low salinity levels. According to these authors, this reduction occurred due to the
loss of capacity for selective ion absorption by the plasmalemma.

The reduction in the water content in plants subjected to salt stress (T1, T2, T3, T4, T5,
and T6) is a result of the negative effect of osmotic stress on water availability in the soil
and consequently reduced water uptake by the plants, which affects their general water
status [36]. The reduction in the relative water content in the leaf blade in the different
phenological stages influenced the gas exchange, limiting stomatal conductance and CO2
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assimilation rate. Usually stomatal closure is a strategy to minimize water losses to the
atmosphere and reduce excessive absorption of toxic ions (Na+ and Cl−).

Although the increase in electrolyte leakage occurred in plants under high salinity
(4.0 dS m−1) compared to those that received ECw of 1.3 dS m−1, the values obtained
were less than 50%, which is an indication that there was no significant damage to the cell
membrane of the sour passion fruit, as the tissue is considered injured when the percentage
of electrolyte leakage exceeds 50% [37].

Under salt stress conditions, plants normally lose water from their tissues, which can
have rapid and significant effects on cell expansion and division, stomatal opening, and
accumulation of abscisic acid [38]. On the other hand, salt stress induces the formation of
reactive oxygen species (ROS), which cause oxidative damage and lipid peroxidation of the
membrane, decreasing membrane fluidity and selectivity [4]. Thus, with the overproduc-
tion of ROS in the cells, the stability or integrity of the membrane is interrupted, resulting
in electrolyte leakage in plants under stress conditions [36].

The partial stomatal closure in plants cultivated under salt stress decreases CO2 ab-
sorption and affects the functions of the photosynthetic apparatus [4]. The control of
stomatal opening and closure is one of the adaptative mechanisms used to avoid the loss of
cell turgor due to the limited water supply [39]. As observed in this study, Lima et al. [40]
found that irrigation with water of 3.2 dS m−1 limited the stomatal conductance of plants
subjected to salt stress in the vegetative, vegetative/flowering, flowering, fruiting, and
vegetative/fruiting stages. According to these authors, the lower values of stomatal con-
ductance in plants under salt stress occur due to reductions in leaf turgor and atmospheric
vapor pressure, which are ways to reduce the delay between water absorption by roots
and transpiration, consequently leading to partial closure of the stomata to avoid excessive
dehydration of the guard cells.

The increase in the Ci of plants grown under salt stress indicates damage to the
photosynthetic apparatus, e.g., decrease in the carboxylation efficiency of RuBisCO, caused
mainly by salt accumulation in the leaf tissues [41].

The increase in the intercellular concentration of carbon dioxide in plants subjected
to T5 did not influence photosynthesis, suggesting that this process was inhibited by the
action of factors of non-stomatal origin. The non-stomatal regulation induced by salt stress
is related to the activities of the photosynthetic enzymes of the Calvin cycle, disturbances
in chlorophyll synthesis, and damage to the photosynthetic apparatus [42].

The reduction in the concentration of CO2 in the substomatal spaces is reflected in the
rate of CO2 assimilation. Another factor contributing to the decrease in CO2 assimilation is
the inhibition of the RuBisCO enzyme activity, which prevents the conversion of absorbed
CO2 into photoassimilates. In many cycles, notably, salt stress interferes with traits of gas
exchange under moderate to severe levels of salinity, thus reducing stomatal conductance
and the rate of CO2 assimilation due to the limitations that occur in the total water potential
caused by excess salts [43].

However, most plants, especially those of economic importance, are more sensitive
to salinity during the early phenological stages [16], which may have contributed to the
observed lower production per plant. Further, the higher energy expenditure to maintain
the metabolic activities under salt stress conditions may have caused the formation of fruits
with lower mass [44], thus justifying the reduced PROD in plants under these strategies.
The reduction in production mainly in plants subjected to salt stress in the flowering and
flowering/fruiting stages stands out as a challenge for irrigated cultivation, since the water
requirement in these stages is greater when compared to the vegetative stage; with this,
more salts are incorporated into the soil, compromising the production of plants [45].

Unlike the results obtained in this study, Souto et al. [31] concluded that there was an
increase in the photosynthesis of yellow passion fruit plants grafted on P. cincinnata, but
this was not reflected in fruit yield. In the present research, the reduction in photosynthesis
observed in plants subjected to salt stress in T5 in both crop cycles decreased production
per plant. Soares et al. [16], in a study with cotton genotypes, observed that the successive
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application of saline water in the flowering and boll formation stages caused a drastic
reduction in the physiological aspects of the cycle, with recovery of the plants after the
interruption of stress.

In general, it is possible to observe that sour passion fruit showed contrasting re-
sponses in NPK accumulation, physiology, and production as a function of the different
phenological stages and production cycles, proving that the sensitivity and/or tolerance of
plants depends on several factors such as intensity and duration of stress, irrigation and
fertilization management practices, and soil and climatic conditions of the region.

4. Materials and Methods
4.1. Characterization of Study

The research was carried out in the field at the Center of Agricultural Sciences and
Technology (CCTA), in Pombal, PB, located at 06◦48′50” S, 37◦56′31” W, at an altitude of
190 m.

4.2. Details of Sources of Variation and Period of Application of Treatments

The experiment consisted of six irrigation strategies with brackish water—ISBW (T1—
irrigation with low-salinity water during the entire cultivation cycle as a control; irrigation
with high-salinity water at the respective stages: T2—vegetative; T3—flowering; T4—
fruiting; at the successive stages, vegetative and flowering—T5; vegetative and fruiting—T6
and two potassium levels corresponding to 207 and 345 g of K2O per plant per year of
the potassium recommendation [25], distributed in randomized blocks in a 6 × 2 factorial
arrangement with four replications, with each plot consisting of three usable plants. The
experimental layout is shown in Figure 7. The area had a row of plants externally to the
usable plots.
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Two salinity levels of irrigation water were used in the experiment, one corresponding
to moderate salinity (1.3 dS m−1—T1) and the other to high electrical conductivity (4.0 dS
m−1—T2, T3, T4, T5, and T6), applied during the following cycle development stages in
the first cycle: T1—irrigation with low-salinity water during the entire cultivation cycle
(1–253 days after transplanting—DAT); irrigation with high-salinity water in T2—from
transplanting until the formation of the floral primordia (50–113 DAT); T3—from the
formation of the floral primordia to the total development of the flower bud (anthesis)
(114–198 DAT); T4—from the fecundation of the flower bud to the formation of fruits
with interspersed yellow spots (199–253 DAT); T5—in the vegetative and flowering stages
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(50–198 DAT); T6—in the vegetative (50–113 DAT) and fruiting stages (199–253 DAT). The
procedure was similar in the second cultivation cycle, T1—irrigation with low-salinity
water during the entire cultivation cycle (254–475 DAT); salt stress in T2 (254–340 DAT);
T3—flowering (341–360 DAT); T4—fruiting (361–475 DAT); T5—vegetative and flowering
stages (254–360 DAT); T6—vegetative (254–340 DAT) and fruiting stages (361–475 DAT).

4.3. Crop Management

In this research, the BRS GA1 genotype was used, as it has a great potential for exploita-
tion in Brazilian orchards due to its high yield (42 t ha−1) and tolerance to Anthracnose.
The seedlings were produced by sowing two seeds in plastic bags filled with a substrate
composed of soil, sand, and cattle manure in the ratio of 84:15:1 (v/v). From the moment
the plants started to produce tendrils, transplanting to the field was carried out (61 DAS).

Before transplanting the seedlings, plowing and harrowing were carried out in the
area. The sour passion fruit was cultivated in an Entisol, with the following physical and
chemical properties determined according to [46]: Hydrogen potential (1:2.5 soil/water) =
7.82, organic matter = 0.81 dag kg−1, P = 10.60 mg kg−1, P = 10.60 mg kg−1; K+, Na+, Ca2+,
Mg2+ and Al3+ + H+ equivalent to 0.30, 0.81, 2.44, 1.81, and 0 cmolc kg−1, respectively;
Particle-size fraction: Sand, Silt and Clay = 820.90, 170.10, and 9.00 g kg−1, respectively;
Moisture content (dag kg−1) at field capacity (33.42 kPa) and permanent wilting point
(1519.5 kPa) = 12.87 and 5.29, respectively.

The sour passion fruit plant was cultivated in holes measuring 40 cm × 40 cm × 40 cm.
In the basal fertilization, 20 L of bovine manure and 50 g of single superphosphate were
used, following the recommendation of [25]. Nitrogen and potassium were applied in the
top dressing, using urea and potassium chloride, respectively. Plants subjected to the dose
of 345 g K2O per plant received 65 g in the vegetative stage and 280 g during the flowering
and fruiting stages. The other plants received 39 and 168 g K2O per plant in the same stages
of development.

Every 15 days after plant emergence the micronutrients were applied using 1 g L−1

of Dripsol Micro® (Candeias, Bahia, Brazil), containing 1.1, 0.85, 0.5, 3.4, 3.2, 0.05, and
4.2% of Mg2+, B, Cu, Fe, Mn, Mo, and Zn, respectively. The applications were carried out
through the leaves. The plants were cultivated with a spacing of 3 m × 3 m, adopting the
vertical trellis system at a height of 1.80 m. A nylon ribbon was used to guide the plants.
When plants exceeded the trellis height by 10 cm, the apical bud was cut to induce the
formation of secondary branches. After the production of the secondary branches, two
were conducted, one on each side up to a length of 1.5 m, and later were conducted up to
30 cm from the ground level. Tendrils and unwanted branches were eliminated throughout
the crop cycle to promote the full development of the crop.

At 254 DAT the second production cycle began. At this time, the canopy was
pruned [3]. This procedure reduces the problems caused by pests and diseases, improves
the phytosanitary status of plants, and facilitates crop management, especially fertilization
and irrigation. The pruning of tertiary and quaternary branches was performed at 40 cm
from the wire.

The 1.3 dS m−1 water was obtained from a CCTA/UFCG well, with Ca2+, Mg2+, Na+,
K+, HCO3

−, CO3
2−, and Cl− concentrations of 0.85, 0.40, 5.81, 0.40, 5.09, 0, and 4.07 mmolc

L−1, respectively, and hydrogen potential of 6.69. Water with electrical conductivity of
4.0 dS m−1 was prepared by adding NaCl, based on the relationship between ECw and salt
concentration [47].

Brackish water irrigation management began at 50 DAT. A drip irrigation system
was adopted, using 32-mm-diameter PVC tubes in the main line and 16-mm-diameter
low-density polyethylene tubes in the lateral lines, with emitters operating at a flow rate of
10 L h−1. Each plant had two pressure-compensating drippers (model GA 10 Grapa), each
at 15 cm from the stem. The plants were irrigated daily at 7:00 a.m. by supplying water
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according to the strategy adopted. The irrigation depth was estimated based on the crop
evapotranspiration [48], obtained using Equation (1):

ETc = ETo × Kc (1)

where:
ETc—crop evapotranspiration, mm day−1;
ETo—reference evapotranspiration of Penman-Monteith, mm day−1; and
Kc—crop coefficient, dimensionless.

Climatic data obtained from the Meteorological Station were used to quantify the
reference evapotranspiration (ETo) using the crop coefficients recommended by [49]. It is
important to point out that irrigation with water of high and low electrical conductivity,
varying the phenological stages, reduces salt stress in plants and impacts on the salt
accumulation in soils. Additionally, at 30-day intervals, a leaching fraction of 0.15 was
applied to reduce the salt content in the soil. The water depths applied in the different
irrigation strategies are presented in Table 3.

Table 3. Water depth values applied to BRS GA1 yellow passion fruit in different strategies of
irrigation with brackish water in the phenological stages.

ISBW

1st Cycle

DAT
Water Depth (mm)

1.3 dS m−1 4.0 dS m−1

T1 1–253 1256 0
T2 50–113 877 253
T3 114–198 847 273
T4 199–253 1079 119
T5 50–198 468 525
T6 50–113/199–253 699 371

2nd cycle

T1 254–475 1043 0
T2 254–340 628 277
T3 341–360 924 79
T4 361–475 533 340
T5 254–360 510 356
T6 254–340/361–475 119 616

ISBW—irrigation strategies with brackish water; T1—irrigation with low-salinity water during the entire cultiva-
tion cycle; salt stress in the following stages: T2—vegetative; T3—flowering; T4—fruiting; T5—vegetative and
flowering; T6—vegetative and fruiting.

4.4. Variables Analyzed

The mineral composition (N, P, K) was evaluated by selecting the fourth leaf from the
apex of the intermediate branches of each experimental unit according to [33]. The collection
was performed during the transition from flowering to fruiting in the first (199 DAT) and
second (361 DAT) production cycles. After drying, the samples were ground and subjected
to chemical analyses according to the methodology of [23]. The P and K concentrations
were determined by nitric acid digestion, whereas the N concentration was determined by
sulfuric acid digestion.

The relative water content (RWC), electrolyte leakage (EL) in the leaf blade, and gas
exchange were also determined at 199 DAT (1st cycle) and 361 DAT (2nd cycle). The
relative water content (RWC) in the leaf blade was evaluated using 8 leaf discs with areas
of 113 mm2, collected from leaves located in the middle third of the secondary branches.
Immediately after, the discs were weighed to obtain the fresh mass (FM). The samples
were placed in plastic bags, immersed in 50 mL of distilled water, and stored for 24 h.
After this period, the excess water was removed with paper towels, and the samples were
weighed to obtain the turgid mass (TM). Subsequently, the samples were dried in the oven
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(temperature ≈ 65 ◦C ± 3 ◦C, until reaching constant weight) to obtain the dry mass (DM).
The RWC was determined according to [50] using Equation (2):

RWC =
(FM−DM)

(TM−DM)
× 100 (2)

where:
RWC—relative water content (%);
FM—leaf fresh mass (g);
TM—leaf turgid mass (g); and
DM—leaf dry mass (g).

To determine electrolyte leakage in the leaf blade, leaves were collected from the
middle third of the secondary branches; 8 leaf discs with areas of 113 mm2 were immediately
removed, washed with distilled water to eliminate other electrolytes adhered to the leaves,
and then placed in a beaker with 50 mL of double-distilled water, which was closed with
aluminum foil. The samples remained at a temperature of 25 ◦C for 24 h and then the initial
electrical conductivity (Ci) was measured; subsequently, the beakers were taken to an oven
with forced air circulation and subjected to a temperature of 80 ◦C for 150 min and then
cooled to determine the final electrical conductivity (Cf). Electrolyte leakage in the leaf
blade was obtained according to [51] using Equation (3):

%EL =
Ci
Cf
× 100 (3)

where:
%EL—electrolyte leakage in the leaf blade;
Ci—initial electrical conductivity (dS m−1); and
Cf—final electrical conductivity (dS m−1).

Gas exchange was evaluated using an intermediate and intact leaf of the productive
branch to determine stomatal conductance (gs-mol H2O m−2 s−1), photosynthesis (A)
(µmol CO2 m−2 s−1), and intercellular concentration of carbon dioxide (Ci) (µmol CO2
m−2 s−1) using the portable photosynthesis meter “LCPro+” from ADC BioScientific Ltd.
(Hoddesdon, England). The readings were performed from 7:00 to 10:00 a.m. using
the third fully expanded leaf counting from the apical bud under natural conditions of
air temperature, CO2 concentration, and using an artificial radiation source established
through the photosynthetic light response curve and determining the photosynthetic light
saturation point [52].

Mature fruits (with a yellow peel color) were harvested from 199 to 253 DAT in the
first cycle and from 361 to 445 DAT in the second cycle. The first cycle comprised the period
from transplanting to the end of the harvest (1–253 DAT). At the end of harvest, a cleaning
pruning was carried out to renew productive branches, eliminating dead, old, diseased
and/or unproductive branches, reducing the problems caused by pests and diseases and
improving the phytosanitary state of the plants. The second cycle began after pruning,
keeping the same plants used in the first production cycle (254–475 DAT). The cultivation
of passion fruit in the second production cycle had the purpose of validating the changes
that occurred in the first cycle in the accumulation of NPK, in physiology, and production,
considering that the responses of plants to stress vary according to the time of year and the
irrigation management, fertilization, and climatic conditions. After harvest, the production
per plant (PROD, kg per plant) was determined and fruits harvested per treatment were
counted, allowing the calculation of average fruit weight.

4.5. Statistical Procedures

The data obtained were evaluated through analysis of variance by the F test after the
data normality test (Shapiro-Wilk). Then, an analysis of variance was performed, with
the Tukey test (p ≤ 0.05) used for irrigation strategies and K doses. These analyses were
performed using the statistical software SISVAR ESAL version 5.7 [53].
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5. Conclusions

Relative water content, stomatal conductance, and photosynthesis were reduced by
salt stress during the first cultivation cycle. However, in the second cycle, irrigation with
4.0 dS m−1 water in the fruiting stage and successively in the vegetative and fruiting stages
resulted in the highest production per plant and in elevation of photosynthesis, respectively.
In the present study, the concentrations of N, P, and K in passion fruit leaves are below the
optimal levels established in the literature, regardless of the development stage and crop
cycle. Changes in ionic homeostasis by inhibition of NPK absorption caused a reduction
in the production of passion fruit under the semi-arid conditions of Northeast Brazil,
leading to a yield lower than the production potential of the BRS GA1 cultivar. Despite the
importance of potassium in osmoregulation and its role in various physiological processes,
such as stomatal regulation, photosynthetic fixation of CO2, and transport and use of
photoassimilates, in the present study, no significant effects of potassium doses were
observed on the relative water content and electrolyte leakage in the leaf blade as well as in
the gas exchange of sour passion fruit in both cultivation cycles. The hypothesis formulated
was confirmed only for potassium concentrations, as fertilization with the recommended
dose of 100% increased the levels of K in plants cultivated under irrigation water salinity
of 1.3 dS m−1 throughout the growth cycle and under water salinity of 4.0 dS m−1 in the
fruiting and vegetative/fruiting stages in the first cycle and in the vegetative stage in the
second cycle. To expand knowledge about Passiflora edulis Sims under salt stress, future
studies should elucidate the effects of salinity on the activity of antioxidant enzymes and
the accumulation of organic solutes and their role in osmotic adjustment, in addition to
ionic homeostasis through the determination of levels of macro and micronutrients and the
accumulation of sodium and chloride in passion fruit plants.
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Abstract: Global climate changes have intensified water stress in arid and semi-arid regions, reducing
plant growth and yield. In this scenario, the present study aimed to evaluate the mitigating action of
salicylic acid and methionine in cowpea cultivars under water restriction conditions. An experiment
was conducted in a completely randomized design with treatments set up in a 2 × 5 factorial
arrangement corresponding to two cowpea cultivars (BRS Novaera and BRS Pajeú) and five treatments
of water replenishment, salicylic acid, and methionine. After eight days, water stress decreased the
Ψw, leaf area, and fresh mass and increased the total soluble sugars and catalase activity in the two
cultivars. After sixteen days, water stress increased the activity of the superoxide dismutase and
ascorbate peroxidase enzymes and decreased the total soluble sugars content and catalase activity of
BRS Pajeú plants. This stress response was intensified in the BRS Pajeú plants sprayed with salicylic
acid and the BRS Novaera plants with salicylic acid or methionine. BRS Pajeú is more tolerant to water
stress than BRS Novaera; therefore, the regulations induced by the isolated application of salicylic
acid and methionine were more intense in BRS Novaera, stimulating the tolerance mechanism of this
cultivar to water stress.

Keywords: Vigna unguiculata (L.) Walp; antioxidant enzymes; drought tolerance

1. Introduction

Global climate changes significantly disturb the space-time distribution of rainfall,
causing water deficit in agroecosystems and reducing crop growth and yield. This reality
has highlighted the need for genetically improved genotypes with traits of agricultural
interest and capability of adapting to different environments under adverse conditions, e.g.,
cowpea (Vigna unguiculata (L.) Walp.) [1]. Cowpea performs a critical nutritional role due
to its use as human food, animal forage, and green manure. It also contributes to social and
economic development in arid and semi-arid regions. In those regions, water limitation in
the soil-plant-atmosphere continuum inhibits germination and plant establishment and
reduces vegetative growth and grain production [2].

The tolerant ones had the highest leaf water potential when comparing tolerant and
sensitive cowpea genotypes to water stress under water restriction conditions. In contrast,
leaf gas exchange and chlorophyll fluorescence decreased more rapidly in the sensitive
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ones [3]. These differences in the physiological and biochemical responses highlight the
need for studies that explore the aptitude of multiple genotypes [4]. The divergences
between genotypes regarding physiological and biochemical variations and gene expres-
sion [5] suggest that the use of elicitors, i.e., low molecular weight molecules that modulate
the cell metabolism, can induce responses that result in higher tolerance to water stress [6].
However, applying elicitors stimulates a cascade of biochemical reactions that modify the
secondary metabolism of plant species [7].

Among elicitors, salicylic acid (SA) is an essential plant growth regulator that, when
applied exogenously, intensifies physiological and molecular processes, including changes
in gene expression, increasing protein synthesis, and activating specific enzymes [8]. SA
applications from 0.1 to 1 mM increase the germination percentage and the activity of
SOD, CAT, and APX in cowpea plants under drought conditions [9,10]. Araújo et al. [10]
observed that applying 1 mM of SA in cowpea plants under water restriction prevented
membrane damage, increased the proline content, regulated early growth, and increased
the levels of chlorophyll a, b, and carotenoids. In another study, the yield of cowpea plants
under water restriction conditions reached values close to 2.64–2.73 Mg ha−1 in the first
and second crop cycles after applying 0.3 g L−1 of SA [8].

Methionine is an essential amino acid that participates in several physiological func-
tions in plants. Its limitation compromises plant survival since this amino acid acts as
an effective regulator in the growth and development of plants subjected to water restric-
tion [11]. Some studies show that the exogenous foliar application of methionine is practical
and positively impacts the integrity of photosynthetic pigments, the accumulation of com-
patible osmolytes, the removal of reactive oxygen species (ROS), and the improvement in
cowpea growth and yield [12].

We hypothesized that foliar application of salicylic acid and methionine could modu-
late cowpea plants’ osmotic and antioxidant metabolism under water restriction. From this
perspective, since the effects of the exogenous applications of elicitors on cowpea plants
grown under stress still require explanation, the present study investigated the effects
of the application of salicylic acid and methionine on the water status, growth, osmotic
adjustment, oxidative stress, and leaf gas exchange indicators of two cowpea cultivars
subjected to water restriction.

2. Results

Eight days after treatment (DAT) application, the first four PCs represented 78% of the
total data variance (s2). PC1 (34% s2) was formed by the linear combination of the water
potential (Ψw) with the leaf area (LA), shoot fresh matter (FM), the total content of soluble
sugars (TSS), and catalase activity (CAT). PC2 (23% s2) is the combination between the
relative leaf water content (RWC) and the content of proline (PRO), total soluble proteins
(TSPs), hydrogen peroxide (H2O2), and ascorbate peroxidase activity (APX). PC3 (13.5% s2)
is the combination of Ψw with superoxide dismutase activity (SOD), whereas PC4 (8% s2)
is the combination of RWC with the content of total free amino acids (TFAAs). There
was a significant difference (p < 0.01) between genotypes (G), treatments (T), and the
G × T interaction in the four PCs (Table 1).

Sixteen DAT, the first four PCs explained 80% of s2. PC1 (38% s2) originated from the
combination between RWC, LA, FM, PRO, TFAA, the CO2 assimilation rate (A), transpira-
tion (E), stomatal conductance (gs), and the internal CO2 concentration (Ci); PC2 (20% s2)
combined TSPs, APX, CAT, and SOD; PC3 (13% s2) is the combination between Ψw, TSS,
and H2O2; finally, PC4 (9% s2) is the combination between TFAAs and SOD (Table 1).

After eight days, the PC1 separated treatments (left–right), and PC2 separated geno-
types (lower–upper). In PC1, water stress decreased the Ψw, LA, and FM and increased
the TSS and CAT activity, a process that occurred more markedly in the G2 plants (BRS
Novaera) sprayed with SA + MET (T5) or when not receiving spraying (T2), and in the G1
plants (BRS Pajeú) sprayed with SA (T3) (Figure 1A,B).
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Table 1. Correlation between original variables and principal components, eigenvalues, explained
and cumulative variances, and the probability of significance of the test of hypothesis after eight and
16 days of the application of treatments.

Variables
Principal Components

8 Days after Treatments 16 Days after Treatments

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

Ψw—Leaf water potential 0.73 * −0.12 0.58 * −0.00 −0.03 −0.31 −0.90 * −0.11
RWC—Relative leaf water content 0.42 −0.61 * 0.12 0.55 * −0.58 * −0.15 −0.36 −0.35
LA—Leaf surface area 0.88 * 0.39 −0.01 0.03 −0.92 * 0.08 −0.03 −0.13
FM—Shoot fresh matter 0.83 * 0.48 0.01 0.12 −0.85 * 0.25 −0.06 0.02
TSS—Total soluble sugars −0.77 * −0.08 0.30 −0.08 0.16 −0.50 0.58 * −0.43
PRO—Proline content −0.58 0.59 * −0.40 −0.2 0.65 * 0.23 0.22 −0.01
TFAAs—Total free amino acids −0.55 0.22 −0.26 0.65 * 0.53 * 0.39 −0.05 −0.61 *
TSPs—Total soluble proteins −0.21 0.76 * 0.29 0.28 −0.42 0.74 * −0.17 0.00
H2O2—Hydrogen peroxide −0.21 −0.63 * 0.18 −0.15 −0.32 −0.52 0.70 * −0.00
APX—Ascorbate peroxidase activity −0.09 −0.78 * −0.32 0.07 −0.13 −0.82 * −0.27 −0.33
CAT—Catalase activity −0.69 * −0.02 0.42 0.26 −0.31 0.76 * 0.17 0.23
SOD –Superoxide dismutase activity −0.35 0.16 0.74 * −0.13 −0.17 −0.66 * 0.06 0.58 *
A—Net CO2 assimilation rate ne ne ne ne −0.94 * −0.12 −0.04 0.11
E—Water vapor transpiration rate ne ne ne ne −0.94 * −0.09 0.15 −0.06
gs—Stomatal conductance to water vapor ne ne ne ne −0.96 * −0.05 0.02 −0.08
Ci—Internal carbon dioxide concentration ne ne ne ne −0.52 * 0.32 0.42 −0.37

λ—Eigenvalues 4.08 2.78 1.62 0.97 6.01 3.27 2.15 1.37
S2 (%)—Explained variance 34.02 23.16 13.51 8.07 37.56 20.45 13.42 8.53
S2 (%)—Cumulative variance 34.02 57.18 70.69 78.77 37.56 58.00 71.42 79.96

MANOVA—Multivariate analysis of variance p-value

Hotelling’s T-squared test for genotypes—G <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Hotelling’s T-squared test for treatments—T <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Hotelling’s T-squared test for the G × T interaction <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

*: Variable with Pearson’s correlation coefficient (r ≥ 0.55) considered for PC; ne: not evaluated eight days after
the application of treatments; PC: principal component.

In PC2, G2 showed the highest PRO accumulation and TSP content and the lowest
RWC, H2O2, and APX activity compared to G1. When analyzing the effect of T within each
G, the G2 plants under water stress and no spraying of elicitors (T2) and those sprayed
with SA (T3) showed the highest PRO and TSP contents, similar to control plants (T1). In
contrast, the plants sprayed with MET (T4) or SA + MET (T5) increased the RWC, H2O2,
and APX, unlike T1 and T2. In G1, the spraying with SA, MET, and SA + MET increased
the RWC, H2O2, and APX and decreased the PRO and TSPs compared to the control.

In PC3, water stress decreased the Ψw and SOD activity in G2 compared to control.
However, MET spraying increased these indicators. On the other hand, the G1 plants
showed increased Ψw and SOD activity under water stress, whereas spraying with SA,
MET, or SA + MET maintained these indicators at levels similar to the control treatment.

In PC4, water stress decreased the RWC and TFAAs of G1 plants, with SA or MET
spraying increasing these indicators in stressed plants to levels similar to the control
treatment. However, when SA + MET were applied together, the RWC and TFAA levels
increased but did not reach levels similar to the control treatment. G2 plants under water
stress and SA spraying showed lower RWC and TFAA values, whereas MET increased these
indicators to levels similar to the control treatment, and the joint application of SA + MET in-
creased these levels to values above those of the control treatment (Figure 1C,D).

Sixteen DAT, in PC1, water stress decreased the gas exchange variables (A, E, gs, and
Ci), increased the content of osmoprotectants (TFAAs and PRO), and decreased the water
content (RWC) and growth (LA and FM) in the two genotypes. This process is intensified
by SA or SA + MET spraying in G1 and SA in G2. Regardless of treatment, the process
described above was more pronounced in G2 (Figure 2A,B and Table 2).
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Figure 1. Two-dimensional projection of the interactions between genotypes and treatments (A,C)
and between the correlation coefficients of the variables (B,D) with the first four principal components
(PCs 1, 2, 3, and 4) eight days after the application of treatments.
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Table 2. Means of the original variables and scores of the principal components eight and sixteen
days after application of treatments.

Var
p-

Value

Means of the Combinations between Genotypes and Treatments after 8 Days

G1—BRS Pajeú G2—BRS Novaera

T1 T2 T3 T4 T5 T1 T2 T3 T4 T5

Ψw <0.01 −0.47Ba −0.52Aa −0.53Aa −0.57Ba −0.56Aa −0.38Aa −0.74Bc −0.56Ab −0.43Aa −0.65Bbc
RWC <0.01 93.43Aa 82.84Ac 86.98Abc 88.37Aabc 89.63Aab 86.53Ba 74.97Bb 74.64Bb 87.75Aa 86.00Aa
LA <0.01 156.80Ba 98.91Ab 77.92Bc 75.04Ac 84.62Abc 260.29Aa 79.55Bc 116.93Ab 85.08Ac 73.44Bc
FM <0.01 11.74Ba 5.89Bb 5.13Bbc 5.55Bbc 4.66Ac 15.39Aa 6.84Ac 8.22Ab 7.03Ac 5.34Ad
TSS <0.01 12.05Ad 20.01Aa 16.78Bbc 14.59Bc 19.05Bab 10.94Ad 15.91Bc 20.01Ab 19.17Ab 24.21Aa
PRO <0.01 8.61Ab 18.64Ba 10.17Bab 6.76Ab 12.03Bab 6.95Ac 60.71Aa 32.82Ab 10.23Ac 28.89Ab

TFAAs <0.01 0.48Ab 0.35Bc 0.66Aa 0.52Ab 0.42Bbc 0.45Acd 0.77Ab 0.40Bd 0.54Ac 0.94Aa
TSPs <0.03 5.92Bab 4.01Bb 5.78Bab 6.73Ba 4.79Bb 7.85Ab 8.32Aab 10.03Aa 8.95Aab 8.50Aab
H2O2 <0.01 8.12Ac 13.37Ab 15.39Aa 16.41Aa 7.59Bc 6.98Bb 6.89Bb 9.50Ba 9.77Ba 9.35Aa
APX <0.06 65.70Aa 49.61Aa 54.99Aa 49.07Aa 70.82Aa 13.46Bb 26.00Bab 34.86Bab 26.00Bab 47.71Ba
CAT <0.50 1.26Ac 1.53Bbc 2.32Aa 2.59Aa 2.25Aab 1.31Ac 2.16Ab 2.49Aab 3.01Aa 2.66Aab
SOD <0.01 7.69Ab 18.16Aa 4.72Bb 4.67Bb 5.58Bb 4.18Ac 9.10Bbc 13.16Ab 29.07Aa 14.54Ab

Means comparison test for the scores of the principal components

PC1 <0.01 1.35Ba −0.01Ab −0.23Ab −0.13Ab −0.05Ab 2.14Aa −1.02Bc −0.41Ab −0.33Ab −1.31Bc
PC2 <0.01 −0.41Ba −0.79Bab −1.04Bb −1.01Bb −1.04Bb 1.19Aa 1.53Aa 1.06Aa 0.26Ab 0.25Ab
PC3 <0.01 −0.61Bb 0.30Aa −0.26Bab −0.04Bab −0.52Ab 0.02Ab −1.54Bc 0.44Ab 2.26Aa −0.05Ab
PC4 <0.01 0.61Aa −1.97Bc 0.34Aab 0.24Aab −0.14Bb 0.33Abc −0.31Ac −1.12Bd 0.48Ab 1.53Aa

Means of the combinations between genotypes and treatments after 16 days

Ψw <0.01 −0.28Aa −0.42Ac −0.25Ba −0.36Bb −0.26Aa −0.28Ab −0.42Ac −0.20Aa −0.26Ab −0.37Bc
RWC <0.01 81.95Aa 73.67Ab 71.18Bb 74.28Bb 71.79Ab 74.40Ba 69.90Bb 74.49Aa 77.86Aa 64.83Bc
LA <0.01 267.48Aa 149.73Ab 129.45Ab 92.17Bc 125.22Ab 144.89Ba 75.38Bc 58.85Bc 111.86Ab 130.74Aab
FM <0.01 15.24Aa 10.60Ab 7.95Ac 6.30Ac 7.78Ac 12.52Ba 7.20Bbc 5.73Bc 7.07Abc 8.33Ab
TSS <0.01 14.30Ac 20.20Aa 15.70Abc 16.64Ab 16.16Abc 11.34Bb 14.49Ba 16.02Aa 16.12Aa 15.86Aa
PRO <0.01 9.04Bc 14.23Bbc 14.61Babc 17.46Aab 20.40Aa 14.14Ac 30.43Aa 18.85Abc 20.70Ab 16.90Abc

TFAAs <0.01 0.77Aab 0.91Aa 0.71Bb 0.74Bab 0.81Bab 0.87Ab 0.96Aab 1.07Aa 1.08Aa 1.05Aab
TSPs <0.27 9.69Aa 6.40Ab 3.61Bc 5.36Bb 8.62Aa 10.27Aa 6.58Abc 5.21Ac 7.10Ab 9.16Aa
H2O2 <0.01 8.12Ab 11.84Aa 8.54Ab 8.27Ab 7.61Ab 5.18Bb 7.82Ba 5.81Bb 5.81Bb 5.33Bb
APX <0.01 90.00Ab 73.81Abc 131.58Aa 59.14Bcd 54.25Ad 20.32Bc 12.86Bc 98.98Ba 86.13Aa 41.46Bb
CAT <0.01 3.03Aa 2.69Aa 1.59Ab 3.14Aa 2.47Ba 3.88Aa 2.87Ab 1.71Ac 2.72Ab 3.43Aab
SOD <0.01 12.28Ac 16.74Abc 25.21Aa 20.10Ab 13.27Ac 14.34Aa 7.94Bbc 12.49Bab 6.91Bc 12.10Aab

A <0.01 23.28Aa 12.17Abc 11.48Ac 13.06Ab 13.38Ab 14.05Ba 7.33Bb 5.65Bc 6.08Bbc 3.86Bd
E <0.01 3.11Aa 1.65Ab 1.16Ac 1.76Ab 1.20Ac 1.39Ba 0.98Bb 0.58Bc 0.71Bbc 0.53Bc
gs <0.01 157.85Aa 65.50Ab 55.30Ab 69.45Ab 57.05Ab 68.25Ba 39.50Bb 26.00Bb 30.00Bb 22.00Bb
Ci <0.01 132.05Aa 83.30Ab 56.75Ab 83.70Ab 70.05Bb 52.45Bc 87.10Aab 58.59Ac 69.80Abc 111.70Aa

Means comparison test for the scores of the principal components

PC1 <0.01 −2.51Bc −0.38Bb 0.11Ba −0.09Bab 0.08Ba −0.49Ac 0.84Aab 1.11Aa 0.69Ab 0.65Ab
PC2 <0.01 0.18Ba −0.74Bb −1.97Bc −0.52Bb −0.02Ba 1.28Aa 0.97Aa −0.69Ac 0.25Ab 1.26Aa
PC3 <0.01 −0.33Ac 1.78Aa −0.43Ac 0.74Ab −0.19Bc −1.17Bb 1.08Ba −1.20Bb −0.81Bb 0.54Aa
PC4 <0.01 −0.97Bc −0.48Bbc 0.95Aa 0.88Aa 0.32Aab 1.47Aa 0.21Ab −0.91Bcd −1.39Bd −0.08Abc

Var: variables; T1: control (100% of soil field capacity); T2: stress (50% of soil field capacity);
T3: stress + salicylic acid (SA); T4: stress + methionine application (MET); T5: stress + SA + MET. Ψw: wa-
ter potential (MPa); RWC: relative water content (%); LA: leaf area (cm2); FM: fresh mass (g); TSS: total soluble
sugars in leaf blades (mg g−1 FM); PRO: free proline in leaf blades (µmol g−1 FM); TFAAs: total free amino acids
in leaf blades (µmol g−1 FM); TSPs: total soluble proteins in leaf blades (mg g−1 FM); H2O2: hydrogen peroxide
in leaf blades (µmol g−1 FM); APX: ascorbate peroxidase activity in leaf blades (nmol of ascorbate min−1 mg−1 of
protein); CAT: catalase activity in leaf blades (µmol of H2O2 min−1 mg−1 of protein); SOD: superoxide dismutase
activity in leaf blades (U min−1 mg−1 of protein); A: net photosynthesis (µmol CO2 m−1 s−1); E: transpiration
(mmol H2O m−1 s−1); gs: stomatal conductance (mmol H2O m−1 s−1); Ci: internal CO2 concentration (ppm);
PC: principal component. Genotype means followed by the same uppercase letters do not differ by Student’s
t-test (p > 0.05), and treatment means followed by the same lowercase letters in the rows do not differ by Tukey’s
test (p > 0.05).

In PC2, water stress increased the activity of the SOD and APX enzymes and decreased
the TSP content and CAT activity of G1 plants. This stress response was intensified in the
G1 plants sprayed with SA and the G2 plants with SA or MET. However, foliar spraying
with SA + MET significantly inhibited this response in the two genotypes and maintained
enzyme activity and the TSP content at levels similar to the control plants (Figure 2A,B and
Table 2).

In PC3, the two genotypes subjected to stress showed increased H2O2 contents, trigger-
ing TSS accumulation and Ψw reduction. In G1, the foliar spraying with SA or SA + MET
reversed this process and made these indicators similar to control plants. In G2, the stress
effect was reversed by the isolated spraying with SA or MET. However, the effect was
maintained when these mitigators were applied together (Figure 2C,D and Table 2).
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In PC4, spraying with SA or MET increased SOD activity and decreased the TFAA
content of G1, differing from the control plants and those under stress and no spraying,
which did not differ concerning these indicators. On the other hand, stress imposition in
G2 increased TFAA accumulation and decreased SOD activity, a process intensified by SA
or MET spraying (Figure 2C,D and Table 2).

Table 2 shows the mean values of the original variables, the scores of the principal
components, and the means comparison tests for these scores.

In cowpea under water stress after 8 days of treatment (8 DAT), only ‘BRS Novaera’
had the leaf water potential decreased by 94% compared to the control. In the same period,
the ‘BRS Pajeú’ under water stress showed a higher water potential (−0.52 MPa) similar to
the control (−0.47 MPa) and higher than the ‘BRS Novaera’ cultivar (−0.74 MPa). Sixteen
DAT, the leaf water potential of the ‘BRS Pajeú’ and ‘BRS Novaera’ cultivars decreased by
50% under water stress compared to the control. The relative leaf water content (RWC)
of the two cowpea cultivars was decreased by water stress. Eight DAT, the RWC of ‘BRS
Novaera’ decreased by 13.74% under water stress compared to the control. Sixteen DAT,
‘BRS Pajeú’ showed a 20% decrease in RWC under water stress compared to the control
(Table 2).

Cowpea cultivars decreased leaf area (LA) under water stress compared to the control.
Eight DAT, ‘BRS Pajeú’ had higher FA (98.91 cm2 per plant) than ‘BRS Novaera’ (79.55 cm2

per plant) under water stress. Sixteen DAT, the LA of ‘BRS Pajeú’ decreased by 40% and
that of ‘BRS Novaera’ by 48% under water stress compared to the control. Water stress
decreased fresh cowpea biomass (FM) compared to the control (Table 2). Eight DAT, ‘BRS
Novaera’ (6.84 g FM) was superior to ‘BRS Pajeú’ (5.89 g FM) in water stress. Sixteen DAT,
the reduction trend of FM in water stress was maintained, being 30.44% in ‘BRS Pajeú’ and
67% in ‘BRS Novaera’ compared to the control (Table 2).

In the cowpea under water stress conditions, total soluble sugars (TSS) increased by
66% and 41.2% in ‘BRS Pajeú’ and 41.4% and 27.7% in ‘BRS Novaera’ compared to the
control for the 8 and 16 DAT, respectively (Table 2). In the isolated application of salicylic
acid (SA, 1.5 mM), TSS decreased by 16.2% and 22.25% in ‘BRS Pajeú’ and increased by
26 and 11% in ‘BRS Novaera’ compared to water stress for 8 and 16 DAT, respectively. In
the isolated application of methionine (MET, 6 mM), only ‘BRS Novaera’ increased TSS by
20.5% and 11.24% compared to water stress for 8 and 16 DAT, respectively. The proline
(PRO) of ‘BRS Pajeú’ increased by 116% and 57.4% under water stress compared to the
control at 8 and 16 DAT (Table 2). In the ‘BRS Novaera’, PRO increased by 774.78% and
115.28% compared to the control at 8 and 16 DAT (Table 2). The isolated application of SA
decreased the PRO levels in ‘BRS Novaera’ by 46% and 38% compared to water stress at
8 and 16 DAT. The isolated application of MET (6 mM) reduced the PRO levels of ‘BRS
Novaera’ by 83.14% compared to water stress at 8 DAT (Table 2).

The total free amino acids (TFAAs) of the ‘BRS Novaera’ under water stress increased
68% compared to the control at 8 DAT (Table 2). At 16 DAT, TFAAs increased by 20% in
‘BRS Pajeú’ and 11% in ‘BRS Novaera’ under water stress compared to the control. The
isolated application of SA in ‘BRS Pajeú’ increased the TFAAs by 91% and 22% compared to
water stress at 8 and 16 DAT. However, in ‘BRS Novaera’ with SA application, the TFAAs
decreased by 46% compared to water stress at 8 DAT, and at 16 DAT, the TFAAs increased
by 12% compared to water stress. The isolated application of MET (6 mM) increased
the TFAA content by 50% in ‘BRS Pajeú’ at 8 DAT and 14% in ‘BRS Novaera’ at 16 DAT
compared to water stress. At 8 DAT, the joint application of SA and MET increased the
TFAA content in ‘BRS Novaera’ by 27% compared to water stress (Table 2).

In the cowpea under water stress conditions, the total soluble protein (TSP) content
decreased by 32.26% in ‘BRS Pajeú’ and increased by 5.99% in ‘BRS Novaera’ at 8 DAT
compared to the control. At 16 DAT, the TSPs of plants under water stress decreased by
34 and 36% for ‘BRS Pajeú’ and ‘BRS Novaera’ compared to the control. The isolated
application of SA (1.5 mM) compared to water stress increased TSPs by 43 and 21% for
‘BRS Pajeú’ and ‘BRS Novaera’ at 8 DAT. At 16 DAT, the isolated application of SA (1.5 mM)
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decreased TSPs by 43.66% and 21% for ‘BRS Pajeú’ and ‘BRS Novaera’ compared to water
stress (Table 2).

In plants under water stress at 8 DAT, H2O2 was increased by 65% in ‘BRS Pajeú’
compared to the control (Table 2). However, at 16 DAT, H2O2 increased by 46% in ‘BRS
Pajeú’ and 51% in ‘BRS Novaera’ compared to the control. At 8 DAT, the isolated application
of SA increased H2O2 by 15% in ‘BRS Pajeú’ and 38% in ‘BRS Novaera’ compared to water
stress. However, in the isolated application of SA at 16 DAT, the ‘BRS Pajeú’ and ‘BRS
Novaera’ cultivars decreased the H2O2 content by 26 and 28% compared to water stress.
In the isolated application of MET compared to water stress at 8 DAT, H2O2 increased by
23% in ‘BRS Pajéu’ and 42% in ‘BRS Novaera’ (42%). At 16 DAT with MET application,
H2O2 increased by 30% only in ‘BRS Pajeú’ compared to water stress (Table 2).

The ascorbate peroxidase activity (APX) of plants under water stress at 8 DAT de-
creased by 24.5% in ‘BRS Pajeú’ and increased by 93% in ‘BRS Novaera’ compared to the
control. At 16 DAT, APX activity decreased by 18% and 37% for ‘BRS Pajeú’ and ‘BRS
Novaera’ compared to the control. The foliar application of SA (1.5 mM) at 8 DAT increased
APX activity by 11% and 34% for ‘BRS Pajeú’ and ‘BRS Novaera’ compared to water stress.
At 16 DAT, SA increased APX activity by 78% in ‘BRS Pajéu’ and 670% in ‘BRS Novaera’
compared to water stress. Foliar application of MET (6 mM) at 16 DAT increased APX
activity by 570% only for ‘BRS Novaera’, compared to water stress. The joint application of
SA and MET increased APX activity by 222% for ‘BRS Novaera’ at 16 DAT compared to
water stress (Table 2).

The catalase (CAT) activity of plants under water stress at 8 DAT increased by
20.63% for ‘BRS Pajeú’ and 66.15% for ‘BRS Novaera’ compared to the control. How-
ever, at 16 DAT, the CAT activity of plants under water stress decreased by 26% in ‘BRS
Novaera’ compared to the control. The isolated application of SA (1.5 mM) at 8 DAT
increased CAT activity by 53% for ‘BRS Pajeú’ and 15% for ‘BRS Novaera’, compared to
the water stress. However, the isolated application of SA (1.5 mM) at 16 DAT decreased
CAT activity by 41% for ‘BRS Pajeú’ and 40% for ‘BRS Novaera’ compared to the water
stress. At 8 DAT, MET foliar application (6 mM) increased CAT activity by 70% in ‘BRS
Pajeú’ and 39% in ‘BRS Novaera’ compared to water stress. However, at 16 DAT, MET foliar
application increased 16.35% CAT activity in ‘BRS Pajeú’ compared to the water stress. In
the joint application of SA and MET compared to water stress, CAT activity increased by
46% for ‘BRS Pajeú’ and 23% for ‘BRS Novaera’ at 8 DAT. However, at 16 DAT, CAT activity
increased by 19% only for ‘BRS Novaera’ compared to water stress (Table 2).

In plants under water stress at 8 DAT, superoxide dismutase (SOD) activity increased
by 136% for ‘BRS Pajeú’ and 118% for ‘BRS Novaera’ compared to the control. At 16 DAT,
the SOD activity of plants under water stress decreased by 45% for ‘BRS Novaera’ compared
to the control (Table 2). At 8 DAT, the SA application compared to water stress decreased
SOD activity in ‘BRS Pajeú’ by 73%. At 16 DAT, the SA application compared to water
stress decreased increased SOD activity by 51% for ‘BRS Pajeú’ and 57% for ‘BRS Novaera’.
Foliar application of MET (6 mM) at 8 DAT compared to water stress increased SOD activity
by 220% in ‘BRS Novaera’ and decreased SOD activity by 74% in ‘BRS Pajeú’ (Table 2).

Leaf gas exchange was evaluated only at 16 DAT, and all leaf gas exchange variables
of ‘BRS Pajeú’ decreased under water stress, with a decrease of 47% in photosynthesis,
47% in transpiration, 59% in stomatal conductance, and 37% in carbon internal compared
to the control. In ‘BRS Novaera’ under water stress, internal carbon increased by 66%
compared to the control, while photosynthesis, transpiration, and stomatal conductance
decreased by 47%, 29%, and 42% compared to the control. The foliar application of
SA (1.5 mM) decreased photosynthesis by 7.35% and 24%, transpiration by 30% and
41%, and stomatal conductance by 16% and 34.17% for ‘BRS Pajeú’ and ‘BRS Novaera’
compared to water stress, respectively. However, only the internal carbon of ‘BRS Novaera’
decreased by 33% compared to water stress. The foliar application of MET (6 mM) increased
photosynthesis by 5.53%, transpiration by 6.36%, and stomatal conductance of ‘BRS Pajéu’
by 6.03% compared to water stress. However, in ‘BRS Novaera’, the application of MET
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decreased photosynthesis by 17.68%, transpiration by 28.57%, and stomatal conductance by
24.05% compared to water stress. In the joint application of SA and MET, only the internal
carbon of ‘BRS Novaera’ increased by 28.24% compared to water stress (Table 2).

3. Discussion

Some cowpea cultivars (e.g., BRS Novaera) show reductions in the leaf water poten-
tial under water restriction conditions, damaging different growth indicators, including
leaf area and fresh mass [13]. One of the effects most related to the reduction in growth
indicators caused by water restriction is the loss of cell turgor, which restricts cell division
and elongation and causes physiological changes that include disturbances in photosynthe-
sis [14].

The probable damage caused to the photosynthetic apparatus might have favored an
increase in the levels of reactive oxygen species in the cultivar BRS Novaera as soon as
the first eight days of stress, justifying the increase in the activity of antioxidant enzymes
such as CAT. The increase in the activity of this enzyme is due to the drought tolerance
mechanism attributed to some cowpea cultivars [6]. In the cultivar BRS Novaera, stress
imposition for eight weeks increased the TSS content in cowpea leaves, which is considered
an expected reaction and could be related to starch degradation, favoring the action of the
osmolyte as an osmotic adjuster or metabolic signaling molecule frequently involved with
drought tolerance [15,16].

In addition to TSS, other compatible osmolytes, e.g., PRO and TSPs, can contribute
to the osmotic adjustment process of different species under stress conditions, including
cowpea [17,18]. In addition to the cultivar BRS Novaera, an increase in PRO levels after
SA application (T3) was already observed in other cowpea cultivars by Andrade et al. [19].
SA is related to several regulatory functions of plant metabolism and activates defense
mechanisms against water deficit, including osmotic adjustment [20]. Compatible solutes
are typically hydrophilic and can replace water molecules on the surface of proteins and
membranes, which increases osmotic pressure and the potential water gradient between
soil and roots at the first moment, thus enabling a continuous influx of water by osmosis
throughout the plant [17].

In the cowpea cultivars BRS Pajeú (G1) and BRS Novaera (G2), the application of plant
elicitors eight days after the beginning of the water deficit increased the RWC, H2O2, and
APX activity. The action mechanism of SA suggests that this acid is also responsible for
increasing the concentrations of ROS, such as H2O2, during the first days of stress through
a signaling process that leads to the activation of the cellular detoxification mechanism,
thus promoting stress tolerance [21]. Applying both SA and MET can intensify the activity
of antioxidant enzymes under water deficit conditions, maintaining membrane stability
and increasing the plant water status [11,12]. Specifically, in the cultivar BRS Pajeú (G1),
the application of elicitors might have directly contributed to water status maintenance
processes unrelated to the accumulation of compatible osmolytes, e.g., PRO and TSPs, even
during the first evaluation period.

Since the enzyme activity observed results from both synthesis and degradation, the
net SOD activity in the cultivar BRS Novaera (G2) reduced after 16 days under water deficit.
According to Liang et al. [22], a decrease in the SOD synthesis or an increase in the SOD
proteolysis occurs in plants under water deficit due to disturbances in the photosynthetic
mechanism. Furthermore, H2O2 accumulation under drought conditions can also decrease
SOD activity. After eight days, MET application in the cultivar BRS Novaera (G2) and
the remaining elicitors in BRS Pajeú (G1) increased the SOD levels and contributed to the
recovery of the plant water status. Both MET and SA effectively removed the superoxide
ion, primarily through increased SOD activity [9,11]. The increase in this enzyme’s activity
contributes to maintaining membrane integrity by reducing lipid peroxidation [22].

In the present study, the water deficit decreased the TFAA levels in both cowpea
cultivars after eight days. According to Goufo et al. [17], cowpea can regulate its nitrogen
metabolism, converting amino acids into proteins and vice versa, depending on the current
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needs of the plant. Therefore, the results of the present study suggest that reduced TFAA
levels could be related to increased TSP concentrations, especially in the cultivar BRS
Novaera (G2). The application of elicitors increased the TFAA levels of the cultivars BRS
Pajeú (G1) and BRS Novaera (G2) under water restriction conditions in the first eight days.
Due to the apparent plasticity of cowpea plants in controlling their N metabolism, increases
in the TFAA levels are relevant not only for protein biosynthesis but also for influencing
different physiological processes, e.g., growth and development. Gorni et al. [23] indicate
that TFAA levels contribute to intracellular pH control, metabolic energy generation, and
plant water stress tolerance.

After 16 days of stress, the plasticity of cowpea plants in regulating their morphophys-
iological attributes became clear. However, the photosynthetic metabolism of the species
is sensitive to water deficit since the reduction in net photosynthesis occurs by stomatal
closure, limiting the CO2 supply for RuBisCO as soon as the stress is imposed [6]. In gen-
eral, cowpea cultivars under water deficit show a rapid reduction in stomatal conductance,
which signals the closing of stomata, followed by low photosynthetic and transpiration
rates [3]. Nevertheless, stomatal closure is one of the first responses of the species, working
as an efficient adaptative mechanism to control transpiration. The increase in the osmoreg-
ulatory levels such as PRO and TFAAs, in turn, could work as an osmotic adjustment in
some cowpea cultivars under water restriction [3,13,17,24], which, in the present study,
also happened after 16 days of stress. The active mechanism works through the synthesis
and accumulation of organic solutes in the cytoplasm, and the result is the reduction in the
water potential of the plant, providing a water potential gradient favorable to water uptake
and the maintenance of cell turgor [17,25].

The prolonged water stress of 16 days (16 DAT) might have intensified the disturbances
in photosynthetic processes and affected the growth indicators of cowpea, e.g., dry matter
production and leaf area expansion [19,26] and pod weight and yield [27]. Although SA is
frequently associated with beneficial effects on photosynthetic processes even under water
deficit conditions, the second application of elicitors in both cultivars of the present study
seems to have negatively affected the gas exchange indicators. The second application
of 0.21 g L−1 SA in the 8-day interval may have generated momentary photosynthetic
disturbances during the evaluated period. Kumar et al. [28] reported the harmful effects
on the photosynthetic activity and the inhibition of the nitrate uptake system in Trifloium
alexandrinum (L.) after the application of a high level of salicylic acid (100 µg mL−1).

