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Preface to ”The 2nd International Laayoune Forum on

Biosaline Agriculture”

The scarcity of water resources and their degradation, aggravated by climate change and

socio-economic pressure, will affect food security and thus, there will be a need to use increasing

amounts of non-conventional water, soil, and plant resources. This calls for perpetual innovations

in techniques and approaches. These innovations require the optimization of efforts and the

mobilization of additional resources. Saline water sources have the potential to double the amount of

water available for agriculture. Capitalizing on the vast potential of biosaline agriculture necessitates

major interdisciplinary and collaborative research efforts to inform effective and supportive policy

frameworks and to evaluate the most promising methods for developing biosaline agriculture in

different salt-affected regions. Globally, the research illustrates the vast and, so far, underrated

potential of growing food on soils generally qualified as saline. This means that salt-affected and other

degraded lands should be viewed as a valuable resource rather than a liability. Every type of land

available for agricultural production should be used, as the United Nations Food and Agriculture

Organization projects need to produce 70% more food by 2050.

This book showcases many examples from highly relevant research that are often also validated

at the field level. The next step for training farmers includes demonstrations at several farms to

showcase the market opportunities and implement an integrated policy. More and more integrated

research is emerging that looks at both crops and soil and water management. Moreover, working

more with the private sector will be important to turn this knowledge into products and solutions for

farmers. This book also shows that alternative crops offer great potential for contributing to food and

nutritional security under marginal environments and, therefore, that the upscaling of their value

chains should be prioritized in the environments that need it most.

It is necessary to widen the multidisciplinary scope of the research staff by including ecologists

and remote sensing experts (at different levels, from ecosystem to crop monitoring and even

phenotyping) together with socio-economists, food specialists, etc. Furthermore, the integration of

national, multilateral, and international efforts is urgent to mitigate the negative effects of resource

degradation. To this end, the creation of a competence database is a step in this process. Finally,

some interesting results were presented from several scientists from various countries; therefore,

it is necessary to develop a long-term partnership with institutions working in the biosaline

agriculture field.

Abdelaziz Hirich and Redouane Choukr-Allah

Editors
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Abstract: This study describes the use of an emulsion-based formulation to increase the resistance
of plants to salinity and other abiotic stress. Inventors have described and claimed, through the
US20160302416A1 patent, an emulsion-based formulation for increasing the resistance of a plant to
damage caused by one or more abiotic stresses. The earliest priority date of the US20160302416A1
patent was 6 December 2013, with five patent families and four filled jurisdictions. Based on patent
classification, the invention covered by the patent concerns the preservation of plants or parts
thereof (e.g., inhibiting evaporation, improving the appearance of leaves, etc.). To prove the concept of
this invention, studies were initiated in the greenhouse to look at the impact of different formulations
on spring wheat and turf grass grown under salt stress conditions. The inventors confirmed that the
proposed formulations could increase the tolerance of spring wheat and turf grass to the presence of
excess salt. The method of applying the emulsion-based formulation to the spring wheat or to the
turf grass at the onset of the salt stress conditions enhanced the tolerance to the stress conditions.

Keywords: emulsion; formulation; biosaline agriculture; salinity stress; patent; innovation

1. Introduction

The protection of plants from environmental stresses is one of the major concerns in
the field of agriculture. Growing plants are subjected to a variety of environmental stresses
of non-biological origins, referred to as abiotic stresses, including cold, water logging,
transplant shock, low light, drought, salinity, etc. [1,2]. In agriculture, conventional plant
treatments are generally unable to provide plants with resistance to abiotic stresses and are
therefore limited to providing benefits to otherwise healthy or flourishing plants. However,
commercial agronomical processes require additional plant treatments to reduce plant
stress or enhance the plant’s ability to resist common abiotic stresses and/or to recover
quickly from such stresses. A typical example of common abiotic stress in marginal lands
and sea basins includes continuous exposure to saline water which causes soil salinity.
Salinity stress results in poor or no yields mainly due to reducing root growth as well as
reducing the nutritional status of plants and/or fruits. More specifically, salinity directly
affects the morphology, physiology, and metabolism of plants [3,4].

When a plant is exposed to abiotic stress, it develops certain natural defense mecha-
nisms against such stress, but there is a need to provide plants with enhanced abilities to
overcome such stress. Salinity causes two major effects in the plant, i.e., ion toxicity and
osmotic stress [5].

This study describes the state of the art by introducing what has been patented in
relation to formulations for increasing the resistance of plants to abiotic stresses, among
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others, salinity stress, and describes the patent US20160302416A1. Regarding preparation
methods and applications, this study, in the form of a patent evaluation, describes the use
of combinations, including an emulsion-based formulation with a pigment, to increase the
resistance of plants to salinity stress. Furthermore, to prove the concept of this invention,
studies were initiated in the greenhouse to look at the impact of different formulations on
spring wheat and turf grass grown under salt stress conditions.

2. Patent Analysis

The studied patent (US20160302416A1) was invented by Fefer Michael and Liu Jun
from Canada, and it was filed by the company Suncor Energy Inc. (Calgary, AB, Canada).
The earliest priority date of this patent was 6 December 2013, with five patent families.
A patent family is a collection of published patent documents relating to the same inven-
tion as the initial document (i.e., a priority document), or to several inventions sharing
a common aspect that are published at different times in the same country or published in
different countries or regions. That means a number of different patent documents whose
technical content is considered identical [6]. The jurisdictions of the related five filled
patents correspond to Canada [7,8], the United States [9], Uruguay [10], and the global
system for filing patent applications [11], known as the Patent Cooperation Treaty (PCT),
and administered by the World Intellectual Property Organization (WIPO) [12].

The International Patent Classification (IPC) is a hierarchical system in the form of
codes, which divides all technological areas into a range of sections, classes, subclasses,
groups, and subgroups. It is an international classification system that provides standard
information to categorize inventions and evaluate their technological uniqueness [13].
Concerning these patents, the IPC codes are presented in Table 1.

Table 1. Classifications of the five patent families of this study [7–11].

IPC Codes Description

A01N3/00 Preservation of plants or parts thereof (e.g., inhibiting
evaporation, improving the appearance of leaves, etc.).

A01N27/00 Biocides, pest repellants or attractants, or
plant growth regulators containing hydrocarbons.

A01N43/90 Biocides, pest repellants or attractants, or plant
growth regulators containing heterocyclic compounds.

A01N61/02
Biocides, pest repellants or attractants, or plant growth regulators
containing substances characterized only by the mode of action,
such as mineral oils, and tar oils and tar distillates.

3. Patent Evaluation: Materials, Methods, and Results

Inventors described and claimed through these patents a method and an emulsion-
based formulation for increasing the resistance of a plant to damage caused by one or
more abiotic stresses, among others, salinity stress, which comprises applying an emulsion
amount to the plant. The claimed emulsion-based formulation comprises paraffinic oil,
emulsifier, pigment, water, and additives. A typical effective agricultural combination of
these oil-in-water emulsions is presented in Table 2.

Two studies concerning salt stress were carried out to prove the concept of this
invention, and three oil-in-water emulsion compositions were tested:

• Composition A: Paraffinic oil, having a composition of 98% isoparaffin.
• Composition B: 40% polychlorinated Cu(II) phthalocyanine dispersed in water.
• Composition C: A combination of paraffinic oil and polychlorinated Cu(II) phthalo-

cyanine dispersed in water in a ratio of 30:1, having 90% isoparaffin and 2.4% poly-
chlorinated CU(II) phthalocyanine.
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Studies were initiated in the greenhouse to look at the impact of the three above-cited
compositions on spring wheat and turf grass grown under salt stress conditions. It should
be noted that all results obtained are included in the US20160302416A1 patent [9].

Table 2. Detail of the proposed emulsion-based formulation through the studied patent [9].

Emulsion Components Description

Paraffinic oil
The paraffinic oil can include a paraffin having
an average number of carbon atoms of 23.
Paraffinic oil with 98% paraffin content: isoparaffin.

Emulsifier Emulsifiers include natural or synthetic surfactant or alcohol.
Silicone surfactant; Silicone polyether; Polyethylene glycol.

Pigment
The pigment is a water-based pigment dispersion (i.e., hydrophilic)
or an oil-based pigment dispersion (i.e., hydrophobic).
Copper phthalocyanine: 40% polychlorinated Cu(II) phthalocyanine.

Water
The oil-in-water emulsions include water.
Distilled water and/or other waters having
a low mineral electrolyte content.

Additives
The formulation can further include a combination of additives.
Anti-settling agents; Plant growth regulators;
Conventional chemical fungicides.

3.1. Spring Wheat

The first salt stress study was conducted on spring wheat in the greenhouse. Wheat
seeds were grown in the greenhouse under full light for two to three weeks to reach the
three-leaf stage. The wheat plants were treated with the compositions A and B by foliar
application with a total spray volume of 935.40 L/ha. Salt stress was introduced 24 h
later by drenching of a 150 ppm NaCl solution into each pot (500 mL/pot). A second salt
solution was applied one week later. The treatments were performed on different samples
under the conditions presented in Table 3. The plant continued to grow for two additional
weeks, and the plant height and biomass data (fresh and dry weight) were then measured.

Table 3. Conditions of different plants’ treatment under salt stress: the case of spring wheat [9].

Condition 1 Salt Treatment (ppm) 2 Composition A (%) Composition B (%)

1 150 0 0

2 150 5 0.312

3 150 5 0.625

4 150 5 1.25

5 0 0 0
1 Condition: (1) Untreated control under salt stress; (2,3,4) Plants were treated with the compositions A and B
by foliar application with a total spray volume of 935.40 L/ha; (5) Untreated control without salt stress. 2 Salt
treatment: NaCl solution into each pot.

As results for this first salt stress study, each treatment showed no significant difference
in plant height. However, the measured biomass (above ground) for each treatment by
fresh weight and dry weight showed significant differences. The plants treated with the
compositions A and B exhibited higher dry weight and fresh weight compared with the
untreated control under salt stress. The treated plant under salt stress also exhibited similar
biomass as an untreated control which was not subjected to salt stress.

3.2. Turf Grasses

The second salt stress study was conducted on turf grass grown in the greenhouse.
Turf grass seed was sown in potting soil in the greenhouse under full light approximately
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four weeks before the trial start date. Upon trial initiation, pots were watered with differ-
ent NaCl concentrations at a rate of 100 mL/pot, with additional applications occurring
1–2 times weekly thereafter. Half of the pots from each salt concentration were also treated
with either a foliar application of water or the equivalent of 5.2 g/m2 of the composition
C at a rate of 935.40 L/ha, with applications repeated every 14 days. Turf quality ratings
(NTEP scale 1–9, where 6 = minimally acceptable turf, and 9 = excellent turf quality) were
used to assess the effect of salt stress on overall turf health starting at trial initiation, and
then repeated every two weeks thereafter (Table 4).

Table 4. Conditions of different plants’ treatment under salt stress: the case of turf grass [9].

Salt Treatment (M) 1

Turf Quality (NTEP Scale 1–9)

35 Days after Initial Treatment 49 Days after Initial Treatment

Water 2 Composition C 3 Water 2 Composition C 3

0 (water) 7.3 8.8 6 9

0.03 6.3 8 5 8.3

0.06 5 7.5 3.5 7.8

0.09 4.8 6.8 3 7.8

0.12 5.8 6.3 5 5.3
1 Salt treatment: NaCl solutions were watered into each pot at a rate of 100 mL/pot, 1–2 times weekly. 2 Water:
Plants were treated with water at a rate of 935.40 L/ha. 3 Composition C: Plants were treated with the equivalent
to 5.2 g/m2 of the composition C at a rate of 935.40 L/ha.

As results for this second salt stress study, turf grass showed no significant sign of
stress during the first two applications (0 and 0.03 M) and no significant difference between
the treatments. Turf quality ratings shown in Table 4 highlight results assessed 35 days after
initial foliar applications (seven days after 3rd application) or 49 days after initial foliar
applications (seven days after 4th application), as these were the dates when the greatest
differences were observed between the composition C treated and water treated plants.

4. Conclusions

Soil salinity stress causes osmotic stress and affects the agronomical, physiological, and
nutritional status of the plants. The studied patent (US20160302416A1) uses an emulsion-
based formulation to increase the resistance of plants against salinity stress. Through this
patent, the inventors claimed preparation methods/processes and applications of oil-in-
water emulsions to treat plants under salt stress. The inventors confirmed that the proposed
formulations could increase the tolerance of spring wheat and turf grass against salinity.
According to the inventors, the method of applying the emulsion-based formulation to
the spring wheat or to the turf grass at the onset of the salt stress conditions enhanced the
tolerance to the stress conditions by improving the yield and quality of plants as compared
to untreated plants subjected to the same salt stress. In particular, the quality of spring
wheat and turf grass was not degraded as quickly or to the same extent as the control.
Finally, the inventors proposed that the emulsion-based formulation could be applied prior
to or during the crop growing period to improve salinity stress.
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gation, F.Z.H. and A.F.; writing—original draft preparation, F.Z.H. and A.F.; writing—review and
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Abstract: Agriculture in south Europe is facing the negative effect of abiotic stresses such as salinity
that mostly affect the seed production and seed quality of traditional crops. Under these conditions,
quinoa represent a good alternative to ensure the production of high-protein-quality seeds thanks to
its tolerance to abiotic stresses. In 2015–2017, a sweet variety of quinoa, “Vikinga”, was tested in Italy
within the PROTEIN2FOOD project (EU Horizon2020) as high-quality-protein crop to enhance food
protein production in Europe. A field trial was carried out at the experimental farm of CNR-ISAFOM
in South Italy, to evaluate the combined effect of drought and salinity on quinoa Vikinga; both
freshwater and saline water were used for irrigation. The plots were arranged in a randomized
complete block design. The main yield parameters (seed yield, aboveground dry biomass 1000 seed
weight), the protein content and other quality traits were analyzed at harvest, to evaluate the effect of
applied treatments. The results showed that, in general, different treatments did not affect the main
production and quality traits of quinoa “Vikinga”.

Keywords: salinity; seed quality; protein crops; quinoa

1. Introduction

Salinity is an adverse environmental factor that affects the growth of plants in the
Mediterranean region [1,2]. Salinization is rapidly increasing on a global scale, with average
yields for most major crop plants declining by more than 50 percent [3]. Salinization may
result in the loss of 30% of current agricultural land in the coming 25 years, a figure set to
rise by up to 50% by 2050, also due to the rapid rate of population growth. It is estimated
that salinization affects around 3.8 million ha in Europe [4]; we can distinguish primary
salinization due to natural processes and secondary salinization introduced by human
interventions such as irrigation with saline water.

A possible approach is the introduction of species capable of tolerating high-soil
salinities and guaranteeing acceptable yields.

Quinoa (Chenopodium quinoa Willd.) produce high-quality-protein seeds and is well-
known for its tolerance to salinity compared to traditional crops.

A multi-annual field trial was planned to evaluate the effect of saline water irrigation
on the protein quantity and quality of these crops, which could represent a source of
vegetable proteins in salt-affected environments.

Environ. Sci. Proc. 2022, 16, 5. https://doi.org/10.3390/environsciproc2022016005 https://www.mdpi.com/journal/environsciproc
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2. Materials and Methods

The field experiments were carried out in Vitulazio (Caserta, Italy) at the experimental
research station of CNR-ISAFoM (41◦12′ N and 14◦20′ E, 23 m above sea level) during three
growing seasons: 2015, 2016 and 2017. The soil of the experimental site was characterized
by a clay loam texture; the volumetric soil water contents at field capacity was 0.38 m3m−3,
while the permanent wilting point was 0.13 m3m−3.

The Danish quinoa variety “Vikinga” received from University of Copenhagen was
sown. A randomized complete block (RCB) design with two treatments (irrigation regime
and water quality) per crops and three replicates per treatment was adopted. Each experi-
mental plot consisted of 10 rows, 4 m length.

Quinoa was grown under two irrigation regimes: (I100, restitution of 100% of the water
necessary to replenish to field capacity (F.C.) at 40 cm soil layer and I33, corresponding
respectively to restitution of 33% of full irrigation). For each irrigation level, a non-saline
treatment irrigated with fresh water (100N and 33N) and a treatment irrigated with saline
water was performed at a known salt concentration (100S and 33S).

Irrigation was carried out at fixed weekly intervals using a drip irrigation system. The
conductivity achieved in the solution 1/1 (seawater/groundwater) was about 22 dS/m.

At harvest the total yield, the 1000 seed weight and the above-ground biomass were
determined on each plot.

The seed samples for each harvest and for each treatment being studied were then
chemically analyzed to evaluate the principal qualitative components. The data collected
during three years of experimental work were analyzed according to an RCB design.

3. Results

Seasonal precipitation (November–June) was 437, 550 and 220 mm in the first, second
and third growing season, compared to the historical average (1976–2017). of 377 mm.

After computing the deciles index (DI) designed by Gibbs and Maher (1967), the first
(2015) and second (2016) seasons were classified as normal (DI = 9 and 7, respectively)
whereas the third (2017) season was weak dry (DI = 4).

The crop cycle length ranged from 110 to 117 days in the three experimental years.
Irrigation was applied 7 times during 2015 and 2016, and 5 times in 2017.

In 2015, 2016 and 2017, 256, 240 and 201 mm of freshwater was applied, respectively,
for treatment 100N, and 217, 201 and 192 mm of saline water for treatment 100S. Obviously,
the amounts of salt supplied by irrigation water to the soil were higher in the first year
than in 2016 and 2017.

The initial ECe (0–0.6 m) value showed an increasing trend over three years for
both 100S and 33S treatment, ranging from 1.4 to 2.62 dS m−1; The final ECe value was
significantly higher compared to the ECe initial value for each considered treatment; it
reached values of 9.3 dS m−1 in 2017 for 100S treatment.

From the statistical analysis of the main yield components (yield, dry biomass, harvest
index) measured during the three experiments, no significant differences were found for both
single effects (Irrigation level and water quality) and interaction irrigation treatment × saline
treatment. Vikinga registered low seed yields, ranging from 0.30 g plant−1 in 2016 to
0.9 g plant−1 in 2015.

No significant differences were recorded for each quality parameter (Table 1). The
average protein content of quinoa seeds was about 15% of seed weight.
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Table 1. Seed-quality parameters as affected by water quality and water supply on Quinoa.

Source of Variation Starch (%) Ashes (%) Total Protein (%) Fat (%)

Water quality (WQ) ns ns ns ns
Fresh water 49.00 ± 2.36 4.37 ± 0.62 14.97 ± 0.92 3.70 ± 0.43

Salinity 49.00 ± 2.21 4.53 ± 0.95 15.30 ± 0.70 3.52 ± 1.40
Water supply (WS) ns ns ns ns

I100 47.63 ± 1.56 4.47 ± 0.73 15.13 ± 0.50 3.55 ± 0.78
I33 50.37 ± 1.87 4.43 ± 0.87 15.13 ± 1.08 3.66 ± 1.25

WQ × WS ns ns ns ns

4. Discussion

The results confirm, as reported in the literature, a high tolerance of quinoa to drought
and salinity. Titicaca, a quinoa bitter Danish variety was previously shown to have high
resistance to drought and saline stresses, in terms of seed yield and qualitative parameters,
under the same experimental conditions [5]. Vikinga recorded lower seed yield levels than
Titicaca, Regalona [6] and Puno, which are well-adapted to Italian pedo-climatic conditions.

5. Conclusions

The field trials carried out from 2015 to 2017 in Italy confirmed that quinoa is tolerant
to high levels of salinity; in fact, seed yield did not significantly vary passing from saline to
not-saline treatments for a p ≤ 0.05.

In addition, total protein content in the seeds did not vary between different treatments;
since no differences were found in harvested seed weight and in protein content, was
assumed that no changes occurred in the amino acidic composition of quinoa. These
results suggest that quinoa has good adaptability and a high degree of flexibility regarding
tolerance or resistance to salt stress; this crop represents a valid source of high-quality
protein for cultivation in marginal European areas affected by primary and secondary
salinization problems.
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Abstract: Water scarcity is the main limiting factor for fruit trees in arid regions of Tunisia. In this area,
almond is widespread, but severe conditions are a key issue for nuts production and kernel quality.
In this study, phenological features and kernel quality of local and foreign almond cultivars irrigated
with low water quality were investigated. Local cultivars presented an early flowering and seemed
to be more appropriate to regional conditions and water salinity. All almond cultivars performed
respectable kernel nutritional quality. In conclusion, local cultivars showed better adaptation with
early bloom and higher fruit quality under warm conditions.

Keywords: Prunus dulcis; cultivar; water scarcity; salinity; bloom; phenol compounds; warm area

1. Introduction

Almond (Prunus dulcis Mill) is well cultivated in arid and semi-arid regions of Tunisia.
It occupies the second place after the olive tree with a cultivated area around 225,000 ha
and providing 2.3% of the world production.

In warm area, almond production is highly linked to climatic conditions as precip-
itation and winter chill. Recent findings reported frequent warm winters with lack of
winter chill [1]. These warm conditions caused yield losses and phenology disorders of
nuts trees [2]. Moreover, low yield due to water scarcity has often been achieved.

New almond cultivars and rootstocks were planted [3] using various quality of irriga-
tion water due to less water availability. Almonds are appreciated for their benefit to human
health thanks to their antioxidant activity [4]. However, horticultural practices can have
different effects on kernel quality. In this context, this work focuses on the phenological
behavior and kernel quality of almond in Central Tunisia. Local and foreign cultivars
irrigated with low water quality were investigated during a warmer year.

2. Materials and Methods

2.1. Experimental Site and Plant Materials

This study was carried out in an experimental almond orchard located 3 km south-west
of Sidi Bouzid (central Tunisia) (35◦01′21.9′′ N, 9◦26′31.3′′ E; 160 m above sea level).This
region is characterized by a typical Mediterranean climate.

Fourteen cultivars of mature almond trees including 8 local cultivars (Zahaf, Achak,
Tlili2, Tlili6, Tlili9, Kf2, Bf1 and Am2) and 6 foreign cultivars (Mazzetto, Lauranne, Con-
stanti, Tarraco, Marinada, Vairo) were selected. Trees were planted in 2012 at 5 m × 6 m spac-
ing and drip-irrigated with low irrigation water quality (salinity: 2.7g L−1; EC: 2.26 mS cm−1;
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ion content: Na+ 8.28 meq L−1, K+ 1.45 meq L−1, Cl− 15.33 meq L−1) and trained according
to standard horticultural management practices typical of the region.

2.2. Phenologivcal Surveys

The phenological stages of local and foreign almond cultivars were monitored based
on the phenological growth stages defined by Baggiolini for stone fruits during 2021.
The budburst, early and late flowering and the young fruit stages were recorded, and
consequently the flowering period was determined.

2.3. Phenolic Compounds Determination

The total phenols and the O-diphenols contents were determined colorimetrically [5].
Total flavonoids were measured according to [6]. Flavonols were determined based on [7]
using ethanol and HCl. Condensed tannins were evaluated according to [8]. The concentra-
tion of condensed tannins was expressed in mg catechin equivalent/100g of DW.

2.4. Statistical Analysis

One-way ANOVA was applied on collected data using SPSS 17.0 for Windows (SPSS,
Chicago, IL, USA). Means were compared using the Duncan test (p < 0.05).

3. Results

3.1. Phenological Features

Based on phenological observations, local cultivars are the earliest one (Table 1). Their
bud-swelling stage occurred during the first two weeks of January against one month later
for foreign cultivars (Table 1). The flowering period extended from the last week of January
to the second week of February for local cultivars. Achak, Zahaf, Tlili1 and Tlili2 had an
extended flowering period ranging between 14 and 20 days.

Table 1. Phenological stages of almond cultivars during 2021: Grey: bud swelling; Blue: flowering
period; Green: Young fruit stage.

 January February March April 
W1 W2 W3 W4 W1 W2 W3 W4 W1 W2 W3 W4 W1 W2 W3 W4 

Fo
re

ig
n 

cu
lti

va
rs

 Vairo        
 

        
Lauranne        

 

        
Tarraco        

 

        
Marinada         

 

       
Constanti       

 

         
Mazzetto       

 

         

Lo
ca

l c
ul

tiv
ar

s 

Zahaf     
 

           
Achak   

 

             
Bf1   

 

             
Kf2    

 

            
Tlili9    

 

            
Tlili2     

 

           
Tlili1    

 

            
Am2    

 

            

Considering the period in days between buds swelling and young fruit stages, results
obtained showed that for local cultivars, this period was in the range of 64–91 days.
Tlili9 and Tlili1 had the shortest and largest development cycle, respectively. For foreign
cultivars, Terraco and Constanti had the largest development cycle of 70 days, while Vairo
and Lauranne seemed to have the shortest one at about 51 days. Local cultivars are the
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earliest and have the longest development cycle, whereas foreign cultivars presented late
flowering and short development period.

