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Preface

Climate change, water scarcity, and soil degradation are among the many challenges facing

global agriculture today. It is imperative to explore, understand, and devise new agricultural practices

that can ensure food security, environmental sustainability, and resilient farming communities. In

particular, the age-old problem of soil and water salinization, exacerbated by anthropogenic actions

and climatic shifts, demands integrated, multi-faceted management and research approaches.

The articles in this volume offer a deep dive into various facets of biosaline agriculture.

Collectively, these studies, representing diverse scientific approaches, geographical contexts, and

agricultural systems, underscore a unified theme—the pressing need for innovative strategies to

tackle salinity. It is my hope and expectation that this Special Issue will attract and inspire

agronomists, policymakers, farmers, and students to embrace the hard challenges and work towards

a future or innovation and resilience, ensuring that our soils remain fertile, our waters wisely used,

and our crops abundant.

I congratulate the authors and editors on their tremendous achievement and thank them for

putting together this valuable collection.

Todd H. Skaggs

United States Salinity Laboratory, USDA-ARS

Riverside, California, USA
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Worldwide, groundwater quality is in decline, growing progressively saltier. This is
attributed to seawater incursions in coastal zones and other factors, such as concentration
due to evaporation in farming and the introduction of salts due to human activities. Salt-
affected soils occupy about 1.0 billion hectares in coastal and continental areas worldwide,
and approximately one million hectares per year are added, mainly in arid and semi-arid
regions of countries in Asia, Oceania, Europe, North America, and South America. In this
context, biosaline agriculture presents a promising solution for utilizing brackish waters
and salt-affected soils for productive systems in rural areas.

Biosaline agriculture is a broad term used to describe agriculture under a range of
salinity levels in groundwater, soils, or both [1]. This approach aligns with the concept
of saline agriculture, which emphasizes profitable and enhanced farming methods on
saline lands using saline irrigation water. The goal is to maximize production through
the holistic utilization of genetic resources—including plants, animals, fish, insects, and
microorganisms—while sidestepping costly soil reclamation techniques [2]. Regardless of
the term used (biosaline or saline), this sector can include other types of activities, since
salinity is associated with other problems typical of arid and semi-arid regions, including
water shortages, which can be intensified due to global climate change.

Advancements in research have made soil restoration in salinized areas not only more
achievable but also a promising avenue for sustainable agriculture. Phytoremediation is
an efficient technique for the rehabilitation of salt-affected areas, improving the physical,
chemical, and biological aspects of soils [3,4]. In this Special Issue, entitled “Biosaline
Agriculture and Salt Tolerance of Plants”, a study evaluated the potential of the halophyte
Atriplex nummularia for the reclamation of soils affected by salts, either alone or in asso-
ciation with glycophytes adapted to semi-arid environments, like Mimosa caesalpiniifolia
Benth, Leucaena leucocephala (Lam.) de Wit, and Azadirachta indica [4]. The results indicated
that A. nummularia alone was the most efficient treatment, with reductions of 80%, 63%,
and 84%, respectively, in the electrical conductivity and the sodium adsorption ratio of
saturation paste extract and the exchangeable sodium percentage of soil after 18 months.
Therefore, the use of A. nummularia and species adapted to semi-arid regions promoted
beneficial effects on the soil quality after the establishment of the plants. According to
dos Santos et al. [4], the reclamation of degraded soils with species adapted to semi-arid
regions would be suitable agronomic practice to improve soil quality and sustainability,
contributing to the increased infiltration of water and carbon sequestration in soil.

The high consumption of water in irrigated agriculture and the scarcity of good-
quality (low-salinity) water to meet the multiple growing demands of the population have
increased pressure on the sector and have even made the expansion and or implementation
of several agricultural enterprises unfeasible. Notably, many plants that thrive in water-
limited environments still require significant freshwater resources. But these plants could
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be aptly cultivated using brackish water. This realization has amplified the interest in the
use of brackish water and wastewater as well as in diversifying water sources in agricultural
activities. Sources of brackish and saline water are very common in coastal regions and
inland areas, especially in arid and semi-arid regions.

Despite the large number of studies in which brackish water has been used, little is
known about the productive potential of these water sources in arid and semi-arid regions.
While brackish water is abundant in many of these areas, its exact impact on soil health,
crop yield, and overall ecosystem balance is not comprehensively understood. Historically,
the primary concern has regarded the potential risks of salinization of soils, which can
degrade the soil structure and reduce its agricultural viability. Along these lines, a study
conducted by Lessa et al. [5], published in this Special Issue, demonstrated the potential of
brackish groundwater in several biosaline agriculture systems. The results demonstrate that
the simultaneous use of data from water sources (discharge rate and electrical conductivity)
and biosaline systems (water demand and salt tolerance) generates more realistic informa-
tion related to the potential of brackish water for agricultural purposes, and this type of
evaluation should be recommended for semi-arid regions worldwide. The results indicate
that the salt tolerance of crops is important, but it is not the only method of addressing
salinity problems in the Brazilian semi-arid region. The joint analysis of the data shows
that plant production systems with lower water requirements (forage palm, supplementary
irrigation, seedling production, hydroponic cultivation, and multiple systems) have greater
potential for biosaline agriculture than more salt-tolerant species (such as coconut). The
study also indicated the need for diversification and the use of integrated systems as a way
of guaranteeing the sustainability of biosaline agriculture in semi-arid regions, especially
for small holdings. According to Lessa et al. [5], the data should serve as a basis for formu-
lating public policies aimed at the economic and social sustainability of family farming in
tropical drylands.

While the potential of brackish water remains under-explored and its use by farmers
is limited [5], it is evident that the use of brackish water depends on management strategies
which allow the use of these water sources with little or no impact on crops and soils. In
view of the low water discharge rates of most wells with brackish water, there is a need
to expand this water supply. Using supplemental irrigation with brackish water has been
shown to offer economic benefits, including increased value and farmers’ revenues. A
paper published in this Special Issue also demonstrated the importance of supplemental
irrigation for the sustainability of biosaline agriculture in semi-arid regions [6]. The results
suggested that the water stress associated with dry spells is more deleterious to the carbon
assimilation and water use efficiency of maize plants compared to the salt stress associated
with the use of supplemental irrigation with brackish water. Dry spells compromised the
photosynthetic capacity of maize even under the normal water scenario, but the effects
became drastic, particularly under drought and severe drought scenarios due to stomatal
and nonstomatal effects. The supplemental irrigation of maize with brackish water with
electrical conductivity of 4.5 dS m−1 reduced water stress and did not result in excessive
salt accumulation in sandy loam soil.

In a parallel context, sorghum, despite yield reductions under water stress, remained
resilient to saline conditions, tolerating irrigation waters with salinity up to 6 dS m−1 [7].
The combined action of osmotic adjustment and stomatal regulation enabled sorghum to
thrive in saline environments [8]. The studies presented in this Special Issue [7,8] showed
that a concomitant decrease in transpiration rate with a decline in the photosynthesis rate
as the soil salinity escalated ensured that the water use efficiency remained constant. This
discovery emphasizes the untapped potential of saline waters for irrigating crops like
sorghum, especially in water-scarce regions. Furthermore, in a comprehensive study on
‘Tahiti’ acid lime grafted onto 13 distinct rootstocks, it was observed that water salinity
levels of 4.8 dS m−1 adversely affected plant performance, primarily through osmotic
impacts on photosynthesis, transpiration, and stomatal conductance [9]. However, the
core photosynthetic mechanism remained intact. Notably, certain genotypes demonstrated
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resilience against increased salinity. The authors recommend using water with electrical
conductivity of up to 2.4 dS m−1 for optimal acid lime cultivation, emphasizing the use of
salt-resistant rootstocks and adopting a 0.10 leaching fraction [9]. Hence, the use of brackish
water represents an important strategy that can be employed in biosaline agriculture for
semi-arid regions, which are increasingly impacted by the shortage of good-quality water.
Considering the great spatial variability in rainfall in tropical semi-arid regions and the
increase in drought years associated with global climate change scenarios, long-term studies
are required to evaluate this strategy in other important crop systems as well as on different
soil types [6].

One article featured in this Special Issue investigated the impact of the foliar ap-
plication of salicylic acid (SA) in mitigating salinity stress in cucumbers cultivated in a
hydroponic system [10]. Salicylic acid (SA) is a phytohormone that is crucial in mitigating
both biotic and abiotic stresses in plants. It is a phenolic compound that not only regulates
plant growth but also manages reactive oxygen species metabolism, contributing to a
plant’s antioxidant system. Its efficacy varies depending on its concentration, plant species,
developmental stage, and application method. In cucumbers, the foliar application of sali-
cylic acid in concentrations between 1.4 and 2.0 mM positively influenced the synthesis of
photosynthetic pigments, leaf gas exchange, and the quantum efficiency of photosystem II,
in addition to reducing the percentage of electrolyte leakage in the leaf blade, increasing the
production, and improving the post-harvest quality (soluble solids, ascorbic acid content,
and titratable acidity) of cucumber fruits [10].

A study published in this Special Issue showed that the addition of calcium lignosul-
fonate significantly enhanced salt tolerance in barley, bolstering its resilience to elevated
salt stress levels [11]. Lignosulfonates, byproducts from the paper industry, are complex
polymers formed by solubilizing lignin under alkaline conditions, resulting in various
chelated forms like Fe-, Ca-, and K-chelated lignosulfonates. These compounds, especially
calcium lignosulfonate (Ca-LIGN), have demonstrated positive effects on plant growth,
fruit expression, nutrient efficiency, and overall soil health. Physiological parameters
analysis revealed that the difference in growth caused by adding Ca-LIGN was primarily
due to the higher activity of the antioxidant enzyme peroxidase in the leaves and roots of
barley [11]. Furthermore, adding Ca-LIGN to barley plants under various salinity levels
boosted the content of chlorophyll a, b, relative water content, and grain yield production
as well as protein content, while the electrolyte leakage was decreased [11].

Inoculation with microorganisms is another strategy that can be used, which can
mitigate the effects of salinity, improving the soil microbiota and the absorption of nutrients
by plants. Inoculation with microorganisms can accelerate the release of non-available inor-
ganic or organic phosphorus into the rhizosphere and enrich the soil biologically, promot-
ing benefits even in plants under salt stress. In this Special Issue, Castelo Sousa et al. [12]
showed that inoculation with Bacillus aryabhattai, a plant-growth-promoting rhizobacteria,
mitigates the effect of abiotic stress (salt and water) in maize plants, making it an option
in regions with a scarcity of low-salinity water. According to the authors, further studies
are needed to understand how B. aryabhattai acts on morphophysiological and production
characteristics under stress conditions to develop efficient strategies to mitigate the harmful
effects of salt and water stress [12].

In this Special Issue, a study on a single cultivar of yellow passion fruit (Passiflora edulis
f. cv flavicarpa) investigated the impact of salinity on leaf antioxidant potential and biomass
accumulation in grown plants, correlating these findings to genetic responses [13]. The
study showed tissue damage, instances of plant mortality, and a significant reduction in
shoot biomass when irrigation water salinity (ECw) reached 12 dS m−1 [13]. Furthermore,
by comparing sequences with model plants, homologs of various proteins and cotrans-
porters involved in Na+ and Cl− uptake from the soil, their extrusion from roots, and their
movement from root to shoot were identified in yellow passion fruit. The gene expression
analyses of six genes encoding Na+ transporters and six genes encoding Cl− transporters
indicated that the efflux of Na+ from roots to the soil, the loading of Cl− from root to
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xylem, and the sequestration of Cl− into vacuoles of mesophyll cells are vital components
of salinity tolerance in passion fruit. The authors concluded that comprehensive insights
into the salinity responses of yellow passion fruit would necessitate the exploration of
diverse cultivars and the examination of the effects of saline waters rich in either sodium or
chloride salts to discern which has the most detrimental impact on the plant [13].

Our understanding of salt tolerance has progressed, revealing intricate genetic mecha-
nisms underlying this trait. These mechanisms, although well understood, present chal-
lenges in manipulation. Encouragingly, the genetic underpinnings of salinity tolerance
seem conserved across various plant species, a fact evident from the successful gene trans-
fers between Arabidopsis and other species.

In conclusion, faced with growing global challenges, breakthroughs in efficient water
management and salt tolerance will be crucial for upholding food security and protecting
the environment. It is also important to emphasize that there are great differences in terms
of saline resources (plant, soil, and water) in dryland regions around the world, considering
quantitative and qualitative aspects. In this sense, applying global knowledge to local
realities is a major challenge for biosaline agriculture.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The use of plant-growth-promoting rhizobacteria (PGPR) can be one option for mitigating
the impact of abiotic constraints on different cropping systems in the tropical semi-arid region.
Studies suggest that these bacteria have mechanisms to mitigate the effects of water stress and to
promote more significant growth in plant species. These mechanisms involve phenotypic changes in
growth, water conservation, plant cell protection, and damage restoration through the integration of
phytohormone modulation, stress-induced enzyme apparatus, and metabolites. The aim of this study
was to evaluate the growth, leaf gas exchange, and yield in maize (Zea mays L.—BRS Caatingueiro)
inoculated with Bacillus aryabhattai and subjected to water and salt stress. The experiment followed
a randomised block design, in a split-plot arrangement, with six repetitions. The plots comprised
two levels of electrical conductivity of the irrigation water (0.3 dS m−1 and 3.0 dS m−1); the subplots
consisted of three irrigation depths (50%, 75%, and 100% of the crop evapotranspiration (ETc)); while
the sub-subplots included the presence or absence of B. aryabhattai inoculant. A water deficit of 50% of
the ETc resulted in the principal negative effects on growth, reducing the leaf area and stem diameter.
The use of B. aryabhattai mitigated salt stress and promoted better leaf gas exchange by increasing the
CO2 assimilation rate, stomatal conductance, and internal CO2 concentration. However, irrigation
with brackish water (3.0 dS m−1) reduced the instantaneous water-use efficiency of the maize. Our
results showed that inoculation wiht PGPR mitigates the effect of abiotic stress (salt and water) in
maize plants, making it an option in regions with a scarcity of low-salinity water.

Keywords: Zea mays; abiotic stress; microorganisms; salinity; water deficit

1. Introduction

Maize (Zea mays L.), with its origin in Central America, is of great economic importance
and is cultivated worldwide. In Brazil it is one of the main cereals produced (21,581.9 million
hectares), with an emphasis on food for human and animal consumption as well as for
bioenergy production [1–4]. The crop has gradually expanded into arid and semi-arid
regions, where it helps to solve problems related to food security in places that have limited
water resources [5,6]. It is worth noting that maize is considered moderately sensitive to
salinity, with a threshold of 1.1 and 1.7 dS m−1 for water and soil electrical conductivity,
respectively [7].

Agriculture 2023, 13, 1150. https://doi.org/10.3390/agriculture13061150 https://www.mdpi.com/journal/agriculture
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The semi-arid region of Brazil is considered one of the largest semi-arid regions, with
approximately 27 million inhabitants [8], where irrigation is an important tool for ensuring
food security [9]. The characteristics of the region are high temperatures, high evapotran-
spiration, and a low rainfall rate [10,11]. Water shortages and high salt concentrations in
the groundwater are problems that limit agricultural production in this region [9,12].

An excess of salts in the soil solution reduces water absorption by plants and alters
metabolic and morphological structures, causing a reduction in seed germination, growth,
and productivity in agricultural crops [13–15]. Water and salt stress reduce the soil water
potential, making the soil solution unavailable, or not readily available, for nutrient uptake
by plants. These stresses have a negative effect on physiological processes, causing partial
closure of the stomata, limiting the internal CO2 concentration, reducing the rates of pho-
tosynthesis and transpiration, and consequently the water-use efficiency and agricultural
crop yields worldwide [16–18]. Evaluating the interaction between salt and water stress in
the courgette, [19] found a reduction in photosynthesis and transpiration. Similarly, [20]
found a reduction in the productivity of peanuts under salt and water stress.

It should be noted that various strategies have been used in the scientific environment
to mitigate salt and water stress. One alternative to mitigate the effects of such stress
and ensure production in agroecological systems is the use of microbial inoculants for-
mulated with plant-growth-promoting bacteria (PGPB) [21–23]. These microorganisms
can offer protection to plants against water deficits by maintaining moisture levels and
providing better root development and nutrient supply. Researchers are seeking to identify
microorganisms, together with their action mechanisms, that are able to mitigate abiotic
stress [24,25]. Various promising studies have found that inoculating maize with beneficial
microorganisms results in greater productivity [26].

In this scenario, the use of plant-growth-promoting rhizobacteria (PGPR), especially
from the Bacillus genus, stands out in plant development. Some of the known mechanisms
by which PGPRs can improve plant development include beneficial effects on promoting
plant emergence and growth [27], antagonistic activity against phytopathogenic fungi [28],
improvement of soil structure (by bacterial exopolysaccharides), provision of N to plants
through biological nitrogen fixation, solubilization and mineralization of nutrients, particu-
larly phosphate, and improvement of resistance to non-biological stresses [29]. The strain
of B. aryabhattai CMAA 1363 was able to provide drought tolerance in maize plants [24].

Given this promising scenario, the present study tested the hypothesis that the use of
plant-growth-promoting bacteria mitigates the effect of abiotic stress (salt and water) on
the agronomic performance of maize. The aim of this study, therefore, was to evaluate the
growth, leaf gas exchange, and production parameters of maize inoculated with Bacillus
aryabhattai under water and salt stress.

2. Material and Methods

2.1. Location and Characterisation of the Experimental Area

The experiment was conducted from 25 August to 17 November 2022 (dry season)
under field conditions at the Piroás Experimental Farm (PEF) (04◦14′53′′ S; 38◦45′10′′ W, at
a mean altitude of 240 m), belonging to the Universidade da Integração Internacional da
Lusofonia Afro-Brasileira (UNILAB), in Redenção, in the state of Ceará.

The climate in the region is of type BSh’ (tropical semi-arid climate), characterized
by very hot temperatures, a rainy season during the summer and autumn (February to
May), strong insolation, and high evaporation rates [30]. The amount of rainfall and the
maximum and minimum air temperature were recorded daily throughout the experiment,
as well as the average relative humidity (Figure 1), monitored by means of a data logger
(HOBO® U12-012 Temp/RH/Light/Ext).
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Figure 1. Mean values for maximum (Max) and minimum (Min) temperature and relative humidity
obtained during the experimental cycle.

The soil in the experimental area is classified as an ultisol. Samples were collected
from the surface layer (0–20 cm) and sent to the laboratory to determine the physical and
chemical attributes (Table 1), as per the methodology described by [31].

Table 1. Chemical and physical characteristics of the soil sample before applying the treatments
(0–20 cm).

pH OM N C P Ca Mg Na Al H + Al K ECse ESP
C/N

V

H2O g kg−1 mg kg−1 cmolc dm−3 dS m−1 % %

5.6 11.59 0.71 6.72 20 3.20 2.60 0.07 0.35 2.15 0.17 0.76 1 9 74
SD (g cm−3) CS FS Silt Clay

Textural Classification
Bulk Particle g kg−1

1.31 2.61 507 283 133 77 Loamy Sand

OM—Organic matter; ESP—Percentage of exchangeable sodium; ECse—Electrical conductivity of the soil satura-
tion extract; V—Base saturation; SD—Soil density; CS—Coarse sand; FS—Fine sand.

2.2. Experimental Design and Treatments

The experimental design was randomised blocks in a split-plot arrangement, with
six repetitions. The plots comprised two levels of electrical conductivity of the irrigation
water (ECw): water supply (0.3 dS m−1) and a brackish solution (3.0 dS m−1). The sub-
plots consisted of three irrigation depths (ID1 = 50%, ID2 = 75%, and ID3 = 100% of the
crop evapotranspiration [ETc]). The sub-subplots included the presence or absence of B.
aryabhattai inoculant (Figure 2).

2.3. Irrigation Management

A drip irrigation system was used at a spacing of 0.3 m, corresponding to one emitter
per plant. Emitters of 4, 6, and 8 L h−1 were used to standardise the irrigation time,
affording water regimes of 50%, 75%, and 100% of the ETc, respectively. Uniformity tests
were carried out, returning a distribution coefficient of 92%.
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Figure 2. Diagram of the experimental design showing (A) the composition and interaction of the
study factors—electrical conductivity of the water, irrigation depths and inoculation—and (B) a
timeline of the procedures carried out during the experiment.

Irrigation management was estimated daily from the reference evapotranspiration
using data from a Class A evaporimeter pan. The crop evapotranspiration, in mm day−1,
was calculated from the evaporation measured in the Class A pan, as per Equation (1).

ETc = ECA × Kp × Kc (1)

where:
ETc—Crop evapotranspiration, in mm day−1;
ECA—Evaporation measured in the class A pan, in mm/day−1;
Kp—Class A pan coefficient, dimensionless;
Kc—Crop coefficient, dimensionless.
The following crop coefficients (Kc) were adopted: 0.86 (up to 40 days after sowing—

DAS); 1.23 (from 41 to 53 DAS); 0.97 (from 54 to 73 DAS), and 0.52 (from 74 DAS to the end
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of the cycle) [28]. A leaching fraction of 15% was added to the applied irrigation depth [32].
The irrigation time was obtained using Equation (2):

It =
ETc × Sd
A f × q

× 60 (2)

where:
It—Irrigation time (min);
ETc—Crop evapotranspiration for the period (mm);
Sd—Spacing between emitters;
Af —Application efficiency (0.92);
q—Flow rate (L h−1).
Table 2 shows the total irrigation depth applied during the experiment throughout the

crop cycle based on each treatment.

Table 2. Total irrigation depth applied in each treatment.

ECw
(dS m−1)

ETc
(%)

Total Depth Applied (mm)

Uninoculated Inoculated

0.3
50 260.4 260.4
75 390.6 390.6

100 520.8 520.8

3.0
50 260.4 260.4
75 390.6 390.6

100 520.8 520.8

Fresh water (0.3 dS m−1) from the dam belonging to FEP was used to irrigate the
plants of the control treatment. This same water source was stored in 500 L tanks and
used in preparing the 3.0 dS m−1 saline solution by dissolving sodium chloride (NaCl),
calcium chloride (CaCl22H2O), and magnesium chloride (MgCl26H2O), maintaining the
proportions predominantly found in the principal water sources of the northeast of Brazil
of 7:2:1 [33] and based on the relationship between the ECw and its molar concentration
(mmolc L−1 = CE × 10). The electrical conductivity of the water was periodically monitored
using a bench conductivity meter (AZ® 806,505 pH/Cond./TDS/Salt). The water was sent
for its chemical characteristics to be determined following the methodology of [34] and
was classified using the methodology described by [35]. The results are shown in Table 3.

Table 3. Chemical characterisation and classification of the irrigation water used in the experiment.

ECw Ca2+ Mg2+ K+ Na+ Cl− HCO3
− pH CE SAR

Classification 1

dS m−1 mmolc L−1 mmol L−1 in H2O dS m−1 (mmolc L−1)0.5

0.3 0.6 1.4 0.2 0.4 2.5 0.1 6.9 0.3 0.4 C2S1

3.0 6.33 7.64 2.0 15.6 25 1.0 7.79 3.0 5.9 C4S2

1—[35]; SAR—Sodium adsorption ratio.

The experiment was irrigated daily with water of 0.3 dS m−1 up to 10 days after
sowing (DAS) with a water depth of 100% of the ETc. The treatments, including the water
regimes and ECw, were started at 11 DAS.

2.4. Agroecological Maize Production System (Plant Material, Inoculation, and Fertilisation)

Seeds of the maize (Zea mays L.) ‘BRS Caatingueiro’ variety were used, sown manually
with five seeds per hole at a spacing of 0.8 × 0.2 m between the rows and plants. This
cultivar is used by producers in the region and has a super-early cycle. At 10 DAS, with the
plant stand already established, thinning was carried out to leave one plant per hole.

11
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The inoculation was carried out using the commercial product Auras® (Embrapa
and NOOA Agricultural Science and Technology, Patos de Minas–Minas Gerais, Brazil)
formulated with Bacillus aryabhattai CMAA 1363, licensed by the Brazilian Agricultural
Research Corporation (Embrapa, Jaguariúna–São Paulo, Brazil), obtained from the rhizo-
sphere of Cereus jamaracu, a cactus present in the Caatinga biome of the Brazilian semi-arid
region [36]. The seeds were immersed in the bacterial solution immediately before planting,
applying 4 mL kg−1 of maize seeds. The rhizobacterium belongs to the inoculant class,
with a concentration of 1 × 108 UFC/mL.

Fertiliser management was based on the chemical analysis of the soil (Table 1) and used
organic fertiliser (cattle manure and cattle biofertiliser) applied as a base and topdressing
as recommended by [37] for irrigated maize in the state of Ceará, equal to 90 kg ha−1 N,
40 kg ha−1 P2O5, and 30 kg ha−10 K2O.

The chemical characteristics of the cattle manure and cattle biofertiliser were deter-
mined as per the methodology of [31] and are shown in Table 4.

Table 4. Chemical characterisation of the organic fertilisers used in the experiment.

Organic Source
N P K+ Ca2+ Mg2+

g L−1

Cattle manure 0.96 0.47 0.59 1.10 0.25
Cattle biofertiliser 0.82 1.4 1.0 2.5 0.75

2.5. Variables under Analysis
2.5.1. Growth

At 42 DAS, the following variables were evaluated: plant height (PH, cm), using a
tape, measuring from the soil to the apex of the plant; number of leaves (NL), by directly
counting the fully expanded leaves; stem diameter (SD, mm), measured two centimetres
from the ground using a pachymeter; leaf area (LA, cm2), using an area integrator (Area
meter, LI-3100, Li-Cor, Inc., Lincoln, NE, USA).

2.5.2. Leaf Gas Exchange

At 49 DAS, gas exchange measurements were taken using the third fully expanded leaf
from the apex of the plant. The net photosynthetic rate (A, μmol CO2 m−2 s−1), stomatal
conductance (gs, mol m−2 s−1), rate of transpiration (E, mmol m−2 s−1), and internal CO2
concentration (Ci, μmol mol −1) were measured using an infrared gas analyser (Li-6400XT,
LICOR, Lincoln, NE, USA) under the following conditions: ambient air temperature, CO2 of
400 ppm, photosynthetically active radiation of 1800 μmol m−2 s−1, between 09:00 and 11:00.
The instantaneous water-use efficiency (WUEi) was estimated from the photosynthesis and
transpiration data. The relative chlorophyll index (RCI, SPAD) was measured on the same
leaves using a portable meter (SPAD—502 Plus, Minolta, Tokyo, Japan).

2.5.3. Yield

To determine the production parameters, two harvests of green ears were carried
out (80 and 85 DAS), when the following were evaluated: ear length (EL, cm), measuring
longitudinally using a ruler; ear diameter (ED, mm), measuring transversely using a digital
pachymeter; ear yield with straw (EYWS, kg ha−1) and ear yield without straw (EYWoS,
kg ha−1), estimated from the mean weight of the ear and the stipulated plant stand per
hectare (62,500 plants ha−1).

2.6. Data Analysis

The data obtained were subjected to the Kolmogorov–Smirnov test of normality at a
level of 0.05 probability. After verifying the normality, analyses of variance were applied
using the F-test (p < 0.05). In cases of statistical significance, the mean values were compared
with Tukey’s test (p < 0.05) using the Assistat 7.7 Beta software [38].
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3. Results and Discussion

3.1. Growth

The analyses of variance revealed that the leaf area and stalk diameter were signifi-
cantly influenced by the water regime alone and by the interaction between the electrical
conductivity of the water and inoculation. The leaf area was significantly affected by the
electrical conductivity of the water and by the interaction between the water regime and
inoculation. The triple interaction of the factors ECw × ID × INOC had a significant
influence on plant height. The number of leaves was not significantly influenced by any of
the factors (Table 5).

Table 5. Summary of the analysis of variance for plant height (PH), number of leaves (NL), stem
diameter (SD), and leaf area (LA) in maize plants under different levels of electrical conductivity of
the irrigation water (ECw), irrigation depth (ID), and inoculation (INOC) 42 days after sowing.

Source of Variation DF
Mean Square

PH NL SD LA

Blocks 5 29.67 ns 1.95 ns 1.53 ns 207.38 ns

ECw 1 0.06 ns 2.60 ns 87.96 ** 5613.37 *
Residual (ECw) 5 27.97 0.61 2.74 412.05

Irrigation depths (ID) 2 21.30 ns 0.40 ns 56.08 ** 10,546.35 **
Residual (ID) 20 15.37 0.43 2.49 974.55

Inoculation (INOC) 1 9.56 ns 0.33 ns 35.25 ** 10,360.73 **
Residual (INOC) 30 16.57 0.54 3.05 1161.23

ECw × ID 2 160.75 ** 0.25 ns 1.87 ns 2864.11 ns

ECw × INOC 1 149.91 ** 0.004 ns 0.0007 * 2064.59 ns

ID × INOC 2 0.24 * 0.16 ns 0.27 ns 5769.978 *
ECw × ID × INOC 2 70.49 * 1.42 ns 4.56 ns 654.36 ns

CV (%)—Ecw 5.46 9.49 12.68 5.47
CV (%)—ID 4.05 7.97 12.08 8.41

CV (%)—INOC 4.20 8.95 13.37 9.18
DF: Degrees of freedom; CV: Coefficient of variation; ns, *, and **: not significant, significant at p ≤ 0.05, and
significant at p ≤ 0.01, respectively.

The height of the maize plants under low electrical conductivity and full irrigation
(100% of the ETc) using water of lower salinity (0.3 dS m−1) was greater regardless of
inoculation; however, under irrigation at 75% of the ETc, the inoculated plants differed
statistically from the uninoculated plants, showing higher values (97.44 cm). Similarly,
under irrigation with water of higher salinity (3.0 dS m−1), there was a significant difference
from the water regime only, of 75%, with the inoculated plants obtaining the highest mean
value (100.73 cm) (Figure 3).

The maize plants showed greater height when B. aryabhattai was used under a mod-
erate deficit (75% of the ETc), regardless of the quality of the water used, indicating the
beneficial effect of this stress condition. Rhizosphere bacteria show beneficial effects in
various crops, possessing several mechanisms that help mitigate water stress, especially
in relation to strengthening phytohormone activity (abscisic acid, gibberellins, cytokinins,
and auxins) [24,39].

The mitigating effect of water stress in maize by bacteria of the genus Bacillus was also
reported by [40] under the conditions of a reduced water supply (30% of field capacity),
where inoculated plants were taller by around 27.29% compared to uninoculated plants.
Reference [41] found that the optimal irrigation regime (100%) had a positive influence on
the height of maize plants compared to lower percentages (50% and 75%).
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Figure 3. Height of maize plants under different levels of electrical conductivity of the irrigation
water, different irrigation depths, with and without inoculation, 42 days after sowing. Uppercase
letters compare mean values between plants with and without inoculants for the same electrical
conductivity and irrigation depth using Tukey’s test (p ≤ 0.05). Error bars represent the standard
error of the mean (n = 6).

From Figure 4A, it can be seen that between the water regimes, ID1 and ID2, the stem
diameter did not differ statistically at the lower values (11.55 and 12.77 mm, respectively),
whereas ID3, at 100%, resulted in larger diameters (14.85 mm). Optimal water conditions
contribute to turgor pressure, allowing plant cells to develop internal hydrostatic pressure
in the cell walls that is essential for cell expansion; on the other hand, a water deficit mainly
inhibits leaf expansion and stem growth due to a reduction in pressure [42].

Figure 4. Stem diameter of maize plants under different water regimes (A) and different levels of
electrical conductivity of the irrigation water, with and without inoculation (B), 42 days after sowing.
(A): Lowercase letters compare mean values with Tukey’s test (p ≤ 0.05). (B): Lowercase letters
compare mean values between ECw levels within each type of inoculation; uppercase letters compare
mean values for the type of inoculation within each ECw with Tukey’s test (p ≤ 0.05). Error bars
represent the standard error of the mean (n = 6).

This result is similar to that of [41], who used different irrigation rates estimated by
a class A pan (50%, 75%, 100%, and 125% of the ETc), where the greatest stalk diameter
for green maize (11.72 mm) was obtained using the highest rate. Evaluating different
irrigation depths in a subsurface drip system, [43] found that reductions starting at 80% of
the required depth caused a reduction in the stalk diameter of maize.

The stem diameter was statistically greater when applying water of lower salinity
(0.3 dS m−1) to inoculated plants, with a mean value of 15.04 mm. When using brackish
water, the stem diameter was smaller regardless of inoculation, but showed higher values
in inoculated plants in a direct comparison (12.61 mm) (Figure 4B).
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The harmful effects of salinity on water and nutrient uptake resulted in a reduction in
the stem diameter; however, these effects were mitigated when using B. aryabhattai. The
presence of rhizobacteria may have mitigated the osmotic effects imposed by salt stress via
biochemical changes in the plant or rhizosphere, increasing the physiology of the exposed
plants and facilitating water uptake [27,44]. Inoculation with PGPBs during the early stages
of maize crop under drought conditions significantly improved the stem diameter [45].

Studying different levels of electrical conductivity for the water (0.2, 1.3, 2.6, 3.9, and
5.2 dS m−1), [46] found a linear reduction in the stalk diameter of maize with the increasing
salinity of the irrigation water. Similar results were found by [47], who reported that the
use of brackish water up to 30 DAS reduced the stem diameter in the cowpea.

It can be seen that the leaf area differed statistically between the levels of electrical
conductivity of the irrigation water, with a higher mean value for irrigation water of lower
conductivity (0.3 dS m−1 = 380.97 cm2) (Figure 5A). The reduction in leaf elongation is a
mechanism of survival and water conservation, where under stress conditions, the plants
close their stomata and reduce transpiration. In addition, osmotic effects directly interfere
with the water uptake of plants [17,48].

Figure 5. Leaf area of maize plants under different levels of electrical conductivity of the irrigation
water (A) and different irrigation depths, with and without inoculant (B), 42 days after sowing. (A):
Lowercase letters compare mean values using Tukey’s test (p ≤ 0.05). (B): Lowercase letters compare
mean values between irrigation depths within each type of inoculation; uppercase letters compare
mean values for the type of inoculation within each irrigation regime using Tukey’s test (p ≤ 0.05).
Error bars represent the standard error of the mean (n = 6).

Similar results with maize under salt stress were obtained by [49], where the leaf area
underwent a significant reduction of 19.9% in relation to the lowest level of salt (0.5 dS m−1).
Working with maize, [17] saw a reduction in the leaf area of 15.3% 45 DAS under salt stress
(3 dS m−1).

As shown in Figure 5B, the leaf area was statistically smaller when associating the
water regime of 50% with no inoculant (334.47 cm2); however, in inoculated plants, the ID
of 50% (398.19 cm2) and 100% (405.19 cm2) of the Etc were statistically superior to the ID of
75% of the Etc (349.93 cm2).

This result reflects the behaviour of plants subjected to water stress, i.e., they tend
to reduce their leaf area as a mechanism for reducing water loss by transpiration, since
the water absorption capacity of plants is directly affected by the water content of the
soil [5,42]. However, the use of inoculants may have increased colonisation in the soil
adhering to the roots, increasing the moisture and improving the ratio of root-adhering soil
to root tissue, promoting greater resistance to water stress and consequently, greater leaf
area development [25]. Ref. [50], evaluating maize seeds treated with exopolysaccharide-
producing bacteria, found an increase in the soil moisture content and a greater leaf area.
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3.2. Leaf Gas Exchange

As shown in the summary of the analysis of variance of the physiological variables
(Table 6), the net photosynthetic rate and the internal CO2 concentration were significantly
influenced by the interaction between the electrical conductivity of the water and inocula-
tion. Transpiration, on the other hand, was influenced by the Ecw × ID interaction, while
the chlorophyll index was independently influenced by the same factors. The Ecw × ID and
ID × INOC interactions influenced the leaf temperature. On the other hand, the electrical
conductivity of the water was the single significant factor for water-use efficiency. The
triple interaction of the factors Ecw × ID × INOC had a significant influence on stomatal
conductance.

Table 6. Summary of the analyses of variance for photosynthesis (A), stomatal conductance (gs),
internal CO2 concentration (Ci), transpiration (E), relative chlorophyll index (RCI), leaf temperature
(LT), and instantaneous water-use efficiency (WUEi) in maize plants under different levels of electrical
conductivity of the irrigation water (ECw), different irrigation depths (ID), and inoculation (INOC),
49 days after sowing.

Source of Variation DF
Mean Square

A gs Ci E RCI LT WUEi

Blocks 5 9.03 ns 0.67 ns 798.40 ns 0.43 ** 10.05 ns 3.67 ns 0.006 *
ECw 1 361.19 ** 0.15 ns 4504.68 * 36.83 ** 191.12 ** 74.72 ** 11.07 **

Residual (ECw) 5 7.25 0.16 303.63 0.00 ** 2.94 0.61 0.28
Irrigation depths (ID) 2 2.14 ns 0.26 ns 315.25 ns 0.25 ns 92.35 * 0.77 * 0.22 ns

Residual (ID) 20 8.90 0.14 101.83 0.11 23.43 0.15 0.15
Inoculation (INOC) 1 2.13 ns 3.60 ** 336.02 ns 0.11 ns 39.45 ns 0.04 * 0.01 ns

Residual (INOC) 30 3.13 0.18 110.47 0.16 9.78 0.02 0.21
ECw × ID 2 2.86 ns 1.46 ** 9.75 ns 0.58 * 66.17 ns 0.67 * 0.01 ns

ECw × INOC 1 6.97 * 2.48 ** 595.02 * 0.47 ns 0.09 ns 0.04 ns 0.008 ns

ID × INOC 2 1.88 ns 0.04 ns 234.33 ns 0.27 ns 4.97 ns 0.10 * 0.006 ns

ECw × ID × INOC 2 0.78 ns 2.57 ** 110.47 ns 0.18 ns 0.87 ns 0.02 ns 0.27 ns

CV (%)—ECw 11.20 11.85 6.34 0.77 5.54 2.59 9.60
CV (%)—ID 12.41 10.04 3.67 7.88 15.62 1.32 7.03

CV (%)—INOC 7.37 14.05 3.82 9.11 10.09 0.50 8.31

DF: Degrees of freedom; CV: Coefficient of variation; ns, *, and **: not significant, significant at p ≤ 0.05, and
significant at p ≤ 0.01, respectively.

From Figure 6, it can be seen that the photosynthetic rate was higher when the maize
crop was subjected to irrigation with brackish water (3.0 dS m−1), with and without
inoculation. This behaviour is possibly linked to the presence of magnesium chloride in the
irrigation water of higher salinity, since chloride is a crucial micronutrient in capturing light,
helping the function of the enzyme that catalyses the photolysis of water in photosystem
II, while magnesium is the central macronutrient of chlorophyll, a molecule located in the
chloroplasts, which are responsible for capturing sunlight during photosynthesis [51,52].

When observing the effect of salt stress without the use of inoculants, [26], evaluating
the photosynthetic rate of maize in pots under irrigation with brackish water, found a
reduction in this variable in the presence of salt stress 45 days after sowing. Reference [53],
investigating the effects of water salinity on photosynthesis in peanut plants inoculated
with Bradyrhizobium sp., found similar results to the present study regarding the mitigating
effect of the inoculant in plants grown under salt stress.

Figure 7 shows that in water of lower salinity, the inoculated plants achieved a greater
stomatal conductance under the irrigation regimes of 50% and 75%, with no statistical
difference for the regime of 100% (full irrigation). At the highest level of salinity, the
opposite occurred, where plants with the inoculant achieved a greater stomatal conductance
under the irrigation regime of 100% only, the other regimes showing no statistical difference.
Reference [54] emphasises that this result may be linked to the participation of resistance-
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promoting bacteria, i.e., those that have the ability to branch the roots and release exudates
that increase the relative water content of the rhizosphere, thereby better coping with stress
conditions.

Figure 6. Net photosynthetic rate (A) in maize plants under different levels of electrical conductivity
of the irrigation water, with and without inoculation, 49 days after sowing. Lowercase letters compare
mean values between ECw levels within each type of inoculation; uppercase letters compare means
values for the type of inoculation within each ECw with Tukey’s test (p ≤ 0.05). Error bars represent
the standard error of the mean (n = 6).

Figure 7. Stomatal conductance (gs) of maize plants under different levels of electrical conductivity of
the irrigation water and different water regimes, with and without inoculation, 49 days after sowing.
Uppercase letters compare mean values between plants with and without inoculant within the same
electrical conductivity and irrigation depth with Tukey’s test (p ≤ 0.05). Error bars represent the
standard error of the mean (n = 6).

Studying the courgette irrigated with brackish water under water stress, found that
the isolated effect of irrigation water with increasing levels of salts was lower stomatal
conductance [19]. However, when using strains of growth-promoting bacteria in maize, [55]
reported similar results to the present study. According to those authors, inoculated
plants were better able to adjust to stress, showing greater conductance compared to
uninoculated plants. Reinforcing the above, ref. [56] described how resistance-promoting
bacteria promote a significant increase in osmoprotectants under salt stress, improving the
water potential and hydraulic conductivity that positively affect stomatal opening.

It can be seen from Figure 8 that the internal CO2 concentration was higher when the
maize was irrigated with water of lower salinity (0.3 dS m−1), demonstrating the negative
effects of salt stress, which interferes in the osmotic, toxic, and nutritional processes and
affects the net CO2 assimilation [18].
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Figure 8. Internal CO2 concentration (Ci) of maize plants under different levels of electrical conduc-
tivity of the irrigation water, with and without inoculation, 49 days after sowing. Lowercase letters
compare mean values between ECw levels within each type of inoculation; uppercase letters compare
mean values for the type of inoculation within each ECw using Tukey’s test (p ≤ 0.05). Error bars
represent the standard error of the mean (n = 6).

Similar trends were observed by [57] studying salt stress in okra, where an increase in
the electrical conductivity of the irrigation water promoted a reduction in the internal CO2
concentration. The same authors confirm that salt stress induces partial stomatal closure as
an attempt by the plant to minimise water loss, which in return reduces the entry of CO2
from the atmosphere into the leaf mesophyll and, since no exchange takes place, reduces
its concentration in the substomatal cavity.

According to Figure 9, there was no significant difference in plant transpiration be-
tween the water regimes when irrigated with water of lower salinity. However, when
compared to higher levels of salinity, the 75% and 100% regimes promoted greater transpi-
ration. Salt and water stress induce osmotic adjustment, which is considered an important
mechanism for the maintenance of water uptake and cell turgor under stress conditions [58].

Figure 9. Transpiration (E) in maize plants under different water regimes with and without inoculant,
49 days after sowing. Lowercase letters compare mean values between ECw levels within each water
regime; uppercase letters compare mean values between water regimes at the same ECw with Tukey’s
test (p ≤ 0.05). Error bars represent the standard error of the mean (n = 6).

Different results, with a reduction in plant transpiration when the electrical conductiv-
ity of the irrigation water was increased, were found by [59], cultivating irrigated maize
under a water regime of 100% of the ETc. Reference [15] also showed a reduction in
transpiration in maize irrigated with brackish water.

The chlorophyll index of the maize was higher under an electrical conductivity of
3.0 dS m−1 and was statistically different from the lower salinity (0.3 dS m−1) (Figure 10A).
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This response may be related to the conditions of low CO2 availability due to stomatal
closure and physiological imbalances linked to the high salt content, reaffirming that the
chlorophyll content is influenced by both biotic and abiotic factors [42].

Figure 10. Relative chlorophyll index (RCI) of maize plants under irrigation with water of different
levels of electrical conductivity (A) and different water regimes (B), 49 days after sowing. Lowercase
letters compare mean values using Tukey’s test (p ≤ 0.05). Error bars represent the standard error of
the mean (n = 6).

Under the influence of the applied water regimes, the chlorophyll index reached the
highest value when 50% of the ETc was used, in relation to the other regimes, showing
that under the conditions of the present study the water deficit did not negatively affect
this variable (Figure 10B). The opposite result was found in [60], where a reduction in the
chlorophyll index followed a reduction in the irrigation depth for five irrigation depths at
different sampling times.

The internal leaf temperature (Figure 11A) significantly increased when using water
of higher salinity (3.0 dS m−1), with an increase of 2.82, 2.64, and 2.04 ◦C for the irriga-
tion depths of 50%, 75%, and 100%, respectively, compared to water of lower salinity
(0.3 dS m−1). Following the trend for transpiration under salt stress, the leaf temperature
gradually increased. It should be noted that plants under salt stress show great difficulty in
absorbing water from the soil; as such, there is an increase in internal temperature, since
water helps in the thermal regulation of plants, even under conditions of high transpi-
ration [42–59]. It is worth noting that transpiration via movement of the stomata helps
in reducing the leaf temperature (cooling), which is crucial during the day when the leaf
absorbs large amounts of energy from the sun [42].

Irrigating peanut plants with brackish water (1, 2, 3, 4, and 5 dS m−1), [53] reported a
linear increase in the internal leaf temperature. Reference [61], studying maize, also found
that salinity afforded an increase in the leaf temperature, reaching 36.7 ◦C.

It can be seen from Figure 11B that only inoculated plants under the ID of 100% of the
ETc differed statistically from the other treatments, with the highest values (30.7 ◦C). The
symbiosis between plants and microorganisms tends to afford better osmotic adjustment,
improving transpiration and reducing leaf temperature [62]. Under the conditions of the
present study, the heat-dissipation mechanism of the inoculated plants under full irrigation
(100%) was possibly not compromised, since the recorded temperatures are within the
range for plants with a C4 metabolism, such as maize [42].

Evaluating the peanut under inoculation with Bradyrhizobium sp., [53] obtained dif-
ferent results to those of the present study, where inoculated plants showed a lower leaf
temperature.
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Figure 11. Leaf temperature (LT) in maize plants under different levels of electrical conductivity of
the irrigation water, different irrigation depths (A), and different water regimes, with and without
inoculant (B), 49 days after sowing. (A): Lowercase letters compare mean values between ECw levels
within each irrigation depth; uppercase letters compare mean values between irrigation depths at
the same ECw with Tukey’s test (p ≤ 0.05). (B): Lowercase letters compare mean values between
irrigation depths within each type of inoculation; uppercase letters compare mean values between
the types of inoculation within each irrigation depth with Tukey’s test (p ≤ 0.05). Error bars represent
the standard error of the mean (n = 6).

The instantaneous water-use efficiency in maize plants under irrigation at the higher
level of salinity (3.0 dS m−1) was lower by around 17.6% in relation to irrigation at 0.3 dS
m−1 (Figure 12). Salt stress induced by irrigation results in limited water uptake due to
osmotic and physiological effects, in addition to biochemical changes, which result in a
reduced water-use efficiency [15].

Figure 12. Instantaneous water-use efficiency (WUEi) in maize plants under different levels of
electrical conductivity of the irrigation water 49 days after sowing. Lowercase letters compare mean
values with Tukey’s test (p ≤ 0.05). Error bars represent the standard error of the mean (n = 6).

A reduction in the instantaneous water-use efficiency of maize at 49 DAS was also
reported by [63] when irrigating the crop with brackish water of 4.5 dS m−1 under field
conditions in the northeast of Brazil.

3.3. Yield

The summary of the analyses of variance of the yield parameters (Table 7) shows the
significant influence of the ECw × INOC and ID × INOC interactions on the ear length,
while the diameter was not affected by any of the factors. On the other hand, for ears with
straw and ears without straw, the yield was significantly influenced by the interaction of
the factors under study (ECw × ID × INOC).
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Table 7. Summary of the analyses of variance for ear length (EL), ear diameter (ED), ear yield with
straw (EYWS), and ear yield without straw (EYWoS) in maize plants under different levels of electrical
conductivity of the irrigation water (ECw), different irrigation depths (ID), and inoculation (INOC).

Source of Variation DF
Mean Square

EL ED EYWS EYWoS

Blocks 5 3.09 ns 17.63 ns 6,772,473.13 ns 3,162,178.48 ns

ECw 1 5.15 ns 9.90 ns 40,862,788.82 ** 14,079,648.00 **
Residual (ECw) 5 1.69 4.58 1,711,897.76 820,739.41

Irrigation depths (ID) 2 1.35 ns 5.27 ns 3,121,961.40 ns 1,275,678.96 *
Residual (ID) 20 1.49 3.63 1,464,975.55 351,695.38

Inoculation (INOC) 1 0.14 ns 0.38 ns 3,533,704.78 ** 450,274.80 *
Residual (INOC) 30 0.86 1.96 363,835.20 309,105.44

ECw × ID 2 0.34 ns 1.57 ns 5,385,095.95 * 1,002,466.33 ns

ECw × INOC 1 3.78 * 2.51 ns 1,257,793.16 ns 69,497.37 ns

ID × INOC 2 6.11 ** 1.65 ns 956,622.93 ns 225,383.24 ns

ECw × ID × INOC 2 1.27 ns 5.31 ns 1,678,902.68 * 1,118,325.91 *

CV (%)—ECw 10.92 6.24 29.91 29.74
CV (%)—ID 10.24 5.56 27.67 19.47

CV (%)—INOC 7.80 4.08 13.79 18.25
DF: Degrees of freedom; CV: Coefficient of variation; ns, *, and **: not significant, significant at p ≤ 0.05, and
significant at p ≤ 0.01, respectively.

The ear length was not statistically affected when using water of lower or higher
salinity in the presence of Bacillus aryabhattai; however, salt stress promoted greater ear
length in inoculated maize plants and was statistically superior to water of lower salinity
in the absence of the inoculant (Figure 13A). These data reveal the possible mitigating
effect of Bacillus for maize in saline environments. The applied PGP bacteria may have
generated a mechanism of plant protection against salt stress through the production
of auxins and increased nitrogen fixation [21,64]. In addition, they assist the plant in
combating physiological drought under salt stress by increasing the water content in the
cell [65], reflecting in greater performance for ear length.

Figure 13. Ear length in maize plants under different levels of electrical conductivity of the irrigation
water, with and without inoculation (A), and different irrigation depths, with and without inoculation
(B). (A): Lowercase letters compare mean values between ECw levels within each type of inoculation;
uppercase letters compare mean values for the type of inoculation within each ECw, with Tukey’s test
(p ≤ 0.05). (B): Lowercase letters compare mean values between irrigation depths within each type of
inoculation; uppercase letters compare mean values between the types of inoculation within each
water regime with Tukey’s test (p ≤ 0.05). Error bars represent the standard error of the mean (n = 6).

Studies using maize seeds inoculated with ‘Graminante®’, a commercial biotechno-
logical product based on Azospirillum spp., and irrigated with low-salinity water returned
similar results to the present study for ear length [66]. A reduction in the ear length of maize
plants irrigated with brackish water with an electrical conductivity of 3.0 dS m−1 under
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field conditions was also found by [67]. In this study, the effect of poultry biofertiliser—a
mixture of live microorganisms (bacteria, yeasts, algae, and filamentous fungi), which,
when available to plants, colonise the rhizosphere and/or the interior of the plant, and
promote growth by increasing the supply of primary nutrients—was investigated [68].

Figure 13B shows that the ears of the inoculated plants were superior once irrigated
with 75% and 100% of the ETc, differing statistically from the deficit irrigation of 50%, with
a superiority of 4.6% and 12.3%, respectively. In the absence of the PGPB, however, there
was no difference among the water regimes under study.

The use of B. Aryabhattai produces compatible osmolytes, small organic molecules such
as betaine that assist during environmental stress [31,69,70], and biofilm formation [71],
which acts by forming a hydrated microenvironment around the root, retaining water, and
making it available for longer [72], thereby mitigating water stress in maize grown under
field conditions in the semi-arid region of the northeast of Brazil. Studies conducted with
halotolerant rhizobacteria (HT-PGPR) report that they can also help saline soils to recover
their natural balance, promoting benefits for plants grown under saline conditions [73].
The opposite effect to that seen in the present study was reported by [74] when irrigating
uninoculated maize with brackish water at 100% of the ETc. The same authors found no
significant effect for the ear length.

Irrigation with water of lower salinity at 100% of the ETc in inoculated maize plants
(Figure 14A) afforded the highest ear yield with straw (4058 kg ha−1), higher than the
treatment with 50% and 75% of the ETc. The inoculated plants irrigated with brackish
water at 75% of the ETc were statistically superior to those from the other regimes. This
effect may be related to the protection imposed on the soil by B. aryabhattai, which plays an
important role in the rhizosphere, improving the soil structure by increasing the volume
of macropores, increasing water availability, and binding cations such as Na+ that help
mitigate salt stress [65,71,75]. Growing uninoculated maize under field conditions, irrigated
with low-salinity water at 100% of the ETc, recorded superior results to those of the present
study, achieving a productivity of 10 t ha−1 [76].

Figure 14. Ear yield with straw (A) and ear yield without straw (B) in maize plants under different
levels of electrical conductivity of the irrigation water, different irrigation depths, with and without
inoculation. Uppercase letters compare mean values between plants with and without inoculant
within the same electrical conductivity and irrigation depth with Tukey’s test (p ≤ 0.05). Error bars
represent the standard error of the mean (n = 6).

For the ear yield without straw, the water of lower salinity together with the irri-
gation depth of 100% of the ETc (3098 kg ha−1) was statistically superior to the other
treatments, while salt stress showed no statistical difference between the factors under
study (Figure 14B). The results obtained in plants under salt and water stresses showed
that these stresses, alone or combined, can reduce the productive performance of maize
crop. Supporting the findings of this study, [77] describes that the combination of salt
and water stress during the reproductive stage can negatively affect the productivity of
maize crops. Similar trends to the data found in the present study were reported by [78]
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when evaluating the use of Bacillus subtilis in seeds of the ‘Pioneer 3431′ simple hybrid
maize cultivar irrigated at 100% of the ETc with low-salinity water. Reference [79], growing
uninoculated maize with low-salinity water, found a higher yield than in the present study
(6150 kg ha−1).

4. Conclusions

A water deficit of 50% of the ETc resulted in the principal negative effects on growth,
reducing the leaf area and stem diameter. The use of B. aryabhattai mitigated salt stress and
promoted a better performance in leaf gas exchange by increasing the CO2 assimilation rate,
stomatal conductance, and internal CO2 concentration. However, irrigation with brackish
water (3.0 dS m−1) reduced the instantaneous water-use efficiency of the maize.

Overall, inoculation partially reduced the effects of abiotic stress by means of mor-
phophysiological characteristics, such as increased leaf area and plant height, as well as
with no salt stress. These observations reinforce the hypothesis that inoculation mitigates
the effect of abiotic stress (salt and water) in maize plants, making it an option in regions
with a scarcity of low-salinity water. However, further studies are needed to understand
how B. aryabhattai acts on morphophysiological and production characteristics under stress
conditions in order to develop efficient strategies to mitigate the harmful effects of salt and
water stress in the semi-arid region of the northeast of Brazil.
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Abstract: The increase in water demand in regions with limited good-quality water resources makes
it necessary to study the effect of low-quality water on plant metabolism. Therefore, the objective of
this study was to evaluate the effect of water and salt stress on the levels of mineral elements and
accumulation of toxic elements Na+ and Cl− in the leaves and their consequences on the production
variables of the sorghum cultivar IPA SF-15. The design adopted was randomized blocks in a factorial
scheme (4 × 4), with four salt concentrations (1.5; 3.0; 4.5, and 6.0 dS m−1) and four irrigation depths
(51.3; 70.6; 90.0, and 118.4% of crop evapotranspiration ETc) in three repetitions. To obtain nutrient,
sodium, and chlorine contents in the leaf, we collected the diagnosis leaf from six plants per plot.
For production data, we performed two harvests at 76 and 95 days after planting (silage point and
for sucrose extraction). We evaluated the dry mass, fresh mass yield, and total dry mass for the two
cutting periods and applied the F-test at the 5% significance level. There was an effect of water stress
but not saline, making it possible to use saline water for sorghum irrigation. As for the toxicity of
ions, the plant showed tolerance behavior to Na+ and Cl− ions. The grain filling phase was more
sensitive than the final phase of the crop cycle.