The increased ROS levels observed after 16 days of stress, especially in the cultivar
BRS Pajeú (G1), could result in lipid peroxidation, protein oxidation, inhibited enzyme
activity, oxidative damage to RNA and DNA, and cell death [11,29]. In the present study,
the modulation in the biochemical mechanism of cowpea plants under water restriction
becomes more evident over time. After 16 days under stress, the increase in the levels
of antioxidant enzymes in both cultivars suggests the intensification of the antioxidant
metabolism mediated by SOD, which converts O2− into H2O2 so that this oxidizing agent
can be more easily converted into H2O, preferably by the enzyme APX at the second
moment, reducing the oxidative damage to plant cells [19]. In the referred period, the
intensification of SOD and APX activity after SA application in both cultivars and MET
application in the cultivar BRS Novaera (G2), under water restriction, was also observed by
Andrade et al. [19] and Merwad et al. [12] in other cowpea cultivars.

After 16 days under water deficit, stress continued to restrict the water supply to
leaf tissues, causing oxidative damage to cowpea plants, represented by the increased
H2O2 levels. As a result, high H2O2 levels can interrupt the photosynthetic machinery [30].
However, changes to the gene expression and protein levels are also triggered during
the stress period [31], inducing increases in cowpea [32]. The application of elicitors in
both cultivars, especially SA, enabled plants to resume the water supply and balance
the oxidative metabolism by increasing the leaf water potential and reducing the H2O2
levels [11]. Salicylic acid protects the cell membranes and their carrier proteins, which
maintain their structure and function against the toxic and disruptive effects of reactive
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oxygen species released during stress [33]. At a higher intensity in the cultivar BRS Novaera
(G2), MET application after 16 DAT effectively reduced the H2O2 contents in stressed plants,
which may have contributed to reducing the lipid peroxidation levels and, consequently,
maintaining the damage to cell membranes [11,12].

The divergences observed between the cowpea cultivars BRS Pajeú (G1) and BRS
Novaera (G2) after 16 DAT for the SOD and TFAA contents under stress conditions in
the absence and presence of elicitors highlight the evidence that the responses of plants
of the same species to stress conditions depend on each genotype [4,34]. In the cultivar
BRS Pajeú (G1), water restriction may have reduced nitrogen assimilation even after the
second application of elicitors [12] since this nutrient is an indispensable intermediate in
the nitrogen metabolism and the biosynthesis of amino acids. After SA application, the
intensified reduction in TFAA levels indicates the participation of the elicitor in inducing
the expression of 11 new cowpea proteins in plants subjected to water stress, which is
related to the improvement in growth and production [8]. On the other hand, in the cultivar
BRS Novaera (G2) under water restriction for 16 days, the increase in the TFAA levels could
be related to the osmotic adjustment process, in which the osmoprotectant mediated by
these molecules reduced the damage to cell membranes and, consequently, the levels of
ROS, possibly justifying the reduction in antioxidant activity. SA application intensified
the synthesis of TFAAs and highlighted the importance of these molecules in different
anti-stress metabolic pathways since they act as signaling molecules and precursors for
synthesizing plant hormones or secondary metabolites of the defense mechanism [23].

4. Materials and Methods
4.1. Location of the Research Area and Experimental Design

The experiment was conducted from October to December 2019 at the Forest Garden
(Horto Florestal) area (an extension of the Integrated Research Complex of Três Marias,
Campus I) of the State University of Paraíba, located in Campina Grande—PB (07◦13′50′′ S,
35◦52′52′′ W, at an elevation of 551 m). The climate is classified as BSh, according to Köppen
and Geiger, with a mean temperature of 23.3 ◦C and a mean annual rainfall of 503 mm [35].

We subjected two cowpea cultivars (BRS Novaera and BRS Pajeú) to five treatments,
described as follows: control (T1: 100% of soil field capacity); stress (T2: 50% of soil field
capacity); T3: stress + salicylic acid application − SA (0.21 g L−1); T4: stress + methionine
application −MET (0.89 g L−1); T5: stress + SA (0.21 g L−1) + MET (0.89 g L−1). The SA
and MET concentrations were established based on previous studies conducted by Dutra
et al. [9] and Merwad et al. [12]. The experiment was set up in a completely randomized
design with five replications (n = 5), totaling fifty experimental units composed of two
plants per pot.

4.2. Conduction of the Experiment

Pots with a capacity of 3.6 dm3 were filled with clayey-sandy soil whose physical and
fertility characteristics were as follows: sand: 659 g kg−1; silt: 101 g kg−1; clay: 240 g kg−1;
apparent density: 1.38 kg dm−3; particle density: 2.63 kg dm−3; total porosity: 0.48 m3 m−3;
calcium: 2.38 cmolc dm−3; magnesium: 1.66 cmolc dm−3; sodium: 0.23 cmolc dm−3; potas-
sium: 0.14 cmolc dm−3; hydrogen + aluminum: 5.69 cmolc dm−3; and organic matter:
20.38 g kg−1; pH: 4.8.

The soil was corrected to increase the base saturation percentage to 70% using 4.8 mg
CaCO3 (pure for analysis) per pot. After correction, the soil was moist for 30 days before
sowing. We applied 20 kg ha−1 of P2O5, 30 kg ha−1 of N, and 35 kg ha−1 of K2O [36],
corresponding to 36 mg of P2O5, 54 mg of N, and 63 mg of K2O per pot. The fertilizers used
were urea (45% N), monoammonium phosphate (12% N and 65% P2O5), and potassium
chloride (60% K2O). Monoammonium phosphate was applied before sowing. Urea and
potassium chloride were applied in equal portions at 30◦, 47◦, and 52◦ days after sowing.
The seeds used in the experiment were processed to remove those with physical damage
and malformations. Subsequently, the seeds were exposed to the preventive fungicide
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Captan® (Captana 800 g kg−1 a.i) at 0.11 g per 100 g−1 of seeds and were left to rest for 24 h.
Soil saturation was performed before sowing for 48 h, followed by excess water drainage to
maintain the soil at field capacity on the sowing [37]. The pots were arranged in five rows
with ten pots each and spaced 0.8 m between tows and 0.6 m between pots.

Sowing was performed by equidistantly distributing five seeds per pot at a mean
depth of two centimeters. The plants were thinned to two seedlings per pot 17 days after
sowing. Water replenishment was performed daily and manually from sowing to the
beginning of treatments. This procedure was performed according to the water volume
lost by evapotranspiration in each pot, with irrigation using 100 and 50% of the water
volume lost by evapotranspiration in the control and other treatments (stress, stress + SA,
stress + MET, and stress + SA + MET), respectively.

Water replenishment was performed daily by weighing the pots and calculating the
water volume to be replenished based on the difference between the maximum storage–
AM (water capacity available in the pot) and the current storage—AT, according to Casaroli
and van Lier [38], using the following equation:

I = AM − AT (1)

where:

I—necessary irrigation, L pot−1;
AM—maximum storage, L pot−1;
AT—current storage, L pot−1.

When the plants reached the developmental stage V8 (55 days after sowing—DAS),
the application of treatments began with water restriction and the first application of elicitor
substances at a level of 20 mL per plant, totaling 40 mL per pot for each solution (SA, MET,
and SA + MET). The elicitors were applied via spraying until the runoff point of the solution
in the abaxial and adaxial regions of the leaves.

After eight days of treatment (8 DAT), one plant from each pot was collected for
destructive analysis using the following parameters: water status (water potential—Ψw;
relative water content—RWC), growth (leaf area—LA and total fresh mass—FM), os-
moregulators (total soluble sugars—TSS, proline—PRO, total free amino acids—TFAAs,
total soluble proteins—TSPs), and the antioxidant mechanism (hydrogen peroxide—H2O2,
superoxide dismutase—SOD, ascorbate peroxidase—APX, and catalase—CAT). The treat-
ments were reapplied in the plants that remained in the pots 8 DAT. After eight days of the
reapplication, the gas exchange variables were measured at 16 DAT, followed by sample
collection to measure these variables.

4.3. Growth Analysis and Plant Water Status

The Ψw measurements in the plant petioles were performed with a Scholander 3005F01
pressure chamber (Soil Moisture Corp., Santa Barbara, CA, USA) from 3:00 to 5:00 a.m.,
with values expressed as MPa [39]. For the RWC analysis, three fresh leaf disks were
removed with a copper cutter and weighed (DFM), immersed in 10 mL of distilled water
for 24 h, and weighed again to obtain the turgid mass (DTM). Then, the material was dried
in a forced air oven at 80 ◦C for 24 h to obtain its dry mass (DDM). The RWC was calculated
using the equation proposed by Smart and Bingham [40]:

RWC(%) =
(DFM−DDM)

(DTM−DDM)
× 100 (2)

where: RWC (%) = relative water content. DFM = fresh disk mass. DTM = turgid disk mass.
DDM = dry disk mass.

The leaf area (LA) was determined using a planimeter (LI-3100, USA) and expressed
as cm2. The fresh leaf mass (FM) was obtained by weighing the plant material in an
analytical balance.
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4.4. Analysis of Compatible Osmotic Concentrations

TSS quantification in leaf blades was performed by the phenol-sulfuric acid method de-
scribed by Dubois et al. [41], with readings in a spectrophotometer at 490 nm of absorbance
and expressed as mg TSS g−1 of FM. PRO quantification in leaf blades was performed
by the colorimetric method proposed by Bates et al. [42], with readings at 520 nm. The
concentrations were based on the L-proline standard curve and were expressed as µmol of
PRO g−1 of FM.

The TFAA concentration in leaf blades was determined according to the method
described by Peoples et al. [43], with readings at 570 nm quantified according to the
glutamine standard curve and expressed as µmol TFAA g−1 FM. The TSP concentration
was determined according to Bradford [44], with readings at 595 nm and data described as
mg TSP g−1 FM using the albumin standard curve as a reference.

Analysis of Antioxidant Mechanism Components

H2O2 quantification in leaf blades was performed following the method of Velikova
et al. [45], with readings at 390 nm and concentrations expressed as µmol H2O2 g−1 FM.
SOD activity in leaf blades was determined based on the photoreduction inhibition capacity
of nitro blue tetrazolium chloride (NBT) by the enzyme of the plant extract, following the
method of Beauchamp and Fridovich [46] and expressed as U min−1 mg−1 of protein, with
readings at 560 nm of absorbance. CAT activity in leaf blades was quantified according
to Kar and Mishra [47], with readings at 240 nm expressed as µmol of H2O2 min−1 mg−1

of protein.
APX activity in leaf blades was determined by the method proposed by Nakano and

Asada [48], calculated based on ascorbate consumption by monitoring the decrease in
absorbance in 10 readings at 290 nm in a quartz cuvette, expressed as nmol of ascorbate
min−1 mg−1 of protein.

4.5. Leaf Gas Exchange

The gas exchange variables were measured in the middle region of the plant, represented
by net photosynthesis—A (µmol CO2 m−1 s−1), transpiration—E (mmol H2O m−1 s−1), stom-
atal conductance—gs (mmol H2O m−1 s−1), and internal CO2 concentration—Ci (ppm)
using an infrared gas analyzer—IRGA (Infra-red Gas Analyzer)—GFS 3000 FL. All mea-
surements were performed in the morning, between 8:00 and 11:00 a.m., in a leaf area of
8 cm2 using an artificial radiation source with an intensity of 1200 µmol m−2 s−1 under
control cuvette conditions at a temperature of 26.4 ◦C (± 1), relative humidity of 60% (±1),
and CO2 concentration of 400 µmol mo1−1.

4.6. Statistical Analysis

The data on the original variables were standardized to obtain the zero mean and

unit variance (
−
x = 0 and s2 = 1) and evaluated by principal component analysis (PCA) and

multivariate analysis (MANOVA) by Hotelling’s test (p ≤ 0.05). The means of the scores of
each principal component (PC) for the cultivation conditions were compared by Tukey’s
test (p ≤ 0.05), and the means of the cultivars were compared by Student’s t-test (p ≤ 0.05).

5. Conclusions

In the present study, exogenous applications of salicylic acid and methionine in cow-
pea plants under water restriction modulated the osmoregulation metabolism of free amino
acids, proline, soluble proteins, and free carbohydrates, in addition to the antioxidant
activity of the SOD, APX, and CAT enzymes, improving the water status after eight days of
application of treatments. Furthermore, after 16 days, the cowpea cultivars under stress
showed reduced water loss by transpiration, which may have regulated the photosyn-
thetic processes.

The regulations in the cultivar BRS Novaera induced by salicylic acid and methionine
were more expressive and beneficial to intensifying the tolerance mechanism of the species
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to water restriction. Therefore, both elicitors act as modulators of the species’ metabolism
and effectively mitigate the effects of water stress. Further research is required to identify
the influence of elicitors in the reproductive phase and their consequent representativeness
in the production indicators of the species, including under field conditions.
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Abstract: A strategy using bacilli was adopted aiming to investigate the mitigation of the effects of
water deficit in sesame. An experiment was carried out in a greenhouse with 2 sesame cultivars
(BRS Seda and BRS Anahí) and 4 inoculants (pant001, ESA 13, ESA 402, and ESA 441). On the
30th day of the cycle, irrigation was suspended for eight days, and the plants were subjected to
physiological analysis using an infrared gas analyzer (IRGA). On the 8th day of water suspension,
leaves were collected for analysis: superoxide dismutase, catalase, ascorbate peroxidase, proline,
nitrogen, chlorophyll, and carotenoids. At the end of the crop cycle, data on biomass and vegetative
growth characteristics were collected. Data were submitted for variance analysis and comparison
of means by the Tukey and Shapiro–Wilk tests. A positive effect of inoculants was observed for all
characteristics evaluated, contributing to improvements in plant physiology, induction of biochemical
responses, vegetative development, and productivity. ESA 13 established better interaction with the
BRS Anahí cultivar and ESA 402 with BRS Seda, with an increase of 49% and 34%, respectively, for
the mass of one thousand seeds. Thus, biological indicators are identified regarding the potential of
inoculants for application in sesame cultivation.

Keywords: abiotic stress; water restriction; rhizobacteria; osmoprotection system; leaf gas exchange;
sesame

1. Introduction

A broadly defined group of rhizobacteria has been associated with plants, as pro-
moters of plant growth and root development by several mechanisms, such as biological
nitrogen fixation [1,2], in the release and uptake of insoluble nutrients (e.g., iron and phos-
phorus), stimulation of phytohormone synthesis [3], suppression of pathogens through
the production of antibiotics and siderophores [2,4], among others, establishing beneficial
associations with their host plants.

In drylands (arid and semi-arid regions), the association of plants (both crops and
native species) with stimulating rhizobacteria is important to the plant’s establishment
and development, since in addition to providing nutrients and stimulating growth, these
microbes also help plants cope with drought stress [5–8]. These bacteria could be used as
inoculants in agriculture since biofertilizers with high concentrations of microorganisms act
on the growth and development of plants, increasing crop production, preserving soil life,
reducing production costs, without causing damage to water resources or emissions of pol-
lutants, and acting upon soil bioremediation [9,10]. In addition, due to the mitigating action
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on the negative effects caused by biotic and abiotic stresses [11,12], inoculants can be used
as a strategy to promote various agricultural crops in arid and semi-arid environments. In
drylands, the effects of inoculants are already observed in several crops, for example, maize
(Zea mays) [13], sorghum (Sorghum bicolor) [14], pear-millet (Pennissetum glaucum) [15], and
sesame (Sesamum indicum) [16,17], indicating the potential of selected bacteria for agricul-
tural applications in the field.

Sesame (Sesamum indicum L.) is an agricultural food crop that is oleaginous and has
seeds with excellent quality oil as well as antioxidants from the presence of sesamol,
sesamolin, and sesamin [18]. This crop is used in the production of various foods, in the
medicinal and pharmaceutical industries, and also consumed in nature and in animal
feed. It is easy to grow and tolerant to certain periods of drought, which makes it an ideal
alternative for small and medium rural producers [19]. However, to achieve maximum
yield, it requires well-distributed rainfall during the different phases of its cycle [20]. In
this context, the application of stimulating bacteria could benefit plant growth under water
deficit conditions.

Water deficit is limiting for water relations at the cellular level or for the whole
organism of plants, causing economic losses in agriculture [21]. Rhizobacteria can act
on the regulation of plant physiology and produce compounds that act as mediators for
abiotic stress in plants by inducing the expression of specific genes [22–24]. Drought is a
serious problem for agricultural crops, and to overcome this limitation, technologies are
emerging, such as the use of new inoculants [5,7], aiming to promote increased production,
especially in environments where climatic conditions are limiting, such as arid and semi-
arid environments.

Based on this perspective, this study aimed to investigate the vegetative growth and
yield of two sesame cultivars in interaction with Bacillus spp. inoculants, as well as the
physiological and biochemical behavior of plants, under water deficit conditions.

2. Results and Discussion
2.1. Gas Exchange and Fluorescence

For both cultivars, Ci (internal concentration of CO2) increased in most treatments
under water stress conditions (Figure 1a). Sesame genotypes under salt stress with average
Ci below 200 µmol mol−1 indicate low photosynthetic activity [25]. Decreases in Ci present
stomatal limitation, impairing photosynthetic performance, as the greater the stomatal
opening, the greater the diffusion of carbon dioxide to the substomatic chamber, increas-
ing Ci and consequently favoring photosynthesis. When comparing the data referring
to Ci and iEC (instantaneous efficiency of carboxylation) (Figure 1e), it was possible to
observe a low efficiency of carboxylation, implying that the accumulation of CO2 present,
especially in treatments under water stress, was not transferred to the substomatal cham-
ber where it would be used in the incorporation of photoassimilates resulting from the
photosynthetic process.

As expected, with the decrease in the other variables, the A (photosynthesis) (Figure 1b)
was also affected in plants under water restriction, with an average reduction of 60%.
Photosynthesis decreases as a function of stomatal closure and the persistence of water
deficit [26]. The reduction in photosynthetic rate is correlated with several factors, such
as the amount of water absorbed, the CO2 fixed by the plant due to stomatal closure, as
well as by the diffusive resistance of the stomata that limits the gaseous conduction of the
leaf [27].

For E (transpiration), a reduction was observed in both cultivars in all treatments
under water deficit (Figure 1c). The reduction in E comes from stomatal closure since plants
under water restriction or at high temperatures tend to close their stomata so as not to
lose water, as highlighted in studies with sesame plants under water deficit [28,29]. E is a
crucial factor for processes such as leaf temperature regulation. E occurs in the stomata,
also known as guard cells, which are microscopic pores present in the leaf epidermis that
capture biotic and abiotic stimuli from the internal or external environment and respond
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quickly with mechanisms to close the stomata under unfavorable conditions, such as water
deficit [30,31].
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Figure 1. (a) Internal CO2 concentration (Ci), (b) photosynthesis (A), (c) transpiration (E); (d) stomatic
conductance (gs), (e) instantaneous efficiency of carboxylation (iEC), (f) instantaneous transpiration
efficiency (iTE) in sesame cultivars (BRS Anahí and BRS Seda) inoculated with bacilli, under water
deficit and different sources of nitrogen. WN-with nitrogen and NN-no nitrogen. Triple interactions:
lowercase letters compare the water regime within each cultivar; capital letters compare treatments
with inoculants within each cultivar; and Greek letters compare the cultivars.

The gs (stomatal conductance) showed no significant difference in the triple interaction
in the cultivars under water deficit; however, in the irrigated condition, ESA 441 improved
the dynamics of stomatal conduction in both cultivars (Figure 1d). The interaction of
cultivars with the water regime showed similar behavior for both cultivars in the stress
condition. The interaction between the water regime and the treatments showed a signifi-
cant difference; therefore, the photosynthetic metabolism had its functioning compromised
by the low absorption of CO2 or the direct effect of the stress caused by water deficit [32].
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The A/Ci ratio implies the instantaneous efficiency of carboxylation (iEC). iEC closely
matches intracellular CO2 concentration and carbon dioxide assimilation rate. Variations
in the optimal temperature (between 20 ◦C and 30 ◦C) or factors considered stressful to
plants, such as salinity and water deficit, can cause a restriction in the flow of CO2 to the
carboxylation site [33], thus hindering cells’ metabolism in the use of substrate for plant
cell biosynthesis. For iEC in the triple interaction, inoculants and nitrogen management
provided greater carboxylation efficiency in the irrigated condition (Figure 1e). No statistical
difference was observed in the treatments in BRS Anahí in the stressed condition; however,
BRS Seda was more favored by inoculation with pant001, ESA 13, and WN in the same
condition, being relatively more efficient.

ESA 402 proved to be efficient in maintaining a higher iTE standard in both cultivars,
especially under water restriction (Figure 1f). Similar results were described in sesame
plants under water stress and with the application of salicylic acid [34]. The same bacteria
also improved the water use efficiency of sorghum under drought [7], indicating the
potential of this strain for inoculating multiple crops.

When the fluorescence (Fo, Fv, Fm, and Fv/Fm) was measured, it was possible to
identify positive interactions within the adopted significance levels (Figure 2). Plants once
subjected to abiotic stresses (salinity, water deficit, heat stress, among others) show changes
in the state of membranes, implying changes in the thylakoids’ function in chloroplasts,
triggering changes in the characteristics of fluorescence signals. Despite the consequences
imposed by different types of stress, sesame presents good phenotypic plasticity [35].
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Figure 2. (a) Initial fluorescence (Fo), (b) average fluorescence (Fm), (c) variable fluorescence (Fv);
(d) relationship between Fv/Fm, in sesame cultivars (BRS Anahí and BRS Seda) inoculated with
bacilli, under water deficit and different nitrogen sources. WN-with nitrogen and NN-no nitrogen.
Triple interactions: lowercase letters compare the water regime within each cultivar; capital letters
compare treatments with inoculants within each cultivar; and Greek letters compare the cultivars.

60



Plants 2023, 12, 1337

2.2. Biomass, Growth Measures and Nitrogen

A high sensitivity to water deficit was observed in both cultivars in the first 24 h after
watering was suspended, with signs of wilting, leaf curl, curving of the main stem, side
branches, and the presence of trichomes. There was an accentuated floral abortion and leaf
abscission in all stressed plants (Figure 3). This behavior is a strategy used by plants to
save water and energy, given the critical moment to which they were subjected [36].
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Figure 3. Observation of the events caused by water deficit in plants at BRS Anahí: (A) floral abortion;
(B) leaf and floral abortion interval; and (C) presence of trichomes.

Sesame plants inoculated with the bacilli showed a positive interaction for plant height
(Figure 4a). For the cultivar BRS Anahí there was no significant difference for the treatments
in the irrigated condition; however, in the condition with water deficit pant001 and WN
promoted the best averages for the variable plant height, without statistically differing from
the strains ESA 13 and ESA 441. In the water deficit condition for BRS Seda, treatments
with ESA 441, WN, and NN were the most significant for plant height (Figure 4a). In corn,
rhizobacteria can potentially reduce fertilization with inorganic nitrogen without affecting
growth parameters, proving the efficiency of Bacillus spp. as growth promoters when faced
with a chemical nitrogen fertilizer [37]. Studies with sesame plants (BRS Seda) at different
irrigation levels showed averages like those found in this work [38,39].

For the stem diameter variable, no significant difference was observed for the inocu-
lants in the cultivar BRS Anahí, in the irrigated condition; in the water deficit condition,
pant001 and nitrogen management presented the best means. The cultivar BRS Seda had a
positive interaction in the irrigated condition with pant001; however, when submitted to
water restriction, the strain ESA 402 was more efficient in the stem diameter, but it did not
differ statically from the other treatments (Figure 4b).
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Figure 4. Growth characteristics of sesame cultivars (BRS Anahí and BRS Seda) inoculated with bacilli,
under water deficit and different nitrogen sources. WN-with nitrogen and NN-no nitrogen. Plant
height (a), stem diameter (b), shoot dry mass (c) and root dry mass (d). Lowercase letters compare
the water regime within each cultivar; capital letters compare treatments within each cultivar; Greek
letters compare cultivars.

When the shoot dry mass was evaluated for the cultivar BRS Anahí, in the irrigated
condition there was a significant difference and the treatments inoculated with the bacilli
showed the best means; in the water deficit condition, strain ESA 402 and WN presented
the highest means, while pant001 and ESA 13 also showed positive effects when com-
pared to NN (Figure 4c). In the cultivar BRS Seda inoculated with ESA 402, there was a
significant increase in the dry mass of the shoots in the water deficit condition. Due to the
characteristics of each cultivar, there was a significant difference in shoot dry mass between
them (Figure 4c). Significant effects of water restriction on sesame were observed with
a reduction in shoot dry mass, plant height, number of capsules per plant, and sesame
productivity from the thirtieth day after planting [38]. ESA 13 already proved to be an
efficient plant growth promoter for rice (Oryza sativa) [6], while ESA 402 showed positive
effects on sorghum under full irrigation [40] and water deprivation conditions [7]. The
results observed for the sesame genotypes in the present study agree with the potential of
both bacilli to compose multi-crop inoculants for drylands.

In relation to dry root mass, in the irrigated condition, the cultivar BRS Anahí inoc-
ulated with ESA 13 presented the best average (Figure 4d); with water deficit, pant001
promoted the highest dry root mass, followed by ESA 13, WN, and ESA 402; with ESA 441,
the dry mass of the root was reduced by more than 50% in relation to the irrigated con-
dition. In the BRS Seda cultivar, the results for dry root mass were quite similar between
irrigated and non-irrigated conditions. However, pant001 was the strain that provided the
highest mean among the inoculated treatments (Figure 4d). In an experiment with peanut
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genotypes treated with bacterial strains and under water deficit, minimal differences were
observed in relation to water restriction [41]. Despite the plants showing reductions in
root growth, the bacterial strains were efficient in promoting growth and water deficit
attenuation, emphasizing the importance of using inoculants to mitigate the effects of water
deficit [12,41].

Based on these results, it is possible to identify a significant contribution of inoculants
to the plant growth attributes of the investigated sesame cultivars, implying a beneficial ac-
tion and a biosustainable alternative for the crop, with a view to reducing and/or replacing
chemical fertilizers. The use of biofertilizers before, during, and after environmental stress
can promote adjustments in plant defense mechanisms and increase soil water retention
capacity, growth, and root performance [2,12,23,24,42].

The number of capsules per plant is a component of the final production, giving a
cause-and-effect estimate: the more capsules per plant, the more seeds, which would also
increase the seed mass. However, factors such as high temperature and water restriction
can impair seed filling, as observed in this experiment. It is important to note that for
the number of capsules per plant, strains pant001 and ESA 402 showed a positive and
significant interaction for both cultivars (Figure 5a).
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Figure 5. Number of capsules per plant (a) and weight of one thousand seeds (b) of two sesame
cultivars (BRS Seda and BRS Anahí) inoculated with bacilli and under water restriction. WN-with
nitrogen and NN-no nitrogen. Lowercase letters compare the water regime within each cultivar;
capital letters compare treatments within each cultivar; Greek letters compare cultivars, according to
Tukey’s test at 5% probability.
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For the mass of a thousand seeds, the inoculants promoted higher averages than the
nitrogen treatment, both in the irrigated condition and in the water deficit (Figure 5b).
However, in the water deficit condition, the WN treatment presented the lowest average,
being more sensitive to stress in the production of viable seeds for the two cultivars.

In the double interaction analysis (water regime x treatment) for the mass of a thousand
seeds, the inoculants promoted higher averages than the nitrogen treatment both in the
water deficit and in the irrigated conditions (Figure 6). These results suggest that biological
inoculants can mitigate the effects of water deficit and, consequently, favor production
since growth variables were also favored. Nitrogen fertilization was evaluated in sesame
and found to be between 2.87 g and 3.8 g for the mass of one thousand seeds [43,44]. The
values mentioned above correspond to those found in the present study, in which BRS Seda
presented 3.42 g with ESA 402 and BRS Anahí 4.51 g with pant001 and ESA 402, both in
the irrigated condition. It is worth noting that these findings were higher than the average
values described in the literature for the two cultivars used in this study when grown under
irrigation conditions close to field capacity.
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Figure 6. Interaction between water regime x treatments, with inoculants based on bacilli, with
significance at p ≤ 0.05 Tukey test for the mass of one thousand seeds of sesame cultivars (BRS Seda
and BRS Anahí), under water restriction. Water regimen: no stress and with stress. WN-with nitrogen
and NN-no nitrogen. Lowercase letters compare water regime; capital letters compare treatments
within the water regime.

In the analysis of the nitrogen content in the leaf tissue, an increase was observed in all
treatments that had the water deficit condition for the two cultivars investigated (Figure 7).
This accumulation of nitrogen in leaves in the final phase of the experiment may imply a
deficiency in the reallocation of this nutrient since it is required for photosynthesis and gas
exchange, in addition to fruit formation, influencing the behavior of plants under water
deficit [45]. Studies carried out with nitrogen application at different phenological stages of
sesame plants showed differences in nitrogen partitioning and remobilization [46]. These
authors highlighted the importance of using a less soluble nitrogen source to increase the
efficiency of its use during the crop cycle.

For the cultivar BRS Anahí, the treatments that were inoculated with the bacilli showed
no significant difference when submitted to water deficit, despite that pant001, WN, and
NN revealed the highest concentrations of nitrogen in leaves, which may imply a deficit
in the allocation of the macronutrient to the formation of capsules and seeds. Still, in
BRS Anahí, treatments submitted to water deficit obtained higher averages of up to 50%
when compared to irrigated treatments. The BRS Seda cultivar also showed an increase in
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nitrogen concentration in treatments under water restriction. The highest concentration of
nitrogen was in the nitrogen management itself; however, it was not statistically different
from the treatments with the inoculants pant001, ESA 13, and ESA 402 (Figure 7).

Plants 2023, 12, x FOR PEER REVIEW 9 of 19 
 

 

 

Figure 6. Interaction between water regime x treatments, with inoculants based on bacilli, with sig-

nificance at p ≤ 0.05 Tukey test for the mass of one thousand seeds of sesame cultivars (BRS Seda 

and BRS Anahí), under water restriction. Water regimen: no stress and with stress. WN-with nitro-

gen and NN-no nitrogen. Lowercase letters compare water regime; capital letters compare treat-

ments within the water regime. 

In the analysis of the nitrogen content in the leaf tissue, an increase was observed in 

all treatments that had the water deficit condition for the two cultivars investigated (Fig-

ure 7). This accumulation of nitrogen in leaves in the final phase of the experiment may 

imply a deficiency in the reallocation of this nutrient since it is required for photosynthesis 

and gas exchange, in addition to fruit formation, influencing the behavior of plants under 

water deficit [45]. Studies carried out with nitrogen application at different phenological 

stages of sesame plants showed differences in nitrogen partitioning and remobilization 

[46]. These authors highlighted the importance of using a less soluble nitrogen source to 

increase the efficiency of its use during the crop cycle. 

For the cultivar BRS Anahí, the treatments that were inoculated with the bacilli 

showed no significant difference when submitted to water deficit, despite that pant001, 

WN, and NN revealed the highest concentrations of nitrogen in leaves, which may imply 

a deficit in the allocation of the macronutrient to the formation of capsules and seeds. Still, 

in BRS Anahí, treatments submitted to water deficit obtained higher averages of up to 

50% when compared to irrigated treatments. The BRS Seda cultivar also showed an in-

crease in nitrogen concentration in treatments under water restriction. The highest con-

centration of nitrogen was in the nitrogen management itself; however, it was not statis-

tically different from the treatments with the inoculants pant001, ESA 13, and ESA 402 

(Figure 7). 

 
Figure 7. Accumulation of nitrogen in leaves of two sesame cultivars (BRS Seda and BRS Anahí)
inoculated with bacilli, under water restriction, from crude protein (p ≤ 0.05). WN-with nitrogen
and NN-no nitrogen. Lowercase letters compare the water regime within each cultivar; capital letters
compare treatments within each cultivar; Greek letters compare cultivars.

2.3. Osmoregulation, Antioxidant Enzyme Complex and Chlorophyll Content

The quantification of total free proline in sesame leaves on the 8th day of water deficit
showed a significant increase in all treatments with a significance level of p ≤ 0.01 for the
triple interaction (Figure 8a). Proline plays an osmoregulatory role, binding to O2 and
free radicals produced under water stress, so its action in inducing systemic resistance in
plants becomes complex, attenuating the negative effects triggered by water deficit [47].
Considering the increase in the concentration of this osmoprotective solute in sesame plants
in water deficit, it is possible to affirm that, despite the limiting condition imposed, the
cultivars were able to synthesize this solute in a satisfactory way, observing the highest
concentrations in the BRS Anahí in inoculated treatments and nitrogen management. Its
synthesis also implies that the plants were truly in a condition of stress.

Osmoregulation in plants under low water potential depends on the synthesis and
accumulation of osmoprotectants or osmolytes, such as soluble proteins, sugars and sugar
alcohols, quaternary ammonium compounds, and amino acids, such as proline. The
synthesis and accumulation of compatible cellular solutes help plants under water deficit
conditions; this process is called osmotic adjustment [48]. Osmoprotectants are made up of
various inorganic ions and organic solutes that act on the cellular osmotic potential and
increase water use efficiency [49]. The accumulation of proline is already recognized as
an important indicator of abiotic stress in plants, favoring intracellular homeostasis [50]
and proving to be capable of increasing the capacity of plants to overcome lower water
potentials, since this osmolyte has a particularity of buffering under the effect of water
scarcity [51,52].
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Figure 8. Concentration of proline (a), superoxide dismutase (SOD) (b), ascorbate peroxidase (APX)
(c) and catalase (CAT) (d) as a function of water deficit in two sesame cultivars (BRS Seda and BRS
Anahí) inoculated with bacilli. WN-with nitrogen and NN-no nitrogen.

SOD increased its activity in treatments under water stress, implying an adjustment
of the plants to the imposed condition (Figure 8b). However, BRS Anahí and BRS Seda
associated with ESA 13 showed a decrease in SOD enzymatic activity. The highest con-
centration of SOD was observed in BRS Anahí in the NN treatment. In BRS Seda, the
lowest concentration of SOD was in the association of the cultivar with ESA 402 and the
highest concentration was in pant001, both in the stress condition. SOD, as an antioxidant
enzyme, is considered the first line of defense for the plant cell. In the presence of ROS, the
enzyme acts by dismuting O2

•− into H2O2, interfering with the concentration of ROS and
the formation of •OH radicals [53]. The accumulation of these free radicals damages the
cellular arrangement, causing lipid peroxidation and cellular extravasation, in addition to
affecting other biological molecules, including proteins and carbohydrates [54].

In the interaction between cultivars and inoculants, BRS Anahí with pant001, ESA 13,
ESA 402, and WN showed higher CAT activity in the stress condition. For BRS Seda,
interactions with pant001, ESA 441, and WN showed the highest CAT activities (Figure 8d).
As can be seen, the performance of CAT varied; however, it is possible to state that some
inoculants induced enzyme biosynthesis, helping to attenuate the oxidative effects triggered
by water deficit and benefiting the cultivars. CAT is part of the antioxidant enzyme complex
that defends plants that are subjected to abiotic stresses, such as water stress. Several
sensitive, intermediate, and resistant sesame genotypes to water deficit presented CAT as
one of the main enzymes that acts in the elimination of hydrogen peroxide (H2O2) generated
in photorespiration and β-oxidation of fatty acids [55]. Under conditions of severe water
stress, sesame inoculated with mycorrhiza (Funneliformis mosseae and Rhizophagus irregularis)
presented an increase in catalase activity [56].
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The highest activity of APX, under water deficit, was observed in the cultivar BRS Seda
inoculated with pant001 and in BRS Anahí inoculated with ESA 13 (Figure 8c); BRS Anahí,
when inoculated with ESA 441, showed increased APX activity in both water regimes. The
functional activity of APX is complementary in plant defense; the biosynthetic inhibition
observed in most treatments in this study may be linked to the increase in the activity of the
first line of enzymatic defense, SOD (Figure 8b). Cowpea under water stress also showed a
reduction in APX activity [57].

The antioxidant defense system includes a complex with several antioxidant enzymes
such as SOD, CAT, and APX. When plants undergo oxidative stress due to some factor
related to adverse environmental conditions, such as water or saline stress, these enzymes
act in several subcellular sections to prevent damage to the plant cell [58–61]. Antioxidant
enzymes act in a concatenated manner to establish maximum efficiency in plant defense
under any adverse condition. Catalases are the main enzymes that convert hydrogen
peroxide resulting from photorespiration into H2O and molecular oxygen (O2) [62]. As
well as catalases, ascorbate peroxidase also acts in the primary defense, attenuating the
deleterious effects of ROS in the plant cell, especially in plants under water deficit [57]. SOD
enzymes catalyze the dismutation of the superoxide radical into H2O2 + O2, CAT, and APX,
which can break down H2O2 → H2O + O2, antioxidants responsible for defending against
free radicals, promoting detoxification caused by ROS that cause damage and compromise
the plant cell functions [63].

In plants such as sesame, stress induces a complex plant response that depends on
several factors, such as duration of stress, phenological phase, soil type, and genotype [64].
Sesame bears the physiological mark of stomatal resistance, which in turn provides an
extension of its tolerance to drought [65] and in concomitant response to these processes
are biochemical reactions that potentiate the defense system, generating a joint protection
network that aims to maintain the plant’s survival in the face of the limited conditions of
its natural activities.

The sesame cultivars, despite the water restriction, showed positive interaction with
the inoculants, increasing the concentration of chlorophyll a in the treatments with ESA 402
for BRS Anahí and ESA 13 and ESA 402 for BRS Seda (Figure 9a). In the evaluation
of chlorophyll b, an increase was observed in the association of BRS Seda with ESA 13
(Figure 9b), and for total chlorophyll, BRS Seda with ESA 13 and ESA 402 was more efficient
in the biosynthesis of pigments, presenting values higher than the control (Figure 9c). As
for the carotenoid content, BRS Anahí inoculated with ESA 402 and BRS Seda with ESA 13,
ESA 402, and ESA 441 promoted an increase superior to the control (Figure 9d). A decrease
in chlorophyll a and b levels with increasing water stress was observed in sesame, with a
reduction of 60% and 26%, respectively, compared to plants under optimal irrigation [56].
On the other hand, the authors highlighted an increase in carotenoids in genotypes under
water deficit inoculated with mycorrhizal fungi.

The WN treatments showed higher values than the control for chlorophyll a, b, total,
and carotenoids in BRS Seda and for the carotenoid variable in BRS Anahí. This behavior
may be linked to the fact that nitrogen is an essential component of the chemical structure
of pigments, so fertilization with this nutrient enables the synthesis of photosynthetic
compounds. These pigments are directly linked to the nutritional status of plants, especially
nitrogen, given that the total content of this nutrient in the leaf ratio is concentrated
in chloroplasts [66]. Water stress usually results in the destruction of chloroplasts and
consequently in a decrease in chlorophyll, in addition to the activity of enzymes in the
Calvin cycle during the process of photosynthesis [67].

The results of this work are promising in relation to the proposed objectives and can
be used as a basis to guide other field studies, knowing in advance the behavior of sesame
genotypes (BRS Anahí and BRS Seda) in relation to inoculation with bacilli under water
restriction. The summary of the main physiological and biochemical variables is described
in Table 1.
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Figure 9. Photosynthetic pigments: chlorophyll a (a), chlorophyll b (b), total chlorophyll (c), and
carotenoid (d) in sesame plants (BRS Seda and BRS Anahí) inoculated with bacilli, under water deficit.
WN-with nitrogen and NN-no nitrogen.

Table 1. Summary of the main physiological and biochemical variables analyzed in the interaction
between the two sesame genotypes (BRS Anahí and BRS Seda) and the bacilli-based inoculants,
submitted to water restriction and compared to the control (p ≤ 0.01 and p ≤ 0.05 by the Tukey test).

Ci E A gs Proline SOD APX CAT

BRS Anahí

pant 001 ∧ ∨ ∨ ∨ ∧ ∧ ∨ ∧
ESA 13 ∧ ∨ ∨ ∨ ∧ ∨ ∧ ∨
ESA 402 ∧ ∨ ∨ ∨ ∧ ∧ ∨ ∧
ESA 441 ∧ ∨ ∨ ∨ ∧ ∧ ∨ ∧
Nitrogen ∧ ∨ ∨ ∨ ∧ ∧ ∨ ∧

No Nitrogen ∨ ∨ ∨ ∨ ∧ ∧ ∧ ∨
BRS Seda

pant 001 ∧ ∨ ∨ ∨ ∧ ∧ ∧ ∨
ESA 13 ∨ ∨ ∨ ∨ ∧ ∨ ∨ ∨
ESA 402 ∧ ∨ ∨ ∨ ∧ ∧ ∨ ∧
ESA 441 ∧ ∨ ∨ ∨ ∧ ∧ ∨ ∧
Nitrogen ∧ ∨ ∨ ∨ ∧ ∨ ∨ ∨

No Nitrogen ∨ ∨ ∨ ∨ ∧ ∧ ∧ ∧
Ci—internal concentration of CO2; E—transpiration; A—photosynthesis; gs—stomatal conductance; SOD—
superoxide dismutase; APX—ascorbate peroxidase; CAT—catalase; ∧—increased content; ∨—reduced content.
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3. Materials and Methods
3.1. Cultivation of Bacteria and Preparation of Sesame Seeds

The Bacillus spp. strains ESA 13 [6], ESA 402 [7,40], and ESA 441 [68] were obtained
from the “Coleção de Culturas de Micro-organismos de Interesse Agrícola da Embrapa
Semiárido” (Embrapa Semiárido, Petrolina-PE, Brazil). They were streaked in LB solid
medium (Luria Bertani) and incubated for 24 h at 28 ◦C. They were then subcultured
in liquid LB medium and incubated at 28 ◦C, 180 rpm, for 72 h, until the exponential
phase of bacterial growth (1.0 × 109 CFU mL−1) [69]. The inoculant containing the strain
pant001 (Bacillus subtilis—Panta Premium) [70] was provided by the Geoclean company,
and, together with the bacteria subcultured in liquid medium, they were used directly in
the inoculation of the seeds.

Sesame seeds were disinfected with pure ethanol for 15 s, 1% sodium hypochlorite for
1 min, and finally washed 10 times with sterile distilled water [69]. Then, the sesame seeds
were soaked in the inoculants for 10 min and sown in pots.

3.2. Implementation and Conduction of the Experiment in a Greenhouse

The experiment was carried out in a greenhouse at Embrapa Algodão, Campina
Grande-PB, Brazil (07◦13′ S; 53◦31′ W) [71]. Two sesame cultivars (BRS Seda and BRS
Anahí) were grown in pots with a capacity of 20 L; the pots were filled with sandy loam
soil. The soil was previously analyzed at the Laboratory of Soils and Plant Nutrition of
Embrapa Algodão [72] and corrected with dolomitic limestone. The substrate, according to
the treatment, was fertilized with nitrogen (ammonium sulfate, 95 kg ha−1), distributed
in two applications, the first at 10 days after emergence and the second at the beginning
of flowering. Phosphorus (single superphosphate) and potassium (KCl) (110 kg ha−1 and
34 kg ha−1, respectively) were applied for all treatments, based on the analysis of the
soil [73].

Irrigation was performed daily, trying to maintain soil moisture close to field capacity
and suspended in stressed treatments from the 30th day after emergence (beginning of
flowering), for eight days, and then rehydrated.

The experimental design was completely randomized, established by a random pro-
cess in a factorial scheme: 2 (cultivars) × 2 (water regime) × 6 (inoculation/fertilization
treatments), totaling 24 treatments with 5 replications. The treatments were characterized
as: (i) nitrogen management (with N, WN) (ammonium sulfate, 21% N); (ii) absolute control,
without nitrogen (no N, NN); (iii) management with 4 inoculants based on bacilli, strains
pant001, ESA 13, ESA 402, and ESA 441; and with and without irrigation.

3.3. Physiological Measures

The sesame plants were evaluated in the morning, between 9:00 a.m. and 11:00 a.m.,
during the water deficit period (8 days), using a portable photosynthesis analyzer (IRGA—
Infra Red Gas Analyzer, model LCpro-SD), without an artificial carbon source and with an
artificial light source of 1200 µmol m−2 m−1. The following parameters were evaluated:
stomatal conductance (gs) (mol m−2 m−1); photosynthesis (A) (µmol m−2 m−1); transpi-
ration (E) (mmol m−2 m−1) and internal concentration of CO2 (Ci) (µmol mol−1) [74,75].
From the obtained data, the instantaneous efficiency of carboxylation (iEC) between A and
Ci (A/Ci) and the instantaneous transpiration efficiency (iTE), calculated as the photosyn-
thesis/transpiration ratio, between A and E (A/E) [75] were estimated. To monitor stomatal
closure, three assessments were performed during the water suspension period (1D; 4D;
8D—“D = Days”). When the plants reached approximately 90% stomatal closure, they were
rehydrated (criterion adopted by the research team). The fluorescence of the plants was
also evaluated [76], using a portable fluorometer, with which the initial fluorescence (Fo),
variable fluorescence (Fv), mean fluorescence (Fm), and the relationship between Fv/Fm
were estimated.
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3.4. Nitrogen Content of the Shoot

At the end of the crop cycle, a sample of the aerial part of the plants was collected,
stored in kraft paper bags, and placed in an oven with forced air circulation at 65 ◦C for
72 h, then ground in a mill. The nitrogen analysis of the aerial part of the plants was based
on the sulfuric digestion method developed by Kjeldahl [77]. From the nitrogen content,
the total nitrogen accumulated in the shoot was calculated by multiplying the nitrogen
content by the dry mass of the shoot [78].

3.5. Antioxidant Activities and Proline Content

A sample of fresh leaves was collected on the eighth day of water restriction, immedi-
ately immersed in liquid N2, and then stored at −80 ◦C. For protein extraction, the leaves
(200 mg) were macerated in liquid N2 and 3 mL of 0.1 M potassium phosphate buffer,
pH 7.0, containing 100 mM EDTA, 1 mM L-ascorbic acid, and 4% polyvinylpolypyrrolidone
(PVP) were added. The extracts were centrifuged at 12000 rpm for 10 min at 4 ◦C and the
supernatants were transferred to new microtubes. Protein quantification was determined
by Bradford’s method [79] in a spectrophotometer at 595 nm. Superoxide dismutase (SOD)
activity was determined and analyzed in a spectrophotometer at 560 nm [80]. The results
were expressed in UA g MF−1 activity (Activity Unit g Fresh Pasta). Catalase activity (CAT)
was determined, and the reading was performed in a spectrophotometer at 240 nm [81].
Ascorbate peroxidase (APX) activity was determined and analyzed in a spectrophotometer
at 290 nm [82]. Free proline content was determined and analyzed in a spectrophotometer
at 520 nm [83].

3.6. Chlorophyll and Carotenoid Content

Chlorophyll content of a, b, and total (a + b), and carotenoid contents were determined
using the 80% acetone extraction method [84]. The entire procedure was performed in the
presence of green light, thus avoiding the degradation of chlorophyll. In this methodology,
200 mg of leaves was macerated in liquid N2 and then solubilized in 10 mL of 80% acetone.
Subsequently, the solution was filtered through qualitative filter paper and read at the
following absorbances: 470, 646.8, 663.2, and 710 nm.

3.7. Biomass and Growth Measures

At the end of the crop cycle, the following growth characteristics were evaluated: plant
height (cm), measured from the soil surface to the apex of the main stem, using a metric
tape; stem diameter, measured with a caliper; number of capsules per plant; dry mass
of shoots (g) and roots (g), determined by drying the material in an oven with forced air
circulation at 65 ◦C, for approximately 72 h, until reaching a constant mass, and weighing
on a precision scale; and mass of 1000 seeds [85].

3.8. Statistical Analysis

The collected data were analyzed using the SISVAR software version 5.6 [86], sub-
mitted to an analysis of variance (p ≤ 0.05), and the means compared by Tukey’s test
(p ≤ 0.05). They were also submitted to the Shapiro–Wilk normality test to verify and
correct data heterogeneity.

4. Conclusions

The cultivars BRS Anahí and BRS Seda showed semi-tolerant characteristics to water
deficit. It was possible to observe a morphophysiological and biochemical adjustment, with
inoculation with Bacillus spp. being a relevant factor for the results obtained. Under water
deficit, the bacterial strains promoted positive effects on the plant height and weight of one
thousand seeds variables. The interactions of BRS Anahí x ESA 13 and BRS Seda x ESA
402 promoted the greatest increases in weight of one thousand seeds with 42% and 34%,
respectively. In the irrigated condition, it was observed that all inoculants promoted an
increase of up to 34% for the weight of one thousand seeds in both cultivars.
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In this perspective, the biofertilizer containing the strains assessed in the present study
(mainly ESA 13 and ESA 402) should constitute an important agricultural input capable of
mitigating the effects of the water deficit on the plants and providing positive effects on the
increase in sesame production, providing greater economic viability to the crop.
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Abstract: The Brazilian semiarid region stands out in terms of sour passion fruit production. Local
climatic conditions (high air temperature and low rainfall), combined with its soil properties (rich
in soluble salts), increase salinity effects on plants. This study was carried out in the experimental
area “Macaquinhos” in Remígio-Paraíba (Brazil). The aim of this research was to evaluate the
effect of mulching on grafted sour passion fruit under irrigation with moderately saline water. The
experiment was conducted in split-plots in a 2 × (2 × 2) factorial scheme to evaluate the effects
of the combination of irrigation water salinity of 0.5 dS m−1 (control) and 4.5 dS m−1 (main plot),
passion fruit propagated by seed and grafted onto Passiflora cincinnata, with and without mulching
(subplots), with four replicates and three plants per plot. The foliar Na concentration in grafted plants
was 90.9% less than that of plants propagated via seeds; however, it did not affect fruit production.
Plastic mulching, by reducing the absorption of toxic salts and promoting greater absorption of
nutrients, contributed to greater production of sour passion fruit. Under irrigation with moderately
saline water, the plastic film in the soil and seed propagation promote higher production of sour
passion fruit.

Keywords: Passiflora edulis f. flavicarpa Degener; abiotic stress; rootstock; plastic film; mineral
composition; yield fruit

1. Introduction

In arid and semi-arid regions, soil salinity and irrigation management have a direct
relationship and affect plants as a function of soluble salt concentrations and compositions
of water sources [1]. Soil salinity is affected by irrigation with saline water from dams or
artesian wells and saline wastewater (brine) discharged by desalination plants and process
industries such as oil and gas, textile, leather, food, dairy, agriculture, and pharmaceutical
industries [2–4]. Under high salt concentrations, crop yields may be severely affected by
water deficit due to low soil-solution osmotic potential (osmotic effect) and by nutritional
imbalance, which may be induced by salinity associated with excessive absorption of toxic
ions (Na+ and Cl−) or nutrient availability, transport, or partition within the plant [5–7].

In Brazil, high saline levels in the soil or irrigation water are more common in semi-arid
regions of the northeast regions due to low rainfall and high air temperatures [8,9]. This
region produces about 71.2% of the Brazilian sour passion fruit (Passiflora edulis f. flavicarpa
Degener) [10]. The water sources available often have moderate to high concentrations of
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soluble salts, which contribute to soil degradation, nutritional imbalance, and yields below
10.0 t ha−1 [10,11].

According to the threshold salinity of the crops, most varieties of sour passion fruit cul-
tivated behave as salt-sensitive species, with significant reductions in their yields from irri-
gation water salinity, leading to electrical conductivity of irrigation water
(ECiw) = 1.3 dS m−1 [11,12]. In addition, the greater or lesser sensitivity of plants to
salt stress varies depending on differences in climate, soil, and cultural management factors
in each growing region [13]. Recent studies have shown that wild species of Passiflora ssp.
have greater tolerance to salinity than the sour passion fruit [14,15]. Therefore, they can
be used as the rootstock of commercial species for cultivation in saline areas [9,16]. The
need for information on the tolerance and mineral nutrition of plants in saline zones, and
therefore, on the impact of salinity on fruit production, has a direct economic impact [17].

The excess of toxic elements in cells, such as sodium (Na+) and chloride (Cl−) ions,
increases oxidative stress by increasing the production of reactive oxygen species (ROS),
which causes damage to proteins, lipids, and nucleic acids [18]. Over time, some species
have developed tolerance mechanisms to acclimate to saline environments, such as exclu-
sion, compartmentalization of toxic ions, and preference for absorption of essential elements
by plants, called ionic homeostasis [19]. Salt-tolerant rootstocks reduce leaf concentrations
of Na+ and Cl− in melons (Cucumis melo) [20] and citrus fruits—Citrus macrophylla and
Citrus reticulata [21], reducing their absorption by roots [7,22]. Such tolerant species also
maintain essential elements, such as potassium, calcium, and magnesium, at adequate
levels in leaves [23,24]. These results are crucial, since the decreasing order of nutritional
demand of sour passion fruit is N > K > Ca > S > P > Mg, as reported by [25].

Another alternative to mitigate salinity effects on plants is plastic mulching (PM) on
the soil surface. The technique is often used in agriculture of semi-arid regions to promote
an adequate soil microclimate [26,27], favoring water-and nutrient-use efficiencies [28–30].
PM benefits are undeniable for arid and semi-arid areas affected by salinity problems, where
the evaporative demand is high and soil and water naturally have high levels of soluble
salts [31,32] which migrate by the capillary rise from deeper layers to the surface. Therefore,
some studies have shown that PM reduces salinity within the root-zone, increasing fruit
yields of species irrigated with saline water, as observed by [31] for grapevines (Vitis sp.)
and by [33] for raspberries (Rubus idaues).

Grafting has been used to induce abiotic stress tolerance in several fruit species [21–24].
However, such a propagation method has progressed little for sour passion fruit, despite the
salt-tolerant wild species [9–11]. Plastic mulching has recently been used in the exploitation
of fruit species. According to [30], studies still lack progress in different edaphoclimatic
conditions. There are gaps to be filled regarding the production benefits in several fruit
species that are mainly irrigated with saline water. This study hypothesizes that the use of
plastic mulching and the grafting technique with wild species of Passiflora, respectively,
reduce the accumulation of salts in the root zone of the soil and increase the selectivity of
absorption of essential elements to toxic ions (Na+ and Cl−), influencing the nutrition and
productivity of sour passion fruit. Therefore, this study aimed to evaluate saline water and
plastic mulching effects on the nutritional status and fruit production of sour passion fruit
grafted on Passiflora cincinnata.

