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Mossoró
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Gabriela Carvalho Maia de Queiroz, José Francismar de Medeiros, Rodrigo Rafael da Silva,

Francimar Maik da Silva Morais, Leonardo Vieira de Sousa, Maria Vanessa Pires

de Souza, et al.

Growth, Solute Accumulation, and Ion Distribution in Sweet Sorghum under Salt and Drought
Stresses in a Brazilian Potiguar Semiarid Area
Reprinted from: Agriculture 2023, 13, 803, https://doi.org/10.3390/agriculture13040803 . . . . . 141

Elias Ariel Moura, Vander Mendonça, Vladimir Batista Figueirêdo, Luana Mendes Oliveira,
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Preface

Agriculture has historically been vital to the prosperity of civilizations and has withstood

environmental pressure and population growth thanks to genetic improvement and plant management.

Most crops are subject to environmental stresses such as drought and salinity, and in many cases, these

stresses act together, limiting crop productivity. From this perspective, innovative management strategies

can improve the productivity of crops subjected to such unfavorable environmental conditions.

This Special Issue focused on developing and evaluating management strategies for crops

subjected to drought and salt stress, featuring interdisciplinary studies from research fields related to

agriculture, including horticulture, genetics, plant ecophysiology, irrigation, soils, and plant nutrition.

It featured 10 research papers that shed light on Agricultural Crops Subjected to Drought and Salinity

Stress. The papers published in this Special Issue discuss the importance of using microorganisms

for cultivation in irrigated areas with water deficits or brackish water, with some discussing the

importance of advancing genetic improvement and enhancing tolerance to drought and salinity. In

addition, this Special Issue presents information from the literature on managing stress attenuators in

agriculture, from using fertilizers such as silicon and potassium to using phytohormones and growth

regulators such as salicylic acid.

In summary, this Special Issue reflects the efforts of multiple researchers in the field of agricultural

sciences to investigate Agricultural Crops Subjected to Drought and Salinity Stress, therefore

encouraging the incorporation of scientific and technological knowledge in this field.

Francisco Vanies Da Silva Sá, Alberto Soares De Melo, and Miguel Ferreira Neto

Guest Editors

ix





Article

Effects of the Arbuscular Mycorrhizal Fungus Gigaspora albida
(Gigasporaceae) on the Physiology, Growth, and Na/K Balance
of Creole Corn (Poaceae) Under Different Salinity Levels

Maria Valdiglezia de Mesquita Arruda 1, Nildo da Silva Dias 1,*, Cynthia Cavalcanti de Albuquerque 2,

Eduardo Cezar Medeiros Saldanha 1, Pedro Henrique de Araújo Gurgel 1, Marcondes Ferreira Costa Filho 1,

Matheus Henrique de Alencar Souza 2, Natanael da Silva Rodrigues 2, Marcelo Augusto Costa Lima 1,

Maria Elisa da Costa Souza 1, Leonardo Ângelo Mendonça 1, Kleane Targino Oliveira Pereira 2,

Rômulo Carantino Lucena Moreira 1, Micharlyson Carlos de Morais 1 and José Francismar de Medeiros 1
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jfmedeir@ufersa.edu.br (J.F.d.M.)

2 Plant Physiology and Biochemistry Laboatory, State University of Rio Grande do Norte—(UERN),
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* Correspondence: nildo@ufersa.edu.br

Abstract: Arbuscular mycorrhizal fungi (AMFs) can alleviate salt stress in plants by promot-
ing growth. The mitigating effect of the AMF Gigaspora albida on the physiology, growth,
and Na+/K+ balance in heirloom maize under different dilutions of saline wastewater was
evaluated. The study was conducted in a greenhouse under a completely randomized
design (CRD) in a 3 × 4 factorial scheme, with six replicates. The treatments consisted of
three mycorrhizal conditions (M1—control plants without the AMF; M2—plants inoculated
with G. albida; and M3—plants inoculated with G. albida plus the soil microbiota) and four
levels of electrical conductivity (ECw): 0.5, 1.8, 3.1, and 4.4 dS m−1. The results indicate
that saline wastewater affects the physiology of heirloom maize. The symbiosis in M2 and
M3 mitigated the stress in PSII by dissipating heat. The M3 treatment alleviated ionic stress
in maize, reduced the Na+/K+ ratio in the aerial part, and increased the MSPA, MSRA,
AP, and DC at ECa levels of 1.8 and 3.1 dS m−1. The M1 plants adapted by investing in
root growth to tolerate the high salinity. In M2, the plant–AMF interaction did not mitigate
the effects of high salinity, showing the worst growth performance. The saline wastewater
reduced the percentage of G. albida colonization. An ECa of 2.9 dS m−1 favored a high
spore density.

Keywords: abiotic stress; attenuators; spore density; saline waste; mycorrhiza

1. Introduction

Water scarcity is a paramount global concern, which is particularly pronounced in
regions like Brazil, where irrigation often becomes the sole recourse to ensure agricultural
productivity, especially in hot, arid climates such as the semi-arid Northeast region [1].
The arid and semi-arid areas’ scarcity underscores the imperative for sustainable water

Agriculture 2025, 15, 660 https://doi.org/10.3390/agriculture15060660
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management technologies, particularly in agriculture. Among these, water reuse emerges as
a prevalent practice, notably through irrigation with saline water sourced from agricultural
drainage wells and brackish water treatment plant effluents. When effectively implemented,
this practice fulfills crop water requirements while reducing the demand for freshwater
resources [2]. However, without proper management techniques, it poses a significant
challenge for agriculture. High salt concentrations in reused water can severely limit
agricultural outputs, reducing crop yields to economically unviable levels [3,4].

Restrictions on plant development stem from the osmotic and ionic stress induced by
excessive salt levels, hindering water absorption, nutrient assimilation, and transport [5,6].
Osmotic stress, characterized by Na+ and Cl− accumulation in tissues, triggers nutritional
stress and tissue cytotoxicity [7,8], disrupting metabolic, physiological, and biochemi-
cal pathways [9] and leading to a redox imbalance and biomolecule damage via lipid
peroxidation [10].

Crop responses to salinity, in terms of sensitivity and tolerance, exhibit variability [11,
12]. Adaptation mechanisms include alterations in photosynthetic pathways, the synthesis
of compatible osmolytes, the activation of enzymatic and non-enzymatic antioxidant
systems, and selective ion absorption, enhancing plant survival in saline environments [13,
14].

Selective ion absorption is a crucial strategy in salinity tolerance, allowing plants to
preferentially absorb essential nutrients even in the presence of higher concentrations of
non-essential ions [15]. Simultaneously, it diminishes sodium uptake and accumulation in
tissues [16], thus maintaining a favorable K+/Na+ ratio that is essential for sustained plant
growth [17].

Among the strategies to utilize saline waste for irrigation, employing arbuscular
mycorrhizal fungi (AMFs) has emerged as an effective approach to mitigate saline stress
in plants [18–20]. Symbiosis with AMFs promotes the expression of osmoregulatory
substances such as proline, glycine betaine, and polyamines, aiding in the regulation and
maintenance of cellular water potential. This leads to improved water use efficiency, the
maintenance of cell turgor, gas exchange, and subsequently, enhanced photosynthetic
rates [21,22]. Nutritionally, this symbiosis promotes nutrient absorption and, under saline
conditions, can reduce the uptake of toxic ions such as Na+ and Cl−, which compromise
the ionic balance in photosynthetic tissues [23–25].

In this context, Gigaspora albida, an AMF belonging to the Gigasporaceae family [26],
has been reported in the literature to enhance the growth of various crops. In a more
recent study, G. albida improved the quality of Dipteryx alata seedlings by promoting
increases in height, diameter, and dry biomass accumulation [27]. Under high salinity
conditions (10, 15, and 20 dS m−1), G. albida increased the tolerance of eucalyptus seedlings
by maintaining the relative water content (RWC), enhancing nutrient uptake, particularly
nitrogen, phosphorus, and potassium, and improving the K/Na ratio by reducing sodium
accumulation [28]. For maize, although several studies in the literature highlighted the
benefits of symbiotic relationships with AMFs, there is still a gap regarding the interaction
of Gigaspora albida, associated with the original soil microbiota, with Creole maize varieties
under saline stress.

The benefits of AMFs result from strengthening the plant’s resistance to salinity, in-
creasing the absorption area for nutrients and water, promoting the selective uptake of
elements, enhancing the efficiency of the photosynthetic apparatus, and reinforcing antioxi-
dant defense mechanisms [29,30]. However, the interaction between non-native AMFs and
soil microbiota remains poorly understood. According to [31], native soil microorganisms
have a greater potential to increase plant yield. This potential can be attributed to the bene-
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ficial growth-promoting properties of these microorganisms, the harmonious symbiosis
within the community, and their strong colonization ability compared to non-native ones.

AMFs and soil microbiota interact in complex ways that can enhance plant growth.
Ref. [32] found that the interaction between AMFs and Bacillus spp. promotes greater
phosphate solubilization and the absorption of phosphorus, zinc, and copper. Additionally,
this interaction leads to an increased production of phytohormones that protect against
biotic and abiotic stresses compared to isolated strains.

There is evidence that plant growth-promoting rhizobacteria stimulate the growth
of AMFs. Among them, those in the genus Pseudomonas are more frequently found in the
rhizosphere, while Arthrobacter and Bacillus are more common in the AMF hyphosphere.
Some species of Rhizobium and Pseudomonas attach to fungal spores and hyphae; however,
the colonization capacity varies considerably among different bacteria. Although AMFs can
contribute to an increase in the nutritional status of the mycorrhizosphere by decomposing
organic nitrogen (N2) compounds, in the presence of nitrogen-fixing bacteria, there is a
considerable increase in N2 fixation, which is one of the main benefits of this interaction [33].

Under high salinity conditions, inoculation with endophytic Bacillus subtilis, both
alone and in combination with AMFs, increased the levels of N, P, K, Mg, and Ca, as
well as phosphatase activity in plant tissues. This confirmed that the enhanced nutrient
uptake resulting from this interaction supports plant species development under salt stress.
Additionally, reductions in Na+ and Cl− levels were observed, demonstrating mitigation
of the deleterious effects of salts [34]. Thus, native soil microorganisms associated with
AMFs can be used as an alternative to optimize production in agroecosystems affected by
high salinity.

The improvement of soil physical properties through the addition of AMFs is primar-
ily attributed to the production of organic acids and glomalin, which protect against soil
erosion, chelate heavy metals, enhance carbon sequestration, and stabilize soil macroag-
gregation. By recruiting bacteria that produce alkaline phosphatase, an enzyme involved
in soil mineralization and associated with organic phosphorus availability, AMFs also en-
hance the soil’s chemical activity. Additionally, dead mycelia contribute to organic matter
accumulation. AMFs influence the composition, diversity, and activity of soil microbial
communities through antagonism or cooperation [29].

In the long term, the addition of AMFs can increase the organic carbon accumulation
in agricultural soils; however, the successful establishment of AMFs depends on the soil
properties, host plant, inoculum type, and experimental conditions [35]. The increased
resistance of plants inoculated with AMFs to high salinity conditions can also be attributed
to various biochemical and physiological mechanisms, which, according to [30], can be
categorized into three groups: (1) enhanced nutrient uptake, maintenance of ionic home-
ostasis, improved water absorption, and osmotic balance; (2) increased photosynthetic
efficiency and protection of the photosynthetic apparatus; and (3) modulation of the plant’s
hormonal profile and induction of the antioxidant system to prevent ROS-induced damage.

In this context, we hypothesized that combining the AMF Gigaspora albida with soil
microbiota can ameliorate the effects of saline stress on the growth, physiology, and Na+

and K+ balance of Creole corn (Ibra variety) when irrigated with saline waste from reverse
osmosis. Hence, this study aimed to assess the impact of the arbuscular mycorrhizal fungus
(AMF) Gigaspora albida on the growth, physiology, and Na+ and K+ balance of Creole corn
(Ibra variety) under various levels of electrical conductivity from saline waste.
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2. Materials and Methods

2.1. Location and Characterization of the Area

The study was conducted at the Universidad Federal Rural do Semi-Árido (UFERSA)
in Mossoró, Rio Grande do Norte/RN (5◦12′2.03′′ N and 37◦19′36.32′′ W). The experiment
was carried out in a greenhouse environment, using pots, from January to March 2022. The
greenhouse covered an area of 126 m2, with a ceiling height of 4.0 m, and was constructed
with a metallic frame and a transparent plastic cover, while the walls were shaded at 50%.
The average maximum temperature recorded was 37.4 ◦C, with daytime fluctuations, and
the average minimum temperature hovered around 31 ◦C. The average relative humidity
(RH) was 97.7% with a standard deviation of 86%.

2.2. Experimental Design

The experimental design followed a completely randomized model, in a 3 × 4 factorial
scheme, with six replications; the plots contained polyethylene pots with a capacity of 30 L,
totaling 72 experimental units. The treatments consisted of three mycorrhizal conditions
(M1—control plants without the fungal inoculum; M2—plants with the G. albida fungal
inoculum; and M3—plants with the G. albida fungal inoculum plus soil microbiota) and
saline waste with four electrical conductivity levels (ECa): 0.5, 1.8, 3.1 and 4.4 dS m−1

(conductivity of 0.5 dS m−1 is from the supply water, which was used as the control). The
saline concentrations of the irrigation water were established by diluting reverse osmosis
saline waste with supply water from the Rio Grande do Norte Water and Sewage Company
(CAERN), Mossoró, Brazil.

2.3. Soil, Saline Waste, Plant, and Mycorrhizal Materials

Soil material with a sandy texture was gathered from the upper soil layer, approxi-
mately 0–30 cm deep, at the Rafael Fernandes Experimental Farm of UFERSA, situated
in the rural vicinity of Mossoró/RN. For physical–chemical characterization, disturbed
samples were collected and subsequently analyzed using the Embrapa methodology [36],
as detailed in Table 1.

Table 1. Physicochemical characterization of the eutrophic red Oxisol.

pH CEes OM P K+ Na+ Ca2+ Mg2+ Al3+ H + Al SB t CEC

(water) dS m−1 g/kg ________ mg/dm3 ______ _____________________ cmolc/dm3 _________________________

7.4 0.80 31.9 112.2 791.7 160.1 6.5 4.8 0.0 0.0 14.0 14.56 14.0

V m ESP Sand Silt Clay
_______ % ______ _____________________ (g kg−1) _______________________

100 0.0 5.5 89.25 2.79 7.79

The pH in water was determined using a soil–water ratio of 1:2.5. CEes is the electrical
conductivity of the soil–water extract at a ratio of 1:2.5. The elements P, Na+, and K+ were
extracted using a Mehlich-1 extractor at a soil–extractor ratio of 1:10. The elements Ca2+,
Mg2+, and Al3+ were extracted with 1 mol/L KCl using a soil–extractant ratio of 1:10. H +
Al is the potential acidity extracted with 0.5 mol/L calcium acetate using a soil–extractor
ratio of 1:15. SB is the sum of bases. t is the effective CEC. CEC is the soil CEC or CEC at
pH 7.0. V is the base saturation. m is the aluminum saturation. ESP is the percentage of
exchangeable sodium.
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The saline waste was obtained from the water treatment facility of the Jurema Rural
Settlement, situated along the RN-012 highway, which links Mossoró to the municipality of
Tibau, RN. The physicochemical attributes of both the saline waste and the supply water
are outlined in Table 2.

Table 2. Physicochemical characteristics of the supply water (ABT) and the concentrated saline waste
(RSC) used in the experiment.

pH CEes K+ Na+ Ca2
+ Mg2

+ Cl CO3
2− HCO3

− RAS

(H2O) (dS m−1) -------------------------------mmolc/L------------------------------

ABT 7.5 0.54 0.31 3.78 0.84 1.20 2.40 0.61 3.21 3.76

RSC 7.11 9.50 0.83 54.13 36.80 24.2 116 0 3.39 9.71
CEes—electrical conductivity of the soil saturation extract; RAS—sodium adsorption ratio.

Creole corn seeds, specifically of the Ibra variety, were procured from the 2021 harvest
in the municipality of Umarizal. The Gigaspora albida arbuscular mycorrhizal fungi (AMF)
inoculants were sourced from the Laboratory of Plant Physiology and Biochemistry (LFBP)
at the State University of Rio Grande do Norte (UERN).

2.4. Experimental Stage
Soil Preparation, AMF Propagation, and Experimental Setup

To propagate the fungus, a substrate comprising soil and sand in a 3:1 (v/v) ratio
was utilized; it was sterilized in an autoclave at 121 ◦C and 1 ATM for two hours, with
a 24 h interval between successive autoclaving sessions. In a greenhouse, the sterilized
substrate was transferred to polyethylene pots with an 8 L capacity, along with 8 g of
inoculum soil containing fragments of colonized roots and propagules of the G. albida
species. Subsequently, Panicum milaceum (millet) seeds were sown as trap plants to facilitate
the proliferation of the AMF. After 60 days, soil portions weighing 1.5 kg containing the
inoculum were collected and preserved in plastic bags at 4 ◦C for future use.

The substrate employed in the experiment was a blend of soil and organic compounds
(0.7% (w/w) N, 0.5% (w/w) P2O5, 0.5% (w/w) K2O, maximum humidity of 50% (w/w),
15% (w/w) total organic carbon, CTC of 250, C/N (maximum) of 18, pH 8.0) in a 2:1 (v/v)
ratio. This substrate underwent sterilization following the aforementioned protocol, except
for the M3 treatment. Post-sterilization, the substrate was allocated into polyethylene
pots with a 30 L capacity. Inoculation with 100 g of soil containing the AMF inoculum
(675 spores/50 dm3 of soil) was conducted prior to sowing, which was positioned ap-
proximately 3 cm below the seeds. To maintain uniform microbial populations across all
treatments, each plot of non-mycorrhizal plants received 100 mL of crude soil filtrate devoid
of AMF spores. This filtrate was obtained from a suspension of 50 dm3 of soil, which was
filtered through a sieve with pores measuring 0.053 mm in diameter, and subsequently
filtered twice through qualitative filter paper to eliminate AMF propagules, as outlined
in [37].

2.5. Irrigation and Fertilization

Irrigation was conducted on a daily basis to maintain a soil moisture close to its
maximum retention capacity. Saline water irrigation commenced 20 days after thinning, in
accordance with the electrical conductivity (ECa) of each treatment. To induce salt stress,
the diluted saline waste was progressively applied until the desired concentration was
reached. The ECa of the saline waste in each treatment was monitored using a portable
conductivity meter (model Instrutherm CD-860) every two days. The irrigation was
manually administered.

5
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The daily irrigation depth (LD) was determined via drainage lysimetry, calculated
every two days using lysimeters corresponding to each salinity level (average of two
vessels). The calculation considered the volume applied (Va) via irrigation per vessel,
which was obtained by subtracting the previous applied lamina (La) from the average
drained volume (Vd), divided by the number of vessels (n), as per Equation (1). Table 3
presents the volumes of saline waste applied during cultivation.

Va = (La − Vd)/n (1)

Table 3. Volumes of saline waste applied to Creole corn (Zea mays L.) plants under the influence of an
AMF as a function of ECa.

V. Irrigation (L Plant−1)

ECa (dS m−1) M1/M2/M3

0.5 36,350
1.8 39,520
3.1 32,700
4.4 31,500

M1—control plants without fungal inoculum; M2—plants with fungal inoculum of G. albida; and M3—plants
with fungal inoculum of G. albida plus soil microbiota.

To ensure adequate nutrition, two applications of Hoagland and Arnon’s [38] solution,
which is devoid of phosphorus, were administered at full concentration at 15-day intervals
post-germination. At 34 days, fertigation as recommended in [39] was applied, which
consisted of 72.73 kg of N ha−1 and 39.28 kg of KCl ha−1, split into two fractions. The
fertilizer sources utilized were urea (45% N) and potassium chloride (60% K2O).

The saline treatment irrigation commenced on the 20th day after thinning. Growth
analyses were conducted following the methodology outlined in [40] after 30 days. The
plant height (AP) was measured, using a measuring tape, as the distance between the
ground and the youngest leaf; the stem diameter (DC) was recorded with a digital caliper
(Digital Caliper 150 mm model) using the first internode of the plant as the measure-
ment point; the number of leaves (NF) was determined by counting the leaves with fully
expanded limbs.

2.6. Plant Analyses
2.6.1. Gas Exchange and Chlorophyll Fluorescence

Physiological analyses were conducted at the onset of the bolting phase (50 days
after sowing). The readings were obtained in the morning, between 7:00 am and 9:00 am,
from the fully expanded third leaf of the apical meristem, using a portable infrared gas
analyzer (IRGA), specifically the LCPro Portable Photosynthesis System (ADC BioScientific
Limited, Hertfordshire, UK). The IRGA maintained a controlled temperature of 25 ◦C,
irradiation of 1200 photomotonic m−2 s−1, and an air flow of 200 mL min−1. The quan-
tified variables included transpiration (E) (mmol (H2O) m−2 s−1), stomatal conductance
(gs) (mol (H2O) m−2 s−1), net assimilation rate (A), and leaf temperature (TI) (◦C).

Subsequently, chlorophyll fluorescence readings were taken using a pulse-modulated
fluorometer, specifically the OptiScience OS5p model (Marconi Manufacturer, Piracicaba,
SP, Brazil. The Fv/Fm protocol was employed for assessments under dark conditions,
following a 30 min dark adaptation of the leaves using accessory clips from the device to
ensure that all reaction centers were open [41]. From these readings, the initial fluorescence
(Fo), maximum fluorescence (FM), variable fluorescence (Fv = Fm − Fo), maximum quan-
tum efficiency of photosystem II (PSII) (Fv/Fm), basal quantum yield of photochemical
processes in PSII (Fo/Fm), and photochemical efficiency in PSII (Fv/Fo) were estimated.
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The evaluations were conducted under light conditions utilizing the Yield protocol.
The readings were taken by applying an actinic light source with a saturating multi-flash
pulse that was connected to a clip for determining the active photosynthesis radiation
(PAR-Clip). From these measurements, the following parameters were estimated: the initial
fluorescence before the saturation pulse (F’), maximum fluorescence after adaptation to
saturated light (Fm’), electron transport rate (ETR) (μmol (photons) m−2 s−1), and quantum
efficiency of photosystem II Y(II). Additionally, the minimum fluorescence of illuminated
plant tissue (Fo’) [42], photochemical extinction coefficient by the lake model (qL), regulated
photochemical extinction yield (YNOP), and unregulated photochemical extinction yield
(YNO) [43] were calculated from these data.

2.6.2. Growth Analysis

The leaf area (FA) was estimated by extracting leaf discs (area of 1.78 cm2) from the
basal portion of the leaf, leaving the central vein intact. Subsequently, both the leaf discs and
the remaining leaf tissues were dried in a forced air circulation oven at 70 ◦C until a constant
weight was reached. The leaf area was calculated using the formula AF = PF × AD/PD,
where AF represents the estimated leaf area, PF is the dry mass of the leaf, AD is the area
of the removed leaf disc (1.78 cm2), and PD is the dry mass of the leaf discs, as per [44,45].

The dry matter of the shoot (MSPA) and root (MSR) was determined by dehydrating
the fresh biomass in a forced air circulation oven at 70 ◦C until a constant weight was
achieved. Prior to drying, a 1 g sample of fresh root was collected from each plot, washed,
and preserved in an FAA solution (5% formaldehyde, 90% ethyl alcohol, and 5% acetic
acid) for the subsequent analysis. Using the obtained dry mass data, the root-to-shoot
ratio (R/PA) was calculated by dividing the dry mass of the root by the mass of the shoot,
following the method described in [46].

2.6.3. Accumulation of Na and K in the Plant

The extraction of Na+ and K+ ions from the leaf, stem, and root tissues involved
digesting 0.5 g of dry biomass in a muffle furnace at 500 ◦C. The biomass was combined
with a nitric acid solution (containing nitric acid and 1 mol HCl) to produce an extract. The
extract was then subjected to flame spectrophotometry to determine the concentrations of
Na and K ions. Subsequently, the Na/K ratio was calculated based on the obtained Na and
K concentrations, following the methodology described in [36].

2.6.4. Mycorrhizal Colonization Rate

The root colonization rate (TC) was assessed by examining roots that were diaphanized
in 10% KOH, acidified with 1% HCl, and stained with 0.05% Trypan blue, following the
protocol outlined in [47]. The percentage of root colonization was determined using the
gridline intersection method on a checkered plate, using a binocular magnifying glass with
a 40× magnification, as described in [48]. Roots were considered colonized by arbuscular
mycorrhizal fungi (AMFs) if they exhibited at least one mycorrhizal structure (e.g., vesicles,
arbuscules, or hyphae).

2.7. Variables Evaluated in the Soil
Soil Spore Density

The spore density in the soil was determined using the wet sieving method described
in [49] for spore extraction. Following extraction, the spores were centrifuged in a 50%
sucrose solution at 1106 g for three minutes, as outlined in [50]. The spore density per gram
of soil was estimated from a diluted aliquot of the sample, which was then observed under
a stereoscopic microscope (40×), Leica Microsystems manufacturer, Wetzlar, Germany,
following the procedure described in [51].
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2.8. Statistical Analysis

The results were subjected to analysis of variance using the F test. For the mycorrhizal
condition factor, Tukey’s test was applied at a 5% level of significance, and for the ECa

factor of saline waste, regression analysis was applied. Data that did not present a normal
distribution were transformed into square roots (SQRTs). The analyses were carried out
using the statistical software SISVAR, version: 5.6 [52].

3. Results

Salinity affected the photosynthesis and the symbiotic relationship between the plants
and AMF. The association with the AMF reduced the damage to the photosystems. The
interaction of the EC of the saline waste and AMF produced a significant difference in
the electron transport rate (p < 0.05) and regulated photochemical quenching quantum
yield (p < 0.05). The ECa of the saline waste significantly affected the stomatal conduc-
tance (p < 0.01), transpiration (p < 0.05), leaf temperature (p < 0.05), CO2 assimilation rate
(p < 0.05), intrinsic water use efficiency (p < 0.001), minimum fluorescence of illuminated
plant tissue (p < 0.001), PSII quantum efficiency (p < 0.001), and maximum PSII quantum
efficiency (p < 0.05). The FMA condition was significant for sweating (p < 0.05). The
unregulated photochemical quenching quantum yield was not significant for either factor
(Table 4).

Table 4. Summary of analysis of variance for stomatal conductance (gs), transpiration (E), leaf temper-
ature (Tl), CO2 assimilation rate (AN), intrinsic water use efficiency (A/gs), instantaneous water use
efficiency (A/E), minimum fluorescence of illuminated plant tissue (Fo’), PSII quantum efficiency (Y),
maximum PSII quantum efficiency (Fv/Fm), electron transport rate (ETR), photochemical quenching
quantum yield regulated (YNPQ) and unregulated photochemical quenching quantum yield (YNO)
of Creole corn plants as a function of ECa and the AMF.

Test F

Gas Exchange

FV GL gs † E Tl AN
† A/gs † A/E

AMF 2 1709 ns 5180 * 0.626 ns 1483 ns 0.653 ns 0.667 ns

ECa (d Sm−1) 3 8569 ** 3559 * 3141 * 3327 * 8929 *** 1131 ns

AMF × ECa 6 0.809 ns 1372 ns 0.952 ns 2112 ns 1375 ns 1929 ns

Chlorophyll fluorescence

Fo’ † Y Fv/FM ETR † Y(NPQ) YNO

AMF 2 0.180 ns 0.666 ns 2657 ns 1106 ns 0.701 ns 0.576 ns

ECa (d Sm−1) 3 22.053 *** 22.569 *** 3339 * 6674 ** 23.300 *** 2103 ns

AMF × ECa 6 2103 ns 2643 ns 1258 ns 2427 * 2517 * 1503 ns

† Data transformed into square roots (SQRTs); FV—source of variation; GL—degrees of freedom; AMF—arbuscular
mycorrhizal fungus; (ECa)—electrical conductivity of saline wastewater; *** p < 0.001; ** p < 0.01; * p < 0.05; and
ns—not significant.

The stomatal conductance (gs) of the irrigated corn exhibited a linear decrease in
response to increasing electrical conductivity levels from the saline waste (ECa). The
highest and lowest values of corn gs were recorded as 0.631 and 0.414 mol (H2O) m−2 s−1

at ECa levels of 0.5 and 4.4 dS m−1, respectively, representing a 34.38% decrease in gs
(Figure 1A). When comparing the optimal gs results for corn, the plants irrigated with
the saline waste demonstrated a reduction in gs of at least 24.4% when compared to those
irrigated with freshwater.
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Figure 1. Representation of isolated factors. Regression for stomatal conductance (gs) (A), CO2

assimilation rate (AN) (B), mean test and regression for transpiration (E) (C,D), regression for
leaf temperature (Tl) (E), and intrinsic water use efficiency (A/gs) (F) of Creole corn plants as a
function of ECa (dS m−1) and the AMF. (M1) control plants without fungal inoculum, (M2) plants
with G. albida fungal inoculum, (M3) plants with G. albida fungal inoculum plus soil microbiota.
Similar lowercase letters in columns (AMF) indicate no statistical difference according to Tukey’s test
(p < 0.05). *** p < 0.001 indicate significance for regression.
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The transpiration rate (E) of the corn plants showed variability with changes in the
electrical conductivity of the saline waste. At an ECa level of 1.91 dS m−1, the transpiration
rate peaked at 8.52 mmol (H2O) m−2 s−1, representing a 3.4% increase compared to the
0.5 dS m−1 level (Figure 1B). Comparing the plants irrigated with an EC of 0.5 dS m−1 to
those irrigated with the saline waste, the increase was 2.75%. When examining the average
transpiration rates for the treatments with the AMF, the highest average was observed in
the M2 plants, reaching 8.53 mmol (H2O) m−2 s−1, which was statistically different from
the M3 treatment with a value of 7.86 mmol (H2O) m−2 s−1, representing a difference
of 8.5% (Figure 1C). The transpiration rate of the M1 plants did not exhibit statistical
differences compared to that of the M2 and M3 plants, with an average transpiration rate
of 8.33 mmol (H2O) m−2 s−1.

The CO2 assimilation rate (AN) of the corn plants decreased with increasing ECa of
the saline waste. The corn plants irrigated with an ECa of 0.5 dS m−1 demonstrated a
higher CO2 assimilation rate compared to those irrigated with saline waste with a higher
ECa (Figure 1D). The difference was 5.938 μmol (CO2) m−2 s−1 between the 0.5 dS m−1

level and the 4.4 dS m−1 level.
The leaf temperature (Tl) of the corn plants exhibited a linear increase with rising

electrical conductivity of the saline waste. The difference in average Tl values between the
corn plants at EC levels of 0.5 and 4.4 dS m−1 was 0.94 ◦C (Figure 1E).

The intrinsic water use efficiency (A/gs) increased linearly with the rise in ECa of the
saline waste, with a unit increase of 10.062 (μmol CO2 m−2 s−1)/(mmol H2O m−2 s−1)
(Figure 1F).

The minimum fluorescence of illuminated plant tissue (Fo’) increased with higher
ECa levels of the saline waste, showing a unit increase of 0.6996 μmol (photons) m−2 s−1

(Figure 2A. Fo’ increased by 63.93% at the 4.4 dS m−1 level compared to the ECa level of
0.5 dS m−1 (Figure 2A).

The quantum efficiency of PSII (y) exhibited a linear reduction with the increase in
electrical conductivity of the saline waste. At the 0.5 dSm−1 level, the average value was
0.504; when compared to the plants irrigated with saline waste with an EC of 4.4 dSm−1,
the reduction was 19.84% (Figure 2B). The maximum efficiency of photosystem II (Fv/FM)
as a function of the increase in the electrical conductivity of the saline waste was fitted to a
quadratic regression model, with its maximum point at an EC of 1.7 dS m−1. Beyond this
point, there was a reduction of 3.85% at the highest ECa of the saline waste at 4.4 dS m−1

(Figure 2B).
The electron transport rate (ETR) of the corn plants in response to increasing ECa

levels in mycorrhizal treatments M1 and M2 was fitted to a quadratic regression model,
(Figure 3C). The ETR results in the M1 and M2 plants were comparable, with their maximum
points occurring around EC levels of 2.2 and 2.3 dS m−1, reaching values of 86.03 and
94.76 μmol (photons) m−2 s−1, respectively. In contrast, the ETR of the M3 plants at an EC
level of 4.4 dSm−1 decreased by 26.96% compared to the control at 0.5 dSm−1 (Figure 2C).
Among the mycorrhizal treatments, at an ECa level of 0.5 dSm−1, the M3 plants exhibited
the highest ETR at 91.683 μmol (photons) m−2 s−1, differing significantly from M2 by an
average of 61.1 μmol (photons) m−2 s−1, representing an increase of 33.35% (Figure 2C).

The quantum yield of regulated photochemical quenching (YNPQ) increased in all
mycorrhizal treatments as the ECa levels increased (Figure 2D). In treatment M1, the linear
regression equation was not significant, yielding an average of 0.45 across all saline levels.
The plants from the M2 and M3 groups at the highest ECa level of 4.4 dSm−1 exhibited
unit increases in YNPQ of 0.0672 and 0.0425, respectively. Among the highest averages, the
M2 plants at an ECa of 4.4 dS m−1 recorded an average of 0.608, which was statistically
different from that of the M1 mycorrhizal plants (0.483). However, the YNPQ of the M3
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plants did not differ significantly from that of the M1 and M2 plants, with an average value
of 0.531.

Figure 2. Regression analysis for minimum fluorescence of illuminated plant tissue (Fo’) (A), quantum
efficiency of PSII (Y), and maximum quantum efficiency of PSII (Fv/Fm) (B). Regression and mean
comparison test for electron transport rate (ETR) (C) and quantum yield of regulated photochemical
quenching (YNPQ) (D) in landrace maize plants as a function of ECa (dS m−1) and the AMF.
• M1—control plants without fungal inoculum; � M2—plants inoculated with G. albida; � M3—
plants inoculated with G. albida plus the native soil microbiota. Similar lowercase letters in columns
(AMF) indicate no statistical difference according to Tukey’s test (p < 0.05). *** p < 0.001; ** p < 0.01;
* p < 0.05 indicate significance for regression and ns—not significant.

Salt stress significantly impacted the plant growth parameters. The interaction of
salinity and the presence of the AMF resulted in significant differences (p < 0.001) in the
growth parameters such as shoot dry matter (MSPA), root dry matter (MSR), and the
root/shoot ratio (R/PA). Additionally, there was an of both factors on the plant height (AP)
and number of leaves (NF), and an effect of mycorrhizal association (AMF) on the stem
diameter (DC) (p < 0.5) (Table 5).

The dry mass of the aerial part (MSPA) of the corn plants exhibited variation across
the different mycorrhizal conditions and electrical conductivity levels of the saline waste.
In the M3 condition, the MSPA increased with the rise in ECa, reaching its highest value
at an ECa of 2.5 dS m−1, with an average of 120.92 g per plant (Figure 3A). Treatments
M1 and M2 showed similar trends, following a quadratic regression model with their
maximum points at ECa levels of 1.4 and 1.9 dS m−1, corresponding to 87.83 and 68.09 g
per plant, respectively.
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Figure 3. Regression analysis and test of means for shoot dry mass (MSPA) (A), root dry mass (MSRA)
(B), root/shoot ratio (R/PA ratio) (C), and total dry mass (MST) (D) of Creole corn as a function of
ECa (d Sm−1) and the AMF. • M1—control plants without fungal inoculum; � M2—plants with G.
albida fungal inoculum; � M3—plants with G. albida fungal inoculum and soil microbiota. Similar low-
ercase letters in columns (AMF) indicate no statistical difference according to Tukey’s test (p < 0.05),
*** p < 0.001; ** p < 0.01; * p < 0.05 indicate significance for regression and ns—not significant.

Table 5. Analysis of variance for the growth parameters shoot dry mass (MSPA), root dry mass
(MSRA), root/shoot ratio (R/PA), total dry mass (MST), leaf area (AF), height of the plant (AP), stem
diameter (DC), and number of leaves (NF) of Creole corn (v. Ibra) of Creole corn plants as a function
of ECa and the AMF.

Teste F

FV GL MSPA MSRA R/PA

AMF 2 185.42 *** 73.223 *** 32.513 ***
ECa (d Sm−1) 3 38.69 *** 29.270 *** 22.963 ***
AMF × ECa 6 13.16 *** 47.989 *** 32.555 ***

AF AP DC NF

AMF 2 1.385 3.414 * 4.514 * 4.333 *
ECa (d Sm−1) 3 28.332 *** 5.393 ** 2.394 ns 5.127 *
AMF × ECa 6 6.469 ** 1.371 ns 1.427 ns 0.841 ns

FV—source of variation; GL—degrees of freedom; AMF—arbuscular mycorrhizal fungus; ECa—electrical conduc-
tivity of irrigation water; *** p < 0.001; ** p < 0.01; * p < 0.05; and ns—not significant.
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When considering mycorrhizal conditions under the influence of the saline waste,
significant differences were observed among treatments. Both the M1 and M3 treatments
showed notable disparities from M2 (Figure 3A). At the highest ECa level of 4.4 dS m−1, M3
exhibited the highest MSPA at 88.57 g per plant, which was statistically different from that
of M1 and M2, which had average values of 64.67 and 48.62 g per plant, respectively. This
represents decreases of 26.98% and 45.11%, respectively, in comparison to M3 (Figure 3A).

The root dry mass (MSR) of the M3 plants exhibited a quadratic regression pattern,
with its peak at an ECa of 2.0 dS m−1, averaging 114.2 g per plant (Figure 3B). In contrast,
the plants from the M1 and M2 groups showed their highest MSR values at ECa levels of 4.4
and 0.5 dS m−1, respectively, with values of 113.96 and 83.10 g per plant (Figure 3B). At the
highest ECa level (4.4 dS m−1), the corn plants under the different mycorrhizal conditions
differed significantly: M1 had the highest value at 115.87 g per plant, followed by M2 with
61.05 g per plant, and M3 with 50.17 g per plant (Figure 3B).

Regarding the root/shoot ratio (R/PA ratio), it was higher in the plants from the M1
condition at an ECa level of 4.4 dS m−1, with an average of 1.78 (Figure 3C). However, in
the M3 plants, the R/PA ratio decreased linearly with increasing ECa of the saline waste,
with a unit reduction of 3.16 g per plant. The difference between the highest and lowest ECa

levels (4.4 and 0.5 dS m−1) was 41.09% (Figure 3C). For the corn plants irrigated with the
water supply, the M2 plants had a higher R/PA ratio, averaging 1.39, statistically differing
from the M1 and M3 plants. At the highest saline waste level (4.4 dS m−1) among the
mycorrhizal treatments, the M2 and M3 plants differed significantly, with a reduction in
the R/PA ratio of 0.58 compared to M1 (Figure 3C).

The height of the corn plants (AP) decreased with increasing electrical conductivity
levels of the saline waste, peaking at an ECa of 1.8 dS m−1, with an average of 191.14 cm
(Figure 4A). Beyond this ECa, there was a significant reduction in AP with increasing
salinity, showing a difference of 10.91% (Figure 4A).

In terms of mycorrhizal treatments, the M3 plants exhibited greater height, averaging
189.23 cm, which was statistically different from that of M2 only, with a difference of
13.23 cm. The M1 plants had an average height of 184.03 cm, showing no statistical
difference from that of the M2 plants (Figure 4B).

The response of the number of leaves (NF) of the corn plants to the increase in electrical
conductivity fit a quadratic regression model, reaching an average of 14.41 leaves at its peak,
which occurred at an ECa of 2.3 dS m−1 (Figure 4C). In terms of mycorrhizal treatments,
the M3 plants exhibited a higher NF, averaging 14.33 leaves, with no significant differences
from that of the M1 plants (average of 14.25 leaves), but differing from M2 plants, where
there was a reduction of 5.79%, equivalent to 0.83 leaves (Figure 4D).

The leaf area (FA) of the corn plants did not significantly differ between the mycor-
rhizal treatments in response to the increasing electrical conductivity of the saline waste,
except at an ECa of 3.1 dS m−1, where M1 had the highest average FA of 1640.46 cm2.
Compared to the M2 and M3 treatments, this represented an increase of 29.58% and 23.97%,
respectively (Figure 4E). The maximum leaf area of the corn plants in M2 at different ECa

levels of the saline waste was 1155.15 cm2 at an ECa of 2.1 dS m−1, while in M3, it peaked
at an ECa of 2.4 dS m−1, with an average leaf area value of 1247.19 cm2.

The corn stalk diameter (DC) exhibited a similar trend to that of the AP and NF, with
the M3 plants having higher values compared to the M2 plants but not differing from
the M1 plants (Figure 4F). The M3 plants had an average DC of 2.4 mm, approximately
0.27 mm higher, representing an increase of 11.25% compared to the M2 plants (Figure 4F).
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Figure 4. Regression and test of means of isolated factors for plant height PA (A,B), number of
leaves NF (C,D), interaction of factors for leaf area AF (E), and stem diameter DC (F) of Creole
corn as a function of ECa (dS m−1) and the AMF. • M1—control plants without fungal inoculum;
� M2—plants with G. albida fungal inoculum; � M3—plants with G. albida fungal inoculum plus soil
microbiota. Similar lowercase letters in columns (AMF) indicate no statistical difference according
to Tukey’s test (p < 0.05), *** p < 0.001; ** p < 0.01; * p < 0.05 indicate significance for regression and
ns—not significant.
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The interaction between the electrical conductivity of the irrigation water (ECa dSm−1)
and the mycorrhizal condition significantly affected the sodium content in the leaf (p < 0.05),
stem, and root (p < 0.001), as well as the potassium content in the stem and root (p < 0.001),
and the sodium-to-potassium ratio in the leaf, stem, and root (p < 0.01). Additionally,
there was an effect of the ECa levels on the sodium-to-potassium ratio in the root (p < 0.01)
(Table 6).

Table 6. Analysis of variance for the sodium (Na+) and potassium (K+) content in the leaf, stem, and
root. Sodium and potassium ratio (Na/K) in the leaves, stems, and roots of Creole corn plants as a
function of the ECa of the saline waste and the AMF.

Teste F

FV GL Na (folha) Na (colmo) Na (raiz) Na/K (folha)
†

AMF 2 29.910 *** 86.367 *** 51.937 *** 1.617 ns

ECa (d Sm−1) 3 65.373 *** 274.226 *** 229.684 *** 0.345 ns

AMF × ECa 6 2.862 * 25.310 *** 21.147 *** 21.485 ***

K (folha) K (colmo) K (raiz) Na/K (colmo) Na/K (raiz)
†

AMF 2 7.683 * 17.578 *** 0.438 ns 68.526 *** 4.441 *
ECa (d Sm−1) 3 7.094 ** 23.352 *** 6.479 ** 11.455 ** 2.773 ns

AMF × ECa 6 2.132 ns 40.669 *** 10.811 *** 51.162 *** 8.430 ***
† Data transformed into square roots (SQRTs). FV—source of variation; GL—degrees of freedom; AMF—
arbuscular mycorrhizal fungus; ECa—electrical conductivity of irrigation water; *** significant at 0.1% probability
level (p < 0.001); ** significant at the 1% probability level (p < 0.01); * significant at the 5% probability level (p <
0.05) and ns—not significant.

The leaf sodium accumulation exhibited a linear increase with increasing ECa, with the
highest accumulations observed in the control plants (M1) at all studied levels. The highest
concentration was 7.18 g kg−1 at an ECa of 4.4 dS m−1. In contrast, the plants from the
M2 and M3 groups showed lower sodium accumulations at all levels compared to the M1
plants. The highest concentrations obtained were 5.19 g kg−1 and 4.180 g kg−1 for M3 and
M2, respectively, at an ECa of 4.4 dS m−1. The corn plants under mycorrhizal influence (M2
and M3) reduced their leaf sodium accumulation by 41% and 28%, respectively, compared
to M1 at the same ECa of 4.4 dS m−1 (Figure 5A).

The sodium concentrations in the stalk increased with the ECa of the saline waste.
The plants from the M2 and M1 groups exhibited the highest accumulations at an ECa of
4.4 dS m−1, with averages of 24.13 g kg−1 and 23.12 g kg−1, respectively (Figure 5B). The
M1 plants differed from the M3 plants only at ECa levels of 0.5, 3.1, and 4.4 dS m−1. The
M3 plants, at an ECa of 3.1 dS m−1, had a reduction in the sodium content in the stem of
62% and 52% compared to the M2 and M1 plants, respectively. At an ECa of 4.4 dS m−1,
there was a reduction of 66% and 37% compared to M1 and M2, respectively, under the
same ECa condition (Figure 5B).

The sodium concentrations in the root increased linearly with the electrical conductiv-
ity levels. In the M1 and M3 plants, the highest sodium concentration of 21.0 g kg−1 and
21.8 g kg−1, respectively, corresponded to the highest ECa level of 4.4 dS m−1 (Figure 5C).

Among all treatments, the M2 plants accumulated less sodium in their roots. When
comparing the plants from the M3 and M1 groups at the same level (EC 4.4 dS m−1),
there was a reduction of 18.4% and 15.2%, respectively, in the sodium content in their root.
For the M3 plants, the lowest root sodium concentration (10.56 g kg−1) occurred at the
minimum point of the curve (1.9 dSm−1), which was only statistically different compared
to that of the M1 plants at the same saline level (Figure 5C).
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Figure 5. Sodium content in the leaf ([Na+]leaf) (A), stem ([Na+]stem) (B) and root ([Na+]Root) (C).
Potassium content in the stem ([K+]Stem) (D) and in the root ([K+]Root) (E) of landrace corn (Zea mays
L.) plants as a function of ECa (dS m−1) and the AMF. • M1—control plants without fungal inoculum;
� M2—plants with G. albida fungal inoculum; � M3—plants with G. albida fungal inoculum plus soil
microbiota. DP, n = 3. Similar lowercase letters in columns (AMF) indicate no statistical difference
according to Tukey’s test (p < 0.05). *** p < 0.001; ** p < 0.01 indicate significance for regression and
ns—not significant.
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The interaction of factors resulted in a higher potassium (K+) content in the stem of
the control plants (M1), which differed from that of the M2 and M3 plants only at the level
of 1.8 dS m−1 (Figure 5D). The highest concentration in M1 was 44.43 g kg−1 at an ECa of
2.7 dS m−1. In the M2 plants, the potassium content increased with the ECa levels, reaching
the highest concentration of 43.53 g kg−1 at an ECa of 4.4 dS m−1, differing only from that
of M1. In M3, the highest concentration occurred at the highest level (4.4 dS m−1), reaching
40.93 g kg−1 of K+ in the stem (Figure 5D). At the highest ECa condition (4.4 dS m−1), the
M2 and M3 plants were more efficient in concentrating potassium in the stalk, with an
increase of 60% and 50.6%, respectively, compared to the control.

The potassium accumulation in the roots of non-inoculated plants (M1) decreased
with increasing ECa levels. Among the mycorrhizal treatments, the highest concentration
(14.56 g kg−1) occurred at an ECa of 0.5 dS m−1, which was statistically different from that
of M2 under the same condition (Figure 5E). The M2 plants increased their root potassium
content with increasing ECa levels, with the largest accumulation (17.94 g kg−1) occurring
at an ECa of 4.4 dS m−1 (Figure 5E). For the potassium accumulation in M3, no regression
models were fitted; the plants had an average of 11.90 g kg−1 of potassium at all ECa levels.
The M2 plants showed the best results for K+ accumulation, increasing their root potassium
content by 90% and 56%, respectively, compared to the M1 and M3 plants (Figure 5E).

The leaf potassium (K+) concentration decreased quadratically with increasing ECa

(Figure 6A).

Figure 6. Potassium accumulation ([K+]Leaf) (A,B) of landrace corn plants as a function of ECa

(dSm−1) and the AMF. M1—control plants without fungal inoculum; M2—plants with fungal inocu-
lum of G. albida; M3—plants with fungal inoculum of G. albida plus soil microbiota. Similar letters in
rows (ECa) and columns (AMF) are not statistically different according to the Tukey test (p < 0.05),
* p < 0.05 indicate significance for regression.

The lowest accumulation occurred at an ECa of 2.9 dS m−1, corresponding to 36 g kg−1

of potassium in the leaf (Figure 6A). For the AMF treatments, the highest concentration of
K+ occurred in the M1 and M2 plants, with an average of 42.0 g kg−1, compared to the M3
plants, which obtained an average of 35.0 g kg−1 (Figure 6B). The increase in M1 and M2
was 20% compared to M3 (Figure 6B).

The sodium to potassium ratio in the M1 corn leaves (Na+/Kleaf
+) increased quadrat-

ically as a function of the ECa level. The highest (0.16) and lowest (0.03) ratios occurred
at ECa levels of 2.3 and 4.4 dS m−1, respectively, representing a decrease of 76.2% in the
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Na+/K+
leaf ratio at the highest level (Figure 7A). For the M2 plants, the Na+/K+

leaf ratio did
not differ between the ECa levels, with an average of 0.08 (Figure 7A). The Na+/K+

leaf ratio
in the M3 plants was fitted to a quadratic regression model. The highest and lowest ratios
(0.16 and 0.04) occurred at ECa levels of 4.4 and 2.4 dS m−1, respectively, representing an
increase of 284.6% at the highest level and a reduction of 74% at an ECa level of 2.5 dS m−1.
Among plants, the highest Na+/K+

leaf ratio occurred at the 4.4 dS m−1 level in the M3
plants, corresponding to an increase of 231.4% and 97% compared to the M1 and M2 plants,
respectively (Figure 7A).

Figure 7. Relation of sodium and potassium in the leaf (Na/Kleaf) (A), in the stem (Na/Kculm) (B),
and in the root (Na/Kroot) (C) of Creole corn plants as a function of ECa (d Sm−1) and the AMF.
• M1—control plants without fungal inoculum; � M2—plants with G. albida fungal inoculum; �
M3—plants with G. albida fungal inoculum plus soil microbiota. Similar lowercase letters in columns
(AMF) indicate no statistical difference according to Tukey’s test (p < 0.05), ** p < 0.01 indicate
significance for regression and ns—not significant.

The relationship of sodium and potassium in the M1 corn stalks (Na/Kculm) was fitted
to a quadratic regression model, with the highest and lowest ratios being 0.73 and 0.26 at
ECa levels of 2.3 and 4.4 dS m−1, respectively, representing a reduction of 64.3% (Figure 7B).
The Na/Kculm ratio in the M2 plants could not be fitted to any of the tested regression
models; it showed an average of 0.31 for all ECa levels (Figure 7B). The Na/Kculm ratio in
M3 showed a quadratic behavior but it was not significant based on the regression analysis,
it showed an average of 0.27 for all levels. The highest ratio (0.71) was observed in the M1
plants at the 1.8 dS m−1 level, corresponding to increases of 359% and 134% compared to
the M2 and M3 plants, respectively (Figure 7B).
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The relationship of sodium and potassium in the root (Na/Kroot) in M1 did not fit
any of the regression models tested; it showed an average of 1.36 for all ECa levels. The
highest and lowest Na/K+

root ratios in M1 were 2.22 and 1.26 at ECa levels of 1.8 and 4.4,
respectively (Figure 7C). The Na/K+

root ratio in M2 fit a quadratic model but it was not
significant based on the regression analysis; it showed an average of 1.04 for all ECa levels.
In M3, the highest Na/K+

root ratios were observed at ECa levels of 0.5 and 4.4 dS m−1,
corresponding to 1.88 and 1.95, respectively. The largest reduction was 0.84 at the 2.5 dS
m−1 level. The best results for the Na/K+

root was observed in the M1 plants, with increases
in the Na/K+

root ratio of 139% and 137% compared to the M2 and M3 plants, respectively.
The interaction of the ECa and AMF was significant for the root colonization rate

(p < 0.001), number of spores in the soil (p < 0.001), and easily extractable glomalin content
(p < 0.001) (Table 7).

Table 7. Analysis of variance for root colonization rate (TCR) (A) and soil spore density (B) of landrace
corn plants as a function of ECa (dS m−1) and the AMF.

Test F

FV GL % TCR Number of Spores

AMF 2 447.963 *** 298.393 ***
ECa (d Sm−1) 3 4.582 * 85.332 ***
AMF × ECa 6 13.412 *** 42.446 ***

FV—source of variation; GL—degrees of freedom; AMF—arbuscular mycorrhizal fungus; (ECa)—electrical
conductivity of irrigation water; *** significant at a probability level of 0.001 (p < 0.001); * significant at a
probability level of 0.05 (p < 0.5).

The colonization rate (%TCR) in the M3 plants followed a quadratic regression model
(Figure 8A). Colonization decreased with increasing ECa levels in the waste. The lowest
percentage occurred at the 3.2 dS m−1 level, corresponding to 63.5%. In M2, the percentage
increased linearly as a function of the ECa level. The highest value, 46%, was observed
at the 4.4 dS m−1 level (Figure 8A). The best results were observed in the M3 plants,
with increases in the colonization rate of 83% and 53% at levels of 1.8 and 3.1 dS m−1,
respectively, compared to the M2 plants under the same ECa condition (Figure 8A).

Figure 8. Root colonization rate (A) and soil spore density (B) of landrace corn plants as a function of
ECa (dS m−1) and the AMF. • M1—control plants without fungal inoculum; � M2—plants with G.
albida fungal inoculum; � M3—plants with G. albida fungal inoculum plus soil microbiota. D, n = 3.
Similar lowercase letters in columns (AMF) indicate no statistical difference according to Tukey’s test
(p < 0.05), *** p < 0.001; ** p < 0.01 indicate significance for regression and ns—not significant.
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The spore density was higher in the M3 plants compared to the M2 and M1 plants at
all ECa levels (Figure 8B). The highest spore density in M3 occurred at the 2.9 dS m−1 level,
corresponding to 650 spores per 50 dm3 of soil. At the 4.4 dS m−1 level, there was a 29%
reduction in the number of spores compared to the 3.1 dS m−1 level. Treatments M1 and
M2 did not differ from each other (Figure 8B).

4. Discussion

4.1. Physiological Response of Maize Irrigated with Saline Waste and Inoculated with the AMF
G. albida

Irrigation with saline waste reduced the gas exchange and photochemical efficiency in
all the maize plants, regardless of the mycorrhizal treatment, limiting the gs, AN, and E,
while increasing the A/gs and leaf temperature.

Irrigation with saline water affected the photosynthetic tissues, reduced photosynthe-
sis, and consequently, plant productivity [19]. This reduction occurred due to variations
in the osmotic potential caused by excess salts, leading to a decrease in the water content
within plant cells, directly affecting physiological processes [53].

As indicated by the results, the reduction in gs, AN, and E in maize is due to stomatal
closure, one of the plant’s first responses to osmotic stress induced by an increase in soil
ECa [54]. This response is a physiological strategy that plants use to reduce transpiration
and limit water loss. However, stomatal closure also reduces CO2 influx, since assimilation
depends on substomatal air spaces for carboxylation sites [55].

The increase in leaf temperature in all the maize plants was due to stomatal closure
and reduced E, which is also a pathway that aids in the dissipation of leaf heat. These
results correspond to the findings of [56], who observed reductions in E, gs, and AN, as
well as an increase in Tl in maize plants as a result of increasing irrigation water ECa.

Damage to the photosystems is reinforced by the decrease in ETR, which showed
a significant interaction with the ECa levels and mycorrhizal conditions in the soil. The
M1 and M2 plants’ ETR increase with the ECa level up to 2.3 dS m−1, demonstrating a
high amount of energy, whereas the M3 condition showed a linear decrease as a function
of saline waste ECa, indicating a greater capacity for ETR adaptation to salinity levels.
Ref. [57] states that the effects of salinity can reduce the electron transport rate (ETR),
probably due to a higher consumption rate of ATP and NADPH, leading to reduced CO2

assimilation [58].
Damage to the photosystems was also confirmed by the reduction in quantum effi-

ciency (Y) and the maximum quantum efficiency of PSII (Fv/Fm) at higher ECa levels. The
reductions in these parameters indicate a restriction in the photochemical capacity of maize
plants [59,60]. Similarly, the Fv/Fm ratio indicated disturbances to the photosynthetic
system. Its decrease indicated a decline in PSII photochemical efficiency [61].

The increase in Fo’ and YNPQ in the maize plants also supported the hypothesis of
damage to the photosynthetic apparatus. The accumulation of energy in chlorophyll, indi-
cated by Fo’, explains the increase in YNPQ, suggesting that energy dissipation occurred
in the form of heat through the regulatory photoprotective mechanism, the xanthophyll
cycle [62]. This result suggests a high photoprotective capacity in maize plants, especially at
higher salinity levels, with a more intense response in plants exposed to G. albida alone (M2).

Indeed, our findings indicate that irrigation with saline waste affects the physiology
of Creole maize plants. However, the level of damage to photosynthesis was considered
low compared to other reports in the literature. In one study [63], at a similar ECa level
(4.5 dS m−1), the gs, E, and A/gs values were lower than those found in this study, with
respective increases of 150%, 25%, and 400% in Creole maize. These results are likely
due to the characteristics of the Creole variety itself, which, by its nature, has greater
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adaptive capacity to conditions in its cultivation areas [64]. Additionally, it was noted that
interaction with G. albida produced a better performance in terms of energy dissipation as
heat, a characteristic already present in Creole maize and intensified by G. albida.

4.2. Na/K Balance in the Growth and Development of Creole Corn Irrigated with Saline Waste and
Inoculated with the AMF Gigaspora albida

Saline waste contains high concentrations of Na+ and Cl− ions in its composition.
Irrigation with this residue affects plant development [65] and disrupts ionic homeostasis in
photosynthetic tissues, causing damage to plant physiological processes [66]. Our findings
indicate that the interaction between G. albida and soil microbiota helped mitigate the effects
of high salinity in different parts of the plants, alleviating salt stress through a reduction in
ionic stress.

Corn plants irrigated with saline waste exhibited an increased sodium content due to
the higher electrical conductivity (ECa). However, the association with the AMF G. albida
(M2) and G. albida combined with soil microbiota (M3) reduced the Na+ content while
maintaining K+ influx in leaf tissues, promoting ionic balance and reducing the Na+/K+

ratio in the leaves, particularly at intermediate ECa levels. This suggests a mitigating effect
that reduced ionic stress in photosynthetic tissues.

In the control plants (M1), the sodium accumulation in the leaf tissues and other plant
parts was the highest compared to the other treatments. This clearly indicates that plants
without association with G. albida were less selective in sodium uptake. Even though they
maintained a high potassium influx, the excessive sodium accumulation increased the
foliar Na+/K+ ratio, negatively impacting plant growth.

A study [28] demonstrated that G. albida improved the tolerance of eucalyptus
seedlings by enhancing the K+/Na+ ratio and reducing sodium accumulation. These
results reinforce our findings, suggesting that G. albida may contribute to reducing sodium
levels in corn leaves under high ECa conditions.