3.2. Phenolic Compounds

The results showed that foreign cultivars had the richest kernels in phenols with total
content varied from 1937 to 4281 mg/100 g DW for Tarraco and Constanti, respectively. For
local cultivars, these contents were ranged between 316 and 4258 mg/100 g DW for Tlili1
and Bf1, respectively (Table 2). Concerning flavonoids, the local cultivars Achak and Zahaf
showed the highest contents similarly to both foreign cultivars Mazzetto and Constanti
(Table 2). The lowest flavonoids contents were obtained for Tlili2 and Tlili9. Flavonols
concentrations varied between 37 and 860 mg/100 g DW in BF1 and Mazzetto, respectively.
The highest content of O-diphenol was recorded in Mazzetto (1467 mg/100 g DW).The
tannin contents varied significantly among cultivar and the highest values were recorded
for Mazzetto and BF1cultivars.

Table 2. Variation of the phenolic compounds (mg/100g DW) among almond cultivars.

Total Phenols Flavonoids Flavonols O-Diphenols Tannins

Fo
re

ig
n

cu
lt

iv
ar

s Vairo 1882.68 ± 60.62 G 125.28 ± 16.87 FG 647.16 ± 17.24 C 335.85 ± 19.61 EF 140 ± 0.01 F

Lauranne 2048.65 ± 51.25 E 188.88 ± 13.07 E 652.61 ± 35.34 C 921.13 ± 10.93 310 ± 0.04 DE

Tarraco 1937.39 ± 11.58 190.60 ± 11.52 E 375.24 ± 20.94 D 529.59 ± 34.42 D 290 ± 0.09 DE

Marinada 1998.53 ± 72.40 EF 116.31 ± 26.82 FG 127.58 ± 40.29 G 471.94 ± 44.14 D 357 ± 0.02 D

Constanti 4281.29 ± 71.26 A 473.86 ± 42.09 C 270.66 ± 7.39 F 1350.47 ± 39.58 B 270 ± 0.02 E

Mazzetto 3411.45 ± 3.35 B 864.07 ± 84.29 A 860.87 ± 31.02 A 1467.97 ± 64.33 A 870 ± 0.04 A

Lo
ca

lc
ul

ti
va

rs

Zahaf 1700.85 ± 66.59 H 696.43 ± 7.47 B 722.55 ± 22.50 B 391.45 ± 47.31 E 320 ± 0.08 DE

Achak 1992.27 ± 65.28 EF 517.28 ± 6.53 C 258.58 ± 39.38 F 490.92 ± 87.23 D 170 ± 0.08 F

Bf1 4258.15 ± 92.61 A 205.43 ± 2.20 E 37.77 ± 1.46 H 155.07 ± 14.73 G 660 ± 0.02 B

Kf2 2453.28 ± 35.79 D 292.28 ± 9.63 D 292.40 ± 0.69 F 274.22 ± 34.21 F 20 ± 0.01 G

Tlili9 3309.19 ± 40.10 C 78.08 ± 1.41 GH 318.05 ± 31.30 DE 271.24 ± 20.04 F 470 ± 0.01 C

Tlili2 365.51 ± 19.75 IJ 33.91 ± 1.41 GH 291.66 ± 15.02 EF 471.90 ± 21.62 D 80 ± 0.02 FG

Tlili1 316.55 ± 18.34 J 162.52 ± 25.32 EF 100.92 ± 25.24 F 266.69 ± 4.65 F 110 ± 0.07 F

Am2 416.07 ± 68.41 I 288.60 ± 6.77 D 335.63 ± 10.20 CD 133.08 ± 4.6 G 480 ± 0.02 C

Values are the means of three different almond samples (n = 3) ± standard deviation. The letters (A, B, C, D, E, F,
G, H, I and J) indicate significant differences (p < 0.05) between the cultivars.

4. Discussion

Almond flowering and fruit set stages are a key process for yield as the occurrence of
hazardous weather conditions during those critical stages has a major impact [9]. Flowering
delay and extended duration occurred for both local and foreign cultivars as previously
reported [10]. This could be a consequence of the exceptional warm winter with lack of
chilling. A negative correlation was reported between flowering initiation and duration
as well as winter chills [11]. Early flowering was considered as an interesting trait for
almond growing in arid regions, where early blooming could also involve early ripening
before the occurrence of extreme summer climatic conditions such as drought and higher
temperatures. Local cultivars flowered earlier but had a delayed young fruit stage with the
longest fruit development period. Late flowering seemed to be an inappropriate trait in
warmer regions. Higher temperatures can affect stigma receptivity and reduce the effective
pollination period [12].

Our results revealed rich almond kernels in total phenols content and confirm pre-
vious results showing total phenol content varied between 304 and 163715mg/100g [13].
Flavonoids contents recorded in local and foreign cultivars are comparable to previous
findings [14]. The flavonoids contents varied with the geographical origin, the harvest
period and cultivar [15]. As for results of flavonoids, local cultivars showed the highest
values in flavonols with the foreign one Mazzetto, which revealed the highest content of
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O-diphenol. These results integrated in part previous report [16]. The tannin contents
varied significantly among cultivar and support results obtained by [17].

5. Conclusions

Almond cultivars irrigated with a low quality of water presented different phenological
behavior and exhibited various kernel qualities. Local cultivars seemed to be well adapted to
warm conditions and presented interesting fruit quality. Foreign cultivars had high kernel
quality, while their phenological behavior could be affected by a lack of winter chill.
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Abstract: Root biomass and phenotyping are vital parameters for studies on crop performance and
response to environmental change, as well as abiotic stresses, crop water uptake, nutrient supply,
and soil C sequestration and quality. However, root sampling and measurement, including biomass
estimation, are laborious and time-consuming tasks. This study developed a novel allometric model
to predict the root biomass of annual crop species using root collar diameter, an easy aboveground
field measure. The root samples of alfalfa, sorghum and maize were collected (45 from each) at
the harvesting stage from the irrigated agricultural field of the semi-arid region (clay soil, salin-
ity: EC = 2–12 dS m−1, 70% of full irrigation). Crops collar diameter (CD) and root biomass (RM)
increased in the following order: alfalfa < sorghum < maize. For each crop species, strong power
(RM = aCDb) relations (R2 ≥ 0.90) were found between RM and CD (analogous to tree species). The
coefficient (a) and exponent (b) of the relations and the soil quality indices (e.g., soil organic carbon,
aggregate stability) in the root zone were concomitant with the crop (root) traits. The use of the
allometric model was crucial for the fast assessment of the root biomass of the crop species, such as
estimating biomass allocation. The approach could be used for evaluation of soil–root–plant interac-
tion under abiotic stresses in the context of the sustainable agriculture (e.g., soil C deposition and
respiration, crop transpiration and photosynthesis rate, and selecting the best genotypes-cultivars).

Keywords: root biomass; collar diameter; abiotic stresses; plant allometry; modeling; soil quality;
C sequestration

1. Introduction

Crop root systems play a crucial role in crop performance and soil C cycle, and affect
(i) soil quality parameters, water and nutrient availability; (ii) enzyme activity, microbial
biomass and respiration and microbial community structure; and (iii) soil aggregate stability,
water retention and hydraulic conductivity and resistance against erosion. Soil organic
carbon (SOC) accumulation is related to the interactions of several ecosystem processes
(respiration, decomposition, and photosynthesis), yet C sequestration is largely mediated by
crops via photosynthesis. The input rate of SOC is governed mostly by the crop root biomass
and litter, and indirectly by the transfer of C-enhanced mixtures from roots to soil microbes.
The fixation of atmospheric CO2 into crop biomass occurred by photosynthesis; distribution
of photosynthate to roots, stems, and leaves are affected by the environmental factors and
ontogenetic drifts. The roots depend on the shoot for carbohydrates, whereas the shoot
relies on the root for water and nutrients. In arid and semi-arid regions, environmental
abiotic stresses (e.g., drought, salinity, temperature) increase the relative weights of root
biomass and its phenotyping. Thus, incorporating the easily assessable parameters of the
root system into soil-crop model components will be critical for evaluating the use of the
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available water and nutrient resources, and climatic change impact on crop productivity
and soil quality [1–6].

To quantify crop roots biomass is difficult, since roots are challenging to measure
in the soil, and sampling is laborious, especially extraction from clay soil, and is time-
consuming [7]. The allometric relations between plant organs (shoot, root or leaf biomass,
crop height and diameter, leaf area index, root length) link plant structural development
and physiological processes, and are widely used to study the fundamental mechanisms
of plant function. In trees, root biomass can be projected indirectly by using allometric
relations, such as a root-to-shoot ratio, and by linking the root and shoot biomass with
plant height and trynk diameter. It is well established that tree root and shoot biomass
can be predicated from the stem or collar diameter [8–10]. Such methods could be useful
for agricultural annual crops as well, yet regardless of the approach used, it is necessary
to measure the root system directly. The ability of crops to adapt to the environment and
abiotic stress conditions affect crop organ mass fraction in both trees and annual crops, and
become evident in the parameters of allometric relations [8–14]. Therefore, the objective of
the study was to develop an allometric model to predict the root biomass of crop species
using a root collar diameter, one of the most easily measured crop parameters.

2. Material and Methods

An experiment was conducted on the semi-arid irrigated and artificially drained
field, located in the middle part of the Kur-Aras lowland region of Azerbaijan. Soil was a
swelling and crusting clay. Due to the natural condition and farming history, soil salinity
distribution was heterogeneous (EC = 2–12 dS m−1) in the upper cultivated layer, and
increased considerably with soil depth. Mineralized ground water (4–16 g L−1) was situated
1.2–1.8 m from the soil surface. Three crop species, varying in root system architecture
(alfalfa, Medicago sativa; sorghum, Sorghum bicolor; maize, Zea mays), were grown in large
plots (40 × 40 m; 50 × 20 spacing) through April–August, over three years. Irrigation
rate was traditional (70% of full irrigation frequently applied by farmers) due to the fresh
water shortage. Root samples were collected (3 × 45 = 135 samples, 0–40 cm depth) using a
monolith excavation method at the harvesting stage [7,14].

The properties of soil samples from root zone were analyzed using standard methods.
Root separation was completed carefully by hand and washing (elutriation system) over a
sieve (≥0.5 mm); its dry biomass were established by forced-air oven drying at 65 ◦C. Root
collar diameter (CD) was measured by the digital caliper. An ANOVA was conducted to
compare the role of crop species on vegetative parameters, and mean comparisons were
made by the Tukey HSD (p < 0.05). Least squares fitting was used to evaluate the allometric
relation (linear, exponential or power) between the RM and the CD [9,10,14].

3. Results and Discussions

The crop species produced varied root biomass in swelling clay soil, associated with
salinity and water stresses. Crops RM mostly was clustered within the upper 30 cm of
soil layer (>90%). Both the mean of RM (e.g., mean ± se: maize: 12.28 ± 1.36; sorghum:
7.92 ± 0.61, alfalfa 0.92 ± 0.11 g) and CD (13.56 ± 0.65; 11.82 ± 0.38; 3.54 ± 0.25 mm)
increased in the following order of crops: control (no crop) < alfalfa < amaranth < maize.
There were strong power relations (RM = aCDb; R2 ≥ 0.90, p < 0.05) between RM and
CD for each crop species, as well as power or exponential (not given) relation (R2 = 0.93)
for all merged crop species (Figure 1). The differences between the coefficients (a = 0.031,
0.033, 0.105) and exponents (b = 2.22, 2.19, 1.61) of the allometric model was anticipated,
since crops with different root types (e.g., tap, fibrous, adventitious; coarse or fine), and
widely varying in RM were used. The generalized power or exponential model that merges
three crops (Figure 1) may predict the root biomass with reliable accuracy (R2 = 0.93) for
comparable soil and environmental condition, particularly when obtaining such data is
challenging, and approximate estimation is acceptable for the desired strategy. The study
is continued with six annual crop species and a better generalized model is expected.
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Figure 1. Relation between Root biomass (RM) and collar diameter (CD) of crops.

The largely recognized relations between the height, biomass and CD of the trees
could also be used for herbaceous plants with small vertical stems, including used annual
field crops [8,10,12–14]. Therefore, if the effect of plant genotype on RM is allocable under
various environmental conditions, the allometric models can reflect water and salinity (and
nutrient) stress, plant tolerance level, and the input of soil quality [8,10,14]. In the studied
region, the root to shoot ratio of annual field crops (0.1–0.3) is mostly related to the abiotic
stresses associated with the elevated salinity and scarcity of irrigation water. The order of
the RM was somewhat opposite to the root to shoot ratio, showing that sorghum or maize
were crops more resistant to the combined abiotic stresses than alfalfa [14].

The cropping improved SOC content and aggregate stability that was significantly
higher under crops than in the control (Figure 2). Soil aggregation and pore size distribution
in the root zone was frequently modified during the period of active root growth, and by the
microbial activity. Roots rhizodeposit (dead fine roots, exudates, mucilages, secretions of
insoluble materials, and lysates) differ with crop species, and play a vital role in ecosystem
functions; it also form C sources, and enhances SOC and soil structure. However, RM
correlated unfairly with SOC and structure stability (Figure 2), which could be explained
by the variation in root system attributes, and the rhizodeposition of crop species, and soil
texture, since high aggregate stability of clay soil may surpass the role of crops RM [1–6].
Coupled salinity and water stress, and increase in salinity with depth, combined with clay
soil texture stress, likely (i) affected the fraction of root system modules, and rooting depth,
and water use efficiency triggered by a saline gradient and moisture content; (ii) increased
crop stomatal resistance under deficit irrigations, and decreased respiration, transpiration
and photosynthetic capacity of crops; and (iii) consequently reduced root and shoot biomass,
although roots were less affected by salinity [11,14].
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Figure 2. Relation between soil organic carbon (SOC) content and water stable aggregates.

4. Conclusions

Roots play a crucial role in the crop performance and C sequestration, yet selection of
the cultivars or crop functional traits are mainly based on shoot-related phenotypes. This
study provides a new allometric model for predicting RM from measurements of CD; the
relation suggests that various effects of stresses will be laid in the line of the curve. To our
knowledge, the study provides the first novel model predictions against direct RM data
obtained from field measurements. The RM can be linked to the available data on shoot
biomass and crop height (similar to the allometric relations widely used for forest trees) for
selecting and breeding of the crop, and functional traits to maximize water and nutrient
use efficiency with a consideration of management and climate change scenarios [1,4].
It can be applied to the cropping system for sustainable management, and soil quality
improvement associated with C sequestration and enhanced soil processes. Use of this
approach in the semi-arid Kur-Araz lowland or other regions with a similar soil type,
irrigation requirements, and environmental conditions, seems promising.
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Abstract: Climate change conditions can strongly influence the kinetics of morphogenetic processes.
Our study showed that the total thickness of leaf lamina, adaxial palisade parenchyma, abaxial
palisade parenchyma and spongy parenchyma increased significantly during the dry period, es-
pecially in August (31.4%, 52.1%, 37.6%, 27.69%, respectively). Moreover, the adaxial and abaxial
epidermis becomes thicker during the most dry months (July and August). Likewise, the adaxial
cuticle thickness increased during the dry period. The stomata density in the adaxial and abaxial
leaf sides is 1.36- and 1.4-fold higher than those recorded during the wet periods. However, the
salt glands’ density showed a much greater increase in the abaxial face (+2.4-fold). The bundle
sheath size was unchanged under the seasonal environmental fluctuation in the sabkha. The xylem
vessels diameter showed a maximum reduction in August (–63.8%). Likewise, the xylem vessels
density increased significantly during the dry period. The closer relationship between the anatomical
proprieties with soil salinity allows us to conclude that salt stress is one of the most limiting factors
for Limoniastrum guyonianum in its natural biotope.

Keywords: anatomical proprieties; Limoniastrum guyonianum; seasonal environmental changes;
saline biotope

1. Introduction

Limoniastrum guyonianum Boiss is a wild herb (Plumbaginaceae) growing in the deserts
of North Africa, especially in Northern Sahara (Algeria, Tunisia) in the salty soils of the great
chotts [1]. This halophyte is characterized by the presence of salt glands that contribute to
salt excess excretion [2]. Commonly used for dune stabilization and landscaping [3] also
played an important role in folk medicine as an anti-dysenteric, antibacterial and antidia-
bitic [4]. Photochemical studies have shown that this species presents anti-inflammatory
and antitumor proprieties [5]. However, no study has been carried out on the impacts of
environmental condition changes on L. guyonianum grown in their natural habitats yet.
Saline habitats could be subjected, in addition to salinity, to high temperature; drought;
flooding; active deflation depending on site and seasons [6]. Consequently, this study
aimed to evaluate the monthly anatomical behavior of L. guyonianum in relation to the
environmental conditions of the Sabkha of Aïn Maïder.

2. Materials and Methods

The plant was harvested from the shott of the Sebkha of Aïn Maider–Boughrara, a
south-eastern coastal area, located at 33◦27′52′′ N, 10◦43′31′′ E, which is 35 km from the city
of Medenine, Tunisia. Meteorological data were obtained monthly from the nearest synoptic
weather station to the study site. The soil electrical conductivity (EC) was measured
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using a conductivity meter. Sodium content was determined using an atomic absorption
spectrophotometer. The Anatomical observations were performed under a light microscope.

3. Results and Discussion

The soil EC showed significant monthly variation, and the highest value was recorded
in August which was about 4.68-fold greater than those measured during the wet period
(1.27 in January) (Figure 1).The Na+ value significantly increased during the dry period
with a maximum of 769.1 mmol·g−1 soil in August, reflecting an increase of about 4.68-fold
as compared to those obtained during the rainy period.

Figure 1. Monthly variations of the soil physicochemical parameters.

Leaf anatomical modifications under limited moisture availability can play an impor-
tant role under salt stress, and they are an indicator of the degree of tolerance.The increased
salinity in Ain Maider’s Sabkha significantly increased the leaf lamina thickness, palisade
and spongy parenchyma (Table 1 and Figure 2). The necessity to conserve water renders
the leaves succulent, thus increasing leaf thickness. These anatomical features may help in
storing ions inside the plant body due to increased vacuolar volume [7], thus permitting
the plant to cope with higher salt amounts.

Table 1. Anatomical parameters changes in the aerial part of L. guyonianum under the variation of
climatic conditions in the Sabkha of Ain Maider.

Characters
Treatments

January February March April May June July August

Leaf thickness (μm) 485.4 ±
3.98 F

484.1 ±
7.66 F

491.7 ±
6.98 F

518.8 ±
7.18 E

554.6 ±
9.66 D

581.7 ±
6.45 C

608.2 ±
3.29 B

637.9 ±
6.98 A

Adaxial epidermis (μm) 24.1 ±
0.35 B

23.9 ± 0.40
B

24.0 ±
0.32 B

24.2 ± 0.38
B

24.1 ±
0.42 B

24.3 ±
0.30 B

25.1 ± 0.71
B

26.1 ± 0.26
A

Adaxial stomatal density (nb·mm−2)
62.2 ±
1.01 C

60.3 ± 1.52
C

63.1 ±
1.05 C

63.0 ± 2.64
C

63.3 ±
1.55 C

71.3 ±
4.02 B

82.0 ± 1.18
A

84.3 ± 0.69
A

Adaxial salt glandsdensity (nb·mm−2)
8.23 ±
0.25 CD

7.73 ± 0.61
D

8.16 ±
0.15 CD

8.32 ± 0.20
CD

8.90 ±
0.36 C

10.56 ±
0.40 B

11.66 ±
0.76 A

11.85 ±
0.33 A

Abaxial epidermis (μm) 23.9 ±
0.15 BC

23.2 ± 0.41
BC

23.1 ±
0.30 C

23.7 ± 0.35
BC

23.9 ±
0.65 BC

23.7 ±
0.40 BC

24.3 ± 0.20
B

25.1 ± 0.61
A

Abaxial stomatal density (nb·mm−2)
58.7 ±
1.12 D

57.9 ± 2.83
D

58.8 ±
2.02 D

60.4 ± 2.15
D

58.5 ±
2.50 D

66.7 ±
1.30 C

75.6 ± 1.35
B

82.1 ± 4.37
A

Abaxial salt glandsdensity (nb·mm−2)
10.4 ±
0.64 D

10.5 ± 0.71
D

11.7 ±
0.27 D

12.3 ± 0.36
D

13.0 ±
0.30 D

15.7 ±
0.37 C

23.8 ± 2.41
B

25.7 ± 2.83
A

Adaxial palisadeparenchyma (μm) 95.3 ±
3.51 F

92.6 ± 2.08
F

96.3 ±
1.52 F

102.7 ±
2.10 E

113.4 ±
4.49 D

127.1 ±
2.68 C

138.0 ±
3.10 B

144.9 ±
2.57 A

Abaxial palisadeparenchyma (μm) 62.0 ±
1.01 CD

60.3 ± 1.52
D

63.7 ±
2.05 CD

64.6 ± 1.50
CD

68.0 ±
2.04 C

75.3 ±
4.85 B

82.8 ± 1.25
A

85.3 ± 3.51
A
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Table 1. Cont.

Characters
Treatments

January February March April May June July August

Spongyparenchyma (μm) 269.3 ±
6.94 D

273.0 ±
9.58 D

273.7 ±
8.61 D

292.8 ±
6.25 C

313.8 ±
6.27 B

319.4 ±
3.87 B

326.5 ±
4.11 B

344.6 ±
3.81 A

Xylem vessel diameter (μm) 14.7 ±
0.21 A

14.9 ± 0.15
A

14.1 ±
0.10 B

12.0 ± 0.10
C

11.4 ±
0.25 D

11.0 ±
0.05 D

9.4 ± 0.10
F

9.4 ± 0.06
F

Xylem density (nb·mm−2)
1934.3 ±

15.1 E
1909.0 ±

10.6 E
1930.6 ±

24.1 E
2149.5 ±

54.3 D
2662.1 ±

53.8 C
2852.0 ±

50.1 B
3246.2 ±

77.4 A
3317.0 ±

43.8 A

The different letters (A–F) in the same row indicate significantly different values at p < 0.05 as described by
Duncan’s test.

 

Figure 2. Cross-section showing anatomical changes in the aerial part of L. guyonianum subjected
to monthly variations of climatic conditions in Ain Maider Sabkha ((a) = January, (b) = February,
(c) = March, (d) = April, (e) = May, (f) = June, (g) = July and (h) = August). Bars = 1500 μm.
Ab. Ep, Abaxial epidermis; Ab. PP, abaxial palisade parenchyma; Ad. Ep, Adaxial epidermis; Ad. PP,
adaxial palisadeparenchyma; BS, bundle sheath; Cu, cuticle; SP, spongy parenchyma; SG, salt gland;
St, stomata; Xy, xylem.

Concerning epidermis size, it is common to observe a thickening of the skin under
salt stress, which can be related to salt tolerance.In our results, epidermis thickness was
significantly thicker only during the highest dry month (August). A positive correlation
between the thickening of epidermal cells and salt tolerance has been demonstrated [8].
This characteristic is critical in conditions where the availability of water is limited; in fact,
a thick epidermis can better control the loss of water [9].

Regarding the vascular system, our results exhibited that high salinity (dry pe-
riod) reduced the xylem vessel diameter, while the xylem density increased (Table 1).
Stiller et al. [10] reported that cavitation occurs when the flow of water in the xylem vessels
cannot keep the sweat rate. Thus, selection for narrow vessels in response to improved
water use efficiency would reduce the risk of xylem embolisms in saline habitats.

This study also revealed that stomata were evenly distributed on both leaf surfaces of
L. guyonianum. Numerous works linked drought and or salt stress plant adaptation to the
increase in stomatal density [11,12]. In the present study, leaf stomatal density increased
during the dry season (June–August).

Salt glands play an important role in the regulation of ionic balance, contributing to
salt tolerance [13]. In our study, higher salt gland densities were observed in L. guyoni-
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anum plants subjected to summer climatic conditions as these epidermal structures are
important for the plant’s survival when grown under stressful conditions. In Limoniastrum
monopetalum the salt gland is organized as an embedded cup of multiple cells [14].

4. Conclusions

Our study indicated that Limoniastrum guyonianum used many anatomical mechanisms
to tolerate salinity, especially a decrease of the mesophyll cells area, the promotion of xylem
production and the accumulation and excretion of the excess of salt by salt glands.
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Abstract: Wheat occupies a prominent place at the national and international levels. This food crop
is considered a main source of human and animal nutrition. Water stress is one of the main causes of
the decline in bread wheat production in Morocco. Therefore, breeding for resilient varieties is of
great importance to overcome this challenge. In this context, the main objective of this study is to
assess the impact of drought on the productivity of bread wheat and to determine the key selection
criteria for drought tolerance in a Mediterranean environment. To do this, 31 varieties and lines of
bread wheat were evaluated at two contrasted INRA experimental stations during the 2020–2021
cropping season. Five productivity and quality parameters were assessed: grain yield, biomass,
number of fertile spikes, thousand grain weight, and protein content. The results demonstrate the
negative impact of water stress on the various parameters studied, except for the protein content
which was higher in arid conditions compared to the favourable ones. Based on correlation analysis,
the number of fertile spikes and the biomass could constitute the potential selection criteria for
drought resistance. These trials will be repeated for several years under the effect of other intensities
of stress and agro-ecosystems and by incorporating other parameters to confirm the results obtained.
The line “BT19I5” showed great yield potential under both conditions and can be of great interest for
farmers and for potential release at the national program.