2. Results
2.1. Macronutrients

Regarding leaf concentrations of macronutrients, sour passion fruit plants responded
differently to sources of variation (Table 1). While Ca responded to the interaction water
salinity (WS) × propagation (Pg) × plastic mulching (PM), P levels were affected by the
interaction of Pg × PM. Leaf K concentrations responded to interactions of WS × Pg,
WS × PM, and Pg × PM. Leaf concentrations of Mg were influenced by the interactions of
WS × Pg and Pg × PM, while leaf S concentrations were influenced by the interaction of
WS × PM. Finally, N responded to PM application.
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Table 1. Variance analysis summary and mean concentrations of nitrogen (N), phosphorus (P),
potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) in sour passion fruit leaves as a function
of water salinity (WS), plant propagation (Pg), and plastic mulching (PM).

Source of Variation
N P K Ca Mg S

g kg−1

Water salinity (WS)
Low salinity (0.5 dS m−1) 38.6 a 2.1 a 9.2 a 14.0 a 3.8 a 2.7 a
Moderately saline (4.5 dS m−1) 37.7 a 2.1 a 10.9 a 14.6 a 3.5 b 2.9 a
Propagation (Pg)
Seed (SP) 37.8 a 2.2 a 8.7 b 12.6 b 3.1 b 2.7 a
Grafting (GP) 38.8 a 2.0 b 11.4 a 16.1 a 4.2 a 2.9 a
Plastic mulching (PM)
Without 37.3 b 2.0 b 10.7 a 15.5 a 3.8 b 3.0 a
With 39.3 a 2.2 a 9.4 b 13.2 b 3.4 a 2.6 b
Analysis of variance mean squares
WS × Pg 7.04 ns 0.18 ns 5.04 ** 73.5 ** 2.0 * 1.04 **
WS × PM 1.04 ns 0.03 ns 5.04 ** 6.0 ns 0.04 ns 0.37 ns

Pg × PM 12.04 ns 0.12 ** 22.04 ** 88.2 ** 2.0 * 0.04 ns

WS × Pg × PM 5.04 ns 0.33 ns 0.37 ns 8.2 * 1.04 ns 0.04 ns

Mean 38.3 2.1 10.0 14.3 3.6 2.8
CV1 (%) 5.6 6.75 31.7 9.9 0.1 12.7
CV2 (%) 4.2 4.6 6.4 7.9 13.8 11.9

CV = Coefficient of variation; ns, * and ** = not significant, significant at 0.05 and 0.01 probability level by the
F-test, respectively; (a and b) means with equal letters do not differ from each other by the ‘Tukey’ test for water
salinity, propagation and plastic mulching, respectively.

Soil plastic mulching enhanced N concentrations in leaves from 37.3 to 39.3 g kg−1

(Figure 1A), representing an increase of 5.36%. Figure 1B indicates no difference in P leaf
concentrations between sour passion fruits irrigated with low salinity and moderately
saline water. However, in plants irrigated with low salinity water, SP plants showed
a P concentration in leaves that was 19.4% higher than the GP seedlings. A higher P
concentration was also verified in grafted plants grown in mulched soil (Figure 1C),
with a P concentration 19.3% higher than non-grafted plants.

Irrigation water salinity did not affect the leaf concentration of K in either SP or
GP plants (Figure 1D). However, when plants were irrigated with moderately saline
water, K leaf concentrations were 50.4% higher in GP than in SP plants. Figure 1F shows
that leaf K concentration in GP plants grown in non-mulched soil was higher than
in mulched soil. Under non-mulched treatment, the lack of protection against water
loss promoted a leaf K concentration that was 57% higher in grafted plants than in
SP. Leaf concentrations of K did not differ between passion fruits grown in mulched
and non-mulched soil (Figure 1E). However, an irrigation water salinity of 4.5 dS m−1

reduced leaf K concentration by 24.4% in plants grown in non-mulched soil but did not
affect plants in mulched soil.

For SP plants, Ca concentrations in the leaf did not differ between plants grown
in mulched and non-mulched soil, regardless of the irrigation water salinity level
(Figure 2A). However, for GP plants, the highest leaf Ca concentrations were observed
in plants grown in non-mulched soil, especially for plants irrigated with moderately
saline water. These GP plants showed leaf Ca concentrations that were 66.4% higher
than SP plants irrigated with low salinity water and 114.4% higher than SP irrigated
with moderately saline water.
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Figure 1. Concentration of macronutrients in leaves of sour passion fruit by seed-propagated and 
grafted propagated irrigated with low salinity and moderately saline waters with and without 
plastic mulching. (A) N concentration of sour passion fruit in mulched soil; (B) P concentration of 
seed-propagated (SP) and grafted propagated (GP) on P. cincinnata irrigated with low and 
moderately saline water; (C) K concentration of seed-propagated (SP) and grafted propagated (GP) 
on P. cincinnata in soil without and with plastic mulching; (D) K concentration of seed-propagated 
(SP) and grafted propagated (GP) on P. cincinnata irrigated with low salinity and moderately saline 
water; (E) K concentration in leaves of sour passion fruit irrigated with low salinity and moderately 
saline water and in soil without and with mulching plastic; (F) K concentration of seed-propagated 
(SP) and grafted propagated (GP) on P. cincinnata fruit in soil without and with mulching plastic. 
Vertical bars represent the standard error of the mean (n = 4). Bars with an asterisk (*) differ from 
each other for soil with and without plastic mulching by the F-test (p > 0.05) (A). Bars with the same 
lower-case letter are similar for soil with and without plastic mulching (C,E,F) or for low salinity 

Figure 1. Concentration of macronutrients in leaves of sour passion fruit by seed-propagated and
grafted propagated irrigated with low salinity and moderately saline waters with and without plastic
mulching. (A) N concentration of sour passion fruit in mulched soil; (B) P concentration of seed-
propagated (SP) and grafted propagated (GP) on P. cincinnata irrigated with low and moderately
saline water; (C) K concentration of seed-propagated (SP) and grafted propagated (GP) on P. cincinnata
in soil without and with plastic mulching; (D) K concentration of seed-propagated (SP) and grafted
propagated (GP) on P. cincinnata irrigated with low salinity and moderately saline water; (E) K
concentration in leaves of sour passion fruit irrigated with low salinity and moderately saline water
and in soil without and with mulching plastic; (F) K concentration of seed-propagated (SP) and
grafted propagated (GP) on P. cincinnata fruit in soil without and with mulching plastic. Vertical bars
represent the standard error of the mean (n = 4). Bars with an asterisk (*) differ from each other for
soil with and without plastic mulching by the F-test (p > 0.05) (A). Bars with the same lower-case
letter are similar for soil with and without plastic mulching (C,E,F) or for low salinity and moderately
saline irrigation water (B,D) by the F-test (p > 0.05). Bars with the same uppercase letter are similar
for seed propagation and grafting (B–D,F) or low salinity and moderately saline irrigation water (E)
by the F-test (p > 0.05).
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Figure 2. Concentration of macronutrients in leaves of sour passion fruit by seed-propagated and 
grafted propagated irrigated with low salinity and moderately saline waters with and without 
plastic mulching. (A) Ca concentration in sour passion fruit seed-propagated (SP) and grafted-
propagated (GP) on Passiflora cincinnata irrigated with low salinity and moderately saline water and 

Figure 2. Concentration of macronutrients in leaves of sour passion fruit by seed-propagated and
grafted propagated irrigated with low salinity and moderately saline waters with and without plastic
mulching. (A) Ca concentration in sour passion fruit seed-propagated (SP) and grafted-propagated
(GP) on Passiflora cincinnata irrigated with low salinity and moderately saline water and in soil
without and with mulching plastic; (B) Mg concentration in sour passion fruit seed-propagated (SP)
and grafted-propagated (GP) on Passiflora cincinnata irrigated with low salinity and moderately saline
water; (C) Mg concentration in sour passion fruit seed-propagated (SP) and grafted-propagated (GP)
on Passiflora cincinnata in soil without and with plastic mulching, and (D) S concentration in sour
passion fruit seed-propagated (SP) and grafted-propagated (GP) on Passiflora cincinnata irrigated
with low salinity and moderately saline water. Vertical bars represent the standard error of the mean
(n = 4). Bars with the same lower-case letter are similar for soil without and with plastic mulching
(A) or for seed propagation and grafting (B–D) by the F-test (p > 0.05). Bars with the same uppercase
letter are similar for seed propagation and grafting (A) or low salinity and moderately saline irrigation
water (B,D) or soil without and with plastic mulching (D) by the F-test (p > 0.05). Bars with the
same Greek letter are similar for low salinity and moderately saline irrigation water (A) by the F-test
(p > 0.05).

Moderately saline water irrigation in GP plants increased the leaf Mg concentration
(Figure 2B). Sour passion fruit plants grafted on P. cincinnata increased leaf Mg concentration
by 78.8% when compared to SP plants irrigated with 4.5 dS m−1 water. On the other hand,
plastic mulching caused no significant effect on leaf Mg concentration in SP. However, GP
plants grown in non-mulched soil had a higher nutrient concentration than those that were
grown in in mulched soil (Figure 2C). When comparing propagation forms under both soil
mulching conditions, GP had a leaf Mg concentration that was 62.5% higher than SP. When

79



Plants 2023, 12, 1035

irrigated with moderately saline water, the sour passion fruit grafted propagated showed a
higher S concentration than the plants seed-propagated (Figure 2D). Furthermore, under
irrigation with moderately saline water, the sour passion fruit showed an increase in S
concentration of 80.1% compared to irrigation with low salinity water.

2.2. Micronutrients and Sodium

Leaf concentrations of Cu, Fe, Mn, Zn, and Na were influenced by the interaction of
WS × Pg × PM (Table 2). In addition, the interaction of Pg × PM affected leaf B concentra-
tions, while Cl responded to the interaction of WS × PM.

Table 2. Variance analysis summary and mean concentrations of copper (Cu), iron (Fe), manganese
(Mn), zinc (Zn), boron (B), chlorine (Cl), and sodium (Na) in leaves of sour passion fruit plants as a
function of water salinity (WS), plant propagation method (Pg), and plastic mulching (PM).

SV
Cu Fe Mn Zn B Cl Na

mg kg−1

Water salinity (WS)
Low salinity (0.5 dS m−1) 6.5 a 184.6 a 32.8 a 49.8 a 34.8 b 13.8 b 1151 b

Moderately saline (4.5 dS m−1) 3.8 b 202.8 a 33.8 a 47.7 a 30.7 a 21.3 a 6327 a
Propagation (Pg)

Seed (SP) 5.8 a 192.9 a 33.2 a 51.3 a 36.3 a 19.4 a 6671 a
Grafting (GP) 4.5 b 194.5 a 33.4 a 46.1 b 29.1 b 15.8 b 807 b

Plastic mulching (PM)
Without 5.7 a 231.1 a 33.9 a 56.9 a 33.6 a 22.4 a 4750 a

With 4.6 b 156.2 b 32.7 a 40.6 b 31.8 a 12.8 b 2728 b
Analysis of variance mean squares

WS × Pg 32.7 ** 27,405 ** 651 ** 3504 ** 0.37 ns 2.7 ns 1302 × 106 **
WS × PM 8.2 ** 3675 ns 273 * 80 * 84.4 ns 216 ** 167 × 106 **

Pg × PM 20.2 ** 6633 * 376 * 522 ** 247 ** 20.2 ns 130 × 106 **
WS × Pg × PM 8.2 ** 22,632 ** 360 * 1872 ** 22 ns 8.2 ns 156 × 106 **

Mean 5.2 193.7 33.3 48.8 32.7 17.6 3739.4
CV1 (%) 3.95 23.73 21.77 4.83 14.07 2.01 1.97
CV2 (%) 13.69 15.66 20.01 6.20 14.03 15.55 2.74

CV = Coefficient of variation; ns, *, and ** = non-significant, significant at 0.05, and significant at 0.01 probability
level by the F-test, respectively; (a and b) means with equal letters do not differ from each other by the ‘Tukey’ test
for water salinity, propagation and plastic mulching, respectively.

The highest leaf Cu concentration was observed in SP sour passion fruit irrigated with
low salinity water and grown without mulching, with an increase of 178.32% compared to
GP plants (Figure 3A). However, under irrigation with 4.5 dS m−1 water and in mulched
soil, the leaf Cu concentration was 48.4% higher in GP plants than in SP plants.

Under irrigation with low salinity water, leaf Fe and Zn concentrations were higher in
seed-propagated plants in non-mulched soil; concentrations were 61% and 100.2% superior
to those of grafted-propagated plants, respectively (Figure 3B,D). However, no significant
(p > 0.05) difference was observed for Mn concentration (Figure 3C). The opposite behavior
was observed in plants under moderately saline water irrigation, but with grafted plants:
the leaf Fe, Mn, and Zn concentrations were higher than those of seed-propagated plants
grown in soil without mulching, with increases of 46.6, 108.1, and 134.8%, respectively.

Leaf B concentrations did not differ significantly between irrigation with low salinity
and moderately saline water (Figure 4A). However, SP plants showed higher foliar B
concentration than GP plants, with 24.4% and 25.7% increments in plants irrigated with 0.5
and 4.5 dS m−1 water, respectively.
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Sour passion fruit irrigated with moderately saline water had higher leaf Cl con-
centration, but plastic mulching considerably reduced its concentrations in leaf tissues
(Figure 4B). Mulching reduced leaf Na concentration in the sour passion fruit, regardless
of the irrigation water salinity (Figure 4C). Moreover, GP plants under salt stress had leaf
Na concentrations similar to those of plants irrigated with water at 0.5 dS m−1. Such
findings are significant compared to SP plants under moderately saline water irrigation
(14,982.2 mg kg−1), in which the Na concentration was 996.7% higher than that in GP
(1366.1 mg kg−1).
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Under irrigation with low salinity water, leaf Fe and Zn concentrations were higher 
in seed-propagated plants in non-mulched soil; concentrations were 61% and 100.2% 
superior to those of grafted-propagated plants, respectively (Figures 3B,D). However, no 

Figure 3. Concentration of micronutrients in leaves of sour passion fruit by seed-propagated and
grafted propagated irrigated with low salinity and moderately saline waters with and without plastic
mulching. (A) Cu, (B) Fe, (C) Mn, (D) Zn concentration in sour passion fruit seed-propagated (SP)
and grafted propagated (GP) on Passiflora cincinnata irrigated with low salinity and moderately saline
water in soil with and without plastic mulching. Vertical bars represent the standard error of the mean
(n = 4). Bars with the same lower-case letter are similar for soil without and with plastic mulching by
the F-test (p > 0.05). Bars with the same uppercase letter are similar for seed propagation and grafting
by the F-test (p > 0.05). Bars with the same Greek letter are similar for irrigation with low salinity and
moderately saline water by the F-test (p > 0.05).
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Figure 4. Concentration of micronutrients (boron and chlorine) and sodium in leaves of sour passion
fruit by seed-propagated and grafted propagated, irrigated with low salinity and moderately saline
waters, with and without plastic mulching. (A) B concentration in sour passion fruit seed-propagated
(SP) and grafted propagated (GP) on Passiflora cincinnata irrigated with low salinity and moderately
saline water; (B) Cl concentration in sour passion fruit irrigated with low salinity and moderately
saline water in soil with and without plastic mulching; (C) Na concentration in sour passion fruit
seed-propagated (SP) and grafted propagated (GP) on Passiflora cincinnata irrigated with low salinity
and moderately saline water in soil with and without plastic mulching. Vertical bars represent the
standard error of the mean (n = 4). Bars with the same lower-case letter are similar for soil with and
without plastic mulching (A) or low salinity and moderately saline irrigation water (B,C) by the F-test
(p > 0.05). Bars with the same uppercase letter are similar for soil with and without plastic mulching
(B) or seed propagation and grafting (A,C) by the F-test (p > 0.05). Bars with the same Greek letter
are similar for irrigation with low saline and moderate saline water (A) by the F-test (p > 0.05).

2.3. Production of Fruits per Plant

The fruit yield per plant was affected by the interactions of WS × PM (F = 70.62;
p = 0.0001) and Pg × PM (F = 37.96; p = 0.0001). The salinity of the irrigation water did not
affect the production of sour passion fruit (Figure 5A). In addition, the use of plastic cover
in the soil increased fruit production from 11.26 to 15.03 kg per plant (low salinity water)
and from 8.65 to 16.93 kg per plant (moderately saline water). However, SP sour passion
fruit showed higher production than the GP ones, mainly in plants grown in mulched soil,
with an increase of 259.5% (Figure 5B). Soil protection with mulching increased production
per plant by 57.1% in SP and 78.7% in GP plants.
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decreases in water losses by evaporation and N losses by leaching. These reductions are 
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Figure 5. Fruit production of sour passion fruit seed-propagated and grafted propagated irrigated
with low salinity and moderately saline waters and with and without plastic mulching. (A) Fruit
production of sour passion fruit irrigated with low salinity and moderately saline water in soil with
and without plastic mulching; (B) Fruit production of sour passion fruit seed-propagated (SP) and
grafted propagated (GP) on Passiflora cincinnata in soil with and without plastic mulching. Vertical
bars represent the standard error of the mean (n = 4). Bars with the same lower-case letter are similar
for soil without and with plastic mulching (A,B) and bars with the same uppercase letter are similar
for low salinity and moderately saline irrigation water (A) or seed propagation and grafting (B) by
the F-test (p > 0.05).

3. Discussion

Irrigation with moderately saline water had no significant effect on the leaf N con-
centration in passion fruit; this agrees with the results presented by [34] for the same
crop under irrigation with the same type of water. Increases in leaf N concentration in
yellow passion fruit grown in soil under plastic mulching (Figure 1A) can be attributed
to decreases in water losses by evaporation and N losses by leaching. These reductions
are due to improvements in thermal amplitude and soil moisture, increasing N absorption
and nutrient-use efficiency by plants [28–30]. Nevertheless, sour passion fruit plants had
an adequate N concentration in both treatments, within the adequate range of 36.0 to
46.0 g kg−1 [35].

Figure 1B,C show that only grafted sour passion fruits under irrigation with low
salinity water and in mulched soil had leaf P concentrations outside the recommended
range of 2.0–3.0 g kg−1 [35]. Zucarelli et al. [36] verified the same trend in the purple
passion fruit grafted on Passiflora cincinnata, which had leaf P concentrations lower than
non-grafted plants. Moreover, fertigation with potassium sulfate can reduce P absorption
due to ionic antagonism between H2PO4

− and SO4
2− ions [6].

The use of Passiflora cincinnata as rootstock for sour passion fruit increased tolerance
or adaptability to salinity and efficiency in K acquisition (Figure 1D) regardless of the
mulching condition (Figure 1F), maintaining sufficient leaf K concentrations. The higher K
absorption capacity of plants grafted on P. cincinnata tends to restrict the absorption and
transport of toxic ions (Na+ and Cl−) of the irrigation water, as reported by [24] in grafted
and non-grafted pomegranate (Punica granatum L.) under irrigation with 7.0 dS m−1 water.

The benefits of mulching on the soil by reducing heat and increasing humidity en-
hanced K absorption and accumulation in sour passion fruit leaves (Figure 1E); this im-
pacted soil microbiota, which in turn increased K availability in plants through decompo-
sition and cycling of nutrients in the soil [29,37]. Despite the increases, sour passion fruit
plants were deficient in K, since the sufficiency range is between 24.0 and 32.0 g kg−1 [35].
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Leaf Ca, Mg, and S concentrations were higher in GP than in SP plants, mainly under
moderately saline water irrigation (Figure 2). In several crops, tolerant species have been used
as rootstocks for salt sensitive commercial species, such as tomatoes—Solanum lycopersicum [5],
melon—Cucumis melo [20,23], pumpkins—Cucurbita ficifolia, Cucurbita moschata L. lan-
draces [6,7], and pomegranate [24].

As rootstock, P. cincinnata provided salt tolerance in sour passion fruit by selective
absorption of nutrients and reduction in absorption and transport of Na+ and Cl− ions, in
addition to accumulation and compartmentalization of toxic ions in root cells [7–24]. Under
saline conditions, sour passion fruit grafted on P. cincinnata was properly supplied with
Ca, Mg, and S, according to their crop sufficiency ranges of 17–28 g kg−1, 2.1 g kg−1, and
4.4 g kg−1, respectively [35].

In the present study, the employment of P. cincinnata as rootstock increased absorp-
tion and leaf concentrations of micronutrients (Cu, Fe, Mn, and Zn) in sour passion
fruit under salt stress (Figure 3). In cucumbers irrigated with 5.7 dS m−1 water, graft-
ing raised both leaf concentrations of micronutrients and crop yield [6]. Micronutrients are
involved in many metabolic and cellular functions essential to plant growth, such as energy
metabolism, synthesis of primary and secondary metabolites, hormonal balance, and signal
transduction [38].

Despite the higher leaf B concentrations in SP sour passion fruit, in both irrigation
water salinities (Figure 4A), it was not enough according to the nutritional requirements of
the plant (39 to 47 mg kg−1), as reported by [35]. López-Gómez et al. [22] described similar
results for grafted loquat (Eriobotrya japonica Lindl.) under salt stress and fertilized with B.
These authors reported that leaf B concentrations increase in grafted plants, reducing lipid
peroxidation by salt stress and improving cell membrane protection.

Plastic mulching minimizes soil water losses through evaporation [39]. Under such a
situation, sour passion fruit plants had lower leaf Cl− concentrations (Figure 4B). There-
fore, higher moisture in the soil irrigated with moderately saline water reduced soluble
salts, such as chloride, in the topsoil layer, wherein absorbing roots are significantly con-
centrated [32,40]. The application of plastic mulching is important in conditions where
the water has high concentrations of Cl− ion. In this case, the absorption of this ion
is accompanied by a decrease in the concentration of N-NO3

- in the aerial parts of the
plants [17].

Based on leaf concentrations of Na (Figure 4C) and other nutrients (Figures 1–3)
in both SP and GP plants, as rootstock, P. cincinnata acts as a filter of ions mobilized
to tillers. Generally, species native to saline environments have saline stress tolerance
genes that can be transmitted to commercial species to obtain more tolerant hybrids [41].
Ferreira et al. [42] observed that the genes involved in sodium transport (SOS1 and SOS3)
were upregulated in sour passion fruit under a water salinity of 12 dS m−1. Another factor
that also contributes to selectivity in salt absorption is the membrane transporters that
regulate ionic homeostasis in cells, especially Na+/H+ and K+/H+, transporters of sucrose
and amino acids [43].

Lima et al. [41] attributed the reduction of up to 50% of the foliar concentration of Na+

in Passiflora mucronata Lam compared to P. edulis, both irrigated with saline water (150 mM
NaCl), to the possible presence of these genes in the wild species. Fanny irrigated tomato
(Lycopersicon esculentum Mill) cv Pwith 60 mM NaCl water. The use of rootstock AR-9704
reduced foliar sodium concentration by 29.16% compared to non-grafted plants [5]. The
use of grafting on citrus Cleopatra Mandarin (Citrus reticulata Blanco) on Alemow (Citrus
macrophylla) irrigated with saline water reduced the presence of Na in the aerial parts by
63% in comparison with non-grafted plants [21]. Its ability to accumulate Na and excrete
salts by roots, as already verified in other Passiflora species [11,42], acts as a retention
mechanism and prevents damage to plant shoots [23,24], reducing Na concentrations in
the leaf tissue of the scion.

For plants irrigated with moderately saline water and grown in mulched soil
(Figure 5A), fruit production overcame the maximum of 10.76 kg plant−1, observed by [8],
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for sour passion fruit irrigated with saline water and fertilized with bovine biofertilizer.
Soil plastic mulching promoted a higher increase in fruit production of plants irrigated
with moderately saline water (+95.7%) than irrigated with low salinity water (+33.7%). This
finding highlights the benefits of plastic mulching by maintaining irrigated water volume,
suitable edaphic microclimate, and reducing toxic salts within the soil layer below the root
zone [31,44].

The root system absorbs water and nutrients from the soil and is the organ that is
most affected under limiting conditions, such as low water availability or high levels of
toxic ions [27,45]. Thus, plastic mulching in soil promoted favorable conditions for the
absorption of water and nutrients and increased the production of sour passion fruit.

Fruit production in SP plants was always higher than in GP plants (Figure 5B). These
results are similar to those reported by [46], who evaluated the productive capacity of sour
passion fruit propagated by cutting and grafting on sweet passion fruit (Passiflora alata)
and passion fruit Giberti (Passiflora gibertii). The authors verified that grafted plants were
less vigorous during vegetative growth, forming lighter fruits [14]. According to [47],
higher fruit productions in non-grafted plants are due to an increased average mass
of harvested fruits than in grafted plants, as observed in our study (SP = 240.7 g and
GP = 204.6 g—results not presented). Despite the greater accumulation of nutrients and
reduction of foliar Na+ and Cl− in the grafted plants, this was not reflected in fruit pro-
duction and is due to the loss of vigor of the grafted plants observed in the field over
time. This demonstrates that propagation by grafting, a technique recently used in pas-
sion fruit, still requires more investigations related to the grafting material and the most
appropriate technique.

4. Materials and Methods
4.1. Characterization of the Experimental Area

The experiment was carried out in an experimental area located at ‘Macaquinhos
Farm’, in the municipality of Remígio (7◦00′1.95′′ S, 35◦47′55′′ W and 562-m above sea
level), Paraíba State, Brazil, between September 2019 and February 2021. According to
Köppen’s classification, the local climate is classified as As’ type, which means that it is
tropical hot and humid and has a dry season in winter [48]. The average air temperature,
relative air humidity, and rainfall during the experimental period were 26.3 ◦C, 57.6%, and
375.8 mm, respectively (Figure 6).
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experimental site during the study period.
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The soil of the experimental area (0–0.40 m) was classified, according to the criteria of
the [49], as arenic Psamment. Before the installation of the experiment, soil samples were
collected in the area, mixed. Then, a composite sample was analyzed for chemical (fertility
and salinity) and physical analyses according to [50], as presented in Table 3.

Table 3. Chemical (fertility and salinity) and physical properties of the soil (0–0.40 m depth) of the
experimental area before the installation of experiment.

Soil Fertility Soil Salinity Soil Physical Properties

pH 6.00 pHsp (H2O) 6.16 Sand (g kg−1) 831.5
P (mg dm−3) 16.63 EC (dS m−1) 0.22 Silt (g kg−1) 100.0

K+ (cmolc dm−3) 0.08 SO4
2− (mmolc L−1) 3.91 Clay (g kg−1) 68.5

Ca2+ (cmolc dm−3) 1.09 Ca2+ (mmolc L−1) 5.12 DW (g (kg−1) 0.00
Mg2+ (cmolc dm−3) 1.12 Mg2+ (mmolc L−1) 15.25 FD (kg dm−3) 1000
Na+ (cmolc dm−3) 0.05 K+ (mmolc L−1) 0.89 SD (g cm−3) 1.53
SB (cmolc dm−3) 2.34 Na+ (mmolc L−1) 5.70 PD (g cm−3) 2.61

H+ + Al3+ (cmolc dm−3) 1.24 CO3
2− (mmolc L−1) TP (m3 m−3) 0.42

Al3+ (cmolc dm−3) 0 Cl− (mmolc L−1) 15.00 H0.01 MPa (g kg−1) 65
CEC (cmolc dm−3) 3.58 SAR (mmol L−1)0,5 0.28 H0.03 MPa (g kg−1) 49

V (%) 65.36 ESP (%) 1.39 H1.50 MPa (g kg−1) 28
OM (g kg−1) 13.58 Classification Non saline non sodic Textural class Loamy sand

SB—Sum of bases (K+ + Ca2+ + Mg2++ N a+); CEC—Cation exchange capacity (K+ + Ca2+ + Mg2+ + Na++
[H++Al3+]); V—Base saturation ([SB/CEC] × 100); OM—Organic matter; EC—Electric conductivity in 1:2 soil
water suspension; SAR—Sodium adsorption ratio; ESP—Exchangeable sodium percentage; AD—Dispersed
clay; FD—Flocculation degree; SD—Soil density; PD—Particle density; TP—Total porosity; U0.01MPa—Soil
moisture at field capacity; U0.03MPa—Soil moisture at 80% field capacity; U1.5MPa—Soil moisture at permanent
wilting point.

4.2. Experimental Design and Plant Material Used

The experimental design was in randomized blocks and split plots in a
2 × (2 × 2) factorial scheme. The main plots were represented by low salinity
(0.5 dS m−1) and moderately saline (4.5 dS m−1) irrigation water. The subplots were
sour passion fruit propagated by seeds (SP) and grafted on wild passion fruit (GP) grown
in plastic-mulched and bare soil (without mulch) conditions (Figure 7), with four replicates
and three plants per plot.
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Seed-propagated seedlings of the sour passion fruit accession ‘Guinezinho’ (SP) and
seedlings grafted on wild passion fruit (Passiflora cincinnata) (GP) were evaluated in the
experiment. The choice of passion fruits ‘Guinezinho’ and Passiflora cincinnata is due to the
proven tolerance of plant materials to biotic stress and saline environments, respectively,
compared to commercial varieties and wild species [9,51]. Seeds of non-grafted seedlings
were collected in an orchard near the experimental area from fruits at the physiological mat-
uration stage [52]. The scion variety was obtained from tertiary branches at the vegetative
stage of plants in an orchard near the experimental area (Figure 1). Rootstock variety was
obtained from seeds collected from fruits of plants grown in the municipality of Cerro Corá,
in Rio Grande do Norte (6◦2′45′′ S, 36◦20′45′′ W), Brazil (Figure 7). The grafting technique
employed was the full cleft, on the rootstocks, 90 days after sowing (DAS).

4.3. Experiment Installation and Performance

Holes were dug and measured 0.40 × 0.40 × 0.40 m (64 dm3), separating soil from
the 0–0.20 and 0.20–0.40 m depth layers. To the 0–0.20 m soil layer, 20 L well-decomposed
cattle manure (Table 4) and 50 g FTE-BR12 fertilizer (S = 3.9%, B = 1.8%, Cu = 0.85%,
Mn = 2.0%, and Zn = 9.0%) [53] were added for fertilization, as well as 120 g dolomitic
limestone (CaO = 47%, MgO = 3.4%, and RPTN = 82%) to raise soil base saturation to 70%.
It was then immediately returned to the hole.

Table 4. Chemical characterization of the bovine manure used in the experiment.

Macronutrients Micronutrients

Organic carbon (g kg−1) 159.1 Boron (mg kg−1) 58.0
Nitrogen (g kg−1) 8.3 Copper (mg kg−1) 941.0

Carbon: nitrogen ratio 19.17 Iron (mg kg−1) 250.0
Phosphorus (g kg−1) 19.2 Manganese (mg kg−1) 8.0
Potassium (g kg−1) 10.4 Zinc (mg kg−1) 21.3
Calcium (g kg−1) 8.2 Sodium (mg kg−1) 79.0

Magnesium (g kg−1) 5.0 Hydrogen potential (H2O) 8.81
Sulfur (g kg−1) 1.8

Passion fruit vines were trained on the espalier system, using smooth wire #12 fixed
on 2.30-m high stakes buried 0.30 m into the ground and spaced 3 m apart. At the end of
the line, the stake diameter was 0.20 m. This was to withstand the tension of the training
system and plants. The planting spacing was 3 m between plants and 2 m between rows,
totaling 1667 ha−1 [54]. Seedlings were transplanted when they reached from 0.25 to
0.30 m in height and had four fully expanded leaf pairs.

Low salinity water (0.5 dS m−1) was collected from a surface dam near the experi-
mental area, and moderately saline water (4.5 dS m−1) was obtained by dissolving non-
iodinated NaCl (94% purity) into the low salinity water (Table 5). Electrical conductivity
was measured using a portable Instrutherm model CD-850 conductivity meter. Over
the first 30 days after transplanting (DAT), plants were irrigated with low salinity water
(0.5 dS m−1) to allow root system establishment.

Table 5. Chemical characteristics of surface dam water used for irrigation with low salinity water
(0.5 dS m−1) and to prepare moderately saline water (4.5 dS m−1).

EC pH K+ Ca2+ Mg2+ Na+ Cl− CO32− SO42− SAR Classification

dS m−1 mmolc L−1 (mmol L−1)1/2

0.5 6.10 0.28 0.65 0.27 1.88 1.87 0.00 0.51 2.77 C1S1

EC = electrical conductivity at 25 ◦C; C1S1 = Low risk of salinization and sodification of the soil, according to [55].

Afterwards, plants were irrigated according to each treatment to replace evapotran-
spiration losses. The crop evapotranspiration (ETc) was estimated as the product of po-
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tential evapotranspiration (ET0) and crop coefficient (kc), according to methods described
by [56,57]:

ETc = ET0 × kc (1)

Crop coefficients adopted were 0.69 for the vegetative stage, 0.82 for flowering, and
1.09 for fruiting [58]. A Class-A tank was installed near the experimental area, and its
evaporation (ETa) was used to determine ET0 by multiplying ETa by a correction coefficient
(0.75), as suggested by [59]:

ETa = ETa × 0.75 (2)

For irrigation, a drip system was used. The system was installed before the seedling
transplanting, and the soil was covered with plastic mulch. Four pressure auto-compensating
drippers were used for each plant (two facing east and two facing west at 0.20 and
0.40 m apart from the plant stem, respectively). The system was set to a flow rate and
service pressure of 4 L h−1 and 0.2 MPa, respectively.

The soil was covered with a 320-µ-thick white plastic film to protect the soil (mulching)
under the three plants in treated plots. The plastic film dimensions were 2.0 m wide
and 12 m long, and it was fixed at a distance of 2 m between rows, covering a surface of
24.0 m2. At the points where the seedlings were transplanted, 0.40-m diameter holes were
dug. Then, the unprotected area was covered with a plastic sheet to prevent evaporation.

Nitrogen (N), phosphorus (P), and potassium (K) topdressings were performed
through fertigation using a Venturi injector [55]. N and K were supplied every 15 days at
a ratio of 1:1 as urea (45% N) and potassium sulfate (50% K2O and 45% S). Phosphorus
was supplied monthly as mono-ammonium phosphate—MAP (50% P2O5 and 10% N).
Micronutrients (boron [B], copper [Cu], iron [Fe], manganese [Mn], molybdenum [Mo],
and zinc [Zn]) were applied via foliar fertilization following recommendations of [60].

4.4. Traits Analyzed
4.4.1. Plant Nutritional Status

At the full flowering stage (120 DAT), in the treatments of each block (four blocks),
eight intact and healthy leaves were sampled from the middle part of sour passion fruit
plants: four to the east and four to the west from the third or fourth leaf pairs. According
to the recommendation of [61], for the sour passion fruit, leaf sampling is carried out at
the time of full bloom, as this is the phase with the highest nutritional demand for the
crop, and its purpose is to guide possible corrections in fertilization. The samples were
analyzed for nutritional status in terms of macro and micronutrients, as well as sodium
per dry matter weight [62]. The determination of the nutritional status of the plants was
carried out as follows: nitrogen (N) by the Kjeldahl method (wet digestion); phosphorus (P)
by molybdenum blue spectrometry; potassium (K) and sodium (Na) by atomic emission
spectroscopy; calcium (Ca), magnesium (Mg), sulfur (S), copper (Cu), and iron (Fe) using
an atomic absorption spectrophotometer at wavelengths of 422.7, 285.2, 400.0, 3274.7,
and 508.0 nm, respectively; boron (B) by UV–vis spectrophotometry at a wavelength of
460.0 nm; manganese (Mn) zinc (Zn) by flame-acetylene atomic absorption spectrometry;
and, chloride (Cl−) by the volumetric method of Mohr [63].

4.4.2. Fruit Production per Plant

Fruits were harvested daily as their peels turned predominantly yellow, which oc-
curred 60 days after anthesis [52]. The harvested fruits were counted and weighed on an
electronic scale to calculate production per plant (kg per plant).

4.5. Statistical Analysis

Data were subjected to analysis of variance (ANOVA) by the F-test at a 0.05 probability
level, after performing a test for normality and data homogeneity using the Shapiro–Wilk
test. The means referring to the sources of variation and the interactions were compared by
the Tukey test (p > 0.05). Data were analyzed using the statistical software SISVAR 5.6 [64].
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5. Conclusions

Our results point out that, as rootstock, Passiflora cincinnata can alleviate harmful
effects of water salinity on sour passion fruit plants increasing absorption of nutrients (K,
Ca, Mg, S, Fe, Mn, and Zn) and restricting sodium absorption or transport to the scion
variety, but without positive effects on fruit production. Mulching with plastic film, by
reducing the presence of toxic salts close to the root zone, promoted greater absorption of
elements such as N and Mg and reduced Na and Cl, contributing to greater production of
sour passion fruit. Sour passion fruit propagated by seeds and grafted accumulate foliar
macronutrients in the following order: N > Ca > K > Mg > S > P; and micronutrients and
sodium: Na > Fe > Zn > Mn > B > Cl > Cu (seeds) and Na > Fe > Zn > B > Mn > Cl > Cu
(grafted). The use of plastic mulch film in sour passion fruit irrigated with moderately
saline water reduced leaf Na+ and Cl− concentrations and increased production per plant
compared to bare soil. The results in fruit production suggest that plastic mulch attenuates
the effects of salts and increases the production capacity of sour passion fruit plants, with an
emphasis on seed-propagated plants. Even though Passiflora cincinnata rootstock increased
absorption of nutrients and decreased sodium concentrations in leaf tissue, it was not
reflected in high fruit yields due to loss of production vigor. For future studies, we suggest
that studies related to the biochemical and molecular activity of sour passion fruit grafted
on Passiflora cincinnata be investigated to elucidate possible tolerance mechanisms present
in wild species and how they are transferred to commercial cultivars.
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Abstract: Hydrogen peroxide at low concentrations has been used as a salt stress attenuator because
it induces a positive response in the antioxidant system of plants. This study aimed to assess the gas
exchange, quantum yield, and development of soursop plants cv. Morada Nova grown with saline
water irrigation and foliar hydrogen peroxide application. The experiment was carried out under
greenhouse conditions using a randomized block design in a 4 × 4 factorial scheme corresponding
to four levels of electrical conductivity of irrigation water, ECw (0.8, 1.6, 2.4, and 3.2 dS m−1),
and four doses of hydrogen peroxide, H2O2 (0, 10, 20, and 30 µM), with three replicates. The use
of irrigation water with electrical conductivity above 0.8 dS m−1 inhibited stomatal conductance,
internal CO2 concentration, transpiration, maximum fluorescence, crown height, and vegetative vigor
index of the Morada Nova cultivar of soursop. Compared to untreated plants, the hydrogen peroxide
concentration of 30 µM resulted in greater stomatal conductance. Water salinity of 0.8 dS m−1 with
hydrogen peroxide concentrations of 16 and 13 µM resulted in the highest variable fluorescence and
quantum efficiency of photosystem II, respectively, of soursop plants cv. Morada Nova at 210 days
after transplantation.

Keywords: Annona muricata L.; water salinity; attenuator; abiotic stress; reactive oxygen species

1. Introduction

The soursop (Annona muricata L.), a fruit tree native to Central America and the
Peruvian Valleys, is notable for its commercialization potential in the domestic market with
significant economic importance and export prospects because of the high acceptance of its
fruit and pulp, primarily for numerous food and pharmaceutical applications [1,2]. Despite
the production potential of soursop for the Northeast region, one of the limitations to its
production system is the occurrence of low rainfall and high evapotranspiration in most
months of the year [3]. In addition, the water sources commonly used in irrigation have
high concentrations of salts [4,5].

High salt concentration in water and/or soil inhibits plant growth due to restrictions
of water absorption (osmotic effect) and changes in metabolism, as well as ionic imbalance
(specific ion effect), which affects photosynthetic pigments, harms cellular components,
and causes lipid peroxidation of the membrane [6,7].

In soursop, salt stress induces loss of photosynthetic activity due to stomatal and
non-stomatal limitations [8,9]. It compromises the quantum efficiency of photosystem II
(PSII), demonstrating that PSII reaction centers have experienced photoinhibitory damage,
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which results in the formation of reactive oxygen species (ROS) [10] capable of inducing
oxidative damage to proteins and other biological components [11].

Considering the socioeconomic importance of soursop in Brazilian agribusiness, it
is essential to study strategies that enable the use of saline water in its cultivation in
semi-arid regions. Among the alternatives used to reduce the effects of salt stress on
plants, the application of hydrogen peroxide (H2O2) on leaves stands out [12]. Hydrogen
peroxide is a reactive oxygen species (ROS) that, when applied in low concentrations,
acts in acclimatization and/or signaling to salt stress due to metabolic alterations that
are responsible for increasing its tolerance to stress, thus enabling its use of water with
high concentrations of salts [13–15]. It must be considered that the beneficial effect of the
application of H2O2 depends on several factors, including the concentration, plant species
analyzed, development stage, and application method [16].

In recent years, studies have reported that foliar application with hydrogen peroxide
can attenuate the deleterious effects caused by salt stress in several crops, for example,
cotton [12], passion fruit [13], mini-watermelon [17], orange [18], tomato [19], maize [20],
wheat [16], and rice [21]. However, information about its use in fruit plants is incipient,
especially in the soursop crop.

This study is based on the hypothesis that the soursop crop suffers smaller losses
from salt stress under the application of hydrogen peroxide through the regulation of
physiological processes, which contributes to an increase in photosynthetic and antioxidant
activity, avoiding lipid peroxidation caused by ROS and an increase in the rate of CO2
assimilation and stomatal regulation, thus leading to an improvement in the growth of the
soursop plant. In this context, this study aimed to evaluate the gas exchange, quantum
yield, and growth of soursop cv. Morada Nova irrigated with saline water under the foliar
application of hydrogen peroxide.

2. Results
2.1. Leaf Gas Exchange

The salinity of irrigation water had a significant effect on the soursop plants’ stomatal
conductance (gs), internal CO2 concentration (Ci), and transpiration € (Table 1). H2O2
concentrations, as a single factor, influenced stomatal conductance (gs). The CO2 assimila-
tion rate (A), instantaneous water use efficiency (WUEi), and instantaneous carboxylation
efficiency (CEi) were all significantly affected by the interaction between water salinity
levels and H2O2 concentrations.

Table 1. Analysis of variance (F-test) summary of stomatal conductance (gs), transpirati€(E), CO2

assimilation rate (A), internal CO2 concentration (Ci), instantaneous carboxylation efficiency (CEi),
and instantaneous water use efficiency (WUEi) of soursop plants cv. Morada Nova irrigated with
saline water and subjected to foliar application of hydrogen peroxide at 210 days after transplantation.

Source of Variation DF
Mean Squares

gs E A Ci CEi WUEi

Salinity levels (SL) 4 0.000547 ** 0.1781 ** 0.880 ns 87.729 ** 0.00009 ns 0.3614 ns

Linear regression 1 0.000240 * 0.111 ** - 122.90 ** - -

Quadratic regression 1 0.00010 ns 0.1220 ns - 124.32 ns - -

Hydrogen peroxide
(H2O2) 4 0.001836 ** 0.0206 ns 2.650 * 3594.42 ns 0.000083 ** 3.1369 **

Linear regression 1 0.004160 ** - 0.0811 ns - 0.00009 ns 5.693 **

Quadratic regression 1 0.000300 ns - 4.656 ** - 0.00030 ** 0.0965 ns
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Table 1. Cont.

Source of Variation DF
Mean Squares

gs E A Ci CEi WUEi

Interaction (SL × H2O2) 16 0.001775 ns 0.3500 ns 9.450 ** 2442.85 ns 0.000186 ** 1.074 **

Blocks 3 0.00015 ns 0.0687 ns 0.1692 ns 23.003 ns 0.000053 ns 0.2020 ns

Residual 30 0.000149 0.0347 0.334 105.27 0.000060 0.112

CV (%) 15.65 10.33 12.39 3.97 10.26 13.91
ns, * and ** are, respectively, not significant and significant at p ≤ 0.05 and p ≤ 0.01. CV: coefficient of variation;
DF: degrees of freedom.

The stomatal conductance of soursop plants cv. Morada Nova was linearly reduced by
the increase in the electrical conductivity of irrigation water (Figure 1A), with a decrease of
18.08% per unit increment in ECw. When comparing the gs of plants subjected to ECw of
3.2 dS m−1 to that of plants that received the lowest salinity level (0.8 dS m−1), there was a
reduction of 50.74%.

Regarding the effects of H2O2 concentrations on the stomatal conductance of soursop
plants (Figure 1B), there was a linear increase corresponding to 5.25% per unit increment in
H2O2 concentration. In relative terms, the foliar application of 30 µM resulted in an increase
of 0.0870 H2O m−2 s−1 compared to plants grown under 0 µM of hydrogen peroxide.

Regarding the effects of the electrical conductivity of irrigation water on the internal
CO2 concentration (Figure 1C) and transpiration (Figure 1D), there were linear reductions
of 6.72 and 9.47%, respectively, per unit increase in ECw. When comparing the Ci and E
of plants grown under water salinity of 3.2 dS m−1 to the values of those that received
ECw of 0.8 dS m−1, there were reductions of 17.04 and 24.59%, respectively, at 210 days
after transplantation.

For the interaction between the ECw levels and H2O2 concentrations (Figure 1E), the
maximum estimated value of the CO2 assimilation rate (3.20 µmol CO2 m−2 s−1) was
obtained in plants irrigated with an ECw of 0.80 dS m−1 and in the absence of H2O2
application. On the other hand, the minimum value of A (0.05 µmol CO2 m−2 s−1) was
reached in plants subjected to ECw of 3.2 dS m−1 and the foliar application of hydrogen
peroxide at a concentration of 30 µM.

For instantaneous carboxylation efficiency (CEi) (Figure 2A) and instantaneous wa-
ter use efficiency (WUEi) (Figure 2B), irrigation with water of electrical conductivity of
0.8 dS m−1 in the absence of foliar application of hydrogen peroxide (0 µM) resulted
in higher estimated values of CEi (0.0278 (µmol m−2 s−1) (µmol mol−1)−1) and WUEi
(2.67 (µmol CO2 m−2 s−1) (mmol H2O m−2 s−1)−1). On the other hand, irrigation with an
ECw of 3.2 dS m−1 and the foliar application of H2O2 at concentrations of 27 and 30 µM, re-
spectively, led to the estimated minimum values of 0.008 ((µmol m−2 s−1) (µmol mol−1)−1)
in CEi and 1.46 ((µmol m−2 s−1) (mmol H2O m−2 s−1)−1) in WUEi.
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Figure 1. Stomatal conductance (gs) of soursop plants cv. Morada Nova as a function of the salinity
of irrigation water (ECw) (A) and concentrations of hydrogen peroxide (H2O2) (B), internal CO2

concentration (Ci) (C), and transpiration (E) (D) as a function of ECw and CO2 assimilation rate (A)
(E) as a function of the interaction between ECw levels and H2O2 at 210 days after transplantation.
** is, significant at p ≤ 0.01 by the F-test. x and y correspond to ECw and hydrogen peroxide (H2O2)
concentrations, respectively.
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Figure 2. Instantaneous carboxylation efficiency (CEi) (A) and instantaneous water use efficiency
(WUEi) (B) of soursop plants cv. Morada Nova as a function of the interaction between the irrigation
water salinity levels (ECw) and concentrations of hydrogen peroxide (H2O2) at 210 days after
transplantation. ns and ** are, respectively, not significant and significant at p ≤ 0.01 by the F-test. x
and y correspond to ECw and hydrogen peroxide (H2O2) concentrations, respectively.

2.2. Quantum Yield

The initial fluorescence, variable fluorescence, and quantum efficiency of photosystem
II of soursop plants at 210 DAT were significantly affected by the interaction between
water salinity levels and hydrogen peroxide concentrations (Table 2). The salinity levels
of the irrigation water significantly influenced the maximum fluorescence of the soursop.
Hydrogen peroxide concentrations, as a single factor, influenced the initial and variable
fluorescence and the quantum efficiency of photosystem II of soursop plants.

Table 2. Analysis of variance (F-test) summary of initial fluorescence (F0), maximum fluorescence
(Fm), variable fluorescence (Fv), and quantum efficiency of photosystem II (Fv/Fm) of soursop plants
cv. Morada Nova irrigated with saline water and subjected to foliar application of hydrogen peroxide
at 210 days after transplantation.

Source of Variation DF
Mean Squares

F0 Fm Fv Fv/Fm

Salinity levels (SL) 4 7842.51 ** 75277.36 ** 139489.6 ** 0.002239 **

Linear regression 1 19634.8 ** 190976.0 ** 415168.01 ** 0.006202 **

Quadratic regression 1 2257.7 ns 32870.5 ns 3088.02 ns 0.000033 ns

Hydrogen peroxide (H2O2) 4 658.99 ** 1771.91 ns 4881.95 * 0.000928 **

Linear regression 1 436.32 * - 608.01 ns 0.000375 ns

Quadratic regression 1 21.60 ns - 13736.3 ** 0.002408 **

Interaction (SL × H2O2) 16 362.87 ** 7207.74 ns 5538.60 ** 0.000163 *

Blocks 3 140.15 ns 16949.8 ns 1220.47 ns 0.000065 ns

Residual 30 82.83 3186.54 1279.87 0.000049

CV (%) 1.36 2.42 2.08 0.97
ns, * and ** are, respectively, not significant and significant at p ≤ 0.05 and ≤ 0.01. DF: degrees of freedom;
CV: coefficient of variation.

The interaction between water salinity levels and hydrogen peroxide concentrations
significantly influenced the initial fluorescence of soursop (Figure 3A), with the highest
estimated value (674.52) attained in plants irrigated with ECw of 0.8 dS m−1 without the
foliar application of H2O2. Plants under irrigation with water of 3.2 dS m−1 and foliar
application of 30 µM of H2O2 reached the estimated minimum value of 552.10.
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Figure 3. Initial fluorescence (F0) (A), variable fluorescence (Fv) (C), and quantum efficiency of
photosystem II (Fv/Fm) (D) of soursop plants cv. Morada Nova as a function of the interaction
between the salinity levels of irrigation water (ECw) and hydrogen peroxide concentrations, and
maximum fluorescence (Fm) (B) as a function of the irrigation water salinity (ECw) at 210 days after
transplantation. ns, * and ** are, respectively, not significant and significant at p ≤ 0.05 and ≤ 0.01 by
the F-test. x and y correspond to ECw and hydrogen peroxide (H2O2) concentrations, respectively.

The maximum fluorescence of soursop plants was linearly reduced by the increase
in the electrical conductivity of irrigation water (Figure 3B), with a decrease of 2.85% per
unit increment in ECw. When comparing the Fm of plants irrigated with an ECw of 3.2 dS
m−1 to that of plants under irrigation with the lowest level of water salinity (0.8 dS m−1), a
decrease of 6.99% was verified.

Irrigation with water of 0.8 dS m−1 associated with the application of hydrogen
peroxide concentrations of 16 and 13 µM, respectively, promoted the highest estimated
values of variable fluorescence (1875) and quantum efficiency of photosystem II (0.746).
However, the combination between the highest salinity of irrigation water (3.2 dS m−1)
and the highest concentration of H2O2 (30 µM) resulted in the lowest estimated values of
Fv (1592.37) and Fv/Fm (0.690).

2.3. Morphological Parameters

The interaction between irrigation water salinity levels and hydrogen peroxide con-
centrations significantly affected stem diameter (SD) and crown diameter (Dcrown) (Table 3).
The single factor of irrigation water salinity influenced the crown height (Hcrown) and the
vegetative vigor index (VVI) of soursop plants 210 days after transplantation. There was a
significant effect of hydrogen peroxide concentrations only on the Vcrown of soursop plants.
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Table 3. Analysis of variance (F-test) summary of stem diameter (SD), crown height (Hcrown), crown
diameter (Dcrown), crown volume (Vcrown), and vegetative vigor index (VVI) of soursop plants cv.
Morada Nova irrigated with saline water and subjected to foliar application of hydrogen peroxide at
210 days after transplantation.

Source of Variation DF
Mean Squares

SD Hcrown Dcrown Vcrown VVI

Salinity level (SL) 4 0.00002 ns 0.0250 * 0.0748 ns 0.00262 * 0.0007 *

Linear regression 1 - 0.0297 * - 0.00662 ** 0.00001 *

Quadratic regression 1 - 0.0285 ns - 0.00063 ns 0.00002 ns

Hydrogen peroxide (H2O2) 4 0.000021 ns 0.0129 ns 0.0344 ns 0.01284 ** 0.00006 ns

Linear regression 1 - - - 0.01460 ** -

Quadratic regression 1 - - - 0.0107 ns -

Interaction (SL × H2O2) 16 0.000021 ** 0.0109 ns 0.1119 ** 0.0067 ns 0.00005 ns

Blocks 3 0.000030 ns 0.0520 ns 0.0230 ns 0.00129 ns 0.000075 ns

Residual 30 0.000023 0.078 0.0201 0.0045 0.00004

CV (%) 7.29 7.28 15.81 15.39 1.63
ns, * and ** are, respectively, not significant and significant at p ≤ 0.05 and ≤ 0.01. CV: coefficient of variation; DF:
degrees of freedom.

The salinity of irrigation water negatively affected the crown height (Figure 4A) and
vegetative vigor index (Figure 4B) of soursop plants at 210 days after transplantation.
Regression equations (Figure 4A,B) showed linear reductions of 3.32 and 4.23% per unit
increment in ECw in the Hcrown and VVI of soursop plants, respectively. When comparing
the Hcrown and VVI of plants irrigated with water of an electrical conductivity of 3.2 dS m−1

to the values of those subjected to water salinity of 0.8 dS m−1, there were reductions of
8.20 and 10.51%, respectively.

The interaction between water salinity levels and hydrogen peroxide concentrations
significantly affected the crown volume (Figure 4C), crown diameter (Figure 4D), and stem
diameter (Figure 4E) of soursop plants. Irrigation with water of 0.8 dS m−1 in the absence
of the foliar application of H2O2 promoted the maximum values of 0.125 m3 and 1.47 m,
respectively, for Vcrown and Dcrown. However, water salinity levels of 0.8 and 3.2 dS m−1

under the foliar application of 30 µM of H2O2 contributed to the minimum values of Vcrown
(0.1238 m3) and Dcrown (0.762 m), respectively, in soursop plants cv. Morada Nova.