The sodium accumulation in the stalk increased linearly with the ECa level in all
the corn plants. However, the Na+ concentration was modulated by the mycorrhizal
treatments. Plants in the M3 group accumulated less sodium than those in the M1 and
M2 groups, indicating a higher degree of selectivity for this ion in the stalk due to the
interaction between G. albida and soil microbiota. On the other hand, the K+ concentration
varied among the mycorrhizal treatments. In M1, the K+ levels significantly increased
up to 2.7 dS m−1 but did not remain high at elevated ECa levels (4.4 dS m−1), suggesting
possible competition with Na+ ions, which may have limited K+ uptake [66].

For the M2 plants, the K+ accumulation was linear, whereas in M3, it occurred at the
highest salinity level (4.4 dS m−1). This supports the idea that G. albida may have induced
an adaptive response in corn plants by enhancing K+ absorption and maintaining a lower
Na+/K+ ratio, particularly at higher salinity levels. This suggests an effort to maintain
cellular osmotic potential and sustain stomatal turgor pressure, thereby improving the
photosynthetic processes [67,68].

The Na+ concentration in the roots of the M1 and M2 plants increased linearly with
ECa. However, in M3, the highest concentration was only observed at the highest ECa

level (4.4 dS m−1), which increased the root Na+/K+ ratio. The allocation of Na+ to root
cells may act as a defense mechanism to reduce ionic toxicity in photosynthetic tissues
while increasing potassium influx, lowering root osmotic potential, and improving water
uptake [6]. This enhances the plant’s tolerance to high salinity effects [16].

The results in the M3 plants may reflect the benefits conferred by the AMF–soil
microbiota interactions. Salinity conditions can induce higher expression of genes encoding
membrane transporter proteins, which directly contribute to Na+ extrusion into the soil
solution and K+ influx into the xylem, thereby maintaining a favorable Na+/K+ ratio [19,69].
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For corn, the literature indicates that the expression of genes such as ZmAKT2, ZmSOS1,
and ZmSKOR in the roots contributes to K+ and Na+ homeostasis [70]. Additionally, under
high salt stress conditions, another significant contribution of AMFs is the expression of
aquaporins, proteins that regulate water flow across membranes in both leaves and roots,
thereby improving plant water availability [71].

The lower Na+/K+ ratio in the aerial parts and higher ratio in the roots of the M3
plants may have provided favorable water and nutrient conditions, enhancing growth [19].

Our findings suggest that G. albida in combination with soil microbiota improved plant
growth and development in the M3 plants. When comparing biomass production in M1
with that of M3, the results indicate that the increased dry shoot mass (MSPA), plant height
(AP), number of leaves (NF), and stem diameter (DC) observed in this treatment resulted
from improved ionic homeostasis induced by the symbiotic relationship between the corn
plants, G. albida, and soil microbiota interactions. However, despite the high Na+/K+ ratio
in the leaves and stems of M1 plants, these plants showed the second-best performance in
terms of growth and biomass accumulation, demonstrating the strong adaptive capacity of
Creole corn.

The benefits of G. albida have been widely reported in the literature. To improve
the quality of Dipteryx alata seedlings, Ref. [26] investigated the benefits of G. albida in
seedling development and found that its symbiotic interaction enhanced the relative water
content (TRA) in plants. It was reported that, under severe salinity conditions (10, 15, and
20 dS m−1), G. albida increased eucalyptus seedling tolerance by maintaining the RWC
above 60% at the highest level (20 dS m−1), with even higher percentages at lower salinity
levels [28].

The increased MSPA, AP, NF, and DC in the M3 corn plants likely resulted from im-
proved water and nutrient conditions induced by the symbiotic relationship between G. al-
bida and the soil microbiota, particularly under intermediate salinity conditions (2.5 dS m−1)
where the most significant gains were observed. In M2, under the effect of ECa, the MSPA,
root dry mass (MSRA), AP, NF, and DC were the least significant among treatments, even
though the foliar Na+/K+ ratio was reduced. This suggests that inoculation with G. albida
alone (without the complete soil microbiota) was insufficient to mitigate the negative effects
of high salinity.

Under high ECa levels, the root growth in the corn plants was modulated by the
mycorrhizal treatments. The difference in the MSRA between M3 and M1 (control) at
2.0 dS m−1 was associated with the beneficial effects of G. albida and native soil microbiota
interactions. According to the literature, mycorrhizal plants under intermediate salinity
conditions may develop a more extensive root system to improve soil exploration, water
uptake, and nutrient absorption [72].

The increased root development in M1 at 4.4 dS m−1 may indicate an adjustment
mechanism in the allocation of photoassimilates, clearly represented in the root-to-shoot
ratio (R/PA). This suggests that the M1 plants directed more energy toward root develop-
ment, explaining the reduction in shoot dry mass (MSRA). The lower root investment in
M3 may result from a more linear adjustment and greater adaptation to Na+ accumulation
in root cells. Sodium accumulation may have induced better osmotic adjustment and an
improved root water status, explaining the increased SDM even at the highest ECa level
(4.4 dS m−1).

4.3. Gigaspora albida’s Response to the Reverse Osmosis Brine

Soil salinity affects not only plants but can also interfere with hyphal growth and
development, the colonization capacity, and the spore germination of AMFs [73]. In this
study, the colonization percentage of G. albida in the M2 maize plants increased as a function
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of the ECa of the saline brine. On the other hand, the plants in the M3 group showed a
gradual adjustment, with a tendency toward higher colonization at higher saline levels. In
saline environments, several factors can influence colonization, affecting spore germination,
reducing fungal growth, and impairing the propagation of hyphae and arbuscules [74,75].

A recent study [76] showed that the interaction between AMFs and soil bacteria
modulated maize growth and increased AMF colonization by 80% under high salinity
conditions. Ref. [77] using strains of the AMF Claroideoglomus claroideum (Cc), observed an
increase in the colonization of lettuce (Lactuca sativa) plants, resulting in higher yields and
improved nutritional conditions for the crop.

In this study, plant colonization in the M2 group was lower compared to that of
M3. This reduction was due to the presence of a single AMF, G. albida. However, high
salinity was not a limiting factor for colonization. In M3, colonization decreased with
increasing ECa but showed a tendency to rise again. Nonetheless, compared to the M2
plants, colonization in the M3 plants was higher, which may be attributed to the interaction
of G. albida with native AMF species in the soil and other organisms that possibly enhanced
the mycorrhizal effect in maize plants, helping to alleviate the salt stress.

The tolerance of G. albida to high salinity levels (10, 15, and 20 dS m−1) in eucalyptus
clones was also confirmed in [28], where greater root colonization and spore density with
G. albida were observed.

Spore density was affected by the salinity of the brine at the highest level. However,
at an intermediate level (2.9 dS m−1), there was a greater AMF response in terms of spore
production. This behavior was similar across all three mycorrhizal conditions, indicating
that this salinity level stimulated the highest sporulation potential of AMF in this study.
Comparing the mycorrhizal treatments, the significant increase in spore density in M3
compared to M2 was due to the combination of spores of G. albida with the spores of native
AMFs in the soil. Although there was no statistical difference between M1 and M2 at
2.9 dS m−1, the number of spores in M2 increased by 53%, indicating that G. albida was
also sporulating. These results suggest that intermediate salinity levels may induce higher
spore production in G. albida, which may also positively affect native AMFs in the soil.

The results of Ref. [78] support our findings; they observed an increase in AMF spore
numbers in a rotational maize and bean crop irrigated with saline water. Ref. [79] found
that the increase in spore numbers under high salinity conditions was due to the adaptive
capacity of AMF communities. There are few literature reports on the effects of high salinity
on arbuscular mycorrhizal fungal spore induction. In this study, the evaluation period was
short (50 days), and the results are still preliminary, requiring further long-term field studies
to better understand the effects of high salinity on spore production and to determine the
salinity threshold beyond which germination may be adversely affected.

5. Conclusions

Irrigation with saline wastewater produced using reverse osmosis affects the physiol-
ogy of criollo maize. The symbiotic relationship in both mycorrhizal treatments, M2 and
M3, mitigated the effects of excess energy in PSII by promoting heat dissipation.

The interaction between G. albida and the soil microbiota mitigated the ionic stress in
the aerial part of criollo maize by favoring a lower Na+/K+ ratio and higher MSPA, MSRA,
AP, and DC between the levels of 1.8 and 3.1 dS m−1.

Criollo maize irrigated with saline wastewater adapted by investing in root growth to
tolerate the high salinity.

The interaction of G. albida with criollo maize was not sufficient to mitigate the negative
effects of high salinity, resulting in the lowest growth performance.
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Irrigation with wastewater reduced the colonization percentage of G. albida in the
roots. An EC of 2.9 dS m−1 increased the spore density in the soil.
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Abstract: Drought stress poses a significant threat to rice production, necessitating the identification
of genes associated with drought tolerance. This study employed a combination of genome-wide
association study (GWAS) and linkage mapping to pinpoint seedling drought tolerance genes in
Japonica rice. Using the leaf rolling scale (LRS) as the phenotypic index, we assessed rice drought toler-
ance under polyethylene glycol-induced drought during the seedling stage. A lead SNP C8_28933410
by GWAS was identified, which was located within qLRS-8-1 identified by linkage mapping on
chromosome 8. Combing the LD block analyses and QTL interval, a 138.6 kb overlap interval was
considered as the candidate region. Haplotype analysis, qRT-PCR, sequence analysis, and mutant
phenotype verification led to the speculation that LOC_Os08g05520 is a candidate gene associated
with drought tolerance. Our findings provide a valuable reference for breeders aiming to enhance
rice drought tolerance.

Keywords: Japonica rice; GWAS; linkage mapping; drought tolerance; candidate genes

1. Introduction

Rice is one of the main staple food crops globally, sustaining over four billion people.
With increasing food demand due to industrialization and population growth, rice pro-
duction faces significant opportunities and challenges. Approximately half of the world’s
rice production is affected to some extent by arid conditions [1]. Therefore, there is an
urgent need for the development of drought-tolerant rice varieties in breeding programs.
Breeders commonly employ leaf rolling as a negative selection criterion, where a plant with
more rolled leaves under drought conditions is considered drought sensitive, serving as an
indicator of drought severity. Leaf rolling quantitative trait loci (QTL) have been studied
across different genetic backgrounds of rice. qLRS1.1, identified through meta-analysis,
was found to reside in the same genomic region related to the leaf rolling score (LRS) [2–4].
Furthermore, qLRI1-1, qLRI9-1, and qLRI10-1 were identified as the leaf rolling indices on
chromosomes 1, 9, and 10, which explained 18.8%, 6.7%, and 8.3% of the phenotypic vari-
ance, respectively [5]. Meta-QTLs found that qLRI9-1 was co-located with DRO1 (deeper
rooting 1) in the same region, which was a quantitative trait locus controlling root growth
angle and negatively regulated by auxin in rice [6]. To date, 35 rolled-leaf mutants in rice
have been identified, with several representative rolled-leaf genes successfully cloned, for
example, OsAGO7 (ZIP/Ago7) [7], OsCOW1/NAL7 (narrow leaf 7) [8], SLL1 (shallot-like
1) [9], ADL1 (adaxialized leaf 1) [10], LC2 (leaf inclination 2) [11], NRL1 (narrow and rolled
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leaf 1) [12,13], ACL1 (abaxially curled leaf 1) [14], ROC5 (rice outermost cell-specific gene
5) [15], CFL1 (curly flag leaf 1) [16], RL14 (rolling-leaf 14) [17], SRL1 (semi-rolled leaf 1) [18],
OsZHD1 (a zinc finger homeodomain 1) [19], OsMYB103L (R2R3-MYB transcription fac-
tor) [20], SLL2 (shallot-like 2) [21], REL1 (rolled and erect leaf 1) [22], and SRL2 (semi-rolled
leaf 2) [23]. While most cloned rolled-leaf genes are associated with rice vesicular cells,
only a few are related to the paraxial or distal polarity of rice leaf development.

The combination of genome-wide association study and linkage mapping provides a
novel approach for the dissection of complex traits in crops. Generally, the joint analysis of
these two methods enhances the reliability and accuracy of trait mapping. This has been
demonstrated in various crops, revealing traits such as plant height and ear position [24],
male inflorescence size [25], husk traits [26], Fusarium verticillioides seed rot resistance [27],
thermotolerance of seed-set [28], and flower time-related traits [29] in maize. Coincident
regions have also been identified for panicle traits in wheat [30]. Similarly, qAT11 has
been identified as a primary alkali tolerance QTL in rice [31]. These studies underscore
the feasibility of identifying QTLs or genes associated with seedling drought through the
integration of GWAS and linkage mapping.

In this study, we employed a joint analysis method to determine the genetic basis
of drought tolerance in rice seedlings. Our findings highlight LOC_Os08g05520 as a new
candidate gene crucial for drought tolerance in rice breeding.

2. Materials and Methods

2.1. Plant Materials

The natural population consisted of 295 Japonica rice varieties originating from the
three northeastern provinces of China, Russia, Japan, North Korea, and the Republic
of Korea This natural population was also used in previous studies [31,32]. The RIL
(Recombinant Inbred Lines) consists of 195 individuals constructed by KY131 (drought
sensitive) and XBJZ (drought tolerant).

2.2. Drought Tolerance Evaluation at the Seedling Stage

The rice kernels were dried in a 40 ◦C oven for 7 days to break dormancy [33]. The
seed surface was disinfected with 2.5% sodium hypochlorite for 30 min, rinsed with sterile
water three times, and then immersed in distilled water for 2 days at 30 ◦C in a dark
environment. Sixty seeds with the same bud length were divided into two parts and
cultured in chernozem soil, with 10 seeds per treatment for three replicates. The seeds
were grown in a light incubator at 27 ◦C during the day and 22 ◦C at night with a relative
humidity of 70%. At the two leaves and one core stage, Yoshida nutrient solution (pH = 5.5,
460.854 mg/L) was added to the control every 7 days. Simultaneously, Yoshida plus 20%
PEG-6000 nutrient solution (pH = 5.5, 460.854 mg/L) was used for treatment for 10 days.
After 10 days of drought stress, LRS was evaluated in three replicates based on the standard
evaluation system [34]. Leaf begins to fold (V-shaped) means LRS equals 1; deep leaf fold
(deep V) means LRS equals 3; the blade is U-shaped means LRS equals 5; blade edges
fastened together (O type) means LRS equals 7; and tightly crimped blade means LRS
equals 9. GWAS and linkage analyses were performed using the mean values of three
replicates of the LRS.

2.3. GWAS for Leaf Rolling

A total of 788,369 SNPs with minor allele frequency (MAF) ≥ 5% and missing
rate ≤ 20% were selected for GWAS [32]. Considering the group structure and kinship,
TASSEL 5.0 [35] was used for association analysis of the LRS using a mixed linear model
(MLM). The number of valid and independent SNPs was counted using GEC software
(http://pmglab.top/gec/#/download, accessed on 1 May 2021), considering p < 5.46 × 10−6

as the threshold to determine the significance of SNP marker association with LRS. If at
least two significant SNPs were located in the same LD (linkage disequilibrium) interval,
these SNPs were defined as the same QTL, and the SNP with the smallest p value was
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regarded as the lead SNP. Manhattan maps and Q-Q plots were created using the CMplot
package in R 3.3.2.

2.4. QTL Mapping for LRS

The linkage group was constructed using 527 bin markers and the 10 K Array genotype
technique at the MOLBREEDING Biotech Company. The total length of the genetic map
was 1875.6 cM, and the mean distance between the markers was 3.58 cM (Figure S1). QTL
mapping was performed using the inclusive composite interval mapping (ICIM) method
and QTL IciMapping Version 4.2 (https://isbreeding.caas.cn/rj/qtllcmapping/, accessed
on 1 May 2021). The threshold for QTL identification (LOD score) was set to 3.0, and the
step was set to 1 cM.

2.5. Haplotype Analysis and Quantitative Real Time PCR

In this study, the co-localisation intervals between GWAS and linkage mapping were
regarded as important QTLs. In GWAS, if a significant site is a false positive, the site can
be visually judged by LD block analysis. LDBlockShow was a fast and convenient tool
for visualization LD and haplotype blocks based on variant call format files. To rule out
false positive sites, the lead SNPs ± 2 Mb as a block were analysed by LDBlockShow [36].
SNPs with non-synonymous mutations (including the promoter region 1500 bp before
ATG and exons of candidate genes) were downloaded from the Rice SNP-Seek Database
(https://snp-seek.irri.org/_snp.zul, accessed on 1 May 2021). Haplotype analysis was
performed on 295 japonica rice varieties using Origin Pro 2019b software, and the database
which was utilized was “GWAS for Leaf Rolling in 2.3”. The expression of candidate
genes in the leaves was evaluated using qRT-PCR. After 24 h of drought stress with 20%
PEG-6000, fresh leaves of KY131 and XBJZ were sampled under 20% PEG-6000 and control
conditions. Total RNA was extracted using the TranZol Up RNA Kit (Trans Gen Biotech,
Beijing, China). cDNA was synthesised from the total RNA using the HiFiScript cDNA
Synthesis Kit (Cwbio, Beijing, China). qRT-PCR analysis was performed using a Roche
LightCycler96 (Roche, Basel, Switzerland). All primer sequences are listed in Table S1.
Relative gene expression quantity was calculated using the 2−ΔΔCt method [37].

2.6. Prediction of Candidate Genes and Sequence Alignment

Based on the results of haplotype and gene expression analyses, LOC_Os08g05520
was predicted to be a candidate gene. Thereafter, the candidate gene was cloned by PCR,
and at the same time, sequencing was completed in KY131 and XBJZ. SnapGene software
(https://www.snapgene.com/, accessed on 1 May 2021) was used for sequence alignment.

2.7. Acquisition of LOC_Os08g05520 Mutants

The mutant seeds of the T1 generation with a ZH11 genetic background were obtained
from BIOGLE GENETECH (http://www.biogle.cn/, accessed on 1 May 2021), which was
created using CRISPR/Cas9 in August 2020. During the next two seasons, the T1 seeds
were planted in the field for seed propagation and separation. Finally, two homozygous T3
generation lines (named CR1 and CR2) were selected in October 2022, which had sufficient
seeds for drought tolerance identification.

In osmotic stress, ZH11 wild, CR1, and CR2 were planted in two rows in one pool
under two conditions (20% PEG-6000 treatment and control) for 10 days at the two leaves
and one core stage. LRS was investigated with three repeats. In addition to osmotic stress,
we analysed the differences in LRS between the mutants and wild type using the water
deprivation method. The control was cultured under normal conditions. For the drought
treatment, the plants were deprived of water for 20 days at the three-leaf stage. LRS and
plant height were investigated with three repeats after 20 days’ cultivation. The mutant
and wild plants were then transplanted into pots for recovery culturing under the same
cultivation conditions as those used in field production. At the maturity stage, plant heights,
tillering numbers, effective panicle numbers, grain numbers per spike, thousand-grain
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weights, and yields per plant were measured in triplicate in the treatment and control
groups. Significance analysis (p < 0.05) and mapping were performed using the Origin
software package (OriginLab origin 2019b).

3. Results

3.1. Phenotypic Variation

The mean values, standard deviations, and ranges for the natural population and
195 RILs are listed in Table S2. LRS varied significantly among the 295 accessions, ranging
from 1.0 to 9.0, with a mean value of 5.0. The mean LRS for the 195 RILs was 4.7, with a
range from 1.0 to 9.0. The frequency distribution of leaf rolling among the 295 accessions
and the RIL population is shown in Figure 1a,b. The parents’ performance under normal
conditions and drought stress is illustrated in Figure 1c,d. The LRS of the parents under
drought treatment was graded as 3.0 and 7.0, respectively. The distribution of phenotypic
values basically conforms to normal distribution both in the natural and linkage population.
All these prove that leaf rolling character belongs to quantitative character inheritance.

Figure 1. LRS variation of 295 accessions, RILs, parental performance under normal and drought con-
ditions. (a) LRS distribution in natural populations. (b) LRS distribution in RILs. (c) performance of
two parents under normal condition for 10 days at the two leaves and one core stage. (d) performance
of two parents under 20% PEG-6000 stress for 10 days at the two leaves and one core stage.

3.2. GWAS for LRS in Natural Population

The GWAS results are showed in Manhattan and Q-Q plots in Figure 2a,b, respectively.
Eight SNPs were significantly associated with leaf rolling (Table 1). These SNPs were
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located on chromosomes 1, 4, 7, and 8, with R2 values ranging from 10.11% to 14.16%. While
sporadically distributed on chromosomes 1, 4, and 7, they exhibited a significant association
with leaf rolling. Notably, on chromosome 8, four SNPs were distributed in clusters that
were significantly associated with leaf rolling, indicating linkage disequilibrium among
these SNPs. The bottom left corner of the Q-Q plots showed that the model was reasonable,
and the top right corner showed that the correlation sites were found.

Figure 2. Manhattan plots and quantile-quantile (Q-Q) plots of GWAS for the leaf rolling scale.
(a) Manhattan plots for leaf rolling scale. (b) Quantile-quantile (Q-Q) plots for leaf rolling scale.

Table 1. Lead SNPs for LRS identified by GWAS.

Trait Lead SNP Chr. Position p Value R2 (%)
QTL in

Previous Study

LRS

Chr1_10152936 1 10152936 7.86 × 10−7 12.2
Chr4_32975130 4 32975130 3.42 × 10−6 10.86 qRL-4-1 [38]

Chr7_15152008 7 15152008 2.11 × 10−6 10.11 qRL-7 [39],
qRI7a [40]

Chr8_1427905 8 1427905 5.22 × 10−7 14.16

qRL-8-1 [39]
Chr8_1941918 8 1941918 1.95 × 10−6 11.37
Chr8_2154790 8 2154790 1.66 × 10−6 12.8
Chr8_2933410 8 2933410 1.84 × 10−6 11.42
Chr8_11324046 8 11324046 2.45 × 10−6 11.16

R2 (%): Phenotypic variance explained.

3.3. Linkage Mapping for LRS in RIL Population

Two QTLs associated with LRS were localised on chromosomes 4 and 8 (Table 2; Figure
S1), with LOD values of 5.32 and 3.94, respectively. qLRS-4-1 was located between markers
C4_32680431 and C4_33516075, elucidating 14.69% of the phenotypic variation. In addition,
qLRS-8-1 was located between markers C8_2397444 and C8_3005090, accounting for 9.94%
of the phenotypic variation.

Table 2. QTLs for leaf rolling identified by linkage mapping.

QTLs Left Marker Right Marker Chr. LOD R2 (%) Additive Effect Known QTLs Known Genes

qLRS-4-1 C4_32680431 C4_33516075 4 5.32 14.69 −0.78 qRL-4-1 [38] OsJAZ1 [41]
qLRS-8-1 C8_2397444 C8_3005090 8 3.94 9.94 −0.64 qRL-8-1 [39] OsMYB103L [20]

R2 (%): Phenotypic variance explained.
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3.4. Haplotype Analysis of Candidate Genes

By comparing the results of GWAS and linkage analysis, the lead SNPs Chr4_32975130
and Chr8_2933410 were located in the qLRS-4-1 and qLRS-8-1 intervals, respectively
(Figure 3a,b). LDBlockShow analysis revealed 57 candidate genes between C4_32792207
and C4_33164790 (Table S3) and 22 candidate genes between C8_2866488 and C8_3016330
(Table S4). 57 candidate genes include 41 expressed proteins, eight retrotransposon proteins,
one putative protein, and seven known functional genes. Twenty-two candidate genes
include 21 expression proteins and one retrotransposon protein. Based on the overlapping
region of the linkage mapping, the range was further narrowed from 149.8 kb to 138.6 kb.
Haplotype analysis of these genes was performed, revealing significant differences in
the haplotypes of four genes (LOC_Os04g55150, LOC_Os04g55190, LOC_Os08g05520, and
LOC_Os08g05610) compared to those of LRS (Figure 4e–h). Among the four candidate
genes, there were totals of 231, 234, 227, and 261 varieties with haplotypes, respectively.
Among these genes, except for three non-synonymous mutations in LOC_Os04g55150 in
the untranslated regions, all other non-synonymous mutations were in exons (Figure 4a–d).

Figure 3. Co-localisation results for the LRS interval obtained through linkage mapping and
GWAS. (a) Drought tolerance QTLs were mapped to the interval between markers C4_32680431
and C4_33516075 using linkage mapping. LDBlockShow narrowed down the candidate region to
372.5 kb. (b) Drought tolerance QTLs were mapped to the interval between markers C8_2397444
and C8_3005090 using linkage mapping. LDBlockShow further narrowed the candidate region to
149.8 kb. By intercepting the co-localisation interval, the candidate region was further narrowed to
138.6 kb between markers C8_2866488 and C8_3005090.
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Figure 4. Structure and haplotype analysis of four candidate genes. (a–d) represent the gene
structure and the variety number of haplotype combinations of LOC_Os04g55150, LOC_Os04g55190,
LOC_Os08g05520, and LOC_Os08g05610. (e–h) represent the haplotype analysis of LOC_Os04g55150,
LOC_Os04g55190, LOC_Os08g05520, and LOC_Os08g05610. * p < 0.05, based on ANOVA.

3.5. Gene Expression and Sequence Analysis of Candidate Genes

The expression of the four genes in the leaves was evaluated using qRT-PCR, and
the results from the average of three replicates are shown in Figure 5. Under control
conditions, no differences were observed in the expression levels of the four genes between
the parents. However, under drought treatment, the expression levels of two genes showed
significant differences between the parents (Figure 5a,c). There were no differences between
LOC_Os04g55190 and LOC_Os08g05610 (Figure 5b,d). Taking the fact that KY131 is drought-
sensitive and the variety XBJZ is drought-tolerant into consideration, LOC_Os04g55150 and
LOC_Os08g05520 can be regarded as the candidate genes. Specifically, the expression of
LOC_Os08g05520 in XBJZ was significantly upregulated under drought stress compared to
that in KY131 (Figure 5c).

LOC_Os04g55150 and LOC_Os08g05520 were sequenced in KY131 and XBJZ, re-
spectively, revealing no differences between the parental sequences of LOC_Os04g55150
(Figure S2). Nevertheless, compared with the sequence of KY131, LOC_Os08g05520 in XBJZ
exhibited a 1 bp (A→C) mutation in the promoter region and a 2 bp deletion (A and T) in
the first exon. Considering differences in parental drought resistance, we hypothesised that
LOC_Os08g05520 was a candidate gene for drought resistance in rice. LOC_Os08g05520
encodes a MYB-like DNA binding domain containing protein that has been previously
reported to affect stem degradation in rice [20].
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Figure 5. Expression differences of the four candidate genes under normal conditions and 20%
PEG stress after 24 h cultivation. (a) LOC_Os04g55150 expressed under normal conditions and
20% PEG-6000 stress. (b) LOC_Os04g55190 expressed under normal conditions and 20% PEG-
6000 stress. (c) LOC_Os08g05520 expressed under normal conditions and 20% PEG-6000 stress.
(d) LOC_Os08g05610 expressed under normal conditions and 20% PEG-6000 stress. ** p < 0.01,
*** p < 0.001, Students’ t test.

3.6. Drought Tolerant Function Verification by Mutant

To further confirm the function of LOC_Os08g05520 under drought conditions, we
generated two homozygous mutant lines (designated as CR1 and CR2). Compared to the
wild-type sequences, CR1 exhibited an 8 bp knockout at the target site, while CR2 featured
an A base insertion (Figure 6a). Under control conditions, no discernible differences were
observed in the growth of mutant and wild-type rice seedlings (Figure 6b). However, under
drought treatment conditions, the mutant plants CR1 and CR2 demonstrated enhanced
drought tolerance, as evidenced by an average LRS of 1.8 and 2.0, respectively, in contrast to
an average LRS of 7.1 in the wild type (Figure 6c,d). This finding underscores the significant
contribution of LOC_Os08g05520 knockout to the improvement of drought tolerance in rice.

The performances of the wild type, CR1, and CR2 in the three-leaf stage after 20 d
of water deprivation are shown in Figure 7. Under normal conditions, no significant
differences in plant height or LRS were observed among the wild type, CR1, and CR2,
indicating that the mutants and wild type had a consistent phenotype. The average LRS
of the wild type was 2.6 under normal conditions, whereas it was 6.6 after 20 d of water
deprivation. Under normal conditions, the average plant height of the wild type was
37.4 cm, but it was 28.6 cm after 20 d of water deprivation. After water deprivation, the
LRS of the wild type differed significantly from those of CR1 and CR2 (p < 0.001), as shown
in Figure 8a. No difference in LRS was observed between CR1 and CR2, which had a mean
LRS of 2.2 that was higher than the mean LRS under normal conditions. After 20 d of water
deprivation, the difference in plant height between the wild type and CR1 was significant
(p < 0.05), the difference between wild type and CR2 was highly significant (p < 0.01), and
no significant difference was observed between CR1 and CR2 (Figure 8b). Thus, the growth
of the wild type was strongly affected by water deprivation, which caused the LRS of the
leaves to increase and the plant height to decrease. The mutants (CR1 and CR2) were less
affected by water deprivation, and their LRS and plant heights were similar to those of the
control group.
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Figure 6. Sequence comparison of wild type and mutants, and phenotypic differences between 20%
PEG-6000 and normal conditions. (a) DNA sequence comparison between ZH11, CR1, and CR2.
(b) ZH11 wild, CR1, and CR2 planted in two rows in one pool under control conditions for 10 days.
(c) ZH11 wild, CR1, and CR2 planted in two rows in one pool under 20% PEG-6000 treatment for
10 days. (d) Significant differences in LRS of wild type, CR1, and CR2 (** p < 0.01, Students’ t test).

Figure 7. LRS difference between wild type, CR1, and CR2 after 20 days of water cut-off at the
three-leaf stage and under normal conditions.
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Figure 8. Comparison of plant height, LRS of wild type and mutants under 20 days’ water cut-off,
and normal conditions at three-leaf stage. (a) LRS. (b) Plant height. *, **, and *** represent the
significance of ANOVA at p < 0.05, p < 0.01, and p < 0.001, respectively.

3.7. Comparison of Yield and Yield Components

To verify whether water deprivation and recovery had an effect on the final rice yields
of the mutants, we continued to track the plant heights, yields, and yield-component traits
of CR1, CR2, and the wild type after recovery and under normal conditions. Under normal
conditions, no significant differences in plant height, tillering number, effective panicle
number, grain number per spike, thousand-grain weight, or yield per plant were observed
among the wild type, CR1, and CR2. According to the average phenotype and variation
amplitude, mutants CR1 and CR2 exhibited high consistencies with the wild type. In
the water deprivation recovery group, the differences between the wild type and CR1
and between the wild type and CR2 were significant or extremely significant (p < 0.05,
p < 0.01, and p < 0.001), whereas the difference between CR1 and CR2 was not significant.
Thus, the water deprivation treatment had larger effects on plant height, tillering number,
effective panicle number, grain number per spike, thousand-grain weight, and yield per
plant in the wild type, but had little effect on the growth and development of CR1 and CR2
(Figure 9a–f).

Figure 9. Cont.
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Figure 9. Comparison of plant height, yield, and yield component traits of wild type and mutants
under 20 d water cut-off recovery and normal conditions at the maturity stage. (a) Plant height.
(b) Tiller number. (c) Effective panicle number. (d) Grain number per spike. (e) Thousand grain
weight. (f) Yield per plant. *, **, and *** represent the significance of ANOVA at p < 0.05, p < 0.01, and
p < 0.001, respectively.

4. Discussion

The rice seedling stage is sensitive to drought stress, inhibiting vegetative growth
and yield. Targeting highly drought-tolerant cultivars with drought-related genes is the
most promising method for improving modern crop breeding [42]. This study selected
LRS, which has been used for drought tolerance screening [43]. LRS values exhibited a
continuous approximately normal distribution. It presents a typical genetic pattern of
quantitative traits and is controlled by multiple genes. The identification of these QTLs is
beneficial for drought tolerance in the marker-assisted breeding selection of rice.

Parent-based QTL mapping and GWAS are effective and accurate tools for the detec-
tion of QTLs for complex traits in crops [44]. The combination of the two methods can
effectively improve the breadth and accuracy of QTL detection. The combination of linkage
mapping and GWAS has achieved great success in gene mining for complex quantitative
traits in rice. For example, a linkage mapping and GWAS joint strategy have been used to
identify QTLs associated with grain shape and weight, which revealed the co-detection
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of the QTLs qGLE-12-1 and qGLE-12-2 (Chromosome 12), qGTE-3-1 (Chromosome 3), and
qGWL-5-1 and qLWRL-5-1 (Chromosome 5), associated with grain length, width, and length-
width ratio [45]. Similar research strategies have been applied to salinity tolerance at the
seedling stage, resulting in the identification of a 195-kb region on chromosome 12 which
was selected as the candidate interval based on the overlapping regions in the GWAS
and the linkage mapping [46]. These studies demonstrate that the integration of linkage
mapping and GWAS provides an excellent method for identifying QTL and molecular
markers for rapid breeding deployment. In this study, a lead SNP C8_28933410 by GWAS
was identified, which was located within qLRS-8-1 identified by linkage mapping on chro-
mosome 8. Combing the LD block analyses and QTL interval, a 138.6 kb overlap interval
was considered as the candidate region.

In this study, eight lead SNPs and two QTLs were identified for leaf rolling scale.
In previous studies, some loci were located within the same interval or overlapped with
known QTLs. For example, OsJAZ1, which negatively regulates drought resistance in
the seedling and reproductive stages of rice by negatively regulating ABA and jasmonic
acid signaling [41], was within the qLRS-4-1 identified by linkage mapping. qLRS-4-1
was also located in the same interval as qRL-4-1 [38], identified between RM5473 and
RM348. Chr4_32975130 was also detected by GWAS in qRL-4-1 cells, further confirming
this candidate region. Similarly, qLRS-8-1 was located at a smaller location interval than
qRL-8-1 [39], between RM1235 and RM331. Another important finding was that the five
lead SNPs on chromosome 8 were distributed in qRL-8-1. OsMYB103L [20] controlled
leaf curling and mechanical strength in rice within qLRS-8-1 was identified by linkage
mapping. In our study, GWAS identified two new drought-tolerant QTLs, Chr1_10152936
and Chr7_15152008.

Here, we found that LOC_Os08g05520 is a novel functional gene associated with
drought tolerance in rice. LOC_Os08g05520 encodes an R2R3-MYB transcription factor,
influencing leaf rolling and mechanical strength in rice, namely OsMYB103L. OsMYB103L
interacts with SLR1 (slender rice 1), an inhibitory factor in GA signaling, and is involved in
the GA-mediated regulation of the cellulose synthesis pathway. In addition, OsMYB103L
directly binds to and regulates the expression of the CESA4, CESA7, CESA9, and BC1
promoters. GA mediates cellulose synthesis and secondary wall formation via the SLR1-
MYB103L-CESAs pathway [47]. Researchers have found that the expression levels of several
cellulose synthase genes (CESAs) significantly increased, similar to the cellulose content in
OsMYB103L overexpressing lines. The knockdown of OsMYB103L by RNA interference
leads to the opposite phenotype [20,47,48]. Therefore, we speculate that OsMYB103L may
regulate the cellulose content and expression levels of several CESAs to affect drought
tolerance in rice.

5. Conclusions

In conclusion, our study successfully identified LOC_Os08g05520 as a pivotal candi-
date gene associated with drought tolerance in japonica rice seedlings. The findings present
a valuable resource for breeders aiming to improve their drought tolerance in rice varieties.
Looking ahead, further research could develop into elucidating the specific mechanisms
by which LOC_Os08g05520 confers drought tolerance, providing deeper insights into the
molecular pathways involved. Additionally, exploring other candidate genes and pathways
may offer a more comprehensive understanding of the complex genetic basis of drought
tolerance in rice.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture14040603/s1, Figure S1: The genetic and linkage group
of RIL population. Figure S2: Sequence comparison of LOC_Os08g05520 between parents. Table S1:
Primers for qRT-PCR in this study. Table S2: Descriptive statistics for leaf rolling scale in the parents,
195 recombinant inbred lines (RILs), and 295 rice accessions. Table S3: Summary of functional
annotation results for genes in the candidate region on chromosome 4. Table S4: Summary of
functional annotation results for genes in the candidate region on chromosome 8.
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Abstract: The action of silicon as a salt stress mitigator has been investigated in isolation, and its
combined efficacy with other salt stress mitigators needs to be addressed. This work verified whether
silicon, in combination with organic matter and Trichoderma harzianum, enhances the production of
forage sorghum under saline irrigation and its effects on soil properties. The field experiment was
conducted in Parnamirim (PE), a semiarid region of Brazil. Forage sorghum (Sorghum sudanense
(Piper) Stapf) was irrigated with saline water (3.12 dS m−1) and subjected to the application of non-
silicon, silicon alone, and silicon combined with Trichoderma and organic matter over three consecutive
cuts (every three months after germination). Silicon applied in combination significantly increased the
content of nutrient ions K+, P, Ca2+, and Mg2+ in sorghum leaves, stems, and panicles and increased
P content in the soil by 170, 288, and 92% for the first, second, and third cuts, respectively. When
silicon was applied in combination, sorghum’s dry and fresh matter (total yield for the three cuts)
increased to 62.53 and 182.43 t ha−1, respectively. In summary, applying silicon (Si) combined with
Trichoderma and organic matter promotes higher nutrient ion contents in soil and sorghum plants and
a higher forage sorghum yield.

Keywords: biosaline agriculture; salt stress attenuators; salt tolerance; sorghum yield

1. Introduction

Food production is directly linked to climate, and this means that crop yields, water
use, and soil quality are affected by climate change [1]. Increased concentrations of atmo-
spheric greenhouse gases are likely indicators that climate change significantly impacts
soil salinization [2], by increasing air temperature and thereby increasing soil water and
groundwater evaporation. Consequently, the capillary movement of groundwater and
soil water will rise in dry seasons, accelerating the soil salinization process in arid regions
of the world [3]. Thus, salt-affected areas have increased, mainly due to increased evap-
otranspiration, lower precipitation, increased use of poor-quality water, poor irrigation
management, and inappropriate soil management practices [4]. Given this scenario, one of
the main challenges of current world agriculture is ensuring food security under extreme
abiotic stress, such as saline stress.
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In much of the Brazilian semiarid region, producers already suffer from problems
related to the availability of good quality water for use in irrigated agriculture [5]. This has
caused an increase in groundwater use for irrigation purposes, which generally have high
saline contents, with high concentrations of sodium and chlorine in their composition [6,7].
The excessive use and mismanagement of these waters, combined with poor soil manage-
ment and lack of drainage [8], has limited food and fodder production and contributed
enormously to soil degradation and desertification of the region [9].

Salinity affects plant production and plant metabolism at all stages of growth [10]
through nutritional imbalances [11], reduction in osmotic potential [12], and ionic and
oxidative toxicity [13], causing morphological [14], physiological, and biochemical dam-
age [15]. Despite the Brazilian semiarid region’s current scenario concerning the increasing
use of saline water for crop irrigation, cultivation strategies that favor mitigating saline
stress on plants still need to be explored. In this context, it is essential and urgent to carry
out studies investigating ways to minimize salt stress and promote crop production that
meet the region’s demand.

To address this issue, using crops with agricultural potential and a tolerance to high
salinity is a promising alternative to ensure plant production in the Brazilian semiarid
region and around the globe [16]. In this sense, forage sorghum (Sorghum bicolor (L.)
Moench) is an essential source of animal feed that has increased its importance in many
semiarid regions of the globe due to its high yield and ability to use water effectively, even
under water and salt stress conditions [10,17].

Although sorghum is recommended for cultivation in saline environments [18], its salt
tolerance can be improved by using salt stress attenuators. Thus, it is crucial to investigate
the effectiveness of salt stress attenuators in mitigating the effects of salt on different crops
and increasing the range of possibilities for success in the yield of salt-tolerant plants.

Silicon (Si) has been widely studied as a saline stress attenuator [19–21]. The effective-
ness of Si in attenuating salt stress in plants can occur through several mechanisms. Zhu
and Gong [22] report that Si has a relieving effect on salt stress in plants by reducing the
ionic toxicity of Na+ and Cl−; decreasing oxidative damage by increasing the activity of
antioxidant enzymes; regulating the biosynthesis of compatible solutes; affecting lignin
biosynthesis; and by regulating levels of plant hormones and polyamines. Although several
studies report the beneficial effects of Si on crops growing in saline environments, few
studies evaluate the effectiveness of Si combined with other salinity attenuators.

Organic treatments correspond to a wide variety of products made by organic com-
pounds that can be added to the soil to increase soil fertility and favor plant growth,
improving agricultural sustainability, habitats, biogeochemical cycles, and soil biologi-
cal activity [23]. These correspond to organic fertilizers, applied to the soil as beneficial
microorganisms (Rhizobium, arbuscular mycorrhizal fungi, Trichoderma, Azospirillum, etc.)
and organic soil conditioners (manure, biochar, etc.), which tend to improve the physical
properties of the soil, accelerate the leaching of salts and Na+, increase the percentage of
aggregate stability, and reduce the percentage of exchangeable sodium (ESP) and electrical
conductivity (EC) [24].

Trichoderma is an important fungus commonly found in soils, which can spread rapidly,
colonizing and surviving in the rhizosphere for extended periods [25]. Trichoderma pro-
motes root growth and has a high capacity to mobilize and absorb nutrients from the soil,
increasing the efficiency of nutrient utilization by plants and promoting crop growth and
production [26], thus providing greater tolerance to various environmental stresses [27].
Additionally, Trichoderma alleviates the effects of salinity on plants by increasing the ac-
tivity of antioxidative defense systems [28]. On the other hand, using manure as a source
of organic matter in soils is a common practice in the Brazilian semiarid region. In this
sense, using Trichoderma can potentiate the mineralization of the organic matter applied as
manure and increase the solubilization of nutrients for the plants, since salinity reduces the
absorption of nutrients and their efficiency in crops [29].
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Although the benefits of Si as an attenuator of salt stress in plants are well documented
in the literature [18,20,30,31], in the Brazilian semiarid region, its use for this purpose is
still incipient, and investigations are needed to assess its effectiveness in mitigating salt
stress. Furthermore, its association with organic treatments still needs to be reported in
the literature. Thus, we hypothesize that the combined application of Si with organic
treatments can increase the performance of sorghum under saline stress. The objective of
this study was to evaluate the effectiveness of the application of Si alone and combined
with organic matter and Trichoderma harzianum on the yield of forage sorghum under saline
irrigation, as well as to verify changes in the soil chemical properties in response to the
application of saline attenuators.

2. Materials and Methods

2.1. Study Area

The study was carried out at the Parnamirim Irrigated Agriculture Station—Federal
Rural University of Pernambuco (UFRPE), in Parnamirim (PE), located in a semiarid region
of Brazil (latitude 8◦5′08′′ S, longitude 39◦34′27′′ W and an altitude of 390 m) (Figure 1).
According to the Köppen classification, the climate in the region is semiarid, of the BSwh
type. The average annual rainfall in the study area is 431.8 mm [32]. However, the rainy
season in the region is short and occurs from December to March.

Figure 1. Location of the experimental field in Parnamirim (PE), a semiarid region of Brazil.

The region’s principal economic activity is the production of goats and sheep. It
requires a forage supply in large quantities. As the rainy season in the region is short, many
producers resort to groundwater use in the driest months to guarantee forage production.
However, these waters do not have a good quality for irrigation use due to the high saline
content, which compromises forage production.

The experiment was conducted in the field, in saline Fluvisol soil [33]. The chemical
and physical properties of the soil used in the experiment at depths of 0–10, 10–20, 20–40,
and 40–60 cm are shown in Table 1.
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Table 1. Chemical and textural characterization of soil in the experimental area.

Soil Property
Soil Layer (cm)

0–10 10–20 20–40 40–60

Chemical property
pH 6.05 6.09 6.16 6.32

OM (g kg−1) 25.08 19.35 18.00 11.75
P (mg dm−3) 28.40 19.73 14.83 9.75

K+ (cmolc dm−3) 0.51 0.34 0.24 0.14
Na+ (cmolc dm−3) 0.30 0.37 0.52 0.82
Ca2+ (cmolc dm−3) 9.06 8.54 8.79 9.98
Mg2+ (cmolc dm−3) 5.29 5.40 5.21 5.53

H + Al (cmolc dm−3) 0.96 0.89 0.76 0.60
SB (cmolc dm−3) 15.14 14.65 14.93 16.48

CEC (cmolc dm−3) 16.10 15.54 15.69 17.08
ESP (%) 1.86 2.38 3.31 4.80

Saturation extract
EC (dS m−1) 3.56 6.21 7.22 5.77

Ca2+ (mmolc L−1) 31.88 58.88 60.45 43.85
Mg2+ (mmolc L−1) 12.03 22.78 25.15 18.00

K+ (mmolc L−1) 9.63 5.78 5.08 2.13
Na+ (mmolc L−1) 5.58 9.40 12.18 13.15
SAR (mmolc L−1) 1.20 1.50 1.83 2.23

Soil texture
Sand (%) 14.20 10.30 11.30 10.92
Silt (%) 72.12 75.62 71.62 75.48

Clay (%) 13.68 14.08 17.08 13.60
EC—electrical conductivity of saturation extract; pH—hydrogen potential; OM—organic matter; SB—sum of base;
CEC—cation exchange capacity; ESP—exchangeable sodium percentage; SAR—sodium adsorption ratio.

2.2. Experimental Design

The experiment was conducted in a randomized block design, with five treatments
and four replications. The saline stress attenuators used were silicon (Si) applied alone and
silicon in combination with organic matter (goat manure) (OM) and Trichoderma harzianum
(T), tested using the forage sorghum crop (Sorghum sudanense (Piper) Stapf), cultivar IPA
Sudan 4202. The treatments were: sorghum without application of salinity attenuator
(control); sorghum + Si; sorghum + Si + OM; sorghum + Si + T; and sorghum + Si + T + OM.
The dimensions of the experimental units were 20.0 m × 16.5 m for the total area, 4 m ×
4 m for the plots, and 2 m × 2 m for the useful plots (where plants and soil samples were
collected). The adopted spacing was 0.50 m between rows and ten plants per linear meter.

For the study, three sorghum cuts (the first cut plus two regrowths) were carried out
between June 2021 and April 2022, totaling ten months, among which it was possible to
evaluate the sorghum growth responses to the application of salinity attenuators during
the region’s dry and rainy seasons (Figure 2). There was no rain between the sowing and
the first cut (1st cycle), while in the 2nd and 3rd cuts, the accumulated precipitation values
were equal to 176.5 and 252 mm, respectively.

Irrigation was carried out using a drip irrigation system with an efficiency of 96%, the
flow of each dripper set at 1.06 L h−1, emitters spaced at 40 cm, and an application interval
of 48 h, based on the total replacement of crop evapotranspiration (ETc) [34]. The reference
evapotranspiration (ETo) was determined by the model proposed by Penman–Monteith
and adapted by FAO-56 [34]. Meteorological data were collected at an automatic INMET
station (National Institute of Meteorology) [Salgueiro, Pernambuco, Brazil], located 50 km
from the experimental area. Rainfall data were collected in the experiment area using a
manual rain gauge.
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Figure 2. Meteorological conditions in the municipality of Parnamirim (PE) during the experimental
period. ID—irrigation depth (mm day−1); ETo—reference evapotranspiration (mm day−1).

The water for irrigation came from an artesian well (Table 2), classified as C4S1, with a
very high risk of promoting soil salinization and a low risk of soil sodification, according
to [35].

Table 2. Chemical properties of irrigation water during the experimental period.

pH EC Ca2+ Mg2+ K+ Na+ Cl− HCO3
− SO4

2− B Cu Fe Mn Zn SAR

dS m−1 ----------------- mmolc L−1 ----------------- --------- mg L−1 --------- mmolc L−0.5

7.23 3.12 9.29 9.23 0.12 11.73 26.38 5.70 0.76 0.11 0.02 0.02 0.03 0.20 3.85

pH—hydrogen potential; EC—electrical conductivity; SAR—sodium adsorption ratio.

Potassium silicate, the silicon source used in this work, is a fertilizer containing at
least 10% K+ in K2O and 10% silicon. It was applied twice via the soil (the first application
was performed one week after sowing and the second after an interval of 15 days) and two
foliar applications (the first within 15 days after the applications via soil and the second
15 days after the first foliar application), in all cycles. The spray concentrations were
5 mL L−1 and 10 mL L−1 for soil and foliar applications, respectively, as recommended by
the manufacturer. In both conditions, 39.06 mL m−1 linear was applied.

T. harzianum was obtained from the commercial product Trichodermil SC I306. In the
first cut, two applications were carried out via soil, the first at sowing and the second with
an interval of 30 days after the first application. In the 2nd and 3rd cuts, an application
was made at the beginning of each regrowth. In all applications, the syrup concentration
was 12.5 mL L−1, as recommended by the manufacturer. The applications were carried out
using a costal manual pump in the planting line, with a volume of 39.06 mL of mixture per
linear meter.

At the time of sowing, the soil was fertilized with goat manure (source of organic
matter) (Table 3) in the proportion of 50 Mg ha−1, in the treatments that included the
application of organic matter. According to [36], this dose provides the best performance
for the sorghum crop. The manure was previously tanned and incorporated into the surface
layer of the soil.

47



Agriculture 2023, 13, 2146

Table 3. Characterization of goat manure used as an organic matter source in the experiment.

D C N P K+ Na+ Ca2+ Mg2+ pH EC

g cm−3 -------------------------------- g kg−1 --------------------------------- dS m−1

0.8158 119.70 17.90 8.70 4.50 1.10 27.70 10.20 7.87 1.87

D—density of manure; C—total organic carbon; N—total nitrogen; pH—hydrogen potential; EC—electrical
conductivity.

2.3. Soil Sampling

Soil samples were collected at the end of each sorghum cut, in the “useful plots”,
at depths of 0–10, 10–20, 20–40, and 40–60 cm. All samples were air-dried and sieved
through a 2 mm mesh. Then, the samples were submitted for the analysis of elements in
the exchange complex and the soil saturation extract (soil soluble complex).

2.4. Soil Analysis
2.4.1. Soluble Complex

The saturated paste was prepared according to the methodology described by [37]. For
this, distilled water was added to 500 g of soil until complete saturation was reached [37].
After 12 h of rest, the soil solution was extracted by suction. In the soil solution, the
electrical conductivity (EC) was measured at 25 ◦C, using a conductivity meter, as well as
the concentrations of Ca2+, Mg2+, Na+, and K+ (cations) and Cl− (anions). Ca2+ and Mg2+

were determined by atomic absorption spectrometry, and Na+ and K+ were determined by
flame emission photometry [37]. Cl− was determined by titration with AgNO3 solution,
using K2CrO4 as an indicator [37].

2.4.2. Exchangeable Complex

Soil pH was measured directly in the 1:2.5 soil/water mixture suspension using a
potentiometer. The exchangeable cations (Ca2+, Mg2+, Na+, and K+) were determined
after washing soil samples with 96◦ alcohol. Exchangeable cations were extracted with
1 mol L−1 ammonium acetate solution. After that, Ca2+ and Mg2+ were determined by
atomic absorption spectrometry, and Na+ and K+ were determined by flame emission
photometry [37]. The exchangeable sodium percentage (ESP) was calculated by the ratio of
exchangeable Na+ to the cation exchange capacity (CEC), according to [37] (Equation (1)).

ESP (%) = (Na+/CEC) × 100 (1)

Soil-available phosphorus was extracted with 0.5 mol L−1 NaHCO3 solution at pH 8.5,
and determined by colorimetry with ammonium molybdate, using a spectrophotometer at
882 nm [38].

2.5. Content of Sodium, Potassium, Calcium, Magnesium, Chloride, and Phosphorus in the Plant

The sorghum plants were fractionated into leaves, stems, and panicles, and the dry
mass of the sorghum plant fractions was ground in a Wiley-type mill to determine the
elements Ca2+, Mg2+, Na+, K+, and P.

To determine Na+, K+, and Cl− concentrations, we added 25 mL of ultra-pure water
to 100 mg of dry matter in a closed container and boiled for 1 h at 100 ◦C [39]. The obtained
extract was filtered, and the Na+ and K+ contents were determined by flame emission
photometry. To determine Cl−, 10 mL of the extract was collected and titrated with silver
nitrate (28 mM AgNO3), using potassium chromate (5% K2CrO4) as an indicator.

To determine P, Ca2+, and Mg2+ concentrations, we added 25 mL of 1 mol L−1 HCl
solution to 500 mg of dry plant mass and heated it at 80 ◦C for 15 min [40]. After that, Ca2+

and Mg2+ were determined by atomic absorption spectrometry, and P was determined by
molybdenum blue spectrophotometry at a wavelength of 660 nm [40].

With the values of these elements’ concentrations per fraction of the plants and the
dry mass production of each fraction, the contents of the elements in each fraction of the
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aerial part were calculated. For that, we multiplied the ion concentration by the dry mass
of each plant compartment [41].

2.6. Sorghum Productivity and Water Use Efficiency (WUE)

The fresh and dry yields of forage sorghum were obtained at the end of the three
sorghum cuts, with representative plants of the “useful plot”. The plants were harvested
and weighed at the end of each sorghum cut to obtain average fresh mass values. Then, the
plants were placed in a forced circulation oven at 65 ◦C for 72 h until they reached constant
weight, to determine the dry mass of forage sorghum. The productivity values of fresh
and dry mass were multiplied by the plant stand (number of plants ha−1) to obtain the
productivity of shoots (dry and fresh mass in Mg of plants ha−1). In this study, we had
a homogeneous stand of 200,000 plants ha−1 for all treatments. The total productivity of
fresh and dry mass was obtained by adding the values found for the productivity of the
three sorghum cuts.

From the ratio between the DMY and the sum of the ETC for the cycle, the water use
efficiency (WUE) was calculated in g L−1.

2.7. Statistical Analysis

Data were subjected to an analysis of variance and normality testing, as well as a
comparison of the means using the Scott–Knott test at a 5% probability level, with the
statistical program Rstudio (version 4.2.2) (R Core Team, 2022). Graphs were created using
SigmaPlot (version 14.0) (Systat Software Inc., San Jose, CA, USA).

3. Results

3.1. Soil Chemical Properties
3.1.1. Salinity Parameters

Applying Si, Trichoderma, and organic matter mitigated the increase in soil salinity due
to the use of saline irrigation over time, which could be observed in the second and third
cuts. In the first cut, there was a significant difference (p ≤ 0.05) in EC values only in the
10–20 cm layer, where the treatment with the application of Si + T obtained the lowest value.
In the second cut, the application of isolated or combined Si in all soil layers efficiently
attenuated the increase in EC, with isolated Si promoting the lowest values. In the third
cut, the treatments promoted differentiation in EC values in the 10–20 cm and 40–60 cm
layers, where the application of Si alone and Si + T had the best attenuation in the increase
in EC, respectively (Figure 3A).

There was a change in pH in the soil layers 20–40 and 40–60 cm (cut 1), 0–10 and
40–60 cm (cut 2), and 10–20 and 20–40 cm (cut 3). Applying Si alone or combined promoted
increases in soil pH values (Figure 3B). Regarding ESP, the effect of Si alone or combined
did not enable significant differences (p ≤ 0.05) concerning the control treatment in the first
sorghum cut in all layers (Figure 3C). In the second and third cuts, there was a tendency for
Si alone or combined to attenuate the increase in ESP concerning the control treatment. The
control treatment was the least efficient in attenuating the rise in ESP, with values varying
from 43% (10–20 cm) to 28% (40–60 cm) in the second cut and from 46% (10–20 cm) to 25%
(40–60 cm) in the third cut.

3.1.2. Soluble Complex

The application of combined Si promoted increases in the levels of nutrient ions (K+,
Ca2+, and Mg2+) in the soil solution while reducing the levels of toxic ions (Na+ and
Cl−) (Table 4). For K+, in the first cut, the highest concentrations were observed with the
application of Si + T + OM, ranging from 1.53 (0–10 cm) to 0.36 mmolc L−1 (40–60 cm). In
the second cut, the highest concentration of K+ was observed with the application of Si + T.
In the third cut, applying Si + T promoted a higher concentration of K+ on the surface
(0–10 cm). There was no difference in the concentration of K+ in the subsoil layers (10–20,
20–40, and 40–60 cm) concerning the control treatment (Table 4).
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Figure 3. Mean values of the saline variables: electrical conductivity—EC (A), soil pH (B), and
exchangeable sodium percent—ESP (C) at depths of 0–10, 10–20, 20–40, and 40–60 cm for each cut,
depending on the tested saline attenuator. Different letters indicate significant differences at p ≤ 0.05.
Si = silicon; Si + OM = silicon + organic matter; Si + T = silicon + Trichoderma harzianum; Si + OM +
T = silicon + organic matter + Trichoderma harzianum.
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There was a higher concentration of Ca2+ in the soil solution on the surface (0–10 and
10–20 cm) with the application of Si + OM and Si + T + OM in the first cut (Table 4). In the
second cut, the application of Si + OM and Si + T promoted a significant increase (p ≤ 0.05)
in Ca2+ levels in the 10–20 cm layer, while in the third cut, the application of Si + OM, Si +
T, and Si + T + OM promoted increases in Ca2+ content in the 0–10 cm layer.

Applications of Si + OM, Si + T, and Si + T + OM also promoted increased Mg2+ in
the soil solution on the surface (0–10 cm) in the first cut (Table 4). In the second cut, there
was an increase in Mg2+ content in the 10–20 cm layer with the application of Si + T, while
in the third cut, there was an increase in the surface (0-10 cm) with the application of Si +
OM, Si + T, and Si + T + OM. There was no difference in the other layers compared to the
control treatment (p ≤ 0.05).

Concerning Na+ concentrations, the application of Si + T most attenuated its concen-
tration during the first cut compared to the other treatments (Table 4). In the second cut,
isolated Si and its combinations effectively attenuated the increase in Na+ concentration in
the soil solution in all layers evaluated. In the third cut, Si + OM and Si + T attenuated the
rise in Na+ in the soil solution (Table 4).

The concentration of Cl− in the soil solution was lower in the first cut for the Si and Si
+ T treatments in the 0–10 cm layer, while in the 10–20 cm layer, all forms of Si application
proved effective for reducing Cl− levels. In the second cut, isolated and combined Si
presented the lowest concentrations of Cl- in soil solution in the layers of 0–10, 20–40, and
40–60 cm. In the third cut, there was an attenuation of Cl− levels in the subsurface, with
the application of Si, Si + T, and Si + T + OM in the 20–40 cm layer and the 40–60 cm layer,
the application of Si + T was the combination that obtained the lowest concentration of Cl−
(Table 4).

3.1.3. Sorptive Complex

Regarding the soil assortative complex, the application of Si, alone and combined, also
promoted a greater concentration of nutrient ions (K+, Ca2+, Mg2+, and P) and reductions
in the concentration of exchangeable Na+ (Table 5). Applying Si + OM and Si + T + OM
provided a higher concentration of K+ in the 10–20 cm layer during the first cut. In the
second cut, all forms of Si application showed a higher concentration of K+ on the surface
(0–10 cm). In the third cut, only the application of Si was superior in surface area (0–10 cm)
(Table 5).