Keywords: Sorghum bicolor (L.) Moench; nutrient accumulation; water deficit

1. Introduction

Sorghum (Sorghum bicolor) is an important food crop in many countries, mainly in
Africa and Asia, and is used worldwide in the biofuel industry and livestock [1]. In the
Brazilian semi-arid region, it has stood out in terms of forage production with its cultivation
in the rainy season and during the dry season, under irrigation, for the high productivity
achieved per volume of water spent on crop irrigation [2–4].

Sorghum can adapt to different edaphoclimatic conditions due to its rusticity and
ability to adapt to water scarcity [5]. According to [6], in a study with sorghum subjected
to irrigation depths, it was observed that a 20% reduction in the standard irrigation depth
did not influence the productivity of the crop, and it was possible to expand the produc-
tion area using the same volume of water. Similar studies [7,8] obtained similar results,
demonstrating the tolerance of sorghum to water stress conditions.

The considerably high resistance to drought and salinity becomes essential compared
to other crops in terms of yield. [9]; it is a critical factor affecting the entire production
mechanism [10]. However, sorghum has the characteristic of adjusting the osmotic balance
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in the cell, which induces a salinity tolerance strategy. In this sense, sorghum’s strate-
gies to express its productive performance under water and saline restrictions have been
studied [6,7,9,10], showing safe results for using these resources in sorghum cultivation.

The high use of water for human and agricultural consumption demands low-quality
water for irrigation [11]. In this way, it is necessary to explore the knowledge of good
practices for using these waters to maintain the productive potential of the culture and
the quality of the soil and production. The difficulty in using these waters in agricultural
production is because of high concentrations of soluble salts since they are in contact with
soluble materials from soil and rocks [12]. Salinity affects plants because of its osmotic
effect, reducing water availability and providing high concentrations of Na+ and Cl− in the
soil solution, which, when absorbed at high levels by crops, can trigger a toxic effect on
plants [10,13], besides that, an ionic imbalance in the generated soil can affect the overall
nutrition of the plant.

According to [14], sorghum tolerates a water and soil salinity of 4.5 and 6.8 dS m−1,
respectively. For values above these limits, a reduction of around 16% is expected for each
unit increase in soil salinity [15]. Sorghum stands out compared with other grasses, such
as maize, which is moderately tolerant to water salinity up to 4.5 dS m−1 [14,16], and
barley, which tolerates salinity up to 6.0 dS m−1 [17]. Studies also show that in a saline
environment, sorghum can exclude Na+ from the xylem to the roots and compartmentalize
it in cell vacuoles as an osmolyte to adjust cell osmosis [18–22]. Under saline conditions,
the selective uptake of Ca2+ and K+ over Na+ is an additional mechanism for salt stress
tolerance [21]. Excess Na+ can lead to accumulation in the leaf and affect the translocation of
Ca2+, K+, and Mg2+ ions [22], impairing photosynthetic activity and plant development [23].

Different management strategies to ensure the use of saline water in irrigation are
necessary. Using saline water associated with an irrigation depth that provides water avail-
ability for the plant seeks to minimize the effects of saline stress on plant metabolism [24].
Therefore, using plants tolerant to water and saline deficit is a way to deal with the problem
of water salinity in the semi-arid region [25]. Given this, the objective was to evaluate the
effect of water and salt stress on the levels of mineral elements and accumulation of toxic
elements Na+ and Cl− in the leaves and their consequences on the production variables of
the sorghum cultivar IPA SF-15.

2. Materials and Methods

The study was conducted in the experimental area at the Cumaru site (5◦33′30′ ′ S,
37◦11′56′ ′ W, altitude of 110 m) in the municipality of Upanema-RN. According to the
Köppen classification, the region’s climate is BSh—hot semi-arid with autumn rains and
average monthly air temperature consistently above 18 ◦C. Because of the low latitudes, the
region has two well-defined seasons: wet (January to May) and dry (June to December). The
average annual precipitation is 650 mm, characterized by high space–time variability. The
soil in the area was classified as Cambisol [26], with chemical and physical characteristics
in the 0.00–0.20 cm layer before planting, as shown in Table 1.

The crop investigated as sorghum (Sorghum bicolor (L.) Moench), cultivar IPA SF-
15, with an aptitude for forage production. The experiment was conducted in the dry
season, from September to December 2019. The preparation of the area consisted of
plowing followed by harrowing, opening the planting furrows, and carrying out the basal
fertilization with 180 kg ha−1 of MAP (10–50–00). Soil fertilization was done according
to soil analysis recommendations and crop nutritional requirements. In fertirrigation,
60 kg ha−1 of N was applied using urea. To meet the demand for potassium, 30 kg ha−1

of K2O was applied, using KCl as fertilizer. Fertilizers were applied at 21, 28, and 35 days
after planting.
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Table 1. Physical and chemical soil attributes in the study area before the experiment.

Layer
Soil physics

Sand Silt Clay Soil Density

cm g g−1 g cm−3

0–20 0.780 0.060 0.160 1.620

Soil chemistry

EC pH Ca2+ Mg2+ Na+ K+ P

dS m −1 cmolc dm−3 mg dm−3

0–20 0.07 8.10 7.70 0.60 0.10 0.51 8.60

EC—Electrical conductivity.

The experimental design was in randomized blocks with three replications in a
4 × 4 factorial scheme, with four concentrations of salts expressed in electrical conductivity
of irrigation water (1.5, 3.0, 4.5, and 6.0 dS m−1) and four irrigation depths (51.3, 70.6, 90.0,
and 118.4% of ETc). The experimental units comprised two double rows of seven meters,
totaling 168 plants. The outer rows of each plot were considered borders.

The water with the lowest salinity level (1.5 dS m−1) came from a tube well, and the
water with the highest salinity (6.0 dS m−1) was defined based on the salinity tolerance of
the sorghum crop for yield than 50% of its productive potential [27]. The two other levels
were 3.0 and 4.5 dS m−1, corresponding to intermediate and equidistant points of the two
extreme values. To obtain the three highest salinity levels, stock solutions were prepared
at a concentration of 200 g L−1 of NaCl (3.42 mol L−1), CaCl.2H2O (1.36 mol L−1), and
MgSO4.7H2O (0.81 mol L−1) and added quantities of the stock solution so that the final
proportion was 6.3:2.7:1 of Na, Ca, and Mg, which represents the average composition
of the waters in the region which exploits the Jandaíra Limestone Aquifer [28] (Table 2).
Salinity levels were monitored daily using a portable conductivity meter.

Table 2. Chemical composition of natural water and after adding salt solutions used in the experiment.

EC Na+ Ca2+ Mg2+ K+ Cl− SO4
2− HCO3

−

dS m−1 (mmol L−1)

1.5 5.00 4.00 1.00 0.12 8.10 0.15 7.00
3.0 19.00 4.00 1.50 0.12 22.10 0.75 6.90
4.5 28.50 6.00 2.25 0.12 35.60 1.40 6.90
6.0 38.00 8.00 3.00 0.12 49.10 2.15 6.80

EC—Electrical conductivity, Na+—Sodium, Ca2+—Calcium, Mg2+—Magnesium, K+—Potassium, Cl−—Chlorine,
SO4

2−—Sulfates, HCO3−—Bicarbonates.

The irrigation depths were estimated by the percentage of crop evapotranspiration
(ETc) (Figure 1A), adjusting for field conditions and operation of the irrigation system. ETc
was calculated daily from the calculation of daily reference evapotranspiration, using the
Penman-Monteith method [29], and the daily crop coefficient (Kc) (Figure 1B) by the dual
Kc method. Because it is a localized irrigation system (drip), we adopted an irrigation
efficiency of 95% to calculate the standard irrigation depth. ETo was estimated from the data
collected at a meteorological station near the experiment. To obtain the different depths,
drip hoses spaced between lines of 1.65 m were used, with different spacing between
emitters (20, 30, 40 cm) and flow rates (1.69, 1.65, 3.46, and 3.90 L h−1), to provide flows per
linear meter proportional to the required depths.
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Figure 1. Crop coefficient (A) and crop evapotranspiration (B) were calculated and adopted. The
total irrigation depth for 100% ETc was 6% more.

Sowing was carried out directly, placing five seeds per hole. Thinning was per-
formed ten days after sowing, leaving three plants per hole spaced in double rows
1.40 × 0.25 × 0.30 m. In addition, two manual weedings and an application of Chlo-
rantraniliprole and Imidacloprid were carried out through fertirrigation to control fall
armyworms (Spodoptera frugiperda) and aphid (Aphis gossypii).

To obtain nutrient, sodium, and chlorine contents in the leaf, we collected the diagnosis
leaf, the fourth leaf, from six different plants (Figure 2). First, the leaves were dehydrated
in a forced circulation oven at a temperature of 65 ◦C until they reached constant mass;
then, they were processed in a Willey SL-31 type mill to determine the P, K+, Ca2+, Mg2+

contents, Cl−, and Na+. The nutrient/ion contents were extracted using the dry digestion
method [30]. The concentration of sodium and potassium was determined by the technique
of flame photometry and phosphorus by the colorimetric method of molybdate-vanadate
in a spectrophotometer. Ca2+ and Mg2+ were determined by atomic absorption spectropho-
tometry [30]. Chlorine concentration was determined by the MOHR method, extracted
by calcium nitrate solution (Ca(NO3)2.4H2O), in the form of chloride ion, titrated with a
standardized solution of silver nitrate (AgNO3), in the presence of potassium dichromate
(K2CrO4) as an indicator.

Figure 2. Timeline of evaluations during the experiment.

The first harvest occurred 76 days after planting (flowering), and the second was
95 days after planting (silage point and sucrose extraction). Production was quantified
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by counting the number of plants and weighing the plant material (leaves, stems, and
inflorescences) collected in a 3 m central row. Weightings were carried out in the field using
a portable digital hook scale with a capacity of 50 kg and a resolution of 10 g. Based on
these data, the fresh mass yield was considered based on the average stand of plants in the
area at the time of each harvest, and the values were expressed in Mg ha−1.

The percentage of dry mass was obtained from six plants in the valuable area of the
experimental plot. First, the plants were separated into leaves, stems, and inflorescences
and weighed to obtain the total fresh mass. Then, samples of the respective fresh materials
were placed in a forced circulation oven at a temperature of 65 ◦C until they reached the
constant mass to obtain the dry mass. Each organ’s dry mass percentage was estimated
with these data, and the weighted average was calculated for the entire plant. The total dry
mass, expressed in Mg ha−1, resulted from the product between fresh mass yield and the
dry mass content in the plant.

Data were analyzed for normal distribution using the Shapiro–Wilk test at a 5%
significance level and performed the Pearson correlation matrix. Then, the results were
submitted to analysis of variance by the F-test at the 5% significance level; in case of
significant effects, regression analysis was carried out using the statistical software RStudio
version 4.2.2.1 through the ExpDes.pt package.

3. Results

3.1. Content of Mineral Elements in Sorghum Diagnosis Leaf

Water deficit linearly interfered with the K+ and P contents, in which the increase in the
irrigation depth provided a reduction in the K+ content (p ≤ 0.01) (Figure 3A) concomitant
with an increase in the P content in the leaves (p ≤ 0.01) (Figure 3B). Salinity linearly
reduced the Cl− content (p ≤ 0.01) in the diagnosis leaf (Table 3), as can be seen in Figure 4,
but did not affect the other ions studied. It is worth emphasizing that no interactive effect
of salt × irrigation was observed in this study, which may indicate the adoption of brackish
water as long as it is in good quantity or reduce the irrigation depth as long as the water
used is of good quality.
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Figure 3. Potassium (A) and phosphorus (B) content in the diagnosis leaf for cultivar IPA SF-15 as a
function of crop evapotranspiration levels.
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Table 3. Summary of analysis of variance for nutrient content traits in sorghum (Sorghum bicolor (L.)
Moench) IPA SF-15 diagnosis leaf as a function of water and salt stress.

SV DF
Statistical Significance by F-Test

Na K Ca Mg P Cl

Block 2 0.110 0.719 0.028 0.324 0.320 0.087
Salt 3 0.943 0.227 0.512 0.167 0.874 0.001

Comp. L 1 0.731 0.334 0.169 0.042 0.982 0.000
Comp. Q 1 0.628 0.093 0.816 0.543 0.405 0.732

Irrig. 3 0.421 0.002 0.152 0.326 0.000 0.388
Comp. L 1 0.288 0.001 0.768 0.152 0.000 0.153
Comp. Q 1 0.689 0.045 0.494 0.299 0.847 0.977

Salt × Irrig. 9 0.262 0.765 0.054 0.103 0.243 0.675
Residue 30 - - - - - -

Total 47 - - - - - -

CV (%) 11.30 12.82 16.06 20.97 24.92 11.00
Average 0.51 13.62 4.31 2.13 1.46 90.04

SV—Source of variation, DF—Degree of freedom, CV—Doefficient of variation, Salt—Effect of salinity; Irrig.—Effect
of water stress; Comp. L and Q—Linear and quadratic component, significance (0.01 ≥ p ≤ 0.05) by F-test.
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Figure 4. The chlorine content in the diagnosis leaf for the IPA SF-15 cultivar as a function of the
electrical conductivity of the irrigation water.

3.1.1. Potassium and Phosphorus

Under an irrigation depth of 51.3% ETc, the observed potassium content was 14.86 g kg−1,
dropping sharply to 14.03 and 13.20 g kg−1 for the irrigation depths of 70.6 and 90.0% of ETc,
respectively (Figure 3A). According to the linear model generated (K+ = 17.0519 − 0.0428**x;
R2 = 0.75), for each unit increase in %ETc, the K+ content decreased by approximately
0.04 g g kg−1 in dry mass (1.24%). The lowest K+ content (12 g kg−1) was obtained
underwater control conditions of 118% ETc, approximately 19% lower than the maximum
value observed.

Increasing the irrigation depth provided higher levels of P in the leaves (Figure 3B),
with estimated values ranging from 1.06 to 1.99 g kg−1 of P in dry mass for a depth of
51.3 to 118% of ETc respectively, that is, an increase of 87% about lower water availability.
From the regression analysis, a significant effect of the irrigation depth was observed with
a linear rise in 0.014 g kg−1 of P in the dry mass (0.53%) in the leaf of the sorghum plant for
each unit variation in the water depth irrigation.
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3.1.2. Chlorine

Salt stress reduced the chlorine content in the leaf (Figure 4), which ranged from
24.73 to 20.37 g kg−1 for electrical conductivity from 1.5 to 6.0 dS m−1, respectively, ex-
pressing a decrease of 18% about higher electrical conductivity. The regression model that
best fit was linear decreasing (Cl− = 26.1646 − 0.9664**x; R2 = 0.97), showing an estimated
decrease of approximately 0.96 g kg−1 of Cl− in dry mass (−0.21%).

3.2. Production Variables

Regarding production analyses, analysis of variance (Table 4) identifies that salinity
interfered only with the total fresh mass yield at 76 DAP (p ≤ 0.05). Despite being significant,
the tested linear and quadratic regression models did not fit the data in Figure 5A with
very shallow R2 values. This means some model was significant but would probably have
no plausible physiological explanation for this behavior. As there was no adjustment of
the models tested for the variables, the Tukey test was applied (p ≤ 0.05) for the salinity
factor for the variables’ yield of fresh matter and total dry mass, where it was verified that
there was no significant difference, as shown in Figure 5. As for the effect of the depth,
it was observed that it interfered with the yield and total dry mass at 76 and 95 DAP
(p ≤ 0.01) since the interaction was not significant for any of the variables in any of the
studied periods.

Table 4. Summary of analysis of variance: dry mass percentage (DMP), plant yield (Yield), total dry
mass (TDM) at 76 and 95 days after planting (DAP) for sorghum (Sorghum bicolor L. Moench) IPA
SF-15 as a function of water and salt stress.

SV DF

Statistical Significance by F-Test

76 DAP 95 DAP

DMP Yield TDM DMP Yield TDM

Block 2 0.000 0.000 0.463 0.985 0.108 0.362
Salt 3 0.841 0.042 0.192 0.525 0.928 0.656

Comp. L 0.902 0.132 0.263 0.699 0.968 0.701
Comp. Q 0.519 0.739 0.511 0.342 0.514 0.340

Lam 3 0.345 0.000 0.000 0.799 0.000 0.009
Comp. L 0.106 0.000 0.000 0.546 0.000 0.006
Comp. Q 0.547 0.212 0.403 0.422 0.342 0.342

Salt × Lam 9 0.263 0.088 0.629 0.175 0.766 0.454
Residue 30 - - - - - -

Total 47 - - - - - -

CV (%) 10.68 15.14 22.29 13.91 15.31 21.85
Average 30.00 65.88 19.58 38.00 83.14 31.74

SV—source of variation, DF—degree of freedom, CV—coefficient of variation, Salt—Effect of salinity; Irrig—Effect
of water stress; Comp. L and Q—linear and quadratic component, significance (0.01 ≥ p ≤ 0.05) by F-test.

It was observed that the fresh matter yields at 76 and 95 DAP were not affected by
the saline levels applied with values ranging from 60.04, 71.02 and 81.72 to 84.55 Mg ha−1,
respectively Figure 5A. The total dry mass at 76 and 95 DAP also showed no signifi-
cant difference for the salinity factor; the values ranged from 17.48, 21.49 and 29.97 to
33.57 Mg ha−1, respectively, for saline levels (Figure 5B).

The yield of fresh matter and total dry mass for the two sorghum cutting periods
increased linearly with the increase in the irrigation depth, regardless of the salinity level of
the irrigation water (Figure 6A). It ranged from 52.92 to 83.00 Mg ha−1 for a water regime
of 51.3% of ETc (244 mm) and 118% of Etc (547 mm), representing a 57% increase in yield
compared to lower water availability. For each unit variation in %Etc, there is an estimated
increase of approximately 0.46 Mg kg−1 in fresh mass yield (0.64%).
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Figure 5. The yield of fresh matter (A) and total dry mass (B) for the sorghum cultivar (Sorghum
bicolor (L.) Moench) IPA SF-15, as a function of the electrical conductivity of the irrigation water for
cutting performed at 76 days (red) and 95 days (blue) after planting.
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Figure 6. The yield of fresh matter (A) and total dry mass (B) for the sorghum cultivar (Sorghum
bicolor (L.) Moench) IPA SF-15 as a function of the total irrigation depths for cutting performed at
76 days (red) and 95 days (blue) after planting.

Water availability significantly influenced dry mass production (Figure 6B), with a
variation from 14.96 to 25.68 Mg ha−1 for the lowest and highest water availability condition.
This variation promoted an increase of 72% in the production of total dry mass. Applying
90% of the ETc (419 mm), the dry mass production was 21.18 Mg ha−1, only 7% lower than
the production generated by the irrigation depth of 464 mm (100% of the ETc), which was
22.78 Mg ha−1.

In the cutting period at 95 DAP, yield behavior was linearly increasing (Figure 6A).
The variation ranged from 72.2 to 97.64 Mg ha−1, representing a 35% increase in production
from the lowest to the highest applied depth, representing an applied water volume of
311 to 713 mm, respectively. When comparing the two cutting periods, the increase in yield
for the second cut was lower than the first, as was the volume of water applied. In regions
with limited water volume, it was cutting 76 days after planting is necessary.
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3.3. Pearson Correlation Matrix

The mineral elements K+ and Mg2+ were strongly correlated with Na+ and Ca2+ in the
plant leaf (r = 0.53 and r = 0.80) (Table 5). As for the production variables, total dry mass
and yield at 76 DAP correlated positively with the phosphorus content in the leaf (r = 0.52
and r = 0.50), while for the K+ content, the correlations were negative for the percentage of
mass, yield at 76 DAP (r = −0.36 and r = −0.42) and yield and total dry mass at 95 DAP
(r = 0.34 and 0.41). In addition, other correlations were verified; however, the correlative
effect was shallow both positively and negatively between the elements and the production
variables for the two analyzed periods.

Table 5. Pearson correlation matrix for variables measured at 76 e 95 DAP.

Na K Ca Mg P Cl DMP76 Yield76 TDM76 DMP95 Yield95 TDM95

Na 1
K 0.53 1
Ca 0.38 0.29 1
Mg 0.50 0.33 0.80 1
P 0.34 −0.04 0.34 0.35 1
Cl 0.14 0.25 0.06 0.17 −0.06 1

DMP
76 −0.34 −0.36 0.06 −0.17 0.04 −0.22 1

Yield
76 0.09 −0.28 0.11 0.08 0.52 0.01 −0.04 1

TDM
76 −0.06 −0.42 0.14 0.01 0.50 −0.08 0.43 0.88 1

DMP
95 −0.03 −0.06 0.15 0.09 −0.09 0.11 0.04 0.13 0.14 1

Yield
95 −0.06 −0.34 0.02 0.04 0.22 −0.15 −0.01 0.49 0.44 0.63 1

TDM
95 −0.04 −0.41 −0.08 −0.01 0.35 −0.29 −0.05 0.53 0.45 0.07 0.81 1

Na+—Sodium, K+—Potassium, Ca2+—Calcium, Mg2+—Magnesium, P—Phosphorus, Cl−—Chlorine, dry mass
percentage (DMP), Yield plant yield (Yield), total dry mass (TDM) at 76 and 95 days after planting (DAP).

4. Discussion

In conditions of extreme water deficit, 51% of the water needs the K+ content was
maximum; this can be justified because the K+ is used to control the opening and closing of
the stomata. May notice that until water availability at 90% of the ETc, the K+ content was
within the limit of 13 g kg−1 in the dry mass recommended by [31] as a critical level of K+

for the species. Despite the K+ content being at the limit, no nutrient deficiency symptoms
were observed in the plant.

According to water deficit, the increase in K+ content in the leaf may be related to
concentration effects, as the plant limits water loss through better stomatal regulation [32].
Furthermore, the response to water deficit of reducing shoot growth promotes root devel-
opment, increasing the plant’s resistance to water deficit [33–35]; therefore, this nutrient
is more concentrated in the dry mass. Although researchers such as [36] have observed a
reduction in K+ in the aerial part of sorghum subjected to water stress, we understand that
the different results found in this work can be explained by the fact that the K+ evaluation
was carried out directly from the diagnosis leaf.

Underwater scarcity, a form of plant defense, is the stomata’s closing to avoid water
loss to the atmosphere. In this sense, the increase in K+ concentration is due to the greater
demand by the plant to maintain photosynthesis and protect chloroplasts [37]. In addition,
in leaves, K+ acts in osmotic regulation, mainly under conditions of water deficiency, where
the presence of the ion guarantees the turgor of the guard cells, reducing the osmotic
potential [38] and, therefore, promoting the flow of water from the roots for the leaves.
This osmotic adjustment function is widely known due to the high solubility of K+ at the
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potential in the role of fundamental osmoregulation [39] for the osmotic control of the plant
subjected to water stress. All these adjustments that the plant starts to execute are measures
to reduce the stress in which it is submitted.

The reduction in P content according to water stress may be associated with its low
mobility, given that, as it is absorbed by diffuse flow, it depends on soil moisture to be
absorbed by the plant. Therefore, the increase in water availability contributes to the
absorption of P by the plant. In underwater scarcity conditions, the root system tends to
expand to increase P interception increasing plant uptake [40].

In a situation of salt stress, the plant reduces chlorine displacement to the leaf blade as
a defense [41], despite being an essential nutrient for the plant. This is because, even though
it is essential, an excess of the element can cause unpredictable damage to the plant [42]. In
this way, potentially toxic ions are retained in the stem and root, showing the efficiency of
sorghum in preventing displacement to the leaf depth [41–43] and contributing to greater
tolerance to saline stress. Therefore, reducing Cl− contents in the leaves with increased EC
of water is a mechanism to avoid accumulating toxic levels for the plant.

Chlorine levels in the leaf are in the range of critical toxicity concentration in leaf
tissues for tolerant plants, which varies from 15 to 50 g kg−1 [44]. However, it did not
affect the production data. High concentrations of Cl− induce nutritional disturbances [42],
such as interference in the absorption of ions (Ca2+, Mg2+, Mn2+, Zn2+, and B), in addition
to toxicity in foliar tissues [45]. In addition, the high concentration of Cl− in the leaf is
directly related to the increase in leaf succulence [24,46], an efficient protection mechanism
to increase the partial dilution of salts by increasing the degree of juiciness. Another point
to consider is that the Cl− content absorbed by sorghum was higher than that of Na+, which
may be due to the high mobility of this anion and its free transport in the plant.

The water stress condition caused by the irrigation deficit during early flowering
results in stomatal closure, reducing transpiration, affecting plant development, and re-
ducing yield [47]. Ref. [48] A reduction in production for wheat cultivars was observed
when subjected to water deficit during the grain filling period. This may be related to
lower nutrient availability in the solution caused by reduced soil moisture. Limited water
availability justifies its use. According to [7], applying irrigation depth above 200 mm
may be insignificant to increase yield. Reinforcing that even if it reduces production, it
is justifiable to use the smallest blade possible to obtain an adequate yield of sorghum
production.

The reduction in production when subjected to water deficit can be explained due to
the closure of stomata and impairment of plant photosynthesis [49,50]; or by causing direct
damage to the photosynthetic metabolism of the plant [51,52]. However, applying a depth
of 50 and 71% of the crop’s need, despite the reduction in production, there is a gain in
water savings, mainly for regions where water availability is limited. Ref. [2] found a dry
mass production of 27.02 Mg ha−1 using 75% of the reference evapotranspiration, values
close to those found in this work, making possible better use of water in periods where
water availability is limited.

Pearson’s correlations showed few relationships between the variables; however, the
mineral elements that presented a correlation were potassium with sodium, an effect that
may be related to the high levels of potassium found in the soil and leaf. Potassium is
responsible for the stomatal regulation of the plant in the process of opening and closing
the plant’s stomata. In addition, magnesium and calcium showed a strong correlation
with each other. Calcium is fundamental in the plant’s response to abiotic stress, acting
as a messenger signaling the stress signal [22,53]. Despite the mineral elements provided
in the irrigation water in more significant quantities, such as calcium, magnesium, and
toxic sodium and chlorine ions, they did not affect sorghum production in the two cutting
periods. However, phosphorus positively affected plant production at 76 DAP. As for
potassium, its effect on all production variables was negative; this can be explained by the
high levels of available potassium harming the plant.
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5. Conclusions

The study showed saline stress did not affect sorghum production characteristics,
making using saline water in irrigation possible. As for the toxicity of ions, the plant
manifested a tolerance behavior to Na+ and Cl− ions, reducing the accumulation in the
leaf and possibly directing it to the stem and roots, reinforcing that the crop is tolerant
to salinity.

Water stress reduced the production of IPA SF-15; however, when seeking to reduce
water costs and its limitation of water availability, the supply of 71% of the ETc of the
crop can be adopted without significant losses for the sorghum crop. The threshold depth
acceptable for the crop can be defined by the estimated depth of 90% of the maximum yield
obtained in the experiment for the two planting times. The effect is more at grain filling
than at the end of the crop cycle.

For semi-arid conditions where there are water limitations, the result of sorghum
production for a water supply of up to 51% of the water requirement of the crop is an
alternative to maintain the cultivation of sorghum IPA SF-15, mainly for small producers
who live in these conditions of water scarcity and problems with the salinity of the available
water sources.
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Abstract: The objective of this research was to define the potential of brackish groundwater for
15 systems of biosaline agriculture in a representative area of the Brazilian semi-arid region. The
study was conducted using a database of the State of Ceará, with 6284 wells having brackish water
(EC ≥ 0.8 dS m−1 and discharge rate ≥ 0.5 m3 h−1). Our results show that the potential of brackish
groundwater resources depends on the set of data: (i) production system (crop salt tolerance and
water demand) and (ii) water source (salinity and well discharge rate). The joint analysis of these
data shows that plant production systems with lesser water requirements, even with moderate
tolerance levels to salt stress, present better results than more tolerant species, including halophytes
and coconut orchards. About 41, 43, 58, 69, and 82% of wells have enough discharge rates to irrigate
forage cactus (1.0 ha), sorghum (1.0 ha with supplemental irrigation), hydroponic cultivation, cashew
seedlings, and coconut seedlings, respectively, without restrictions in terms of salinity. Otherwise,
65.8 and 71.2% of wells do not have enough water yield to irrigate an area of 1.0 ha with halophytes
and coconut palm trees, respectively, butmore than 98.3 and 90.7% do not reach the water salinity
threshold for these crops. Our study also indicates the need for diversification and use of multiple
systems on farms (intercropping, association of fish/shrimp with plants), to reach the sustainability
of biosaline agriculture in tropical drylands, especially for family farming.

Keywords: drylands; aquifers; salinity; biosalinity; sustainability

1. Introduction

The semi-arid regions of the world suffer from water shortage and are increasingly
vulnerable to extreme events, imposed by climate variability and enhanced by climate
change on a global scale [1,2]. In particular, the tropical semi-arid regions are faced
with several constraints that compromise sustainability [3–5] and the expansion of the
agricultural sectors, such as high temperature, water shortage, poorly developed soils,
and high salinity of groundwater sources [6–8]. Prolonged droughts, as observed in the
Brazilian semi-arid region between 2012 and 2016 [9,10], cause severe losses in agricultural
and livestock production, as well as impact other sectors of the economy [11].

Irrigated agriculture is responsible for the highest consumption of available water in
arid and semi-arid regions [12,13]. However, farmers in these regions suffer from problems
related to the availability and quality of water for agricultural production [14]. According
to [15], most surface reservoirs present in the Brazilian semi-arid region have a capacity
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ranging from 1 to 1000 hm3, with small (less than 10 hm3) and medium (10 to 50 hm3) sizes
prevailing. Given the high evaporation rate and the scarcity of surface water in this region,
the use of groundwater is a viable alternative [16].

According to data from the National Water Agency (ANA), in 2017 there were about
1.2 million wells drilled in the aquifers of Brazil [17]. In the Brazilian semi-arid region,
there are about 160,000 wells [18], and a significant part of these water sources have a
high salt concentration, with electrical conductivity of most water sources between 1.0 and
6.0 dS m−1 and an average discharge rate less than 3.0 m3 h−1 [6,19–21]. According to [6],
the largest proportion of these wells with brackish water is found in the fractured crystalline
aquifers, followed by alluvial and sedimentary areas.

With the scarcity of low-salinity water for use in irrigated agriculture, the use of
brackish water appears to be an alternative [21,22]. Although these brackish sources
can meet the water needs of certain production systems, the high salt concentration is a
constraint for the growth and productivity of most crops [23–25]. Plants under salt stress
may present changes in their metabolic and biochemical activities due to the osmotic and
ionic effects of excess salts in the root zone, with direct impacts on stomatal conductance and
photosynthetic rate, inhibition of protein synthesis and enzymatic activities, and increased
degradation of chlorophyll [26,27].

To partially circumvent salinity problems in agriculture, there is a vast literature on
crop salt tolerance [28], as well as management strategies to reduce the impacts of excess
salts on crop development [20]. In addition, there is a lot of information on the water needs
of annual and perennial crops, and studies on the water potential of aquifers, which allow
the elaboration of well-sized projects with water sustainability. However, the potential of
these brackish water sources has only been assessed based on qualitative (water salinity) or
quantitative (water yield) assessment [6,21,29]. According to quality indices, for example, a
high percentage of the brackish groundwater (51%) in the Brazilian semi-arid region has
been classified as poor quality for plant cultivation, while 87% integrated the best quality
classes (excellent and good) for animal production [21]. Otherwise, studies that simulta-
neously evaluate the quantitative and qualitative potential of brackish groundwater for
agricultural purposes have not been carried out to date. Therefore, this innovative approach
needs to be developed to ensure the expansion of sustainable biosaline production under
arid and semi-arid climates. The results of this type of research can give a more realistic
guide for the use of brackish groundwater by farmers as well as for the improvement of
public policies related to the agriculture sector.

Considering this new approach, our study tested the hypothesis that the potential of
wells with brackish water in the Brazilian semi-arid region depends on the water salinity
level, water discharge rates, and inherent characteristics of biosaline production systems
(salt tolerance and water demand). Thus, the objective of this study was to define, based
on qualitative and quantitative indicators, the potential of wells with brackish water for
15 agricultural production systems in a representative area of the Brazilian semi-arid region.

2. Material and Methods

2.1. Characterization of the Study Area

The Brazilian semi-arid region covers areas of nine States in the Northeast Region
and one in the Southeast Region, covering 1262 municipalities. It has a total area of
approximately 1.12 million km2, and about 27 million inhabitants [30]. This study was
carried out using a database from the State of Ceará (Figure 1). The State is made up
of 184 municipalities, with a total area of 148,886 km2, and a population of 8.9 million
inhabitants. According to the Köppen classification, the State of Ceará has two types
of climates: BSh (tropical semi-arid climate) and Aw (tropical climate with dry winter).
However, the semi-arid tropical climate is predominant [31] in approximately 95% of the
area of the state, with an average annual temperature of 27 ◦C, potential evapotranspiration
of 1700 mm, and average annual rainfall from 500 to 800 mm, with around 80% concentrated
during February to May [32].
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Figure 1. Geographic location of the study area. The acronyms indicate the states of the Northeast
Region of Brazil that border the State of Ceará—CE: MA = Maranhão; PI = Piauí; RN = Rio Grande
do Norte; PB = Paraiba; PE = Pernambuco.

2.2. Database Characterization

The research was carried out using a database of chemical analyses of water from
wells in 179 municipalities in the State of Ceará, provided by the Superintendência de
Obras Hidráulicas do Ceará (SOHIDRA) and by the Serviço Geológico do Brasil (CPRM).
The selection of wells with brackish water was based on the electrical conductivity of the
water (EC) ≥ 0.8 dS m−1 (quality criterion) and discharge rate (Q) ≥ 0.5 m3 h−1 (water
availability criterion).

The database consists of wells drilled from 1987 to 2021, totaling 25,497 wells, with
6284 wells (about 25% of the total) meeting the quality and water availability criteria
established for the study (EC ≥ 0.8 dS m−1 and Q ≥ 0.5 m3 h−1). The database also
includes relevant information, such as: city, geographic coordinates, drilling year, and
depth. Table 1 presents the minimum, average, maximum, and median for electrical
conductivity, total dissolved solids, discharge rate, and depth.

Table 1. Minimum, average, maximum, and median values for electrical conductivity of water (EC),
total dissolved solids (TDS), discharge rate, and depth of the 6284 wells with brackish water from the
Ceará State database.

Parameters Minimum Average Maximum Median

EC (dS m−1) 0.80 2.89 29.40 1.97
TDS (mg L−1) 508.8 1980.6 23,520 1260.8

Discharge (m3 h−1) 0.50 4.10 180 2.48
Depth (m) 11.5 69.38 233 70
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2.3. Selected Production Systems

To assess the potential use of brackish water, plant production systems and two
fish and plant associations were considered, characterized as follows: (i) full irrigation
(halophytes and maize); (ii) supplemental irrigation of annual crops (maize, sorghum,
and cotton); (iii) irrigation of perennial crops (forage cactus, cashew, and coconut trees);
(iv) hydroponics (vegetables); (v) production of seedlings in nurseries (coconut, cashew, and
tree species from the Caatinga biome); (vi) ornamental plants; and (vii) association of fish
and plants: (Tilapia—Oreochromis niloticus plus glycophytes and Tilapia plus halophytes).
The selection of these production systems considered their adaptability to the semi-arid
tropical climate, being commonly used in small and medium farms in the semi-arid region
of Brazil.

2.4. Definition of Salinity Thresholds

The water salinity threshold for the 15 production systems was defined based on
results published in the scientific literature (Table 2), considering a production loss of up to
10% (EC90).

Table 2. Water salinity threshold for 15 production systems, assuming a maximum production loss of
up to 10% (EC90).

Production systems EC90 (dS m−1) * References

1. Full irrigation of halophytes (Atriplex, Sarcorcórnia, etc.) 11.4 [33,34]
2. Full irrigation of maize 1.7 [28,35]

3. Supplemental irrigation of maize 3.2 [35–37]
4. Supplemental irrigation of cotton 5.1 [28,38,39]

5. Supplemental irrigation of sorghum 5.0 [28,40,41]
6. Irrigation of forage cactus 3.0 [42–45]

7. Irrigation of cashew orchards in sandy soils 5.0 [46–48]
8. Irrigation of coconut orchards in sandy soils 6.0 [49–51]

9. Hydroponics cultivation of vegetables 3.0 [52–55]
10. Coconut seedlings 4.5 [56,57]
11. Cashew seedlings 3.0 [58–60]

12. Seedlings of tree species native to Caatinga biome 2.5 [61]
13. Herbaceous ornamental plants 2.5 [62–64]

14. Tilapia plus glycophytes 3.0 **
15. Tilapia plus halophytes 9.0 ***

* Electrical conductivity measured at 25 ◦C; ** Threshold for the glycophyte systems that will be used in association
with fish (supplemental irrigation, hydroponics, forage cactus, and seedling production in nurseries); *** Threshold
value for tilapia cultivation, according to [65–67].

In general, less restrictive water salinity thresholds were chosen, considering the
existence of poorly developed soils in areas with a high occurrence of brackish groundwater
in the Brazilian semi-arid region. A minimum leaching fraction of 15% is recommended
to avoid excessive salt build-up, especially when full irrigation is used. The sodium
adsorption ratio (SAR) should be previously evaluated in the case of soils with medium
texture or with high clay content, although SAR values are not high in most water sources
in the region studied [6]. In some cases, the potential for incrustation or corrosion must
also be evaluated to avoid clogging problems in the irrigation system, especially in waters
with a high concentration of carbonates and sulphate [28].

For supplemental irrigation of annual crops, the salinity thresholds are higher than for
full irrigation, because of the possibility of leaching of part of the salts by rainwater [68].
However, for supplemental irrigation of cotton, it is recommended to use the threshold
salinity value indicated for full irrigation, given the types of soils in which cotton is
cultivated, which normally have high clay content. For perennial crops, both possibilities
of full and supplemental irrigation were considered. Full irrigation of perennial crops
such as coconut and cashew nut should be carried out in deep sandy soils and orchards in
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production. The implantation of new orchards must be performed at the beginning of the
rainy season, with the use of supplemental irrigation with brackish water, if necessary.

For most cases, localized irrigation is recommended, as this method reduces the direct
impact of salinity on the leaves. However, sprinkler irrigation may be used for annual
crops, especially for supplemental irrigation of foragewith water of moderate salinity.
Supplemental irrigation can be practiced during the rainy season in the Brazilian semi-arid
region. Forage cactus should only be irrigated in the dry season.

The fish plus glycophytes system combines tilapia cultivation with plant production
systems (supplemental irrigation of annual crops or forage cactus irrigation or seedling
production in nurseries or hydroponic cultivation), and the average salinity threshold for
plant cultivation was considered. For the fish plus halophyte system, the threshold value
for tilapia cultivation (9.0 dS m−1) was considered [65–67].

2.5. Definition of the Minimum Required Discharge Rates

The minimum discharge rate (Table 3) was defined according to the size of the enter-
prise, the water demand of each production system, and the time of functioning of the deep
well (6 h per day).

Table 3. Minimum discharge rates (Q) required of wells for each production system *.

Production Systems/Enterprise Size
Required Water Discharge Rate

(m3 h−1)

Full irrigation of halophytes (Atriplex, Sarcorcórnia)—0.5 ha 2.0
Full irrigation of halophytes (Atriplex, Sarcorcórnia)—1.0 ha 4.0

Full irrigation of maize—0.5 ha 2.5
Full irrigation of maize—1.0 ha 5.0

Supplemental irrigation of annual crops (maize, cotton, sorghum)—0.5 ha 1.25
Supplemental irrigation of annual crops (maize, cotton, sorghum)—1.0 ha 2.50

Irrigation of forage cactus—0.5 ha 1.0
Irrigation of forage cactus—1.0 ha 2.0

Irrigation of cashew orchards in sandy soils—0.5 ha 1.6
Irrigation of cashew orchards in sandy soils—1.0 ha 3.2
Irrigation of coconut orchards in sandy soils—0.5 ha 3.0
Irrigation of coconut orchards in sandy soils—1.0 ha 6.0

Hydroponic cultivation of vegetables (100 m2) 1.0
Cashew seedlings in nurseries (2000 seedlings) 0.5
Coconut seedlings in nurseries (2000 seedlings) 0.5

Seedlings of tree species native to Caatinga biome (2000 seedlings) 0.5
Herbaceous ornamental plants (2000 plants) 0.5

Tilapia plus glycophytes 1.5
Tilapia plus halophytes 2.5

For full irrigation of maize, a daily water depth of 5.0 mm was considered [69], with
localized irrigation and a wetted area equal to 50% of the total area. This value represents
the water consumption at the stage of maximum crop demand, with lower consumption
at the other stages. For longer irrigation intervals, a 50–100 m3 cistern/tank will be
required to store water from the well on days without an irrigation event. For supplemental
irrigation of annual crops, the adequate discharge rate will be half of that required for
full irrigation [69–71], with the possibility of storing rainwater or well water during the
dry spells.

For forage cactus irrigation, 40,000 plants ha−1 and an irrigation depth of 1.0 mm per
day were considered [72,73], with weekly irrigation during the dry season, which requires the
storage of well water. For the dwarf cashew, 204 plants ha−1 were considered with an average
water application of 80 L plant−1 day−1 [74]. For dwarf green coconut, 200 plants ha−1 were
considered with an average water application rate of 150 L plant−1 day−1 [75,76].
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For the fish plus glycophytes system, the discharge rate required for 0.4 ha of supple-
mental irrigation of annual crops, or 0.5 ha of forage cactus was considered, which is also
sufficient for hydroponics or seedling production. For the fish plus halophytes system, the
discharge rate required for 0.5 ha of halophytes was considered. The total water required
by each system also includes evaporation losses in fish farming. A total volume of 100 m3

was considered for the cultivation of fish, which can be stored in one or more tanks.

2.6. Criteria for Defining the Potential of the Wells

The criteria for water quality (threshold salinity, Table 2) and water availability (water
discharge required, Table 3) were adopted, and their respective adequacy and non-adequacy
values, as described in Table 4:

Table 4. Water quality criteria and well productivity.

Electrical Conductivity (EC90) Discharge (Q) Symbol

Adequate (ad) Adequate (ad) ECad and Qad
Inadequate (nad) Adequate (ad) ECnad and Qad

Adequate (ad) Inadequate (nad) ECad and Qnad
Inadequate (nad) Inadequate (nad) ECnad and Qnad

For the irrigation of halophytes, annual crops, and perennial crops, the irrigable area
in hectares was estimated. For this calculation, the following data were considered: The
volume of water produced by the well without salinity restriction (m3) and the volume
required for each cultivation system (m3 ha−1). The daily water volume produced by the
well was obtained by multiplying the discharge rate by 6 (time of functioning).

2.7. Data Analysis

Data of electrical conductivity and discharge rate of the wells were organized in
spreadsheets in the computer program Microsoft Excel in a file containing the respective
geographic coordinates to facilitate the manipulation of the data. Then, georeferenced maps
were made for each biosaline production system, using the Quantum GIS 3.22 program [77].

3. Results

3.1. Irrigation of Halophytes

Data analysis showed that 3637 wells (57.9%) have adequate electrical conductivity
and discharge for full irrigation of halophytes for an area of 0.5 ha (Figure 2A). However,
70 wells (1.1%) do not have adequate electrical conductivity, but their discharge rate is
adequate, 2539 wells (40.4%) have adequate electrical conductivity, but the water avail-
ability is insufficient, and 38 wells (0.6%) do not have an adequate discharge rate and the
electrical conductivity is higher than the salinity threshold. For an area of 1.0 ha (Figure 2B),
2113 wells (33.7%) are adequate both from the point of view of electrical conductivity and
water availability, 29 wells (0.5%) only have adequate discharge rates, 4063 wells (64.6%)
only have adequate electrical conductivity, and 79 wells (1.2%) do not have suitable salinity
or water availability.
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Figure 2. Potential of brackish groundwater in the State of Ceará (Northeast Brazil) for full irrigation
of halophytes in 0.5 ha (A) and 1.0 ha (B), based on the threshold electrical conductivity of the irriga-
tion water (EC) and discharge rate (Q). ECad: adequate electrical conductivity; ECnad: inadequate
electrical conductivity; Qad: adequate discharge; Qnad: inadequate discharge.

3.2. Full and Supplemental Irrigation of Annual Crops

For full irrigation of maize, with an area of 0.5 ha (Figure 3A), about 1410 wells
(22.4%) show EC and Q suitability, 1729 wells (27.5%) show inadequate EC and adequate
Q, 1263 wells (20.1%) have adequate EC and inadequate Q, and 1882 wells (30.0%) do
not have adequate EC or adequate Q. For 1.0 ha (Figure 3B), only 794 wells (12.6%) have
adequate EC and Q, 839 wells (13.3%) only have adequate Q, 1879 wells (30.0%) only have
adequate EC, and 2772 wells (44.1%) have salinity above the threshold and do not reach
the minimum discharge required for the crop.

For supplemental irrigation of maize, for 0.5 ha (Figure 3C), 3278 wells (52.2%) meet
the water demand of the crop and have an EC within the salinity threshold of the crop.
However, 1248 wells (19.8%) only have adequate Q, 1211 wells (19.3%) only have adequate
electrical conductivity of water, and 547 wells (8.7%) did not present either adequate electri-
cal conductivity or water availability. For the area of 1.0 ha (Figure 3D), 2314 wells (36.8%)
fit according to EC and Q, 825 wells (13.1%) only have adequate discharge, 2175 wells
(34.6%) only have adequate electrical conductivity, and 970 wells (15.5%) are not suitable
due to the high salinity and low discharge rate.

Of the 6284 wells evaluated for supplemental irrigation of sorghum in an area of
0.5 ha (Figure 4A), 62.0% (3898 wells) have adequate EC and Q, 10.0% (628 wells) only have
adequate Q, 23.3% (1462 wells) have adequate EC and inadequate Q, and 4.7% (296 wells)
do not have adequate EC and Q. For an area of 1.0 ha (Figure 4B), 43.5% (2732 wells) of
the wells have adequate EC and Q, 6.5% (407 wells) have inadequate EC and adequate Q,
41.8% (2628 wells) have adequate EC and inadequate Q, and 8.2% (517 wells) do not have
adequate EC or Q.
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Figure 3. Potential of brackish groundwater in the State of Ceará (Northeast Brazil) for full irrigation
of maize in 0.5 ha (A) and 1.0 ha (B), and supplemental irrigation of maize in 0.5 ha (C) and 1.0 ha
(D), based on the threshold electrical conductivity of the irrigation water (EC) and discharge rate
(Q). ECad: adequate electrical conductivity; ECnad: inadequate electrical conductivity; Qad: adequate
discharge; Qnad: inadequate discharge.

48



Agriculture 2023, 13, 550

 

Figure 4. Potential of brackish groundwater in the State of Ceará (Northeast Brazil) for supplemental
irrigation of sorghum in 0.5 ha (A) and 1.0 ha (B), and supplementary irrigation of cotton in 0.5 ha
(C) and 1.0 ha (D), based on the threshold electrical conductivity of the irrigation water (EC) and
discharge rate (Q). ECad: adequate electrical conductivity; ECnad: inadequate electrical conductivity;
Qad: adequate discharge; Qnad: inadequate discharge.
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For the practice of supplemental irrigation of cotton in an area of 0.5 ha (Figure 4C),
62.6% of wells (3938 wells) achieve adequacy in terms of salinity and water availability,
9.3% (588 wells) only have adequate Q, 23.5% (1477 wells) only have adequate EC, and
4.5% (281 wells) do not have either adequate water electrical conductivity or well discharge.
Considering an area of 1.0 ha (Figure 4D), 44.0% of wells (2760 wells) have adequate
water electrical conductivity and discharge, 6.0% (379 wells) only have adequate Q, 42.2%
(2655 wells) only have adequate EC, and 7.8% (490 wells) are limited by both high salinity
and low water availability.

3.3. Irrigation of Perennial Crops

In the irrigation of forage cactus for an area of 0.5 ha (Figure 5A), 3624 wells (57.7%) are
adequate in terms of salinity and water availability, 1603 wells (25.5%) only have adequate
Q, 703 wells (11.2%) only have adequate EC, and 354 wells (5.6%) have inadequate EC
and Q. For an area of 1.0 ha (Figure 5B), 2594 wells (41.3%) present adequate EC and Q,
1108 wells (17.6%) only have adequate Q, 1733 wells (27.6%) only have adequate EC, and
849 wells (13.5%) do not have adequate EC or Q.

 

Figure 5. Potential of brackish groundwater in the State of Ceará (Northeast Brazil) for full irrigation
of forage cactus in 0.5 ha (A) and 1.0 ha (B), based on the threshold electrical conductivity of
the irrigation water (EC) and discharge rate (Q). ECad: adequate electrical conductivity; ECnad:
inadequate electrical conductivity; Qad: adequate discharge; Qnad: inadequate discharge.

For the management of coconut irrigation in an area of 0.5 ha (Figure 6A), 41.2% of
wells (2592 wells) have adequate electrical conductivity and discharge, 3.5% (217 wells)
only have adequate Q, 49.4% (3105 wells) are limited only by low discharge, and 5.9%
(370 wells) have problems of high salinity and low water availability. For an area of 1.0 ha,
19.5% (1225 wells) have adequate EC and Q, 1.4% (88 wells) have adequate Q only, 7.9%
(499 wells) do not have adequate water electrical conductivity or discharge, and 71.2%
(4472 wells) are limited by low water availability.
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Figure 6. Potential of brackish groundwater in the State of Ceará (Northeast Brazil) for coconut
irrigation in 0.5 ha (A) and 1.0 ha (B), and cashew irrigation in 0.5 ha (C) and 1.0 ha (D), based on the
threshold electrical conductivity of the irrigation water (EC) and discharge rate (Q). ECad: adequate
electrical conductivity; ECnad: inadequate electrical conductivity; Qad: adequate discharge; Qnad:
inadequate discharge.

For irrigation of cashew in an area of 0.5 ha, it is observed that 55.7% (3501) of the
wells have adequate EC and Q, 8.8% (554 wells) only have adequate Q, 29.6% (1859 wells)
only have adequate EC, and 5.9% (370 wells) do not have adequate EC and Q (Figure 6C).
For an area of 1.0 ha, 35.1% (2208) of the wells have adequate EC and Q, 5.0% (316 wells)
do not have adequate EC, but have adequate Q, 9.7% (608 wells) do not have adequate EC
or Q, while 50.2% (3152 wells) are unproductive due to low water availability (Figure 6D).
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3.4. Seedlings, Hydroponics and Multiple Systems

Figure 7 highlights seedling production systems in nurseries and hydroponic cultiva-
tion. To produce 2000 coconut seedlings, 5195 wells (82.7%) achieve adequacy in terms of
threshold water salinity and well discharge, while 1089 (17.3%) are limited by high salinity.
To produce 2000 cashew seedlings (Figure 7B), 4327 wells (68.8%) have adequate water
electrical conductivity and discharge, and 1957 (31.2%) are limited by high salinity. As for
the production of 2000 seedlings of trees from the Caatinga biome or ornamental plants
(Figure 7C), 3853 wells (61.3%) have adequate electrical conductivity and discharge, and
2431 wells (38.7%) have electrical conductivity above the water salinity threshold. For the
hydroponic cultivation of vegetables in an area of 100 m2 (Figure 7D), 3624 wells (57.7%)
have adequate water electrical conductivity and discharge, 1603 wells (25.5%) only have
adequate Q, 703 wells (11.2%) only have adequate EC, and 354 (5.6%) are limited by both
high salinity and low water availability.

 

Figure 7. Potential of brackish groundwater in the State of Ceará (Northeast Brazil) to pro-
duce 2000 seedlings in nurseries of coconut (A), cashew (B), and trees native to the Caatinga
biome/ornamental plants (C)), and to produce vegetables in hydroponic cultivation of 100 m2

(D), based on the threshold electrical conductivity of the irrigation water (EC) and discharge rate
(Q). ECad: adequate electrical conductivity; ECnad: inadequate electrical conductivity; Qad: adequate
discharge; Qnad: inadequate discharge.
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For the association of tilapia plus glycophytes (0.4 ha of supplemental irrigation of
annual crops, or 0.5 ha of forage cactus, or 100 m2 hydroponic cultivation, or production
of 2000 seedlings in nurseries), 2982 wells (47.5%) have adequate EC and Q, 1272 wells
(20.2%) have adequate Q but the electrical conductivity is not adequate, 1345 wells (21.4%)
only have adequate EC, and 685 wells (10.9%) do not have an adequate discharge rate or
electrical conductivity (Figure 8A). For the association tilapia plus 0.5 ha of halophytes
(Figure 8B) 3042 wells (48.4%) have EC and Q adequacy, 97 wells (1.5%) have inadequate
EC and adequate Q, 3016 wells (48.0%) have adequate EC and inadequate Q, and 129 (2.1%)
do not have adequate EC or adequate Q.

 

Figure 8. Potential of brackish groundwater in the State of Ceará (Northeast Brazil) for associations
of fish (tilapia) plus glycophytes (A) and fish (tilapia) plus halophytes (B), based on the threshold
electrical conductivity of the irrigation water (EC) and discharge rate (Q). ECad: adequate electrical
conductivity; ECnad: inadequate electrical conductivity; Qad: adequate discharge; Qnad: inadequate
discharge.

However, when only tilapia production was considered, the numbers were much more
positive (Figure 9), since this production system in tanks requires less water and tilapia has
a high tolerance to water salinity. For tilapia production in tanks with a total volume of
up to 100 m3, 5047 wells (80.3%) are adequate in terms of EC and Q, 180 wells (2.9%) only
have adequate Q, 1011 wells (16.1%) only have adequate EC, and 46 wells (0.7%) do not
have adequate conditions for both criteria (Figure 9).

Table 5 summarizes all the data on the number of wells with respective suitability
categories for the different biosaline systems evaluated.

Table 5. Number and percentage of wells for the productive systems tested and considering the
different suitability criteria.

Production Systems

ECad and Qad* ECnad and Qad ECad and Qnad ECnad and Qnad

Number of
Wells

(%)
Number of

Wells
(%)

Number of
Wells

(%)
Number of

Wells
(%)

Full irrigation of halophyte (0.5 ha) 3637 57.9 70 1.1 2539 40.4 38 0.6
Full irrigation of halophyte (1.0 ha) 2113 33.7 29 0.5 4063 64.6 79 1.2

Full irrigation of maize (0.5 ha) 1410 22.4 1729 27.5 1263 20.1 1882 30.0
Full irrigation of maize (1.0 ha) 794 12.6 839 13.3 1879 30.0 2772 44.1
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Table 5. Cont.