Regarding stem diameter (Figure 4E), it was verified that plants receiving water of
0.8 dS m−1 and exposed to a 30 µM H2O2 concentration achieved a stem diameter (SD)
of 21.11 mm. On the other hand, water salinity of 3.2 dS m−1 associated with the foliar
application of 11 µM of H2O2 resulted in a lower value of the stem diameter (17.96 mm).
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Figure 4. Crown height (Hcrown) (A) and vegetative vigor index (VVI) (B) of soursop plants cv.
Morada Nova as a function of the irrigation water salinity (ECw), and crown volume (Vcrown)
(C), crown diameter (Dcrown) (D), and stem diameter (SD) (E), as a function of the interaction
between the salinity of irrigation water (ECw) and hydrogen peroxide concentrations at 210 days
after transplantation. ns and ** are, respectively, not significant and significant at p ≤ 0.01 by the
F-test. x and y correspond to ECw and hydrogen peroxide (H2O2) concentrations, respectively.

3. Discussion

The excess of salts present in irrigation water induces salt stress in plants, which
negatively affects their metabolism and limits their growth and development, standing
out as a limiting factor for irrigated agriculture, especially in semi-arid regions [22]. In the
present study, it was verified that the increase in the electrical conductivity of the irrigation
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water reduced the gas exchanges, the quantum yield, and the growth of the soursop plant,
but the deleterious effects caused by the saline stress were partially mitigated by the foliar
application of hydrogen peroxide.

The reduction of gs (Figure 1A) with increasing water salinity is a way for plants to
minimize water losses in the form of vapor to the atmosphere and maintain turgor pressure
inside their cells, in addition to reducing the absorption of salts [23,24]. Reductions in stom-
atal conductance due to salt stress were also observed in studies with other fruit plants such
as acerola [24], guava [25], and custard apple [26]. The beneficial effect of H2O2 observed
on the plants’ stomatal conductance (Figure 1B) may have occurred due to the defense
mechanisms of the plant, inducing the system of antioxidant enzymes, thus minimizing the
harmful effects of salinity [27,28]. Silva et al. [15], in their study evaluating the induction
of salt stress tolerance (ECw ranging from 0.6 to 3.0 dS m−1) in soursop seedlings using
hydrogen peroxide (from 0 to 20 µM), found that the application of hydrogen peroxide at a
concentration of 20 µM promoted greater stomatal conductance compared to the control
treatment (0 µM H2O2) for all salinity levels at 110 days after transplantation.

Increasing the electrical conductivity of irrigation water also reduced the transpiration
of soursop plants (Figure 1D). A decrease in E is a strategy of plants to reduce water loss
through transpiration, constituting a mechanism of tolerance to salt stress [29].

The decrease in A (Figure 1E) may be related to the lower concentrations of CO2 found
in the substomatal chamber due to the partial closure of the stomata and possible metabolic
restrictions to the Calvin cycle and, consequently, a diminution in the synthesis of sugars in
the photosynthetic process and in the substrate for RuBisCo [30,31]. The stress-induced
decrease in CO2 assimilation rate in plants can be caused by stomatal and/or non-stomatal
factors, leading to changes in the metabolic processes of photosynthesis and affecting the
activities of a number of enzymes in the stroma involved in CO2 reduction [32,33].

Salt stress in plants causes significant losses in the functioning of the photosystem
due to the degradation of the proteins involved in the photosynthetic activity. This may
explain the reductions in CEi (Figure 2A) and WUEi (Figure 2B) in soursop plants cv.
Morada Nova with the increase in the electrical conductivity of irrigation water [34]. Silva
et al. [35] also observed a decrease in the carboxylation efficiency in passion fruit under salt
stress (electrical conductivity of water varying from 0.7 to 2.8 dS m−1) and application of
hydrogen peroxide (0, 25, 50, and 75 µM) at 60 days after transplantation.

In the present study, it was verified that the foliar application of hydrogen peroxide
at a concentration of 30 µM intensified the effects of salt stress on the initial fluorescence
(Figure 3A). In this case, the concentration of 30 µM may have induced oxidative damage
to the cell membrane and possibly had a negative influence on the initial fluorescence of
soursop plants cv. Morada Nova at 210 DAT. At high concentrations, H2O2 causes damage
to plants, presumably because of alterations in their metabolism, mainly as a consequence
of oxidative stress, which limits photosynthetic activities [36].

The restriction of maximum fluorescence (Figure 3B) by salt stress indicates a slow-
down in photosynthetic activity aimed at mitigating the toxic effects of salinity [37]. In a
study conducted by Silva et al. [38] evaluating the fluorescence of chlorophyll a in soursop
plants under saline stress (ECw ranging from 0.8 to 4.0 dS m−1), a reduction of 3.31% in
maximum fluorescence was also observed by an increase in the electrical conductivity of the
irrigation water; the authors attributed this fact to the low efficiency in the photoreduction
of quinones and in the flow of electrons between the photosystems, which results in the
low activity of photosystem II in the thylakoid membrane, directly influencing the flow of
electrons between the photosystems.

The variable fluorescence (Figure 3C) and quantum efficiency of photosystem II
(Figure 3D) benefited from the application of hydrogen peroxide at estimated concen-
trations of 16 and 13 µM, respectively. Thus, it can be concluded that the use of hydrogen
peroxide at low concentrations contributed to greater efficiency in the photoreduction of
quinone A and the flow of electrons between the photosystems, promoting the adequate
activity of PSII in the membrane of thylakoids, directly influencing the flow of electrons
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between the photosystems, which indicates that PS II was not damaged because, when the
photosynthetic apparatus is intact, the values of Fv/Fm vary between 0.75 and 0.85 [39].
This result is similar to that reported by Veloso et al. [40], who evaluated the photochemical
efficiency and growth of soursop rootstocks subjected to salt stress (ECw ranging from
0.6 to 3.0 dS m−1) and hydrogen peroxide (0 and 20 µM) and found that applications of
hydrogen peroxide at the concentration of 20 µM minimized the negative effects of salinity
on the initial fluorescence and favored the variable fluorescence and quantum efficiency of
photosystem II at 120 days after sowing.

The results obtained in the present study indicate that the growth of soursop plants
is negatively affected by the increase in the salinity of the irrigation water. Inhibition of
plant growth may be a consequence of the effect caused by excess salts in the root zone,
which imposes water limitations, negatively affecting cell elongation and expansion. In
addition, the partial closure of stomata compromises photosynthesis, resulting in lower
growth [3,41].

On the other hand, the foliar application of hydrogen peroxide at an estimated concen-
tration of 11 µM promoted an increase in growth in stem diameter. Veloso et al. [42], while
evaluating the physiological changes and growth of soursop cultivated under saline waters
and H2O2 in the post-grafting stage, reported that the exogenous application of H2O2 at
20 µM reduced the harmful effect of water salinity on the stem diameter of the rootstock and
scion of soursop plants irrigated with water of 1.6 dS m−1 at 150 days after transplantation.

In general, the results of this research reveal that the salt stress caused by the irrigation
water up to 3.2 dS m−1 negatively affected the gas exchanges, the photochemical efficiency,
and the growth of the soursop plants under the conditions of a protected environment.
These alterations may be related to osmotic and ionic effects, particularly of Na+ and Cl−,
which interfere with the metabolic processes, causing damage to the membrane, nutritional
imbalance, changes in the levels of growth regulators, and decreases in the synthesis of
chlorophyll [43,44]. However, the foliar application of hydrogen peroxide in low concen-
trations can reduce the harmful effects of the salinity of irrigation water on the soursop
plant. This fact may be related to enzymatic antioxidant defense mechanisms (catalase and
peroxidase) in plants, reducing the negative effect of reactive oxygen species [45,46]. Addi-
tionally, hydrogen peroxide can improve the absorption of water and nutrients, including
elements such as N, P, and K that are essential for plant growth and development [47].

On the other hand, at higher concentrations of hydrogen peroxide, an effect was
observed on the analyzed variables. It is important to note that the beneficial effect of
hydrogen peroxide depends on several variables, including the concentration of the so-
lution; i.e., at higher concentrations, H2O2 can exert hazardous effects on plants [12,48].
Hydrogen peroxide is the most stable reactive oxygen species in cells and, at high con-
centrations, can quickly spread across the subcellular membrane, resulting in oxidative
damage to the plasma membrane [16]. Additionally, at high concentrations, hydrogen
peroxide can react with O2 and possibly become responsible for the dissociation of the
pigment-protein complex of the internal antenna of the PS II light-gathering system within
the photosynthetic apparatus, leading to enzymatic inactivation, pigment discoloration,
and lipid peroxidation [45,49].

4. Materials and Methods
4.1. Location of the Experiment

The experiment was carried out between April and November 2020 under the con-
ditions of the greenhouse that belongs to the Academic Unit of Agricultural Engineering
of the Federal University of Campina Grande, situated in the municipality of Campina
Grande, Paraíba, Brazil, at the geographic coordinates of 07◦15′18” S, 35◦52′28” W with a
mean altitude of 550 m. Figure 5 shows the temperature (maximum and minimum) and
average relative air humidity data for the experimental site.
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Figure 5. Observed daily temperature (maximum and minimum) and average relative humidity of
air in the internal area of the greenhouse during the experimental period.

4.2. Treatments and Experimental Design

The experimental design was randomized in a 4 × 4 factorial arrangement. The
treatments consisted of the combination of two factors: four levels of electrical conductivity
of irrigation water (ECw; 0.8, 1.6, 2.4, and 3.2 dS m−1) associated with four concentrations
of hydrogen peroxide (H2O2; 0, 10, 20, and 30 µM), with three replicates and one plant per
plot, totaling forty-eight experimental units.

The salinity levels of the water were established based on a study conducted by [15],
who observed that water up to 2.0 dS m−1 can be used to produce soursop seedlings
with an acceptable average reduction (up to 10%) in growth. Concentrations of hydrogen
peroxide were based on the results of an assay conducted by [9], who verified that the use of
hydrogen peroxide at the concentration of 20 µM attenuated the harmful effects of irrigation
water salinity on the initial growth and gas exchange of soursop cv. Morada Nova.

4.3. Description of the Experiment

Plastic recipients adapted as drainage lysimeters with 200 L capacity were used to
grow the plants, and each lysimeter was drilled at the base to allow the drainage of excess
water and connected to a transparent drain of 16 mm diameter. The end of the drain inside
the lysimeter was wrapped with a nonwoven geotextile (Bidim OP 30) to prevent clogging
by soil material. A container was placed below each drain to collect drained water and
determine water consumption by the plants (Figure 6).
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The pots were filled with a soil classified as Entisol with sandy loam texture from
the rural area (0–0.30 m layer) of the municipality of Riachão de Bacamarte, PB, Brazil,
whose chemical and physical characteristics (Table 4) were obtained according to the
methodologies recommended by [50].

Table 4. Chemical and physical characteristics of the soil (0–0.30 m depth) used in the experiment.

Chemical characteristics

pHH2O OM P K+ Na+ Ca2+ Mg2+ Al3+ H+

1:2.5 g dm−3 mg
dm−3 cmolc kg−1

6.5 8.1 79 0.24 0.51 14.9 5.4 0 0.9

Chemical characteristics Physical characteristics

ECse CEC SARse ESP Particle-size fraction (g kg−1) Moisture (dag kg−1)

dS m−1 cmolc
kg−1

(mmol
L−1)0.5 % Sand Silt Clay 33.42

kPa 1
1519.5
kPa 2

2.15 16.54 0.16 3.08 572.7 100.7 326.6 25.91 12.96

pH: hydrogen potential, OM: Organic matter, Walkley–Black Wet Digestion; Ca2+ and Mg2+ extracted with 1 M
potassium chloride at pH 7.0; Na+ and K+ extracted with 1 M ammonium acetate at pH 7.0; Al3+ + H+ extracted
with 0.5 M calcium acetate at pH 7.0; ECse: electrical conductivity of saturated paste extract; CEC: cation exchange
capacity; SARse: sodium adsorption ratio of saturated paste extract; ESP: exchangeable sodium percentage;
superscripts 1 and 2 correspond to field capacity and permanent wilting point, respectively.

The saline waters were obtained by the addition of sodium chloride, calcium chloride,
and magnesium chloride salts in the equivalent proportion of 7:2:1, a predominant ratio
found in the principal sources of water in northeastern Brazil [51], following the relationship
between electrical conductivity and the salt concentration [52], according to Equation (1):

Q = 640 × ECw (1)

where:
Q = Quantity of salts to be applied (mg L−1);
ECw = Electrical conductivity of water (dS m−1).
After transplanting the seedlings to the lysimeters, irrigation was performed manually

and applied daily to each container at 5 p.m., with the volume corresponding to that
obtained by the water balance, according to Equation (2):

VI =
(Va−Vd)
(1− LF)

(2)

where:
VI = Volume of water to be applied in the irrigation event (mL);
Va = Volume applied in the previous irrigation event (mL);
Vd = Volume drained (mL);
LF = Leaching fraction of 0.10.
The soursop seedlings cv. Morada Nova were acquired from a commercial nursery

accredited in the Registry of Seeds and Seedlings, located in the District of São Gonçalo,
Sousa-PB, species registered under No. 23458 in the national registry of cultivars (RNC)
of the Ministry of Agriculture, Livestock and Supply of Brazil, and were produced in
polyethylene bags with dimensions of 10 × 20 cm. Mineral fertilization was performed
according to the recommendations of [53], applying 40 g of N, 60 g of K2O, and 40 g of
P2O5 per plant per year. Urea, potassium chloride, and monoammonium phosphate (MAP)
were used as sources of nitrogen, potassium, and phosphorus, respectively.

The fertilizer doses were split into 24 portions and applied every 15 days. Micronutri-
ents were applied from 60 days after transplantation (DAT) and continued at fortnightly
intervals with Dripsol micro solution (2.5 g L−1) with the following composition: N (15%),
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P2O5 (15%), K2O (15%), Ca (1%), Mg (1.4%), S (2.7%), Zn (0.5%), B (0.05%), Fe (0.5%),
Mn (0.05%), Cu (0.5%), and Mo (0.02%), by spraying on the adaxial and abaxial sides of
the leaves.

The different concentrations of hydrogen peroxide were obtained by dilution in dis-
tilled water, followed by calibration in a spectrophotometer at an absorbance wavelength
of 240 nm. Foliar applications started at 30 DAT of the seedlings to the lysimeters and
were performed at 30-day intervals, spraying the abaxial and adaxial sides of the leaves to
obtain complete wetting using a backpack sprayer between the hours of 17:00 and 18:00.
On average, 330 mL of H2O2 solution was applied per plant in each application. The air
drift between treatments was controlled by a plastic tarpaulin curtain which involved the
entire plant as the hydrogen peroxide solution was applied (Figure 7).
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Formative pruning was carried out as the plant reached 60 cm height when the apical
meristem bud was cut. Of the shoots that emerged, three well-distributed and equidistant
branches were selected, and these branches, in turn, were pruned when they reached 40 cm
in length [54]. During the experimental period, the emergence of pests and diseases was
monitored by observing their incidence, and they were eradicated by chemical control
using recommended insecticides/pesticides.

4.4. Variables Analyzed

Gas exchange, chlorophyll a fluorescence, and the growth of soursop cv. Morada
Nova were evaluated at 210 DAT. Gas exchange was evaluated by CO2 assimilation rate
(A) (µmol CO2 m−2 s−1), transpiration (E) (mmol H2O m−2 s−1), stomatal conductance
(gs) (mol H2O m−2 s−1), and internal CO2 concentration (Ci) (µmol CO2 m−2 s−1) in the
leaves of the middle third of the plants using a portable IRGA (infrared gas analyser,
LCpro-SD model, ADC BioScientific, UK). The ratios A/gs and A/Ci were utilized to obtain
WUEi, the water use efficiency ((µmol CO2 m−2 s−1) (mmol H2O m−2 s−1)−1), and CEi,
the carboxylation efficiency ((µmol m−2 s−1) (µmol mol−1)−1), respectively. Observations
were taken between 07:00 and 10:00 a.m. on the third fully expanded leaf counted from the
apical bud under natural conditions of air temperature, CO2 concentration, and employing
an artificial source of radiation established through the photosynthetic response curve to
light and determination of the point of photosynthetic saturation by light [55].
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Chlorophyll a fluorescence measurements were made on the same leaves utilizing
a pulse-modulated fluorometer, OS5p model from Opti Science. Initial fluorescence (F0),
maximum fluorescence (Fm), variable fluorescence (Fv), and the quantum efficiency of
photosystem II (Fv/Fm) were measured; this protocol was performed after adaptation of
the leaves to the dark for 30 minutes between 06:00 and 09:00 a.m., utilizing a clip of the
device to ensure that all the primary acceptors were fully oxidized.

The growth of soursop was evaluated by measuring crown height (Hcrown), stem
diameter (SD), and crown diameter (Dcrown), which was considered the average crown
diameter in the row direction (RD) and in the inter-row direction (IRD). Crown volume
(Vcrown) and the vegetative vigor index (VVI) were determined by Equations (3) and (4),
respectively, following the methodology of [56]:

Vcrown =
π × H × RD × IRD

6
(3)

VVI =
[H + Dcrown + (SD + 10)]

100
(4)

where:
Vcrown—Crown volume (m3);
VVI—Vegetative vigor index;
H—Crown height (m);
RD—Crown diameter in the row direction (m);
IRD—Crown diameter in the inter-row direction (m);
SD—Stem diameter (m).

4.5. Statistical Analysis

The collected data were subjected to the distribution normality test (Shapiro–Wilk
test) at a 0.05 probability level. Subsequently, analysis of variance was performed at a
0.05 and 0.01 probability level, and in the cases of significance, a regression analysis was
performed using the statistical program SISVAR-ESAL [57]. The choice of model was based
on the coefficient of determination. In the case of the significance of the interaction between
factors, TableCurve 3D software was used to create the response surfaces.

5. Conclusions

Physiological indices of soursop are negatively affected by increases in the electrical
conductivity of irrigation water above 0.8 dS m−1. However, the foliar application of
hydrogen peroxide between concentrations of 10 and 30 µM mitigates the harmful effects
of salinity on the gas exchange, quantum yield, and growth in stem diameter of soursop cv.
Morada Nova at 210 days after transplantation. These results reinforce the hypothesis that
the foliar application of hydrogen peroxide in adequate concentrations can act as a signaling
molecule, influential in mitigating salt stress in soursop plants, which can potentialize the
use of brackish water in irrigated agriculture, mainly in regions with a scarcity of fresh
water. However, further studies are necessary to understand how hydrogen peroxide acts
in salt stress signaling through biochemical analysis. In addition, it is fundamental to
perform research under field conditions to prove the beneficial effects of hydrogen peroxide
in the attenuation of salt stress in soursop plants.
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Abstract: Yield of sweet cherry (Prunus avium L.) is determined by fruit set, a developmental stage
sensitive to variable spring environmental conditions. To sustain fruit production and enhance crop
climate resilience, it is important to understand the impacts of abiotic stresses and the effectiveness of
horticultural mitigations in the spring on the critical developmental processes during fruit set. In
this study, flowering phenology, pistil browning and percent fruit set of ‘Lapins’ were monitored at
five sites of different elevation and frost risk in the Okanagan Valley, British Columbia, Canada, in
2019 and 2022. At Site 1 in Summerland Research and Development Centre (“SuRDC1”), where a
‘Lapins’ on Krymsk 5 planting was located in a frost pocket where the crops were exposed to high
risk of cold damage in the spring, a series of experiments were conducted to investigate the floral
organ viability and percent fruit set under low temperatures, and under the effects of four spring
horticultural mitigation measures. Installation of polyethylene sleeves and FAME spray (fatty acid
methyl esters-based plant growth regulator, WAIKEN, SST Australia) were implemented in 2019;
boric acid spray and postponed irrigation were tested in 2022. Low fruit set at SuRDC1 in both
years was associated with severe pistil browning after night temperature dropped below −4 ◦C
in late April. In 2019, the semi-enclosure of polyethylene sleeves led to an increase in the surface
temperature (Tsurfae) of floral buds by 2–4 ◦C, which prolonged the stage of first bloom, delayed petal
fall and prevented frost damage on pistils, but led to the decrease in percent fruit set by 77%, due
to ovule abortion or cessation of fruitlet development. The early and late sprays of FAME had no
significant influence on either abundance of germinated pollen tubes or percent fruit set; however, the
potential of late spray in improving pollen abundance and reducing pistil browning requires further
investigation. In 2022, the spray of 0.01% boric acid solution led to a decrease in fruit set by 6.95%.
Six-week postponement of irrigation starting from full bloom decreased soil moisture, but increased
soil temperature and improved fruit set by 7.61%. The results improved our understanding about the
damages of adverse spring air temperatures on pistils and ovules, and suggested the potential of
irrigation adjustment in regulating soil moisture and temperature and improving fruit set in the cool
and moist spring.

Keywords: anthesis; cold injury; fruit set; ovule abortion; pistil browning; pollen germination; soil
temperature; warming

1. Introduction

As a high-value fruit product, the sustainable production of sweet cherry
(Prunus avium L.) is significant to the global market. Successful fruit set in the early
growing season is a determinant for the yield of sweet cherry at harvest. Fruit set relies on
the completion of a sequence of developmental processes in the spring, including bud break,
anthesis (onset of flowering, pollination, fertilization) and initial fruitlet development [1–6].
Anthesis is a developmental stage that is particularly vulnerable to temperature stresses [7].
Low air temperature may damage floral organs during their differentiation and weaken
pollen viability [3,4,8,9], thereby shortening the effective pollination period and reducing
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the probability of successful pollination and fertilization [6]. Adverse temperatures may
also cause a decline in the population of pollinators [10], and disrupt their behaviors [11]
and their interactions with the plants [12,13]. Low soil temperatures and waterlogging can
inhibit root activity and affect the uptake and transport of water and mineral nutrients that
are essential to floral organ viability and fruit set [14–16]. These edaphic issues are often
a consequence of heavy rainfall events in the spring, which also cause physical injury of
floral organs, and lead to the loss of pollen viability and dissemination capacity due to high
humidity [17]. The disrupted developmental processes consequently trigger floral drop
and poor fruit set [18].

Despite the difficulty of eliminating temperature stresses, some horticultural practices
can be implemented to mitigate the fruit set issue. Pollinizers [19] and pollinators [20] can
substantially increase pollen availability and improve the fruit set for the cultivars with
pollen-related issues. In addition, a few plant growth regulators have been reported to be
effective in tree fruits. For example, aminoethoxyvinylglycine (AVG, ReTain), an ethylene
inhibitor, can reduce ethylene content in floral organs and extend ovule longevity [21].
Fatty acid methyl esters (FAME) can regulate the timing of bud break; therefore, they are a
potential measure to schedule anthesis to avoid adverse temperatures [22]. Pollen viability
can be improved by nutrient supplements that contain boron and calcium [23,24]. Disper-
sions of sprayable insulating coatings of cellulose nanocrystals and nanofibrils can protect
floral organs from adverse temperatures during green tip–petal fall [25]. Furthermore,
orchard moisture and temperature, and vegetative and reproductive growth of Prunus
crops, can be influenced by irrigation [26–31] and protective structure [32,33]; the effects of
these horticultural measures are profound and usually dependent on cultivars and orchard
environmental conditions.

Under the changing climate, early spring weather conditions are becoming more
unpredictable. Cherry flowering phenological rhythm and floral organ viability are affected
by more frequent events of erratic and extreme temperatures. In the northern climate and
at higher elevation where low temperature during anthesis is a predominant and frequent
threat to sweet cherry fruit set, research is required to elucidate how floral organs are
affected and which horticultural mitigations can effectively improve fruit set. In this study,
floral buds and pistils were examined in a ‘Lapins’ sweet cherry/Krymsk 5 rootstock trial
located in a frost pocket in Summerland in the Okanagan Valley, British Columbia, Canada
(Site 1 at Summerland Research and Development Centre, “SuRDC1”), in comparison to
four locations in the Valley with lower frost risk (“SuRDC2”, “SuRDC3”, “Oliver” and
“Kelowna”; detailed description in Table 1 and Section 4.1), in the spring of 2019 and
2022. A series of experiments were conducted to investigate floral organ viability and
percent fruit set under the effects of four spring horticultural mitigation measures, i.e.,
installation of polyethylene sleeves, FAME spray (WAIKEN, SST Australia), boric acid spray
and postponed irrigation. This study aims to highlight the importance of site selection
for spring frost avoidance, and to point out the necessity to evaluate the limitations of
horticultural measures under specific growing conditions.

Table 1. Site description, phenology and percent fruit set of ‘Lapins’ sweet cherry at five monitored
sites in the Okanagan Valley, British Columbia, Canada, in the spring of 2019 and 2022.

Sites Elevation,
Frost Risk

Rootstock,
Canopy

Structure

Replications for %
Fruit Set

2019 2022

Year EffectFirst
Bloom–

Petal Fall

Tmin
(◦C)

PP
(mm) % Fruit Set

First
Bloom–

Petal Fall

Tmin
(◦C)

PP
(mm) % Fruit Set

SuRDC1 487 m,
High risk

Krymsk 5,
TSA

6 plots, 3
trees/plot, 1–2
branches/tree

27 April
–7 May −4.10 3 40.9 ± 2.5 c 21 April

–12 May −4.12 12 23.0 ± 2.5 c * F(1,53) = 20.06
p < 0.001

SuRDC2 416 m,
Low risk

Krymsk 5,
SSA

4 plots, 4
trees/plot, 1 trunk

section/tree

24 April
–3 May −0.16 3 46.0 ± 1.9 bc 17 April

–9 May −1.72 12 35.8 ± 1.8 b
*

F(1,31) = 8.90
p = 0.004

SuRDC3 424 m,
Low risk

Mazzard,
Open heart

9 trees in 4 rows,
3–4 branches

23 April
–3 May −0.98 3 59.2 ± 2.2 a 15 April

–8 May −2.10 12 66.4 ± 2.9 a F(1,59) = 3.74
p = 0.06

Oliver 332 m,
Low risk

Mazzard,
Central
leader

2 plots, 5
trees/plot, 3
branch/tree

17 April
–30 April −1.07 3 55.2 ± 0.3 a 11 April

–4 May −2.27 3 36.6 ± 1.8 b
*

F(1,59) = 60.51
p < 0.001
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Table 1. Cont.

Sites Elevation,
Frost Risk

Rootstock,
Canopy

Structure

Replications for %
Fruit Set

2019 2022

Year EffectFirst
Bloom–

Petal Fall

Tmin
(◦C)

PP
(mm) % Fruit Set

First
Bloom–

Petal Fall

Tmin
(◦C)

PP
(mm) % Fruit Set

Kelowna 483 m,
Low risk

Mazzard,
Central
leader

2 plots, 5
trees/plot, 3
branch/tree

19 April
–2 May −1.27 1 53.1 ± 0.2 ab 12 April

–6 May −2.46 2 57.3 ± 3.5 a F(1,59) = 0.84
p = 0.36

Note: TSA and SSA stands for Tall Spindle Axes and Super Slender Axes canopy structures, respectively. Plots
were randomized in each trial. Tmin and PP stand for minimum air temperature and moisture deficit during
full bloom–petal fall, respectively. Different letters in the same column of year|% fruit set represent significant
difference among sites in each year; asterisks in the same row of site|%fruit set stand for significant difference
between years at each site (p < 0.05, one-way ANOVA, Tukey’s test for pairwise comparison, n = number of
branches per site).

2. Results
2.1. Cold Injury on Floral Organs at SuRDC1

Phenological order of the five sites was consistent in 2019 and 2022: the earliest site
was Oliver, followed by Kelowna, SuRDC3 and SuRDC2; located in a frost pocket at the
foot of a hill, cooler weather delayed the anthesis at SuRDC1 (Table 1). Compared to 2019,
first bloom was a week early, but anthesis was prolonged and petal fall was about 5 days
late in 2022, due to a warmer March and a cooler April in the latter year (Table 2).

Table 2. The accumulated mean daily temperatures above 0 ◦C (Tsum) in March and April in 2019
and 2022 in Summerland, Oliver and Kelowna (British Columbia, Canada).

Sites Weather Station Location
Tsum in March (◦C) Tsum in April (◦C)

Historical Average 2019 2022 Historical Average 2019 2022

Summerland EC Latitude: 49.5700◦; Longitude:
−119.6769◦; Elevation: 454 m 143.62 108.2 192.4 269.9 275.5 215.8

Oliver Central Latitude: 49.1575◦; Longitude:
−119.5514◦; Elevation: 349 m 163.9 150.02 214.87 280.88 317.84 217.37

Kelowna East Latitude: 49.8738◦; Longitude:
−119.4436◦; Elevation: 432 m 148.83 144.93 182.84 268.54 278.88 213.7

Note: Data were acquired from the weather stations in adjacency to the cherry sites (Farmwest.com; accessed on
12 December 2022). The average of Tsum was the historical average of 61 years at Summerland EC station, and of
52 years at Oliver Central station and Kelowna East station.

SuRDC1 was the only site where night temperature dropped below −4 ◦C and frost
risk was high after first bloom in both years. In early March of 2019, daily minimum
temperature dropped to −15 ◦C, leading to the necrosis of floral bud primordia in about
10% of the examined 50 floral buds. Night temperature lower than −4 ◦C in late April
of both years resulted in severe frost injury. Ratio of pistil browning in the examined
flowers was 14.3% ± 4.5% on 1 May 2019 (n = 18, 30 flowers per tree), and 37.5% ± 1.8% on
6 May 2022 (n = 54, 30 flowers per tree). The percent fruit set in June was 40.9% in 2019
and 23% in 2022, significantly lower than the other four sites where no frost injury was
observed on pistils in either year (Table 1; Site effect in 2019: F(4,178) = 10.22, p < 0.001; Site
effect in 2022: F(4,169) = 35.18, p < 0.001). Percent fruit set in 2022 was significantly lower
than in 2019 at SuRDC1, SuRDC2 and Oliver (Table 1; p < 0.05).

2.2. Effects of Elevated Temperature inside Polyethylene Sleeves

In the spring of 2019, polyethylene sleeves were wired around the bearing branches to
increase ambient temperature around the floral buds (Figure 1A). The surface temperature
of the floral buds surrounded by sleeves (Figure 1A,B) was 3.23 ± 0.16 ◦C higher than that
of the untreated adjacent floral buds [Differential Tsurface mean ± SE, n = 18, F(1,35) = 146.5,
p < 0.001; data not graphed]. Under this setting, the stage of first bloom was prolonged
and the stage of petal fall was delayed. It prevented frost damage on pistil, shown as
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no pistil browning in the flowers surrounded by the sleeves. However, the percent fruit
set was 14.1% ± 5.4%, decreasing to about 1/3 of that on untreated branches [n = 18,
F(1,35) = 20.28, p < 0.001; data not graphed], due to ovule abortion or cessation of fruitlet
development (Figure 1C).
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Figure 1. The installation of polyethylene sleeves to increase floral bud surface temperature (Tsurface)
in a ‘Lapins’/Krymsk 5 trial at SuRDC1. (A) The set-up of polyethylene sleeves around floral buds.
(B) Floral bud Tsurface measurement using an infrared imager (photo was taken through the open
end of the sleeve; top: infrared channel, bottom: RGB channel). (C) Ovule abortion and cessation of
fruitlet development under the setting.

2.3. Effects of FAME Spray

The early spray (“Early”) and the late spray (“Late”) of FAME were applied about
40 days and 20 days before the anticipated normal bud break, in order to advance or set back
the bud break, respectively. Early spray did not change the timing of flowering compared
to Control (no spray). Late spray postponed first bloom and sepal fall for two days in three
out of six experimental plots. After sample preparation and Aniline Blue staining, pollens
and pollen tubes were visualized in vivo successfully (Figure 2 photos). Under Control,
abundance of pollen grains on the surface of stigma was significantly higher on 6 May
than on 25 April (p = 0.01). Compared to Control, the median of pollen abundance was
higher under early spray on 25 April, and was higher under late spray on 6 May; however,
the mean was not significantly different (Figure 2A, n = 6; p = 0.35 on 25 April, p = 0.61
on 6 May). Late spray led to higher pollen abundance than early spray (p = 0.03). The
treatments did not cause difference in the number of germinated pollen tubes within the
style sections on the stigma side [Figure 2B, n = 6; F(4,22) = 0.31, p = 0.87, n = 6], or in
the presence of pollen tubes on the ovary side [F(4,26) = 1.64, p = 0.19; data not graphed].
Pollen tubes were present in the ovary side in 1/3 of the styles sampled on 25 April and in
5/6 of those sampled on 6 May, showing a significant timing effect [F(1,23) = 7.62, p = 0.01;
data not graphed].

The mean of pistil browning ratio was 9.5%, 14.3% and 20.6% under late spray, control
and early spray treatments (Figure 3A). The mean of percent fruit set was 36.8%, 38.2%
and 40.9% under early spray, late spray and control treatments (Figure 3B). Although the
differences were not significant at p ≤ 0.05 in either pistil browning ratio [F(2,52) = 2.10,
p = 0.13] or percent fruit set [F(2,52) = 0.80, p = 0.46] (n = 18), the sprays shifted data
distribution as shown in Figure 3.
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Figure 2. Impacts of fatty acid methyl esters (FAME) on (A) pollen abundance on the surface of stigma
and (B) number of germinated pollen tubes in the longitudinal sections of the style on the stigma
side of ‘Lapins’ sweet cherry in the spring of 2019 at SuRDC1. The early spray (Early) was applied on
7 March and flowers were sampled on 25 April. The late spray (Late) was applied on 1 April and
flowers were sampled on 6 May. Flowers of Control treatment were sampled on 25 April, 1 May and
6 May. Pollen grains and pollen tubes were stained with Aniline Blue (n = 6 flowers). Boxplots show
median (horizontal line) and interquartile ranges. In (A), the letters stand for significant difference at
p < 0.05 [ANOVA, Tukey’s test for pairwise comparison, F(4,22) = 6.97, p < 0.001].
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Figure 3. Impacts of FAME on (A) pistil browning ratio and (B) percent fruit set of ‘Lapins’ sweet
cherry in the spring of 2019 at SuRDC1. The early spray (Early) and the late spray (Late) were
applied on 7 March and 1 April, respectively. Solid lines in the histograms are distribution curves
(n = 18 trees per treatment). Vertical dot lines stand for the mean for each data group.
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2.4. Boric Acid Spray

The 0.01% boric acid spray led to the decrease in fruit set at SuRDC1 in the spring
of 2022. Percent fruit set on the branches sprayed with 0.01% boric acid solution was
15.7% ± 0.3%, significantly lower than that of the untreated branches at 22.7% ± 0.3%
[F(1,70) = 4.46, p = 0.04; n = 36; data not graphed].

2.5. Effects of Reduction in Spring Irrigation

Six-week postponement of irrigation starting from full bloom led to the decrease in soil
VWC (Differential mean ± SD = 0.033 m3/m3 ± 0.012 m3/m3; range 0.006–0.067 m3/m3)
(Figure 4A), the increase in soil temperature (Differential mean ± SD = 1.202 ◦C ± 0.523 ◦C;
range 0.033–2.534 ◦C) (Figure 4B), a lower pistil browning ratio (mean ± SD 29.8% ± 1.8%
versus 37.5% ± 1.8%) [Figure 4C; F(1,35) = 5.28, p = 0.025], and a higher percent fruit set
(mean ± SD 22.4% ± 3.2% versus 14.8% ± 2.1%) [Figure 4D; F(1,35) = 4.17, p = 0.049].
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ranges; significant difference is shown as p value for each pair of comparison (AVONA, Tukey’s 
test, p < 0.05, n = 18 trees per treatment). 

Figure 4. Postponed irrigation led to (A) the decrease in Volumetric Water Content (VWC) in topsoil,
(B) the increase in soil temperature, (C) the decrease in pistil browning and (D) the increase in fruit
set. Boxplots in (C) and (D) showed median (horizontal line), mean (square) and interquartile ranges;
significant difference is shown as p value for each pair of comparison (AVONA, Tukey’s test, p < 0.05,
n = 18 trees per treatment).

3. Discussion
3.1. Vulnerability of Sweet Cherry Floral Organs under Variable Spring Conditions

In this study, fruit set in ‘Lapins’ sweet cherry at SuRDC1 was negatively affected by
frost, precipitation and elevated ambient temperature during anthesis. Among the five sites,
percent fruit set remained the lowest at SuRDC1 in both years, which was associated with
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pistil browning after daily minimum temperature (Tmin) during anthesis dropped below
−4 ◦C. This suggested the importance of orchard location selection to avoid pistil injury
due to spring frost. Compared to 2019, heavy precipitation and low air temperature in April
2022 at SuRDC1 led to a decrease in percent fruit set by nearly 1

2 (Table 1). Rainfall events
could disrupt pollinator activities [13], hinder anther dehiscence and pollen release [17],
and affect stigma receptivity [3], causing the failure in fertilization. Concurring with rain,
low temperature in April (Table 2) could hinder pollen tube elongation and initial ovary
cell division and expansion, leading to ovule abortion and fruitlet drop.

On the other hand, an increase in floral bud Tsurface by 3.2 ◦C on average led to
fruitlet development cessation (Figure 1C) and significantly lower fruit set on the branches
surrounded by polyethylene sleeves, showing the negative consequence of simulated
warming effect. Similar result was reported in Vignola and Sunburst sweet cherry, where an
increase in maximum temperature by 5–7 ◦C resulted in an increase in average temperature
by 1–3 ◦C and a drastic reduction in fruit set [6]. This could be attributed to rapid ovule
senescence and reduced pistil viability in warm conditions [34]. This suggests that it is
critical to characterize the ambient temperature dynamics and radiation conditions inside
the surrounding protective mini-structures and facilities, and to avoid undesirable effects
such as warming and reduced radiation when these structures are implemented in the
spring. It also points out the potential impacts of global warming on cherry productivity
and the necessity of implementing effective horticultural measures based on precise weather
forecast to enhance fruit set resilience. In addition, it is important to define the cultivar-
specific optimum temperature range for fruit set and use it to guide the site suitability
evaluation prior to new cherry orchard establishment. Furthermore, compared to Mazzard
rootstock, a lower fruit set was observed on Krymsk 5 rootstock (Table 1); such rootstock
effect should be further investigated in continuous years in a multi-site trial that consists of
different rootstocks at each location.

3.2. The Effectiveness of Horticultural Mitigations and Future Perspectives

The plant growth regulators that can change the readiness, viability and longevity
of the floral organs can be used to improve pollination and fertilization and enhance
the resilience of fruit set under adverse conditions. WAIKEN spray containing FAME
was reported to effectively advance and delay the timing of bud break in the Tasmanian
climate [22], suggesting its potential in scheduling anthesis to minimize the adverse tem-
perature effect. In this study, however, neither the early spray nor the late spray altered
the timing of bud break as expected. Furthermore, the sprays did not exert statistically
significant effect on pollen abundance on the surface of stigma (Figure 2A), number of
pollen tubes in the style sections (Figure 2B), pistil browning ratio (Figure 3A) or percent
fruit set (Figure 3B). The ineffectiveness could be attributed to the low temperatures on
7 March 2019, the day of early spray application, which had affected the efficacy of the
spray product. The daily Tmin in early-mid March in the Okanagan region is usually
close to 0 ◦C, which would be a persistent limitation to the use of the spray 35–50 days
before bud break to advance anthesis. On the other hand, late spray showed potential in
improving the pollen abundance (Figure 2A) and reducing pistil browning (Figure 3A).
The statistical significance of late spray may have been underestimated due to the limited
number of replications (n = 6 flowers), as statistical power depends on both effect size and
sample size, and it is more likely to detect a smaller effect with a larger sample size. Within
the recommended late spray threshold between 20 days before bud break and green tip
(manufacturer’s guide for WAIKEN Orchard Spray Emulsion Concentrate, SST Australia),
sequential sprays at a 3-day incremental interval can be conducted to identify the best
spray timing that can set back the bud break most effectively in the local climate of interest,
as a measure to avoid frost and improve fruit set.

Boron is a critical element for the success of flowering and fruit set. Appropriate
boron level can promote pollen germination and pollen tube elongation. Inappropriate
concentration, formula, and application timing and method can cause deficiency, inef-
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fectiveness or toxicity [35,36]. In this study, 0.01% boric acid spray negatively affected
fruit set, suggesting that the acidic form in such concentration might not be a beneficial
practice at full bloom, although it effectively promoted pollen germination and elongation
in the in vitro study [23,24]. Tissue acidification [37] and high moisture retention [17] were
reported to reduce pollen viability and anther dehiscence in fruit trees. Further study is
required to elucidate whether the boric acid spray affects the viability of floral organs due
to these issues, to investigate the appropriate concentration and form of boron, the timing,
and the co-effects of calcium and nitrogen supplements in aerial spray, and to compare its
effectiveness with fertigation.

Irrigation scheduling plays a critical role in determining the dynamics of water avail-
ability and soil temperature in the rhizosphere. Its effects on cherry tree hardiness, vigor
and yield have been reported in several studies [38–40], whereas the effect on fruit set was
yet to be elucidated. In the spring, irrigation can influence the root activity in transporting
water and nutrients that are essential to flowering and fruit set, such as calcium, boron
and zinc [41–45]. It can also affect the timing of dormancy break, the development of floral
organs, the early vegetative growth and the abundance of carbohydrates for reproductive
growth in woody plants [14,15]. Water stress can induce phytohormone imbalance in
abscisic acid, auxin, gibberellin and ethylene, which dynamics can determine the formation
of abscission zone at the base of pedicels, causing flower and fruit drop [46]. In this study,
postponed irrigation during anthesis in the moist and cool spring of 2022 led to an increase
in soil temperature without causing water deficit (Figure 4A,B), and an increase in percent
fruit set which was associated with less pistil browning (Figure 4C,D). This is consistent
with the study of Greer et al. which showed that warmer soil temperatures could promote
bud break and early season development in apples, possibly attributed to higher root activ-
ity and better nutrient supply in the warmer rhizosphere [47]. However, Hammond and
Seeley’s earlier work showed that soil warming did not affect the spring bud development
in the studied Malus or Prunus species [48]. This suggests that the root responses to warmer
soil temperatures may be dependent on the interactions of other environmental factors
that require more investigation. In addition, postponed irrigation in the wet spring may
improve soil aeration in rhizosphere [16,49]. Research attention should also be drawn to the
relation of water content and frost susceptibility of floral organs [50,51] under postponed
irrigation. Irrigation scheduling shows great potential in improving fruit set, particularly
in the early- and late-flowering cultivars grown at the geographic extremes which are more
susceptible to the risks of adverse temperatures. However, it should be carefully tailored
to the specific cultivars, the edaphic conditions of the orchard and the spring weather
conditions that vary each year. Future studies should elucidate the soil water potential
range during anthesis to achieve optimal fruit set.

4. Materials and Methods
4.1. Site Description and Fruit Set Monitoring

For treatment implementation, the main experimental site of ‘Lapins’ sweet cherry
on ‘Krymsk 5′ rootstock was located in the frost pocket at the elevation of 487 m, in the
experimental farm of Summerland Research and Development Centre, Agriculture and
Agri-Food Canada, Summerland, the Okanagan Valley, British Columbia, Canada (Site
“SuRDC1”, 49.5657◦ N, 119.6365◦ W). The trial of 216 trees in 6 rows was established in
2015 in loamy sandy soil. Tree canopy was pruned to Tall Spindle Axes structure [52] and
kept at the height of 2.2–2.5 m. Water was supplied through micro-sprinklers. Granular
fertilizer (TerraLite 22-5-12) was casted under the canopy in June at the rate of 305 g per tree.
Each plot (experimental unit) consisted of 3 sampling trees in the centre of the plot, with
1 buffer tree on each side of the plot; plots were distributed by completely randomized block
design in the trial; treatment details of each horticultural mitigation trial were described
in Section 4.2.

For phenology and fruit set monitoring, 18 trees were distributed in 6 control plots at
SuRDC1 (3 trees/plot), in comparison to the other four monitored sites of lower frost risk,
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with 2 sites at lower elevation in the experimental farm (“SuRDC2”, 49.5642◦ N, 119.6396◦

W, 16 trees; “SuRDC3”, 49.5653◦ N, 119.6418◦ W, 9 trees), 1 in Oliver (“Oliver”, 49.17◦ N,
119.56◦ W) and 1 in Kelowna (“Kelowna”, 49.88◦ N, 119.37◦ W) (10 trees each site; precise
geo-coordinates were omitted for growers’ sites) (Table 1). Air temperature was monitored
using HOBO sensors to detect daily Tmin (MX2301A, Onset/HOBO). Tsum and precipitation
data were acquired from farmwest.com (Summerland EC station for SuRDC sites, Olive
Central for Oliver site, Kelowna East for Kelowna site; Tables 1 and 2.

Phenology of floral developmental stages from green tip (BBCH54) to sepal fall (Green
Ovary, BBCH72) [53] was recorded on the tagged branches in each sampling tree (1 branch
per tree in 2019 and 2 branches per tree in 2022 at SuRDC1, 1 trunk section per tree at
SuRDC2, 3–4 branches per tree at SuRDC3, and 3 branches per tree at Kelowna and Olive;
Table 1). At full bloom, flower samples were collected from adjacent untagged branches
to examine pistil browning (5 flowers per tree). Flower counts at white tip—full bloom
and fruitlet counts after shuck fall were recorded on the tagged branches; percent fruit set
was estimated as fruitlet counts divided by flower counts for each branch and analyzed for
statistical significance of site effect by ANOVA (n = number of branches per site, Tukey’s
pairwise comparison, p ≤ 0.05). In addition, at SuRDC1, 50 random floral buds were
sampled on 7 March 2019 and dissected to examine primordia, following the cold snap on
3–4 March (daily Tmin below −15 ◦C).

4.2. Spring Horticultural Mitigations at SuRDC1
4.2.1. Installation of Polyethylene Sleeves to Increase Floral Bud Tsurface

In the spring of 2019, 36 polyethylene sleeves (made of Uline 6 mil heavy duty poly
tubing, about 0.152 mm thick) wrapped onto plastic racks were wired around the bearing
branches to surround the floral buds, from bud break to sepal fall (2 sleeves on each tree,
18 trees; Figure 1A). The two ends of the polyethylene sleeves were kept open to allow
air flow and pollinator activities. Two tagged branches on the same trees were monitored
as the control. Thermal images of the floral buds were captured at 12:00–12:30 PM of
17 April, using FLIR E8 Infrared camera (FLIR® Systems Inc., Wilsonville, OR, USA; 7 mm
focal lens, 320 × 240 IR resolution); On the surrounded branches, the photos were taken
through the open end of the sleeve (Figure 1B). Infrared and RGB channels were separated
in software FLIR Tools V. 6.4 (FLIR® Systems Inc.); the RGB image (Figure 1B bottom)
was referred to locate the floral buds in the corresponding infrared image (Figure 1B top).
Tsurface of floral buds was automatically computed in FLIR Tools; Tsurface of 3 buds was
averaged to represent the mean bud Tsurface for each sleeved and tagged branch. Flowering
stages, pistil browning and aborted ovule (Figure 1C) were recorded for each branch. For
Tsurface and percent fruit set, the mean of the two branches per treatment per tree was
calculated and analyzed for statistical significance of polyethylene sleeve effect by ANOVA
(n = 18 trees, Tukey’s test, p ≤ 0.05).

4.2.2. FAME Spray to Regulate Bud Break

The efficacy of an orchard spray emulsion concentrate which contains FAME (WAIKEN,
SST Australia; active constituent: 388 g/L FAME including 10–35% dibutyl phthalate,
10–20% ethoxylated nonylphenol, 1–12% oxirane methyl polymers), was tested as a run-off
spray of 1:24 dilution (1 L of product diluted in 24 L water to make 25 L working spray;
about 15.5 g/L of FAME in the working spray) in the spring of 2019 at two time points, to
adjust the timing of bud break. The early spray (“Early”) was applied on 7 March, about
40 days before the anticipated normal bud break, to advance bud break; Tmin and Tmax
(maximum temperature) were −4.3 ◦C and 2.3 ◦C on this day. The late spray (“Late”) was
applied on 1 April, about 20 days before normal bud break, to set back the bud break;
Tmin and Tmax were 1.3 ◦C and 15.8 ◦C on this day. No spray was applied to the control
trees (“Control”). These treatments aimed to expose the flowers to different temperatures,
and to investigate its impacts on pollen viability and percent fruit set. Each treatment was
applied to 18 trees, with 3 trees per plot, 6 plots randomized in 6 rows (1 plot per row). On
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each tree, 2 branches were tagged for phenological observation and their mean percent
fruit set was calculated; 7 flowers per tree were examined for pistil browning. Statistical
significance of FAME spray effects was analyzed by ANOVA (n = 18 trees, Tukey’s pairwise
comparison, p ≤ 0.05).

To examine the abundance of pollen grains landing on the stigma and the number of
germinated pollen tubes in the style, six flowers were sampled for early spray on 25 April,
for Control on 25 April, 1 May and 6 May each, and for late spray on 6 May respectively
(n = 6 flowers). Pistils were preserved in Formaldehyde Alcohol Acetic Acid fixative (FAA;
50% ethanol, 5% (v/v) acetic acid, 3.7% (v/v) formaldehyde) at 4 ◦C until analysis. For
sample preparation, stigma was cut apart from style using a sharp razor blade and set
aside to analyze the pollen grains on its surface. The style was cut apart from the ovary,
placed on a piece of double-sided tape to hold it down, and then pressed gently with a
clean glass slide to flatten it slightly in order to make a straight cut; both ends of the style
were cut off transversely about 0.5 mm from the ends and then dissected longitudinally for
better dye penetration to stain the pollen tubes within the style. Both the stigma and the
style were placed in Aniline Blue solution (0.1% Aniline Blue w/v in 0.1 mol L−1 KH2PO4,
Sigma-Aldrich) for 30 min (modified based on Lu [54]). Using a transfer pipet, the stigma
was positioned in the centre of a depression slide with the top pointing upwards. The
four sections from each style (2 longitudinal sections from the stigma end and 2 from the
ovule end) were placed on a coverslip facedown; the coverslip was then placed on the slide
with the cut sections facing up. Sample images were acquired using Zeiss Axio Imager
M2 wide-field microscope (Zeiss). Stigma images were acquired under 5× objective lens,
with the microscope light source blocked out; an external warm white light was used to
illuminate the sample from the side to provide better light diffusion and contrast. The
images of style sections were acquired under 10× objective lens in green fluorescence
channel under UV excitation. For both the stigma and the style images, multiple images
were taken for each sample and stacked into one image with clear focus using Helicon
Focus software (HeliconSoft.com). The counting tool in Image J [55] was used to count the
number of pollen grains on the surface of stigma (Figure 2A), and the number of pollen
tubes from both style sections in the stigma end which were summed up to estimate the
number of germinated pollens (Figure 2B). In the ovary end of the style, the presence of
pollen tubes was recorded. Statistical significance of FAME spray effects was analyzed by
ANOVA (n = 6 flowers, Tukey’s test, p ≤ 0.05).

4.2.3. Boric Acid Spray

The 0.01% boric acid solution (0.099 g H3BO3 in 1 L of distilled water, Sigma-Aldrich)
was sprayed to 1 branch per tree of 36 trees on 3 May 2022 at full bloom (with 3 trees per
plot, 12 plots randomized in 6 rows, 2 plots per row). Flower counts at white tip–full bloom
and fruitlet counts after shuck fall were recorded on treated branches and adjacent control
branches of the same trees; percent fruit set was estimated as described in Section 4.1 and
analyzed for statistical significance of boric acid spray effect by ANOVA (n = 36, Tukey’s
test, p ≤ 0.05).

4.2.4. Postponed Irrigation and Monitoring of Soil Moisture and Temperature

Micro-sprinkler irrigation was scheduled for two hours every 72 h from full bloom
to the end of September. When daily maximum temperature exceeded 30 ◦C in July and
August, irrigation was scheduled for two hours every 48 h. In the moist and cool spring of
2022, irrigation was stopped between 28 April and 7 June (Postponed Irrigation) in and
around 6 plots randomized in 6 rows (1 plot per row, 3 trees per plot, n = 18 trees). One
control plot of 3 trees was located a plot apart from the Postponed Irrigation plot in the
same row (n = 18 trees). The 5TM soil sensors (Meter Environment, Pullman, WA, USA)
were installed in 2 Postponed Irrigation plots and 2 control plots, to monitor volumetric
water content (VWC) and soil temperature in the topsoil of 20 cm depth at 30 min interval
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(EM50 data loggers, Meter Environment). Flower counts, fruitlet counts and percent fruit
set were recorded on 2 tagged branches per tree as described above.

4.3. Data Analysis

Statistical analysis and graphing were conducted using OriginPro 8.0 (OriginLab,
Northampton, MA, USA). For the fruit set monitoring, significant difference among the
five sites was assessed by ANOVA (p ≤ 0.05, Tukey’s test for pairwise comparison, site
as the fixed effect). For each horticultural mitigation trial, significant difference between
control and treatment was assessed by ANOVA (p ≤ 0.05, Tukey’s test, treatment as the
fixed effect, outliers were excluded). Mean ± standard error were shown along with F[df
(degree of freedom), N (total samples minus df)] and p values for statistical significance of
the fixed effects in comparison. In the horticultural mitigation trials, individual flowers
were analyzed as biological entity for the pollen abundance on stigma and the number
of germinated pollen tubes (n = the number of sampled flowers). Sampling trees were
analyzed as entity for ratio of floral organ damage, floral bud Tsurface and percent fruit
set (n = the number of trees; the mean of branches under each treatment on each tree was
calculated to represent the tree).