The Ca2+ concentration was higher with the application of Si + OM in the 0–10 cm
layer and with Si + OM, Si + T, and Si + T + OM in the 20–40 cm layer during the first cut
of sorghum. In the second cut, only the application of Si + T + OM in the 0–10 cm layer
showed a higher concentration of Ca2+. In the third cut, the highest concentrations of Ca2+

were also observed on the surface (0–10 cm) with the application of Si + OM and Si + T +
OM (Table 5).

Concerning Mg2+ in the first and second cuts, its highest concentration was observed
on the surface (0–10 cm) with Si + OM and Si + T + OM. In the third cut, this increase was
observed in the subsurface (20–40 cm) with the application of Si + OM and Si + T + OM
(Table 5). A lower concentration of Na+ was observed from the second cut of sorghum
on the surface (0–10 cm) with any form of application of Si, isolated or combined. In the
subsurface (40–60 cm), only the application of Si + T attenuated the Na+ concentration. The
Na+ concentration was attenuated in the 10–20 and 20–40 cm layers during the third cut by
applying Si, Si + OM, and Si + T (Table 5).

Available P presented the highest concentration on the surface in treatments with
the application of organic matter (Si + OM and Si + T + OM) during the first cut. In
the second cut, similarly to the first, the treatments where organic matter was applied
showed the highest concentrations of P on the surface (0–10 cm), and it was also possible to
observe differences in the 40–60 cm layer with the application of Si, Si + T and Si + T + OM,
which presented higher concentrations compared to the control treatment. In the third cut,
treatments applying organic matter also stand out concerning the others (Table 5).

52



Agriculture 2023, 13, 2146

T
a

b
le

5
.

Io
ns

co
nc

en
tr

at
io

ns
in

th
e

ex
ch

an
ge

co
m

p
le

x
fo

r
ea

ch
st

u
d

ie
d

so
il

la
ye

r,
in

re
sp

on
se

to
th

e
te

st
ed

sa
lin

e
at

te
nu

at
or

al
on

g
th

e
th

re
e

so
rg

hu
m

cu
ts

.D
iff

er
en

tl
et

te
rs

in
th

e
lin

e
in

di
ca

te
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

at
p
≤

0.
05

.

S
o

il
L

a
y

e
r

(c
m

)

C
u

t
1

C
u

t
2

C
u

t
3

C
S

i
S

i
+

O
M

S
i

+
T

S
i

+
T

+
O

M
C

S
i

S
i

+
O

M
S

i
+

T
S

i
+

T
+

O
M

C
S

i
S

i
+

O
M

S
i

+
T

S
i

+
T

+
O

M

K
+

(c
m

ol
c

kg
−1

)
0–

10
1.

14
1.

54
1.

35
1.

11
1.

38
0.

79
c

1.
23

a
1.

01
b

1.
25

a
1.

03
b

0.
58

b
0.

96
a

0.
65

b
0.

74
b

0.
63

b
10

–2
0

0.
59

c
0.

60
c

0.
85

b
0.

69
c

1.
07

a
0.

45
b

0.
35

b
0.

54
b

0.
77

a
0.

69
a

0.
42

0.
29

0.
41

0.
43

0.
45

20
–4

0
0.

35
a

0.
26

b
0.

28
b

0.
24

b
0.

33
a

0.
31

0.
26

0.
26

0.
37

0.
35

0.
22

0.
24

0.
21

0.
21

0.
21

40
–6

0
0.

21
0.

22
0.

19
0.

21
0.

26
0.

33
a

0.
23

b
0.

26
b

0.
37

a
0.

23
b

0.
21

0.
22

0.
14

0.
21

0.
24

N
a+

(c
m

ol
c

kg
−1

)
0–

10
6.

23
6.

02
6.

34
5.

52
6.

96
6.

51
a

5.
93

b
6.

02
b

5.
90

b
6.

07
b

5.
63

5.
19

5.
25

5.
39

5.
39

10
–2

0
5.

02
6.

02
4.

76
5.

41
5.

29
6.

86
7.

00
6.

70
6.

66
7.

22
7.

16
a

5.
16

b
6.

83
a

5.
77

b
6.

93
a

20
–4

0
3.

44
3.

53
3.

62
3.

29
3.

94
4.

94
5.

12
5.

03
3.

87
5.

26
6.

15
a

5.
51

b
5.

48
b

5.
63

b
6.

21
a

40
–6

0
3.

65
4.

35
3.

62
3.

50
4.

12
4.

80
a

4.
88

a
4.

33
a

3.
38

b
4.

62
a

4.
25

4.
10

3.
64

3.
75

4.
19

C
a2+

(c
m

ol
c

kg
−1

)
0–

10
14

.7
9

b
15

.3
1

b
18

.6
7

a
14

.1
9

b
16

.1
2

b
18

.1
2

b
16

.5
2

b
18

.2
3

b
19

.4
5

b
22

.7
9

a
18

.2
1

b
17

.8
8

b
18

.7
2

a
16

.7
8

c
19

.3
0

a
10

–2
0

15
.2

8
15

.4
1

15
.8

4
15

.1
3

16
.0

5
17

.4
1

16
.7

4
16

.1
8

16
.7

5
17

.0
9

16
.3

8
16

.0
4

16
.5

9
16

.5
6

16
.0

8
20

–4
0

16
.7

5
b

16
.4

7
b

18
.6

7
a

18
.0

0
a

19
.2

0
a

18
.0

7
18

.6
1

18
.2

9
18

.3
1

19
.4

7
16

.3
8

16
.8

1
16

.4
9

16
.4

9
17

.1
6

40
–6

0
20

.5
2

a
19

.7
0

a
17

.0
8

b
17

.9
6

b
19

.6
8

a
19

.3
2

18
.3

4
20

.1
2

20
.0

4
19

.4
5

18
.0

2
17

.2
5

17
.2

1
17

.5
2

17
.4

4
M

g2+
(c

m
ol

c
kg

−1
)

0–
10

9.
85

b
9.

02
c

11
.0

4
a

9.
90

b
10

.9
3

a
9.

06
b

8.
29

c
8.

73
b

8.
73

b
10

.4
9

a
13

.3
4

a
12

.4
9

b
12

.9
2

b
12

.5
7

b
13

.3
2

a
10

–2
0

10
.2

0
10

.3
4

10
.9

5
10

.3
1

10
.8

6
8.

73
a

8.
84

a
8.

91
a

8.
27

b
9.

17
a

12
.9

0
a

13
.2

1
a

12
.9

5
a

11
.7

0
b

13
.1

9
a

20
–4

0
12

.0
0

a
9.

87
b

11
.9

6
a

9.
17

b
9.

39
b

9.
15

9.
30

9.
61

9.
46

9.
90

11
.8

5
b

12
.1

6
b

13
.3

0
a

11
.7

8
b

12
.8

1
a

40
–6

0
13

.2
5

a
13

.0
3

a
11

.5
6

b
12

.4
2

a
11

.2
8

b
11

.8
1

11
.0

2
10

.5
3

9.
81

11
.0

4
13

.9
8

14
.6

4
12

.7
5

12
.5

5
13

.6
9

P
(m

g
kg

−1
)

0–
10

45
.7

2
b

56
.1

9
b

12
3.

17
a

43
.1

0
b

11
3.

66
a

38
.1

4
c

44
.7

9
c

97
.2

0
b

40
.6

3
c

14
8.

32
a

42
.1

6
b

32
.2

9
b

81
.0

7
a

38
.6

0
b

70
.4

0
a

10
–2

0
35

.5
2

c
42

.1
1

c
52

.6
7

b
38

.4
1

c
69

.8
7

a
23

.8
7

34
.4

2
37

.2
1

39
.0

6
47

.8
6

26
.9

4
c

35
.5

7
b

41
.9

6
a

28
.1

6
c

44
.7

3
a

20
–4

0
24

.4
3

25
.8

1
26

.7
7

27
.7

4
24

.8
4

24
.6

3
23

.0
3

25
.2

1
28

.0
8

31
.6

2
30

.9
7

a
23

.0
9

b
34

.9
2

a
23

.8
7

b
20

.9
2

b
40

–6
0

23
.3

4
30

.1
3

24
.8

7
21

.5
8

28
.8

5
17

.1
0

c
26

.4
2

b
21

.1
8

c
32

.5
6

a
26

.4
2

b
30

.1
8

21
.0

6
21

.6
2

27
.5

3
26

.7
7

Si
=

si
lic

on
;S

i+
O

M
=

si
lic

on
+

or
ga

ni
c

m
at

te
r;

Si
+

T
=

si
lic

on
+

Tr
ic

ho
de

rm
a

ha
rz

ia
nu

m
;S

i+
O

M
+

T
=

si
lic

on
+

or
ga

ni
c

m
at

te
r

+
Tr

ic
ho

de
rm

a
ha

rz
ia

nu
m

.

53



Agriculture 2023, 13, 2146

3.2. Ions Content at Plant Tissue

The total Na+ content in the aerial part of the plant differed only in the second cut,
where the application of Si + T presented a higher content (Table 6). We observed that
the Na+ content in the leaf was lower in all treatments with the application of isolated or
combined Si, compared to the control treatment, and that sorghum tends to concentrate
more Na+ in the stalk, having the Si + T treatment present the highest content (Table 6).

About K+, the application of Si alone or combined promoted a more significant
accumulation of this element in the aerial part of sorghum in the first and third cuts than
the control treatment. In the leaves, the application of S + T + OM favored a more significant
accumulation of K+. In the stalks, in the third cut, the control treatment showed a lower
accumulation of K+ than the others. There was also a difference in the content of this ion in
the panicle, with treatments with the application of organic matter (Si + OM and Si + T +
OM) showing the highest values.

In the third sorghum cut, the application of Si + OM, Si + T, and Si + T + OM favored
a more significant accumulation of Cl− in the aerial part of the plant, so that most of the
Cl− was more significantly present in the plant stalks. In the leaves, the concentration of
Cl− was significantly higher in the control treatment and with the application of Si + T +
OM. In contrast, in the stalks, the control treatment and Si alone showed lower contents of
this element (Table 6).

Applying Si + OM, Si + T, and Si + T + OM also favored a more significant accumulation
of P in the aerial part of sorghum in the three cuts. Si + T + OM promoted the highest
P contents, with 92.27, 118.93, and 113.55 mg of P in the first, second, and third cuts,
respectively. The accumulation of Ca2+ and Mg2+ in the sorghum leaf, stalk, and panicle
was enhanced with the application of Si alone and combined with T and OM; however,
combined Si (Si + OM, Si + T, and Si + T + OM) promoted more significant accumulation of
these elements in different parts of the plant as well the aerial part of sorghum, in the three
cuts (Table 6).
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3.3. Sorghum Yield and Water Use Efficiency

In all sorghum cuts, applying Si combined with T and/or OM, significantly increased
the fresh and dry mass of the shoot in the three sorghum cuts (Table 7). The highest
accumulated yields (total of the three cuts) were also achieved with the application of
combined Si, where Si + OM, Si + T, and Si + T + OM obtained, respectively, yields of 62.03,
62.53, and 59.05 t ha−1 of dry matter, and 182.43, 179.45, and 169.62 t ha−1 of fresh mass
(Table 7). It corresponds to gains in dry mass for the Si + OM, Si + T, and Si + T + OM
treatments, of 38, 39, and 31% compared to the control treatment (without application of
Si) and 26, 27, and 20% compared to the treatment where Si was applied alone. Regarding
fresh mass, also for the Si + OM, Si + T, and Si + T + OM treatments, the accumulated gains
concerning the control treatment (without application of Si) and Si alone were similar—25,
23, and 11%.

Table 7. Mean values of sorghum dry matter yield (DMY) and sorghum fresh matter yield (FMY) for
each cut and the total of the three cuts, depending on the tested saline attenuator. Different letters in
the column indicate significant differences at p ≤ 0.05.

Saline
Attenuator

DMY (t ha−1) FMY (t ha−1)

Cut 1 Cut 2 Cut 3
Total
Yield

Cut 1 Cut 2 Cut 3 Total Yield

Control 16.99 b 17.59 b 10.21 c 44.80 b 52.33 b 52.28 c 41.76 b 146.37 b
Si 18.09 b 19.34 b 11.71 c 49.14 b 55.42 b 49.25 c 41.58 b 146.24 b
Si + OM 22.09 a 21.06 b 18.88 a 62.03 a 62.58 a 58.78 b 61.07 a 182.43 a
Si + T 19.96 b 27.36 a 15.21 b 62.53 a 58.61 b 67.14 a 53.70 a 179.45 a
Si + OM + T 23.69 a 20.56 b 14.80 b 59.05 a 66.20 a 51.22 c 52.20 a 169.62 a

Si = silicon; Si + OM = silicon + organic matter; Si + T = silicon + Trichoderma harzianum; Si + OM + T = silicon +
organic matter + Trichoderma harzianum.

Applying Si + OM, Si + T, and Si + T + OM increased the water use efficiency (WUE) of
sorghum plants, compared to the control and Si alone, in the three sorghum cuts. Regarding
the accumulated values, Si + OM, Si + T, and Si + T + OM obtained a water use efficiency
of 15.3, 15.05, and 14.65 g of dry mass per liter of water, respectively, compared to 10.98
and 12.02 g L−1 of dry mass from the control treatments and with application of Si alone,
respectively (Table 8). It meant an increased water use efficiency for Si + OM, Si + T, and
Si + T + OM of 40, 37, and 33%, compared to the control treatment and 27, 25, and 22%
compared to Si alone.

Table 8. Mean values of water use efficiency (WUE) by sorghum for each cut and the total of the three
cuts, depending on the tested saline attenuator. Different letters in the column indicate significant
differences at p ≤ 0.05.

Saline
Attenuator

WUE (g DM L−1 H2O)

Cut 1 Cut 2 Cut 3 Total WUE

Control 4.89 b 3.55 b 2.55 c 10.98 b
Si 5.20 b 3.90 b 2.92 c 12.02 b
Si + OM 6.35 a 4.25 b 4.71 a 15.30 a
Si + T 5.74 b 5.52 a 3.79 b 15.05 a
Si + OM + T 6.81 a 4.14 b 3.69 b 14.65 a

Si = silicon; Si + OM = silicon + organic matter; Si + T = silicon + Trichoderma harzianum; Si + OM + T = silicon +
organic matter + Trichoderma harzianum.

4. Discussion

Increasing soil salinity through irrigation with saline water is a common challenge in
semiarid regions around the globe. Biosaline agriculture, in conjunction with saline stress
attenuators, proved to be efficient in improving the productivity of crops and enabling
agricultural production under salty stress conditions. In our study, silicon combined with
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Trichoderma harzianum and organic matter was more effective in mitigating the effects of
saline irrigation on forage sorghum and mainly favoring its growth and yield.

4.1. Salinity Parameters

The decrease in EC over time can be explained by the precipitation observed during
the experiment period, which was 176.5 and 252 mm during the second and third sorghum
cuts, respectively, totaling 428.5 mm. Soil salinity is seasonal and follows climate change, so
salinity is higher in dry periods and tends to decrease in rainy periods, as water promotes
the dilution of the salts present, which are leached out of the soil profile, thus promoting its
washing.

In addition to this natural decrease caused by rain, it was observed that treatments
with Si and other salt stress attenuators also reduced EC compared to the control treat-
ment, emphasizing the application of isolated Si and Si + T. Ref. [42] stated that silicon
interacts with soil moisture and can regulate EC. As all salt stress attenuators were applied
with silicon, alone or combined, our results are in agreement with previous studies such
as [43,44], which had also observed that the application of silicon reduced the EC of the
soil and favored plant growth. A similar result was found by [45], who, studying different
sources of Si in a saline soil cultivated with corn, also found a decrease in EC with the
application of potassium silicate.

In saline and sodic soils, silicon interacts with Na+ present in the soil and forms
sodium silicate (Na2SiO3), which increases the mobility and absorption of Ca2+, Mg2+,
and K+ and reduces the transport of Na+ and Cl− to the roots of plants, favoring their
leaching [30]. Furthermore, Ref. [42] stated that Si’s ability to bind to other minerals and its
adsorption on clay particles makes it difficult for more Na or Cl ions to bind to essential
mineral nutrients or to the surface of soil particles, which can reduce the availability of
these salts and their absorption by plant roots in the soil, and consequently promote their
leaching.

The predominance of Cl− and Na+ in the soil solution mainly influenced the increase in
EC in the control treatment, reflecting the low quality of the water used in this experiment,
which contains a high concentration of these ions in its composition (Table 2). According
to [6,9], the predominance of Na+ and Cl− in the soil solution in irrigated areas is expected
due to the low groundwater quality in the region. The predominance of ions in the soil
solution was in the following order: Na+ > Cl− > Ca2+ >Mg2+ > K+. The high concentration
of these elements in the soil solution contributes to increasing the ionic strength of the soil
solution and, consequently, its electrical conductivity [46].

Soil pH showed high variability between treatments in all soil layers. It ranged from
6.68 to 7.75, values above the ideal range for sorghum cultivation, which is 5.5 to 6.5 [47],
but which are in line with expectations for salt-affected soils in semiarid regions [48]. This
increase may be due to the imbalance in ionic composition resulting from excess Na+ and
the presence of bicarbonates (5.70 mmolc L−1), which are also present in the water used for
irrigation (Table 2) [49,50].

In general, applying Si alone or in combination promoted an increase in pH in some
soil layers. Previous studies have demonstrated positive correlations between silicon and
soil pH [51,52], as well as increases in soil pH in response to the application of silicon
sources in the soil [31,53]. It occurs because OH− ions are released during the dissolution of
silicate fertilizers [54], contributing to an increase in soil pH. Ref. [55] further stated that the
mineral Si has an alkaline nature, and its surface can easily transport exchangeable cations
in large quantities and exchangeable H+ in small quantities, resulting in solid hydrolysis of
exchangeable cations in the soil, which produces a high proportion of NaOH in the soil
solution and increases soil pH.

Compared to the initial soil sample (Table 1), ESP increased between 200 and 400% in
the soil layers across the three sorghum cuts. The soil was classified as saline-sodic [37],
with an EC > 4 dS m−1 and a PST > 15%. Increased sodicity promotes physical deterioration
of the soil, mainly affecting water infiltration into the soil and root penetration [56,57]. The
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soil used in this study is especially susceptible to salinization and sodification due to its
finer texture (Table 1) [58,59]. However, despite the increase, the application of Si alone or
combined allowed this increase in ESP to be smaller than the control treatment, mainly
related to the decrease in Na+ in the soil sorptive complex and the increase in K+, Ca2+, and
Mg2+.

4.2. Soluble and Sorptive Complex

Compared to the initial soil characterization (Table 1), there was a reduction in soluble
K+, Ca2+, and Mg2+, while soluble Na+ increased by approximately 10 times in the soil
layers along the sorghum cuts. This increase in Na+ levels is explained by its high concentra-
tion in the irrigation water used in this work. Thus, the components of the soluble fraction
of the soil are quickly altered in areas using irrigation with saline water [60]. Furthermore,
it is normal for nutrient ions to decrease over time due to the absorption of these nutrients
by plants, especially K+, which sorghum absorbed in more significant quantities in this
experiment.

Si applied alone was ineffective in increasing nutrient concentrations in the soil, since,
in its composition, the only nutrient provided in addition to Si is K+. Still, it reduced
the concentrations of Na+ and Cl− in the soil, with the treatment which proved to be
more effective in mitigating soil salinity when applied in combination with Trichoderma.
Although there was a reduction in the levels of Ca2+, Mg2+, and K+ compared to the initial
characterization of the soil, in general, the applied silicon combined with organic matter
and Trichoderma (Si + OM, Si + T, and Si + T + OM) presented higher concentration values
of K+, Ca2+, and Mg2+ in the solution as well the soil sorption complex, compared to the
control.

Adding organic matter can mitigate the effect of salts and improve plant growth, as it
is a source of nutrients, increasing their availability, while also increasing water retention,
improving soil structure, and increasing the bioactivity of microorganisms [61,62]. The
action of Trichoderma may be associated with the fungus’ ability to increase the availability
of nutrients in the soil through the secretion of organic acids into the root environment, as
well as acting as a decomposer and mineralizer of OM, releasing the nutrients present in it
more quickly [63–66].

In the soil exchange complex, the abundance of cations was in the following order:
Ca2+ > Mg2+ > Na+ > K+. Ref. [9] observed the same sequence of cation abundance in
cultivated soils in semiarid Brazil. Some cations are adsorbed more strongly to soil colloids,
with this binding force being more significant the greater the charge on the ion and the
smaller its hydrated radius [67]. Ca2+ and Mg2+ (present in high levels in irrigation water),
because they have a greater charge (+2) and a smaller hydrated radius than Na and K (+1),
are more easily retained in the soil exchange complex. Regarding Na+ and K+, although K+

has a smaller ionic radius, the high concentration of soluble Na+ in the soil solution causes
it to become more adsorbed [68].

Concerning available P, treatments applying organic matter (S + OM and Si + T +
OM) contributed most to its increase. Ref. [69] stated that the organic P present in OM
can contribute to the long-term supply of P to crops through mineralization processes, so
that organic P constitutes, on average, 25% of the total P in agricultural soils. It has also
been demonstrated that the long-term application of organic fertilizer can improve soil P
availability, reducing P sorption by competition or altered pH, accelerating the dissolution
of soil metal oxides by organic acids, and promoting microbial P mineralization [70–72].
Additionally, Ref. [73] found that organic amendments can improve crop yield and phos-
phate fertilizer use efficiency by altering soil P fractions and increasing phosphatase activity.
Similarly, Ref. [74] showed that combining organic and chemical fertilizers increased veg-
etable production and decreased total P leaching losses by >20%. In addition to increasing P
availability and soil organic carbon (C), applying organic matter improves soil aggregation
and environmental conditions for the soil microbial community, consequently improving
SOM mineralization and nutrient cycling [75,76].
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4.3. Ions Content at Plant Tissue Level

In sorghum plants, a higher content of K+ without Na+ was observed with the ap-
plication of Si alone or in combination. In other crops, the isolated efficiency of Si, OM,
and T in improving the absorption of K+ at the expense of Na+ has been proven, such as
in spinach [77], fava beans [78], wheat [79], and in sorghum itself [18,80,81]. It may have
occurred due to Si’s ability to increase the absorption of K+ at the expense of Na+, thus
balancing the Na+/K+ ratio [19,20,82]. Furthermore, Si forms a silica barrier in the roots
that reduces the passage of Na+ to the shoot [20,83]. This is supported by the results of
this study, since Na+ was the cation absorbed the least by sorghum, despite its higher
concentration in the soil solution. The accumulation of ions in the sorghum shoot followed
the following order: K+ > Cl− > Ca2+ > Mg2+ > Na+ > P.

Despite the low absorption of Na+ by plants, this behavior was not observed for the
Cl− content, which was high, second only to K+. Other authors observed the opposite
effect, such that the application of Si reduced the absorption of Cl− in different cultures. Si
decreased Cl− absorption in rice, while Cl− concentration in roots was not changed [84].
Similar results were found in okra [85] and grapevine [86].

The greater absorption of Cl− with the application of attenuators (Si + OM, Si + T,
and Si + T + OM) did not negatively affect sorghum production, since these were the
same treatments that obtained the highest fresh and dry mass production. The high K+

content in the plant may justify not affecting production, as potassium is an activator of
many cytoplasmic enzymes necessary for photosynthesis and respiration [87]. Therefore,
a deficiency in K+ suppresses photosynthesis and even reduces plant growth, while an
increase in its absorption can alleviate the harmful effects of salinity [88]. Furthermore, K+

plays a vital role in maintaining and creating turgor pressure and adjusting plant water
balance [87].

Applying Si + OM, Si + T, and Si + T + OM increased the K+, Ca2+, Mg2+, and P content
in the aerial part of sorghum plants. It can be explained by the ability of OM to improve
soil fertility. As already reported, applying organic matter enhances soil aggregation,
improving environmental conditions for the soil microbial community and consequently
improving SOM mineralization and nutrient cycling [75,76]. Trichoderma, in addition
to exuding organic acids, can solubilize nutrients, especially phosphates, assists in the
mineralization of organic matter, improves soil fertility, and improves the efficiency of
nutrient use by plants, consequently contributing to their growth [25,63,89]. Trichoderma
spp. is also related to the production of phytohormones, such as auxins, that help plant
growth [90]. Such substances favor cell elongation in higher plants and increase the surface
of the root system, enabling greater access to soil nutrients [91,92].

4.4. Sorghum Yield and Water Use Efficiency

Isolated Si increased sorghum dry matter productivity by around 10%, and this gain
may be mainly associated with the reduction in the EC of the saturation extract in this
treatment. However, the EC of all treatments did not exceed the threshold salinity for forage
sorghum (10 dS m−1) [93]. However, Si’s ability to reduce Na+ and Cl− concentrations in
the soil changes the ionic composition of the EC and reduces the toxicity caused by these
ions [30,42]. The gain in productivity with combined Si (Si + OM, Si + T, and Si + T + OM)
is associated with improvements in chemical attributes, soil fertility, and plant nutrition
promoted by saline stress attenuators [19,94–96]. This study evidenced this by a reduction
in toxic ions (Na+ and Cl−) in the soil and an increase in nutrient ions (K+, Ca2+, Mg2+, and
P) in the soil and plant tissue using combined Si.

Trichoderma are recognized as synthesizers of phytohormones, such as auxin, and
hormone-like compounds called harzianolide, substances that, together with auxin, act to
expand the cell wall and increase biomass production by plants [97,98]. OM acts as a source
of nutrients, soil conditioner, and food for the soil microbiota, and these characteristics
improve fertility, soil aggregation, and nutrient cycling, thus promoting better nutrition and
more significant biomass accumulation by sorghum [99,100]. The productivity obtained
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in this study is compatible with that found even when forage sorghum is irrigated with
good-quality water [101–103].

Regarding WUE, in the bibliography, we found positive results on the efficiency of
Si [104,105], OM [106,107], and T [108,109] in improving WUE. It is known that T increases
root growth [110,111], and as a result, a greater area of soil is explored by the roots, resulting
in better absorption and efficiency in the use of water by sorghum. Ref. [112] reported that
Trichoderma increased sorghum root biomass by 50% under salinity. T also acts on stomatal
regulation, thus reducing water loss and improving WUE [108]. Meanwhile, OM promotes
greater water retention in the soil (irrigation + rain), increasing available water and its
absorption by sorghum [113]. Si mainly contributes by adjusting nutritional imbalances, the
photosynthetic system, and antioxidant mechanisms, factors associated with WUE [104].

5. Conclusions

Due to the soil in this study being, in particular, more susceptible to salinization and
sodification due to its finer texture, the chemical quality of the soil deteriorated over time
(>EC, ESP, Na+ and Cl−), making this type of soil unsuitable for irrigation with saline water.
However, the applications of salt stress attenuators used in this study caused this increase
in salinity parameters to be reduced in comparison with the control treatment. This way,
the risk of degradation and loss of the soil’s productive capacity using mitigating agents is
lower. The association of silicon with organic matter and Trichoderma harzianum increases
the concentration of soluble K+ in the soil and the content of this element in plants. In
this sense, plants’ tolerance to salinity is increased, since K+ participates in several critical
metabolic processes in plants, alleviating the harmful effects of salinity. In general, the
tested combinations improve plant nutrition by increasing the absorption of K+, P, Ca2+,
and Mg2+ and, consequently, increasing the tolerance of forage sorghum to saline stress. In
general, plants subjected to combined Si were better nourished and exposed to greater soil
water retention and lower concentrations of toxic ions (Na+ and Cl−). Thus, productive
capacity and WUE were improved. Therefore, agricultural practices with combined Si
management (Si + T, Si + OM, and Si + T + OM) are essential for semiarid regions, as they
favor the development of forage sorghum and allow the use of saline waters common to
these regions.
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Abstract: To successfully enhance the salt tolerance of genotypes, it is crucial to conduct field-based
trials, establish effective screening criteria and analysis tools, evaluate salt tolerance at various
growth stages, and integrate phenotypic assessment-based traits with molecular markers. This study
aimed to assess the salt tolerance of 16 F8 recombinant inbred lines (RILs) and eight genotypes
by analyzing 13 agro-morpho-physiological traits using various analysis tools and SSR markers
under both control and high salinity levels (15 dS m−1) in real field conditions. Analysis of variance
(ANOVA), comparison of mean values, calculation of reduction percentage, and multivariate analysis
were used to compare the assessed traits among genotypes and identify which traits are the most
effective ones in describing the salt tolerance of these genotypes. A heatmap cluster analysis (HMCA)
was also employed to categorize the salt tolerance of genotypes into different clusters based on
the stress tolerance index (STI) for all traits. The ANOVA results revealed significant statistical
differences (p ≤ 0.05) between the genotypes and salinity levels for all assessed traits in each season
and their combined data. Moreover, the 150 mM NaCl treatment led to decreases in the assessed
traits by 10.2% to 36.9% when compared to the control treatments. Furthermore, the mean values
of assessed traits for certain genotypes were approximately one to three times greater than those of
other genotypes. Principal component analysis has identified plant dry weight, green leaf area, leaf
area index, and grain yield per hectare as effective screening criteria for explaining the substantial
variation observed among the genotypes. The HMCA successfully grouped genotypes into three
distinct clusters and distinguished the salt-tolerant genotypes from the salt-sensitive and intermediate
ones. The 24 genotypes/RILs were classified into three main groups according to the allelic data of
40 SSRs associated with salt-tolerant genes. A weak yet significant correlation was observed between
the similarity coefficients of agro-morpho-physiological traits and SSR markers, as determined by
the Mantel test (r = 0.13, p < 0.03, and alpha = 0.05). In conclusion, this study has successfully
identified several traits, particularly those associated with SSR markers, that greatly contribute to
our understanding of the phenotypic and genotypic basis influencing the salt tolerance of wheat
genotypes in real field conditions. Consequently, assessing these traits for a large number of wheat
plant materials in a rapid and cost-effective manner will be greatly importance in breeding programs
aimed at improving salt stress tolerance in this vital food crop. This will be the main focus of our
forthcoming research.

Keywords: chlorophyll content; mantel test; multivariate analysis; relative water content; saline
water; stress tolerance index; yield components

1. Introduction

Currently, numerous environmental stresses present a substantial threat to global
food security. On the other hand, global food production needs to be increased by about
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70% to ensure food security for the projected population of 9.7 billion people by 2050 [1].
Although the annual increase of 1.0–1.6% in the production of most major food crops,
such as wheat, rice, and maize, the impact of environmental stresses on grain yield (GY)
surpasses this growth rate. This situation will intensify the pressure on global food security
in the coming years [2]. Salinity is widely recognized as one of the most prominent of these
environmental stresses that greatly reduces GY for most food crops in many parts of the
world. Under moderate salinity stress (40–80 mM NaCl), the average GY of most major
food crops may be globally reduced by over 50% [3–5]. Statistically, salinity stress currently
affects about 20% of cultivated areas. Furthermore, it is projected to reach 50% or more
by 2050, as approximately 1.5 million hectares of cultivated land are salinized annually
due to both natural and human factors. In addition, salinity stress significantly restricts the
productivity of approximately 33% of irrigated lands, which are responsible for producing
around one-third of the world’s food supply [4,6]. Moreover, there is a loss of over USD
13 billion annually due to irrigation-induced salinity alone [7]. All these facts about salinity
may explain why there is a close association between food crises and salinity issues in the
agricultural sector, particularly in arid and semiarid countries.

Bread wheat (Triticum aestivum L.) is a moderately salt-tolerant crop with a salinity
threshold of about 7.0 dS m−1 (70 mM NaCl). However, higher salinity concentrations such
as 15.0 dS m−1 (150 mM NaCl) can cause a significant decrease in its potential yield of up
to 60%, especially when grown in open-field conditions [8]. Therefore, the introduction
of salt-tolerant genotypes that can produce satisfactory GY even in environments with
high salt concentrations is recognized as the most beneficial approach for sustaining wheat
production under salinity conditions [3,6,8]. Therefore, the primary goal of plant breeders
is to exploit genetic variations in salt tolerance within wheat germplasm in order to identify
potential donors with salt tolerance and incorporate them into breeding programs. The ulti-
mate end of this goal is to create new wheat genotypes that exhibit greater tolerance to salt
stress compared to others. Despite the simplicity of this goal, there has been little progress
in developing high-yielding wheat genotypes that are tolerant to salinity. According to
the literature, this lack of progress can be attributed to several reasons. Firstly, several
screening experiments only assess the salt tolerance of genotypes during germination
and the early vegetative phase without considering that the salt tolerance of genotypes
can vary throughout different growth stages [9,10]. Thus, experiments that evaluate the
performance of genotypes under salt stress conditions during both the vegetative and
reproductive stages are urgently needed. Secondly, the majority of experiments evaluating
the salinity tolerance of genotypes and understanding the mechanism of salt tolerance are
conducted in controlled conditions, such as a greenhouse and growth chamber, using sand
or hydroponics as growth media. However, these conditions do not accurately reflect the
complexity of field conditions and thus do not provide a reliable proof of concept for plant
performance in open-field conditions [4,11]. Thirdly, there is a lack of appropriate evalua-
tion methods and screening criteria that can accurately assess the salt tolerance of genotypes
under open-field conditions. Under real field conditions, the wheat plants are exposed to
high variability in physical and chemical properties of soil, temporal and spatial variability
in salt and water contents in the root zone at different growth stages, and fluctuations in air
temperature and humidity [4,8,10]. Fourthly, although the mechanisms associated with
salt stress responses in plants are complex and polygenic traits, there are few screening
studies that evaluate the salt tolerance of genotypes based on multiple traits. It is known
that the different components of salinity stress, including osmotic, ionic, and essential ion
imbalance components, simultaneously cause many morphological, physiological, and
metabolic changes [4,12,13]. Fifthly, the evaluation of salt tolerance is primarily focused
on the GY criterion, even though direct selection for GY is often inefficient due to its low
heritability. Therefore, evaluating the salt tolerance of genotypes based on secondary traits
that are highly correlated with GY and have a high heritability can make the assessment of
the salt tolerance of genotypes more accurate and efficient [14,15].
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In general, the different components of salinity stress interact together and result
in a notable reduction in several agro-morpho-physiological traits, including plant dry
weight (PDW), leaf area (LA), total chlorophyll content (Chlt), and leaf water content
(LRWC), as well as different yield components such as thousand-grain weight (TGW),
spike length (SL), grain number per spike (GNPS), spike number per plant (SNPP), and
harvest index (HI). It is worth noting that these traits show a reduction even at low salinity
levels [3,8,16]. For instance, Munns et al. [3] reported that a low salinity level may not
reduce wheat GY despite reducing PDW and LA. However, GY only decreases once a
certain salinity threshold is reached. Similarly, Radi et al. [17] and Uzair et al. [18] showed
that salt stress caused a significant reduction in wheat PDW, with a more pronounced effect
on salt-sensitive genotypes compared to salt-tolerant ones. Importantly, PDW and LA
exhibit high heritability coupled with a high expected genetic gain from selection and are
strongly associations with GY under salinity conditions [15,19,20]. Therefore, PDW and
LA traits can serve as effective screening criteria for distinguishing salt-tolerant genotypes
from salt-sensitive ones in real field conditions.

As toxic ions build up in the leaf blade, the negative effect of salt stress on photo-
synthetic pigments can be detected before irreversible morphological damage becomes
apparent [21]. Furthermore, Munns et al. [3] found that the wheat lines with high levels of
Na+ lose chlorophyll at a faster rate compared to those with low Na+ levels. In addition,
Omrani et al. [20] conducted a study using seven generations of wheat grown under normal
and saline conditions in the field, and they reported a high broad-sense heritability for Chlt
and SPAD values in saline conditions. Moreover, a strong positive correlation between
Chlt and overall plant salinity tolerance was found in several field crops, including wheat,
barley, rapeseed, and chickpea [22,23]. Considering this, the maintenance of photosynthetic
pigments in saline conditions can be seen as a key physiological criterion for differentiating
between salt-tolerant and salt-sensitive genotypes.

A high concentration of salt in the root zone can impair the plant’s ability to absorb
water, similar to the effects of drought stress. This subsequently results in an imbalance in
the plants’ water status, specifically their LRWC, which reflects the balance between water
uptake and transpiration. A reduction in LRWC can affect and alter various physiological
and metabolic processes [24]. Therefore, the ability of genotypes to maintain optimal water
content levels in tissues is an important mechanism for counteracting the effects of salinity
stress. Previous studies have also shown a moderate broad-sense heritability for RWC
under salt stress conditions [24]. Accordingly, LRWC can be considered an important
physiological criterion for evaluating the salt tolerance of genotypes.

Because wheat GY is significantly influenced by the environment and exhibits low
heritability, especially under environmental stresses, plant breeders rely on yield-related
traits, including TGW, SL, GNPS, and SNPP, as indirect screening criteria to evaluate geno-
types and improve their yield under both normal and stress conditions [25,26]. In addition,
HI, which represents the ratio of GY to biological yield (BY) and indicates the allocation
of photosynthetic products between source and sink organs, is also an important indirect
screening criterion. Therefore, the secondary traits with high heritability can be considered
essential agronomic criteria for evaluating the salt stress tolerance of genotypes [14,27,28].

Although several agro-morpho-physiological traits have been identified as effective
screening criteria, these traits are often affected by environmental conditions and are also
dependent on the developmental growth stages. Furthermore, this becomes even more
problematic in salt tolerance assessment because any change in the environment can alter
the salt tolerance between genotypes [29]. Therefore, when agro-morpho-physiological
traits are used alone, they show some restrictions in assessing genetic diversity in salt
tolerance. Moreover, assessing the salt tolerance of genotypes based on conventional phe-
notypic variance is expensive and time-consuming. Fortunately, molecular markers have
helped identify the genes responsible for the complex agro-morpho-physiological traits
that confer salt tolerance in several field crops. This has resulted in a more efficient and cost-
effective evaluation process [14,15,30]. Therefore, in order to enhance the precision of salt
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tolerance evaluation in genotypes, it is crucial to integrate phenotypic assessment based on
agro-morpho-physiological traits with molecular markers to identify the candidate genes
involved in the variation of these traits. Molecular markers offer a vast number of markers
that can be used to compare individual genotypes across different environmental condi-
tions. Furthermore, they are not limited by crop growth stages, enabling the combination
of different tolerance traits into a single efficient genotype. Additionally, they provide
objective data that can be analyzed. Among the various molecular markers available for
genetic characterization, simple sequence repeat (SSR) or microsatellite markers are exten-
sively used for cultivar identification, germplasm characterization, genetic diversity, and
molecular mapping due to their numerous advantages, including cost-effectiveness, the
presence of multi-alleles, high levels of polymorphism, high-throughput capabilities, abun-
dance, co-dominant, locus-specificity, informative, lack of bias, and repeatability [15,31–33].
Therefore, SSR markers can play a vital role with phenotypic traits in evaluating the salt
tolerance of wheat genotypes and identifying the most salt-tolerant ones. Fortunately, there
are several successful SSR primers, including Gwm 312, Xgwm312, and Xwmc170, that
have been used to assess the salt tolerance of wheat genotypes. These primers are effective
in identifying the Nax1 gene, which serves as an indicator of Na+ exclusion [34–36]. Thus,
SSR analysis of DNA polymorphism can be instrumental in identifying the key genes
associated with salt tolerance.

The main objectives of this study were to (1) assess the salt tolerance of 16 F8 recombi-
nant inbred lines (RILs) and eight genotypes grown in real field conditions, using different
agro-morpho-physiological traits, (2) identify which traits can serve as effective screening
criteria for distinguishing salt tolerance among genotypes, employing multivariate and
cluster analysis, and (3) validate these screening criteria by examining the genetic basis
using SSR markers, specifically by examining the association between the matrices of the
traits and SSR data using Mantel test.

2. Materials and Methods

2.1. Plant Materials

The genetic plant materials used in this study consisted of 24 diverse bread wheat
genotypes (Triticum aestivum L.). These genotypes comprised 8 varieties and 16 F8 recombi-
nant inbred lines (RILs). The eight varieties included three parents (Sakha-93, Sakha-61, and
Sids-1) and other five cultivars (Kharchia 65, Shandawel-1, Misr-1, Gemiza-9, and Kawz).
Based on our previous evaluations in the pot experiment and actual saline field conditions,
the three parents, Sakha-93, Sakha-61, and Sids-1, were considered to be salt-tolerant, salt-
sensitive, and moderately salt-tolerant genotypes, respectively [8,12,37]. Kharchia 65 was
also considered a salt-tolerant genotype and is used as a standard cultivar for evaluating
wheat’s salt tolerance [12,37–39]. Based on the study of Mansour et al. [40] under actual
saline field growing conditions, Shandawel-1, Misr-1, and Gemiza-9 were considered to be
salt-sensitive, moderately salt-sensitive, and moderately salt-tolerant genotypes, respec-
tively. Among sixteen RILs developed at the Faculty of Agriculture, Suez Canal University,
Ismailia, Egypt, and the College of Food and Agriculture Sciences, King Saud University,
Riyadh, Saudi Arabia, five were derived from a cross between Sakha 93 and Sids 1 and
eleven were derived from a cross between Sakha 93 and Sakha 61.

2.2. Experimental Site and Growth Conditions

All genetic plant materials were evaluated under open-field conditions at the Research
Station (24◦25′ N, 46◦34′ E, 400 m a.s.l.) of the Department of Plant Production, College
of Food and Agriculture Sciences, King Saud University, Riyadh, Saudi Arabia (Figure 1),
during the winter seasons of 2019/2020 (S1) and 2020/2021 (S2). According to data from
the meteorological station located near the research station (approximately 500 m away
from the field experiment) and during the wheat’s growing stages (December to April),
the minimum temperature ranged from 7 ◦C to 19.5 ◦C in S1 and 8.3 ◦C to 20 ◦C in S2.
The maximum temperature ranged from 21.3 ◦C to 34.1 ◦C in S1 and from 22.3 ◦C to
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35.5 ◦C in S2. Precipitation ranged from 0.0 mm to 6.25 mm in S1 and 0.32 mm to 3.66 mm
in S2. Analysis of soil samples taken from the experimental farm at a depth of 0–30 cm
showed that the soil texture is sandy loam (i.e., 14.9% clay, 28.4% silt, and 56.7% sand) and
characterized by the following physicochemical properties: organic matter, 0.46%; Walkley–
Black C, 0.34%; bulk density, 1.48 g cm−3; electrical conductivity (EC), 1.12 dS m−1; pH,
7.85; CaCO3, 29.22%; available N, 3.98 g kg−1; available K, 1.67 mg kg−1; available P,
0.07 mg kg−1; water holding capacity, 18.56%; and permanent wilting point, 7.21%.

Figure 1. Plot layouts of genotypes grown under control and salinity treatments in real field conditions.

2.3. Experimental Design, Agronomic Practices, and Treatments

The field experiment was conducted as a split-plot design with three replications.
Salinity levels, including the control (≈0.35 dS m−1) and a high salinity concentration of
15.0 dS m−1, were referred to as the main plot, while twenty-four bread wheat RILs/genotypes
were assigned at random to the subplots. Therefore, the field experiment included 144 ex-
perimental units (2 salinity levels × 24 RILs/genotypes × 3 replications). Each experimental
unit had five rows of planting, with a length of 1.5 m, row spacing of 20 cm, and a space of
50 cm between experimental units. The replications and salinity levels were separated by
buffer zones of 1 and 3 m, respectively.

In both growing seasons, the different genotypes were sown at a seeding rate of
15 g m−2 during the optimum period, which was the fourth week of November. All
genotypes were fertilized with a recommended dose of nitrogen–phosphorus–potassium
(NPK) fertilizer at a rate of 150, 100, and 90 kg ha−1, respectively. The NPK fertilizers were
applied in the form of ammonium nitrate (33.5% N), calcium superphosphate (18.5% P2O5),
and potassium chloride (50% K2O), respectively. Before sowing, the entire amount of P,
half the dose of K, and one-third of the nitrogen (N) were applied. The second one-third
of N was applied at the late tillering growth stage, while the second half dose of K and
the last dose of N were applied at the late booting growth stage. The other recommended
agronomic practices, such as removing weeds and protecting plants from pests and diseases,
were carried out in a timely manner to raise a healthy crop.
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All genotypes in both the control and salinity treatments were irrigated with fresh
water for up to 21 days after sowing in order to achieve a high germination percentage and
good seedling establishment. Subsequently, the genotypes in the high salinity treatment
were irrigated with artificial saline water containing 8.8 g NaCl L−1 (150 mM NaCl), while
in the control treatment, they continued to be irrigated with fresh water until the last
irrigation. To control the amount of water delivered to each subplot, a low-pressure surface
irrigation system was used. This system consisted of a 76 mm diameter main line, which
delivered either saline or fresh water from a five cubic-meter water tank to the subplots.
The main line was branched off to the sub-main hoses and equipped with a manual control
valve at each subplot (Figure 1). The amount of irrigation water for each irrigation event
and the irrigation frequency were determined based on the plant phenology and daily
climatic data of the experimental site. Based on these data, the total amount of irrigation
water applied for each treatment was 4800 m3 ha−1. To monitor the build-up of salinity
concentration in the root zone of plants during the growing season, soil samples were
collected from different places of the salinity treatment at a depth of 0–80 cm, and their
electrical conductivity was measured. This monitoring approach ensured that the desired
salinity level was consistently maintained throughout the duration of the experiment.
Based on the EC analysis conducted on soil samples, the EC of these samples did not
exceed 16.3 dS m−1.

2.4. Phenotypic Characterization
Agro-Morpho-Physiological Characteristics

Phenotypic observations were recorded on 13 agro-morpho-physiological parameters
at different growth stages. Observations of plant dry weight (PDW), green leaf area (GLA),
and leaf area index (LAI) were recorded at 75 (booting stage) and 90 (anthesis stage) days
after sowing on ten randomly selected plants from each experimental unit. The green leaf
blades of 10 plants were separated and run through a leaf area meter (LI 3100; LI-COR Inc.,
Lincoln, NE, USA) to measure the GLA. Subsequently, the different parts of the ten plants
(stems, leaves, and spikes) were oven-dried at 75 ◦C until their weight became constant to
determine the PDW. The values of LAI were obtained by dividing the values of GLA per
plant by the ground area per plant.

Observations of leaf relative water content (LRWC) and total chlorophyll content
(Chlt) were recorded at anthesis stage on ten randomly selected fully expanded leaves from
each experimental unit, with five leaves for each measurement. An area of approximately
0.20 cm2 was excised from each of five leaves. These were immediately weighed, soaked
in distilled water in the dark at 25 ◦C for 24 h, and then dried at 75 ◦C until their weight
became constant. This allowed for the recording of the fresh weight (FW), turgid weight
(TW), and dry weight (DW). The percentage of LRWC was then calculated using the
following formula:

LRWC = (FW − DW)/(TW − DW) × 100 (1)

Approximately 0.4 g of leaf tissue was cut from the other five leaves, washed with
distilled water, and soaked in 80% (v/v) acetone at room temperature in darkness until
the tissue was completely bleached. The extracted sap was then centrifuged for 5 min at
400 rpm and adjusted to a total volume of 15 mL with 80% acetone. The absorbance of the
extract was measured spectrophotometrically at 645 nm (A645) and 663 nm (A663) using a
UV/VIS spectrophotometer (UV-2550, Shimadzu, Tokyo, Japan). Finally, the concentrations
of Chlt were calculated according to Arnon [41] and Lichtenthaler [42] using the following
formula:

Chlt (mg g−1 FW−1) = [(20.21 × A645) + (8.02 × A663)] × V/(1000 × W) (2)

where V and W are the volume of the extract solution (15 mL) and the weight of the fresh
weight of leaf tissue (0.4 g).
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Observations of the number of grains per spike (GNPS), thousand-grain weight (TGW),
biological yield (BY), grain yield (GY), and harvest index (HI) were recorded at the maturity
stage, which was in the fourth week of April in both growing seasons. Observations of
NGPS and TGW were recorded from fifty randomly selected spikes from each experimental
unit, and observations of BY and GY (in ton ha−1) were recorded from a 0.75 m2 area of
each experimental unit. The area was harvested by hand, air-dried for one week, and
weighed to record the BY. The plants were then threshed, and the grains were collected,
cleaned, adjusted to 14% moisture content, and weighed to record the GY. The values of HI
were obtained by dividing the values of GY by BY.

2.5. Genotypic Characterization
DNA Isolation and SSR Marker Analysis

Genomic DNA was isolated from twenty-day-old seedlings using the Wizard Genomic
DNA Purification Kit (PROMEGA Corporation Biotechnology, Madison, WI, USA). After
isolation, the samples were treated with RNase and then immediately transferred to a
−20 ◦C freezer. The concentration of the final isolated DNA was determined at 260 nm us-
ing a UV–visible spectrophotometer, while its quality was checked by running the isolated
DNA on a 0.8% agarose gel. Subsequently, the quantified DNA stock was standardized to
a final concentration of 25 ng μL−1.

Sixty different SSR primers (markers) covering most of the chromosomes of the hexaploid
wheat genomes were used to characterize the genetic diversity of 24 wheat germplasms in
this study (Table S1). These markers were chosen because they have been reported in several
previous studies as being associated with salt tolerance in wheat [15,34,43–46]. Sequences
of these SSR markers can be found on the Grain Genes website (http://wheat.pw.usda.
gov/ggpages/maps.shtml; accessed on 11 January 2022) and presented in Table 1. The
polymerase chain reaction (PCR) was carried out in a 20 μL mixture with the following
composition: 1.5 μL of DNA sample, 8 μL of nuclease-free water, 10 μL of Green Master Mix
(Promega Corporation, Madison, WI, USA), and 0.5 μL of both forward and reverse primers.
The temperature cycles of PCR profiles were programmed with an initial denaturation
for 4 min at 94 ◦C, followed by 40 cycles of denaturation for 1 min at 94 ◦C, 1 min at the
primer-specific annealing temperature (as mentioned in Table 1 for each SSR primer), 2 min
at 72 ◦C for extension, and 10 min at 72 ◦C for a final extension before cooling to 4 ◦C.
The PCR amplification products were analyzed via capillary electrophoresis using the QI
Axcel Advanced System Device (Qiagen, Hilden, Germany). The SSR markers amplified
bands of each amplified loci were scored visually for their presence or absence with each
primer. The scores were obtained in the form of binary matrix with ‘1’ and ‘0’ indicating
the presence and absence of bands in each genotype, respectively.
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2.6. Statistical Analysis

The analysis of the phenotypic data involved several techniques. Initially, before ana-
lyzing the data of agro-morpho-physiological traits, the normal distribution and variance
homogeneity of all traits were tested using the Shapiro–Wilk and Bartlett’s chi-squared
tests, respectively, from the tapply function of the base package in the statistical software
R. Thereafter, an analysis of variance (ANOVA) was conducted, using SAS software (Ver-
sion 9.2; Cary, NC, USA), to test for significant differences in morpho-physiological traits
between salinity treatments and genotypes. The differences among the mean values of
genotypes for each morpho-physiological trait under control or salinity conditions were
compared using Tukey’s HSD post hoc test at a 5% probability level. The level of correla-
tion between different parameters across years, replications, and genotypes under control
or salinity conditions was estimated using Pearson’s correlation matrix. To reduce the
dimensionality and complexity of data, detect interrelationships among multiple traits, and
identify the parameters that contribute most to the variation in tested wheat genotypes,
principal component analysis (PCA) was performed on the genotype-by-parameter matrix
of means. A biplot was then made using the XLSTAT package. Furthermore, a heatmap
cluster analysis based on the stress tolerance index (STI) for traits was performed to express
the inter-relationships between traits and genotypes and to group genotypes according
to their level of salt tolerance. The STI was calculated for each trait using the following
formula suggested by [47]:

STI = (VC × VS)/(VC)2 (3)

where VC and VS are the values of the trait of each genotype under control and salinity
conditions, respectively.

For the genotypic data analysis, the SSR data were scored visually to determine
the presence or absence of each primer. The SSR bands were then scored as qualitative
characters, representing “present” as 1 and “absent” as 0, resulting in the creation of a
binary matrix. Based on the Jaccard dissimilarity coefficient, a dissimilarity matrix was
generated to assess the pairwise genetic dissimilarity between genotypes. Within the
same statistical package, the agglomerative hierarchical clustering (AHC) analysis was
conducted using the unweighted pair group average method (UPGMA). The Mantel test
was performed to assess the similarity between the Euclidean distance matrices based on
morpho-physiological traits and the genetic distance matrices based on the SSR data [48].

Finally, a stepwise multiple linear regression (SMLR) analysis was performed to
identify the most influential SSR markers associated with each morpho-physiological trait
under both control and salinity conditions, as well as the STI for each trait. The molecular
marker observations and morpho-physiological traits were considered as independent
and dependent variables, respectively. The critical significance level of the coefficients of
determination (R2) was tested at a 5% probability level.

3. Results

3.1. Analysis of Variance

The results of the ANOVA showed statistically significant differences (p ≤ 0.001)
among the salinity levels (S), genotypes (G), and their interaction (G × S) for all agro-
morpho-physiological traits in each year and in the combined analysis of two years (Table 1).
Statistically significant differences (p ≤ 0.05, 0.01, and 0.001) were also observed among
the years (Y) for all traits, except for PDW at 90 days after sowing (DAS), GY, and HI.
The interaction effect between S × Y and G × Y was highly significant for GLA and LAI
at 70 DAS, LAI at 90 DAS, and LRWC. The G × Y interaction had a significant effect on
GLA at 90 DAS, Chlt, and GNPS, whereas the S × Y interaction had no significant effect;
the opposite was true for TGW (Table 1). The three-way interaction (G × S × Y) had a
significant effect on GLA and LAI at 70 and 90 DAS, LRWC, Chlt, and GNPS (Table 1).
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3.2. Genotypic Performance in Different Morpho-Physiological Traits under Control and
Salinity Conditions

Generally, a high salinity level (150 mM NaCl) significantly decreased all agro-morpho-
physiological traits compared to the control treatment. When averaged across the two years,
the 150 mM NaCl treatment resulted in decreases of 25.9% in PDW, 28.5% in GLA, and
36.9% in LAI measured at 70 DAS. Additionally, it led to decreases of 34.0% in PDW, 28.6%
in GLA, and 38.3% in LAI measured at 90 DAS. It also resulted in reductions of 11.1% in
LRWC, 33.0% in Chlt, 10.6% in GNPS, 13.4% in TGW, 27.8% in BY, 34.9% in GY, and 10.2%
in HI compared to the control treatment (Tables 2 and 3). Based on the aforementioned
percentage reduction, LRWC, GNPS, TGW, and HI were the traits least affected by salinity
stress. Conversely, the other traits were severely affected, with salinity stress causing
reductions of more than 25% in the mean values of these traits. In addition, significant
differences were observed among genotypes for most agro-morpho-physiological traits
under both control and salinity conditions. The maximum values for these traits were
approximately one to two times higher under control conditions and one to three times
higher under salinity conditions compared to the minimum values (Tables 2 and 3). At
70 DAS, PDW, GLA, and LAI ranged from 4.4 to 7.1 g plant−1, 129.5 to 155.6 cm2 plant−1,
and 2.75 to 4.09 under control conditions, while, under salinity conditions, they ranged
from 3.4 to 5.2 g plant−1, 83.2 to 115.6 cm2 plant−1, and 1.71 to 2.79, respectively. At 90 DAS,
PDW, GLA, and LAI ranged from 6.4 to 11.0 g plant−1, 106.2 to 128.2 cm2 plant−1, and
2.31 to 3.35 under control conditions, while, under salinity conditions, they ranged from
4.3 to 6.4 g plant−1, 63.9 to 98.2 cm2 plant−1, and 1.31 to 2.24, respectively (Table 2). Both
physiological traits (LRWC and Chlt) ranged from 72.3 to 88.6% and 2.20 to 4.60 mg g−1 FW
under control conditions and from 59.0 to 76.7% and 1.00 to 3.84 mg g−1 FW under salinity
conditions, respectively (Table 3). The different yield components (GNPS, TGW, BY, GY, and
HI) ranged from 37.4 to 54.8, 38.3 to 56.4 g, 14.6 to 21.8 ton ha−1, 4.7 to 6.8 ton ha−1, and 25.4
to 39.4% under control conditions, and from 33.7 to 48.3, 32.7 to 48.5 g, 9.4 to 15.5 ton ha−1,
2.7 to 4.8 ton ha−1, and 22.9 to 35.9% under salinity conditions, respectively (Table 3).
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The relative changes in each agro-morpho-physiological trait for every genotype
are presented in Table 4. These changes indicate the percentage reduction of each trait
under high salinity levels compared to the control treatment. The different color shades
in Table 4 represent the range of reduction percentages. The color gradient, ranging
from dark blue to dark orange, reflects the gradient in reduction percentages of the trait
from the minimum to the maximum. Generally, there was a wide range in the reduction
percentages for all agro-morpho-physiological traits, except for LRWC, GNPS, and TGW,
which exhibited a narrow range. The reduction percentages ranged from 8.7% to 39.2%,
14.5% to 44.0%, and 3.7% to 54.3% for PDW, GLA, and LAI at 70 DAS; 15.5% to 49.5%,
15.3% to 46.5%, and 10.0% to 55.2% for PDW, GLA, and LAI at 90 DAS; and 4.8% to 22.0%,
9.9% to 56.1%, 2.9% to 23.3%, 5.6% to 52.8%, 19.5% to 49.1%, and −24.8% to 37.2% for
LRWC, Chlt, GNPS, TGW, BY, GY, and HI, respectively (Table 4). Additionally, the salt-
tolerant genotypes Sakha 93 and Kharachia-65 exhibited the lowest reduction percentages
for most agro-morpho-physiological traits, while the salt-sensitive genotypes Sakha 61
and Shandaweel-1 displayed the highest reduction percentages. Among the RILs, three
out of eleven (RIL9, RIL10, and RIL11) from the crossing between Sakha 93 and Sakha
61 and all RILs (RIL12–RIL16) from the crossing between Sakha 93 and Sids1 had the
highest reduction percentages for most agro-morpho-physiological traits. Conversely, the
remaining RILs from the crossing between Sakha 93 and Sakha 61 (RIL1–RIL8) showed
the opposite trend (Table 4). Kawz and Misr-1 exhibited the lowest reduction percentage
in LAI at 70 and 90 DAS (3.7–14.5%). In contrast, the reduction percentage for this trait
surpassed 30% in the majority of RILs and genotypes. The minimum reduction percentage
in PDW and GLA at 70 and 90 DAS was observed in Sakha 93 and Kharachia-65. Although
RIL12 and RIL15 had the lowest reduction percentage in BY (5.6% and 4.1%), they had an
adequate reduction percentage in GY (31.4% and 24.5%) and HI (27.3% and 18.6%). Seven
genotypes (Sids-1, Kharachia-65, Gemiza-9, RIL2, RIL5, RIL9, and RIL13) exhibited an
increase in HI under salinity conditions compared to the control (Table 3). Consequently,
the reduction percentages of HI in these genotypes were negative (Table 4).