Production Systems

ECad and Qad* ECnad and Qad ECad and Qnad ECnad and Qnad

Number of
Wells

(%)
Number of

Wells
(%)

Number of
Wells

(%)
Number of

Wells
(%)

Supplemental irrigation of maize (0.5 ha) 3278 52.2 1248 19.8 1211 19.3 547 8.7
Supplemental irrigation of maize (1.0 ha) 2314 36.8 825 13.1 2175 34.6 970 15.5

Supplemental irrigation of sorghum (0.5 ha) 3898 62.0 628 10.0 1462 23.3 296 4.7
Supplemental irrigation of sorghum (1.0 ha) 2732 43.5 407 6.5 2628 41.8 517 8.2

Supplemental irrigation of cotton (0.5 ha) 3938 62.6 588 9.3 1477 23.5 281 4.5
Supplemental irrigation of cotton (1.0 ha) 2760 44.0 379 6.0 2655 42.2 490 7.8

Irrigation of forage cactus (0.5 ha) 3624 57.7 1603 25.5 703 11.2 354 5.6
Irrigation of forage cactus (1.0 ha) 2594 41.3 1108 17.6 1733 27.6 849 13.5

Irrigation of coconut (0.5 ha) 2592 41.2 217 3.5 3105 49.4 370 5.9
Irrigation of coconut (1.0 ha) 1225 19.5 88 1.4 499 7.9 4472 71.2
Irrigation of cashew (0.5 ha) 3501 55.7 554 8.8 1859 29.6 370 5.9
Irrigation of cashew (1.0 ha) 2208 35.1 316 5.0 608 9.7 3152 50.2

Coconut seedlings (2000 seedlings) 5195 82.7 1089 17.3 - - - -
Cashew seedlings (2000 seedlings) 4327 68.8 1957 31.2 - - - -

Caatinga Seedlings/ornamental
(2000 seedlings) 3853 61.3 2431 38.7 - - - -

Hydroponic cultivation (100 m2) 3624 57.7 1603 25.5 703 11.2 354 5.6
Tilapia farming plus glycophytes 2982 47.5 1272 20.2 1345 21.4 685 10.9
Tilapia farming plus halophytes 3042 48,4 97 1.5 3016 48.0 129 2.1

* ECad: adequate electrical conductivity; ECnad: inadequate electrical conductivity; Qad: adequate discharge;
Qnad: inadequate discharge.

 

Figure 9. Potential of brackish groundwater in the State of Ceará (Northeast Brazil) for raising tilapia
in tanks with a total volume of 100 m3, based on the threshold electrical conductivity of the irrigation
water (EC) and discharge rate (Q). ECad: adequate electrical conductivity; ECnad: inadequate electrical
conductivity; Qad: adequate discharge; Qnad: inadequate discharge.
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3.5. Estimated Irrigated Area for Cropping Systems

Considering the sampling of wells with brackish water (6284 wells distributed through-
out the State of Ceará), the discharge required by each production system, and the water
productivity of each well, it was possible to estimate the potential irrigable area for each
system, without restrictions in terms of salinity (Table 6). Forage cactus has the largest
potential irrigable area of the evaluated systems, followed by systems with supplemental
irrigation (cotton, sorghum, and maize), almost all of which has more than 9000 ha. The
smallest irrigable areas were found in the irrigation systems for coconut and full irrigation
for maize.

Table 6. Potential of unrestricted irrigable area with brackish water from wells in the Brazilian
semi-arid region.

Production Systems Irrigable Area (ha)

1. Full irrigation of halophytes (Atriplex, Sarcorcórnia) 6426
2. Full irrigation of maize 2566

3. Supplemental irrigation of maize 7970
4. Supplemental irrigation of sorghum 9213

5. Supplemental irrigation of cotton 9287
6. Irrigation of forage cactus 9660

7. Irrigation of coconut in sandy soils 4026
8. Irrigation of cashew in sandy soils 7197

4. Discussion

In this study, we sought to define the potential of brackish groundwater sources in
the State of Ceará, a representative area of the Brazilian semi-arid region, based on the
water productivity of groundwater wells, the salinity level of the water, and the water
demand/salt tolerance of 15 production systems. The analyses showed that low discharge
rates of brackish groundwater wells predominate in the Brazilian semi-arid region, a factor
that reduces water availability and restricts enterprises to family farmers. However, it
is possible to identify more promising production systems, due to their high capacity to
tolerate water salinity levels, lower water demand, or both. Therefore, the expansion of
biosaline agriculture in the tropical semi-arid region is not defined only by the salt tolerance
of the crop.

Halophytes constitute the plant system with the highest tolerance to salinity among
those analyzed, and can be irrigated with high salinity water, notably in soils with good
natural drainage [33,34]. Halophytes can withstand high levels of salinity, while almost
99% of other plant species (glycophytes) have some level of sensitivity to salts [78,79].
Halophytes also show good adaptability to arid and semi-arid regions and can be cultivated
under rainfed farming or in saline soils, and act as alternative forage plants, such as Atriplex
spp., Salicornia spp. and Distichlis palmeri [80–82]. However, our data showed that about
65% of the wells with brackish water do not have enough water volume to irrigate an area of
1.0 ha with halophyte plants, although more than 95% have no salinity restriction (Figure 2).
For the coconut, a salinity-tolerant glycophyte [83], the low discharge limitation affects 71%
of the wells due to the high-water demand of this palm species, even though more than
80% of the water sources do not reach the salinity threshold for the crop (Figure 6). These
results demonstrate that tolerance of crops to salinity is important, but it is not the only
option to cope with salinity problems in semi-arid regions [84,85].

Annual crops are also characterized by relatively high-water demand and varying
degrees of salt tolerance [28,86,87]. Among the annual species studied, maize is the most
salt-sensitive [28,36] and has the highest water requirement. For this crop, it was observed
that only 13% of the wells are adequate for the cultivation of 1.0 ha under full irrigation,
while 87% are limited by low discharge rate, high salinity, or both (Figure 3). However,
when supplemental irrigation is used, the numbers are much more positive, reaching a
level of adequacy of about 37%. For cotton and sorghum crops, levels of adequacy with the
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use of supplemental irrigation were even higher (Figure 4), given the high salt tolerance
of these two crops [39,88], compared to maize. The beneficial effects of supplemental
irrigation with brackish water have been demonstrated in the Brazilian semi-arid region,
with high efficiency in productive and economic terms [37]. Supplemental irrigation also
results in low accumulation of salts in the soil, and increases photosynthesis rates and
water use efficiency, demonstrating that this practice reduces the water deficit without
causing significant salt damage to the crop [68]. In the context of biosaline agriculture,
supplemental irrigation can reduce the losses of rainfed agriculture, especially in periods
of dry spells, and is a decisive tool to deal with the limitations of the water availability
in semi-arid zones both currently and when considering the future risks associated with
global climate change [89,90]. In our study, the systems with supplemental irrigation of
maize with brackish water resulted in larger irrigable areas than for the cultivation of
halophytes (Table 6).

Plant production systems with lower water requirements presented the best results
(Figure 5), even with moderate tolerance to salt stress. The forage cactus, a species with
CAM metabolism [91,92], contrasted with the coconut palm trees, presenting adequacy of
salinity and water availability of 41%, while coconut reached only 19.5%. Therefore, for
perennial crops, it is recommended that species with low water demand should be used.
For forage cactus (Opuntia fícus, Nopalea cochenillifera, Opuntia sp., Opuntia stricta) the total
annual irrigation does not exceed 200 mm, with a low salt load applied to the soil during
the dry season. Forage cactus is an important energy source for animal feed, as it has a
high content of carbohydrates, total digestible nutrients, and water [93–95], and can also be
component of multiple systems involving the use of brackish water and fish or in systems
intercropped with gliricidia and other plant species [44,96,97]. The use of mulch and other
water and soil conservation techniques are also recommended for the cultivation of forage
cactus and other species when irrigated with brackish water [20,98,99], considering the
need to increase water use efficiency in the tropical semi-arid region [13].

The cultivation of forage cactus and supplemental irrigation of annual crops also stand
out in terms of the potential irrigable area without salinity restrictions (Table 6), surpassing
more salinity-tolerant crops such as halophytes and coconut palm trees, and with lower
risks of soil degradation. For forage cactus, the total irrigable area would be more than
9000 ha, obtained from 6284 wells with brackish water, which represent about 25% of the
total number of wells contained in the database (25,497 wells). If we consider the total of
160,000 wells in the Brazilian semi-arid region [20], the total number of wells with adequate
brackish water would reach around 44,000, resulting in greater irrigable areas for forage
cactus and other productive systems. However, the size of the enterprise is limited by the
discharge rate of each well, and effort must be made towards having a diversification of
biosaline agriculture systems in areas of family farming, which can produce food to boost
local businesses and fodder to feed the animals on farms. It should be noted that 65%
of rural establishments in the Northeast Region of Brazil have an area of less than 10 ha,
and 79% of establishments are classified as family farming [100], which strengthens the
need for diversification of production systems as a way of achieving social and economic
sustainability of family production.

Plant systems in nurseries reach high levels of adequacy (Figure 7), including co-
conut seedlings (83%), cashew seedlings (69%), and tree species native to the Caatinga
biome/ornamental plants (61%). This decreasing suitability is in accordance with the
salt tolerance of the species in the initial growth stage, which decreases in the same or-
der [62,101–103]. For the hydroponic production of leafy vegetables, the adequacy level
reached about 58%; this system has aroused the interest of researchers and farmers in the
Brazilian semi-arid region [104–106]. Hydroponics can also be included in solar energy
production systems, using semi-transparent panels [107].

The production of tilapia in tanks presents a high degree of adaptability to salinity and
requires little water, reaching a degree of adequacy greater than 80% (Figure 9). According
to [21], the potential for using brackish water in the Brazilian semi-arid region is higher for
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pisciculture than for agriculture. Fish farming can also be done in combination with plant
systems, such as halophytes, supplemental irrigation, seedling production, hydroponic
cultivation, and forage cactus production, with a high degree of adequacy, as biosaline
systems (Figure 8). These combined systems allow the multiple use of water, as well
as the use of nutrients contained in wastewater from fish farming [108–111]. Obviously,
the degree of adequacy decreases for the combined crop, as demonstrated by comparing
Figure 8 (associations of tilapia with vegetables) and Figure 9 (only tilapia cultivation).
These differences are explained by the limitation of salinity in glycophytes or by the
greater water demand of plant systems. The shrimp Litopenaeus vannamei is also tolerant
of high salinity [112] and its cultivation has grown in Brazilian inland areas [82]. The
option exists for it to form associations with glycophytes and halophytes using brackish
water, despite requiring greater investment and more technology than tilapia farming.
Therefore, associations between fish (or shrimp) and vegetables increase the opportunities
for productive, economic, and environmental sustainability in semi-arid environments.

It is important to point out that the sustainability of production systems with brackish
water requires adequate management and monitoring, especially in irrigated systems,
considering the edaphoclimatic conditions in the Brazilian semi-arid region. Soil and water
management techniques must be implemented, such as in situ water collection and soil
cover (mulch), to increase the indicators of efficient use of water. Seasonal rains will favor
the leaching of excess salts from the soil, avoiding environmental damage and losses to
the farmer. However, soil fertility maintenance strategies are also recommended, such as
the incorporation of crop residues, manure application, and use of wastewater sources
present on farm, including treated wastewater. These techniques will contribute to the
environmental sustainability of biosaline systems of family farming in semi-arid regions.

5. Conclusions

Our data show that the potential of brackish groundwater resources in the Brazilian
semi-arid region depends on the set of data from the production system (salt tolerance
and water demand) and the water source (water salinity and discharge rate). The joint
analysis of these data shows that plant production systems with lesser water requirements
(forage cactus, supplemental irrigation, hydroponic cultivation, and seedling production in
nurseries) presented better results than more salt-tolerant species, including halophytes
and coconut orchards.

About 41, 43, 58, 69, and 82% of wells have enough discharge rates to irrigate forage
cactus (1.0 ha), sorghum (1.0 ha of supplemental irrigation), hydroponic cultivation, cashew
seedlings, and coconut seedlings, respectively, without restrictions in terms of salinity.
Otherwise, 65.8 and 71.2% of wells do not have enough water productivity to irrigate an
area of 1.0 ha with halophytes and coconut palm trees, respectively, although more than
98.3 and 90.7% do not reach the salinity threshold for these crops. These results demonstrate
that the use of quantitative and qualitative data generates more realistic information related
to the potential of brackish water for agricultural purposes, and this type of evaluation
should be recommended to other semi-arid regions worldwide.

Our data also indicate the need for diversification and for use of multiple systems on
farms (intercropping with different plant species, association of fish/shrimp with plants,
hydroponics/solar farming), to guarantee the sustainability of biosaline agriculture in
the semi-arid regions, especially for family farming. However, an economic analysis of
different systems should also be investigated in the future, indicating those that may
result in greater net income for farmers. All these data will serve as a basis for formulat-
ing public policies aimed at the economic and social sustainability of family farming in
tropical drylands.
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Abstract: Salicylic acid (SA) is a phenolic compound capable of inducing physiological and metabolic
changes that enhance the tolerance of plants to saline stress associated with using a hydroponic system
and enable the use of saline water in semi-arid regions. In this context, this assay aimed to evaluate the
impact of the foliar application of SA on mitigating salt stress effects on Japanese cucumber cultivated
in a hydroponic system. The experiment was carried out in a protected ambient (greenhouse),
using the Nutrient Film Technique—NFT hydroponic system. A completely randomized design was
performed in a 4 × 4 split-plot scheme, with four levels of electrical conductivity of the nutrient
solution—ECns (2.1, 3.6, 5.1, and 6.6 dS m−1)—considered as plots and four SA concentrations
(0, 1.8, 3.6, and 5.4 mM), regarded as subplots, with four replicates and two plants per plot. An
increase in the ECns negatively affected the physiology, production components, and post-harvest
quality of cucumber. However, the application of SA to leaves at concentrations between 1.4 and
2.0 mM reduced the deleterious effects of saline stress and promoted an increase in the production of
and improvement in the post-harvest quality of cucumber fruits.

Keywords: Cucumis sativus L.; brackish water; soilless cultivation; phytohormone

1. Introduction

Freshwater scarcity is common in both arid and semi-arid zones worldwide, due
to irregular distribution of water resources, degradation of water quality by anthropic
activities, and increased consumption of water resulting from population growth [1,2].
Thus, the use of brackish water becomes necessary to ensure agricultural production in
these regions and meet the need for food [3].

However, excess salts in water and/or soil are becoming an increasing threat to global
agricultural production and affect nearly 20% of irrigated land of the world, causing severe
losses in food production and quality [4]. The high concentrations of salts inhibit water
absorption by roots, resulting in water deficit, a decrease in leaf area, and stomatal con-
ductance, which reduces photosynthesis and plant growth [5]. Salt stress also modifies
electron transport and alters the activity of photosystem II, which is responsible for oxi-
dizing water molecules to produce electrons [6]. In addition, the absorption and excessive
accumulation of Na+ in cells cause ionic imbalance, lipid peroxidation, and damage to the
cell membrane [7]. The water content in the fruit can also be affected by salt stress, causing
changes in the concentrations of soluble solids, ascorbic acid, and titratable acidity.
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Phytohormones play a fundamental role in signaling and attenuating biotic and abiotic
stresses [4]. Among the phytohormones, salicylic acid (SA), a phenolic compound, stands
out as a regulator of plant growth and development [8]. SA is considered a key component
of the plant’s antioxidant system and plays an important role in regulating the metabolism
of reactive oxygen species (ROS) and in the balance of the redox system [9]. However, its
effect depends on the concentration, plant species, stage of crop development, and mode of
application [10,11].

The beneficial effect of salicylic acid as an attenuator of salt stress has been reported
in recent years in several studies with vegetables, such as bell pepper [12], tomato [13],
eggplant [14], melon [15], okra [3], and basil [16]. However, information on its use in
Japanese cucumber crops, particularly in hydroponic cultivation, is still incipient.

The use of hydroponic systems is becoming more widespread, due to greater control
over the rhizosphere conditions compared to cultivation in soil, which results in gains in
the quantity, quality, and safety of production [17]. Hydroponic cultivation also promotes
greater efficiency in the use of water and nutrientsa and the absence of matric potential
minimizes the effects of salinity on plants, which enables the use of brackish water [18].
Among the hydroponics systems, the NFT (Nutrient Film Technique), a closed system
with recirculation of the nutrient solution, stands out as the most used in the cultivation of
fast-growing vegetables [3,19].

Cucumber (Cucumis sativus L.) is one of the most popular vegetables. It has a moderate
sensitivity to salinity [20,21], with a threshold salinity of 2.5 dS m−1 in irrigation water
and 3.5 dS m−1 in the saturation extract of soil [22,23]. Its fruits have a high nutritional
value and are rich in proteins, carbohydrates, vitamin C, and minerals [24,25]. In addition,
cucumber has anti-inflammatory, antioxidant, and anticancer properties that help in the
treatment of several diseases [26].

Previous studies demonstrate that salt stress inhibits germination, growth, biomass
production, and cucumber yield [21]. In research conducted by Brengi et al. [27], limitations
in growth and chlorophyll synthesis were verified due to salt stress. Chen et al. [28]
reported reductions in cucumber yield corresponding to a 13% per unit increment of
electrical conductivity above 2.5 dS m−1, demonstrating its sensitivity to salt stress.

This study hypothesizes that the application of salicylic acid on leaves induces toler-
ance to salt stress in Japanese cucumbers cultivated in a hydroponic system through the
regulation of physiological and biochemical processes, which result in gains in produc-
tion and post-harvest fruit quality. In this context, this study was conducted to evaluate
the influence of the foliar application of salicylic acid on mitigating salt stress effects on
the physiology, production, and post-harvest quality of Japanese cucumbers in the NFT
hydroponic system.

2. Materials and Methods

2.1. Experiment Site

The study was carried out in a protected ambient (greenhouse) belonging to the
Center of Science and Agri-Food Technology (CCTA) of the Federal University of Campina
Grande (UFCG), in Pombal (6◦46′13” S, 37◦48′6” W, 184 m a.s.1), Paraíba, Brazil. The daily
temperature (maximum, mean, and minimum) and average relative humidity during the
experimental period (from May to June 2022) are shown in Figure 1.

2.2. Cultivar Studied

‘Hiroshi’ Japanese cucumber seeds from Isla® were used in this assay. This variety
has a cycle of approximately 60 days, with vigorous and highly productive plants, as well
as adaptability to different growing regions in Brazil. It produces cylindrical and uniform
fruits of bright dark green color, with from 18 to 22 cm length and diameters between
30 and 40 mm [29].
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Figure 1. Daily maximum, mean, and minimum temperatures and average relative air humidity
observed in the internal area of the greenhouse during the experimental period.

2.3. Experimental Design and Treatments

The treatments included four levels of electrical conductivity of the nutrient
solution—ECns (2.1, 3.6, 5.1, and 6.6 dS m−1) and four concentrations of salicylic
acid—SA (0, 1.8, 3.6, and 5.4 mM). The treatments were distributed in a completely
randomized design in a split-plot scheme, with the ECns levels as plots and salicylic
acid concentrations as subplots with four replicates and two plants per plot. Salicylic
acid was applied using foliar spraying.

The concentrations of SA used in this study were based on a study conducted with
melon [15], while the salinity levels of the nutrient solution were adapted from the assay
carried out by [30] with cucumber cv. ‘Hokushin’.

2.4. Setting Up and Management of Experiment

The hydroponic system used was the Nutrient Film Technique—NFT type, performed
using six-meter-long polyvinyl chloride (PVC) tubes of 100 mm diameter spaced 0.40 m
apart. In the hydroponic profile, the circular planting cells had a diameter of 54.17 mm
at a distance of 0.50 m and the spacing between treatments (subsystems) was 1.0 m. The
hydroponic profiles were supported by 0.60 m high sawhorses with 4% slopes to permit
the flow of nutrient solution (Figure 2). At the end of each subsystem, a 150-L polyethylene
recipient was placed to collect the excess returning nutrient solution and to recirculate it
into the system. The nutrient solution was injected into the hydroponic profile at the top
of each channel with a pump of 35 W at a flow rate of 3 L min−1. A timer was used to
program the circulation of the nutrient solution into the system, with an intermittent flow
of 15 minutes at hourly intervals during the day and 30 minutes at night.

In the study, the nutrient solution recommended by Hoagland and Arnon [31] was
used containing N, P, K, Ca, Mg, S, B, Mn, Zn, Cu, Mo, and Fe in concentrations of 210, 31,
234, 200, 48, 64, 0.5, 0.5, 0.05, 0.02, 0.01, and 5 mg L−1, respectively. The fertilizers used as
sources of macronutrients in the preparation of the solution were monobasic potassium
phosphate (KH2PO4), potassium nitrate (KNO3), calcium nitrate (Ca(NO3)2.4H2O), and
magnesium sulfate (MgSO4.7H2O). As sources of micronutrients, boric acid (H3BO3), man-
ganese sulfate (MnSO4.4H2O), zinc sulfate (ZnSO4.7H2O), copper sulfate (CuSO4.5H2O),
ammonium molybdate ((NH4)6Mo7O24.4H2O ), ferrous sulfate (FeSO4), and EDTA-Na,
respectively, were employed.
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(A) (B) 

Figure 2. Side view (A) and top view (B) of the hydroponic system used in the study.

The sowing was conducted in polyethylene cups of 50 mL capacity containing veg-
etable sponges of the genus Luffa (Luffa aegytiaca) arranged in trays. The sponges were
sanitized using sodium hypochlorite (2.5%) before sowing. From germination to the emer-
gence of the first true leaf (on average ten days after sowing), a half-strength (50%) nutrient
solution was used. The vegetable sponge was removed after the emergence of the first true
leaf, the seedlings were inserted directly into the hydroponic channels, and a full-strength
nutrient solution was employed.

The saline solutions used in the experiment were obtained from the addition of sodium
chloride (NaCl), calcium chloride (CaCl2.2H2O), and magnesium chloride (MgCl2.6H2O)
in the equivalent proportion of 7:2:1, respectively, to the nutrient solution prepared in the
municipal supply water as described above. The proportion of Na, Ca, and Mg added is
commonly found in the waters used for irrigation in the semi-arid region of northeastern
Brazil [32]. The amounts of the individual salts added to the nutrient solution are shown
in Table 1.

Table 1. Quantities of salts incorporated per 100 L of nutrient solution.

ECns
(dS m−1)

NaCl CaCl2.2H2O MgCl2.6H2O

g

2.1 - - -
3.6 61.43 20.55 15.23
5.1 122.85 41.10 30.45
6.6 184.28 61.65 45.68

At intervals of eight days, the nutrient solution was completely replaced. The electrical
conductivity and pH were monitored daily and, when necessary, the nutrient solution was
adjusted by the addition of local-supply water or nutrient solution, maintaining the ECns
as per treatments established initially. The pH was maintained between 5.5 and 6.5 by
adding either 0.1 M potassium hydroxide (KOH) or hydrochloric acid (HCl). The aplants
were cultivated using a vertical support fixed with a plastic string (number 10) (Figure 3).

The salicylic acid solution (100 mM) was prepared by dissolution in 30% ethyl alcohol.
The solutions of adequate concentrations, as per treatment, were prepared by diluting
this solution in water before each application event. To reduce the surface tension of the
drops on the leaf surface, a Wil-fix adjuvant was added (0.5 mL L−1) to the solution. The
first application was performed 48 h after transferring the seedlings and 72 h before the
application of the saline nutrient solution. The other applications were carried out at 10-day
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intervals until the beginning of the flowering stage, spraying the abaxial and adaxial leaf
surfaces. The sprayings were performed between 17:00 and 18:00 h and the average volume
of solution applied per plant was 80 mL. During the spraying of salicylic acid, a plastic
tarpaulin structure was used to prevent the solution from drifting onto neighboring plants.

   
(A) (B) (C) 

Figure 3. Cultivation of Japanese cucumber in NFT—Nutrient Film Technique hydroponic system—at
different stages of development (Vegetative stage—(A), flowering stage—(B), and fruiting stage—(C)).

2.5. Traits Analyzed

At 40 days after transplanting (DAT), the relative water content, percentage of elec-
trolyte leakage in the leaf blade, leaf gas exchange, photosynthetic pigments, and chloro-
phyll a fluorescence were evaluated. Harvest began at 43 DAT; the following production
components were obtained: number of fruits per plant, average fruit weight, total produc-
tion, fruit length, and fruit diameter. In addition, the following post-harvest characteris-
tics were determined in the fruit pulp: pH, titratable acidity, ascorbic acid, and soluble
solids contents.

2.5.1. Relative Water Content

For the determination of the relative water content (RWC), two leaves were removed
from the middle third of the main branch obtaining ten discs 12 mm in diameter. The
disks were immediately weighed for the fresh mass (FM); then, the discs were transferred
to a beaker and immersed in 50 mL of distilled water for 24 h. After this period, with a
paper towel, the excess water was removed from the disks and the turgid mass (TM) was
determined. The discs were dried at a temperature of ≈65 ± 3 ◦C in an oven until constant
weight to obtain the dry mass (DM). The relative water content was determined using
Equation (1) as recommended by [33].

RWC = ((FM − DM)/(TM − MS))× 100 (1)
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where:

RWC—relative water content (%);
FM—fresh mass of leaves (g);
TM—turgid mass (g);
DM—dry mass (g).

2.5.2. Percentage of Electrolyte Leakage

The electrolyte leakage (EL) was obtained using a copper hole puncher to produce
five leaf discs with an area of 1.54 cm2 each. The discs were washed and placed in an
Erlenmeyer® flask containing 50 mL of distilled water. After closing with aluminum foil,
the Erlenmeyer® flasks were kept at a temperature of 25 ◦C for 24 h and then the initial
electrical conductivity of the medium (Xi) was measured using a benchtop conductivity
meter (MB11, MS Techonopon®, Piracicaba—SP, Brazil). Later, the Erlenmeyer® flasks were
subjected to a temperature of 80 ◦C for 120 minutes in an oven (SL100/336, SOLAB®) and,
after cooling, the final electrical conductivity (Xf) was determined. In turn, the percentage
of electrolyte leakage (% EL) was obtained through Equation (2), as recommended by [34].

% EL = (Xi/(Xf)× 100 (2)

where:

% EL—percentage of electrolyte leakage (%);
Xi—initial electrical conductivity;
Xf—final electrical conductivity.

2.5.3. Photosynthetic Pigments

The quantification of the photosynthetic pigments (chlorophyll a, chlorophyll b, chloro-
phyll total, and carotenoids) was carried out according to [35], with extracts from disc
samples of the third mature leaf blade from the apex. In each sample, 6.0 mL of 80%
acetone PA was added. Through these extracts, the concentrations of chlorophyll and
carotenoids were determined using a spectrophotometer (UV/VIS—UV17030, AKSO®,
São Leopoldo—RS, Brazil) at the absorbance wavelength (470, 647, and 663 nm), using
Equations (3)–(6), with results expressed in μg mL−1.

Chl a = (12.25 × ABS663)− (2.79 × ABS647) (3)

Chl b = (21.5 × ABS647)− (5.10 × ABS647) (4)

Chl t = (7.15 × ABS663) + (18.71 × ABS647) (5)

Car =
|(1000 × ABS470)− (1.82 × Cl a)− (85.02 × Cl b)|

198
(6)

where:

Chl a—chlorophyll a;
Chl b—chlorophyll b;
Chl t—chlorophyll total;
Car—carotenoids.

2.5.4. Leaf Gas Exchange Parameters

The internal CO2 concentration (Ci, μmol CO2 m−2 s−1), stomatal conductance
(gs, mol H2O m−2 s−1), transpiration (E, mmol H2O m−2 s−1), and CO2 assimilation
rate (A, μmol CO2 m−2 s−1) were determined on the third mature leaf counted from the
apex of the main branch of the plant, using an irradiation of 1200 μmol m−2 s−1, obtained
from the photosynthetic light saturation curve, and airflow of 200 mL min−1, using the
portable photosynthesis meter “LCPro+” from ADC BioScientific Ltd. The leaf gas exchange
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determinations were performed between 08:00 and 10:00 a.m., under ambient conditions of
temperature and CO2 concentration.

2.5.5. Chlorophyll Fluorescence

The chlorophyll fluorescence was performed on the third mature leaf, counted from
the apex of the main branch of the plant between 08:00 and 10:00 a.m., using an OS5p
pulse-modulated fluorimeter from Opti Science, employing the Fv/Fm protocol to obtain
the variables—initial fluorescence (F0), maximum fluorescence (Fm), variable fluores-
cence (Fv = Fm − F0), and quantum efficiency of photosystem II (Fv/Fm). This protocol
was performed after adaptation of the leaves to the dark for 30 minutes, using a clip of
the device, to ensure that all the acceptors were oxidized, i.e., with the reaction centers
open. Subsequently, the evaluations were determined under light conditions, using an
actinic light source with a multi-flash saturating pulse coupled to a clip to determine the
initial fluorescence before the saturation pulse (Fs), maximum fluorescence after adapta-
tion to saturating light (Fms), electron transport rate (ETR), and quantum efficiency of
photosystem II (YII).

2.5.6. Production Components

The fruits were harvested from each plant based on their degree of maturation when
they were from 18 to 22 cm in length [36]. The following production components were
obtained: number of fruits per plant, average fruit weight (g per fruit), total production
per plant (g per plant), average fruit length (cm), and average fruit diameter (mm). The
average diameter of the cucumber fruit was measured in the center of the fruit.

2.5.7. Post-Harvest

The pH of the pulp was determined immediately after harvest, using a digital pH
meter (COMBO5, AKSO®, São Leopoldo—RS, Brazil) previously calibrated at pH 4.0 and
7.0 with buffer solutions; the soluble solids (◦Brix) were determined by direct reading
using a digital refractometer (MA871, AKSO®, São Leopoldo—RS, Brazil); and the ascorbic
acid content (mg per 100g of pulp) was obtained using titration. The determinations
were created using the methodologies recommended by [37]. The titratable acidity was
expressed as a percentage of citric acid.

2.6. Data Analysis

For the data collected in this study regarding relative water content, the percentage of
electrolyte leakage, photosynthetic pigments, leaf gas exchange parameters, chlorophyll
fluorescence, production components and yield, and post-harvest quality, the levels of
sources of variation, electrical conductivity of the nutrient solution (ECns), and salicylic
acid (SA) concentrations were explored and submitted to the distribution normality test
(Shapiro–Wilk) to verify if the data obeyed normal distribution. Then, the analysis of
variance (ANOVA) was realized and, in cases of significance, being the quantitative factors,
linear and quadratic regression analyzes were performed using the SISVAR-ESAL statistical
program [38]. The definition of the model (linear or quadratic) was based on the values
of the coefficient of determination (R2) and the biological significance of the phenomenon.
Further, the effects of the interaction (ECns × SA) were analyzed using response surface
curves, prepared with the SigmaPlot v.12.5 software.

3. Results

The relative water content (RWC), the percentage of electrolyte leakage in the leaf blade
(% EL), and all the variables of leaf gas exchange were affected significantly
(p ≤ 0.01) by the interaction between the electrical conductivity of the nutrient solution and
the concentrations of salicylic acid (ECns × SA) (Table 2).
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Table 2. Summary of the analysis of variance (ANOVA) for relative water content (RWC), percentage
of electrolyte leakage (% EL), internal CO2 concentration (Ci), stomatal conductance (gs), transpiration
(E), and CO2 assimilation rate (A) of Japanese cucumber grown in a hydroponic system with saline
nutrient solution and foliar application of salicylic acid, 40 days after transplanting.

Source of Variation DF
Mean Squares

RWC % EL Ci gs E A

Saline nutrient solution (ECns) 3 1607.72 ** 106.41 ** 19,058.13 ** 0.012 ** 2.93 ** 237.04 **
Linear regression 1 4218.93 ** 307.07 ** 51,606.70 ** 0.03 ** 7.64 ** 685.88 **
Quadratic regression 1 601.59 ns 8.19 * 3835.94 * 0.001 ns 0.79 ns 25.11 ns

Residual 1 9 24.42 0.06 180.69 2.0 × 10−6 0.01 0.05
Salicylic acid (SA) 3 11.26 ns 136.83 ** 4900.61 ** 0.002 ** 0.38 ** 130.82 **
Linear regression 1 - 60.31 * 1070.47 ns 0.001 * 0.07 * 141.21 *
Quadratic regression 1 - 223.59 ** 11,184.12 ** 0.004 ** 1.04 ** 165.86 **
Interaction (ECns × SA) 9 107.06 * 0.33 ** 1300.44 * 6.0 × 10−6 * 3.52 ** 10.86 **
Residual 2 36 29.07 3.40 415.59 5.7 × 10−4 0.28 0.64

CV 1 (%) 6.62 3.66 5.93 10.55 6.32 5.81
CV 2 (%) 7.23 5.10 8.99 13.89 12.32 9.83

DF: degree of freedom; CV: Coefficient of variation; ns, *, and **, respectively, not significant, significant at a
p ≤ 0.05 and p ≤ 0.01.

The foliar application of salicylic acid (SA) up to concentrations of 2.0 mM promoted
an increase in the RWC, even when plants were cultivated with the highest ECns (6.6 dS
m−1) (Figure 4A). The highest RWC (85.05%) was observed in plants subjected to ECns
of 2.1 dS m−1 and SA concentration of 2.0 mM, corresponding to an increase of 3.34%
compared to plants cultivated with the same ECns (2.1 dS m−1) and without SA application
(0 mM). However, the application of SA on leaves at concentrations greater than 2.0 mM
intensified the harmful effects of salt stress on RWC, and the lowest value (59.03%) was
obtained in plants that received ECns of 6.6 dS m−1 and SA concentration of 5.4 mM.

  
(A) (B) 

Figure 4. Response surface for relative water content—RWC (A)—and percentage of electrolyte
leakage in the leaf blade—% EL (B) of Japanese cucumber—as a function of the interaction between
the electrical conductivity of the nutrient solution (ECns) and the concentrations of salicylic acid (SA),
grown in a hydroponic system, 40 days after transplanting. X and Y—concentration of SA and ECns,
respectively; * and ** significant at a p ≤ 0.05 and p ≤ 0.01, respectively.

The increase in the electrical conductivity of the nutrient solution increased electrolyte
leakage in the leaf blade (% EL), regardless of the concentration of SA (Figure 4B). The
application of SA at concentrations greater than 1.5 mM intensified the harmful effects of
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saline stress with the highest value of % EL (42.77%) obtained in plants subjected to ECns
of 6.6 dS m−1 and SA concentration of 5.4 mM. However, cucumber plants subjected to
the highest level of ECns (6.6 dS m−1) and SA concentration of 1.4 mM showed an EL of
37.41%, i.e., a reduction of 12.53% compared to plants cultivated with the same ECns and
SA application of 5.4 mM, demonstrating the beneficial effect of SA on the acclimatization
of plants to saline stress when applied at appropriate concentrations.

The internal CO2 concentration (Ci) was reduced by the application of SA up to the
concentration of 2.0 mM, regardless of the ECns level (Figure 5A). The lowest value of the
internal CO2 concentration (164.7 μmol CO2 m−2 s−1) was observed in plants subjected
to ECns of 2.1 dS m−1 and SA concentration of 2.0 mM. Cucumber plants subjected to the
highest level of ECns (6.6 dS m−1) and SA concentration of 2.0 mM showed a reduction
of 9.1% (24.0 μmol CO2 m−2 s−1) in the internal CO2 concentration compared to plants
cultivated with the same ECns and without SA application (0 mM).

 
(A) (B) 

 
(C) (D) 

Figure 5. Response surface for internal CO2 concentration—Ci (A), stomatal conductance—gs (B),
transpiration—E (C), and CO2 assimilation rate—A (D) of Japanese cucumber as a function of the in-
teraction between the electrical conductivity of the nutrient solution (ECns) and the concentrations of
salicylic acid (SA), grown in a hydroponic system, 40 days after transplanting. X and Y—concentration
of SA and ECns, respectively; * and ** significant at a p ≤ 0.05 and p ≤ 0.01, respectively.

The foliar application of salicylic acid with concentrations of up to 2.0 mM promoted
an increase in stomatal conductance (gs), even when plants were cultivated under ECns of
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6.6 dS m−1 (Figure 5B). The highest value of stomatal conductance (0.305 mol H2O m−2

s−1) was verified in plants cultivated with ECns of 2.1 dS m−1 and an SA concentration of
2.0 mM, corresponding to an increase of 4.81% (0.014 mol H2O m−2 s−1) compared to plants
cultivated with the same salinity level (2.1 dS m−1) and without SA application (0 mM).
However, the foliar application of SA at concentrations greater than 2.0 mM intensified the
harmful effects of salt stress on stomatal conductance; the lowest value (0.221 mol H2O
m−2 s−1) was obtained in plants subjected to ECns of 6.6 dS m−1 and SA concentration
of 5.4 mM.

The transpiration (E) and CO2 assimilation rate (A) of cucumber plants were also
favored by the application of salicylic acid on leaves up to a concentration of 2.0 mM,
regardless of the ECns (Figure 5C and 5D). The plants subjected to SA concentration of
2.0 mM and ECns of 2.1 dS m−1 attained the highest transpiration (4.7 mmol H2O m−2 s−1)
and CO2 assimilation rate (34.3 μmol CO2 m−2 s−1). In relative terms, the transpiration
and CO2 assimilation rate of plants cultivated with ECns of 2.1 dS m−1 and subjected to SA
concentration of 2.0 mM compared to those cultivated under the same level of salinity and
without SA application (0 mM) enabled increments of 1.52% (0.07 mmol H2O m−2 s−1) and
5.9% (1.90 μmol CO2 m−2 s−1) to be observed, respectively.

There was a significant effect (p ≤ 0.01) of the interaction between the ECns and the
concentrations of SA only for chlorophyll a and chlorophyll total (Table 3). On the other
hand, the electrical conductivity of the nutrient solution significantly influenced (p ≤ 0.01)
all the variables of photosynthetic pigments, while the concentrations of salicylic acid
alone did not affect the chlorophyll and carotenoid contents of Japanese cucumber, 40 days
after transplanting.

Table 3. Summary of the analysis of variance (ANOVA) for chlorophyll a (Chl a), chlorophyll b (Chl b),
chlorophyll total (Chl t), and carotenoids (Car) of Japanese cucumber grown in a hydroponic system
with saline nutrient solution and foliar application of salicylic acid, 40 days after transplanting.

Source of Variation DF
Mean Squares

Chl a Chl b Chl t Car

Saline nutrient solution
(ECns) 3 54.47 ** 27.09 ** 154.76 ** 1.90 **

Linear regression 1 158.72 ** 67.54 ** 433.61 ** 5.41 **
Quadratic regression 1 4.16 ns 12.06 ns 30.36 ns 0.26 ns

Residual 1 9 3.94 0.59 6.59 0.62
Salicylic acid (SA) 3 0.49 ns 1.26 ns 9.73 ns 1.01 ns

Interaction (ECns × SA) 9 5.42 * 0.76 ns 18.33 * 0.29 ns

Residual 2 36 3.24 1.20 7.52 0.38

CV 1 (%) 10.87 12.02 10.43 13.65
CV 2 (%) 9.87 17.19 11.14 10.48

DF: degree of freedom; CV: Coefficient of variation; ns, *, and **, respectively, not significant, significant at a
p ≤ 0.05 and p ≤ 0.01.

The increase in the ECns reduced the chlorophyll a (Figure 6A) and chlorophyll total
(Figure 6B) contents of cucumber plants. However, the foliar application of SA up to
concentration of 2.0 mM reduced the effects of saline stress, promoting increments in
Chl a and Chl t, even when plants were subjected to the highest ECns (6.6 dS m−1). The
highest values of chlorophyll a (21.17 μg mL−1) and chlorophyll total (28.76 μg mL−1) were
obtained in plants cultivated with ECns of 2.1 dS m−1 and SA concentration of 2.0 mM,
corresponding to increments of 3.61% (0.74 μg mL−1) in chlorophyll a and 3.50% (0.97 μg
mL−1) in chlorophyll total for plants cultivated with the same salinity level (2.1 dS m−1)
and without the application of SA (0 mM). On the other hand, the application of SA on
leaves at concentrations greater than 2.0 mM intensified the harmful effects of saline stress,
with the lowest values of chlorophyll a (15.66 μg mL−1) and chlorophyll total (20.23 μg
mL−1) in plants subjected to ECns of 6.6 dS m−1 and SA concentration of 5.4 mM.

72



Agriculture 2023, 13, 395

 
(A) (B) 
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Figure 6. Response surface for chlorophyll a—Chl a (A), chlorophyll total—Chl total (B), chlorophyll
b—Chl b (C), and carotenoids—Car (D) of Japanese cucumber as a function of the interaction between
the electrical conductivity of the nutrient solution (ECns) and the concentrations of salicylic acid (SA),
grown in a hydroponic system, 40 days after transplanting. X and Y—concentration of SA and ECns,
respectively; * and ** significant at a p ≤ 0.05 and p ≤ 0.01, respectively. Vertical lines represent the
standard error of the mean (n = 4).

The synthesis of chlorophyll b (Figure 6C) and carotenoids (Figure 6D) of cucumber
plants were negatively affected by the increase in the electrical conductivity of the nutrient
solution, with reductions, per unit increment in ECns, of 7.46% in chlorophyll b content
and 3.82% in carotenoid content. Comparing the chlorophyll b and carotenoid contents of
plants grown under ECns of 6.6 dS m−1 to those of plants subjected to ECns of 2.1 dS m−1,
reductions of 39.9% (3.21 μg mL−1) and 18.17% (1.17 μg mL−1) were observed, respectively.

According to the summary of the analysis of variance, there was a significant effect
(p ≤ 0.01) of the interaction between the ECns and the concentrations of SA only on the
quantum efficiency of photosystem II (Fv/Fm) (Table 4). As a single factor, the levels
of ECns significantly influenced (p ≤ 0.01) all variables, except the electron transport
rate (ETR). On the other hand, SA concentrations had no significant effect on any of the
chlorophyll fluorescence variables.

The increase in the ECns had an increasing linear effect on the initial fluorescence (F0)
of cucumber plants (Figure 7A), with an increment of 3.22% per unit increase in ECns. The
plants cultivated with ECns of 6.6 dS m−1 had an increase of 13.57% (73.06) compared to
those grown with ECns of 2.1 dS m−1. Unlike the effect observed on the initial fluorescence
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(Figure 7A), the maximum fluorescence was reduced as the ECns increased (Figure 7B). The
plants grown under ECns of 6.6 dS m−1 showed a reduction of 20.68% (512.6) compared to
those cultivated with ECns of 2.1 dS m−1.

Table 4. Summary of the analysis of variance (ANOVA) for initial fluorescence (F0), maximum
fluorescence (Fm), variable fluorescence (Fv), quantum efficiency of photosystem II (Fv/Fm), initial
fluorescence before saturation pulse (Fs), quantum efficiency of photosystem II in the light phase
(YII), and electron transport rate (ETR) of Japanese cucumber grown in a hydroponic system with
saline nutrient solution and foliar application of salicylic acid, 40 days after transplanting.

Source of Variation DF
Mean Squares

F0 Fm Fv Fv/Fm Fs YII ETR

Saline nutrient solution (ECns) 3 16,234.27 ** 878,366.35 ** 889,782.38 ** 0.021 ** 174.32 ** 0.017 ** 120.39 ns

Linear regression 1 47,458.15 ** 225,506.26 ** 20,197.31 ** 0.028 * 505.99 ** 0.006 ns -
Quadratic regression 1 669.52 ns 73,902.41 ns 178,325 ns 0.034 ** 10.51 ns 0.037 ** -

Residual 1 9 1368.75 46,782.09 178.25 72.0 × 10−6 4.73 0.001 53.01
Salicylic acid (SA) 3 1906.64 ns 44,209.09 ns 695.02 ns 25.6 × 10−5 ns 93.97 ns 0.0001 ns 19.61 ns

Interaction (ECns × SA) 9 2315.81 ns 113,099.59 ns 26,025.02 ns 0.007 ** 37.07 ns 0.002 ns 62.11 ns

Residual 2 36 2395.35 64,148.96 15,211.43 11.8 × 10−5 5.87 0.001 31.74

CV 1 (%) 6.44 9.73 9.94 10.21 5.41 5.94 12.94
CV 2 (%) 8.51 11.40 8.66 11.42 6.79 5.08 10.01

DF: degree of freedom; CV: Coefficient of variation; ns, *, and **, respectively, not significant, significant at a
p ≤ 0.05 and p ≤ 0.01.

The variable fluorescence (Fv) of cucumber plants decreased with the increase in the
electrical conductivity of the nutrient solution (Figure 7C). The plants cultivated with ECns
of 2.1 dS m−1 had a variable fluorescence of 1697.34, while the minimum value (1152.08)
was verified under ECns of 6.6 dS m−1, i.e., there was a reduction of 545.26 (32.12%) under
the highest salinity level. The application of salicylic acid on leaves at the concentration of
2.0 mM promoted an increase in the quantum efficiency of photosystem II (Figure 7D), even
in plants cultivated with the highest ECns level (6.6 dS m−1); however, the highest value of
Fv/Fm (0.802) was obtained in plants cultivated with ECns of 3.8 dS m−1, corresponding
to an increase of 8.52% (0.063) compared to plants subjected to ECns of 2.1 dS m−1 and
without SA application (0 mM). The lowest quantum efficiency of photosystem II (0.684)
was recorded in plants cultivated with ECns of 6.6 dS m−1 and SA concentration of 5.4 mM.

For the initial fluorescence before the saturation pulse (Fs) (Figure 8A), it was observed
that the increase in ECns promoted an increment of 12.55% in plants cultivated with ECns of
6.6 dS m−1 compared to those under ECns of 2.1 dS m−1. On the other hand, the quantum
efficiency of photosystem II in the light phase (Figure 8B) decreased when nutrient solutions
with electrical conductivity above 2.1 dS m−1 were used, with the lowest value of YII (0.565)
observed in plants cultivated with ECns of 6.6 dS m−1.

The interaction between the ECns and SA concentrations significantly influenced
(p ≤ 0.05) the number of fruits, total production per plant, and average fruit weight
(p ≤ 0.01) (Table 5). The levels of ECns significantly influenced (p ≤ 0.01) all the variables of
the production components, while the concentrations of salicylic acid alone did not affect
any variable of the production components of cucumber.

The increase in the ECns negatively affected the number of cucumber fruits per plant
(NFP), regardless of the SA concentration (Figure 9A). It is worth pointing out that the
foliar application of SA above the estimated concentration of 2.3 mM intensified the effects
of saline stress, with the lowest value of NFP (0.90 fruits per plant) in plants cultivated with
ECns of 6.6 dS m−1 and SA concentration of 5.4 mM, while the highest number of fruits per
plant was 5.05, observed in plants subjected to ECns of 2.1 dS m−1 and an SA concentration
of 2.0 mM.
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Figure 7. Initial fluorescence—F0 (A), maximum fluorescence—Fm (B), and variable fluorescence—Fv
(C) as a function of electrical conductivity of the nutrient solution (ECns) and response surface for
the quantum efficiency of photosystem II—Fv/Fm (D) of Japanese cucumber as a function of the
interaction between ECns and the concentrations of salicylic acid (SA), grown in a hydroponic system,
40 days after transplanting. X and Y—concentration of SA and ECns, respectively; ** significant at
p ≤ 0.01. Vertical lines represent the standard error of the mean (n = 4).

The foliar application of SA at the estimated concentration of 2.0 mM also promoted
increments in average fruit weight (Figure 9B) and total production per plant—TPP
(Figure 9C). The plants cultivated with ECns of 2.1 dS m−1 and SA concentrations of
2.0 mM stood out with the highest values of AFW (383.40 g per fruit) and TPP (1932.59 g
plant), corresponding to increments of 7.95% in AFW and 7.66% in TPP, compared to plants
cultivated with the same level of ECns (2.1 dS m−1) but without SA application (0 mM).

However, it is worth noting that the application of SA on leaves at concentrations
greater than 2.1 mM, associated with increased ECns, reduced the AFW and TPP of cucum-
ber (Figure 9B,C), with the lowest values of AFW (276.54 g per fruit) and TPP (263.35 g per
plant) in plants cultivated with ECns of 6.6 dS m−1 and SA concentrations of 5.4 mM.
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Figure 8. Initial fluorescence before the saturation pulse—Fs (A) and the quantum efficiency
of photosystem II in the light phase—YII (B) of Japanese cucumber as a function of the
levels of electrical conductivity of the nutrient solution (ECns), grown in a hydroponic sys-
tem, 40 days after transplanting. ns and **, respectively, not significant and significant at a
p ≤ 0.01. Vertical lines represent the standard error of the mean (n = 4).

Table 5. Summary of the analysis of variance (ANOVA) for the number of fruits (NF), average
fruit weight (AFW), total production per plant (TPP), average fruit length (AFL), and average fruit
diameter (AFD) of Japanese cucumber grown in a hydroponic system with saline nutrient solution
and foliar application of salicylic acid, 45 days after transplanting.

Source of Variation DF
Mean Squares

NF AFW TPP AFL AFD

Saline nutrient solution (ECns) 3 40.18 ** 13,910.47 ** 5,869,190.94 ** 49.47 ** 126.64 **
Linear regression 1 117.83 ** 40,951.25 ** 16,913,963.71 ** 143.91 ** 364.10 **
Quadratic regression 1 2.71 ns 481.58 ns 409,158.52 ns 4.36 * 11.78 ns

Residual 1 9 0.47 753.89 184,044.58 0.64 2.42
Salicylic acid (SA) 3 0.17 ns 527.18 ns 66,638.93 ns 3.88 ns 2.62 ns

Interaction (ECns × SA) 9 1.67 * 5877.88 ** 543,499.86 * 1.01 ns 1.60 ns

Residual 2 36 0.42 3054.67 89,665.21 0.63 2.79

CV 1 (%) 21.29 8.44 19.76 4.63 4.93
CV 2 (%) 19.42 16.98 17.75 3.89 5.29

DF: degree of freedom; CV: Coefficient of variation; ns, *, and **, respectively, not significant, significant at a
p ≤ 0.05 and p ≤ 0.01.

The ECns negatively affected the length and diameter of cucumber fruits (Figure 10A
and 10B), with reductions of 3.78% in the average fruit length—AFL—and 3.76% in the
average fruit diameter—AFD—per unit increment in ECns. Comparing the AFL and AFD
of plants cultivated with ECns of 6.6 dS m−1 to those of plants subjected to ECns of 2.1 dS
m−1, reductions of 18.5% (4.03 cm) and 18.4% (6.40 mm) were observed in the length and
diameter of fruit, respectively.

There was a significant effect (Table 6) of the interaction between the ECns and the
concentrations of SA on the hydrogen potential (pH), soluble solids (SS), ascorbic acid
(AA), and titratable acidity (TA) of fruits of Japanese cucumber cultivated in a hydroponic
system, at 45 days after transplanting.
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Figure 9. Response surface for the number of fruits per plant—NFP (A), average fruit weight—AFW
(B), and total production per plant—TPP (C) of Japanese cucumber as a function of the interaction
between the electrical conductivity of the nutrient solution (ECns) and the concentrations of salicylic
acid (SA), grown in a hydroponic system, 45 days after transplanting. X and Y—concentration of SA
and ECns, respectively; * and ** significant at a p ≤ 0.05 and p ≤ 0.01, respectively.

The increase in the ECns reduced the pH of the cucumber fruit pulp (Figure 11A), and
the reductions were intensified with salicylic acid concentrations greater than 2.1 mM, with
the lowest pH value (5.12) verified in plants cultivated with ECns of 6.6 dS m−1 and an SA
concentration of 5.4 mM. However, it is observed that the foliar application of SA up to the
concentration of 2.0 mM promoted an increase in pH, with the highest pH value (5.92) obtained
in plants subjected to ECns of 2.1 dS m−1 and SA concentrations of 2.0 mM. The soluble solids
(Figure 11B) of cucumber fruits were also reduced by the increase in the ECns, with the highest
value of soluble solids (5.92 ◦Brix) observed in plants cultivated with ECns of 2.1 dS m−1 and
SA concentration of 2.0 mM, while the fruits of plants subjected to the same concentration of
SA (2.0 mM) and ECns of 6.6 dS m−1 showed a 43.9% (2.60 ◦Brix) reduction in soluble solids
compared to the fruits of cucumber plants under ECns of 2.1 dS m−1.
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Figure 10. Average fruit length—AFL (A) and average fruit diameter—AFD (B) of Japanese cucumber
cultivated in a hydroponic system as a function of the electrical conductivity of the nutrient solution
(ECns), 45 days after transplanting. ** significant at a p ≤ 0.01. Vertical lines represent the standard
error of the mean (n = 4).

Table 6. Summary of the analysis of variance (ANOVA) for hydrogen potential (pH), soluble solids
(SS), ascorbic acid (AA), and titratable acidity (TA) of fruits of Japanese cucumber grown in a
hydroponic system with saline nutrient solution and foliar application of salicylic acid, 45 days
after transplanting.

Source of Variation DF
Mean Squares

pH SS AA TA

Saline nutrient solution (ECns) 3 0.53 ** 17.97 ** 0.73 ** 0.41 **
Linear regression 1 1.56 ** 52.91 ** 1.99 ** 1.16 **
Quadratic regression 1 0.01 ns 0.99 ns 0.16 ns 0.005 ns

Residual 1 9 0.03 0.004 0.006 0.001
Salicylic acid (SA) 3 0.35 ** 0.009 ns 0.35 ** 0.65 **
Linear regression 1 0.17 ns - 0.49 * 0.69 *
Quadratic regression 1 0.55 ** - 0.45 ** 1.21 **
Interaction (ECns × SA) 9 0.13 * 0.45 ** 0.006 ** 0.04 *
Residual 2 36 0.02 0.05 0.002 0.008

CV 1 (%) 3.24 3.42 2.27 2.74
CV 2 (%) 3.00 4.62 4.86 6.75

DF: degree of freedom; CV: Coefficient of variation; ns, *, and **, respectively, not significant, significant at a
p ≤ 0.05 and p ≤ 0.01.

The foliar application of SA at the estimated concentration of 2.0 mM promoted an
increase in the ascorbic acid content (Figure 11C) and titratable acidity (Figure 11D) of
cucumber fruits, even when plants were subjected to the highest salinity of nutrient solution
(6.6 dS m−1). However, the highest values of ascorbic acid (1.44 mg 100g−1 pulp) and
titratable acidity (1.67%, Figure 11D) were obtained in plants grown under ECns of 2.1 dS
m−1, corresponding to an increase of 6.67% (0.09 mg 100g−1 pulp) in AA and 7.05% (0.11%)
in TA compared to the fruits of plants cultivated with the same level of ECns but without
an SA application (0 mM). The lowest value of AA (0.67 mg 100g−1 pulp) and TA (0.88%)
were obtained in plants cultivated with ECns of 6.6 dS m−1 and an SA concentration of
5.4 mM.
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Figure 11. Response surface for hydrogen potential—pH (A), soluble solids—SS (B), ascorbic
acid—AA (C), and titratable acidity—TA (D) of fruits of Japanese cucumber as a function of the inter-
action between the electrical conductivity of the nutrient solution (ECns) and the concentrations of
salicylic acid (SA), grown in a hydroponic system, 45 days after transplanting. X and Y—concentration
of SA and ECns, respectively; * and ** significant at a p ≤ 0.05 and p ≤ 0.01, respectively.