5. Conclusions

The fruit set in the ‘Lapins’/Krymsk 5 planting located in a frost pocket was negatively
affected by frost, precipitation and elevated ambient temperature during anthesis. Low
percent fruit set was associated with pistil browning when Tmin was below −4 ◦C, and
with fruitlet development cessation when floral bud Tsurface was elevated by about 3 ◦C.
Postponed irrigation during anthesis in the moist and cool spring improved fruit set,
suggesting irrigation adjustment as an effective measure to mitigate fruit set issue when
there is excessive moisture. Further investigation on spray contents and timing is required
to improve the efficacy of FAME and boron supplements. The FAME spray showed
potential in delaying anthesis and preventing frost injury; its physiological mechanism
and horticultural effects under the climate of interest wait to be elucidated with more
replications using the in vivo pollen and pollen tube examination method documented in
this study.
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Abstract: Salt stress during pre-harvest limits the shelf life and post-harvest quality of produce;
however, silicon nutrition can mitigate salt stress in plants. Thus, we evaluated the effects of salinity
and fertilization with Si, in pre-harvest, on the morpho-physiological characteristics of onion bulbs
during shelf life. The experiment was set up in randomized complete blocks, with treatments
arranged in split-split plots. The plots had four levels of electrical conductivity of irrigation water
(0.65, 1.7, 2.8, and 4.1 dS m−1). The subplots had five fertilization levels with Si (0, 41.6, 83.2, 124.8,
and 166.4 kg ha−1). The sub-sub plots had four shelf times (0, 20, 40, and 60 days after harvest).
Irrigation water salinity and shelf time reduced firmness and increased the mass loss of onion bulbs
during shelf life. Salt stress reduced the contents of sugars and total soluble solids of onion bulbs
during storage; however, Si supply improved the contents of these variables. Salinity, Si supply, and
shelf time increased the concentrations of pyruvic and ascorbic acids in onion bulbs during shelf
life. Si doses between 121.8 and 127.0 kg ha−1 attenuated the impacts caused by moderate salinity,
increasing the synthesis of metabolites and prolonging the onion bulbs’ shelf life.

Keywords: Allium cepa L.; mineral nutrition; horticulture; soil fertility; diatomaceous earth;
Melosira granulate

1. Introduction

Onion (Allium cepa L.) is a vegetable appreciated worldwide for its food, nutritional
and medicinal characteristics [1,2]. Onions are in high demand all year, so the bulbs are
usually stored due to logistical limitations and the seasonality of crop harvests [3].

Pre-harvest aspects of crop management techniques, such as mineral nutrition, ir-
rigation, cultivar, or other agronomic conditions, affect the post-harvest conservation
parameters, processing, and quality of onion bulbs. Post-harvest factors contributing
to storage performance include the method and duration of curing, grading, packaging
method, and storage environment [4]. The significant post-harvest losses of onions are
mainly caused due to bulb sprouting and rotting, which contribute to loss in storage life
and quality [5]. The market value is predominantly related to bulb firmness and dry matter
content [6]. To supply customers and processors with high-quality, firm onions with a high
dry matter content devoid of sprouts, secondary roots, and illnesses, mature bulbs are cured,
dried, and stored in cool rooms between seasons [7]. Sugars and organic acids contribute
to the organoleptic test and distinct flavor and aroma [8]. Biotic and abiotic stresses affect
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post-harvest conservation, such as pathogen incidence, exposure to temperature extremes,
solar radiation, light, winds, and salinity [9,10].

Salt stress through acclimatization programs regulate plant development, physiology,
and metabolism [11]. Redox metabolism and cellular osmoregulation are altered at the gene
expression level to produce antioxidant and compatible molecules. Studies have examined
that plants under salt stress increase their sugars, proline, betaine, glycine, polyamines,
ascorbate, glutathione, tocopherols, carotenoids, thiols, and flavonoid levels in tissues; on
the other hand, they decrease fresh bulb weight, production of large bulbs, bulb yield, the
quality of onion bulbs, bulb firmness and bulb pH [12–17]. The literature reveals that salt
stress alters production levels of proline, phenolic compounds, and pyruvic acid precursors
in onions [17–19].

There is a need to evaluate salt stress effects on metabolite production related to
onion bulb quality and conservation, such as pH, ascorbic acid, sugars, soluble solids, and
titratable acidity.

Silicon is an element considered beneficial to plants [20]. Si improves plant acclimatiza-
tion to multiple stressors, such as salt stress [21]. In salt stress, Si fertilization improves the
essential plant nutrient uptake, antioxidant defense systems, and solute and plant hormone
production [20]. In onions, ref. [22] showed that fertilization with Si, in interactions with
zeolite and selenium (Se), improved some bulbs’ qualitative characteristics, such as the
large-bulb production, bulb-dry matter, soluble solids, and protein content. Refs. [17,22]
observed that Si improved the physiological (enzymatic activity, chlorophyll levels, and
photosynthetic activity) and nutritional (increase in nitrogen, nitrate, and potassium con-
centrations; decrease in sodium concentration) of the quality of onion bulbs, and plant
salt tolerance under conditions of saline soil and brackish irrigation water. However, Si
fertilization effects on shelf life and post-harvest characteristics of onion bulbs grown under
saline stress are less well known.

We hypothesized that Si fertilization improves the post-harvest quality and shelf
life of onion bulbs grown under saline stress. In this study, we examined the effects of Si
fertilization on the post-harvest quality and shelf life of onion bulbs grown under increasing
salinity levels of irrigation water.

2. Results
2.1. Bulb Firmness and Mass Loss

The general analysis of variance (ANOVA) showed an interaction between the salinity
of irrigation water (EC) and shelf life (SL), and a non-significant effect of the Si dose (SD)
on the variables bulb firmness (BF) and mass loss (ML).

The BF of ‘Rio das Antas’ onions was significantly reduced with increases in EC and
SL, being described by the nonlinear parabolic model (Figure 1A). The minimum BF of
30.07 N was reached at 28.4 shelf days under an irrigation water salinity of 4.0 dS m−1. The
ML of onion bulbs, on the other hand, increased significantly with increases in EC and SL,
being described by the nonlinear flat model (Figure 1C). The maximum ML of 9.23% was
reached at 60 shelf days, with an EC of 4.0 dS m−1.

Fertilization with Si did not significantly influence onion BF and ML. However, the sig-
nificant effects of the SL factor on these variables allowed fits of three-dimensional parabolic
and flat models, respectively, to the SD × SL interaction analysis data (Figure 1B,D). Mini-
mum BF values of 33.47 and 35.07 N were reached at 28.4 shelf days with Si doses ranging
from 0 to 166.4 kg ha−1 (Figure 1B). Maximum ML values of 8.27 and 8.60% were reached
at 60 shelf days with the same Si doses (Figure 1D).
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Figure 1. Unfolding of the treatment factors of salinity of irrigation water (EC) and silicon doses in
the soil (SD), with shelf life (SL), for the variables: bulb firmness (FB, in N) (A,B); and mass loss (ML,
%) (C,D), in ‘Rio da Antas’ onion bulbs.

2.2. Tunic Color

Irrigation water salinity and Si fertilization failed to the color of onion bulbs. However,
shelf time affected bulb color, altering the CIE color parameters L*, a*, b*, C*, and ◦H*.

For the EC and SD factors, the CIE parameters L*, a*, b*, C*, and ◦H were 70.50, 9.71,
32.05, 33.78, and 72.96, respectively (Figure 2A,B). For SL, for each storage day, there was
a linear reduction of 0.2328, 0.3945, 0.3142, and 0.2565% in the CIE parameters L*, b*, C*,
and H*, respectively, in addition to a linear increase of 0.8643% in the CIE parameter a*
(Figure 2C).
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Figure 2. Effect of increasing salinity (EC) (A), silicon doses (SD) (B), and shelf life (SL) (C) on the
coloration of ‘Rio das Antas’ onion bulbs, parameterized according to CIE standard L*, a*, b*, C*,
and ◦H.

2.3. Soluble Sugars and Total Soluble Solids

There was a significant main effect of the treatment factors EC, SD, and SL on soluble
sugars (SSg). Regression analyses showed that EC, SD, and SL differently affected the
metabolism of soluble sugars during shelf life, with fits of linear, cubic, and cubic models,
respectively (Figure 3).
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Figure 3. Effect of salinity levels (EC) (A), silicon doses (SD) (B), and shelf life (SL) (C) on total soluble
sugars (SSg) in ‘Rio das Antas’ onion bulbs.

Salinity decreases onion bulb SSg content during shelf life. Starting from 12.89% SSg,
the increase in salinity caused a decrease at a rate of 2.15% for each EC unit added to
the irrigation water (Figure 3A). In Si fertilization, the minimum SSg content was 12.01%,
obtained with a Si dose of 45.6 kg ha−1, while the maximum was 12.44%, obtained with a
Si dose of 127.0 kg ha−1 (Figure 3B). In shelf life, the minimum SSg content was 10.47% at
13.2 shelf-life days, while the maximum was 13.95% at 47.6 days (Figure 3C).

Figure 4 shows the main effect of the EC, SD, and SL on the total soluble solids (SS).
The salinity of irrigation water decreased onion bulb SS content during shelf life. Based on
the initial SS content of 6.47 ◦Brix, there was a decrease of 1.09% for each EC unit added
to the irrigation water (Figure 4A). However, Si fertilization caused cubic variation in the
onion bulb SS content during shelf life, being: 6.40 ◦Brix, in the control treatment; 6.24 ◦Brix,
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with the Si dose of 40.4 kg ha−1; 6.40 ◦Brix, with the Si dose of 121.8 kg ha−1; and 6.20 ◦Brix,
with the Si dose of 166.4 kg ha−1 (Figure 4B). For shelf life, the increase in the exposure
time of the bulbs caused cubic variation in SS, being: 7.00 ◦Brix, at the beginning of shelf
life; 5.99 ◦Brix, at 16.7 shelf days; 6.62 ◦Brix, at 43.7 shelf days; and 5.65 ◦Brix, at 60 shelf
days (Figure 4C).
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Figure 4. Effect of salinity levels (EC) (A), silicon doses (Si) (B), and shelf life (SL) (C) on soluble
solids content (SS) variable in ‘Rio das Antas’ onion bulbs.

2.4. pH, Titratable Acidity, and SS/TA Ratio in Bulbs

Figure 5 shows pH responses to EC × SL and SD × SL interactions. To EC × SL
interaction, the basal pH was 5.09. EC increase caused a pH decrease of 0.2336% for each
EC unit. SL increase caused a pH increase of 0.0412% for each shelf-life day (Figure 5A).
For SD × SL interaction, the basal pH was 5.07. SD did not change pH significantly, but the
SL increase caused an increase of 0.04114% for each shelf-life day (Figure 5B).
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Figure 5. Unfolding of the treatment factors of salinity of irrigation water (EC) (A) and silicon dose
(SD) (B), with shelf life (SL), for the hydrogenic potential (pH) variable in ‘Rio da Antas’ onion bulbs.

The variable TA and SS/TA ratio showed significant effects for the parameters related
to EC and SL, but there was no parameterization for SD (Figures 6–8). For EC × SL
interaction, basal TA was 3.01%. The salinity increase caused a TA increase of 3.57% for
each EC unit increased, and the SL increase caused a TA decrease of 0.16% for each day of
shelf life (Figure 6A). For SD × SL interaction, the initial TA was 3.28%. SD did not change
TA significantly, but the SL increase caused a TA decrease of 0.15% for each shelf-life day
(Figure 6B).
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Figure 8. Effect of the interaction between Si dose levels (SD) (A) and shelf life (SL) (B) on the variable
SS/AT in ‘Rio da Antas’ onion bulbs.

EC analyses at each SL showed that the salinity increase decreased the onion bulb
SS/TA ratio, depending on shelf life. At SL1, starting from the initial SS/TA ratio of 2.56,
each EC unit increase caused a linear decrease of 6.30%. At SL2, the minimum SS/TA ratio
value of 1.85 occurred in the EC of 2.87 dS m−1. At SL3 and SL4, each EC unit increase
caused a linear decrease of 3.00 and 4.09%, starting from the initial SS/TA ratio of 2.21 and
2.18, respectively (Figure 7A).

SL analyses at each EC showed that the SL increase affected the onion bulb SS/TA
ratio (Figure 7B). At salinity levels W1, W2, and W3, the SS/TA ratio was at its maximum
at the beginning of the shelf period, being 2.45, 2.30, and 2.13, decreasing to 2.08, 1.92, and
1.84, at 23.8, 17.3 and 19.4 shelf life days, increasing to 2.16, 2.22 and 1.99 at 49.1, 48.6 and
48.8 days, and decreasing to minimum values of 2.1, 2.07 and 1.91 at 60 days, respectively.
At W4, the initial SS/TA ratio was 1.89, reaching a maximum of 1.95 at 24.3 shelf-life days
and decreasing to 1.83 at 60 days.

SD analyses at each SL showed that the SD increase effects on the onion bulb SS/TA
ratio were significant at SL1 and not significant at SL2, SL3, and SL4. At SL1, the maximum
SS/TA ratio value of 2.25 occurred at a Si dose of 76.9 kg ha−1. At SL2, SL3, and SL4 levels,
average SS/TA ratio values were 1.94, 2.06, and 1.98, respectively (Figure 8A). SL analyses
at each SD showed that the SL increase decreased the onion bulb SS/TA ratio, depending
on the Si dose (Figure 8B). At Si1, Si2, Si3, Si4, and Si5 levels, the SS/TA ratios were at a
maximum at the beginning of the shelf life, being 2.18, 2.17, 2.29, 2.23, and 2.11, decreasing to
1.90, 1.95, 1.94, 1.95, and 1.93 at 20.6, 20.4, 21.5, 17.6, and 14.2 shelf life days, and increasing to
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2.04, 2.06, 2.06, 2.12, and 2.13 at 50.7, 50.6, 49.5, 45.7, and 44.5 days, decreasing to minimum
SS/TA ratio values of 1.99, 2.02, 2.00, 195, and 1.92 at 60 days, respectively.

2.5. Concentrations of Pyruvic and Ascorbic Acids

The PyA responses to EC × SL and DS × SL interaction were described by a three-
dimensional parabolic model, with maximum PyA concentrations of 6.93 and 6.75 µM g−1

of FM at EC and SD of 2.81 dS m−1 and 78.3 kg ha−1, respectively, both at 22.1 shelf life
days (Figure 9A,B).
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Figure 9. Unfolding of the treatment factors of salinity of irrigation water (EC) (A) and silicon dose
(SD) (B), with shelf life (SL), for the variable pyruvic acid concentration (PyA, µM g−1 FM) in ‘Rio da
Antas’ onion bulbs.

EC analyses at each SL showed that the EC increases increased onion bulb AsA con-
centration, depending on the onion shelf life (Figure 10A). At SL1, there was no significant
effect of the increase in EC on onion bulb AsA concentration, which was 33.23 mg 100 g−1

of FM. At SL2, starting from the initial AsA of 42.21 mg 100 g−1 of FM, each EC unit
increase caused a linear increase of 24.43% in the onion bulb AsA concentration. At SL3,
starting from the initial AsA of 36.76 mg 100 g−1 of FM, each EC unit increase caused a
linear increase of 4.99% in the onion bulb AsA concentration. At SL4, starting from the
initial AsA of 54.44 mg 100 g−1 of FM, each EC unit increase caused a linear increase of
4.50% in the onion bulb AsA concentration.

SL analysis at each EC showed that the SL increases increased the onion bulb AsA
concentration, depending on the salinity level (Figure 10B). At W1, starting from the initial
AsA of 34.40 mg 100 g−1 of FM, the SL increase caused a linear increase of 0.91% in the
concentration. At W2, the increase in EC caused a quadratic increase in AsA, which reached
a maximum of 54.13 mg 100 g−1 of FM at 50 shelf-life days. At W3, the increase in EC
caused a quadratic increase in AsA, with a maximum value of 57.59 mg 100 g−1 of FM
at 47.7 shelf life days. At W4, the EC increase caused a quadratic increase in AsA, which
reached a maximum AsA value of 67.63 mg 100 g−1 of FM at 36.4 shelf-life days.
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Figure 10. Effect of the interaction between salinity of irrigation water levels (EC) (A) and shelf life
(SL) (B) on ascorbic acid (AsA) concentration in ‘Rio da Antas’ onion bulbs.

SD analyses at each SL showed that the SD increases increased onion bulb AsA
concentration, depending on the shelf life (Figure 11A). At SL1, there was no significant
effect of SD increase on onion bulb AsA concentration, on average, 33.23 mg 100 g−1 of FM.
At SL2, starting from the initial AsA of 61.38 mg 100 g−1 of FM, each SD increase caused a
linear increase of 0.0863% in the onion bulb AsA concentration. At SL3, starting from the
initial AsA of 38.45 mg 100 g−1 of FM, each SD increase caused a linear increase of 0.0785%
in the onion bulb AsA concentration. At SL4, the SD increase increased onion bulb AsA
concentration, up to a maximum AsA of 61.17 mg 100 g−1 of FM, with 71.3 kg ha−1.

SL analysis at each SD showed that the SL increase quadratically increased the onion
bulb AsA concentration, depending on the Si dose (Figure 11B). At Si1, the SL increase
caused a quadratic increase in AsA, which reached a maximum AsA value of 53.56 mg
100 g−1 of FM at 57.5 shelf-life days. At Si2, the SL increase caused a quadratic increase in
AsA, with a maximum AsA of 57.84 mg 100 g−1 of FM at 54.2 shelf-life days. At Si3, the SL
increase caused a quadratic increase in AsA, with a maximum AsA of 57.60 mg 100 g−1 of
FM, at 53.2 shelf-life days. At Si4, the SL increase caused a quadratic increase in AsA, with
a maximum AsA of 55.95 mg 100 g−1 of FM at 41.8 shelf-life days. At Si5, the SL increase
caused a quadratic increase in AsA, with a maximum AsA of 59.97 mg 100 g−1 of FM at
38.3 shelf-life days.
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acid concentration (AsA) in ‘Rio da Antas’ onion bulbs.

3. Discussion

Salt stress affects different parameters in onions. The literature shows that irrigated
onion yield with 0.65 dS m−1 water is 99.6 Mg ha−1 and decreases to 64.4 Mg ha−1 when
irrigated with 4.00 dS m−1, representing a yield loss of 35.3% [17]. The authors showed that
Si does not increase irrigated onion yield with 4.00 dS m−1 water but improves the irrigated
onion yield with 1.7–2.8 dS m−1 water, mainly producing of Class 3 bulbs (50 ≤ Φ < 70 mm).
Onions irrigated with 1.7 dS m−1 and fertilized with 166.4 kg ha−1 of Si produce 93.8 t ha−1.
However, onions irrigated with water of 2.8 dS m−1 only responded up to 78.5 kg ha−1 of Si
with a production of 81.2 t ha−1 [17]. The onions fertilized with Si and irrigated with water
of 1.7–2.8 dS m−1 decreased the yield by 5.8–18.5% [17]. The salinity of 1.7–4.0 dS m−1

reduced onion yield, but few studies verify the effect of salinity on onion shelf life. There
is a need to evaluate salt stress effects on the metabolite production related to onion bulb
quality and conservation, such as pH, ascorbic acid, sugars, soluble solids, and titratable
acidity. We examined the effects of Si fertilization on the post-harvest quality and shelf life
of onion bulbs grown under increasing salinity levels of irrigation water.

Our results showed that irrigation with saline water decreased the firmness of onion
bulbs. Onion bulbs have high firmness at harvest because of the endogenous uronic
acid concentrations and the relationship between total and water-soluble pectins [23].
However, salt stress caused oxidative damage to the aerial part of the onion and decreased
the relative water content and membrane stability index in leaf and bulb tissues [1,24].
These changes could decrease the firmness levels of onion bulbs. Membrane stability loss
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promotes electrolyte leakage and oxidative and hydrolyzing reactions by contact between
enzymes and substrates [9]. Low relative water content in bulb tissues causes pressure
and intercellular cohesion loss, detaching the middle lamella from the cell walls by shear
forces [25].

In storage, an increase in onion BF occurred after the 28th shelf day due to the elastic
properties of the epidermal tissues of the bulb cataphylls [26], which may increase the
resistance to penetration in onion bulbs due to the decrease in turgor cells resulting from
the loss of moisture from the bulbs during their shelf life.

Mass loss (ML) in onions occurs due to transpiration water loss from the bulb tis-
sues [27,28]. We observed that an increase in irrigation water salinity significantly increased
the ML of ‘Rio das Antas’ onions, compromising its shelf life. Salinity-induced osmotic
stress in the pre-harvest caused a water deficiency in onion bulbs after harvest, leading
to an increase in the rate of cell membrane dehydration during shelf life [29]. In general,
salinity increases the production of ROS in intra- and intercellular spaces, resulting in
cell death, electrolyte leakage, senescence, and increased dehydration of plant tissues in
fresh food products [29,30]. Although salinity increased the ML of onion bulbs during
conservation, the maximum ML of 9.23%, reached with EC of 4.00 dS m−1 at the end of
60 days of storage, was slightly lower than the maximum tolerable mass loss of 10% before
the onion is considered non-marketable [29]. Water loss reduces the shelf life of vegetables,
revealing changes in qualitative characteristics related to texture, such as softening and
visible wilting, which are essential in indicating the deterioration of fresh products [6,29,31].

Onion bulbs can be stored for long periods (up to 8 months) when kept under refriger-
ation conditions (temperature, 2 ◦C) and high relative humidity (RH, 98%) [7,28]. In this
experiment, we verified that each conservation day increased by 0.1323% in ML under
an average air temperature of 29.5 ± 0.7 ◦C and RH of 67 ± 5%. Since transpiration is
directly proportional to the water vapor gradient between the surface of the plant and the
surrounding air [29], storage environment conditions influenced the ML.

Si-accumulating plants deposit Si in the root endoderm, leaf epidermis, and leaf
cuticle in the form of hydrated amorphous silica (SiO2.nH2O), close to the cell walls to
form alternative polyphenolic complexes to lignin [32–34]. Thus, the remarkable properties
of Si in plants confer its potential capacity to increase the resistance of their cell walls [20]
and reduce the transpiration processes of the tissues by improving interfaces of resistance
to transpiration close to the cuticular layers [31]. In this study, the Si increase in soil
fertilization did not significantly alter the resistance (BF) and ML of onion bulbs. The
beneficial effects of Si on shoot tissues may not occur in onion bulbs because shoots of this
species fail to accumulate Si even at high levels in the soil [32]. Ref. [22] observed that the
increase in Si fertilization did not significantly alter the concentrations of Si in the aerial
part of onion plants and, according to [33], the processes of silicification of the cell walls in
the aerial part of the plants depend on the species and are specific to each type of cellular
tissue. So far, we only know that onions respond to fertilization with Si, increasing its
content and improving the anatomy of the roots [32].

The L*, b*, and C* reductions indicate a darkening yellow color tone decrease and
saturation loss of five onion bulbs along shelf life. On the other hand, the increase in
a* and hue angle (◦H) reduction indicates that the shelf time increased the red color
tone of the bulbs. The b* and C* reductions in the bulbs suggest degradation of quercetin
phenolic compounds during onion shelf life. Ref. [35] reported that increased concentrations
of flavonoids such as quercetin 7,4-diglucoside, quercetin 3,4-diglucoside, quercetin 3-
glucoside and quercetin 4-glucoside are responsible for conferring yellow color to the onion
tunic. Quercetin compartmentalization in the transition zones between the living and dead
cells of the epidermis suberization process and flavonol aglycone degradation occurs by a
self-catalytic oxidation process triggered by the generation of radical molecules of quercetin
and superoxide radical (O2

•−) [36].
The ◦H angle reduction and a* increase occur due to the onion tunic darkening ob-

served during the bulb self-life. We found that the cured yellow onions show color changes
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in the tunic of the bulbs, from light whitish brown to dark reddish-brown, concomitantly
with the gradual reduction in the hue angle (◦H) [28]. Nonetheless, [37] found that the
hue angle of the tunic is negatively correlated with the contents of anthocyanin and total
flavonoids in red onions (‘Red Baron’). However, this correlation fails to be observed in the
yellow onion cultivars (‘Sherpa’ and ‘Wellington’) [37].

Salinity increases mitochondrial ROS production and the generation of free radical
molecules in harvested products [30]. In contrast, the soluble sugar degradation can feed
the NADPH-producing metabolic pathways, as in the oxidative way of phosphate pentoses,
contributing to the elimination of ROS and regulation of cellular redox [38,39] in several
pathways of the antioxidant defense system, such as the recovery of enzymatic cofactors
of the Asada-Halliwell cycle and the feeding of the proline biosynthesis pathway [40–42].
Thus, higher soluble sugar consumption and production in plants grown under high
salinity conditions occur due to their multifaceted function in the physiological responses
of plants to abiotic stress [43]. After harvest, however, sink organs are disconnected from
their respective sources of sugars and begin the processes of respiratory degradation of
carbohydrates and senescence [44,45]. However, in shelf life, products grown under pre-
harvest salinity conditions, in addition to exhibiting the natural catabolism of sugars in
senescence and respiration processes, exhibit exacerbated energy consumption due to the
regulation of osmoprotective metabolism, antioxidant (ROS eliminator) metabolism, and
balance of cellular redox [12,30,39].

Carbohydrate metabolism responses to the nutritional Si supply vary widely with the
species, genetic material within the species, specific Si nutritional habits, and environmental
conditions [46–50]. Refs. [46,47] found that Si increased the concentration of soluble sugars
in plants under salinity conditions, reducing cellular stresses caused by osmotic and ionic
stresses. This effect occurs due to the lower catabolic rate of soluble sugars in plants treated
with Si than in untreated plants. Although our results showed oscillation in SSg content as
a function of Si doses.

The reduction of SSg in the first shelf-life days is possibly due to respiratory consump-
tion and ethylene production, which may have been initially accelerated in response to
stimuli related to the regeneration of lesions that occurred in the harvesting process [44,51].
In addition, the conditions of the atmosphere of the storage system (average air temperature
of 29.5 ± 0.7 ◦C and relative humidity of 67 ± 5%) were favorable to trigger enzymatic
activities and, consequently, cellular energy consumption [44], which possibly contributed
to the higher initial consumption of SSg during the onion’s shelf life.

The increase in the SSg content of bulbs between 13.2 and 47.6 shelf-life days may be
related to increased activity of cellulase and enzymes that solubilize peptic substances, as
well as other enzymes that degrade carbohydrates, converging to cellulose degradation and
conversion into glucose [44]. Ref. [23] found a 40% reduction in cellulose concentrations
and changes in the activities of wall-modifying enzymes (polygalacturonase and pectin
methyl esterase) in onion strains under storage conditions, which was related to decreased
cell wall resistance. In addition, there was a significant increase in soluble solids content
concomitantly with the reduction of cellulose content in onion strain M87-WOPL, indicating
probable degradation of cellulose into sugars in stored bulbs.

SS is the solid cellular compound found in a plant juice aliquot, detectable by diffrac-
tometry calibrated using a sucrose solution. Although there is a significant correlation
between the obtained values and the sucrose solution, solids include several organic and
inorganic components, such as carbohydrates, organic acids, proteins, fats, and minerals.
Ref. [52] found that the increase in salinity in the cultivation solution did not cause signifi-
cant changes in the SS content of onion bulbs after harvest. On the other hand, Ref. [53]
found that the SS content of the bulbs increased quadratically as a function of decreasing
periods of salt stress duration during the phenological cycle of the plant. Concerning fertil-
ization with Si, Ref. [22] reported an increase in the SS content of bulbs after harvesting due
to increased doses of Si in the field. On the other hand, in the post-harvest life, fluctuations
in the SS content of onion bulbs vary considerably between genetic materials and according
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to factors related to technology and pre- and post-harvest handling [4,5,22,23,52–55]. Ref. [4]
suggested that the variations in SS content in onion bulbs during post-harvest storage were
due to fluctuations in respiratory rates and endogenous content of soluble sugars.

The increase in pH by increasing salinity occurred due to increased intra- and intercel-
lular concentrations of cations, especially Na+ [19]. In general, high cellular concentrations
of cations trigger programs of synthesis for organic anions in the leaves for the buffering of
excess cations absorbed by the roots [56]. In bulb formation, cations can be translocated
from the leaves to the bulbs in ionic pairs with synthesized anions (especially malate),
causing the pH reduction. On the other hand, the increase in bulb pH by the effect of shelf
time is possibly due to the respiratory catabolism of organic acids using terminal oxidation
to CO2 and H2O [51].

The increase in TA by increasing salinity occurred due to increased vacuolar concen-
trations of organic acids since only this analysis method identifies protonated forms of
organic acids [56]. Ref. [57] reported that photorespiratory conditions and a high level
of reducing pressure in the photosynthesis electron transfer system indicate the partial
flow of the tricarboxylic acid (TCA) cycle, inducing the synthesis of organic acids and the
consequent export of these acids from mitochondria to the vacuoles. Organic acids can
supply electrons to the mitochondrial electron transport chain or can be accumulated for
long periods as osmolytes or provide redox energy when needed [58]. Organic acids exhibit
greater metabolic flexibility than large coenzymes, such as NADH and NADPH, and can
transfer electrons and protons through membranes to other compartments.

In shelf life, the TA reduction in onion bulbs occurred due to the respiratory catabolism
of organic acids to obtain the energy necessary for the processes related to the ripening and
senescence of the bulbs using terminal oxidation of organic acids to CO2 and H2O, which
also corroborates the increase in pH [51].

By increasing irrigation water salinity, the onion bulbs SS/TA ratio reduction occurred
due to more soluble sugar catabolism than total titratable acids. In general, onion bulbs
prefer to use soluble sugars as energy reserve forms to meet the higher ATP requirements,
maintenance of redox balance, and enzymatic detoxification of lipid radical molecules and
ROS caused by salt stress [12,30,38,39,45]. However, from the initial zero shelf-time (ST1)
level to the subsequent levels ST2, ST3, and ST4, saline stress decreased rates of SS/AT
ratio reduction, showing an increase in organic acid contribution to respiratory and redox
metabolism of onion bulbs during their shelf life. The literature indicates the participation
of organic acids in respiratory processes and mitochondrial redox regulation [51,57,58].

In the first shelf-life days, the salinity levels A2 and A3 led to a lower SS/TA ratio
compared to the values observed at the control salinity level A1, indicating higher sugar
consumption compared to titratable acids in these treatments. At the salinity level A4, we
observed values lower than the control. The shelf time caused an increase in the SS/TA
ratio of the onion, suggesting a preponderance in the titratable organic acid consumption
compared to the sugars that make up the SS under high salinity. Therefore, these results
show the organic acid consumption regulating the cellular redox of onion bulbs under
salt stress.

The increase in the SS/TA ratio of the bulbs, as a function of Si supply, under salinity
conditions, at ST1 possibly occurred because of improvements in an onion plants’ carbo-
hydrate metabolism and osmotic adjustment. Previous studies have reported an increase
in the soluble sugar concentration and osmotic regulation in plants treated with Si under
salt and water stresses [46,49,50]. However, our results reveal that Si supply effect on the
SS/TA ratio of onion bulbs occurred exclusively at ST1 (harvest). However, the absence of
a significant effect of Si on the SS/TA ratio at ST2, ST3, and ST4 leads us to speculate on
a possible transient accumulation mechanism of soluble sugars mediated by Si in onion
bulbs for osmotic regulation of plants during the reproductive phenological period. Inter-
estingly, [49] found that the increase in the soluble sugar concentration in cucumber plants
occurred in the root system, accompanied by positive regulation of the expression of the
aquaporin gene mediated by Si. However, further studies are needed to fully understand
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the effect of Si on the mechanism regulation related to sugar metabolism and osmotic
control in onions pre- and post-harvest.

The increases in PyA in onion bulbs after harvest show significant changes in sulfur
(S) metabolism in onion plants due to pre-harvest conditions of increases in salinity and Si
fertilization. The modulation of activities and gene expression of rate-controlling enzymes
in the metabolism of assimilation and absorption of S in plants by salinity stress have been
previously reported [59]. We identified that Si supply alters the metabolism of S in different
plant species, causing increases in S absorption and regulating the synthesis of amino acids
and polyamines involved in stress response and tolerance [60,61]. Antioxidant defense
related to the AsA-GSH cycle depends on the metabolic pathways of S [62]. Molecular
domains containing thiol are, directly or indirectly, oxidized by ROS, generating relatively
more stable oxidation products with modified physical conformations and biochemical
activities. In addition, oxidized S-cysteine (S-Cys) chemical species, including sulfenic
acid, glutathionylated Cys, sulfanilamide groups, and metal-sulfur bonds, are significant
in redox signaling and regulation of ROS metabolism, causing direct effects on protein
molecules, transcription factors and gene expression levels [12]. Interestingly, our results
showed that salinity and Si supply significantly increased the concentration of sulfurous
compounds in onion bulbs after harvest, up to a certain point, as shown by the increase in
PyA concentration.

The increase of PyA in the first shelf life days and its subsequent reduction after
22.1 days may be due to the effects of concentration and degradation of thio-compounds
that are precursors of pyruvic acid in onion bulbs, since we observed the following corre-
lations: negative, between the PyA content and the mass loss of the bulbs; and positive,
between the PCA content and bulb’s content of SS and TA.

AsA is a non-enzymatic antioxidant and redox buffer of many biological processes, in-
cluding photosynthesis, ROS detoxification, and elimination of radical molecules [12,63–69].
There is strong evidence that adverse environmental conditions regulate AsA biosynthesis,
including salinity stress [15,65,66]. AsA can directly eliminate the molecules of O2

•−, •OH,
1O2 or react with biologically generated radicals such as tocopheroxyl (that is, regeneration of
tocopherols) and alkoxyl/peroxyl. In addition, AsA can reduce H2O2 molecules to H2O, acting
as a cofactor in Mehler’s peroxidative reactions catalyzed by ascorbate peroxidase (APX). The
AsA acts on the quenching of excess energy from the molecules of 3Chl* and 1O2 as a cofactor
in the catalytic reaction of violaxanthin de-epoxidase (VDE), which converts violaxanthin into
zeaxanthin [70–74]. The reason for the absence of a significant response of AsA to the increase in
salinity at ST1 was possibly its dilution in bulbs still bloated in the harvest phase, not allowing
the detection of significant variances by the adopted test. However, the means obtained at ST1
showed a slight increase in AsA (not significant) as a function of the increase in salinity. At the
same time, the concentrations of AsA observed at ST2, ST3, and ST4 showed linear increases.
Nevertheless, AsA content showed a positive correlation with the mass loss of the bulbs.

Storage time seems to concentrate AsA in onion bulbs treated with Si in pre-harvest
without irrigation water salinity. The AsA concentration effect was possibly due to the
increase in the mass loss of bulbs during storage and occurred exclusively in the control
treatment (A1). This response shows that the AsA pool produced was sufficient to support
the reactions involved in the natural processes of ripening and senescence. However,
despite the increases in the AsA reservoirs in A2, A3, and A4 treatments under salt stress,
in the first days of storage, AsA degradation occurred at the end of the onion’s shelf life.
The increase in salinity reduced the shelf life of AsA, evidencing that salinity increased AsA
consumption, possibly due to the increase of reactions related to the metabolism of cellular
redox maintenance and catalysis of ROS and radical molecules generated biologically.

Studies conducted with Acacia gerrardii Benth and Triticum aestivum, under salinity
stress and Si supply, showed significant improvements in AsA levels due to the supply
of Si [75,76]. According to [76], the improvement in Si-mediated antioxidant defense
occurs by modulation in enzymatic activity (including SOD, POD, CAT, APX, and GR) and
biosynthesis of non-enzymatic antioxidants, including ascorbic acid, proline, and glycine
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betaine. We found that the increase in Si doses caused an increase in the AsA concentration
of onion bulbs only at shelf times of 20, 40, and 60 days.

Although the AsA levels of onion bulbs, as a function of shelf time, reached higher
peaks with the elevation of SD levels, we observed that the AsA peaks occurred at in-
creasingly shorter shelf times as the SD levels increased. In many species, AsA regulates
plant tolerance against factors of multiple abiotic stresses [65,77]. Ref. [65] reported that
the redox state of ascorbate and the level of the apoplastic AsA pool affect the hormonal
balance of plants, MAPK signaling cascades, and antioxidant enzymatic activities, which is
therefore vital in the perception of environmental stress, redox homeostasis, and regulation
of oxidative stress and plant physical-biochemical responses. However, the upstream
mechanisms by which salinity and Si supply can regulate the activities and expression of
the components of the antioxidant defense system in onions under storage conditions and
the processes of senescence and ripening are not yet known. However, other studies, such
as the description of proteomic and metabolomic profiles, gene identification, and PCR
over time, are still needed to better understand the signaling mechanisms and responses to
pre-harvest conditions of salt stress and Si supply in onion bulbs under storage conditions.

4. Materials and Methods
4.1. Location and Experimental Design

The experiment was conducted at the Rafael Fernandes Experimental Farm, belonging
to the Federal Rural University of the Semi-Arid Region (UFERSA), located in the district
of Alagoinha, Mossoró-RN, Brazil (5◦03′37′ ′ S; 37◦23′50′ ′ W and altitude of 72 m). The
region recorded an average annual rainfall of 625 mm, with a dry season between June and
January. The average annual air temperature has been recorded at a minimum of 21.3 ◦C
and a maximum of 34.5 ◦C. The climate is classified as semi-arid (BSh), dry, and very hot,
according to Köppen’s classification system [78]. The soil in the experimental area is an
ARGISSOL, with a loamy-clay-sandy texture (726 g kg−1 of sand, 48 g kg−1 of silt, and
226 g kg−1 of clay, in the diagnostic B horizon). Table 1 shows a physicochemical analysis
of the soil in the 0–20 cm layer.

Table 1. Physicochemical soil of the experimental area in the 0–20 cm layer.

pH Ca2+ Mg2+ K+ Na+ Al3+ H++Al3+ P M.O. Si Clay Silt Sand

———————-cmolcdm−3———————- mg dm−3 g kg−1 mg dm−3 ——–g kg−1——–
7.30 1.60 0.41 0.14 0.07 0.00 0.44 31.08 4.65 0.10 29 21 950

pH in water (1:2.5); Ca2+, Mg2+, and Al3+: 1 mol L−1 KCl extractor; K+ and P: Mehlich−1 extractor; H++Al3+: SMP
extractor; M.O.: organic matter by Walkey–Black; Si: 0.05 mol L−1 acetic acid extractor.

The experimental design was in randomized blocks, arranged in a split-split plot
scheme, with four replicates. The plots had four salinity levels of irrigation water (EC: 0.61;
1.74; 2.87, and 4.0 dS m−1), and the subplots had five levels of fertilization with silicon (SD: 0;
41.6; 83.2; 124.8, and 166.4 kg ha−1 of Si) and sub-sub plots lots had four conservation times
(0, 20, 40, and 60 days after harvest), totaling 320 experimental units. The sample consisted
of five onion bulbs per experimental unit, totaling 1600 bulbs [Classes 3 (50 ≤ Φ < 70 mm)
and 4 (70 ≤ Φ < 90 mm)]. The samples were labeled and taken to the laboratory to evaluate
the post-harvest quality of the bulbs within their respective conservation times. Figure 12
shows the details of Si-fertilization and onion storage.
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4.2. Plant Material, Pre-Harvest Treatments, and Post-Harvest Storage

The experiment was carried out with onions (Allium cepa L.) sown on 16 July 2019.
The genetic material used was the hybrid ‘Rio das Antas’, a common cultivar in the
northeastern semi-arid region of Brazil. Cultivation, fertilization, and irrigation were
performed according to local recommendations, crop needs, and availability of water and
nutrients in the soil [79–82].

The treatments were of four salinity levels of irrigation water (0.61; 1.74, 2.87, and
4.0 dS m−1) and five levels of fertilization with silicon (0; 41.6; 83.2, 124.8, and 166.4 kg
ha−1 of Si), arranged in plots and subplots, respectively. Water salinity was elevated by
the addition of sodium chloride, calcium chloride, and magnesium sulfate salts in a molar
charge ratio of 7:2:1. Fertilization with Si was carried out at planting, with a fertilizer based
on natural diatomaceous earth derived from the species Melosira granulata—AgrisilicaTM

with 2 mm diameter (26% Si; 0.07% N; 0.02% P; 0.08% K; 0.09% S; 1.4% Ca; 1.1% Mg; 1.3%
Fe; 219 mg kg−1 Mn; < 5 mg kg−1 B; 22 mg kg−1 Cu; 18 mg kg−1 Zn; and 2.1 mg kg−1 Mo),
produced by Agripower Australia Limited.

Harvest was carried out on 16 December 2019, after a natural curing process of the
bulbs, for 10 days, under field conditions. The beginning of the curing process was defined
when 70% of the plant population was physiologically mature (leaves fallen over) when
the suspension of the water supply by irrigation was also determined. The bulbs harvested
were selected according to the class of commercial diameter, between 50 and 70 mm, and
then placed on shelves, in polyethylene nets (10 mm mesh), for 0, 20, 40, and 60 days, under
ambient storage conditions, at an average air temperature of 29.5 ± 0.7 ◦C and relative
humidity of 67 ± 5%, were obtained by digital thermo-hygrometer (Jprolab®, São José dos
Pinhais, Brazil).

4.3. Evaluated Characteristics

The morphological analyses of the plants were bulb firmness (BF), mass loss (ML), and
color (CLR) of onion bulbs, determined at 0, 20, 40, and 60 days after harvest (DAH). BF
and CLR analyses were performed separately in each of the bulbs in the sample, recording
the mean of the five bulbs for each treatment replicate. ML was determined by percentage
ratio, recording the initial and final weights of each sample set of five bulbs.

The post-harvest quality of the bulbs was evaluated by determining the levels of
soluble sugar (SSg), total soluble solids (SS), total titratable acidity (TA), and SS/TA ratio,
as well as pH and the concentrations of pyruvic (PyA) and ascorbic (AsA) acids. The
evaluations were performed in homogenized juice from the five onion bulbs of the sample,
obtained using a centrifugal juice extractor 700 W with stainless steel blades (Philips
Walita®, Brazil).
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4.3.1. Evaluation of Bulb Firmness and Mass Loss

Bulb firmness, measured in Newton force (N), was evaluated using a penetrometer
(Lutron® PTR-300, Taiwan), with a tip of 8 mm in diameter and penetration at a depth of
7 mm. The readings were performed in the middle equatorial portion of the bulbs at two
equidistant points, on opposite sides, after removing the dry tunic from the bulbs.

Mass loss was obtained using the percentage ratio between the weight of onion bulbs
at the initial shelf time (0 DAH) and the weight of the bulbs at their respective shelf times,
at the moment of evaluation, according to the following equation:

ML (%) =

(
Mi

Mf
− 1
)
× 100× (−1) (1)

where;
ML is the mass loss, in %;
Mi is the mass of fresh matter of the sample at the beginning of storage, in g; and
Mf is the mass of fresh matter of the sample at the evaluated shelf time, in g.

4.3.2. Evaluation of Bulb Color

Bulb color was evaluated from the color sensation recommended by the International
Lighting Commission (Commission Internationale de l’Eclairage—CIE), quantified by the
determination of color parameters L* (lightness or brightness), a* (color variation between
green and red), b* (color variation between blue and yellow), C* (chromaticity or saturation)
and ◦H (hue or hue angle). The CIE coordinates L*, a*, and b* were obtained by a colorimeter
(Konica Minolta® CR-410, Japan) (variation of Y reflectance: from 0.01% to 160.00%), with
a silicon photocell detector and light source in the form of a xenon flashtube, using a
wide-area illumination color measuring head, reflecting directly in the upper polar region
of the onion bulbs, covering a circular area of 50 mm in diameter. The standard observer
corresponds to Standard 2◦ CIE 1931 (x2λ, ȳλ, ȳλ).

The CIE color spaces C* and H* were calculated from the CIE coordinates L*, a*, and
b* using the following mathematical applications [83]:

C∗ =
√

a∗2 + b∗2 (2)

h∗ = 180 +




(
arctan b∗

a∗

)

6.2832


× 360, when a∗ < 0 (3)

h∗ =




(
arctan b∗

a∗

)

6.2832


× 360, when a∗ > 0 (4)

4.3.3. Evaluation of Soluble Sugars (SSg), Soluble Solids (SS), Titratable Acidity (TA),
SS/TA Ratio, and Hydrogen Potential (pH)

The soluble sugar (SSg) and titratable acidity (TA) content were evaluated in onion
bulbs according to the methods described by [84,85], respectively. SSg was extracted from
1 g samples of juice from fresh bulbs and dissolved in 100 mL of pure demineralized water.
The determinations were carried out by colorimetry from 50 µL aliquots taken from the
extracts. For the readings, the extract aliquots (50 µL) were mixed with 950 µL of pure
water and 2000 µL of anthrone reagent (2 g L−1 of H2SO4), heated (water bath at 100 ◦C for
8 min), and cooled (ice bath). The readings were recorded in the spectral range of 620 nm,
and SSg content was calculated from a standard glucose curve. TA was determined from
1 g samples of onion bulb juice dissolved in 50 mL of pure demineralized water by titration
with 0.1 N NaOH and phenolphthalein indicator at 1%.

The soluble solids (SS) content and the hydrogen potential (pH) of onion bulbs were
determined directly in the juice using a portable digital Brix refractometer (Dbr-92, China),
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converted to the Brix scale (%), and an electrical potentiometer (mV), converted to the pH
scale. The device used to measure SS was the DBR45 digital refractometer (refractive index
of 1.3330–1.4098), with automatic temperature compensation, while the device used to
measure pH was the benchtop pH meter (Hanna® Instruments HI 2221, United States),
with HI-1131B pH electrode and HI 7662 automatic temperature compensation probe.

SS/TA ratio was obtained through the mathematical ratio between the observed values
of SS and TA.

4.3.4. Evaluation of Pyruvic Acid and Ascorbic Acid Concentrations

Pyruvic acid (PyA) and ascorbic acid (AsA) concentrations were evaluated in onion
bulbs according to the methods described by [86,87], respectively. PyA was extracted from
0.5 g samples of juice from fresh bulbs, dissolved in 1.5 mL of 5% trichloroacetic acid
(TCA) and 18 mL of pure demineralized water. The determinations were carried out by
colorimetry, using 1 mL aliquots taken from the extracts. For readings, the extract aliquots
(1 mL) were mixed with 1 mL of 2,4-dinitrophenylhydrazine (2.4-DNPH), 0.125 g L−1 of
2 N HCl, and 1 mL of pure water and then heated (water bath at 37 ◦C for 10 min), cooled
(ice bath) and mixed with 5 mL of 0.6 N NaOH. Readings were recorded in the spectral
range of 420 nm, and the PyA content was calculated from a standard sodium pyruvate
curve. AsA was extracted from 1 g samples of onion bulb juice, dissolved in 50 mL of
0.5% oxalic acid. The determinations were carried out by titration with Tillman solution
(2,6-dichlorophenol indophenol) at 0.02% (refrigerated) from 5 mL of the extract dissolved
in a volume of 50 mL based on pure demineralized water. The content was calculated by
proportional ratios based on the titration of a standard ascorbic acid solution.

4.4. Statistical Analysis

The results obtained were subjected to analysis of variance and polynomial regression
tests, and then polynomial regression equations were fitted using linear and nonlinear
regression models. The criteria for selecting the models were biological meaning, the
significance of the estimators of regression parameters, and R2 values.

5. Conclusions

The present research results show that the increase in salinity of irrigation water and
shelf time reduces the quality of onion bulbs, causing reduced firmness and significant mass
loss. At the same time, fertilization with Si did not contribute significantly to improving
these variables. On the other hand, salinity and Si do not considerably affect the tunic color
of onion bulbs, showing that onions grown under such environmental conditions have
appeared for sale. In addition, our studies have shown that increased salinity causes a
reduction in the content of sugars and total soluble solids of onion bulbs, as well as pH and
SS/TA ratios, increasing the concentrations of titratable acids and pyruvic acid along with
shelf life. Onion bulbs grown under salinity conditions may exhibit a more astringent and
acidic flavor to the consumer, especially in prolonged permanence under shelf conditions.

In contrast, the increase in Si fertilization with doses between 121.8 and 127.0 kg ha−1

contributes to increasing the content of sugars and total soluble solids and reducing the
SS/TA ratio, especially at 20 shelf-life days, with only a slight increase in pyruvic acid
concentration. Si fertilization can improve the flavor qualities of onions grown under
salinity, promoting a better balance between the astringency and sweetness of bulbs after
cooking or improving the aromatic background of salads and culinary dishes by increasing
pungency expression. Although salinity results in losses of palatable quality in onion
bulbs, it can promote the increased concentration of ascorbic acid during shelf life until
approximately 36 days of storage. Additionally, the increase in fertilization with Si, up to
the maximum dose of 166.4 kg ha−1, also promotes an increased concentration of ascorbic
acid in bulbs during shelf life until approximately 40 days of storage. Thus, the increase in
irrigation water salinity and the management of Si fertilization promotes the biofortification
of onions with vitamin C. Therefore, our results can help define guidelines for fertilization
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with Si in the cultivation of onions under salinity conditions, focusing on developing new
markets based on the quality of products and the quality of life for consumers.
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Abstract: The economically profitable production of crops is related, among other factors, to seed
quality, the production system, and the water used in irrigation or preparation of nutrient solutions.
Therefore, the objective was to evaluate the phenology, production, and vigor of seeds of mini water-
melons grown in saline nutrient solution and different substrates. In the fruit and seed production
phase, the experiment occurred in a greenhouse with five electrical conductivities of water for nutrient
solution preparation, ECw (0.5, 2.4, 4.0, 5.5, and 6.9 dS m−1), and two growing substrates (coconut
fiber and sand). We evaluated the physiological quality of seeds previously produced under the five
electrical conductivities of water and two substrates. High salinities for the hydroponic cultivation of
the mini watermelon cultivar ‘Sugar Baby’ accelerated fruit maturation and crop cycle, decreasing
fruit size. However, in both substrates, the seed production of mini watermelons, seed viability,
and seed vigor occurred adequately with a reject brine of 6.9 dS m−1 in the hydroponic nutrient
solution. The seed production of ‘Sugar Baby’ mini watermelons using reject brine in a hydroponic
system with coconut fiber and sand substrates is viable in regions with water limitations.

Keywords: Citrullus lanatus; germination; salinity; hydroponics; seed vigor

1. Introduction

Low rainfall and high temperatures characterize the Brazilian semi-arid region for
most of the year and high evapotranspiration rates [1]. Along with these factors, soil
salinization is prevalent, causing losses in crop yield and quality [2].

Salinity is one of the main factors threatening agriculture and food security globally,
mainly due to salts’ osmotic and ionic effects. These effects can interfere with cell stability
and reduce plant water uptake, resulting in ion toxicity and changes in the cell’s physio-
logical and metabolic processes [2,3]. Salt stress also alters hormone-regulated responses,
limiting stomatal opening and photosynthesis [4]. These changes caused phenological
changes resulting in reduced leaf expansion and photosynthetic area, lower plant growth
rates, and smaller fruits and seeds [5].

Seeds’ physiological quality and vigor are essential for crop establishment [6]. Tech-
nical and environmental conditions of the production phase influenced the physiological
seed quality [7], particularly stressful conditions such as salt stress. Excess salt can cause
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losses in the transport and accumulation of reserves, leading to low seed viability and vigor
and an accelerated deterioration process [8].

The limited availability of good quality water for agriculture encourages strategies to
use brackish water in agriculture. Brackish water desalination by reverse osmosis systems
has guaranteed access to potable water for many communities in the Brazilian semi-arid
region. However, water treatment by reverse osmosis generates brine waste, which must
be used in fish farming or hydroponics to avoid soil contamination [5]. In this regard, using
brackish water to prepare nutrient solutions for hydroponic crops is noteworthy as they
do not present matric potential, and the roots are in a constant state of saturation, thus
reducing the deleterious effects of salinity on the plants [9].

Agricultural producers are increasingly turning to hydroponic cultivation in protected
environments, which enables intensive production and a continuous supply of products.
Compared to conventional crops, the production cycle in hydroponics is shorter and more
productive, and the products present a better quality [10]. In protected environment agri-
culture, hydroponics has been cultivated in substrates to provide the plant with excellent
stability and support, supply oxygen, and promote carbon dioxide exchange between the
roots and the external air [11]. Using coconut fiber substrate has demonstrated promising
results in hydroponic cultivation with saline water [12,13].

Watermelon (Citrullus lanatus Schrad.), which belongs to the Cucurbitaceae family,
is one species that thrives in hydroponic systems. It is one of the most important crops
grown in Brazil. The Northeast region is the largest producer of watermelons in Brazil,
accounting for 38% of national production [14]. In hydroponic cultivation, mini watermelon
plants present great productive potential in all-year seasons, depending on management
practices [15,16]. However, there are no studies on the effects of saline water in hydroponic
cultivation of this species for phenology, production, and the physiological quality of seeds.
This study aimed to evaluate the phenology, production, and vigor of seeds of mini water-
melon grown in a nutrient solution prepared with reject brine and two growing substrates.

2. Results

During the mini watermelon cycle, there was a significant interaction (p < 0.05)
between salinity and substrates. Single effect of salinity occurred only for the days to
flowering—DTF (p < 0.001), and for the days from flowering to fruit maturity—DFFTFM
(p < 0.001). There were also single effects of substrates on DTF (p < 0.001) and DFFTFM
(p < 0.01). Mini watermelon flowering was delayed by eight days (Figure 1A) and there was
a reduction of three days from flowering to fruit maturity (Figure 1C) for plants cultivated
in the sand compared to those cultivated in coconut fiber.

Flowering was delayed by approximately one day for each unit increment in ECw,
with a difference of 6.2 days when irrigation was performed with water of the highest
salinity (6.9 dS m−1) compared to the control (0.5 dS m−1) (Figure 1B). The days from
flowering to fruit maturity were reduced by 0.62 days for each increment of 1 dS m−1 in
irrigation water, corresponding to a difference of 3.97 days in the treatment of the highest
ECw (6.9 dS m−1) compared to the control (0.5 dS m−1) (Figure 1D).