Table 4. Reduction percentage of different agro-morpho-physiological traits under high salinity level
relative to the control treatment for each genotype.

Genotypes PDW-1 GLA-1 LAI-1 PDW-2 GLA-2 LAI-2 LRWC Chlt GNPS TGW BY GY HI

Sakha-93 16.6 14.5 29.7 25.9 15.3 30.3 6.4 13.9 4.1 2.9 23.5 27.9 5.7
Sids-1 13.8 30.0 42.5 26.1 30.9 43.3 8.2 55.0 8.4 9.3 38.5 32.9 −9.1
Sakha-61 39.2 42.0 54.3 44.2 43.0 55.2 14.4 56.1 10.9 17.2 15.3 46.8 37.2
Kharchia-65 8.7 18.6 33.2 15.5 20.3 34.3 6.5 16.5 6.2 7.2 21.9 19.5 −3.1
Kawz 26.9 33.1 9.6 35.6 29.0 10.0 14.0 16.3 16.4 14.7 34.1 42.4 12.6
Gemiza-9 22.9 30.1 16.0 22.1 26.6 25.8 6.7 12.3 11.0 23.3 30.9 28.2 −3.7
MISR-1 30.0 23.7 3.7 26.1 22.3 14.5 5.8 22.9 7.2 13.5 18.0 29.7 14.3
Shandaweel-1 35.4 34.4 18.7 38.7 33.0 26.5 8.9 44.8 16.5 11.6 38.2 45.9 12.5
RIL-1 38.9 24.7 36.0 48.3 22.0 33.8 6.8 22.3 16.8 10.2 39.7 44.1 7.4
RIL-2 11.9 25.1 38.5 27.3 22.4 36.4 4.8 26.5 3.4 11.9 29.3 24.3 −6.9
RIL-3 17.8 19.7 34.0 38.9 16.8 31.4 9.3 46.5 16.5 11.9 30.3 33.0 3.9
RIL-4 20.9 28.4 42.8 17.1 27.8 42.1 11.4 40.3 9.2 9.5 27.6 34.4 9.3
RIL-5 23.4 22.1 36.7 24.0 17.8 33.2 8.5 35.3 2.9 7.7 23.7 22.0 −2.1
RIL-6 22.9 28.9 38.7 23.5 28.7 38.5 6.6 19.2 5.7 10.6 20.3 30.8 13.2
RIL-7 20.3 32.6 41.7 40.5 33.5 42.5 10.4 33.5 3.5 10.1 25.3 44.8 26.1
RIL-8 22.4 27.1 43.1 32.7 30.0 45.3 8.6 9.9 4.8 15.0 20.2 30.7 13.2
RIL-9 29.9 36.0 48.6 40.3 37.7 49.9 18.4 37.4 23.6 18.0 52.8 41.5 −24.8
RIL-10 25.7 44.0 52.4 49.5 46.5 54.4 16.1 17.2 13.2 18.5 42.0 49.1 12.3
RIL-11 36.1 27.2 39.9 47.7 30.9 42.7 22.0 28.3 12.2 20.2 33.7 47.5 20.9
RIL-12 37.0 17.6 32.8 39.9 21.3 35.7 12.7 42.5 6.5 17.2 5.6 31.4 27.3
RIL-13 25.4 25.5 38.4 33.3 29.2 41.4 12.3 32.1 14.1 16.7 27.2 24.0 −4.3
RIL-14 30.6 31.3 39.9 26.8 34.3 42.6 15.9 43.9 27.2 15.9 19.1 33.5 17.8
RIL-15 33.8 26.6 41.0 36.7 27.2 41.2 14.4 51.8 5.3 14.0 7.1 24.5 18.6
RIL-16 22.2 35.8 49.9 33.3 39.3 52.7 15.9 45.5 2.9 11.1 23.9 41.1 22.6

Abbreviations of PDW, GLA, LAI, LRWC, Chlt, GNPS, TGW, BY, GY, and HI are plant dry weight (g plant−1),
green leaf area (cm2 plant−1), leaf area index, leaf relative water content (%), total chlorophyll content (mg g−1

FW), grain number per spike, thousand-grain weight (g), biological yield (ton ha−1), grain yield (ton ha−1),
and harvest index (%), respectively. Values 1 and 2 represent measurements at 70 and 90 days after sowing,
respectively. The color gradient, ranging from dark blue to dark orange, reflects the reduction percentages of the
trait, gradually transitioning from the minimum to the maximum.
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3.3. Correlation Matrix between Different Agro-Morpho-Physiological Traits under Control and
Salinity Conditions

In general, the different agro-morpho-physiological traits showed stronger correlations
with each other under salinity conditions compared to control conditions (Table 5). Under
control conditions, the PDW, GLA, and LAI at 70 DAS exhibited a strong positive correlation
with themselves at 90 DAS; that is, correlation coefficients (r) ranged from 0.72 to 0.96.
Meanwhile, under salinity conditions, the three traits displayed a moderate to strong
positive correlation with each other at both 70 and 90 DAS (r ranged from 0.41 to 0.96;
Table 5). The LRWC showed a moderate negative correlation with LAI at 70 and 90 DAS
under control conditions (r = −0.44). Meanwhile, under salinity conditions, this trait had a
moderate to strong positive correlation with PDW, GLA, LAI at 70 and 90 DAS, Chlt, GNPS,
BY, and GY (r ranged from 0.43 to 0.61; Table 5). Under control conditions, Chlt exhibited
only significant correlations with GNPS (−0.62) and GY (0.50). However, under salinity
conditions, Chlt had a moderate to strong positive correlation with all traits ((r ranged from
0.43 to 0.61), except TGW and HI (Table 5). Under salinity conditions, GY was substantially
and positively correlated with all traits except TGW. However, under control conditions,
GY was only positively correlated with GLA at 70 and 90 DAS, Chlt, GNPS, and BY. There
was a negative correlation between BY and HI under both control and salinity conditions;
however, this correlation was only significant under control conditions (Table 5).

Table 5. Pearson’s correlation matrix of different agro-morpho-physiological traits under control
(upper right) and salinity (lower left) conditions over two years (n = 104).

1 2 3 4 5 6 7 8 9 10 11 12 13

PDW-1 (1) −0.25 −0.16 0.72 *** −0.38 −0.27 −0.15 0.12 −0.28 0.45 * −0.04 −0.05 −0.01
GLA-1 (2) 0.44 * 0.39 0.001 0.90 *** 0.39 −0.34 −0.35 0.31 −0.13 0.38 0.64 ** 0.22
LAI-1 (3) 0.25 0.79 *** 0.03 0.29 0.96 *** −0.44 * −0.01 −0.44 * 0.22 0.07 0.01 −0.03

PDW-2 (4) 0.75 *** 0.75 *** 0.65 ** −0.16 −0.08 −0.12 −0.18 −0.03 0.34 0.13 0.29 0.12
GLA-2 (5) 0.49 * 0.95 *** 0.86 *** 0.77 *** 0.41 * −0.33 −0.28 0.36 −0.22 0.49 * 0.72 *** 0.15
LAI-2 (6) 0.41 * 0.85 *** 0.96 *** 0.75 *** 0.93 *** −0.44 * 0.02 −0.39 0.14 0.17 0.08 −0.08
LRWC (7) 0.44 * 0.56 ** 0.68 *** 0.51 ** 0.67 *** 0.66 ** 0.03 0.08 0.01 −0.43 * −0.36 0.10

Chlt (8) 0.43 * 0.47 * 0.51 ** 0.50 ** 0.50 ** 0.58 ** 0.43 * −0.62 ** 0.17 −0.24 0.50 ** −0.26
GNPS (9) −0.05 0.21 0.42 * 0.04 0.37 0.42 * 0.55 ** 0.07 −0.55 ** 0.36 0.53 ** 0.10
TGW (10) 0.48 * 0.32 −0.08 0.34 0.22 0.001 −0.08 0.15 −0.35 −0.19 −0.30 −0.09

BY (11) 0.34 0.69 *** 0.55 ** 0.60 ** 0.66 ** 0.56 ** 0.60 ** 0.32 0.16 0.35 0.56 ** −0.56 **

GY (12) 0.49 * 0.76 *** 0.69 *** 0.65 ** 0.83 *** 0.75 *** 0.61 ** 0.48 * 0.43 * 0.17 0.68 *** 0.37
HI (13) 0.25 0.24 0.30 0.20 0.34 0.36 0.05 0.27 0.30 −0.13 −0.24 0.54 **

Abbreviations of PDW, GLA, LAI, LRWC, Chlt, GNPS, TGW, BY, GY, and HI are plant dry weight (g plant−1),
green leaf area (cm2 plant−1), leaf area index, leaf relative water content (%), total chlorophyll content (mg g−1

FW), grain number per spike, thousand-grain weight (g), biological yield (ton ha−1), grain yield (ton ha−1),
and harvest index (%), respectively. Values 1 and 2 represent measurements at 70 and 90 days after sowing,
respectively. *, **, and *** indicate significant at p ≤ 0.05, 0.01, and 0.001, respectively.

3.4. Principal Component Analysis for Agro-Morpho-Physiological Traits under Control and
Salinity Conditions

The potential relationships between different agro-morpho-physiological traits and
genotypes under control and salinity conditions were assessed using a biplot of a principal
component analysis (PCA). The first four and three principal components (PCs) had eigen-
values greater than one and explained 80.24% and 78.97% of the total variation among traits
and genotypes under control and salinity conditions, respectively (Figure 2). However, the
first two components explained the highest percentages of variance: 51.86% and 68.82%
of the total variability under control and salinity conditions, respectively. Therefore, the
PCA-biplot was created using the first two PCs (Figure 3). Under control conditions, PC1
explained 30.60% of the total variability and was mostly associated with GLA at 70 and
90 DAS and GY. PC2 explained 21.26% of the total variability and was strongly associated
with LAI at 70 and 90 DAS, GNPS, and TGW (Figure 2). Under salinity conditions, PC1
explained 53.47% of the total variability and was mainly influenced by GLA and LAI at 70
and 90 DAS, PDW at 90 DAS, and GY. PC2 explained 15.35% of the total variability and
was mainly associated with TGW and GNPS (Figure 2). PC3 and PC4 accounted for 16.14%
and 12.24% of the total variation in the data under control conditions and 10.15% and 5.77%
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under salinity conditions, respectively. PC3 was strongly related to PDW at 70 and 90 DAS
under control conditions and BY and HI under salinity conditions, while PC4 showed
a strong association with BY and HI under control conditions and Chlt under salinity
conditions (Figure 2). PC5 explained only 6.22% and 5.30% of the total variation under
control and salinity conditions, respectively, and was strongly influenced by physiological
parameters (LRWC and Chlt) under control conditions and by PDW at 70 DAS and LRWC
under salinity conditions (Figure 2).
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Figure 2. Eigenvalue and variability percentage of the first ten principal components (PCs) and
contribution of the traits to first five PCs under control and salinity conditions. Abbreviations of
PDW, GLA, LAI, LRWC, Chlt, GNPS, TGW, BY, GY, and HI are plant dry weight (g plant−1), green
leaf area (cm2 plant−1), leaf area index, leaf relative water content (%), total chlorophyll content (mg
g−1 FW), grain number per spike, thousand-grain weight (g), biological yield (ton ha−1), grain yield
(ton ha−1), and harvest index (%), respectively. Values 1 and 2 represent measurements at 70 and
90 days after sowing, respectively.

80



Agriculture 2023, 13, 2135

 

Figure 3. Principal component analysis biplot for genotypes and traits under control and salinity
conditions. Abbreviations of PDW, GLA, LAI, LRWC, Chlt, GNPS, TGW, BY, GY, and HI are plant
dry weight (g plant−1), green leaf area (cm2 plant−1), leaf area index, leaf relative water content (%),
total chlorophyll content (mg g−1 FW), grain number per spike, thousand-grain weight (g), biological
yield (ton ha−1), grain yield (ton ha−1), and harvest index (%), respectively. Values 1 and 2 represent
measurements at 70 and 90 days after sowing, respectively.

According to the PCA biplot (Figure 3), the thirteen agro-morpho-physiological traits
discriminated the different genotypes into four main groups under control conditions and
three main groups under salinity conditions. Under control conditions, RILs 2, 4, 6, 7, 8,
9, and 10 were found to be located in the positive region of PC1 and PC2. They showed a
strong association with GLA and LAI at 70 and 90 DAS and a moderate association with
BY. The genotypes located in the negative region of PC1 and PC2 were the salt-tolerant
genotype Sakha 93, the salt-sensitive genotype Sakha 61, Misr-1, and RILs 11, 16, and
19. These genotypes were closely correlated with LRWC. The third group included the
salt-tolerant genotype Kharachia-65, the moderately salt-tolerant genotype Sids 1, and
RILs 3, 5, 12, 14, and 15. These genotypes were highly correlated with TGW and Chlt,
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moderately correlated with PDW at 70 DAS, and weakly correlated with PDW at 90 DAS.
Gemeza 9, Shendaweel-1, Kawz, and RIL1 were located in the positive region of PC1 and
the negative region of PC2 and were closely correlated with GY and GNPS and weakly
correlated with HI (Figure 3).

Under salinity conditions, the two salt-tolerant genotypes Sakha 93 and Kharachia-65
were grouped together with RILs 2, 6, and 8 and situated along the positive region of PC1
and PC2. These genotypes showed a strong correlation with PDW at 70 and 90 DAS, GLA
at 70 DAS, Chlt, and BY (Figure 3). Gemeza 9, Kawz, Misr 1, and RILs 2, 6, and 8 were
located in the positive region of PC1 and the negative region of PC2. They were closely
correlated with the remaining traits. Salt-sensitive genotype Sakha 61, Sids 1, Shendaweel-1,
and RILs 1, 9, 10, 11, 13, 14, 15, and 16 leaned towards the negative region of PC1 and
positive or negative region of PC2. These genotypes did not show any relationship with
morpho-physiological traits (Figure 3).

3.5. Clustering of Genotypes and Traits Based on Stress Tolerance Index

The two-way clustering was performed using the salt tolerance index (STI) for each
agro-morpho-physiological trait. This was carried out to group genotypes into different
sub-clusters based on their similarities and to assess the contribution of each trait in
response to salt stress. Based on this analysis, the genotypes and traits were grouped
into three column clusters and three row clusters, respectively (Figure 4). Clusters 1, 2,
and 3 comprised 4, 8, and 12 genotypes, respectively, as well as two, three, and eight
traits. The salt-sensitive genotype Sakha 61 and three RILs (9, 10, and 11) were grouped
together in Cluster 1 (Figure 4). They exhibited a low STI (0.49–0.89) for all agro-morpho-
physiological traits (Figure 5). The opposite was true of the genotypes in Cluster 2, which
included two salt-tolerant genotypes, Kharachia-65 and Sakha 93, a moderately salt-tolerant
genotype, Sids-1, and five RILs (2, 3, 4, 5, and 13) (Figure 4). These genotypes exhibited
a high STI value (0.63–1.01) for all traits (Figure 5). The remaining genotypes (Gemeza 9,
Shendaweel-1, Kawz, and Misr 1) and RILs were grouped together in Cluster 3 (Figure 4)
and exhibited higher STI values than Cluster 1 and lower STI values than Cluster 2 for all
traits (0.57–0.92), with a few exceptions (Figure 5). Therefore, the genotypes and RILs in
Clusters 1, 2, and 3 can be considered salt-sensitive (S), salt-tolerant (T), and intermediate
(I) genotype groups, respectively.

Figure 4. Heatmap cluster analysis displaying the associations among 24 wheat genotypes based on
salt tolerance index (STI) of different traits. The different colors and densities were adjusted based on
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associations between genotypes and STI for each trait. The darker red indicates higher values, while
the darker blue indicates lower values. Abbreviations of PDW, GLA, LAI, LRWC, Chlt, GNPS, TGW,
BY, GY, and HI are plant dry weight (g plant−1), green leaf area (cm2 plant−1), leaf area index,
leaf relative water content (%), total chlorophyll content (mg g−1 FW), grain number per spike,
thousand-grain weight (g), biological yield (ton ha−1), grain yield (ton ha−1), and harvest index (%),
respectively. Values 1 and 2 represent measurements at 70 and 90 days after sowing, respectively.
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Figure 5. Salt tolerance index (STI) of measured traits for salt-tolerant (T), intermediate (I), and
salt-sensitive (S) genotypes groups. Abbreviations of PDW, GLA, LAI, LRWC, Chlt, GNPS, TGW, BY,
GY, and HI are plant dry weight (g plant−1), green leaf area (cm2 plant−1), leaf area index, leaf relative
water content (%), total chlorophyll content (mg g-1 FW), grain number per spike, thousand-grain
weight (g), biological yield (ton ha−1), grain yield (ton ha−1), and harvest index (%), respectively.
Values 1 and 2 represent measurements at 70 and 90 days after sowing, respectively.

The GNPS and BY traits were grouped into Cluster 1, and the STI for the former trait
was higher in the T group, followed by the I and S groups, while the STI for the latter trait
was higher in the I group, followed by the T and S groups (Figures 4 and 5). The STI values
for the traits of Cluster 2 (LAI at 70 and 90 DAS and Chlt) were highest in the I group,
followed by the T group. The S group had the lowest STI values for these traits. For the
traits in Cluster 3, the T group consistently had higher STI values, followed by the I and S
groups (Figures 4 and 5). Additionally, the lowest STI values were observed for the Chlt,
LAI at 70 DAS, GLA, and PDW at 70 and 90 DAS, and GY. The STI values for these traits in
the S group decreased by 18.8%, 22.1%, 18.6%, 21.9%, 26.2%, 18.6%, and 26.1%, respectively,
compared to those in the T group (Figure 5).

The results in Table 6 show that, under control conditions, both the I and S groups
achieved higher mean values for most morpho-physiological traits compared to the T
group. However, under salinity conditions, the opposite was observed. Under control
conditions, both the I and S groups attained higher mean values for all traits compared
to the T group, except for LAI at 70 and 90 DAS for the I group and Chlt and BY for both
groups. The T group exhibited higher values for these traits compared to the I and S groups.
Meanwhile, under salinity conditions, both the I and S groups displayed a reduction in
the mean values of various agro-morpho-physiological traits by 1.7–13.6% and 2.8–28.5%,
respectively, compared to the T group (Table 6). Furthermore, the S group was significantly
more affected by salinity stress than the T and I groups. The mean values of different agro-
morpho-physiological traits under salinity conditions decreased by 8.4–37.1%, 10.6–36.0%,
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and 15.0–50.7% in the T, I, and S groups, respectively, when compared to the control
conditions (Table 6).

Table 6. Mean values of different traits for salt-tolerant (T), intermediate (I), and salt-sensitive (S)
genotypes groups under control (C) and salinity (S) conditions.

T-Group I-Group S-Group

C S %Change C S %Change C S %Change

PDW-1 5.74 4.74 17.5 5.78 4.09 29.1 5.73 3.85 32.7
PDW-2 7.97 5.84 26.7 8.31 5.43 34.7 8.76 4.77 45.6
GLA-1 139.88 107.47 23.2 143.70 102.20 28.9 141.23 88.09 37.6
GLA-2 115.36 89.26 22.6 118.13 83.90 29.0 113.79 68.57 39.7
LAI-1 3.69 2.32 37.1 3.43 2.32 32.3 3.68 1.88 49.1
LAI-2 3.04 1.93 36.7 2.84 1.85 35.1 2.97 1.46 50.7
LRWC 77.83 71.25 8.4 78.03 69.76 10.6 78.87 64.78 17.9

Chlt 3.38 2.28 32.6 3.09 2.08 32.8 2.49 1.63 34.8
NGPS 45.04 41.36 8.2 47.45 42.41 10.6 46.73 39.71 15.0
TGW 45.74 41.28 9.8 45.11 38.80 14.0 48.49 39.52 18.5

BY 19.35 13.92 28.0 18.09 13.69 24.4 18.06 11.26 37.7
GY 5.56 4.04 27.3 5.88 3.76 36.0 5.81 3.12 46.3
HI 28.80 28.98 -0.6 32.57 27.57 15.4 32.66 28.18 13.7

Abbreviations of PDW, GLA, LAI, LRWC, Chlt, GNPS, TGW, BY, GY, and HI are plant dry weight (g plant−1),
green leaf area (cm2 plant−1), leaf area index, leaf relative water content (%), total chlorophyll content (mg g−1

FW), grain number per spike, thousand-grain weight (g), biological yield (ton ha−1), grain yield (ton ha−1),
and harvest index (%), respectively. Values 1 and 2 represent measurements at 70 and 90 days after sowing,
respectively.

3.6. Clustering of Genotypes Based on SSR Markers and Their Association with Those Derived
from Agro-Morpho-Physiological Traits Using Mantel Test

The 24 genotypes/RILs were divided into three distinct clusters based on the allelic
data of 40 SSRs linked to salt-tolerant genes (Figure 6). In general, the SSR data separated
the salt-sensitive check genotype Sakha 61 from the two salt-tolerant check genotypes
Sakha 93 and Kharachia-65. Cluster 1 included two, two, and one genotype(s)/RIL(s) from
the S, T, and I groups, respectively. Cluster 2 included two, three, and four genotypes/RILs
from the S, T, and I groups, respectively. Cluster 3 did not include any genotypes/RILs
from the S group, while it included three and seven genotypes/RILs from the T and I
groups, respectively (Figure 4).

The clustering pattern of 24 genotypes/RILs based on their STI of all agro-morpho-
physiological traits (phenotypic distance) was associated with those derived from 40 SSRs
linked to salt-tolerant genes (genetic distance) using the Mantel test. The Mantel test
showed a significant positive correlation (r = 0.13, p < 0.03, and alpha = 0.05) between
agro-morpho-physiological traits and SSR data, which indicates that the molecular and
phenotypic classifications are somewhat correlated. These positive correlations were
necessary, as agro-morpho-physiological traits are typically used as an efficient way of
routinely accessing several genotypes in a breeding program without the use of molecular
markers.

3.7. Association of SSR Markers with Morpho-Physiological Traits and Their Salt Tolerance Index

The stepwise linear regression was used to identify the most influential SSR markers
associated with different agro-morpho-physiological traits under both control and salinity
conditions, as well as with an STI. In general, the different markers showed significant
association with all agro-morpho-physiological traits under both control (R2 ranged from
0.24 to 0.88) and salinity (R2 ranged from 0.38 to 0.78) conditions. They also demonstrated
association with the STIs of all traits (R2 ranged from 0.25 to 0.85), except for PDW at 70
and 90 DAS under control conditions, TGW under salinity conditions, and the STI for BY
(Table 7). Two markers, Wmc154 and Wmc367, were significantly associated with PDW at
70 DAS under salinity conditions (R2 = 0.51) and with the STI of this trait (R2 = 0.50). Five
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markers (Gwm55, Wmc154, Wmc405, Barc110, and Cfd18) and three markers (Wmc154,
Barc182, and Wmc419) exhibited highly significant associations with PDW at 90 DAS under
salinity conditions (R2 = 0.76) and with the STI of this trait (R2 = 0.69), respectively. The
marker Gmw350 showed a significant association with GLA at 70 and 90 DAS under control
conditions, whereas the marker WMC154 displayed a significant association with the STI
for both traits. Under salinity conditions, markers Gmw350 and Wmc154 exhibited a highly
significant association with GLA at 70 DAS (R2 = 0.59), while Barc44 and Cfd9 markers
had a highly significant association with GLA at 90 DAS (R2 = 0.68). The combination of
two markers and three markers accounted for 51.0% and 66.0% of the total variations in
LAI at 70 DAS among genotypes. Similarly, the combination of five markers and three
markers accounted for 88.0% and 77.0% of the total variation in LAI at 90 DAS among
genotypes under both control and salinity conditions, respectively. However, when it came
to the STI of LAI at 70 and 90 DAS, the combinations of two markers and three markers
justified 60.0% and 81.0% of the total variation, respectively (Table 7).

 

Figure 6. Genotypic clustering of 24 tested genotypes based on 40 simple sequence repeat (SSR)
markers linked to salt-tolerant genes using unweighted clustering trees.

Regarding the two physiological traits (LRWC and Chlt), the markers showed a
significantly stronger association with both traits under salinity conditions (R2 = 0.54 and
0.74) and with the STI for both traits (R2 = 0.85 and 0.47) compared to control conditions
(R2 = 0.24 and 0.37). One and two markers accounted for more variation in LRWC and
Chlt among genotypes under control conditions. Two and three markers accounted for
more variation in LRWC and Chlt among genotypes under salinity conditions. Three and
four markers accounted for more variation in STI for LRWC and Chlt among genotypes,
respectively.
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Table 7. Associating the most influential SSR markers with different agro-morpho-physiological
traits under control and salinity conditions as well as with a stress tolerance index (STI).

Control Salinity STI

Trait Markers R2 Par.
R2

Cum
Trait Markers R2 Par.

R2

Cum
Trait Markers R2 Par.

R2

Cum

GLA-1 Gwm350 0.32 ** 0.32
PDW-1

Wmc154 0.31 ***
0.51 PDW-1

Wmc154 0.34 ***
0.50

GLA-2 Gwm350 0.31 ** 0.31 Wmc367 0.20 * Wmc367 0.16 *

LAI-1
Wmc661 0.37 ***

0.51

PDW-2

Gwm55 0.26 ***

0.76

PDW-2

Wmc154 0.45 ***

0.69Gwm55 0.14 ** Wmc154 0.19 ** Barc
182 0.11 ***

LAI-2

Gwm210 0.29 ***

0.88

Wmc405 0.12 * Wmc419 0.13 ***

Barc34 0.25 *** Barc110 0.12 ** GLA-1 Wmc154 0.31 *** 0.31

Wmc18 0.22 *** Cfd18 0.07 * GLA-2 Wmc154 0.25 ** 0.25

Gwm296 0.09 **
GLA-1

Gwm350 0.33 **
0.59 LAI-1

Cfd18 0.46 ***
0.60Cfd49 0.03 *** Wmc154 0.26 ** Gwm410 0.14 **

LRWC Wmc11 0.24 * 0.24
GLA-2

Barc44 0.39 ***
0.65

LAI-2

Cfd18 0.41 ***

0.81Chlt
Barc110 0.29 ***

0.37
Cfd9 0.26 ** Gwm249 0.13 ***

Cfd18 0.08 *

LAI-1

Cfd1 0.29 ***

0.66

Wmc405 0.14 *

GNPS
Barc34 0.29 **

0.45
Cfd9 0.27 *** Wmc245 0.13 ***

Barc167 0.16 * Wmc405 0.10 ***
LRWC

Barc109 0.61 ***

0.85

TGW

Barc34 0.21 ***

0.62
LAI-2

Barc44 0.39 **

0.77

Wmc154 0.14 ***
Gwm410 0.20 ** Cfd9 0.28 *** Wmc177 0.10 ***

Gwm335 0.12 * Wmc405 0.10 ***
Chlt

Barc167 0.29 **
0.47

Wmc367 0.09 **
LRWC

Barc44 0.36 ***
0.54

Cfd9 0.18 **

BY

Cfd9 0.21 **

0.42

Wmc11 0.18 *
NGPS

Barc112 0.26 ***

0.61Wmc177 0.11 **
Chlt

Wmc245 0.24 *
0.74

Gwm539 0.16 ***
Gwm55 0.10 ** Cfd9 0.15 *** Barc110 0.20 ***

GY Barc167 0.49 *** 0.49 Cfd9 0.35 ***

TGW

Gwm210 0.54 ***

0.82HI
Cfd9 0.18 *

0.41
GNPS Gwm335 0.38 *** 0.38 Wmc503 0.09 ***

Wmc503 0.23 *

BY

Wmc154 0.16 *

0.58

Wmc405 0.12 ***

Cfd66 0.18 * Gwm174 0.08 **

Wmc154 0.13 **

GY

Wmc154 0.30 ***

0.69
Gwm314 0.11 * Cfd66 0.22 *

GY

Barc44 0.37 ***

0.66

Wmc367 0.09 **
Cfd9 0.15 * Barc110 0.08 *

Barc34 0.14 *

HI

Gwm174 0.36 ***

0.68HI

Gwm55 0.31 ***

0.78

Cfd18 0.17 **
Wmc154 0.16 *** Cfd49 0.14 **
Barc58 0.22 ***

Gwm296 0.09 *

Abbreviations of PDW, GLA, LAI, LRWC, Chlt, GNPS, TGW, BY, GY, and HI are plant dry weight (g plant−1),
green leaf area (cm2 plant−1), leaf area index, leaf relative water content (%), total chlorophyll content (mg g−1

FW), grain number per spike, thousand-grain weight (g), biological yield (ton ha−1), grain yield (ton ha−1),
and harvest index (%), respectively. Values 1 and 2 represent measurements at 70 and 90 days after sowing,
respectively. *, **, and *** indicate significant at p ≤ 0.05, 0.01, and 0.001, respectively.

Regarding the yield and yield component traits, the markers demonstrated a stronger
association with STI for GNPS (R2 = 0.61) compared to GNPS under control (R2 = 0.45) and
salinity (R2 = 0.38) conditions. Specifically, two markers accounted for a greater amount

86



Agriculture 2023, 13, 2135

of variation in GNPS under control conditions, one marker under salinity conditions, and
three markers for STI in this trait (Table 7). Additionally, the markers exhibited a stronger
correlation with GY and HI under salinity conditions (R2 = 0.66 and 0.78) and with STI for
both traits (R2 = 0.69 and 0.68) compared to GY and HI under control conditions (R2 = 0.49
and 0.41). Only one marker explained more variation in GY, while two markers explained
more variation in HI among genotypes under control conditions. However, under salinity
conditions and for STI in both traits, more than two markers explained the variation in
GY and HI among genotypes (Table 7). There were no markers that showed a significant
association with TGW under salinity conditions and STI for BY. However, TGW under
control conditions and the STI for this trait were significantly associated with four markers.
These four markers accounted for 62.0% and 82.0% of the total variation among genotypes,
respectively. Regarding the BY, three and four markers accounted for 42.0% and 58.0% of
the total variation for this trait among genotypes under control and salinity conditions,
respectively (Table 7).

4. Discussion

Salinity stress is one of the most well-known abiotic stressors that significantly de-
creases wheat production in many arid and semiarid countries. Therefore, it is crucial to
provide farmers with salt-tolerant genotypes. This approach is not only the most beneficial
but also the most economical way to sustain wheat production in saline conditions. How-
ever, the tolerance of genotypes to salinity stress is influenced by a multitude of intricate
and interconnected mechanisms and polygenic traits. As a result, genotypes display a wide
range of responses to salinity stress at different levels, including morphological, physiologi-
cal, biochemical, and molecular. Furthermore, the acquisition of salt tolerance in genotypes
necessitates a significant amount of genetic variability across multiple traits. Furthermore,
it is of utmost importance to evaluate the salt tolerance of different genotypes in real field
conditions, where plants are exposed to a range of environmental factors. Therefore, it is
essential to gain a comprehensive understanding of how various traits respond to salinity
stress in different genotypes at different stages of growth under real field conditions. This
knowledge is crucial for the success of breeding programs aiming to develop salt-tolerant
varieties [4,9,10,49]. In this study, we investigated the impact of salt stress on multiple
morphological, physiological, and agronomic traits in different wheat genotypes cultivated
under actual field conditions. The ANOVA results revealed significant statistical differences
between the genotypes and salinity levels for all traits examined, both within each year
and when the data from both years were combined (see Table 1). Additionally, certain
genotypes exhibited average trait values that were approximately one to three times higher
than those of the other genotypes, irrespective of whether they were exposed to control or
salinity conditions (Tables 2 and 3). Additionally, there was a wide range among genotypes
in the percentage reduction of the tested traits under high salinity levels compared to the
control treatment (Table 4). All of these findings indicate that there is genetic variation
among the tested genotypes in terms of salt tolerance. Additionally, the assessed traits
have proven to be effective screening criteria for distinguishing between salt-tolerant and
salt-sensitive genotypes. The results presented in Table 4 further support these findings, as
they demonstrate that the genotypes Sakha 93 and Kharachia-65, as well as the majority
of the RILs from the cross between Sakha 93 and Sakha 61, exhibited the lowest reduction
percentages for the majority of the agro-morpho-physiological traits. This confirms the
salinity stress tolerance of these RILs/genotypes. Conversely, the genotypes Sakha 61 and
Shandaweel-1, which are salt-sensitive, displayed the opposite trend.

Under salinity stress conditions, various agro-morpho-physiological traits are neg-
atively affected due to the combined stresses of osmotic and ionic toxicity, as well as a
deficiency in essential nutrients. These three factors contribute to a decrease in cell divi-
sion and elongation, cell membrane stability, leaf turgidity, leaf water content, biomass
accumulation, photosynthetic capacity, metabolic functions, chlorophyll pigments, light in-
terception, protein synthesis, and source–sink activity. Additionally, salinity stress induces
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the production of high levels of reactive oxygen species. As a result, these detrimental
effects of salinity stress lead to a significant reduction in plant growth indicators such as
PDW, LA, and LAI, as well as physiological indicators like LRWC and Chl content, and
agronomic indicators including GY, BY, HI, TGW, and GNPS [20,23,25,26,28,40]. Therefore,
these various indicators are essential attributes that play a significant role in evaluating
genotypes for their capacity to endure salinity conditions. In this study, LWRC, GNPS, and
TGW demonstrated the least susceptibility to salinity stress. However, other traits exhibited
reductions exceeding 25% in their average values due to salinity stress (Tables 2 and 3).
These findings indicate that genotypes have a substantial impact on the diversity observed
in LWRC, GNPS, and TGW, thereby making these characteristics unique to each genotype.
Nevertheless, it is important to consider these traits in conjunction with other agro-morpho-
physiological traits when evaluating salt tolerance based on effective screening criteria.
Similarly, previous reports have indicated that PDW, LA, Chlt, GNPS, and GY are essential
screening criteria for assessing the salinity tolerance of wheat genotypes [3,16,40]. These
findings can be attributed to the significant decrease in these characteristics, even when
exposed to low and medium salinity stresses. Moreover, traits like PDW, LA, and Chlt can
act as reliable indicators of the plant’s overall response to salt stress throughout different
growth stages. It is crucial to acknowledge that the final crop production (GY) is greatly
influenced by the strong correlation between GY and the growth and physiological traits
that take place at different growth stages [15,49]. The results of this study indicated a
noteworthy and positive correlation between GY and the growth traits (PDW, LA, and LAI)
assessed at 70 and 90 DAS. Additionally, physiological traits (LRWC and Chlt) exhibited a
significant association with GY under salinity conditions (Table 5). Therefore, these traits
have been recognized as essential for evaluating wheat genotypes in terms of their salt
tolerance. As a result, it can be inferred that the identification of traits closely associated
with salt stress tolerance can serve as a benchmark for effectively differentiating between
salt-tolerant and salt-sensitive genotypes.

The main goal of PCA, a type of multivariate analysis, is to illustrate the relationships
among traits themselves and the correlations between traits and genotypes. As a result,
it enables the assessment of salt tolerance in genotypes by considering all the examined
traits. Additionally, it assists in identifying the most influential trait that contributes
the most to the overall variance and effectively distinguishes between salt-tolerant and
sensitive genotypes [9,50,51]. The PCA results in this study successfully identified the
screening criteria that effectively evaluate the salt tolerance of wheat genotypes under real
field conditions. This study revealed that the PDW at 90 DAS, GLA, and LAI at 70 and
90 DAS, GY, TGW, and GNPS played a significant role in describing the greatest variation
observed among different genotypes in saline conditions (Figure 2). Furthermore, the
thirteen morpho-agro-physiological traits were able to successfully differentiate the various
genotypes into three distinct groups when exposed to salinity conditions. Additionally,
they effectively separated the salt-tolerant genotypes (Sakha 93 and Kharachia-65) from
the salt-sensitive ones (Sakha 61 and Shendaweel-1), with the most salt-tolerant genotypes
positioned on the right side and the most sensitive ones on the left side under salinity
conditions. However, when grown under normal control conditions, the salt-tolerant and
salt-sensitive genotypes were grouped together and placed on the left side (Figure 3). These
results indicate that PCA has the potential to distinguish between genotypes based on their
salt tolerance in real field conditions by utilizing multiple traits. Likewise, PCA has been
widely and successfully used by several studies to accurately evaluate the salt tolerance of
genotypes using multiple parameters [4,9,52–54].

Generally, when plants are exposed to high levels of salt, their growth tends to decrease.
This decrease in growth is attributed to a reduction in the activity of the plant’s cellular
metabolic pathways, leading to a decrease in the synthesis of important compounds.
Additionally, the plant’s energy and metabolic resources are redirected towards activating
mechanisms that help the plant’s ability to tolerate salinity stress rather than being allocated
towards the growth of various plant organs and the production of plant biomass. As a

88



Agriculture 2023, 13, 2135

result, the plant’s ability to accumulate biomass, also known as PDW, is negatively affected
as a consequence. Moreover, the simultaneous existence of osmotic and ionic stresses
caused by salinity can cause substantial changes in leaf structure. This leads to cell death,
necrosis, and senescence of leaves, ultimately leading to a noticeable reduction in both
GLA and LAI [4,6,40,55]. The ultimate GY is significantly impacted by different plant traits,
particularly those related to biomass distribution and the capture and transformation of
sunlight. Furthermore, these traits are primarily established during critical growth stages
throughout the crop’s life cycle. As a result, GY serves as a comprehensive indicator of
the plant’s overall lifespan and highlights the magnitude and importance of the negative
impacts caused by salinity stresses experienced by the plants [56,57]. The explanations
mentioned above offer support for the important role of PDW, GLA, LAI, and GY in
explaining the considerable variation observed among different genotypes. The results of
Figures 1 and 2 validate these findings and demonstrate that PC1, which accounted for
53.47% of the total variability and was able to isolate the salt-tolerant genotypes, exhibited a
strong correlation with these four traits. Additionally, there is a strong acute angle between
their vectors under salinity conditions.

To categorize the genotypes according to their salt tolerance and identify those that
simultaneously exhibit high trait values and potential for salt tolerance, we utilized hierar-
chical cluster analysis-based STI for all traits. In this study, the heatmap clustering pattern
based on STI of all traits successfully grouped genotypes into three distinct clusters and
distinguished the salt-tolerant genotypes (T) from the salt-sensitive (S) and intermediate (I)
ones (Figure 4). Additionally, the three clusters of genotypes exhibited significant variations
in STI for all traits. The T group displayed the highest values of STI for almost all traits,
followed by the I group. However, the S group had the lowest values for all traits except HI
(Figure 5). These findings indicate that using hierarchical cluster analysis in combination
with STI of multiple traits is an effective method for assessing the salt tolerance of wheat
genotypes in real field conditions. In this study, this approach effectively differentiated be-
tween salt-tolerant and salt-sensitive genotypes, irrespective of growth stages and salinity
levels. Several previous studies have confirmed the effectiveness of this approach in cate-
gorizing genotypes based on their tolerance to various abiotic stresses, including salinity
and drought. However, it is worth noting that the majority of research evaluating the salt
tolerance of genotypes through this approach was conducted in controlled environments
such as greenhouses and growth chambers [15,52,58,59].

While the aforementioned approach successfully distinguishes the salt tolerance of
genotypes, it is important to note that most agro-morpho-physiological traits are typically
influenced by environmental conditions. Therefore, any changes in the environment can
potentially influence salt tolerance among genotypes. Additionally, assessing the salt
tolerance of genotypes based on multiple agro-morpho-physiological traits can be costly
and time-consuming. As a result, when solely relying on phenotypic traits, there are
limitations in accurately assessing the genetic diversity in salt tolerance. Therefore, there is
an urgent need for a complementary approach to accurately evaluate the genetic diversity
in salt tolerance of genotypes in a rapid and cost-effective manner. One prominent approach
in molecular breeding involves selecting genotypes using molecular markers that are linked
to quantitative trait loci (QTLs) responsible for key agro-morpho-physiological traits under
salinity stress. This approach is particularly useful in cases where candidate genes are
unavailable. Among these markers, SSR markers serve as a potential tool for assessing the
degree of genetic variation in salt tolerance in several crops [15,31–33,46]. This approach
offers numerous advantages that have already been mentioned in the Introduction section.
In this study, cluster analysis based on SSR data successfully grouped the salt-tolerant
genotypes and salt-sensitive genotypes into separate main clusters (Figure 6). Furthermore,
the clustering pattern of the tested genotypes, based on the hierarchical cluster analysis
approach in combination with STI of multiple traits, was found to be associated with
the clusters derived from the cluster analysis based on SSR data. This association was
demonstrated through a positive and significant correlation observed in Mantel’s test
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(r = 0.13, p < 0.03, and alpha = 0.05). However, this association was weak, indicating
a lack of agreement between the phenotypic and molecular aspects. Despite the weak
association, there were significant correlations between phenotypic traits and molecular
characteristics. Therefore, this association is crucial as agro-morpho-physiological traits are
an effective approach for regularly evaluating several genotypes in a breeding program,
even in the absence of molecular markers. Previous studies have also reported a weak
correlation between the clustering of genotypes, determined by phenotypic traits, and their
clustering based on SSR marker data [60,61]. However, other studies have found a strong
correlation between the clustering of genotypes based on agro-morpho-physiological traits
and their clustering based on SSR marker data [15,46,62,63]. There are multiple reasons
that may explain the weak correlation between phenotypic and molecular data in this study.
Firstly, the measurements of different agro-morpho-physiological traits were conducted
under complex and environmentally influenced field conditions. This complexity may
have introduced variability and affected the accuracy of the data. Secondly, agro-morpho-
physiological traits are influenced by polygenes, which allow plants to adapt to diverse
environmental conditions through phenotypic plasticity. On the other hand, microsatellite
variability is primarily neutral, which makes it a reliable tool for providing an unbiased
representation of diversity and accurately distinguishing stress tolerance among closely
related genotypes. Lastly, the limited number of markers and genotypes used in this study
may have contributed to the weak correlation observed. With a larger sample size and
more markers, a stronger correlation might have been detected.

Given the importance of markers associated with various agro-morpho-physiological
traits and their role in salt tolerance, we have identified 18 and 19 markers that are linked
to different traits under salinity conditions (with R2 values ranging from 0.38 to 0.78)
and STI (with R2 values ranging from 0.25 to 0.85), respectively (Table 7). These findings
further suggest that the thirteen agro-morpho-physiological traits measured in this study
can be used as valuable indicators for evaluating the genetic diversity of salt tolerance in
wheat. Moreover, they offer valuable insights into the mechanisms that contribute to salt
tolerance in different wheat genotypes under real field conditions. Among the effective
SSR markers used in this study, the marker known as cfd 9 from the D genome [64] was
amplified under salinity conditions and showed a significant association with various
traits, including GLA-2, LAI-1, LAI-2, Chlt, and GY. The D genome primarily regulates salt
tolerance in hexaploid wheat, which validates the phenotypic assessment of genotypes [65].
El-Hendawy et al. [46] conducted a study that revealed a strong correlation between Wmc
154 and water absorption in the presence of 60 and 120 mM NaCl. The current study
validates the observed correlation, as the amplification of wmc 154 was solely observed
with PDW-1, PDW-2, GLA-1, GLA-2, LRWC, and GY under salinity conditions and with
STI. In contrast, no correlation with wmc 154 was observed under control conditions. It
is not surprising that multiple markers exhibit correlations with more than two variables,
considering their polygenic background. In our study, we found that certain SSR markers,
which are associated with desirable traits, were only observed in wheat crops under salinity
stress conditions. These markers hold significant potential for future breeding programs
focused on improving salinity tolerance in wheat crops grown in field conditions.

5. Conclusions

This study has yielded important findings on the agro-morpho-physiological traits
that can be used as screening criteria, along with their correlation with SSR markers, to
evaluate the salt tolerance of wheat genotypes in real field conditions. Our results indicate
that PDW, GLA, and LAI measured at different growth stages and GY are effective traits
for evaluating the salt tolerance of wheat genotypes grown in field conditions. Clustering
genotypes based on STI for all traits or based on SSR data successfully grouped the tested
genotypes into three distinct categories and distinguished the salt-tolerant genotypes from
the sensitive ones. Therefore, a significant association between agro-morpho-physiological
traits and SSR markers data was detected. However, this association was found weak on the
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Mantel test. The traits identified in this study can be recommended as valuable screening
criteria for evaluating the salt tolerance of different wheat plant materials grown in field
conditions. However, there is an urgent need for a rapid, cost-effective, and large-scale
phenotypic identification tool to detect these traits in a large number of wheat materials
under field conditions. This will be the focus of our future study.
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Abstract: The use of water of high electrical conductivity has become common in hydroponic systems,
especially in regions with water scarcity. However, the use of inferior-quality water can affect crop
yields. In this scenario, some studies have tested the use of chemical conditioning agents such as
hydrogen peroxide to minimize the negative effects of stress on plants. From this perspective, this
study aimed to evaluate the action of priming with hydrogen peroxide as a salt stress attenuator
on the nutrient solution uptake and productivity of chives in a hydroponic system. The study was
conducted in a protected environment with a randomized block design with a split-plot arrangement.
The treatments consisted of a main plot consisting of the electrical conductivity of the nutrient
solution (1.0, 2.0, 3.0, 4.0, and 5.0 dSm−1) and a subplot with five hydrogen peroxide concentra-
tions (0.0, 0.15, 0.30, 0.45, and 0.60 mM). The increase in the electrical conductivity of the nutrient
solution reduced bulb length, the solution volume applied, water uptake, total fresh mass, and the
solution use efficiency by plants. Throughout the cultivation cycle in the hydroponic system, the
consumption of nutrient solution was 459 mm lost by evapotranspiration. Acclimation with 0.60 mM
hydrogen peroxide associated with 1 dSm−1 of electrical conductivity of the nutrient solution favors
bulb diameter in chives. The increase in electrical conductivity compromises the productive yield
of chives.

Keywords: Allium schoenoprasum; abiotic stress; soilless cultivation; use efficiency of the nutrient
solution

1. Introduction

Chive (Allium schoenoprasum) is a plant species of the family Alliaceae grown in tropical
and temperate regions [1]. This vegetable has a high nutrient value and is rich in minerals,
bioactive compounds, and substances with antioxidant and antihypertensive properties [2].

Chive cultivation is usually performed by family farmers in regions known as ‘green
belts,’ which play significant economic and social roles and contribute to improving the

Agriculture 2023, 13, 1346. https://doi.org/10.3390/agriculture13071346 https://www.mdpi.com/journal/agriculture94



Agriculture 2023, 13, 1346

income and quality of life of its producers [3]. In the last few years, hydroponic chive
cultivation has been intensified in green belts in an effort to reduce water consumption and
allow cultivation with water sources of high electrical conductivity [4–6].

Chives achieve maximum yields in plantations using water with electrical conduc-
tivities up to 0.7 dSm−1, above which the yield is linearly reduced, and cultivation is
compromised (both above and belowground) due to the high salt concentrations in re-
gions where water shortage prevails [4,5]. Santos et al. [6] stated that, under hydroponic
conditions, this electrical conductivity value could be increased, favoring cultivation with
water of higher salinities. Salt stress limits the yield of vegetable crops by causing stomatal
closure and thus reducing the transpiration rate, the internal CO2 concentration, and the
photosynthetic rates [7].

Recent studies have shown that using nutrient solutions with high electrical conductiv-
ity significantly reduces the percentage of total, shoot, and root dry matter; bulb diameter;
bulb length; and the contents of chlorophyll ‘a’, ‘b’, and carotenoids, reflecting decisively
on the nutritional performance, concentration of minerals, photochemical content, and
secondary metabolites of chives [5,6,8–10]. Under hydroponic conditions with electrical
conductivities ranging from 0.7 to 9 dSm−1, there is an expressive reduction in all growth,
physiological, biochemical, and production aspects in chive plants [4–6].

The accumulation of mineral salts in nutrient solutions provided to plants in hydro-
ponic systems can cause oxidative stress and toxicity, triggering morphological, structural,
enzymatic, and metabolic changes, and, in extreme cases, causing plant death. From this
perspective, studying plant responses to water uptake under different electrical conductivi-
ties becomes essential [11].

In this scenario, aiming to mitigate the effects of stress caused to plants by the high
electrical conductivity of nutrient solutions in hydroponic systems, seed acclimation (prim-
ing) with hydrogen peroxide (H2O2) has proved to be an efficient approach [6]. According
to Qureshi et al. [12], the exogenous application of H2O2 triggers a cell signaling system in
the plant metabolism of several species, stimulating the production of antioxidant enzymes,
which, in turn, increase plants’ capacity to minimize the harmful effects caused by such
stresses. Furthermore, Carvalho et al. [13] stated that, when applied to rice seeds, hydrogen
peroxide mitigates the effects of salt stress by stimulating the accumulation of proteins and
soluble carbohydrates, increasing water uptake.

Seed priming associated with alternative technologies for the utilization of saline
and brackish water in plantations, e.g., hydroponics, which is notorious for the energy
reorganization and absence of matric potential, clears the path, increasing plant production
using low-quality water, which is often the only irrigation source in regions that withstand
water shortage [14]. In addition, hydroponics has allowed producers to increase the plant
tolerance threshold, constituting an alternative to reduce the effects of stress on crops.

The hypothesis to be elucidated is that priming with hydrogen peroxide in chive
seedlings can attenuate salt stress due to the high electrical conductivities of the nutri-
ent solutions in a hydroponic environment. The tolerance of chives to different electri-
cal conductivities is influenced by salt concentrations in the nutrient solution, the time
of exposure to salt, and phenological stages [4–6]. However, studies are scarce under
hydroponic conditions, and there are fewer studies considering the effects of stress re-
sulting from solutions with different water conductivities and the application of seed
priming with H2O2 associated with hydroponic cultivation, aiming to quantify the crop’s
water consumption.

From this perspective, this study aimed to evaluate the action of hydrogen peroxide
priming as a salt stress attenuator on the nutrient solution uptake and the productivity of
chives in hydroponic systems.
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2. Materials and Methods

2.1. Location of the Experiment and Construction of the Hydroponic System

The study was conducted in a protected environment at the Agricultural Engineering
Academic Unit of the Federal University of Campina Grande (UFCG), located in Campina
Grande, PB, at the geographic coordinates 7◦13′11′ ′ S and 35◦53′31′ ′ W, and at an elevation
of 550 m a.s.l. The experiment started on 25 May 2019 and ended on 28 August 2019.

During the experiment, some meteorological parameters inside the plant nursery
were monitored using a digital thermohygrometer that recorded the maximum, mean,
and minimum daily temperatures (◦C) and the relative air humidity (%) throughout
the cultivation cycle. For the cultivation cycle in the protected environment, the mean
temperature and humidity values were 24 ◦C and 72%, respectively, and the maximum
values were 30.5 ◦C and 81%, respectively, which are ideal temperature and moisture
ranges for chive cultivation under protected conditions [6].

2.2. Establishment of the Hydroponic System

Five hydroponic benches were set up inside the plant nursery using 50 mm PVC
tubes similar to nutrient film technique (NFT). The between-row spacing was 0.60 m, and
the height of the tubes was 0.76 m, with a 2% slope so that the solution provided to each
treatment could run across the profile through gravity. At the end of each profile, a structure
was set up to direct the nutrient solution to the return piping into the reservoir, also through
gravity, thus forming a closed circulation hydroponic system meant to save water and
nutrients (Figure 1).

Figure 1. Experimental design of the NTF System, with the hydroponic growing benches.

The holes through which the plants were inserted were perforated using a driller
coupled to a circular saw using a between-plant spacing of 0.20 m, with each profile having
3 m in length and receiving 15 plants. In the hydroponic system, the circulation of the
solution in the profiles was scheduled to occur three times a day at 240 min intervals,
following the recommendation of Silva Junior [5] for chives. Each profile had 15 chive
plants at each different electrical conductivity (Solutions), totaling 48 plants at each profile
and 225 plants in the experiment (Figure 1).
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2.3. Treatments and Experimental Design

A randomized block design organized in a split-plot arrangement was adopted in
the experiment so that the main plot was composed of five electrical conductivity lev-
els of the nutrient solution (ECNS1 = 1.0, ECNS2 = 2.0, ECNS3 = 3.0, ECNS4 = 4.0,
and ECNS5 = 5.0 dSm−1 at 25 ◦C). The subplot was composed of five hydrogen per-
oxide concentrations (0.0, 0.15, 0.30, 0.45, and 0.60 mM) used as stimulators of salt stress
mitigation in chive seeds.

Plants treated at the different concentrations of peroxide were randomly distributed
within each block, with three blocks in total, and with each block containing all concentra-
tions. Each useful plot consisted of three plants spaced by 0.20 m within each hydroponic
profile, distributed on five benches. In each experimental unit, two plants formed the
edges, i.e., the first and the last plant. Each replicate consisted of three hydroponic profiles
connected to a 100 L reservoir to store the nutrient solution, which was pumped by an
electric pump.

The preparation of the nutrient solution followed the recommendations of Furlani et al. [15]
for leafy vegetables. The formulation used to prepare the nutrient solution was the compound
Hidrogood Fert® (Holambra, Brazil), which contains the following macronutrients: Nitrogen
(N), Phosphorus (P), Potassium (K), Magnesium (Mg), Sulfur (S), and micronutrients: Boron
(B), Copper (Cu), Molybdenum (Mo), Manganese (Mn), and Zinc (Zn). The concentration of
each nutrient was as follows in all treatments: 75 g N; 67.5 g P; 210 g K; 27.75 g Mg; 32.25 g S;
0.45 g B; 0.075 g Cu; 0.52 g Mo; 0.37 g Mn; 0.15 g Zn. Calcium Iron Nitrate was added to the
solution, also from Hidrogood Fert®. The recommendations indicated by Furlani et al. [15] for
the preparation of the hydroponic solution for chives consisted of adding, for each 1000 L of
water, 750 g of the Hidrogood Fert Compound, 550 g Calcium Nitrate, and 25 g Fe EDDHA.
The water used to prepare the hydroponic solution was stored in a cistern belonging to the
Federal University of Campina Grande—UFCG.

Sodium chloride was subsequently added to the solution to reach the desired electrical
conductivity level, according to Richard’s Equation (1) [16]. The nutrient solution was
prepared using water stored in a cistern near the experimental area.

C = 640∗ECns (1)

where C—Salt concentration (sodium chloride) to be added to the nutrient solution, mgL−1;
ECns—Electrical conductivity to be achieved, dSm−1.

In order to promote the mitigation (acclimation/priming) of the effect of different
electrical conductivities of the nutrient solution, chive seeds were added in dark containers
and soaked in different hydrogen peroxide concentrations for 24 h [17]. After the stress
tolerance induction, sowing was performed in germination trays filled with a commercial
substrate by sowing five seeds per cell, which were irrigated twice a day and kept in a
plant nursery.

The chive cultivar ‘Todo Ano Evergreen—Nebuka’ was used in the study due to
its adaptation to semi-arid conditions [6]. Fifteen days after sowing, the seedlings were
transplanted into the hydroponic system. Then, the seeds were inserted in 180 mL plastic
cups perforated at the sides and at the bottom and filled with a coconut fiber substrate,
after which they were inserted into the holes of the hydroponic pipeline.

Throughout the cultivation cycle, the electrical conductivity and the pH were mea-
sured with conductivity and pH meters. The pH remained at 6.0 throughout the cultivation
cycle.

The evapotranspiration inside the protected environment was determined by using
a Class-A mini tank set up at the center of the plant nursery at 0.20 m from the ground,
and the evaporation readings were performed daily using a ruler. The reference evapo-
transpiration (ET0) was determined according to Equation (2), as previously described [18].
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The alternative tank coefficient (Kp) of 1.0, recommended by Prados [19], was used in the
experiment as the ideal parameter for mini tanks inside protected environments.

ET0 = Kp∗Ev (2)

where ET0—reference evapotranspiration, in mm day−1; Kp—tank coefficient,
non-dimensional; Ev—mini tank evaporation, in mm day−1.

The volume of the nutrient solution to be applied in each profile was determined
based on the reference evapotranspiration of the plant nursery added by 50%. Over time,
as the uptake decreased, more solution was added to maintain the reservoir at 60% of its
total capacity and thus prevent the lack of solution for the daily circulation schedule.

2.4. Variables Analyzed

Bulb length (BL) was evaluated 90 days after sowing using a ruler, whereas bulb
diameter (BD) was measured at the base of the plant using a digital caliper (mm).

The contents of chlorophyll ‘a’, ‘b,’ and carotenoids were determined using five 0.6-
cm2 fresh leaf disks from the middle part of the plant, which were placed in Eppendorf
tubes containing 1.5 mL of 80% acetone. The samples were then stored in a refrigerator for
48 h at 8 ◦C.

The extraction process was performed in triplicates. After this period, 0.5 mL aliquots
were removed, and the absorbance of the solution was determined by spectrophotometry
at 647, 663, and 470 nm. The total contents of chlorophyll a, b, and carotenoids were
determined using the equations established by Lichtenthaler [20], and the results were
expressed as μg g−1 of fresh matter (MF):

Chlorophyll ‘a’ = 12.25 (A663) − 2.79 (A647);
Chlorophyll ‘b’ = 21.50 (A647) − 5.10 (A663);
Total carotenoids = [1000 (A470) − 1.82 Chl ‘a’ − 85.02 Chl ‘b’]/198.
The total plant fresh matter (kg plant−1), which represents the yield of chives, was

measured using a precision balance.
The use efficiency of the nutrient solution was quantified based on the methodology

of [20] using Equation (3).

EUS =
MFT
CSC

(3)

EUS—use efficiency of the nutrient solution, kg plant−1 mm−1;
MFT—total fresh matter, kg;
CSC—consumption of the nutrient solution, mm.
The consumption of the nutrient solution per cycle was quantified by summing the

volumes added throughout the cultivation cycle.

2.5. Statistical Analysis

The data obtained were checked for normality using the Shapiro–Wilk test and their
homoscedasticity was determined by the Bartlett test at 5% of probability (Table 1).

After the basic assumptions of the ANOVA were met (Table 1), the analysis of variance
was performed through the F-test. When significance was verified, regression was used to
analyze the data.

The data that showed significant effects of the treatments were adjusted through linear
and quadric polynomial regression (isolated factors and interaction between factors) and
using the response surface model (for the interaction between factors). Tukey’s test was
applied when the regression model did not fit. The results of the interaction between
factors are presented in the response surface format (z = a + bx + cx2 + dy + ey2) only for
the equations with determination coefficients (R2) higher than 0.60. For lower R2 values,
in the response surface model, the interactions were represented by linear and quadratic
polynomial regression.
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The statistical analyses employed the software programs Sisvar 5.6 [21] and Statistica 7
version 7.0 [22].

Table 1. Shapiro–Wilk normality test and Bartlett’s test of homogeneous variances for the parameters
of chives cultivated in a hydroponic system.