4. Discussion

The employment of saline water in crop production, either for supplemental irri-
gation or in the preparation of nutrient solutions in hydroponic systems, has long been
debated [2,3]. Several studies have indicated that the use of brackish water can lead to saline
stress and reduced crop yields [39,40]. This study demonstrated that saline stress caused
by increased ECns has negative impacts on the physiology, production, and post-harvest
quality of fruits of Japanese cucumber grown in an NFT hydroponic system. However, the
harmful effects of salt stress were to some extent attenuated by the application of salicylic
acid on leaves.

The root is the main organ that remains in direct contact with the nutrient solution
and therefore accumulates most of the potentially toxic elements [41]. Under conditions of
saline stress, an excess of toxic ions is common, especially Na+ and Cl−, which restrict the
capacity of roots to absorb water [3,42]. The reduction in water absorption leads to reduced
leaf status, as observed in this study through the relative water content (Figure 4A). Similar
results were reported for different vegetable crops cultivated in the hydroponic system,
such as melon [15], okra [3], and tomatoes [43].
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An increase in the ECns caused an increase in the percentage of electrolyte leakage (EL)
in the leaf blade (Figure 4B). Salt stress increases the production of reactive oxygen species
(ROS) and damages proteins and nucleic acids, as well as cell membrane lipids, causing
lipid peroxidation [44,45], and, consequently, greater EL in the leaf blade. However, the
increase observed in the present study did not cause injuries to the cell membranes of leaf
tissues, as damage is considered to only occur when the EL exceeds 50% [46]. Corroborating
the present study, no injuries to the cell membrane of leaves were observed in hydroponic
okra and melon plants under salt stress [3,47], with electrolyte leakage in the leaf blade less
than 50%.

The harmful effects of salt stress on the RWC and percentage of EL in the leaf blade
were attenuated by the foliar application of SA at the concentration of 2.0 mM, i.e., salicylic
acid increased the RWC (Figure 4A) and reduced the percentage of EL in the leaf blade
(Figure 4B). The beneficial effects of foliar application of salicylic acid have also been re-
ported by [3], in the hydroponic cultivation of okra plants under salt stress (ECns ranging
from 2.1 to 9.0 dS m−1). These authors found that the foliar application of SA at a concen-
tration of 1.5 mM was able to increase the RWC and reduce the percentage of EL in the
leaf blade. Salicylic acid is one of the principal phenolic compounds and acts as a growth
regulator, playing a unique role in various physiological and biochemical processes [9,48].
In addition, it acts in the reduction in lipid peroxidation and can interact with other plant
hormones to increase the tolerance of plants to salt stress [49,50].

The leaf gas exchange in cucumber plants was negatively impacted by the increase
in ECns (Figure 5). Under conditions of abiotic stress such as saline stress, there is an
imbalance between the production of ROS and antioxidant defense, leading to oxidative
stress [51]. Thus, the availability of water to plants decreases and the stomata are partially
closed (Figure 5B) as a mechanism to reduce the transpiration rate and salt absorption
(Figure 5C) [52]. This directly reduces the activity of the ribulose-1,5-bisphosphate car-
boxylase/oxygenase enzyme in the Calvin cycle and increases the production of ROS by
incomplete oxygen recovery, reducing the CO2 assimilation rate (Figure 5D) [52]. Reduc-
tions in the leaf gas exchange in cucumber plants as a function of salt stress have also been
observed in other studies, such as [53,54].

On the other hand, the application of SA on leaves at the concentration of 2.0 mM
alleviated the effect of salt stress on leaf gas exchange (Figure 5). Salicylic acid can increase
the activity of ribulose-1,5-bisphosphate carboxylase/oxygenase as well as potassium
absorption and ATP content, maintaining adequate Na+/K+ ratio in plants, thus favoring
tolerance to saline stress [55]. The SA also increases the accumulation of osmoprotectants,
improving turgor in plant cells under stress, and the activation of antioxidant enzymes,
resulting in better photosynthetic activity [56].

Photosynthetic pigments play an essential role in energy assimilation in plants and
their levels are significantly altered under salt stress [57]. The results of the present
study reveal that the increase in ECns negatively affected the synthesis of chlorophyll
and carotenoids in cucumber plants (Figure 6). However, the foliar application of SA at
a concentration of 2.0 mM mitigated the effects of salt stress, promoting increments in
chlorophyll a (Figure 6A) and chlorophyll total (Figure 6B).

The beneficial effect of SA is associated with its role as a signaling molecule and in
the activation of the plant’s defense system, which includes osmoregulation, elimination
of ROS, and ionic homeostasis [58]. Salicylic acid can stimulate chlorophyll biosynthesis
and/or reduce its degradation [59]. An increase in chlorophyll synthesis as a function of
the foliar application of SA has also been observed in studies with bell peppers [15], cherry
tomatoes [18], and strawberries [60].

Salt stress damages the chloroplast structure, promotes non-radiative heat dissipation,
and inhibits electron transfer in photosystem II [2]. The results obtained in the present
study demonstrate that increasing the ECns reduced the maximum fluorescence (Figure 7B),
indicating damage to the light-harvesting complex of photosystem II. An increase in F0
(Figure 7A) is also an indication of damage to the reaction center of photosystem II or a
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reduction in the capacity to transfer excitation energy from the light-harvesting system to
the reaction center of photosystem II (PSII) [61].

Maximum fluorescence (Figure 7B) and variable fluorescence (Figure 7C) were reduced
by the increase in the ECns, with no influence of SA concentrations. Fm is the point at which
the fluorescence of the plant reaches its maximum capacity and practically all quinone is
reduced [62]. The decrease in Fm reflects a reduction in maximum light energy absorbed
by photosystem II and the degradation of photosynthetic pigments [63,64], as observed in
the present study (Figure 6). Variable fluorescence refers to the plant’s capacity to transfer
the energy of electrons ejected from pigment molecules to the formation of NADPH, ATP,
and reduced ferredoxin, so its reduction may indicate that the photosynthetic apparatus
was damaged by saline stress, compromising photosystem II, with negative effects on the
photosynthetic process [65].

The foliar application of SA at the concentration of 2.0 mM increased the quantum
efficiency of photosystem II in the dark phase (Figure 7D), regardless of the level of ECns.
Thus, the results reveal that the Fv/Fm of plants sprayed with SA at a concentration of
2.0 mM was not compromised up to 5.0 dS m−1, as the values of Fv/Fm ranged from
0.75 to 0.80, i.e., they were greater than or equal to 0.75. Several authors consider Fv/Fm
values between 0.75 and 0.85 as normal in non-stressed plants [66,67].

Salicylic acid, in addition to signaling antioxidant genes and proteins under salt stress
conditions, can lead to a greater accumulation of ions responsible for osmoregulation and
membrane structure, such as K+ and Ca2+, and reduce the concentration of toxic Na+ and
Cl− ions [16]. This may be related to increased photochemical efficiency in cucumber
plants sprayed with SA at a concentration of 2.0 mM [68,69]. Corroborating the present
study, Mendonça et al. [3] evaluated the effect of foliar application of SA on hydroponic
okra plants under salt stress (ECns ranging from 2.1 to 9.0 dS m−1) and reported that the
application of SA at a concentration of 1.2 mM promoted an increase in Fv/Fm.

The reductions in the initial fluorescence before the saturation pulse and in the quan-
tum efficiency of photosystem II in the light phase (YII) (Figure 8) due to the increase in
the ECns indicate a decrease in photosynthetic activity, which corroborates the reductions
observed in the CO2 assimilation rate (Figure 5D) of plants subjected to the highest levels
of ECns.

The results of this study indicated that an increase in the electrical conductivity of the
nutrient solution negatively affected the production components of Japanese cucumber,
with reductions in the NFP, AFW, TPP, AFL, and AFD. These results are a consequence of
the osmotic and ionic effects induced by the high salinity of the nutrient solution [3]. The
reduction in osmotic potential causes water stress and accumulation of Na+ and Cl− ions,
leading to nutritional imbalance and a consequent reduction in production components [70].
Reductions in production components as a function of salt stress in hydroponic cultiva-
tion have also been observed in other studies with okra [71], cucumber [72], ‘Biquinho’
pepper [73], and Italian zucchini [40].

The foliar application of SA at a concentration of 2.0 mM promoted an increase in the
number of fruits, average fruit weight, and total production per plant, especially in plants
cultivated under ECns of 2.1 dS m−1. The increase in production components observed
in plants treated with SA (2.0 mM) may be associated with chlorophyll a fluorescence
and gas exchange responses. In summary, the foliar application of SA in cucumber plants
acted as an elicitor, increased leaf turgor (Figure 4A), and reduced lipid peroxidation
(Figure 4B), consequently protecting the photosynthetic apparatus of the plants. In addition,
this protection was observed through the higher quantum efficiency of photosystem II
(Figure 7D). Finally, the plants treated with SA at a concentration of 2.0 mM showed
the highest CO2 assimilation rate (Figure 5D) and this photo-assimilated carbon was
translocated to the fruits, resulting in a greater number of fruits, average fruit weight, and
total production per plant (Figure 9).

It is worth mentioning that, in this study, SA concentrations above 2.1 mM intensified
the deleterious effects of salt stress, causing reductions in the production components,
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the quantum efficiency of photosystem II, and CO2 assimilation rate with lower values
obtained in plants cultivated under ECns of 6.6 dS m−1 and sprayed with SA at a con-
centration of 5.4 mM. Therefore, the beneficial effect of SA depends on several factors,
including concentration and mode of application [10,11]. According to Aires et al. [74],
high concentrations of SA can cause high levels of oxidative stress, leading to a reduction
in stress tolerance.

From the results obtained in this study, it can be suggested that the application of
SA on leaves at adequate concentrations can increase the production of Japanese cucum-
ber cultivated in a hydroponic system, probably by stimulating physiological processes
involved in the active transfer of photosynthetic products from the source to the sink,
which is consistent with the results obtained by [75]. This beneficial effect of SA on the
production components of cucumber may be related to its role in reducing the absorption
of Na+ and increasing the absorption of N, P, K, Ca, and Mg by plants [76]. Increases
in production components as a function of the foliar application of SA have also been
observed in hydroponic okra [3] and melon [15].

Average fruit length and diameter are variables of great interest to the consumer
because they define the size of the edible part and the classification of the fruit. In this
study, there was no positive or negative influence of the application of SA on the diameter
and length of the cucumber fruit, although the SA increased the number of fruits, their
average weight, and, consequently, the total production per plant. However, the length and
diameter of cucumber fruits were reduced by the increase in the ECns. These results are a
consequence of the high salinity of the nutrient solution, which can cause a water deficit by
lowering the osmotic potential and toxicity of specific ions such as Cl− and Na+ [13].

Post-harvest variables play an important role because they are responsible for the
organoleptic characteristics that provide the feeling of freshness and palatability [77].
The pH is an important characteristic in fruit quality evaluation because low values can
guarantee pulp conservation without the need for heat treatment, hence avoiding the loss of
nutritional quality. Thus, the reduction observed in pH with an increase in the ECns shows
that the saline stress imposed on the cucumber increased the acidic character of the pulp,
besides reducing the concentration of the total soluble solids. It is worth pointing out that
changes in the post-harvest quality of the fruits produced under salt stress conditions occur
due to the action of the osmotic effect of the nutrient solution, inhibiting the absorption of
water and nutrients by plants and their photosynthetic capacity [78].

The foliar application of SA at a concentration of 2.0 mM promoted an increase in
soluble solids, especially in plants grown under ECns of 2.1 dS m−1. The increase in soluble
solids may be related to the role of SA in reducing the rate of degradation of polysaccharides
and, consequently, the greater availability of simple sugars, besides delaying fruit maturity
by inhibiting the production and effects of ethylene [79]. An increase in soluble solids
content due to SA application was also reported by [46] in the melon fruits cultivated in a
hydroponic system with brackish water. The ascorbic acid content and titratable acidity
were also increased as a function of the application of SA at a concentration of 2.0 mM. The
increase in these variables is a highly valued characteristic, particularly when one intends
to use cucumber for industrial processing, as it reduces the employment of acidifiers, thus
improving nutritional and organoleptic quality, being considered a principal attribute for
post-harvest evaluation [80].

5. Conclusions

Cucumber is a vegetable crop that is sensitive to saline stress even when grown in
a hydroponic system, being negatively affected by the electrical conductivity of nutrient
solution above 2.1 dS m−1. However, the application of salicylic acid on leaves between
concentrations of 1.4 and 2.0 mM not only promotes an increase in the relative water
content in the leaf blade but also positively influences the synthesis of photosynthetic
pigments, leaf gas exchange, and the quantum efficiency of photosystem II, reducing the
percentage of electrolyte leakage in the leaf blade. In addition, salicylic acid increases the
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production and postharvest quality of cucumber fruits. These observations reinforce the
hypothesis that the foliar application of salicylic acid in adequate concentrations can act as
a crucial signaling molecule in the attenuation of saline stress in cucumber plants, which
can enhance the use of brackish water in hydroponic cultivation, especially in regions with
the scarcity of freshwater of low salinity. Further studies are needed to understand how
salicylic acid acts in salt stress signaling through biochemical analysis. These studies will
help in understanding the metabolic and detoxifying mechanisms that occur in plants to
develop efficient strategies to mitigate the harmful effects of saline stress.
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Abstract: Passiflora edulis f. flavicarpa (yellow passion fruit) is a high-value tropical crop explored
for both fruit and nutraceutical markets. As the fruit production in the US rises, the crop must be
investigated for the effects of salinity under semi-arid climates. We assessed the effects of irrigation-
water salinity, leaf age, and drying method on leaf antioxidant capacity (LAC) and plant genetic
responses. Plants were grown in outdoor lysimeter tanks for three years, with waters of electrical
conductivities of 3.0, 6.0, and 12.0 dS m−1. Both Na and Cl significantly increased with salinity; leaf
biomass at 3.0 and 6.0 dS m−1 were similar but reduced significantly at 12.0 dS m−1. Salinity had
no effect on LAC, but new leaves had the highest LAC compared to older leaves. Low-temperature
oven-dried (LTO) and freeze-dried (FD) leaves had the same LAC. The analyses of twelve transporter
genes, six involved in Na+ transport and six in Cl− transport, showed higher expressions in roots than
in leaves, indicating a critical role of roots in ion transport and the control of leaf salt concentration.
Passion fruit’s moderate tolerance to salinity and its high leaf antioxidant capacity make it a potential
new fruit crop for California, as well as a rich source of flavonoids for the nutraceutical market.
Low-temperature oven drying is a potential alternative to lyophilization in preparation for Oxygen
Radical Absorbance Capacity (ORAC) analysis of passion fruit leaves.

Keywords: Passiflora edulis f. flavicarpa; irrigation-water salinity; salinity response; antioxidant
capacity; drying procedure; mineral status; genetic response to salinity

1. Introduction

Passion fruit (Passiflora edulis spp., Passifloraceae) is one of the most consumed small
fruits worldwide, with approximately 150 native species found in Brazil, although only
a few species produce edible fruits [1]. These species have fruit peels of different colors,
ranging from pale yellow to purple. Aside from the economic value given by the different
colors, sizes, flavors, and aromas of the different fruits, the multicolored flowers give the
species a high ornamental value. The yellow passion fruit (Passiflora edulis Sims. forma
flavicarpa Deg.) is reported to be originally from Brazil, where its common names are based
on the color of the fruit rind, used to differentiate the cultivars [2]. A recent hybrid named
‘BRS Gigante Amarelo 1′ is the ‘Brasil Yellow Giant 1′ developed by Embrapa Cerrados and
collaborators and released in 2008. This cultivar produces fruits ranging in fresh weight
from 120 to 350 g, and fruit yield ranging from 16–42 ton ha−1 when spaced at 3 m × 5 m,
fertilized and irrigated according to the crop recommendation, and manually pollinated
daily during flowering [3]. The global data for the trade of minor tropical fruits remain
difficult to obtain, but the 2015–2017 worldwide estimated production of passion fruit
was around 1.47 million metric tons (MT), the fifth highest after guava (6.7 MT), longan
and lychee (both 3.4 MT), and durian (2.3 MT) [4]. Thus, there are no data for worldwide
passion fruit production by country compiled by FAO. Brazil is the largest producer and
consumer of passion fruit; however, the yield of Passiflora edulis f. flavicarpa decreased
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from 838,000 MT in 2013 to 593,400 MT in 2019 (https://www.statista.com/statistics/10
78358/production-passion-fruit-brazil/), accessed on 27 October 2022. In contrast, the
Colombian passion fruit cultivated area grew from 15,000 ha in 2016 to 21,000 ha in
2017 (https://farmfolio.net/articles/colombias-passion-fruit-production-continues-rise/),
accessed 10 September 2022. Colombia reported passion fruit production of 150,000 MT in
2016, with most of its product staying home and only 6,000 MT exported to foreign markets.
In 2018, Colombia’s production was mostly (72%) P. edulis f. flavicarpa (169,000 MT),
followed by P. ligularis (sweet granadilla) with 47,460 MT, and P. edulis f. edulis (purple
passion fruit) with 24,800 MT (https://storymaps.arcgis.com/stories/bf57e656b0334bac8
3f73f5f9e5fca50), accessed on 10 September 2022. Most of the produced P. edulis f. edulis
was used for export purposes.

The passion fruit is primarily famous for its sweet (purple fruit) or sour (yellow
fruit) pulp; the nutraceutical market has been long established for the use of the leaf and
flower extracts due to their anxiolytic and sedative effects [5] as well as for being generally
regarded as safe [6]. Although considered safe for most users, the extract of Passiflora
incarnata, at therapeutic doses of 500–1000 mg three times a day, was reported to cause
adverse effects in one 34-year-old female patient postpartum [7]. Because there was no
toxicity associated with the analysis of the extract, the authors hypothesized that the patient
had a defective cytochrome P450 enzyme, and was unable to metabolize Harman alkaloids
present in P. incarnata extracts.

Passiflora edulis is the species with the highest commercial value due to its easy adapta-
tion to different soils and climates [8], great use for industrial products (food, nutraceutical,
and cosmetics), and for having mild tolerance to salinity [9]. Tolerance to salinity is vital
for the commercial feasibility of the crop in arid and semi-arid regions. Regarding the
effects of salinity on the crop, the yellow passion fruit was reported to have a minimal
reduction in fruit quality when irrigated with waters of electrical conductivity (ECw) of
4 dS m−1 [10,11].

There is recent information on the effect of salinity on passion fruit growth and anatom-
ical, physiological, and nutritional responses to salinity [12]. These authors evaluated the
species P. edulis, P. mucronata, and their hybrid for 20 days after saline irrigation. They
reported that P. mucronata was the most tolerant to salt due to its lowest leaf Na accumula-
tion and highest stomatal conductance, photosynthesis, and leaf number when challenged
with 150 mM NaCl. Another recent publication evaluated the antioxidant capacity and
flavonoid characterization of passion fruit pulp, peel, and seeds [13]. However, there are no
data on the effects of salinity on leaf antioxidant capacity and leaf biomass accumulation in
adult passion fruit plants.

Our search of the literature revealed no data on the effects of different drying proce-
dures on the antioxidant capacity of passion fruit leaves. In the United States, the food
industry evaluates the antioxidant capacity of fruits, juices, and vegetables through the
Oxygen Radical Absorbance Capacity (ORAC) method. For the ORAC analysis, the sam-
ples must be freeze-dried and lyophilized. Both the lyophilization process and ORAC
method are expensive and time-consuming, with the ORAC analysis being unaffordable
for small labs in the US and most labs in developing countries. In the past, it has been
demonstrated that drying Artemisia annua leaves in a forced-air oven at 50 ◦C for 48 h
preserved the highest leaf antioxidant capacity, without any significant reduction [14]. As
the leaves of passion fruit vines are used to prepare medicinal remedies, it is important to
evaluate practical, affordable, and rapid methods to determine the antioxidant capacity of
the different species of interest. In this work, we compared low-temperature oven drying
with freeze-drying and lyophilization and tested antioxidant capacity by both the ORAC
and total phenolics (TP) methods.

Despite passion fruit’s ecological and economic importance, molecular markers have
only recently been used in genetic studies [15]. Considering that the genus is a rich source
of ornamental vines (large array of flower colors), folk medicine (extract of leaves and
flowers), cosmetics (hydrating creams), and food for humans (such as fresh juice, ice
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creams, frozen concentrated juices, pulp, and seeds), it is surprising that there are no
studies on the molecular genetic response of passion fruit to salinity. Despite taxonomical
disagreements on the number of genera (between 18 and 23) and species (between 520
and 700), approximately 96% of the species are distributed in the Americas, with major
centers of diversity in Brazil and Colombia (both having approximately 30% of the Passiflora
species) [15]. However, a few species have been reported from India, China, Southeast Asia,
Australia, the Pacific Islands, and neighboring regions [15]. Recently, an effort has been
funded by FAPESP (Research Support Foundation of São Paulo, São Paulo, Brazil) for the
genetic characterization of 150 Passiflora species from Brazil as a valuable gene bank to
manage conservation and biodiversity [16]. Although the main producers of passion fruit
in Brazil are in the semi-arid region, afflicted by natural and anthropogenic irrigation water
salinity, the study does not mention tolerance to salinity.

The objectives of the study were to evaluate the effects of irrigation-water salinity on
leaf Na and Cl accumulation, mineral status, leaf biomass, antioxidant capacity, and genetic
responses of yellow passion fruit plants. The study also evaluated the effect of leaf age and
drying methods on leaf antioxidant capacity.

2. Materials and Methods

The United State Salinity Laboratory (USSL) is located in Riverside, southern California,
at the latitude 33.9◦58′24′ ′ N, longitude 117◦19′12′ ′ E, and altitude of 311 m above sea
level, with average high temperatures from June to September ranging from 30.6 ◦C to
34.5 ◦C. However, extreme summer weather in July and August elevates these temperatures
to over 40 ◦C and brings relative humidity to 25% or lower. Riverside has an average
annual precipitation of 262.6 mm, concentrated mostly from November to March. The day
length ranged from 9 h:53 min:36 s on the shortest day of the year (21 December 2018, the
solstice) to 14 h:25 min on the longest day of the year (21 June 2020), according to https:
//www.timeanddate.com/sun/usa/riverside?month=9, accessed on 10 September 2022.

2.1. Plant Material

Passiflora edulis f. flavicarpa seeds were obtained from the state of Paraiba, a state
located on the semi-arid coast of northeastern Brazil, transferred to the US through APHIS-
USDA, and planted in six-inch pots in April 2015 in a greenhouse at the USSL. Seedlings
were kept under natural illumination and temperature until they were three months old,
with an approximate height of 45 cm. Seedlings were irrigated with Riverside municipal
water (EC = 0.65 dS m−1) and received basic fertilization of 20-0-20 (NPK) in the pot and
a leaf spray of 2% urea every two weeks until transplant. Seedlings were transplanted to
outdoor sand tanks with two plants per tank and a spacing of 2.0 m between plants.

2.2. Irrigation Water Salinity and Sand Tank Cultivation

Plants were irrigated with Riverside municipal water (average EC = 0.65 dS m−1 and
pH = 7.5) with ionic composition reported in Table 1, enriched with NO3

− (9 mmolc L−1),
K+ (6 mmolc L−1), and P (1 mmolc L−1) for the first month while plants were being
established in the outdoor lysimeter tanks. After the plants were established, 30 days
after transplanting (4 August 2015), they were irrigated with waters of salinity of 1.8, 3.8,
and 6.8 dS m−1 for the first year. As plants did not show any significant difference in leaf
biomass under these salinities, the irrigation water salinities were increased to 3.0, 6.0, and
12.0 dS m−1 for the second and third years of crop cultivation. Over time, and as nutrients
were added, the final EC of the control water reached 3.0 dS m−1. The treatments of 3.8 and
6.8 dS m−1 were increased to 6.0 and 12.0 dS m−1 and maintained for the last two years of
the experiment. The ionic composition of the control and saline treatment waters is shown
in Table 1.
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Table 1. Averaged target electrical composition (ECw), pH, and mineral ion composition of passion
fruit saline irrigation waters and Riverside municipal water (RMW). Ion composition in the table
reflects the concentration of ions that were added to existing ion composition in RMW as NaCl, CaCl2,
MgCl2, MgSO4, Na2PO4, and KNO3 in order to provide the ions specified in the table and to achieve
each target ECw. No CO3H− was added to treatment waters in addition to what RMW already had.
Micronutrients were added through a solution based on Hoagland and Arnon [17].

Treatment
Target
ECw

Averaged
Final ECw

pH K+ Na+ Ca2+ Mg2+ Cl− SO4
2− PO4

3− NO3
− CO3H−

dS
m−1 dS m−1 mmolc L−1

RMW 0.6 7.7 0.1 1.88 3.32 0.80 1.01 1.30 ND 0.38 3.4
T1 3.0 3.0 7.8 5.9 13.62 3.98 2.80 1.99 14.70 1.0 8.62 0.0
T2 6.0 6.0 7.7 5.9 32.12 12.88 7.40 25.99 22.70 1.0 8.62 0.0
T3 12.0 12.0 7.3 5.9 70.12 27.18 14.50 85.39 22.70 1.0 8.62 0.0

Note: The chemical composition of each target ECw was calculated using Extract Chem V2.0 [18] based on the
water composition of the Riverside municipal water (RMW).

To this basic nutrient solution, we added salts of Na, Cl, SO4, Ca, Mg, and S in order
to provide the target salinities (Table 1). Saline treatment solutions were pumped from
24 water reservoirs (Vol = 3605 L each) housed underneath the lysimeter facility to each
of the 24 large sand tanks above, completely saturating and leaching the sand culture
medium. Sand tanks were filled with coarse sand with dimensions of 1.5 m (W) × 3.0 m (L)
× 2.0 m (D) (Figure 1). Plants were irrigated twice a week with treatment waters stored in
underground reservoirs of 3605 L, each designated to irrigate one large sand tank above.
After irrigating each tank, each saline nutrient solution returned to the reservoir through
a subsurface drainage system at the bottom of the tanks (Figure 1), thus maintaining a
uniform and constant salinity in the plant root zone.

 
Figure 1. Schematic cross-section representation of large outdoor sand tanks (top left) and water
reservoirs (bottom left) used to grow yellow passion fruit vines, with a bird’s view of a single
tank (top left) and the 25 sand tanks on a north/south orientation (bottom left). On the right, a
representation of the front view of passion fruit in sand tanks (top right) and of the 24 water reservoirs
(bottom right) housed underneath the sand tanks.
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2.3. Plant Mineral Nutrition

The base nutrient solution was prepared following the nutrition recommendation for
passion fruit: N as NO3

− (9 mmol L−1), P as H2PO4
− (1.0 mmol L−1), K (6.0 mmol L−1. For

the micronutrients, we used the Hoagland and Arnon No. 1 solution [17] with the following
composition: 46 μmol L−1 of B; 0.3 μmol L−1 of Cu; 12.6 μmol L−1 of Mn; 0.1 μmol L−1 of
Mo; 90 μmol L−1 of Fe, and 1.3 μmol L−1 of Zn.

2.4. Lysimeter Tanks

Each lysimeter tank had two plants spaced 2.5 m apart. The coarse sand in each tank
was mixed with 10% peat moss (v/v), resulting in an average bulk density of 1380 kg m−3

and an average volumetric water + air content of 0.30 m3 m−3, determined by packing dry
sand, weighing, saturating with water, and reweighing. Plants were assigned to tanks in a
complete randomized design with eight replicates per treatment (eight tanks per treatment)
with two plants per tank, totaling sixteen plants per treatment.

2.5. Sample Collection

Leaves were collected in groups according to their position in the new tertiary stem
generated in 2019, then compared to one large leaf from the secondary stem that originated
in 2018 (Figure 2). Leaf samples for Na, Cl, and macronutrient analyses were fully expanded
and taken from positions 7–9 in the new branch, counted from the newest leaf in the apex
in April 2019, with approximately 15 leaves collected per tank. For antioxidant analyses,
leaves were collected from positions 1–3 (new leaves, NL), 4–7 (young leaves, YL), 8–12
(physiologically mature, ML), and one previous-year (PY) leaf (Figure 2). After collection, a
portion of the leaf samples was placed in cloth bags and immediately dipped into liquid
nitrogen, freeze-dried (lyophilized), and ground in order to determine the antioxidant
capacity through both ORAC and total phenolic tests. The other portion of the sampled
leaves was oven-dried at 50 ◦C for 48 h for ORAC and total phenolic analyses to evaluate if
this oven temperature would preserve most of the antioxidant capacity when compared to
freeze-drying, as previously determined for Artemisia annua [14]. Leaves from positions 1–7
were also collected from different branches and from the east or west side of the plant in
order to assess whether the direction of sun exposure would affect antioxidant capacity. All
leaves were kept in the dark and stored in a −80 ◦C freezer before being directed to either
freeze-drying or low-temperature oven drying. They were then ground in a Willey Mill to
a 1 mm-particle size and maintained at −80 ◦C before ORAC and total phenolic analyses.
For fresh biomass accumulation, plants were pruned up to the secondary stem, placed in a
large plastic tarp, and immediately weighed on a large scale. The vine dry weight was later
estimated by taking six samples from different tanks and drying them in an oven at 70 ◦C
until they reached a stable weight.

2.6. Antioxidant Capacity Tests

Leaves were analyzed by the ORAC test as well as by the TP (Folin–Ciocalteu) test
following methodology previously validated [19,20] and currently used in our USDA
laboratory in order to determine the shoot antioxidant capacity of several crops, including
spinach, alfalfa, and artemisia [14,21,22].

2.7. Expression Analyses

Expression changes under salinity were studied using quantitative Reverse
Transcription—Polymerase Chain Reaction (qRT-PCR). Some genes involved in Na+ trans-
port and Cl− transport were selected for our expression analyses. The Arabidopsis sequence
for each selected gene was used to identify the corresponding cassava (Manihot esculenta)
gene, which was further used against the passion fruit whole genome shotgun sequence to
identify the passion fruit ortholog. Primers were designed for the sequence that showed
the highest homology (Table S1).
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Figure 2. Schematic drawing of a new passion fruit stem arising from the previous year’s stem.
Elliptical lines show the group of leaves collected, starting from the new leaves at the tip of the stem
to the oldest at the base. The large leaf at the base of that new stem is from the previous year’s
(PY) growth and was also used to compare antioxidant capacity. Schematic illustration by Jorge
F.S. Ferreira.

RNA samples were collected from leaves and roots, and RNA was isolated using
TRIzol® reagent (Invitrogen, Carlsbad, CA, USA). DNA contamination was removed using
DNase I (Thermo Scientific, Waltham, MA, USA), and the samples were diluted to 5 ng/μL.
The qRT-PCR analyses were performed in the BioRad CFX96 machine, utilizing the iTaqTM

Universal SYBR® Green One-Step Kit (Bio-Rad Laboratories, Hercules, CA, USA). The PCR
reaction was carried out in 10 μL volume containing 10 ng total RNA, 0.75 μM each primer,
5 μL 2X one-step SYBR® Green Reaction mix, and 0.125 μL Bio-Rad iScriptTM Reverse
Transcriptase (Bio-Rad Laboratories, Hercules, CA, USA). Amplification was carried out
using the following program: 50 ◦C for 10 min, 95 ◦C for 1 min, followed by 40 cycles
of 95 ◦C for 10 s, 57 ◦C for 30 s, and 68 ◦C for 30 s. Three passion fruit housekeeping
genes encoding histone (XP_002525279.1), 60S ribosomal protein (XP_002531173.1), and
transcription initiation factor (XP_002299546.1) were used as reference genes for the qRT-
PCR analyses [23].

3. Results

The results reflect the salt, mineral, antioxidant capacity, and gene expression in leaves
of adult passion fruit plants after three years of exposure to saline waters and hot summer
temperatures in Riverside, CA, USA.

3.1. Effects of Leaf Na and Cl Accumulation on Shoot Biomass

Leaf mineral analysis showed that an increase in irrigation water salinity resulted in
significant increases in Na and Cl leaf concentrations. Passion fruit plants accumulated
significantly more sodium and chloride with increasing salinity (Figure 3a). While leaves
of plants irrigated with control water of ECw=3.0 dS m−1 had, on average, 9.8 g kg−1 of Na
and 10.2 g kg−1 of Cl, leaves of plants irrigated with ECw = 6.0 dS m−1 had 18.4 g kg−1 of
Na and 22.8 g kg−1 of Cl, and plants irrigated with ECw = 12.0 dS m−1 had, on average,
29.4 g kg−1 of Na and 43.3 g kg−1 of Cl (Figure 3a, Table 2). Plants irrigated with waters of
the highest salinity (12 dS m−1) presented leaf edge scorching (Figure 4). Dry shoot (leaves
and stems) biomass was, on average, 31.4% of fresh weight, regardless of salinity.

92



Agriculture 2022, 12, 1856

Figure 3. Biomass and ion concentrations of passion fruit plants irrigated with saline waters of three
electrical conductivities (ECw). (a) Shoot fresh weight. (b) Sodium (Na) concentrations. (c) Chloride
(Cl) concentrations. Data are means ± 1SE, (n = 8). Different letters indicate significant differences
(p ≤ 0.05) among the three salinity treatments.

Table 2. Leaf macro- and micronutrient concentrations, including sodium and chloride, of passion
fruit plants irrigated with waters of three electrical conductivities (ECw). Data are the means of
eight outdoor lysimeter tanks (n = 8), except for the highest salinity (n = 6). Different letters indicate
significant differences (p ≤ 0.05) among the three salinities. DM: dry matter. The water pH was 7.8.

ECw K Na Cl P Ca Mg S N Fe Zn Cu B Mn

dS m−1 g kg−1 DM mg kg−1 DM

3.0 20.2 a 9.8 c 10.2 c 2.1 a 7.8 a 2.0 a 3.6 a 34.3 b 116 a 50.5 a 3.7 a 118 a 11.5 a
6.0 20.1 a 18.4 b 22.8 b 2.5 a 7.8 a 2.1 a 3.9 a 41.6 ab 119 a 39.9 a 3.6 a 56.0 b 13.8 a

12.0 20.5 a 29.4 a 43.3 a 2.4 a 9.8 a 2.7 a 3.2 a 43.2 a 138 a 51.3 a 3.3 a 83.3 ab 11.8 a

Figure 4. The general aspect of leaves of passion fruit plants irrigated with waters of different
salinities. (a) 3.0 dS m−1. (b) 6.0 dS m−1. (c) 12.0 dS m−1. Plant biomass was significantly reduced by
58.45% at the highest salinity, with leaves showing burned edges typical of excess Cl accumulation.

Although there was no significant reduction in average leaf biomass between plants
irrigated with 3.0 and 6.0 dS m−1 (43.8 vs. 37.3 kg tank−1), there was a significant reduction
in leaf biomass (18.2 kg tank−1) for plants irrigated with ECw = 12.0 dS m−1 (Figure 3b).
The leaves of plants irrigated with waters of ECw of 3.0 and 6.0 dS m−1 (Figure 4a,b) had no
salt-toxicity symptoms, but the leaves of plants irrigated with ECw = 12.0 dS m−1 showed
lateral burning of mature leaves (Figure 4c). Both plants from each of the two tanks under
ECw = 12 dS m−1 died during the third year.

Although leaf concentrations of Na and Cl increased with each increase in irrigation-
water salinity (Figure 3), the concentrations of macro- and micronutrients remained fairly
constant across salinities (Table 2). In comparison to the expected macro- and micronutrient
leaf composition of field-grown Passiflora alata Curtis [24], our plants were low in Mn.
Although Mn was provided in a mixture of essential minerals, the water pH (7.8) was above
the ideal pH (>6.2) for most plants, after which manganese has a decreased availability for
plant uptake.
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3.2. Effects of Na and Cl Accumulation, Drying Method, and Leaf Age on Antioxidant Capacity

Salinity did not affect the antioxidant capacity of passion fruit leaves. The leaves used
for this analysis were the same leaves collected for mineral analysis, and were from the
middle portion of the stem. These leaves, sampled from the middle of the tertiary branch
(leaves 7–9), had ORAC concentrations ranging from 620–750 μmoles TE g−1 DM, and TP
ranging from 15–19 mg GAE/g DM (Figure 5). There was also no difference in antioxidant
capacity for either ORAC and TP between leaves from the east or west side of the vine
(Figure 5).

Figure 5. Comparison of drying methods and leaf developmental stages (1–12) for passion fruit
leaves measured through the hydrophilic oxygen radical absorbance capacity (ORAC), and total
phenolics (TP) concentration of freeze-dried and oven-dried leaves at different developmental stages.
(a) Leaf ORAC at different leaf developmental stages. (b) Leaf TP at different leaf developmental
stages. Vertical bars represent means plus/minus standard error (±1SE) of four replicates (n = 4)
(4 tanks each with two vines). Different letters indicate significant differences (p ≤ 0.05) among
different leaf growth stages. Lack of letters between drying methods indicate lack of significant
differences. TE: Trolox equivalent, GAE: gallic acid equivalent. There was no significant difference
(p > 0.05) between the two drying methods at any leaf developmental stage. PY, previous-year leaves.

When comparing freeze-drying at −50 ◦C for 3–4 days with oven drying at 50 ◦C for
48 h, leaves at different positions of the newest branch of passion fruit vines showed no
difference in antioxidant capacity (ORAC) or TP (Figure 5). However, depending on their
physiological age, leaf groups had significantly different (p < 0.05) ORAC values, with new
leaves (NL, leaves 1–3) having average ORAC values of 1200 μmoles TE g−1 DW, while
young leaves (YL, leaves 4–7) and physiologically mature leaves (ML, leaves 8–12) of the
same branch had average ORAC value of 850 μmoles TE g−1, and leaves from the previous
year (PY) had the lowest ORAC values of approximately 580 μmoles TE g−1 (Figure 6a).
Leaf TP followed the same trend as ORAC, with NL having the highest values in TP,
approximately 24 mg GAE g−1 DW, and ML and PY leaves having values of approximately
15 and 14 mg GAE g−1 DW, respectively (Figure 6b).

3.3. Effect of Salinity on Gene Expression

Twelve genes known to be involved in salt stress were used to study expression
changes between control and salinity treatments. Of these, six genes (AKT1, NHX1, NHX2,
SOS1, SOS2, and SOS3) are known to be involved in Na transport, and six genes (ALMT12,
ALMT9, CCC, CLCc, CLCg, and SLAH3) are known for their roles in Cl transport. Expression
analyses revealed higher expression of all 12 genes in roots than in leaves, irrespective of
salinity treatment (Figure 7).
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Figure 6. Effect of passion fruit leaf developmental stage on the hydrophilic oxygen radical ab-
sorbance capacity (ORAC) and total phenolics (TP) concentration. (a) Leaf ORAC at different leaf
developmental stages. (b) Leaf TP at different leaf developmental stages. Vertical bars represent
means plus/minus one standard error (±1SE) of eight replicated samples (n = 8) (two vines per tank,
freeze-dried and oven-dried sample data were combined). TE: Trolox equivalent, GAE: gallic acid
equivalent. Different letters indicate significant differences (p ≤ 0.05) among different leaf growth
stages. PY, previous-year leaves.

Figure 7. Expression of genes involved in Na+ and Cl− transport under EC = 3 dS m−1, EC = 6 dS
m−1, and EC = 12 dS m−1 in leaves and roots of passion fruit. (a) Expression of genes involved in
Na+ transport in leaves. (b) Expression of genes involved in Na+ transport in roots. (c) Expression of
genes involved in Cl− transport in leaves. (d) Expression of genes involved in Cl− transport in roots.
* indicate a significant difference (p ≤ 0.05) between EC = 3 dS m−1 and EC = 6 dS m−1 or 3 dS m−1

and EC = 12 dS m−1. Bars represent standard errors.
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Of the genes involved in Na transport, SOS1 and SOS3 were significantly upregulated
in roots, at 12 dS m−1 compared to 3 dS m−1, whereas SOS3 was significantly upregulated at
6 dS m−1 compared to 3 dS m−1 (Figure 7b). On the other hand, SOS3 was downregulated
in leaves at 12 dS m−1 compared to the control (Figure 7a). None of the other genes were
differentially expressed under control and salinity conditions.

Of the genes regulating Cl transport, ALMT12 was downregulated at 12 dS m−1 and
6 dS m−1 compared to 3 dS m−1, whereas SLAH3 was upregulated in roots at 12 dS m−1

compared to the control (Figure 7d). In leaves, CLCg was upregulated at 6 dS m−1 as
compared to 3 dS m−1 (Figure 7c).

4. Discussion

4.1. Effects of Na and Cl Accumulation on Shoot Biomass

According to the salinity tolerance of several species under hydroponics, species
that tolerated an ECw = 5.5 dS m−1 were considered tolerant [25]. In addition, young
passion fruit plants that tolerated irrigation-water salinity of ECw = 4.43 dS m−1 were
considered moderately tolerant to salinity [26]. As our yellow passion fruit plants had
significant increases in the accumulation of both Na and Cl in leaves, but had no significant
decrease in shoot biomass or visual salt toxicity symptoms up to ECw = 6.0 dS m−1, we
believe that our plants can be classified as moderately tolerant to salinity. However, the
accumulation of either Na or Cl (or both) was toxic for the vines and reduced their leaf
biomass production at the ECw = 12.0 dS m−1. After two years of exposure to the highest
irrigation water salinity of 12.0 dS m−1, although the plants had enough macronutrients
to sustain their growth, four of the sixteen plants under this treatment died during the
last months of the third year. Additionally, all surviving plants had their shoot biomass
severely reduced and leaf marginal burning typical of chloride toxicity (Figure 4c), also
consistent with chloride toxicity in strawberry leaves [27]. However, it is impossible to
exclude the possibility that leaf damage could also be caused by sodium unless a separate
study were conducted, with sodium and chloride salts used separately. As the yellow
passion fruit plants evolved in the Brazilian Amazon, where soils are very low in sodium
and chloride and excessive salts are leached by the abundant rains, we believe that plants
have no effective mechanism to avoid either Na+ or Cl− absorption, as it was reported
and discussed recently for habanero peppers irrigated with saline waters [28]. In fruit
crops, such as avocado rootstocks, salt toxicity has been reported at much lower salinity
levels. When Hass avocado plants field-grown in Riverside were grafted onto 13 rootstocks
and irrigated with water salinity of 1.5 dS m−1 for 23 months, a significant variation in
mortality rate was observed for different rootstocks with Hass plants that were grafted onto
more salt-tolerant rootstocks, accumulating less leaf chloride [29]. Results prompted the
authors to conclude that plant mortality was highly correlated to chloride (but not sodium)
accumulation in avocado leaves [29]. As our passion fruit vines presented similar chloride
toxicity symptoms to those seen in avocado leaves (necrosis of leaf tips extending to leaf
edges, Figure 4c), maybe NaCl-tolerant passion fruit rootstocks could increase the yellow
passion fruit salt tolerance, as it was found to do for avocados in Southern California.

4.2. Effects of Na and Cl Accumulation, Drying Method, and Leaf Age on Antioxidant Capacity

The antioxidant capacity of leaves, measured by both ORAC and TP methods, did
not change in response to salinity, and ranged from 600–800 μmoles TE g−1 (ORAC)
and 15–18 mg GAE g−1 (TP) of leaf dry matter (Figure S1). However, antioxidant capacity
(ORAC and TP) decreased consistently and significantly from the youngest
(1200 μmole TE g−1 DM) to the oldest (600 μmoles TE g−1 DM) leaves (Figure 6). The leaf
with the lowest antioxidant capacity was the leaf from the previous year, at the base of the
vine generated that year. These results indicate that young leaves are physiologically more
active and generate more antioxidants, possibly as protection from sunlight stress, while
the lower leaves may be more protected from sunlight and less physiologically active, and
produce smaller concentrations of antioxidants. Regardless of the variation in antioxidant
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capacities based on the age of the leaf, passion fruit leaves have a higher hydrophilic
antioxidant capacity than alfalfa, the ORAC of which ranged from 244–287 μmoles TE g−1

DM and TP from 5–5.6 mg GAE g−1 DM at 300 days after sowing and cultivation under
moderately to highly saline irrigation [22]. As the yellow passion fruit leaves had 3- to
6-fold higher ORAC and 4- to 5-fold higher TP than alfalfa, its leaves should be evaluated
as a rich source of minerals, NaCl, and antioxidants that would be beneficial for small
ruminants and that could be provided after each annual pruning when stems and leaves
are discarded. Although Passiflora sp. leaves contain cyanogenic glycosides, we could find
no reliable toxicity studies on leaf extracts in animals, nor any report of toxicity by animals
that would preclude its feeding to ruminants.

When the antioxidant capacity (both ORAC and TP) of leaves dried through freeze-
drying and oven drying at 50 ◦C was assessed, there were no significant differences
(Figure 5). This indicates that oven drying leaves at 50 ◦C for 48 h can effectively substitute
for freeze-drying when liquid nitrogen and a freeze-drier are unavailable. These results with
passion fruit confirmed our previous results with the antimalarial plant Artemisia annua,
where leaves dried by oven drying at 50 ◦C for 48 h had the same antioxidant capacity
(ORAC) as leaves that were frozen in liquid nitrogen and freeze-dried [14]. However,
shade-drying and sun-drying, mainly the latter, destroyed most of the antioxidant capacity
of A. annua leaves.

4.3. Effect of Na and Cl Accumulation on Gene Expression

Expression analyses showed that the genes involved in Na and Cl transport studied in
this investigation had higher expression in roots compared to leaves (Figure 7), suggesting
that roots play a more critical role than leaves under salinity stress. Similar observations
were made in alfalfa, where most genes involved in Na and Cl transport were expressed at
higher levels in roots compared to leaves [30].

Under salinity stress, a higher Na+ concentration is sensed by SOS3, which physically
interacts with SOS2 [31]. SOS3-SOS2 complex then activates a Na+/H+ antiporter, SOS1,
by phosphorylating it, causing extensive Na+ exclusion from the cytoplasm [32]. SOS1 and
SOS3, known to be involved in Na+ exclusion, were upregulated in roots under salinity,
indicating that the Na+ exclusion is vital during salinity stress in passion fruit (Figure 7b).
At the same time, the lower expression of SOS3 in leaves under salinity than the control may
suggest an additional role of SOS3 in the cellular metabolism of passion fruit (Figure 7a).

ALMT12 is found in root stelar cells, and is predicted to be involved in the loading
of Cl− from root to xylem [33]. ALMT12 was significantly downregulated in roots under
salinity compared to the control in our study (Figure 7d). Downregulation of this gene will
restrict Cl− to roots and will protect leaves from higher Cl concentrations.

CLCg is localized to the tonoplast of mesophyll cells, and is involved in sequestering
Cl− to vacuoles to protect the cytoplasm [34]. CLCg was upregulated at 6 dS m−1 compared
to the control, suggesting its role in tissue tolerance under medium salinity. The high
salinity of 12 dS m−1 does not show induction of CLCg compared to the control in leaves
(Figure 7c).

Some of the genes, such as AKT1, NHX1, NHX2, SOS2, ALMT9, CCC, and CLCc,
which do not show differential expression under control and saline treatments may be
differentially expressed in different genotypes. Although not tested in this investigation,
genotypic-specific differences may also be critical during salinity stress in passion fruit.

5. Conclusions

This work is first to report on the effect of saline irrigation on the biomass, mineral
status, antioxidant capacity, and genetic response of Passiflora edulis f. cv flavicarpa, as well
as the first to compare low-temperature oven drying with freeze-drying and lyophilization
prior to leaf antioxidant analyses. Our experiment produced the main findings: Saline
waters up to 6.8 dS m−1 (equivalent to a soil-paste salinity (ECe) of 3.1 dS m−1) were
perfectly tolerated by young passion fruit vines in their first year. During the second and
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third years, salinities from 3.0 dS m−1 (equivalent to an ECe = 1.36 dS m−1) to 6.0 dS m−1

(equivalent to an ECe = 2.7 dS m−1) produced no visual toxicity symptoms, leaf biomass
reduction, major changes in leaf mineral status, or decreased leaf antioxidant capacity
under the hot summer temperatures of southern California. However, plants irrigated
with water with a salinity of 12.0 dS m−1 (equivalent to an ECe = 5.45 dS m−1) resulted in
significantly reduced shoot biomass and some plant death in the third year, confirming
previous reports that the salinity threshold for the yellow passion fruit in the field had
an ECe of approximately 4.0 dS m−1. However, our experience with salinity tolerance in
other crops suggests that salinity trials must involve other cultivars, which may increase
salt tolerance in a crop of Amazonian origin such as Passiflora edulis. The high antioxidant
capacity found in young leaves makes them appealing to the nutraceutical market. We
also showed that freezing-drying in liquid nitrogen and lyophilization at −50 ◦C can be
substituted by drying leaves in a forced-air oven set at 50 ◦C for 48 h, which is a more
effective, rapid, and economical way to preserve leaf antioxidant capacity. However, oven-
dried leaves should be further analyzed for individual flavonoid glucosides by HPLC-UV
in order to guarantee that key flavonoids are preserved by low-temperature oven drying.
The similar trends in TP and ORAC analyses indicate that the passion fruit flavonoids have
high antioxidant activity. Finally, the gene expression analyses of passion fruit leaves of
plants submitted to irrigation waters of low to high salinity confirmed a more critical role
of roots compared to leaves under salinity stress. The efflux of Na+ from roots to the soil,
loading of Cl− from root to xylem, and sequestration of Cl− into vacuoles of mesophyll
cells are vital components of salinity tolerance in passion fruit. In order to increase our
understanding of Passiflora edulis f. flavicarpa responses to salinity, future studies should
involve different cultivars, of both edible and wild species, and separate saline waters
dominant in either sodium or chloride salts to determine which salt is most toxic to the crop.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture12111856/s1, Figure S1: Leaf hydrophilic oxygen
radical absorbance capacity (ORAC) and total phenolics (TP) concentration of passion fruit leaves
of plants grown under three salinities and of leaves facing east or west. (a) Leaf ORAC at different
salinities. (b) Leaf ORAC for samples taken from leaves facing east or west. (c) Leaf TP at different
salinities. (d) Leaf TP for samples taken from leaves facing east or west. Error bars represent standard
errors of the means. Table S1: The list of primers used for the expression analysis.
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Abstract: The citrus yield is limited by soil and/or water salinity, but appropriate rootstocks can
ensure the sustainability of the production system. Therefore, the objective of the present research
was to evaluate the salt content in the soil and the production and physiological aspects of the ‘Tahiti’
acid lime combined with thirteen rootstocks, irrigated with saline water in the first two production
years to identify indicators of salt tolerance. The rootstocks evaluated were: ‘Santa Cruz Rangpur’
lime, ‘Indio’, ‘Riverside’ and ‘San Diego’ citrandarins, ‘Sunki Tropical’ mandarin, and eight hybrids,
obtained from the Citrus Breeding Program of Embrapa Cassava and Fruits. The waters used had
three saline levels: 0.14, 2.40, and 4.80 dS m−1, in a randomized block adopting a split-plot design,
with rootstocks in the plots and saline waters in the subplots, with four replicates. From August
2019 to February 2021, fruit harvests and agronomic traits were measured. At the end of each
production year, the soil characteristics, leaf gas exchange, and chlorophyll a fluorescence analysis
were performed. It was concluded that: (1) the effects of water salinity on citrus are of osmotic nature,
reducing gas exchange, (2) the salinity did not significantly damage the photosynthetic apparatus until
the second year of production, and (3) using more stable, salt-tolerant rootstocks makes it possible to
cultivate ‘Tahiti’ acid lime under irrigation with waters of 2.4 dS m−1 electrical conductivity.

Keywords: chlorophyll a fluorescence; Citrus spp.; fruit production; Poncirus hybrids; salt balance

1. Introduction

Brazilian citrus is composed of several species, especially those belonging to the genus
Citrus, which is formed, among other species, by sweet oranges (C. × sinensis (L.) Osbeck) [1]
and Tahiti acid lime (C. × latifolia (Yu. Tanaka) Tanaka). Regarding ‘Tahiti’ acid lime, known
as ‘Tahiti’ lemon, it stands out for its increase in terms of both harvested area (58,438 ha) and
production, with a total of 1,585,215 tons of fruits, highlighting the states of São Paulo, Pará,
Minas Gerais, Bahia, Rio de Janeiro, Ceará, Paraná, Espírito Santo, Rio Grande do Sul, and
Sergipe, the last-mentioned at the tenth position on the national scene [2].

‘Tahiti’ acid lime production is very important in Brazil, not only from an economic
point of view but also socially, with the generation of employment and income, because it
allows families to remain in the field, with work and dignity [3]. Despite its socio-economic
importance, its cultivation in the Northeast region faces some adversities, which lead to a
low yield, about 11.9 t ha−1 [2], considering its potential of 40 t ha−1 [4].
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The yield of citrus plants in northeastern Brazil may be optimized with the use
of irrigation [5]. However, the waters available in this region of the country, mainly
groundwaters, have high salt contents [6], which can cause problems since citrus plants
are considered sensitive to salinity [7,8], which reduces their production capacity as their
threshold salinity is around 1.4 dS m−1 in saturation extract of soil and 1.1 dS m−1 in
irrigation water [6].

However, this response may vary depending on the scion/rootstock combination used
and the management of the production system [9,10], which denotes the importance of
identifying rootstocks that can confer tolerance to the scion variety, to obtain economically
viable yields, even under saline conditions.

Thus, the screening of rootstocks may make it possible to use saline waters and soils,
as they enable the sustainability of citrus cultivation in areas subject to this abiotic stress,
common in northeastern Brazil, which is a large citrus-producing center. It is important
to choose a rootstock that can give the scion desirable agronomic characteristics, such as
early fruit production, low height, resistance to pests and diseases, and tolerance to abiotic
stresses [11]. Few studies have been conducted on scion/rootstock combinations with salt
tolerance for Brazilian citrus production [12].

Regarding tolerance to salt stress, researchers have studied the effects of salinity on
nutritional imbalance and ionic interactions in plant tissue [8–10,13]. In glycophytes, this
tolerance/adaptation to salt stress can be observed even under small accumulation of
sodium (Na+) and chloride (Cl−) in the aerial parts or in the plant as a whole, a process
that is related to the ability to exclude ions, especially in the root system [13], which makes
the rootstock an essential component in the formation of the citrus plant.

Thus, the objective of this work was to study the salt accumulation in the soil, in
addition to the production and physiological aspects of combinations of citrus rootstocks
with ‘Tahiti’ acid lime irrigated with saline water during the first two years of cultivation,
aiming to identify the indicators of salt tolerance.

2. Materials and Methods

The experiment was carried out at the Experimental Farm of the Embrapa semi-arid
region, located in the municipality of Nossa Senhora da Glória, Sergipe, Brazil (10◦12′18” S,
37◦19′39” W, and 294 m altitude). Using the spreadsheet of water balance integration
with climate classification proposed by Sousa and Brito [14], it is possible to observe the
‘As’ climate classification, relative to tropical climate. The rainy season is between April
and August, with a concentration in May, June, and July. The region has low relative
air humidity and wide thermal variation between day (between 28 and 35 ◦C) and night
(between 18 and 21 ◦C).