The plant growth cycle in coconut fiber lasted an average of 81 days, regardless of
salinity. The plant growth cycle in sand lasted from 83.6 to 88.6 days between salinity
levels of 0.5 and 6.9 dS m−1, and the highest plant growth cycle occurred in the ECw of
4.9 dS m−1 (Figure 2). The cycles of plants cultivated in the sand were 2.6, 7.0, 7.0, 5.3, and
7.0 days longer than those grown in coconut fiber, at salinity levels of 0.5, 2.4, 4.0, 5.5, and
6.9 dS m−1, respectively (Figure 2).
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The factors salinity, substrate, and time had significant interaction (p < 0.001) for
longitudinal fruit diameter (LFD) and transverse fruit diameter (TFD) of a mini watermelon.
In coconut fiber cultivation, the severe effects of salinity started five days after anthesis
(DAA) for longitudinal and transverse diameters (Figure 3A,C). For longitudinal diameter,
salinities S1 and S2 did not differ during the 45 DAA, but salinities S3, S4, and S5 differed
from S1 and S2 from 20, 15, and 5 DAA, respectively (Figure 3A). At 45 days, the lowest
longitudinal diameters occurred in salinity S5, with a reduction of 17.17%, followed by
S4 and S3, with reductions of 4.37 and 7.74% compared to S1, respectively (Figure 3A).
For transverse diameter, salinities S2, S3, S4, and S5 differed from S1 from 30, 15, 5, and
5 DAA, respectively (Figure 3C). At 45 days, reductions of 3.9, 5.6, 10.2, and 12.9% in
the transverse diameter were seen under salinities S2, S3, S4, and S5 compared to S1,
respectively (Figure 3C).

Plants 2022, 11, x FOR PEER REVIEW 5 of 14 
 

 

 

Figure 3. Means comparison test (Tukey, p < 0.05 and SD, n = 4) for longitudinal diameter (A,B) and 

transverse diameter (C,D) of mini watermelon fruits as a function of days after anthesis, in hydro-

ponic cultivation using nutrient solution prepared with reject brine (S1—0.5 dS m−1, S2—2.4 dS m−1, 

S3—4.0 dS m−1, S4—5.5 dS m−1, S5—6.9 dS m−1) and substrates (Coconut fiber and Sand). ***, * and 

ns significant at 0.001, 0.05 probability levels, and non-significant, respectively. 

The interaction between salinity and growing substrates had a significant effect (p < 

0.05) on fruit weight (FW) and hundred-seed weight (HSW). The substrate factor was sig-

nificant for the weight of seeds per fruit (WSF) (p < 0.01) and for seed thickness (ST) (p < 

0.001). The number of seeds per fruit (NSF), seed length (SL), and seed width (SW) were 

not significantly (p > 0.05) affected by the factors studied. 

The increase in irrigation water salinity reduced the weight of mini watermelon fruits 

by 50.5 and 29.5% for plants grown in coconut fiber and sand substrates compared with 

those obtained at high (6.9 dS m−1) and low (0.5 dS m−1) salinity levels (Figure 4A). 

Figure 3. Means comparison test (Tukey, p < 0.05 and SD, n = 4) for longitudinal diameter (A,B) and
transverse diameter (C,D) of mini watermelon fruits as a function of days after anthesis, in hydroponic
cultivation using nutrient solution prepared with reject brine (S1—0.5 dS m−1, S2—2.4 dS m−1,
S3—4.0 dS m−1, S4—5.5 dS m−1, S5—6.9 dS m−1) and substrates (Coconut fiber and Sand). ***, * and
ns significant at 0.001, 0.05 probability levels, and non-significant, respectively.
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In sand cultivation, the effects of salinity began at 10 DAA for longitudinal and
transverse diameters (Figure 3B,D). S1 was superior to the other salinities for longitudinal
diameter on all days after anthesis, and S2 was superior to S3, S4, and S5 from 15 DAA
(Figure 3B). At 45 days after anthesis, there were reductions of 2.35, 13.32, 10.44, and 10.83%
in longitudinal diameter under salinities S2, S3, S4, and S5 compared to S1, respectively
(Figure 3B). Salinities S3, S4, and S5 were similar for longitudinal diameter on all days after
anthesis (Figure 3B). For transverse diameter, salinities S1 and S2 did not differ during the
45 DAA and were superior to S3, S4, and S5 from 15 DAA (Figure 3C). At 40 DAA, the
transverse fruit diameters of plants under salinities S3, S4, and S5 decrease by 12.06, 7.56,
and 7.10% compared to S1, respectively (Figure 3C). There was no significant difference
in the transverse diameter of the fruits for those cultivated under salinities S4 and S5
(Figure 3C).

The interaction between salinity and growing substrates had a significant effect
(p < 0.05) on fruit weight (FW) and hundred-seed weight (HSW). The substrate factor
was significant for the weight of seeds per fruit (WSF) (p < 0.01) and for seed thickness (ST)
(p < 0.001). The number of seeds per fruit (NSF), seed length (SL), and seed width (SW)
were not significantly (p > 0.05) affected by the factors studied.

The increase in irrigation water salinity reduced the weight of mini watermelon fruits
by 50.5 and 29.5% for plants grown in coconut fiber and sand substrates compared with
those obtained at high (6.9 dS m−1) and low (0.5 dS m−1) salinity levels (Figure 4A).
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Figure 4. Regression analysis and means comparison test (Tukey, p < 0.05 and SD, n = 20) for the
variables fruit weight–FW (A), the weight of seeds per fruit–WSF (B), hundred-seed weight–HSW (C),
and seed thickness –ST (D) of mini watermelon in hydroponic cultivation using a nutrient solution
prepared with reject brine and different substrates (� Coconut fiber; � Sand). ***, **, *, and ns
significant at 0.001, 0.01, 0.05 probability levels, and not significant, respectively.
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The weight of mini watermelon fruits obtained under coconut fiber cultivation was
higher than that obtained under sand cultivation for all salinities, precisely 75.9, 71.0, 75.6,
53.5, and 20.2% higher at the salinities of 0.5, 2.4, 4.0, 5.5, and 6.9 dS m−1, respectively
(Figure 4A). The weight of mini watermelon seeds per fruit cultivated in coconut fiber was
60.5% (2.3 g) higher than that obtained for sand cultivation (Figure 4B).

The average hundred-seed weight of plants grown in the sand was 3.41 g, regardless
of salinity. In coconut fiber cultivation, the hundred-seed weight ranged from 3.27 to
3.67 g between salinities of 0.5 and 6.9 dS m−1, and the estimated salinity of 2.45 dS m−1

obtained the highest value (Figure 4C). For the hundred-seed weight, the substrates did
not differ at the salinity of 0.5 dS m−1. At salinities of 2.4 and 5.5 dS m−1, the hundred-seed
weight of watermelon cultivated in coconut fiber was 14.2 and 10.0% higher than the values
obtained with sand cultivation, respectively. At the salinity levels of 4.0 and 6.9 dS m−1,
the hundred-seed weight of plants grown in the sand was 2.5 and 3.2% higher than those
obtained with coconut fiber cultivation, respectively (Figure 4C).

The thickness of seeds of mini watermelon cultivated in coconut fiber was 7.0%
(0.11 mm) higher than that obtained with sand cultivation (Figure 4D). Fruits produced in
coconut fiber substrate obtained higher seed weight. Therefore, this result is not related to
the number of seeds but their weight due to their greater thickness.

For the variables that indicate the physiological quality of the seeds, there was a sig-
nificant interaction between the factors of salinity and substrates for germination (p < 0.05),
electrical conductivity (p < 0.001), and accelerated aging (p < 0.01). The salinity factor
significantly affected the emergence (p < 0.01).

The germination of mini watermelon seeds from coconut fiber cultivation was not
influenced by water salinity, with an average of 100% (Figure 5A). Seeds from sand cul-
tivation obtained the highest germination (100%) at a salinity of 2.9 dS m−1 (Figure 5A).
There was a difference between the substrates under a salinity of 6.9 dS m−1, and seeds
from coconut fiber obtained 19 percentage points more than seeds from sand cultivation
(Figure 5A).

The highest percentage of seedling emergence (87%) was obtained in the treatment
with ECw 5.0 dS m−1, being 17% above the control (0.5 dS m−1) regardless of the substrate
used (Figure 5B). Irrigation with saline water increased the electrical conductivity test of
mini watermelon seeds by 3.84 and 3.19 µS m−1 for seeds of watermelon grown in coconut
fiber and sand, respectively, for each increase of 1 dS m−1 in irrigation water (Figure 5C).
The electrical conductivity test of mini watermelon seeds produced in a sand substrate
was 8.6, 11.0, 10.3, and 20.6 µS m−1 higher than that of seeds produced in coconut fiber for
salinities of 0.5, 2.4, 4.0, and 5.5 dS m−1, respectively (Figure 5C). At a salinity of 6.9 dS m−1,
there was no significant difference between substrates for the electrical conductivity test of
mini watermelon seeds.

The mini watermelon seeds obtained in coconut fiber cultivation after accelerated
aging were not influenced by the irrigation water salinities, obtaining an average of 89%
(Figure 5D). In turn, seeds produced in the sand obtained the highest germination after
accelerated aging (97%) under a salinity of 3.74 dS m−1 (Figure 5D). There was a difference
between the substrates under salinity of 4.0 dS m−1, at which the seeds produced in sand
obtained levels 14% above those produced with coconut fiber cultivation (Figure 5D).
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Figure 5. Regression analysis and means comparison test (Tukey, p < 0.05 and SD, n = 4) for the
variables germination—G (A), emergence—E (B), electrical conductivity test—EC leaching water (C),
and accelerated aging—AA (D) of seeds of mini watermelon in hydroponic cultivation using a
nutrient solution prepared with reject brine and different substrates (� Coconut fiber; � Sand). ***, **,
*, and ns significant at 0.001, 0.01, 0.05 probability levels, and not significant, respectively.

3. Discussion

The reuse of agro-industrial products in agriculture is essential for clean production.
We produce mini watermelon fruits and seeds using brine waste from water desalination
in rural communities and coconut fiber from residue from coconut water production.

The mini watermelon plant’s cycle differed with the variations in the electrical con-
ductivity (EC) of the water and cultivation substrates. The cycle of the plants grown in
the coconut fiber substrate had an average duration of 81 days, whereas sand cultivation
prolonged the cycle by 2.6 to 7 days. Watermelon plants cultivated in sand grew faster
and reached the maximum height of the trellis (2.0 m). However, the plants needed more
time to reach the top of the trellis when a nutrient solution containing water with a high
concentration of salts was used. Thus, plants grown in the sand under higher salt stress
presented longer cycles. Although salinity associated with sand cultivation reduced fruit
maturation time, the overall length of the crop cycle did not decrease.

The physiological effects on the mini watermelon plants grown in sand and under salt
stress prolonged the crop cycle. Drought induced by the reduction in osmotic potential due
to the increased salinity of the water used in cultivation was the main factor that caused
the mini watermelon plant’s reduced growth [15,17,18]. Due to this and the sand’s low
water retention capacity, the plant growth rate decreased; consequently, the main branches
needed more time to grow to the proper length.
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The longitudinal and transversal diameters of the mini watermelons grown in the
coconut fiber substrate at 45 days after anthesis (DAA) were 12.1% and 10.5% larger,
respectively, compared with the diameters of the mini watermelons grown in the sand. The
longitudinal and transversal diameters of the mini watermelons cultivated in coconut fiber
were superior to those of the mini watermelons grown in the sand at 15 DAA for salinity
treatments S1, S2, S3, S4, and S5. The longitudinal and transversal diameters resulting
from coconut fiber cultivation under salinity treatments S1 and S2 were similar and, along
with treatment S3, were superior to the diameters resulting from sand cultivation under
treatment S1. The results from cultivation in the coconut fiber substrate under salinity
treatments S4 and S5 were similar to those of sand cultivation under treatments S1 and S2,
respectively. Therefore, the coconut fiber substrate promoted fruit growth and reduced the
effect of salinity on the mini watermelon plants compared to sand. Coconut fiber has a
greater capacity for hydration and water retention than sand without restricting aeration;
as a result, coconut fiber makes more water available to the plant, even under conditions of
low osmotic potential [19].

The fruits of the plants grown in the coconut fiber substrate presented greater diame-
ters and fruit weight than those grown in sand, regardless of water salinity. The extended
period required for fruit maturation and larger diameters significantly increased fruit
weight. Fruit weight was 75% higher in plants grown in coconut fiber than in the sand
under salinity treatment S1. For EC above 4.0 dS m−1, the difference between the fruit
weight of the crops grown in coconut fiber and those grown in sand decreased, which
indicates that salt stress was more limiting in the coconut fiber substrate at this salinity
level. Severe restrictions in fruit weight with a salinity condition of 4.0 dS·m−1 corroborate
the reduction in the fruit’s maturation period and longitudinal and transversal diameters.

Thus, decreases in fruit size and weight were not due to poor fertilization and poor
fruit formation, which are capable of reducing sink strength (fruit) [20]. However, the
restricted availability of water and photoassimilates due to the osmotic and ionic salinity
components limits root development, leaf growth and expansion (source), and water
relations and photosynthesis [2–4].

The mini watermelons grown in coconut fiber presented similar diameters and weights
to those reported in the literature. However, the results we obtained for the plants grown in
the sand substrate are lower than those reported by [4,15,16] for the hydroponic cultivation
of the ‘Smile’ and ‘Sugar Baby’ cultivars of the mini watermelon using saline water in
the nutrient solution. The authors of [21] observed mini watermelons under salinity
conditions of 2.0 and 5.2 dS·m−1 and found that an increase in salinity resulted in a 240 g
reduction in fruit weight for the non-grafted ‘Tex’ cultivar, 17.4 g of which corresponded to
a reduction in seed weight. In the ‘Sugar Baby’ cultivar, fruit weight reduction between
salinities of 2.4 and 5.5 dS·m−1 was similar to that observed in our study. However, we did
not detect seed weight per fruit reduction due to the water’s increased salinity, but mini
watermelons grown in coconut fiber obtained more seed weight per fruit and thickness than
seeds produced in sand cultivation. The higher water retention capacity of coconut fiber
compared to the area favored the production of mini watermelon seeds with brackish water.

Despite the influences on the phenology and production of mini watermelon fruits
and seeds grown in a hydroponic system with brackish water, seed viability in this system
was acceptable. All treatments obtained germination over 90%, except for seeds from
sand cultivation irrigated water of 6.9 dS·m−1, which presented 84% of germination and
seedling emergence between 70% and 87%. The percentages we found for germination
and seedling emergence are within the appropriate range for the watermelon crop [22,23],
which indicates that cultivation with brackish water did not affect the seed viability of the
‘Sugar Baby’ mini watermelon.

The seeds produced under higher salinity conditions presented greater EC values
in the leaching water compared to the control (0.5 dS·m−1), mainly when cultivated in
the sand substrate. The metabolic disturbances caused by osmotic [18] and ionic [3]
components during seed formation damaged the membranes, causing more significant
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electrolyte extravasation [7]. Electrolyte extravasation was more evident in the plants
grown in the sand, in which production was affected more by salt stress than in the
plants grown in coconut fiber. Although the EC values of the leaching water of the seeds
rose, germination in the accelerated aging test was above 80% in all treatments, which
indicates high seed vigor [23]. Although salt stress caused some damage during the
production phase of ‘Sugar Baby’ mini watermelon fruits and seeds, the seeds showed
good viability and vigor. Both [24] and [25] showed that saline stress decreases ‘Sugar
Baby’ mini watermelon growth, fruit production, and post-harvest quality. They showed
that salt stress does not affect the mini watermelon photosynthetic rate due to its high
photosystem II efficiency. However, salinities from 4 dS m−1 significantly decrease plant
growth, fruit production, and fruit post-harvest quality. They obtained marketable quality
fruits only in mini watermelons grown in coconut fiber and irrigated with brackish water
of up to 4.0 dS m−1. They did not evaluate the salinity effect on phenology, seed yield,
and seed quality. We considered it; we found that saline stress alters the phenology of
mini watermelon, decreasing the cycle length and time from flowering to fruit maturation.
We verified that the decrease in fruit cycle, size, and weight occurred in both substrates;
however, the decrease for every 1 dS m−1 increase in water salinity in the mini watermelon
grown on coconut fiber exceeded those obtained with sand substrate. However, we find
that the seed production with good physiological quality in the coconut fiber and sand
substrates occurred up to 6.9 dS m−1. We found that changes in watermelon phenology
by salinity decreased fruit production but did not impair seed production. The present
research results reinforce the sustainable management of brackish water by the indicators
such as the weight of seeds per fruit, hundred-seed weight, germination, emergence, seed
electrical conductivity test, and seed accelerated aging. Therefore, our research makes it
possible to identify further the potential use of reject brine in the hydroponic cultivation of
mini watermelon in substrates. Thus, the seed production of mini watermelon with reject
brine in the hydroponic cultivation is an alternative for regions with little available water.

4. Materials and Methods
4.1. Location and Characterization of the Environment

The study was conducted at the Federal Rural University of the Semi-Arid Region
(UFERSA), Mossoró, RN, Brazil, and consisted of two phases. The first was carried out in a
greenhouse (phenology and seed production) and the second in the laboratory (physiologi-
cal quality of mini watermelon seeds produced in the previous phase). During the experi-
ment in the greenhouse, the maximum and minimum values recorded in the environment
were 39.2 and 20.4 ◦C for temperature and 86 and 22% for relative humidity, respectively.

4.2. Phase I—Phenology and Seed Production

The treatments were distributed in a split-plot scheme with a randomized block design
(RBD). The plot was composed of the five electrical conductivities of water for nutrient
solution preparation, ECw (S1 = 0.5, S2 = 2.4, S3 = 4.0, S4 = 5.5, and S5 = 6.9 dS m−1). The
subplot was composed of two substrates (coconut fiber and sand), with four replicates of
two plants.

The cultivar used was ‘Sugar Baby’, which has a rounded shape, dark green rind,
bright red flesh, and few seeds. Cultivation was performed in 6-dm3 plastic pots filled
with the growing substrates. The coconut fiber substrate has a fine texture, 95% total
porosity, 507 ml L−1 (substrate) of water retention capacity, 0.5 dS m−1 (EC 1:5) of electrical
conductivity, and 6.0 pH (pH 1:5). The sand substrate was sieved through a 4 mm mesh and
washed with tap water. Three seeds were sown in each hole, and thinning was performed
on the fifth day after sowing, leaving only one plant. Mini watermelon plants were trained
in a vertical trellis with 2.0 m height, in five rows with 1.00 m spacing, with 16 plants in
each row spaced 0.30 cm apart. During the growth, excess lateral shoots were eliminated
up to the ninth branch by pruning, leaving the other shoots with five leaves. The apical
bud was eliminated when the plants reached 2 m in height, leaving only one fruit per plant.
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Pollination was carried out manually during the early morning hours, and the fruits were
placed in plastic baskets.

Until the 10th day of cultivation, irrigation was performed with water from the supply
network (EC = 0.54 dS m−1). After this period, the nutrient solutions prepared with the
different salinities began to be applied. The saline waters were obtained by mixing the
public-supply water (PSW) and reject brine water from desalination (RBW), in the follow-
ing proportions: S1—100% PSW, S2—85% PSW + 15% RBW, S3—70% PSW + 30% RBW;
S4—55% PSW + 45% RBW; S5—40% PSW + 60% RBW. The public-supply water showed
the following chemical composition: pH = 7.57; ECw = 0.5 dS m−1; Ca2+ = 0.83 mmolc L−1;
Mg2+ = 1.20 mmolc L−1; K+ = 0.31 mmolc L−1; Na+ = 3.79 mmolc L−1; Cl− = 2.40 mmolc L−1;
CO3

2− = 0.60 mmolc L−1; HCO3− = 3.20 mmolc L−1; and SAR = 3.76 (mmolc L−1)−0.5.
Reject brine was collected in the Jurema Rural Settlement, Tibau, RN, Brazil, with the fol-
lowing chemical composition: pH = 7.10; ECw = 9.5 dS m−1; Ca2+ = 37.8 mmolc L−1;
Mg2+ = 24.20 mmolc L−1; K+ = 0.83 mmolc L−1; Na+ = 54.13 mmolc L−1; Cl− = 116.00
mmolc L−1; CO3

2− = 0.00 mmolc L−1; HCO3− = 3.40 mmolc L−1; and SAR = 9.70
(mmolc L−1)−0.5.

The nutrient solutions were applied twice a day, in the early morning and the late
afternoon, considering the volume corresponding to the actual evapotranspiration of the
crop, measured by drainage lysimeters in additional plots corresponding to each treatment.
A drip irrigation system applied the depth, composed of 16-mm-diameter hoses and
pressure-compensating drippers with a flow rate of 1.4 L h−1, connected to a self-venting
Metalcorte/Eberle circulation motor pump, driven by a single-phase motor, 210 V voltage,
60 Hz frequency, installed in a reservoir with 50 L capacity.

The standard nutrient solution proposed by [26] was used for macronutrients. Mi-
cronutrients were supplied using the commercial compound Rexolin BRA, which consists
of 11.68% potassium oxide (K2O), 1.28% sulfur (S), 2.1% boron (B), 0.36% copper (Cu),
2.65% iron (Fe), 2.48% manganese (Mn), 0.036% molybdenum (Mo), and 3.38% zinc (Zn),
following the manufacturer’s recommendation (2 g L−1). The nutrient solution has an elec-
trical conductivity of 1.1 dS m−1, and after preparation the solutions showed the following
electrical conductivities: 1.6, 3.5, 5.1, 6.6, and 8.0 dS m−1.

The experiment evaluated plants for phenology and fruit and seed production. The
phenological variables considered were: days to flowering (DTF), by counting the days
from sowing to the emergence of the open flower, considering the beginning of flowering
as the moment when 50% of the plants in the treatment had at least one open flower per
plant; days from flowering to fruit maturity (DFFTFM), by counting the days from anthesis
(flower opening) to the physiological maturity of the fruit (harvest point), considering
female flowers that had an ovary with a transverse diameter of 2 cm as fruits, while the
harvest point of the fruits was defined based on the guidelines of [12], who consider fruits
with completely dry tendril coming from the same node; and cycle length, by counting the
days from sowing to fruit harvest.

The variables related to fruit production were: transverse fruit diameter (TFD) and
longitudinal fruit diameter (LFD), measured with a digital caliper at 5, 10, 15, 20, 25, 30, 35,
40, and 45 days after anthesis, with results expressed in millimeters; and fruit weight (FW),
determined by manual harvesting of the fruits, followed by a weighing on an analytical
scale, with results expressed in grams.

After harvesting and weighing the fruits, the mini watermelon seeds were extracted
manually with a spoon and a sieve, washed, and dried naturally to remove the mucilage.
These seeds were then evaluated for the following variables: the number of seeds per fruit
(NSF) by manually counting the seeds produced in each fruit; the weight of seeds per
fruit (WSF) by weighing the fresh seeds extracted from each fruit on a precision analytical
scale, with results expressed in grams; hundred-seed weight (HSW), for which eight
replicates of 100 fresh seeds of each treatment were separated and subsequently weighed
on a precision analytical scale, with results expressed in grams; and seed length (SL), width

154



Plants 2022, 11, 2534

(SW), and thickness (ST), measured with a digital caliper using 10 seeds per treatment, with
results expressed in millimeters.

4.3. Phase II—Physiological Quality of Seeds

The viability and vigor of the mini watermelon seeds produced in the first phase were
evaluated in a completely randomized delineation (CRD), with four replicates of 50 seeds.
The seeds produced under five electrical conductivities of irrigation water, ECw (S1 = 0.5,
S2 = 2.4, S3 = 4.0, S4 = 5.5, and S5 = 6.9 dS m−1), and two substrates (coconut fiber and
sand) were considered as lots. For this, the seeds were extracted from the fruit manually,
washed in running water to remove the mucilage, and dried in the natural environment
(30 ◦C) for 24 h. Then, their initial moisture content was determined using the oven method
at 105 ± 3 ◦C, with two replicates of 4 ± 0.05 g for 24 h [27]. The results were expressed as
a percentage (wet basis) (Table 1).

Table 1. The initial moisture content of mini watermelon seeds is produced with reject brine (ECw)
and substrates.

Seed Moisture Content (%)

ECw (dS m−1) Substrates

Sand Coconut fiber
S1—0.5 8.4 8.4
S2—2.4 8.4 8.3
S3—4.0 8.4 7.7
S4—5.5 8.4 7.9
S5—6.9 8.7 8.6

The germination test was conducted in a Biochemical Oxygen Demand (B.O.D.)-type
germination chamber, at 25 ◦C, with a photoperiod of eight hours and in paper towel
roll substrate moistened with distilled water in an amount equivalent to 2.5 times the dry
weight. Normal seedlings were counted 14 days after sowing [27].

The emergence test was performed in a greenhouse, using four replicates of 50 seeds.
Sowing was carried out in polyethylene trays containing the coconut fiber substrate and
irrigated with public-supply water. Emerged seedlings were counted 14 days after sowing,
and the emergence percentage was calculated later.

The mass method conducted the electrical conductivity test with four replicates of
50 seeds, which were weighed, placed in plastic cups containing 75 mL of distilled water,
and kept at a constant temperature of 25 ◦C for 24 h of incubation. After this period, the
electrical conductivity of the solution was determined in a Digimed CD-21 conductivity
meter, and the results were expressed in µS−1 cm−1 g−1 of seeds [28].

To conduct the accelerated aging test, a single layer of seeds was placed on a metal
screen fixed in an acrylic box containing 40 mL of distilled water. The closed containers
were kept in germination chambers (B. O. D.) at 41 ◦C for 48 h [29]. After this period,
the germination test evaluated four subsamples of 50 seeds, computing the percentage of
normal seedlings five days after sowing.

4.4. Statistical Analysis

The data were subjected to analysis of variance by the F test, and the Tukey analyzed
the effects of the treatments means comparison test at a 5% probability level and polyno-
mial regression analysis. Statistical analyses were performed using the statistical software
Sisvar 5.7 [30].

5. Conclusions

High salinities for the hydroponic cultivation of the mini watermelon cultivar ‘Sugar
Baby’ accelerated fruit maturation and crop cycle, decreasing fruit size. The greater cycle
acceleration in plants grown in coconut fiber caused a marked reduction in fruit weight
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compared to plants grown in sand. However, at all salinities, the fruits of plants grown on
coconut fiber outperform plants grown on sand. The fruits of plants grown in sand and
those grown in coconut fiber with 6.9 dS m−1 were inferior in size and weight. However,
in both substrates, the seed production of mini watermelon, seed viability, and seed vigor
occurred adequately with a reject brine of 6.9 dS m−1 in the hydroponic nutrient solution.
We found that salt stress affects the fruit production of mini watermelon, but was not
harmful for seed production. The seed production of ‘Sugar Baby’ mini watermelons using
reject brine in a hydroponic system with coconut fiber and sand substrates is viable in
regions with water limitations.
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Abstract: The association between population increase and the exploitation of natural resources and
climate change influences the demand for food, especially in semi-arid regions, highlighting the
need for technologies that could provide cultivated species with better adaptation to agroecosystems.
Additionally, developing cultivation technologies that employ waste materials is highly desirable for
sustainable development. From this perspective, this study aimed to evaluate whether seed priming
with glass waste microparticles used as a silicon source under red light irradiation mitigates the effects
of thermal and water stress on seedlings of Moringa oleifera. The experimental design was set up in
randomized blocks using a 2 × 2 × 2 factorial arrangement consisting of seed priming (NSP—no seed
priming, and SPSi—seed priming with glass microparticles under red light irradiation), soil water
replenishment (W50—50%, and W100—100% of crop evapotranspiration—ETc), and temperature
change (TC30◦—30 ◦C day/25 ◦C night and TC40◦—40 ◦C day/35 ◦C night). Seed priming with
glass microparticles under red light irradiation mitigated the effects of thermal and water stress on
seedlings of Moringa oleifera seedlings through the homeostasis of gas exchange, leaf water status,
osmotic adjustment, and the antioxidant mechanism.

Keywords: Moringaceae; abiotic stresses; gas exchange; cell membrane integrity; water status;
osmotic adjustment; antioxidant mechanism

1. Introduction

The steady growth of the world population presents the agricultural sector with a chal-
lenge to increase food production and ensure food security, especially because the number
of undernourished people worldwide grew from 83 to 132 million in 2020. However, the
increase in production has to occur with the lowest possible impact on natural resources in
order to meet one of the priority goals of the 2030 Agenda for Sustainable Development [1].
From this perspective, one alternative to increase food production and reduce the impacts
of agriculture on agroecosystems is growing plants with the potential for multiple uses and
genotypic and phenotypic plasticity for different cultivation environments [2].
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In this scenario, Moringa oleifera Lamarck, a species of the family Moringaceae and
native to India and Pakistan [3], could be one such alternative for cultivation given its
various food, medicinal, industrial, environmental, and social purposes, and as an abundant
source of essential amino acids, macronutrients, and micronutrients. This species also
shows outstanding anti-fungal, analgesic, anti-inflammatory, anti-oxidant, anti-diabetic,
anti-tumoral, and anti-bacterial properties, with high seed oil contents [4–8]. Furthermore,
the species can also be used to purify water, generate income, and improve the quality of
life of producers around the world [4–8].

However, despite the adaptive potential of M. oleifera to agroecosystems, its develop-
ment, growth, and production can decrease when the plant is exposed to thermal and water
stresses [9–12], especially in semi-arid regions with high solar radiation levels, increased
air temperature, and soil water restriction, conditions that could be further aggravated by
environmental climate changes [13,14]. Thermal stress reduces seed germination and vigor
in seedlings of M. oleifera [15,16] and increases the accumulation of non-structural carbohy-
drates, amino acids, and phenols [12]. Water stress activates the antioxidant mechanism of
this species [10], which, in turn, reduces the stomatal size, the content of photosynthetic
pigments, leaf gas exchange, and root and shoot growth [9,11,17].

This scenario highlights the desire for technologies that can mitigate the effects of
abiotic stresses on M. oleifera. In that regard, seed priming emerges as a promising alterna-
tive [2] that consists of soaking seeds in stress-mitigating solutions, e.g., silicon microparticle
sources (SiMPs), with verified positive results in stress management in other crops, be-
cause the silicon is deposited in the endoplasmic reticulum, cell walls and intercellular
spaces as hydrated amorphous silica, in addition to forming complexes with polyphenols
to reinforce cell walls [18–21]; for example, wheat (Triticum aestivum L.) under cadmium
(Cd) stress [22,23] and thermal stress [24], and rice (Oryza sativa L.) under drought [25].
Furthermore, developing accessible methodologies to obtain materials that will serve as Si
sources is highly desirable. For example, the application of glass waste, a material easily
found in landfill sites and used as silicon microparticle powders (SiMPs), becomes a simple
approach that only requires grinding and sieving glass waste. Therefore, considering that
seeds of M. oleifera are responsive to light [16], especially monochromatic red light [2], the
irradiation of this type of light during seed priming could potentialize the stress-mitigating
effect of SiMPs on plants.

From this perspective, we hypothesized that the seedlings of M. oleifera generated
by seed priming with residual glass microparticles used as a Si source, or SiMPs, and
under irradiation with monochromatic red light (RL), changed their gas exchange, osmotic
adjustment, antioxidant mechanism, and dry matter accumulation as responses to overcome
the effects of abiotic stresses.

Therefore, this study aimed to evaluate whether seed priming with silicon microparti-
cles and red-light irradiation mitigate the effects of thermal and water stress on seedlings
of Moringa oleifera cultivated in a Phytotron growth chamber.

2. Results
2.1. Principal Components and Multivariate Variance

Three principal components (PCs) with eigenvalues (λ) higher than one and percent-
ages of variance (s2) higher than 10% were formed by the linear combination between 13
original variables collected from seedlings of M. oleifera generated by seed priming (SP)
with glass microparticles (SiMPs) and subjected to different combinations of soil water
replenishment levels (SWR) and temperature variations (TC). The first three PCs explained
86.87% of s2. PC1 represented 53.67% of s2 and was formed by combining the leaf wa-
ter status (relative water content—RWC), leaf gas exchange (stomatal conductance—gs,
transpiration—E, and internal CO2 concentration—Ci), leaflet osmotic adjustment indi-
cators (proline in leaves—PRO, total soluble proteins in leaves—TSP-L, and total soluble
sugars in leaves—TSS-L) catalase activity in the leaflets (CAT-L), and total dry matter
accumulation (TDM). PC2 represented 18.72% of s2 and was formed by the combination
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between the net photosynthetic rate (A), superoxide dismutase activity in the leaflets (SOD-
L), and TDM accumulation. PC3 represented 14.49% of s2 and was formed by the osmotic
adjustment indicator in the roots (total soluble proteins in roots—TSP-R) and the activity
of the antioxidant mechanism of roots (CAT-R). Electrolyte leakage in the leaflets (EL),
the total sugar content in roots (TSS-R), and SOD-R activity were not associated with any
PC, and their s2 values were disregarded in the principal component analysis (PCA) to be
subjected to univariate analysis of variance (ANOVA). There was a significant interaction
(p-value < 0.01) between SP x SWR x TC in the three PCs, according to the results of the
multivariate analysis of variance (MANOVA) (Table 1).

Table 1. Correlation between the original variables and principal components, eigenvalues, explained
and cumulative variance, and probability of significance of the hypothesis test in the interaction
between the first three principal components (PCs 1, 2, and 3) and seed priming, soil water replenish-
ment levels, and temperature change in Moringa oleifera seedlings.

EV—Evaluated Variables
PC—Principal Components

PC1 PC2 PC3

EL—Electrolyte leakage −0.30 −0.06 0.28
RWC—Relative water content −0.94 * −0.10 0.18
A—Net photosynthetic rate −0.07 0.67 * 0.45
gs—Stomatal conductance −0.80 * 0.48 0.24
E—Transpiration −0.89 * 0.26 0.17
Ci—Internal CO2 concentration −0.89 * 0.30 −0.05
PRO—Proline in leaves 0.91 * 0.05 0.19
TSP-L—Total soluble proteins in leaves 0.85 * 0.34 0.05
TSP-R—Total soluble proteins in roots −0.46 0.45 −0.71 *
TSS-L—Total soluble sugars in leaves 0.73 * −0.43 −0.38
TSS-R—Total soluble sugars in roots −0.33 −0.25 0.17
SOD-L—Superoxide dismutase in leaves −0.56 −0.70 * 0.32
SOD-R—Superoxide dismutase in roots 0.36 −0.28 0.54
CAT-L—Catalase in leaves −0.77 * −0.46 0.23
CAT-R—Catalase in roots 0.47 −0.22 0.77 *
TDM—Total dry matter 0.66 * 0.57 * 0.36

λ—Eigenvalues 6.98 2.43 1.88
s2 (%)—Explained variance 53.67 18.71 14.49
s2 (%)—Cumulative variance 53.67 72.38 86.87

MANOVA—Multivariate analysis of variance Significance probability (p-value)

Hotelling’s T-squared test for seed priming—SP <0.01 <0.01 <0.01
Hotelling’s T-squared test for soil water
replenishment—SWR <0.01 <0.01 <0.01

Hotelling’s T-squared test for temperature change—TC <0.01 <0.01 <0.01
Hotelling’s T-squared test for the SP × SWR interaction <0.01 <0.01 <0.01
Hotelling’s T-squared test for the SP × TC interaction <0.01 <0.01 <0.01
Hotelling’s T-squared test for the SWR × TC interaction <0.01 <0.01 <0.01
Hotelling’s T-squared test for the SP × SWR × TC
interaction <0.01 <0.01 <0.01

Variables considered in PC formation (*).

2.2. Responses to Thermal and Water Stresses and Mitigation by Seed Priming

In the two-dimensional projection of the first four PCs (Figure 1A,D), PC1 is seen
as a process triggered by temperature variations (TC), PC2 is triggered by the soil water
replenishment levels (SWR), and PC3 is triggered by seed priming (SP). In PC1, temperature
variation with thermal stress (40 ◦C day/35 ◦C night) increased the RWC, gs, E, Ci, and
CAT-L and reduced the leaflet osmotic adjustment (PRO, TSP-L, and TSS-L) and the total
dry matter accumulation (TDM) in relation to the seedlings that were not subjected to water
stress (30 ◦C day/25 ◦C night). However, when seed priming (SP) with glass microparticles
used as a silicon source was applied under monochromatic red light (RL), the seedlings
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that were subjected to thermal stress (SPSi-W100-T40◦) and water stress (SPSi-W50-T30◦),
either in isolation or combined (SPSi-W50-T40◦), showed mitigation in such stresses by
reducing the RWC, gs, E, Ci, and CAT-L and increasing the PRO, TSP-L, TSS-L, and TDM.
On the other hand, in the seedlings that were not subjected to the previously mentioned
stresses (SPSi-W100-T30◦), SP increased the RWC, gs, E, Ci, and CAT-L and decreased
the PRO, TSP-L, TSS-L, and TDM in relation to those that did not receive seed priming
(NSP-W100-T30◦) (Figure 1A,B).
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Figure 1. Two-dimensional projection of factorial scores (A,C) and variables (B,D) in the first four
principal components (PCs 1, 2, 3, and 4) for the interaction between soil water replenishment levels
(W50 and W100) and temperatures (T30◦ and T40◦) in Moringa oleifera. PC, Principal Component;
NSP, no seed priming; SPSi, seed priming with SiMPs; W100, no water stress; W50, water stress;
T30◦, no thermal stress; T40◦, thermal stress; EL, electrolyte leakage; RWC, relative water content;
TDM, total dry matter; A, net photosynthetic rate; gs, stomatal conductance; E, transpiration; Ci,
internal CO2 concentration; PRO, proline; TSP-L, total soluble proteins in leaves; TSP-R, total soluble
proteins in roots; TSS-L, total soluble sugars in leaves; TSS-R, total soluble sugars in roots; SOD-L,
superoxide dismutase in leaves; SOD-R, superoxide dismutase in roots; CAT-L, catalase in leaves;
CAT-R, catalase in roots; •, NSP-W100-T30◦; N, NSP-W100-T40◦; �, NSP-W50-T30◦; �, NSP-W50-
T40◦; •, SPSi-W100-T30◦; N, SPSi-W100-T40◦; �, SPSi-W50-T30◦; �, SPSi-W50-T40◦.

In PC2, the water stress caused by 50% soil water replenishment (W50) increased the
activity of the SOD-L enzyme and decreased the net photosynthetic rate (A) and TDM
accumulation in the seedlings in relation to those that were not subjected to this condition
(W100). SP with SiMPs under RL irradiation mitigated the combined effects of water and
thermal stresses (SPSi-W50-T40◦) in relation to stressed seedlings that were not generated
by SP (NSP-W50-T40◦) by inducing a lower SOD-L activity and higher A and TDM values.
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SP did not mitigate water stress when this condition was imposed in isolation (SPSi-W50-
T30◦) compared to seedlings produced from seeds that did not undergo SP (NSP-W50-T30◦).
It is also seen that, in seedlings that were not subjected to stresses (SPSi-W100-T30◦), SP
reduced the activity of SOD-L and increased the A and TDM values in relation to control
seedlings (NSP-W100-T30◦) (Figure 1A,B).

In PC3, SP application with SiMPs and RL irradiation increased the total soluble
protein content in the roots (TSP-R) and reduced catalase activity in the roots (CAT-R)
of seedlings subjected to thermal (SPSi-W100-T40◦) and water stress (SPSi-W50-T30◦) in
isolation and also when these stresses were simultaneously imposed (SPSi-W50-T40◦) in
relation to the seedlings that were not generated by seed priming (NSP-W100-T40◦, NSP-
W50-T30◦, and NSP-W50-T40◦). The same was observed in the seedlings that were not
subjected to the stresses (SPSi-W100-T30◦) (Figure 1C,D).

Figure 2A shows that SP with SiMPs under RL irradiation increased the cell membrane
integrity in seedlings of M. oleifera subjected to thermal (SPSi-W100-T40◦) and water stresses
(SPSi-W50-T30◦) either in isolation or combined (SPSi-W50-T40◦) by reducing electrolyte
leakage (EL). This EL reduction was not observed in non-stressed seedlings (SPSi-W100-
T30◦). When SP was not applied, higher EL values were recorded in the seedlings subjected
to thermal (NSP-W100-T40◦) and water stresses (NSP-W50-T30◦) in isolation.
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Figure 2B shows that SP decreased the total soluble sugar content in the roots (TSS-R)
of seedlings subjected to water stress (SPSi-W50-T30◦) and in the roots of non-stressed
seedlings (SPSi-W100-T30◦) in relation to those in which SP was not applied (NSP-W50-
T30◦ and NSP-W100-T30◦). When SP was not applied, the seedlings subjected to water
stress in isolation (NSP-W50-T30◦) showed higher TSS-R accumulation.

Figure 2C shows that SP increased the activity of the enzyme superoxide dismutase in
the roots (SOD-R) of seedlings subjected to water stress only (SPSi-W50-T30◦) in relation to
those that did not receive SP (NSP-W50-T30◦). When SP was not applied, the seedlings
subjected to thermal and water stresses combined (NSP-W50-T40◦) and those that were
not stressed (NSP-W100-T30◦) showed high SOD-R activity. However, SP reduced the
enzyme activity in these seedlings (SPSi-W50-T40◦ and SPSi-W100-T30◦). SP also reduced
the SOD-R activity in the seedlings only subjected to thermal stress (SPSi-W100-T40◦).

Figure 3 shows the differences caused by thermal and water stress on the growth
of M. oleifera at 35 days after sowing. Under thermal stress (40 ◦C day/35 ◦C night), the
seedlings showed shorter petioles and smaller leaves with a dark green color. Under water
stress (W50), the seedlings showed less height. However, seed priming with SiMPs under
red light irradiation reversed the differences caused by the combined stresses.
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Figure 3. Seedlings of Moringa oleifera subjected to seed priming, soil water replenishment, and
temperature change. W50, water stress; W100, no water stress.

The means of the scores for each PC, the means comparison test for these scores, and
the means and standard error of the original individual variables can be seen in Table 2.
These results reinforce the differences caused by the interaction between temperature
variations, soil water replenishment levels and seed priming, as seen in Figure 1.
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Table 2. Means of factor scores for each component and means ± standard error of the original
variables evaluated as a function of the interaction between seed priming, soil water replacement
levels, and temperature change in Moringa oleifera seedlings.

Principal Components

No Seed Priming Seed Priming with SiMPs

W50 W100 W50 W100

T30◦ T40◦ T30◦ T40◦ T30◦ T40◦ T30◦ T40◦

Factor Score Means for Each Component

PC1 0.72bBα −0.82bAβ 1.51aAα −1.41bBβ 0.93aAα −0.65aAβ 0.53bBα −0.82aBβ
PC2 −0.52aBα −1.80bBβ −0.04bAβ 0.80aAα −0.31aBα −0.45aBα 1.52aAα 0.81aAβ
PC3 0.58aBα 0.41aBα 1.25aAα 1.17aAα −1.56bBβ −0.81bAα −0.14bAα −0.91bAβ

Variables Means ± Standard error of the original variables

EL (%) 19.00 ± 0.32 14.27 ± 1.02 11.71 ± 0.66 18.00 ± 0.32 13.27 ± 0.19 11.78 ± 0.92 11.73 ± 0.66 15.27 ± 0.80
RWC (%) 83.72 ± 0.79 99.75 ± 0.37 79.81 ± 0.33 111.88 ± 1.00 79.65 ± 0.33 101.98 ± 0.95 79.62 ± 0.67 95.52 ± 0.86
TDM (g) 0.56 ± 0.01 0.31 ± 0.00 1.03 ± 0.01 0.53 ± 0.01 0.52 ± 0.01 0.31 ± 0.01 0.95 ± 0.03 0.54 ± 0.02

A (µmol of CO2 m−2 s−1) 3.09 ± 0.09 2.67 ± 0.07 2.79 ± 0.03 3.13 ± 0.06 2.53 ± 0.13 2.68 ± 0.02 3.30 ± 0.14 2.91 ± 0.03
gs (mol of H2O m−2 s−1) 16.00 ± 0.45 20.83 ± 0.05 14.53 ± 0.34 33.97 ± 0.16 14.70 ± 0.46 19.90 ± 0.71 22.93 ± 0.61 24.93 ± 1.09

E (mmol of H2O m−2 s−1) 0.49 ± 0.02 0.67 ± 0.01 0.43 ± 0.02 1.10 ± 0.09 0.45 ± 0.00 0.75 ± 0.02 0.57 ± 0.00 0.81 ± 0.01
Ci (µmol m−2 s−1) 86.37 ± 1.29 181.33 ± 2.68 78.53 ± 0.78 233.07 ± 3.47 119.90 ± 0.18 152.03 ± 1.42 167.17 ± 0.78 199.67 ± 1.56

PRO (µmol g−1 FM) 796.05 ± 2.16 60.68 ± 0.83 650.88 ± 10.7 27.25 ± 1.04 475.88 ± 2.06 44.08 ± 0.46 521.93 ± 0.77 28.15 ± 0.35
TSP-L (mg g−1 FM) 3.28 ± 0.04 1.08 ± 0.03 8.85 ± 0.03 2.78 ± 0.06 7.04 ± 0.03 1.61 ± 0.03 6.42 ± 0.03 2.61 ± 0.03
TSP-R (mg g−1 FM) 2.38 ± 0.12 1.94 ± 0.05 0.92 ± 0.05 3.50 ± 0.16 4.02 ± 0.16 4.58 ± 0.03 3.89 ± 0.14 6.58 ± 0.11
TSS-L (mg g−1 FM) 6.41 ± 0.26 6.17 ± 0.14 6.31 ± 0.15 3.83 ± 0.24 8.05 ± 0.13 5.30 ± 0.27 5.76 ± 0.23 4.75 ± 0.06
TSS-R (mg g−1 FM) 6.28 ± 0.06 4.93 ± 0.20 4.48 ± 0.30 5.39 ± 0.33 4.23 ± 0.03 5.21 ± 0.13 3.64 ± 0.32 5.47 ± 0.31

SOD-L (µmol min−1 mg−1

TSP) 69.10 ± 1.23 180.92 ± 5.13 32.55 ± 0.24 89.75 ± 1.57 22.52 ± 1.07 83.62 ± 0.48 21.76 ± 0.42 32.23 ± 0.22

SOD-R (µmol min−1

mg−1 TSP) 44.26 ± 0.60 138.98 ± 1.54 178.90 ± 0.89 86.46 ± 1.07 82.21 ± 1.57 48.22 ± 1.28 87.32 ± 1.03 29.05 ± 1.32

CAT-L (µmol H2O2 min−1

mg−1 TSP) 7.47 ± 0.19 16.47 ± 0.53 3.25 ± 0.15 11.15 ± 0.68 2.41 ± 0.14 7.41 ± 0.68 1.98 ± 0.13 10.68 ± 0.47

CAT-R (µmol H2O2 min−1

mg−1 TSP) 26.56 ± 1.42 14.81 ± 0.90 42.60 ± 1.29 18.67 ± 0.58 7.66 ± 0.39 5.91 ± 0.13 4.74 ± 0.55 4.40 ± 0.31

PC, Principal component; W50 and W100, soil water replenishment levels; T30◦ and T40◦, temperature change; EL,
electrolyte leakage; RWC, relative water content; TDM, total dry matter; A, net photosynthetic rate; gs, stomatal
conductance; E, transpiration; Ci, internal CO2 concentration; PRO, proline; TSP-L, total soluble proteins in leaf;
TSP-R, total soluble proteins in root; TSS-L, total soluble sugars in leaf; TSS-R, total soluble sugars in root; SOD-L,
superoxide dismutase in leaf; SOD-R, superoxide dismutase in root; CAT-L, catalase in leaf; CAT-R, catalase in
root. Lowercase letters compare seed priming, uppercase letters compare soil water replenishment levels, and
Greek letters compare temperature variations. Means of factor scores for each component followed by the same
lowercase letters (a, and b) for seed priming, uppercase letters (A, and B) for soil water replenishment, and Greek
letters (α, and β) for temperature change in the same row do not differ (p > 0.05) by Student’s t-test.

3. Discussion

M. oleifera is a tropical tree considered tolerant to soil water restriction and high-
temperature stress. Although the mechanisms that allow this tolerance are still poorly
understood, one of the adaptive metabolic responses when seedlings are exposed to heat
stress (35 ◦C day/18 ◦C night) is accumulating non-structural carbohydrates, proline, and
phenols for osmotic adjustment and reducing water loss to the environment through gas
exchange [12].

In our study, in PC1, the seedlings that were not subjected to SP, reduction of os-
motic adjustment indicators (PRO, TSP-L, and TSS-L), and increased gas exchange (gs,
E, and Ci) showed an imbalance of the tolerance mechanism resulting from the severity
of the thermal stress imposed (40 ◦C day/35 ◦C night). The optimal temperature for
photosynthesis generally ranges from 20 to 30 ◦C, with limited enzyme activity and even
denaturation of enzymes of the photosynthetic complex at higher temperatures (above
45 ◦C, for example) [26]. In fact, the increase in CAT-L activity shows that heat stress trig-
gered photosynthetic limitations responsible for decreasing TDM accumulation, justifying
the higher RWC in leaflets, which is also related to the water supply resulting from the
catalysis of hydrogen peroxide molecules (H2O2).

Under water stress conditions, Moringa seedlings show reduced leaf water content,
reduced leaf water potential, loss of turgidity, stomatal closure, inhibited photosynthesis,
impaired metabolic processes, reduced cell expansion, and affected growth and develop-
ment [17]. In our research, in PC2, physiological disorders were also observed in seedlings
subjected to water stress (50% of ETc) since the SOD-L activity increased, possibly to cat-
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alyze the dismutation of the superoxide anion (O2
•−) in O2 and H2O2 while decreasing A

and TDM accumulation due to the reduction in guard cell turgidity and the consequent
reduction in the stomatal opening, resulting in lower cell expansion and seedling growth.

When SPSi was applied with RL irradiation, the effects of the isolated or combined heat
and water stresses were mitigated by the increased A, PRO, TSP-L, TSP-R, and TSS-L levels
under these stress conditions, in addition to TDM accumulation and reductions in RWC, gs,
E, Ci, and CAT-L, CAT-R, and SOD-L activity (Figure 4). This mitigation occurs as the SiMPs
cross cell wall barriers and, when in contact with plant cells, are captured by plasmodesmata
pathways and translocated by apoplastic and/or symplastic pathways [19,23], reducing
lipid peroxidation by decreasing the H2O2 levels, which restores the redox balance and
mitigates oxidative stress [25]. In addition, RL could have potentiated the effect of SiMPs
since RL irradiation activates the phyA, phyB, phyC, phyD, and phyE phytochromes
responsible for light capture and modulation, gene expression, and the transduction of
signals related to growth regulation, plant development, metabolic activities, and responses
to heat and water stress [2,27].

Plants 2022, 11, x FOR PEER REVIEW 9 of 16 
 

 

captured by plasmodesmata pathways and translocated by apoplastic and/or symplastic 
pathways [19,23], reducing lipid peroxidation by decreasing the H2O2 levels, which 
restores the redox balance and mitigates oxidative stress [25]. In addition, RL could have 
potentiated the effect of SiMPs since RL irradiation activates the phyA, phyB, phyC, phyD, 
and phyE phytochromes responsible for light capture and modulation, gene expression, 
and the transduction of signals related to growth regulation, plant development, 
metabolic activities, and responses to heat and water stress [2,27]. 

 
Figure 4. Effect of seed priming with SiMPs under red light irradiation on seedlings of Moringa 
oleifera subjected to thermal and water stress. RWC, relative water content; TDM, total dry matter; 
A, net photosynthetic rate; gs, stomatal conductance; E, transpiration; Ci, internal CO2 
concentration; PRO, proline; TSP-L, total soluble proteins in leaves; TSP-R, total soluble proteins in 
roots; TSS-L, total soluble sugars in leaves; SOD-L, superoxide dismutase in leaves; CAT-L, catalase 
in leaves; CAT-R, catalase in roots; W50, water stress; W100, no water stress. 

EL increased in the leaflets of M. oleifera seedlings subjected to heat and water stress 
when SP was not applied, which was also noted by [28], when they observed that water 
deficit (18 days without irrigation) induced an EL increase since the accumulation of 
reactive oxygen species (ROS) caused lipid peroxidation and rupture of the thylakoid 
membrane, thus limiting photosynthesis. However, in our study, there was a reduction in 
EL in M. oleifera seedlings subjected to thermal and water stress when SP was applied, 
which could be due to the role of SiMPs in modulating cell wall plasticity, leaf thickness, 
water-plant ratio, and plant metabolism and defense [29]. 

The highest TSS-R accumulation in seedlings generated without SP and subjected to 
water stress was due to osmotic adjustment since, under water restriction conditions, 
plants prevent water loss through stomatal closure, growth modulation, and proline and 

Figure 4. Effect of seed priming with SiMPs under red light irradiation on seedlings of Moringa oleifera
subjected to thermal and water stress. RWC, relative water content; TDM, total dry matter; A, net
photosynthetic rate; gs, stomatal conductance; E, transpiration; Ci, internal CO2 concentration; PRO,
proline; TSP-L, total soluble proteins in leaves; TSP-R, total soluble proteins in roots; TSS-L, total
soluble sugars in leaves; SOD-L, superoxide dismutase in leaves; CAT-L, catalase in leaves; CAT-R,
catalase in roots; W50, water stress; W100, no water stress.

EL increased in the leaflets of M. oleifera seedlings subjected to heat and water stress
when SP was not applied, which was also noted by [28], when they observed that water
deficit (18 days without irrigation) induced an EL increase since the accumulation of
reactive oxygen species (ROS) caused lipid peroxidation and rupture of the thylakoid

165



Plants 2022, 11, 2510

membrane, thus limiting photosynthesis. However, in our study, there was a reduction
in EL in M. oleifera seedlings subjected to thermal and water stress when SP was applied,
which could be due to the role of SiMPs in modulating cell wall plasticity, leaf thickness,
water-plant ratio, and plant metabolism and defense [29].

The highest TSS-R accumulation in seedlings generated without SP and subjected to
water stress was due to osmotic adjustment since, under water restriction conditions, plants
prevent water loss through stomatal closure, growth modulation, and proline and total
soluble sugar accumulation while the root growth is stimulated, characteristics associated
with tolerance to water deficit [30]. However, when SP was applied, the TSS-R of M. oleifera
seedlings decreased under water stress, indicating that SiMPs can act in the root system of
the species as an osmotic adjuster in place of organic osmoregulatory since Si deposition
on the cell wall, besides acting as a physical barrier against water loss, also increases the
osmotic potential for maintaining the water status [31].