Normality Homoscedasticity

Variable Test p-Value Regular Test p-Value
Homogeneous

Variances

VC (mm) Shapiro–Wilk 0.21 * Yes Bartlett 0.9953 * Yes
TFM (g) Shapiro–Wilk 0.98 * Yes Bartlett 0.8287 * Yes

TFM (kg) Shapiro–Wilk 0.98 * Yes Bartlett 0.8287 * Yes
ENS (kg plant−1

mm−1) Shapiro–Wilk 0.22 * Yes Bartlett 0.4211 * Yes

BL (mm) Shapiro–Wilk 0.15 * Yes Bartlett 0.2340 * Yes
BD (mm) Shapiro–Wilk 0.15 * Yes Bartlett 0.3080 * Yes

CLOA (μg g−1 of
(MF))

Shapiro–Wilk 0.10 * Yes Bartlett 0.8501 * Yes

CLOB (μg g−1 of
(MF))

Shapiro–Wilk 0.10 * Yes Bartlett 0.7058 * Yes

CARO (μg g1 of
(MF))

Shapiro–Wilk 0.10 * Yes Bartlett 0.8075 * Yes

Volume of nutrient solution applied (VC); total shoot fresh matter marketed (MFT) and water-use efficiency of the
nutrient solution (ENS); chlorophyll a (CLOA), chlorophyll b (CLOB), and carotenoids (CARO) * significant at the
5% probability level.

3. Results

3.1. Growth, Yield, and Solution Use Efficiency of Chives as a Function of Electrical Conductivity
and Hydrogen Peroxide

The summary of the analysis of variance for the sources of variation referring to the
electrical conductivity of the nutrient solution (ECNS), hydrogen peroxide concentrations
(H2O2) (CP), and the interaction between them (ECNS × CP) on bulb length (BL, mm), bulb
diameter (BD, mm), chlorophyll (CLOA, CLOB, and Carotenoids (CARO), μg g1 of MF),
the volume of the nutrient solution applied (VC, mm), total shoot fresh matter marketed
(MFT, kg), and water-use efficiency (ENS, kg plant−1 mm−1) of chives 90 days after sowing
are found in Table 2.

Table 2. Summary of the analysis of variance for bulb length, bulb diameter, chlorophyll ‘a’(CLOA),
‘b’(CLOB), carotenoids (CARO), volume of nutrient solution applied (VC, mm), total shoot fresh
matter marketed (MFT, kg), and water-use efficiency of the nutrient solution (ENS, kg plant−1 mm−1)
in hydroponic chives 90 days after sowing.

Sources of
Variation

GL
F Statistics

BL BD CLOA CLOB CARO VC MFT ENS

Block 2 8.2 ns 3.9 ns 0.1 ns 0.6 ns 0.4 ns 1.4 ns 0.4 ns 0.5 ns

ECNS 4 34.9 ** 8.1 ** 1.2 ns 0.8 ns 1.8 ns 29.7 ** 9.1 * 9.2 *
CP 4 2.5 ns 0.2 ns 0.4 ns 0.7 ns 0.05 ns 20.3 ns 1.0 ns 0.8 ns

ECNS x CP 16 1.5 ns 2.5 * 1.1 ns 0.8 ns 1.4 ns 3.3 ns 1.5 ns 1.6 ns

Residual 1 8 - - - - - - - -
Residual 2 40 - - - - - - - -

mm μg g−1 of (MF) mm kg
(kg

Plant−1

mm−1)

General mean - 10.2 6.1 848.5 349.4 166.0 3.0 0.03 0.01
CV1% - 5.6 9.5 20.8 35.2 32.1 6.4 20.4 19.6
CV2% - 8.3 8.5 14.7 28.7 24.8 8.0 18.4 18.1

** significant at 1%; * significant at 5%; ns non-significant.
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The different electrical conductivities of the nutrient solution significantly influenced
bulb length, bulb diameter, the nutrient solution volume applied, total fresh matter, and
the water-use efficiency of the nutrient solution at the significance levels of 1% and 5%
(Table 2). Furthermore, the different hydrogen peroxide concentrations applied to the seeds
for acclimation (priming), aiming to mitigate the effect of different electrical conductivities
of the nutrient solution, did not influence any of the variables studied. However, there was
a significant interaction between the electrical conductivity and the hydrogen peroxide
concentrations at 5% of probability on bulb diameter 90 days after sowing para for the
chive cultivar ‘Todo Ano Evergreen—Nebuka’ (Table 2).

The variables of chlorophyll ‘a’, chlorophyll ‘b’, and carotenoids were not influenced by
the electrical conductivity of the nutrient solution or the hydrogen peroxide concentrations
applied for seed priming (Table 2). The mean contents of CLOA, CLOB, and CARO were
848.5, 349.4, and 166.0 μg g−1 of MF, respectively, well below those reported by Silva et al. [8]
for Allium schoenoprasum (23,820, 9840, and 6330 μg g−1). When studying the isolated effect
of hydrogen peroxide concentrations applied as priming on chive seeds when the plants
were grown under hydroponic conditions, there was no significant difference between
the different concentrations at the 5% probability level in bulb length, bulb diameter,
chlorophyll “a”, “b”, carotenoids, volume of solution applied, total fruit mass, and nutrient
solution use efficiency (Table 3).

Table 3. Mean values for BL, BD, CLOA, CLOB, CARO, VC, MFT, and ENS as a function of different
hydrogen peroxide concentrations applied as priming to chive seedlings.

Concentrations
(H2O2)

BL BD CLOA CLOB CARO VC MFT ENS

mm μg g−1 of (MF) mm kg
(kg

Plant−1

mm−1)

0.00 mM 10.16 a 6.04 a 858.02 a 373.17 a 169.49 a 3.08 a 0.038 a 0.013 a
0.15 mM 10.58 a 6.17 a 894.94 a 341.21 a 164.58 a 3.08 a 0.040 a 0.013 a
0.30 mM 10.54 a 6.13 a 853.72 a 338.71 a 163.52 a 3.08 a 0.040 a 0.013 a
0.45 mM 9.74 a 6.11 a 761.24 a 323.36 a 167.65 a 3.08 a 0.038 a 0.012 a
0.60 mM 10.06 a 6.23 a 874.83 a 370.85 a 164.97 a 3.08 a 0.040 a 0.013 a

Means followed by the same lowercase letter in the column do not differ from each other by the Tukey’s at 5%
probability level.

The seed germination percentage of chives treated with hydrogen peroxide remained
in accordance with the recommendation of the seed manufacturer, i.e., higher than 80%.
It is noteworthy that, in the treatments with hydrogen peroxide application, there was
faster germination and high uniformity, thus reaffirming the data of Santos et al. [23], who
obtained 81% germination percentage for chives using the same cultivar and treatments
used as in this study.

The mathematical model that best fit the bulb length parameter was the quadratic
one, and the maximum yield for this variable was obtained at 4.64 dSm−1 of ECNS,
corresponding to a BL of 10.9 mm (Figure 2a).

There was an interaction between ECNS × CP on bulb diameter, and the highest
BD values (mm) were obtained at the lowest salinity of the nutrient solution (1 dSm−1)
associated with the highest hydrogen peroxide concentration applied during seed priming
(0.60 mM) (Figure 2b). Furthermore, as the electrical conductivity of the nutrient solution
increased, the stress-mitigating effect of hydrogen peroxide and bulb diameter decreased.

Mean values of the nutrient solution applied (a), total shoot mass marketed (b), and
use efficiency of the nutrient solution (c) for chives 90 days after sowing in a hydroponic
system for the isolated factor of the electrical conductivity of the nutrient solution are found
in Figure 3.
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(a) (b) 

Figure 2. Bulb length (a) and bulb diameter (b) of chives subjected to different electrical conductivities
of the nutrient solution and priming with hydrogen peroxide 90 days after sowing in hydroponic
cultivation. ** significant at 1%; * significant at 5%.

(a) (b) 

 
(c) 

Figure 3. Volume of the nutrient solution applied (a), total shoot mass marketed (b), and use efficiency
of the nutrient solution (c) in a hydroponic system for the salinity levels of the nutrient solutions.
** significant at 1%; * significant at 5%.

When analyzing the volume of nutrient solution applied to chives 90 days after
sowing in the hydroponic system, it was observed that as the electrical conductivity of the
nutrient solution increased, the nutrient solution volume absorbed by plants decreased
(Figure 3a), with the linear model best fitting the maximum volume obtained at the ECNS
of 1 dSm−1 and the lowest at ECNS 5 dSm−1, corresponding, respectively, to 3.592 and
2.568 m, with a decrease per unit increase of the electrical conductivity of the nutrient
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solution corresponding to 0.256 mm at each application cycle in the hydroponic system
(Figure 3a). When comparing the ECNS of 1 dSm−1 with that of ECNS of 5 dSm−1, a
percentage reduction of 28.6% was observed in the volume of nutrient solution applied.

The mathematical model that best fit the total dry mass of chives as a function of the
electrical conductivity of the nutrient solution was the linear model, i.e., as the electrical
conductivity increased, the MFT decreased (Figure 3b), with every 1 dSm−1 increase in
the electrical conductivity reducing the total fresh mass of chives by 3.6 g. This scenario
indicates a 30.7% reduction when comparing the ECNS1 to the ECNS5.

The use efficiency of the nutrient solution in hydroponics under different electrical
conductivity levels of chives highlighted a linear adjustment with a progressive reduction
as the electrical conductivity of the nutrient solution increased, with the maximum use
efficiency of the nutrient solution being obtained at 1 dSm−1, corresponding to a EUS of
0.0152 kg per plant mm−1 of the solution provided to the system and a percent difference
of 36.84%, between ECNS1 and ECNS5, i.e., the ECNS of 1 dSm−1 provides a use efficiency
of 14.6 g mm−1 of nutrient solution applied (Figure 3c).

3.2. Water Consumption of Chives as a Function of Different Water Conductivities of the
Nutrient Solution

Furthermore, when analyzing the mean uptake per plant and per cycle of chive plants
as a function of the electrical conductivity of the nutrient solution (Table 4), there was a
reduction in water consumption (in mm) per plant when the salinity of the nutrient solution
increased, with the maximum uptake obtained at the electrical conductivity (ECNS) of
1 dSm−1, i.e., the lower the ECNS, the more water is consumed by plants to perform the
essential activities of their metabolism and, consequently, the higher their yield [7].

Table 4. Water consumption of chives cultivated in a hydroponic system, per plant and per cycle, as
a function of different water conductivities of the nutrient solution.

Treatments
Mean Consumption

(mm Plant)
Mean Consumption

(mm Cycle)

ECNS1 6.38 459.0
ECNS2 5.92 426.5
ECNS3 5.43 391.0
ECNS4 4.83 347.6
ECNS5 4.66 335.4

4. Discussion

4.1. Growth, Yield, and Solution Use Efficiency of Chives as a Function of Electrical Conductivity
and Hydrogen Peroxide

Depending on the electrical conductivity of water, stress causes damage to agriculture
in all parts of the world, reducing plant growth and productivity. In this scenario, research
seeking alternatives to mitigate the effects of salts on plants is essential, but it is a challenge
to mitigate the implications of high electrical conductivity on plants under hydroponic
cultivation. Therefore, the strategy of using priming with hydrogen peroxide in chive seeds
to attenuate salt stress in hydroponic environments becomes an interesting alternative.
The results indicate that the application of hydrogen peroxide (0.0, 0.15, 0.30, 0.45, and
0.60 Mm) did not attenuate salt stress due to the high levels of electrical conductivity (1, 2,
3, 4, and 5 dSm−1) provided in the nutrient solution to chives in a hydroponic environment.

However, when 0.60 Mm of hydrogen peroxide was applied as priming, there were
greater gains in bulb diameter in ECNS1. Furthermore, with the increase in electrical
conductivity, the diameter was reduced, as well as the mitigating effect of H2O2. Therefore,
it is possible that the concentrations of hydrogen peroxide applied to the seeds may have
been insufficient to trigger the metabolism of chive plants in the cell signaling system,
which stimulates the production of antioxidant enzymes that contribute to increasing the
plant’s ability to resist the harmful effects of salts.
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Although no significant effects of the action of H2O2 on chive seeds have been verified
as attenuating agents, these are initial studies that encourage further research with other
hydrogen peroxide concentrations to obtain possible concentrations that may serve as
attenuating agents. The hydrogen peroxide concentrations capable of acclimating seeds to
abiotic stresses vary from 0.05 μM to 200 mM. This variation is related to the form of appli-
cation, the time that the seed was exposed to hydrogen peroxide, and the morphological
and physiological characteristics of each species [10,12,24].

Priming in chive seeds contributes to increasing seed performance by metabolically
advancing seed germination, resulting in uniform seedling emergence, even though no
statistical difference was found between the different concentrations regarding the growth,
consumption, and production variables of chive plants grown in hydroponic systems. There
were probably no significant differences between the hydrogen peroxide concentrations
used as they were not enough to promote the accumulation of reactive oxygen species
(ROS), which are substances produced in the mitochondria that coordinate the metabolism
with the function of eliminating unnecessary cells, acting decisively in the plant’s defense
mechanism under salt stress conditions [6,12,25,26].

When hydrogen peroxide activates the molecules that contribute to accumulating ROS,
the result is the mitigation of salt stress, contributing to osmotic adjustment and favoring
development in terms of growth, photosynthesis, and plant reproductive organs, helping
increase the tolerance of plants to stress, i.e., hydrogen peroxide acts as an attenuator [6,10,26].

When exposed to salt stress due to high electrical conductivities of the nutrient solution
even under hydroponic cultivation, chive plants showed reduced bulb diameter, water use
efficiency, and nutrient solution consumption as the ECNS was increased by 1 dSm−1, with
a mean percent reduction of 30.76%. Our results reveal that a high electrical conductivity of
the nutrient solution causes toxicity in hydroponic chives and failure in the plant‘s osmotic
adjustment, even after priming. A relevant factor is that chlorophyll synthesis was not
altered when plants underwent salt stress, indicating that the osmotic adjustment of chives
occurs mainly as a function of increased chlorophyll synthesis.

High salt concentrations in the nutrient solution could negatively influence the es-
sential metabolic processes for plant development, including nutrient uptake [27]. In this
scenario, the nutrient uptake, transport, and assimilation processes of the nutrient solution
do not occur adequately due to the antagonistic and competitive effects of salt excess and
the pH increase in the nutrient medium, resulting in nutrient imbalances and reduced plant
growth and development [28,29]. It should be noted that hydroponic cultivation tends to
reduce the impacts of high electrical conductivities by adding nutrients into the medium,
reducing such impacts by the absence of matric potential [8].

The lower carotenoid content in relation to the chlorophyll values is related to the
inverse relationship between these variables, with higher chlorophyll contents possibly
justifying the lower carotenoid values in chives. These variations in the contents of chloro-
phyll and total carotenoids can be influenced by the climatic conditions to which the plants
were subjected [7,8].

It is evident that the synthesis of chlorophyll and carotenoids is essential to quantify
the final quality of green vegetables since their chlorophyll forms are sensitive to heat,
oxygen, light, enzymes, the action of metals, and oxidation, with the latter being the leading
cause of carotenoid degradation, depending on oxygen availability, the type of carotenoids,
and their physical state. As a result, this degradation is continuously stimulated by light,
heat, metals, oxidative enzymes, and peroxides and is inhibited by antioxidants [8].

The electrical conductivity of the nutrient solution negatively influenced the bulb
length of chives, although below the threshold found by [4] under direct cultivation. This
result is justified by the fact that hydroponic cultivation contributes to reducing the effects
of salts on plants compared to direct cultivation due to the absence of matric potential and
the saturation state of plants, increasing the free energy of water and facilitating its uptake
by plants [5].
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The reductions in bulb diameter as a function of the electrical conductivity of the
nutrient solution could be related to stomatal closure and reductions in gas exchange due
to the stress condition, thus reducing the uptake of the nutrient solution and limiting
plant growth [30].

The electrical conductivity of the nutrient solution [31] above the plant tolerance
threshold is reflected in the reduction in crop growth and development even under hy-
droponic conditions, which may have contributed to the reduced bulb diameter of chives.
Recent studies using hydrogen peroxide to mitigate the effect of salt stress corroborate that
this attenuator can influence physiological responses to stress, such as stomatal opening
and closing [6,11]. The beneficial effects of hydrogen peroxide on stress effects could be as-
sociated with its role as a signaling molecule, regulating several metabolic pathways [12,32].
It has been reported that the increase in the electrical conductivity of the nutrient solution
decreases water and nutrient uptake; as a result, a lower water volume needs to be applied
in the circulation system at higher electrical conductivity levels of the nutrient solution.
These results are similar to those obtained by Cruz et al. [33] when studying the stress
index, water potential, and leaf succulence of cauliflower cultivated in a hydroponic system
of high electrical conductivity.

Our results reveal linear reductions in the nutrient solution application rate ob-
served in all electrical conductivity regimes. The total consumption of the nutrient so-
lution was not changed between treatments, or only partially since water uptake by
plants was cumulatively reduced, corroborating the research findings on the effect of
NaCl or macronutrient-imposed salinity on the crop yield and water use efficiency of
hydroponic basil [34].

The fresh mass reduction in plants cultivated in hydroponic systems with high electri-
cal conductivity of the nutrient solution is a classic plant response observed by different
authors in several vegetable crops [6,8,27,34,35]. This result is attributed to a reduction in
the water potential of the external solution generated due to the osmotic effect of the salt
present in the nutrient solution, hindering water and nutrient uptake by plant roots, which
reduces leaf turgor and the MFT [36].

The ENS reduction is justified by the negative effect caused by salts present in the
nutrient solution on the total fresh matter of chives plants. It should be noted that the use
efficiency of the nutrient solution is important when working with nutrient solutions with
high electrical conductivity since salt stress can cause higher uptake reductions compared
to plant production.

Under water or salt stress, the water use efficiency can vary due to the reduction
in stomatal conductance, which affects the photosynthetic rate more intensely than leaf
transpiration rate [7]. When this process becomes severe, cell dehydration in the mesophyll
inhibits photosynthesis, thus affecting the mesophyll metabolism, water use efficiency, and
crop yield.

There was a reduction in the use efficiency of the nutrient solution of more than 20%
when the plants were subjected to different electrical conductivities of the nutrient solution.
This result may be more apparent when the species is susceptible to salt stress. Our results
are similar to those obtained by Faliagka et al. [34] and Evanidi et al. [37] when studying
basil subjected to different electrical conductivities of the nutrient solution, observing a
25% reduction in the use efficiency of the nutrient solution.

4.2. Water Consumption of Chives as a Function of Different Water Conductivities of the
Nutrient Solution

The maximum consumption of nutrient solution (<460 mm cycle) was obtained at
an electrical conductivity of 1 dSm−1. From this value on, there was a reduction in con-
sumption. This value is considered acceptable for hydroponic chive cultivation since the
water consumption of this crop under field conditions is superior to 550 mm per cycle [3].
Quantifying water consumption during the cultivation cycle in hydroponic systems can
contribute to improving and planning water resources in any region by estimating the
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water volume to be used before the crop is established in the hydroponic system [38]. This
parameter is an efficient guideline for designing hydroponic systems, aiming to collect and
store water for this purpose in green belts.

The water uptake reductions recorded for hydroponic chive cultivation when the seeds
were subjected to acclimation with hydrogen peroxide and different electrical conductivities
of the nutrient solution are within the acceptable range, as reported by Paulus [39] in their
study with hydroponic lettuce, obtaining acceptable NFT reductions from 3.9 to 10.0% per
unit increase in the electrical conductivity of the nutrient solution in two cultivation cycles.

When studying cumulative water consumption in hydroponic coriander using brack-
ish water, [9] observed reductions of 5.26 and 5.85% per unit increment in the ECw for the
periods of 1–20 and 1–24 DAT, respectively. Our results reveal similar conclusions with dif-
ferent species, indicating that the higher the electrical conductivity of the nutrient solution
in hydroponic systems, the lower the total nutrient uptake by plants due to the reduction
in the osmotic potential of the nutrient solution, delaying the transport of water from roots
to fruits and leaves, with negative effects on expansion, growth, and production [40].

The use efficiency of the nutrient solution of 14.6 g for each mm of nutrient solution
lost by evapotranspiration is considered acceptable. This result corroborates the data of
Mendez-Cifuentes et al. [41] in a study on different open and closed hydroponic systems,
who observed that in order to produce 1 kg of vegetables in an open cultivation system,
approximately 53 L of water is required to achieve a yield of 95%, with 86% water con-
sumption. On the other hand, in the closed system, the nutrient solution volume required
is only 22 L.

Even under hydroponic conditions in which water and nutrients are supplied in a
form that is readily assimilable by the plants, the different electrical conductivities of the
nutrient solution tend to reduce water and nutrient uptake and productivity [8,26,40]. This
result may be less evident when the species is less susceptible to salt stress and when
subjected to acclimation with hydrogen peroxide [6,8].

5. Conclusions

The increase in electrical conductivity of the nutrient solution reduces bulb length,
volume applied, water consumption in the solution, total marketable fresh mass, and the
use efficiency of the nutrient solution by plants. Acclimation with hydrogen peroxide alone
did not influence the yield of chives in a hydroponic system. The contents of chlorophyll a,
b, and carotenoids are not influenced by the electrical conductivity of the nutrient solution
or the hydrogen peroxide concentrations used for the acclimation. The highest consumption
of nutrient solution by chive plants throughout the cultivation cycle was 459 mm, lost by
evapotranspiration. The acclimation of chive seeds (0.60 mM) associated with 1 dSm−1

solution is the best combination for bulb diameter. Each increase of 1 dSm−1 in the electrical
conductivity of the nutrient solution reduces the total fresh mass of chive plants by 1.4 g.
The electrical conductivity of the nutrient solution to obtain the maximum yield of chives
in hydroponic cultivation is 1 dSm−1.
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Abstract: Water scarcity is one of the main factors that decrease the growth and productivity of
corn, since it negatively affects gas exchange and the general metabolism of the crop. The use of
beneficial microorganisms (BM) has been considered a potential attenuator of water stress. This
study aimed to evaluate the effect of BM and water deficit on growth, gas exchange, grain yield,
and soil microbial activity. A field experiment was carried out, in which the treatments were
composed of a 2 × 4 factorial scheme, corresponding to two irrigation levels (100% of ETc and
50% of ETc) and to four treatments (T) referring to the soil inoculation with BM (C: control; T1:
Bacillus amyloliquefaciens + Azospirillum brasiliense; T2: B. subtilis; and T3: A. brasiliense). The eval-
uations were carried out in the flowering phase (plant growth, gas exchange, and foliar nitrogen
content) and at the end of the plant cycle (grains yield, mineral nitrogen, and microbiological activ-
ity). The 50% reduction in irrigation depth severely restricted corn growth and gas exchange and
decreased the grain yield by 38%. The water deficit increased the protein content in the grains and the
concentration of mineral nitrogen in the soil when the plants were inoculated with BM. Under water
stress, inoculation with BM increased corn productivity by 35% and increased soil microbial activity.
The inoculation of plants with BM, either in combination (Bacillus amyloliquefaciens + A. brasiliense) or
alone (B. subtilis), attenuated the adverse effects of water deficit in maize.

Keywords: plant growth-promoting bacteria; water stress; Zea mays; photosynthesis; water stress
attenuators

1. Introduction

The water deficit affects not only the arid and semi-arid regions of the world but also
areas located in countries with a humid tropical climate, such as Brazil [1]. In these areas,
prolonged water scarcity periods can reduce the productivity of important crops, such as
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corn [2]. Water stress negatively affects plants’ physiological and biochemical processes
that restrict growth, development, and productivity [3,4]. Drought causes a decrease in cell
turgor, which is essential for proper cellular metabolisms, such as photosynthesis, enzyme
activity, and nutrient uptake [4,5].

Corn (Zea mays L.) is one of the most important crops in the world due to its multiplicity
of uses, especially as raw material for the food industry. However, in areas where water
scarcity is more pronounced, as in many developing countries and the semi-arid region of
Brazil, the use of corn in human food as a main diet component is expressive [6]. Thus, in
these areas, water deficit is one factor that threatens food security. Therefore, it is necessary
to find strategies to mitigate the adverse effects of water deficit in essential crops such
as corn.

Previous research has demonstrated that beneficial microorganisms (BM) (also called
plant growth-promoting bacteria) have the potential to attenuate environmental stresses
in plants, such as water deficit [7–10]. BM in the soil can induce plants to produce os-
moregulant substances such as organic acids, amino acids, and soluble sugars and, thus,
act synergistically, contributing to drought tolerance [11,12]. These microorganisms can
produce auxins such as indole acetic acid, increasing the length of plant roots and, thus,
leading to the greater uptake of water and nutrients from the soil [8]. In this sense, it has
been observed that the inoculation of corn with Bacillus amyloliquefaciens increased the
nutrient uptake and promoted growth mechanisms in plants, increasing the concentration
of amino acids such as tryptophan, isoleucine, alanine, valine, and tyrosine and sugars
such as fructose and glucose [11]. Likewise, Lima and collaborators [13] observed that the
inoculation of corn with B. subtilis increased the leaf water content and stomatal regulation
without impairing the photosynthetic rates. In addition to the effects on plants, BM can
affect the biological activity of the soil, favor specific populations of microorganisms that
act in key soil processes such as mineralization and the nitrification of soil nitrogen, and
thus reduce the losses of this nutrient through leaching and volatilization processes [14,15].

The use of BM in agriculture is advantageous, because it is an environmentally friendly
technology, since it can increase crop productivity and soil fertility without exerting any
toxic effect on the environment [16,17]. The mechanisms of action of BM on plants such
as nitrogen fixation, phosphate solubilization, the synthesis of phytohormones (especially
IAA), and osmoregulant substances (such as amino sugars), especially in a controlled
environment, have been demonstrated in some studies [9,15,18]. However, it is necessary
to expand these studies, especially under field conditions, for a better understanding of
the effects of BM on the physiological aspects of plants and on soil microbiological activity,
which could represent modes of action of BM as attenuating water deficit in plants. In this
sense, we hypothesized that BM improves the gas exchange of corn under a water deficit,
promotes an increase in soil biological activity, and thus attenuates the adverse effects of
irrigation deficit, increasing growth and productivity.

This study aimed to evaluate the effect of beneficial bacteria on gas exchange, growth,
production, and the protein content in corn grains and soil microbiological activity under a
water deficit.

2. Materials and Methods

2.1. Experimental Site Description

This research was carried out from July to November 2021 in field conditions at the
experimental farm belonging to the Center for Agro-Food Science and Technology—CCTA
of UFCG, located in the Sertão Paraibano mesoregion in the municipality of São Domingos—
Paraíba. According to the Köppen classification adapted for Brazil, the climate is tropical
semi-arid (Bsh), with an average annual temperature above 26.7 ◦C and an average yearly
rainfall of 872 mm [19]. Climatological data for the experimental period (Figure 1) were
collected using the AGRITEMPO agrometeorological monitoring system [20]. During the
experimental period, no rainfall was recorded in the area.
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Figure 1. Reference evapotranspiration (ETo), maximum (Tmax) and minimum (Tmin) temper-
atures, and maximum (AHmax) and minimum (AHmin) air relative humidity during the field
experiment period.

Before installing the experiment, a composite sample of soil from the area was obtained
from 15 collection points, randomly obtained in the layer from 0 to 20 cm. The soil of the
experimental site, classified as Planosol [21], was analyzed for its chemical and physical
attributes (Table 1) at the Laboratory of Soils and Plant Nutrition of CCTA/UFCG, according
to the methodology described by Emprapa [22].

Table 1. Physical and chemical attributes of the soil samples used in the experiment.

Chemicals Attributes Value Physical Attributes Value

pH (CaCl2) 6.20 total sand (g kg−1) 444
P (mg kg−1) 291 silt (g kg−1) 353

K+ (cmolc dm−3) 1.19 clay (g kg−1) 203
Na+ (cmolc dm−3) 0.54 BD (g cm−3) 1.36
Ca2+ (cmolc dm−3) 5.80 PD (g cm−3) 2.59
Mg2+ (cmolc dm−3) 3.40 TP (m3 m-3) 0.47

H + Al (cmolc dm−3) 2.30 FC (%) 12.87
SOM (g kg−1) 6.40 PWP (%) 5.29

V (%) 83.0 AW (%) 7.58
SOM: soil organic matter, V: saturation of bases, BD: bulk density, PD: soil particle density, TP: total porosity,
permanent wilting point (PWP), and AWC: available water content.
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2.2. Treatments and Experimental Design

A field experiment was carried out, in which the treatments were composed of a
2 × 4 factorial scheme, corresponding to two irrigation levels (100% of ETc and 50% of
ETc) and to four treatments (T) referring to the application of BM (C: control; T1: Bacillus
amyloliquefaciens BV 03 + Azospirillum brasiliense; T2: B. subtilis BV-09; and T3: A. brasiliense).
A randomized block design was used (Appendix A) with five replications, making a total
of 40 subplots in the experiment as a whole.

2.3. Soil Tillage and Experiment Installation Details

Soil tillage consisted of carrying out two harrowing, the first being heavy and the
second light, before sowing, aiming to break down and level the soil; after which, the
planting furrows would be opened. The plants were grown at a spacing of 0.2 m × 1.0 m,
corresponding to an estimated stand of 5 plants per linear meter. The spacing between
plots was 1.0 m, while the blocks were separated by 2.0 m. The plots consisted of five
cultivation lines measuring 4.0 m × 4.0 m. The portion of plot for data collection consisted
of the three central lines measuring 2.0 m in length, resulting in an estimated total of
30 plants (Appendix A).

Sowing was carried out on 7 September 2021 using seeds of the hybrid corn cultivar
K9555VIP3, which was chosen because it has a short cycle (about 110 days), high produc-
tivity, and resistance to the fall armyworm. The planting was carried out manually one
day after planting fertilization (7 September 2021), sowing one seed per hole with spacings
of 0.2 m.

The fertilization was carried out according to the Fertilization Recommendation Man-
ual for the State of Pernambuco [23] based on the interpretation of the soil analysis of the
experimental area. In the planting, 30 kg of N, 60 kg of P2O5, 45 kg of K2O, and 24 kg
of S in the form of magnesium sulfate were applied. Supplementary fertilization with
nitrogen and potassium was applied at the rate of 50 kg of N per ha in the V4 stage (plants
with four expanded leaves) and 50 kg of N, 45 kg of K2O, 1 kg of B, and 2 kg of Zn in the
V6 stage (plants with six expanded leaves). The nutrient sources used were urea (45% of
N), potassium chloride (58% of K2O), simple superphosphate (18% of P2O5), magnesium
sulfate (9% of Mg and 12% of S), boric acid (17% B), and zinc sulfate (20% Zn). The N and
K supplementary fertilizations were carried out via fertigation using the irrigation system.

2.4. Treatments Composition Composition and Application of Treatments

The inoculation with BM was carried out exclusively via fertigation using suspen-
sions of microorganisms in a proportion of 4 L ha−1. The T1 treatment (Bacillus amyloliq-
uefaciens + A. brasiliense) consisted of 1.0 L ha−1 of the commercial product containing
3.0 × 109 CFU/mL of B. amyloliquefaciens and 3.0 L ha−1 of the commercial product con-
taining 1.0 × 109 CFU/mL of A. Brasiliense. Treatment T2 corresponded to the commercial
product containing 1.0 × 108 CFU/mL of Bacillus subtilis BV-09, and treatment T3 corre-
sponded to the commercial product containing 1.0 × 109 CFU/mL of A. Brasiliense applied
at a dose of 4 L ha−1. Treatments were performed seven days after seedling emergence.
The doses of each product (or combination) were diluted in water at a rate of 4 L per 2500 L
of water and were applied using a manual sprayer on the root zone of the plants. The same
procedure was adopted in the control treatment but used only water without any product.

2.5. Irrigation Management

The plants were drip irrigated, with drippers spaced 0.20 m. After the emergence and
standardization of the number of plants per plot, the plants were irrigated following the
different water regimes. The total irrigation volume required (TIR) of each irrigation level
was obtained by the following Equation (1) [24]:

TIR =
(FC − PWP)× Z × BD × f

10 × Ea
(1)
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where TIR corresponded to the initial total water depth to be applied in mm, FC was
the soil moisture corresponding to the field capacity in %, PWP was the soil moisture
corresponding to the wilting point in %, Z was the effective corn root system depth (30
cm), BD was the soil bulk density in g cm−3, f was the water availability factor for maize
(0.5), and Ea was the application efficiency (0.90). During the experiment, meteorological
data were obtained from the automatic meteorological station in the municipality of São
Gonçalo, Paraíba, as it is the closest to the experiment site, through the website [25].

The control of the volume of water corresponding to each water regime was performed
daily at a standardized time according to the ratio of the flow rate of the drippers by the
time to reach the proportions of crop evapotranspiration (ETc). As the time interval for
each volume of the respective water regime was reached, successive disconnections of the
drip strips corresponding to each irrigation level were performed. The irrigation depth
corresponding to 100% of ETc was calculated according to Jesen’s equation [26] using the
following expression: ETc = Kc × ETo. ETc is the crop evapotranspiration in mm day−1,
ETo is the reference evaporation in mm day−1, and Kc is the crop coefficient. The Kc values
adopted for corn (initial stage: 0.13, vegetative stage: 0.55, flowering: 1.00, reproductive
stage: 1.20, and final stage: 0.90) as a function of its phenological phases were based
on [27]. The daily supply of irrigation depths was carried out through the irrigation time
considering the characteristics of the cultivation system and the irrigation system according
to Equation (2):

Ti =
Eto × Kc × A

Ea × n × q
(2)

where Ti is the irrigation time in hours, ETo is the reference evaporation in mm day−1, A is
the area occupied by a plant in m2, n is the number of drippers per plant, q is the dripper
flow in L h−1, and Ea is the application efficiency (0.90). Water application uniformity tests
were determined according to the Christiansen Uniformity Coefficient (CUC) evaluation
methodology proposed by Christiansen [28].

2.6. Phytosanitary Control

Weed control was done mechanically and manually using simple tools such as hand
hoes. Regarding insects, there was no need to apply any product for pest control due to the
low incidence in the area.

2.7. Assessment of Growth, Gas Exchange, and Leaf Nitrogen Content

In the female inflorescence stage gas exchange, the culm diameter, plant height,
and leaf area index (LAI) were determined. On this occasion, photosynthesis (A) (μmol
CO2 m−2 s−1), stomatal conductance (gs) (mol m−2 s−1), the transpiration rate (E) (mmol
H2O m−2 s−1), and intercellular CO2 concentration (Ci) (mol CO2 m−2 s−1), with an
infrared gas analyzer (IRGA) (LCpro Analytical Development, Kings Lynn, UK) with
a constant light source of 2000 μmol of photons and ambient CO2 concentration, were
evaluated. Readings were taken from 7:00 a.m. to 9:00 a.m. using the diagnostic sheet (leaf
opposite to the cob) [29]. The LAI was estimated using a photosynthetically active radiation
meter (AccuPAR model LP-80). Readings were taken from 8:00 a.m. to 11:00 a.m. In each
plot, five readings were performed below the leaves close to the ground, corresponding
to the four cardinal points of the plot. The diagnostic leaves of five plants of each useful
plot were collected on the same day to determine the total nitrogen (N) content. The leaves
were dried in a forced circulation oven at 60–65 ◦C and then ground in a Willey-type knife
mill. Then, sulfuric digestion was performed, followed by distillation and titration [29].

2.8. Mineral Nitrogen Contents and Soil Microbiological Activity

In each useful plot, four soil subsamples were collected close to the planting line
under the influence of the corn rhizosphere in the layer from 0 to 20 cm. After homogeniza-
tion, 20 g of the composite samples were immediately placed in plastic flasks containing
100 mL of a 1.0 mol L−1 KCl (potassium chloride) solution, then placed in a refrigerator [30].
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After defrosting, shaking at 180 rpm, and filtering, 20 mL of the extract were placed in
distillation tubes to determine the NH4

+ (ammonium) and NO3
− (nitrate) contents by

the Kjeldahl nitrogen micro still method [30]. Initially, 0.2 g of calcined MgO was added
to each distillation tube. After distillation, the ammonium fractions were obtained by
titration with HCl (hydrochloric acid) 0.07143 mol L−1 after being collected in indicators
with boric acid. Nitric nitrogen was determined using the same extract (same tube) used
for ammonium distillation and then adding 0.2 g of Devarda’s alloy and sending it to a
new distillation. Then, it was titrated with the same acid used for ammonium. Mineral
nitrogen was calculated by adding NH4

+ + NO3
−.

The remaining soil composite samples from each plot were frozen to further evaluate
the soil respiration rate, microbial biomass carbon, and metabolic quotient. Soil microbial
respiration was measured by capturing the C-CO2 produced in the soil by NaOH (sodium
hydroxide) in a hermetically sealed environment [31]. Biomass carbon was evaluated using
the irradiation/extraction method, which has, as its basic principle, the elimination of
microorganisms by electromagnetic radiation from a microwave oven [32–34]. Each soil
sample was subdivided into irradiated and nonirradiated samples. After irradiation, the
samples were transferred to a 125 mL Erlenmeyer flask and identified according to the
procedure. Then, 80 mL of K2SO4 (potassium sulfate) extracting solution was added. The
samples were shaken for 30 min in a horizontal shaker at 150 rpm and then kept at rest for
30 min. Subsequently, the samples were filtered in recipients with filter paper. The carbon
present in the extracts was determined by pipetting 10 mL of the filtered extract into a
125 mL Erlenmeyer flask, where 2 mL of 0.066 mol L−1 K2Cr2O7 (potassium dichromate)
solution was added. Then, 10 mL of H2SO4 (sulfuric acid) was added. After the samples
were lowered to room temperature, 50 mL of distilled water was added to each Erlenmeyer
flask, and the titration was performed by adding three drops of ferroin as an indicator and
ammoniacal ferrous sulfate 0.03 mol L−1 ammoniacal ferrous sulfate.

2.9. Grain Yield and Protein Content

The ears were harvested manually five to eight days after the grains reached physi-
ological maturity, with a moisture level below 15% (wet basis). The harvest was carried
out using the useful plot, collecting 10 ears to assess the characteristics of the ears, the
thousand-grain weight, and the grain yield. Based on the grain yield in the 16 m2 plots,
by extrapolation to 10,000 m2, the yields in kg ha−1 were calculated. The yield data were
corrected to 13% moisture (wet basis). The moisture content of the grains was evaluated
using the oven method at 105 ◦C for 24 h [35]. The protein contents in the grains were
determined by the Kjeldahl micro still method [30] with sulfuric extraction and subsequent
distillation. For this, the total nitrogen (N) contents were initially determined in 0.5 g of
ground grains and later converted into crude protein by a multiplication factor of 6.25 [36].
The protein yield was obtained by multiplying the protein content by the grain yield and
adjusting the units.

2.10. Statistical Analysis

Data referring to the measured variables were submitted to an analysis of variance
(ANOVA) and Tukey’s test at the 0.05 probability level using SISVAR® statistical software
version 5.6 [37]. A multivariate analysis of the results was performed using the principal
components analysis (PCA), synthesizing the amount of relevant information contained
in the original data set in a smaller number of dimensions [38]. From the reduction of
the dimensions, the original data of the variables of each component were submitted to a
multivariate analysis of variance (MANOVA) using Hotelling [39] at the 0.05 probability
level for the irrigation levels (I) and the related treatments’ beneficial microorganisms (BM),
as well as for the I × BM interaction. Only variables with a correlation coefficient greater
than or equal to 0.6 were kept in each principal component (PC) [40]. For the multivariate
statistical analysis, software Statistica v. 7.0 was used [41].

113



Agriculture 2023, 13, 1169

3. Results

3.1. Plant Growth and Leaf Nitrogen Content

According to the analysis of variance (Table 2), the irrigation levels influenced the
plant height (PH), leaf area index (LAI), stem diameter (CD), and leaf nitrogen content
(leaf N), while the treatments related to inoculation with plant growth-promoting bacteria
(BM) influenced only the index and the variables LAI and leaf N (Table 2). There were
interactions between irrigation levels and BM treatments only for the LAI and PH. The
ETc irrigation level of 50% decreased the PH, LAI, CD, and leaf N values by approxi-
mately 20%, 32%, 6%, and 22%, respectively (Figure 2). Under water deficit (50% of ETc),
treatment C (without inoculation) provided a higher PH value compared to treatment T3
(Azospirillum brasiliense). Still, both did not differ between treatments T1 (Bacillus amy-
loliquefaciens + A. brasiliense) and T2 (B. subtilis). Under full irrigation (100% of ETc), the
treatments with BM did not change the plant height. The T1 treatment provided a higher
LAI value than the control treatment. However, these treatments did not differ from the
others. Treatment T2 increased the leaf N content when compared to the control and
treatment T1 but not when compared to treatment T3.

Table 2. Summary of the analysis of variance for the leaf area index (LAI), plant height (PH), stem
diameter (CD), and nitrogen content in leaves (N leaf).

Source of Variance
DF PH LAI CD Leaf N

Mean Square

Irrigation levels (I) 1 45,611.032 ** 1.917 ** 27.400 ** 290.005 **
Blocks (replications) 4 490.803 0.112 22.98 20.256

Microorganisms (BM) 3 82.916 ns 0.129 * 0.448 ns 13.0878 **
I × BM 3 605.121 ** 0.074 * 1.493 ns 1.898 ns

Error 28 131.743 0.034 1.066 2.488
CV (%) - 6.89 9.37 3.94 7.20

CV: coefficient of variation. ** p < 0.01 and * p < 0.05 by F test. ns Stands for nonsignificant data at the 0.05
probability level. DF: degrees of freedom.

Figure 2. Leaf area index, plant height, culm diameter, and nitrogen content in leaves as a func-
tion of applying plant growth-promoting bacteria (BM) (C: control, T1: Bacillus amyloliquefaciens +
Azospirillum brasiliense, T2: B. subtilis, and T3: A. brasiliense). Data are means ± S.E. Lowercase letters
compare the treatments referring to BM application, and uppercase compare the irrigation levels. *
Indicates significant differences between irrigation levels (50% ETc and 100% ETc) by Tukey’s test at the
0.05 probability level.
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3.2. Gas Exchange

The irrigation levels influenced the photosynthetic rate (A), stomatal conductance (Gs),
transpiration rate (E), and intercellular concentration of CO2 (Ci) (Table 3). The treatments
related to BM only influenced the values of Ci and E. There was an interaction between the
irrigation levels and the treatments with BM only for the transpiration rate, which was also
affected by the treatments with BM. On average, a water deficit reduced the photosynthetic
rate, stomatal conductance, and transpiration rate by 22%, 41%, and 16%, respectively
(Figure 3). Treatment T3 provided the lowest value of Ci without differing from treatment
T2. Treatments C and T1 provided similar values of Ci. On average, water restriction
increased the Ci by 13% compared to full irrigation. At the 50% ETc irrigation level, the
T3 treatment provided a 35% increase in the E value compared to the control treatment
without differing from the T1 and T2 treatments. Under full irrigation, treatment T2 stood
out, increasing the evapotranspiration rate by 32% compared to the control. However, this
treatment was similar to treatments T1 and T3.

Table 3. Summary of the analysis of variance for the CO2 assimilation rate (A), internal CO2 concen-
tration (Ci), stomatal conductance (gs), and transpiration rate (E).

Source of Variance
DF A Ci Gs E

Mean Square

Irrigation levels (I) 1 1192.326 ** 603.049 * 0.509 ** 16.593 **
Blocks (replications) 4 405.009 56.204 0.165 25.570

Microorganisms (BM) 3 71.679 ns 567.319 ** 0.039 ns 6.732 **
I × BM 3 63.089 ns 191.019 ns 0.029 ns 0.778 **
Error 28 61.239 85.196 0.021 0.814

CV (%) - 17.57 15.11 32.90 12.38
CV: coefficient of variation. ** Significant (p < 0.01) and * Significant (p < 0.05) by F test. ns Stands for nonsignificant
data at the 5% probability level. DF: degrees of freedom.

Figure 3. CO2 assimilation rate (A), internal CO2 concentration (Ci), stomatal conductance (gs),
and transpiration rate (E) as a function of the application of plant growth-promoting bacteria (BM)
(C: control, T1: Bacillus amyloliquefaciens + Azospirillum brasiliense, T2: B. subtilis, and T3: A. brasiliense)
and the irrigation levels. Data are means ± S.E. Lowercase letters compare the treatments referring
to BM application, and uppercase compares the irrigation level. * Indicates a significant difference
between the irrigation levels by Tukey’s test at the 0.05 probability level.
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3.3. Grain Yield and Protein Yield

According to the analysis of variance, the irrigation levels influenced the cob length
and weight, thousand-grain weight (TGW), grain yield (GY), protein concentration in the
grain (PC), and grain protein yield (GPY) (Table 4). The treatments related to BM influenced
the cob length, GY, and GPY. There was an I × BM interaction for TGW, GY, and GPY.
At both irrigation levels, the treatments related to BM did not influence the ear length
(Figure 4). On average, a water deficit decreased the ear length by 28%. The ear weight
was higher in the T3 treatment, which differed only from the T2 treatment, and water
deficit reduced the ear weight by 35%. Under irrigation restriction, TGW was superior in
the T2 treatment but differed only from treatment T1, while, under full irrigation, the BM
treatments did not change the results of this variable. The full irrigation level provided
higher values and TGW in treatments T1 and T2. On average, water restriction decreased
the grain yield by 38%. However, at this level of irrigation, the T1 treatment provided an
increase of 34% compared to the control, which represented 74% of the average productivity
of the treatments without water restriction. At both irrigation levels, the treatments related
to BM did not affect the protein concentration in the grains. However, the water restriction
increased the value of this variable by 12%. The protein yield followed the same trend
as the grain yield; that is, under an irrigation deficit, the highest value was provided by
treatment T1, while, under full irrigation, the treatments related to BM did not affect the
value of this variable.

Table 4. Summary of the analysis of variance for the cob length, cob weight, thousand-grain
weight (TGW), grain productivity (GY), grain protein concentration (PC), and grain protein
production (GPY).

Mean Square

Source of Variance DF Cob Length Cob Weight TGW

Irrigation levels (I) 1 317.109 ** 88,258.659 ** 5808.908 **
Blocks (replications) 4 16.567 1506.904 2367.481

Microorganisms (BM) 3 2.565 ns 2141.909 ** 234.574 ns

I × B 3 7.064 ns 696.635 ns 862.145 *
Error 28 4.262 376.260 232.861

CV (%) - 11.86 8.72 5.01

Source of variance DF GY PC GPY

Irrigation levels (I) 1 121,010,430.8 ** 9.844 ** 558,005.970 **
Blocks (replications) 4 1,748,237.0 0.069 14,160.126

BM 3 2,916,790.2 ** 0.580 ns 21,538.689 **
I × BM 3 1,160,782.8 * 0.593 ns 18,627.769 *
Error 28 318,616.4 0.406 4391.232

CV (%) - 7.75 7.13 10.31
CV: coefficient of variation. ** p < 0.01 and * p < 0.05 by F test. ns Stands for nonsignificant data at the 0.05
probability level. DF: degrees of freedom.

3.4. Mineral Nitrogen Contents and Soil Microbiological Activity

According to the analysis of variance, the irrigation levels (I), treatments related to BM,
and the interaction I × BM affected the levels of ammonium (NH4

+), nitrate (NO3
−), and

mineral nitrogen (NH4
+ + NO3

−) in the ground (Table 5). The irrigation levels and I × BM
interaction influenced the soil respiration (Sresp), microbial biomass carbon concentration
(C-mic), and respiratory quotient (qCO2). The irrigation deficit provided the highest levels
of NH4

+, NO3
−, and mineral nitrogen (NH4

+ + NO3
−) in the soil, with increments of 81%,

106%, and 93%, respectively, compared to full irrigation (Figure 5). In water restriction
conditions, the T1 treatment was superior to the other treatments and provided an increase
of 47% compared to the control. On the other hand, the NO3

− levels were higher in
treatments T2 and T3, which, together with the T1 treatment, were higher than the control.
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269.436

Figure 4. Yield characteristics and proteins in corn grains as a function of applying plant
growth-promoting bacteria (BM) (C: control, T1: Bacillus amyloliquefaciens + Azospirillum brasiliense,
T2: B. subtilis, and T3: A. brasiliense) and the irrigation levels. Data are means ± S.E. Lowercase
letters compare the treatments referring to PGPB application, and uppercase compares the irriga-
tion level. * Indicates a significant difference between the irrigation levels by Tukey’s test at the
0.05 probability level.
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Table 5. Summary of the analysis of variance for the soil nitrogen concentrations of ammonium
(NH4

+), nitrate (NO3
−), and mineral nitrogen (NH4

+ + NO3
−); soil respiration (Sresp); biomass

carbon (C-mic); and metabolic quotient (qCO2).

Mean Square
Source of Variance DF NH4

+ NO3
− Mineral N

Irrigation levels (I) 1 5790.039 ** 11,945.664 ** 29,787.444 **
Blocks (replications) 4 268.351563 262.609375 443.141

Microorganisms (BM) 3 522.539 * 2132.265 ** 2556.707 **
I × BM 3 685.872 ** 1225.638 ** 1493.382 **
Error 28 134.914063 153.234 133.017

CV (%) - 26.16 27.21 13.45

Source of variance DF Sresp C-mic qCO2

Irrigation levels (I) 1 78.167 * 363,778.833 ** 0.077 **
Blocks (replications) 4 4.322 8329.880 0.001

BM 3 30.192 ns 6113.058 0.009 **
I × BM 3 230.833 ** 16,440.665 * 0.012 **
Error 28 13.722 3724.769 0.001

CV (%) - 20.28 24.86 23.38
CV: coefficient of variation. ** p < 0.01 and * p < 0.05 by F test. ns Stands for nonsignificant data at the 0.05%
probability level. DF: degrees of freedom.

In the same way, the mineral nitrogen contents were higher in the treatments consti-
tuted by the inoculation of BM. Under full irrigation, the treatments related to BM did not
change the concentrations of nitrate, ammonium, and mineral nitrogen. Under irrigation
deficit, the highest soil respiration rates (Sresp) were obtained in treatments T1 and T2,
which were superior to the control and T3 treatment (Figure 5). Under full irrigation
conditions, the effect was inverse; the control and T3 treatments were superior to the T1
and T2 treatments. There was no difference between irrigation levels in the T1 treatment.
The concentration of C-mic under irrigation deficit was lower in the control treatment but
differed only from the T2 treatment. Under full irrigation, BM treatments did not change
the C-mic values. On average, there was a 44% reduction in C-mic under full irrigation. The
qCO2 values did not differ between the BM treatments under full irrigation, while, under
irrigation deficit, the lowest values were provided by treatments T1 and T2. However, the
T1 treatment did not differ from the control treatment. In all BM treatments, the qCO2
values were higher at the full irrigation level.

3.5. Principal Component Analysis

The multidimensional space of the original variables was reduced to two principal
components (PC1 and PC2) with eigenvalues greater than λ > 1.0, according to Kaiser
(1960). The eigenvalues and percentages that explained the variation for each component
represented 87.21% of the total variation (Table 6). PC1 explained 76.12% of the total vari-
ance, formed by most of the variables analyzed. PC2 represented 11.09% of the remaining
variance. The two-dimensional projections of the effects of the treatments and variables in
the first and second main components (PC1 and PC2) are shown in Figure 6. According to
the groupings of the variables presented, in PC 1, it was observed that most of the variables
evaluated in the plants were positively correlated with the irrigation level of 100% of ETc,
regardless of the BM treatments. In turn, the variables assessed in the soil were associated
with the level of irrigation at 50% of ETc, with an emphasis on treatments T2 and T3.

118



Agriculture 2023, 13, 1169

Figure 5. Nitrogen concentrations of ammonium (NH4
+), nitrate (NO3

−), and mineral nitrogen
(NH4

+ + NO3
−); soil respiration; microbial biomass carbon (C-mic); and metabolic quotient (qCO2)

as a function of the application of plant growth-promoting bacteria (PGPB) (C: control, T1: Bacillus
amyloliquefaciens + Azospirillum brasiliense, T2: B. subtilis, and T3: A. brasiliense) and the irrigation
levels. Data are means ± S.E. Lowercase letters compare the treatments referring to the PGPB
application. * Indicates a significant difference between the irrigation levels by Tukey’s test at the
0.05 probability level.
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Table 6. Eigenvalues, percentages of the total variance explained, in the multivariate analysis of vari-
ance (MANOVA), and correlations (r) between the original variables and the principal components.

Parameter Principal Components
PC1 PC2

Eigenvalues (λ) 11.42 1.66
Percentage total variance (S2%) 76.12 11.09

Hotelling test (T2) for irrigation levels (L) 0.01 0.01
Hotelling test (T2) for beneficial

microorganisms (BM)
0.01 0.01

Hotelling test (T2) for interaction (L × BM) 0.01 0.01

Variables Correlation coefficient

Grain yield (GY) 0.96 0.08
Internal CO2 concentration (Ci) −0.84 0.26

Transpiration rate (E) 0.65 −0.75
stomatal conductance (GS) 0.92 −0.29
CO2 assimilation rate (A) 0.95 −0.28

Leaf área index (LAI) 0.93 −0.14
Plant heigth (PH) 0.94 0.27

Culm diameter (CD) 0.96 0.12
Grain protein concentration (GPC) −0.82 −0.46

Grain protein production (GPY) 0.91 −0.09
Nitrogen content in leaves (Nleaf) 0.90 −0.08

Nitrogen concentration as ammonium
(NH4

+) −0.78 −0.06

Nitrogen concentration as nitrate (NO3
−) −0.67 −0.68

Microbial biomass carbon (C-mic) −0.94 −0.23
Metabolic quotient (qCO2) 0.86 −0.02

 
Figure 6. Two-dimensional projection of the scores of the main components for the factors irrigation
levels and plant growth-promoting bacteria (A) and of the variables analyzed (B) in the two main
components (PC1 and PC2). C: control, T1: Bacillus amyloliquefaciens + Azospirillum brasiliense,
T2: B. subtilis, and T3: A. brasiliense).

4. Discussion

In the present study, the possibility of BM attenuating the adverse effects of water
deficit in corn was evaluated through the plant variables (growth, gas exchange, productiv-
ity, and protein content) and soil (mineral nitrogen and microbiological activity). The water
deficit imposed by the 50% ETc water depth reduced corn’s growth and leaf area, as well as
the nitrogen content in the leaves. Drought stress causes a decrease in cell turgor, which is
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essential for proper cellular metabolism, such as photosynthesis, enzymatic activity [3,4],
and nutrient absorption [5]. In addition, under water deficit, nitrogen contact with the
roots, through diffusion and mainly by mass flow, can be reduced [42], decreasing the
uptake of this nutrient by the plant [5]. On the other hand, regardless of the irrigation
level, the inoculation of plants with Bacillus subtilis promoted an increase of 13% in the
leaf area index and 12% in the N content of the leaves compared to the treatment without
the inoculation. B. subtilis also increased the leaf area in sweet peppers [43] and leaf N
content in sugarcane [44]. Aquino [45] observed that five strains of B. subtilis increased
the foliar N content in corn crops compared to uninoculated plants. This indicates that
B. subtilis fixed atmospheric N and improved corn nitrogen nutrition [13]. However, the
effect of treatments containing BM on maize growth was not well defined, as observed in
other studies [7,13].

The gas exchange measurement showed that corn plants closed their stomata (de-
creased stomatal conductance) under water deficit to reduce water loss. This result was
accompanied by a decrease in the photosynthetic rate, an increase in the internal concentra-
tion of CO2, and a decrease in the transpiration rate. In water restriction conditions, corn
inoculation with Azospirillum brasiliense increased the transpiration rate by 35% compared
to the treatment without inoculation. Physiological changes with the use of BM have also
been reported in previous works [7,46]. BM application in the soil can lead to stimulating
the production of osmoregulatory substances by the plant and, thus, act synergistically,
contributing to drought tolerance [11,12]. These organisms can produce auxins such as
indole acetic acid, increasing the length of plant roots, thus leading to a greater absorption
of water and nutrients from the soil [8]. In this sense, it has been observed [12] that the
inoculation of corn with B. amyloliquefaciens increased the nutrient absorption and pro-
moted growth mechanisms in plants, such as an increased concentration of amino acids
such as tryptophan, isoleucine, alanine, valine, and tyrosine and sugars such as fructose
and glucose.

The negative effects of water restriction on maize growth and gas exchange were also
reflected in a lower grain yield (38% reduction). Water scarcity negatively affects corn de-
velopment at all phenological stages, promoting an increase in flowering days, maturation
days, and anthesis interval and a decrease in leaf area, negatively affecting flowering and
grain filling and seriously compromising corn production [6]. At the irrigation level of 50%
of ETc, the inoculation of plants with B. amyloliquefaciens and with A. brasiliense provided
a productivity increase of 35% in relation to stressed plants without the inoculation. In
previous works, it was observed that the inoculation of B. amyloliquefaciens and B. subtilis,
associated or not with other BM, was efficient in attenuating water stress in several cultures,
promoting an increase in growth and production [9,15,18]. Water restriction increased
the protein content (12% increase) in the grains. Other studies have also reported this
effect [16,45]. Probably, the increase in protein concentration was due to the decrease in
the thousand-grain weight (8% on average in the BM treatments) compared to the level
of complete irrigation combined with a decrease in the rate of carbon assimilation and,
consequently, the starch synthesis, increasing the proportion of proteins in the grains [46].
Despite the increase in the protein content in the grains, the water deficit reduced the
protein yield by 31% due to the severe decrease in grain yield. Although the water deficit
caused this antagonistic effect between the protein content and the yield, this is a relevant
aspect to be addressed in future research, because there is a possibility that there is a
balancing point between the increase in the protein content in the grains caused by water
stress and adequate corn grain yield through irrigation depth management during the
phenological phases of the crop [47,48].

The concentration of mineral nitrogen (N), as ammonium (NH4
+) or NO3

−, increased
due to the water deficit. In previous works, higher concentrations of mineral N were also
observed in soil under water deficits [5,8,49]. Water restriction possibly decreased the rate
of N absorption and accumulation by corn, providing higher levels of mineral N in the soil
and decreasing the levels of this nutrient in the leaves. The inoculation of plants with B.

121



Agriculture 2023, 13, 1169

amyloliquefaciens + A. brasiliense consistently increased the NH4
+ content and respiration

rate under water restriction but not under full irrigation. The role of BM in increasing
mineral N in the soil needs to be better understood. Previous research demonstrated that
B. subtilis decreased N volatilization in the form of NH3 after mineralization [15]. In
addition, an inoculation with B. amyloliquefaciens + A. brasiliense could provide an increase
in the diversity of microorganisms involved in the mineralization of organic matter [50] or
even stimulate the decomposition of organic matter and N mineralization [51] or stimulate
root growth and increase the soil organic matter content [52]. The increase in productivity
in the T1 treatment is possibly due to the synergistic effect between B. amyloliquefaciens and
A. brasiliense. In another work, with a corn crop, the authors observed that the solubilization
of phosphorus bound to calcium and iron, and the mineralization of sodium phytate was
greater when they were inoculated together in comparison to the separate inoculations,
enhancing the release of organic acids. In the present work, the increase in microbial
biomass carbon under the water deficit, mainly in the T2 treatment (B. subtilis), was due
to the higher microbiological activity. However, at this level of irrigation, the metabolic
quotient was not altered. In this sense, Gebauer and collaborators [17] observed that a
water deficit favored certain groups of microorganisms that promoted plant growth in soil
cultivated with wheat and barley, which was interpreted as an adaptive strategy of plants
to water stress.