The accumulated precipitation in the 26 months of the study was 1387.4 mm, being
554.3 mm in 2019, 750.9 mm in 2020, and 82.2 mm in January and February 2021, values
that are within the average for the region, but below the water requirements of most citrus
species, within the range from 900 to 1500 mm annually [15].

The experimental design was randomized blocks, with 13 scion/rootstock combina-
tions under 3 levels of saline water, using the split-plot scheme with 4 replicates, as follows:

(a) Plot: 13 scion/rootstock combinations (genotypes), with ‘Tahiti’ acid lime grafted onto
13 rootstocks (Table 1), all from the Citrus Breeding Program of Embrapa Cassava and
Fruits—CBP.

(b) Subplot: Three types of water (salinities), with electrical conductivities (ECw) of 0.14,
2.4, and 4.8 dS m−1, with the first corresponding to water from the São Francisco River
and the other two obtained by diluting tube well water. The chemical characteristics
are presented in Table 2, with the water from the São Francisco River, until reaching the
desired EC levels, with values measured using a portable microprocessor conductivity
meter with automatic temperature adjustment at 25 ◦C.
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Table 1. Rootstocks (genotypes) studied under water salinity when grafted on ‘Tahiti’ acid lime
(Citrus × latifolia (Yu. Tanaka) Tanaka).

Rootstock Origin

1. ‘Rangpur Santa Cruz’ lime Citrus × limonia Osbeck

2. ‘Indio’ citrandarin C. sunki (Hayata) hort. ex Tanaka × Poncirus trifoliata (L.) Raf.

3. ‘Riverside’ citrandarin C. sunki × P. trifoliata

4. ‘San Diego’ citrandarin C. sunki × P. trifoliata

5. ‘Sunki Tropical’ mandarin C. sunki

6. TSKC × TRBK—007 C. sunki × P. trifoliata

7. TSKFL × TRBK—030 C. sunki × P. trifoliata

8. TSKC × CTTR—012 C. sunki × [C. × sinensis (L.) Osbeck × P. trifoliata]

9. TSKFL × CTTR—013 C. sunki × (C. × sinensis × P. trifoliata)

10. HTR—069 1
C. × sinensis × (C. × sinensis × P. trifoliata)

11. TSKC × (LCR × TR)—040 2
C. sunki × (Citrus × limonia × P. trifoliata)

12. TSKC × (LCR × TR)—059 3
C. sunki × (Citrus × limonia × P. trifoliata)

13. TSKC × CTARG—019 C. sunki × (C. × sinensis × P. trifoliata)

TSKC = common ‘Sunki’ mandarin; TRBK = P. trifoliata ‘Benecke’; TSKFL = ‘Sunki of Florida’ mandarin;
CTTR = ‘Troyer’ citrange; HTR - 069 = trifoliate hybrid, called citrangor due crossing of ‘Pera’ sweet orange
with ‘Yuma’ citrange; LCR = ‘Rangpur’ lime; TR = P. trifoliata; CTARG = ‘Argentina’ citrange. 1 Citrangor in the
registration process as a rootstock variety, by Embrapa, in the National Cultivar Register (RNC) of the Brazilian
Agriculture, Livestock and Supply Ministry (MAPA), called ‘BRS Santana’. 2 Citrimoniandarin registered as a
rootstock variety, by Embrapa, in the RNC-MAPA under the name ‘BRS Tabuleiro’. 3 Citrimoniandarin registered
as a rootstock variety, by Embrapa, in the RNC-MAPA under the name ‘BRS Bravo’.

Table 2. Chemical characteristics of the water from the tube well used in the preparation of water of
2.4 and 4.8 dS m−1.

EC pH Ca2+ Mg2 Na+ K+ CO3
2− HCO3

− SO4
2− Cl−

dS m−1 mmolc dm−3

30.80 7.20 30.80 78.88 148.22 2.35 0.00 7.36 3.37 289.0

EC = electrical conductivity at 25 ◦C.

The experimental unit consisted of one plant per pot, and the application of waters
with different salinity levels began 30 days after transplanting (DAT) of the seedlings in
pots adapted as lysimeters, which continued throughout the evaluation period along with
the soil water balance.

The plants of nucellar origin, identified based on leaf morphological characteristics,
with good formation and representative of each rootstock, were grafted on the acid lime
clone ‘Tahiti CNPMF-01’. The seedlings were produced by the Tamafe® Nursery, following
the certified seedlings process. These were produced in plastic bags with a capacity of
2 L, filled with the commercial substrate (Basa-plant®). The seedlings remained under this
condition until they were suitable to be transplanted, and the period before transplanting
was approximately 300 days.

The seedlings were taken to the experimental farm of the Embrapa semi-arid region,
where they were transplanted into pots adopted as lysimeters with a capacity of 60 L. The
lysimeters were filled with sieved (10 mesh) Ultisol from the nearby area with the addition
of organic manure.
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Until 30 DAT, the plants received water of low electrical conductivity (ECw), coming
from the local supply system; after this period, water of different types according to
treatments was applied. Irrigations were performed with a drip irrigation system every
two days.

Irrigation management was carried out based on the water balance method to replenish
daily mean water consumption by the plants, plus a leaching fraction (LF) of 0.10, to avoid
excessive accumulation of salts in the root zone, using Equation (1) to calculate the volume.
The drained water was collected by a hose connected to the base of each lysimeter.

Vi =
(Va − Vd)

1 − LF
(1)

where: Vi = volume to be applied in the irrigation event (mL), Va = volume applied in the
previous irrigation event (mL), Vd = volume of water drained (mL), and LF = leaching
fraction (10% = 0.10).

The nutritional management of plants was based on soil analysis and followed the
recommendations presented in [15]. In the first year of production, in fertilization (N, P2O5,
and K2O), at weekly intervals, fertigation was performed applying 4.27 g plant−1 of urea,
7.69 g plant−1 of purified monoammonium phosphate (MAP), and 1.28 g plant−1 of KCl.

In the second year of production, after a new soil analysis, weekly fertilization was
adjusted to 9.40 g plant−1 of urea, 5.12 g plant−1 of purified MAP, and 3.84 g plant−1 of
KCl. In both years of production, the plants received all the micronutrients necessary for
their development, also via irrigation water, as recommended in [15].

Other tillage practices related to the control of weeds and pests were adopted, par-
ticularly manual removal of invasive plants that appeared in the pots and application of
pesticides when pests occurred [15]. Additionally, cleaning operations in the irrigation
system, preparation of the irrigation water, formative pruning of the plants, mowing in
the inter-rows of the pots, as well as cleaning and periodic maintenance of lysimeters were
carried out when necessary.

At the end of each production year, soil samples (0–0.20 m) were collected in each
experimental plot to obtain the saturation extract, to determine EC, pH, and the contents
of Ca2+, K+, Na+, and Mg2+, to calculate the sodium adsorption ratio (SAR) and estimate
the exchangeable sodium percentage (ESP), using the relationship between ESP and SAR
reported by Richards [16].

During the reproductive stage, starting around 300 DAT, as the fruits reached the harvest
stage [17] they were collected for subsequent counting and weighing to determine the number
of fruits per plant (NFPL), the weight of fruits per plant (WFPL) (g plant−1), using a scale
with a resolution of 0.01 g, and to calculate the average fruit weight (AFW) (g fruit1).

Physiological analyses of the plants were also performed at 270 and 720 DAT in the
morning. Chlorophyll a fluorescence analysis was determined in the first mature leaf from
the stem apex, in good phytosanitary condition and fully expanded, using an Opti Science
OS5p pulse-modulated fluorometer, based on the OJIP protocol to determine the quantum
efficiency of the photosystem II (PSII) (Fv/Fm). Thus, the fluorescence induction variables
were determined: initial fluorescence (F0) and maximum fluorescence (Fm).

These data were then used to calculate the variable fluorescence (Fv, where Fv = Fm − F0)
and maximum quantum efficiency of photosystem II, using the Fv/Fm ratio [18]. The analyses
were performed after adaptation of the leaves to the dark for 40 min, based on a previous test,
using a clip of the device to ensure that all the primary acceptors were oxidized, i.e., with the
reaction centers opened.

In the same period of fluorescence determination, gas exchange analysis was per-
formed using an infrared gas analyzer (IRGA) (LCpro+), with constant light of 1200 μmol
of photons m−2 s−1, on the third leaf of the plant counted from the apex, obtaining the
following photosynthetic variables: CO2 assimilation rate (A) (μmolCO2 m−2 s−1), transpi-
ration (E) (mol H2O m−2 s−1), stomatal conductance (gs) (mol H2O m−2 s−1), and internal
CO2 concentration (Ci) (μmolCO2 mol−1). These data were used to quantify the intrinsic
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water use efficiency (WUEi) by the A/E ratio ((μmol m−2 s−1) (mol H2O m−2 s−1)−1) and
the intrinsic carboxylation efficiency (Φc (CEi)) by the A/Ci ratio [19].

The data obtained were subjected to ANOVA by the F test (p ≤ 0.05); following this, the
production data were analyzed using boxplots from package ggplot2 of the RStudio software.
For the significant effect of the water salinity, the Tukey test (p ≤ 0.05) was employed, and for
the genotype factor, the cluster test was carried out (Scott–Knott, p ≤ 0.05).

The obtained production data were correlated with the soil attributes, using the
corrplot package in RStudio®.

3. Results

3.1. Chemical Analysis of Soil

In the first year, there were variations in the electrical conductivity of the satura-
tion extract (ECse), 1.5 to 10.8 dS m−1, for pH 5.6 to 6.0, and in SARse between 2.16 and
35.04 (mmol L−1)0.5, characterizing the soil as non-saline non-sodic (without salinity prob-
lems) under irrigation with water of 0.14 dS m−1, and those that received waters of 2.4
and 4.8 dS m−1 as saline-sodic soil, with the ESP values ≥ 15% and ECse ≥ 4 dS m−1

(Table 3) [20].

Table 3. Mean values of soil chemical attributes (0–0.20 m depth) at each salinity level. Samples were
taken from the plots in the first and second years of production.

Water Salinity
Year pH

ECse Ca2+ K+ Na+ Mg2+ SARse ESP

dS m−1 dS m−1 mmolc L−1 (mmol L−1)0.5

0.14 1 5.6 1.5 1.1 7.4 2.4 1.1 2.2 1.70
2.40 1 5.9 5.5 0.8 13.2 36.2 1.6 34.5 34.5
4.80 1 6.0 10.8 9.6 15.6 81.5 2.7 35.0 35.0
0.14 2 5.3 2.0 2.2 13.3 1.2 2.5 0.5 0.3
2.40 2 4.9 6.6 6.1 11.8 21.7 24.1 5.1 5.8
4.80 2 4.9 9.5 12.9 9.4 32.2 38.9 6.3 7.5

pH = hydrogen potential; ECse = electrical conductivity of saturation extract; SARse = sodium adsorption ratio of
saturation extract; ESP = exchangeable sodium percentage, estimated based on the relationship between SARse
and ESP according to Richards [16].

In the second production year, the ECse, pH, and SARse ranged from 2.0 to 9.5 dS m−1,
5.3 and 4.9, and 0.5 and 6.3 (mmol L−1)0.5, respectively (Table 3). Another difference that draws
attention is the reduction of K+ contents in the soil in the second year (13.3 to 9.4 mmolc dm−3).

It was also observed that the Na+/K+ ratio in the saturation extract increased with
the increase in the salinity of the applied water, being, in the first year, from 0.32 in soil
irrigated with an EC of 0.14 dS m−1, to 5.22 in soil under irrigation using waters with an
EC of 4.8 dS m−1. In the same line, in the second year, the increase of the relation Na+/K+

was from 0.09 to 3.42 in soil under irrigation water of 0.14 and 4.8 dS m−1, respectively.

3.2. Analysis of Production

The increase in salinity significantly affected the yield of ‘Tahiti’ acid lime grafted onto
the rootstocks in the first year of production (Table 4), with effects of the interaction between
rootstocks and water salinity levels on the number of fruits per plant (NFPL), weight of
fruits per plant (WFPL), and average fruit weight (AFW) (p ≤ 0.05). When considering
the single factors, significant effects of rootstocks were observed for AFW (p ≤ 0.01), and
salinity affected (p ≤ 0.01) all variables analyzed.
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Table 4. Summary of analysis of variance of number of fruits per plant (NFPL), weight of fruits per
plant (WFPL) (g plant−1), and average fruit weight (AFW) (g fruit−1) of combinations of ‘Tahiti’ acid
lime (Citrus × latifolia (Yu. Tanaka) Tanaka) with 13 rootstocks 270 days after the onset of saline
water irrigation.

Variation Factors
Mean Squares

NFPL WFPL AFW

Block 3 58.99 ns 231,500.83 ns 323.33 **
Genotype (Gen) 12 119.92 ns 298,621.30 ns 47.91 **

Error 1 36 85.84 191,893.86 40.37
Salinity (Sal) 2 10,281.82 ** 27,051,122.46 ** 251.53 **

Gen × Sal 24 175.66 * 284,288.68 * 72.519 *
Error 2 78 72.50 168,967.88 29.59

CV 1 (%) 31.71 32.96 13.97
CV 2 (%) 30.52 30.93 11.96

Mean 29.215 1329.011 45.471
ns = not significant; * and ** = significant at 0.05 and 0.01 probability levels, respectively; CV = coefficient of
variation; DF = degrees of freedom; Genotype = combination of scion/rootstock.

The increased water salinity reduces the number of fruits per plant, but differently
among the rootstocks (Figure 1). Under 0.14 dS m−1 (Figure 1A), there were no differences
between genotypes, according to the means from the cluster test, although genotypes 6
and 7, corresponding to hybrids between the common ‘Sunki’ mandarin (TSKC) and P.
trifoliata Benecke (TRBK)—007 (TSKC × TRBK—007) and between the ‘Sunki of Florida’
mandarin (TSKFL) and the selection of trifoliate orange (P. trifoliata) (TSKFL × TRBK—030),
respectively, in addition to the citrandarins ‘San Diego’ (genotype 4) and ‘Indio’ (genotype
2), had lower variability in the number of fruits (Figure 1).

Water with 2.4 dS m−1 (Figure 1B) caused a reduction in the number of fruits per
plant, with the distinction of two groups of genotypes, with the lowest means observed in
genotypes 8, 9, 11, and 13, corresponding to the hybrids TSKC × ‘Troyer’ citrange (CTTR)—
012, TSKFL × CTTR—013, TSKC × (‘Rangpur’ lime (LCR) × P. trifoliata (TR))—040, and
citrimoniandarin and TSKC × ‘Argentina’ citrange (CTARG)—019, respectively, which
denotes higher sensitivity, already at this salinity level. On the other hand, citrandarins
TSKC × TRBK—007, ‘San Diego’ and TSKFL × TRBK—030, and the citrimoniandarin TSKC
× (LCR × TR)—059, besides being in the group of genotypes with the highest number of
fruits, showed greater stability in the first year.

Irrigation with waters of 4.8 dS m−1 (Figure 1C) did not show distinction among
genotypes according to the Scott–Knott test; however, in genotypes such as ‘Rangpur Santa
Cruz’ lime, TSKFL × TRBK—030, TSKC × (LCR × TR)—059, and TSKC × CTARG—019,
maximum reductions were observed in the number of fruits per plant compared to the
values obtained when the plants were irrigated with waters of 0.14 dS m−1. Furthermore,
under the condition of higher water salinity, the mean values observed mostly showed less
variation, which can be observed by the size of the boxplot.

Weight of fruits per plant (Figure 2A–C) was reduced by salinity in all scion/rootstock
combinations; however, distinct groups were formed only when applying water with
lower salinity, with the highest values of fruit weight in plants grafted with ‘Rangpur
Santa Cruz’ lime, ‘Indio’ and ‘Riverside’ citrandarins, ‘Sunki Tropical’ mandarin, and with
hybrids TSKFL × TRBK—030, HTR—069, and TSKC × (LCR × TR)—059, according to the
Scott–Knott test (p ≤ 0.05).
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Figure 1. Boxplot relative to the mean number of fruits per plant of 13 citrus rootstocks in combination
with ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) irrigated with water of 0.14 (A), 2.40 (B),
and 4.80 dS m−1 (C) in the first year. For identification of genotypes, see Table 1. Boxplots with the
same lowercase letter do not differ statistically, according to the Tukey test between salinity levels
(p ≤ 0.05), and those with the same uppercase letter belong to the same genotype group, according to
the Scott–Knott test (p ≤ 0.05).

When analyzing the effect of salinity on the mean fruit production per rootstock
plant, it is possible to verify greater relative reductions in plants grafted with ‘Santa Cruz
Rangpur’ lime, ‘Indio’ citrandarin, and the hybrid TSKFL × TRBK—030, with a reduction
in fruit weight greater than 60% when the plants were irrigated with water of 4.8 dS m−1

(Figure 2C) compared to the results obtained in these combinations irrigated with water of
0.14 dS m−1 (Figure 2A).
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Figure 2. Boxplot relative to the average weight of fruits per plant of 13 citrus rootstocks in combina-
tion with ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with waters of
0.14 (A), 2.40 (B) and 4.80 dS m−1 (C), in the first year. For identification of genotypes, see Table 1.
Boxplots with the same lowercase letter do not differ statistically, according to the Tukey test between
salinity levels (p ≤ 0.05), and those with the same uppercase letter belong to the same genotype
group, according to the Scott–Knott test (p ≤ 0.05).

The ‘Sunki Tropical’ mandarin, HTR—069 citrangor, and TSKC × (LCR × TR)—059
citrimoniandarin, on the other hand, gave the ‘Tahiti’ acid lime greater stability in variable
weight of fruits (Figure 2), even with the increase in the salinity level in the first year of
cultivation, i.e., there was a smaller reduction in the mean production of fruits with the
increase in water salinity.

The salinity caused a loss of production in the number and weight of fruits per plant,
but in general, the plants tried to maintain the mean weight of fruit in the first year of culti-
vation (Figure 3A–C), even with the increase in water salinity, with a significant reduction in
the mean weight of ‘Tahiti’ fruit when grafted on ‘Riverside’ and ‘San Diego’ citrandarins.
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Figure 3. Boxplot relative to the average weight of fruit of 13 citrus rootstocks in combination with
‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with waters of 0.14 (A),
2.40 (B), and 4.80 dS m−1 (C), in the first year. For identification of genotypes, see Table 1. Boxplots
with the same lowercase letter do not differ statistically, according to the Tukey test between salinity
levels (p ≤ 0.05), and those with the same uppercase letter belong to the same genotype group,
according to the Scott–Knott test (p ≤ 0.05).

As for the distinction between genotypes used as rootstocks in salinity levels, differen-
tiation is highlighted when irrigated with water of 2.4 dS m−1, with the formation of three
groups of genotypes, highlighting the ‘Santa Cruz Rangpur’ lime and TSKFL × CTTR—013
as materials that conferred the highest average weight of fruit to the plants, thus maintain-
ing the quality.

When analyzing the production of the second year (Table 5), there were effects of
the interaction between rootstocks and water salinity levels on the number of fruits per
plant (NFPL), fruit production (WFPL), and average fruit weight (AFW) (p ≤ 0.05). When
considering the factors independently, significant effects were not observed only for the
genotypes used as rootstocks in the average fruit weight (AFW) (p ≤ 0.01), whereas salinity
(p ≤ 0.01) caused effects on all production variables studied.

109



Agriculture 2022, 12, 1673

Table 5. Summary of analysis of variance of number of fruits per plant (NFPL), weight of fruits per
plant (WFPL) (g plant−1), and average fruit weight (AFW) (g fruit−1) of combinations of ‘Tahiti’ acid
lime (Citrus × latifolia (Yu. Tanaka) Tanaka) with 13 rootstocks under water salinity, at 720 days after
the onset of saline water irrigation.

Variation Factors DF
Mean Squares

NFPL WFPL AFW (g)

Block 3 456.65 * 1,003,605.85 ns 229.155975 *
Genotype (Gen) 12 950.14 ** 2,213,721.24 ** 104.240321 ns

Error 1 36 110.48 284,424.46 68.466528
Salinity (Sal) 2 19,320.75 ** 54,851,922.32 ** 861.357813 **

Gen × Sal 24 528.51 ** 1,524,565.20 ** 109.237338 **
Error 2 78 127.10 323,892.75 39.697871

CV 1 (%) 27.60 31.20 18.81
CV 2 (%) 29.61.78 33.29 14.32

Mean 38.077 1709.559 44.0009814
ns = not significant; * and ** = significant at 0.05 and 0.01 probability levels, respectively; CV = coefficient of
variation; DF = degrees of freedom; Gen = combination of scion/rootstock.

As occurred in the first year of production, the number of fruits per plant was re-
duced by the increase in ECw (Figure 4), and the means grouping test showed a higher
number of fruits when the rootstocks were ‘Sunki Tropical’ mandarin and the hybrid
TSKC × CTTR—012, under lower salinity (0.14 dS m−1) (Figure 4A). It can also be verified
that there was no significant difference between the other rootstocks studied, and the hybrid
TSKC × CTARG led to a lower average number of fruits per plant, while ‘Rangpur Santa
Cruz’ lime and the citrandarin TSKC × TRBK—007 were related to the lower variability in
the production of the second year.

Figure 4. Boxplot relative to the average number of fruits per plant of 13 citrus rootstocks in
combination with ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with
waters of 0.14 (A), 2.40 (B), and 4.80 dS m−1 (C), in the secund year. For identification of genotypes,
see Table 1. Boxplots with the same lowercase letter do not differ statistically, according to the Tukey
test between salinity levels (p ≤ 0.05), and those with the same uppercase letter belong to the same
genotype group, according to the Scott–Knott test (p ≤ 0.05).
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Application of waters with 2.4 dS m−1 (Figure 4B) caused, in addition to the over-
all reduction in the number of fruits per plant, the formation of three groups of geno-
types, with the highest means observed when the rootstock was the citrangor HTR—069.
The TSKC × TRBK—007 and TSKFL × TRBK—030 citrandarins, TSKC × CTTR—012 cit-
rangedarin, and TSKC × (LCR × TR)—040 citrimoniandarin led to lower variability in
production in the second year of cultivation.

Water with salinity of 4.8 dS m−1 caused reductions in the number of fruits in all
genotypes (Figure 4C). However, as in the first year of production, lower reductions were
observed when the rootstocks were HTR—069 and TSKC × (LCR × TR)—040, which
indicates that these rootstocks are better indicated for ‘Tahiti’ acid lime under salinity.

The weight of fruits per plant (Figure 5) was also reduced by the increase in water
salinity in all scion/rootstock combinations, and it was possible to identify three distinct
groups of combinations at the three salinity levels.

Figure 5. Boxplot relative to the average weight of fruits per plant of 13 citrus rootstocks in combi-
nation with ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with waters
of 0.14 (A), 2.40 (B), and 4.80 dS m−1 (C), in the second year. For identification of genotypes, see
Table 1. Boxplots with the same lowercase letter do not differ statistically, according to the Tukey
test between salinity levels (p ≤ 0.05), and those with the same uppercase letter belong to the same
genotype group, according to the Scott–Knott test (p ≤ 0.05).

Regarding irrigation with water of 0.14 dS m−1 (Figure 5A), the highest means of the
weight of fruits per plant were observed for the rootstocks ‘Sunki Tropical’ mandarin and
TSKC × CTTR—012 citrangedarin.
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When the water of 2.4 dS m−1 was used in irrigation (Figure 5B), higher means of weight
of fruits per plant were observed for ‘Santa Cruz Rangpur’ lime, ‘Sunki Tropical’ mandarin,
TSKFL × TRBK—030, TSKC × CTTR—012, HTR—069, and TSKC × (LCR × TR)—040.

Conversely, when applying water of 4.8 dS m−1 (Figure 5C), the rootstocks ‘Rangpur
Santa Cruz’ lime, HTR—069, and TSKC × (LCR × TR)—040 remained in the group of higher
means according to the Scott–Knott test (p ≤ 0.05), especially the trifoliate hybrid HTR—069,
which showed lower variability, proving to have a good level of salinity tolerance.

The mean weight of fruits in the second year of production was significantly reduced
by the salinity of the water in some genotypes, different from what occurred in the first year
(Figure 6A–C), with the greatest reductions in the weight of the fruits being verified. How-
ever, the ‘Tahiti’ acid lime grafted on ‘San Diego’ and TSKFL × TRBK—030 citrandarins
were also highlighted, which were sensitive to salinity in the first year, too, in addition
to plants grafted on ‘Sunki Tropical’ mandarin, TSKC × CTTR—012, and TSKC × (LCR
× TR)—059, with an estimated mean reduction of 50 g fruit−1 when irrigated with water
of 0.14 dS m−1 (Figure 6A) and a mean fruit mass between 35 and 40 g when they were
irrigated with water of 4.8 dS m−1 (Figure 6C).

Figure 6. Boxplot relative to the average weight of fruit of 13 citrus rootstocks in combination with
‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with waters of 0.14 (A),
2.40 (B), and 4.80 dS m−1 (C), in the second year. For identification of genotypes, see Table 1. Boxplots
with the same lowercase letter do not differ statistically, according to the Tukey test between salinity
levels (p ≤ 0.05), and those with the same uppercase letter belong to the same genotype group,
according to the Scott–Knott test (p ≤ 0.05).
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The matrices of the analytical performance of the production data with the soil analyses
(Figure 7A,B) show the correlations of the first and second years of cultivation, where it
is possible to observe negative numbers (without highlighting) related to the negative
correlation and positive numbers (highlighted in bold) related to the positive correlation. It
was also observed that the higher value means the prediction of the correlation between the
variables; for example, the increase in ECse had a positive and predictive correlation with
Ca2+, Mg2+, and Na+ contents in both years, while on the other hand, ECse had a negative
and predictive correlation with production variables. However, highlighting the behavior
of K+ in the soil during the first and the second years, correlations were predictive with
ECse, but positive in the first year and negative in the second year.

Figure 7. Analytical performance of Pearson correlation matrix of production variables (number
of fruits per plant (NFPL), weight of fruits (WF), and average weight of fruit (AWF)) of genotypes
studied under different water salinity levels, with the chemical characteristics of the soil saturation
extract (pH, Ca+2+, Mg2+, Na+, K+, ECes, and SARse) in the first (A) and second years (B). ·, *, ** and
*** = significant at 0.1, 0.05, 0.01 and 0.001 probability level, respectively.
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In the first year, a positive correlation was observed between K+ (0.75) and ECse. How-
ever, the opposite was observed in the second year, with a negative correlation (−0.39). In
the two years of cultivation, the interaction between water salinity and the soil variables pH,
ECse, Ca2+, Mg 2+, and SARse was positive and predictive, with a very strong correlation,
close to 1, as water with higher electrical conductivity was employed in irrigation.

3.3. Chlorophyll a Fluorescence Analysis

The interaction between rootstocks and water salinity levels did not affect chlorophyll
a fluorescence analysis after adaptation to the dark, and no significant differences were
observed among rootstocks or between salinity levels in initial fluorescence (F0), maximum
fluorescence (Fm), variable fluorescence (Fv), and quantum efficiency of photosystem II
(Fv/Fm), evaluated at 270 days after the beginning of stress (Table 6).

Table 6. Summary of analysis of variance of chlorophyll a fluorescence analysis on dark stage: initial
fluorescence (F0), maximum fluorescence (Fm), variable fluorescence (Fv), and quantum efficiency of
photosystem II (Fv/Fm), of combinations of ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka)
with 13 rootstocks under water salinity, at 270 days after the onset of saline water irrigation.

Variation
Factors

DF
Mean Squares

F0 Fm Fv Fv/Fm

Block 3 164,284.95 ** 1,855,164.769 ** 938,945.117 ** 0.0048 ns

Genotypes (Gen) 12 3035.368 ns 64,857.381 ns 54,188.286 ns 0.0007 ns

Error 1 36 4167.117 74,885.949 79,660.237 0.0018
Salinity (Sal) 2 4458.083 ns 139,959.480 ns 172,505.237 ns 0.0043 ns

Gen × Sal 24 3631.208 ns 49,066.730 ns 46,836.771 ns 0.0011 ns

Error 2 78 3942.771 62,927.730 58,535.619 0.0013
CV 1 (%) 14.14 12.99 17.11 5.55
CV 2 (%) 13.76 11.91 14.67 4.71

Mean 456.4679 2105.9230 1649.4551 0.7812
ns = not significant; ** = significant at 0.01 probability levels, respectively; CV = coefficient of variation;
DF = degrees of freedom; Gen = combination of scion/rootstock.

The fluorescence variables in the second year of cultivation, initial fluorescence (F0),
maximum fluorescence (Fm), and variable fluorescence (Fv), showed significant effects
caused by the genotype x salinity interaction (p ≤ 0.05) (Table 7), unlike the first year
of cultivation.

Table 7. Summary of analysis of variance of chlorophyll a fluorescence analysis after dark stage, initial
fluorescence (F0), maximum fluorescence (Fm), variable fluorescence (Fv), and quantum efficiency of
photosystem II (Fv/Fm), of combinations of ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka)
with 13 rootstocks under water salinity, at 720 days after the onset of saline water irrigation.

Variation
Factors

GL
Mean Squares

F0 Fm Fv Fv/Fm

Block 3 1245.21 ns 328,638.98 ** 355,262.19 ** 0.017931 **
Genotype (Gen) 12 3657.48 ns 67,213.51 ns 59,530.95 ns 0.003377 ns

Error 1 36 3116.35 52,108.23 51,488.36 0.004039
Salinity (Sal) 2 2864.95 ns 33,451.08 ns 16,915.90 ns 0.000137 ns

Gen × Sal 24 5687.24 * 111,264.15 * 86,869.26 * 0.003540 ns

Error 2 78 3087.59 59,136.33 51,321.87 0.002324
CV 1 (%) 14.56 14.61 19.26 8.49
CV 2 (%) 14.49 15.57 19.22 6.44

Mean 383.53 1561.91 1178.38 0.7481
ns = not significant; * and ** = significant at 0.05 and 0.01 probability levels, respectively; CV = coefficient of
variation; DF = degrees of freedom; Gen = combination of scion/rootstock.
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The effect of salinity on initial fluorescence (F0), maximum fluorescence (Fm), and vari-
able fluorescence (Fv) varied among genotypes. When initial fluorescence was analyzed at
the conductivity of 2.4 dS m−1 (Figure 8B), two groups of genotypes (scion/rootstock com-
binations) were formed, with the highest means observed in those in which the rootstocks
were ‘San Diego’ citrandarin, ‘Sunki Tropical’ mandarin, TSKC × TRBK—030 citrandarin,
and TSKFL × CTTR—013 citrangedarin.

Figure 8. Boxplot relative to the average initial fluorescence (F0) of 13 citrus rootstocks in combination
with ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with waters of 0.14 (A),
2.40 (B), and 4.80 dS m−1 (C), in the second year. For identification of genotypes, see Table 1. Boxplots
with the same lowercase letter do not differ statistically, according to the Tukey test between salinity
levels (p ≤ 0.05), and those with the same uppercase letter belong to the same genotype group,
according to the Scott–Knott test (p ≤ 0.05).

It was also possible to notice a distinction between salinity levels in plants grafted onto
TSKFL × CTTR—013 citrangedarin and TSKC × (LCR × TR)—040 and TSKC × (LCR × TR)—
059 citrimoniandarins. The highest values were observed when applying water of 2.4 dS m−1

in the combinations of the hybrids TSKFL × CTTR—013 and TSKC × (LCR × TR)—059, and
when applying water of 0.14 dS m−1 in plants which had the hybrid TSKC × (LCR × TR)—040
as a rootstock (Figure 8A).

The maximum fluorescence of plants (Fm) (Figure 9) was significantly reduced only in ‘Tahiti’
plants grafted onto TSKC × (LCR × TR)—040 citrimoniandarin and TSKC × CTARG—019
citrangedarin, especially when they were irrigated with waters of 4.8 dS m−1, highlighting this
variable as an indicator of ionic stress.
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Figure 9. Boxplot relative to the average maximum fluorescence (Fm) of 13 citrus rootstocks in
combination with ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with
waters of 0.14 (A), 2.40 (B), and 4.80 dS m−1 (C), in the second year. For identification of genotypes,
see Table 1. Boxplots with the same lowercase letter do not differ statistically, according to the Tukey
test between salinity levels (p ≤ 0.05), and those with the same uppercase letter belong to the same
genotype group, according to the Scott–Knott test (p ≤ 0.05).

Variable fluorescence (Fv) was different among the genotypes only at the lowest level
of water salinity, highlighting two groups of genotypes (Figure 10). However, the increase
in water salinity reduced (p ≤ 0.05) the variable fluorescence in ‘Tahiti’ plants grafted onto
the hybrids TSKC × (LCR× TR)—040 and TSKC × CTARG—019, which could be related
to the reduction in the maximum fluorescence values observed in these genotypes and to
the increase in the minimum fluorescence values recorded in TSKC × (LCR × TR)—040
citrimoniandarin.
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Figure 10. Boxplot relative to the average variable fluorescence (Fv) of 13 citrus rootstocks in
combination with ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with
waters of 0.14 (A), 2.40 (B), and 4.80 dS m−1 (C), in the second year. For identification of genotypes,
see Table 1. Boxplots with the same lowercase letter do not differ statistically, according to the Tukey
test between salinity levels (p ≤ 0.05), and those with the same uppercase letter belong to the same
genotype group, according to the Scott–Knott test (p ≤ 0.05).

3.4. Gas Exchange

There was a significant effect (p ≤ 0.05) of the interaction between rootstocks and
water salinity levels (Table 8) on the CO2 assimilation rate (A), stomatal conductance (gs),
transpiration (E), and intrinsic carboxylation efficiency (CEi) (Table 8). Similarly, there was
also a significant effect (p ≤ 0.01) of the salinity factor on the internal CO2 concentration
(Ci), with no significant effect of any factor on the intrinsic water use efficiency (WUEi).

For the genotype factor, significant effects were found only in the variables A, E, gs,
and CEi (p ≤ 0.01), highlighting that water salinity affects citrus rootstocks differently in
most of the gas exchange variables studied.

The CO2 assimilation rate (A) varied among the 13 scion/rootstock combinations
according to the water salinity level (Figure 11), leading to the formation of 3 groups
of genotypes when the plants were irrigated with waters of 0.14 dS m−1 (Figure 11A)
and 2 groups of genotypes when the plants were irrigated with waters of 2.40 dS m−1

(Figure 11B) and 4.80 dS m−1 (Figure 11C) according to the Scott–Knott test (p ≤ 0.05).
However, it was found that salinity only reduced the net photosynthesis of ‘Tahiti’ plants
grafted onto ‘Santa Cruz Rangpur’ lime, ‘Riverside’ citrandarin, TSKC × CTTR—012 and
TSKC × CTARG—019 citrangedarins, and TSKC × (LCR × TR)—040 citrimoniandarin.
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Table 8. Summary of analysis of variance of gas exchange—assimilation rate (A) (μmol m−2 s−1), tran-
spiration (E) (mmolH2O m−2 s−1), stomatal conductance (gs) (molH2O m−2 s−1), CO2 concentration
(Ci) (μmol mol−1), intrinsic water use efficiency (WUEi) ((μmolCO2 m−2 s−1) (mmolH2O m−2 s−1)−1),
and intrinsic carboxylation efficiency (CEi) (μmolCO2 m−2 s−1) of combinations of ‘Tahiti’ acid lime
(Citrus × latifolia (Yu. Tanaka) Tanaka) with 13 rootstocks under water salinity at 270 days after the
onset of saline water irrigation.

Variation Factors DF
Mean Squares

A E gs Ci WUEi CEi

Block 3 15.5781 ** 0.1015 ns 0.0057 ** 6624.621 ** 11.456 ns 0.00006 ns

Genotype (Gen) 12 13.4054 ** 0.4518 ** 0.0039 ** 1116.853 ns 6.1785 ns 0.0002 **
Error 1 36 1.6734 0.1565 0.0006 1102.876 6.4194 0.00004

Salinity (Sal) 2 13.0319 ** 0.5770 ** 0.0030 ** 2166.160 * 1.3231 ns 0.0002 **
Gen × Sal 24 3.4415 ** 0.1569 * 0.0006 ** 398.861 ns 4.9946 ns 0.00007 **

Error 2 78 1.3732 0.0884 0.0003 510.670 6.0904 0.00003

CV 1 (%) 21.86 30.53 38.42 15.32 51.97 24.99
CV 2 (%) 19.80 22.96 27.09 10.42 50.62 21.98

Mean 5.9188 1.2955 0.0641 216.8397 4.8753 0.0275
ns = not significant; * and ** = significant at 0.05 and 0.01 probability levels, respectively; CV = coefficient of
variation; DF = degrees of freedom; Gen = combination of scion/rootstock.

Figure 11. Boxplot relative to the assimilation rate (A) of 13 citrus rootstocks in combination with
‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with waters of 0.14 (A),
2.40 (B), and 4.80 dS m−1 (C), in the first year. For identification of genotypes, see Table 1. Boxplots
with the same lowercase letter do not differ statistically, according to the Tukey test between salinity
levels (p ≤ 0.05), and those with the same uppercase letter belong to the same genotype group,
according to the Scott–Knott test (p ≤ 0.05).

When irrigation was performed with waters of 4.8 dS m−1, it was found that ‘Indio’ citran-
darin, ‘Sunki Tropical’ mandarin, and the hybrids TSKC × TRBK—007, TSKFL × TRBK—030,
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HTR—069, and TSKC × (LCR × TR)—059 led to a higher value of assimilation rate in the
scion variety, being grouped among the genotypes with the highest means.

On the other hand, the largest reductions in assimilation rate (A) were noted for
Tahiti grafted on ‘Rangpur Santa Cruz’ lime, ‘Riverside’ citrandarin, TSKC × CTTR—012
citrangedarin, TSKC × (CSF × TR)—040 citrimoniandarin, and TSKC × CTARG—019
citrangedarin.

Figure 12 contains the boxplots related to the means of transpiration (E) of the
13 scion/rootstock combinations under irrigation with waters of 0.14 dS m−1 (Figure 12A),
2.40 dS m−1 (Figure 12B), and 4.80 dS m−1 (Figure 12C), and it is possible to verify the root-
stocks ‘Santa Cruz Rangpur’ lime and the ‘Riverside’ citrandarin between the genotypes
with the highest mean values at all salinity levels. However, the increase in salinity, in
general, caused a reduction in plant transpiration, but this reduction was more significant
when water with an ECw of 4.8 dS m−1 was applied to the hybrids TSKC × CTTR—012,
TSKC × (LCR × TR)—040, and TSKC × CTARG—019, and the rootstock ‘Santa Cruz
Rangpur’ lime.

Figure 12. Boxplot relative to the average transpiration rate (E) of 13 citrus rootstocks in combination
with ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with waters of 0.14 (A),
2.40 (B), and 4.80 dS m−1 (C), in the first year. For identification of genotypes, see Table 1. Boxplots
with the same lowercase letter do not differ statistically, according to the Tukey test between salinity
levels (p ≤ 0.05), and those with the same uppercase letter belong to the same genotype group,
according to the Scott–Knott test (p ≤ 0.05).
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Stomatal conductance (gs) (Figure 13) was reduced by salinity differently among the
rootstocks, and higher values of gs mean that the stomata of the plant are more open, which
allows the influx of CO2 and, consequently, substrate for photosynthesis. In this context,
although ‘Santa Cruz Rangpur’ lime and ‘Riverside’ citrandarin were in the group of the
highest means when irrigated with waters of 0.14 dS m−1 (Figure 13A), when irrigated
with water of 4.8 dS m−1 (Figure 13C), they showed reductions of the order of 54.5% and
30.8% in gs values, respectively.

Figure 13. Boxplot relative to the average stomatal conductance (gs) of 13 citrus rootstocks in
combination with ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with
waters of 0.14 (A), 2.40 (B), and 4.80 dS m−1 (C), in the first year. For identification of genotypes, see
Table 1. Boxplots with the same lowercase letter do not differ statistically, according to the Tukey
test between salinity levels (p ≤ 0.05), and those with the same uppercase letter belong to the same
genotype group, according to the Scott–Knott test (p ≤ 0.05).

The evaluation of gas exchange (Table 9) in the second year of cultivation revealed a
significant effect of the interaction between rootstocks and salinity levels only for stomatal
conductance (gs) (p ≤ 0.01). For the genotype factor, there was no significant effect in any of
the gas exchange variables. Salinity as an isolated factor affected the CO2 assimilation rate
(A) and transpiration (E), indicating, besides the ionic effect already observed in fluores-
cence reactions, osmotic effects on the plants, a situation that confirms the stress condition.
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Table 9. Summary of analysis of variance of gas exchange—assimilation rate (A) (μmol m−2 s−1), tran-
spiration (E) (mmolH2O m−2 s−1), stomatal conductance (gs) (molH2O m−2 s−1), CO2 concentration
(Ci) (μmol mol−1), intrinsic water use efficiency (WUEi) ((μmolCO2 m−2 s−1) (mmolH2O m−2 s−1)−1),
and intrinsic carboxylation efficiency (CEi) (μmolCO2 m−2 s−1) of combinations of ‘Tahiti’ acid lime
(Citrus × latifolia (Yu. Tanaka) Tanaka) with 13 rootstocks under water salinity at 720 days after the
onset of saline water irrigation.

Variation Factors DF
Mean Squares

A E gs Ci WUEi CEi

Block 3 0.0935 ns 0.0009 ns 1.6405 ** 14.9985 * 1.0832 ** 0.0015 ns

Genotype (Gen) 12 0.0632 ns 0.0006 ns 0.3186 ns 7.8753 ns 0.0833 ns 0.0012 ns

Error 1 36 0.0423 0.0037 0.3597 4.7952 0.1037 0.0014
Salinity (Sal) 2 0.1704 ** 0.0011 * 0.8505 ns 0.0513 ns 0.0813 ns 0.0003 ns

Gen × Sal 24 0.0494 ns 0.0004 ns 0.6301 ** 4.3351 ns 0.1114 ns 0.0012 ns

Error 2 78 0.0329 0.0003 0.2848 3.5694 0.0988 0.0009
CV 1 (%) 12.07 1.86 19.66 17.26 13.90 3.62
CV 2 (%) 10.65 1.61 17.50 14.89 13.56 2.87

Mean 1.7043 1.0364 3.0500 12.6887 2.3168 1.0327
ns = not significant; * and ** = significant at 0.05 and 0.01 probability levels, respectively; CV = coefficient of
variation; DF = degrees of freedom; Gen = combination of scion/rootstock.

The CO2 assimilation rates (A) were not statistically different among the 13 scion/rootstock
combinations at any of the salinity levels of irrigation water (Figure 14A–C), i.e., no groups
of genotypes with higher means were formed. However, the effect of salinity was different
among the genotypes, with a reduction in net photosynthesis in ‘Tahiti’ plants grafted onto the
hybrid TSKC × CTARG—019, indicative of its sensitivity since decreases were observed in gas
exchange and fluorescence variables.

Figure 14. Boxplot relative to the assimilation rate (A) of 13 citrus rootstocks in combination with
‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with waters of 0.14 (A),
2.40 (B), and 4.80 dS m−1 (C), in the second year. For identification of genotypes, see Table 1. Boxplots
with the same lowercase letter do not differ statistically, according to the Tukey test between salinity
levels (p ≤ 0.05), and those with the same uppercase letter belong to the same genotype group,
according to the Scott–Knott test (p ≤ 0.05).
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There was no difference (p > 0.05) between rootstocks in terms of transpiration rate (E)
and CO2 assimilation rate of ‘Tahiti’ acid lime (Figure 15A–C). Even with the application
of saline water with electrical conductivity levels of 2.4 and 4.8 dS m−1, the recorded
values of E were between 1.0 and 3.0 mmol H2O m−2 s−1, except for the values observed
in ‘Indio’ citrandarin, which showed greater variation under an ECw of 4.8 dS m−1. The
reduction in transpiration values should be highlighted, especially in plants grafted onto
TSKC × CTARG—019 citrangedarin.

Figure 15. Boxplot relative to the average transpiration rate (E) of 13 citrus rootstocks in combination
with ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with waters of 0.14 (A),
2.40 (B), and 4.80 dS m−1 (C), in the second year. For identification of genotypes, see Table 1. Boxplots
with the same lowercase letter do not differ statistically, according to the Tukey test between salinity
levels (p ≤ 0.05), and those with the same uppercase letter belong to the same genotype group,
according to the Scott–Knott test (p ≤ 0.05).

Stomatal conductance (gs) did not vary between the rootstocks at each water salinity
level applied (Figure 16), but it was observed that the effect of salinity was different among
genotypes, especially because there was a significant reduction in the values of stomatal
conductance in the hybrid TSKC × CTARG—019 under an ECw of 4.8 dS m−1.
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Figure 16. Boxplot relative to the average stomatal conductance (gs) of 13 citrus rootstocks in
combination with ‘Tahiti’ acid lime (Citrus × latifolia (Yu. Tanaka) Tanaka) under irrigation with
waters of 0.14 (A), 2.40 (B), and 4.80 dS m−1 (C), in the second year. For identification of genotypes,
see Table 1. Boxplots with the same lowercase letter do not differ statistically, according to the Tukey
test between salinity levels (p ≤ 0.05), and those with the same uppercase letter belong to the same
genotype group, according to the Scott–Knott test (p ≤ 0.05).

4. Discussion

4.1. Soil Analysis

Soil analysis in the first year showed an increase in Na+ contents, which can alter
soil physical characteristics due to clay dispersion and reduce porosity, hydraulic con-
ductivity, and infiltration rate, as well as causing soil destructuring, thereby affecting
plant development [19,20].

However, the reduction in the infiltration rate was not observed in pots used as
lysimeters, despite the records of higher sodium contents to the detriment of potassium
contents (Table 3).

It should be emphasized that the potassium contents observed in the soil, in all
treatments, can be classified as very high [15]. However, the increase in sodium content
can cause a nutritional imbalance, since these ions have similar ionic radii, competing for
similar exchange sites, making those that are in a greater quantity more available. On the
other hand, for citrus plants, only in some genotypes, especially the most sensitive ones,
was it possible to observe symptoms characteristic of potassium deficiency and sodium
accumulation in the cell vacuole.
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The exchangeable sodium percentage and salt content in the soil recorded during the
second year allowed classifying the soil as saline, but non-sodic, which can be related to
a more significant rainy season, with precipitation in the region slightly above average
(751 mm), which even reduced the frequency and duration of saline water irrigation events
in addition to the increase in nutrient requirements in the second year of citrus plants
(Table 3).

The analysis of soil chemical characteristics in the second year was affected by the
reduction in K+ contents, which indicates a greater absorption of this nutrient by plants.
In the experiment, the plants well-supplemented with this chemical element showed no
symptoms of mineral deficiency.

In the same line, potassium (K+) is an essential element for cell osmotic adjustment, as
well as participating in stomatal opening and closure, which influences the water status
of the plants and confers greater tolerance to salt stress [21]. Additionally, it is important
to observe the decreased pH value of about 1 unit in the second year, characteristics that
influence the availability of micronutrients.

4.2. Production Analysis

The increase in salt concentration in the soil causes negative effects on the plant,
especially the reduction in yield, attributed to several physiological and biochemical pro-
cesses [22], also observed in the present study in the first year of cultivation (Table 5), but
with different behaviors of the rootstocks under salinity. These findings may be related
to the distinct responses shown by citrus under salt stress, as salt tolerance varies with
species, scion/rootstock combination, and plant development stage [8], under the influence
of specific genes and environmental factors [23,24].

The hypothesis presented was verified when water salinity was increased to 4.8 dS m−1,
which caused reductions in the number of fruits, during the first year, in all genotypes
(Figure 1C). However, in genotypes 5, 6, 8, 10, and 11, corresponding to ‘Sunki Tropical’
mandarin, TSKC × TRBK—007 citrandarin, TSKC × CTTR—012 citrangedarin, HTR—069
citrangor, and TSKC × (LCR × TR)—040 citrimoniandarin, lower reductions were observed,
which characterized the lower sensitivity of ‘Tahiti’ acid lime when grafted onto these root-
stocks. It is worth highlighting that TSKC × TRBK—007 citrandarin showed greater stability
in production when irrigated with water of 4.80 dS m−1.

When studying the formation of citrus rootstocks (before grafting) under water salinity,
some authors [8,25] state that water of up to 2.0 dS m−1 can be used, similar to this study,
in which water of electrical conductivity 2.4 dS m−1 was used.

In addition, during the first year of production, the number of fruits per plant was
not different among the genotypes when irrigation was performed with waters of 2.4 and
4.8 dS m−1. However, in ‘Tahiti’ acid lime plants grafted onto ‘Riverside’ citrandarin,
‘Sunki Tropical’ mandarin, and the trifoliate hybrid HTR—069 citrangor, there was greater
stability of production between the salinity levels (Figure 2). The results obtained highlight
these materials as promising since in the agricultural production system it is of great
importance that production is satisfactory in quantity and for a longer time. However, it
is also emphasized that such distinctions in the number of fruits per plant may be related
to the early production of some genotypes, which shows the importance of having more
years of evaluation.

The evaluation of the second production year made it possible to confirm the infor-
mation obtained in the first year when the distinction of genotypes irrigated with waters
of higher salinity levels was verified. The observations can be confirmed particularly for
HTR—069, a hybrid of ‘Pera’ sweet orange with ‘Yuma’ citrange, as a rootstock that confers
greater tolerance to salinity, corroborating the results obtained with this hybrid in the
seedling formation stage [10]. On the other hand, highlighting this rootstock does not
disqualify the potential of the others, since citrus plants show stabilization of production
between six and seven years [15]. Considering that this study looked at the second year of
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production and third year of cultivation, the scion/rootstock combinations under analysis
should be studied for a longer period.

Regarding the production and number of fruits per plant, the effects of salinity were
different among the rootstocks, which points to the need to highlight the variation in the
juvenility period of citrus, and it can be verified that the different production may be related
to the precocious or later onset of fruiting of one or another scion/rootstock combination.
Therefore, it is not possible to accurately predict fruit yield in the future, a situation that
requires the monitoring of five or more seasons.

However, when evaluating the effect of salinity levels, it was possible to observe
differences between the scion/rootstock combinations regarding the tolerance to this abiotic
stress, since less variation in production between salinity levels, for a certain combination,
means the obtaining of viable yields, even under stress conditions, which was found when
the rootstocks were the hybrids HTR—069 and TSKC × (LCR × TR)—040. This result
indicates tolerance to the salinity of these varieties and their potential for cultivation under
irrigation in the Brazilian semi-arid region.

The correlations between production variables and salinity levels observed in the soil
during the first and second years of production generated information that explains the
increase in the need for some nutrients, especially potassium, by plants so that they could
maintain physiological and biochemical processes and survival, since the ability of citrus
plants to develop in saline soils is generally more associated with exclusion than with
compartmentalization of ions in their leaves [26]; that is, more efficient plants avoid the
accumulation of toxic ions, reducing the absorption of ions.

Another inference that can be made is that, both in the first and the second year of
cultivation, salinity negatively affected the production variables NFPL, WFPL, and AFW
(Figure 7A,B); that is, as salinity increased, production decreased, corroborating what
was shown in the boxplots presented in Figures 1–6, as well as in studies conducted by
several authors [8,10,25,27].

The process of formation of saline soils involves the increase in the concentration of
soluble salts in the soil solution and results in the accumulation of Na+, Ca2+, Mg2+, and
K+, so the constant use of saline water must be well-managed to avoid or delay salinization
phenomena. In this context, it was verified that the water used in irrigation had high
contents of cations, especially Ca2+, Mg2+, and Na+, which caused an increase in the
contents of these elements in the soil and in the relationships between them. The increase
in sodium, compared to the others, should be highlighted, since this is the cation in the
greatest proportion, as observed in the two years through correlation analyses.

In general, the main salts found were the chlorides and sulfates of Na+, Ca2+, and
Mg2+, however carbonates and nitrates were also found [28,29]. In this work, the water
used for irrigation had some elements mentioned, which were reflected in the contents
found in the soil cultivated with citrus in the two years, although in a more significant way
in the second year.

4.3. Chlorophyll a Fluorescence

The effects of salinity on plants may be osmotic or ionic, with the former corresponding
to the decrease in osmotic potential and the latter related to nutritional imbalance, due
to the high concentration of specific ions, which results in a series of harmful effects
on plant physiology, including chlorophyll fluorescence and gas exchange, which are
severely affected [18,27].

The effects of salinity on fruit production generated physiological disorders in the first
year of cultivation; however, the effects were osmotic since, in the fluorescence analyses
performed in the first year, the damage to the photosynthetic apparatus was not significant,
indicating that the ionic effect was not deleterious in the scion/rootstock combinations to the
point of causing damage to the photosynthetic apparatus, as observed by Zang et al. [30].

In stressful environments, a decrease in the potential quantum efficiency of photo-
system II can occur and is detected by the reduction in the Fv/Fm ratio [31]. Although
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the plants were irrigated with waters of 4.8 dS m−1, which caused an accumulation of
salts in the soil of the order of 14.7 dS m−1 in the first year and 9.5 dS m−1 in the second
year, values well above the salinity threshold of the citrus crop (1.4 dS m−1), there was
no significant effect on the quantum efficiency of photosystem II to the point of causing
deleterious effects.

In the process of photosynthesis, the absorbed light can be transferred to the photosys-
tems or, if there is excess energy, it is dissipated in the form of heat or fluorescence [31,32].
Considering that there were no changes in fluorescence with the increase in salt concen-
tration in the irrigation water applied to plants and that values of quantum efficiency of
photosystem II (Fv/Fm) were close to 0.78 in the first year (Table 7), it is possible to assume
that the photosynthetic apparatus of the scion/rootstock combinations was not damaged in
the present study, with possible acclimatization, or that this response was a consequence of
the short period of stress, or due to the more regular distribution of rainfall, which caused a
decrease in salt concentration since irrigation was performed based on water balance and a
leaching fraction of 10% was used, which enabled a reduction in the accumulation of salts
in the soil in the second year.

However, according to Barbosa et al. [25] and Fernandes et al. [33], in studies on
the growth and physiology of hybrids and some varieties recommended as rootstock for
citrus, when plants are irrigated with saline waters, the response may be diverse due
to the genetic load of the material, as well as to the ability to adapt to stress conditions,
which may have occurred in the present study and thus preserved the PSII. Therefore, it
is necessary to conduct studies for longer periods under controlled environments, where
ambient conditions can be maintained so as not to cause other stresses or other types
of interference.

The photochemical quantum efficiency of PSII (FV/Fm) reflects the efficiency related
to the absorption of light energy by the PSII antenna complex and its conversion into
chemical energy. Therefore, as there was no significant effect of salinity on this variable,
especially because the mean value was higher than 0.72, a limit that indicates damage to
the photosynthetic apparatus [19], there was no damage caused by salt stress [34,35].