Keywords: bread wheat; yield; quality; drought; selection criteria

1. Introduction

The cereal sector occupies a decisive place in the Moroccan agriculture. Cereal crops
are considered a main source of human and animal nutrition. In Morocco, bread wheat
(Triticum aestivum L.) is the most consumed cereal, estimated at 258 kg/year/person. About
3 million hectares of wheat are grown annually, with a global production of 48.2 million
quintals in 2021.

This cereal crop has been given special attention, particularly in breeding programs
in Mediterranean countries, because of its adaptation to semi-arid environments and its
unique technological quality, compared to other cereals [1]. Bread wheat production is
affected by several abiotic stresses, mainly drought and heat and biotic stresses via attacks
by parasites and pests [2], which hinders the achievement of good economic yields of
good quality.
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The sensitivity of bread wheat to water stress is one of the main causes of the decline
in national production over years and even decades. Thus, the orientation of research in the
identification of new agricultural techniques and the dissemination of resilient varieties, are
part of the adaptation strategies for reducing the effects of climate change and increasing
cereal yield in the long term. Grain yield has low heritability (<20%) over variable stress
intensities and unpredictable environmental conditions [2]. Thus, the identification of
reliable secondary indirect selection criteria can improve the efficiency of selection for
drought tolerance [3].

In this perspective, the main objective of this study is to (1) evaluate the impact of
drought on the productivity of bread wheat; (2) deduce the key selection criteria for drought
tolerance in the Moroccan environment; and (3) determine the best promising lines that are
resilient to stress and of interest to farmers in the Mediterranean and arid regions in general.

2. Materials and Methods

The genetic material consists of 31 varieties and lines of bread wheat from the national
breeding program at the National Institute for Agronomic Research (INRA). The trials were
carried out in two contrasting cereal regions in terms of rainfall at two INRA experimental
sites. The first station is located in the region of Rabat “Marchouch” known by humid and
relatively favorable climatic conditions (>500 mm). The second station “Jemaat Shaim” is
part of the arid agroecosystem in Safi region with an average annual rainfall of less than
300 mm.

The experimental design is a complete randomized block design with three repetitions.
Each elementary plot consists of 6 lines of 5 m in length and a spacing of 0.20 m. Five pa-
rameters of productivity and quality were analyzed: grain yield, biomass (BM), number of
fertile spikes (NFS), thousand grain weight (TGW) and protein content. Statistical analyzes
were performed using Genstat 18 software to perform analysis of variance for each site and
between sites in addition to Pearson correlation between the various parameters studied.

3. Results and Discussion

The cropping season 2021–2022 has been generally favorable. The national cumulative
rainfall amounted to 271.9 mm with a good temporal and spatial distribution against
286.9 mm for the average of the last 30 years, with a slight decrease of 5%. The favorable
station of Marchouch (MCH) recorded 367 mm, while the arid station of Jemmat Shaim (JS)
accumulated 201 mm.

The average yield at Marchouch was 57.3 qx/ha and 10.7 qx/ha at Jemaat Shaim.
The genotypes gave better yields in the Marchouch station (MCH) than in Jemaat Shaim
(JS). Indeed, the MCH station represents the favorable environment for the production of
cereals where rainfall generally exceeds 400 mm annually. However, the JS station is located
towards the south in arid zones where annual rainfall does not exceed 200 mm/year. The
genotypes evaluated showed different performances from one station to another (Table 1).
The lines “BT19I5”, “BT19A21”, “CCBT175” and “CCBG” genotypes presented the best
results in terms of yield in the Jemaat Shaim station with an average yield of 14.2 qx/ha;
while “BT19I5”, “BT20A217”, in addition to the varieties Resulton and Radia, are the most
productive in Marchouch with an average yield of 57.1 qx/ha. The line “BT19I5” remains
the most promising as it shows the best performance in both water conditions.

The results demonstrate the negative impact of water stress on the various parameters
studied (Table 2), as demonstrated by other previous studies [2,4]. The most influenced
traits by water stress were biomass (−61%) and number of fertile spikes (−42%); while
the protein content was higher in arid conditions compared to the favourable ones. The
analysis of variance showed significant differences for all the parameters studied between
the two contrasting stations in terms of rainfall (p < 0.001).
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Table 1. Mean grain yield of the different genotypes at the two stations JS: Jemaat Shaim, MCH:
Marchouch.

Genotype/Line Yield at JS (qx/ha)
Yield at MCH

(qx/ha)
Genotype/Line Yield at JS (qx/ha)

Yield at MCH
(qx/ha)

Achtar 8.56 50.14 T3BT 8.89 50.85

T1BT 8.34 47.08 T4BT 12.89 59.44

T2BT 5.78 49.98 T5BT 11.56 45.03

Arrehane 12.89 62.11 CCBT144 10.22 54.53

Bandera 9.78 60.64 T6BT 12.00 49.00

BT19A04 13.00 59.89 T7BT 10.34 49.25

BT19A21 13.67 62.92 T8BT 9.89 60.11

BT19I5 15.56 70.25 T9BT 10.56 59.00

BT20A217 11.11 64.67 PVT3 10.34 57.61

CCBG 11.78 62.07 Radia 11.00 65.31

CCBT108 10.44 62.53 INRA-10 7.22 50.36

CCBT155 9.67 50.36 PVT4 9.00 53.83

CCBT175 14.56 55.72 Resulton 7.56 65.43

CCBT65 11.56 60.61 BT15-42 14.22 57.5

PVT1 12.44 62.50 INRA-11 7.11 54.22

PVT2 9.33 64.22

Table 2. Descriptive statistics of the different parameters studied in the two experimental stations.

Criteria
Favourable Station

(Marchouch)
Arid Station (Jemaat Shaim)

Yield (qx/ha) 57.33 10.68

BM (g) 275.5 106.2

NEF 77.48 44.60

TGW (mg) 36.13 28.01

Proteins (%) 13.65 17.09
BM: Biomass; NEF: Number of fertile spikes; TGW: Thousand grain weight.

Correlation analysis (Tables 3 and 4) showed a strong association between yield,
biomass and the number of fertile spikes in the arid conditions. Biomass is an important
site of photosynthesis for the plant, allowing it to generate better productivity [5]. At the
same time, the fertility of the spikes has a significant impact on the final yield, making it
possible to generate a large number of grains. Therefore, preventing floret mortality at pre-
flowering stage can hinder significant reductions in yield [6,7]. These two parameters could
constitute potential selection criteria for drought tolerance in Mediterranean conditions. On
the other hand, a negative association linked the biomass to the protein rate. This could be
linked to the absence of rain during the March–April grain-filling period, which promotes
competition between the different organs. At Marchouch, the only positive and significant
correlation is that between the biomass and the number of fertile spikes under relatively
favourable conditions.
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Table 3. Pearson correlation between the characters studied in the arid site of Jemaat Shaim.

Traits BM NEF TGW Proteins Yield

BM 1

NEF 0.24 -

TGW 0.01 −0.24 -

Proteins −0.43 * 0.0007 −0.30 -

Yield 0.48 ** 0.35 * 0.01 −0.15 -
BM: Biomass; NEF: Number of fertile spikes; TGW: Thousand grain weight. *, ** significant correlation at 0.5,
0.01 probabilities respectively.

Table 4. Pearson correlation between the traits studied in the semi-favourable site of Marchouch.

Traits BM NEF TGW Proteins Yield

BM -

NEF 0.52 ** -

TGW −0.07 −0.002 -

Proteins 0.28 0.23 −0.19 -

Yield 0.17 −0.14 −0.04 −0.03 -
BM: Biomass; NEF: Number of fertile spikes; TGW: Thousand grain weight. ** significant correlation at 0.01 prob-
abilities respectively.

4. Conclusions

The results obtained from this study demonstrate the significant impact of water
stress on wheat productivity in Mediterranean and Moroccan conditions in particular. The
number of fertile spikes and the biomass could constitute the potential selection criteria
for drought resistance. These trials will be repeated for several years under the effect of
other intensities of stress and agro-ecosystems and by incorporating other parameters to
confirm the results obtained. The line “BT19I5” showed great yield potential under both
conditions, can be of great interest for farmers, and therefore could be presented to the
national catalogue for release after further evaluations.
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Abstract: The maintenance of Moroccan barley (Hordeum vulgare L.) cultivation under rising saline
conditions requires investigations to be performed. In the present work, we aimed to test the effect
of salt stress on four Moroccan barley varieties (ADRAR, AMIRA, LAANACEUR, and MASSINE).
Salt stress was applied by increasing NaCl concentration gradually in nutrient solution to 300 mM
(Severe stress). Our results showed that salt stress induces significant decreases in RDW, SDW, and
Chl content. In addition, significant increases of EL% and proline content were recorded. Analysis of
variance showed a significant intraspecific variability between varieties and a significant effect of
treatment and combination of the varieties factor and treatment factor. Principal component analysis
(PCA) showed that under NaCl treatment, MASSINE is the genotype that kept significantly high
values of SDW and RDW.

Keywords: Hordeum vulgare; salinity; Moroccan barley

1. Introduction

In the Mediterranean area, salinity is a serious problem reducing plants growth
and crop productivity [1] markedly affecting agricultural land. For instance, more than
500,000 ha of the saline area are considered as damaged soils [2]. Salt stress affects morpho-
logical, physiological, and biochemical parameters as well as crop production in plants
including cereals [3]. In Morocco, barley (Hordeum vulgare L.) is the second cereal used by
Moroccan population in their alimentation after wheat [4]. The degree of salt tolerance
is not the same at all barley varieties [5], which makes the selection of Moroccan tolerant
varieties very important to ensure nutrition security for the next decades. Here, we aimed
to screen the effect of severe salt stress on some morphological and physiological traits at
four barley Moroccan varieties.

2. Material and Methods

Experiments were conducted in a greenhouse at the experimental station. Six days after
sowing, seedlings of four barley varieties were subsequently transferred to a hydroponic
culture system (10 L per pot) containing a complete and continuously aerated Hoagland
nutrient solution. Two treatments were applied, control without NaCl and stressed with
300 mM of NaCl in the nutrient solution. Plants were grown at 21 ◦C under natural light
supplemented with artificial light with PAR of 300 μmol photons.m−2.s−1. Fresh leaves and
root samples used for analysis were harvested 10 days after the application of the treatment.
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For morphological parameters, the dry weights of shoots and roots were determined after
being dried at 70 ◦C for 72 h. The electrolyte leakage (EL) was assayed by the technique
of [6]. Total chlorophyll (Chl) was determined according to the method of Burnison, B. K.
(1980) [7]. The proline accumulation was assessed as described in Bates et al. (1973) [8].
For statistical analyses, we submitted data to a variance analysis (ANOVA) to test the
effects of salt stress, genotype, and their interactions on the morphological, physiological
and biochemical traits of the Barley. Mean comparisons were made using test (Fisher’s
comparison) at p ≤ 0.05. Different statistical approaches were performed using XLSTAT
software (XLSTAT Version 2016.02.28451).

3. Results and Discussion

3.1. Effect of Salt Stress on Barley Genotypes

Combined analysis of variance (Table 1), was used for biochemical and physiolog-
ical traits of the four barley varieties measured after two-week under severe salt stress
conditions. ANOVA also showed that salt stress significantly affected the biochemical
traits as well as physiological traits. Moreover, highly significant differences were noticed
among the genotypes for all the parameters. The ANOVA also disclosed a significant
interaction between varieties and treatment for the biochemical and physiological traits.
The comparisons of means (Figure 1) showed a significant reduction in root and shoot
dry weight as well as Chl content in response to salt stress, AMIRA was found to have
the most important reduction of RDW and SDW (79% and 82.2%, respectively) and total
chlorophyll content (70%) when submitted to salinity. MASSINE displayed the lowest
reduction percentage of RDW and SDW (59% and 71%, respectively), this variety showed
also the highest score of proline accumulation (96%). The electrolyte leakage and proline
content were significantly higher under salt stress compared to the control. The highest
increase of the electrolyte leakage percentage was noted at AMIRA (55%).

Table 1. Mean squares of parameters studied in leaves and roots samples of four barley Moroccan varieties.

Source Df RDW SDW EL Chl T Proline

Variety 3 0.248947 *** 0.3165 *** 45.72 *** 0.2398 *** 22.872 ***

Treatment 2 0.7168 *** 12.2108 *** 6734.57 *** 11.7309 *** 386.290 ***

replicate 2 0.000165 0.0205 3.03 0.0082 0

Variety*trt 6 0.157225 *** 0.2287 *** 15.38 *** 1.2233 *** 17.974 ***

Residual 22 0.000272 0.0136 1.27 0.0039 16

Total 35

Df: Degree of freedom. ***: significant at 0.001.

 
(a) (b) (c) (d) (e) 

Figure 1. Effect of 300 mM NaCl treatment on RDW (a) SDW (b) EL% (c) chlorophyll content (d) and
proline content (e) in four barley Moroccan varieties. Values indicate the means of three replicates.
Treatment was applied during ten days.
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It is widely spread in literature that salt stress induces a great reduction of plant
growth and crop yield [5,9,10]. The decrease of RDW and SDW under osmotic stresses
indicates that plants maintain resources by reducing their vegetative growth [11], which
is well documented in many papers [12,13]. AMIRA in our results was the variety that
showed the important decrease of SDW and RDW under salt stress, which indicates that
this variety seems to be sensitive against this stress.

Photosynthetic pigments content is considered as good criterion for evaluating the
tolerance of plants against abiotic stresses [14]. The reduction of total Chl content is
considered as an indicator of abiotic stresses sensitivity [3], that was also recorded in many
other studies [13], and could be due to occurrence of increase Chl degradation and pigment
photo-oxidation [15]. The most important decrease of Chl content in our case was observed
in AMIRA, which makes this variety, based on this parameter changes, more sensitive
against salt stress. The increase of EL% under stress is always linked with sensitivity of
plant into abiotic stress [16]. As in our case, many studies describe the increase of EL%
under salt stress, which indicates cell membrane deterioration.

Under stressful conditions, as in our case, many other studies show a significant
increase in leaves proline content [5]. This amino acid is considered as an osmoregulator
for membrane stability, also it is known by its ability of buffering cellular redox potential,
and for scavenging free radicals [17]. In our results, MASSINE and LAANACEUR are the
varieties that accumulated more proline under salt stress, which make them more tolerant
based on this criteria.

3.2. Correlations Matrix among Parameters Studied

Table 2 shows the correlations matrix among parameters studied, positive and nega-
tive correlations were recorded in our results. In control, a significant positive correlation
of RDW with SDW, EL, and Chl content, and a significant negative correlation with proline
content. SDW shows a significant positive correlation with EL. For EL, significant positive
and negative correlations were recorded with Chl and proline contents, respectively. Fur-
thermore, Chl content shows a significant negative correlation with proline. Under salt
stress, RDW was in significant positive correlation with SDW. EL% correlates significantly
and negatively with Chl and proline contents. A significant positive correlation between
Chl and proline contents was recorded.

Table 2. Correlation matrix (Pearson) Somme parameters studied under control conditions and under
salt stress.

Variables RDW SDW EL Chl T Proline

Control
RDW 0.881 *** 0.779 *** 0.588 * −0.578 *
SDW 0.591 * 0.356 −0.248
EL 0.615 * −0.821 ***
Chl −0.764 ***

Salt Stress
RDW 0.703 * 0.298 −0.091 0.013
SDW −0.366 0.498 0540
EL −0.916 *** −0.799 ***
Chl 0.915 ***

*: Significant at 0.05 probability level; ***: significant at 0.001 probability level.

3.3. Principal Component Analysis (PCA)

Principal component analysis (PCA) was used as a preferment multivariate statistical
tool to discriminate between treatments and varieties based on two top first factors (F1 and
F2). In control, F1 and F2 accounted, respectively, 72.59% and 20.37%, our biplot (Figure 2a)
discriminates AMIRA in the positive side of F1 with high values of SDW, RDW, and EL%.
The negative side of F1 shows MASSINE with high value of proline content. On the other
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hand, F1 and F2 accounted, respectively, 63.38% and 34.23% under salt stress, the biplot
created in this case (Figure 2b) discriminates MASSINE with high levels of proline and Chl
T contents, and SDW, and RDW in the positive side of F1 and F2. The negative side of F1
shows AMIRA with high score of EL%. Under salt stress, PCA shows MASSINE variety
with high values of tolerance indexes (SDW, RDW, and Chl and Proline contents). However,
AMIRA is linked with sensitivity marker (EL%).

  
(a) (b) 

Figure 2. The loading biplot of principal component analysis for physiological responses in four
barley Moroccan varieties under control conditions (a) and under severe salt stress (b).
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Abstract: The Argane tree (Argania spinosa (L.) Skeels) is an endemic species of Morocco, widely
adapted to the arid and semi-arid climate of the southwest. The Argane may serve as an oilseed
crop in desert areas threatened by drought and salinity. Its domestication will open up important
economic opportunities for Morocco in the face of the growing demand for Argane oil and will help
reduce the pressure on the wild Argane forest. In this research, we aimed to study and characterize
some physiological and biochemical traits of Argane tolerance to drought stress. We measured
physiological parameters related to the water content (foliar water potential and relative water content
of the leaves), biochemical parameters involved in osmoregulation (proline and total sugars), and
photosynthesis (chlorophylls) in Argane seedlings from four contrasting provenances (Bouizakarne,
Agadir, Essaouira and Berkane) cultivated under drought stress induced by cessation of irrigation.
The results showed that the basic and minimal foliar water potential, relative water content as well as
chlorophyll content significantly decreased in seedlings under severe drought stress compared to
control ones, whereas a significant accumulation of proline and total soluble sugars was noted in
stressed seedlings. Nonetheless, inter-provenance differences were recorded for some parameters
studied. Provenance effect was determinant for variation in drought stress responses of A. spinosa.
The study of drought stress-adaptive traits in Argane tree can help to understand the tolerance
mechanisms and discriminate between the most drought tolerant provenances in order to rehabilitate
degraded Argane forests. It is also relevant for domestication and conservation programs in others
abiotic stress conditions resulting from climate change.

Keywords: Argania spinosa (L.) Skeels; drought stress; provenance; tolerance; domestication

1. Introduction

The Argane tree [Argania spinosa (L.) Skeels] is a horticultural forestry species endemic
to Morocco that has multiple uses. It is the only tree representing the tropical family of
Sapotaceae listed in the flora of Morocco [1]. Argane tree plays an important role, mainly
for the local population, in terms of its botanical, ecological, and economic interest as well
as its social value [2]. It contributes to the preservation of the ecosystem and provides an
environment conducive to maintaining floristic and faunistic biodiversity [2]. However,
the sustainability of this ecosystem is threatened by the effect of global climatic changes
such as the successive chronic drought which considerably reduces its natural spread. Tree
species cannot escape drought like annuals but they have developed several mechanisms
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of tolerance against this abiotic constraint reflecting different types of adaptations [3]. Bio-
geographical distribution of Argane tree in a restricted area in southwestern Morocco is
characterized by low water availability and high evapotranspiration demand [2]. Nonethe-
less, this species can withstand drought by developing adaptive mechanisms through
various biochemical and physiological processes [4–7]. In this perspective, we studied
some physiological and biochemical mechanisms of drought tolerance in four contrasting
provenances of the Argane tree in order to discriminate the most tolerant provenances with
a view to rehabilitate the degraded Argane forests.

2. Materials and Methods

Argane seedlings (6-month-old) from the germination of seeds of four contrasting
provenances (Essaouira (Ess), Agadir (Agd), Bouizakarne (Bzk) and Berkane (Brk)), were
subjected to severe water stress by cessation of irrigation for 25 days under greenhouse
conditions. Control was irrigated every two days during the planned experimental period.
Physiological and biochemical measurements were collected every five days interval from
3 replications per treatment/provenance. For physiological parameters, we determined
basic (Ψb) and minimum (Ψm) leaf water potential and the relative leaf water content
(RWC). For the biochemical parameters, we determined proline, total sugars and total
proteins as well as chlorophyll a and b contents.

All the results obtained were statistically analyzed using analysis of variance (ANOVA).
The Tukey post-hoc test was used to compare the means at the 5% significance level. A
canonical discriminant analysis (CDA) was achieved on the four contrasting A. spinosa
provenances considering all traits studied. All these statistical analyzes were carried out
using SPSS software, version 25.

3. Results and Discussion

The results of the physiological and biochemical parameters studied in this work
showed significant differences across observation time and provenance (Tables 1 and 2). At
the end of the experimental period, stopping irrigation significantly reduced leaf RWC by
13.6%, 11.1%, 9.2% and 14.6% in Ess, Agd, Bzk and Brk, respectively. Similarly, stress de-
creased Ψb about 2 to 4.6-fold and Ψm about 1.5 to 4.6-fold in Argane seedlings compared to
the control ones. Significant decrease in RWC and leaf water potential in Argane tree under
severe water stress (25 days unirrigated) has been reported in different provenances [6,8].
This reduction in leaf water status has been considered a clear response to drought stress to
prevent water loss in A. spinosa [6].

Table 1. Analysis of variance (ANOVA) showing the effect of provenance, observation time, and
drought stress and their interaction on the physiological parameters studied in the four contrasting
provenances of the A. spinosa (Berkane, Essaouira, Agadir, and Bouizakarne).

Ψb Ψm RWC

Berkane (Brk) −0.50 b −1.41 b 62.82 a
Essaouira (Ess) −0.41 a −1.19 a 56.54 b
Agadir (Agd) −0.38 a −1.42 b 65.26 a
Bouizakarne (Bzk) −0.47 b −1.11 a 50.70 c
ANOVA (p ≤ 0.05)
Provenance (P) ≤0.05 ≤0.05 ≤0.05
Time (T) ≤0.05 ≤0.05 0.15
Stress (S) ≤0.05 ≤0.05 ≤0.05
P × S ≤0.05 ≤0.05 0.18
P × T ≤0.05 ≤0.05 ≤0.05
T × S ≤0.05 ≤0.05 0.78
P × S × T ≤0.05 ≤0.05 ≤0.05

(Means within a column flanked by the same letter (a–c) are not significantly different at 5% (Tukey test)).
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Table 2. Analysis of variance (ANOVA) showing the effect of provenance, observation time, and
drought stress and their interaction (ANOVA) on the biochemical parameters studied in the four
contrasting provenances of the A. spinosa (Berkane, Essaouira, Agadir, and Bouizakarne).

Proline
Content

Sugars
Content

Proteins
Content

Chl a Chl b Chl ab

Berkane (Brk) 32.41 b 103.29 a 214.37 b 11.19 a 4.49 a 15.68 a
Essaouira (Ess) 28.76 c 97.89 ab 266.61 a 9.07 c 3.29 c 12.36 a
Agadir (Agd) 42.42 a 96.43 c 229.89 b 9.30 bc 3.40 bc 14.70 a
Bouizakarne (Bzk) 34.05 b 101.44 ab 273.25 a 10.36 ab 4.04 ab 14.40 a
ANOVA (p ≤ 0.05)
Provenance (P) ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 0.17
Observation time (T) ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05
Stress (S) ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05
P × S ≤0.05 ≤0.05 0.74 ≤0.05 ≤0.05 ≤0.05
P × T ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05
T × S ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05
P × S × T ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05

(Means within a column flanked by the same letter (a–c) are not significantly different at 5% (Tukey test)).

At the end of the experimental period, the cessation of irrigation also induced a
significant decrease of chlorophylls a (29 to 78%) and b (11 to 86%) contents in all A. spinosa
provenances. This decrease in chlorophylls under drought stress is mainly attributed to
the damage of chloroplasts caused by active oxygen species [5]. However, stressed Argane
seedlings showed a significant increase in free proline (46 to 167%), total sugars (60 to 166%)
and total protein (17 to 67%) contents compared to control ones. The marked accumulation
of osmolytes (proline and sugars) in the leaves of the Argane tree under drought stress
conditions has also been reported by other authors [6,7]. These osmolytes are considered
as one of the adaptive strategies triggered by the plant in response to environmental
constraints. Agd and Brk showed the high accumulation of proline (42.42 mg L−1) and total
sugars (103.29 mg L−1), respectively, compared to other provenances (Table 2). Furthermore,
protein accumulation in stressed Argane seedlings may be due to the synthesis of new
proteins, including antioxidant enzymes, to ensure growth and/or survival under drought
stress conditions [6]. The highest protein accumulation was recorded in Bzk (273.25 mg L−1)
and Ess (266.61 mg L−1).