The multivariate principal component analysis (PCA) demonstrated, more emphat-
ically, a clear separation of the average variables in the plants (except the internal CO2
and protein content) from the variables measured in the soil. Thus, according to PC1, the
variables measured in the plants were closely related to the level of full irrigation (100%
ETc). In comparison, most of the variables measured in the soil benefited from the irrigation
deficit (50% ETc). The PCA also showed that the inoculation of corn with BM favored
soil biological activity and promoted an increase in the grain yield, especially under the
water deficit.

5. Conclusions

Our results suggest that combined Bacillus amyloliquefaciens co-inoculated with
Azospirillum brasiliense contributed to attenuating the adverse effects of water deficit in
maize. Under the water deficit, Bacillus subtilis and A. brasiliense inoculated separately
did not prevent water stress in corn but increased the mineral nitrogen content in the soil.
In the present study, a 50% reduction in irrigation depth severely restricted corn growth,
gas exchange, and decreased the grain yield by 38%. On the other hand, the water deficit
increased the protein content in the grains and the concentration of mineral nitrogen in
the soil, especially when the plants were inoculated with plant growth-promoting bacteria
(BM). In water stress conditions, the inoculation with BM increased corn productivity by
35% and increased soil microbial activity. The findings of this research reinforced the results
of previous research and represented a breakthrough in understanding the role of the
interactions between plants and microorganisms in adapting to environmental adversities
such as water stress.
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Figure A1. Experimental design used in the research showing the distribution of blocks, combination
of irrigation depths with treatments with beneficial microorganisms, delimitation of experimental
plots, and useful plot, as well as spacing between blocks, plots, planting rows, and plants.

 

Figure A2. Overview of the experimental area showing the installation of the drip irrigation system.
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Figure A3. Overview of the experimental area showing maize plants in the early stages of growth.
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Abstract: Saline stress impairs germination and initial plant growth. However, discontinuous
hydration cycles induce osmotic tolerance in seeds and can improve the response of maize seeds
to saline stress. The objective of this study was to evaluate the action of discontinuous hydration
cycles with different salt stress tolerance elicitors on germination, growth, and osmotic adjustment
of maize cultivars. Maize seeds of BR 206 and BRS 5037 Cruzeta cultivars were subjected to the
following treatments: 0.0 mmol of NaCl (control), 250 mmol of NaCl (salt stress), salt stress + three
discontinuous hydration cycles (DHCs) of seeds in water, salt stress + DHCs with gibberellic acid, salt
stress + DHCs with hydrogen peroxide, salt stress + DHCs with salicylic acid, and salt stress + DHCs
with ascorbic acid. Salt stress reduced the germination, growth, and biomass accumulation in maize
seedlings—the BR 206 cultivar outperformed BRS 5037 Cruzeta. Discontinuous hydration cycles with
water failed to improve the salt stress tolerance of maize seeds. However, discontinuous hydration
cycles with gibberellic acid, hydrogen peroxide, and salicylic acid promoted salt stress tolerance in
maize due to increased synthesis of osmoprotectants. Our results revealed salicylic acid is appropriate
for discontinuous hydration cycles in maize seeds.

Keywords: Zea mays L.; salicylic acid; gibberellic acid; H2O2; salinity

1. Introduction

Zea mays L. is one of the world’s most commercially relevant annual crops. Between
2000–2020, Brazil maintained its position as the third largest producer of maize, behind
the United States and China. In 2020, production was 100 million tons [1]. The expected
2020/21 season production is 112.3 million tons [2]. Some factors may influence this
species’ yield, especially in semi-arid regions. Water deficit, associated with rainfall irreg-
ularities and dry climate, followed by salinity, are the main threats to plant growth and
agricultural yield [3,4].

Semi-arid regions commonly have saline and sodic soils, which affect crops’ germi-
nation process and growth as they restrict water absorption and contain toxic Na+ and
Cl− ions [5,6]. High concentrations of these ions in the tissues hinder the mobilization of
nutrient reserves, preventing germination and embryo growth. To acclimate to salt stress,
plants adjust ionically by compartmentalizing organic ions in vacuoles or excluding ions in
the roots [7,8].

Osmotic adjustment occurs through the accumulation of organic solutes, such as
L-proline, soluble amino-N, soluble sugars, and other osmoprotective agents, in the cytosol
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to reduce the cellular osmotic potential [6,9]. Ionic toxicity and osmotic stress are direct
effects that can cause oxidative stress and several secondary stresses. Oxidative stress
causes changes in plant metabolism, leading to excessive production of reactive oxygen
species (ROS) that cause damage to cytoplasmic membranes and even cell death [6,10].

Plants produce osmoprotective agents to balance metabolic changes and reduce the
effects caused by salts; among them, sugars and amino acids are produced in more signifi-
cant quantities and accumulated in plant cells. Proline is an osmoprotectant that acts on
antioxidant activity through the accumulation in chloroplasts of plant cells in response to
the effects of environmental stresses, including salt stress. Thus, this amino acid performs
several functions, such as stabilizing cellular structures and signaling the production of
enzymes to eliminate ROS, reducing the deleterious effects of abiotic stresses [11,12].

Recent studies have shown that using hydropriming, organic acids, and hydrogen per-
oxide in pre-germination treatment in seeds attenuates the effects of salt stress [13–15]. Dis-
continuous hydration cycles (DHCs), known as water memory, constitute a pre-germination
technique adopted to mitigate abiotic stresses [16–18]. DHCs are mainly studied in forest
species to minimize water stress, but recently some studies have been conducted with agri-
cultural species, such as Sorghum [Sorghum bicolor (L.) Moench.] [19] and fruit crops such
as Annona squamosa L. [20]. These studies demonstrate that DHCs improve the tolerance of
seeds and seedlings to dehydration.

The discontinuous hydration process occurs naturally in arid and semi-arid regions. In
these regions, when water becomes available (rainy season), the seeds begin the imbibition
process, which is quickly interrupted when the water becomes unavailable (dry spells).
Seeds start losing water to the environment slowly, without causing damage to internal
tissues. This process can occur in cycles until hydration is sufficient to initiate the metabolic
activities of the seeds and consequently continue the germination process [16–18]. Thus,
the species acclimate to climatic adversities and respond efficiently to abiotic stresses that
occur in the field.

We hypothesize that discontinuous hydration cycles with stress tolerance elicitors can
mitigate salt stress in maize seeds. We also hypothesized that discontinuous hydration
cycles in drought-tolerant maize seeds could induce salt stress tolerance. Maize tolerance to
salinity is influenced by the concentration of salts, time of exposure to stress, phenological
stages, and genotype [13,21]. Therefore, the mechanisms of tolerance and changes in
metabolism, seed germination, and seedling growth are expressed differently depending
on genotype and environment [22]. Thus, this study aimed to evaluate the action of
discontinuous hydration cycles with different salt stress tolerance elicitors on germination,
growth, and osmotic adjustment of maize cultivars.

2. Materials and Methods

2.1. Location and Acquisition of Seeds

The experiment was conducted between June and December 2019 in the Seed Analysis
Laboratory and Plant Physiology Laboratory of the Federal Rural University of the Semi-
Arid Region (UFERSA), in the municipality of Mossoró/RN, Brazil (5◦11′ S and 37◦20′ W,
and 18 m altitude).

Maize seeds, of cultivars BR 206 and BRS 5037 Cruzeta, were obtained from the private
company GranSafra Sementes and EMPARN (Empresa de Pesquisa Agropecuária do Rio
Grande do Norte), respectively. After receipt, they were stored in a controlled environment
(16–18 ◦C and 40% relative humidity) throughout the experimental phase. We chose these
maize cultivars for their characteristics favorable to grain production, biomass, and drought
tolerance. These cultivars are indicated for production in the Brazilian semi-arid region,
and in addition to being drought-stress tolerant, they can be salt-stress tolerant. Cultivar
BR 206 is a drought-tolerant double hybrid, with an aptitude for grain yield, with an
average yield of 8800 kg ha−1. The BRS 5037 Cruzeta cultivar is drought tolerant and has
an aptitude for biomass and grain production, with an average grain yield of 4290 kg ha−1.
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2.2. Imbibition Curve and Experimental Design

Initially, the moisture content of the seeds was quantified using the oven method at
105 ± 3 ◦C for 24 h [23], using two replicates of 4.5 ± 0.5 g. The moisture content was
calculated based on the wet mass and expressed as a percentage.

The imbibition curve was obtained with two replicates of 50 seeds. These were
weighed on a digital analytical scale (0.001 g) before imbibition and after each predeter-
mined time interval until the emergence of the primary root. Imbibition was performed via
immersion in water, with the seeds arranged in a beaker with 100 mL of distilled water
and kept in germination chambers at 25 ◦C. Initially, seed weighing was performed every
hour for eight hours of imbibition. Then, weighing was performed every two hours until
thirty-four hours of imbibition. Finally, seed weighings were performed every four hours
until fifty-two hours of hydration, when primary root protrusion was observed in 50% of
the seeds of each replicate (Figure 1).

Figure 1. Imbibition curve of maize (Zea mays L.) seeds, cultivars BRS 5037 Cruzeta and BR 206, by
immersion in water. RE = root emergence.

The experiment was conducted in a completely randomized design, following a
2 × 7 factorial arrangement, with four replicates of 50 seeds. We used two maize cul-
tivars (BR 206 and BRS 5037 Cruzeta) plus seven saline stress combinations with three
discontinuous hydration cycles (DHCs) of seeds with stress elicitors. The seven combi-
nations were: 1—0.0 mmol of NaCl (control); 2—250 mmol of NaCl (salt stress); 3—salt
stress + DHCs in water; 4—salt stress + DHCs with gibberellic acid (50 μM GA3) [24];
5—salt stress + DHCs with hydrogen peroxide (5 mmol (H2O2); 6—salt stress + DHCs with
salicylic acid (50 μM SA); and 7—salt stress + DHCs with ascorbic acid (50 μM ASC) [24].

Maize seeds underwent three hydration–dehydration cycles. In the hydration process,
the 200 seeds, comprising the four replications of 50 seeds, were soaked in 180 mL of the
elicitor agent for two hours in a germination chamber at 25 ◦C in the dark. Subsequently,
the seeds underwent twelve hours of dehydration at room temperature (28–30 ◦C) [16–18].
The DHCs were defined according to the data obtained in the imbibition curve (Figure 1),
and the dehydration time was based on preliminary tests. At the end of the DHCs, the
seeds had a moisture content of around 25%.

2.3. Germination and Seedling Length

After the DHCs, the seeds were sown in a paper roll moistened with distilled water
(0.0 mM NaCl–control) and saline water in the other treatments at 250 mM NaCl, obtained
by the dissolution of sodium chloride (NaCl), corresponding to 14.61 g L−1. We obtained
the mM NaCl treatment in preliminary tests. The paper rolls were incubated in a ger-
minator at 25 ◦C. Germination evaluations, first germination count, and germination
percentage were performed four and seven days after sowing, according to Brazilian rules
for seed analysis [23].
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The lengths of the shoots and roots of normal seedlings were measured at the end of
the germination test. Shoot length—SL (measured from the collar to the seedling apex) and
primary root length—RL (measured from the collar’s base to the root’s tip) were measured
with a ruler graduated in centimeters.

2.4. Dry Mass of Seedlings and Salinity Tolerance index

After the growth measurements, 15 seedlings were placed in kraft paper bags and
dried in a forced air circulation oven at 65 ◦C until they reached a constant weight. Subse-
quently, they were weighed on a precision scale to obtain shoot (SDM), root (RDM), and
total dry mass (TDM), and data were expressed in g plant−1. In the calculations of the
indices, the total dry mass production of the cultivars was used as the main parameter to
determine their tolerance to salt stress.

Total DM data were used to calculate the percentages partitioned between the veg-
etative organs and the salinity tolerance index by comparing the data of the salt stress
treatments with those of the control (EC = 4.13 μSm−1 at 25 ◦C), using Equation (1).

STI(%) =
DM o f salt stress treatment

DM o f control treatment
× 100, (1)

STI: salinity tolerance index;
DM: dry mass.

2.5. Osmotic Homeostasis

Total soluble sugars (TSS), amino acids (AA), and proline (PRO) were obtained from
the fresh mass of 10 seedlings. At the time of extraction, the fresh mass was macerated
in liquid nitrogen with a crucible and pestle. The plant material sample from each repli-
cation was analyzed in triplicate. Then, 0.2 g was weighed, and the material was placed
in Eppendorf-type screw cap tubes. Then, 1 mL of 80% ethyl alcohol was added, and
the samples were kept in a water bath at 60 ◦C for 20 min. The material was kept in a
centrifuge cooled at 4 ◦C for 10 min at 10 RPM (procedure performed three times), and the
supernatant was collected to quantify the sugars. The total soluble sugars were determined
by measuring the absorbance at 620 nm using the anthrone method [25], with glucose as
the standard substance, and the results were expressed in mg GLU g−1 of fresh mass. The
supernatant obtained in the extraction process was used to quantify the amino acid (AA)
contents in determining total free amino acids. For this, the acid ninhydrin method was
applied, with the absorbance measurement at 570 nm [26], using glycine as the standard
substance, and the results were expressed in μM GLY g−1 of fresh mass. Proline determina-
tion followed the methodology described by [27]. Proline concentrations were determined
based on a standard curve obtained from L-proline and by measuring the absorbance at
520 nm. The results were expressed in μM PRO g−1 of fresh mass.

2.6. Statistical Analysis

The data were subjected to analysis of variance (F test); the Scott–Knott test compared
the means of discontinuous hydration cycles at a 5% probability level, and Student’s t-test
compared the means of the cultivars at a 5% probability level. Statistical analyses were
performed with the computer program SISVAR [28].

3. Results

3.1. Germination and Seedling Length

The interaction between maize cultivars and pre-germination treatments was signif-
icant for the first germination count (p = 0.0000), germination (p = 0.0021), shoot length
(p = 0.0215), and root length (p = 0.0007) (Table 1).
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Table 1. F-test and means test (SE, n = 4) for first germination count (FGC), germination (G), shoot
length (SL), and root length (RL) for Zea mays L. seeds subjected to salt stress tolerance elicitors in
three discontinuous hydration cycles (DHCs).

F-Test (p-Value)

Variation Sources FGC G SL RL

DHCs 0.0000 0.0000 0.0000 0.0000
Cultivars (C) 0.0000 0.0000 0.0145 0.0000
DHCs × C 0.000 0.0021 0.0215 0.0007

Means-test

Cultivars DHCs FGC (%) G (%) SL(cm) RL (cm)

BR 206

1 (control) 100 ± 0.0 aA 100 ± 0.0 aA 7.8 ± 0.38 aA 16.5 ± 0.12aA
2 47 ± 4.2 dA 95 ± 1.0 aA 1.8 ± 0.08 bA 3.8 ± 0.09 cA
3 77 ± 4.5 cA 97 ± 1.3 aA 2.1 ± 0.15 bA 4.7 ± 0.31 bA
4 85 ± 3.3 bA 97 ± 1.0 aA 1.9 ± 0.10 bA 5.2 ± 0.33 bA
5 81 ± 1.9 bA 96 ± 0.8 aA 2.1 ± 0.08 bA 5.0 ± 0.11 bA
6 76 ± 1.5 cA 98 ± 0.0 aA 2.2 ± 0.01 bA 4.9 ± 0.33 bA
7 70 ± 5.5 cA 98 ± 0.8 aA 1.9 ± 0.13 bA 5.0 ± 0.14 bA

BRS 5037
Cruzeta

1 (control) 98 ± 1.3 aA 99 ± 0.5 aA 7.9 ± 0.13aA 14.0 ± 0.51 aB
2 21 ± 3.1 dB 85 ± 1.7 cB 1.1 ± 0.13 cB 3.5 ± 0.30 cA
3 45 ± 1.3 bB 92 ± 1.0 bB 1.7 ± 0.15 bA 4.5 ± 0.33 bA
4 45 ± 3.3 bB 92 ± 1.7 bB 1.3 ± 0.08 cB 4.9 ± 0.24 bA
5 45 ± 2.9 bB 92 ± 1.7 bB 1.8 ± 0.07 bA 3.7 ± 0.47 cB
6 32 ± 1.4 cB 86 ± 2.2 cB 2.2 ± 0.10 bA 4.8 ± 0.22 bA
7 38 ± 3.8 bB 92 ± 1.0 bB 2.1 ± 0.14 bA 3.8 ± 0.19 cB

1—0.0 mmol of NaCl (control); 2—250 mmol of NaCl (salt stress); 3—salt stress + DHCs in water; 4—salt
stress + DHCs with gibberellic acid (50 μM GA3); 5—salt stress + DHCs with hydrogen peroxide (5 mmol (H2O2);
6—salt stress + DHCs with salicylic acid (50 μM SA); and 7—salt stress + DHCs with ascorbic acid (50 μM ASC).
Means followed by the same lowercase letter in the column do not differ by the Scott–Knott test at a 5% probability
level, and means followed by the same uppercase letter in the column do not differ from each other by the
Student’s t-test at 5% probability level.

Salt stress reduced the first germination count (FGC) of the BR 206 and BRS 5037
Cruzeta cultivars by 53 and 77 percentage points, compared to the control treatment. For
the BR 206 cultivar, three discontinuous hydration cycles (DHCs) improved FGC compared
to salt stress. Still, DHCs with GA3 and H2O2 led to results closer to those found in control,
with 38 and 34 percentage points more in FGC than salt stress, respectively (Table 1). For
the BRS 5037 Cruzeta cultivar, DHCs favored FGC, compared to salt stress. Still, DHCs
with elicitors were similar to DHCs with water, except for salicylic acid, which was inferior
to DHCs with water (Table 1). The best response to DHCs with elicitors occurred for the
BR 206 cultivar, compared to the BRS 5037 Cruzeta cultivar (Table 1).

Salt stress did not affect the germination of the BR 206 cultivar (Table 1). However, salt
stress reduced the germination of the BRS 5037 Cruzeta cultivar by 14 percentage points.
The DHCs improved germination by an average of seven percentage points compared
to salt stress, except for DHCs with salicylic acid, which was similar to salt stress. The
best germination levels under salt stress conditions were obtained by the BR 206 cultivar,
compared to the BRS 5037 Cruzeta cultivar, in all treatments with salt stress (Table 1).

Seedlings subjected to salt stress had reduced shoot length (SL). For the BR 206 cultivar,
treatments with DHCs were not sufficient to overcome the stress caused by salt excess.
For the BRS 5037 Cruzeta cultivar, DHCs with elicitors promoted higher SL (mean of
77.3%) than that found for the treatment with salt stress, except for DHCs with gibberellic
acid. Only salt stress and DHCs with gibberellic acid promoted different results among
cultivars (Table 1).

Root length (RL) was reduced under the salt stress condition. Compared to salt stress,
treatments with DHCs favored an average increase of 30.5% in RL for the BR 206 cultivar.
For the BRS 5037 Cruzeta cultivar, there was a reduction in RL under salt stress, but the
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DHCs favored increments of 28.5% in the root for DHCs with water, 40% for DHCs with
H2O2, and 37.1% for DHCs with salicylic acid (Table 1).

The results presented for SL using DHCs with attenuators for the BR 206 cultivar
showed no significant difference caused by salt stress. Still, this cultivar invested signifi-
cantly in RL under salt stress with attenuators (Figure 2). For the BRS 5037 Cruzeta cultivar,
the DHCs with water and DHCs with salicylic acid favored both SL and RL. The DHCs
with hydrogen peroxide (H2O2) and DHCs with ascorbic acid also favored the highest
SL for this cultivar. The results indicate that these treatments mitigated salt stress. Even
under salt stress, the two cultivars formed seedlings with coleoptile and root development
(Figure 2). However, in this study, the formation of coleoptile was reduced in all salt stress
treatments compared to the control.

Figure 2. Zea mays L. seeds subjected to salt stress tolerance elicitors in three discontinuous hydration
cycles (DHCs).

3.2. Dry Mass of Seedlings and Salinity Tolerance Index

The interaction between cultivars and pre-germination treatments was significant for
shoot dry mass (p = 0.0000), root dry mass (p = 0.0000), total dry mass (p = 0.0000), and
salinity tolerance index (p = 0.0000) (Table 2).

Shoot dry mass (SDM) was reduced in the salt stress, but, for the BR 206 cultivar,
the DHCs with water favored a 70.6% increase in SDM compared to salt stress. For the
BRS 5037 Cruzeta cultivar, the DHCs with water, DHCs with salicylic acid, and DHCs
with ascorbic acid, the SDM increased by 74.5, 83.6, and 87.27%, respectively, compared
to salt stress. SDM was higher for the BR 206 cultivar than the BRS 5037 Cruzeta cultivar,
regardless of salinity (Table 2).

The BR 206 cultivar had a 68.6% reduction in root dry mass (RDM) under saline stress
compared to the control. However, having applied DHCs with gibberellic acid, DHCs
with H2O2, DHCs with salicylic acid, and DHCs with ascorbic acid, the BR 206 cultivar
produced 117.6, 104.4, 99.4, and 86.2% more RDM than in the treatment with salt stress,
respectively. For the BR 3057 Cruzeta cultivar, salt stress caused a 60.6% reduction in RDM
compared to the control, and the treatments with DHCs did not increase this variable. The
BR 206 cultivar obtained higher RDM than the BRS 5037 Cruzeta cultivar (Table 2).
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The total dry mass (TDM) of the BR 206 cultivar was reduced by 67.1% under salt
stress compared to the control. All treatments with DHCs increased TDM in the BR 206
cultivar; however, DHCs with gibberellic acid, DHCs with H2O2, and DHCs with salicylic
acid showed better performance, with values on average 67.5% higher than those of salt
stress (Table 2). Compared to the control, the BR 3057 Cruzeta underwent a reduction of
64.4% in TDM under salt stress. In this cultivar, the TDM accumulations in DHCs with
water, DHCs with H2O2, and DHCs with salicylic acid were 45.5, 39.9, and 60.7% higher
than those obtained under salt stress, respectively. The BR 206 cultivar produced more
TDM than the BR 3057 Cruzeta cultivar, regardless of salinity (Table 2).

Regarding the salinity tolerance index (STI), the cultivars BR 206 and BR 3057 Cruzeta
were sensitive (STI < 40%) to salt stress. For the BR 206 cultivar, all treatments with
DHCs improved STI, and plants changed from sensitive to moderately sensitive to salinity
(40% < STI < 60%) (Table 2). For the BRS 3057 Cruzeta cultivar, all treatments with DHCs,
except for DHCs with gibberellic acid, improved STI, and plants changed from sensitive to
moderately sensitive to salinity (40% < STI < 60%) (Table 2).

Table 2. F-test and means-test (SE, n = 4) for shoot dry mass (SDM), root dry mass (RDM), total dry
mass (TDM), and salinity tolerance index (STI) for Zea mays L. seeds subjected to salt stress tolerance
elicitors in three discontinuous hydration cycles (DHCs).

F-Test (p-Value)

Variation Sources SDM RDM TDM STI

DHCs 0.0000 0.0000 0.0000 0.0000
Cultivars (C) 0.0000 0.0000 0.0000 0.0000
DHCs × C 0.0000 0.0000 0.0000 0.0000

Means-test

Cultivars DHCs
SDM RDM TDM STI

mg plant−1 mg plant−1 mg plant−1 %

BR 206

1 (control) 35.8 ± 0.5 aA 50.6 ± 1.9 aA 86.5 ± 1.8 aA 100.0 ± 0.0 aA
2 12.6 ± 1.0 dA 15.9 ± 0.5 dA 28.5 ± 1.3 dA 32.9 ± 1.5 dA
3 21.5 ± 0.5 bA 21.5 ± 1.1 cA 43.1 ± 0.7 cA 49.8 ± 0.8 cA
4 13.6 ± 0.4 dA 34.6 ± 1.6 bA 48.2 ± 1.8 bA 55.8 ± 2.1 bA
5 15.8 ± 0.8 cA 32.5 ± 0.8 bA 48.3 ± 1.3 bA 55.9 ± 1.5 bA
6 15.0 ± 1.2 cA 31.7 ± 2.0 bA 46.7 ± 1.3 bA 54.0 ± 1.5 bA
7 13.9 ± 1.1 dA 29.6 ± 1.2 bA 43.5 ± 1.9 cA 50.3 ± 2.2 cA

BRS 5037
Cruzeta

1 (control) 25.8 ± 0.6 aB 25.9 ± 0.7 aB 51.7 ± 1.1 aB 100.0 ± 0.0 aA
2 5.5 ± 0.6 cB 10.2 ± 0.4 bB 15.8 ± 0.9 cB 30.5 ± 1.7 eA
3 9.7 ± 0.4 bB 13.3 ± 0.8 bB 23.0 ± 1.0 bB 44.5 ± 1.8 cB
4 6.5 ± 0.2 cB 12.5 ± 0.5 bB 19.1 ± 0.7 cB 36.8 ± 1.4 dB
5 10.1 ± 0.4 bB 12.0 ± 0.9 bB 22.1 ± 1.2 bB 42.7 ± 2.3 cB
6 11.6 ± 0.3 bB 13.8 ± 0.7 bB 25.4 ± 0.8 bB 49.0 ± 1.6 bB
7 10.3 ± 0.1 bB 11.6 ± 1.1 bB 21.9 ± 1.1 bB 42.4 ± 2.1 cB

1—0.0 mmol of NaCl (control); 2—250 mmol of NaCl (salt stress); 3—salt stress + DHCs in water; 4—salt
stress + DHCs with gibberellic acid (50 μM GA3); 5—salt stress + DHCs with hydrogen peroxide (5 mmol (H2O2);
6—salt stress + DHCs with salicylic acid (50 μM SA); and 7—salt stress + DHCs with ascorbic acid (50 μM ASC).
Means followed by the same lowercase letter in the column do not differ by the Scott–Knott test at a 5% probability
level, and means followed by the same uppercase letter in the column do not differ from each other by the
Student’s t-test at 5% probability level.

3.3. Osmotic Homeostasis

The interaction between maize cultivars and pre-germination treatments was sig-
nificant for the total soluble sugars (p = 0.0000), amino acids (p = 0.0001), and proline
(p = 0.0000) (Table 3).

The maize BR 206 cultivar under control, salt stress, and DHCs with salicylic acid
treatments obtain the highest total soluble sugars (TSS) levels. However, for the other
treatments, the TSS content was lower than that found in control. All treatments with
salt stress for the BRS 5037 Cruzeta cultivar led to higher TSS content than the control
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(Table 3). In this cultivar, DHCs with salicylic acid favored the highest production of TSS,
with 49.6 mg g−1 of FM. The BR 206 cultivar produced more TSS than the BRS 5037 Cruzeta
cultivar; however, under DHCs with salicylic acid, the contents of these sugars were similar.

Table 3. F-test and means-test (SE, n = 4) for total soluble sugars (TSS), amino acids (AA), and proline
(PRO) for Zea mays L. seeds subjected to salt stress tolerance elicitors in three discontinuous hydration
cycles (DHCs).

F-Test (p-Value)

Variation Sources TSS AA PRO

DHCs 0.0000 0.0000 0.0000
Cultivars (C) 0.0000 0.0000 0.0000
DHCs × C 0.0000 0.0001 0.0000

Means-test

Cultivars DHCs
TSS

mg GLU g−1 FM
AA

μmol GLY g−1 FM
PRO

μmol PRO g−1 FM

BR 206

1 (control) 50. 1 ± 2.0 aA 47.5 ± 2.3 dA 0.7 ± 0.2 eA
2 51.2 ± 0.5 aA 68.9 ± 4.4 bA 59.7 ± 0.8 aA
3 47.1 ± 0.4 bA 65.1 ± 5.1 cA 48.5 ± 1.7 cA
4 45.1 ± 1.5 bA 79.9 ± 1.5 aA 48.3 ± 1.9 cA
5 44.2 ± 2.1 bA 57.7 ± 1.1 cA 41.7 ± 2.4 dA
6 49.5 ± 1.4 aA 78.3 ± 1.9 aA 58.2 ± 1.5 aA
7 47.5 ± 3.0 bA 61.3 ± 2.9 cA 53.2 ± 2.7 bA

BRS 5037
Cruzeta

1 (control) 25.8 ± 0.9 cB 22.6 ± 1.1 dB 0.3 ± 0.01 cA
2 39.9 ± 0.6 bB 46.9 ± 1.8 cB 34.8 ± 4.0 bB
3 35.7 ± 1.2 bB 55.7 ± 1.5 bB 30.5 ± 0.4 bB
4 39.0 ± 0.7 bB 68.8 ± 1.5 aB 45.4 ± 0.9 aA
5 39.7 ± 1.1 bB 56.5 ± 5.0 bB 29.8 ± 1.8 bB
6 49.6 ± 1.1 aA 62.5 ± 5.1 aB 33.6 ± 0.5 bB
7 37.0 ± 1.0 bB 67.8 ± 2.5 aA 32.5 ± 0.7 bB

1—0.0 mmol of NaCl (control); 2—250 mmol of NaCl (salt stress); 3—salt stress + DHCs in water; 4—salt
stress + DHCs with gibberellic acid (50 μM GA3); 5—salt stress + DHCs with hydrogen peroxide (5 mmol (H2O2);
6—salt stress + DHCs with salicylic acid (50 μM SA); and 7—salt stress + DHCs with ascorbic acid (50 μM ASC).
Means followed by the same lowercase letter in the column do not differ by the Scott–Knott test at a 5% probability
level, and means followed by the same uppercase letter in the column do not differ from each other by the
Student’s t-test at 5% probability level.

Salt stress increased the synthesis of amino acids (AA) by 44.9 and 107.5% in the
cultivars BR 206 and BRS 5034 Cruzeta compared to the control, respectively (Table 3). For
the BR 206 cultivar, DHCs with gibberellic acid and DHCs with salicylic acid increased
the synthesis of AA by 15.9 and 13.7% when compared to salt stress, respectively. For
the BRS 5037 Cruzeta cultivar, DHCs with gibberellic acid, DHCs with salicylic acid, and
DHCs with ascorbic acid increased the synthesis of AA by 44.6, 33.2, and 44.5% compared
to salt stress, respectively (Table 3).

Salt stress increased proline accumulation for the cultivars BR 206 and BRS 5037
Cruzeta by 58.98 and 34.46 μM g−1 of FM compared to the control, respectively. For
the BR 206 cultivar, the highest proline contents occurred under salt stress and DHCs
with salicylic acid. The highest proline accumulation for the BRS 5037 Cruzeta cultivar
occurred under DHCs with gibberellic acid. Under salt stress conditions, the BR 206
cultivar produced more proline than the BRS 5037 Cruzeta cultivar, but under DHCs with
gibberellic acid, the proline contents were similar between the cultivars (Table 3).

4. Discussion

Salt stress causes damage to irrigated agriculture around the world. Research that
can improve plant responses to saline stress is essential, but it is challenging to attenuate
salinity under severe salinity stress conditions. We found a strategy to do this. We improved
maize seedlings’ response under severe salt stress (250 mM NaCl) using water memory
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and salt stress tolerance elicitors. We found that three discontinuous hydration cycles
and different salt stress elicitors mitigated the effect of salt stress and contributed to the
improvement of germination, growth, and accumulated dry mass of the maize cultivars.
Despite drought tolerance, when exposed to severe saline stress (250 mM NaCl), maize
cultivars were sensitive and reduced shoot dry mass by 64–79%, and root dry mass by
61–69% (Figure 3). The use of discontinuous hydration cycles (DHCs) of maize seeds
with gibberellic acid (50 μM GA3), hydrogen peroxide (5 mmol (H2O2), and salicylic acid
(50 μM SA) promoted losses to shoot dry mass in cultivar BR 206 of 56-62%, and to root
dry mass of 32–37% compared to the control. For BRS 5037 Cruzeta, for the DHCs with
salicylic acid (50 μM SA), the losses of shoot dry mass were 55%, and 47% of root dry
mass compared to the control (Figure 3). Using DHCs in maize seeds under severe stress
improved the degree of salinity tolerance of the seedlings, changing them from sensitive to
moderately sensitive to salt stress.

 

Figure 3. Responses of BR 206 and BRS 5037 Cruzeta maize cultivars subjected to salt stress tolerance
elicitors in three discontinuous hydration cycles (DHCs) compared to control.

Morphophysiological parameters in both maize cultivars were reduced by salt stress.
The results for the BR 206 cultivar were higher than those found for BRS 5037 Cruzeta,
except for RL and STI, which were similar. Regarding the FGC of the BR 206 cultivar,
DHCs with gibberellic acid stood out, with 85% of seeds germinated. Still, it did not differ
statistically from the use of H2O2, which led to 81% of seeds germinating. We have found
that this result was observed because gibberellins (GA3) act as stress signaling agents. The
responses adopted by plants are for better water absorption, germination, and growth
of seedlings, even under unfavorable conditions, such as salt stress [29–31]. Like GA3,
H2O2 acts as an oxidative stress signaling agent and, when applied at low concentrations,
interacts with hormones that control the germination process [32,33], which explains the
higher number of seedlings and uniform germination in FGC in these treatments.

135



Agriculture 2023, 13, 964

Generally, salt stress conditions reduce the germination percentage of maize seeds [13,29],
but this result may vary according to the cultivar. For the BR 206 cultivar, there was no dif-
ference in germination among treatments. Even under induced salt stress (250 mM NaCl),
all treatments resulted in germination greater than 95%. For the BRS 5037 Cruzeta cultivar,
salt stress resulted in a loss of 14 percentage points compared to the control treatment,
which proves the variation in germination potential among cultivars. The small changes
in the final germination count suggest the need for other parameters to determine the
degree of tolerance of maize cultivars. In this context, parameters related to growth and
biomass accumulation contribute to explaining maize germination results under salt stress
conditions, as they are more sensitive to the effects of salinity [13,34–36].

Maize seedlings respond to salt stress by reducing shoot growth [15,24]. The maize
growth decrease occurs due to an osmotic imbalance caused by excess salts. Excess salts
decrease water absorption, mobilization of seed nutrient reserves, and elongation of radicle
cells, and affect DNA division and synthesis [13,34]. Osmotic stress reduces photosynthetic
capacity through stomatal closure and reduction in leaf expansion, consequently decreasing
shoot growth [37]. The initial growth is decreased by salt stress; however, as a survival
strategy, maize plants invest in root growth before the endosperm reserves are exhausted,
corroborating the findings of [24]. Our results reveal that DHCs with tolerance elicitors
promote greater shoot length than saline stress, with more significant results in BRS 5037
Cruzeta cultivar, except for DHCs with gibberellic acid. The root length response after
DHCs was higher for both cultivars than saline stress, except for DHCs with H2O2 in
BRS 5037 Cruzeta.

Our results reveal that 250 mM NaCl causes toxicity in maize cultivars, causing
deficiency in the osmotic adjustment of the plants, even after treatment with DHCs with
tolerance elicitors. According to Roy et al. [37], one of the first plant tolerance mechanisms
is an osmotic adjustment, regulated by long-distance signals that reduce the length and
are triggered before Na+ accumulation, which we verified for maize cultivars. The second
strategy occurs via ionic exclusion by decreasing the transport of Na+ and Cl− in the roots
and consequently reducing the accumulation of ions in the leaves. Tolerance to high salt
concentrations in leaves is due to the compartmentalization of ions in plant cell vacuoles.

The DHCs with tolerance elicitors contributed to the maize seedlings’ tolerance of
the salt concentrations, mainly via the investment in the root length from the increase
in adventitious roots, primarily in the cultivar BR 206. The increase in the fasciculated
root system is significant because seedlings can remove water and nutrients from the
environment before the reserves present in the endosperm are exhausted [24]. This response
is expressive in the dry mass of seedlings of maize cultivars.

The DHCs with attenuators increased the biomass accumulation of seedlings of maize
cultivars subjected to salt stress. The attenuators minimized the effects of salt stress
on maize biomass accumulation, but the cultivars showed divergent responses to the
attenuators. The DHCs with water favored the increase in SDM in the BR 206 cultivar, but
the results of RDM and TDM were lower than those obtained with the other attenuators.
On the other hand, the DHCs with gibberellic acid did not increase SDM, RDM, and TDM
for the BRS 5037 Cruzeta cultivar. The highest biomass accumulations occurred with DHCs
with gibberellic acid, hydrogen peroxide, and salicylic acid for the BR 206 cultivar, and
DHCs with water, DHCs with hydrogen peroxide, DHCs with salicylic acid, and DHCs
with ascorbic acid for the BRS 5037 cultivar.

Recent studies with discontinuous hydration cycles in water have induced the toler-
ance of forest species to water stress at the morphophysiological level [17,38–40]. Discon-
tinuous hydration cycles allow the seeds to improve the expression of vigor in an adverse
environment, so their hydration and dehydration favor stress acclimation. The authors
report that, during this process, metabolic, energetic, and respiratory activities are initiated
by the mobilization of reserves, along with β-oxidation of fatty acids, nitrogen mobilization,
and the improvement of membrane permeability. These improvements favor embryonic
growth and root emergence in plants under water stress, which is new to salt stress.
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Discontinuous hydration cycles improved the tolerance of the cultivars BR 206 and
BRS 5037 Cruzeta to osmotic restriction induced by excess salts. Maize seeds showed high
sensitivity to salt stresses of 250 mM NaCl, with biomass losses close to 70% compared to
the control. However, in the DHCs with attenuators, the seedlings changed from sensitive
to moderately sensitive to salinity, with biomass losses lower than 60% for BRS 5037 Cruzeta
and lower than 50% for BR 206. The increase in dry mass occurred after DHCs with salt
stress tolerance elicitors, which corroborates the research results on using DHCs with
water to mitigate stress [17–19]. The response demonstrates that the dehydration process
cannot erase this hydration memory, which is already a cause of stress, and the seeds
have greater tolerance to the new stress [41]. The dehydration process naturally damages
the lipid membranes. The diacylglycerol present in plant cells (plastid and endoplasmic
reticulum) is a precursor in synthesizing glycerolipids that disorganizedly cause electrolyte
leakage [40] that can affect seedling development. Seeds invest their metabolic energy in
membrane repair rather than growth to reduce this damage.

Salt stress naturally increased the synthesis of amino acids compared to the control;
however, the DHCs with gibberellic acid and DHCs with salicylic acid further increased the
synthesis of amino acids, mainly proline, in both cultivars. The BR 206 cultivar obtained
higher amino acid and proline levels than the BRS 5037 Cruzeta cultivar. This greater
capacity for the synthesis of osmolytes of the BR 206 cultivar is related to its higher
tolerance. Osmotic adjustment in plant cells ensures the maintenance of water entry and
cell turgor, limiting the damage caused at the beginning of stress [42,43].

An important fact is that the synthesis of sugars was not altered between control and
salt stress in both cultivars, indicating that the osmotic adjustment of maize occurs mainly
via the increase in amino acid synthesis. However, under DHCs with water, H2O2, and
ascorbic acid, there was a decrease in sugar synthesis to the detriment of increased amino
acid synthesis. Only under DHCs with gibberellic acid and salicylic acid did the increase in
the synthesis of amino acids not coincide with a decrease in the synthesis or degradation of
sugars, which are more efficient in inducing osmotic adjustment in maize.

DHCs with tolerance elicitors potentiated the responses adopted by maize cultivars
under saline stress. Germination and growth of BRS 5037 Cruzeta maize decreased more
under saline stress than BR 206 maize. Therefore, this cultivar is more sensitive to saline
stress. Cultivar BR 206 responded better to salt stress tolerance elicitors, such as gibberellic
acid, salicylic acid, and hydrogen peroxide. However, cultivar BRS 5037 Cruzeta responded
only to treatment with salicylic acid because it is more salinity-sensitive than BR 206 maize
(Figure 3). Salicylic acid is a salt stress tolerance elicitor indicated for salinity-sensitive
maize cultivars. Khan et al. [44] indicate that salicylic acid is a phenolic compound that
favors the growth and development of plants through regulation and production. In
cultivar BR 206, elicitors promoted osmotic adjustment, verifying significant increases in
AA and PRO in DHCs with GA3, H2O2, and SA compared to control and saline stress
without elicitors. However, in cultivar BRS 5037 Cruzeta, DHCs-SA significantly increased
TSS, AA, and PRO compared to control and salt stress without elicitors. The DHCs with
salicylic acid allowed the shoot and root length results and the accumulation of amino acids
to be similar between the two cultivars. However, the TSS accumulation in the salinity-
sensitive cultivar treated with DHCs-SA was significant for acclimatization to salt stress.
Our results confirm that salicylic acid favors plant growth and development [44]. The
salicylic acid promotes an increase in proline production, increasing osmotic adjustment,
allowing for more water absorption and triggering antioxidant enzyme activity [30,45]. This
result may be more apparent when the species is susceptible to saline stress, as observed
for BRS 5037 Cruzeta cultivar.

5. Conclusions

Salt stress (250 mM NaCl) reduced maize germination, growth, and dry mass accumu-
lation, and the BR 206 cultivar was more salinity-tolerant than the BRS 5037 Cruzeta cultivar.
Discontinuous hydration cycles with water failed to increase the salt stress tolerance of
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maize seeds. However, discontinuous hydration cycles with gibberellic acid, hydrogen
peroxide, and salicylic acid promoted salt stress tolerance in maize. Discontinuous hy-
dration cycles with saline stress tolerance elicitors improve germination, growth, and dry
mass accumulation of maize under saline stress, mainly by inducing the synthesis of the
osmoprotectant, such as proline, amino acids, and sugars. The osmotic adjustment in the
salinity-tolerant cultivar—BR 206—occurred via the increase in amino acids and proline,
and in the salinity-sensitive cultivar—BRS 5037 Cruzeta—via the increase in sugars, amino
acids, and proline. The salinity-tolerant cultivar—BR 206—responded to three stress elici-
tors: gibberellic acid, hydrogen peroxide, and salicylic acid. However, the salinity-sensitive
cultivar—BRS 5037 Cruzeta—responded only to salicylic acid. Salicylic acid is the most
suitable elicitor for discontinuous hydration cycles in maize seeds aiming to increase salt
stress tolerance.
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Abstract: Agriculture in semiarid regions commonly face problems because of salt and availability of
irrigation water. Considering this, studies on cultures resistant to salt and water stresses involving
sweet sorghum are required. Therefore, the aim was to evaluate the growth and other mechanisms
of tolerance to salinity and water deficit in BRS 506 sweet sorghum. The experimental design was
conducted in Upanema-RN, Brazil, in randomized blocks, where the isolated and interactive effect of
3 salinity levels, expressed as the electrical conductivity of irrigation water (1.5, 3.8, and 6.0 dS m−1),
and 3 irrigation depths (55, 83, and 110% of crop evapotranspiration) were evaluated. During the
cycle, sorghum adapted to the salinity and deficit irrigation depth, since stem height reduced only
−5.5% with increasing salinity and −11.95% with decreasing irrigation depth, and aerial dry mass
was affected by interaction only at the end of the cycle. Proline, total amino acids, and total soluble
sugars were not differenced by stresses. Additionally, around 68.71% of total Na+ was at roots at the
end of the cycle. In summary, sorghum BRS 506 was more tolerant to salt than water stress and used
Na+ compartmentalization in root cells as the main tolerance mechanism.

Keywords: salinity; sorghum; stress response; tolerance; water deficit; tolerance

1. Introduction

In a world of 7.7 billion people, water security is already at risk, and it is expected to
aggravate in 2050, especially in developing countries such as Africa and Asia, where clean
water is already a major issue [1]. When it comes to agricultural purposes, this lack of both
quantity and quality water availability directly affects crop production, since irrigation
uses around 25% of groundwaters, serving 38% of the world’s irrigated land [2]. Besides
this, water scarcity, climate change, and inadequate agricultural management practices
have posed a risk to arable land, where 1.5 million ha of production are lost each year due
to soil salinity [3]. Therefore, it is interesting to explore crops that are tolerant to salinity
and water scarcity, so that there is a balance between social, economic, and environmental
aspects of agricultural production.

Among such crops is sorghum, which can be used for different purposes depending on
the type (graniferous, biomass, sugar, or broom). In particular, sweet sorghum accumulates
a juice rich in sugars in the stalk, so that it can be used in the formation of byproducts
such as bioethanol, brown sugar, and molasses, while the rest of the plant can be used for
fodder. As it offers greater profitability, the most exploited b-product in saccharin cultivars
is bioethanol, whose productivity can be compared to the bioconversion of 12–13 tons of
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corn kernels [4]. Considering adjustments due to fermentation efficiency, a biomass yield
between 50 and 120 t ha−1 can generate about 10,000 L ha−1 of bioethanol [4].

Such information is especially necessary for semiarid regions, since the salinity of the
soil and irrigation water, as well as the reduced water availability, are common factors in
these environments, and therefore, there is a limitation in agricultural development. To
promote this development and, consequently, provide an additional source of income in
these regions, sweet sorghum stands out in relation to other grasses, such as corn, given
that it presents moderate tolerance to salinity, without loss of production when irrigated
with 4.5 dS m−1 EC water [5], and sped up development under water stress conditions [6].
Therefore, knowing how sweet sorghum metabolism responds to salinity and water scarcity
is essential to inform rural producers about what should be prioritized in irrigation water:
quality or quantity.

Sweet sorghum growth parameters affected by salt and drought stresses include
reduction in leaf area, shoot and root lengths, leaf fresh and dry weights, and total dry
mass [7,8]. The presence of salts in soil solution, as well as the unavailability of water,
alters its water potential, impairing water absorption and consequently reducing growth.
Additionally, both stresses induce ion toxicity in cells followed by an osmotic imbalance,
disturbing plant growth and development [9]. However, since sweet sorghum is salt [7]
and drought tolerant [4], it means that it adopts physiological, biochemical, and molecular
strategies to cope with these stresses [10].

One of the biochemical mechanisms is solute accumulation, as proline, soluble sugars,
and amino acids. Proline prevents membrane damage and cell apoptosis by eliminating
reactive oxygen species (ROS), OH- radicals, and signaling redox reactions [11,12]. Soluble
sugars have the potential to tampon cell redox potential, protect its structure [13], and
maintain photosynthetic activity, ensuring water absorption [14]. On the other hand, amino
acids form proteins, are a pool of nitrogen in source and sink tissues, and represent an
important precursor of secondary metabolites, promoting crop improvement [15].

Changes in the distribution of toxic ions such as Na+ and Cl− are also common in
many tolerant crops to deal with abiotic stresses. Ion redistribution acts as a tool for
osmotic balance, a process that demands the synthesis of more ATP in order to prevent
excessive cation, anion accumulation, and preventing cell membrane damage [16]. Indeed,
salt-tolerant plants accumulate excessive Na+ and Cl− ions in root tissues to ensure plant
growth. This mechanism aims to avoid the translocation of these ions to leaves, where they
could damage photosynthetic apparatus and put the survival of the plant at risk [17].

It is common to find in the literature how plant metabolism responds to saline or
water stresses isolated, either by changes in growth, electrolyte leakage and relative water
content in the leaves, solute accumulation, and/or ionic distribution [7,10,18,19]. However,
studies addressing the influence of both stresses are still scarce, and since both can occur
simultaneously in nature, it is essential to understand not only the isolated effect but also
the interactive effect of both stresses on plant development. In this sense, the innovative
approach of this study helps to understand which variables are and which are not affected
by the interactive effect of salt and drought stresses. This information provides a better
understanding of BRS 506 sweet sorghum tolerance mechanisms and can help other studies
involving sweet sorghum cultivars.

Our research seeks to study the sorghum cultivar BRS 506 because, despite already
being established in the Brazilian market, it is still not much discussed in the literature.
Additionally, it is noteworthy to highlight that no sorghum cultivars were developed
specifically for the Brazilian northeast semiarid. In this sense, our research aims to give
visibility to this region and help breeding programs to develop cultivars adapted to it, and
therefore, addressing its economic development. The study of sorghum responses to abiotic
stresses provides a better understanding of the mechanisms adopted by sorghum to resist
these stresses. In addition, using lower-quality water for irrigation of this crop appears as
an alternative to reduce costs with minimal productivity losses. In this context, the present
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study aimed to evaluate how the saccharin sorghum cultivar BRS 506 responds to deficit
irrigation depths and high salinity levels.

2. Materials and Methods

2.1. Location and Characterization of the Experimental Area

The research occurred in an open field, in an experimental area of the Cumaru site,
at the municipality of Upanema, Rio Grande do Norte, Brazil (5◦33′30” S; 77◦11′56” W).
The climate classification in the region is BSh, hot and dry [20], with an annual rainfall of
633 mm over the last 30 years, concentrated in the months of February to May and an
average annual temperature of 26 ◦C [21,22].

During the execution of the experiment, a meteorological station installed at the
site monitored daily data referring to temperature, global radiation, wind speed, and air
humidity. There was no occurrence of rainfall in the studied period. The data are shown in
Figure 1.

Figure 1. Minimum (Min.), mean, and maximum (Max.) temperatures (Temp.), relative humidity
(RH), Global radiation (GR), and reference evapotranspiration (ETo) registered in the area during
the experiment.

The experiment took place on a Cambisol, whose preparation consisted of plowing and
harrowing 15 days before planting. Before sowing, we performed foundation fertilization
with 17.76 kg ha−1 of nitrogen and 65.34 kg ha−1 of phosphorus. The physical and chemical
characterization of 0–30 and 30–60 cm layers are shown in Table 1.

Table 1. Physical and chemical characterization of the 0–20 cm layer of the soil in the studied area
before the experiment was conducted.

Layer

Soil Physics

Coarse
Sand

Fine Sand Silt Clay
Soil

Density

cm g g−1 g cm−3

0–30 0.544 0.223 0.044 0.190 1.64
30–60 0.480 0.218 0.052 0.250 1.62

Soil chemistry

ECex pH Ca2+ Mg2+ Na+ K+ P

dS m−1 cmolc dm−3 mg dm−3

0–30 0.90 7.50 4.80 1.50 0.35 0.46 15
30–60 0.80 7.20 5.10 1.60 0.39 0.45 8

Note: Ecex: Electrical conductivity of extract.
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For soil salinity we used saturation paste, where we determined the electrical conduc-
tivity and percentage of exchangeable sodium. Electrical conductivity was obtained with
the aid of a conductivity meter, whereas for PST, we determined Na+, K+, Ca2+, and Mg2+,
where Na+ and K+ were extracted with Melich-1 and Ca2+ and Mg2+ with KCl [23].

In the week before planting, we used volumetric rings of approximately 50 cm3 to
collect undisturbed samples in layers 20, 40, and 60 cm to check soil moisture and guarantee
the treatments applied. We covered the samples with aluminum foil to preserve the soil
structure and took them to the laboratory to be cleaned. With this material, the samples
were weighed to determine the soil density (Ds) and subjected to tensions of 1, 3, 6, and
10 kPa in a tension table and 30, 60, 100, 300, and 1500 kPa in a Richards chamber for
determination of volumetric humidity. Data were presented as 0–30 and 30–60 cm layers.

At the beginning of the third week of the experiment, tensiometers were installed
at depths of 20 cm to represent 0–30 cm layer, and at 40 cm, representing 30–60 cm layer,
to verify the water retention in the soil. We recorded the height of the water column
on the tensiometers and measured the tension with a tensimeter, twice a week, always
before starting irrigation. Based on the observed volumetric humidity, we obtained water
retention curves in these layers. The curves, as well as the determined parameters of the
Van Genuchten equation can be seen in Figure 2.

Figure 2. Retention curves at 0–30 and 30–60 cm layers observed in the experimental area.

2.2. Plant Material, Experimental Design, and Treatments

The crop studied was sweet sorghum (Sorghum bicolor L. Moench), cultivar BRS 506,
whose seeds were donated by the Instituto Agronômico do Pernambuco (IPA). Sorghum
was planted in early August 2021, at the beginning of the dry period. We choose cultivar
BRS 506 because it has the potential for the economic development of semiarid regions,
since sorghum has moderate tolerance to salinity stress [5] and develops well under water
scarcity [24]. In addition, it has a dual purpose: while the plant material can be used
for fodder, the juice in the stalks can generate byproducts such as bioethanol, honey, or
brown sugar.

The experimental design was in randomized blocks, comprising 4 blocks in a
3 × 3 double factorial scheme, with 3 salinity levels and 3 irrigation depths, corresponding
to 9 treatments (Figure 3). The area consisted of 36 experimental plots, where each plot
comprised 2 double rows of sorghum, 7.0 m long, spaced 1.35 × 0.25 × 0.10 m.
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Figure 3. Sketches of the experimental area.

The adopted irrigation was done by dripping, and the water used in the experiment
came from a tubular well near, of conductivity 1.5 dS m−1. To establish salinities, conduc-
tivities 1.5; 3.8, and 6.0 dS m−1, based on crop tolerance [5]. The salinity levels were got by
mixing NaCl, CaCl.2H2O, and MgSO4.7H2O salts, until the final molar ratio of loads of
7:2:1 for Na+, Ca2+, and Mg2+, in order to represent the average composition of the waters
of the northeastern in the semiarid region [25].

The irrigation depths were delimited according to crop evapotranspiration (Figure 4).
Figure 4 shows the historical series in Mossoró in the last 30 years, where it can be seen that
the ETo registered in area was similar to the historical average. ETc was calculated using
the Penman–Monteith–FAO equation [26] based on data obtained from the meteorological
station installed in the area.

Figure 4. ETc e ETo registered at Mossoró (Mos) and observed in the experiment area (Area) during
the experiment.

The flow rates were ascertained according to the spacing between the drippers after
flow tests. For the ID1 depth (55% of ETc), the drippers were spaced at 0.30 m, while for
ID2 (83% of ETc) and ID3 (110% ETc), 0.20 m, with the difference that for ID3 2 drip tapes
were used. To guarantee the applied depths, weekly flow tests were carried out based
on water pressure, using a manometer. On average, the outflows of the emitters were
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1.5 l h−1, with an emission uniformity coefficient of 95%, based on evaluations carried out
at the beginning and middle of the crop cycle.

2.3. Growth Parameters

To measure the sorghum leaf area, we quantified: number of leaves (NL), width (WD),
and length (LD) of the diagnosis leaf at 39 and 60 days after planting (DAP). Leaves were
counted manually, considering only the photosynthetically active ones, while WD and LD
were measured with a measuring tape, considering only 1 decimal place. The number of
leaves and the width and length of the diagnosis leaf were used to calculate the leaf area,
according to Equation (1) [27]:

LA = NL × LD × WD × 0.747 (1)

Total height (TH), shoot height (SH), and stem diameter (SD) were measured at 39,
60, and 81 DAP. For TH, we measured from the base of the stem to the apex of the panicle,
while SH was measured from the base of the stem to the base of the last leaf, in which a
2 m ruler was used for both. The stem diameter was measured with a digital caliper at
approximately 20 cm from the ground, considering 2 decimal places. Data for each plot
comprised of the average of data from 5 plants.

Throughout the cycle, 2 plants per plot were collected in the 3 sorghum growth stages:
39 (beginning), 60 (flowering), and 81 (ending) DAP. In the laboratory, the roots were
washed and brushed to remove excess soil, and the stem was cut into pieces to facilitate
drying in the oven. Then, the samples were taken to the forced circulation oven at 65 ◦C for
72–96 h, until they reached constant mass. After drying, the root, stem, and leaves were
weighed to get the dry mass (DM), used to quantify the content of ions. For growth, the
sum of the dry mass of the leaves and stem was considered, and therefore, the aerial dry
mass (ADM).

2.4. Electrolyte Leakage and Relative Water Content

For electrolyte leakage (EL) analysis, each plot was represented by 10 leaf disks of
0.79 cm2, cut from the diagnosis leaves of 5 plants at 39, and 60 DAP. The disks were
initially immersed in deionized water, from which the initial electrical conductivity (ECi)
was measured, and placed in a water bath for 2 h at 85 ◦C, where the final electrical
conductivity (ECf) was measured. EL was calculated by the ratio of conductivities measured,
as elucidated in Equation (2) [11]:

EL(%) =
EC f

ECi
× 100 (2)

The relative water content (RWC) was measured in the same 5 diagnosis leaves per
plot used in the analysis of electrolyte leakage, from which 15 leaf disks of 0.79 cm2 were
cut, and later weighed on a precision scale to get the fresh mass of the disks (FMD). The
disks were immersed in deionized water for 24 h to get the saturated mass of the disks
(SMD) and weighed again. Subsequently, excess water from the disks was removed with
a paper towel, so that they were placed in paper envelopes, identified, and dried in an
oven at 65 ◦C for 24 h to get the dry mass of the disks (DMD). The RWC calculation was
performed according to Equation (3) [28]:

RWC(%) =
FMD − DMD
SMD − DMD

× 100 (3)

2.5. Proline, Total Amino Acids, and Total Soluble Sugars

At 81 DAP, 3 diagnosis leaves per plot were collected for proline (PRO), total amino
acids (TAA), and total soluble sugars (TSS). At the time of collection, the leaves were
stored in plastic bags, identified, placed in a cooler with ice, and immediately taken to the
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laboratory, where they were placed in an ultra-freezer at −80 ◦C until analysis. Analyses
were performed using an extract obtained from 400 mg of leaf tissue, which was macerated
in liquid nitrogen and dissolved in 6 mL of alcohol, then centrifuged. The analysis of
proline used an aliquot of 750 μL [29], total amino acids, 200 μL [30], and total soluble
sugars, 20 μL [31].

2.6. Concentration and Content of Na+, K+, and Cl−

With the material dried in an oven at 65 ◦C obtained in the determination of the dry
mass (Topic 2.3), the samples were ground in a Willey SL-31 knife mill and sieved in the
1.00 mm mesh to quantify the Na+, K+, and Cl− concentrations. The extract used in the
Na+ and K+ analyses comprised 0.5 g of material taken to the muffle at 500 ◦C for 3 h and
later diluted at 25 mL of HNO3, with readings by flame photometry [32]. For Cl−, 0.5 g of
material was diluted in 50 mL of Ca(NO3)2, then taken to a shaking table for 15 min and
titrated with AgNO3, using 5% K2CrO4 as solution indicator [33]. Cl− concentration was
done according to Equation (4):

Cl =
VCl − VAgNO3

100
× 1000 (4)

With the values of the concentrations, it was possible to calculate the content and dis-
tribution of ions by organ. The content refers to the product between the ion concentration
and the dry mass of each organ, in other words, the total of Na+, K+, and Cl− in the roots,
shoot, or leaves. The distribution was obtained by the ration between the ion content in the
organ (e.g., total Na+ in the root, shoot, or leaf) and in the whole plant (e.g., Na+ content in
roots relative to the total Na+ in plant).