The intensification of stress, in the second year of plants under irrigation with saline
waters, made it possible to observe more significant physiological disorders, as reported by
Zang et al. [30], who concluded that the deleterious effects of irrigation water salinity on
scion/rootstock combinations may be more intense with longer exposure to stress. This fact
was verified in the present study since the salinity in the saturation extract was maintained
in the second year (Table 3), and it was possible to notice exhaustion of plants that were
under prolonged stress, although there was a period of rainfall.

The most noticeable effect mentioned here is related to the different behaviors of the
genotypes regarding chlorophyll fluorescence when irrigated with saline waters, although
there were no effects of the factors on the quantum efficiency of photosystem II (Fv/Fm)
(Table 8), which can be related to acclimatization, although the plants were under stress.

The hypothesis is that salinity triggered reactions, which were noticed through the
increase in the values of initial, maximum, and variable fluorescence, although this does
not mean higher or lower sensitivity to salinity, as there may be physiological adjustments
that allow the plant to maintain energy formation for metabolic processes, even with
lower efficiency.

For the sake of understanding, the initial fluorescence is measured after the tissue is
exposed to darkness for a certain period, which causes the oxidation of electrons, optimizing
the absorption of light energy, i.e., this is the moment when there is the lowest loss by
fluorescence, so the values are lower. However, if the photosystem is under stress, the
values tend to increase, becoming an indicator of the stress condition [18,34–36], as observed
in the present study.

On the other hand, the opposite occurs in the maximum fluorescence: the plant
under stress conditions cannot reach the energy boost limit, and rootstocks such as
TSKC × (LCR × TR)—040 and TSKC × CTARG—019 showed a condition of exhaustion of
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the photosynthetic apparatus, which may result from an attempt to make greater use of the
energy received.

The changes observed in minimum fluorescence and maximum fluorescence re-
sulted in an effect on the variable fluorescence, which is obtained by their subtraction
(Figures 8–10). However, the values of quantum efficiency of photosystem II were not
affected by the interaction between the factors, which leads to the hypothesis that the
photosynthetic apparatus did not suffer significant damage, i.e., despite being under stress
conditions, the plants were able to maintain photosynthetic metabolism. Despite that,
compared to the first year of cultivation, it was possible to observe a small reduction in
the quantum efficiency of photosystem II, which changed from 0.78 in the first year to 0.75
in the second year (Table 8), a value within the normal range [37]. In similar studies with
control plants, these authors reported the range of variation for the quantum efficiency of
photosystem II between 0.72 and 0.81 as ideal for citrus plants.

4.4. Gas Exchange

The effect of salinity on gas exchange was significant in the first year of cultivation,
although the values of net photosynthesis were within the range described for citrus plants,
from 4 to 10 μmol CO2 m−2 s−1 [15]. The values found can be considered normal, even
with irrigation with water of higher salinity (4.8 dS m−1), except for TSKC × CTTR—012
citrangedarin, whose value was below 4 μmol CO2 m−2 s−1.

The gas exchange variables were more sensitive to the effect of salinity and allowed the
selection of rootstocks with greater physiological adaptation capacity, especially through
the evaluation of the relative reduction in stomatal conductance and transpiration of plants,
as observed in ‘Sunki Tropical’ mandarin, which was classified among the best genotypes
when irrigated with water of 4.8 dS m−1, and the hybrids HTR—069 citrangor and TSKC
× (LCR × TR)—040 citrimoniandarin, which did not suffer reductions when subjected to
this salinity level, denoting the lower sensitivity of these individuals [8,33], the opposite
of what occurred with TSKC × CTARG—019 citrangedarin, the most sensitive genotype
to salinity.

On the other hand, it was possible to observe that most genotypes kept similar means,
with no significant differences until the use of an ECw of 2.4 dS m−1, and the values were
reduced when the salinity level was increased to 4.8 dS m−1, which points to the condition
of stability or acclimatization since plants were in their second year of production and
under irrigation with saline water. Furthermore, it should be noted that the mean values
of net photosynthesis, at all salinity levels, were below 4.0 μmol CO2 m−2 s−1, which can
be interpreted as a condition of plant exhaustion, in the face of multiple stresses, notably
due to the cultivation in the pot, because even if adequate nutritional management was
applied, the restrictive conditions of the pots may have generated other stresses, such as
those related to temperature [23,24], leading to a reduction in physiological potential.

The reduction caused by salinity in the CO2 assimilation rate is reported in the
literature as an osmotic effect [19] since the increase in the salt concentration reduces
the water potential in the soil and reduces water absorption, causing stomata closure to
ensure the maintenance of the plant’s turgor, thereby reducing the CO2 influx into the
substomatal chamber.

The higher sensitivity to salinity observed in the hybrid TSKC × CTARG—019, based
on physiological data, was accompanied by a lower fruit production by this rootstock.
Although the application of water with an ECw of 4.8 dS m−1 did not cause a significant
loss of yield compared to plants irrigated with water of 0.14 dS m−1 (Figure 4), there was a
significant reduction in the production of plants grafted onto this citrangedarin.

This fact, however, only points to the importance of physiological variables in the
understanding and indication of stress situations, which can be a very useful tool for
decision-making, since the reduction caused by salinity was also observed in citrus plants
under water salinity, with deleterious effects [37].
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Considering that stomatal conductance reflects the process of CO2 entry and water
vapor exit for the performance of net photosynthesis, the results were coherent since the
citrangedarin TSKC × CTARG—019 was the rootstock that also conferred the scion variety
the lowest rates of net photosynthesis and stomatal conductance when it was irrigated
with waters of higher salinity. In line with the results obtained in the present study,
Sousa et al. [38] highlight that stomatal conductance is responsible for controlling water
exit and CO2 entry, which in turn is one of the main substrates for photosynthesis. Thus, as
the mean of stomatal conductance is modified by the salinity level of irrigation water, the
stomata begin to be hampered in their natural activities, compromising CO2 assimilation.

5. Conclusions

Water salinity reduced the production of citrus plants, especially the number of fruits
per plant (NFPL), the average fruit weight (AFW), and consequently the total weight of
fruits (WFPL), and gradual reductions were observed in the two years of cultivation.

‘Riverside’ citrandarin, ‘Sunki Tropical’ mandarin, and HTR—069 citrangor showed
greater production stability, even with the increase in irrigation water salinity.

Genotypes ‘Tahiti’ grafted on ‘Sunki Tropical’ mandarin, TSKC × (LCR × TR)—040
citrimoniandarin, and HTR—069 citrangor were more tolerant to an ECw of 4.8 dS m−1.

The effect of salinity on citrus plants was osmotic, reducing their net photosynthesis,
transpiration, and stomatal conductance.

The photosynthetic apparatus of the scion/rootstock combinations was not affected
by salinity since the quantum efficiency of photosystem II (Fv/Fm) was higher than 0.78 in
the first year of cultivation and equal to 0.75 during the second year of cultivation.

Citrangedarins TSKC × CTTR—012, TSKFL × CTTR—013, and TSKC × CTARG—019
citrangors showed higher sensitivity to salt stress, with the lowest yields when irrigated
with saline water of 2.4 dS m−1 and with the largest reductions in quantum efficiency of
photosystem II (PSII) and gas exchange.

Irrigation water of up to an electrical conductivity of 2.4 dS m−1 can be used in the
cultivation of citrus plants without significantly compromising their physiology, provided
that salt-tolerant rootstocks are used and a leaching fraction of 0.10 is applied.
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Abstract: The current study was conducted in a pot experiment with sand bed soil for two winter
seasons (2019/20, 2020/21) to illuminate the impact of calcium lignosulfonate (Ca-LIGN) (100 mg/L)
in alleviating various levels of NaCl (0, 100, 200, and 300 mM) on two barley cultivars, Giza132
and Giza133. Giza133 outgrew Giza132 under salinity stress by accumulating less Na+ content
and retaining more K+ content. Surprisingly, Ca-LIGN was shown to be involved in both cultivars’
capacity to efflux Na+ in return for greater K+ influx under 100 and 200 mM NaCl, resulting in an
increased dry weight of shoots and roots as well as leaf area compared with the untreated salinity
levels. Physiological parameters were measured as relative water content (RWC), electrolyte leakage
rate (ELR), peroxidase activity (POD) in leaf and root and grain yield, and grain protein content were
evaluated. Adding Ca-LIGN ameliorated both cultivars’ growth in all the recorded characteristics.
Under salinity stress, Ca-LIGN induced a higher RWC in both cultivars compared to those without
Ca-LIGN. Although the ELR increased significantly in Giza132 leaves under the different NaCl
concentrations compared to in Giza133 leaves, applying Ca-LIGN for both cultivars reduced the
deterioration in their leaf and root by significantly lowering the ELR. As a result, applying Ca-LIGN
to the salinity-affected plants (Giza133 and Giza132) under (100 and 200 mM NaCl), respectively,
inhibited POD activity by about (10-fold, 6-fold, and 3-fold, 5-fold). The impact of Ca-LIGN on grain
yield was more effective in Giza133 than in Giza132, with (61.46, 35.04, 29.21% and 46.02, 24.16, 21.96%)
at various salinity levels. Moreover, while both cultivars recorded similar protein content under
normal conditions, adding Ca-LIGN increased protein accumulation by raising salinity concentration
until it reached 3% and 2% increases in both cultivars, Giza133 and Giza132, respectively, under
300 mM NaCl. It can be concluded that applying Ca-LIGN on barley can help to alleviate the ionic
stress by excluding the harmful ions, resulting in higher grain yield and protein content.

Keywords: barley; Ca lignosulfonate; Na+ extrusion; K+ influx; salinity tolerance

1. Introduction

Salinity stress is one of the most harmful abiotic stress factors limiting crop growth,
development, and yield [1–4]. Accumulation of sodium (Na+) excessively causes ion
toxicity and ion imbalance by restricting the competitive absorption of some mineral
nutrients such as potassium (K+) [5].
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Salinity affects practically every part of plant morphology, physiology, and biochem-
istry, resulting in considerable agricultural production loss. A greater salt content in the
soil limits plant roots’ ability to absorb water and critical nutrients. The greater ion con-
centration (Na+) in the root produces osmotic stress, reduces water potential, and disrupts
nutritional balance. A larger Na+ concentration outside the plant cell also has a detrimental
influence on intracellular K+ influx, which is necessary for plant development [6].

Under salinity conditions, there are many osmolytes and osmoprotectants, such as
proline and jasmonic acid, which are already used to improve crop growth in calendula and
faba bean plants [2,7]. Application of these osmoprotectants led to improved leaf number,
chlorophyll content, relative water content, and yield characteristics [2,7].

Under salt stress, salt-tolerant plant species and genotypes must maintain decreased
Na+ accumulation in shoots. Shoot Na+ exclusion or vascular compartmentalization are
both responsible for lower shoot accumulative Na+ in plants [8]. The ability of plants
to exclude the damaging Na+ ions is one of the greatest strategies to resist salt stress, as
Na+ sequestration in plant tissues is thought to be the major cause of plant deterioration
under salinity stress conditions. Low leaf Na+ concentration and K+/Na+ discrimination
is important for salinity tolerance in barley under mild salt stress. Both leaf and root Na+

contents are negatively linked with plant dry matter during long-term salt stress [9–11].
Nowadays, a decrease in fresh water sources poses a threat to modern agriculture,

which faces a number of issues as the world’s population continues to expand while the
available land that is suitable for food production continues to decline [12]. Hence, one of
the issues encountered in barley farming in newly recovered regions, especially in Egypt, is
salinity [13]. The characteristics most affected by salinity stress were number of leaves and
stem height [14], chlorophyll content, RWC%, and yield [14–17]. So, identifying saline limits
requires research on salt tolerance throughout the vegetative growth phase of plants [18]
and also at harvest time. In the newly reclaimed lands, barley is regarded as a desirable
crop to sow due to its ability to grow under stress, and some studies have been carried out
to increase its grain yield under various stress conditions [19–23] because it is one of the
most indispensable crops in covering the gap in access to food due to insufficient cereal
production [24].

According to Kanbar and El-Drussi, [25] rising salt levels reduced barley seed germi-
nation considerably. Even though one of the examined cultivars benefited from salinity
stress at 25 mM in terms of shoot–root length and weight, all cultivars were salt-sensitive
at 50, 75, and 100 mM in terms of all features studied. Moreover, Allel et al. [26] and
El-Wakeel et al. [27] indicated that a salinity stress of 200 mM NaCl had a detrimental
effect on the parameters studied in barley. However, some wild barley cultivars can be
grown under more than 500 mM NaCl; glycophytic species such as Hordeum vulgare can
tolerate more than 200 mM NaCl [28]. Therefore, treating barley plants with substances
that enhance its growth under high levels of salinity is now a crucial method.

Lignosulfonates (low-cost LIGNs) are byproducts from the paper industry; these
complex polymers are formed by the solubilization of lignin under alkaline conditions,
and numerous chelated forms, such as Fe-, Ca-, or K-chelated lignosulfonates, have been
identified depending on the nature of the base involved during this chemical process
(Fe-LIGN, Ca-LIGN, K-LIGN). Investigations in the laboratory, glasshouse, and field have
also shown their stimulating effects on both vegetative and reproductive growth, as well as
on fructification; their favorable influence on the root system development was particularly
apparent [29,30]. Calcium lignosulfonate (Ca-LIGN), as a plant biostimulant, positively
affects plant growth and fruit-fixed expression, plant pigments, shoot and root develop-
ment, nutritional efficiency, crop production, rhizospheric and soil microorganisms, general
soil health, and plant–environment interactions. Biostimulants are obtained from natural
sources and can assist in decreasing the consumption of chemical imports while also reduc-
ing the negative environmental effects of hazardous substances [31]. Biostimulants have
recently been utilized to help stressed plants and enhance their growth and production [32],
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and these biostimulants are not nutrients in and of themselves; rather, they aid in the
absorption of nutrients or advantageously promote growth or stress resistance [33].

The application of Ca lignosulfonate compounds has the potential to promote agri-
cultural yield [34]; in addition, lignosulfonate has been demonstrated to promote plant
development in maize [35] and rice [35] because their hydrophilic parts have negative
charges, and Ca lignosulfonate surfactant has a short-chain structure that makes reactions
with salt simpler, has good water solubility and promotes root and leaf development, and
boosts chlorophyll content and crop yield [36].

Approximately 30 crop plant species currently produce 90% of plant-based human
nourishment, and the majority of the essential glycophytic crops have 50–80% lower
average yields when grown under salinity conditions [37]. Because of the changing climate,
problems related to soil salinity are expected to develop in many areas, and to deal with
such effects, a variety of adaptations and mitigation methods are necessary. Therefore,
lignosulfonate is used to ameliorate plant growth, while there has not been any research
conducted on the use of calcium lignosulfonate as a mitigating substance to alleviate the
salinity stress. Hence, the objective of this study was to elucidate the indispensable role of
adding Ca lignosulfonate to two barley cultivars, Giza132 and Giza133, in alleviating the
detrimental effects of different salinity stress levels.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The current experiment was conducted in the greenhouse of the Seed Technology
Research Department at Sakha Agriculture Research Station, ARC, Kafr Elsheikh, Egypt,
under the environmental conditions shown in (Table 1). Two barley cultivars (Giza133
and Giza132) were obtained from the Agricultural Research Center, Egypt, based on their
behavior under salinity stress conditions; the Giza133 cultivar is more tolerant than the
Giza132 cultivar.

Table 1. The environmental conditions of the experiment during both seasons 2019/2020 and
2020/2021.

Year Months

Temperature
(◦C)

Relative Humidity
(RH%)

Wind
Velocity

(km/24 h)Min. Max. 7:30 a.m. 13:30 p.m.

2019
November 25.1 27.4 82.8 48.3 36.6
December 13.4 21.4 86.9 58.9 38.5

2020

January 11.8 18.4 86.7 62.7 30.0
February 12.7 20.4 84.6 56.5 51.0

March 15.6 22.6 81.1 53.9 80.1
April 18.9 26.0 80.0 45.1 98.8
May 23.8 31.0 68.9 38.4 14.4

November 17.5 25.0 80.7 56.8 46.9
December 13.7 22.9 87.7 55.7 44.9

2021

January 13.5 21.0 86.7 59.5 39.2
February 12.5 21.5 87.5 55.9 58.3

March 16.5 23.8 83.6 55.2 81.5
April 19.5 27.6 78.6 42.0 95.9
May 25.1 32.1 65.3 33.8 12.4

Max.: maximum, Min.: minimum (these numbers are calculated as the grand mean of 30 days of data).

Over two productive seasons (2019/2020 and 2020/2021), seeds were sown and grown
in acid-washed quartz sand (saturation percent 20 percent). A total of 6 kg of sand was
placed inside the 25 cm-diameter, 7 L plastic pots, which also included a bottom vent for
free drainage. Full-strength nutrient solution (75 g/L ZnSO4·H2O, 45 g/L MnSO4·H2O,
100 g/L FeSO4·5H2O, 55 g/L CuSO4·7H2O, 25 g/L MgSO4·5H2O, 5 g/L, potassium fulvate,
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5 g/L citric acid, and 20 g/L potassium alginate) in addition to the recommended NPK
fertilization was used as a source of nitrogen and phosphorous for the plants. After germi-
nation, 10 days later, seedlings were thinned to 6 plants per pot and watered with either
nutritional solution with 0 mM NaCl (control) or nutrient solution with 100 mM, 200 mM,
and 300 mM NaCl. The pots of the plants that were irrigated with salty solutions were later
divided into two groups, and one of them was provided with calcium lignosulfonate (Saigo
Ligno Sal compound) (100 mg/L) (Ca-LIGN + salt treatments) due to the symptoms of
salinity stress impact on the plants after 20 days of those three salinity treatments. Without
using calcium lignosulfonate throughout the vegetative stage, the other group continued to
be watered as needed with various salt solution treatments (100, 200, and 300 mM NaCl),
and each treatment was replicated 4 times. The environmental conditions of the experiment
are recorded in Table 1.

2.2. Preparation of Calcium Lignosulfonate (Ca-LIGN) Solution and Applying the Salt Treatments

The calcium lignosulfonate substance used in the current study was purchased from
(Saigo chemical company, Kafr Elsheikh, Egypt) as an active ingredient in a commercial
compound (Saigo Ligno Sal). The chemical compositions in this compound are (10% CaO,
11% N, 10% potassium fulvate, 10% calcium lignosulfonate, 30% organic acids, 2% zeolite,
and 1% MgO). The calcium lignosulfonate (Ca-LIGN) was prepared by adding (100 mg/L)
to salt solutions for each salinity concentration (100 mM NaCl, 200 mM NaCl, and 300 mM
NaCl). In addition, salinity solution treatments (NaCl treatments) were applied gradually
(25, 50, 75, and finally 100 mM) for the first salinity level (25, 50, 75, 100, and finally 200 mM)
for the second salinity level, and (25, 50, 75, 100, 200, and finally 300 mM) for the third
salinity level over 2-day intervals to avoid causing osmotic shock to the plants.

2.3. Growth Parameters

After 30 days of applying Ca lignosulfonate, the plants were taken and divided into
2 parts (roots and shoots (sheaths and leaves)), and two sets of samples were prepared. The
dry weights (DWs) were recorded for each plant part from the first set of samples after oven
drying at 70 ◦C for 3 days, and the other set was kept at −80 ◦C for peroxidase enzyme
activity analysis. Leaf area (LA) was measured using a leaf area meter (Model: LI-3000A
Portable leaf area meter, LI-COR Biosciences, Lincoln, NE, USA), and plant height was
measured. To determine the yield characteristics, a different set of plants was allowed to
develop till harvest.

2.4. Plant Pigment Content Determination

Chlorophyll a, chlorophyll b, and total chlorophyll as well as carotenoid contents were
extracted from 0.5 g of fresh leaves samples in 10 mL of 100% N,N-dimethyl formamide,
and then the concentration was determined with a spectrophotometer using the methods
of Porra et al. [26] and Porra [38].

2.5. Relative Water Content (RWC)

Leaf samples were placed in vials and weighed (FW); after the sample had been
weighed, the piece of leaf was transferred to a 1.5 mL Eppendorff tube containing deionized
water. Then, tubes were placed for 4 h in a fridge to allow the tissue to take up water.
The sample was instantly transferred and reweighed to measure the fully turgid fresh
weight (TW). The samples oven-dried at 80 ◦C for 72 h and then reweighed to determine
the dry weight (DW). The relative water content was calculated according to Gonzalez and
Gonzalez-Vilar [39] as follows:

RWC (%) = [(FW − DW)/(TW − DW)] × 100 (1)

where FW (fresh weight), TW (turgid weight), and DW (dry weight).
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2.6. Electrolyte Leakage Rate (ELR)

The electrolyte leakage rate (ELR) was measured in the third leaf from the top of each
plant (0.5 g), and 0.5 g roots were well-washed using the method of Murray et al. [40] with
some modifications. The leaf and root samples were soaked in distilled water and shaken for
12 h. Electrical conductivity EC (EC1) was measured with a portable EC meter (9V-1AmP,
Thermo Electron Corporation, USA). The samples were later autoclaved and cooled to
determine total EC (EC2). The ELR was calculated as follows: ELR (%) = (EC1/EC2) × 100.

2.7. Determination of Peroxidase Activity (POD)

The extraction was carried out using 0.5 g fresh samples according to the method of
Takagi et al. [41]. Fresh (leaf and root) samples were ground in liquid nitrogen with adding
phosphate buffer (pH 7.0). The homogenate was centrifuged, and then sPOD activity was
determined in the supernatant. The 1 mL of reaction mixture contained 15 mM guaiacol,
10 mM H2O2, 73 mM phosphate buffer, and 2% enzyme extract. The absorbance was
observed at 470 nm for 1 min, and the activity of sPOD was calculated according to Chance
and Maehly, [42], and one-unit sPOD activity was defined as μmol tetraguaiacol/min.

2.8. Na+ and K+ Concentrations

The selected leaves and roots samples were oven-dried and fine-grounded. The fine
powder was digested with a mixture of HNO3 and HClO4 (5:1, v/v), and the Na+ and K+

concentrations in the extracts were measured using an atomic absorption spectrophotometer
(Shimadzu, Kyoto, Japan) according to Rahman et al. [43].

2.9. Post-Harvest Measurements

At harvest time, plant height (cm) was measured. The remained spikes were harvested
and threshed to obtain grains. Length of spike (cm), grain number/spike, 1000-grain weight
(gm), and grain yield/pot (gm) were measured.

2.10. Crude Protein Content

The known weight of the fine-ground seeds (ca. 0.1 g) was digested using a micro
Kjeldahl apparatus by (98% H2SO4) and (30% H2O2). The crude protein was calculated by
multiplying the total nitrogen by 5.85 [44].

2.11. Statistical Analysis

The collected data of the two seasons were subjected to combined analysis of variance
(ANOVA) for the completely randomized block design of each experiment (n = 4), as
mentioned by Gomez and Gomez [45] using (MSTAT-C 1990) computer software, and the
means of genotypes were compared using Fisher’s protected LSD at a 0.05 probability
level. The physiological data are shown as means, and the means were separated using the
Duncan’s Multiple Range Test at p = 0.05 [46].

3. Results

After two months of various treatments, it was clear that they had different aesthetic
impacts on the cultivars Giza133 and Giza132. The combined analysis revealed that there
was no significant difference between the two seasons in root length, Na+ concentrations, or
peroxide enzyme activity in either tissue (leaf or root), but there was a significant difference
between the two seasons in shoot length, shoot, and root dry weights (Table 2).

In addition, there was no significant effect of these seasons on the relative water content
(RWC) and electrolyte leakage rate (ELR) of either tissue (leaf and root) or total leaf area
(TLA) (Table 3). Nevertheless, all the post-harvest investigated parameters (Table 4) and
the remaining physiological and growth characteristics were significantly impacted by both
seasons (Tables 2 and 3). According to the influence of the cultivars, both cultivars, Giza133
and Giza132, performed quite differently in all the studied characteristics that are shown in
Tables 2 and 4, with the exception of shoot and root lengths (Table 2), TLA (Table 2), and the
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number of grains/spike (Table 4). Furthermore, the various salinity treatments, whether
they involved the addition of Ca lignosulfonate or not, had a significant impact on all the
examined features (Tables 2–4).

Table 2. Means of shoot and root lengths, shoot and root dry weights, Na+ and K+ concentrations,
and peroxide enzyme activity in both leaf and root tissues of Giza133 and Giza132 barley cultivars
under different treatments (control, NaCl concentrations, and NaCl concentrations + Ca-LIGNO)
during two seasons 2019/2020 and 2020/2021.

Characteristics
Treatments

Shoot
Length

(cm)

Root
Length

(cm)

Shoot Dry
Weight

(gm)

Root Dry
Weight

(gm)

Na+

Concentration
(mg gm−1 DW)

K+

Concentration
(mg gm−1 DW)

POD Enzyme
Activity in

(μmol gm−1 min−1)

Leaf Root Leaf Root Leaf Root

Seasons

First (2019/2020) 40.68 42.09 3.86 3.13 67.18 43.65 21.21 16.04 8.95 7.85
Second (2020/2021) 42.90 43.86 4.67 4.95 68.23 44.65 22.31 17.00 9.70 8.51

F. Test * N.S * * N.S N.S N.S N.S ** **

Cultivars

Giza133 41.67 42.30 3.24 3.72 54.24 33.82 23.42 18.27 12.33 7.20
Giza132 41.90 43.65 2.29 2.36 80.13 53.49 19.01 13.80 6.32 9.15
F. Test N.S N.S ** ** ** ** ** ** ** **

Treatments

Control 41.19 48.06 2.56 2.94 0.70 0.25 35.96 23.36 4.10 4.01
100 mM NaCl +

Ca-LIGNO 47.25 47.38 3.81 4.77 36.91 13.71 29.75 20.90 2.84 6.23

200 mM NaCl +
Ca-LIGNO 44.28 42.10 3.76 3.72 43.94 35.23 27.37 18.67 3.82 7.31

300 mM NaCl +
Ca-LIGNO 44.09 44.44 2.75 2.45 58.71 43.70 21.37 14.99 9.41 9.93

100 mM NaCl 40.60 41.39 2.34 2.75 62.64 35.75 14.10 14.16 11.37 6.68
200 mM NaCl 38.09 37.21 2.25 2.44 79.02 61.51 11.13 11.70 13.82 6.83
300 mM NaCl 37.00 40.25 1.90 2.23 188.36 115.42 8.83 8.50 19.93 16.23

F. Test ** ** ** ** ** ** ** ** ** **
L.S.D 2.782 6.033 0.2334 0.4356 12.02 17.55 6.343 2.927 3.367 3.778

L.S. D0.05, least significant differences at 0.05 probability level and *, ** and N.S state the significant, highly
significant and not significant respectively.

Table 3. Means of relative water content (RWC), leaf and root electrolyte leakage rate (ELR), leaf area
(LA), and total leaf area (TLA), and different pigments concentrations (chlorophyll a, chlorophyll b,
total chlorophyll, and total carotenoids) in the leaves of Giza133 and Giza132 barley cultivars under
different treatments (control, NaCl concentrations, and NaCl concentrations + Ca-LIGNO) during
two seasons, 2019/2020 and 2020/2021.

Characteristics
Treatments

Relative
Water

Content
(RWC)

(%)

Electrolyte Leakage Rate
(ELR)
(%)

Leaf Area
(LA)
(cm2

Plant−1)

Total Leaf
Area
(TLA)
(cm2

Plant−1)

Chlorophyll a
(Chll a)

(μg mg−1 FW)

Chlorophyll
b (Chll b)
(μg mg−1

FW)

Total
Chlorophyll

Content
(μg mg−1

FW)

Total
Carotenoids

Content
(μg mg−1

FW)Leaf Root

Seasons

First (2019/2020) 92.11 78.49 78.25 30.08 270.75 1.20 1.22 1.42 1.05
Second

(2020/2021) 91.11 77.46 76.43 32.22 264.07 2.41 2.42 2.62 2.26

F. Test N.S N.S N.S * N.S ** ** ** **

Cultivars

Giza133 92.86 61.28 85.61 32.16 290.61 2.29 2.33 2.53 2.14
Giza132 90.36 94.66 70.07 30.14 250.21 0.32 0.31 0.51 0.18
F. Test * ** ** ** N.S ** ** ** **

Treatment

Control 98.17 46.34 80.29 30.76 267.59 1.53 1.51 1.71 1.39
100 mM NaCl +

Ca-LIGNO 97.65 27.02 57.91 40.94 326.08 2.30 2.35 2.56 2.16

200 mM NaCl +
Ca-LIGNO 96.86 48.63 76.22 35.92 224.47 1.99 2.01 2.20 1.84

300 mM NaCl +
Ca-LIGNO 92.48 72.79 73.09 31.35 379.01 1.50 1.52 1.71 1.35

100 mM NaCl 87.21 100.99 75.54 26.77 200.03 0.76 0.77 0.98 0.61
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Table 3. Cont.

Characteristics
Treatments

Relative
Water

Content
(RWC)

(%)

Electrolyte Leakage Rate
(ELR)
(%)

Leaf Area
(LA)
(cm2

Plant−1)

Total Leaf
Area
(TLA)
(cm2

Plant−1)

Chlorophyll a
(Chll a)

(μg mg−1 FW)

Chlorophyll
b (Chll b)
(μg mg−1

FW)

Total
Chlorophyll

Content
(μg mg−1

FW)

Total
Carotenoids

Content
(μg mg−1

FW)Leaf Root

200 mM NaCl 88.58 113.16 77.92 28.50 219.85 0.55 0.59 0.79 0.41
300 mM NaCl 80.33 136.88 103.90 23.80 275.85 0.49 0.50 0.69 0.36

F. Test ** ** ** ** ** ** ** ** **
L.S.D 4.171 11.45 10.50 2.867 93.89 0.0223 0.0223 0.0224 0.0315

L.S.D0.05, least significant differences at 0.05 probability level and *, ** and N.S state the significant, highly
significant and not significant respectively.

Table 4. Means of plant height, spike length, number of grains spike−1, grain yield pot−1, 1000-grain
weight, and grain protein content of Giza133 and Giza132 barley cultivars under different treatments
(control, NaCl concentrations, and NaCl concentrations + Ca-LIGNO) during, two seasons 2019/2020
and 2020/2021.

Characteristics
Treatments

Plant
Height

(cm)

Spike
Length

(cm)

No.
Grains

Spike−1

Grain
Yield
Pot−1

(gm)

1000-
Grain

Weight
(gm)

Grain
Protein
Content

(%)

Seasons
First

(2019/2020) 48.39 6.70 7.73 15.53 29.97 10.78

Second
(2020/2021) 52.16 8.68 9.28 18.08 31.94 10.87

F. Test * * * * * *

Cultivars

Giza133 51.82 8.19 9.81 18.35 33.13 11.70
Giza132 48.73 9.18 10.19 13.26 24.77 10.59
F. Test ** ** N.S ** ** *

Treatments

Control 56.42 9.11 10.05 15.41 37.3 9.38

100 mM NaCl
+ Ca-LIGNO 59.96 9.91 10.28 29.15 44.3 11.20

200 mM NaCl
+ Ca-LIGNO 46.57 9.13 10.69 17.64 29.7 11.90

300 mM NaCl
+ Ca-LIGNO 47.26 7.57 8.83 13.30 22.1 13.06

100 mM NaCl 51.92 8.49 10.09 12.96 24.3 9.54
200 mM NaCl 48.72 8.66 10.35 12.19 21.5 10.08
300 mM NaCl 41.07 7.93 9.73 9.98 23.6 10.67

F. Test ** ** ** ** ** **
L.S.D 2.924 0.3623 0.5351 2.365 4.144 0.224

L.S.D0.05, least significant differences at 0.05 probability level and *, ** and N.S state the significant, highly
significant and not significant respectively.

3.1. Effect of the Treatments on Plant Growth and Biomass

In both genotypes, there was a rise in NaCl concentration accompanied by a reduction
in growth (Figures 1–4). By adding Ca lignosulfonate (Ca-LIGN) to salty solutions, the
second treatment, which consisted of applying Ca-LIGN to 100 mM NaCl followed by
adding it to 200 mM NaCl, produced the greatest shoot and root lengths (Figure 2), leaf area
(LA), and total leaf area (TLA) (Figure 2) and increased the production of shoot and root
dry weights (DWs) (Figure 1), outperforming the control treatment. When comparing the
three salinity levels with the same levels of Ca-LIGN, both cultivars recorded a significant
increase in all the growth features, especially in shoot DW, by (52.8%, 49.3%, 33.5% and
31.8%, 16.2%, and 27.0%) in Giza133 and Giza132 with the three salinity levels 100, 200,
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and 300 mM NaCl, respectively (Figure 1A). The same trend was recorded in root DW
in both cultivars; however, a slight increase in DW was shown with the highest salinity
level, 300 mM, using the Ca-LIGN substance (Figure 1B). The shoot height decreased
slightly in both cultivars under the first salinity level, 100 mM NaCl, compared to control
conditions (Figure 2A); however, in the other salinity levels, 200 mM NaCl and 300 mM
NaCl, Giza133 decreased more than Giza132 than when under control conditions. The
results in Figure 3 show that applying the Ca-LIGN substance induced an upsurge in both
shoot and root lengths in the Giza133 cultivar by (22.7%,17.2%) and (22.3%,15.17%) under
both salinity levels (100 mM and 200 mM NaCl), respectively. Giza132 cultivar did not
have significantly altered shoot and root lengths when Ca-LIGN was added (Figure 2). We
examined the leaf area for both cultivars under the different studied treatments, noting
the Ca-LIGN substance prompted an elongation in the leaf tissues, which was observed
in both cultivars compared with control and salinity stress without adding the Ca-LIGN
substance (Figure 3A). The Giza133 cultivar recorded an increase of about 50% in LA when
Ca-LIGN was added to 100 mM NaCl compared to the control and also 100 mM NaCl
when that substance was not added; additionally, the LA increased by 23.5% and 34.2%
when the Ca-LIGN substance was added to 200 mM NaCl and 300 mM NaCl, respectively,
compared to these salt levels when it was not added (Figure 3A). Adding Ca-LIGN to
100 mM NaCl in Giza132 increased the LA significantly by 17.7% and 21.9% compared to
the control conditions and 100 mM NaCl without that substance, respectively; however,
adding Ca-LIGN did not significantly affect its LA under the highest salinity level, 300 mM
NaCl (Figure 3A).

 

Figure 1. Effect of different treatments: (T1) control, (T2) 100 mM NaCl + Ca-LIGNO, (T3) 200 mM
NaCl + Ca-LIGNO, (T4) 300 mM NaCl + Ca-LIGNO, (T5) 100 mM NaCl, (T6) 200 mM NaCl, and (T7)
300 mM NaCl on the average (A) shoot dry weight (DW)and (B) root dry weight (DW) of the two
barley cultivars, Giza133 and Giza132, during two seasons, 2019/2020 and 2020/2021. Data represent
the mean ± SE (n = 4). The same letter indicates no significant difference (p ≤ 0.05).
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Figure 2. Effect of different treatments: (T1) control, (T2) 100 mM NaCl + Ca-LIGNO, (T3) 200 mM
NaCl + Ca-LIGNO, (T4) 300 mM NaCl + Ca-LIGNO, (T5) 100 mM NaCl, (T6) 200 mM NaCl, and (T7)
300 mM NaCl on the average (A) shoot length and (B) root length of the two barley cultivars, Giza133
and Giza132, during two seasons, 2019/2020 and 2020/2021. Data represent the mean ± SE (n = 4).
The same letter indicates no significant difference (p ≤ 0.05).

Figure 3. Effect of different treatments: (T1) control, (T2) 100 mM NaCl + Ca-LIGNO, (T3) 200 mM
NaCl + Ca-LIGNO, (T4) 300 mM NaCl + Ca-LIGNO, (T5) 100 mM NaCl, (T6) 200 mM NaCl, and
(T7) 300 mM NaCl on the average (A) leaf area (LA) and (B) total leaf area (TLA) of the two barley
cultivars, Giza133 and Giza132, during two seasons, 2019/2020 and 2020/2021. Data represent the
mean ± SE (n = 4). The same letter indicates no significant difference (p ≤ 0.05).
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Figure 4. Effect of different treatments: (T1) control, (T2) 100 mM NaCl + Ca-LIGNO, (T3) 200 mM
NaCl + Ca-LIGNO, (T4) 300 mM NaCl + Ca-LIGNO, (T5) 100 mM NaCl, (T6) 200 mM NaCl, and (T7)
300 mM NaCl on the average relative water content (RWC) of the two barley cultivars, Giza133 and
Giza132, during two seasons, 2019/2020 and 2020/2021. Data represent the mean ± SE (n = 4). The
same letter indicates no significant difference (p ≤ 0.05).

3.2. Relative Water Content (RWC)

Under various levels of salt stress, the RWC of leaves declined significantly by around
10% and 15% in Giza133 and Giza132, respectively. Calcium lignosulfonate’s treatments
enhanced the RWC of stressed seedlings of both cultivars, which was particularly noticeable
at the stress levels of 100 and 200 mM NaCl, more so than in the 300 mM NaCl level
(Figure 4).

3.3. Electrolyte Leakage Rate (ELR)

Since salt stress elevated the abundance of free radicals in plants, the damage to
membranes was examined by measuring the electrolyte leakage in both cultivars’ leaf
and root tissues (Figure 5). Electrolyte leakage was found in both cultivars’ leaves, and
according to the findings, was inhibited when the Ca-LIGN substance was added to all
the studied salinity levels in both cultivars (Figure 5A). Although adding the Ca-LIGN
substance to the salinity levels (100 mM and 200 mM NaCl) did not significantly reduce the
leakage of root cells in Giza133, under the highest salinity level, 300 mM NaCl, Ca-LIGN
maintained its root cell membrane stability by decreasing the ELR by 18.79% (Figure 5B).
Additionally, application of Ca-LIGN led to alleviated salinity stress effects due to the
decline in the ELR’s root tissues by (8.18%, 11.32%, and 19.46%) under salinity levels of
(100 mM, 200 mM, and 300 mM NaCl), respectively (Figure 5B).
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Figure 5. Effect of different treatments: (T1) control, (T2) 100 mM NaCl + Ca-LIGNO, (T3) 200 mM
NaCl + Ca-LIGNO, (T4) 300 mM NaCl + Ca-LIGNO, (T5) 100 mM NaCl, (T6) 200 mM NaCl, and (T7)
300 mM NaCl on the average electrolyte leakage ratio (ELR) in (A) leaf and (B) root of the two barley
cultivars, Giza133 and Giza132, during two seasons, 2019/2020 and 2020/2021. Data represent the
mean ± SE (n = 4). The same letter indicates no significant difference (p ≤ 0.05).

3.4. Peroxidase Enzyme Activity (POD)

The aforementioned features are supported by our findings on peroxidase (POD)
activity, an enzyme implicated in antioxidative defense systems (Figure 6). The salinity
stress levels increased the POD enzyme activity under the three levels (100 mM NaCl,
200 mM NaCl, and 300 mM NaCl) by (7.7-, 4.1-, 1.5-fold, and 4.2-, 2.5-, 1.4-fold) compared
to under the control conditions in both cultivars of the leaves, Giza133 and Giza132,
correspondingly (Figure 6A). Adding the Ca-LIGN substance to the different salinity
levels did not alter the POD activity in either cultivar’s leaves, except the Giza133 leaf
under 300 mM NaCl-induced POD activity, which increased about 2.4 times compared
to the control (Figure 6A). With regard to the root tissues, the activity of POD enzyme
increased when the salinity level in the Giza133 cultivar was increased; however, its
activity decreased when the salinity levels were increased in Giza132 cultivar root tissues
(Figure 6B), and applying Ca-LIGN to salinity concentrations did not induce the POD
activity in Giza133 root.

141



Agriculture 2022, 12, 1459

Figure 6. Effect of different treatments: (T1) control, (T2) 100 mM NaCl + Ca-LIGNO, (T3) 200 mM
NaCl + Ca- LIGNO, (T4) 300 mM NaCl + Ca-LIGNO, (T5) 100 mM NaCl, (T6) 200 mM NaCl, and
(T7) 300 mM NaCl on the average peroxide enzyme activity (POD) in (A) leaf and (B) root of the two
barley cultivars, Giza133 and Giza132, during two seasons, 2019/2020 and 2020/2021. Data represent
the mean ± SE (n = 4). The same letter indicates no significant difference (p ≤ 0.05).

3.5. Different Photosynthetic Pigments

Salinity stress resulted in declined pigment production in the leaf tissues of both
cultivars, Giza133 and Giza132, which was more pronounced in the Giza132 cultivar
(Table 5). The different salinity levels (100 mM NaCl, 200 mM NaCl, and 300 mM NaCl)
led to a significant decrease in the different pigments (Chl a, Chl b, total chlorophyll, and
total carotenoids contents) by around (1.2, 3.38, and 3.8 times), respectively, compared with
control conditions in Giza133. In the presence of sodium chloride stress, adding Ca-LIGN
increased the Chl a, Chl b, total chlorophyll, and total carotenoids contents by gradually
decreasing the salinity levels from 300 mM NaCl to 200 mM NaCl until reaching 100 mM
NaCl in both cultivars (Table 5).

Table 5. Different pigments’ concentrations (chlorophyll a, chlorophyll b, total chlorophyll content,
total carotenoids) in the leaf tissues of Giza133 and Giza132 barley cultivars under various treatments
(control, NaCl concentrations, and NaCl concentrations + Ca-LIGNO) during two seasons, 2019/2020
and 2020/2021, in combined analysis.

Cultivars Treatments
Chlorophyll a

(Chll a)
(μg mg−1 FW)

Chlorophyll b
(Chll b)

(μg mg−1 FW)

Total Chlorophyll
Content

(μg mg−1 FW)

Total Carotenoids
Content

(μg mg−1 FW)

Giza133

Control 2.71 ± 0.00 2.67 ± 0.01 2.88 ± 0.01 2.56 ± 0.00
100 mM NaCl +

Ca-LIGNO 4.20 ± 0.00 4.28 ± 0.01 4.49 ± 0.01 4.05 ± 0.00

200 mM NaCl +
Ca-LIGNO 3.70 ± 0.00 3.81 ± 0.00 4.01 ± 0.00 3.54 ± 0.00

300 mM NaCl +
Ca-LIGNO 2.70 ± 0.00 2.74 ± 0.00 2.94 ± 0.01 2.55 ± 0.00

100 mM NaCl 1.21 ± 0.00 1.25 ± 0.01 1.47 ± 0.01 1.06 ± 0.00
200 mM NaCl 0.80 ± 0.00 0.86 ± 0.01 1.06 ± 0.01 0.66 ± 0.00
300 mM NaCl 0.70 ± 0.00 0.72 ± 0.00 0.92 ± 0.00 0.56 ± 0.00
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Table 5. Cont.

Cultivars Treatments
Chlorophyll a

(Chll a)
(μg mg−1 FW)

Chlorophyll b
(Chll b)

(μg mg−1 FW)

Total Chlorophyll
Content

(μg mg−1 FW)

Total Carotenoids
Content

(μg mg−1 FW)

Giza132

Control 0.36 ± 0.00 0.34 ± 0.01 0.55 ± 0.01 0.21 ± 0.00
100 mM NaCl +

Ca-LIGNO 0.40 ± 0.00 0.42 ± 0.01 0.63 ± 0.02 0.26 ± 0.00

200 mM NaCl +
Ca-LIGNO 0.29 ± 0.00 0.21 ± 0.00 0.40 ± 0.02 0.15 ± 0.00

300 mM NaCl +
Ca-LIGNO 0.29 ± 0.00 0.29 ± 0.00 0.48 ± 0.00 0.16 ± 0.00

100 mM NaCl 0.31 ± 0.00 0.29 ± 0.01 0.49 ± 0.01 0.16 ± 0.00
200 mM NaCl 0.30 ± 0.00 0.32 ± 0.02 0.52 ± 0.00 0.16 ± 0.00
300 mM NaCl 0.29 ± 0.00 0.28 ± 0.02 0.47 ± 0.02 0.16 ± 0.00

F. Test ** ** ** **

L.S.D 0.0314 0.0316 0.0315 0.0445

L.S.D0.05, least significant differences at 0.05 probability level and ** and N.S state the significant, highly significant
and not significant respectively. Values are means ± SE of 4 replicates.

3.6. Na+ and K+ Concentrations

It is illustrated in (Figure 7A,B) that under salinity levels, the Giza133 cultivar accumu-
lated less Na+ content in its leaf and root tissues than the Giza132 cultivar. Simultaneously,
Giza133 cultivar’s K+ content was higher than that of Giza132 in both leaf and root tissues
(Figure 7C,D). Moreover, under the increase in NaCl levels, sodium content increased in the
leaves and roots of both barley cultivars. The opposite results for K+ content was obtained.
Ca-LIGN application dropped dramatically the levels of Na+ in the two organs of barley
cultivar stressed seedlings (Figure 7A,B). Oppositely, applying Ca-LIGN increased the K+

content in both tissues of both cultivars compared with the untreated tissues (Figure 7C,D)

Figure 7. Effect of different treatments: (T1) control, (T2) 100 mM NaCl + Ca−LIGNO, (T3) 200 mM
NaCl + Ca−LIGNO, (T4) 300 mM NaCl + Ca−LIGNO, (T5) 100 mM NaCl, (T6) 200 mM NaCl, and
(T7) 300 mM NaCl on the average Na+ concentrations in leaf (A) and root (B) and K+ concentrations in
leaf (C) and root (D) of the two barley cultivars, Giza133 and Giza132, during two seasons, 2019/2020
and 2020/2021.
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3.7. Post-Harvest Characteristics

In both cultivars, irrigating barley with varied salt levels (100, 200, and 300 mM NaCl)
dissolved in the nutrient solution reduced plant height (cm), spike length (cm), 1000-grain
weight (gm), and grain yield (gm pot−1) at harvest as compared to the control (Table 6). The
results also reveal that watering the salinized barley plants with Ca-LIGN improved the
values of those properties substantially. In the Giza133 cultivar, the reduction in plant height
by salinity stressors was (5.6, 6.9, and 21.3%); however, this decrease was much higher in
Giza132, for which these values declined by (11.18, 21.63 and 32.14%) under the salinity
levels (100, 200, and 300 mM NaCl), respectively. Surprisingly, applying Ca-LIGN increased
the plant height of both cultivars significantly under the three salinity levels, showing a
gradual increase from the highest concentration to the lowest one, with plants being (8.6%,
3.1%) taller under these conditions than under control conditions in Giza133 and Giza132,
respectively (Table 6). Overall, while the increasing salinity stress concentrations reduced
grain yield and its components (spike length, no. grains spike-1, and 1000-grain weight),
salt treatment with Ca-LIGN increased the aforesaid characteristics, particularly grain
yield, in both cultivars. The effect of adding Ca-LIGN on grain yield was more evident in
Giza133 than in Giza132, with increases of (61.46, 35.04, 29.21%, and 46.02, 24.16, 21.96%),
respectively, at the corresponding salinity levels (100, 200, and 300 mM NaCl).

Table 6. Plant height, spike length, number of grains spike-1, grain yield pot-1, 1000-grain weight,
and grain protein content of Giza133 and Giza132 barley cultivars under various treatments: (control,
NaCl concentrations, and NaCl concentrations + Ca-LIGNO) during two seasons, 2019/2020 and
2020/2021, in combined analysis.

Cultivars Treatments
Plant Height

(cm)
Spike

Lengths (cm)
No. Grains

Spike−1
1000-Grain

Weight (gm)
Grain Yield
Pot−1 (gm)

Grain
Protein

Content (%)

Giza133

Control 55.42 ± 2.05 8.46 ± 0.15 10.20 ± 0.25 42.50 ± 1.79 14.65 ± 0.51 9.48 ± 0.01
100 mM
NaCl +

Ca-LIGNO
60.67 ± 1.77 9.88 ± 0.12 8.95 ± 0.09 50.00 ± 2.18 35.92 ± 2.15 11.36 ± 0.01

200 mM
NaCl +

Ca-LIGNO
48.48 ± 0.97 8.80 ± 0.14 10.40 ± 0.19 33.38 ± 0.26 21.83 ± 1.18 12.13 ± 0.01

300 mM
NaCl +

Ca-LIGNO
51.17 ± 0.75 7.15 ± 0.12 8.40 ± 0.14 23.38 ± 1.17 15.75 ± 0.77 13.82 ± 0.01

100 mM
NaCl 52.29 ± 0.46 7.61 ± 0.02 10.18 ± 0.27 26.68 ± 3.74 13.84 ± 0.08 9.65 ± 0.04

200 mM
NaCl 51.55 ± 0.53 8.13 ± 0.07 10.88 ± 0.17 26.13 ± 3.50 14.18 ± 0.33 10.23 ± 0.02

300 mM
NaCl 43.20 ± 0.68 7.33 ± 0.26 9.68 ± 0.06 29.86 ± 4.25 12.29 ± 0.44 10.88 ± 0.02

Giza132

Control 57.42 ± 1.40 9.77 ± 0.29 9.90 ± 0.30 32.00 ± 0.83 16.18 ± 0.67 9.27 ± 0.03
100 mM
NaCl +

Ca-LIGNO
59.25 ± 0.44 9.95 ± 0.11 11.60 ± 0.15 38.50 ± 1.15 22.38 ± 1.04 11.04 ± 0.03

200 mM
NaCl +

Ca-LIGNO
44.67 ± 0.61 9.45 ± 0.15 10.98 ± 0.21 26.00 ± 0.75 13.45 ± 0.21 11.66 ± 0.04

300 mM
NaCl +

Ca-LIGNO
43.35 ± 0.38 8.00 ± 0.23 9.25 ± 0.35 20.75 ± 0.63 10.85 ± 0.99 12.30 ± 0.02

100 mM
NaCl 51.55 ± 1.20 9.38 ± 0.16 10.00 ± 0.02 22.00 ± 0.48 12.08 ± 0.10 9.44 ± 0.02

200 mM
NaCl 45.89 ± 1.03 9.20 ± 0.05 9.83 ± 0.28 16.88 ± 0.12 10.20 ± 0.15 9.95 ± 0.62
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Table 6. Cont.

Cultivars Treatments
Plant Height

(cm)
Spike

Lengths (cm)
No. Grains

Spike−1
1000-Grain

Weight (gm)
Grain Yield
Pot−1 (gm)

Grain
Protein

Content (%)

300 mM
NaCl 38.95 ± 0.40 8.54 ± 0.13 9.78 ± 0.21 17.28 ± 0.97 7.68 ± 0.42 10.46 ± 0.02

F. Test * ** ** * ** **

L.S.D 4.135 0.5124 0.7568 5.861 3.345 0.3164

LSD0.05, least significant differences at 0.05 probability level and *, ** and N.S state the significant, highly significant
and not significant respectively. Values are means ± SE of 4 replicates.

3.8. Grain Protein Content

Similarly to grain protein content, which increased the quality of the grains, salinity
levels induced steadily increasing protein content by increasing the concentration of NaCl in
both cultivars compared to control conditions (Table 5). In addition, there was a significant
increase in the grain protein content of both cultivars, Giza133 and Giza132, when the
salinity stress levels with Ca-LIGN reached (21.27% and 14.95%) increases in the Giza133
cultivar and Giza132 cultivar, respectively, under the highest concentration, 300 mM NaCl
(Table 6).

4. Discussion

Our results indicate that both cultivars clearly exhibited much tolerance to salinity
stress levels when treated with calcium lignosulfonate (Ca-LIGN), as evidenced by in-
creased dry mass, shoot and root length, LA, RWC, grain yield, and its components, with
higher grain protein content as well as lower ELR and POD activity due to lower ROS pro-
duction [36]. Otherwise, under salinity stress, the shot-gun approach, which includes the
use of biostimulants as Ca-LIGN, would be a viable option for a variety of crops, including
sunflower [47], barley [48], and corn [49]. The calcium element in calcium lignosulfonate
(Ca-LIGN) is chemically active and can extrude sodium atoms that have been adsorbed
to soil particles close to where roots are growing. Additionally, it contains an active alkyl
group that binds to a sodium element and converts it to an organic form without harming
the plant, similar to the results of Kang et al. [50]. The organic Ca-LIGN substance is
utilized as a biostimulant for root growth and plant development since it also contains a
sulfur element, which is crucial for protecting roots from salt stress.

For the above reasons, it was observed that salts in irrigation water can cause an
inhibition in plant growth; however, applying Ca-LIGN was seen to alleviate diverse salt
stress levels in both cultivars, Giza132 and Giza133.

When excessively salt enters the plant through the transpiration stream, it will harm
the cells in the transpiring leaves, causing further growth reduction [7]. It was illustrated in
our study that there was a negative effect of salinity stress levels on the plant DWs (Figure 1),
shoot and root lengths (Figure 2), LA, and total TLA (Figure 3). This negative effect of
salinity stress was recorded in many plants [51–53]; nevertheless, Ca-LIGN mitigates this
negative impact on these growth characteristics. Lignin’s efficient provision of the necessary
ions required for plant growth results in such good impacts on plant growth. Our findings
are also consistent with earlier research that has shown the benefits of lignin in stimulating
in vitro plant development of rice [54]. It can be observed in Figure 4A that the LA was
much higher in salt-stressed plants when Ca-LIGN was added than in the untreated stressed
plants. Sulfur (S) is an essential element for the growth and development of crop plants; it
is one of the main components in Ca-LIGN, which plays an important role in the normal
functioning of plant chlorophyll and important proteins [55]. Chlorophyll a, chlorophyll
b, total chlorophyll, and total carotenoids content in both cultivars on average for the
two seasons increased significantly when Ca-LIGN was applied to NaCl concentrations
compared with untreated stressed plants (Table 5). Sulfur in Ca-LIGN can help barley
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to cope with unfavorable environmental stressors; however, the effectiveness of Sulfur
varies [56]. Our results indicate that Ca-LIGN acts as a source of sulfur, which improves the
photosynthesis pigment content under salt stress levels (Table 5), leads to the plant’s ability
to store high dry mass (Figure 1), and increases the elongation of the leaf tissue, which was
observed when expanding the LA under salinity levels (Figure 4).