Provenance × water (stress) × observation time interaction was significant for all
physiological and biochemical parameters studied (Tables 1 and 2). According to CDA,
Agd and Brk provenances were mainly separated from Ess and Bzk by a good conservation
of the water (high values of RWC and high negative values of Ψb). The physiological
and biochemical differences noted in our study between the four provenances indicated
adaptive genetic diversity of Argane tree for the conservation of its forests.

4. Conclusions

The present study highlighted the inter-provenance variation in the adaptation mech-
anism of A. spinosa to drought stress. The four contrasting provenances of Argane tree
showed, under drought conditions, a significant decrease in water potential, as a strategy
of water conservation, as well as a significant accumulation of certain osmolytes related
to osmoregulation and homeostasis maintenance. These physiological and biochemical
responses varied significantly according the provenance of the Argane.
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Abstract: The phenotypic diversity of agronomical traits and nut phenolic compound content of
four pistachio cultivars (Mateur, Elguetar, Kerman, and Ohadi), conducted under regulated deficit
irrigation (RDI) during two growing seasons (2017/2018), were evaluated. The experimental orchard
was located in the Regional Center of Agricultural Research of Sidi Bouzid (CRRA), Tunisia. Three
water treatments were applied from March to September; control (T0; 100% ETc during all the
developmental stages), RDI treatment (T1; 50% ETc during stages I and II of fruit development
followed by full irrigation 100% ETc during stage III), and stressed treatment (T2; 50% ETc during
all the growing season). The results showed that treatments T0 and T1 no presented statistically
significant difference in yield and nut biochemical traits, and 50% less irrigation water was used
during stages I and II of nut development. The trees under treatment T2 were affected by water stress
showing low values of yield and nut phenolic compounds.

Keywords: pistachio; drought stress; phenolic compounds

1. Introduction

In semiarid conditions, water availability for crop irrigation has declined as a conse-
quence of global climate change. Pistachio is a nut tree that has the reputation of being
a drought tolerant and saline resistant species, cultivated under rainfed conditions in its
region of origin [1]. It is well known that pistachio irrigation increases the yield, improves
the nut quality, and dampens the normal alternate bearing pattern [2]. Regulated deficit
irrigation (RDI) is a system of managing water supply by imposing some water deficits in
specific phenological stages, which are found to be less sensitive, with no (or low) reduction
in economic benefits [3]. Goldhamer and Beede [4] showed that the same reduction in
the irrigation water during stages I (nut growth) and II (shell hardening) did not reduce
the total amount of fruits and increased the percentage of shell splitting, although it also
increased early splitting.

Pistachio nut has peculiar organoleptic characteristics including a high nutritional
value and high unsaturated fatty acids content; it is a rich source of fat (about 50–70%) and
a good source of proteins and minerals and bioactive components [5].

Our experiment was conducted to study the effectiveness of RDI irrigation on yield
and nut phenolic compounds content in four pistachio cultivars conducted in a high-density
orchard under semiarid conditions.

2. Materials and Methods

2.1. Plant Material

The trial was carried out in the Regional Center of Agriculture Research (CRRA, Sidi
Bouzid) in west central Tunisia (9◦43′ E, 35◦01′ N; altitude 354 m). Fifteen-year-old pistachio
trees grafted onto P. atlantica rootstock were studied.
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2.2. Treatments for Regulated Deficit Irrigation (RDI)

The phenological stages taken into account in the RDI treatments were those suggested
by Goldhamer and Beede (2004): Stage I (from sprouting until the end of rapid nut growth),
stage II (from maximum nut size until the beginning of kernel growth), and stage III (from
the beginning of kernel growth until harvest). Three irrigations were applied during the
two years of the study:

• Treatment (T0): trees received water to cover estimated evapotranspiration (ETc) losses.
• Treatment (T1): trees received 50% of the water received by the control trees during

stages I and II and the same amount of water as the control trees during stage III.
• Treatment (T2): trees received water to replace 50% ETc calculated for the control

treatment during all the steps.

Drip irrigation was applied 3 days per week and was controlled and adjusted weekly
according to soil potential (measured by tensiometers located 25 cm from the drip head
at depths of 30 and 60 cm). A drip line was utilized in each tree row, with four self-
compensating drippers (4 L h–1) per tree, 0.5 m apart. The amount of provided water was
calculated on the basis of the crop evapotranspiration (ETc) and the crop coefficient (Kc)
according to the FAO method [6]: ETc = ETo Kc.

2.3. Agronomical Traits

The trunk cross-sectional area (TCSA) was measured during the dormant season at
30 cm above the graft union. Yield (kg/tree) was determined per tree, and yield efficiency
(YE) of each scion–stock was computed from the harvest data. At harvest, a representative
nut sample (100 nuts) was taken for pomological evaluations.

2.4. Nut Biochemical Quality

Samples were grounded to powder by a mortar and pestle, separately. Twenty grams
of each kernel were extracted by 200 mL of 95% methanol for 48 h at room temperature.
Then, the extracts were filtered and evaporated at low pressure; samples were stored
at −20 ◦C until analysis. The total anthocyanin content, flavonoid, total phenolics and
antioxidant capacity were determined as described in [7].

2.5. Statistical Analysis

Mean values and mean standard error (SE), were calculated for each studied trait.
Analysis of variance (ANOVA) was performed using SPSS 20.0 (SPSS Inc., Chicago, IL,
USA). Means were compared using the Scheffe test at the 5% significance level.

3. Results and Discussion

3.1. Agronomical Traits

The results showed significant differences (p < 0.05) among cultivars in yield, TCSA,
YE, tree height, fruit weight, and production of blanks (Table 1). The irrigation regimes
affected the yield and its components, and significant differences (p < 0.05) were observed
between the three treatments. The control and treatment T1 presented similar yield values,
while treatment T2 showed a significantly (p < 0.05) lower yield. These results are similar to
those reported by [8], studying the impact of regulated deficit irrigation on pistachio trees,
showing that the mean yield for three years of study was not reduced in T1 compared to
the control treatment. The cv. Mateur presented the highest yield (7.1 Kg/tree) under the
control treatment, whereas the lowest yield was observed in the cv. Elguetar under the
treatment T2 (4.0 Kg/tree). The treatment T2 showed low values of split nuts and blanks as
compared to the control and RDI treatment.
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Table 1. Agronomical and pomological traits of pistachio cultivars. Values are means (n = 3) ± SE.
Different letters a, b, c, indicate differences (p < 0.05) among three irrigation treatments (T0: control;
T1: regulated deficit irrigation; and T2: stressed) in the same cultivar. a, b, c indicate differences
(p < 0.05) among cultivars.

Cultivar Yield TCSA YE Height FW DW L Split Blanks

T0 Mateur 7.1 ± 1 a 35.5 ± 5 a 0.20 a 2.5 ± 0.1 a 0.62 ± 0.1 b 0.50 ± 0.1 b 17.8 ± 2 a 76 ± 5 a 7 ± 2 b

Elguetar 5.1 ± 1 b 31.8 ± 4 b 0.16 b 2.3 ± 0.1 a 0.44 ± 0.1 c 0.50 ± 0.1 b 15.8 ± 2 b 71 ± 5 b 9 ± 3 b

Kerman 5.0 ± 1 b 32.5 ± 5 b 0.15 b 2.2 ± 0.1 a 0.58 ± 0.1 b 0.46 ± 0.1 c 17.2 ± 2 a 70 ± 2 b 10 ± 3 b

Ohadi 3.1 ± 1 c 29.8 ± 2 c 0.10 c 2.0 ± 0.1 a 0.77 ± 0.1 a 0.64 ± 0.1 a 18.8 ± 2 a 55 ± 3 c 25 ± 5 a

T1 Mateur 6.4 ± 2 a 36.5 ± 4 a 0.17 a 2.3 ± 0.1 b 0.60 ± 0.5 b 0.51 ± 0.5 b 17.4 ± 1 a 70 ± 3 b 10 ± 2 b

Elguetar 4.7 ± 3 b 33.2 ± 3 b 0.14 b 1.9 ± 0.1 b 0.46 ± 0.6 c 0.4 ± 0.7 c 15.4 ± 1 b 75 ± 2 a 13 ± 3 b

Kerman 4.1 ± 1 b 28.2 ± 5 b 0.14 b 2.3 ± 0.1 a 0.52 ± 0.1 b 0.42 ± 0.1 c 17.0 ± 2 a 65 ± 2 b 12 ± 3 b

Ohadi 2.1 ± 1 c 22.0 ± 4 c 0.10 c 1.8 ± 0.1 b 0.72 ± 0.1 a 0.62 ± 0.1 a 18.1 ± 2 a 48 ± 2 c 29 ± 2 a

T2 Mateur 5.1 ± 1 a 32.5 ± 3 b 0.15 a 2.2 ± 0.1 b 0.51 ± 0.5 b 0.48 ± 0.4 b 17.1 ± 1 a 68 ± 4 a 19 ± 1 b

Elguetar 4.0 ± 2 b 38.6 ± 4 a 0.10 b 1.7 ± 0.1 b 0.42 ± 0.1 c 0.3 ± 0.1 c 15.1 ± 1 b 70 ± 3 a 16 ± 2 b

Kerman 4.0 ± 1 b 30.0 ± 5 b 0.13 b 2.2 ± 0.1 a 0.50 ± 0.1 b 0.40 ± 0.1 b 17.0 ± 2 a 60 ± 3 b 14 ± 2 b

Ohadi 2.0 ± 1 c 20.5 ± 2 c 0.10 c 1.7 ± 0.1 b 0.70 ± 0.1 a 0.60 ± 0.1 a 17.8 ± 2 a 41 ± 2 c 35 ± 2 a

Units and Abbreviations: Yield (kg/tree); TCSA = trunk cross-sectional area in cm2; FW = Fresh weight (g);
DW = dry weight (g); YE = Yield Efficiency (kg/cm2); L = Length (mm).

3.2. Nut Phenolic Compounds Content

The anthocyanins, flavonoids, total phenolics, and relative antioxidant capacity of
pistachio nuts under the three water regimes are shown in Figure 1.

Figure 1. Phenolic compounds in pistachio nuts under RDI. The anthocyanin content are shown in
(a), flavonoids are shown in (b), total phenolic are shown in (c), relative antioxidant capacity are
showed in (d). Values are means (n = 6) ± SE. Letters (a, b, c), indicate difference among treatments
in the same cultivars. Letters (A, B, C), indicate differences (p < 0.05) among cultivars. Abbreviations:
C3GE = Cyanidin-3-glucoside equivalents; CE = Catechin equivalents; GAE = Gallic acid equivalents;
RAC = Relative Antioxidant Capacity; DW = dry weight.

The irrigation treatments applied significantly (p < 0.05) affected the anthocyanins,
flavonoids, total phenolics, and RAC values with the T2 treatment presenting lower values.
The two treatments T0 and T1 presented similar behavior and showed statistically signif-
icant differences (p < 0.05) with treatment T2. Our results are in accordance with those
presented by [9] showing an anthocyanins content between 1.4 and 8.9 mg/Kg in pistachio
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whole nut. The flavonoid values obtained in our study are in accordance with the range
(3.5 to 7.2 mg CE g−1 DW) of a previous study conducted by [10]. The antioxidant capacity
values showed great variations among cultivars, but the values are in accordance with the
range (45.7 to 122.6 μg TE g−1 DW) reported by [10]. The irrigation treatments applied
significantly affected the RAC values with the T2 treatment presenting lower values.

4. Conclusions

Our results showed that the studied pistachio cultivars presented differential responses
to RDI irrigation. However, treatment T1 led to a similar yield, nut weight, and phenolic
compounds as the control treatment. The reduction in irrigation volumes by 50% during
stage I and II of nut development over the control (100% ETc) could be a suitable irrigation
strategy implemented in high density pistachio orchards in semiarid conditions.
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Abstract: In the Mediterranean area, climate change induces an important increase in soil salinity,
which threatens crop production. Here, we aimed to test the impact of severe salt stress on the
Alfalfa (Medicago sativa L.) used by Moroccan breeders. Stress was applied by increasing salinity
gradually by 8 dS/m. Two weeks later, the root dry weight (RDW) and shoot dry weight (SDW)
were measured as morphological parameters. Soluble proteins, total soluble sugars (TSS), and
proline contents were quantified in both of leaves and roots parts. Furthermore, Chlorophyll a
(Chl a), b (Chl b), and total Chlorophyll (Chl T) contents were quantified in leaves to estimate the
salt stress impact on the photosynthetic apparatus. Our results showed a significant decrease in
morphological parameters under stress. Additionally, a significant reduction in photosynthetic
pigment was recorded. Compared to leaves, important accumulations of proline and soluble protein
contents in roots were observed. These results indicate that under salt treatment, alfalfa plants react
to salinity by storing many molecules in the roots for planned mobilization after recovery.

Keywords: alfalfa; Medicago sativa; salt stress; morphology; biochemical parameters

1. Introduction

Saline soils cover more than 7% of the world’s total land and 70% of all agricultural
soils in the world. They have devastating global consequences and are projected to cause
30% land loss within the next 25 years and up to 50% by 2050 [1]. Unfortunately, in Morocco,
there is a significant area of land affected by salinity, and about 500,000 hectares are reported
to be affected [2]. Salinity is becoming one of the major environmental factors reducing
crop yields and threatening the world food balance [3]. To overcome this environmental
constraint, different strategies can be adopted, but these methods are very expensive. [4]
Therefore, the introduction of resistant varieties to abiotic stress with a high socioeconomic
value constitutes one of the approaches to rehabilitating saline soils. Selecting ideal plants
for these conditions is the first step to solving the problem of salinity. [5] The objective of
this study was to screen the effects of salt stress (induced by NaCl) on physiological and
biochemical parameters in alfalfa (Medicago sativa L.).

2. Material and Methods

Homogenous seeds of alfalfa were disinfected and sown in pots containing approxi-
mately 1 kg of substrate (soil/peat/sand, (1:1:1)). Twenty-one days after sowing (DAS), two
homogenous plants were maintained per pot, and salt stress was applied by irrigation with
NaCl solution to increase soil conductivity to 8 dS/m. All pots were arranged randomly
in greenhouse at 21 ◦C under natural light supplemented with artificial light with PAR of
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300 μmol photons·m−2·s−1. At 35 DAS, root and shoot parts were harvested, dried at 70 ◦C
for three days, and weighted to estimate root (RDW) and shoot (SDW) dry weight. For
physiological parameters, the Chlorophyll (Chl a), b (Chl b), and total Chlorophyll (Chl T)
contents were determined using Burnison’s method (1980) [6]; total soluble sugars (TSSs)
content was determined according to Erice et al.’s (2007) method [7]; proline was deter-
mined using Bates et al.’s (1973) method [8]; and soluble proteins content was quantified
following Lowry’s method (1951) [9].

3. Results and Discussion

Our results show that salinity markedly affects all parameters studied. Thus, for mor-
phological parameters, a significant (p < 0.05) reduction in RDW and SDW was recorded
under salt stress compared to control plants (Figure 1). The reduction was 77% and 42%
in roots and shoots, respectively. These results confirm what was previously reported in
the literature [10,11]. This biomass reduction indicates that plants are trying to manage
their resources by downregulation of their vegetative growth [12]. The measure of photo-
synthetic pigments content in leaves showed that salt stress significantly reduces Chl a,
Chl b, and total Chlorophyll contents (Figure 1). The decrease in photosynthetic pigment
under stressful conditions is widely spread in the literature [13], and it is reported to be
linked to other metabolism disturbances, such as electrolytes leakage from thylakoids, the
dehydration of protoplasm, lowered photo-assimilation levels, and Chlorophyll photo-
oxidation [14]. Moreover, the decrease in photosynthetic pigment under stress is considered
a sign of sensitivity [15]. An analysis of variance (Table 1) showed that both parts of plant
and treatment factors and their interaction significantly influenced (p < 0.05) the parameters
studied. The treatment factor is the most important source of variability for proline, TSS,
and soluble protein contents, where this factor explained 75%, 64%, and 60% of the total
variability, respectively. Moreover, part of plant factors explained 37%, 29%, and 12% of the
total variability of soluble proteins, TSS, and proline contents, respectively, while the effect
of the interaction between the last factors was less than 10% for all parameters studied. The
results in Figure 2 showed a significant increase in biochemical parameters studied result-
ing from NaCl treatment in both leaves and root parts, which is in agreement with other
studies [16,17]. A significant increase in soluble protein content was shown in salt treatment
compared to the control in both leaves and root parts. Soluble proteins contribute to the
osmoregulation process in indoor plant mediums [15]. Furthermore, significant increases
in proline content in both root and shoot parts were recorded. The increase in proline in
stressful conditions is well noted in various studies [11,16]. This amino acid is involved in
many physiological functions, such as osmotic adjustment, free radical scavenging, cellular
redox potential buffering, and detoxification pathway activation [18]. In alfalfa plants, the
accumulation of proline salt stress is linked to salt tolerance [11].

 
 

(a) (b) 

Figure 1. Effect of salt stress on roots (RDW) and shoot (SDW) dry weight (a) and Chlorophyll
contents in leaves (b) of Medicago sativa L. (**: significant at 0.01. ***: significant at 0.005).

50



Environ. Sci. Proc. 2022, 16, 27 3 of 4

Table 1. Analysis of variance for proline and soluble sugar and protein contents in root plant part
and area plant part (Df: degree of freedom. *: significant at 0.05, **: significant at 0.01. ***: significant
at 0.005.).

Source Df Proline TSS Proteins

Part of plant (pp) 1 0.89142 * 29.8207 *** 246.385 ***

Treatment (trt) 1 5.38135 *** 64.6927 *** 399.661 ***

Replicates 2 0.05616 0.2490 1.208

pp*trt 1 0.74541 * 6.4557 ** 20.663 *

Error 6 0.08834 0.4190 1.759

Total 11

   
(a) (b) (c) 

Figure 2. Effect of salt stress on Total Soluble Sugars (a), soluble proteins (b), and proline (c) contents
in roots of Medicago sativa subjected to salt stress. Values indicate means of triplicates (scores with the
same letter are not significantly different at p = 0.05).

The accumulation of soluble proteins and proline under salt stress appears to be more
important in roots, which is also noted in many other papers [19]. It is widely known that
alfalfa roots accumulate many molecules under stressful conditions to ensure a stock of
molecules for mobilization after recovery [15]. Total soluble sugar contents also increased
in stressed plants by 41% and 31% in leaves and roots, respectively. It is well documented
that salinity increases the production of many sugars in alfalfa leaves, such as sucrose
and pinitol [20]. These carbohydrates are considered osmoregulators that decrease the
osmotic potential in order to maintain osmotic homeostasis inside of the cell [21]. The lower
accumulation level of these molecules in roots compared to leaves might be explained by
the storage of these molecules in the starch form in this part of the alfalfa plant [20].
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Abstract: Salinity is one of the major abiotic stresses that affect crop production in arid and semiarid
areas. The nano-priming can be applied to improve the seeds germination and seedling establishment
and enhance plant growth in addition to improving resistance to abiotic stresses. A pot experiment
was conducted to study the influence of seed priming with (50 mg L−1) ZnO nanoparticles (particle
size < 50 nm) and irrigation with saline water on the yield and uptake of some nutrients (N, P, K,
and Zn) by durum wheat variety (Triticum Durum L., cv. Acsad1105). Wheat variety was grown in
calcareous soil under four levels of saline irrigation water (0.52, 4.42, 6.84 and 9.3 dS m−1). Increasing
water salinity caused a gradual and remarkable decrease in the grain yield, where the reduction
was the highest (42.8%) at the higher salinity level (9.13 dS m−1). Seed priming with ZnO NPs
increased the grain yield by 36.2, 24.1, 13.2 and 5.6% for the investigated salinity levels, respectively,
compared with non-primed seeds. The uptake of macronutrients (N, P and K) by both the straw and
grains was significantly increased by increasing the salinity level up to 6.84 dS m−1, particularly in
the primed seeds. On the other hand, Zn uptake was significantly decreased in the two treatments
with an increasing salinity level of irrigation water. However, field studies may further enhance the
mechanistic understanding of the pertinence of NPs in seed priming and salinity-tolerant plants.

Keywords: durum wheat; salinity stress; seed priming; ZnO NPs

1. Introduction

Wheat is a moderately tolerant plant to salinity stress. It is considered, drought, as the
major abiotic stress that affects the production capacity in arid and semiarid areas. Seed
germination and seedling establishment are the most sensitive stages to salinity. Salt stress
can adversely affect seed germination and the initial seedling growth via both the osmotic
effect and ionic toxicity, which will induce oxidative stress [1]. It is a well-known fact
that world resources of freshwater are getting exhausted through the increasing demand
to meet the ever-increasing requirements of the world population. Therefore, the use
of low water quality, e.g., groundwater, drainage water and treated seawater, should be
considered as complementary sources for agricultural development. Nano-priming can
be applied in seeds to provide protection during storage and improve germination and
germination synchronization.

The use of nanotechnology for seed priming is a new area of research, although studies
have already shown promising results [2,3]. Seed priming with nanomaterials can promote
seed germination and enhance initial vegetative growth and biochemical characteristics
in various plant species [4]. The treatment is simple and cost-effective. Primed seeds
can rapidly absorb and renovate the seed metabolism, resulting in a higher germination
rate and decreasing the intrinsic physiological non-uniformity in germination [5,6]. Seed
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priming can also improve plant growth, development, and the production capacity of
crops [7,8]. Different methods are used to apply the zinc oxide (ZnO) nanoparticles on
wheat, like foliar spray, soil mixing and seed priming methods [9]. ZnO nanoparticles at low
concentrations promote the production of antioxidant enzymic and non-enzymic molecules,
phytohormones and the overexpression of new water channels, thereby improving the
absorption of water and nutrients with ZnO nanoparticles seed priming which can help the
initial growth of seedlings [10]. New studies showed that priming of wheat seeds with zinc
oxide nanoparticles (50 mg L−1) and after 20 days of recovery of the plants being exposed
to salt stress (200 mM NaCl) for 10 days reduced the concentration of Na+ and increased
water uptake [11]. However, when plants were exposed to salt stress, the nano-ZnO primed
plants had significantly higher photosynthetic, stomatal conductance and transpiration
rates compared with the non-primed plants [12]. The current work had the objective to
study the influence of seed priming with ZnO nanoparticles and saline water irrigation
(drainage water) on yield and nutrient uptake (N, P, K, and Zn) of durum wheat variety
(Acsad1105) grown in calcareous soil.

2. Materials and Methods

Two varieties of wheat seeds (Triticum Durum L., cv. Acsad1105) were used in this
experiment, the first one was left without any treatment (non-primed seed) and the second
group was primed with 50 ppm ZnO nanoparticles for 4 h before sowing. The ZnO
nanoparticles (particle size < 50 nm) were obtained from Begbroke Directorate, University of
Oxford Science Park, Oxford OX5 1PF, UK, and both groups were used in a pot experiment
under four levels of saline water. The pots were filled with 10 kg calcareous soil (Sandy
loam, 24.5% CaCO3 and EC: 2.27 dS m−1) collected from Al-Tabny village in the west
of Deir Ezzor Governorate, Syria. The primed and non-primed wheat seeds were sown
separately in each pot. The seedlings were irrigated with tap water (W1: 0.52 dS m−1) as a
control and three levels of saline drainage water (W2: 4.42, W3: 6.82 and W4: 9.13 dS m−1).
After 160 days from planting, plants were harvested and the grain yield per pot, straw
per pot and the 1000-kernel weight were recorded. Representative plant samples were
digested for N, P, K and Zn determination. The IBM SPSS software (Version 25.0) was used
to statistically analyze data at a 5.0% probability (p ≤ 0.05).