2.7. Statistical Analysis

Data were submitted to analysis of variance (ANOVA) with the statistical significance
of the F test. Tukey’s test at 5% significance was used to compare means when there
were isolated effects and when the interaction was significant. The software used for the
ANOVA was RStudio, with R version 4.2.2.1 [34], through the ExpDes.pt package, while
Statistica [35] was used to perform Pearson correlation matrixes.

For the variables where interaction was significant, we tested eight equation models,
using the ExpAnalysis3D package, considering the effects of salinity (Salt) and irrigation
depth (ID) at the linear, quadratic level, up to the simple interaction. The equations were
chosen by the Akaike Information Criteria (AIC), in which those with the lowest AIC were
selected. Equations that presented regression deviation with a significance level below 0.05
were not considered.

3. Results

3.1. Growth Parameters

Salt and ID affected growth parameters mainly at the beginning of the cycle, where
both the isolated effect of Salt and ID were significant for LA, SH, and TH (Table 2). During
the entire cycle, water stress was more severe than saline stress for plant development, but
there was no statistical difference between 1.5 and 3.8 dS m−1 ECs, while the reduction of
applied irrigation depth reduced progressively SH and TH at 39 and 60 DAP. However,
sorghum showed minimal losses in growth parameters at 55% of ETc, compared to 110%
ETc, like SH, where the loss was −11.95% at 81 DAP.

The Salt × ID interactive effect was observed only for ADM at 81 DAP. There was no
significant difference between the salinities under L1 and L2 irrigation depths, nor between
the irrigation depths under S1 salinity (Table 3). On average, at the end of the cycle, the
aerial dry mass varied between 160 and 210 g, approximately.
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Table 2. F Test values for leaf area (LA), stem diameter (SD), shoot height (SH), total height (TH), and
aerial dry mass (ADM) measured at 39, 60, and 81 DAP.

39 DAP 60 DAP 81 DAP

SV DF LA SD SH TH ADM LA SD SH TH ADM SD SH TH ADM

Block 3 1.69 3.10 * 1.61 1.61 3.00 0.57 0.89 1.39 1.38 0.23 1.27 0.24 0.67 2.83
Salt 2 3.41 * 3.66 * 15.16 ** 15.16 ** 2.47 5.00 * 0.32 6.71 ** 3.15 0.85 0.23 3.46 * 0.33 1.54
ID 2 10.74 ** 3.12 52.86 ** 52.86 ** 4.24 * 0.41 0.09 37.15 ** 34.21 ** 0.08 0.69 20.62 ** 3.29 0.91

Salt × ID 4 0.44 0.05 0.73 0.73 1.99 0.09 0.54 0.71 0.68 1.44 1.09 0.48 1.22 4.31 **
C. V. (%) 14.2 6.1 10.1 5.2 17.0 19.4 5.9 6.6 5.8 14.3 7.2 5.0 17.2 10.0

Mean values
cm2 mm cm g cm2 mm cm g mm cm g

1.5 dS m−1 2309.2 a 17.87 ab 68.0 a 132.1 a 51.09 a 2392.0 b 17.81 a 224.7 a 249.3 a 133.08 a 16.69 a 211.6 a 243.0 a 530.55
3.8 dS m−1 2180.2 ab 18.07 a 63.2 a 127.4 a 45.63 a 2512.3 ab 18.04 a 219.7 a 246.5 a 143.53 a 16.47 a 207.1 ab 256.9 a 569.43
6.0 dS m−1 1984.6 b 16.96 b 54.2 b 118.0 b 44.25 a 3014.1 a 18.15 a 204.2 b 235.6 a 139.28 a 16.37 a 200.6 b 248.0 a 556.23

55% ETc 1852.9 b 17.00 a 48.1 c 111.5 c 42.52 b 2719.6 a 18.09 a 190.0 c 218.4 c 140.34 a 16.67 a 194.6 b 237.4 a 545.14
83% ETc 2190.7 a 17.99 a 63.2 b 127.4 b 46.47 ab 2663.9 a 17.91 a 218.5 b 247.3 b 137.22 a 16.18 a 203.7 b 235.3 a 569.44

110% ETc 2430.5 a 17.91 a 74.1 a 138.9 a 51.98 a 2534.8 a 18.00 a 240.1 a 265.7 a 138.34 a 16.67 a 221.0 a 275.2 a 541.63

* 5% significance; ** 1% significance. Different letters in each column indicate significant differences at 0.05 level
according Tukey Test.

Table 3. Breakdown of aerial dry mass at 81 DAP (ADM_81).

ADM_81

g

55% ETc 83% ETc 110% ETc Mean
1.5 dS m−1 176.74 aA 183.93 aA 169.88 bA 530.55
3.8 dS m−1 175.38 aB 184.14 aAB 209.91 aA 569.43
6.0 dS m−1 193.02 aAB 201.37 aA 161.84 bB 556.23

Mean 545.14 569.44 541.63
No tested equations were significant

Lowercase letters compare column means and uppercase letters compare row means.

3.2. Electrolyte Leakage and Relative Water Content

At 39 DAP, both electrolyte leakage and relative water content were influenced by the
Salt × ID interaction (Table 4). At 60 DAP, only salinity affected EL and RWC. At flowering,
the 6.0 dS m−1 EC resulted in an EL 13.29% higher than that observed under 1.5 dS m−1

EC, and 9.29% than observed at 3.8 dS m−1. EC of 6.0 dS m−1 reduced RWC by −3.08%
when compared to 1.5 dS m−1 and by −0.36% compared to 3.8 dS m−1. Despite being
statistically significant, the percentage difference between the studied ECs was small, both
for EL and RWC, what reinforces the idea of tolerance.

Table 4. F Test values for electrolyte leakage (EL) and Relative Water Content (RWC) at 39 and
60 DAP.

39 DAP 60 DAP

SV DF EL RWC EL RWC

Block 3 0.79 2.95 14.21 ** 0.75
Salt 2 0.48 1.89 3.91 * 4.09 *
ID 2 5.41 * 0.85 2.67 0.31

Salt × ID 4 4.60 ** 3.72 * 1.66 1.32

C. V. (%) 19.7 3.2 11.4 2.9

Mean values

% %

1.5 dS m−1 11.45 a 89.87 a 22.12 b 95.87 a
3.8 dS m−1 10.68 a 90.54 a 22.93 ab 93.26 ab
6.0 dS m−1 11.44 a 92.09 a 25.06 a 92.92 b

55% ETc 12.36 90.21 a 24.41 a 94.19 a
83% ETc 9.52 90.61 a 23.72 a 94.35 a

110% ETc 11.70 91.68 a 21.98 a 93.51 a
* 5% significance; ** 1% significance. Different letters in each column indicate significant differences at 0.05 level
according Tukey Test.
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Considering the beginning of the cycle, the highest EL was observed in the treatment
of higher water stress combined with less salt stress (S1ID1 = 15.26%) and under higher
salt stress and absence of water stress (S3ID3 = 14.13%) (Table 5). The response surface is
represented in Figure 5. As for the RWC, it was maximum in the treatment of maximum
stress (S3ID1 = 94.75%); however, the RWC in S3ID1 was only 8.57% higher than that
observed in the treatment of lesser RWC (S2ID1 = 87.27%) (Table 5). For EL_39, the linear
effect of Salt was significant, showing a continuous increase in EL with salinity, and a
quadratic effect for ID, with lower EL at 83% of ETc.

Table 5. Breakdown of electrolyte leakage and relative water content variables whose interaction
was significant.

EL_39 RWC_39
55% ETc 83% ETc 110% ETc Mean 55% ETc 83% ETc 110% ETc Mean

1.5 dS m−1 15.26 aA 9.26 aB 9.84 bB 11.45 1.5 dS m−1 88.62 bA 90.18 aA 90.81 aA 89.87
3.8 dS m−1 11.60 abA 9.33 aA 11.13 abA 10.68 3.8 dS m−1 87.27 bB 92.43 aA 91.94 aAB 90.54
6.0 dS m−1 10.21 bB 9.98 aB 14.13 aA 11.44 6.0 dS m−1 94.75 aA 89.22 aB 92.30 aAB 92.09

Mean 12.36 9.52 11.70 Mean 90.21 90.61 91.68
EL_39 = 44.72 *** −3.12 EC *** − 6.99.10−1 ID *** +

3.30.10−3 ID2 ** + 3.78.10−2 ECID *** (R2 = 0.95)
No tested equations were significant

EL_39: Electrolyte leakage at 39 DAP; RWC_39: Relative water content at 39 DAP. * 5% significance;
** 1% significance; *** 0.1% significance. Lowercase letters compare column means and uppercase letters compare
row means.

Figure 5. Response surfaces for electrolyte leakage at 39 DAP.

3.3. Proline, Total Amino Acids, and Total Soluble Sugars

According to the F test, even at 81 DAP—ending of the crop cycle—the studied
salinities or irrigation depths did not result in a significant difference in the accumulation
of organic solutes (Table 6).

Table 6. F Test values for proline, total amino acids, and total soluble sugars at 81 DAP.

SV DF Proline Total Amino Acids Total Soluble Sugars

Block 3 2.87 ns 1.10 ns 0.93 ns
Salt 2 0.72 ns 0.08 ns 1.56 ns
ID 2 0.07 ns 0.36 ns 2.73 ns

Salt × ID 4 1.21 ns 0.26 ns 0.87 ns

C. V. (%) 2.6 11.5 18.1

General mean

μmol g FM−1 μg g FM−1

3.96 12.21 17.97
ns: Non-significant.
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3.4. Concentration and Content of Na+, K+, and Cl− at Plant Tissue

At 39 DAP Salt influenced the concentration of K+ in the roots and Na+ in the shoot,
with no effect on leaves (Table 7). During flowering time (60 DAP), increasing EC promoted
higher Na+ concentration in roots and leaves, whereas decreasing ID increased Na+ con-
centration in leaves. At 81 DAP, the isolated effect of Salt was observed on K+ in roots and
leaves, with no isolated effect of ID for the ions in the organs studied. In all variables, the
isolated effects of Salt or ID were disregarded when the interaction was significant.

Table 7. F test values for Na+, K+ and Cl− concentration in roots, shoot and leaves at 39, 60, and
81 DAP.

39 DAP 60 DAP 81 DAP
SV DF Na+ K+ Cl− Na+ K+ Cl− Na+ K+ Cl−

Roots
mg g−1 mg g−1 mg g−1

Block 3 0.72 0.43 0.05 1.66 0.34 0.68 0.33 0.69 2.17
Salt 2 129.43 ** 10.77 ** 17.75 ** 223.17 ** 1.30 97.08 ** 184.44 ** 16.47 ** 42.73 **
ID 2 1.30 1.90 16.24 ** 0.68 6.80 ** 1.65 4.78 * 1.69 3.46 *

Salt × ID 4 12.62 ** 2.76 3.53 * 0.64 11.67 ** 16.83 ** 3.49 * 2.63 3.34 *
C. V. (%) 16.4 14.9 11.9 17.7 12.0 11.7 13.5 16.9 13.5

1.5 dS m−1 1.64 13.19 a 13.56 1.00 c 10.00 a 10.42 2.55 10.71 a 15.92
3.8 dS m−1 4.93 10.30 b 16.58 6.89 b 9.48 a 17.44 7.73 7.17 c 22.50
6.0 dS m−1 5.92 13.41 a 18.11 9.90 a 10.24 a 21.08 8.89 8.87 b 26.92

55% ETc 4.06 a 13.00 a 18.64 5.94 a 10.00 16.75 a 6.98 9.49 a 23.00
83% ETc 4.42 a 12.35 a 14.67 5.68 a 10.75 15.50 a 6.30 8.90 a 22.33

110% ETc 4.00 a 11.54 a 14.94 6.18 a 8.97 16.69 a 5.90 8.36 a 20.00
Shoot

SV DF mg g−1 mg g−1 mg g−1

Block 3 1.54 6.05 0.23 0.15 2.59 3.20* 0.32 0.72 1.47
Salt 2 42.52 ** 1.45 0.43 78.00 ** 2.83 0.75 97.64 ** 13.05 ** 1.60
ID 2 0.07 3.16 0.23 17.56 ** 6.77 ** 3.07 18.03 ** 10.15 ** 2.41

Salt × ID 4 1.45 2.41 0.65 5.85 ** 4.90 ** 1.74 13.63 ** 4.47 ** 3.32 *
C. V. (%) 15.5 7.3 8.8 17.0 11.4 10.3 20.6 10.6 10.5

1.5 dS m−1 0.55 c 56.98 a 46.83 a 0.27 18.74 24.00 a 0.15 14.61 18.08 a
3.8 dS m−1 0.84 b 54.20 a 47.17 a 0.69 20.89 25.17 a 0.42 12.26 17.33 a
6.0 dS m−1 1.01 a 55.32 a 48.33 a 0.65 19.55 24.17 a 0.60 15.20 18.72 a

55% ETc 0.80 a 55.38 a 46.83 a 0.51 17.85 23.00 a 0.44 12.51 18.17 a
83% ETc 0.80 a 53.50 a 48.00 a 0.44 20.26 24.92 a 0.46 14.38 18.83 a

110% ETc 0.79 a 57.62 a 47.50 a 0.65 21.08 25.42 a 0.28 15.19 17.14 a
Leaves

SV DF mg g−1 mg g−1 mg g−1

Block 3 0.52 3.22 * 3.96 * 1.95 0.56 6.42 ** 1.50 2.70 7.37 **
Salt 2 0.90 0.41 1.57 5.53 * 0.30 0.86 0.00 6.78 ** 2.66
ID 2 1.40 0.32 0.17 6.79 ** 3.03 2.42 2.01 0.90 1.44

Salt × ID 4 1.39 1.14 1.84 1.85 1.47 4.02 * 0.37 0.84 2.93 *
C. V. (%) 17.2 6.8 9.1 18.2 9.7 6.5 19.4 9.0 8.6

1.5 dS m−1 0.41 a 27.74 a 16.83 a 0.14 b 13.62 a 14.58 a 0.12 a 11.65 ab 15.33 a
3.8 dS m−1 0.39 a 27.08 a 16.00 a 0.17 ab 14.04 a 15.08 a 0.12 a 10.86 b 14.75 a
6.0 dS m−1 0.43 a 27.27 a 15.83 a 0.17 a 13.82 a 14.94 a 0.12 a 12.45 a 16.00 a

55% ETc 0.43 a 27.70 a 16.08 a 0.18 a 14.42 a 15.28 a 0.12 a 11.37 a 15.58 a
83% ETc 0.38 a 27.13 a 16.17 a 0.14 b 13.96 a 14.92 a 0.13 a 11.94 a 15.67 a

110% ETc 0.41 a 27.26 a 16.42 a 0.15 ab 13.09 a 14.42 a 0.11 a 11.65 a 14.83 a

* 5% significance; ** 1% significance. Different letters in each column indicate significant differences at 0.05 level
according Tukey Test.

The lowest K+ concentration in the root at 39 DAP was observed under an EC of
3.8 dS m−1 (10.30 mg g−1), equivalent to a content of 78.21 mg (Table 8), 4.16% of the total
K+ in the plant. In the shoot, the effect of salinity on the Na+ concentration was gradual, in
which under EC of 1.5 dS m−1 the content was 15.15 mg, (41.85% of the total sorghum),
3.8 dS m−1 was 18.74 mg (28.67%), and under 6.0 dS m−1 was 23.54 mg (34.86%). In
leaves, the isolated effect of salinity did not occur for Na+, K+ or Cl−. Regarding the
effect of irrigation depth for Na+ in leaf, the irrigation depth at 55% of ETc resulted in a
concentration of 0.18 mg g−1, about 28.57% higher than that observed at 83% of ETc (0.14
mg g−1).
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Table 8. F test values for content of Na+ (CNa+), content of K+ (CK+), and content of Cl− (CCl−) in
roots, shoot, and leaves at 39, 60, and 81 DAP.

39 DAP 60 DAP 81 DAP

Trat CNa+ CK+ CCl− CNa+ CK+ CCl− CNa+ CK+ CCl−

Roots

mg mg mg

S1ID1 17.2 ± 1.9 77.0 ± 6.1 110.7 ± 8.4 12.2 ± 1.1 161.6 ± 11.9 174.6 ± 18.5 45.8 ± 6.1 223.6 ± 33.3 233.4 ± 33.7
S1ID2 10.4 ± 1.7 113.2 ± 11.1 93.9 ± 4.9 16.8 ± 1.7 210.0 ± 15.1 169.1 ± 20.3 76.9 ± 5.8 273.6 ± 17.3 327.6 ± 25.7
S1ID3 7.2 ± 0.7 116.1 ± 13.3 96.2 ± 11.5 24.3 ± 2.3 162.4 ± 22.6 214.6 ± 28.2 60.0 ± 7.8 260.4 ± 22.7 284.5 ± 15.6
S2ID1 23.4 ± 1.4 61.2 ± 3.9 105.1 ± 4.8 121.3 ± 11.0 153.1 ± 16.6 316.7 ± 24.7 153.6 ± 6.0 149.0 ± 16.1 429.1 ± 27.8
S2ID2 36.1 ± 3.8 82.3 ± 4.7 112.9 ± 14.9 102.3 ± 13.6 146.2 ± 5.9 212.2 ± 18.9 155.8 ± 13.3 171.6 ± 18.9 362.7 ± 13.6
S2ID3 60.7 ± 2.5 91.1 ± 5.8 171.2 ± 10.2 129.4 ± 16.2 186.9 ± 14.9 368.1 ± 37.7 159.8 ± 22.7 114.1 ± 14.7 360.1 ± 33.8
S3ID1 27.1 ± 2.9 80.9 ± 7.9 100.4 ± 10.0 174.0 ± 5.8 201.6 ± 16.5 377.3 ± 15.5 212.1 ± 18.9 190.0 ± 14.9 532.7 ± 43.8
S3ID2 38.1 ± 3.7 62.5 ± 6.0 91.0 ± 3.0 152.8 ± 7.0 185.2 ± 10.1 377.1 ± 21.5 165.9 ± 11.2 172.2 ± 22.2 416.0 ± 24.5
S3ID3 42.0 ± 4.7 100.4 ± 7.8 138.3 ± 15.1 136.3 ± 12.3 100.8 ± 10.1 243.8 ± 25.6 141.8 ± 12.5 154.4 ± 17.7 320.5 ± 15.7

Shoot

mg mg mg

S1ID1 12.6 ± 1.8 1175.5 ± 38.5 1045.7 ± 45.4 21.3 ± 1.9 1578.0 ±123.3 2103.7 ± 48.9 19.2 ± 1.6 1668.9 ± 151.2 1582.9 ± 21.7
S1ID2 18.5 ± 2.2 1713.6 ± 158.5 1445.7 ± 164.1 25.2 ± 2.2 1664.3 ± 245.3 2267.2 ± 206.4 19.3 ± 1.9 2097.7 ± 252.6 1843.1 ± 173.3
S1ID3 14.4 ± 2.3 1835.3 ± 199.3 1397.3 ± 169.1 29.8 ± 3.7 2110.4 ± 242.1 2458.4 ± 256.3 22.5 ± 2.2 2291.6 ± 160.7 1751.8 ± 307.8
S2ID1 15.3 ± 1.1 1064.2 ± 139.2 876.7 ± 115.7 70.6 ± 3.5 1809.8 ± 144.5 2358.4 ± 198.2 63.1 ± 8.0 1410.7 ± 151.6 1875.9 ± 160.5
S2ID2 16.5 ± 1.6 1126.6 ± 145.6 1087.2 ± 123.2 64.3 ± 7.8 2599.5 ± 289.4 2893.0 ± 166.4 60.7 ± 5.1 1975.0 ± 121.4 1936.5 ± 213.2
S2ID3 24.5 ± 2.4 1704.8 ± 264.7 1402.9 ± 205.8 79.4 ± 9.2 2130.8 ± 127.0 2553.9 ± 67.2 61.0 ± 8.6 2098.4 ± 90.1 1614.5 ± 174.2
S3ID1 22.7 ± 1.1 1287.5 ± 122.1 1075.3 ± 122.3 64.9 ± 7.8 2073.6 ± 163.9 2584.6 ± 278.5 109.1 ± 11.5 2291.7 ± 86.5 2103.5 ± 148.1
S3ID2 21.3 ± 1.3 1235.7 ± 108.4 1102.7 ± 105.4 41.7 ± 1.9 1789.6 ± 115.0 2145.8 ± 82.2 128.2 ± 15.3 2318.8 ± 145.9 1761.7 ± 131.6
S3ID3 26.6 ± 3.7 1345.8 ± 93.3 1235.5 ± 157.7 96.2 ± 8.1 2200.9 ± 301.0 2733.6 ± 252.0 35.5 ± 4.5 1878.7 ± 204.2 1927.4 ± 222.5

Leaves

mg mg mg

S1ID1 9.2 ± 0.6 589.0 ± 51.4 357.5 ± 24.9 6.7 ± 0.7 534.7 ± 25.2 586.9 ± 54.2 4.9 ± 0.5 439.8 ± 34.8 586.0 ± 33.8
S1ID2 9.6 ± 1.7 650.3 ± 33.6 374.5 ± 37.5 4.6 ± 1.6 519.0 ± 61.4 544.7 ± 47.0 4.9 ± 0.4 481.8 ± 46.9 623.4 ± 52.3
S1ID3 9.9 ± 1.3 720.2 ± 103.2 454.2 ± 53.9 4.3 ± 0.6 483.0 ± 25.2 515.0 ± 43.8 3.9 ± 0.2 442.7 ± 33.7 582.5 ± 18.2
S2ID1 7.9 ± 1.0 515.8 ± 54.7 279.1 ± 20.4 6.1 ± 0.7 506.0 ± 52.8 522.6 ± 46.9 4.0 ± 0.4 378.0 ± 7.7 544.1 ± 34.0
S2ID2 8.2 ± 0.6 574.9 ± 36.2 350.4 ± 33.0 7.1 ± 0.6 676.3 ± 81.0 740.9 ± 84.0 5.8 ± 0.4 493.6 ± 33.0 669.0 ± 33.5
S2ID3 9.4 ± 0.6 675.6 ± 72.8 418.5 ± 40.0 6.3 ± 0.7 490.2 ± 19.5 533.0 ± 25.4 4.2 ± 0.4 433.4 ± 17.4 552.6 ± 56.4
S3ID1 10.1 ± 0.8 662.0 ± 83.1 383.0 ± 45.4 8.4 ± 0.4 636.0 ± 73.3 666.7 ± 61.8 4.7 ± 0.5 499.3 ± 18.7 679.9 ± 63.5
S3ID2 6.8 ± 0.7 495.2 ± 51.4 295.7 ± 12.1 4.5 ± 0.8 425.0 ± 36.1 444.0 ± 19.0 5.2 ± 0.6 530.7 ± 34.7 679.3 ± 48.5
S3ID3 9.5 ± 0.9 544.2 ± 43.8 299.7 ± 30.6 6.3 ± 0.8 451.1 ± 25.4 519.7 ± 24.2 4.9 ± 0.7 550.0 ± 26.5 677.3 ± 27.8

At 60 DAP there was a sharp increase in Na+ concentration in the root according
to salinity. Under 1.5 dS m−1 EC, the Na+ content in root was 17.8 mg, increasing to
117.7 mg at 3.8 dS m−1 and 154.4 mg under 6.0 dS m−1, representing 36.05, 59.80, and
68.09% in the root in relation to the whole plant, respectively. In leaves, the Salt effect was
also significant, but only between ECs 1.5 and 6.0 dS m−1, whose distribution was 11.33
and 2.75%, respectively. As for the irrigation depths, the isolated effect was observed for
the Na+ concentration in leaves, between 55 and 83% of ETc, representing a content of 7.0
and 5.4 mg, respectively.

At the end of the cycle, at 81 DAP, Salt affected the K+ concentration in roots and
leaves, while ID effects were disregarded since they were significant when the interaction
was significant. In roots, the highest K+ concentration occurred under 1.5 dS m−1 EC
(10.70 mg g−1), representing a content of 252.23 mg (Table 8), while in leaves, maximum
concentration was observed at 6.0 dS m−1 (12.45 mg g−1), equivalent to a content of
526.7 mg.

Analyzing the interaction effect at the beginning of the cycle, it was significant for
Na+ and Cl− concentration in roots (Table 7). The lowest Na+ concentration in roots was
in the least stressful treatment S1ID3 (0.80 mg g−1) (Table 9), corresponding to a content
of 7.2 mg. It is worth mentioning that in the treatments under lower salinity (1.5 dS m−1),
the distribution of Na+ in roots regarding the whole plant was 31.65% on average, being
44.23% in S1ID1, and decreasing as the irrigation depth increased, being 27.42% in S1ID2
and 23.31% in S1ID3.

For Cl− in roots at 39 DAP (Figure 6), the regression analysis showed the linear
and quadratic effect of ID, as well as the simple interaction (Table 9). The highest Cl−
concentration was observed in S3ID1 (19.33 mg g−1), corresponding to a content of
100.4 mg (Table 8). However, the highest Cl− contents were observed in S2ID3
(171.2 mg) and S3ID3 (138.3 mg) (Table 8), this was due to the increase in irrigation depth
significantly increasing dry mass, and therefore, the larger irrigation depths presented
greater content.
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Table 9. Breakdown of ion concentration variables at 39 DAP whose interaction was significant.

Na_R39 Cl_R39

55% ETc 83% Etc 110% Etc Mean 55% Etc 83% Etc 110% Etc Mean
1.5 dS m−1 2.83 bA 1.28 cB 0.80 bB 1.64 1.5 dS m−1 18.33 aA 11.67 bB 10.67 bB 13.56
3.8 dS m−1 4.08 aB 4.81 bAB 5.88 aA 4.93 3.8 dS m−1 18.25 aA 15.00 abA 16.50 aA 16.58
6.0 dS m−1 5.27 aB 7.16 aA 5.33 aB 5.92 6.0 dS m−1 19.33 aA 17.33 aA 17.67 aA 18.11

Mean 4.06 4.42 4.00 Mean 18.64 14.67 14.94

No tested equations were significant Cl_R39 = 42.81 *** − 9.98.10−1 EC – 6.15.10−1 ID *** + 2.77.10−3

ID2 ** + 2.43.10−2 ECID ** (R2 = 0.93)

Na_R39: Na+ concentration in roots at 39 DAP; Cl_R39: Cl− concentration in roots at 39 DAP. * 5% significance;
** 1% significance; *** 0.1% significance. Lowercase letters compare column means and uppercase letters compare
row means.

 

Figure 6. Response surface for Cl− concentration in roots at 39 DAP.

At 60 DAP, the interaction affected K+ and Cl− in roots, Na+ and K+ in the shoot,
and Cl− in leaves (Table 7). In roots, the K+ concentrations were maximum in S3ID1
and S3ID2 (11.75 and 11.91 mg g−1) (Table 10), corresponding to contents of 201.6 and
185.2 mg, respectively, slightly above 7% of the K+ was allocated in roots in these treatments.
Likewise, the Cl− concentration was maximum in roots in S3ID1 and S3ID2, corresponding
to a content of 377.3 and 377.1 mg, just over 10% in the root concerning the whole plant.

In shoot at 60 DAP, the Na+ concentrations were minimum in the 1.5 dS m−1 EC,
regardless of the depth, representing an average Na+ content of 25.4 mg, while for the other
salinities the ID at 110% of ETc (content = 68.5 mg g−1, on average) resulted in a higher
concentration of Na+ than IDs at 55 and 83% ETc (Table 8). For the K+ concentration, the
effect of ID was significant for 1.5 and 3.8 dS m−1 ECs, while the effect of Salt was only
observed at 83% ETc (content = 2017.8 mg, on average). It is worth mentioning that K+ was
distributed more in the shoot than in other organs, where between 69.10 and 79.48% of
the total K+ in sorghum was in this organ. In leaves, the Cl− concentration was maximum
in the greater stress treatment: S3ID1 (16.33 mg g−1), while the lowest concentrations
(14.00 mg g−1) were observed at S3ID2 and S1ID3. There was no effect of ID at 1.5 and
3.8 dS m−1 salinities, and there was no effect of Salt at 110% of ETc.

At the end of the cycle, the interaction was significant for Na+ and Cl− concentrations
in roots, Na+, K+, and Cl− concentrations in shoot, and Cl− in leaves (Table 7). The
increase in salinity resulted in a gradual increase in the content of Na+ in roots at ID of
83% of ETc, where the content was 76.9, 155.8, and 165.9 mg for S1ID2, S2ID2, and S3ID2,
respectively (Table 8). In addition, the effect of the irrigation depth was significant for the
Na+ concentration in roots at 3.8 and 6.0 dS m−1 salinities, but not for 1.5 dS m−1, where
the content was 60.9 mg on average. The Cl− concentration in roots was maximum in the
treatment of greater stress, S3ID1 (31.00 mg g−1) (Table 11), in which under an ID at 55% of
ETc, the effect of Salt was gradual, corresponding to a content of 45.8, 153.6, and 212.1 mg
for S1ID1, S2ID1, and S3ID1, respectively (Table 8).
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Table 10. Breakdown of ion concentration variables at 60 DAP whose interaction was significant.

K_R60 Cl_R60

mg g−1 mg g−1

55% ETc 83% ETc 110% ETc Mean 55% ETc 83% ETc 110% ETc Mean
1.5 dS m−1 9.73 abAB 11.31 aA 8.97 abB 10.00 1.5 dS m−1 10.50 cA 9.00 cA 11.75 cA 10.42
3.8 dS m−1 8.52 bB 9.02 bAB 10.88 aA 9.48 3.8 dS m−1 17.75 bB 13.25 bC 21.33 aA 17.44
6.0 dS m−1 11.75 aA 11.91 aA 7.05 bB 10.24 6.0 dS m−1 22.00 aA 24.25 aA 17.00 bB 21.08

Mean 10.00 10.75 8.97 Mean 16.75 15.50 16.69
No tested equations were significant No tested equations were significant

Na_S60 K_S60

mg g−1 mg g−1

55% ETc 83% ETc 110% ETc Mean 55% ETc 83% ETc 110% ETc Mean
1.5 dS m−1 0.22 bA 0.27 bA 0.32 bA 0.27 1.5 dS m−1 15.94 aB 17.50 bB 22.78 aA 18.74
3.8 dS m−1 0.72 aAB 0.59 aB 0.75 aA 0.69 3.8 dS m−1 18.43 aB 23.90 aA 20.35 aAB 20.89
6.0 dS m−1 0.60 aB 0.45 aB 0.89 aA 0.65 6.0 dS m−1 19.16 aA 19.38 bA 20.12 aA 19.55

Mean 0.51 0.44 0.65 Mean 17.85 20.26 21.08
No tested equations were significant No tested equations were significant

Cl_L60

mg g−1

55% ETc 83% ETc 110% ETc Mean
1.5 dS m−1 15.00 abA 14.75 abA 14.00 aA 14.58
3.8 dS m−1 14.50 bA 16.00 aA 14.75 aA 15.08
6.0 dS m−1 16.33 aA 14.00 bB 14.50 aB 14.94

Mean 15.28 14.92 14.42
No tested equations were significant

K_R60: K+ concentration in roots at 60 DAP; Cl_R60: Cl− concentration in roots at 60 DAP; Na_S60: Na+

concentration in the shoot at 60 DAP; K_S60: K+ concentration in shoot at 60 DAP; Cl_L60: Cl− concentration in
leaves at 60 DAP. Lowercase letters compare column means and uppercase letters compare row means.

Table 11. Breakdown of ion concentration variables at 81 DAP whose interaction was significant.

Na_R81 Cl_R81

mg g−1 mg g−1

55% ETc 83% ETc 110% ETc Mean 55% ETc 83% ETc 110% ETc Mean
1.5 dS m−1 2.32 bA 2.71 cA 2.63 bA 2.55 1.5 dS m−1 14.00 cA 17.75 bA 16.00 bA 15.92
3.8 dS m−1 8.67 aA 7.04 bB 7.48 aAB 7.73 3.8 dS m−1 24.00 bA 22.50 abA 21.00 abA 22.50
6.0 dS m−1 9.94 aA 9.15 aA 7.60 aB 8.89 6.0 dS m−1 31.00 aA 26.75 aAB 23.00 aB 26.92

Mean 6.98 6.30 5.90 Mean 23.00 22.23 20.00
Na_R81 = 4.84 ** + 5.27 EC *** − 3.96.10−1 EC2 *** + 2.07.10−2 ID −

1.07.10−2 ECID ** (R2 = 0.99)
Cl_R81 = 4.54 + 5.80 EC *** + 9.77.10−2 ID * − 4.0.10−2 ECID ** (R2 =

0.97)
Na_S81 K_S81

mg g−1 mg g−1

55% ETc 83% ETc 110% ETc Mean 55% ETc 83% ETc 110% ETc Mean
1.5 dS m−1 0.14 cA 0.13 cA 0.17 bA 0.15 1.5 dS m−1 12.21 bB 14.50 aB 17.14 aA 14.61
3.8 dS m−1 0.45 bA 0.44 bA 0.36 aA 0.42 3.8 dS m−1 10.12 bB 14.12 aA 12.55 bAB 12.26
6.0 dS m−1 0.72 aA 0.80 aA 0.30 abB 0.60 6.0 dS m−1 15.22 aA 14.52 aA 15.87 aA 15.20

Mean 0.44 0.46 0.28 Mean 12.51 14.38 15.19

No tested equations were significant K_C81 = 9.72 *** − 2.36 EC ** + 5.22.10−1 EC2 *** + 1.14.10−1 ID *** −
1.73.10−2 ECID ** (R2 = 0.84)

Cl_S81 Cl_L81

mg g−1 mg g−1

55% ETc 83% ETc 110% ETc Mean 55% ETc 83% ETc 110% ETc Mean
1.5 dS m−1 16.00 bB 19.75 aA 18.50 aAB 18.08 1.5 dS m−1 14.50 aA 15.50 aA 16.00 aA 15.33
3.8 dS m−1 19.00 abA 17.75 aAB 15.25 aB 17.33 3.8 dS m−1 16.00 aA 15.25 aAB 13.00 bB 14.75
6.0 dS m−1 19.50 aA 19.00 aA 17.67 aA 18.72 6.0 dS m−1 16.25 aA 16.25 aA 15.50 aA 16.00

Mean 18.17 18.83 17.14 Mean 15.58 15.67 14.83
Cl_C81 = 5.94 + 1.28.10−2 EC + 2.11.10−1 EC2 + 3.07.10−1 ID * −

1.57.10−3 ID2* − 1.76.10−2 ECID * (R2 = 0.62)
Cl_F81 = 17.86 ** − 1.21 EC * + 1.81.10−1 EC2 −

1.35.10−2 ID (R2 = 0.36)

Na_R81: Na+ concentration in roots at 81 DAP; Cl_R81: Cl− concentration in roots at 81 DAP; Na_S81: Na+

concentration in shoot at 81 DAP; K_S81: K+ concentration in shoot at 81 DAP; Cl_S81: Cl− concentration
in shoot at 81 DAP; Cl_L81: Cl− concentration in leaves at 81 DAP. * 5% significance; ** 1% significance;
*** 0.1% significance. Lowercase letters compare column means and uppercase letters compare row means.
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In the shoot, the interaction influenced the content of all ions studied (Table 7), re-
sponse surfaces are shown in Figure 7. The salinity considerably increased the Na+ con-
centrations in the treatments under 55 and 83% of ETc IDs, in which the 6.0 dS m−1 EC
increased the Na+ concentration in 414.29% for ID1 and 515.39% for ID2 compared to 1.5
dS m−1 EC (Table 11). The irrigation depth was only significant at 6,0 dS m−1 EC, in which
the lowest Na+ concentration occurred at S3ID3 (0.30 mg g−1). As for K+, the levels ranged
from 10.12 to 17.14 mg g−1 (Table 11) (content = 72.4 and 76.3 mg), while for the Cl− concen-
trations, they were between 15.25 and 19.75 mg g−1 (Table 11) (content = 1614.5 and 1843.1
mg). It is worth mentioning that K+ and Cl− were more distributed in the shoot, between
71.32 and 79.30% for K+, and 61.55 and 65.99% for Cl−. In leaves, the Cl− concentration
was influenced by the salinity only in the treatments under 110% of ETc ID, being the
3.8 dS m−1 the EC that showed lowest content (13.00 mg g−1, content = 552.6 mg), whereas
the effect of ID was significant only at treatments under 3.8 dS m−1 EC (Table 11).

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 7. Response surfaces for: Na+ concentration in roots (a); Cl− concentration in roots (b); K+

concentration in shoot (c); Cl− concentration in shoot (d); and Cl− concentration in leaves (e) at
81 DAP.
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3.5. Pearson Correlation Matrix

At 39 DAP, regarding variables related to growth, SH and TH were strongly influenced
by leaf area (r = 0.76; r = 0.76) and also showed strong correlation with each other (r = 1.00)
(Table 12). As for the variables related to ion content, Na+ in roots was strongly correlated
with Cl− in roots (r = 0.64), and with Na+ in the shoot (r = 0.72), while Cl− in roots, besides
Na+ in roots, correlated negatively with total (r = −0.68) and shoot (r = −0.68) heights.
Among plant parts, the ions correlated with each other from very weak to weak.

Table 12. Pearson correlation matrix for variables measured at 39 DAP.

EL39 RWC39 ADM_39 Na_R39 K_R39 Cl_R39 Na_S39 K_S39 Cl_S39 Na_L39 K_L39 Cl_L39 LA39 SD39 SH39 TH39

EL39 1.00
RWC39 −0.07 1.00
ADM_39 −0.31 0.09 1.00
Na_R39 0.07 0.14 −0.30 1.00
K_R39 0.07 0.18 −0.12 −0.21 1.00
Cl_R39 0.37 −0.00 −0.38 0.64 0.04 1.00
Na_S39 0.02 0.19 −0.37 0.72 −0.03 0.50 1.00
K_S39 −0.08 0.11 0.04 −0.31 0.05 −0.22 −0.16 1.00
Cl_S39 −0.19 0.23 −0.10 0.09 0.06 0.12 0.26 0.29 1.00
Na_L39 0.37 −0.04 −0.16 0.01 0.15 0.32 0.33 0.03 0.14 1.00
K_L39 0.09 −0.00 0.24 −0.22 0.21 −0.09 −0.18 0.28 0.18 0.08 1.00
Cl_L39 −0.26 −0.13 0.19 −0.21 0.04 −0.13 −0.09 −0.12 0.19 0.15 0.00 1.00
LA39 0.17 0.11 0.29 −0.16 −0.16 −0.49 −0.38 0.13 0.03 −0.26 0.21 −0.10 1.00
SD39 −0.09 0.15 0.23 −0.17 −0.14 −0.26 −0.33 0.00 −0.03 −0.32 0.06 −0.06 0.52 1.00
SH39 −0.13 0.13 0.56 −0.36 −0.14 −0.68 −0.39 0.14 −0.07 −0.23 0.12 0.04 0.76 0.52 1.00
TH39 −0.13 0.13 0.56 −0.36 −0.14 −0.68 −0.39 0.14 −0.07 −0.23 0.12 0.04 0.76 0.52 1.00 1.00

EL39: Electrolyte leakage; RWC39: Relative water content; ADM_39: Aerial dry mass; Na_R39: Na+ concentration
in roots; K_R39: K+ concentration in roots; Cl_R39: Cl− concentration in roots; Na_S39: Na+ concentration in
shoot; K_S39: K+ concentration in shoot; Cl_S39: Cl− concentration in shoot; Na_L39: Na+ concentration in leaves;
K_L39: K+ concentration in leaves; Cl_L39: Cl− concentration in leaves; LA39: Leaf area; SD39: Stem diameter;
SH39: Shoot height; TH39: Total height. All variables at 39 DAP.

Compared to 39 DAP, at flowering (60 DAP), the variables linked to growth were
much less correlated, except for total height and shoot height (r = 0.99) (Table 13). However,
Na+ concentration in roots remained strongly correlated with Cl− in roots (r = 0.83) and
Na+ in shoot (r = 0.74). There was also a correlation between K+ and Cl− in shoot (r = 0.63).
As with flowering, for the growth variables at the end of the cycle, only SH and TH showed
a strong correlation (r = 0.84) (Table 14). Root Na+ continued to be linked to root Cl−
(r = 0.82) and shoot Na+ (r = 0.83), root Cl− also correlated strongly with shoot Na+

(r = 0.74).

Table 13. Pearson correlation matrix for variables measured at 60 DAP.

EL60 RWC60 ADM_60 Na_R60 K_R60 Cl_R60 Na_S60 K_S60 Cl_S60 Na_L60 K_L60 Cl_L60 LA60 SD60 SH60 TH60

EL60 1.00
RWC60 −0.16 1.00
ADM_60 0.03 −0.09 1.00
Na_R60 0.17 −0.32 0.16 1.00
K_R60 −0.14 0.18 −0.03 0.06 1.00
Cl_R60 0.13 −0.18 0.03 0.83 0.36 1.00
Na_S60 0.08 −0.46 0.21 0.74 −0.34 0.52 1.00
K_S60 0.12 −0.12 0.18 0.13 −0.18 0.05 0.26 1.00
Cl_S60 −0.09 0.05 −0.18 0.08 −0.24 −0.10 0.17 0.63 1.00
Na_L60 0.15 −0.16 0.16 0.40 0.02 0.34 0.35 −0.06 −0.04 1.00
K_L60 −0.07 0.15 0.25 0.06 0.37 0.10 −0.04 0.10 0.19 0.24 1.00
Cl_L60 0.26 −0.12 0.42 0.10 0.07 0.06 0.07 0.16 0.11 0.09 0.45 1.00
LA60 0.27 −0.15 0.07 0.42 0.11 0.42 0.29 −0.06 −0.18 0.24 0.25 0.15 1.00
SD60 0.05 −0.17 −0.05 0.01 −0.04 0.03 −0.07 0.06 0.08 −0.01 0.29 0.05 0.35 1.00
SH60 −0.18 −0.00 −0.02 −0.29 −0.26 −0.33 −0.03 0.43 0.40 −0.34 −0.38 −0.18 −0.38 0.09 1.00
TH60 −0.15 −0.03 −0.03 −0.25 −0.22 −0.28 −0.03 0.42 0.39 −0.34 −0.37 −0.15 −0.29 0.14 0.99 1.00

Note: EL60: Electrolyte leakage; RWC60: Relative water content; ADM_60: Aerial dry mass; Na_R60: Na+

concentration in roots; K_R60: K+ concentration in roots; Cl_R60: Cl− concentration in roots; Na_S60: Na+

concentration in shoot; K_S60: K+ concentration in shoot; Cl_S60: Cl− concentration in shoot; Na_L60: Na+

concentration in leaves; K_L60: K+ concentration in leaves; Cl_L60: Cl− concentration in leaves; LA60: Leaf area;
SD60: Stem diameter; SH60: Shoot height; TH60: Total height. All variables at 60 DAP.
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Table 14. Pearson correlation matrix for variables measured at 81 DAP.

Pro TAA TSS ADM_81 Na_R81 K_R81 Cl_R81 Na_S81 K_S81 Cl_S81 Na_L81 K_L81 Cl_L81 SD81 SH81 TH81

Pro 1.00
TAA 0.25 1.00
TSS −0.02 −0.12 1.00

ADM_81 −0.13 0.41 −0.14 1.00
Na_R81 0.15 −0.07 0.27 0.13 1.00
K_R81 0.14 0.23 −0.11 −0.19 −0.48 1.00
Cl_R81 0.13 0.08 0.23 0.10 0.82 −0.17 1.00
Na_S81 0.06 −0.01 0.16 0.31 0.83 −0.25 0.74 1.00
K_S81 0.25 −0.06 −0.30 −0.10 −0.12 0.24 −0.01 0.01 1.00
Cl_S81 −0.00 −0.35 0.16 −0.17 0.12 0.22 0.22 0.20 0.33 1.00
Na_L81 −0.12 −0.23 0.13 −0.42 0.08 −0.06 0.23 0.11 −0.11 −0.01 1.00
K_L81 0.10 −0.22 0.26 −0.04 0.10 −0.07 0.01 0.21 0.40 0.38 0.06 1.00
Cl_L81 −0.06 −0.25 0.02 −0.43 0.14 0.29 0.33 0.21 0.18 0.47 0.31 0.06 1.00
SD81 −0.15 0.17 0.03 0.03 −0.10 −0.03 −0.14 −0.05 −0.13 −0.25 0.04 −0.06 0.07 1.00
SH81 0.13 0.12 −0.49 −0.13 −0.31 −0.02 −0.39 −0.45 0.37 −0.21 −0.30 −0.14 −0.12 0.04 1.00
TH81 −0.04 0.05 −0.55 −0.15 −0.32 0.05 −0.32 −0.40 0.47 −0.07 −0.14 −0.12 −0.04 0.18 0.84 1.00

Note: Pro: Proline; TA: Total amino acids; TSS: Total soluble sugars; ADM_81: Aerial dry mass; Na_R81: Na+

concentration in roots; K_R81: K+ concentration in roots; Cl_R81: Cl− concentration in roots; Na_S81: Na+

concentration in shoot; K_S81: K+ concentration in shoot; Cl_S81: Cl− concentration in shoot; Na_L81: Na+

concentration in leaves; K_L81: K+ concentration in leaves; Cl_L81: Cl− concentration in leaves; LA81: Leaf area;
SD81: Stem diameter; SH81: Shoot height; TH81: Total height. All variables at 81 DAP.

3.6. Soil Parameters
3.6.1. Soil Salinity

Salt was significant in ECex and exchangeable sodium percentage (ESP) in the soil
for both the 0–20 and 20–40 cm layers. The irrigation depth was significant only in the
20–40 cm layer for ECex and ESP of the soil (Table 15). Soil ECex reduced when water with
a salinity of 6.0 dS.m−1 was applied to the two layers studied, this can be explained because
the plant absorbs a higher concentration of Na+ in the roots, reducing the concentration of
soluble salts in the soil as can be seen in Table 15.

Table 15. Electrical conductivity (EC) and Exchangeable sodium percentage (ESP) of soil solution in
the 0–30 and 30–60 cm layers.

0–20 cm 20–40 cm

SV DF EC ESP EC ESP

Block 3 1.75 0.22 0.52 0.57
Salt 2 7.93 ** 71.26 ** 20.94 ** 46.21 **
ID 2 0.90 1.63 12.57 ** 0.07

Salt × ID 4 0.52 0.39 1.81 0.40

C. V. (%) 51.4 24.4 34.5 36.7

1.5 dS m−1 1.58 2.85 1.72 1.99
3.8 dS m−1 3.84 9.76 4.77 8.46
6.0 dS m−1 2.71 12.50 4.20 13.38

55% ETc 2.98 9.24 4.71 7.78
83% ETc 2.87 7.93 3.76 7.85

110% ETc 2.27 7.94 2.22 8.20
* 5% significance; ** 1% significance.

Under different irrigation depths, ECex reduced with the greater availability of water
being leached into deeper soil layers. In this sense, the use of water with a higher salt
content, using 10% more of the water requirement of the crop, in addition to providing a
development condition for the crop with salts more dissolved in the root zone, allows soil
salts to be leached, avoiding the soil degradation process.

Salinity was significant for ESP in both layers when different salinities of irrigation
water were used, with an increase in ESP as water electrical increased. Considering that
soil becomes sodic for ESP greater than 15%, even using a salinity of 6.0 dS m−1, no
sodification process was observed in the studied layers, remaining below the conditions
for sodification process.
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3.6.2. Soil Water Retention

Under tensions of 0, 1, and 3 kPa, the moisture content was practically the same in
both layers. Under 6, 10, 30, and 60 kPa, higher moisture was observed in the surface layer,
whereas with increasing tensions to 100, 300, and 1500 kPa, the 0–30 cm layer showed higher
soil water content. Regardless of the depth used, the increase in salinity promoted higher
moisture content in the 0–30 and 30–60 cm soil layers (Table 16). The highest moisture
content was observed when EC 6.0 dS m−1 water was used. However, this higher moisture
content does not mean that water is available for the plant. This is because of the reduction
of the osmotic potential of the soil solution caused by salts, the plant needs to direct a lot of
energy to absorb water.

Table 16. Moisture observed at 0–30 and 30–60 cm layers according to the treatments applied.

Treat-
ment

Period from Sowing (Days) Period from Sowing (Days)

15–21 22–35 36–49 50–63 64–77 78–91 15–21 22–35 36–49 50–63 64–77 78–91

Moisture at 0–30 cm Layer (m3 m−3) Moisture at 30–60 cm Layer (m3 m−3)

S1ID1 0.125 0.121 0.121 0.121 0.122 0.121 0.178 0.161 0.160 0.159 0.160 0.160
S1ID2 0.138 0.121 0.121 0.121 0.122 0.121 0.189 0.162 0.160 0.160 0.160 0.160
S1ID3 0.136 0.130 0.127 0.133 0.133 0.129 0.200 0.165 0.177 0.192 0.186 0.182
S2ID1 0.128 0.123 0.123 0.124 0.124 0.122 0.178 0.161 0.160 0.159 0.159 0.159
S2ID2 0.137 0.126 0.125 0.129 0.137 0.125 0.191 0.166 0.169 0.177 0.188 0.170
S2ID3 0.137 0.132 0.125 0.131 0.136 0.128 0.197 0.188 0.171 0.191 0.196 0.185
S3ID1 0.133 0.130 0.128 0.129 0.126 0.124 0.184 0.161 0.177 0.170 0.178 0.171
S3ID2 0.132 0.127 0.128 0.131 0.125 0.127 0.181 0.163 0.173 0.177 0.173 0.167
S3ID3 0.135 0.134 0.125 0.132 0.134 0.131 0.199 0.197 0.188 0.197 0.192 0.187

4. Discussion

Sorghum resisted to salinity, water scarcity, and their interaction. The main mechanism
observed was the compartmentalization of Na+ ions in the root cells, preventing them
from being transported to the leaves, which could cause damage to the photosynthetic
apparatus. We also noted that the Salt × ID interaction was significant for most variables
associated with ion concentration, especially at the end of the cycle. The combined effects
of these stresses are poorly discussed in the literature, but they can occur naturally, which
makes it interesting to understand how this interaction affects plant metabolism.

4.1. Concentration and Content of Na+, K+, and Cl−

At the beginning of the cycle, under salinity of 1.5 dS m−1, the irrigation depth
reduction caused an increase in Na+ concentration in roots, reaching 2.83 mg g−1 in S1ID1,
equivalent to a content of 17.2 mg in which approximately 44.23% of the Na+ was allocated
in roots. This suggests that there is a limit to the concentration of Na+ in the soil solution
that induces the compartmentalization of Na+ in root cells. In S1ID3, Na+ was translocated
to the shoot (45.30%), probably because, due to S1ID3 being the lowest stress condition, the
concentration of this ion did not generate a physiological response of compartmentalization
in roots. This compartmentalization of Na+ can also be evidenced because the increase in
salinity resulted in higher levels of Na+ in roots, reaching a maximum of 7.16 mg. g−1 in
S3ID2 (content = 39.1 mg).

The K+/Na+ ratio is an excellent parameter for identifying sorghum genotypes that are
tolerant or sensitive to salinity [36]. Furthermore, in the roots, it was higher in treatments
under 1.5 dS m−1 EC, showing a greater allocation of Na+ to the other organs as salinity
increases. The chemical similarity of the K+ and Na+ ions can cause an exchange of K+ for
Na+ in biochemical reactions and a consequent change in the structure of proteins [37],
impairing plant development.

Regarding Cl− in roots, higher irrigation depths also increased the amount of Cl−
in the soil solution because more Cl− ions are dissolved in the irrigation water, which is
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reinforced because two of the three salts used in the irrigation water are a source of Cl−,
contributing to a more expressive content of this anion.

At 60 DAP, only salinity interfered with the Na+ concentration in roots, with an
average of 1.00 mg g−1 for irrigation at 1.5 dS m−1, corresponding to a content of 17.8 mg,
and therefore, 36.05% allocated in roots. This is possibly related to the absorption of Na+,
considering that compared to 39 DAP the Na+ content under 1.5 dS m−1 in the entire plant
was lower. Apparently, at lower salinity it is possible for the sorghum the non-absorption
of Na+ ions as a tolerance mechanism; at other salinities, the higher concentration of solutes
in the soil solution may prevent this selectivity from occurring.

The K+ content at flowering was influenced by the interaction of stresses in roots and
shoot, whereas in leaves there was no isolated or interactive effect. In roots, Cl− was also
affected by the interactive effect of stresses, and in the shoot, the interaction was significant
for Na+. These responses show an excess of Na+ and Cl− in the root zone, in order to
interfere with the absorption of K+ and generate nutrient imbalance, reduction of enzymatic
activity, ionic stress and formation of ROS [38]. It is also worth mentioning Cl−, which
has high mobility [39], and probably interfered with its content in the leaves, since the
reduction in irrigation depth was significant for the increase in Cl− content at a salinity of
6.0 dS m−1.

At 81 DAP, Na+ remained concentrated in roots, representing between 55.59 and
77.61% of the total Na+ in sorghum, although it was expected that there would be an
exclusion of these ions by Na+/H+ antiporters [10]. However, the salt content in roots
can be a positive aspect for the survival of the plant, since it helps to maintain an osmotic
gradient favorable to water absorption [18].

There was no significant difference in the Na+ content in leaves, even at the end of
the cycle, when the plant had been under poor irrigation for a long time, the sorghum
continued to prioritize the non-translocation of Na+ ions to the leaves, which could damage
the photosynthetic apparatus [36]. In leaves, the high cytosolic balance of the K+/Na+

ratio, varying between 86.68 and 115.63, leads to greater plant growth and tolerance to
saline stress [40].

4.2. Growth Parameters

At the beginning of the cycle (39 DAP), the highest concentration of salts in the
6.0 dS m−1 EC water can lead to changes in the water potential of sorghum metabolism
and reduction of the osmotic potential of the soil solution [10,41], reducing LA, SD, SH
and TH. It is noteworthy that the increase in EC from 1.5 dS m−1 to 3.8 dS m−1 did not
statistically reduce any of the variables associated with growth, showing tolerance. In
addition, germination is a sensitive period for plant development, and salinity at this stage
may be even more critical for sorghum development.

The ID effect at 39 DAP is also linked to changes in soil and plant water potential
because, under water scarcity, sorghum closes stomata to reduce water loss. This stomatal
closure, however, despite reducing losses via transpiration, also reduces photosynthesis
and consequently the production of biomass [18]. It is interesting to point out that SD was
not affected by ID in any of the seasons studied, possibly because—since BRS 506 sorghum
is a saccharin cultivar—there is a preference to keep SD for broth storage. However, there
was a reduction in SH according to ID at all times, which may be linked to lower lignin
production under water stress [42]. In this sense, considering that the lignin production
decreased according to ID, the shoot height reduced, but the sorghum sought to maintain
the stem diameter.

At 60 DAP, it was possible to observe that fewer variables associated with growth were
affected by the isolated effects of Salt and ID, so the sorghum developed stress response
mechanisms to tolerate them. It is interesting to emphasize this, since the flowering period
is a period more sensitive to water scarcity for sorghum [43].

At 81 DAP, only SH was affected by the isolated effects of Salt and ID, reinforcing the
idea of tolerance. Under abiotic stresses, tolerant cultivars seek to keep the photosynthetic
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system stable and increase the efficiency of CO2 fixation, minimizing the damage caused
by these through apoplastic barriers [10]. The Salt × ID interaction was significant only at
the end of the cycle, for ADM_81, in which the salinity effect was not significant in the 55
and 83% of ETc irrigation depths, showing that more brackish waters can be used even in
smaller irrigation depths.

4.3. Electrolyte Leakage and Relative Water Content

Electrolyte leakage refers to the integrity of the plasma membrane, the disruption of
which results in increased permeability, and therefore, increased leakage. This permeability
results from changes in the composition and structure of the membrane, caused by the
action of ions from salts when the plant is subjected to salinity, probably being the first sign
of response to saline stress [44]. However, greater extravasation of electrolytes does not
mean that the plant is sensitive to salinity. Hniličková et al [45], studying P. oleracea under
saline stress, found EL between 86.7% and 92.4%; however, these values were attributed to
the high content of K+ in the cytoplasm, given that K+ is abundant in plant cells and whose
efflux is mainly responsible for the extravasation of electrolytes [46].

The relative water content is associated with the turgor of plant cells, being an excellent
indicator of the water status of the plant. Here, the combined effect of stresses was observed
only at 39 DAP, which leads to the idea that the beginning of the cycle is more sensitive
to applied stresses. During cycle, at 60 DAP, only salinity changed the RWC, while the
isolated or interactive effect of water depth was not significant, which is possibly linked to
the sorghum roots. When comparing sorghum with less drought-tolerant crops such as
maize, the sorghum root system is deeper, with possibly greater hydraulic conductivity
and water transport from the root to the other organs [47].

4.4. Proline, Total Amino Acids, and Total Soluble Sugars

Proline production can occur both under the isolated effects of salinity or deficient
irrigation depth, but Wang et al. (2022), studying germination of sweet sorghum cultivars,
found that the combination of these stresses resulted in greater gene expression of P5CS,
P5CR, and OAT linked to proline production. In sorghum, proline production occurs
under moderate stress [48], but according to the results obtained in this study, the applied
stresses were not sufficient to differentiate the production of this solute, which may indicate
tolerance of the BRS 506 cultivar. There are still controversies about the production of
proline by sorghum, since a sensitive cultivar can accumulate the same amount of proline
as a tolerant one [17].

The accumulation of amino acids is linked to a better development of the culture
because they are constituents of proteins and an important precursor of secondary metabo-
lites [15], and as for proline, the accumulation was not significant for this study. Sugar
production is also a common strategy used by sorghum as osmoregulation, as it maintains
the plant’s water potential and water absorption capacity [10], but it was not observed here
either. Although the accumulation of organic solutes as a means of tolerance is common, in
the studied sorghum, their production was not observed, indicating that the application of
treatments did not result in significant stress for the leaves. However, other studies with
the cultivar BRS 506 involved with the expression of genes linked to the production of
proline, amino acids, and sugars are recommended, to explain what was observed here.

4.5. Pearson Correlation Matrix

Pearson’s correlation showed greater interdependence between the variables linked to
growth at the beginning of the cycle. Whatever the effects of saline and/or water stress on
one of the sorghum organs, the others are affected. This indicates the crop’s sensitivity to
abiotic stresses at the time of plant establishment, both in terms of drought sensitivity [43]
and salinity. At the other times, only TH and SH showed correlation, for obvious reasons,
given that the shoot height is inherent to the total height.
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As for ions, the relationship between Na+ in the root and shoot, as well as Na+ with
Cl− in roots, was the only strong correlation observed in the three studied periods. The
fact that both Na+ and Cl− are correlated in the root is linked to the moment of water
absorption, given that they are the constituent ions of NaCl, one of the salts applied in
irrigation water. It is worth mentioning that throughout the cycle, there was a trend towards
a greater distribution of Na+ in the root and of Cl− in the stem, that is, the correlation of
both in the root is not linked to a greater distribution in the root than in the other organs.