Alternatively, by its function in lignin production, the peroxidase enzyme contributes
to ROS detoxification under salinity stress in the tolerant cultivar Giza133 more than in the
sensitive cultivar Giza132 under the different salt levels (Figure 6). However, the activity
of the POD enzyme dramatically plummeted with Ca-LIGN application in both the leaf
and root of both cultivars except under 300 mM NaCl, which means a low amount of ROS
in plant cells and decreased oxidative stress are indicated by peroxidase activity in both
leaf and root tissues. A decline in peroxidase activity when adding Ca-LIGN was found to
significantly decrease the electrolyte leakage ratio (ELR) (Figure 5), which protects leaf and
root tissues against the damage that often results from the stress. Adding Ca-LIGN during
salinity stress helped both cultivars to maintain their leaf tissues’ cell membrane stability
(Figure 5A). According to the turgidity of leaves, we found the relative water content (RWC),
which was exhibited by a massive increase in leaf turgor with the application of Ca-LIGN
due to its ability to take up water in contrast to its lack of water uptake under salinity stress
levels, especially under 300 mM NaCl and particularly in the sensitive cultivar Giza132
(Figure 4). The high salt stress level impact on RWC was observed to be much weaker in
Giza133 (which retained as much as 100% of its leaf water on average for both seasons
when grown in 100 mM NaCl) than in Giza132, in which it decreased to 95.25% (Figure 4).
Earlier studies similarly established that the usage of exogenous biostimulants such as
Ca-LIGN counteracted adverse salt-induced effects on RWC [57]. Nevertheless, our results
indicate that this result is highly cultivar-dependent; for instance, Giza133 RWC seedlings
were largely dependent on the salt concentration for the two seasons, independently of
Ca-LIGN treatment; however, applying Ca-LIGN on different NaCl concentrations affected
the leaf RWC of Giza132 seedlings, with by a noticeable upsurge. Salt stress tolerance
in many crops is linked to a low Na+ content in the shoots, particularly in leaves [58,59].
Ca-LIGN is a lignin-derived amorphous substance; it chelates the minerals from the soil
and changes its charge so the plant does not absorb excessive harmful minerals such
as Na+ [60], which explained the declining Na+ content in both leaf and root tissues in
both cultivars treated with the Ca-LIGN substance (Figure 7A,B). Additionally, recent
studies revealed that the intracellular K+ plays an important role in the salinity tolerance
mechanism. To sustain high intracellular K+ concentrations, plasma membranes contain
very negative internal potentials [9]. Excessive Na+ influx under salinity stress depolarizes
the membrane, allowing K+ to be effluxed via depolarization-activated channels such
NSCCs and GORK [61]. In contrast, the Ca-LIGN substance, which increases the efflux of
Na+ by connecting to the negatively charged alkali group of lignosulfonates, then changes
into a neutral compound, and, when washed with the irrigated water in soil, it leads to
an Na+ exchange with a K+ influx through the plant cells. This was crystal clear in both
cultivars when Ca-LIGNO was applied under different salinity levels, which enhanced the
K+ content compared to untreated salinity levels and the control conditions (Figure 7B).
Different previous studies concluded that salinity stress reduces the grain yield and its
components of crop plants [62], which is in line with our results. Applying Ca-LIGNO
stimulated the plant growth and caused an increase in the grain yield by increasing its
components, which was obvious in our results (Table 6). Ca-LIGNO enhanced the plant
height in both cultivars and increased their grain yield under 100mM NaCl more than under
control conditions. Despite the fact that salinity stress increased the protein content in the
grains, Ca-LIGN enhanced the protein content under salinity stress compared to under
control conditions, in particular, for the Giza133 cultivar (Table 6). Applying Ca-LIGN
helps plant to absorb many nutrients and increases nitrogen content, which is responsible
for the protein in the grains under salinity levels.
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5. Conclusions

In conclusion, our results indicate that superior tolerance was recorded for genotype
Giza133 when Ca-LIGN was added, which enhanced its ability to tolerate the salinity stress
levels. Moreover, applying Ca-LIGN improved cultivar Giza132’s behavior under salinity
stress levels. Calcium lignosulgonate application minimized the deleterious effects of salt
stress in both cultivars. Physiological parameters analysis revealed that the difference
in growth caused by adding Ca lignisulfonate was primarily due to higher antioxidant
enzyme POD in the leaves and roots of barley cultivars Giza133 and Giza132 grown
under control conditions and different NaCl stresses. The reluctance of extrusion would
result in cytosolic Na+ accumulation, which might injure plant tissues (as demonstrated
in Giza132), producing in K+ efflux and perhaps significant growth retardation under salt
stress. Furthermore, adding Ca lignosulfonate to barley plants under various salinity levels
boosted chlorophyll a,b content, relative water content, and the grain yield production
as well as protein content; however, ELR was decreased in barley plants treated with Ca
lignosulfonate. By using our findings in this work, we may be able to develop a breeding
program for barely crop in the future. Overall, utilizing Ca-LIGN as an active and cost-
effective component for farmers of Saigo-sal as a remedy for salt stress I’m plant crops
improves development and allows them to tolerate salinity stress. Now, we are conducting
new study on a variety of crops to determine how this compound may affect them.
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Abstract: Phytoremediation is an efficient technique for the reclamation of salt-affected soils by grow-
ing plants. The present study aims to evaluate the intercropping of halophyte Atriplex nummularia
Lindl. with naturally occurring species (Mimosa caesalpiniifolia Benth, Leucaena leucocephala (Lam.)
de Wit and Azadirachta indica A. Juss.) adapted to semiarid regions as a management capable of
enhancing the phytoremediation capacity of these species. A field experiment was conducted in a
randomized block and contained four replicates. Species were cultivated alone and in association
with A. nummularia to evaluate their potential uses in the reclamation of soils. Exchangeable Ca2+,
Mg2+, Na+, and K+, as well as salinity and sodicity variables, were evaluated. The evaluations were
performed at 9 and 18 months of plant growth. The results indicated that A. nummularia individual-
ized was the treatment most efficient; with reductions of 80%, 63%, and 84% in electrical conductivity,
sodium adsorption ratio, and exchangeable sodium percentage values, respectively at 18 months
compared to starting of the experiment. However, the use of A. nummularia and species adapted to
the semiarid in association, or even alone, promoted beneficial effects on the soil quality after the
establishment of the plants.

Keywords: phytoremediation; Azadirachta indica; Leucaena leucocephala; Mimosa caesalpiniifolia;
salt-affected soils; soil reclaim

1. Introduction

Salinization is one of the main processes of soil degradation in the world, besides being
one of the environmental factors limiting the productivity of agricultural crops [1,2]. Its
occurrence is mainly associated with arid and semiarid regions around the world, occurring
in practically all the continents and corresponds to 7% of the total world’s surface area [3,4].

Salts in excess can lead to drastic changes in some soil’s physical and chemical prop-
erties resulting in the development of an environment unsuitable for the growth of most
crops [5,6]. The increase in the extent of degraded areas by salts is in the opposite direc-
tion of the necessary increase in food production (71%) between 2005 and 2050 [7,8]. In
addition to agricultural impacts, the increase in soil degradation directly affects the mainte-
nance of the hydrological cycle, the health of the terrestrial biosphere, favors pollution and
eutrophication of water bodies, consequently, affecting the global and local economy [9].

On the other hand, the tendency of a given area to deteriorate can be reversed by
restoring land use or by using appropriate management practices [7]. The reclamation of
degraded areas by salinity stands out as an effective way of alleviating population pressure
and contributing to food security for future generations [10,11].
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Phytoremediation is an alternative and efficient technique that consists of the cultiva-
tion of tolerant vegetable species, with the capacity to extract expressive amounts of salts
from the soil and to store them in their tissues throughout their life cycle [12,13]. This tech-
nique is presented as a low-cost technique and is more consistent with the socioeconomic
and edaphoclimatic conditions of these regions [14,15].

Areas undergoing reclaim tend to have improved physical, chemical, and microbio-
logical properties as the revegetation process evolves [16,17]. Among the main changes are
the increase in soil fertility, organic matter accumulation in the soil, reduction of erodibility,
increase in water retention in the soil, and reduction of salinity [5].

Studies with plants with proven effectiveness in reclamation saline soils are still
scarce and have been carried out with halophytes, especially plants of the Atriplex genus.
However, these plants are not known by some rural populations and, therefore, are not
well accepted. Other species, such as Sabiá (Mimosa caesalpiniifolia Benth) and Leucaena
(Leucaena leucocephala (Lam.) de Wit), already quite adapted to the semiarid region could be
tested for adaptability to saline and sodic soils. Or even less known ones, but which have
been highlighted recently, such as Neem (Azadirachta indica A. Juss.) which has the capacity
to adapt to numerous climatic and edaphic factors.

The adaptation of these plants to salinity in field conditions is not well understood and
their cultivation in association with a halophyte could improve their establishment. The
use of plant species with different root systems can promote a more effective action of these
in the reclamation, leading to improvements in the quality of the soils under revegetation,
and increasing the extraction of salts from the soil. Moreover, Atriplex nummularia Lindl.
may improve soil properties so that other plant species can develop on degraded soils,
protecting soil and water in semiarid environments, and contributing to environmental
quality. The objective of this study was to evaluate the use of tree species alone and in
association with Atriplex nummularia L. in the revegetation of degraded soil in the semi-arid
region, increasing reclamation.

2. Materials and Methods

2.1. Study Area

The experiment was conducted in Cachoeira II Irrigated Perimeter, Municipality of
Serra Talhada, Pernambuco, semiarid region of Brazil (7◦58′54′ ′ to 8◦01′36′ ′ S and 38◦18′24′ ′
to 38◦21′21′ ′ W) (Figure 1). The soil in the area is Fluvisol [18], which has flat relief, with
small gradients and serious problems of water infiltration. For a long time (around 30 years),
the area was used for banana cropping under furrow irrigation. Thereafter, due to soil
degradation, the area was left without agricultural use for eight years.

The climate in the area is BSh type (semiarid of low latitude and altitude), with a dry
period of nine months and rainfall concentrated from February to April [19]. Temperature
ranges from 64.4 to 98.6 ◦F (average 80.6 ◦F) and 720 mm of average annual rainfall.

2.2. Species Selection

To test the adaptability of species to saline-sodic soils, as well as to enable their culti-
vation as an alternative practice in the management of soil reclamation, we selected three
plant species normally found in the semi-arid region of Brazil: Sabiá (Mimosa caesalpiniifolia
Benth), Leucaena [Leucaena leucocephala (Lam.) de Wit] and Neem (Azadirachta indica A. Juss).
These plants were compared to Atriplex (Atriplex nummularia Lindl.), which has already
been used in other degraded areas and with proven effectiveness in the reclamation of
salt-affected soils, given the characteristics of vegetative growth and the high concentration
of salts in the tissues [14].

The A. indica, M. caesalpiniifolia, and L. leucocephala are plant species adapted to the
semiarid region and could be tested regarding the potential of reclamation saline and sodic
soils, for sustainable management and use of products from plants.

An additional consideration for the species selection deals with the root effect, which
provides channels for the percolating soil solution. An added advantage relates to the
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better availability of some macro and micronutrients after soil amelioration that involves
ions leaching.

Figure 1. Study area location, Irrigated Perimeter Cachoeira II, Serra Talhada, State of Pernambuco, Brazil.

2.3. Seedling Production

The seedlings of each species were cultivated in a greenhouse at the Federal Rural
University of Pernambuco, on an organic substrate. It was cropped 85-day-old A. nummu-
laria seedlings that were produced from the cuttings of a single mother plant to maintain
genetic uniformity. The seedlings of A. indica, L. leucocephala, and M. caesalpinifolia were
produced from the seeds and were cropped 90-day-old seedlings.

The seedlings were transplanted to the field when they were 30 cm long (Atriplex,
Neem, and Sabiá) or 40 cm (Leucaena). Manually transplanting one plant per hole
(0.3 × 0.3 × 0.3 m), without the addition of organic or chemical compost, only seedling
substrate.

2.4. Treatments and Experimental Design

The experimental area was divided into four randomized blocks, with the eight
tested treatments, totaling 32 experimental plots. Each plot was dimensioned in 8 × 8 m
(64 m2) and the useful plot was 4 × 4 m (16 m2). These eight studied treatments were:
four individualized treatments where the selected species were cultivated alone (Sabiá,
Leucaena, Neem, Atriplex, one in each plot); three treatments associating Atriplex and one
of the other species (Atriplex/Sabiá, Atriplex/Leucaena, and Atriplex/Neem); and one
control treatment, without cultivation of any plant species.

The control plots were not cultivated and were kept without plants, by manual weed-
ing the naturally occurring species (self-sown plants) once a month, using a hoe.

The planting spacing was 2 × 2 m, totaling 16 plants per plot and 4 plants in the useful
plot. The seedlings were transplanted to the field in November 2013, with a height varying
between 0.3–0.4 m. No addition of fertilizer, organic, or chemical was performed during
the experiment. To ensure the establishment of seedlings, weekly irrigations were carried
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out for 60 days after transplanting. The water used for irrigation was pumped directly
from the Pajeú River (Table 1).

Table 1. Water characteristics: pH, electrical conductivity (EC), soluble cations (Na+, K+, Ca2+,
and Mg2+), sodium adsorption ratio (SAR), and Pajeú river water classification for salinity and
sodicity risk.

pH
EC Na+ K+ Ca2+ Mg2+ SAR

Risk 1

dS m−1 mmolc L−1 (mmolc L−1)0.5

7.89 1.28 19.25 0.25 2.30 0.23 17.11 C3S2
1 USSL Staff [19].

2.5. Soil Sampling

For the characterization and evaluation of soil chemical quality, four simple samples
were collected at the center of each plot to constitute composite samples, one for each plot.
The samples were taken at 0.5 m from the stem of the four central plants in the useful area.
In the control treatment, the center of the useful area was used as a reference for sampling.

Three soil samplings were performed. In the sampling for chemical characterization
of the soil in the experiment set up, thirty-two samples were collected in the 0–30 cm layer.
Whereas in the two samplings to evaluate changes in soil chemical quality, performed at 9
and eighteen months after setting up the experiment, the samples were always collected at
depths of 0–10, 10–30, and 30–60 cm layers.

After each sampling, the soil samples were air dried and sieved in a 2 mm mesh, and
reserved for chemical analysis.

2.6. Soil Chemical Analyzes

Exchangeable cations Ca2+, Mg2+, Na+ and K+ were extracted by 1 mol L−1 ammonium
acetate at pH 7.0 [20], in which Na+ and K+ were quantified by flame photometry, and Ca2+

and Mg2+ by atomic absorption spectrophotometry [21]. Cation exchangeable capacity
was determined by the cation index method [19]. Sodium adsorption ratio (SAR) and
exchangeable sodium percentage (ESP) were calculated according to USSL Staff [19].

Soluble cations were quantified in the saturation extract, obtained by the preparation
of the saturated paste, and extracted under vacuum according to the saturation paste
method [19]. In the extract was measured electrical conductivity (EC 25 ◦C), soluble cations
Ca2+ and Mg2+ were determined by atomic absorption spectrophotometry, and Na+ and K+

by flame emission photometry. Soil pH was measured in water in the proportion of 1:2.5
(soil:water).

Particle size distribution was performed using the pipetting method modified by
Ruiz [22]. To each 10-g sample was added 50 mL of NaOH solution (0.1 mol L−1) and
150 mL of deionized water; the mixture was stirred with a glass rod and left to settle
overnight. The mixtures were then dispersed by shaking at 12,000 rpm for 15 min, after
which the suspension was passed through a 0.053-mm sieve to quantify the total sand, and
then this total was passed through a 0.2-mm sieve to separate and quantify the fine sand
and coarse sand fractions.

Silt and clay fractions were collected in a 500-mL graduated cylinder and shaken again.
Immediately afterward, we collected 25 mL of the silt + clay suspension and allowed it
to settle for the time calculated by Stokes’ Law for the ambient temperature. Then we
collected another 25 mL of the suspension from 5 cm below the surface (clay fraction). All
fractions were oven-dried at 100 ◦C and weighed to calculate the percentages of coarse
sand, fine sand, silt, and clay. Soil chemical and physical characterization are in Table 2.
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Table 2. Soil chemical characteristics and particle size distribution of the soil collected at the experi-
ment set up (0–30 cm layer).

EC 2

dS m−1

pH
1:2.5

Exchange Complex 1

CEC 3 ESP 4
Soil Particle Size 5

Na+ K+ Ca2+ Mg2+ Coarse Sand Fine Sand Silt Clay
cmolc kg−1 % g kg−1

5.48 7.23 5.99 1.05 1.59 0.68 9.51 64 51.0 712.0 75.0 162.0
1 USSL Staff [19]. 2 Electrical conductivity; 3 Cation exchange capacity; 4 Exchangeable sodium percentage;
5 Ruiz [22]. Clay (≤2 μm); silt (2–53 μm); fine sand (53–200 μm); coarse sand (200–2000 μm). Average values of
thirty-two soil samples collected in the 0–30 cm layer.

In the experiment set up, the soil prior to treatments (0–30 cm depth) was saline-
sodic, EC = 6.48 dS m−1 and ESP = 64% (Table 2). Despite the sandy loam texture,
the exchangeable cations are maintained in the soil exchange complex in the sequence
Na+ > Ca2+ > K+ > Mg2+. And pH is slightly alkaline.

2.7. Statistical Analysis

First, we applied the normality test to the evaluated variables, using the Kolmogorov-
Smirnov test. Subsequently, an analysis of variance was performed using Fisher’s F test,
both with 5% significance. For significant variables, the means obtained were submitted to
the Student’s T test, comparing the effects of orthogonal contrasts for treatments, compared
the effects at 5% probability. The Skott-Knott test was applied at 10% probability for the
means of salinity and sodicity variables (pH, EC, SAR, and ESP). The results were evaluated
according to the treatments applied at different sampling times.

3. Results

The growth rate of A. nummularia was uniform until eight months after transplantation
(MAT), after this period, the increase was less pronounced until 18 MAT. Although, the
growth rate of A. indica and L. leucocephala the increase was less pronounced after 12 MAT
and after 10 MAT to M. caesalpinifolia.

The height of Atriplex, Leucaena, and Neem plants showed higher mean values
observed in the individualized treatments compared to the associated treatments, possibly
due to competition between species. However, Atriplex plant development was observed
regardless of soil salinity in the area. In contrast, inhibition of the growth dynamic of Sabiá
plants was observed both when cultivated alone and in association with Atriplex.

The A. nummularia and L. leucocephala showed no signs of stress. The adaptive re-
sponses of M. caesalpinifolia were more evident visually, expressed by the yellowing of
leaves and early foliar senescence, resulting in a reduced number of leaves, which may
be associated with the toxicity caused by saline ions. It is also possible to state that as a
criterion of adaptability to stress conditions, there was a halt in the growth of M. caesalpini-
folia, with a loss of biomass production. Signs of stress were also observed in A. indica,
with a number and position of branches frequent in the lower parts of the plants. This is a
common mechanism in stressed neem plants to reduce the effects of soil salt concentrations.

3.1. Exchangeable Cations

There was no difference for exchangeable Na+ and K+ in soil between applied treat-
ments at 9 months of growth at 0–10, 10–30, and 30–60 cm layers (Figure 2). However,
changes occurred in these exchangeable cations at 18 months of cultivation. In general, the
cultivation of plants promoted a decrease in exchangeable Na+ and K+ contents in the soil.
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Figure 2. Exchangeable Na+ [(A) 0–10 cm; (C) 10–30 cm; (E) 30–60 cm] and K+ [(B) 0–10 cm;
(D) 10–30 cm; (F) 30–60 cm] at 9 and 18 months as result of the applied treatments (Averages of four
replications). Averages followed by the same letter have no difference in the same layer and time of
sampling by the Skott-Knott test (p ≤ 0.05).

These Na+ values influenced the results of contrasts at 9 months, a significant dif-
ference was observed between the groups for the variables of sodicity (SAR and ESP),
were significant for SAR at 0–10 cm and 10–30 cm layers; and for ESP at 0–10 cm and
30–60 cm layers. At the same sampling time, the contrasts (All treatments × control),
(Associations × control), and (Isolated cultures × associations) were significant for pH at
30–60 cm layer; and the contrast (No leguminous × leguminous) at 10–30 cm layer. For EC,
only contrasts (Isolated cultures × control) and (Leguminous × control) were significant at
the 30–60 cm layer.
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The effect of growing plants on mean values of SAR and ESP was verified, ESP was
decreased and the soil did not remain as sodic at 9 months in the evaluated layers, except
for A. indica treatment in the first layer and control treatment at 0–10 cm and 30–60 cm
layers (Table 3). Initial changes in SAR and ESP were observed under growing plants in
some soil layers.

Table 3. Orthogonal contrasts of chemical attributes pH (potential of hydrogen), EC (electrical
conductivity), SAR (sodium adsorption ratio), and ESP (exchangeable sodium percentage) in the soil
at 0–10, 10–30, and 30–60 cm depth as a function of applied treatments at 9 months.

Contrast
pH EC SAR ESP

0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm

All treatments × control 0.253 0.695 2.169 * −2.003 −1.242 −2.075 −0.095 −0.950 −0.439 −1.139 −1.261 −1.219
Isolated cultures × control −0.247 0.582 1.414 −1.860 −1.239 −2.198 * −0.146 −0.789 −0.393 −0.840 −0.814 −0.873

Associations × control 0.867 0.751 2.860 ** −1.926 −1.084 −1.644 −0.018 −1.034 −0.441 −1.377 −1.674 −1.506
Leguminous × control −0.710 −0.531 1.463 −1.631 −1.534 −2.286 * −0.084 −0.908 0.168 −0.888 −1.239 −0.905

No leguminous × control 0.258 1.593 1.119 −1.765 −0.728 −1.728 −0.183 −0.532 −0.886 −0.646 −0.248 −0.688
Isolated cultures ×

associations −1.672 −0.284 −2.254 * 0.189 −0.174 −0.732 −0.187 0.408 0.092 0.852 1.338 1.000

No leguminous ×
leguminous 1.185 2.601 * −0.422 −0.165 0.986 0.684 −0.121 0.460 −1.291 0.296 1.214 0.266

Atriplex × all treatments −0.463 0.602 −0.683 −0.044 −0.628 −0.768 −1.389 −0.774 −1.044 −0.378 1.740 1.000

* Significant at 0.05 probability; ** Significant at 0.01 probability.

At 18 months of cultivation, exchangeable Na+ and K+ contents of the soil increased in
relation to those recorded at 9 months (Figure 2), although the Na+ values remained below
those found in the initial characterization of the soil (Table 2).

These Na+ values changes influenced the results of variables of sodicity SAR and ESP
at 18 months, a significant difference was observed at any of the layers evaluated (Table 4).

Table 4. Chemical attributes pH (hydrogen potential), EC (electrical conductivity), SAR (sodium
adsorption ratio), and ESP (exchangeable sodium percentage) in the soil at 0–10, 10–30, and 30–60 cm
depth as a function of treatments at 9 and 18 months (mean of four replicates).

Treatment

pH EC 1 SAR 2 ESP 3

1:2.5 dS m−1 (mmolc L−1)0.5 %

9 Months

0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm

Atriplex nummularia 7.15 a 7.31 a 7.30 a 1.23 a 1.32 a 3.23 a 5.72 b 6.52 b 6.22 a 9.33 b 12.61 a 14.41 a
Azaridachta indica 7.28 a 7.48 a 7.21 a 1.24 a 2.94 a 4.50 a 13.38 a 12.59 a 7.37 a 17.73 a 9.54 a 11.38 a

Leucaena leucocephala 7.00 a 7.10 a 7.34 a 0.82 a 1.30 a 2.54 a 10.37 a 7.53 b 8.87 a 8.43 b 7.81 a 13.57 a
Mimosa caesalpinifolia 7.09 a 7.10 a 7.23 a 1.88 a 1.39 a 4.16 a 9.53 a 9.03 b 8.99 a 12.00 b 7.42 a 10.54 a

A. indica/A. nummularia 7.32 a 7.16 a 7.48 a 1.19 a 2.07 a 5.26 a 13.34 a 6.43 b 8.59 a 8.19 b 6.59 a 7.43 b
L. leucocephala/
A. nummularia 7.22 a 7.34 a 7.37 a 2.11 a 2.01 a 1.85 a 4.16 b 5.20 b 4.48 a 9.78 b 5.27 a 9.72 a

M. caesalpinifolia/
A. nummularia 7.46 a 7.29 a 7.58 a 1.32 a 1.35 a 4.19 a 13.15 a 12.43 a 10.16 a 9.44 b 6.73 a 11.75 a

Control 7.15 a 7.18 a 7.10 a 2.54 a 2.85 a 5.51 a 10.30 a 11.39 a 8.58 a 17.80 a 13.01 a 17.83 a
CV (%) 5.41% 11.43% 11.83% 28.01% 32.81% 34.94% 35.28% 36.47% 55.74% 34.60% 66.08% 38.25%

18 Months

0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm

Atriplex nummularia 6.77 a 6.59 a 6.57 a 0.97 b 1.08 a 1.34 b 8.55 b 9.36 b 15.84 a 8.09 c 10.39 c 10.59 c
Azaridachta indica 6.36 a 6.64 a 6.41 a 2.76 a 3.06 a 3.23 a 18.92 a 13.08 b 18.24 a 15.52 b 22.82 b 44.81 a

Leucaena leucocephala 6.10 a 6.20 a 6.46 a 2.56 a 2.97 a 2.67 a 10.02 b 7.87 b 6.95 c 17.65 b 19.41 b 32.75 a
Mimosa caesalpinifolia 6.23 a 6.21 a 6.36 a 3.78 a 4.92 a 4.75 a 9.77 b 7.78 b 11.11 b 20.35 b 26.69 b 28.26 b

A. indica/A. nummularia 6.06 a 6.10 a 6.43 a 1.96 a 1.91 a 2.12 a 9.96 b 12.73 b 13.57 b 10.92 c 19.43 b 28.55 b
L. leucocephala/
A. nummularia 6.30 a 6.37 a 6.73 a 1.71 a 1.49 a 1.71 b 13.02 b 12.31 b 17.02 a 14.13 b 18.52 b 19.52 b

M. caesalpinifolia/
A. nummularia 6.35 a 6.49 a 6.53 a 2.23 a 1.94 a 2.58 a 9.14 b 6.87 b 9.39 b 19.78 b 20.12 b 27.90 b

Control 6.52 a 6.64 a 6.64 a 4.54 a 3.85 a 5.51 a 23.28 a 29.58 a 21.29 a 41.03 a 48.07 a 48.53 a
CV (%) 8.61% 8.32% 8.57% 22.19% 39.25% 27.14% 27.16% 29.82% 26.28% 35.60% 32.22% 35.12%

1 Electrical conductivity; 2 Sodium adsorption ratio; 3 Exchangeable sodium percentage. (Averages of four
replications). Averages followed by the same letter have no difference in the same layer and time of sampling by
the Skott-Knott test (p ≤ 0.10).

At 18 months, an effect of treatments with the use of the studied species was observed
on EC compared to the control treatment. The influence on salinity reduction (EC values)
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by the Atriplex treatment in isolated culture was significantly observed (p ≤ 0.10) at the
0–10 cm and 30–60 cm layers (Table 4).

In the 0–10 and 10–30 cm layers, the exchangeable Na+ of the soil in all treatments
had a difference in relation to the control, showing the efficiency of plant cultivation
in not allowing the increase in Na+ contents in the exchange complex of soil (Figure 2).
However, in the last evaluated layer (30–60 cm), isolated A. indica cultivation was not able
to reduce the content of this element in relation to the soil without plants. The other tested
treatments, with the use of isolated or associated intercropped plants, promoted a decrease
in exchangeable Na+ contents of the soil.

There was an increase in the levels of exchangeable Ca2+ in the soil at 9 months
(Figure 3) in relation to the initial values (Table 2); the contents were higher than 2 cmolc kg−1

in the soil of all treatments in the three layers. Nevertheless, the soil exchangeable Ca2+

contents were reduced at 18 months of cultivation, with no difference between treatments.
Exchangeable Mg2+ contents remained stable, not differing between the treatments,

neither in relation to the control for any of the layers evaluated at 9 or 18 months of plant
growth (Figure 3).

3.2. Soluble Cations

No difference among treatments was recorded for concentrations of soluble cations
Na+ and K+ at 9 months at either depth (Figure 4). The same was observed for Na+

soluble at 18 months in the superficial layer (0–10 cm). However, differences between
treatments were recorded for soluble Na+ in the subsurface (Figure 4). Plant cultivation
reduced soluble Na+ contents to almost half of that registered in the control treatment
in the soil at 10–30 cm. In the 30–60 cm layer, only the isolated cultures and association
M. caesalpiniifolia/A. nummularia were efficient in reducing the soluble Na+ contents in soil.

For soluble K+, a significant difference was observed among the treatments only on the
surface for an isolated culture of the M. caesalpiniifolia and association A. indica/A. nummula-
ria and M. caesalpiniifolia/A. nummularia. At layers of 10–30 and 30–60 cm, no differences
were found among treatments (Figure 4).

At 9 months of growing plants, there was no difference between treatments for soluble
Ca2+ contents at 0–10 and 10–30 cm layers. Only at the layer of 30–60 cm, the isolated
cultivation treatments of A. indica, L. leucocephala, and M. caesalpiniifolia, and the association
A. indica/A. nummularia and M. caesalpiniifolia/A. nummularia differed from the control
(Figure 5).

For soluble Mg2+, differences to control were observed for the isolated cultivation of
L. leucocephala, M. caesalpiniifolia, and for association A. indica/A. nummularia and M. cae-
salpiniifolia/A. nummularia at 0–10 cm layer at 9 months (Figure 5). In subsurface (10–30 cm),
the increase of Mg2+ was observed for association treatment A. indica/A. nummularia with
respect to the control and other plant treatments. While in the 30–60 cm layer only isolated
cultures of L. leucocephala and M. caesalpiniifolia and associated L. leucocephala/A. nummularia
and M. caesalpiniifolia/A. nummularia differed in relation to the control (Figure 5). The
soluble Ca2+ and Mg2+ values at 18 months after plant cultivation showed no significant
difference in any of the layers evaluated (Figure 5).
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Figure 3. Exchangeable Ca2+ [(A) 0–10 cm; (C) 10–30 cm; (E) 30–60 cm] and Mg2+ [(B) 0–10 cm;
(D) 10–30 cm; (F) 30–60 cm] at 9 and 18 months as result of the applied treatments. (Averages of four
replications). Averages followed by the same letter have no difference in the same layer and time of
sampling by the Skott-Knott test (p ≤ 0.05).
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Figure 4. Soluble Na+ [(A) 0–10 cm; (C) 10–30 cm; (E) 30–60 cm] and soluble K+ [(B) 0–10 cm;
(D) 10–30 cm; (F) 30–60 cm] at 9 and 18 months as result of the applied treatments. (Averages of four
replications). Averages followed by the same letter have no difference in the same layer and time of
sampling by the Skott-Knott test (p ≤ 0.05).
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Figure 5. Soluble Ca2+ [(A) 0–10 cm; (C) 10–30 cm; (E) 30–60 cm] and soluble Mg2+ [(B) 0–10 cm;
(D) 10–30 cm; (F) 30–60 cm] at 9 and 18 months as result of the applied treatments. treatments
(Averages of four replications). Averages followed by the same letter have no difference in the same
layer and time of sampling by the Skott-Knott test (p ≤ 0.05).

3.3. Soil Salinity and Sodicity Variables

The orthogonal contrasts performed for pH, EC, SAR, and ESP results at 9 months after
plant cultivation did not present a significant difference for any of the sodicity variables
(SAR and ESP) at the layers evaluated (Table 3).

Changes were observed in EC at 9 months in the layer of 30–60 cm between the
group of isolated cultivation plants and the control treatment, and the group of legumes in
comparison to the control. At the same depth, pH recorded differed between the group of
all plant treatments and the control, the association between plant treatments in relation to
the control, and isolated cultures in relation to plant associations (Table 3).
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At 18 months, the orthogonal contrasts were significant for all the arrangements
confronting plants and control (all treatments × control, isolated cultures × control, plants
associations × control, leguminous × control, and non-legume × control) in all evaluated
layers (Table 5). In addition, there was a difference between isolated A. nummularia in
relation to all treatments for the 30–60 cm layer.

Table 5. Orthogonal contrasts of the chemical attributes pH (hydrogen potential), EC (electrical
conductivity), SAR (sodium adsorption ratio), and ESP (exchangeable sodium percentage) in the soil
at 0–10, 10–30, and 30–60 cm depth as a function of treatments at 18 months.

Contrast
pH EC SAR ESP

0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm 0–10 cm 10–30 cm 30–60 cm

All treatments × control −1.020 −1.319 −1.031 −2.382 * −1.493 −6.059 ** −2.359 * −5.306 ** −1.404 −3.635 ** −3.635 ** −2.838 *
Isolated cultures ×

control −0.694 −1.072 −1.258 −2.600 * −1.272 −6.010 ** −2.165 * −5.201 ** −1.361 −3.451 ** −3.451 ** −2.504 *

Associations × control −1.307 −1.466 −0.603 −1.790 −1.584 −5.330 ** −2.300 * −4.748 ** −1.275 −3.397 ** −3.397 ** −2.898 **
Leguminous × control −1.479 −1.900 −1.378 −2.096 * −0.570 −5.868 ** −2.306 * −5.152 ** −1.845 −2.791 * −2.791 * −2.120 *

No leguminous × control 0.211 −0.058 −0.919 −2.650 * −1.751 −5.104 ** −1.647 −4.344 ** −0.639 −3.510 ** −3.510 ** −2.450 *
Isolated cultures ×

consortium 0.960 0.646 −0.929 −1.099 0.533 −0.739 0.308 −0.434 −0.064 0.083 0.083 0.716

No leguminous ×
leguminous 2.070 2.257 * 0.563 −0.678 −1.447 0.935 0.807 0.990 1.477 −0.881 −0.881 −0.404

Atriplex × all treatments 2.715 * 1.371 0.496 −1.854 −2.694 * −1.965 −0.637 −0.203 0.536 −1.365 −1.365 −2.630 *

* Significant at 0.05 probability; ** Significant at 0.01 probability.

The same was observed on SAR data in relation to the same groups, differing only
in the layers. Differences were significant at 0–10 and 10–30 cm layers, except for the
non-legume group in relation to the control, which did not show differences at the 0–10 cm
layer (Table 5).

Similarly, differences were recorded on the EC for the contrasts between the same groups,
except for the depth of 10–30 cm, and for the contrast between plants associations × control
group at 0–10 cm layer, which did not present a significant difference (Table 5).

4. Discussion

The present study provides new insights into reclaim of saline soils strategies. In brief,
this study first reported the phytoremediation potential of the association between Atriplex
plants with M. caesalpiniifolia, L. leucocephala, and A. indica, and under isolated cultivation
of them in salt-affected soil.

Most of the evaluated variables were not modified after only 9 months of cultivation,
however, the effect of the plants was more consistent at 18 months. This indicates that
saline soil reclamation studies in the field should be conducted for a longer period of time.
In field conditions, even the plants acting in the extraction of salts continue to be supplied
to the soil.

The dynamics of groundwater in semi-arid environments have a direct influence
on soil salinization in the edaphoclimatic conditions of these regions [23]. Although not
measured, this fact may have influenced the increase in exchangeable levels of Na+ and K+

at 18 months, as a result of the probable exposure of the area to fluctuations in the water
table depth and consequent entry of salts in conditions of insufficient drainage [24]. On the
other hand, the reduction in exchangeable Na+ and K+ in the soil of the cultivated areas in
relation to the control demonstrates the influence of the root system of these species on the
drainage of the area [15,25].

In addition to the tolerance required to withstand the environmental conditions of
salinity and sodicity [15], the extraction of salts from the environment is an essential
characteristic for reclamation and contributes to the reduction of the levels of these ions in
the soil [14]. It would be necessary to cut the plants to quantify the biomass production
and its composition, and to estimate the extraction of salts. However, as our proposal is the
improvement of the soil by revegetation, we chose the permanence of the plants in the area.

The balance between bivalent and monovalent cations in the soil exchange complex
directly interferes with the proportions of these in the soluble form and in their absorption
by plants. Under semiarid conditions, the constant evaporation of the water stored in
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the soil increases the concentration of the ions in solution with subsequent precipitation
of the less soluble ions. Ions such as Ca2+ and Mg2+ precipitate first while Na+ remains
in solution, leading to its passage to the exchangeable phase. This would explain the
increase in exchangeable Na+ (Figure 2) and the reduction of exchangeable Ca2+ (Figure 3)
at 18 months of plant growth.

The importance of plant utilization in the reclamation of salt-affected areas has been
highlighted [26]. Although the total reclaim of the evaluated chemical attributes was not
recorded, treatments with both isolated and associated plants, except for A. indica, were
efficient in keeping Na+ contents low in the exchange complex at all depths even with the
reduction of exchangeable Ca2+.

The differences found between the cultivation of the evaluated plants and the as-
sociation of these with the A. nummularia are important for the soils degraded by salts
reclamation. It has increased the need to use species adapted to the climatic conditions
of the arid and semiarid regions, where the processes of salinization and sodification of
soils occur [27], mainly in the context of the reclaim of salt-affected areas and the control of
the degradation process. Therefore, the use of halophyte plants that remove salt from the
vicinity of roots of crop plants has more potential for alleviating saline soil conditions in
the future [28].

When looking at the salt resistance of A. nummularia, we have to consider that its
phytoextraction potential is associated with the fact that it stores significant amounts of
salts in its tissues [17], due to the existence of the major mechanisms, the secretion of ions
by salt glands and exclusion of accumulated toxic ions via bladder hairs that is a common
strategy in Atriplex [29].

Another metabolic response to hyperosmotic salinity is the physiological mechanism
because we maintain high photosynthetic rates with a low stomatal aperture and low
transpiration simultaneously, and higher water use efficiency [30]. Finally, the biochemical
mechanisms, as a consequence of synthesis and high cellular accumulation of organic and
inorganic solutes adjust osmotically [31].

Even with the satisfactory establishment of the species, the reductions in soluble ion
contents are not necessarily due to the accumulation of these in the plant tissue. In a recla-
mation study conducted in a semi-arid region of Tunisia, the reductions observed by the
authors in the salinity and sodicity variables were attributed not only to the accumulation
of salts in the aerial part of the species [Tecticornia indica (Willd.) Subsp. Indica and Suaeda
fruticosa Forssk.], but also to the leaching due to physical-water improvements of the soil
after the establishment of the plants.

Similar behavior in relation to Na+ and K+ was explained by Mahmoodabadi et al. [31],
which demonstrated the lower mobility of bivalent cations. A factor that may have re-
stricted the performance of the species implanted in the area over the soluble Ca2+ and
Mg2+ contents along the profile. However, the permanence of these bivalent cations in
solution compared to the significant reductions found for Na+ and K+ is an important factor
in the ion balance of this soil. Cations adsorbed to a charged colloid surface (interface) can
be replaced, by mass action, by other cations with greater activity in the soil solution [32].

Thus, soluble Ca2+ and Mg2+ can displace the exchangeable Na+, reducing the sodicity
characteristics of this soil [31].

Changes in EC are mainly due to the removal of soluble salts by leaching and accumu-
lation in plant tissues, without being sufficient to cause greater changes in the proportions
of basic cations in the soil exchange complex [23,33].

In addition, with respect to salt removal through plant species as a contributing factor
in controlling soil salinity in saline soil, the process involves different mechanisms, such as:
(1) the increase in the partial pressure of carbon dioxide (PCO2) in the root zone, (2) release
of protons in the rhizosphere of legumes, such as L. leucocephala and M. caesalpinifolia (3)
can promote soil aggregation (4) root effect: the physical action of plant roots improves the
soil structure and provides channels for infiltrating water, with the leaching of salts out of
the root zone and (5) absorption of salts and removal of salts by aerial plant parts [34,35].
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An additional consideration is that the aerial plant part also contributes toward a de-
crease in soil salinity, by providing shade to the soil. Furthermore, lowers soil temperature
and decreases evaporation from the soil surface compared to a non-cropped surface [35].

Thus, plants that thrive under saline conditions became an option for the remediation
of salt-affected soils. Especially, the halophytes, such as A. nummularia, that keep toxic ions
in their vacuoles, accumulate compatible solutes in their cytoplasm and activate genes for
salt tolerance that confer salt resistance [36].

In summary, our results suggested that reclamation was not evident at 9 months
after planting, and significant results to decrease of soil salinity (EC) were verified at
18 months. Soil reclamation studies in the field should be longer so that the results be really
of environmental importance. Both the effects of salt extraction from the soil are greater
and the increase in salt leaching in rain events due to the action of the plant root system.

The isolated cultivation of saltbush provided environmentally better conditions for
other plants, promoting coverage and protection of the soil, maintaining its humidity,
and reducing its temperature. Thus, the implantation of salt-tolerant cultures, such as
A. nummularia, offers a more sustainable system.

These results also reflect the A. nummularia potential to occupy areas degraded by
salts where other plants would not have growing conditions and can be considered an
economically viable alternative to claim the productive capacity in semiarid soils degraded
by salinity.

Therefore, in soils with sodicity problems, the practice of reclamation with these
species need to be managed over a period of more than nine months for significant changes
in soil solution (SAR) and the percentage of sodium on the soil exchange complex (ESP).
From 18 months of treatment, in similar environments to the study, a significant alteration
in ESP can be observed when cultivated with A. nummularia, A. indica, L. leucocephala, and
M. caesalpinifolia, in consortium or isolated culture. These changes were observed involving
depths of 60 cm in relation to the surface, but these plant roots can go beyond, along with
associated microorganisms. These changes can only be achieved when the modifications in
the concentrations of the soluble cations are enough to cause displacement of the Na+ ions
in the exchange complex [32,37].

Although with less expressive results, the intercropping management can be indi-
cated for reclaim of saline soil and, in parallel, it offers an alternative source of biomass
production, as well as increasing the diversity of plant species in the environment, with
environmental significance. It is even possible that other species associations may promote
greater increases in the effects of crops on improving the properties of soils degraded
by salinity.

Results entre o beginning and end of the experiment indicated that salinity and
sodicity variables levels were increased in the control treatment. These fluctuations levels
are associated with problems in the physical properties of the soil, causing restrictions to
water and air movement in the soil profile.

An additional consideration for this behavior deals with the fact that the dynamics of
rainfall and the ground-water level. In the period between November 2013 and May 2015.
In 2013, 5.0 mm of rainfall was recorded until November (first soil sampling—0 times); In
2014, 740.0 mm was registered between the first and second samplings (0 and 9 months)
and 253.50 mm occurred between the second and third samplings (9 to 18 months).

It was not possible to infer a significant decrease in soil (p ≤ 0.10) salt levels (EC)
during the experimental period of 9 months as a result of plant cultivation due to high
rainfall events, low evapotranspiration rates, and periodic changes in groundwater level.

In addition, due to rainfall events, high evapotranspiration rates, and periodic changes
in groundwater levels, it’s possible to infer a significative decrease (p ≤ 0.10) in salinity and
sodicity variables levels (EC, SAR, and ESP) during the experimental period 18 months
as a result of plants cultivation, especially to A. nummularia individualized treatment.
These plant species contribute to the improvement of soil structure by the formation of
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biopores, that work as alternative routes and increase the movement of water in the soil
and, consequently, increase the leaching of saline ions.

Moreover, as crops include species that respond differently to salinity soil, compar-
ative studies concerning the salt stress effects on the reclamation ability of these plants
should be conducted in order to assess their potential as crops in the predicted world of
climate change.

When reclamation is used, these changes in the concentrations may take longer than
the conventional recovery techniques, because they depend on the ion extraction rate of the
culture used and the improvements in the physical-water properties caused by the presence
of the roots [15]. In this work, we demonstrated that reclamation is an alternative technique,
and it could be successfully used for the removal of salts from the soil. Such a scenario
would fit poorly drained soils with sodium accumulation, indicating their potential for
future revegetation projects of salt-affected soils with environmental benefits.

Additionally, one of the ecological benefits of newly theses created plant cultures is
the fact that they seem to be particularly suited for long-term CO2 sequestration which
counteracts the greenhouse effect.

5. Conclusions

The Atriplex nummularia individualized cultivation can be effective in reducing the
sodicity and salinity of saline-sodic soil. However, when assessing the efficiency for
the reclamation of salt-affected soils with the cultivation of Azadirachta indica, Leucaena
leucocephala and Mimosa caesalpiniifolia individualized or even associated with A. nummularia
contribute to improvement in the soil chemical quality due to root effect, promoting leaching
of salts.

At 9 months, we were unable to detect a reduction in the electrical conductivity of the
saturation extract in the soil as a result of plant species cultivation due to the variation in
rainfall in the study area. However, at 18 months after planting, the results of this study
showed decreases in the electrical conductivity, sodium adsorption ratio, and exchangeable
sodium percentage due to cultivation.

As an important consideration is highlighted: that the degraded soil reclamation with
species adapted to the semiarid would be suitable agronomic practices as well as to improve
soil quality and sustainability, contributing to increased water uptake by infiltration and
carbon sequestration in soils with no vegetation cover.
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Abstract: Sorghum bicolor (L.) Moench, one of the most important dryland cereal crops, is moderately
tolerant of soil salinity, a rapidly increasing agricultural problem due to inappropriate irrigation
management and salt water intrusion into crop lands as a result of climate change. The mechanisms
for sorghum’s tolerance of high soil salinity have not been elucidated. This study tested whether
sorghum plants adapt to salinity stress via stomatal regulation or osmotic adjustment. Sorghum
plants were treated with one of seven concentrations of NaCl (0, 20, 40, 60, 80, or 100 mM). Leaf gas
exchange (net CO2 assimilation (A), transpiration (Tr); stomatal conductance of water vapor (gs),
intrinsic water use efficiency (WUE)), and water (Ψw), osmotic (Ψo), and turgor Ψt potentials were
evaluated at 40 days after the imposition of salinity treatments. Plants exhibited decreased A, gs, and
Tr with increasing salinity, whereas WUE was not affected by NaCl treatment. Additionally, plants
exhibited osmotic adjustment to increasing salinity. Thus, sorghum appears to adapt to high soil
salinity via both osmotic adjustment and stomatal regulation.

Keywords: stomatal conductance; transpiration; net CO2 assimilation; water and osmotic potentials;
salt tolerance

1. Introduction

Sorghum bicolor (L.) Moench, one of the most important dryland cereal crops [1], is
used for food, animal feed, and fuel. In addition to its resistance to water stress [2–4], this
species with a C4 photosynthetic pathway, is moderately tolerant to saline soil conditions,
and therefore has the potential for cultivation in areas prone to salt water intrusion or high
salinity of the irrigation water [5,6].

Soil salinity negatively affects the productivity of agricultural crops, hindering plant
development through osmotic and ionic effects [7–9]. The adverse effects caused by soil
salinity range from metabolic changes, ionic toxicity, and osmotic stress to biochemical and
physiological disturbances [10]. Osmotic stress, as a result of a plant’s exposure to salinity,
has an immediate negative impact on water and nutrient absorption due to stomatal closure,
which not only limits transpiration, but also inhibits photosynthesis [11–13]. High soil
salinity also causes reductions in the leaf water potential (Ψw), which further reduces
osmotic (Ψo) and turgor (Ψt) potentials, hindering many physiological processes, and
causing the accumulation of toxic ions and an increase in the amount of reactive oxygen
species (ROS) in exposed plants [13,14].

Salt tolerance in sorghum, as in other crops, is not due to one trait but involves several
traits including morphological, physiological, biochemical, and molecular markers [15].
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These include maintenance of ionic homeostasis, transport and ion uptake, osmotic adjust-
ment, and production of antioxidant enzymes [16]. Among these coping mechanisms, one
of the most common is osmotic adjustment, which is characterized by the synthesis of com-
patible osmolytes that stabilize the structure of cells and proteins, maintaining the osmotic
potential of the cell under osmotic stress [17,18]. Some of the salinity tolerance mechanisms
reported in Sorghum bicolor, include proline accumulation, protection of photosynthetic
enzymes and antioxidants [19–21], increased root hydraulic conductance [11], retention
of plant water status, maintenance of the photosynthetic rate; increased concentrations
of phenolic compounds [10] and turning on of genes associated with the detection and
signaling and transport of Na+ in salt-specific QTL [6].

Stomatal conductance is often negatively impacted by soil salinity levels [22,23]. The
low soil–water potential imposed by salinity can cause a marked decline in stomatal
conductance (gs); the physiological rationale behind this reduction is the plant’s attempt
to minimize water loss under conditions of reduced water availability (“physiological
drought”) imposed by salinity. This reduction in gs often results in a reduction in net
CO2 assimilation, and therefore a reduction in plant growth [24]. To better understand the
adaptive response of sorghum to high soil salinity, it is important to understanding the
relative contribution of stomata and the relative cost to CO2 assimilation and growth by
determining stomatal conductance and net CO2 assimilation [25].

Drought and salinity are two major abiotic stresses that severely limit agricultural
production worldwide [26]. Plant response to salinity follows a biphasic model, wherein
an early phase shows a similarity to drought (osmotic stress), and in the long term induces
ion toxicity [27]. In response to drought stress, plants are classified as either isohydric,
whereby plants reduce stress by closing their stomata, or anisohydric, whereby plants
osmotically adjust to stress. Sorghum is classified as anisohydric because it adapts to
drought stress by osmotic adjustment [28]. The objectives of this study were to determine if
sorghum adapts to salinity stress in a similar manner as it does to drought stress via osmotic
adjustment, or is stomatal regulation involved. Our hypothesis was that moderate tolerance
of sorghum to soil salinity is solely due to osmotic adjustment. To test this hypothesis, we
exposed sorghum plants to increasing soil salinity concentrations and we measured leaf
gas exchange and osmotic adjustment at different salinity levels.

2. Materials and Methods

2.1. Experimental Design and Treatments

The experiment was conducted for 55 days in a greenhouse at the Federal Rural Uni-
versity of Pernambuco, Recife, Brazil. During the experiment, the average temperature
and relative humidity in the greenhouse were 28.59 ◦C and 70%, respectively. Sorghum
seeds (cv. IPA 2502) were sown in 10-L cylindrical plastic pots filled with Fluvic Neosol
(Fluvisol) non-saline soil obtained from Pesqueira, Pernambuco, Brazil (8◦34′11′′ lat. and
37◦48′54′′ long). Initial soil chemical characteristics are shown in Table 1. Treatments con-
sisted of irrigating plants with different salinity levels by adding differing concentrations
of NaCl to the irrigation water beginning 15 after planting. Treatments were: 0, 10, 20, 40,
60, 80, or 100 mmol L−1 of NaCl. The experiment was arranged as a randomized com-
plete block design with seven treatments (salinity levels) and five single-plant replicates
per treatment.

The bulk density, particle density, soil total porosity, sand, silt, and clay were 1.37 mg m−3,
2.63 mg m−3, 47.91 %, 433 g kg−1, 466 g kg−1, and 101 g kg−1, respectively. The soil was
maintained at 65% field capacity, at a moisture content of 0.19 g g−1, equivalent to a matric
potential of −0.01 Mpa (field capacity). Water lost by evapotranspiration was measured
daily by weighing each pot in late afternoon. Each plant was then irrigated to bring each
pot to 65% field capacity.

170



Agriculture 2022, 12, 658

Table 1. Chemical characteristics of the of the Fluvic Neosol (Fluvisol) soil used in this study.

Exchangeable Complex Mean Value * Soil Solution Mean Value *

pH (1:2.5) 6.75 ECse (dS m−1) 3.36
Ca2+ (cmolc kg−1) 4.35 Ca2+ (mmol L−1) 9.12
Mg2+ (cmolc kg−1) 3.14 Mg2+ (mmol L−1) 8.63
Na+ (cmolc kg−1) 1.65 Na+ (mmol L−1) 13.51
K+ (cmolc kg−1) 1.20 K+ (mmol L−1) 2.13
H+ (cmolc kg−1) 1.54 Cl− (mmol L−1) 25.47

ESP (%) 15.96 SAR [(mmoles L−1) 0.5] 4.54
ESP: exchangeable sodium Percentage; ECse: electrical conductivity of the saturation paste extract; SAR: sodium
adsorption relation Data are expressed as means. * n = 10 samples.

2.2. Osmotic Potential, Water Potential, Turgor Potential, and Osmotic Adjustment

Fifty-five days after sowing (DAS) or forty days after the imposition of salinity treat-
ments, five leaflets were collected from fully expanded leaves in the middle third of the
canopy of each plant. Leaf water potential (Ψw) was determined in each leaf sample with a
Scholander pressure chamber (Model 1515D; PMS Instrument Company, Albany, OR, USA).
The osmotic potential (Ψo) in the leaf was quantified after freezing the same leaf sample
used for Ψw determination, then thawing it and extracting the cell sap by macerating the
leaf and filtering the extract through fine nylon mesh with the aid of a syringe. A drop of cell
sap was placed on a filter paper disc and Ψo was measured with a vapor pressure osmome-
ter (Vapro model 5600, Wescor, Inc., Logan, UT, USA). Osmometer readings (mmol kg−1)
were converted to -MPa and Ψo was calculated using the Van’t Hoff equation [29]:

Ψo = −RTC (1)

where C is the solute concentration; R is the gas constant; and T is the absolute temperature.
The turgor potential (Ψt) was calculated as the difference between Ψo and Ψw. The

osmotic adjustment ability was defined as the net increase in the solute concentration when
the leaf was fully turgid in plants treated with NaCl compared to plants in the control
treatment [30] and calculated by the equation:

OA = Ψoc100 − Ψos100 (2)

where OA is the total osmotic adjustment, Ψoc100 is the osmotic potential of the control
plants at full turgor and Ψos100 is the osmotic potential of the stressed plants at full turgor.

2.3. Leaf Gas Exchange

Leaf gas exchange (net CO2 assimilation (A), transpiration (Tr), and stomatal conduc-
tance of water vapor (gs)) was measured 40 days after the imposition of salinity treatments,
between 09:00 and 14:00 h in the first fully expanded leaf below the apex of the canopy.
Leaf gas exchange was measured with a portable gas exchange system (model LI-6400XT,
LI-COR Biosciences, Lincoln, NE, USA). In the leaf cuvette, the light intensity was main-
tained at 1800 mmol mol−1, the ambient CO2 concentration at 400 μmol mol−1, and the air
temperature at 25 ◦C. Intrinsic water use efficiency (WUE) was calculated as A/Tr.

2.4. Leaf Fresh Weight, Leaf Dry Weight, and Plant Height

At 40 days after the imposition of salinity treatments (55 days after sowing) plant
height was measured and the leaves were collected for fresh and dry weight determinations.
Leaves were oven dried at 65 ◦C prior to dry weight determination.

2.5. Statistical Analyses

The data were analyzed by linear regression using R Statistical Software [31].
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3. Results

3.1. Xylem Osmotic, Water, and Turgor Potentials, and Osmotic Adjustment Ability

There was a strong inverse linear relationship between Ψw (R2 = 0.99) or Ψo (R2 = 0.99)
and NaCl concentration (Figure 1). The Ψw decreased from −0.10 MPa in the control
treatment to −0.90 MPa in the 100 mM treatment, and the Ψo decreased from −0.80 MPa
in the control treatment to −1.5 MPa in the 100 mM NaCl treatment (Figure 1). Although
there was also a significant inverse linear relationship between Ψt and NaCl concentration
(R2 = 0.84), the decrease was more gradual than for Ψw or Ψo as indicated by a lower slope
of the regression line (Figure 1) for Ψt versus NaCl concentration compared to the Ψw or
Ψo regression lines. After 55 days, electrical conductivity of saturated paste extracts from
each treatment was 2.9, 5.4, 9, 16.4, 20.7, 24.6, and 33.8 dS m−1 for the 0, 10, 20, 40, 60, 80,
and 100 mM of NaCl treatments, respectively.

Figure 1. (a) Water, (b) osmotic, and (c) turgor potentials in sorghum leaves, 40 days after
NaCl treatments were imposed. Symbols represent the means of each treatment and error bars
indicate ± 1 std. dev. * (p < 0.05).
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There was a strong positive linear relationship (R2 = 0.97) between NaCl concentration
and OA (Figure 2). The osmotic adjustment increased from 0.23 in the control treatment to
0.7 in the 100 mM NaCl treatment.