3. Results and Discussion

The results revealed that increasing the salinity of irrigation water in the primed and
non-primed seeds significantly (p < 0.05) decreased all the studied traits, but the reduction
was significantly lower (p < 0.05) in ZnO NPs primed seeds (Figure 1a). However, increasing
water salinity up to 4.42, 6.84 and 9.13 dS m−1 caused a remarkable decline in the grain
yield of the non-primed wheat seeds by 12.9, 20.4 and 42.8%, respectively, meanwhile the
priming of seeds with 50 ppm ZnO NPs increased grain yield by 36.2, 24.1, 13.2 and 5.6%
under saline irrigation water of 0.52, 4.42, 6.84 and 9.3 dS m−1, respectively, compared with
the non-primed seeds (Figure 1b).
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Figure 1. Effect of saline irrigation water and seed priming on seed yield (g pot−1) of durum wheat
plants (a), and increase rate in yield parameters due to seed priming(b).
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Concerning the straw yield and 1000-kernel weight, the obtained data showed a similar
trend as previously shown for grain yield. Both treatments had significant differences
(p < 0.05) between primed seeds over non-primed ones (Figure 1b). Macronutrients, N, P
and K uptake by grains and straw of wheat plants were significantly affected (p < 0.05) by
salinity in both the treatments (primed and non-primed seeds) (Figure 2a,b). The maximum
uptake values by grains were found to be under the W3 level. However, it has been noticed
that the seed priming significantly enhanced (p < 0.05) the uptake of these nutrients by
grain in non-primed seeds (1455, 412 and 583 mg pot−1) and 1674, 467 and 647 mg pot−1

for N, P and K in primed seeds. A similar trend was recorded for the nutrients uptake by
the straw; at the same time, the nutrient uptake was the least at the highest salinity level for
both treatments. This could be attributed to the effect of higher soluble salts on decreasing
the water potential gradient between the soil solution and the root cells, thereby decreasing
the water flow and absorption which will adversely affect the nutrient uptake. In addition
to the antagonistic effects of the higher concentration of Na+ and Cl− on the uptake of other
beneficial cations and anions.
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Figure 2. Effect of irrigation water salinity and seed priming on nutrients uptake (N, P, K in mg pot−1

and Zn in μg pot−1) by grain (a) and straw (b).

On the other hand, Zn uptake (μg pot−1) significantly decreased (p < 0.05) in both
treatments with an increasing salinity level of irrigation water due to the reduction of
the dry weight of wheat plants for both straw and grains. The decline was highest in the
non-primed seeds compared with primed ones, thus the seed priming with ZnO NPs could
improve the Zn uptake from 8 to 25% depending on the level of salinity imposed. These
results agree with those obtained by Gaafar et al. (2020) [13], they found that Zn+2 content
in soybeans was significantly decreased under salinity stress by 76% compared to control,
and presoaking of soybean seeds with ZnO NPs (50 mg L−1) increased Zn+2 content even
under salinity stress 2.7-fold compared to salt treatment alone.

Excessive salinity has a detrimental effect on the growth and wheat yield by restricting
nutrients uptake to extent that a deficiency takes place. This may be due to the possibility
that plants grown under saline conditions utilize energy for the osmotic adjustment process
at the expense of growth and development, in addition to limiting the water flow from soil
to plant under saline conditions as a consequence of the decreasing water potential gradient,
which will cause a remarkable decline in turgor potential and stomatal conductance (gs).
However, seed priming with ZnO NPs increases the root extension and the number of
effective root hairs during the early stages of wheat plant growth [14] and improved plant
height, chlorophyll content, photosynthetic efficiency, tiller number and, finally, biological
and grain yields. Furthermore, ZnO seed priming increases the Zn content in both leaves
and seeds [15], and positively affects the growth traits in salt-stressed plants, whereas ZnO
NPs stimulated natural auxin (Indole Acetic Acid) and thus activating cell division and
enlargement as well as augmentation of photosynthetic pigments, organic solutes, total
phenols, ascorbic acid and Zn in stressed plants [16].
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4. Conclusions

Salinity stress adversely effects wheat plant growth and grain yield and yield components.
However, priming seeds with ZnO nanoparticles was an effective technique to improve the
performance of wheat plants, straw and seed yield under salinity stress conditions.
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Abstract: Drought is the most important limiting factor affecting plant yield and photosynthesis
and has impacts on reducing yields. The objective of this work is to study the impacts of drought
regimes of irrigation on Chlorophyll a fluorescence, stress status and yield of melon and tomato crops.
Experiments were conducted under the Mediterranean climate conditions. Two cultivars of each crop
and three irrigation strategies (100%, 75% and 50%) were used. Many physiological stress indices
based on chlorophyll a fluorescence parameters were measured. Results showed a change in crop
light phase of photosynthesis and a decrease in yields according to treatments and cultivars.

Keywords: chlorophyll a fluorescence; drought; irrigation

1. Introduction

The United Nations Climate Change Conference (COP26) held recently in Glasgow,
Scotland, adopted an agreement to accelerate the process in order to face global warming [1].
Morocco is among the African countries affected by the irregularity and the decrease in
rainfall during the last decade [2]. The focus of research on water management is an
important step in order to decrease the impact of drought on field production.

Many researchers studied the impact of water scarcity on physiological aspects such
as plant growth, photosynthesis, metabolite translocation, plant yield and quality, etc.
Yildirim et al. (2009) [3] reported that plants should be irrigated during the whole period of
the production. Fabeiro et al. (2002) [4] found that water stress applied during the flowering
period negatively influenced the fruit yield and quality of muskmelon. Moreover, low
stress levels were found to result in maximum yields and high stress resulted in the lowest
yields [5]. Birhanu and Zeleke (2010) [6] also conducted a study to determine the effect of
0%, 25%, 50% and 75% crop evapotranspiration deficits on the fruit yield and quality on
drip-irrigated tomatoes. They showed that growth, yield and quality were directly related
to water shortage levels.

Moreover, it has been shown that under high temperature and radiation levels, drought
stress enhances the inhibition of electron transport [7]. Chlorophyll a fluorescence is a
non-destructive measurement for studying the equilibrium between metabolic and en-
ergy evolving processes that may be affected by temperature and drought stresses [8].
Chlorophyll a fluorescence indicates the transfer of electrons during the light phase of pho-
tosynthesis from the excitation of chlorophyll by light energy to the transfer of electrons for
the dark phase [9]. Drought stress reduces variable fluorescence (Fv), initiative fluorescence
(F0) and quantum yield (Fv, Fm) [10]. Chlorophyll a fluorescence was considered as a useful
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tool for screening and breeding under dry conditions and for high temperature resistance.
The ratio Fv/Fm varies between 0.75 and 0.85 in non-stressed plants [11], and it is a good
indicator for stress level status. Other parameters of the Chl a fluorescence (Vi, Vj, N, S,
ABS, TR, ETR, DI, PI, etc.) also present good indicators for plant stress status.

The objective of this research work is to study, under Mediterranean climate condi-
tions and at a commercial production level, the impacts of different drought strategies of
irrigation on chlorophyll a fluorescence, stress status and yield of melon and tomato, which
represent two of the main crop productions in the country.

2. Material and Methods

This study was conducted in two sites spaced out at 70 km. The first site is located
in the Driouch area, Morocco (34◦59′30.3” N 3◦22′30.6” W), and was intended for melon
experiments. However, the second site was located in the ARID area, Nador, Morocco
(35◦08′52.6” N 2◦57′40.3” W), and was intended for tomato experiments. Both sites were
realized at the commercial farm production scale. For the melon trial, two commercial
cultivars were used: “cv. Missoura” and “cv. Wifaq”. An area of 0.5 ha was used for each
cultivar, at a plant density of 8333 plants per ha. Rows were spaced by 2 m, and the distance
between two plants of the same row was 60 cm. Date of plantation was 23 May 2021.
The trial ended on 10 September 2021. For tomato trials, two commercial cultivars were
used: “cv. Karima” and “cv. Jad”. An area of 1200 m was used for each cultivar, at plant
density of 14285 plants per ha. Each row was spaced at 1.20 m and the distance between
two plants of the same row was 70 cm. Date of plantation was 28 August 2021, and the
trial was finished on 25 January 2022. Both crops were managed according to commercial
production practices.

Three irrigation treatments were applied: 100%, 75% and 50% water. An irrigation
tape (200 micron with dripper of 1.5 L/h, Rolland tape, Roll-Drip, France) was used. The
distances of 20 cm, 15 cm and 10 cm between two drippers were used for 100%, 75% and
50% water, respectively. In the case of melon experiments, the length of each irrigation
lateral was 100 m and split on 2 semi-lines of 50 m. However, for tomato experiments, the
length of each irrigation lateral was 50 m long.

For the melon trial, six repetitions of each treatment were used. Each treatment
replicate contains 6 blocks of 6 plants. For tomato experiments, 8 replicates of each treatment
were used containing 6 blocks of 3 plants.

The chlorophyll a fluorescence measurements were recorded on the fifth young ex-
panded leaf, during a hot and sunny day. The HPEA device (Handey PEA, Hansatech,
King’s Lynn, UK) was used. Both cultivars of melon and tomato leaves were adapted to the
dark for 30 min using a clip. Then, a light flash of 3000 μmol/m/s (650 nm) was applied for
1 s (gain = ×1) on the leaf adapted to darkness for 30 min. The measurements were taken
on 6 plants for each treatment, from 12:00 to 14:00. Fv/Fm and DI0/CS0 were measured
(Fv = variable fluorescence; Fm = maximum fluorescence; DI/CS0 = Dissipated heat per
cross section).

The fruit harvests were carried out on 18 July and 3 August 2021 for “cv. Missoura” and
for “cv. Wifaq”, respectively. However, the last harvests were carried out on 19 September
and 27 August 2021, respectively. For tomato trials, the harvest starts on 3 November and
ends on 23 January 2022. Total yield was counted for both experiments.

3. Results and Discussion

During the hot period of the day and clear sky conditions (19 July 2021; 12:00–14:00
with Tmax = 35 ◦C; Tmin = 20 ◦C; Relative humidity = 58%; and wind speed = 11 km/h),
the Fv/Fm ratio of the cv. Missoura melon was lowered and the DI/CS0 ratio was increased
by the water shortages (75% and 50%). However, for cv. Wifaq, both ratios were not
affected by the irrigation treatment (Table 1). This means that the response of the cultivar
was not the same for irrigation treatments and cv. Missoira was more affected by water
stress compared to cv. Wifaq. It was shown by Baker and Horton (1987) [11] that the Fv/Fm
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ratio varies between 0.75 and 0.85 for non-stressed plants. The DI/CS0 ratio showed high
values, which indicates that plants were stressed and would have dissipated heat energy. A
similar occurrence was observed for cv. Missoura, which was more stressed under the 50%
and 75% treatments compared to the 100% treatment. The DI/CS0 values were 86, 114 and
120, for the 50%, 75% and 100% irrigation treatments, respectively.

Table 1. Fluorescence parameters (Fv/Fm and DI/CS0) of melon and tomato plants grown under
three strategies of irrigation (100%, 75% and 50% water).

100% Water 75% Water 50% Water

Melon
19/7/2021

cv. Missoura
(12:00–12:45)

Fv/Fm 0.81 ± 0.02 0.77 ± 0.03 0.77 ± 0.03

DI/CS0 86 ± 13 114 ± 17 120 ± 36

cv. Wifaq
(13:15–14:00)

Fv/Fm 0.80 ± 0.03 0.81 ± 0.02 0.79 ± 0.01

DI/CS0 77 ± 6 70 ± 9 78 ± 10

Tomato
29/9/2021

cv. Karima
(11:40–12:10)

Fv/Fm 0.77 ± 0.04 0.73 ± 0.05 0.72 ± 0.04

DI/CS0 123 ± 26 185 ± 64 192 ± 44

cv. Jad
(12:20–12:50)

Fv/Fm 0.73 ± 0.08 0.73 ± 0.06 0.78 ± 0.03

DI/CS0 197 ± 77 181 ± 76 122 ± 37
Fv = variable fluorescence; Fm = maximum fluorescence; DI/CS0 = Dissipated heat per cross section. Data are
mean of 6 repetitions ± standard deviation.

For tomato, during a day of clear sky (29 September 2021; 11:40–12:50 with Tmax = 29 ◦C;
Tmin = 22 ◦C; Relative humidity = 62%; and wind speed = 16 km/h), the same tenden-
cies were observed for cv. Karima than cv. Missoura. For cv. Jad, no differences were
recorded for the Fv/Fm and for DI/CS0 ratios between treatments. This could mean that cv.
Karima did not have the same response to water shortage as cv. Jad. This was shown by
Salinas-Vargas et al. (2021) [12], which indicates that tomato cultivars could have different
responses (tolerance or resistance) for water stress.

The yield of melon was lowered by shortage in irrigation amount (Table 2), for both
cultivars (cv. Missoura and cv. Wifaq). This indicates that 100% treatment (adapted by
the farmer) was the appropriate irrigation strategy. This is consistent with the findings
of Fabeiro et al. (2002) [4], who found that water stress negatively influenced the fruit
yield of melon. For tomato, the treatments did not affect the yield of both cultivars. This
could be also be explained by the fact that tomato trials were carried out in fall, where the
evapotranspiration demand is lower than conditions of the melon experiments in summer.
As reported by Agele et al. (2011) [11], the high evapotranspiration rate has a significant
effect on decreasing the plant yield for tomato crops.

Table 2. Total yield (kg/plant) of melon and tomato crops grown under three strategies of irrigation
(100%, 75% and 50% water).

100% Water 75% Water 50% Water

Melon
(kg/plant)

cv. Missoura 6.0 ± 1.5 4.9 ± 1.1 4.4 ± 1.0

cv. Wifaq 7.3 ± 1.0 6.9 ± 1.2 5.8 ± 1.1

Tomato
(kg/plant)

cv. Karima 2.9 ± 0.7 2.3 ± 0.7 2.2 ± 0.7

cv. Jad 2.4 ± 0.9 2.2 ± 1.1 2.1 ± 0.7
Data are the mean of 36 repetitions (melon); 48 repetitions (tomato) ± standard deviation.

4. Conclusions

This study showed that reducing the amount of irrigation water decreased the yield
of both cultivars of melon (cv. Missoura and cv. Wifaq). This reduction was higher for
the 50% irrigation compared to 75% and 100% irrigation. However, this shortage in water
did not affect yields of both tomato cultivars (cv. Karima and cv. Jad). For chlorophyll a
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fluorescence, the results showed that the Fv/Fm ratio was decreased and the DI/CS0 ratio
was increased for cv. Missoura (melon) and cv. Karima (tomato) with the 75% and 50%
irrigation treatments compared to the control treatments, and this means that plants were
more stressed. Economic studies on the amount of water saving and yield decrease will be
also interesting in order to determine the best strategy of water management that could be
adapted by the grower in such conditions.
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Abstract: Salinity is one of the major severe constraints that limit crop productivity in 40% of the land
surface, notably in the Mediterranean region. In this study, we worked in an argan orchard located in
Laâyoune, Morocco. The orchard is characterized by a saline soil and trees that are irrigated with
highly saline water. The study aimed to evaluate the effect of irrigation with saline water on oil
yield, total phenolic content, flavonoid content, antioxidant activity, and fatty acid composition. The
results show that saline water irrigation has a no significant effect on oil yield and most oil quality
parameters, yet has a highly significant effect on total polyphenols, flavonoid content as well as two
saturated acids (C16:0 and C20:0).

Keywords: salinity; argan; oil yield; total polyphenol; flavonoid content; antioxidant activity;
fatty acids

1. Introduction

Around the world, it is estimated that approximately 20% of irrigated cultivated lands
since 1990 are affected by salinization [1]. The growing demand for water and the climate
change shift seem to increasingly limit crop production, making the issues even worse [2].
Agriculture will then increasingly be forced to use low-quality waters such as brackish
water or reclaimed effluent which in turn increases the risks of soil salinization and yield
reduction [3]. The introduction of plant species that are tolerant to salt stress of great
socio-economic values is one of the possible approaches to promote salt-affected soils and
tackle this major abiotic factor that reduces agricultural yield [4]. The approach would
improve the vegetation cover and solve the regeneration of particular forest species, such
as the argan tree (Argania spinosa) that occurs in a restricted arid areas and which certainly
represents a threatened ecological wealth in Southwestern Morocco [3].

Adult argan trees are adapted to aridity and are able to survive long drought periods.
They can produce leaves, branches and fruits under as little as 100 mm rainfall [5]. It was
shown that the argan tree could tolerate water salinity at germination stage and at the
first phases of its in vitro growth [4]. Yet, the majority of studies consider the vegetative
parameters, germination or oil quality of argan trees. Despite this knowledge, little is
known about the effect of salinity on argan oil quality, and such understanding could help
mitigate and buffer extreme events caused by climate change. Therefore, we conducted a
comprehensive study on the quality of argan oil obtained from trees domesticated under
saline constraints in the Saharan climate in Laâyoune.
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2. Materials and Methods

2.1. Site and Plant Materials

The study was carried out in a 700 m2 orchard in Laâyoune, Morocco. Twelve argan
trees were investigated, eight of which were at production stage during the sampling
period (Figure 1). The trees have been planted since 1996 at a density of 5 × 5 m and
have been irrigated twice a month with 40 L of saline well water per tree. The soil is a
sandy-loamy-clayey texture on a limestone slab, with a pH of 7.95, an electrical resistivity
of 7.64 dS m−1 and a 108 ppm Na+. As for the irrigation water, the pH, the electrical
conductivity and the sodium content were 7.27, 16.45 dS m−1 and 3083 ppm, respectively
(experimental INRA-field, Laâyoune data).

Figure 1. The argan orchard design with the twelve domesticated trees at experimental INRA-
field, Laâyoune.

The kernels were recovered from the ripped fruits and grinded. The powder was fried
down for 24 h at 40 ◦C to eliminate all traces of humidity

2.2. Extraction

Once oven dried, a 10 g mass was mixed with 80 mL hexane then poured in a 100 mL
flask. The mixture was then exposed to an ultrasonic bath set at 50 ± 1 C for 45 min at a
frequency of 28 kHz.

2.3. Physico-Chemcial and Biochemical Study

The extraction of phenolic compounds was achieved following the method of po-
larity [6]. The determination of the total polyphenol and flavonoid content was carried
out by colorimetry using the Folin–Ciocalteu reagent [7], and the aluminum trichloride
(AlCl3) and sodium nitrite (NaNO2) [8] methods, respectively. To study the anti-radical
activity of the different extracts, the method based on diphenyl picryl-hydrayl (DPPH) as
a relatively stable free radical was used according to the protocol described by [9]. The
International Organization for Standardization (ISO 5509:2009) [10] method was used for
fatty acid composition. Data were analyzed using analysis of variance (ANOVA). Statistica
software version 10 was used to assess the statistical significance of mean variations in
terms of the effect on the quality of oil. The threshold for significance was set at <0.05
p values.

3. Results

Table 1 shows that the mean oil yields ranged from 37.04% to 47.60%. The total
polyphenols and flavonoids ranged from 0.075 to 0.094 and 1.749 to 2.494, respectively. The
antioxidant activity varied between 22.80% and 46.17%. As for the fatty acid profiles, the
results show variations between 12.82 and 15.1 in C16:0, 0.1 and 0.14 for C16:1, 5.36 and
7.9 for C18:0, 44.33 and 53.66 for C18:1, 25.27 and 34.78 for C18:2, 0.06 and 0.1 for C20:0
and 0.02 and 0.04 for C20:1. From the table, we observe that the results obtained show an
interesting aspect in terms of the several analyses carried out.
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Table 1. Analysis of variance data of oil yield and quality under highly saline water irrigation.

Tree Code
Oil

Yield
(%)

TPC
(mg

EAG/g oil)

FC
(mg EQ/g

Oil)

AOA
(%)

C16:0 C16:1 C18:0 C18:1 C18:2 C20:0 C20:1

A1 43.02 0.094 2.194 31.95 14.39 0.11 6.44 53.66 25.27 0.08 0.04
A2 37.58 0.075 2.466 22.80 15.10 0.14 6.02 51.67 26.97 0.08 0.02
A3 46.12 0.077 2.449 41.33 13.74 0.1 6.93 44.33 34.78 0.08 0.03
B1 44.73 0.080 2.255 46.12 12.82 0.11 7.90 49.69 29.38 0.06 0.03
B2 43.02 0.077 2.416 40.68 12.94 0.14 5.36 46.65 34.80 0.08 0.04
C1 47.60 0.084 2.494 45.85 14.22 0.12 6.27 50.31 28.96 0.08 0.04
C2 41.80 0.093 1.933 39.08 13.16 0.11 7.30 48.02 31.27 0.10 0.04
C4 37.04 0.081 1.749 46.17 13.92 0.13 5.79 48.5 31.53 0.09 0.04

Mean 42.61 0.083 2.245 39.25 13.79 0.12 6.50 49.10 30.37 0.08 0.04

Marge 37.04
−47.60

0.075–
0.094

1.749
−2.494

22.80
−46.17

12.82
−15.10

0.10
−0.14

5.36
−7.90

44.33
−53.66

25.27
−34.80

0.06
−0.10

0.02
−0.04

F value 6.162 9.130 650.025 0.355 21.792 0.000 2.141 3.265 0.451 1017.679 3.764
LSD (0.05) 0.005 ns 0.004 * 0.000 *** 0.554 ns 0.000 *** 1.000 ns 0.150 ns 0.077 ns 0.505 ns 0.000 *** 0.059 ns

TPC: Total polyphenol content; EAG: Equivalent gallic acid; FC: Flavonoid content; EQ: Equivalent quercetin;
AOA: Antioxidant activity; LSD: Least significant differences; * significant at p < 0.05; *** significant at p < 0.001;
ns:no significant.

Table 1 also shows that irrigation with highly saline water has no significant effect on
oil yield, a highly significant effect on the content of both total polyphenols and flavonoids,
a non-significant effect on the antioxidant activity relative to the control treatments. For the
fatty acid, the ANOVA showed a highly significant effect of saline irrigation water on two
saturated acids which are palmitic C 16:0 and arachidic acid C20:0, for the rest of the fatty
acids, the results shows that there is no significant effect.

4. Discussion

Soil and water of the orchards were classified as moderately and highly saline, respec-
tively [1,11]. We observed that the mean of the oil yield of trees irrigated with saline water
is lower than that in the previous findings of Charrouf, Kouidri and Mechqoq [12–14], who
reported an oil yield with solvent ranging between 50–55%, a yield of 55.94% and a yield of
57.12%, respectively. This could be explained by the fact that the yields obtained by those
authors were extracted using the Soxhlet method, which generally gives better yield than
UAE. However, the total polyphenol content for all irrigated trees with highly saline water
was higher than the values obtained by Sour and Demnati [15,16], 0.083 mg EGA/g oil vs.
0.0563 and 0.0724 mg EGA/g oil, respectively. The high stress phase of argan trees under
high saline conditions in our orchards would stimulate the production of the secondary
metabolites and therefore explain their high values. Similar higher values were obtained
for flavonoids, relative to the control. The antioxidant activity values were slightly lower
than those of the control yet both are lower than the value obtained by [17], who reported
86.45% antioxidant activity for non-irrigated, old trees. Perhaps the antioxidant activity
difference is mostly due to the climate or tree age. Chromatographic profiles showed that
the results are overly within the ranges given by the Moroccan standers [18] except for
some slight variation, for example in A2 for C16:0, B1 and C2 for C18:0, A1, A2, B1 and C1
for C18:1 and C18:2, all trees for C20:0 and C20:1 (except A2 for the last acid).

5. Conclusions

Our results suggest that except the secondary metabolites, all parameters are either
genetically controlled by the tree treats or are affected biotic/abiotic factors such as soil
type, climate, age, extraction methods, etc. For a better understanding of those interac-
tions, a profound study on different concentrations, different soils and climates should
be conducted.
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Abstract: Under water insecurity conditions, electromagnetic saline water may be experienced in
irrigation. This study examined the impact of electromagnetic saline water on three potato varieties
(Spunta, Bellini and Alaska). The trial includes three treatments; ground water (T1: 2.2 ms cm−1 EC),
saline water (T2: 8.5 ms cm−1 EC) and saline water having undergone electromagnetic treatment
(T3: 8.5 ms cm−1 EC) with Aqua-4D. The results revealed an improvement in yield with T3 compared
to T2. Spunta and Alaska were more responsive to T3 than Bellini. The approving response of Alaska
was associated with effective adjustment with proline, while Spunta was more efficient in water use.

Keywords: electromagnetic treatment; growth; potato; salinity; water status

1. Introduction

Water scarcity is a worldwide problem for agricultural production. Tunisia is currently
considered a food-deficit nation with an increasing trend in food imports due to lack of
rainfall [1]. Additional brackish water supply can meet crops’ water needs [2]. In this way,
the valuation of saline water is gaining increasing attention in many countries suffering
from salinization [2]. Efforts are now intended at identifying inexpensive desalination
techniques that respect the environment and ensure crop productivity. Physical treatment
of saline water is a recommended option. However, most of the considered methods have
some drawbacks regarding energy consumption, costs, long reaction time for the treatment
etc. [3]. One advantaged strategy, adopted in agricultural irrigation, is electromagnetic
treatment [4]. Magnetic treatment consists of passing water through an electromagnetic
softener, where a Lorentz force is exerted on each ion which is in the opposite direction
to each other. The redirection of the particles increases the collisions between ions and
therefore precipitates formation. Additionally, magnetic fields decrease salt hydration and
enhance salt solubility, coagulation and crystallization [5].

It was found that electromagnetic saline water improved plant growth, water and
ions uptake [6]. In this context, an attempt was made to test whether electromagnetic
saline water can alleviate salinity impacts on potatoes. We supposed that electromagnetic
saline water may enhance plant-water relations, growth and yield. The applicability of this
technique may be supportive in case of dry conditions of the Tunisian spring season.