As for the relationship between Cl− and total and shoot height at 39 DAP, sorghum is a
fast-growing plant, especially in the vegetative stage, so the energy from photosynthesis is
used intensively in cell elongation and division, growth promoters. At flowering, sorghum
intensifies transpiration, which promotes the translocation of Cl− from free spaces, so more
nutrients are absorbed [49]. During flowering, K+ and Cl− in the shoot may be related to
the fact that the shoot is the organ with the highest biomass, and therefore, the probability
of ions accumulating in the shoot is greater. Here, Na+ was not translocated to the shoot
because it is being stored in the roots, whereas Cl−, although similar to Na+ and can confer
toxicity to the plant, is a highly mobile anion [39], being easily carried from roots to shoot.
For the same reason, at the end of the cycle, the relationship between Cl− in the root and
Na+ in the leaf suggests a preference in the distribution of these ions in different parts of
the plant because of their toxicity, requiring further studies to verify this hypothesis.

5. Conclusions

Our research showed that the main tolerance mechanism adopted by the BRS 506
sorghum was the distribution of Na+ ions to the root cells so the sorghum adapted to
salt and water stress. In fact, when aiming at deficit irrigation in order to reduce water
costs, the sorghum showed that even under a depth of 55% of the ETc, waters with EC
of up to 6.0 dS m−1 can be adopted without loss in the aerial dry mass. However, when
irrigation waters are EC of 3.8 dS m−1, irrigation at 110% ETc is preferable, and under EC of
6.0 dS m−1, 83% of ETc.

According to our study, BRS 506 sorghum can be irrigated with lower-quality water
and in smaller quantities. This information is especially beneficial to small rural producers
in semiarid regions who live in areas with water scarcity and salinity problems. As future
prospects, we seek to highlight BRS 506 sorghum as a crop to be explored in the Brazilian
semiarid region. In addition, crop development programs can also benefit from this
research, given that we observed ionic redistribution as sufficient to tolerate stress, without
altering the production of osmoregulatory substances such as proline, soluble sugars, and
total amino acids.
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Abstract: The need to diversify agricultural production has fostered the cultivation of several crops
under environmental conditions atypical to their origin, justifying the extreme importance of studies
on the agricultural management of crops in semiarid regions. In this context, this study aimed to
evaluate the effects of irrigation depth and potassium doses on fig quality under semiarid conditions.
The experiment was conducted in a 4 × 4 split-split-plot design, in randomized block design, with
three replicates. The plots corresponded to four irrigation levels (50%, 75%, 100%, and 125% ETc),
the subplots consisted of four potassium doses (0, 60, 120, and 240 g K2O plant−1), and the sub-
subplot corresponded to the crop years (2018/19 and 2019/20). Results showed that water deficit
reduced fig productivity, and the irrigation levels equal to or greater than 100% ETc performed
cumulatively throughout the growing cycles. Therefore, irrigation depths from 85.19% to 95.16%
ETc are recommended for greater water-use efficiency and fruit quality. Furthermore, potassium
fertilization mitigated water stress in fig plants, allowing for reduced irrigation levels, especially in
the second year, without compromising fruit traits.

Keywords: crop evapotranspiration; mineral fertilization; organoleptic qualities; semiarid conditions;
water deficit

1. Introduction

The cultivation of figs (Ficus carica L.) in semiarid conditions is highly favorable. The
high temperature and low relative humidity in the semiarid region reduce the incidence of
fungal diseases, in addition to improving the organoleptic characteristics of the fruits [1].
However, the region suffers from water scarcity, and difficult-to-manage water resources
face increased water demand [2]. Water deficit is one of the main factors that limit plant
growth by reducing cell turgor and extension [3]. In addition, the growth rate and crop
yield are negatively affected due to impaired photosynthesis and enzymatic activity and
the excessive production of reactive oxygen species (ROS) [4,5].

In ‘Abboudi’ and ‘Gizy’ fig cultivars, irrigation below 100% ETc caused a water
deficit that significantly reduced the plant morphometric and physiological traits [6]. In
‘Roxo-de-Valinhos’ cultivars, irrigation at 100% ETc increased production and improved
the morphological characteristics of fruits during the rainy period [7]. In this sense, the
irrigation must supply the plant’s physiological demand, because in conditions of water
stress, the fig tree can suffer from severe stress [8,9], impairing nutrient absorption and
causing physiological [4,10], productive, and qualitative damage to the plant [7,11,12].
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Potassium (K) plays a key role in vegetative growth [13], production, and fruit qual-
ity [14,15]. Furthermore, in sufficient quantity in plants, K is an important mitigant of the
deleterious effects of water stress due to its contribution to the prevention of oxidative
stress, osmotic regulation, protein synthesis, and photosynthesis [16,17]. However, under
water deficit conditions, K uptake is reduced, drastically reducing photosynthesis and
productivity, causing leaf senescence and increasing the synthesis of reactive oxygen species
(ROS) responsible for oxidative stress [18,19].

Thus, finding a balance between the ideal irrigation blade and potassium doses that
mitigate the deleterious effects on plants and increases fruit productivity and quality
under semiarid conditions is a key factor for efficient production. Controlling biotic and
abiotic stress and accurately estimating water demand are essential for the sustainable
management of water resources in fig trees. Therefore, the objective was to evaluate the
effects of irrigation levels and potassium doses on the production and quality of fig fruits
cultivated in semiarid climatic conditions.

2. Materials and Methods

2.1. Characterization of the Experimental Area

The experiment was carried out in the municipality of Mossoró, in the west region of
the state of Rio Grande do Norte, Brazil (5◦11′15′′ S, 37◦20′39′′ W, 18 m above the sea level,
flat relief). The climate of the region is ‘BShw’ according to the Köppen classification [20],
with a 673.9 mm average annual rainfall and a 27.4 ◦C average annual temperature, featur-
ing two well-defined seasons: dry and hot summer (from June to January) and dry winter
(from February to May).

During the experiment, temperature, minimum and maximum air relative humidity
(Figure 1A,B), solar radiation and rainfall (Figure 1C), and average wind speed (Figure 1D)
were collected from the automatic weather station (EMA) of UFERSA.

2.2. Cultivation Conditions

Fig plants from the ‘Roxo de Valinhos’ cultivar, 5 years old and spaced 2.0 m × 1.5 m
apart, were evaluated during two production cycles: the first from September 2018 to
February 2019 and the second from August 2019 to February 2020. The plants were pruned
on 25 September 2018 in the first cycle (18/19) and on August 10, 2019 in the second (19/20).
The productive branches were pruned to 5 cm long, leaving two to five vegetative buds.
At 15 days after pruning, the budding branches were thinned so that the plants remained
with only ten productive branches each. During the first 30 days, all plants received the
same irrigation depth (100% ETc) with the aim of inducing sprouts to develop equally.
Afterwards, the plants received the different irrigation depths as treatments.

After production pruning, each plant was fertilized with 200 g of phosphorus and 160 g
of nitrogen, split into three applications. Monoammonium phosphate (10% N, 46% P2O5)
was used as phosphorus source, while urea (46% N) was used as nitrogen source. In both
production cycles, fertilizers were applied under the canopy of the trees and incorporated
superficially into the soil with the aid of a shovel [21]. In addition, 10 kg of organic compost
with previously determined chemical characteristics was applied, as recommended by [12]
(Table 1).

164



Agriculture 2023, 13, 640

 

Figure 1. Climatic data collected during the experimental period (from 2018/2019 to 2019/2020).
Temperature and relative humidity (18/19—(A); 19/20—(B)), global solar radiation and rainfall (C),
and average wind speed (D) under semiarid conditions. Stage I—sprouting/initiation of new
leaves; Stage II—start of effective full cover/inflorescence development; Stage III—effective full
cover/beginning of fruit harvest; Stage IV—end of harvest.

Table 1. Analysis of the organic source used in fertilizing plants.

Samples pH EC OM P K+ Na+ Ca2+ Mg2+ Al3+ (H + Al) SB CTC V PET

(Substrate) dS m−1 g kg−1 Mg dm3 cmolc dm3 %

Organic
compost 7.24 3.26 38.17 522.275 433.61 3716.9 0 0 0 0 17.28 17.28 100 93.58

Electric conductivity (EC); organic matter (OM); phosphorus (P); potassium (K+); sodium (Na+) extractor
mehlich-1; calcium (Ca2+); magnesium (Mg2+); aluminum (Al3+) extraidos com KCl 1 mol L−1; potential acidity
(H + Al); sum of bases (SB); cationic exchange capacity (CTC); base saturation (V); percentage of exchangeable
sodium (PET).

2.3. Experimental Design

The experimental design used was randomized blocks in a split-plot arrangement,
with three blocks and two plants per experimental unit. The plots corresponded to the
irrigation levels: 50, 75, 100, and 125% crop evapotranspiration (ETc). The potassium
doses were applied in the subplots: 0, 60, 120, and 240 g plant−1. At last, the sub-subplot
corresponded to the crop years (2018/19 and 2019/20). Potassium chloride (60% K2O)
was used as the potassium source, being split into three applications every 20 days. The
application and incorporation were performed according to [21].

The application of the irrigation levels was performed through an automatic mi-
crosprinkler irrigation system, using emitters with an average flow rate of 31 L h−1, deter-
mined in the experiment, based on the estimation of the crop evapotranspiration (ETc). Due
to low rainfall, irrigation was applied daily. The ETc and the reference evapotranspiration
(ETo) were estimated by the standard FAO Penman–Monteith method [22]. The same
irrigation blades were applied to the same plants in the two cultivation cycles. Due to the
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long drought period in the region, the crop management, such as pruning and soil water
storage replacement, was performed again.

The estimation of the crop coefficients (Kc) by the FAO method (Allen et al., 1998) used
the basal crop coefficients (Kcb) of each plant growth stage. Stage I—sprouting/initiation
of new leaves; Stage II—start of effective full cover/inflorescence development; Stage III—
effective full cover/beginning of fruit harvest; stage IV—end of harvest. The irrigation time
was then calculated for the treatment with 100% ETc, using the 94.5% irrigation efficiency
determined in the field and a 2% leaching fraction, with plants spaced 2 m × 1.5 m apart
(Table 2). Irrigation efficiency was calculated according to [23], considering it equal to
the average of the application uniformity coefficient (AUC), Christiansen’s uniformity
coefficient (CUC), and statistical uniformity coefficient (SUE), which were tested using
some microsprinklers in each irrigation level. The leaching fraction was only considered
for this experiment, considering other research carried out in the region.

Table 2. Irrigation level applied—Li (mm) and crop coefficient—Kc in each growth stage and for
each crop year (2018/2019 and 2019/2020).

Years/
Li

(ETc%)

Stage/Total Days *

Stage I
25/33

Stage II
35/59

Stage III
68/63

Stage IV
20/23

Total
mm

Average
mm Day−1

18/19
50

23.96 71.55 224.03 52.58 372.12 2.51
19/20 33.37 101.34 188 67.72 390.43 2.19

18/19
75

35.95 107.32 336.05 78.87 558.19 3.77
19/20 50.06 152.01 282 101.58 585.65 3.29

18/19
100

47.93 143.09 448.06 105.16 744.24 5.02
19/20 66.74 202.68 376.01 135.44 780.87 4.39

18/19
125

59.91 178.86 560.08 131.45 930.298 6.28
19/20 83.43 253.34 470.01 169.31 976.09 5.48

Kc 18/19 0.73 0.89 1.00 0.67 - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Kc 19/20 0.75 0.88 1.03 0.99

* Total days at each stage (18–19/19–20).

2.4. Characteristics Evaluated

Fruits were harvested three times a week when they reached the physiological matu-
ration stage (Stage III) suitable for in natura consumption [1]. Fruit weight was measured
on a digital analytical scale (±0.01 g). The number of marketable fruits (MF) and yield of
marketable fruits (MY) (t ha−1) were quantified. When the production of fruits intended
for commercialization drastically reduced, turning the harvest economically unfeasible, the
remaining green fruits (destined for the industry) were harvested and counted to determine
the number of green fruits (IF). In addition, the total number of fruits (TF) and total yield
(green and ripe fruits) were determined as t ha−1. Marketable fruits (mature stage) are
destined for fresh consumption (mature stage), while green fruits are intended for industry,
for instance, to produce figs in syrup (green and semimature stages).

Irrigation water-use efficiency—IWUE (t ha−1 mm) and water-use efficiency—WUE
(t ha−1 mm) were calculated according to [24,25]:

IWUE =

(
Ey

Ir

)
∗ 100 (1)

WUE =

(
Ey

ETc

)
∗ 100 (2)

where Ey is the economical yield (t ha−1), Ir is the amount of applied irrigation water (mm),
and ETc is the evapotranspiration (mm). However, in our calculation, total yield was used
for Ey.
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2.5. Fruit Quality

To evaluate fruit quality, only the mature fruits intended for trade (in natura) were
collected. Ten fruits were evaluated per plant to determine the average fruit length (FL),
fruit diameter (FD), and fruit mass (FM), totaling twenty fruits per plot. The fruits were
measured with a digital caliper (±0.01 mm). The average fruit mass was determined with
an analytical balance, and the results were expressed in grams (±0.01 g).

Color space and fruit firmness were determined using ten fruits per plot. Peel color
was determined with a Chroma Meter–400/410 colorimeter (Minolta Corp., Osaka, Japan),
by performing one reading on each side of the fruit. The lightness (L*), saturation (C), and
hue angle (◦hue) were also evaluated. Fruit firmness was determined using a digital tex-
ture analyzer manufactured by Stable MicroSystems®, model TA.XTExpress/TA.XT2icon,
equipped with a 5 mm diameter probe. Two readings were performed on each side of the
fruit, and the results were expressed in newtons (N).

Twelve fruits were evaluated per plot to determine the fruit physicochemical charac-
teristics. The soluble solids (SS) were determined directly in the homogenized pulp juice
using a digital refractometer (model PR–100, Palette, Atago Co., Ltd., Tokyo, Japan), with
the results expressed in ◦Brix [26].

The titratable acidity (TA) was determined by volumetric titration using 1 g of pulp
transferred to a 125 mL Erlenmeyer flask with 50 mL of water. Subsequently, titration was
performed with a previously standardized NaOH 0.1 M solution until pH reached 8.1, with
the results expressed in g 100 g−1 pulp of citric acid [26]. The SS/TA ratio was determined
by relating the values of soluble solids and titratable acidity.

The potential of hydrogen (pH) was estimated using a potentiometer with automatic
temperature adjustment (Model mPA-210 Tecnal®, Ourinhos, Brazil), previously calibrated
with buffer solutions at pH 7.0 and pH 4.0 [26]. The data were expressed in actual pH values.

Vitamin C was estimated by titration with Tilman’s solution (DCPIP-2,6-dichlorophenol-
indophenol at 0.02%), using 1 g of sample diluted in a 100 mL volumetric flask with 0.5%
oxalic acid, according to the methodology proposed by [27], with the results expressed in
mg of ascorbic acid 100 g−1 pulp.

2.6. Statistical Analysis

The data obtained were subjected to the Shapiro–Wilk normality test and the test of
homogeneity of variances according to Bartlett, and, if within the standards for normality
and homogeneity, they were subjected to analysis of variance by the F-test (p = 0.05).
The quantitative data were subjected to regression analysis, while the qualitative data
were subjected to the least-significant difference test (LSD) (p = 0.05). All analyses were
performed using the statistical software R, version. 4.0.2 [28].

3. Results

3.1. Climatic Influence

The maximum and minimum temperatures and humidity showed small variations
during the crop growth period. The greatest discrepancies between climatic data in the
period close to the same developmental stages were observed at 121 and 122 DAP, with
differences of 4.31 ◦C and 4.83 ◦C from 2018/19 to 2019/20 (Figure 1A,B).

The solar radiation values showed greater reductions in the winter months, given the
increase in cloudiness during this period. The most significant reductions were recorded in
the first cycle (18/19) (Figure 1B). The total monthly rainfall values were higher in the first
cycle, with 35.31, 57.40, and 33.53 mm from December 2018 to February 2019 (Figure 1B).
The average wind speed observed during the fruit production period did not damage the
fruits. A reduction in the wind speed was observed precisely when the fruits were under
development and maturation, with a more significant reduction in the first cycle (18/19)
(Figure 1D).

During the production period, the first crop year (18/19) showed lower average and
total values for crop evapotranspiration (ETc—Stages I and IV) and reference evapotranspi-
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ration (ETo—Stages III and IV) compared to the second crop season (19/20) (Figure 2A,B).
The climatic effects influenced the irrigation levels (Li) applied, and although the second
crop year (19/20) had higher Li values applied, the first crop year (18/19) showed higher
average values, with stage III constituting the period with the highest water requirement
by the plants (Table 2).

  
Figure 2. Standard crop evapotranspiration (A) (ETc 100% mm day−1) and reference evapotranspira-
tion (B) (ETo 100% mm day−1) in the days after pruning, under semiarid climatic conditions, in the
2018/2019 and 2019/2020 crop years. Stage I—sprouting/initiation of new leaves; Stage II—start
of effective full cover/inflorescence development; Stage III—effective full cover/beginning of fruit
harvest; stage IV—end of harvest.

3.2. Production and Water Efficiency

The marketable yield (MY), the total yield (TY), the number of marketable fruits (MF),
and the total number of fruits (TF) were influenced by the irrigation levels applied (Li) in
the two crop years (18/19 and 19/20) (p < 0.001). As for the number of green fruits (GF)
per plant, this variable was only influenced by the Li applied (p < 0.01). There was no
significant effect for potassium doses (p > 0.05).

For the MY (Figure 3A) and TY (Figure 3B), the first crop year (18/19) showed linear
increases with the increase in the Li, reaching yield values of 17.53 and 33.52 t ha−1 at
125% ETc, respectively. In the second year (19/20), the highest mean values for MY and
TY (7.99 and 15.85 t ha−1) were obtained at the Li of 95.16% and 102% ETc, respectively
(Figure 3A,B). Among the Li values, there was a significant difference only at 125% ETc, for
which the first year (18/19) resulted in an MY value 75.01% higher than the second year
(19/20) (p < 0.001).

The first crop year (18/19) linearly influenced the MF, resulting, with the water deficit,
in the lowest values. In the second year (19/20), for the same variable, the highest mean
(61.60 fruits) was obtained at the Li of 94.89% ETc (Figure 3C). On the other hand, there
was a greater number of green fruits (GF) (91.50 fruits) at the Li of 98.42% ETc (Figure 3D).
For the TF, in the first and second years (18/19), the highest total numbers of fruits (169.69
and 162.69 fruits) were obtained at the Li of 125% and 95.13% ETc, respectively (Figure 3E).

The irrigation levels influenced the water-use efficiency (WUE) and the irrigation
water-use efficiency (IWUE) in the two crop years (p < 0.05). In the first year (18/19), the
highest values for WUE (2.14 t ha−1 mm) and IWUE (1.88 t ha−1 mm) were obtained at the
Li of 125% ETc, resulting in the highest fig yields (Figure 4A,B).

There was a quadratic regression response in the second year (19/20), with means
of 16 ton ha−1 mm for the WUE at the Li of 88.54% ETc and 0.99 ton ha−1 mm for the
IWUE at the Li of 86.96% ETc. For the WUE, the first crop year obtained a 42.60% efficiency
compared to the second year at the Li of 75% ETc (p < 0.05), and 78.04% at the Li of 125%
ETc (p < 0.001).

Among the irrigation levels, there was a 21.02% yield reduction for the Li of 75% and
125% ETc, and only 2.75% for the Li of 75% and 100% ETc. The Li of 50% and 100% ETc
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were not influenced between crop years (p > 0.05) (Figure 4A). For the IWUE, there was a
difference only for the Li of 125% ETc, with the first crop year (18/19) being 76.17% superior
to the second (19/20) (p < 0.001) (Figure 4B).

 

 

Figure 3. Marketable yield (A) and total yield (B)—ton ha−1, and number of marketable fruits (C),
green fruits (D), and total fruits (E) of fig plants grown under semiarid climatic conditions in the
2018/2019 and 2019/2020 crop years. * Significant (p < 0.05); ** (p < 0.01); *** (p < 0.001).
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Figure 4. Water-use efficiency (WUE) (A) and irrigation water-use efficiency (IWUE) (B) of fig plants
grown under semiarid climatic conditions in the 2018/2019 and 2019/2020 crop years. * Significant
(p < 0.05); ** (p < 0.01); *** (p < 0.001).

3.3. Fruit Physical Characteristics

Fruit length (FL) was influenced by the Li and potassium doses in the two production
years (p < 0.001). In the first year (18/19), the plants without potassium fertilization
(0 g K plant−1) and those fertilized with 60 and 120 g K plant−1 presented average fruit
length (FL) values of 42.99, 42.19, and 41.70 mm at the Li of 104%, 104.55%, and 97.88%
ETc, respectively (Figure 5A). In the second year (19/20), the plants fertilized with 60 and
120 g K plant−1 presented average FL values of 40.40 and 40.02 mm at the Li of 85.19%
and 98.70% ETc, respectively. However, the regression response was negative in the plants
without potassium (0 g K plant−1), with a decrease occurring in the FL with the increase in
the Li up to 92.07% ETc, with an average of 35.35 mm (Figure 5B).

 

 

Figure 5. Fruit length ((A)—18/19 and (B)—19/20) and average fruit mass as a function of irrigation
levels—Li (C) and potassium doses (D) in fig plants grown under semiarid climatic conditions in the
2018/2019 and 2019/2020 crop years. ns Not significant (p > 0.05); * Significant (p < 0.05); ** (p < 0.01);
*** (p < 0.001).
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There was an 18.51% reduction in the Li (19.36 mm) from the first to the second
year with the application of 60 g K plant−1, with a 6.02% loss in FL (1.78 mm). When
120 g K plant−1 was applied, there was only a 0.83% increase in the Li (0.81 mm) in the
second year (19/20), with a 4.02% reduction in the FL (1.67 mm). For the plants fertilized
with 240 g K plant−1, there was a growing linear behavior with the increase in the irrigation
levels applied in the first (18/19) and second crop years (19/20) (Figure 5A,B).

The irrigation levels influenced the fruit mass (FM) (p > 0.01) and the potassium doses
in the two crop years (p < 0.05). There were linear increases in FM with the increase in the
Li values up to 125% ETc (Figure 5C). For the potassium doses, the fruits from the first
year (18/19) were larger than those produced in the second year (p < 0.05), but there was
no significant reduction between them, thus being statistically equal. The second year,
however (19/20), provided the highest average fruit mass (42.35 g) at the dose of 107.93 g
K plant−1, after which the FM was reduced at higher K doses (Figure 5D).

For the variables related to the color space of fruits, the irrigation levels influenced
fruit lightness (L*) in the second year (19/20), presenting the lowest mean value for this
variable (29.14 L*) at the Li of 82.87 ETc% (Figure 6A). The hue angle (◦Hue) obtained
the highest means in the fruits of the plants subjected to the highest water deficit, possi-
bly characterizing fruits at an earlier maturation stage, closer to a green-yellowish color
(Figure 6B).

Figure 6. Lightness (L*) (A) and hue angle (◦Hue) (B) of fruits as a function of the irrigation levels
in fig plants grown under semiarid climatic conditions in the 2018/2019 and 2019/2020 crop years.
ns Not significant (p > 0.05); *** (p < 0.001).

Fruit firmness (FF) was influenced by the irrigation levels and potassium doses in
the two production years (p < 0.01). In the first year (18/19), the Li increase in the plants
fertilized with 60 g K plant−1 caused a significant reduction in FF (2.08 N) up to the Li of
105% ETc, with further increases in FF occurring at higher Li values. In the plants without
potassium (0 g K plant−1), the firmest fruits (4.52 N) were obtained at the Li of 75.34% ETc,
with reductions occurring in FF at lower Li values (water deficit), as well as at higher Li
values up to 97.50% ETc, which resulted in the lowest result for FF (4.22 N). There were
increases in FF at higher Li values (Figure 7A).

In the second year (19/20), the increase in the irrigation levels in the plants fertilized
with 60 and 240 g K plant−1 caused reductions in FF up to the Li of 95.51% (2.82 N) and
92.50% (3.58 N), respectively, with further increases in FF occurring at higher Li values
(Figure 7B). For the plants without potassium application (0 g plant−1), there was a growing
linear response of FF with the increase in the Li (ETc%). This response can be associated
with the organic fertilization provided to the plants in both cycles (18/19 and 19/20). For
the plants fertilized with 120 g K plant−1, there were maximum increases in FF (4.36 N)
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by applying irrigation levels up to 103.75% ETc, with reductions in FF at higher Li values
(Figure 7B).

 

Figure 7. Firmness of fig fruits produced in the 2018/2019 (A) and 2019/2020 (B) crop years as a
function of irrigation levels and potassium doses under semiarid conditions in the 2018/2019 and
2019/2020 crop years. * Significant (p < 0.05); ** Significant (p < 0.01); *** Significant (p < 0.001); ns Not
significant (p > 0.05).

3.4. Fruit Physicochemical Characteristics

The contents of soluble solids (SS), titratable acidity (TA), potential of hydrogen (pH),
and ratio (SS/TA) of the fig fruits were influenced by the irrigation levels (Li) and potassium
doses in both production years (p < 0.001). The fruit vitamin C content, in turn, was only
influenced by the Li.

In the first year (18/19), the plants without fertilization (0 g plant−1) remained statisti-
cally equal, not being affected by water deficit or excess (p > 0.05). The SS content increased
linearly with the increase in the Li (ETc%) in the plants fertilized with 60 g K plant−1. For
the plants fertilized with 120 and 240 g K plant−1, the lowest SS contents were obtained with
water deficit below the irrigation levels of 70.51% (10.69 ◦Brix) and 71.85% ETc (9.27 ◦Brix),
while the highest SS contents were obtained with the increase in the Li up to 111.31%
(14.42 ◦Brix) and 99.09% ETc (10.06 ◦Brix), respectively, with reductions in the SS contents
at higher Li values (Figure 8A).

 

Figure 8. Soluble solids of fig fruits produced in the 2018/2019 (A) and 2019/2020 (B) production
cycles as a function of irrigation levels and potassium doses under semiarid conditions in the
2018/2019 and 2019/2020 crop years. ** Significant (p < 0.01); *** Significant (p < 0.001); ns Not
significant (p > 0.05).

172



Agriculture 2023, 13, 640

In the second year (19/20), the highest SS contents were obtained at the Li of 63.84%
(16.69 ◦Brix), 69.70% (20.38 ◦Brix), and 63.54% (20.28 ◦Brix) in the plants without fertilization
(0 g K plant−1) and in the plants fertilized with 60 and 120 g K plant−1, respectively. There
was a reduction in the SS contents at lower Li values (water deficit) and at Li values up to
117.1% (11.39 ◦Brix), 124.75% (10.37 ◦Brix), and 118.30% ETc (11.25 ◦Brix) for the doses of
0, 60, and 120 g K plant−1, respectively. For the plants fertilized with 240 g K plant−1, the
highest SS content was obtained at the Li of 101.91% ETc, with 16.70 ◦Brix (Figure 8B).

In the first year (18/19), the TA at the Li values of 88.24%, 66.88%, and 89.29%
ETc resulted in 0.19, 0.22, and 0.18 g of citric acid in the fruits grown with 0, 60, and
120 g K plant−1, respectively. In the plants fertilized with 240 g K plant−1, there was a
growing linear increase in the TA of fruits with the increase in the Li values (Figure 9A). In
the second year (19/20), the lowest TA value (0.16 g of citric acid) was obtained at the Li of
88.64% ETc for the plants without potassium fertilization (0 g K plant−1) (Figure 9B). When
applying 60 g K plant−1, the lowest values appeared between the Li of 33.33% ETc, which
resulted in 0.49 g of citric acid, and the Li of 100% ETc, with 0.64 g of citric acid.

  

  

Figure 9. Titratable acidity of fig fruits in the 2018/2019 (A) and 2019/2020 (B) crop cycles, and pH
of fig fruits in the 2018/2019 (C) and 2019/2020 (D) crop cycles as a function of irrigation levels and
potassium doses under semiarid conditions in the 2018/2019 and 2019/2020 crop years. * Significant
(p < 0.05); ** Significant (p < 0.01); *** Significant (p < 0.001); ns Not significant (p > 0.05).

Fruit pH showed no significant effect of the irrigation levels for the plants fertilized
with 60 g K plant−1 in both years (18/20 and 19/20). In the absence or at the maximum
K dose (0 and 240 g K plant−1), the water deficit provided the highest fruit pH contents,
with decreases in this variable (5.40 and 5.44) with the increase in the irrigation levels up
to 100% and 90.91% ETc, respectively, further increasing at higher Li values (ETc%). The
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fruits of plants fertilized with 120 g K plant−1 obtained a pH 5.09 at the Li of 73.33% ETc.
The reduction (water deficit) or increase in the irrigation levels up to 100% ETc decreased
the fruit pH (5.00). There were, however, increases in the fruit pH at higher Li values
(Figure 9C).

In the second year (19/20), the plants without fertilization (0 g K plant−1) showed
the highest fruit pH value (4.80) at the Li of 92.76% ETc. The plants fertilized with
120 g K plant−1 showed the highest fruit pH (4.92) at the Li of 66.01% ETc, with a de-
crease occurring in this variable with the increase in water deficit and with the increase
in the Li up to 117.32% ETc, which resulted in the lowest pH value (4.10) (Figure 9D).
Fruit pH increased linearly with the increase in the Li (ETc%) in the plants fertilized with
240 g K plant−1 (Figure 9D).

For SS/TA ratio in the first crop year (18/19), the water deficit resulted in higher
SS/TA values for the fruits of the plants fertilized with 120 g K plant−1, reducing when the
irrigation levels were increased up to 103.93%, which resulted in the lowest SS/TA ratio
value (40.33) (Figure 10A).

 

Figure 10. SS/TA ratio ((A)—2018/2019; (B)—2019/2020) and vitamin C (C) of fig fruits as a function
of irrigation levels under semiarid conditions. * Significant (p < 0.05); ** Significant (p < 0.01);
*** Significant (p < 0.001); ns Not significant (p > 0.05). Means of 2 crop years (2018/2019 and
2019/2020).

In the second year (19/20), the highest SS/TA values (87.13 and 103.57) were obtained
at the Li of 87.93% and 112.78% ETc for the plants fertilized with 0 and 240 g K plant−1,
respectively (Figure 10B). The plants fertilized with 60 g K plant−1 showed the highest
SS/TA values at the Li of 67.87% ETc (129.31), reducing the SS/TA values with increasing
Li values up to 121.87% ETc, which resulted in the lowest value for the SS/TA ratio (26.99).
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For the fruit vitamin C content, the first year (18/19) showed no statistical difference,
with statistically equal means at the irrigation levels applied. For the second year (19/20),
the highest vitamin C contents were obtained with plants subjected to a water deficit. The
increase in the Li up to 105.93% ETc reduced the fruit vitamin C content (47.71 g mg of
ascorbic acid 100 g−1 pulp), further increasing at higher Li values (Figure 10C).

4. Discussion

Solar radiation significantly influences plants during the production years, affecting
the crop energy balance. The reflection of the incident solar radiation is associated with
plant yield by photosynthesis, transpiration, flowering, and maturation. Daily observations
regarding variations in soil moisture and water flow and climatic variation observations
can provide essential elements to quantify the water balance components and estimate the
actual crop evapotranspiration [29].

Under ideal management conditions, the plants did not show severe damages due to
high temperatures for being a fruit species native to arid regions, featuring young leaves
adapted to conditions of high radiation and temperature, and developing specific morpho-
physiological characteristics to withstand the tensions mentioned above [30]. However,
under water deficit conditions (50% ETc), the crop entered a rest period, maintaining only
its physiological conditions for survival.

Water deficit reduces plant growth and productivity, although it improves some fruit
quality attributes, such as increased antioxidant and sugar content [31], as we observed in
our study. Such reductions caused by water stress were greater when low K was available to
plants, causing drastic leaf dropping and decreasing MY and TY and increasing the content
of soluble sugars and vitamin C. Similar results were observed by [32] in Nicotiana rustica.

Plants respond differently depending on the stress level: under mild water stress or
water stress of limited duration, ‘stress avoidance’ mechanisms are induced, including
stomatal closure and increased root/shoot ratio [4]. Under severe stress or after a long-term
stress, in contrast, ‘dehydration avoidance’ mechanisms, such as osmolytes accumulation
and cell wall stiffening, are induced [6].

The low yield is directly correlated with the number of fruits. The higher the water
deficit imposed on the plants, the lower the fruit quality and yield. The more water
provided to the plants, the higher the WUE and IWUE values in the first year, although
reducing in the second year (19/20), which confirms the sensitivity of the plants subjected
to water deficiency and water excess.

Lower WUE values possibly occur when soil evapotranspiration is high compared
to the crop evapotranspiration, therefore not supplying the plant with the proper water
requirement of the crop [33]. When faced with severe water stress, plants reduce the leaf
area, close their stomata, and undergo leaf senescence, resulting in phenological responses
that save water, possibly for survival in later periods [34].

The results showed that both water deficit and water excess, in a cumulative manner,
caused fruit length reduction and that the irrigation level estimated by the FAO method [22]
was highly precise in determining the water requirement of the plant. This limitation in the
final fruit size may be related to the photosynthetic limitations of the plant faced with water
deficit, which could cause reductions in the absorption and translocation of assimilates to
the fruits. The effect of water deficit on fruit reduction has also been observed for the fig
crop [7], for an extra early peach cultivar [35], and for highbush blueberries [36].

Likewise, water excess in the soil causes anaerobic stress to the roots, a condition that
suppresses root activity, reduces root growth, and decreases nutrient and water absorption
due to low transpiration. However, the plants fertilized with 240 g K plant−1 showed
a linear increase in fruit length at high irrigation levels. This linear behavior may be
associated with the high K content in the soil solution, allowing absorption by mass flow,
which may not have occurred at the lowest doses due to K depletion in the soil solution,
with absorption occurring by diffusion instead [37]. The greater fruit mass obtained at
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the high K dose may be related to the effect of abiotic stress, considering that the climatic
conditions of study are extreme, which may require an increased content of this nutrient.

The plants subjected to the highest water deficit condition (50% ETc) showed a consid-
erable delay in fruit harvest: almost 30 days in the first crop year (18/19) and 20 days of
difference in the second (19/20). Fruit harvest becomes a problem for the fig crop under
water deficit (50% ETc): although all harvest aspects were analyzed, the fruits produced
by plants subjected to water stress showed a dull green color (higher hue angle value),
which was confirmed by the fruit color analysis (L* and h◦), and may indicate a semimature
maturation stage, considering that water stress strongly influences the fruit maturation
process [38]. Moderate stress usually acts by providing improvements in fruit maturation,
as noted in the results, while severe water stress (50% ETc) acts by delaying the process.

Although the plants fertilized with potassium presented reduced FF with the increase
in the irrigation levels, satisfactory firmness values were still verified in the fruits, especially
in the second year. Similar results with expressive responses only in the second year were
reported by [39].

The reduction in the SS concentration in the fruits of plants under excessive irrigation
levels (125% ETc) may be related to a dilution effect [36,40]. On the other hand, there was
no effect of the irrigation levels on the SS, TA, SS/TA ratio, and firmness of fig fruits from
cultivars subjected to irrigation deficit regulated at 50 and 100% ETc [41]. The increase in
SS in the plants subjected to water deficit may be caused by an active osmotic adjustment
in the fruits, which favors the increase in the content of solutes [39].

What may explain the high vitamin C content in the second cycle (19/20) is the effect
of aerobic metabolism in plants on the generation of reactive oxygen species (ROS). The
overproduction of ROS may be a response to water stress (drought), and plants regulate
the expression of antioxidant enzymes to maintain ROS homeostasis, ensuring uninter-
rupted metabolism [5]. Antioxidants possess greater potential according to their ability to
provide bioactive substances that neutralize ROS and remaining free radicals by oxidative
stress [42–44]. When there is an excessive production of ROS under stress conditions, there
is also membrane, DNA, and protein damage, in addition to lipid peroxidation [45], with
the production of small hydrocarbon fragments, which may react with thiobarbituric acid
to form colored products called TBARS [46].

5. Conclusions

Considering what was observed, water deficit significantly reduces the production
characteristics of plants, as well as irrigation water levels equal to or greater than 100%
ETc applied cumulatively throughout the years of cultivation. Thus, irrigation water
levels between 85.19% and 95.16% ETc are the most recommended to obtain greater water
efficiency for the crop and produce quality fruits. It was observed that a higher water deficit
leads to increases in the SS and vitamin C contents in the fruits. Potassium influenced
the reduction in water stress in the fig plants, providing reductions in the irrigation levels
applied, especially in the second year, without compromising the fruit properties. The dose
of 107.93 g K plant−1 provides fruits with a higher average mass.
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Abstract: Leaf stomata are the primary determinants of the plant water relations. Physiological
adaptations of stomata in response to water stress have been extensively reported for grapevine. On
the contrary, little is known about how the plasticity in stomatal anatomical features may affect their
adaptability to drought conditions. In this study, we investigated, at the molecular and anatomical
level, the effect of water stress on the stomatal anatomical features of four grapevine varieties
extensively cultivated in the north of Italy. Potted plants of Garganega, Glera, Moscato giallo, and
Merlot varieties were subjected to a 12–13 day period of water restriction during two consecutive
seasons. Stomatal density and size were investigated in newly developed young leaves, 7 days after
tip separation, following the occurrence of a water stress event. Furthermore, the gene expression
of three key stomagenesis genes (VvEPFL9, VvEPF1, and VvEPF2) was analysed. The response of
stomatal anatomical features to drought varied among the studied varieties. Moscato and Glera
showed an increase in stomatal density and a decrease in stomatal size. On the contrary, Merlot
displayed a reduction in stomatal number, while Garganega remained unchanged in terms of these
values. Transcript levels of VvEPFL9 were overall in agreement with stomatal densities measured
in the four varieties, showing an up-regulation when drought induced an increase in stomatal
density or a down-regulation when the stomatal number decreased. The wide variability in stomatal
response observed in the four varieties under study suggests that anatomical changes in stomatal
characteristics are genotype dependent. These variations contribute to the intra-specific variability in
grapevine’s response to water stress.

Keywords: Vitis vinifera; water stress; stomata; stomagenesis

1. Introduction

Drought stress poses a major threat to grapevine production and quality worldwide
and is predicted to increase in intensity as a consequence of the ongoing climate change [1].
In view of this, the identification of strategies that can counteract the effects of climate
is crucial to maintain the economic sustainability of viticulture in the near future. This
requires a comprehensive knowledge of the mechanisms underlying grapevine drought
responses and the definition of phenotypic, physiological, or molecular traits that can be
used to identify stress-tolerant genotypes.

Leaf stomata, the minute apertures found mainly in the epidermis of leaves, are
major determinants of the plant water stress response. Rapid changes in leaf stomatal
conductance and photosynthesis in response to water stress have been extensively reported
for grapevine and several other crops [2–4]. The regulation of water consumption by
stomatal control plays a key role in determining the genotype adaptability to limited water
conditions and has been shown to vary greatly among grapevine varieties and clones [5–7].
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Leaf morphoanatomy also takes part in determining the genotype adaptability to drought
conditions. Among leaf features, stomatal density and size on the leaf epidermis are key
anatomical drivers in determining the transpiration rate [8]. Plants can adjust stomatal
development to optimise gas exchange in response to water stress [8]. These anatomical
adaptations to drought have been shown to vary greatly by species, cultivar, and the level
of stress. In response to water limitation, stomatal density was reported to increase in
wheat [9], olive [10], apricot [11], and sugarcane [12], and it was often coupled with a
reduction in stomatal size [10,11,13].

In grapevine, stomatal density and size have been reported to vary in response to
several environmental factors, including temperature and CO2 levels [14], wind [15], and
water availability [16–18]. Palliotti et al. [16] found that the Sangiovese variety exhibited
a notable rise in stomatal count and a decrease in stomatal dimensions during periods of
drought. Theodorou et al. [17] reported a similar behaviour for Grenache and Xinomavro
varieties. However, in the same study, opposite results (reduced stomatal density and
increased size) were observed in Agiorgitiko and Syrah. Overall, these studies concur
that grapevine can regulate stomatal development on new leaves in response to water
limitation. Variability in the response of stomatal density and size across cultivars suggests
a variety-dependent adaptation response.

The molecular processes regulating stomatal development in response to environ-
mental signals in plants, including grapevines, remain poorly understood, limiting our
knowledge of how vines (and woody crops in general) may sense environmental constraints
and change stomatal development to adapt to protracted water deficits [8,19,20] and refer-
ences therein. In the model plant Arabidopsis, stomata development is under the control of
a complex molecular network, which is regulated by a signalling pathway involving three
key regulators, i.e., the epidermal patterning factors EPF1, EPF2, and EPFL9 (also known as
STOMAGEN). EPF1 and EPF2 are negative regulators of stomatal density, whereas EPFL9
promotes stomata development [20–22]. The latter was recently functionally characterized
in edited grapevine plants of the “Sugraone” variety, demonstrating its role in stomatal
density determination [23]. Until now, no study has investigated the gene expression
patterns of VvEPFL9 and other putative genes associated with stomagenesis in grapevine
plants under varying water availability. Furthermore, it is unclear whether immature
leaves possess the ability to detect water deficit both at the biochemical level (such as
responses mediated by the abscisic acid—ABA hormone) and at the molecular level, by acti-
vating gene pathways in response to drought (such as ABA-responsive genes like dehydrin
(DH), a well-recognized marker of drought in plants, including grapevines) [24–26]. These
data could enhance our understanding of the molecular pathways involved in stomatal
development under drought conditions.

Glera, Garganega, Moscato giallo, and Merlot are four varieties widely cultivated in the
north of Italy [27]. In a recent study, we analysed the physiological responses to water stress
of these cultivars and revealed differences in their water-use strategy [28]. For instance, a
more typical near-isohydric behaviour was found for Moscato, and a near-anisohydric one
for Garganega, Glera, and Merlot.

In this study, we examined the impact of water limitation on the stomatal characteris-
tics of young leaves (7 days after tip separation) of Garganega, Glera, Merlot, and Moscato
varieties, to determine whether the variation in stomatal density and size could serve as
an adaptive mechanism enabling tolerance to extended periods of water stress conditions.
Moreover, to gain deeper insights into stomatal adaptations to water deficit in the selected
varieties, we investigated the gene expression patterns of three pivotal genes (VvEPFL9,
VvEPF1, and VvEPF2) that regulate stomatal development. These genes are homologous
to those previously characterized in Arabidopsis. In summary, the objective of this study
is to enhance our comprehension of the morpho-anatomical mechanisms contributing to
varietal differences in water stress tolerance. Additionally, the study aims to elucidate the
molecular regulation of stomagenesis in newly developed grapevine leaves exposed to
water limitation.
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2. Materials and Methods

2.1. Plant Material and Experimental Design

In this study, the plant material and experimental design were consistent with those
employed in our recent study, which focused on comparative ecophysiological responses
among various grapevine cultivars [28]. Briefly, four-year-old V. vinifera L. potted plants
of Garganega, Glera, Merlot, and Moscato giallo, grafted onto Kober 5BB rootstock, were
selected for this experiment. Glera is a white variety grown in the Friuli and Veneto
Regions and is used to produce the recognized Prosecco wine. Garganega is a white variety
mainly grown in the provinces of Verona and Vicenza and is used to produce the Soave
wines. Moscato giallo belongs to the Moscato family and is cultivated mostly in the Colli
Euganei area to produce the Moscato Fior d’Arancio wine. All three of these varieties
are characterised by good vigour and productivity. Merlot is a well-known international
variety cultivated worldwide.

The vines were grown in open air at the experimental farm of the Research Centre for
Viticulture and Enology (CREA-VE) in Susegana (45◦51′ N–12◦15′ E), Italy, in 80 L plastic
pots filled with a sand–peat–clay mixture (50–35–15% in volume) and covered with plastic
waterproof sheets. Vines were positioned in rows at a spacing of 1 m and pruned to one
single cane that is 14–15 nodes in length. Shoot thinning was performed in spring to stan-
dardize the number of shoots to 14–15 for all plants. Ten vines per cultivar were randomly
selected and initially maintained well watered at field capacity. At the beginning of the
experiment (start of veraison, BBCH 81 stage) [29], the vines of each cultivar were divided
into two groups of five plants and assigned to the following treatments: well-watered vines
(WW) received 100% of the total daily water requirement and water-stressed vines (WS)
received 30% of the total daily water requirement. Daily water consumption was monitored
through continuously weighing two reference potted vines with Laumas Elettronica ISC
scales connected to a D1 Flex log 1.9 datalogger (Tecnopenta, Teolo, PD, Italy).

Plant water status during the experiment was monitored by measuring the midday
stem water potential (Ψstem) with a Scholander pressure chamber. Stem data recorded in
the two years of study are available in Gaiotti et al. (2023) [28] and are summarised in
Figure S1. Water restriction was applied for 12 days in 2017 and 13 days in 2018, until
vines reached severe water stress, defined as Ψstem ≤ 1.3 MPa [30,31]. Thereafter, all
vines were rehydrated by applying 100% of the total daily water usage. For the profiling
of stomagenesis target genes by the means of qPCR, unfolded leaves were collected at
the end of water stress imposition, immediately before the rewatering phase, from WS
plants and WW ones used as controls. For stomatal density and size measurements, the
experiment was concluded one week after the re-watering, when samples of young leaves
were collected from WW and WS vines for the analysis of stomatal characteristics. All
samples for stomatal density and gene expression analysis were collected from shoots
bearing one single cluster.

Weather conditions were monitored using the local CREA-VE weather station coupled
to Watch Dog 1400 datalogger (Spectrum Technologies, Bridgend, UK). Mean temperature
during the trial ranged between 27 and 28 ◦C in the two study seasons. Mean air humidity
and irradiance during the experiment were 60.7% and 22.6 MJ/m−2 day−1, respectively.

2.2. Stomatal Density in Developing Leaves

To explore the stomatal developmental changes induced by water limitation in the
four varieties, stomatal density and length were measured in young leaves collected from
WW and WS plants. Leaves developed from shoot tips that had experienced water stress
during the period of water restriction were sampled one week after re-watering. From each
variety, a young leaf with an at least 40 mm long main vein was collected from the tip of
each vine’s main stem (n = 5, randomly selected leaves per treatment for each variety). The
impression method was used to determine leaf stomatal density, expressed as the number
of stomata per unit leaf area, and the stomata length, defined as the length in micrometres
between the junctions of the guard cells at each end of the stoma. In detail, clear nail
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polish was applied to three different areas of the abaxial epidermis of each leaf avoiding
the midvein and allowed to dry as previously reported [32]. According to Düring (1990) [2],
stomata are uniformly distributed across the abaxial epidermis; thus, the selection of areas
for stomatal counting was considered irrelevant. The nail polish was then removed using
transparent tape and transferred onto a microscope glass slide. Images were captured
for each film strip using an optical microscope system equipped with a built-in camera
(microscope Leica DM750, Camera Leica ICC50HD, lens HIPLAN 20X/04, software Leica
Application Suite ver. 4.4.0, Leica, Wetzlar, Germany). Stomatal density and length were
counted on a standard area (655 × 491 μm) for each strip.

2.3. RNA Isolation and RT-qPCR Analysis of Target Genes Involved in Stomatal Development

In order to explore the effect of water stress on the expression of genes involved
in stomatal development, during the second year of the experiment (2018), shoot tips
containing unfolded leaves were collected from WW and WS plants on the final day of
water stress imposition. For each treatment and cultivar, three shoot tips (independent
biological replicates) from three independent plants were collected and promptly frozen at
−80 ◦C for subsequent gene expression analysis. Total RNA was isolated from the unfolded
lyophilized leaf samples using the SpectrumTM Total RNA Kit (Sigma-Aldrich, St. Louis,
MO, USA) following manufacturer’s instructions. RNA concentration of the extracted
samples was quantified using the NanoDropTM (Thermo Fisher Scientific, Waltham, MA,
USA). DNAse treatment and cDNA synthesis was performed as previously reported
starting from 1 μg of total RNA [33]. The absence of genomic DNA contamination was
checked before cDNA synthesis with qPCR using ubiquitin (VvUBI) specific primers of
grapevine. RT-qPCR reactions were carried out in a final volume of 10 μL containing 5 μL
of SYBR® Green Master Mix (Bio-Rad Laboratories, Inc., Hercules, CA, USA), 5 μM specific
primers, and 1:10 of diluted cDNA. Reactions were run in the CFX 96 apparatus (Bio-Rad
Laboratories, Inc.) using the following program: 10 min preincubation at 95 ◦C, followed
by 40 cycles of 15 s at 95 ◦C, and 30 s at 60 ◦C. Each amplification was followed by melting
curve analysis (60–94 ◦C) with a heating rate of 0.5 ◦C every 15 s. All reactions were
performed with at least two technical replicates for three biological replicates. Transcripts
expression levels were normalized to the geometric mean of the ubiquitin (VvUBI) and actin
(VvACT) transcripts and calculated with the 2−ΔCt method using CFX Maestro software v.
2.3 (Bio-Rad Laboratories, Inc.). Oligonucleotide sequences are listed in Table S1 [25,26,34].

2.4. Statistical Analysis

The significance of differences between WS and WW treatments for stomatal charac-
teristics and gene expression was assessed using Student’s t-test. The tests were performed
using the software Statistica 7.0 (StatSoft Inc., Tulsa, OK, USA).

3. Results

3.1. Stomatal Density and Size in Developing Leaves

Densities observed in the four varieties under WW conditions ranged between 130
and 230 stomata/mm2 in the two study years (Figure 1A–D). Changes induced by water
limitation were different among the cultivars under study. Moscato and Glera responded
similarly, with an increase in stomatal density and a decrease in stomatal size in WS
plants relative to WW plants. Although the differences in Moscato stomatal density were
significant only during the second season of the study, the results were consistent in both
years, with a similar increase of 22–23% in WS vines compared to WW ones. Merlot is
the variety that exhibited the lowest stomatal density (between 130 and 160 stomata/mm2

under WW conditions), and displayed the opposite response as WS plants showed a
decrease in the stomatal number relative to WW plants, while the stomatal size remained
unchanged. The stomatal characteristics of Garganega were not significantly affected by
water restriction over the two years of the experiment. Figure S2 displays comparative
images of the stomata of the four varieties under study in the WW and WS conditions.
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Figure 1. Box plot for stomatal density and stomata length measured in young leaves (7 days after tip
separation) of well-watered (WW) and water-stressed (WS) treatments of Garganega, Glera, Merlot,
and Moscato varieties. Analysis were performed in 2017 (A,B) and 2018 (C,D) on leaf samples
collected one week after rewatering. The lines that delimit the bottom and the top of the boxes are
the 25th and 75th percentiles, respectively. The 10th and 90th percentiles are indicated by whiskers.
Outlayers are indicated by dots. For each variety, asterisks indicate a significant difference between
WS and WW treatments according to t-test analysis (p ≤ 0.05).

3.2. Expression of Target Genes Involved in Water Stress Sensing and Stomagenesis in
Developing Leaves

To better understand how newly forming leaves sense water constraints and modulate
their stomatal development in the four varieties under study, the expression of a dehydrin
(VvDH) and three key genes related to stomatal development were examined using RT-
qPCR, i.e., VvEPFL9 that competes with VvEPF1 and VvEPF2 for receptor binding and
thus promotes stomatal development. It is worth noting that developing leaves could
perceive water stress, as evidenced by a significant VvDH up-regulation in all WS conditions
(Figure 2A) across all varieties. Upon WS, VvEPFL9 transcripts levels increased in Moscato
and Glera, although only in Glera this trend was statistically significant (Figure 2B). In
contrast, transcript levels for this gene decreased in Merlot exposed to WS.

Under water stress, the negative regulator VvEPF1 responded differently in Merlot
and Glera, being up-regulated in the former and down-regulated in the latter (Figure 2C).
The transcript levels of this gene did not vary significantly in Moscato and Garganega.
Under WS condition, the gene expression of VvEPF2 was suppressed in all four varieties
(Figure 2D).
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Figure 2. Expression changes of water-stress- and stomagenesis-related genes in unfolded leaves
collected on the last day of water restriction in 2018 from WW (grey bars) and WS (black bars)
treatments of the four varieties: (A) VvDH; (B) VvEPFL9; (C) VvEPF1; and (D) VvEPF2. For each
cultivar. asterisks indicate significant differences between treatments as attested by student t-test
(p ≤ 0.05).

4. Discussion

Grapevine has demonstrated the ability to modulate leaf stomatal development, ad-
justing stomata density and size to better cope with prolonged water stress [16,17]. As
no information regarding this adaptive strategy has been previously reported for Glera,
Garganega, Moscato, or Merlot, we analysed their stomatal characteristics in young leaves
(7 days after tip separation) developed under different water availability conditions.

The response of stomatal anatomical features to drought was not consistent among
the studied varieties, with some exhibiting an increase, while others demonstrating a
decrease or no changes in their values. This wide range of responses suggests that morpho-
anatomical changes in stomatal characteristics are genotype-dependent and can contribute
to the intra-specific variability in the response to water stress observed in grapevine. When
the four cultivars were compared, Moscato and Glera responded similarly, with a rise in
stomatal density and a decrease in stomatal size in newly formed leaves over the drought
stress imposition. A comparable response to water stress has been extensively reported
in various crops as a water deficit adaptation [11,13,35,36]. According to these studies,
a higher stomatal density allows for the maintenance or improvement of CO2 external
supply, whereas small stomata are reported to provide a quicker adjustment of aperture
response [35,37]. Merlot WS, unlike Glera and Moscato, exhibited a decrease in stomatal
density as previously found in Argiorgitiko and Shyrah varieties under water stress [17].
Despite the fact that this adjustment has been documented less frequently in response to
water stress, studies on transgenic plants with reduced stomatal density revealed that this
modification can improve Water Use Efficiency (WUE) and drought tolerance in several
species, including grapevine [23,38–40].
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Our results indicated that adjustments in stomatal anatomical features were not related
to the varietal water use strategy. In fact, similar changes in density and size were observed
for Glera that displays a near-anisohydric behaviour and Moscato that displays a near-
isohydric behaviour. On the contrary, opposite adjustments in stomatal characteristics were
observed in Merlot and Glera, despite the common anisohydric water use strategy of these
varieties [28].

To better understand the stomatal adaptations to water deficit in the cultivars under
study, we analysed the gene expression of a dehydrin (VvDH) and of three key genes
(VvEPFL9, VvEPF1, and VvEPF2) controlling stomatal development, homologues to those
characterized in Arabidopsis. As, in Arabidopsis, stomata formation is determined in
the early stages of leaf development, when the epidermal cells of leaf primordia either
differentiate into pavement cells or into meristemoid mother cell that initiate the stomata
lineage [41,42], gene expression analysis was performed on unfolded leaves collected from
the main shoot tips of WW and WS treatments. Apexes analogous to those collected
for gene analysis were allowed to develop over the subsequent week. Stomatal density
measurements were conducted on the young leaves developed from these structures.
The dehydrin gene (VvDH) has been generally regarded as a drought perception marker,
since its expression has been shown to be induced by water stress in grapevine [25,43].
VvDH expression analysis demonstrated that unfolded leaves could perceive water stress,
as attested by the considerable up-regulation of this gene in all WS-exposed cultivars.
Although VvEPFL9 has been shown to promote stomatal development [21–23], no prior
studies have looked into its regulation in developing leaves in grapevines exposed to
water restriction. The transcript levels of VvEPFL9 were overall in agreement with stomata
densities on young leaves in the four varieties, showing an up-regulation when drought
induced an increase in stomatal density (in WS Glera and WS Moscato) and a down-
regulation when the stomatal number decreased (in WS Merlot).

In model plants, VvEPF1 and VvEPF2 genes have been shown to act as negative
regulators of VvEPFL9, thus negatively regulating stomatal density [8,21]. The relation
between the expression of these genes and stomatal density was not clear in all varieties.
VvEPF1, as a negative regulator of stomagenesis, was expected to be down-regulated in
Glera and Moscato varieties in which water stress induced an increase in stomatal density.
Surprisingly, the comparison of the transcript levels of WS and WW plants revealed that
only Glera exhibited a lower level of expression. Merlot was the only variety in which
drought induced an up-regulation of VvEPF1, and this result supports, at the molecular
level, the decrease in stomatal density observed in WS Merlot plants. The function of
VvEPF2 is similar to that of VvEPF1, but EPF2 acts as a negative regulator of stomatal
development slightly earlier than EPF1 [22]. Even though stomatal density responses to
water stress varied among cultivars, the expression of the VvEPF2 gene was down-regulated
in all four WS plants.

Overall, the expression analysis of VvEPFL9 showed a trend similar to that observed
for stomatal density, also confirming the putative role of this gene in promoting stomage-
nesis in grapevine as recently demonstrated in the “Sugraone” grape variety [23]. Addi-
tionally, results indicate that VvEPF1 and VvEPF2 may act antagonistically to VvEPFL9.
Nonetheless, the up- or down-regulation of a single gene among those mentioned above
could not entirely account for the observed alterations in stomatal density. This suggests
that stomatal development is probably controlled by the combined effects of all the analysed
genes and potentially by other unidentified components that require further exploration.

5. Conclusions

The findings of this study, both at the anatomical and molecular levels, confirm that
water stress can influence the stomatal development in young leaves (7 days after tip
separation). This adaptive response potentially equips the plant for enhanced drought
tolerance for future drought events. The wide variability in stomatal responses observed in
the four varieties under study reinforces the idea that adjustments in stomatal anatomical
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features represent a genotype-dependent mechanism of adaptation to prolonged water
stress rather than a strategy common to all grapevine cultivars.

This short report clearly illustrates the substantial impact of drought on stomagenesis.
However, our data do not permit an assessment of the functional significance of the
observed variations in stomatal traits. This limitation arises from the unsuitability of young
leaves for physiological measurements, given their known lack of full photosynthetic
activity. Future studies should address this aspect, planning long-term drought experiments
to analyse if changes induced in stomata density and size in mature leaves imply improved
grapevine physiological performances.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agriculture13122186/s1, Table S1: List of the oligonu-
cleotides used in the study; Figure S1: Midday stem water potential (Ψstem) measured in well-watered
(A) and water stress treatments (B) of the four varieties under study during the experiment. Each
point is the average of measurements taken on five individual plants over 2 seasons (2017–2018).
This figure summarises the data published in extended form in Gaiotti et al. (2023), [28]; Figure S2:
Comparative images of the stomata of the four varieties under study under well-watered (WW)
and water stress (WS) conditions. Photomicrographies are taken from nail polish impressions of the
abaxial leaf surface of young leaves (7 days after tip separations).
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