Figure 2. Osmotic adjustment in sorghum plants 40 days after NaCl treatments were imposed.
Symbols represent means of each treatment. Symbols represent the means of each treatment and
error bars indicate ± 1 std. dev. * (p < 0.05).

3.2. Leaf Gas Exchange

There was a strong inverse linearly relationship (R2 = 0.97) between NaCl concentration
and A (Figure 3). Net CO2 assimilation decreased by 0.204 per 1 mM of increase in NaCl
concentration.

Figure 3. Net CO2 assimilation (A) of sorghum plants 40 days after NaCL treatments were imposed.
Symbols represent means of each treatment. Symbols represent the means of each treatment and
error bars indicate ± 1 std. dev. * (p < 0.05).

Similar to A, there was a significant linear decrease in gs (R2 = 0.95) and Tr (R2 = 0.97)
as NaCl concentration increased, whereas WUE was not affect by NaCl concentration and
was similar for all treatments (Figure 4).
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Figure 4. (a) Stomatal conductance (gs), (b) transpiration, and (c) and intrinsic water use effi-
ciency (WUE) (D) of sorghum seedlings, 40 days after NaCl treatments were imposed. Symbols
represent means of each treatment. Symbols represent the means of each treatment and error bars
indicate ± 1 std. dev. * (p < 0.05).
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There was a strong linear correlation between A (R2 = 0.88) or Tr (R2 = 0.89) and
gs (Figure 5). For both variables, plants in the control and lower NaCl treatments were
grouped at the top of the regression line and plants in the highest NaCl treatments grouped
at the bottom of the regression line (Figure 5), indicating that A and Tr decreased as a result
of decreased gs in response to increasing soil salinity.

Figure 5. (a) Relationship between on a net CO2 assimilation (A) and stomatal conductance (gs),
and (b) transpiration (Tr) and (gs) in sorghum plants in different NaCl treatments, 40 days after
NaCl treatments were imposed. Symbols represent the means of each treatment and error bars
indicate ± 1 std. dev.

3.3. Leaf Fresh Weight, Leaf Dry Weight, and Plant Height

There was a linear decrease in plant height, leaf fresh weight, and leaf dry weight
as salinity increased (Figure 6). For the highest salinity treatment (100 mM of NaCl) the
reductions in plant height, leaf fresh weight, and leaf dry weight were 27% (154 cm to
112 cm), 48% (99 to 51 g plant−1), and 33% (18 to 12 g plant−1), respectively, compared to
the control treatment (0 mM of NaCl).
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Figure 6. (a) Plant height, (b) leaf fresh weight, and (c) leaf dry weight in sorghum plants in different
NaCl treatments, 40 days after NaCl treatments were imposed. Symbols represent the means of each
treatment and error bars indicate ± 1 std. dev. * (p < 0.05).
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4. Discussion

The observation that there was less of a decrease in Ψt with increasing NaCl concen-
tration compared Ψo or Ψw suggests that there is the capacity for osmotic adjustment in
sorghum. This was confirmed by OA measurements, which indicated that the values of
Ψw, Ψo, and Ψt could be used to assess osmotic adjustment in the absence of direct determi-
nations of OA. Monteiro et al. [32] evaluated the same cultivar of sorghum evaluated in the
present study and found Ψw values ranged from −0.119 MPa (0 dS m−1) to −0.875 MPa
(7.5 dS m−1 – 75 mM of NaCl), which were similar to values observed in the present study.
In saline soil conditions, many plants osmotically adjust by accumulating solutes which
function to regulate Ψo or Ψw, allowing plants to maintain water uptake and/or Ψt [33],
thereby decreasing stress. Inorganic solutes, such as potassium, magnesium, chloride, and
nitrate have all been shown to contribute to as much as 52% of osmotic adjustment in
sorghum plants, while organic solutes contribute to approximately 30% of the osmotic
adjustment [34]. In a study of different varieties of sorghum, Bafeel [35] suggested that
sorghum plants survive in saline conditions due to the osmotic adjustment involving ac-
cumulation of inorganic salts in the vacuole and accumulation of organic solutes in the
cytoplasm. Negrão, Schmöckel, and Tester [8] observed compartmentalization of toxic
ions into specific tissues, cells, and subcellular organelles as one the key strategies of plant
adaptation to salt stress. A similar situation may occur in sorghum plants under high
salinity conditions.

Lacerda et al. [36] tested the quantitative and qualitative aspects of leaf and root
osmotic adjustment in two genotypes of sorghum cultivated in NaCl concentrations of 0, 50
and 100 mmol L−1. Our results from leaf osmotic potential in plants treatment with 0 and
100 mmol L−1 of NaCl (−0.77 and −1.47 MPa, respectively) were similar to the values found
in the previous study for the salt-tolerant genotype (−0.752 and −1.204 MPa for 0 and
100 mmol L−1 treatments, respectively). It is important to note that the genotype (IPA 2502)
we tested is recommended for semiarid regions affected by abiotic stress such as salinity
and drought in northeastern Brazilian. A relevant discussion about increasing osmotic
adjustment is related to the balance of Na and Cl versus compatible solutes. According to
Lacerda et al. [36], the higher decrease in Ψs in the salt sensitive genotype was due to a
higher Na+ and Cl− accumulation and suggested the importance of evaluating the osmotic
adjustment quality.

The decrease in A with increasing NaCl concentrations observed in the present study
was also observed by Nabati et al. [37], who found that after 21 days of exposure of sorghum
to high NaCl concentrations (electrical conductivity of 10.5 and 23.1 dS m−1), A decreased
by 18 and 26%, respectively, compared to a treatment with a lower electrical conductivity of
5.2 dS m−1 (−52 mM NaCl). The negative effect of high salinity on A is related to a decrease
in the osmotic potential of the soil solution, which limits water uptake by the roots [38],
resulting in stomatal closure to conserve water. As a result of stomatal closure, gs and Tr are
reduced and there is a limitation of CO2 diffusion into the leaf thereby limiting A [39]. This
is supported by our observation that the concomitant reductions of A and Tr offset each
other, resulting in no significant effect of NaCl concentration on WUE. Plants growing in
saline soils often adapt to high salinity by minimizing water loss because growth depends
on the ability to maintain A, while reducing water loss [8]. This was not the case with
sorghum. Although we observed that sorghum was able to maintain WUE when gs was
reduced, the decrease in A at high salinity levels inhibited plants growth under high soil
salinity (Figure 6). This may partially explain why sorghum is considered only moderately
tolerant of saline soil conditions.

Salinity effects on photosynthesis are often associated with inhibition of electron
transport proteins in chloroplasts [40–42]. Wang et al. [43] determined that in response to
high soil salinity, there was a reduction in a complex of three proteins in Ricinus communis
that negatively influenced the initial stage of CO2 fixation, compromising CO2 uptake and
fixation dye to decreased by Rubp-carboxylase/oygenase (RuBisCO) activity. Thus, the
decreasing A in sorghum as salinity increased in the present study may have not only
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been due to physical factors such as changes in water potentials, by may also have been
affected by biochemical factors such as reduced enzyme activity. It was also reported that
several photosynthetic proteins involved in the stability of PSII and photosynthetic electron
transport from photosystem II to photosystem I are affected by salt stress [42]. The authors
also observed that a NaCl-induced reduction in enzymes involved in the Calvin cycle and
the first step of carbon fixation, such as carbonate dehydratases, are potentially regulated
by salinity stress.

Calone et al. [44] compared the growth of sorghum to three salinity levels (0, 3, or
6 dS m−1) with leaching (water applied to above water holding capacity, of the soil) and
without leaching (irrigated below water holding capacity of the soil). When comparing
the 0 to the 6 dS m−1 treatments, they observed an 87% and 42% reduction in dry weight
without and with leaching, respectively. In our study, where there was no leaching, and
plant growth differences between highest salinity level and the control treatment were less
than those observed by Calone et al. [44]. Growth differences between the present study
and those observed by Calone et al. [44] may have been due to the difference in physical
and/or chemical qualities of the soils, source of salt and/or genotype tested, which have
a significant impact on results [25]. The present study provides new information about
salinity effects on an important sorghum genotype that is grown commercially in areas of
Northeast Brazil that are prone to high salinity levels.

5. Conclusions

Our hypothesis that sorghum’s ability to moderately tolerate high soil salinity is due
to osmotic adjustment (similar to their tolerance to drought stress), was only partially true.
Our data showed that the sorghum plants respond to increasing soil salinity by both osmotic
adjustment and by stomatal regulation, as indicated by reductions in gs with increasing
salt concentrations. However, there was a metabolic cost when soil salinity was high due to
A being limited by reduced gs under these conditions. The concomitant decreased in Tr
with decreasing A as soil salinity increased, resulted in maintenance of WUE even at high
salinity, allowing sorghum to tolerate high soil salinity (100 mM of NaCl = −10 dS m−1).
Sorghum is not a halophytic species and soil salinity reached 33.8 dS m−1 at 55 days after
exposure to the 100 mM of NaCl treatment, suggesting salinity tolerance, which is also
supported by low growth reductions, such as only 27% and 33% to plant height and dry
weight, respectively, in the 100 mM of NaCl treatment compared to the control treatment.
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Abstract: Dry spells in rainfed agriculture lead to a significant reduction in crop yield or to total loss.
Supplemental irrigation (SI) with brackish water can reduce the negative impacts of dry spells on net
CO2 assimilation in rainfed farming in semi-arid tropical regions and maintain crop productivity.
Thus, the objective of this study was to evaluate the net carbon assimilation rates, indexes for
water use efficiency, and indicators of salt and water stress in maize plants under different water
scenarios, with and without supplemental irrigation with brackish water. The experiment followed
a randomized block design in a split-plot design with four replications. The main plots simulated
four water scenarios found in the Brazilian semi-arid region (Rainy, Normal, Drought, and Severe
Drought), while the subplots were with or without supplemental irrigation using brackish water
with an electrical conductivity of 4.5 dS m−1. The dry spells reduced the photosynthetic capacity of
maize, especially under the Drought (70% reduction) and Severe Drought scenarios (79% reduction),
due to stomatal and nonstomatal effects. Supplemental irrigation with brackish water reduced plant
water stress, averted the excessive accumulation of salts in the soil and sodium in the leaves, and
improved CO2 assimilation rates. The supplemental irrigation with brackish water also promoted
an increase in the physical water productivity, reaching values 1.34, 1.91, and 3.03 times higher than
treatment without SI for Normal, Drought, and Severe Drought scenarios, respectively. Thus, the use
of brackish water represents an important strategy that can be employed in biosaline agriculture for
tropical semi-arid regions, which are increasingly impacted by water shortage. Future studies are
required to evaluate this strategy in other important crop systems under nonsimulated conditions, as
well as the long-term effects of salts on different soil types in this region.

Keywords: tropical semi-arid; saline water; biosaline agriculture; complementary irrigation; water
stress; photosynthesis

1. Introduction

Irrigated agriculture is essential for crop production for human and animal consump-
tion in semi-arid regions. However, the expansion of irrigation in these regions is generally
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limited by the scarcity of water resources, especially in years of drought [1]. On the other
hand, rainfed agriculture is a high-risk activity in semi-arid environments, as observed
in Northeastern Brazil, due to the high interannual variability and poor distribution of
rainfall in space and time [2]. These risks can be minimized with the use of supplemental
irrigation [3], a promising climate-smart practice for dryland agriculture [4] even when
saline water sources are used [5–7].

The salinity of water and soil is a problem present on all continents, impacting ecosys-
tems and agricultural activities, notably in arid and semi-arid regions [8]. However, the
growing demand for food, the scarcity of water resources, and the overuse of groundwater
under the ongoing scenario of global climate change have created the need to tap into
saltwater resources to maintain food production and generate jobs and income for farmers
in drylands. Therefore, it is necessary to use appropriate management techniques and
salt-tolerant species, both aspects being part of biosaline agriculture [9,10].

Many studies have been carried out on the use of brackish water applied in a mixed
or cyclic way as supplemental irrigation in rainfed farming [5,6,11,12]. The use of brackish
water in irrigation can be beneficial for the Brazilian semi-arid region, given the large
number of wells containing water with a moderate salt concentration [13]. Under such
conditions, supplemental irrigation with brackish water may increase the possibilities
of plant cultivation, especially on small farms [7], which predominate in the Brazilian
semi-arid region.

From the point of view of plant physiology, it is known that leaf gas exchange, i.e., the
loss of water vapor during the transpiration process and the CO2 intake in the photosyn-
thetic pathways, plays a fundamental role in crop yield. The reduction of leaf gas exchange
under water shortages limits plant growth and contributes to low maize yields under
rainfed farming in tropical semi-arid regions. In these cropping systems, photosynthesis
decreases at different rates depending on the duration of dry spells, with the effects being
more intense in years of drought and severe drought [14].

Supplemental irrigation can reduce the negative effects of dry spells on leaf gas
exchange. However, the use of brackish water as supplemental irrigation can also impact
photosynthetic rates, given both the osmotic and the toxic effects of salts accumulated
in the soil [15]. These effects can be minimized by the fact that the salts applied during
dry spells tend to be leached down during the rainy season, especially in soils with good
natural drainage, thus having a negligible impact even on moderately salt-sensitive crops
such as maize [7]. Thus, supplemental irrigation can also increase water productivity and
allow the use of an alternative source of water (brackish water) with improved efficiency of
irrigation management.

In this context, this research applied the hypothesis that the water stress associated
with dry spells is more deleterious to the physiology and water use efficiency of maize
plants than the salt stress associated with the use of brackish water in supplemental irriga-
tion. Thus, the objective of the present study was to evaluate the net carbon assimilation
rates and the indexes for water use efficiency in maize cultivated under different water
scenarios in the Brazilian semi-arid region, with and without supplemental irrigation
employing brackish water.

2. Material and Methods

The experiment was conducted in Fortaleza (3◦74′ S, 38◦58′ W and altitude of 19 m),
Ceará, Brazil in two cycles during the dry season: from 31 August to 21 November 2018, and
from 28 September to 18 December 2019. During the experiment, the average, minimum
and maximum air temperatures were, respectively, 27.6, 22.7, 30.6 ◦C (2018) and 27.2, 25.3,
30.1 ◦C (2019). The average air relative humidity was 70.7% for 2018 and 68.3% for 2019.
The soil in the area is classified as a Ultisol, with a sandy loam texture in the 0–20 cm
layer, pH 6.3, electrical conductivity of the saturation extract of soil 0.20 dS m−1, and an
exchangeable sodium percentage of 4.4.
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The experiment followed a randomized block design in a split-plot arrangement with
four replications. The main plots were designed to simulate the water supply in the soil
corresponding to four rainfall scenarios—Rainy, Normal, Drought, and Severe Drought
(simulations based on historical series of precipitation data for the rainfed cropping season
in the Brazilian semi-arid region). The subplots were assigned to the use or lack of supple-
mental irrigation with brackish water (electrical conductivity of water—ECw = 4.5 dS m−1).
The sub-subplots were assigned to the sampling dates (27, 47, 49, 56, 60, and 67 days after
planting). Each experimental plot consisted of six 10 m long rows and each subplot had
three 10 m long rows, with a spacing of 0.80 × 0.20 m between rows and plants, respectively.

The water scenarios were defined according to rainfall and dry spell data for the
semi-arid region of Vale do Curu, Ceará, Brazil, for February to May (the period of rainfed
farming in the region). The climate of this region is very hot and semi-arid according
to the Köppen classification, with annual rainfall and potential evapotranspiration of
800 mm and 1700 mm, respectively. For definition of the scenarios, historical series data for
30 years (1989 to 2019) of precipitation in this region were provided by the Foundation for
Meteorology and Water Resources of Ceará (FUNCEME). Based on rainfall data during
the rainy season (February to May) and the characterization of rainfall patterns in the
region [16], the following scenarios were defined: Rainy (803 to 1040 mm), Normal (456 to
590 mm), Drought (383 to 443 mm), and Severe Drought (158 to 338 mm).

Supplemental applications of brackish water were estimated for dry spell periods,
adding a leaching fraction of 0.20 in each irrigation event. The applied water depths
were estimated based on the values of crop evapotranspiration [17]. In the periods with-
out dry spells, irrigations were carried out using well water of low salinity ((pH 7.1,
ECw = 0.9 dS m−1, (SAR 3.9 mmol L−1)0.5). The brackish water (ECw = 4.5 dS m−1) was
prepared by adding NaCl, CaCl2.2H2O, and MgCl2.6H2O to the well water in the equiv-
alent proportion of 7:2:1. This salt ratio is representative of the chemical composition of
brackish waters in the Brazilian semi-arid region [18].

For each crop cycle, the total water depths applied, without and with supplemental
irrigation, were as follows: 745 and 796 mm (Rainy), 465 and 567 mm (Normal), 345 and
517 mm (Drought), and 240 and 500 mm (Severe Drought). The dry spells were distributed
in the water scenarios and their quantity and duration varied according to the rainfall
patterns. Dry spells were defined as periods of at least five continuous days without
rain [14]. Detailed information on water scenarios and supplemental irrigation was reported
previously [7].

We used seeds of Hybrid BRS 2022 maize, a double hybrid with moderate resistance
to diseases. To represent the reality of traditional family farming in the northeastern region
of Brazil, sowing was carried out after applying a 30 mm water depth of low-salinity water.
Fertilization with nitrogen (70 kg ha−1), phosphorus (40 kg ha−1 of P2O5), and potassium
(20 kg ha−1 of K2O) was carried out according to the recommendations for rainfed maize
cultivation in the State of Ceará [19]. The phosphorus dose (as simple superphosphate) was
applied at planting and the nitrogen (as urea) and potassium (as potassium chloride) doses
were split into three applications: one at planting and two as topdressing. Irrigation was
performed by drip, using drip tapes with a flow rate of 2.7 L h−1, with self-compensating
emitters spaced 0.4 m apart.

Soil moisture was determined using the gravimetric method [20], with soil samples
from the 0–20 cm layer collected at 47, 56, 60, and 67 days after planting in both cycles.
For the determination of soil salinity, samples were collected from each subplot at the end
of each crop cycle, from the 0–20 cm layer at three points of the central row: beginning,
middle, and end. Soil electrical conductivity was measured in a soil:water suspension of
1:1 (v/v) and expressed in dS m−1.

Measurements of leaf gas exchange were performed at 27, 47, 49, 56, 60, and 67 days
after planting (Figure 1) using the third fully expanded leaf from the apex of the plant. The
net photosynthesis rate A (μmol CO2 m−2 s−1), stomatal conductance gs (mol m−2 s−1),
transpiration rate E (mmol m−2 s−1), and internal CO2 concentration Ci (μmol mol−1) were
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measured using an infrared gas analyzer (Li–6400XT, LICOR, USA) under the following
conditions: ambient air temperature, CO2 concentration of 400 ppm, and photosynthetically
active radiation of 1800 μmol m−2 s−1. The instantaneous water use efficiency (WUEi) was
estimated using the photosynthesis and transpiration rate data.

Figure 1. Water depths applied at three-day intervals in two maize crop cycles for different simulated
water scenarios, without supplemental irrigation. The red arrows indicate the moments of leaf gas
exchange measurements.

Samples of fully expanded leaf blades were collected at 47, 56, and 60 days after
planting in both cycles for the determination of sodium and proline concentrations. The ma-
terial was lyophilized and ground to obtain the extract, according to the method described
by [21]. Sodium concentration was determined using a flame photometer. Free proline
levels were determined according to a previously established method [22]. Proline readings
were performed using a spectrophotometer (model UV−1650PC, Shimadzu, Japan).

At 82 days after planting, 15 plants were collected per subplot, and the production
of dry ear biomass and total biomass was determined. Dry biomass productivity per
hectare (ears and total) was estimated, taking into account the planting density and final
stand. The physical water productivity (PWP, kg m−3) was estimated using the relationship
between the production of ears (PWPear) or total dry biomass (PWPbiomass) and the total
volume of water applied (simulated rainfall plus supplementary irrigation), according to
Equations (1) and (2) [1]:

PWPear =
Biomass of ears

(
kg ha−1

)

Total water appied (m3 ha−1)
(1)

PWPbiomass =
Total biomass of plants

(
kg ha−1

)

Total water applied (m3 ha−1)
(2)
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The efficiency of supplemental irrigation (WUESI) was estimated using the ratio
between the increment of biomass (ears and total) and the volume of supplemental water
applied, according to Equation (3):

WUESI =
YSI − Y

(
kg ha−1

)

Suplemental irrigation (m3 ha−1)
(3)

where YSI and Y represent the yields of plots with and without supplemental irrigation,
respectively.

The data were submitted to the analysis of variance (F-test) after passing the Kolmogorov–
Smirnov normality test. When the F-test determined statistical significance, the means were
compared using the Tukey test (p < 0.05). Statistical analyses were performed using the Sisvar
software version 5.6 [23].

3. Results and Discussion

3.1. Soil Moisture and Salinity

Soil moisture content was high throughout the crop cycle in the Rainy scenario, with a
small difference between treatments with and without supplemental irrigation only on the
last sampling date (Figure 2A). Moisture contents were close to the soil field capacity value
(7.21%) on most sampling dates, regardless of supplemental irrigation. The excess water
supplied to the soil in the Rainy scenario resulted in water accumulation in the soil profile,
with part lost to runoff and part percolated [24–26]. The storage of water in the soil in this
scenario favored the maintenance of moisture with minimal need for supplementation,
since torrential rains are usually interspersed with medium and low-intensity rains under
tropical semi-arid conditions.

Figure 2. Soil moisture (layer from 0 to 20 cm) in areas cultivated with maize for the Rainy (A),
Normal (B), Drought (C) and Severe drought (D) scenarios, showing sampling date and presence or
absence of supplemental irrigation (SI) with brackish water (ECw = 4.5 dS m−1). For each sampling
date, means followed by the same letters do not differ (p ≥ 0.05) from each other according to the
Tukey test. Error bars represent the standard error of the mean (n = 4). The red line in each figure
represents the field capacity of the soil.
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For the Normal scenario, differences in soil moisture were observed on almost all
sampling dates except for the first one, with higher values always recorded in the treatment
with supplementation (Figure 2B). However, these differences were intensified in the
Drought and Severe Drought scenarios (Figure 2C,D), taking as a reference the value of
the soil field capacity. In the Severe Drought treatment, soil moisture was always above
5.0% with supplemental irrigation, while the values without supplementation ranged from
1.0 to 3.0%. Supplementation with brackish water in this scenario practically doubled the
soil moisture content at 60 and 67 days after planting compared to the treatment without
supplementation. These differences reflect the distribution of soil water application during
maize crop cycles (Figure 1), which indicate situations of increasing water shortage for both
Drought and Severe Drought scenarios.

The mean soil electrical conductivity (EC1:1) increased significantly only with supple-
mental irrigation with brackish water for the Severe Drought scenario, reaching a mean
value of 1.3 dS m−1 towards the ends of the crop cycles (Figure 3). However, the values
were relatively low compared to those obtained with continuous irrigation with similar
water salinity [27–30]. These differences occurred because in supplemental irrigation with
brackish water, part of the salt content was leached after the application of water of lower
salinity, simulating rain events. These results also reflect the weighted salinity values of
the irrigation water, which were 1.1, 1.5, 2.1, and 2.8 dS m−1, respectively, for the Rainy,
Normal, Drought, and Severe Drought scenarios. According to [28], only irrigation water
with electrical conductivities higher than 2.2 dS m−1 impacts the biomass production of
maize plants under tropical conditions, indicating that brackish water supplementation
may have little or no effect on maize crops.

 
Figure 3. Soil electrical conductivity (soil:water extract 1:1) cultivated with maize under different
water scenarios, with or without supplemental irrigation (SI) with brackish water (ECw = 4.5 dS m−1).
For each water scenario, means followed by the same letters do not differ (p ≥ 0.05) from each other
according to the Tukey test. Error bars represent the standard error of the mean (n = 4).

It is worth noting that the well water used in this study had an electrical conductivity of
0.9 dS m−1, much higher than the salinity of rainwater (less than 0.1 dS m−1). This indicates
that under real conditions, the effects of supplemental irrigation on the accumulation of
salts in the soil may be even smaller than those observed in the present study. These results
suggest that brackish water supplementation presents a small risk of soil salinization if
the soil has good natural drainage. The adoption of practices such as leaching fractions
and the application of amendments may enable the mitigation of negative effects of the
application of brackish water on the soil under Severe Drought scenarios, thus preventing
soil degradation [26,31–33].
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3.2. Leaf Gas Exchange

Maize photosynthetic rates reached values above 40 μmol m−2 s−1 (Figure 4), which
are compatible with the photosynthetic metabolism of C4 species [34–36]. In the Rainy
scenario, no difference was observed in photosynthetic rates between treatments with and
without supplementation in the six evaluations, indicating the absence of water deficit and
that supplemental irrigation would not be necessary in this scenario (Figure 4A). However,
in the Normal scenario (Figure 4B), the need for supplemental irrigation during the dry
periods, and in the reproductive stage (56 and 60 days after planting), was evident, based
on the significant increase (2 to 3.5 times) observed for the rate of photosynthesis when
compared to the treatment without supplementation.

Figure 4. Net photosynthetic rate of maize leaves under Rainy (A), Normal (B), Drought (C) and
Severe drought (D) scenarios, showing sampling date and presence or absence of supplemental
irrigation (SI) with brackish water. For each sampling date, means followed by the same letters do
not differ (p ≥ 0.05) from each other according to the Tukey test. Error bars represent the standard
error of the mean (n = 4).

In the Drought scenario, supplemental irrigation was important in maintaining the
photosynthetic rate on three (56, 60, and 67 days after planting) out of six sampling dates
(Figure 4C), while in the Severe Drought scenario this was observed for five dates (47, 49, 56,
60, and 67 days after planting) (Figure 4D), reflecting the distribution of dry spells (Figure 1)
and soil moisture (Figure 2). It should be noted that a reduction in the rate of photosynthesis
can be caused by several biotic and abiotic constraints. From the physiological point of
view, this reduction can be explained by stomatal limitations, reduction in chlorophyll
concentration, photochemical damage, and inhibition of enzymatic activities [37–39].

The water deficit during the dry spells caused a significant reduction in stomatal
conductance (Figure 5). Such a reduction in stomatal opening limits the influx of CO2
during the photosynthetic process [37], decreasing the net carbon assimilation capacity, as
observed in the present study (Figure 4). However, on some sampling dates, there was a
concomitant reduction in the photosynthetic rate (Figure 4) and an increase in the internal
CO2 concentration (Figure 6), especially for treatments without supplemental irrigation
(Drought and Severe Drought scenarios). This indicates that longer dry spells induced more
severe water stress, which affected the photosynthetic metabolism. According to [33], even
if there was enough substrate (CO2) in the mesophyll in a situation of severe water shortage,
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there was a high degree of photosynthetic restriction in response to the deterioration
of the photochemical and/or biochemical apparatus of the carbon assimilation process
in chloroplasts.

Figure 5. Stomatal conductance of maize leaves under Rainy (A), Normal (B), Drought (C) and Severe
drought (D) scenarios, showing sampling date and presence or absence of supplemental irrigation
(SI) with brackish water (ECw = 4.5 dS m−1). For each sampling date, means followed by the same
letters do not differ (p ≥ 0.05) from each other according to the Tukey test. Error bars represent the
standard error of the mean (n = 4).

Figure 6. Internal CO2 concentration of maize leaves under Rainy (A), Normal (B), Drought (C)
and Severe drought (D) scenarios, showing sampling date and presence or absence of supplemental
irrigation (SI) with brackish water (ECw = 4.5 dS m−1). For each sampling date, means followed
by the same letters do not differ (p ≥ 0.05) from each other according to the Tukey test. Error bars
represent the standard error of the mean (n = 4).
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The transpiration rate data (Figure 7) show, in most cases, a similar behavior for the
net photosynthetic rate (Figure 4), demonstrating strong stomatal limitations associated
mainly with water deficit during dry spells. In the Rainy scenario, no difference was
observed between treatments with and without brackish water supplementation and the
values varied over time, possibly as a function of environmental changes such as air
temperature and relative humidity. In the Severe Drought scenario, there were reductions
on all sampling dates except for the one 27 days after planting, reflecting the response of
the plants to soil moisture conditions (Figure 2).

Figure 7. Transpiration rate of maize leaves under Rainy (A), Normal (B), Drought (C) and Severe
drought (D) scenarios, showing sampling date and presence or absence of supplemental irrigation
(SI) with brackish water of ECw = 4.5 dS m−1. For each sampling date, means followed by the same
letters do not differ (p ≥ 0.05) from each other according to the Tukey test. Error bars represent the
standard error of the mean (n = 4).

The values of transpiration and net photosynthetic rates also showed a rapid recovery
capacity for leaf gas exchange after a dry spell, as observed in the treatment without
supplementation for both Normal and Drought scenarios. This ability to recover leaf gas
exchange at the end of a dry spell has also been reported in cowpea grown under rainfed
farming in tropical dryland even after low-intensity rainfall [14]. However, severe water
deficits associated with long dry spells can cause permanent cellular damage, making a
full recovery of physiological processes and plant growth impossible [33,37].

3.3. Indicators of Salt and Water Stress

Regression analysis relating soil moisture and salinity to plant response variables
also demonstrated that supplemental irrigation with brackish water reduced the delete-
rious effects of water stress during dry spells without causing damage associated with
salt stress. The reduction of soil moisture from 7 to 2% resulted in a 58% reduction in net
photosynthetic rate (Figure 8A) and an 88% reduction in biomass production (Figure 8B),
considering treatments with and without supplemental irrigation. In comparison, increas-
ing the weighted salinity of irrigation water from 1.1 dS m−1 (Rainy) to 2.8 dS m−1 (Severe
Drought) reduced the photosynthetic rate and the production of total biomass by only
14 and 11%, respectively (Figure 8C,D). These reductions are expected to be even smaller
or nonexistent under field conditions, because if using rainwater (ECw = 0.1 dS m−1)
instead of low-salinity water (ECw = 0.9 dS m−1), the weighted salinity associated with
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supplemental brackish water would be even smaller and would promote greater leaching
of salts in the soil profile, as discussed earlier.

Figure 8. Photosynthetic rate A, and total biomass production per plant of maize as a function of soil
moisture (A,B) and soil salinity (C,D).

The mineral analysis also suggested that the use of brackish water in supplemental
irrigation did not result in an excessive accumulation of sodium in the leaves (Figure 9A). In
the plots with supplemental irrigation, there was no increase in the sodium concentration
in leaf tissues even when the weighted electrical conductivity of the irrigation water was
increased from 1.1 dS m−1 (Rainy) to 2.8 dS m−1 (Severe Drought), and sodium contents
were similar to those in the treatment without supplementation. Sodium contents were less
than 2.5 g kg−1, which did not result in any damage to the maize crop, as demonstrated
by [40]. Irrigations with low-salinity water, simulating the occurrence of rain, reduced the
accumulation of salts in the soil and consequently in the plants.

 

Figure 9. Sodium (A) and proline (B) concentrations in mature leaves of maize in response to presence
or absence of supplemental irrigation (SI) with brackish water of ECw = 4.5 dS m−1. Means followed
by the same letters do not differ (p ≥ 0.05) from each other according to the Tukey test. Sodium
and proline concentrations represent the average of three sampling dates (47, 56, and 60 days after
planting). Error bars represent the standard error of the mean (n = 4).

Proline concentration did not increase in treatments with supplemental irrigation
(Figure 9B), suggesting that the salt stress caused by brackish water application (ECw = 4.5
dS m−1) was not intense enough to promote proline accumulation. However, leaf concen-
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tration of proline was higher in treatments without supplementation than in treatments
with supplementation for scenarios with increasing water shortage (Normal, Drought, and
Severe Drought). These results indicate that proline accumulation was more affected by
water stress than by salt accumulation in leaves of maize irrigated with brackish water. As
for proline, although its accumulation is reported as a common response in plants under
water and salt stress, there is controversy regarding the role played by this amino acid
during stress. For many authors, the accumulation of proline is an important adaptive
response for plants under stress, contributing to osmotic adjustment [41–44] and protecting
cellular structures and functions [45–47]. For other authors, proline quantified using the
method reported by [21] is an indication of osmoprotection associated with damage caused
by abiotic constraints, as demonstrated for barley [48], cotton [49], and cowpea [50] under
water deficits, and for rice [51] and sorghum [52,53] under salt stress. Our data presented
here (Figure 9B) are in line with those who reported the highest accumulation of proline
in response to damage caused by water stress [48,49], as revealed by soil moisture data
(Figure 3) and net photosynthetic rates (Figure 4).

3.4. Water Use Efficiency

The similarity of the responses of net photosynthesis (Figure 4) and transpiration
(Figure 7) rates resulted in minimal variations in instantaneous water use efficiency (WUEi)
(Figure 10). There was also a similarity in the responses of plants under the different scenar-
ios tested. In the present study, the lower values of WUEi in measurements performed 49,
56, and 60 days after planting may have been associated with the increase in transpiration
rates in this period (Figure 7). Comparing treatments with and without supplemental
irrigation with brackish water, a reduction in WUEi was observed only at 60 days after
planting in the Normal and Drought scenarios, a result explained by the dramatic drop in
the rate of photosynthesis during a dry spell (Figure 4).

Figure 10. Instantaneous water use efficiency in maize leaves under Rainy (A), Normal (B),
Drought (C) and Severe drought (D) scenarios, showing sampling dates and presence or absence
of supplemental irrigation (SI) with brackish water of ECw = 4.5 dS m−1. For each sampling date,
means followed by the same letters do not differ (p ≥ 0.05) from each other according to the Tukey
test. Error bars represent the standard error of the mean (n = 4).

In the scenarios and treatments with and without supplementation, marked differences
were observed in the indices of water use efficiency when considering ear or total biomass
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production as a function of the volume of water applied (Table 1). Our results suggest
that supplemental irrigation did not significantly increase the physical water productivity
(PWP) in the Rainy scenario. However, differences between treatments with and without
supplementation were observed in both Drought and Severe Drought scenarios for both
crop cycles. Values of PWPear and PWPbiomass were lower without supplemental irrigation
compared to supplemental irrigation for Normal, Drought, and Severe Drought scenarios.
Additionally, brackish water supplementation homogenized PWP in the different scenarios
tested, with no differences between them. This indicates that supplemental irrigation in
years of drought and severe drought allows for an improvement in water use efficiency so
that it can be compared to the results obtained in the Normal scenario.

Table 1. Physical water productivity (PWP) based on dry ear production (PWPear), total dry biomass
production (PWPbiomass), and supplemental irrigation efficiency (WUESI) in maize as a function of
water scenarios with and without supplemental irrigation with brackish water (ECw = 4.5 dS m−1).

Suppl. Irrigation
Simulated Water Scenarios

Rainy Normal Drought Severe Drought

PWPear (kg m−3)
2018

With 1.56 ± 0.27 Aa 1 1.77 ± 0.39 Aa 2.16 ± 0.58 Aa 1.57 ± 0.22 Aa
Without 1.49 ± 0.21 Aa 1.38 ± 0.26 Ba 1.04 ± 0.39 Bab 0.72 ± 0.21 Bb

2019
With 1.14 ± 0.25 Ab 1.57 ± 0.15 Aa 1.43 ± 0.24 Aa 1.53 ± 0.27 Aa

Without 0.98 ± 0.40 Aab 1.13 ± 0.55 Ba 0.73 ± 0.28 Bab 0.23 ± 0.24 Bb
PWPbiomass (kg m−3)

2018
With 2.78 ± 0.36 Ab 3.96 ± 0.60 Aa 3.99 ± 0.49 Aa 2.87 ± 0.61 Ab

Without 2.84 ± 0.57 Aa 2.70 ± 0.47 Ba 2.19 ± 1.17 Bb 1.10 ± 0.46 Bc
2019

With 2.29 ± 0.20 Ab 3.40 ± 0.16 Aa 3.31 ± 0.22 Aa 3.84 ± 0.15 Aa
Without 2.18 ± 0.32 Ab 2.77 ± 0.18 Aa 1.62 ± 0.35 Bb 1.11 ± 0.33 Bc

WUESI (kg m−3) #

Ear biomass
3.01 ± 0.37 3.53 ± 0.45 3.63 ± 0.11 2.53 ± 0.14

Total Biomass
2.79 ± 0.30 7.99 ± 0.21 7.16 ± 0.19 5.44 ± 0.20

1 Values represent the mean ± standard error (n = 4). Means followed by the same uppercase letters in columns
and lowercase letters in rows do not differ (p ≥ 0.05) from each other according to Tukey’s test. # Values represent
the mean of the two maize cycles (n = 4).

When considering only the water use efficiency when supplementary irrigation was
applied (WUESI), the highest values were recorded for Normal and Drought scenarios for
both ear and total biomass production. In general, the values of WUESI (Table 1) in the
Normal, Drought, and Severe Drought scenarios were quite dramatic and higher than those
obtained at the full irrigation depths (350 and 500 mm per cycle of green maize) [54,55],
which were much higher than those used in supplemental irrigation in this research (102,
172 and 260 mm for Normal, Drought, and Severe Drought scenarios). However, there
was a reduction of about 30% in WUESI in the Severe Drought scenario compared to the
Drought scenario, which was due to the application of a greater depth of brackish water in
the supplementation in the first scenario, and also to the small reduction in the biomass
production observed in [7], possibly as a result of the accumulation of salts in the soil
(Figure 3).

4. Conclusions

Rainfed agriculture in tropical semi-arid regions is limited by irregular rainfall during
the rainy season. However, the Brazilian semi-arid region has a large number of wells with
brackish water that could be used in supplemental irrigation, thus reducing the water stress
in maize and other annual crops. Our results suggest that the water stress associated with
dry spells is more deleterious to the carbon assimilation and water use efficiency of maize
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plants than the salt stress associated with the use of supplemental irrigation with brackish
water. Our study showed that dry spells compromised the photosynthetic capacity of maize
even under the Normal water scenario, but the effects became drastic under both Drought
and Severe Drought scenarios due to stomatal and nonstomatal effects. Supplemental
irrigation of maize with brackish water with an ECw = 4.5 dS m−1 reduced water stress
and did not result in excessive salt accumulation in the sandy loam soil used in this study.

The use of brackish water did not lead to sodium accumulation in leaves and improved
leaf gas exchange, with a positive impact on the CO2 assimilation rate. Thus, supplemental
irrigation with brackish water resulted in an increase in water use efficiency in different
scenarios under water restriction, constituting an important strategy that can be applied
in biosaline agriculture in tropical semi-arid regions to maintain crop yields, especially in
years of drought and severe drought. Considering the great spatial variability of rainfall in
tropical semi-arid regions and the increase in drought years associated with global climate
change scenarios, future studies are required to evaluate this strategy in other important
crop systems under nonsimulated conditions, as well as the long-term effects of these salts
on different soil types in this region.

Author Contributions: Conceptualization, E.S.C., C.F.L. and H.R.G.; methodology, E.S.C., C.F.L.,
J.d.S.S. and R.O.M.; investigation, E.S.C., J.R.d.S.S. and J.d.S.S.; writing—original draft prepara-
tion, E.S.C., C.F.L., J.R.d.S.S., J.F.d.S.F. and H.R.G.; writing—review and editing, A.d.S.T., J.F.d.S.F.,
S.C.R.V.L. and A.S.d.M.; project administration, C.F.L.; funding acquisition, C.F.L. and S.C.R.V.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Coordination for the Improvement of Higher Level
Personnel Agency (CAPES), the State Development Agency of Ceará (ADECE) and the Foundation
for the Support of Scientific and Technological Development of Ceará (FUNCAP).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing does
not apply to this article.

Acknowledgments: Acknowledgments are due to the State Development Agency of Ceará (ADECE),
Secretariat for Economic Development and Labor of Ceará (SEDET), Institute of Technological
Education Center (CENTEC), the Coordination for the Improvement of Higher Level Personnel
Agency (CAPES), the Foundation for the Support of Scientific and Technological Development of
Ceará (FUNCAP) and Chief Scientist Program, Brazil, for the financial support provided for this
research and award of fellowship to the first author.

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

References

1. Frizzone, J.A.; Lima, S.C.R.V.; Lacerda, C.F.; Mateos, L. Socio-economic indexes for water use in irrigation in a representative
basin of the tropical semiarid region. Water 2021, 13, 2643. [CrossRef]

2. Marengo, J.A.; Torres, R.R.; Alves, L.M. Drought in northeast Brazil: Past, present and future. Theor. Appl. Climatol. 2017, 129,
1189–1200. [CrossRef]

3. Ali, A.B.M.; Shuang-En, Y.U.; Panda, S.; Guang-Cheng, S. Water harvesting techniques and supplemental irrigation impact on
sorghum production. J. Sci. Food Agric. 2015, 95, 3107–3116. [CrossRef] [PubMed]

4. Nangia, V.; Oweis, T.; Kemeze, F.H.; Schnetzer, J. Supplemental irrigation: A promising climate-smart practice for dryland
agriculture. Wagening. CGIAR/CCAFS 2018. Available online: https://cgspace.cgiar.org/bitstream/handle/10568/92142/
GACSA%20Practice%20Brief%20Supplemental%20Irrigation.pdf (accessed on 20 November 2020).

5. Hamdy, A.; Sardob, V.; Ghanem, K.A.F. Saline water in supplemental irrigation of wheat and barley under rainfed agriculture.
Agric. Water Manag. 2005, 78, 122–127. [CrossRef]

6. Chauhan, C.P.S.; Singh, R.B.; Gupta, S.K. Supplemental irrigation of wheat with saline water. Agric. Water Manag. 2008, 95,
253–258. [CrossRef]

7. Cavalcante, E.S.; Lacerda, C.F.; Costa, R.N.T.; Gheyi, H.R.; Pinho, L.L.; Bezerra, F.M.S.; Oliveira, A.C.; Canjá, J.F. Supplemental
irrigation using brackish water on maize in tropical semi-arid regions of Brazil: Yield and economic analysis. Sci. Agric. 2021, 78, 1–9.
[CrossRef]

8. Food and Agriculture Organization of the United Nations (FAO). 1.5 Billion People, Living with Soil too Salty to be Fertile. 2021.
Available online: https://news.un.org/en/story/2021/10/1103532 (accessed on 15 November 2021).

193



Agriculture 2022, 12, 544

9. Masters, D.G.; Benes, S.E.; Norman, H.C. Biosaline agriculture for forage and livestock production. Agric. Ecosyst. Environ. 2007,
119, 234–248. [CrossRef]

10. Silva, J.E.S.B.; Matias, J.R.; Guirra, K.S.; Aragão, C.A.; Araujo, G.G.L.; Dantas, B.F. Development of seedlings of watermelon cv.
Crimson Sweet irrigated with biosaline water. Rev. Bras. De Eng. Agrícola E Ambient. 2015, 19, 835–840. [CrossRef]

11. Hassanli, M.; Ebrahimian, H. Cyclic use of saline and non-saline water to increase water use efficiency and soil sustainability on
drip irrigated maize. Span. J. Agric. Res. 2016, 14, e1204. [CrossRef]

12. Kiani, A.R.; Mosavata, A. Effect of different alternate irrigation strategies using saline and non-saline water on corn yield, salinity
and moisture distribution in soil profile. J. Water Soil 2016, 30, 1595–1606.

13. Silva, F.J.A.; Araújo, A.L.; Souza, R.O. Águas subterrâneas no Ceará—Poços instalados e salinidade. Rev. Tecnol. 2007, 28, 136–159.
14. Fernandes, F.B.P.; Lacerda, C.F.; Andrade, E.M.; Neves, A.L.R.; Sousa, C.H.C. Efeito de manejos do solo no déficit hídrico, trocas

gasosas e rendimento do feijão-de-corda no semiárido. Rev. Ciência Agronômica 2015, 46, 506–515.
15. Munns, R.; Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef] [PubMed]
16. Xavier, T.M.B.S. Tempo de Chuva: Estudos Climáticos e de Previsão para o Ceará e Nordeste Setentrional; Editora ABC: Ceará, Brazil,

2001; 478p.
17. Allen, R.G.; Pereira, L.S.; Raes, D.; Smith, M. Crop Evapotranspiration Guidelines for Computing Crop Water Requirements.

Rome, FAO—Irrigation and Drainage; FAO: Rome, Italy, 1998; Volume 300, p. 56.
18. Medeiros, J.F. Qualidade da água de irrigação e evolução da salinidade nas propriedades assistidas pelo “GAT” nos Estados

do RN, PB e CE. 1992. 173 f. Dissertação (Mestrado em Engenharia Agrícola)—Universidade Federal da Paraíba. Avail-
able online: http://dspace.sti.ufcg.edu.br:8080/jspui/bitstream/riufcg/2896/3/JOS%c3%89%20FRANCISMAR%20DE%20
MEDEIROS%20-%20DISSERTA%c3%87%c3%83O%20PPGEA%201992.pdf (accessed on 15 January 2020).

19. Fernandes, F.H.F.; Aquino, A.B.; Aquino, B.F.; Holanda, F.J.M.; Freire, J.M.; Crisostomo, L.A.; Costa, R.I.; Uchoa, S.C.P.; Fernandes,
V.L.B. Recomendações De Adubação E Calagem Para O Estado Do Ceara; Editora ABC: Fortaleza, Brazil, 1993; 247p.

20. Embrapa—Empresa Brasileira de Pesquisa Agropecuária. Manual de métodos de análise de solo. 1997, 212p. Available online:
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/173611/1/Pt-2-Cap-20-Sais-soluveis.pdf (accessed on 8 November 2020).

21. Cataldo, J.M.; Haroom, M.; Schrader, L.E.; Youngs, V.L. Rapid colorimetric determination of nitrate in plant tissue by nitration of
salicylic acid. Commun. Soil Sci. Plant Anal. 1975, 6, 71–80. [CrossRef]

22. Bates, L.S.; Waldren, R.P.; Teare, J.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205–207.
[CrossRef]

23. Ferreira, D.F. Sisvar: Um sistema computacional de análise estatística. Ciência E Agrotecnologia 2011, 35, 1039–1042. [CrossRef]
24. Hillel, D. Fundamentals of Soil Physics; Academic Press: London, UK, 1980; 413p.
25. Guerra, H.C. Física Dos Solos; UFPB: Campina Grande, Brazil, 2000; 173p.
26. Ngolo, A.O.; Oliveira, M.F.; Assis, I.R.; Rocha, G.C.; Fernandes, R.B.A. Soil physical quality after 21 years of cultivation in a

Brazilian Cerrado Latosol. J. Agric. Sci. 2019, 11, 124–136. [CrossRef]
27. Assis Junior, J.O.; Lacerda, C.F.; Silva, F.B.; Silva, F.L.B.; Bezerra, M.A.; Gheyi, H.R. Produtividade do feijão-de-corda e acúmulo

de sais no solo em função da fração de lixiviação e da salinidade da água de irrigação. Eng. Agrícola 2007, 27, 702–713. [CrossRef]
28. Bezerra, A.K.P.; Lacerda, C.F.; Hernandez, F.F.F.; Silva, F.B.; Gheyi, H.R. Rotação cultural feijão caupi/milho utilizando-se águas

de salinidades diferentes. Ciência Rural 2010, 40, 1075–1082. [CrossRef]
29. Lacerda, C.F.; Sousa, G.G.; Silva, F.L.B.; Guimarães, F.V.A.; Silva, G.L.; Cavalcante, L.F. Soil salinization and maize and cowpea

yield in the crop rotation system using saline waters. Eng. Agrícola 2011, 31, 663–675. [CrossRef]
30. Neves, A.L.R.; Lacerda, C.F.; Sousa, C.H.C.; Silva, F.L.B.; Gheyi, H.R.; Ferreira, F.J.; Andrade Filho, F.L. Growth and yield of

cowpea/sunflower crop rotation under different irrigation management strategies with saline water. Ciência Rural 2015, 45,
814–820. [CrossRef]

31. Rhoades, J.D.; Loveday, J. Salinity in irrigated agriculture. In Irrigation of Agricultural Cropsstewart; Stewart, D.R., Nielsen, D.R.,
Eds.; American Society of Agronomy: Madison, WI, USA, 1990; pp. 1089–1142.

32. Ayers, R.S.; Westcot, D.W. A Qualidade De Água Na Agricultura. Estudos FAO: Irrigação E Drenagem, 29, 2nd ed.; UFPB: Campina
Grande, Brazil, 1999; p. 153.

33. Cavalcante, L.F.; Santos, R.V.; Hernandez, F.F.F.; Gheyi, H.R.; Dias, T.J.; Nunes, J.C.; Lima, G.S. Recuperação de solos afetados por
sais. In Manejo Da Salinidade Na Agricultura: Estudos Básicos E Aplicados; Gheyi, H.R., Dias, N.S., Lacerda, C.F., Gomes Filho, E.,
Eds.; INCTSal: Fortaleza, Brazil, 2016; Volume 28, pp. 461–477.

34. Larcher, W. Ecofisiologia Vegetal. São Carlos, Rima, Artes E Textos; Tradução do orignal: Okoplysiologe der, Brazil, 2000; 531 p,
ISBN 8586552038.

35. Osborne, C.P.; Sack, L. Evolution of C4 plants: A new hypothesis for an interaction of CO2 and water relations mediated by plant
hydraulics. Philos. Trans. R. Soc. 2012, 367, 583–600. [CrossRef] [PubMed]

36. Souza, M.L.C.; Silva, A.Z. Starling, C.; Machuca, L.M.R.; Zuñiga, E.A.; Galvão, Í.; Jesus, G.J.; Broetto, F. Biochemical parameters
and physiological changes in maize plants submitted to water deficiency. SN Appl. Sci. 2020, 2, 1–9. [CrossRef]

37. Rahnama, A.; James, R.A.; Poustini, K.; Munns, R. Stomatal conductance as a screen for osmotic stress tolerance in durum wheat
growing in saline soil. Funct. Plant Biol. 2010, 7, 255–269. [CrossRef]

38. Taiz, L.; Zeiger, E.; Moller, I.M.; Murphy, A. Fisiologia E Desenvolvimento Vegetal; Editora Artmedl: Porto Alegre, Brazil, 2017; 888p.

194



Agriculture 2022, 12, 544

39. Lacerda, C.F.; Oliveira, E. Victor.; Neves, A.L.R.; Gheyi, H.R.; Bezerra, M.A.; Costa, C.A.G. Morphophysiological responses and
mechanisms of salt tolerance in four ornamental perennial species under tropical climate. Rev. Bras. De Eng. Agrícola E Ambient.
2020, 24, 656–663. [CrossRef]

40. Barbosa, F.S.A.; Lacerda, C.F.; Gheyi, H.R.; Farias, G.C.; Silva Junior, R.J.C.; Lage, Y.A.; Hernandez, F.F.F. Yield and ion content in
maize irrigated with saline water in a continuous or alternating system. Ciência Rural 2012, 42, 1731–1737. [CrossRef]

41. Verslues, P.E.; Bray, E.A. Role of abscisic acid (ABA) and Arabidopsis thaliana ABA—Insensitive loci in low water potential-induced
ABA and proline accumulation. J. Exp. Bot. 2006, 57, 201–212. [CrossRef]

42. Chen, Z.; Cuin, T.A.; Zhou, M.; Twomey, A.; Naidu, B.P.; Shabala, S. Compatible solute accumulation and stress-mitigating effects
in barley genotypes contrasting in their salt tolerance. J. Exp. Bot. 2007, 58, 4245–4255. [CrossRef]

43. Chun, S.C.; Paramasivan, M.; Chandrasekaran, M. Proline accumulation influenced by osmotic stress in arbuscular mycorrhizal
symbiotic plants. Front. Microbiol. 2018, 9, 2525. [CrossRef]

44. Li, J.; Ma, J.; Guo, H.; Zong, J.; Chen, J.; Wang, Y.; Li, D.; Li, L.; Wang, J.; Liu, J. Growth and physiological responses of two
phenotypically distinct accessions of centipede grass (Eremochloa ophiuroides (Munro) Hack.) to salt stress. Plant Physiol. Biochem.
2018, 126, 1–10. [CrossRef] [PubMed]

45. Kishor, P.B.K.; Hima Kumari, P.; Sunita, M.S.L.; Sreenivasulu, N. Role of proline in cell wall synthesis and plant development and
its implications in plant ontogeny. Front. Plant Sci. 2015, 6, 1–17. [CrossRef] [PubMed]

46. Wang, H.; Tang, X.; Wang, H.; Shao, H.B. Proline accumulation and metabolism-related genes expression profiles in Kosteletzkya
virginica seedlings under salt stress. Front. Plant Sci. 2015, 6, 792. [CrossRef] [PubMed]

47. Zhang, L.; Becker, D.F. Connecting proline metabolism and signaling pathways in plant senescence. Front. Plant Sci. 2015, 6, 552.
[CrossRef] [PubMed]

48. Hanson, A.; Nelsen, C.E.; Everson, E.H. Evaluation of free proline accumulation as an index of drought resistance using two
contrasting barley cultivars. Crop Sci. 1977, 17, 720–726. [CrossRef]

49. Ferreira, L.G.R.; Souza, J.G.; Prisco, J.T. Effects of water deficit on proline accumulation and growth of two cotton genotypes of
differing drought resistance. Z. Pflanzenphysiologie. 1979, 93, 189–199. [CrossRef]

50. Melo, A.S.; Melo, Y.L.; Lacerda, C.F.; Viégas, P.R.A.; Ferraz, R.L.S.; Gheyi, H.R. Water restriction in cowpea plants [Vigna
unguiculata (L.) Walp.]: Metabolic changes and tolerance induction. Rev. Bras. De Eng. Agrícola E Ambient. 2022, 26, 190–197.
[CrossRef]

51. Lutts, S.; Kinet, J.M.; Bouharmont, J. Effects of salt stress on growth, mineral nutrition and proline accumulation in relation
to osmotic adjustment in rice (Oryza Sativa L.) cultivars differing in salinity resistance. Plant Growth Regul. 1996, 19, 207–218.
[CrossRef]

52. Lacerda, C.F.; Cambraia, J.; Cano, M.A.O.; Ruiz, H.A.; Prisco, J.T. Solute accumulation and distribution during shoot and leaf
development in two sorghum genotypes under salt stress. Environ. Exp. Bot. 2003, 49, 107–120. [CrossRef]

53. Lacerda, C.F.; Cambraia, J.; Cano, M.A.O.; Prisco, J.T. Proline accumulation in sorghum leaves is enhanced by salt-induced tissue
dehydration. Rev. Ciência Agronômica 2006, 37, 110–112.

54. Embrapa—Empresa Brasileira de Pesquisa Agropecuária. A Cultura Do Milho-Verde. 2008. Available online: https://ainfo.
cnptia.embrapa.br/digital/bitstream/item/11921/2/00082390.pdf (accessed on 10 November 2020).

55. Pereira Filho, I.A.; Silva, A.R.; Costa, R.V.; Cruz, I. Milho Verde. 2010. Available online: https://www.agencia.cnptia.embrapa.br/
gestor/milho/arvore/CONT000fy779fnk02wx5ok0pvo4k3c1v9rbg.html (accessed on 10 November 2020).

195





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Agriculture Editorial Office
E-mail: agriculture@mdpi.com

www.mdpi.com/journal/agriculture

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.





Academic Open 

Access Publishing

mdpi.com ISBN 978-3-0365-9131-5