2. Material and Methods

2.1. Experimental Details

The present inestigation was carried out at the Regional Center of Agricultural Re-
search of Sidi Bouzid (CRRA-Sidi Bouzid), Tunisia during March–June season of 2014–2015.
The experimental layout had a factorial arrangement on the basis of a randomized complete

Environ. Sci. Proc. 2022, 16, 57. https://doi.org/10.3390/environsciproc2022016057 https://www.mdpi.com/journal/environsciproc
65



Environ. Sci. Proc. 2022, 16, 57 2 of 5

block design with three replicates for each treatment. Potato varieties (Spunta, Bellini and
Alaska) were irrigated with three irrigation treatments, T1 ground water (2.2 ms cm−1

electrical conductivity (EC)), T2 saline water (8.5 ms cm−1 EC) and T3 electromagnetic
saline water (8.5 ms cm−1 EC). Electromagnetic treatment was done with an Aqua-4D®

device which is composed of an electromagnet tube 60E (external diameter 65 mm, passage
diameter 100 (DN 25) of 436 mm length and 60 L min−l maximum flow, designed for
transmitting the electromagnetic signals into the water and coupled to an electromagnet
box (Command 60E Pro) intended to generate electromagnetic signals. The experimental
area had a semi-arid climate with 200 mm mean precipitation and 1200 mm mean evapo-
transpiration. Crop water requirement (ETc) was estimated as reference evapotranspiration
(ET0) multiplied by the potato crop coefficient (Kc).

2.2. Agronomic Parameters

Plant height (cm), fresh weight (FW) (g plant−1) and dry weight (DW) (g plant−1)
were measured at the tuber initiation stage. The tuber weight per plant was determined
at harvest.

2.3. Plant Water Status and Proline Determination

Leaf-relative water content (RWC) was calculated as follows:

RWC =
FM − DM
TM − DM

× 100,

where FM is leaf fresh mass, DM is leaf dry mass determined after oven-drying at 75 ◦C
for 24 h and TM is the turgid mass of the leaf, determined after the immersion of the
fresh leaves in distilled water for 12 h. The leaf water potential (ψw) was determined
before sunrise using a pressure chamber (Scholander model M-1000). Photosynthetic water
use efficiency (PWUE) was calculated as the ratio between the amount of CO2 fixed by
photosynthesis (Pn) to the transpiration rate (E): PWUE = (Pn/E).

Proline was extracted from the leaves using the sulphosalicylic acid method. A solution
of the obtained extract, glacial acetic acid and ninhydrin (1:1:1) was incubated at 100 ◦C for
1h and the absorbance was determined at 546 nm.

2.4. Statistical Analysis

The data were analyzed with SPSS 20 and the means were separated by the Duncan
test (p ≤ 0.05). The means were subjected to a three-way analysis of variance (ANOVA).

3. Results

3.1. Agronomic Traits

From Table 1, electromagnetic saline water (T3) increased the plant height (PH) of
Spunta and Alaska by 34% and 41%, respectively. In addition, Alaska had the highest
values of plant height. Hence, ANOVA results revealed that the PH was significantly
affected by irrigation treatments and the variety factor. The T3 treatment enhanced the FW
accumulation of Bellini and Alaska and the DW of Spunta and Alaska as compared to saline
water (T2). The tuber yield varied significantly among the varieties and was increased with
T3, but values do not exceed those obtained under ground water (T1).
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Table 1. Changes in plant height (PH), fresh weight (FW), dry weight (DW) and yield of potato
varieties (Spunta, Bellini and Alaska), for each irrigation treatment.

Treatments PH (cm) FW (g Plant−1) DW (g Plant−1) Yield (g Plant−1)

Spunta
T1 (2.2 ms cm−1) 17.12 ± 0.95 a 868.36 ± 51 a 135.03 ± 11 a 1205.88 ± 41.86 a

T2 (8.5 ms cm−1) 12.25 ± 1.34 b 772.36 ± 32 b 113.53 ± 8 b 918.72 ± 60.38 c

T3 (8.5 ms cm−1) 16.50 ± 1.22 a 733.00 ± 40 b 131.16 ± 12 a 1016.97 ± 69.82 b

Bellini
T1 (2.2 ms cm−1) 18.75 ± 1.44 a 757.63 ± 51 a 141.2 ± 11 a 1088.00 ± 76.01 a

T2 (8.5 ms cm−1) 9.52 ± 0.33 b 556.43 ± 32 b 100.13 ± 8 b 656.52 ± 75.41 c

T3 (8.5 ms cm−1) 9.37 ± 1.18 b 482.30 ± 40 c 92.46 ± 12 b 865.50 ± 67.08 b

Alaska
T1 (2.2 ms cm−1) 22.50 ± 0.62 a 1136.13 ± 51 a 187.3 ± 11 a 1592.78 ± 92.62 a

T2 (8.5 ms cm−1) 12.25 ± 0.72 c 675.66 ± 32 c 110.3 ± 8 c 914.24 ± 40.73 c

T3 (8.5 ms cm−1) 17.37 ± 1.68 b 740.47 ± 40 b 144.16 ± 12 b 1380.08 ± 67.17 b

ANOVA
T 18.25 ** 6.77 ** 2.9 * 14.69 **
V 52.25 ** 1.7 ns 0.76 ns 29.36 **

T × V 6.07 ** 1.47 ns 0.54 ns 3.26 *

Different letters represent significant difference between treatments. T1: Ground water; T2: Saline water;
T3: Electromagnetic saline water; T: Treatment; V: Variety. ns: not significant, * p ≤ 0.05, ** p ≤ 0.01.

3.2. Plant Water Status

The relative water content in potato leaves was in the order T1 > T3 > T2 (Table 2). The
registered values of Ψw and PWUE increased with T3 in Spunta and Alaska. Alaska had
the highest PWUE values, while Spunta had the highest RWC and Ψw. The RWC and Ψw
were significantly influenced by water treatments.

Table 2. Changes in relative water content (RWC), water potential (Ψw) and photosynthetic water
use efficiency (PWUE) of potato varieties (Spunta, Bellini and Alaska), for each irrigation treatment.

Treatments RWC (%) Ψw (Bar) PWUE

Spunta
T1 (2.2 ms cm−1) 88.37 ± 11.79 a −1.37 ± 0.20 a 4.74 ± 0.20 a

T2 (8.5 ms cm−1) 71.92 ± 5.54 b −3.5 ± 0.40 c 4.29 ± 0.32 c

T3 (8.5 ms cm−1) 88.20 ± 11.60 a −2.15 ± 0.50 b 4.43 ± 0.36 b

Bellini
T1 (2.2 ms cm−1) 84.24 ± 22.04 a −1.65 ± 0.14 a 4.43 ± 0.08 a

T2 (8.5 ms cm−1) 71.83 ± 10.18 c −3.25 ± 0.50 b 4.11 ± 0.31 b

T3 (8.5 ms cm−1) 81.63 ± 23.01 b −3.5 ± 0.65 b 4.05 ± 0.35 b

Alaska
T1 (2.2 ms cm−1) 84.82 ± 5.44 a −2.25 ± 0.72 a 5.01 ± 0.34 a

T2 (8.5 ms cm−1) 74.07 ± 4.09 c −3 ± 0.50 b 4.17 ± 0.64 c

T3 (8.5 ms cm−1) 82.84 ± 5.37 b −2.75 ± 0.95 a 4.56 ± 0.58 b

ANOVA
T 29.78 ** 13.40 ** 0.18 ns

V 1.74 ns 0.68ns 1.14 ns

T × V 0.96 ns 2.05 ns 0.31 ns

Different letters represent significant difference between treatments. T1: Ground water; T2: Saline water;
T3: Electromagnetic saline water; T: Treatment; V: Variety. ns: not significant, ** p ≤ 0.01.

3.3. Proline Content

The proline content in the Alaska leaves was set in the following decreasing trend
T2 > T3 > T1 (Figure 1). However, there is no significant difference between T2 and T3 in
Spunta and Bellini.
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Figure 1. Changes in proline content of potato varieties under each irrigation treatment. Differ-
ent letters indicate significant difference between treatments according to Duncan test (p ≤ 0.05).
T1: Ground water; T2: Saline water; T3: Electromagnetic saline water.

4. Discussion

Irrigation is an important determinant of potato development during the dry season
of spring due to negligible rain. Moreover, the salinization of water resources makes the
valuation of saline water very wanted. The present study showed that potato growth
(plant height, FW and DW) and yield may be enhanced with electromagnetic saline water,
depending on the assessed variety. These results agree with what [4,7]. The data of
the present study may be due to the reduction of the soil sodium concentrations with
electromagnetic water, by leaching it below the root zone [8]. Additionally, electromagnetic
fields change the physical parameters of water (salt’s solubility and electrolytic potential),
which improved water and nutrient uptake, and therefore plant growth [7]. Spunta and
Alaska were more responsive to electromagnetic saline water while Bellini plant height and
DW were not affected by T3. This may be caused by high transpiration rate of Bellini, as
demonstrates the low PWUE values of this variety. This is indicative of more susceptible
water relations in Bellini. In fact, the RWC, ΨW and PWUE of Spunta and Alaska were
higher than Bellini and were enhanced by T3. This result point to a stronger photosynthetic
activity of Spunta and Alaska compared to Bellini [7]. The data also shows that the
effective adjustment with proline may be a key criterion in maintaining growth under
saline conditions of Alaska. Instead, the highest values of the Ψw and RWC of Spunta
under T1 and T3 suggest that it was more efficient in water use.

5. Conclusions

Electromagnetic water improved the RWC and Ψw of Spunta and Alaska. Thus, plant
height and fresh and dry biomass accumulation were enhanced. The yield of the three
studied varieties was increased with T3 compared to untreated saline water. However,
further research is required to ensure the safe use of electromagnetic saline water and to
identify the exact mechanisms that direct plant response.
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Abstract: Improving the preparedness of agricultural systems to future climate-change-induced
phenomena, such as drought-induced water stress, and the predictive analysis of their vulnerability
is crucial. In this study, a hybrid modeling approach based on the SWAT model was built to
understand the response of major crops and streamflow in the Bouregreg catchment in Morocco
to future droughts. During dry years, the simulation results showed a dramatic decrease in water
resources availability (up to −40%) with uneven impacts across the study catchment area. Crop-wise,
significant decreases in rainfed wheat productivity (up to −55%) were simulated during future
extremely dry growing seasons.

Keywords: climate change; drought; water stress; rainfed agricultural system; crops yield; Bouregreg
watershed

1. Introduction

At a global scale, the potential impact of climate change on major systems is an impor-
tant question for decision makers, investors and farming communities. Water resources
directly interfere with public health and safety, agriculture and food security, energy, indus-
try, biodiversity and ecosystems and, thus, influence the socio-economic development of
the nations. Water resources in Morocco are particularly vulnerable to human activities,
such as increases in population, tourism, agricultural development and industrial growth
being some examples of challenges faced by water resources in the country. In addition to
these factors, the changing climate and all resulting phenomena (such as drought) represent
a further threat that can have a significant impact on water resources in Morocco and all
areas within a similar context. Farming activities are of crucial importance to the country,
and are generally vulnerable to climate variability, which can affect the national economy
in some situations. The objective of this study is to provide a representative case study of
drought-induced water stress vulnerabilities and a catchment-scale impacts assessment in
the future, with a focus on water and rainfed crop systems during dry years.
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2. Material and Methods

2.1. Study Area

The study catchment area was Bouregreg, a 9656 km2 watershed located in the north-
western part of Morocco; it is one of the most important watersheds in the country [1].

Essentially, there are different climatic zones in the study catchment area influenced
by the ocean: subhumid in the extreme western part, semiarid in the central part and arid
climate in the south-eastern [1]. The annual potential water resources of the Bouregreg
watershed is 720 Million m3, coming mostly from surface water. The stream network of the
Bouregreg catchment area is organized into 3 main rivers: Korifla, Grou and Bouregreg
rivers (Figure 1) [1,2]. In terms of land use, oak forests cover approximately 24% of the total
area of the study watershed; farming activity is very important (olive trees, pulse crops,
wheat in addition to minor parcels where some irrigated vegetables and grape crops are
grown). Range and pasture lands are distributed across the watershed [1,3].

Figure 1. Location, topography and streamflow network of BW and the used gauging stations.

2.2. Models Presentation

For hydrological processes investigation, we used soil and water assessment tool
(SWAT) model. SWAT is a hydrological model developed by the United States Department
of Agriculture [4]. It simulates the cycle of water and sediments in large-scale watersheds
and large basins with different soil types and management conditions; it also simulates the
effect of agriculture practices, or any other anthropogenic actions that can affect water cy-
cle [5,6]. Regarding drought analysis, interpolated rainfall outputs of SWAT over Bouregreg
watershed were used to compute drought indicator such as the standardized precipitation
index (SPI) along the study periods. In this study, SWAT model was run over the period of
January 1990 to December 2005 (data collected from the local water department’s measure-
ments); the first two years were allocated to warm up process, and the period of January
1992 to December 2001 was dedicated to model calibration. Validation was performed
over the period January 2002 to December 2005 (due to the limited amount of measured
data). Following sensitivity analysis, streamflow and crops yields were examined during
the calibration process. A maximal agreement between observed and predicted processes
was the ultimate goal.

In order to assess future climate projections in the study watershed, dynamically
downscaled output data from the Global Climate Model CNRM-CM5 were used [7]. Two
representative concentration pathways (RCPs) were selected, RCP4.5 and RCP8.5. Baseline
time series for both daily temperature (max and min) and rainfall data were from January
1990 to December 2010; for future datasets, the 2030–2050 period was collected from the
outputs of the Global Climate Model CNRM-CM5. The SPI is a statistical monthly indicator
that compares the cumulated precipitation during a period of a number of months with
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long-term cumulated rainfall distribution for the same location and accumulation period [8].
In this work, SPI-12 was calculated using the 2018 Version of SPI Generator application [9]
of the National Drought Management Centre (University of Nebraska, USA) [8]. Once a
drought event was determined with its start and end month, its duration and magnitude
were then assigned. The duration of a drought event was equal to the number of months
between its start (included) and end months (not included); the drought magnitudes were
calculated as the sums of the SPI values that were always negative over consecutive months,
and the severity as the maximum SPI value of each episode.

3. Results

3.1. Future Droughts Analysis

Figure 2 represents the distribution of monthly SPI-12 values over the study periods
in the Bouregreg watershed.

 

 
Figure 2. Monthly distribution of SPI-12 values for (a) 2035–2050 period under RCP4.5 and
(b) 2035–2050 period under RCP8.5.

According to the distribution of SPI-12 values, several drought events were expected
(with different magnitudes and durations) under both scenarios. Both scenarios showed
three drought classes (dry, severely dry and extremely dry) but with different durations
and magnitudes.

3.2. Drought Impact on Water Availability

During the 2035 to 2050 period, several decreases in the annual total water yield
(TWYD) occurred and are shown in Figure 3. Under RCP4.5, the expected drought episode
of January 2036 to April could affect water resources in the study watershed during 2036
and 2037 (67 mm and 57 mm, respectively). During the same simulation period under
RCP8.5, the drought period of October 2045 till February 2047 could reduce the TWYD
averages in the watershed to 30 mm and 33 mm in 2045 and 2046, respectively.
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Figure 3. Distribution of annual TWYD averages under both RCPs over 2035–2050 period.

3.3. Future Crop Performance Analysis

Averages of wheat yields over the whole simulation periods were expected to decrease
in most scenarios in comparison to the current one, but with a very high year-to-year
variability (Figure 4).

Figure 4. Annual yields averages of wheat crops (under both RCPs) over 2035–2050.

In Morocco, and more specifically in the Bouregreg watershed, wheat is sown in
between autumn and winter, as most rain happens in wintertime, and temperatures are
generally mild in this season. Early stress (excessive temperature and low soil moisture)
(Figure 2) limits the tiller number (low ears per unit area) and later stress (after anthesis)
can reduce the size of individual grains and their number [10].

4. Discussion

The projected droughts over the BW revealed that the watershed is likely to experience
several droughts with different severity levels under both climate change scenarios. These
results endorsed the findings of Gudmundsson and Seneviratne [11], since they reported
that enhanced greenhouse forcing has contributed to increased drying in the Mediterranean
region (including Northern Africa), and that this trend is likely to keep increasing over the
century, especially under high levels of global warming.

5. Conclusions

The hydrology and agriculture of the Bouregreg watershed are presumed to experience
significant impacts of climate-change-induced water stress; it is expected to have a high
year-to-year water and crop yield variability due to several drought events with different
severity levels. This context could lead to more challenging water resource situations in the
watershed, mainly during the severe and long drought episodes.

Author Contributions: Conceptualization, Y.B.; methodology, Y.B., A.A., Y.E.-z.; writing—original draft,
Y.B., O.A.; review and editing, L.B. (Lhoussaine Bouchaou); validation, A.C., L.B. (Lahcen Benaabidate)
All authors have read and agreed to the published version of the manuscript.
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Abstract: This study aimed to investigate the functional response of Panicum antidotale Retz, Chenopodium
quinoa, and Zea mays L. to different levels of saline irrigation water. Nutrient uptake, biochemical con-
tent, and growth response were evaluated to select potential crops best suited for biosaline agriculture.
The results suggest that blue panicum is highly tolerant to saline water irrigation, followed by quinoa
up to 10 dS m−1, and then silage maize which is sensitive to saline conditions. The introduction of
blue panicum as an alternative crop on salt-effected soils, such as the irrigated perimeter of Foum El
Oued in Laâyoune in Morocco, would exhibit high performance better than traditional crops such as
silage maize and therefore would improve the local farmers’ income.

Keywords: salt-tolerant crops; mineral uptake; biosaline agriculture; climate change

1. Introduction

As part of the development of a sustainable solution to manage and mitigate the
impact of salinity on the soils of irrigated areas in marginal lands, a larger Agroecological
megaproject of INRA-Morocco’s medium-term program was established. This study is part
of that program and aims to select potential crops best suited for biosaline agriculture. Blue
panicum and quinoa are classified as halophyte species, and silage maize is moderately
sensitive to salt stress, but they differ in adaptation under salinity conditions. Testing
their functional response to different levels of saline irrigation would contribute to the use
of cultivated land suffering from salinity, which represents 20% of cultivated land in the
world, and salt irrigated land [1].

2. Materials and Methods

The study was conducted on three plants: blue panicum (public type from Kuwait),
quinoa (ICBA Q5), and silage maize (Dragma variety). The seeds were gathered from
previous field trials at the INRA experimental station of Foum El Oued in Laâyoune. The
experiment had a factorial design, with four levels of irrigation-water-salinity treatments
(0.9 “tap water”; 3; 6 and 10 dS m−1), and four replicates. The substrate used in the
experiment was peat.

At the end of the experiment, the leaves, stems, and roots were harvested, and the
roots were washed without substrate. The fresh plant material was weighed and then
oven-dried at 80 ◦C until a constant weight. The physiological, biochemical, and mineral
parameters studied during the experiment were the chlorophyll content, proline content,
ionic content of leaves, and the amount of potassium (K+), calcium (Ca2+), and sodium
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(Na+) in the shoots and roots. The methodology adopted to measure these parameters
is detailed in Oumasst et al. [2]. The normal distribution and homogeneity of variance
between the plants were firstly tested by Shapiro–Wilk test and Barlett’s test. The analysis
of variance for different irrigation water treatments was performed using the SPSS program
(IBM Corp. Released in 2011, Version 20, Armonk, NY, USA).

3. Results

3.1. Physiological and Biochemical Properties

Table 1 shows the mean of the stem height, aboveground and root dry biomass,
chlorophyll a, chlorophyll b, carotenoid, and proline content of the blue panicum, quinoa,
and silage maize of the tested treatments. The physiological and biochemical properties
of blue panicum were not affected by the applied salinity treatments, except for the root
dry matter biomass, which decreased by 39 % at 10 dS m−1 compared to the control.
For quinoa, increasing irrigation-water-salinity only decreased plant growth and root dry
matter biomass without significant effect on the other parameters compared to control.
The increasing irrigation-water-salinity resulted in a significant decrease in silage maize
growth in the aboveground and root dry matter biomass, chlorophyll a, chlorophyll b, and
carotenoid compared to the control (T0). No effect of the applied salt concentrations on the
proline content for all of the crop species was observed.

Table 1. Mean of stem height, aboveground and root dry biomass, chlorophyll a, chlorophyll b,
carotenoid, and proline content of blue panicum, quinoa and silage maize by tested treatments. The
symbols T0 (0.9 dS m−1), T1 (3 dS m−1), T2 (6 dS m−1), and T3 (10 dS m−1) refer to the four saline
irrigation water treatments. Lower-case (a, b, c, d) show differences between treatments within each
measured parameter for each plant species; Data with different lowercase are significantly different
(p < 0.05). (Mean ± standard deviation; n = 4 for blue panic and silage maize, and n = 3 for quinoa).

Stem Height
(cm)

Aboveground
Dry Biomass (g)

Root Dry
Biomass (g)

Chlorophyll a
(μg mL−1)

Chlorophyll b
(μg mL−1)

Carotenoid
(μg mL−1)

Proline
(mg g−1)

Blue panicum

T0 99.25 ± 10.63 ab 11.71 ± 3.62 a 4.2 ± 1.24 ab 29.90 ± 2.69 a 18.06 ± 4.34 a 7.08 ± 0.86 a 0.41 ± 0.18 a
T1 79.75 ± 5.25 a 14.34 ± 2.85 a 5.12 ± 0.88 b 27.10 ± 5.62 a 13.55 ± 4.71 a 6.93 ± 0.70 a 0.40 ± 0.14 a
T2 107.25 ± 8.77 b 12.69 ± 0.91 a 3.3 ± 0.62 ab 29.72 ± 5.66 a 15.76 ± 2.20 a 9.19 ± 0.48 b 0.48 ± 0.14 a
T3 98.75 ± 12.84 ab 10.67 ± 0.51 a 2.54 ± 0.71 a 26.06 ± 3.03 a 12.83 ± 4.26 a 8.00 ± 1.29 ab 0.58 ± 0.23 a

Quinoa

T0 85.53 ± 6.97 a 21.55 ± 1.27 a 2.08 ± 0.39 ab 21.62 ± 8.67 a 43.68 ± 20.7 a 2558.7 ± 1188 a 0.25 ± 0.11 a
T1 61.96 ± 19.58 b 20.98 ± 0.89 a 2.34 ± 0.58 b 19.84 ± 3.66 a 28.47 ± 6.47 a 1762.24 ± 386 a 0.35 ± 0.01 a
T2 60.16 ± 8.25 b 21.32 ± 1.12 a 1.75 ± 0.35 ab 17.81 ± 4.25 a 25.35 ± 5.75 a 1572.33 ± 361 a 0.35 ± 0.16 a
T3 48.53 ± 7.39 c 20.11 ± 1.48 a 1.38 ± 0.24 a 14.33 ± 3.58 a 19.61 ± 4.33 a 1225.31 ± 278 a 0.37 ± 0.16 a

Silage maize

T0 90.45 ± 4.96 c 10.87 ± 0.79 c 4.8 ± 0.65 d 30.14 ± 2.89 c 29.11 ± 6.06 c 5.30 ± 1.80 ab 0.71 ± 0.17 a
T1 85.35 ± 5.96 c 8.32 ± 0.57 b 3.622 ± 0.5 c 28.39 ± 3.37 c 18.51 ± 3.50 b 7.48 ± 0.73 b 0.62 ± 0.25 a
T2 72.1 ± 4.09 b 8.7 ± 1.18 b 1.94 ± 0.57 b 16.61 ± 2.17 b 7.40 ± 1.77 a 3.09 ± 0.52 a 0.60 ± 0.08 a
T3 56.95 ± 4.77 a 4.61 ± 0.82 a 0.64 ± 0.14 a 8.84 ± 2.83 a 6.64 ± 6.95 a 2.72 ± 1.63 a 0.33 ± 0.11 a

3.2. Plant Mineral Content

The means of the calcium Ca2+ (%), potassium K+ (%) and sodium Na+ (%) content in
the leaves, stems, and roots of blue panicum, quinoa, and silage Maize for each treatment
are shown in Figure 1. Except for the increasing calcium content in blue panicum, no
significant differences were observed for potassium uptake in blue panicum and for calcium
and potassium uptake in quinoa between treatments. At different parts of silage maize,
Ca2+ and K+ uptake decreased with increasing salinity levels to be significant for irrigation
water with an electrical conductivity ≥ 6 dS m−1 relative to control. In contrast, the sodium
content of leaves, stems and roots increased significantly with increasing water salinity for
all three species.
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Figure 1. Mean content of calcium Ca2+ (%), potassium K+ (%) and sodium Na+ (%) in the leaves,
stems, and roots of blue panicum, quinoa and silage maize for each treatment. The symbols T0
(0.9 dS m−1), T1 (3 dS m−1), T2 (6 dS m−1), and T3 (10 dS m−1) refer to the four saline irrigation
water treatments. Lower-case (a, b, c, d) show differences between treatments for leaf, shoot and
root within each tested plant species. Columns with the same letter over them are not significantly
different (p < 0.05) (Mean ± standard deviation; n = 3).