From this perspective, based on the increased SOD-R activity observed in seedlings
generated by SP when subjected to water restriction, it can be inferred that M. oleifera
seedlings activate the antioxidant mechanism of the root system instead of performing
osmotic adjustment by organic pathways to overcome the negative effects of water stress.
On the other hand, SOD-R decreased when heat stress was imposed, indicating that the
tolerance induced by SiMPs in the root system is more efficient under water stress than
under heat stress. A SOD-R increase was also observed by [32] in response to water stress
during the initial stage of plant development, which was justified by the root being the
main organ of initial perception of low soil water availability.

Therefore, as already stressed by [2], the photomorphogenesis of Moringa oleifera is
mediated by the interaction between light, water, and phytohormones during SP, reinforc-
ing the idea that RL has a synergistic effect on the action of SiMPs since irradiation with RL
activates phyB, whose activity reduces the levels of abscisic acid (ABA), a germination re-
pressor, and increases the levels of gibberellic acid (GA), which stimulates germination [33]
and could have generated a memory effect when the seeds were dehydrated. This infor-
mation is essential for sustainably managing agroecosystems cultivated with M. oleifera,
especially in semi-arid regions where thermal and water stresses are frequent.

4. Materials and Methods
4.1. Experimental Design

The experiment was set up in a completely randomized design arranged as a 2 × 2
× 2 factorial, with 5 replicates, totaling 40 experimental units. The seed priming factor
(SP) consisted of a control (NSP—no seed priming, n = 20), in which the seeds were not
treated, and seed priming with glass microparticles used as a Si source (SPSi, n = 20) under
irradiation with monochromatic red light (RL) with an emission of 184 lumens m−2 and
wavelengths from 600 to 680 nm. The soil water replenishment factor (SWR) consisted of
two levels (W50—50% and W100—100% of crop evapotranspiration). The temperature
change factor (TC) consisted of two temperature variations (TC30◦—30 ◦C day/25 ◦C night
and TC40◦—40 ◦C day/35 ◦C night, with a 12-h photoperiod).

4.2. Seed Priming Application

Seed priming was performed at the Laboratory of Plant Physiology of the Agricultural
Engineering Academic Unit (UAEA) of the Center of Technology and Natural Resources
(CTRN) of the Federal University of Campina Grande (UFCG), located in the municipality of
Campina Grande, Paraíba, Brazil. The location has a semi-arid climate, a mean temperature
of 25 ◦C, and a relative air humidity ranging from 72 to 91% [34].

A biochemical oxygen demand (B.O.D.) germination chamber was adapted to provide
monochromatic red light using panels with RGB (red, green, and blue) LED (light emitting
diode) lamps with an emission of 184 lumens m−2. Then, the seeds of Moringa oleifera Lam.
obtained from three parent plants that were three years old located in Catolé do Rocha,
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Paraíba, Brazil, were disinfected with sodium hypochlorite (1%) for three minutes [35] at
25 ◦C and under RL irradiation.

Next, the seeds were placed in Gerbox® boxes measuring 11 × 11 × 3.5 cm in length,
width, and height, respectively, for soaking in a solution containing residual glass micropar-
ticles used as a silicon source (600 mg L−1 of SiMPs). For that purpose, residual amber glass
resulting from beverage bottles was collected at the municipal landfill of Toledo, Paraná,
Brazil and contains in its composition more than 75% of SiO2 and other elements such as Fe,
S, Na, K, Ca and Al. The clean and dry bottles were manually ground and sieved through
a 400 Tyler mesh fabric to obtain an upper powder particle size below 38 µm. Next, the
boxes were placed in the germination chamber at 25 ◦C for 24 h. Subsequently, the seeds
were transferred to open Gerbox® boxes with two layers of dry germitex paper and dried
for 72 h at the same light and temperature conditions used during inhibition.

4.3. Seedling Formation, Temperature Variations, and Soil Water Replenishment

The control seeds (NSP—no seed priming) and those obtained by seed priming (SPSi)
were sown in pots with a volumetric capacity of 0.3 dm3 filled with a substrate composed of
sandy soil and earthworm humus at a ratio of 3:1 and with moisture close to field capacity.
The pots containing the seeds were then transferred to a Phytotron growth chamber (Weiss
Technik, Technal) located at the Experimental Unit belonging to the State University of
Paraíba (UEPB), Campina Grande, Paraíba, Brazil.

Given the availability of a single phytotron chamber and in order to meet the tempera-
ture variations, the experiment was conducted in two stages, the first with the condition of
30 ◦C day/25◦ night and an air relative humidity (RH) ranging from 50 to 60% (T30◦), and
the second with 40 ◦C day/35 ◦C night and an RH ranging from 40 to 50%.

Substrate moisture management was performed in a daily irrigation shift using the
weighing method [36], according to which the water lost by crop evapotranspiration (ETc)
is replenished. The imposition of water stress caused by the replenishment of 50% ETc
(W50) was carried out 18 days after sowing (DAS), while the other plots without water
stress were irrigated with 100% ETc (W100).

4.4. Variables Evaluated

The gas exchange variables were evaluated 30 days after sowing (DAS), whereas cell
membrane integrity and the leaf water status, osmotic adjustment indicators, antioxidant
mechanism activity, and total dry matter accumulation were evaluated 35 days after sowing.
The analyses were performed at the Laboratory of Ecophysiology of Cultivated Plants
(ECOLAB) of UEPB, located in the Integrated Research Complex Três Marias.

4.4.1. Exchange Evaluations

Gas exchange evaluation was performed in three fully expanded leaflets counted
from the base of the seedling to its apex, from 8:00 a.m. to 9:00 a.m., using an infrared
gas analyzer—IRGA (Infra-red Gas Analyzer)—GFS 3000 FL with a CO2 concentration of
400 ppm and an artificial light source to provide a photon flux of 1000 µmol m−2 s−1. The
following variables were measured: net photosynthetic rate (A, µmol of CO2 m−2 s−1),
stomatal conductance (gs, mol of H2O m−2 s−1), transpiration (E, mmol of H2O m−2 s−1),
and internal CO2 concentration (Ci, µmol m−2 s−1).

4.4.2. Cell Membrane Integrity and Leaf Water Status

The methodology described in [37] (with adaptations) was used to analyzed the
intracellular electrolyte leakage (EL, %) and the relative water content (RWC, %), for which
12 leaf discs measuring 113 mm2, 6 for EL and 6 for RWC, were collected 35 DAS using a
copper pourer.

The EL was determined by washing the leaf discs three times in deionized water to
remove the solutes released during cutting. Then, the material was placed in Petri dishes
containing 6 mL of deionized water, after which the plates were stored at 25 ◦C for two
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hours. After incubation, the electrical conductivity in the medium (ECi) was determined
using a portable conductivity meter (WATERPROOF). Then, the samples were subjected to
a temperature of 80 ◦C for 90 min, after which the conductivity was again measured (ECf),
and the leakage of electrolytes was quantified using Equation (1).

EL =

(
ECi

ECf

)
∗100% , (1)

where EL is cell leakage, ECi is the initial electrical conductivity of the medium (dS m−1),
and ECf is the final electrical conductivity of the medium.

The RWC was determined by weighing the leaf disks to determine the fresh mass
(FMD), after which the material was immediately placed in Petri dishes containing 6 mL
of deionized water. Then, the dishes were placed in a B.O.D. incubator at 25 ◦C and 202
lumens m−2. After four hours of exposure, the disks were dried with filter paper and
weighed to obtain the turgid disk mass (TMD). Subsequently, the plant material was packed
in paper bags and transferred to a forced-air oven at 60 ◦C for 48 h. Finally, the material
was weighed to determine the dry disk mass (DMD), and the RWC was quantified using
Equation (2).

RWC =

(
FMD − DMD
TMD − DMD

)
∗100% , (2)

where RWC is the relative water content, FMD is the fresh mass, MSD is the dry mass, and
DMD is the turgid disk mass.

4.4.3. Indicators of Osmotic Adjustment

The proline content (PRO, µmol g−1 FM—fresh matter) was determined by the colori-
metric method described by [38] and modified in [39]. Initially, 250 mg of fresh leaf tissue
was weighed and macerated in 5 mL of 3% sulfosalicylic acid, followed by centrifugation
at 2000 rpm for 10 min. Then, the supernatant was removed and stored in tubes with a
capacity of 2.5 mL for later determination of the PRO concentration.

The extraction of total soluble proteins (TSP, mg g−1 FM) in the leaflets (TSP-L) and
roots (TSP-R) was performed using 200 mg of fresh leaflet and root mass, respectively. The
plant material was macerated and then received 3.0 mL of potassium phosphate buffer
(100 mM, pH 7.0 + EDTA 1 mM), after which the material was stored in Eppendorf tubes
for subsequent centrifugation (5000× g) for 10 min in a refrigerated centrifuge (4 ◦C). After
extraction, the TSP concentration was determined according to the methodology proposed
by [40].

The extract used to measure the total soluble sugars (TSS, mg g−1 FM) in the leaflets
(TSS-L) and roots (TSS-R) was obtained from 200 mg of fresh leaflet mass and 100 mg of
fresh root mass. Initially, these samples were macerated in 2 mL of 80% ethanol (v/v). Then,
the extract was added to Eppendorf tubes with a capacity of 2 mL and taken to a water
bath (60 ◦C) for 30 min, after which the tubes were transferred to a centrifuge (2000× g)
to obtain and collect the supernatant. After removing the supernatant, another 2 mL of
ethanol (80%) was added to the same tubes for a new extraction, followed by heating in
a water bath and subsequent transfer to the centrifuge. The supernatants resulting from
the two washes were mixed in Falcon tubes and stored in Eppendorf tubes, totaling 4 mL
of extract per sample. The concentrations of TSS-L and TSS-R were determined by the
“phenol-sulfuric” method described by [41].

4.4.4. Activity of the Antioxidant Mechanism

The antioxidant mechanism activity was evaluated by measuring the enzyme activities
of superoxide dismutase (SOD, µmol min−1 mg−1 TSP) and catalase (CAT, µmol H2O2
min−1 mg−1 TSP) in the leaflets (SOD-L and CAT-L) and roots (SOD-R and CAT-R) was
determined using the enzyme extract obtained by the same procedure described TPS.
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In the determination of SOD activity, the reaction mixture consisting of 0.3 mL of
130 µM methionine, 0.1 mL of 2250 µM p-nitro tetrazolium blue (NBT), 0.1 mL of 3 µM
EDTA, 0.2 mL of riboflavin, 0.75 mL of deionized water, and 1.5 mL of 50 mM sodium
phosphate buffer at pH 7.8 received 100 µL of the crude enzyme extract. Then, the ab-
sorbance was determined at 560 nm, which was subtracted from the absorbance reading of
the reaction mixture without the enzyme extract. Under these conditions, one unit of SOD
corresponded to the amount of enzyme required to inhibit the photoreduction of NBT by
50% [42].

CAT activity was determined by adding 100 µL of the crude enzymatic extract to
2.9 mL of the reaction medium consisting of 500 µL of 59 mM hydrogen peroxide (H2O2),
1.5 mL of 0.05 M potassium phosphate buffer at pH 7.0, and 400 µL of deionized water at
30 ◦C [43]. Enzyme activity was determined by the reduction in absorbance at 240 nm.

4.4.5. Total Dry Matter Accumulation

The total dry matter accumulation (TDM, g) was quantified in the seedlings by sec-
tioning the plants into leaflets, stem, branches, and roots. Then, the plant material was
packed in properly identified paper bags and dried to a constant weight in a forced-air oven
at 70 ◦C. After drying, the plant material was weighed on an analytical balance accurate
to 0.0001 g, and the TDM was determined by the sum of the dry matter of leaflets, stem,
branches, and roots.

4.5. Statistical Analysis

The data on the response variables were subjected to the Shapiro–Wilk normality
test [44]. Once the assumptions of normality were met, the data on each variable were
standardized to obtain the Z variable with a null mean (X= 0.0) and the unit variance
(s2 = 1.0) according to Equation (3).

Z =
X − X

s2 , (3)

where: X corresponds to each observation of the data set of the variable, X is the mean, and
s2 is the variance of the data set.

The transformed data were subjected to the exploratory procedure of principal compo-
nent analysis (PCA). The choice of principal components (PCs) was based on eigenvalues
higher than one (λ > 1.0) according to the criterion proposed in [45], which explained
a percentage of the total variance higher than 10% [2,46]. The original data referring to
each PC were subjected to multivariate analysis of variance (MANOVA) by Hotelling’s
T-squared test.

The variables not associated with any PC were removed from the PCA and subjected
to univariate analysis of variance (ANOVA) by the F-test at 95% of confidence [47]. These
analyses were performed using the software Statistica v. 7.0 [48].

5. Conclusions

Seed priming with residual glass microparticles used as a silicon source under red
light irradiation mitigated the effects of thermal and water stress in seedlings of Moringa
oleifera through the homeostasis of gas exchange, leaf water status, osmotic adjustment,
and the plant antioxidant mechanism. Additionally, it was shown that silicon can be
provided through an accessible and residual glass source on a micrometer scale, which can
be achieved through traditional grinding and sieving processes.
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Abstract: Cyclamen genus is part of the Primulaceae family consisting of 24 species widely cultivated
as ornamental and medicinal plants. They also possess high plasticity in terms of adaptability to
alternating environmental conditions. In this regard, the present study investigates the germination
and morphological parameters of heat-tolerant and heat-sensitive Cyclamen persicum accessions in
the presence of different GA3 solutions (0, 30, 70 and 90 mg/L) under ambient temperature and
heat stress conditions. Heat-tolerant genotypes, mainly C3-Smartiz Victoria (6.42%), C15-Merengue
magenta (6.47%) and C16-Metis silverleaf (5.12%) had the highest germination rate with 90 mg/L GA3

treatment compared with control. Regarding heat-sensitive genotypes, C11-Verano (5.11%) and
C13-Metis Origami (4.28%) had the lowest values in mean germination time, along with the Petticoat
genotypes C1 (73.3%) and C2 (80.0%) with a high germination percentage. Heat-tolerant genotypes
positively responded to GA3 (70 and 90 mg/L) even under heat stress conditions, by their higher
values in plant height, an ascending trend also seen in heat-sensitive genotypes under GA3 treatment
(70 and 90 mg/L). According to the hierarchical clustering, several heat-tolerant genotypes showed
peculiar behavior under heat stress conditions, namely C3 (Smartiz Victoria), C7 (Halios falbala)
and C8 (Latinia pipoca) which proved to be susceptible to heat stress even under GA3 application,
compared with the other genotypes which showed tolerance to higher temperatures. In the case
of heat-sensitive genotypes, C4 (Smartiz violet fonce), C6 (Metis blank pur), C11 (Verano) and C13
(Metis origami) possessed higher positive or negative values compared with the other heat-sensitive
genotypes with increased doses of GA3. These genotypes were shown to be less affected by heat
stress, suggesting their positive response to hormone treatment. In conclusion, the above-mentioned
genotypes, particularly heat-tolerant C15 and heat-sensitive C2 with the highest germination capacity
and development can be selected as heat-resistant genotypes to be deposited in gene banks and used
in further amelioration programs under biotic and/or abiotic stresses to develop resistant genotypes.
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1. Introduction

Abiotic stress has become a key area of concern in crop production as a result of global
warming. Substantial research is being carried out to develop approaches that deal with
abiotic stresses, to develop heat-, sun-, and drought-tolerant cultivars, adjust crop calendars,
and resource management approaches, among other things [1]. As these practices are costly
and time-consuming, recent studies denote that the introduction of high-yield phenotyping

Plants 2022, 11, 1868. https://doi.org/10.3390/plants11141868 https://www.mdpi.com/journal/plants172



Plants 2022, 11, 1868

techniques, along with other non-destructive methods, has increasingly taken over the plant
phenomics area, where novel technologies such as non-invasive imaging, spectroscopy
and high computation performance are combined to assess phenotypic performances at
high resolution, flow and accuracy. This will aid breeders and plant scientists to conduct
phenotypic experiments with large plant populations in different environments to non-
destructively monitor the performance of plants over time [2].

Cyclamen is widely distributed in the Mediterranean regions of Cyprus, Rhodes and
(Eastern) Crete, as well as coastal areas of the Eastern Aegean and from southern Turkey
to northern Israel [3]. It presents adaptation to habitat modifications and environmental
changes [4], but its exploitation has had negative effects on native populations. Special
attention is also regarded to their antioxidant and strong anticancer activity [5–8], but as
they mostly germinate from seeds and have a slow development, they are hard to use
extensively. Moreover, being sensitive to inbreeding depression, germination capacity of
pollen grains is employed for efficient artificial hybridization [9]. Although it is highly
acclimated to the Mediterranean environment, an increase in temperature, alongside water
shortage and other biotic and abiotic factors, might affect both the quality and quantity
of the crop, traits that are affected by both temperature and water accessibility [10]. The
Schoneveld Breeding Company recently evaluated the effect of high levels of light exposure
on leaf temperature in Cyclamen. They demonstrated that on sunny days if the light
intensity is high, the leaves’ temperature will gradually rise above the air temperature. In
this case, the plant cannot maintain enough evaporation to cool and will therefore close
the stomata to prevent wilting. This results in an inactive plant for up to 5 h/day due to
no water/nutrients uptake because of closed stomata. The optimal temperature in the
first period of growth is around 18–20 ◦C and between 15–20 ◦C in the flowering period.
Therefore, to promote cooler temperatures, up to 50% shading is applied in the summer
months, together with lateral and/or roof ventilation [11]. Recent studies demonstrated
the correlation between GA application and light exposure to cardinal temperatures and
thermal times required for seed germination [4,12].

Molecules that protect plants against several adverse climate conditions are starting
to gain interest among plant researchers. Exogenous application of growth regulators
like gibberellic acids (GAs) have been demonstrated to be effective in ameliorating abiotic
stresses, including in heat-stress induced plants [13,14]. Moreover, gibberellins are key plant
regulators that control the developmental stage of plants [4]. They have been extensively
used in economically important crops and ornamentals due to their positive effects in
early seed germination [15,16], reduced juvenile stage [17], leaf and root development and
extension [16,18], early flowering and fruit formation [19,20]. It has been shown that mutant
plants deficient in GA have a diminutive phenotype and blossom late. A growing demand
for patterned foliage and prolonged vase life in Cyclamen cut-flowers has led researchers to
design new amelioration strategies to meet market demands [21]. GA3 foliar applications
increased flower stem length in cut flowers cultivated in open-fields and delayed leaf
browning and senescence [22].

Seed-priming is one of the most low-cost and low-risk methods of improving germi-
nation, seedling development and yield [23]. Exogenously applied GA3 enhances seed
germination and dormancy release, thus highlighting the importance, fast effectiveness and
low cost of seed-priming in multiple crops [24]. The long-term effect of seed priming with
GA3 was assessed in multiple crops to determine the plant growth and production [15],
which has been demonstrated to improve germination and growth parameters of shoot
and root length, and seedling fresh and dry weights [15,25]. Furthermore, seed priming
has been shown to enhance resistance to abiotic stress via various pathways involved in
different metabolic processes, with best results in early and uniform germination [26]. Thus,
seed simulation modeling, a topic of interest in quantifying germination and growth dy-
namics of plants, may assist researchers to forecast seed germination and final germination
potential at the end of the experiment. Thus, it is critical to assess the genetic diversity of
planted germplasm for heat-stress resistance and to choose genotypes with higher levels
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of heat tolerance. In this regard, the treatment estimate provides a framework for evalu-
ating the genetic potential of germination and quality-related plant characteristics under
optimum and heat-stress circumstances. The aims of the study were: to non-destructively
evaluate the germination capacity (germination capacity and mean germination time) and
plant development (seedling vigor index, leaf area, plant, petiole and root lengths) of
heat-tolerant and heat-sensitive Cyclamen genotypes subjected to ambient temperature (AT)
or heat stress (HS) conditions; to select the most advantageous GA3 dosage applied; to
evaluate the cultivated germplasm’s genetic diversity for stress tolerance; and to select
genotypes which possess increased tolerance to heat.

2. Results
2.1. Variation in Germination Parameters of Heat-Resistant and Heat-Sensitive Cyclamen
Genotypes under AT and HS

Heat-resistant and heat-sensitive Cyclamen responded variably to HS conditions and
GA3 treatments (Table 1). Under HS heat-resistant genotypes responded positively to GA3
treatment concentrations in a dose-dependent and specie-specific manner. Thus, under
control, relatively low germination percentages were noticed especially in C10 (53.4%) and
C14 (60%), and the highest were found in both C8 and C15 with 86.7%. Following treatment
with 30 mg/L GA3, the highest germination was observed in C10 (93.3%) and the lowest
in C7 (60.0%). Increased GA3 concentrations (70 and 90 mg/L) had a positive effect in
all genotypes except C3 which presented a slightly lower germination between 80 and
83.3%. Regarding the heat-sensitive genotypes, significant differences were noticed between
temperature conditions and hormone treatment. Under HS, the heat-sensitive genotypes
presented lower germination percentages even among those subjected to GA3 treatments,
except C1, C2 and C4. The highest germination and resistance to HT was noticed in C2
in all GA3 concentrations, followed by C4 which presented the highest germination with
30 and 70 mg/L GA3, whereas C1 had the best germination performance under 70 and
90 mg/L GA3 concentrations with 73.3 and 80.0% germination percentages, respectively.
In heat-resistant genotypes under AT, the greatest germination percentage was observed
under 70 mg/L GA3 in C3, C7, C10 and C16. Conversely, relatively low germination was
noticed in C14 and C15 under all treatment concentrations. Treatment with 30 mg/L GA3
concentrations revealed relatively close values with control in all genotypes. Compared
with the other concentrations, the highest 90 mg/L GA3 concentration presented the best
results in all genotypes with the highest germination percentage in C9. Under AT, the
highest germination percentage was noticed using 30 and 70 mg/L GA3 with best results in
C4, C6 and C13. Conversely, under the 90 mg/L GA3, the highest germination was noticed
in C2 and C11.
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The period required for germination under HS mainly corresponded to the germina-
tion percentage (Table 1). Thus, genotypes under control presented a delayed germination
as noticed by the increased mean germination time (MGT) values (8.42–19.39%). Fol-
lowing GA3 treatment with 30 mg/L, a lower germination rate was noticed in C9 and
C14 genotypes with an MGT of 26.24% and 16.77%, respectively. Conversely, genotypes
C3, C7 and C16 presented lower MGT values of 7.50%, 6.13% and 6.47%, respectively,
corresponding to an earlier germination rate. Treatment with 70 mg/L GA3 presented a
higher germination rate as seen by the lower values in MGT, except C10 and C14 which
had a lower germination rate compared with control and the other treatments. As seen
in the previous GA3 treatments, genotypes C3, C15 and C16 had the earliest germination
with 90 mg/L GA3 compared with control and the other genotypes subjected to different
hormone concentration treatments. In heat-resistant genotypes, the lowest MGT values
(3.03–9.89%) were noticed under 70 mg/L GA3 which presented an earlier germination
compared with control and the other treatments. The lowest MGT values correspond to the
highest germination percentages (i.e., shorter period required for germination) compared
with control which presented higher MGT values in most genotypes, except in C7 and C16.
Under 30 mg/L GA3 treatment, all genotypes presented earlier germination, except C14
which showed a higher MGT (9.89%). Lastly, C14–C16 genotypes showed earlier germina-
tion rates under the highest GA3 level (90 mg/L). In heat-resistant genotypes, under HS
the highest MGT values (i.e., delayed germination) were recorded under control as also
seen by the lowest germination percentages, except C7 which had a slightly lower MGT
of 8.42%. Treatment with 30 and 70 mg/L GA3 showed significantly higher MGT values
in almost all genotypes, except C1 and C12 which at both concentrations had the lowest
MGT values compared with control presenting an increased germination rate. Finally,
using 90 mg/L GA3, the lowest MGT values were noticed in C11 (Verano) and C13 (Metis
Origami) making them favorable to be used in future amelioration programs. Significant
differences were noticed in the heat-sensitive genotypes which had the highest germination
rate under AT as shown by the relatively low MGT, especially in the case of 70 mg/L GA3.
Under control, the lowest MGTs were noticed in C2, C6 and C12 with values between 3.86
and 4.77 which also had a relatively high germination percentage (80.0–93.3%). Under
treatment with 30 mg/L GA3, the genotypes had a slightly higher germination rate (lower
MGT) compared with control, except C5 which had a delayed germination but a higher
germination percentage. As seen by the higher germination percentage values (93.3–100%),
the heat-sensitive genotypes had the earliest germination rate under the 70 mg/L GA3
treatment (2.01–9.89) compared with control and other treatments. The final GA3 pre-
sented the lowest MGT values in C14 and C16. Overall, genotypes C3 (Smartiz Victoria),
C15 (Merengue magenta) and C16 (Metis silverleaf) had the highest germination rates
compared with control and GA3 treatments, which makes them suitable to be selected as
heat-resistant genotypes and used further in several amelioration programs under biotic
and/or abiotic stresses, especially drought stress to develop resistant genotypes. Overall,
heat-sensitive C11 and C13, which had the lowest MGT values, along with C1 and C2 with
a high germination percentage can be selected as genotypes which might be used in future
studies to assess their resistance under heat and/or drought stress, but also subjected to
different growth hormone regulators. Finally, all heat-resistant genotypes presented high
germination rate and percentages making them economically important and suitable to be
cultivated in arid regions with elevated temperatures.

2.2. Variation in Plant Development of Heat-Resistant and Heat-Sensitive Cyclamen Genotypes
under AT and HS

The plants’ height was measured from the beginning of the tuber to the highest point
of the leaf (Table 2). The development of heat-resistant and heat-sensitive genotypes was
significantly influenced by GA3 treatment concentrations. Under HS, significantly lower
values were noticed in the heat-resistant genotypes under control, except C14 which had
an increased height (6.27 cm) compared with the other genotypes. Under 70 mg/L GA3,

176



Plants 2022, 11, 1868

the genotypes that presented the highest development were C9, C10 and C14 with values
between 12.79 and 15.43 cm. The last treatment significantly increased the plants’ height,
except genotypes C3 and C7 with values between 5.41 and 7.01 cm. Under HS, significantly
lower values were observed in heat-sensitive genotypes under control, which persisted
even in those subjected to 30 mg/L GA3 treatment. As it can be foreseen, in the subsequent
treatments of 70 and 90 mg/L GA3, the plants developed in a dose-dependent manner. The
most sensitive to heat were C1, C2 and C12 which presented relatively lower development
compared with the other genotypes. Under AT, the heat-resistant genotypes under control
presented significantly lower development compared with genotypes subjected to hormone
treatment. Under 30 mg/L GA3, the C8, C10 and C14 positively responded to hormone
treatment with values between 11.15 cm and 13.25 cm compared with the other genotypes
which had relatively close values with control. The subsequent treatment concentrations
(70 and 90 mg/L GA3) had a positive influence in all tested genotypes in a dose-dependent
manner. In the case of heat-sensitive genotypes, a significantly lower development was no-
ticed in control plants under AT. Similar development was also noticed with 30 mg/L GA3,
with increased plant height noticed solely in C2. The ensuing 70 mg/L had a positive
influence regarding the plant’s height in all genotypes with regard to C4 (10.08 cm). The
same case was noticed with increased hormone treatment of 90 mg/L in all genotypes.
Overall, in the case of heat-resistant genotypes, the plants had the best development under
the 90 mg/L GA3, as also seen by the high levels in leaf area (Figure 1), except C3 and C7
which might be resistant to moderate heat.
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Figure 1. The effects of ambient temperature and high temperature stress and exogenously ap-
plied GA3 on leaf area of heat-tolerant (a,c) and heat-sensitive (b,d) genotypes. * Significant at
5% probability level; ** significant at 1% probability level; ns, no significant difference.
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Leaf area was significantly influenced by GA3 treatment concentrations in heat-
resistant genotypes in a dose-dependent manner, except C14 for which treatment at
90 mg/L reduced the leaf area (Figure 1c). Regarding the heat-sensitive genotypes, signifi-
cantly lower leaf areas were noticed compared with heat-resistant genotypes. Although the
leaf area increased with GA3 concentrations, reduced levels were noticed under 90 mg/L
in almost all genotypes, except C1 (Figure 1d).

Under HS, increased values of petiole length were noticed in heat-resistant genotypes
with increased concentrations of GA3, with the highest values under 90 mg/L hormone
treatment (Figure 2c). Conversely, heat-sensitive genotypes exhibited relatively low levels
in petiole height compared with heat-resistant genotypes. As also seen in heat-resistant
genotypes, although higher values were noticed with increased application of GA3, reduced
levels were recorded at 90 mg/L treatment (Figure 2d).
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Regarding root length, significant differences were noticed in heat-resistant genotypes
which exhibited longer roots with increased GA3 application, except C9 with higher values
using 70 mg/L of growth regulator (Figure 3c). In heat-sensitive genotypes, higher values
in root length were noticed under the application of 70 mg/L GA3.
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5% probability level; ** significant at 1% probability level; ns, no significant difference.

The SVI was significantly different among genotypes and GA3 treatments. Under HS,
significantly lower SVI values were noticed under control, especially in C7 and C8 with
values of 65.25 and 60.26, respectively. With 30 mg/L GA3, higher SVI levels were noticed
in C10, followed by C14 and C3. The increasing dose of hormone concentrations led to
a higher SVI especially in C9. Following the highest GA3 dose (90 mg/L), an increase in
SVI was noticed in almost all genotypes except C3 and C7 with values of 59.02 and 422.64,
respectively. The highest SVI were noticed in C2 and C13 which had the best development
among all genotypes. HS negatively affected the heat-sensitive plant’s development as seen
by the relatively low SVI values under control, even with GA3 treatment. The highest doses
of hormone treatment led to higher SVI in C4 under 70 mg/L, and in C5, C11 and C13 with
90 mg/L GA3 treatment. Under AT, the heat-resistant genotypes under control presented
relatively low SVI which gradually increased by GA3 treatment in a dose-dependent
manner (Table 2). Thus, the use of 30 mg/L GA3 significantly increased the SVI compared
with control, with the highest values in C10, followed by C3. This ascending trend was
noticed with the increased dose of GA3, which had the strongest effect in C10, C16 and C3
under the 70 mg/L GA3, whereas the highest value of SVI with 90 mg/L GA3 was noticed
in C8 and C10. The heat-sensitive genotypes under control presented significantly different
SVI values, with the highest in C5 and C6 and the lowest in C1 and C11, respectively. The
use of GA3 influenced the plant development in a positive way. Thus, the SVI presented a
positive tendency under 30 mg/L GA3, which maintained its trend with increased dose of
GA3 (70 and 90 mg/L). The variation in SVI could be attributed to an enhanced germination
rate, which strongly depends on the seedlings’ root and shoot development, along with the
stimulation of enzymatic activities (Figure 4).
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2.3. Hierarchical Clustering and Heat Mapping of Seed Germination and Plant Development
Parameters of Heat-Tolerant and Heat-Sensitive Genotypes under Ambient Temperature and Heat
Stress Conditions

Hierarchical clustering and heat mapping were used to visualize similarities and dif-
ferences between AT, HS and GA3 applications. Several heat-resistant genotypes exhibited
unusual behavior in HS conditions, namely C3, C7 and C8, as these genotypes showed
negative correlations in terms of germination parameters and plant development (plant
height) under control compared with GA3 application. The other genotypes were found to
be less affected by heat stress as compared with the above-mentioned genotypes as shown
by the positive correlation between SVI, germination percentage and root length under
70 and 90 mg/L GA3. Conversely, a negative correlation was shown in these genotypes
under control in the majority of the traits which were drastically influenced by heat stress.
Thus, these were referred to as susceptible genotypes as vindicated by their performance
trend in Figure 5. As shown in the heatmap, it is clear that GA3 treatment elevated the
negative effect of HS by inducing seed germination and plant development with increased
dose application. In HS under control, a negative correlation in GP, SVI and plant height
was noticed as all genotypes were strongly affected by higher temperatures. Following
the importance score and the increased GA3 application, a positive correlation is shown in
terms of plant height and root length, demonstrating the effectiveness of hormone treat-
ment under HS conditions. Except for C3, C7 and C8 which proved to be susceptible to HS
even under GA3 application, the other genotypes showed tolerance to higher temperatures.

181



Plants 2022, 11, 1868Plants 2022, 11, x FOR PEER REVIEW 14 of 22 
 

 

 
Figure 5. Hierarchical clustering and heatmap visualization of heat-resistant genotypes under 
ambient temperature and heat stress conditions. Columns indicate the control and GA3 treatments, 
and rows indicate morphological parameters. Cells are colored based on values of seed and plant 
development, where purple represents a strong positive correlation and green a strongly negative 
correlation. 

In the case of heat-sensitive genotypes, significant differences were observed under 
ambient and increased temperatures as observed by the importance scores (Figure 6). 
Under AT, the genotypes presented increased germination rate and plant development 
with increased GA3 application as shown by their overall positive trend in the red colored 
gradient strips especially with 70 and 90 mg/L hormone treatment. Under HS, these 
genotypes showed rather negative values under control conditions, emphasizing their 
low susceptibility to increased temperatures. Following GA3 application, genotypes C4, 
C6, C11 and C13 possessed higher positive or negative values compared with the other 
heat-sensitive genotypes. These genotypes were shown to be less affected by heat stress, 
suggesting their positive response to hormone treatment. As shown in the heatmap, these 
genotypes presented negative values in terms of germination parameters and positive 
values in root length compared with the other heat-sensitive genotypes, emphasizing 
their tolerance to heat stress under GA3 application. In the present conditions, both 
heat-resistant and heat-sensitive genotypes were found to have higher petiole and root 
lengths and leaf area values as compared with control. Overall, heat-resistant C9, C10, 
C11, C14 and C16 genotypes are highly resistant to heat stress especially under hormone 

Figure 5. Hierarchical clustering and heatmap visualization of heat-resistant genotypes under ambi-
ent temperature and heat stress conditions. Columns indicate the control and GA3 treatments, and
rows indicate morphological parameters. Cells are colored based on values of seed and plant develop-
ment, where purple represents a strong positive correlation and green a strongly negative correlation.

In the case of heat-sensitive genotypes, significant differences were observed under
ambient and increased temperatures as observed by the importance scores (Figure 6).
Under AT, the genotypes presented increased germination rate and plant development
with increased GA3 application as shown by their overall positive trend in the red colored
gradient strips especially with 70 and 90 mg/L hormone treatment. Under HS, these
genotypes showed rather negative values under control conditions, emphasizing their
low susceptibility to increased temperatures. Following GA3 application, genotypes C4,
C6, C11 and C13 possessed higher positive or negative values compared with the other
heat-sensitive genotypes. These genotypes were shown to be less affected by heat stress,
suggesting their positive response to hormone treatment. As shown in the heatmap, these
genotypes presented negative values in terms of germination parameters and positive
values in root length compared with the other heat-sensitive genotypes, emphasizing their
tolerance to heat stress under GA3 application. In the present conditions, both heat-resistant
and heat-sensitive genotypes were found to have higher petiole and root lengths and leaf
area values as compared with control. Overall, heat-resistant C9, C10, C11, C14 and C16
genotypes are highly resistant to heat stress especially under hormone treatment, whereas
the heat-sensitive genotypes, C4, C6, C11 and C13 proved to be less susceptible to HS as
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illustrated in Figure 6. These genotypes can be further employed in breeding programs by
using multiple stress designs and hormone treatments to achieve maximum heat tolerance
in crop generations, which may contribute to enhanced productivity.
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3. Discussion

A prevalent concern due to climate change urges researchers to develop heat-tolerant
genotypes to cope with the decline in water sources and rising temperatures so as to dimin-
ish their damaging effect on crop development. Utilization of low-cost hormone treatment
along with tolerant genotypes is useful in the long term in genetic breeding programs.
Moreover, identification of efficient screening techniques to detect heat-resistant plants
proves to be significant approach for future studies. At seedling stage, phenotypic screening
can be evaluated using destructive methods (fresh and dry weight) and non-destructive
ones (image processing, canopy temperature). Moreover, root development was shown
to be a reliable predictor of the plant’s response to drought and heat stresses through
its direct connection with soil, water relation and nutrient absorption under unfavorable
environmental conditions [27]. It was demonstrated that heat stress strongly affects seed
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germination and vigor causing thermal injury or seed death. Various physiological param-
eters in plants are also affected by heat stress, resulting mainly in earlier leaf senescence,
shoot and root growth inhibition, reduction in flower number and fruit development,
all of which eventually lead to loss of crop yield [28,29]. Recently, Siddiqui et al. (2015)
demonstrated that growth parameters of faba bean were significantly reduced under heat
stress [30]. Seed priming with GA3 overcomes seed dormancy mainly due to deterioration
of the endosperm layer and activation of embryo development [31]. Pre-sowing treatments
with GA3 increased seed yield and qualitative characteristics under both drought stress
and non-stress conditions compared with genotypes under control (no treatment) [23].
Germination rate of T. terscheckii seeds was strongly influenced under light regimes, heat
stress and GA3 treatments. Increased germination proportion was noticed under ambient
temperatures compared with higher temperatures with increased GA3 concentrations un-
der both conditions. Conversely, significantly low germination was noticed under darkness
only with increased dose of GA3 (1000 mg/L) [32]. GA3 (60 mg/L) was demonstrated to be
a quick and efficient treatment in breaking rice seed dormancy compared with lower con-
centrations [33]. It was demonstrated that application of GA3 between 50 and 100 mg/L
proves to be efficient in breaking seed dormancy of Cyclamen species under high light
exposure treatment. Thus, the highest germination rate in C. africanum and C. hederifolium
was noticed under 50 mg/L GA3 treatment, whereas C. cyprium presented the highest
germination percentage with application of 100 mg/L GA3 [4]. Early emergence, high ger-
mination percentage and normal seedlings development with least mortality were noticed
in seeds of Hevea brasiliensis (rubber) with 100 mg/L GA3 treatment [34]. Conversely, the
germination rate of Lavandula angustifolia ‘Codreanca’ and ‘Sevtopolis’ were favorably
influenced with application of GA3 at doses of 200 and 300 mg/L [35]. Industrial hemp
(Cannabis sativa L.) seed pre-treatments with high levels of GA3 (500 and 1000 mg/L) were
associated with a decreasing trend in germination, but a positive effect on early growth
responses was observed [36]. Priming treatment of Brassica napus L. seeds with 300 mg/L
GA3 showed a significantly increased drought tolerance index compared with control
and improved seedling tolerance to drought stress [37]. In the present study, heat stress
significantly influenced the germination rate and plant development in heat-tolerant and
heat-sensitive genotypes. Both heat-tolerant and heat-sensitive genotypes presented in-
creased germination rate with GA3, especially with 70 and 90 mg/L under both AT and
HS conditions. Heat-sensitive genotypes positively responded to GA3 especially in the
case of C1 and C2 which might be selected as resistant genotypes as seen by their high
germination rate (73.33–93.33%).

Plant response to increased temperatures depends on several factors in which plant
regulators are considered significant and are involved in the mechanisms of susceptibility
or tolerance of plants. Under abiotic stress, several proteins (DELLAs) are produced by
the induction of different plant hormone levels. Seed priming with optimal concentrations
of GA3 was proven advantageous to increase early seedling growth under abiotic stress
conditions [38]. Under HS, treatment with GA3 (288.7 µM) increased the emergence per-
centage and emergence rate of sweet sorghum (Sorghum bicolor L. Moench) under heat
stress compared with control. Lower levels of shoot and higher levels in root length and
number were noticed under GA3 treament under HS [39]. Combined treatment of silicon
(Si) and GA3 significantly influenced the development of date palm (Phoenix dactylifera L.)
resulting in alleviation of adverse effect of HS and greatest shoot length (31.87 cm) and
root length (11.56 cm) compared with solely hormone treatment and control. By compar-
ison, relatively close results were noticed under sole treatment with GA3 emphasizing
its usage, alone or in combination with other growth regulators, as an efficient treatment
under HS conditions [40]. Exogenous GA3 application elevated the adverse effects of HS in
Arabidopsis [41]. Heat-tolerant and heat-sensitive perennial ryegrass (Lolium perenne) acces-
sions were both affected by HS resulting in decreased plant height and leaf water content,
but with delayed negative effect in the tolerant genotype [42]. According to previous re-
ports, the optimal temperature for germination in Cyclamen is 15 ◦C, whereas temperatures
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above 20 ◦C lead to inhibition of germination [43]. Supra-optimal temperatures (25–30 ◦C)
inhibit germination with longer exposure (4 weeks) [44]. Moreover, temperatures higher
than 25 ◦C or hypoxia inhibit tuber formation and lead to very elongated tubers which af-
fects the plant’s development [45]. In the present study, heat-resistant genotypes positively
responded to GA3 treatment in a dose-dependent manner under HS conditions. Elevated
levels in SVI were noticed with 90 mg/L GA3 with regard to Merengue genotypes, mainly
C10, C14 and C15, which presented earlier and higher seedling development under HS
conditions. Conversely, heat-sensitive genotypes were negatively affected by HS, whereas
GA3 acted in a protective way by enhancing seedling development and reducing the ad-
verse effects of higher temperature exposure. Regarding the plant development, increased
petiole and plant height were noticed in heat-tolerant genotypes under HS conditions with
increased doses of GA3, especially with 70 and 90 mg/L treatment regimes.

Regarding the root development under HS conditions, relatively few reports have eval-
uated their responses with growth hormone treatments. The effect of GA3 application on
the growth and development of roots was evaluated in paper flower (Bougainvillea glabra),
jungle geranium (Ixora coccinea) and Chinese rose (Rosa chinensis) finding the highest levels
with the dose of 100 mg/L GA3 in all above-mentioned genotypes [46]. In a different study,
GA3 concentrations between 0.05 and 50 mg/L were applied to several Pelargonium (gera-
nium) cultivars to assess their influence on root development. Their results showed that
with increased GA3 concentration, an increased growth rate and decreased shoot:root ratio
were noticed [47]. Exposure of cucumber seedlings to a relatively low root-zone tempera-
ture of 16 ◦C led to significantly lower root growth and development which was reversed
by exogenous GA3 application [48]. Conversely, an increase in ambient temperature was
reported to stimulate GA production, reduce DELLA levels and promote stem elongation
in Arabidopsis [49]. Root lengths at seedling stage were severely reduced by HS with
significant variations among wheat genotypes. Heat-tolerant genotypes at seedling stage
showed less root length decrease compared with heat-susceptible ones [50]. In the present
study, significant differences were noticed between root development of heat-sensitive and
heat-tolerant genotypes with increased GA3 doses. Under HS, heat-resistant genotypes
revealed significantly higher root lengths with 70 and 90 mg/L GA3 treatment. Conversely,
significant differences between AT and HS conditions were noticed only in Petticoat geno-
types (C2, and C12) and Metis genotypes (C5 and C6), respectively. Overall, heat-resistant
C15 and heat-sensitive C2 might be selected for future studies under different abiotic
and/or biotic stresses, according to their highest germination capacity (86.67–100% and
80.0–93.33%, respectively) and plant vigor (116.93–1184.1 and 132.42–509.28, respectively).

4. Materials and Methods
4.1. Plant Materials

The experiments were carried out at the Advanced Horticultural Research Institute
of Transylvania (AHRIT), University of Agricultural Sciences and Veterinary Medicine
Cluj-Napoca, Romania, using 16 Cyclamen accessions selected for their foliar and or-
namental quality. A dual experiment was carried out: plants were maintained under
control conditions of optimum temperature and heat stress. The 16 genotypes were di-
vided into two agronomic groups according to their provenance: group 1 (Morel company
breeder, Rue de Montourey, Fréjus, France) and group 2 (Schoneveld Breeding, Zeewolde,
The Netherlands) (Supplementary Table S1). The plants were sown in May 2021 so that
they would reach the juvenile vegetative stage for the heat treatment approximately in
June–July 2021.

4.2. Growth Regulator Treatment

Seeds of Cyclamen genotypes were subjected to hormone seed priming using different
concentrations of GA3 and using distilled water for control for 24 h according to [38].
Afterward, the seeds were washed three times with distilled water, surface dried and
transferred to growth chambers. Seeds were germinated on two-layer filter paper in Petri
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dishes (14.5 cm diameter) with 10 mL of distilled water and different levels of GA3 (0, 30, 70
and 90 mg/L) in altering temperature conditions of either ambient temperature (11–17 ◦C)
or heat stress (23–36 ◦C) with 60% relative humidity (Figure 7).
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4.3. Pot Experiment

After germination, the seedlings were transplanted to pots (30 cm length and
14 cm width) and watered according to the plants’ requirements (at 3 days’ interval) with
distilled water (control) and GA3 solutions in different concentrations. The growing sub-
strate (60/20/20 v/v) was a mixture of sowing and propagation soil (pH = 6.0) with a
content of NPK 0.1:0.01:0.03 m/m%, Cyclamen substrate (pH = 6.2) with a content of NPK
(1.0:0.1:0.3 m/m%), 70% organic substances and perlite. Seeds germinated in approximately
3 weeks. Afterward, the influence of exposure to ambient temperatures (AT) and heat stress
conditions (HS) under the influence of different GA3 concentrations on morphological
parameters was evaluated. Non-destructive methods were used by scanning all seedlings
with the ImageJ Programme 1.52a, Wayne Rasband, National Institutes of Health Bethesda,
Maryland, USA for image processing. Plant height, root and petiole lengths (cm), and leaf
area were determined for heat-resistant and heat-sensitive genotypes under control and
heat stress conditions. The germination percentage [51] was calculated accordingly:

GP =
∑ Ns

Fs
× 100% (1)

where Ns corresponds to the number of seeds at the establishment of the experiment and Fs
represents the germinated seeds at the end of the experiment. Germination rate [51,52] was
assessed by estimating the mean germination time (MGT) using the following equation:

MGT =
∑ DNs
∑ Ns

(2)

where D is the day at the start of the germination test, and Ns is the number of recently
germinated seeds on day D [53]. The Seedling Vigor Index (SVI) [52] was evaluated using
the equation described below:

SVI = GP × (Mrl + Mhl) (3)

GP represents the germination percentage, MrL the average root length (mm) and Mhl the
average seedling length (mm) [54].

4.4. Statistical Analysis

For each randomized block (16 blocks in total), 5 plants per treatment were used (a
total of 20 plants per exposure treatment and genotype). The aggregated dataset comprises
16 genotypes of 320 plants (80 control and 240 stress) together with germination parameters
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and morphological characteristics. Data collected were analyzed with the analysis of
variance technique (ANOVA) using HSD Tukey’s test (p ≤ 0.05) and presented as the
interaction of ambient and high temperature stress and GA3 treatment using GraphPad
Prism 8.2.1.441. Results were given as average ± standard deviation. Heatmap and
dendrograms were generated using the Euclidean distance based on Ward’s algorithm for
clustering [55].

5. Conclusions

The present study highlights the priming effects with GA3 on seed germination and
plant development and the most advantageous GA3 dosage applied to Cyclamen accessions
under AT and HS conditions. Moreover, the cultivated germplasm’s genetic diversity for HS
tolerance was assessed to select genotypes which possess increased tolerance to heat. Heat-
tolerant genotypes, mainly C3 (6.42%), C15 (6.47%) and C16 (5.12%) had the lowest MGT
(highest germination rate) with 90 mg/L GA3 treatment compared with control. Regarding
heat-sensitive genotypes, C11 (5.11%) and C13 (4.28%) which had the lowest MGT values,
along with C1 (73.3%) and C2 (80.0%) with a high germination percentage, can be selected
as genotypes which might be used in future studies to assess their resistance under heat
and/or drought stress, but also subjected to different growth hormone regulators. Under
HS in heat-tolerant genotypes with 70 mg/L GA3, the genotypes that presented the highest
plant development were C9, C10 and C14 with values between 12.79 and 15.43 cm. The
above genotypes which presented the highest values in germination and plant development
might be selected as heat-resistant genotypes to be deposited in germplasm banks and
used in further amelioration programs under biotic and/or abiotic stresses to develop
resistant genotypes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11141868/s1, Table S1: Overview of 16 Cyclamen genotypes
used in this study.
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Highlights:

• Salinity tolerance among traditional varieties of cowpea is variable.
• High net photosynthesis is observed in cowpea-tolerant varieties under salt stress.
• The decrease in photosynthesis is caused by stomatal restriction and low photochemical efficiency.
• Cowpea varieties are similar in photochemical efficiency and photochemical quenching.
• The decrease in pod number and seeds per pod are the main effects of salinity on cowpea production.

Abstract: Cowpea is the main subsistence crop—protein source—for the Brazilian semi-arid region.
The use of salt-stress-tolerant varieties can improve crop yields. We evaluated the effect of irriga-
tion with brackish water on the growth, photosynthetic responses, production, and tolerance of
fifteen traditional varieties of cowpea. The experiment was conducted in randomized blocks, in a
15 × 2 factorial scheme, composed of 15 traditional varieties of cowpea and two salinity levels of
irrigation water (0.5 and 4.5 dS m−1), with five replicates. Plants were grown in pots containing
10 dm3 of soil for 80 days. The reduction in the photosynthetic rate of cowpea varieties occurs
mainly due to the decrease in stomatal conductance caused by salt stress. Salt stress increased the
electron transport rate and photochemical quenching of cowpea varieties, but stress-tolerant varieties
increased the CO2 assimilation rate and instantaneous carboxylation efficiency. The Ceará, Costela de
Vaca, Pingo de Ouro, Ovo de Peru, and Sempre Verde varieties are tolerant to salt stress. Salt stress
decreases 26% of the production of tolerant varieties to salt stress and 54% of susceptible varieties.
The present findings show the existence of variability for saline stress tolerance in traditional varieties
of cowpea and that Ceará, Costela de Vaca, Pingo de Ouro, and Ovo de Peru varieties are more
suitable for crops irrigated with saline water.

Keywords: Vigna unguiculata (L.) Walp.; salinity; gas exchange; photochemical efficiency; photochemical
quenching; yield
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1. Introduction

Cowpea beans (Vigna unguiculata (L.) Walp.), also known as rope or Macassar beans,
are a significant source of protein in the north and northeastern regions of Brazil [1].
Family and small farms are the leading producers, using mostly native or traditional
seeds [2]. These farmers have little technological apparatus and use family labor and seeds
from selection made by the farmer himself, with well-defined and recognized phenotypic
characteristics that characterize them as native or traditional seeds. Traditional or local
varieties are highly adapted to the places where they are conserved and managed, and they
are part of family autonomy, constituting the main factor in people’s food security.

Farms in the northeastern region, especially those in Mossoró/Açu, RN, Brazil, require
a substantial amount of water, which has driven the use of saline water up to 4.5 dS m−1,
e.g., groundwater from the Calcário Jandaíra aquifer [3]. Cowpea beans are moderately
tolerant to salinity, up to 3.3 dS m−1 in irrigation water and 4.8 dS m−1 in the soil [4].
However, it is necessary to use saline water due to the scarcity of good quality water and
the increase in water consumption to meet population growth and irrigated agriculture.

Water with a high sodium adsorption ratio (SAR) can modify the physicochemical
conditions of the soil, and excess soluble salts result in lower osmotic potential, water
deficit, stomatal closure, limited CO2 assimilation/water usage, and alterations to the
photochemical process [5,6]. Osmotic restrictions combined with ionic restrictions and
nutritional imbalance limit gas exchange and biomass accumulation and production [5–8].
The decrease in productivity of cowpea under saline stress occurs due to the decrease in
the water potential, survival rate, plant’s initial vigor, growth, and photosynthetic activity
and excessive accumulation of Cl and Na ions and reactive oxygen species (ROS) [5–11].
Therefore, studies that evaluate gas exchange and photosynthetic efficiency are important
for the identification of salinity-tolerant plants.

Identifying and selecting salinity-tolerant cowpea bean varieties can facilitate the
use of saline water without affecting cowpea production. While there are early growth
stage studies that designate salinity-tolerant cowpea bean genotypes [2,12,13], studies
investigating the complete production cycle are lacking. In this study, we hypothesized
that the genetic diversity of cowpea beans grown in the semi-arid region would create
salinity-tolerant cowpea bean varieties that may be cultivated in farms with poor water
quality. Thus, the goals of this study were to assess the effect of irrigation with brackish
water on the growth, gas exchange, and production of 15 traditional varieties of cowpea
and determine the most saltwater-tolerant varieties.

2. Results
2.1. Soil Salinity

There was a significant interaction between varieties and irrigation-water salinity
levels (p < 0.05) (Table 1). Irrigation with saline water of 4.5 dS m−1 increased the ECse of
the soil contained in the pots cultivated with the plants of cowpea varieties compared to
pots that received the water of 0.5 dS m−1 (control). The ECse of the soil contained in the
pots irrigated with high-salinity water varied between 6.3 and 9.7 dS m−1, that is, between
1.4 and 2.15 times the salinity of the irrigation water. When irrigation was performed with
high-salinity water in pots cultivated with the varieties Canário and Roxão, the highest
values of ECse in the soil were recorded, 9.7 and 8.4 dS m−1, respectively, with no difference
for salinity in pots cultivated with the other varieties (Table 1).
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Table 1. F-test and means test for electrical conductivity of saturation extract (ECse, dS m−1) of soils
cultivated with traditional varieties of cowpea subjected to two levels of irrigation-water salinity.