4. Discussion

4.1. Physiological and Biochemical Properties

Blue panicum showed high tolerance to irrigation water salinity in terms of growth
and production, as has been observed in many studies [3,4]. Furthermore, in terms of
the biochemical properties, which did not affect the chlorophyll a, b, and proline leaf
content and increased the carotenoid content only in the T2 (6 dS m−1) treatment. Saline
water irrigation in quinoa decreased the steam height and root dry biomass significantly to
10 dS m−1. Similar results were obtained by Hirich et al. [5], who reported that quinoa is
considered a facultative halophyte with a salt-tolerance threshold equal to 9 dS m−1. The
biochemical properties of quinoa were not affected by saline water irrigation. For silage
maize, the physiological and biochemical properties decreased in all of the treatments at
salt concentrations of > 6 dS m−1, where the plants show stress symptoms. The decrease in
chlorophyll levels in silage maize is due to the high enzymatic activity of chlorophyllase
under high salinity conditions [6].

4.2. Plant Mineral Content

Our results indicate that if the cropped species are sensitive to high salinity conditions,
the Na+ content competes with the ions in the cell, which will lead to a decrease in their
accumulation as the salinity increases. However, if the plant is tolerant to high or moderate
saline conditions, the plant excludes the toxic ions Na+ and Cl− in order to maintain
the uptake of K+ and Ca2+. The findings also show that the uptake of K+ and Ca2+ in
maize silage with a high sensitivity to saline conditions decreased with increasing salinity,
compared to panicum blue and quinoa, where these ions remained stable due to their salt
tolerance. This finding is consistent with the results reported by Roman et al. [7], which
show that quinoa plants are able to maintain the uptake of potassium despite high Na+

concentrations in the soil after extended salt stress. This is also consistent with the results
of Shabala et al. [8], which indicated that the capacity of plants to exclude toxic ions such
as Na+ and Cl− from transport systems is correlated to their salt tolerance. Silage maize
showed a significantly higher Na+ content than blue panicum and quinoa. This would be
attributed to the ability differences of both crops to involve both mechanisms (expulsion
and compartmentalization) of adaptation to salt stress [9].
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Abstract: Root developmental plasticity might provide breeders with the opportunity to generate
crops with more resistant root system designs to abiotic pressures such as salt stress. The potential
influence of diverse root designs in a panel of sorghum varieties’ production and performance under
salt stress was investigated in this study. Dry weight yield had a significant positive correlation
with three root parameters: main root length, main root angle, and lateral root length. These root
features have varying positive correlations with other salt tolerance indices. Interestingly, all root
properties have a negative correlation with the electrolyte leakage. Except for the lateral root length,
the negative correlations were significant in all other root features. This pattern holds true for other
salt performance indices studied, such as total soluble sugar content, chlorophyll content, growth,
and leaf area. Furthermore, there is an inter-variety variation in the contribution level of lateral
root and main root length towards the total root length and this was found to influence yield and
performance. These findings give a hint on the root architectural features that play a positive role in
sorghum salt tolerance and improved forage yield.

Keywords: forage; root; salinity; sorghum; yield

1. Introduction

Recently, there is increasing interest in forage sorghum grown in desert areas. Some of
the advantages cultivating this crop include high water use efficiency than other forage
crops, higher heat and drought tolerance, versatility, and potentially high-quality nutrients
for cows, sheep, and camels [1]. Compared to many forages, sorghum can produce more
biomass and good feed quality if crop management practices are well optimized. In
marginal and desertic areas, sorghum production is constrained by various abiotic stresses
especially salt stress. Therefore, improved crop management and new varieties with
increased tolerance to salinity can significantly increase their yields. However, the sorghum
genera are very diverse genetically, phenotypically, and geographically and relatively few
recognized species have been evaluated for potential forage selection.

Root growth and developmental flexibility may allow breeders to create crops with
more resistant root system designs to abiotic stresses such as salt stress. However, this area
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remains underexplored in crop production systems. Thus, in this paper, we investigate the
possible impact of diverse root characteristics on sorghum yield and performance under
salt stress.

2. Materials and Methods

In this study, thirteen local sorghum varieties were used. The plants were cultivated
in Laayoune, Morocco, under medium saline conditions (EC of 7884.5 S/cm) during the
spring season of 2021 as part of an ongoing salt-tolerant forage germplasm phenotyping
and genotyping project. Sampling for relative water content (RWC), chlorophyll content
Chl), electrolyte leakage (EL), and total soluble carbohydrate (TSC) content was carried out
during harvest. For root sampling, plants were removed, and roots scraped carefully to
minimize damage at the soft dough stage when sorghum is apparently at the silage harvest
maturity stage. The root data were processed for correlation analysis with other tested
physiological parameters on SPSS (v.16, SPSS Inc., Chicago, IL, USA).

3. Results

Implications of Root Traits on Sorghum Performance and Dry Yield

Significant difference among varieties was observed for all root traits that were tested
in sorghum (Table 1).

Table 1. Means of tested root parameters.

VARIETY MRL 1 MRV MRA LRN LRL

1 61.56 11.82 12.74 77 74.74
2 73.91 26.70 13.63 112 144.37
3 114.30 24.09 23.40 248 355.34
4 57.27 13.42 4.24 95 92.37
5 72.37 15.38 17.21 193 134.32
6 133.20 9.731 6.00 104 161.33
7 48.05 26.49 1.79 63 70.68
8 95.16 23.84 10.94 124 177.64
9 60.85 12.67 7.84 108 158.32
10 60.46 18.18 10.60 142 140.86
11 29.36 5.80 18.43 77 112.93
12 18.84 21.28 123.00 129 289.18
13 121.10 31.15 33.99 247 301.49

1 MRL—main root length; LRL—lateral root length; MRV—main root vector; MRA—main root angle; LRN—lateral
root number.

To further analyze the possible interaction of various root features with yield and
performance, a correlation analysis was carried out. Dry weight yield had a significant
positive correlation with three root parameters: MRL (0.523), main root angle (MRA; 0.516),
and lateral root length (LRL; 0.531). Among the performance indices, the lateral root
number (LRN) was positively correlated with the RWC (0.568) while the correlations with
Chl, leaf area, and height were insignificant despite being positive. All the tested root
traits correlated negatively with EL. The negative correlations were significant except for
LRL. However, for the non-root parameters, all the negative correlations were insignificant.
Overall, the highest root–root correlations were observed between LRL and MRA, while the
root–non-root parameters were LRN vs. RWC, LRL vs. RWC, height vs. dry yield, and LRL
vs. dry yield. Among the non-root–non-root parameters, the highest positive correlation
was between leaf length (LL) and leaf width (LW) as well as TSC and LW (Table 2).
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Table 2. Pearson correlation coefficients of tested parameters.

RWC Height EL Chl LL LW TSC MRL LRL MRV MRA LRN DW

RWC 1 1
Height 0.184 1
EL −0.049 −0.118 1
Chl 0.083 0.400 * −0.126 1
LL 0.430 ** 0.520 ** −0.056 0.360 * 1
LW 0.388 * 0.387 * −0.092 0.142 0.724 ** 1
TSC 0.186 0.255 −0.096 0.16 0.571 ** 0.662 * 1
MRL 0.016 0.063 −0.465 ** 0.107 0.073 0.091 0.053 1
LRL 0.439 * 0.042 −0.224 0.105 0.014 0.012 0.144 0.843 ** 1
MRV 0.071 0.102 −0.443 ** 0.05 0.079 0.13 0.044 0.943 ** 0.843 ** 1
MRA 0.101 0.036 −0.358 * 0.087 0.157 0.207 0.103 0.901 ** 0.775 ** 0.794 ** 1
LRN 0.568 ** 0.023 −0.343 * 0.091 0.03 0.034 0.12 0.954 ** 0.920 ** 0.900 ** 0.909 ** 1
DW 0.282 0.834 ** −0.532 * 0.301 0.654 ** 0.417 * 0.389 0.523 ** 0.531 ** 0.239 0.516 ** 0.351 * 1

1 RWC—relative water content; EL—electrolyte leakage; Chl—chlorophyll content; LL—leaf length; LW—leaf
width; TSC—total soluble carbohydrate; MRL—main root length; LRL—lateral root length; MRV—main root
vector; MRA—main root angle; LRN—lateral root number; DW—dry weight. * Significant at 0.05. ** Significant
at 0.01.

4. Discussion

The above-ground phenotypic traits measured in this study may be utilized as credible
predictors of salt tolerance and forage yield. In terms of the physiological consequence
of cellular water deficiency, the RWC, for example, is one of the most relevant markers
of plant water status [2]. As a result, it can predict sorghum water status in terms of
cellular hydration while accounting for the effects of both leaf water potential and osmotic
adjustment. The preservation of considerably greater RWC in some sorghum varieties can
be attributed to the resistance to salt-induced physiological drought, which is consistent
with our earlier findings that high RWC was related to salt resistance [3]. Chlorophyll (a
and b) functions as an intermediate in the transition of absorbed solar energy and its action
in photosynthesis and organic compound production [4]. As a result, it can be utilized
as a plant health indicator under stressful conditions. The ability of sorghum varieties
to maintain relatively higher total Chl contents reflects their ability to maintain higher
photosynthetic efficiency, organic compound accumulation, and growth under salt stress,
as evidenced by relatively higher digestible sugar contents, leaf area, and plant height in
most of the varieties. This is also evidenced by a strong positive correlation between Chl,
height, RWC, and soluble carbohydrate contents. The EL reflects the stability index of
cellular membranes. Here, we observe a negative correlation between RWC, Chl, height,
and leaf area with EL, indicating that salinity could not only damage membranes but also
limit growth and photosynthetic capacity. Additionally, a negative correlation with all root
parameters indicates that EL can be a reliable phenotypic marker for salt sensitivity in large
sorghum varieties.

Soluble carbohydrates not only serve as vital nutritive molecules, but they can also
serve as significant osmolytes in plants, helping to promote osmotic adjustment [5]. A
substantial correlation between soluble carbohydrates and RWC suggests that high soluble
carbohydrate levels in sorghum had a favorable effect in water absorption and retention,
which may boost photosynthesis and plant development. Roots play a vital role in plant
response to stress and production. However, partly due to the difficulties in viewing them
throughout the plant’s life cycle, they have received less attention than other organs. In this
case, we see structural variety in traits such as MRL, LRN, MRV, and MRA in a sorghum
population and various correlations with salt performance indices. This demonstrates
the presence of a significant amount of flexibility in sorghum root system architecture
(RSA) during salt stress. The positive connection between LRN and RWC suggests that the
design in sorghum varieties with the greatest LRN and the shortest MRL may be related to
sorghum salt tolerance. As a result, they might be used to simulate sorghum with more
efficient roots to improve tolerance and yield.
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5. Conclusions

In this study, we see structural variety in root traits such as MRL, LRN, MRV, and
MRA. This demonstrates the presence of a significant level of flexibility in sorghum RSA
during salt stress. The positive connection between LRN and RWC suggests that the design
in varieties with the greatest LRN and the shortest MRL may be related to sorghum salt
tolerance and yield. As a result, they might be a target for developing and modeling
sorghum with more efficient roots to improve tolerance and yield.
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Abstract: In this study, the effect of applied NaCl on the growth and proline concentration of maize
varieties, i.e., (Zea mays L.), Syngenta 7720, Syngenta 6668, eco-91, Syngenta 7710 and Advanta Pac
751 vertex 751, was investigated. The experiment was conducted in laboratory conditions using
a completely randomized design with three replications. The soil used for the experiment was
salinized by applying NaCI (common salt) solution at the rates of 50 mM, 100 mM, 150 mM, 200 mM
and 250 mM every three days for the duration of 12 days. We found that, according to the data
we have collected on germination percentage and proline content, maize varieties (Syngenta 7720
and eco-91) had a significant increase in proline content and a decrease in plant growth as the
concentration increased.

Keywords: maize (Zea mays L.); salinity; proline

1. Introduction

Maize (Zea mays L.) plays an important role in human and animal nutrition in many
developed and developing countries, [1]. It is a well-fit substitute crop for diversification
of the rice-wheat system in Indo-Gangetic Plain (IGP). In India, the maize area has slowly
expanded over the past few years, reaching 6.2 million ha (3.4% of the gross cropped area)
in 1999/2000. In the country, it is grown under a wide range of climatic conditions, ranging
from extreme semi-arid to sub-humid and humid. Traditionally, its growing area was more
focused on Bihar, Madhya Pradesh, Rajasthan, and Uttar Pradesh, and to some extent in
maize growing areas including Karnataka and Andhra Pradesh. It is also very popular in
the low- and mid-hill areas of the western and northeastern regions [2].

Soil salinity is a key challenge in several regions of India, such as Gujarat, Uttar
Pradesh, Maharashtra, West Bengal, Rajasthan and the coastal region of Odisha. Salt stress
affects the growth and development of maize in several ways. However, the response
of plants varies with the degree of stress at different crop growth stages. Short-term
exposure of maize plants to salt stress influences plant growth to osmotic stress [3]. Salinity
stress affects plant growth and productivity, water relation, photosynthesis and carbon
assimilation, grain development, and filling. Salt resistance in some maize varieties is
linked with higher potassium, low sodium and chloride fluxes, and cytoplasmic contents [4].
Photosynthesis is the most important process by which green plants convert solar energy
into chemical energy in the form of organic compounds synthesized by the fixation of
atmospheric carbon dioxide. Carbon fixation in maize is sensitive to salt stress [5]. Both
stomatal and non-stomatal limitations and their combination are associated with salinity-
induced reductions in maize photosynthesis [6]. Reduced stomatal conductance, impaired
activities of carbon fixation enzymes, reduced photosynthetic pigments, and destruction of
photosynthetic apparatus are among the key factors limiting carbon fixation capacity of
maize plants under salt stress [5,6].

Proline is the most common endogenous osmolyte accumulated under various abiotic
stresses including salinity [7,8]. When applied as an exogenous compound to crops, proline
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can improve salt tolerance [9]. For example, in salt-stressed maize, the foliar application
of proline increased plant growth with a positive effect on yield characteristics [10]. The
beneficial effects of exogenous proline application on salt stress tolerance have been the
subject of several factors including crop growth stage and Na+/K+ ratio [11]. The role of
proline in cell osmotic adjustment, membrane stabilization and detoxification of injurious
factors in plants exposed to salt stress has been widely reported [12,13]. Thus, the objective
of this study was to see the effect of salinity on proline.

2. Materials and Methods

The seeds of five maize varieties (Syngenta 7720, Syngenta 6668, eco-seeds eco-91,
Syngenta 7710, Advanta Pac 751 vertex 751) were sown in a germination tray on coco
peat. Six levels of salinity solutions, viz., 0, 50, 100, 150, 200 and 250 mM NaCl were
used to evaluate the resistance of maize varieties. The seeds were treated with 5 mL of
NaCl solution every 3 days for a total 12 days. Proline accumulation was determined by
using the method described by Bates et al. [14]. A 0.2 g fresh plant sample of leaves was
homogenized with 3% sulfosalicylic acid. The homogenate was centrifuged at 3000 RPM
for 20 min. The supernatant was treated with 200 μL acetic acid and 200 μL ninhydrin,
then boiled for 1 h in a hot water boiling bath. After boiling for 1 h, the solution was
kept in ice water. Then, absorbance at 520 nm was determined by UV-Visible using a
spectrophotometer. Germination percentage, rate of germination, number of leaves, shoot
length, leaf color, days of maturity, root length, number of roots, weight of seed at time of
sowing, germination stress tolerance index (GSI), promptness index (PI), root length stress
index (RLST), shoot length of stress index (SLSI), and proline content were measured.

3. Results

In this experiment, the effect of salinity on proline content in five maize varieties
was determined (Table 1). We found that as the salt concentration decreased, the rate of
germination and germination percentage increased, and also, as the concentration level
increased, the proline contained in maize also increased. Among the five evaluated varieties,
two varieties, i.e., Syngenta 7720 and eco-91 (Figure 1a,b), had higher yields, mostly due to
their increased level of proline concentration.

μmoles per gram tissue = [(μg proline/mL) × mL toluene)/115.5 μg/μmole]/[(g sample)/5]. (1)

(a) Syngenta 7720 (b) eco-seeds eco-91

Figure 1. Varieties that have significant increase in proline.
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Table 1. (Proline content).

Proline Content in 520 nm Solution

NaCl Concentration
(mM)

Advanta Pac
751 Vertex 751

Syngenta
7720

Eco-91
Syngenta

6668
Syngenta

7710

0 mM 0.6720 0.0616 1.4941 0.2799 0.1709

50 mM 0.7527 0.2111 1.9645 0.2345 0.6480

100 mM 0.8096 0.2799 1.3844 0.1064 0.0888

150 mM 1.0901 0.5573 1.5434 0.6576 0.0201

200 mM 0.6152 0.5689 1.6250 0.3982 0.8162

250 mM 0.4762 0.8432 1.7653 0.3039 0.5191

4. Discussion

Proline accumulation in salt-stressed plants is a primary defense response to maintain
osmatic pressure in a cell, which is reported in many crops [15]. Proline content increases
after an increase in NaCl concentration. We reviewed the effect, resistance mechanisms and
management of salt stress in maize. Consistent with our findings, in 2010, Kaya et al. [16]
reported that proline experiences salt stress. At 400 mM NaCl, sweetcorn leaves accumu-
lated more than 600 μmol g−1 proline. There were significant increases in proline according
to Farooq et al. [3]. Foliar application of proline increased plant growth with a positive
effect on yield characteristics in maize. Proline improves resistance against salinity through
cell osmotic adjustment, membrane stabilization, and detoxification of injured ions in plants
exposed to salt stress [13].

5. Conclusions

In this study, the effects of applied NaCl on the growth and proline concentration of
maize varieties were investigated. We have concluded that there was a significant increase
in growth and proline concentration in maize varieties. With our study, we can help farmers
who are suffering from soil salinity. We can use the method of proline accumulation, as
described by Bates et al., on different types of crops.
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Abstract: Salinity is becoming a serious threat to global food security, as it can significantly reduce
crop yields and irreversibly damage soil fertility. Moreover, this problem is currently exacerbated
by the impact of climate change, especially in drylands. Hence, introducing and adapting salinity-
tolerant species, such as quinoa (Chenopodium quinoa, Willd.), could be among the ways to enhance
the value of saline land, increasing its productivity and improving small farmers’ income in rural
areas. Quinoa, originally cultivated in the Andean region, has gained more attention throughout
the Mediterranean region because it yields well even in marginal soils. It is also considered one
of the world’s healthiest foods, as its grains contain a balanced composition of minerals, vitamins,
dietary fiber, fats, and high-quality, gluten-free proteins, with a balanced profile of all amino acids.
In Morocco, quinoa was introduced in 2000, but its expansion is still limited to certain regions.
In Eastern Morocco, for the first time, an experiment was carried out in 2019–2020 aiming to assess the
response of five quinoa cultivars (INIA-420 Negra, Titicaca, Puno, ICBA-Q4 and ICBA-Q5) to saline
irrigation. For this, we used two levels of water irrigation salinity: 1.50 dS.m−1 as a no-salt control
from Tagma’s source in Tafoghalt village and 10.5 dS.m−1 as salt treatment from local water drilling.
Agronomic parameters, mainly dry matter, leaf area, grain yield and 1000-kernel weight, were
measured to assess quinoa cultivars’ responses to saline irrigation. Statistical analysis revealed that
all investigated parameters were significantly affected by salinity, quinoa variety and their interaction
(p < 0.05). Furthermore, significant differences in terms of salinity tolerance among the five quinoa
cultivars were observed, with the highest (2.17 t.ha−1) and lowest (0.33 t.ha−1) yields recorded
for ICBA-Q5 and INIA-420 Negra, respectively. However, the same varieties tested previously in
Southern Morocco tolerated a higher level of salinity (12 dS.m−1). We assume that other factors
interfered with salinity and variety, such as the sowing date, which was relatively late and exposed
the flowering and grain filling stages to high heat in May and June.

Keywords: quinoa cultivars; saline irrigation; tolerance; yield; Eastern Morocco

1. Introduction

Nowadays, achieving food security for a growing population is a worldwide priority,
especially in resource-poor and degraded marginal lands where agricultural productivity

Environ. Sci. Proc. 2022, 16, 67. https://doi.org/10.3390/environsciproc2022016067 https://www.mdpi.com/journal/environsciproc
89



Environ. Sci. Proc. 2022, 16, 67 2 of 5

is still limited by continuous soil and water salinization [1]. Indeed, high salinity levels
could substantially and irreversibly decrease biodiversity, as many crops are not able to
grow in saline conditions. Salt-resilient crops such as quinoa could be considered as an
alternative to current staple crops to sustain agricultural production, especially under saline
irrigation [2,3].

Recently, quinoa (Chenopodium quinoa, Willd.), a facultative halophyte, has been draw-
ing increasing interest worldwide given its high nutritional value and its capacity to en-
hance food security by tolerating environmental constraints such as frost [4], drought [5,6]
and salinity [7–9]. In Morocco, quinoa was introduced in 2000, but its expansion is still
limited to certain regions and few adapted genotypes. In Eastern Morocco, for the first
time, a study was conducted in 2019–2020 aiming to investigate and assess the response of
five quinoa cultivars to saline irrigation and to set up sustainable and suitable technical
practices for local farmers in this rural area.

2. Materials and Methods

2.1. Experimental Site

This study was carried out on a farm located in the rural municipality of Boughriba in
Berkane Province, 29.3 km from the Mediterranean Sea, towards the north east of Morocco
(X = 769.014◦; Y = 473.689◦; Z = 526 m). The soil presented a silt loam texture with 1.45%
organic matter, a pH of 7.3 and a CE of 0.8 dS.m−1. The climate is semi-arid, with an
irregular rainfall averaging 290 mm per year (average calculated from weather station data
of Boughriba over a series of 30 years). During 2020, the total rainfall was 210 mm and the
average temperature ranges from 10.7 to 26.1 ◦C, while the maximum and the minimum
temperatures varied from 17.4 to 34 ◦C and from 3.9 to 20.3 ◦C, respectively (Figure A1).

2.2. Trial Setup

We laid out a field experiment in a split-plot design with three replicates, applying five
quinoa cultivars in the main plots and two salinity levels of irrigation water in the subplots.
The cultivars were INIA 420-Negra, Titicaca, Puno, ICBA-Q4, and ICBA-Q5, and have
previously been tested in the Rhamna region in south Morocco. The irrigation water salinity
levels were based on two available groundwater resources namely, Tagma’s source in
Tafoghalt village as a control treatment and water drilling as a salt treatment. The respective
electrical conductivity EC values were approximately 1.5 dS.m−1 and 10.5 dS.m−1. We used
drip irrigation with a flow rate of 2 L.h−1. The sowing and harvesting dates, respectively,
occurred on 13 March and 10 July. Regarding fertilization, all treatments received the same
quantity of local manure before the sowing date. The surface of the unit plot was 12 m2

(4 m × 3 m), and each consisted of seven rows with a 50 cm interline distance and a 30 cm
interplant distance.

2.3. Sampling Procedure and Measured Parameters

During quinoa’s growth cycle, one sample was taken in each phenological stage,
mainly in the vegetative, flowering and grain filling stages, to measure agronomic pa-
rameters. These samplings occurred, respectively, on 50, 75 and 90 days after sowing.
The monitored parameters were quinoa height, number of leaves, leaf area, and the fresh
and dry weight of roots, leaves and the whole plant. The sampling area was 1 m2 per
replication, in which 9 to 10 plants were manually cut and transferred to the laboratory of
the National Institute of Agronomical Research in Berkane. At harvest, kernels were dried
in an oven at a temperature of 110 ◦C until their weight stabilized. Then, final dry matter,
seed yield and 1000-kernel weight were assessed.

2.4. Statistical Analysis

Statistical analysis was performed using SAS 9.0 software. For a better interpretation,
a two-way analysis of variance (ANOVA) was used to assess the effects of irrigation water

90



Environ. Sci. Proc. 2022, 16, 67 3 of 5

salinity level, quinoa variety and their interaction on monitored parameters. When ANOVA
was significant (p < 0.05), Student’s test (LSD) was used for means comparison (p ≤ 0.05).

3. Results and Discussion

3.1. Results
3.1.1. Agronomic Parameters during Quinoa Growth Cycle

All varieties achieved their growth cycle and developed differently depending on the
salinity level of the irrigation water and variety. Analysis of variance (ANOVA) showed
the significant effects of the two factors and their interaction on most measured parameters
mainly in flowering and grain filling stages. Contrary, no significant effect was recorded
on the leaf area in the last stage (p < 0.05) (Table 1). The assessed parameters were quinoa
vegetative height (VH), root dry matter (RDM), leaf dry matter (LDM), total dry matter
(TDM), leaf number (LN) and leaf area (LA).