F-Test (p-Value)

Sources of Variation ECse

Block 0.061
Salinity 0.000
Varieties 0.011

Salinity × Varieties 0.018

Means comparison test (Standard Deviation, n = 5)

Varieties
ECse

0.5 dS m−1 4.5 dS m−1

V1—Boquinha 1.3 ± 0.19 Ba 7.8 ± 0.35 Ac
V2—Ceará 1.1 ± 0.11 Ba 7.3 ± 0.72 Ac

V3—Costela de Vaca 1.4 ± 0.23 Ba 6.7 ± 0.42 Ac
V4—Lisão 1.5 ± 0.20 Ba 6.5 ± 0.69 Ac

V5—Canário 1.4 ± 0.20 Ba 9.7 ± 0.79 Aa
V6—Pingo de Ouro 1.4 ± 0.22 Ba 7.8 ± 0.40 Ac

V7—Roxão 1.7 ± 0.17 Ba 8.4 ± 0.34Ab
V8—Feijão Branco 1.4 ± 0.08 Ba 7.8 ± 0.41 Ac

V9—Canapu Branco 1.5 ± 0.17 Ba 7.4 ± 0.48 Ac
V10—Canapu Miúdo 1.3 ± 0.17 Ba 6.7 ± 0.64 Ac

V11—Ovo de Peru 1.3 ± 0.21 Ba 7.9 ± 1.07 Ac
V12—Baeta 1.9 ± 0.13 Ba 7.2 ± 0.41 Ac

V13—Coruja 1.3 ± 0.05 Ba 7.0 ± 0.73 Ac
V14—Paulistinha 1.4 ± 0.10 Ba 6.3 ± 0.47 Ac

V15—Sempre Verde 1.4 ± 0.19 Ba 7.5 ± 0.38 Ac
Equal uppercase letters in the rows and lowercase letters in the column do not differ by Student’s t-test and
Scott–Knott test at 5% probability level, respectively.

2.2. Gas Exchange

The interaction between varieties and salinity levels was significant for the net CO2
assimilation rate (p < 0.01), internal CO2 concentration (p < 0.01), and instantaneous car-
boxylation efficiency (p < 0.01) (Table 2).

The AN of the varieties Boquinha, Roxão, Feijão Branco, Canapu Miúdo, Coruja, and
Paulistinha was reduced under salt stress (4.5 dS m−1), varying, on average, between 13.19
and 74.21% compared to the control (0.5 dS m−1). The varieties Ceará, Canário, Pingo de
Ouro, Canapu Branco, Baeta, and Sempre Verde had increased AN in the saline treatment
(4.5 dS m−1) with an average variation between 11.95 and 56.71% compared to the control
(0.5 dS m−1). Salt stress did not influence (p < 0.05) the AN of the varieties Costela de Vaca,
Lisão, and Ovo de Peru (Table 2).

There was the formation of three clusters regarding photosynthetic performance under
the salt-stress condition, with the varieties Sempre Verde, Costela de Vaca, Pingo de Ouro,
and Baeta in the cluster of higher AN, Ceará, Lisão, Canário, Canapu Branco, Boquinha,
Roxão, and Paulistinha in the cluster of intermediate AN, and Ovo de Peru, Feijão Branco,
Coruja, and Canapu Miúdo in the cluster of low AN, in this sequence (Table 2).

The application of 4.5 dS m−1 water reduced the Ci in the varieties Canapu Branco,
Ovo de Peru, and Baeta compared to the control (0.5 dS m−1), with reductions ranging
between 11.80 and 23.05%. A different behavior was observed in the varieties Ceará,
Canário, Pingo de Ouro, Canapu Miúdo, Coruja, and Sempre Verde, which had an average
increment ranging between 11.82 and 42.68% in Ci under salt stress (4.5 dS m−1) compared
to the control (0.5 dS m−1). The varieties Boquinha, Costela de Vaca, Lisão, Roxão, Feijão
Branco, and Paulistinha did not have their Ci influenced by salt stress (Table 2).
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Table 2. F-test and means test for net CO2 assimilation rate (AN, µmol (CO2) m−2 s−1), internal
CO2 concentration (Ci, mol (CO2) m−2 s−1), and instantaneous carboxylation efficiency (CEi, (µmol
(CO2) m−2 s−1) (mol (CO2) m−2 s−1)−1) of traditional varieties of cowpea subjected to salinity levels
of irrigation water.

F-Test (p-Value)

Sources of Variation AN Ci CEi

Block 0.543 0.000 0.0284
Salinity 0.483 0.000 0.006
Varieties 0.000 0.000 0.000

Salinity × Varieties 0.000 0.000 0.000

Means comparison test (Standard Deviation, n = 5)

Varieties
AN Ci CEi

0.5 dS m−1 4.5 dS m−1 0.5 dS m−1 4.5 dS m−1 0.5 dS m−1 4.5 dS m−1

V1—Boquinha 16.92 ± 0.37 Aa 10.13 ± 0.82 Be 187 ± 6.67 Ac 198 ± 13.50 Ab 0.091 ± 0.003 Aa 0.053 ± 0.007 Bd
V2—Ceará 8.15 ± 0.08 Be 11.56 ± 0.90 Ad 198 ± 3.27 Bc 239 ± 8.21 Aa 0.041 ± 0,001 Ad 0.049 ± 0.005 Ad

V3—Costela de Vaca 15.04 ± 0.34 Ab 15.11 ± 0.38 Ab 155 ± 5.76 Ad 164 ± 3.67 Ad 0.098 ± 0.006 Aa 0.092 ± 0.004 Aa
V4—Lisão 11.77 ± 0.03 Ac 12.27 ± 0.49 Ad 195 ± 2.03 Ac 200 ± 4,52 Ab 0.060 ± 0.001 Ac 0.062 ± 0.004 Ac

V5—Canário 7.39 ± 0.54 Be 11.12 ± 0.16 Ad 137 ± 11.98 Be 174 ± 4.06 Ad 0.057 ± 0.009 Ac 0.064 ± 0.002 Ac
V6—Pingo de Ouro 8.34 ± 0.61 Be 13.07 ± 0.27 Ac 165 ± 6.27 Bd 189 ± 4.23 Ac 0.051 ± 0.005 Bc 0.069 ± 0.003 Ab

V7—Roxão 11.58 ± 0.12 Ac 9.81 ± 0.82 Be 190 ± 6.16 Ac 192 ± 8.08 Ac 0.061 ± 0.002 Ac 0.052 ± 0.007 Ad
V8—Feijão Branco 10.78 ± 0.12 Ad 7.98 ± 0.06 Bf 215 ± 3.85 Ab 208 ± 7.00 Ab 0.050 ± 0.001 Ac 0.039 ± 0.001 Be

V9—Canapu Branco 9.96 ± 0.42 Bd 11.15 ± 0.30 Ad 243 ± 2.94 Aa 187 ± 7.19 Bc 0.041 ± 0.002 Bd 0.060 ± 0.004 Ac
V10—Canapu Miúdo 10.47 ± 0.40 Ad 2.70 ± 0.19 Bg 164 ± 6.03 Bd 234 ± 10.72 Aa 0.065 ± 0.005 Ac 0.011 ± 0.001 Bf

V11—Ovo de Peru 8.35 ± 0.14 Ae 8.03 ± 0.27 Af 231 ± 1.88 Aa 203 ± 3.25 Bb 0.036 ± 0.001 Ad 0.040 ± 0.002 Ae
V12—Baeta 9.27 ± 0.24 Be 13.61 ± 0.16 Ac 178 ± 9.71 Ad 157 ± 5.34 Bd 0.053 ± 0.002 Bc 0.087 ± 0.003 Aa

V13—Coruja 11.98 ± 0.25 Ac 7.65 ± 0.28 Bf 159 ± 4.23 Bd 210 ± 3.61 Ab 0.076 ± 0.003 Ab 0.036 ± 0.001 Be
V14—Paulistinha 11.07 ± 0.42 Ac 9.61 ± 0.19 Be 199 ± 3.45 Ac 213 ± 4.97 Ab 0.056 ± 0.002 Ac 0.045 ± 0.002 Bd

V15—Sempre Verde 11.30 ± 0.06 Bc 17.06 ± 0.20 Aa 203 ± 4.72 Bc 227 ± 2.22 Aa 0.056 ± 0.001 Bc 0.075 ± 0.001 Ab

Equal uppercase letters in the rows and lowercase letters in the column do not differ by Student’s t-test and
Scott–Knott test at 5% probability level, respectively.

The CEi of the varieties Pingo de Ouro, Canapu Branco, Baeta, and Sempre Verde
were increased under the salt-stress conditions compared to the control, with a variation
between 33.93 and 64.15%. The varieties Boquinha, Feijão Branco, Canapu Miúdo, Coruja,
and Paulistinha had reduced CEi, between 19.64 and 83.08%, on average, under the salt-
stress conditions compared to the control (Table 2). The varieties Ceará, Costela de Vaca,
Lisão, Canário, Roxão, and Ovo de Peru did not have their CEi influenced by salt stress
(Table 2). The best CEi values under the salt-stress conditions were observed in the varieties
Costela de Vaca, Pingo de Ouro, Baeta, and Sempre Verde. The worst CEi values under the
salt-stress conditions were observed in the varieties Feijão Branco, Canapu Miúdo, Ovo de
Peru, and Coruja (Table 2).

The interaction between varieties and salinity levels was significant for stomatal
conductance (p < 0.01), transpiration (p < 0.01), and instantaneous water use efficiency
(p < 0.01) (Table 3).

When comparing the conditions of salt stress (4.5 dS m−1) and control (0.5 dS m−1)
for gs (Table 3), the Boquinha, Roxão, Feijão Branco, Canapu Branco, Canapu Miúdo, Ovo
de Peru, Coruja, and Paulistinha varieties had an average reduction ranging between 7.69
and 70.00%. The Ceará, Canário, Pingo de Ouro, and Sempre Verde varieties showed an
average increase ranging between 62.50 and 100.00%. On the other hand, the stomatal
conductance values of the Costela de Vaca, Lisão, and Baeta varieties were not influenced
by salt stress. Under this condition, the lowest values of gs were verified in the Canapu
Miúdo, Ovo de Peru, Roxão, Feijão Branco, and Coruja varieties, while the highest values
were recorded in the varieties Sempre Verde and Ceará.
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Table 3. F-test and means test for stomatal conductance (gs) (mol (H2O) m−2 s−1), transpiration (E)
(mmol (H2O) m−2 s−1), and instantaneous water use efficiency (WUEi) [(µmol (CO2) m−2 s−1) (mmol
(H2O) m−2 s−1)−1] of traditional varieties of cowpea subjected to salinity levels of irrigation water.

F-Test

Sources of Variation gs E WUEi

Block 0.000 0.000 0.000
Salinity 0.031 0.000 0.000
Varieties 0.000 0.000 0.000

Salinity × Varieties 0.000 0.000 0.000

Means comparison test (Standard Deviation, n = 5)

Varieties
gs E WUEi

0.5 dS m−1 4.5 dS m−1 0.5 dS m−1 4.5 dS m−1 0.5 dS m−1 4.5 dS m−1

V1—Boquinha 0.21 ± 0.016 Aa 0.11 ± 0.004 Be 4.32 ± 0.19 Aa 1.98 ± 0.07 Be 3.94 ± 0.11 Bb 5.12 ± 0.38 Af
V2—Ceará 0.09 ± 0.001 Be 0.18 ± 0.006 Ab 2.47 ± 0.03 Bf 3.49 ± 0.11 Ab 3.30 ± 0.07 Ac 3.29 ± 0.19 Ah

V3—Costela de Vaca 0.14 ± 0.001 Ac 0.13 ± 0.004 Ac 3.48 ± 0.02 Ac 1.84 ± 0.04 Be 4.33 ± 0.12 Ba 8.22 ± 0.15 Ab
V4—Lisão 0.14 ± 0.002 Ac 0.14 ± 0.005 Ac 3.77 ± 0.03 Ab 2.57 ± 0.05 Bc 3.12 ± 0.03 Bc 4.78 ± 0.14 Af

V5—Canário 0.06 ± 0.002 Bg 0.11 ± 0.002 Ae 1.69 ± 0.07 Bh 2.47 ± 0.01 Ad 4.37 ± 0.23 Aa 4.51 ± 0.08 Ag
V6—Pingo de Ouro 0.08 ± 0.007 Bf 0.13 ± 0.001 Ac 2.28 ± 0.14 Ag 1.74 ± 0.01 Be 3.66 ± 0.12 Bb 7.50 ± 0.14 Ac

V7—Roxão 0.13 ± 0.007 Ac 0.09 ± 0.006 Bf 3.22 ± 0.12 Ad 1.64 ± 0.06 Bf 3.61 ± 0.11 Bb 5.96 ± 0.29 Ae
V8—Feijão Branco 0.15 ± 0.006 Ab 0.09 ± 0.004 Bf 3.83 ± 0.11 Ab 2.40 ± 0.09 Bd 2.82 ± 0.07 Bd 3.35 ± 0.14 Ah

V9—Canapu Branco 0.16 ± 0.006 Ab 0.11 ± 0.002 Be 3.63 ± 0.10 Ac 1.64 ± 0.02 Bf 2.74 ± 0.06 Bd 6.83 ± 0.28 Ad
V10—Canapu Miúdo 0.10 ± 0.002 Ae 0.03 ± 0.004 Bg 2.59 ± 0.02 Af 0.89 ± 0.09 Bg 4.05 ± 0.13 Aa 3.11 ± 0.20 Bh

V11—Ovo de Peru 0.12 ± 0.002 Ad 0.08 ± 0.002 Bf 2.83 ± 0.04 Ae 1.80 ± 0.02 Be 2.95 ± 0.04 Bd 4.45 ± 0.13 Ag
V12—Baeta 0.10 ± 0.007 Ae 0.11 ± 0.002 Ae 2.86 ± 0.17 Ae 1.44 ± 0.02 Bf 3.28 ± 0.15 Bc 9.44 ± 0.20 Aa

V13—Coruja 0.11 ± 0.002 Ad 0.09 ± 0.004 Bf 2.87 ± 0.05 Ae 2.42 ± 0.11 Bd 4.18 ± 0.08 Aa 3.17 ± 0.07 Bh
V14—Paulistinha 0.13 ± 0.007 Ac 0.12 ± 0.002 Bd 3.32 ± 0.13 Ad 2.69 ± 0.04 Bc 3.34 ± 0.06 Ac 3.58 ± 0.12 Ah

V15—Sempre Verde 0.14 ± 0.006 Bc 0.26 ± 0.005 Aa 3.37 ± 0.08 Bd 4.02 ± 0.05 Aa 3.36 ± 0.08 Bc 4.24 ± 0.04 Ag

Equal uppercase letters in the rows and lowercase letters in the column do not differ by Student’s t-test and
Scott–Knott test at 5% probability level, respectively.

Except for the Ceará, Canário, and Sempre Verde varieties, which had an increase in
E, the others showed a reduction in E, ranging from 15.68 to 65.64% on average, under
the condition of salt stress (4.5 dS m−1) compared to the control (0.5 dS m−1). Under the
salt-stress condition, the lowest E values were verified in the Canapu Miúdo, Baeta, Canapu
Branco, and Roxão varieties (Table 3).

The WUEi of the Canapu Miúdo and Coruja varieties decreased on average by 23.69%
under the condition of salt stress (4.5 dS m−1) compared to the control (0.5 dS m−1) (Table 3).
Under the condition of salt stress, there was an average increase between 18.79 and 187.80%
in the WUEi of the Boquinha, Costela de Vaca, Lisão, Pingo de Ouro, Roxão, Feijão Branco,
Canapu Branco, Ovo de Peru, Baeta, and Sempre Verde varieties compared to the control
treatment. The Ceará, Canário, and Paulistinha varieties did not have their WUEi influenced
by salt stress (Table 3). Under this condition, the highest values of WUEi were verified in
the Baeta, Costela de Vaca, Pingo de Ouro, and Canapu Branco varieties, while the lowest
values were found in the Canapu Miúdo, Coruja, Ceará, Feijão Branco, and Paulistinha
varieties (Table 3).

2.3. Chlorophyll Fluorescence

There were significant effects of water salinity levels on initial fluorescence (p < 0.05),
variable fluorescence (Fv) (p < 0.05), the maximum quantum efficiency of photosystem
II (p < 0.01), the quantum efficiency of photosystem II (p < 0.01), electron transport rate
(p < 0.01), and quantum yield of regulated photochemical quenching (p < 0.01) (Table 4).
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Table 4. F-test and means test for initial fluorescence (Fo) (µmol (photons) m−2 s−1), maximum
fluorescence (Fm) (µmol (photons) m−2 s−1), variable fluorescence (Fv) (µmol (photons) m−2 s−1),
the maximum quantum efficiency of photosystem II (Fv/Fm), the quantum efficiency of photosystem
II (Y(II)), electron transport rate (ETR) (µmol (photons) m−2 s−1), minimum fluorescence of the
illuminated plant tissue (Fo’) (µmol (photons) m−2 s−1), photochemical quenching coefficient (qL),
the quantum yield of regulated photochemical quenching (Y(NPQ)), and the quantum yield of non-
regulated photochemical quenching (Y(NO)) of traditional varieties of cowpea subjected to salinity
levels of irrigation water.

F-Test (p-Value)

Sources of Variation Fo Fm Fv Fv/Fm Y(II)

Block 0.000 0.000 0.000 0.442 0.445
Salinity 0.037 0.235 0.046 0.003 0.010
Varieties 0.314 0.485 0.475 0.313 0.881

Salinity × Varieties 0.616 0.963 0.983 0.668 0.222

Means comparison test (Standard Deviation, n = 75)

Salinity (dS m−1) Fo Fm Fv Fv/Fm Y(II)

0.5 777.94 ± 11.21 A 3128.91 ± 35.94 A 2351.0 ± 33.99 B 0.75 ± 0.004 B 0.68 ± 0.008 A
4.5 749.48 ± 9.16 B 3178.00 ± 31.37 A 2428.5 ± 26.05 A 0.76 ± 0.002 A 0.65 ± 0.011 B

F-test (p-value)

Sources of Variation ETR 1 Fo’ 1 qL 1 Y(NPQ) 1 Y(NO) 1

Block 0.000 0.2068 0.110 0.397 0.378
Salinity 0.000 0.9214 0.140 0.005 0.736
Varieties 0.308 0.5083 0.840 0.812 0.833

Salinity × Varieties 0.635 0.3448 0.626 0.203 0.393

Means comparison test (Standard Deviation, n = 75)

Salinity (dS m−1) ETR Fo’ qL Y(NPQ) Y(NO)

0.5 29.66 ± 2.47 B 2.85 ± 0.102 A 0.014 ± 0.0005 A 0.27 ± 0.007 B 0.05 ± 0.0010 A
4.5 53.10 ± 4.07 A 2.82 ± 0.082 A 0.013 ± 0.0005 A 0.30 ± 0.010 A 0.05 ± 0.0012 A

1 Data transformed to square root. Equal uppercase letters in columns do not differ by Student’s t-test at a 5%
probability level.

The cowpea varieties irrigated with high-salinity water (4.5 dS m−1) showed incre-
ments in the values of Fv, Fv/Fm, ETR, and Y (NPQ) of 3.29, 1.33, 79.02, and 11.11%
compared to the control treatment (0.5 dS m−1), respectively (Table 4). However, irrigation
with high-salinity water (4.5 dS m−1) reduced Fo and Y(II) by 3.65 and 4.41% compared to
the control treatment (0.5 dS m−1), respectively (Table 4).

2.4. Growth and Biomass Accumulation

There were simple effects of salinity levels and varieties for stem diameter and number
of leaves (Table 5). Irrigation with high-salinity water decreased on average by 14.44 and
50.0% the stem diameter (SD) and the number of leaves (NL), respectively, of cowpea plants
compared to the control (Table 5). The varieties Boquinha, Ceará, Canapu Miúdo, and Ovo
de Peru had the highest SD, while Ceará showed the highest NL regardless of the water
salinity level (Table 5).
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Table 5. F-test and means test for stem diameter (SD, mm) and the number of leaves (NL) of traditional
varieties of cowpea subjected to salinity levels of irrigation water.

F-Test (p-Value)

Sources of Variation SD NL

Block 0.871 0.035
Salinity 0.000 0.000
Varieties 0.000 0.000

Salinity × Varieties 0.159 0.329

Means comparison test (Standard Deviation, n = 10)

Varieties SD NL
V1—Boquinha 10.1 ± 1.04 a 15.5 ± 3.36 c

V2—Ceará 9.6 ± 0.65 a 22.8 ± 3.77 a
V3—Costela de Vaca 7.9 ± 1.01 b 14.0 ± 3.19 c

V4—Lisão 8.2 ± 0.61 b 17.7 ± 3.45 b
V5—Canário 8.1 ± 0.41 b 16.9 ± 3.26 b

V6—Pingo de Ouro 8.1 ± 0.32 b 13.6 ± 2.35 c
V7—Roxão 7.9 ± 0.29 b 14.7 ± 2.11 c

V8—Feijão Branco 7.6 ± 0.54 b 11.4 ± 3.19 c
V9—Canapu Branco 8.0 ± 0.41 b 12.9 ± 2.10 c
V10—Canapu Miúdo 9.1 ± 0.58 a 16.7 ± 3.21 b

V11—Ovo de Peru 9.2 ± 0.44 a 18.9 ± 4.21 b
V12—Baeta 7.9 ± 0.29 b 11.4 ± 1.88 c

V13—Coruja 7.9 ± 0.46 b 17.7 ± 2.81 b
V14—Paulistinha 7.7 ± 0.57 b 13.5 ± 2.80 c

V15—Sempre Verde 8.1 ± 0.43 b 16.1 ± 3.86 b

Means comparison test (Standard Deviation, n = 75)

Salinity SD (mm) NL

0.5 dS m−1 9.0 ± 0.15 A 20.8 ± 0.74 A
4.5 dS m−1 7.7 ± 0.14 B 10.4 ± 0.34 B

Equal uppercase letters in the rows and lowercase letters in the column do not differ by Student’s t-test and
Scott–Knott test at 5% probability level, respectively.

There was a significant interaction between varieties and salinity levels for main
branch length (p < 0.01) and shoot dry mass (p < 0.05) (Table 6). Main branch length (MBL)
was reduced, with an average variation between 26.52 and 63.73% in the varieties Costela
de Vaca, Pingo de Ouro, Roxão, Canapu Branco, Canapu Miúdo, and Baeta, when irrigated
with water of 4.5 dS m−1 compared to the control (Table 6, Figure 1). Among the varieties
irrigated with saline water, Ceará, Canário, Roxão, and Ovo de Peru had the highest MBL
values (Table 6).
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Table 6. F-test and means test for main branch length (MBL, cm) and shoot dry mass (SDM, g) of
traditional varieties of cowpea subjected to salinity levels of irrigation water.

F-Test (p-Value)

Sources of Variation MBL SDM

Block 0.277 0.040
Salinity 0.000 0.000
Varieties 0.000 0.002

Salinity x Varieties 0.006 0.015

Means comparison test (Standard Deviation, n = 5)

Varieties
MBL SDM

0.5 dS m−1 4.5 dS m−1 0.5 dS m−1 4.5 dS m−1

V1—Boquinha 202.4 ± 19.95 Ab 169.0 ± 16.79 Ab 26.9 ± 2.36 Ab 20.4 ± 2.00 Ba
V2—Ceará 253.8 ± 4.02 Aa 200.4 ± 9.21 Aa 32.8 ± 1.41 Aa 13.8 ± 1.67 Bb

V3—Costela de Vaca 266.4 ± 10.61 Aa 178.6 ± 26.79 Bb 31.7 ± 4.09 Aa 13.4 ± 2.50 Bb
V4—Lisão 193.4 ± 16.58 Ab 167.0 ± 27.82 Ab 23.3 ± 1.46 Ab 11.9 ± 1.70 Bb

V5—Canário 222.4 ± 22.46 Ab 222.2 ± 22.44 Aa 30.5 ± 0.91 Aa 17.4 ± 2.05 Ba
V6—Pingo de Ouro 242.8 ± 11.62 Aa 162.4 ± 18.52 Bb 24.5 ± 2.23 Ab 16.6 ± 2.59 Ba

V7—Roxão 276.0 ± 16.90 Aa 202.8 ± 29.67 Ba 25.8 ± 1.43 Ab 21.3 ± 1.80 Aa
V8—Feijão Branco 186.6 ± 14.18 Ab 167.0 ± 15.01 Ab 26.6 ± 1.28 Ab 18.3 ± 1.12 Ba

V9—Canapu Branco 297.4 ± 28.01 Aa 165.0 ± 19.02 Bb 23.2 ± 2.38 Ab 15.9 ± 2.10 Bb
V10—Canapu Miúdo 236.6 ± 14.94 Aa 148.0 ± 25.96 Bb 26.8 ± 1.85 Ab 13.4 ± 1.45 Bb

V11—Ovo de Peru 250.6 ± 14.32 Aa 247.8 ± 22.97 Aa 31.0 ± 4.26 Aa 21.3 ± 1.22 Ba
V12—Baeta 228.3 ± 8.22 Ab 82.8 ± 13.33 Bc 29.1 ± 1.28 Aa 17.9 ± 1.20 Ba

V13—Coruja 212.2 ± 11.62 Ab 168.0 ± 25.91 Ab 27.1 ± 1.73 Ab 16.1 ± 1.23 Bb
V14—Paulistinha 213.2 ± 19.62 Ab 164.6 ± 15.05 Ab 21.8 ± 1.43 Ab 11.6 ± 1.15 Bb

V15—Sempre Verde 238.3 ± 10.00 Aa 184.0 ± 36.33 Ab 32.9 ± 5.45 Aa 13.7 ± 3.01 Bb

Equal uppercase letters in the rows and lowercase letters in the column do not differ by Student’s t-test and
Scott–Knott test at 5% probability level, respectively.

Figure 1. Traditional varieties of cowpea subjected to two levels of irrigation-water salinity.

Irrigation with water of 4.5 dS m−1 reduced shoot dry mass (SDM) in all cowpea
varieties, between 24.16 and 58.36%, compared to those irrigated with water of 0.5 dS m−1

(Table 6, Figure 1). Under the condition of irrigation with water of 4.5 dS m−1, the highest
accumulations of shoot dry mass (Table 6) were recorded in the varieties Boquinha, Canário,
Pingo de Ouro, Roxão, Feijão Branco, Ovo de Peru, and Baeta.

2.5. Grain Production

The interaction between salinity levels and cowpea varieties was significant (p < 0.01)
for the number of pods per plant (NPP), the number of seeds per pod (NSPo), the number
of seeds per plant (NSPl), and production per plant (PP) (Table 7).
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The number of pods per plant (NPP), the number of seeds per plant (NSPl), and
production per plant (PP) were reduced by up to 68.89, 71.96, and 61.26% on average,
respectively, under irrigation with water of 4.5 dS m−1 compared to water of 0.5 dS m−1, in
all cowpea varieties except for Ceará, Costela de Vaca, Pingo de Ouro, Ovo de Peru, and
Sempre Verde, whose production per plant (PP) was not influenced by salinity (Table 7).
However, there was no difference in PP between cowpea varieties when irrigated with
high-salinity water (Table 7).

The number of seeds per pod (NSPo) of the varieties Canário, Roxão, and Coruja was
reduced by up to 30.07% by irrigation with saline water, but the NSPo of the Boquinha
variety was increased by 31.90% under salt stress compared to the control (Table 7).

2.6. Salinity Tolerance

In the cluster analysis, based on the Euclidean distance of 0.90 in the formation of five
clusters of combinations between salinity levels (S) and cowpea varieties (V) (Figure 2),
the first three clusters (I) are characterized by the 15 varieties of cowpea irrigated with
low-salinity water (0.5 dS m−1). Those irrigated with high-salinity water (4.5 dS m−1)
were grouped in clusters IV and V. Cluster two (IV) comprises the varieties V2 (Ceará), V3
(Costela de Vaca), V4 (Lisão), V5 (Canário), V9 (Canapu Branco), V10 (Canapu Miúdo),
V14 (Paulistinha), and V15 (Sempre Verde). The third cluster (V) contains the varieties V1
(Boquinha), V6 (Pingo de Ouro), V7 (Roxão), V8 (Feijão Branco), V11 (Ovo de Peru), V12
(Baeta), and V13 (Coruja) (Figure 2).

Figure 2. Dissimilarity dendrogram of the clusters formed by the combination of salinity levels (S)
and traditional varieties of cowpea (V). S1—low salinity (0.5 dS m−1). S2—high salinity (4.5 dS
m−1). V1—Boquinha, V2—Ceará, V3—Costela de Vaca, V4—Lisão, V5—Canário, V6—Pingo de
Ouro, V7—Roxão, V8—Feijão Branco, V9—Canapu Branco, V10—Canapu Miúdo, V11—Ovo de
Peru, V12—Baeta, V13—Coruja, V14—Paulistinha, and V15—Sempre Verde.
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Table 7. F-test and means test for the number of pods per plant (NPP), the number of seeds per pod
(NSPo), the number of seeds per plant (NSPl), and production per plant (PP, g) of traditional varieties
of cowpea subjected to salinity levels of irrigation water.

F-Test (p-Value)

Sources of Variation NPP NSPo

Block 0.409 0.037
Salinity 0.000 0.222
Varieties 0.000 0.000

Salinity × Varieties 0.005 0.009

Means comparison test (Standard Deviation, n = 5)

Varieties
NPP NSPo

0.5 dS m−1 4.5 dS m−1 0.5 dS m−1 4.5 dS m−1

V1—Boquinha 6.8 ± 0.97 Ab 2.8 ± 0.58 Ba 11.6 ± 1.15 Bb 15.3 ± 0.48 Aa
V2—Ceará 4.8 ± 0.37 Ac 2.6 ± 0.68 Ba 13.4 ± 1.20 Aa 15.0 ± 0.61 Aa

V3—Costela de Vaca 4.2 ± 0.86 Ad 3.0 ± 0.55 Aa 9.9 ± 1.74 Ab 9.3 ± 0.79 Ab
V4—Lisão 4.8 ± 0.58 Ac 2.2 ± 0.58 Ba 11.9 ± 0.58 Ab 13.6 ± 0.84 Aa

V5—Canário 6.0 ± 0.55 Ac 2.4 ± 0.24 Ba 14.3 ± 1.34 Aa 10.0 ± 0.57 Bb
V6—Pingo de Ouro 5.2 ± 0.73 Ac 2.4 ± 0.24 Ba 13.9 ± 1.32 Aa 14.1 ± 0.62 Aa

V7—Roxão 6.2 ± 0.80 Ac 2.2 ± 0.49 Ba 13.5 ± 0.92 Aa 10.5 ± 1.50 Bb
V8—Feijão Branco 9.2 ± 1.46 Aa 3.6 ± 0.24 Ba 10.5 ± 1.03 Ab 10.1 ± 0.76 Ab

V9—Canapu Branco 6.0 ± 1.26 Ac 3.0 ± 1.76 Ba 13.9 ± 1.42 Aa 14.0 ± 1.66 Aa
V10—Canapu Miúdo 6.6 ± 0.51 Ab 3.0 ± 0.71 Ba 14.7 ± 0.94 Aa 12.6 ± 0.54 Aa

V11—Ovo de Peru 2.8 ± 0.37 Ad 2.4 ± 0.24 Aa 11.6 ± 1.13 Ab 9.9 ± 0.76 Ab
V12—Baeta 8.6 ± 0.24 Aa 3.6 ± 0.40 Ba 13.3 ± 1.10 Aa 12.9 ± 0.95 Aa

V13—Coruja 8.0 ± 0.84 Aa 4.0 ± 0.71 Ba 15.1 ± 0.85 Aa 12.1 ± 0.91 Ba
V14—Paulistinha 9.0 ± 0.01 Aa 2.8 ± 0.37 Ba 14.1 ± 1.10 Aa 13.0 ± 1.11 Aa

V15—Sempre Verde 3.6 ± 1.03 Ad 2.0 ± 0.32 Aa 11.8 ± 0.58 Ab 13.9 ± 1.08 Aa

F-test (p-value)

Sources of Variation NSPl PP (g)

Block 0.273 0.351
Salinity 0.000 0.000
Varieties 0.000 0.000

Salinity x Varieties 0.000 0.003

Means comparison test (Standard Deviation, n = 5)

Varieties
NSPl PP

0.5 dS m−1 4.5 dS m−1 0.5 dS m−1 4.5 dS m−1

V1—Boquinha 80.5 ± 14.41 Ab 42.3 ± 8.03 Ba 80.5 ± 0.90 Ab 42.3 ± 1.04 Ba
V2—Ceará 63.4 ± 5.90 Ac 38.5 ± 9.84 Aa 63.4 ± 0.97 Ac 38.5 ± 1.37 Aa

V3—Costela de Vaca 42.0 ± 13.61 Ac 26.8 ± 3.28 Aa 42.0 ± 2.17 Ac 26.8 ± 0.87 Aa
V4—Lisão 56.8 ± 6.65 Ac 28.3 ± 6.59 Ba 56.8 ± 2.09 Ac 28.3 ± 1.16 Ba

V5—Canário 83.7 ± 6.25 Ab 24.2 ± 3.07 Ba 83.7 ± 1.33 Ab 24.2 ± 0.54 Ba
V6—Pingo de Ouro 74.2 ± 15.67 Ab 33.6 ± 2.86 Ba 74.2 ± 1.50 Ab 33.6 ± 1.48 Ba

V7—Roxão 82.2 ± 9.74 Ab 23.9 ± 5.39 Ba 82.2 ± 1.20 Ab 23.9 ± 1.54 Ba
V8—Feijão Branco 91.4 ± 9.99 Ab 36.3 ± 3.36 Ba 91.4 ± 1.32 Ab 36.3 ± 0.22 Ba

V9—Canapu Branco 78.6 ± 14.86 Ab 36.3 ± 17.92 Ba 78.6 ± 1.86 Ab 36.3 ± 1.29 Ba
V10—Canapu Miúdo 96.8 ± 10.20 Ab 37.7 ± 8.78 Ba 96.8 ± 1.32 Ab 37.7 ± 1.17 Ba

V11—Ovo de Peru 30.8 ± 2.27 Ac 23.0 ± 0.95 Aa 30.8 ± 2.12 Ac 23.0 ± 0.34 Aa
V12—Baeta 113.8 ± 8.74 Aa 45.7 ± 3.88 Ba 113.8 ± 2.14 Aa 45.7 ± 0.55 Ba

V13—Coruja 121.0 ± 14.88 Aa 50.0 ± 11.61 Ba 121.0 ± 1.15 Aa 50.0 ± 1.67 Ba
V14—Paulistinha 126.6 ± 9.92 Aa 35.5 ± 3.99 Ba 126.6 ± 1.82 Aa 35.5 ± 0.88 Ba

V15—Sempre Verde 43.0 ± 12.79 Ac 28.0 ± 5.36 Aa 43.0 ± 2.46 Ac 28.0 ± 0.88 Aa

Equal uppercase letters in the rows and lowercase letters in the column do not differ by Student’s t-test and
Scott–Knott test at 5% probability level, respectively.
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3. Discussion

The soil salinity limit for cowpea culture is 4.8 dS m−1 [4]. Irrigation water with
4.5 dS m−1 increased by 1.4 to 2.15 times the electrical conductivity of the soil saturation
extract considering the soil salinity limit. Therefore, every cowpea variety was under
possible salt stress. This behavior was similar to that observed in irrigated areas with lower
leaching fractions where irrigation-water salinity influenced the soil salinity at the end of
the cycle [7,14].

Soil from pots with the highest SDM levels presented the highest ECse values (Canário
and Roxão). This behavior relates to the diversity of salinity tolerance mechanisms [15],
e.g., water consumption restrictions, selective salt absorption, and salt exclusion at the
roots. Soil from pots with the lowest SDM levels exhibited the lowest ECse values (Costela
de Vaca, Lisão, Canapu Miúdo, and Paulistinha) because of vacuolar ion compartmentation
and non-selective ion absorption in the most susceptible varieties [16,17].

Irrigation water with 4.5 dS m−1 reduced the photosynthetic rate (AN) in the Boquinha,
Roxão, Feijão Branco, Canapu Miúdo, Coruja, and Paulistinha varieties. The AN reductions
were related to stomatal factors, i.e., the reduction of stomatal conductance limited the
influx of CO2 and consequently the internal concentration of CO2 (Ci) in the substomatal
cavity, reducing water absorption and transpiration [6,17,18]. The reduction of stomatal
conductance occurred with increased soil salt concentrations and led to a decrease in
osmotic and water potentials, resulting in toxicity of specific ions—Na+ and Cl- [5,8,9].
Plants experience issues absorbing water from the soil under salt stress and tend to reduce
water loss by closing stomates and reducing transpiration [6,18].

The reduced AN in the Boquinha, Feijão Branco, Canapu Miúdo, Coruja, and Paulistinha
varieties was also related to non-stomatal factors. There were reductions in the A/Ci, in-
dicating decreased ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) enzymic
activity under stress conditions, e.g., the lack of adenosine triphosphate (ATP) and nicoti-
namide adenine dinucleotide phosphate (NADPH) from the electron transport chain of
photosystem II [6,19].

The Ceará, Canário, Pingo de Ouro, Canapu Branco, Baeta, and Sempre Verde varieties
increased AN under salt stress. The increased production of photo-assimilates under salt
stress improves the energetic input and allows the plant to use mechanisms to tolerate
energy expenditure, such as vacuolar ion compartmentation, the exclusion of specific ions,
and attempting to attain ionic homeostasis [16,17].

The increased AN in the Ceará, Canário, Pingo de Ouro, Canapu Branco, Baeta, and
Sempre Verde varieties coincided with increases in gs, CO2 influx, transpiration, and the
consequent water absorption. Increased water loss because of transpiration results in
reduced water potential at the roots, overcoming the osmotic stress and aiding in water
absorption [9–11]. The AN of the Pingo de Ouro, Canapu Branco, Baeta, and Sempre Verde
varieties coincided with increased AN/Ci and WUEi, improved water usage, and increased
Rubisco activity. However, the increased AN in the Canapu Branco variety also coincided
with a decrease in gs and E; in this case, the higher salt concentration, improved water usage
(WUEi), and increased Rubisco activity (A/Ci) resulted in water consumption restrictions.

The AN of the Costela de Vaca, Lisão, and Ovo de Peru varieties was not affected by
salinity, but the WUEi increased because of lower transpiration. Soil salinity impairs water
absorption by cowpea bean plants; therefore, lower transpiration is a strategy to reduce
water losses [6,18].

Chlorophyll fluorescence did not differ among varieties, indicating similar photochem-
ical activities. Increases of Fv and ETR in cowpea bean varieties under salt stress compared
with control demonstrated an increased ability to transfer energy from the excited electrons
of chlorophyll molecules to assemble NADPH and ATP and had reduced ferredoxin (Fdr).
This increased energy transfer was vital for preventing the decrease in photosynthesis or
improving photosynthesis under salt stress once the quantum efficiency of photosystem
II (Y(II)) in cowpea bean varieties decreased under salt stress, indicating a decrease in
the fraction of energy absorption by chlorophyll in PSII [20]. However, some varieties
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susceptible to salt stress, e.g., Boquinha, Roxão, Feijão Branco, Canapu Miúdo, Coruja, and
Paulistinha, exhibited decreased AN and A/Ci, despite this mechanism for increasing the
photochemical energy transfer.

Cowpea bean plants increased their photoprotective capability under salt stress be-
cause of a higher quantum yield of regulated photochemical quenching (Y(NPQ)) through
thermal energy dissipation by the xanthophyll cycle [21]. This photoprotective mechanism
is efficient in cowpea bean plants once the Fv/Fm values are greater than 0.75, indicating a
lack of degradation of the photosynthetic apparatus [17]. Compared with the control, the
Fo values were lower under salt stress, corroborating the absence of damage in the PSII
reaction centers [20].

Despite improvements in AN, WUE, and A/Ci, the growth, biomass accumulation, and
production of cowpea beans decreased under salt stress, especially the primary branch
length in the Costela de Vaca, Pingo de Ouro, Roxão, Canapu Branco, Canapu Miúdo, and
Baeta varieties, characterized by their prostrate and semi-prostrate size and indeterminate
growth habit. The reduced growth resulted from lower energetic stability because of
decreased Y(II) under salt stress. The authors in [22] reported that reduced biomass in
cowpea bean plants under salt stress relates to an energy bypass because of the metabolic
cost incurred during acclimation.

In plants, salt stress results in morphologic and anatomic modifications with strategies
for adapting to adverse conditions, e.g., fewer leaves and shorter branches, reflecting
decreased transpiration to improve water absorption [14,23].

Roxão was the only variety without SDM modifications caused by salinity and was
unique in the susceptible group with an investment in biomass at the expense of grain
production. The authors in [7,8,24,25] and other authors observed reduced growth and
biomass accumulation in cowpea beans under salt stress. These reductions are part of the
acclimation process of cowpea bean plants that have the potential to tolerate salt stress as
they seek to secure production and perpetuate the species. In this sense, varieties such as
Ovo de Peru, Pingo de Ouro, Sempre Verde, Costela de Vaca, and Ceará presented reduced
growth and biomass accumulation but exhibited the highest production compared with
the control.

Grain production was reduced (p < 0.05) in cowpea bean varieties under salt stress,
except for the Ceará, Costela de Vaca, Pingo de Ouro, Ovo de Peru, and Sempre Verde
varieties. Reduced water absorption associated with specific ion toxicity and physiological
effects of salinity resulted in reduced growth and production [6,26]. The stress from
salt accumulation in plants resulted in fewer reproductive branches and higher abortion
rates [14,27]. All varieties produced fewer pods under salt stress; however, the Ceará, Pingo
de Ouro, and Sempre Verde had more seeds per pod, compensating for the final grain
production.

Cluster analysis revealed heterogenicity among plants under saline water irriga-
tion with the Ceará, Costela de Vaca, Lisão, Canário, Canapu Branco, Canapu Miúdo,
Paulistinha, and Sempre Verde varieties presenting similar SDM and production compared
with the control, indicating tolerance to high irrigation-water salinity. The tolerance of
Lisão, Canário, Canapu Branco, Canapu Miúdo, and Paulistinha occurred due to SDM.
The Ceará, Costela de Vaca, and Semper Verde varieties are more tolerant to saline stress
for SDM and grain production. We recommend the Ceará, Costa de Vaca, Pingo de Ouro,
Ovo de Peru, and Semper Verde varieties for grain production under saline stress condi-
tions. Those results differed from studies with conventional cowpea bean varieties under
salt stress, e.g., [28] (EPACE 10); [29] (MNC04-762F-9, MNC04-762F-3, MNC04-762F-21,
MNC04-769F-62, and MNC04-765F-153); [30] (IPA-206 and BRS Guariba); [27] (BRS Pa-
jeu); [24] (BRS Imponente, MNC04-795F-168, and MNC04-795F-161); [31] (CE 790 and CE
104); [32] (BRS Pajeú); and [33] (BRS Itaim), who reported that these conventional varieties
were susceptible to high irrigation-water salinity (5.0, 4.8, 5.0, 4.5, 6.4, 5.0, 6.0, 4.5, and
6.0 dS m−1, respectively). These findings support the hypothesis that traditional varieties
are more tolerant of salt stress than conventional varieties; however, further field studies
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are necessary. The Boquinha, Pingo de Ouro, Roxão, Feijão Branco, Ovo de Peru, Baeta, and
Coruja varieties presented significantly different values compared to the control, indicating
high susceptibility to irrigation-water salinity (4.5 dS m−1).

In summary, the reduced photosynthetic rates in cowpea bean varieties are mainly
caused by reductions in stomatal conductance resulting from salt stress. Salt stress increases
the energy transferability of photosystem II in cowpea bean varieties, increasing the CO2
assimilation rate and the instantaneous carboxylation efficiency in varieties more tolerant
to salt stress. Salt stress decreases 26% of the production of tolerant varieties to salt stress
and 54% of susceptible varieties. The Ceará, Costela de Vaca, Pingo de Ouro, Ovo de Peru,
and Sempre Verde varieties exhibited the best physiological and production performance
under salt stress; therefore, these varieties are tolerant to salt stress. The Lisão, Canário,
Canapu Branco, Canapu Miúdo, Paulistinha, Boquinha, Roxão, Feijão Branco, Baeta, and
Coruja present the worst physiological and production performances under salt stress;
therefore, those varieties are susceptible to salt stress.

4. Material and Methods
4.1. Location, Experimental Design, and Plant Material

The experiment was conducted in a greenhouse at the Federal Rural University of the
Semi-Arid Region—UFERSA, East campus, Mossoró/RN, Brazil, from May to August 2019.
The municipality is located at the geographical coordinates of 5◦12′ S and 37◦19′ W, with
an average altitude of 18 m. According to Köppen’s classification, the climate of the region
is BSwh’, and maximum and minimum temperatures of 44.2 and 20.4 ◦C and maximum
and minimum relative humidity (RH) of 86 and 22%, respectively, were recorded during
the experimental period. The average temperature and average daily relative humidity
throughout the experiment were 33.8 ◦C and 49% RH, respectively.

The experimental design used was randomized blocks, with treatments arranged in
a 15 × 2 factorial scheme, consisting of the combination of fifteen cowpea varieties (V1
(Boquinha), V2 (Ceará), V3 (Costela de Vaca), V4 (Lisão), V5 (Canário), V6 (Pingo de Ouro),
V7 (Roxão), V8 (Feijão Branco), V9 (Canapu Branco), V10 (Canapu Miúdo), V11 (Ovo de
Peru), V12 (Baeta), V13 (Coruja), V14 (Paulistinha), and V15 (Sempre Verde)) with two
levels of salinity of irrigation water (0.5 dS m−1 and 4.5 dS m−1), with five replicates.

The seeds used were acquired from collections from Traditional Seed Guardians
belonging to rural communities located in municipalities of the western region of the Rio
Grande do Norte state. The seeds came from the 2018 season and were stored in PET
bottles, which were sealed to avoid any change in the degree of moisture and stored in dry,
well-ventilated warehouses without the use of preservatives. The varieties used in this
study were chosen based on a preliminary study conducted on the germination and initial
growth stages of cowpea [2].

4.2. Experiment Setup and Fertilization Management

Sowing was performed using 9 seeds, with the first thinning performed at 4 days after
germination, leaving 3 plants per pot, and the second thinning 15 days later, leaving only
one plant per pot.

Each experimental unit consisted of a plastic pot with a capacity of 12.0 L, with 1.0 L
filled with crushed stone at the bottom, 1.0 L free at the top, and 10.0 L filled with soil
classified as Latossolo Vermelho Amarelo distrófico (Oxisol), sandy loam texture [34], whose
physical and chemical characteristics are presented in Table 8.
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Table 8. Chemical and physical analysis of the soil used in the experiment.

pH OM P K+ Na+ Ca2+ Mg2+ Al3+ H + Al SB t CEC V ESP
(%) —–(mg dm−3)—- —————————- (cmolc dm−3) ———————– ——%—–

5.30 1.67 2.1 54.2 21.6 2.70 0.90 0.05 1.82 3.83 3.88 5.65 68 2.0

Density (kg dm−3)
Sand Silt Clay

——————————————— (g kg−1) —————————————-

1.60 820 30 150

Soil acidity was corrected with calcium hydroxide (Ca(OH)2), with 54% calcium. The
soil was corrected to increase base saturation to 90%. After 15 days, the soil was fertilized
according to the recommendations of [35] for pots in protected cultivation, applying
300 mg of P2O5

−, 150 mg of K2O, and 100 mg of N per dm3 of soil through fertigation,
using urea (45% of N), potassium chloride (KCl = 60% of K2O), and monoammonium
phosphate (MAP = 12% of N and 50% of P2O5

−). Fertilization with micronutrients was
performed by foliar application in pre-flowering and 15 days after flowering, with the foliar
fertilizer Liqui-Plex Fruit® in the proportion of the 3 mL L−1 of the solution, following the
manufacturer’s recommendation (Table 9).

Table 9. Chemical characterization of Liqui-Plex Fruit® foliar fertilizer.

Parameters

N Ca S B Cu Mn Mo Zn OC

————————————————-g L−1———————————————– %

73.50 14.70 78.63 14.17 0.74 73.50 1.47 73.50 2.45
N—nitrogen; Ca—calcium; S—sulfur; B—boron; Cu—copper; Mn—manganese; Mo—molybdenum; Zn—zinc;
OC—organic carbon.

4.3. Saline Waters and Irrigation and Drainage Management

In the preparation of irrigation waters, local-supply water (ECw = 0.50 dS m−1) was
used for the lowest level of salinity. For the highest level of salinity (ECw = 4.50 dS m−1),
local-supply water was mixed with reject brine from brackish water desalination
(ECw = 9.50 dS m−1). The desalination reject brine was obtained at the Jurema Settlement,
located beside the RN-013 highway, km 4 (Table 10). Local supply water and brine tailings
were stored in water tanks with a volume of 2000 L. We monitored the electrical conductivity
during mixing with a portable conductivity meter.

Table 10. Physical–chemical characterization of the water sources used in the experiment.

Water
Sources

Parameters

pH EC K+ Na+ Mg2+ Ca2+ Cl− CO3
2− HCO3− SAR

dS m−1 ——————————–mmolc L−1———————————-
1 7.57 0.50 0.31 3.74 1.20 0.83 2.40 0.60 3.20 2.62
2 7.10 9.50 0.83 54.13 24.20 37.80 116.00 0.00 3.40 9.70

Water source 1—local-supply water; water source 2—reject brine; pH (H2O)—hydrogen potential in water;
EC—electrical conductivity; K+—potassium; Na+—sodium; Mg2+—magnesium; Ca2+—calcium; Cl−—chlorine;
CO3

2−—carbonate; HCO3
−—bicarbonate; SAR—sodium adsorption ratio, (mmolc L−1) −0.5.

Irrigation management was based on the drainage lysimeter method to leave the soil
with moisture close to the maximum retention capacity, and irrigations were performed
once a day, applying a leaching fraction (LF) of 15% every seven days along with the
applied depth. The volume applied (Va) per container was obtained by the difference
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between the previous depth applied (La) minus the mean drainage (D), divided by the
number of containers (n), as indicated in Equation (1):

Va =
La− D

n(1− LF)
(1)

The irrigation system comprised a self-venting Metalcorte/Eberle circulation motor
pump, driven by a single-phase motor, 210 V voltage, 60 Hz frequency, installed in a
reservoir with a capacity of 50 L and 16 mm diameter hoses with pressure-compensating
drippers with a flow rate of 1.3 L h−1.

The electrical conductivity of the saturation extract (ECse) was estimated according
to the methodology suggested by [4] for medium-textured soils. For this, at 80 days
after sowing, an additional leaching fraction (15%) was applied, the drained volume
was collected, and the electrical conductivity of the drainage water (ECd) was measured
using a benchtop conductivity meter, with the data expressed in dS m−1 adjusted to the
temperature of 25 ◦C. The data were applied in Equation (2):

ECse =
ECd

2
(2)

4.4. Analysis of Gas Exchange and Chlorophyll a Fluorescence

Physiological analyses were performed during the flowering stage of the plants, at
58 days after sowing. Gas exchange was analyzed in the period from 6 to 9 a.m., with
evaluations on fully expanded leaves located in the upper third of each plant, using a
portable infrared gas analyzer (IRGA), LCPro+ Portable Photosynthesis System® (ADC
BioScientific Limited, Hertfordshire, UK) with temperature control at 25 ◦C, irradiation of
1200 µmol photons m−2 s−1, and airflow of 200 mL min−1. The quantified variables were
CO2 assimilation rate (AN) (µmol (CO2) m−2 s−1), transpiration (E) (mmol (H2O) m−2 s−1),
stomatal conductance (gs) (mol (H2O) m−2 s−1), and internal CO2 concentration (Ci) (mol
m−2 s−1). These data were then used to estimate the instantaneous water use efficiency
(WUEi) (AN/E) [(µmol (CO2) m−2 s−1) (mmol (H2O) m−2 s−1)−1] and instantaneous
carboxylation efficiency (CEi) (AN/Ci) [(µmol (CO2) m−2 s−1) (mol (CO2) m−2 s−1)−1] [6].

Immediately after gas exchange measurements, chlorophyll a fluorescence was evalu-
ated using the OS5p pulse-modulated fluorometer from Opti science; the Fv/Fm protocol
was used for evaluations under dark conditions. Under these conditions, the following
fluorescence induction variables were estimated: initial fluorescence (Fo) (µmol (photons)
m−2 s−1), maximum fluorescence (Fm) (µmol (photons) m−2 s−1), variable fluorescence
(Fv = Fm-Fo) (µmol (photons) m−2 s−1), and the maximum quantum efficiency of PSII
(Fv/Fm) [6].

The pulse-modulated fluorometer was also used to perform evaluations under light
conditions, through the yield protocol. Readings were taken by applying the actinic light
source with a multi-flash saturating pulse, coupled to a photosynthetically active radiation
determination clip (PAR-Clip) to estimate the following variables: initial fluorescence be-
fore the saturation pulse (F’), maximum fluorescence after adaptation to saturating light
(Fm’), electron transport rate (ETR) (µmol (photons) m−2 s−1), and quantum efficiency
of photosystem II (Y(II)). With these data, the following parameters were determined:
minimum fluorescence of the illuminated plant tissue (Fo’) [36], photochemical quenching
coefficient by the lake model (qL) [37], quantum yield of regulated photochemical quench-
ing (Y(NPQ)) [37], and the quantum yield of non-regulated photochemical quenching
(Y(NO)) [37].

4.5. Growth Analysis and Biomass Accumulation

At 58 DAP, the following parameters were determined: main branch length (MBL),
using a measuring tape and measured from the plant collar to the last leaf insertion; stem
diameter (SD), measured at 1.0 cm from the plant collar using a digital caliper; and the
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number of leaves (NL). After harvesting the pods of all varieties 80 days after sowing, the
aerial part of the plants was collected and dried in an oven with forced air circulation, at a
temperature of 65 ◦C, until reaching constant weight, to quantify the values of shoot dry
mass (SDM).

4.6. Production Quantification

The pods were harvested as each traditional variety reached the phenological stage
R9 (maturity stage), when the fruits were dry with the color and brightness that are
characteristic of the genotype. The pods were transported to the laboratory, where the
number of pods per plant (NPP), the number of seeds per pod (NSPo), the number of seeds
per plant (NSPl), and production per plant (PP) (g) were counted.

4.7. Statistical Analysis

The data were subjected to analysis of variance and F-test. In cases of significant
effect, the Scott–Knott test (p < 0.05) was performed for the variety factor, and Student’s
t-test (p < 0.05) was performed for the salinity factor, using SISVAR® statistical analysis
software [38]. The data of shoot dry mass and grain production per plant were used to
classify salinity tolerance; for this, the data were subjected to standardization, leaving
mean zero (X = 0) and variance one (S2 = 1). Subsequently, cluster analysis was performed
by hierarchical method, Ward’s minimum variance, using the Euclidean distance as a
measure of dissimilarity. PAST 3 free software was used for univariate and multivariate
statistical analyses.
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