Table 1. Variation of agronomic parameters during the quinoa growth cycle.

Parameters
VH
(cm)

RDM
(g/Plant)

LDM
(g/Plant)

TDM
(g/Plant)

LN
LA

(cm2)

DAS 50 75 90 50 75 90 50 75 90 50 75 90 50 75 90 50 75 90

Salinity (S) ns *** *** * *** *** ** *** ns *** *** *** *** *** *** *** * ns
Variety (V) *** *** *** ns *** *** * *** *** *** *** *** *** *** *** *** * ns
(S) × (V) ns *** *** ** *** *** ns *** *** *** *** *** *** *** *** *** * ns

ns: no significant, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.1.2. Growth Parameters

The main results of the ANOVA for the investigated parameters are recorded in Table 2.
At harvest time, the studied parameters were final dry matter, grain yield and 1000-kernel
weight (1000 KW). The statistical analysis revealed that salinity, variety and their interaction
affected significantly most parameters, except 1000 KW (p < 0.05).

Table 2. Analysis of variance (GLM procedure) of the effect of salinity, variety and their interaction
on post harvesting parameters.

Factors DF
Dry Matter

(g/plt)
Kernel Yield

(t/ha)
1000 Kernel Weight

(g)

Salinity (S)
Variety (V)

Interaction (S × V)

1
4
4

0.00 ***
0.00 ***
0.00 ***

0.00 ***
0.00 ***
0.016 *

ns
ns
ns

ns = not significant, * denotes p < 0.05 and *** denotes p < 0.001.

3.1.3. Total Dry Matter and Grain Yield

Final dry matter (g/plant) and grain yield (t.ha−1) were significantly affected by
irrigation water salinity level (10.5 dS.m−1) comparatively to the control (1.5 dS.m−1) for
all varieties (p < 0.05). Generally, a substantial decrease in dry matter and grain yield
was recorded. However, this reduction depended on variety and was more noticeable for
Titicaca (68%) and INIA-420 Negra (64%) in terms of dry matter and for Puno (48%) and
Titicaca (46%) regarding grain yield (p ≤ 0.05). Moreover, the average yield comparison
showed that the best results were recorded for ICBA-Q5, with minimum loss (21%) when it
was irrigated with saline water (10.5 dS.m−1) (p ≤ 0.05) (Table 3).
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Table 3. Final dry matter and kernel yield according to water irrigation salinity level and quinoa
variety.

CE (dS.m−1) Variety Final Dry Matter (g/Plant) Grain Yield (t/ha)

1.50

INIA 420-Negra
Titicaca

Puno
ICBA-Q4
ICBA-Q5

148.30 ± 4.97 a
104.23 ± 1.52 b
65.73 ± 2.93 c
72.93 ± 2.60 c
53.13 ± 2.04 d

0.55 ± 0.03 c
2.64 ± 0.43 b
3.55 ± 0.21 a
2.61 ± 0.25 b
2.74 ± 0.18 ab

10.50

INIA 420-Negra
Titicaca

Puno
ICBA-Q4
ICBA-Q5

52.83 ± 1.49 a
33.37 ± 0.93 c
49.70 ± 3.00 a
40.30 ± 0.31 b
35.67 ± 1.62 bc

0.33 ± 0.01 d
1.45 ± 0.18 c
1.83 ± 0.06 b
1.78 ± 0.06 b
2.17 ± 0.05 a

In each column and for each salinity level (EC), values followed by the same letters are statistically homogeneous
(p ≤ 0.05).

3.2. Discussion

According to this study, the investigated parameters during the quinoa life cycle were
significantly affected by water irrigation salinity at 10.5 dS.m−1 that caused losses in yield
and dry matter at harvest, respectively, of 66% and 52%. Previous results obtained by
Razzaghi et al. (2012) supported the fact that increasing salinity leads to quinoa yield
and biomass reduction [10]. However, Hirich et al. (2014) noted that the same cultivars,
Puno, Titicaca, ICBA-Q4 and ICBA-Q5, cultivated in South Morocco were able to grow
successfully above 10.5 dS.m−1 and their grain yield and dry matter were not significantly
affected up to 17 dS.m−1 [11]. Nonetheless, our study indicates that this result depends
on quinoa varieties’ response to salt stress. In fact, ICBA-Q5 recorded the highest grain
yield (2.17 t.ha−1) with the minimum loss (21%) under salt stress, while INIA-420 NEGRA
showed the lowest grain yield whatever the salinity level. This Peruvian long-life cycle
variety should be sown early to avoid the effect of high temperature mainly during the
flowering and grain filling stages.

According to Figure A1 and the late sowing date (March 13), these critical stages
coincide with the period of maximum temperature, reaching 30 ◦C. Thus, managing the
sowing date is also essential to reduce the negative effect of heat stress during the flowering
and grain filling stages, and therefore the eventual losses of grain yield and biomass [12].
We will repeat this study in the following seasons in order to confirm these results.
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Appendix A

 

Figure A1. Climate parameters for the Berkane site (2020).
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Abstract: New technologies have been developed to maximize agricultural production with ratio-
nal use of water resources, especially salt water. We conducted field experiments using either the
Nano Irrigation system or the drip irrigation system on sandy loam soil to examine the response
of sugar beet to different levels of saline irrigation water. Replicates (n = 4) of elementary plots,
4 m wide × 5 m long with two irrigation water salinity treatments (S1 = 1.6 dS m−1, S2 = 6.3 dS m−1),
were established in a factorial design under Nano Irrigation. Soil chemical properties and morpholog-
ical and physiological parameters of sugar beet were measured over two sampling periods. Irrigation
with saline water resulted in proline accumulation in leaves and decreased chlorophyll content, leaf
area, and root yield. The results suggest that irrigation water of 6 dS m−1 could be used to obtain an
acceptable root biomass yield without significant short-term salinity issues in the cultivated soil.

Keywords: biosaline agriculture; salt stress; sugar beet; Nano Irrigation

1. Introduction

Sugar beet has a reputation among high added value crops for tolerating salt stress
well. Although previous studies have investigated the effect of salinity on sugar beet [1–3],
so far, no studies have been performed on the effects occurring under the Nano Irrigation
system. Such studies are vital to fully understand how the sugar beet (a large, fleshy taproot
that grows to be large) performs under a Nano Irrigation system and how it responds to the
salinity of the water under the system. The “nano” system used in this study is a buried,
porous tube irrigation system of relatively new technology (Moistube), and is composed of
semi-permeable membranes whose pores are of the order of a nanometer [4]. This study
follows two previous field experiments [5], that examined the water-saving abilities and
performance of two alternative (fibrilroot) crops under Nano Irrigation. Our experience
offers an objective vision of biosaline agriculture to better promote the growth of high
added value crops by engaging accumulated knowledge and using technologies developed
for the recovery of water and salty soils in arid and semi-arid regions.
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2. Materials and Methods

Sugar beet (B. vulgaris L.) was cultivated under salt stress from 3 December 2020 to
25 May 2021. A factorial design was established to produce 11 elementary plots of 20 m2,
each with two salinity treatments (S1 = 1.6 dS m−1, S2 = 6.35 dS m−1) and distributed
as follows: (i) Nano Irrigation with salinity S1 (NS1, n = 4), (ii) Nano Irrigation with
salinity S2 (NS2, n = 4), drip irrigation with salinity S1 (GS1, n = 1), and (iii) drip irrigation
with salinity S2 (GS2, n = 2). The soil and plant samples were collected after 2 months of
treatment (flowering stage) and at the end of the growing cycle (harvest stage). Samples
were analyzed at the Soil–Water–Plant laboratory at the Regional Center for Agronomic
Research in Agadir.

3. Statistical Analyzes of Data

The data collected were analyzed using a general linear analysis of variance (ANOVA)
model and SPSS software (IBM Corp. (Armonk, NY, USA), version 22) to estimate the
statistical significance of the mean differences between the salinity treatments. The data
were transformed to obtain homogeneity of variances, as necessary, and p-values < 0.05
were considered significant.

4. Results and Discussion

4.1. Changes in Soil Parameters

Figure 1 shows the means for soil electrical conductivity (a) and organic matter content
(b) as a function of soil depth, the irrigation system used, and salinity treatments provided
at the flowering and harvest stages. Similar organic matter content was reported for the
different salinity treatments under both irrigation system treatments. The soil salinity
increased considerably at the beginning of the experiment and then decreased, particularly
at 5 cm soil depth.

Figure 1. The electrical conductivity (a) and organic matter content (b) of the soil at two sampling
periods under different salinity treatments and irrigation systems: flowering stage, soil samples
collected after 2 months of saline water treatment; harvest stage, soil samples collected at the end of
the growing cycle; N S1, salinity 1 under the nano system (n = 4, mean ± standard deviation); NS2,
salinity 2 under the nano system (n = 4, mean ± standard deviation); G S1, salinity 1 under the drip
system (n = 2, mean ± standard deviation); G S2, salinity 2 under the salinity 2 drip system (n = 1).
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Organic matter and pH remained less influenced. The results of the current study
are similar to those of other studies [6,7]. The studied soil has a buffering capacity; thus,
the monitoring time is short, in part, to reveal differences in these [8]. Conversely, salt
concentration is thought to be the result of high evaporation combined with water irrigation
that is insufficient to allow the leaching of these salts into the depth of the soil.

4.2. Effect of Salinity on the Physiological Morphological and Productivity Parameters of the Plant

Figure 2 shows changes in proline content (a), photosynthetic pigment (b), leaf area
(c), and root yield (d) in sugar beets at different development stages and as a function of
salinity and the applied irrigation systems. The results show that irrigation with saline
water resulted in the accumulation of proline in the leaves, and a decrease in chlorophyll
content, leaf area, and root yield.

Figure 2. The average proline production (a), photosynthetic pigment (b), leaf area (c), and root
yield (d) of sugar beets at two sampling periods under different salinity treatments and irrigation
systems: flowering stage, leaf samples collected after 2 months of saline water treatment; harvest
stage, leaf samples collected at the end of the crop cycle; N S1, salinity 1 under the nano system
(n = 4, mean ± standard deviation); NS2, salinity 2 under the nano system (n = 4, mean ± standard
deviation); G S1, salinity 1 under the drip system (n = 2, mean ± standard deviation); G S2, salinity 2
under the salinity 2 drip system (n = 1).
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Irrigation water salinity showed significant proline accumulation, reflecting the effect
of stress compared to control. Our results are consistent with previous studies on the
response of plants to salt stress, which reported an increase in proline under salt stress
conditions [9,10]. Similar effects would have resulted in a reduction in sugar beet growth
in terms of root yield and leaf area. Our results also showed that sugar beets can grow well
under the Nano Irrigation system without any significant compression effect on the buried
tubes during root enlargement in the growth stages.

5. Conclusions

The results suggest that the Nano Irrigation system would be suitable for the culti-
vation of sugar beets, provided that the appropriate placement of the laterals—between
the crop rows and at an appropriate depth—is chosen. Acceptable yields of root biomass
can be obtained using irrigation water of 6 ds m−1 without having a significant impact on
cultivated soils in the short term.
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Abstract: Salt stress is considered one of the most damaging abiotic stresses for maize productivity. In
this study, two-hybrid varieties (Sancia and Agrister) were cultivated under 0, 2, 4, and 6 g NaCl L−1.
Under 6 g NaCl L−1, shoot length, dry weight, and chlorophyll content were higher for Agrister
compared to Sancia. Moreover, an increase in proline and H2O2 was recorded for Sancia at 2 and
4 g·L−1 and for Agrister at 6 g·L−1. Laterally, Agrister enhances the antioxidant enzymes catalase
and peroxidase, while Sancia decreased peroxidase by 25% compared to the control. In conclusion,
Agrister seems to be more tolerant than Sancia.

Keywords: salt stress; maize; physiological traits; antioxidants enzymes

1. Introduction

In Tunisia, around 11.6% of the total land area is affected by salinity [1]. The high levels
of NaCl affect plant development by inducing osmotic stress, stomatal closure, ionic toxicity,
and nutritional imbalance, leading to reduced photosynthesis and the inhibition of protein
synthesis and metabolic enzymes [2,3]. The hyperosmotic and hyperionic stresses caused
by the high salinity induce oxidative stress by generating reactive oxygen species (ROS)
within plant cells [4]. To alleviate ROS damage, plants induce non-enzymatic (phenolics
and flavonoids) and enzymatic (SOD, GPX, CAT, and APX) antioxidants [2]. After wheat
and rice, maize (Zea mays L.) ranks third among the most important cereal crop globally. It
has been reported that soil salinity is a significant threats to maize production [5]. Although
maize is considered moderately salt-sensitive [6], screening tolerant cultivars should be one
of the main aims to achieve sustainable agriculture. In this context, the present research is
conducted to evaluate salt stress tolerance in two contrasting cultivars, Agrister and Sancia,
as well as to identify the best salt-tolerant cultivar to be grown on cultivated fields with
salt concerns.

2. Materials and Methods

2.1. Plant Cultivation and Processing

The seeds of two simple hybrid cultivars (Agrister and Sancia) of maize were obtained
from the Limagrain agricultural seed Corporation (Verneuil, France). The seeds were sown
in a total of 40. The pots contained a mixture of standard peat/perlite (2:1, v/v) and were
grown in a greenhouse with a relative humidity of 60–80% and a photoperiod of 14 h/day.
A complete random design with five replicates was used. Plants were subjected to three
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different levels of salt stress (2, 4, and 6 NaCl g·L−1) by uniformly irrigating with 0.5 L of
each salt solution every 2 days; control plants were irrigated with 0.5 L of fresh water.

2.2. Measurements and Sampling

The measurements of physiological traits occurred after 2 weeks of salt stress imposi-
tion in the recent fully expanded leaves. The total chlorophyll content was measured as
described by [7] and expressed as g·mL−1. The relative membrane permeability (RMP)
was determined, based on electrolyte leakage of cells, as described by [8] and expressed
in %. The content of total phenolic compounds was measured by the Folin–Ciocalteu
method [9] and expressed as mg·g−1 FW. The content of hydrogen peroxide (H2O2) was
measured according to [10] and expressed as mM. The guaiacol peroxidase was determined
according to [11] and expressed as mmol·min−1·mg−1 P. The catalase activity was deter-
mined according to [12] and was expressed as mmol.min−1·mg−1 P. The content of proline
was measured according to [13] and expressed as mg·g−1 FW. After 3 weeks of salt stress
imposition, shoots were sampled for length measurements, and then were dried at 70 ◦C
for dry weight measurements.

2.3. Statistical Analyses

The effects of salinity and cultivar and their interaction on the measured traits were
determined through a two-factor (salinity × cultivar) analysis of variance (ANOVA)
with RStudio.

3. Results

3.1. Effect of Salt Stress on Physiological and Morphological Traits

The results show that the salinity significantly affected all measured parameters, such
as shoot length, biomass and RMP (p < 0.001), and chlorophyll content (p < 0.05); however,
the interaction (S × V) affected only the chlorophyll content and RMP (p < 0.001) (Table 1).
The 6 g NaCl L−1 induces, in Sancia, a reduction in dry matter, shoot length, and chlorophyll
content, and an increase in RMP. Unlikely, we recorded in Agrister a slight decrease in shoot
length and an increase in chlorophyll content associated with a maintained dry matter.

Table 1. Physiological changes in the maize cultivars Agrister and Sancia under salt stress; analysis
of shoot length, biomass, chlorophyll content, and relative membrane permeability.

Traits Shoot Length (cm) Shoot Dry Weight (g) Chlorophyll Content (g/mL) RMP (%)
Cultivar Agrister Sancia Agrister Sancia Agrister Sancia Agrister Sancia

Salinity

0 g·L−1 34.66 ± 0.24 a 33.58 ± 0.42 a 13.56 ± 0.98 a 10.96 ± 0.61 a 39.68 ± 0.45 b 39.44 ± 0.75 a 86.82 ± 0.89 d 83.84 ± 0.32 d
2 g·L−1 30.83 ± 0.47 b 28.67 ± 0.62 b 10.34 ± 0.13 b 9.13 ± 0.08 b 41.45 ± 0.03 ab 40.33 ± 0.58 a 88.51 ± 0.19 c 92.74 ± 1.18 c
4 g·L−1 29.83 ± 0.94 b 27.10 ± 0.29 c 10.00 ± 0.33 b 8.77 ± 0.26 b 41.67 ± 1.55 a 37.46 ± 0.38 b 94.38 ± 0.73 b 96.56 ± 0.65 b
6 g·L−1 28.08 ± 0.51 c 26.00 ± 0.49 d 9.18 ± 0.20 b 7.69 ± 0.13 c 42.29 ± 0.17 a 36.46 ± 0.74 b 97.14 ± 0.18 a 98.90 ± 0.55 a

ANOVA df
Salinity 1 168,515 *** 47,962 *** 8817 * 564,379 ***
Cultivar 3 24,402 *** 15,999 *** 48,628 *** 10,055 **
S × C 3 2118 n.s. 1951 n.s. 30,741 *** 41,812 ***

The symbols indicate statistical significance (n.s., p > 0.1, ** p < 0.01; *** p < 0.001). The sum square values with
statistical significance are shown (n.s.: non-significant, *: p < 0.05; **: p < 0.01; ***: p < 0.001).

3.2. Effect of Salt Stress on the Antioxidants Enzymes, H2O2, Proline, and Phenolic Compounds

The analysis of variance showed that all the traits were significantly affected by salinity,
cultivar, and their interaction (p < 0.001). The 6 g NaCl L−1 stress induces a peak of H2O2
Sancia, but is maintained for Agrister. In addition, Agrister exhibited a higher phenolic
content, peroxidases, and catalase activities than those of Sancia. Proline was high in Sancia
at 2 and 4 g·L−1, while it was higher in Agrister at 6 g·L−1 (Figure 1).
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Figure 1. The effect of salt stress (0, 2, 4, and 6 g·NaCl L−1) on proline, H2O2, phenolic compounds,
and peroxidase and catalase activities. The sum square values with statistical significance are shown
(ns: non-significant, ***: p < 0.001).

4. Discussion

The applied salt stress affected Sancia development significantly compared to that of
Agrister. This could be related to the accumulation of Na+ in the roots, which reduces water
absorption [14]. The reduction in total chlorophyll content is to be expected under stress
conditions; its stability depends on membrane stability, which under saline conditions
rarely remains intact [6]. Unlike Sancia, chlorophyll content and RMP were maintained in
Agrister under the increasing salt stress, which shed light on its tolerance. Additionally, the
higher level of proline in Agrister underlines the aptitude of the cultivar to minimize the
salt effect by osmoregulation compared to Sancia. This is partially consistent with other
studies on maize [3]. In response to salt stress, Agrister is able to mitigate the accumulation
of H2O2 in plant cells by the biosynthesis of antioxidant metabolites (catalase, peroxidase,
and phenolic compounds). Our results agree with those of [1,15], who suggested that
CAT, peroxidases, and phenolic compounds were associated with salt stress tolerance. In
conclusion, the hybrid Agrister was found to be more tolerant to salt stress than Sancia as
indicated by the response of plant growth, chlorophyll content, and phenolic accumulation
and their related antioxidant activity in the presence of NaCl.
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Abstract: In the absence of matric potential, the hydroponic cultivation method of employing brackish
water to prepare a nutrient solution permits satisfactory growth, even of non-leafy vegetables. The
present study evaluated the growth variables, stem diameter, plant height, number of leaves, and
the shoot dry mass in the different phenological stages of “Biquinho” pepper in response to the
electrical conductivity of the nutrient solutions (ECsol), varying from 2.70 to 7.77 dS m−1 in a Nutrient
Film Technique (NFT) hydroponic system. For the number of leaves, linear reductions of 3.89 and
9.29% (dS m−1)−1 were observed at 10 and 30 days after transplanting (DAT), respectively. At 60 DAT,
plants began to preserve their leaves up to ECsol of 4.60 dS m−1 and presented a linear decrease
of 23.32% per unit increment above the salinity threshold. At 10 DAT, the plant height and stem
diameter were not affected and only at 30 DAT were there significant differences due to ECsol, with a
linear reduction of 3.98 and 5.27% (dS m−1)−1, respectively. While at 60 DAT, the salinity response for
these variables was represented by a plateau followed by a linear decrease, with salinity thresholds
of 5.18 and 5.01 dS m−1, and thereafter a relative decrease of 9.31 and 11.9% per unit increase in
ECsol above the threshold, respectively, the values up to the salinity threshold being 0.87 m and
15.77 mm, respectively. The shoot dry mass up to 60 DAT reduced linearly with an increase in ECsol,
but the plants under moderate salinity after acclimatization (90 DAT) surpassed the control treatment,
and maximum dry mass accumulation was observed at an ECsol of 5.14 dS m−1. The results reveal
that in hydroponic cultivation of “Biquinho” pepper under salt stress, growth is attenuated in the
reproductive phase.

Keywords: Capsicum chinense Jacq.; salt stress; phenological stage

1. Introduction

Appreciated throughout the world since colonial times, peppers of the genus Capsicum
are present in everyday life, being used fresh in the preparation of meals, the composition
of salads and preserves, dry as a condiment/seasoning, and processed in the preparation of
jams, sauces, and antipasti [1]. Among the cultivated species, C. chinense Jacq. is explored
in several Brazilian regions [2]. The species C. chinense has high genetic variability for
agronomic characteristics and capsaicin content, which is responsible for the pungency of
peppers [3]. Among the genotypes, “Biquinho” is known for the length of the fruit apex,
being one of the most consumed and cultivated in Brazil [3]. However, this crop can be
affected by several abiotic stresses, including salinity [4].
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Several studies have shown good results with the use of brackish water up to a certain
level of salinity in the preparation of nutrient solution in a hydroponic system, including
non-leafy species such as those of the genus Capsicum [5,6], Abelmoschus esculentus [7].
Therefore, the objective of the present study was to evaluate the growth of “Biquinho”
pepper cultivated in the hydroponic system using brackish waters in the preparation of the
nutrient solution.

2. Material and Methods

The experiment was conducted in a single-arch greenhouse, located at the Federal
University of Recôncavo da Bahia, in the municipality of Cruz das Almas, Bahia, Brazil
(12◦40′19′′ S, 39◦06′23′′ W, 220 m). The greenhouse is 7 m wide and 33 m long, with a
ceiling height of 4 m, installed in the East–West direction, being protected on the sides by
a black net (50% shade) and on the top by a 150-micron anti-UV plastic film. During the
experiment, the minimum, maximum, and mean values of air temperature and relative
humidity of the air were, respectively: 17.20, 35.70, and 23.88 ◦C; 66.46, 93.29, and 78.79%.

The experimental design adopted was randomized blocks, with seven levels of elec-
trical conductivity of the nutrient solution (ECsol-2.70 (control), 3.64, 4.58, 5.28, 6.09, 6.90,
and 7.77 dS m−1,), and 6 replicates. The nutrient solution (NS) adopted was recom-
mended by Sonneveld and Straver [8]. The NS was prepared using municipal-supply water
(ECw = 0.34 dS m−1), and ECsol greater than 2.7 dS m−1 was obtained by dissolving NaCl.
The hydroponic system used was the Nutrient Film Technique (NFT), with 42 experimental
plots. Each plot was composed of five plants arranged in a PVC channel (0.075 m diameter
and 6.0 m length). Each cultivation channel was independent, in respect of its hydraulic
system, NS reservoir, and supply water tank. The spacing used was 0.83 m between plants
and 0.70 m between rows. The NS circulated for 15 min at intervals of 15 min.

The plant material used in this study was pepper (Capsicum chinense Jacq.) of the
varietal group “Biquinho”, without pungency, using seeds of the Horticeres, sown in previ-
ously washed cubical cells of phenolic foam (0.02 × 0.02 × 0.02 m). Transplanting to the
hydroponic system occurred 43 days after sowing (DAS). At 20 days after transplanting
(DAT), a 50% shade net was installed at 3.5 m height to reduce radiation and avoid thermal
stress in plants. The experiment was completed at 163 DAS, i.e., 120 DAT. The replenish-
ment of the water consumed was carried out daily with supply water (ECw = 0.34 dS m−1).
The NS was substituted completely in all treatments at 28, 61, and 90 DAT.

The growth of pepper plants was evaluated by stem diameter (SD), plant height (PH),
and the number of leaves (NL) 10, 30, and 60 DAT. All evaluations were performed in two
pre-identified plants in the central part of each experimental plot. The shoot dry mass
(SHDM) was evaluated 30, 60, 90, and 120 DAT after drying at 65 ◦C.

The data were subjected to analysis of variance (ANOVA) using the statistical SAS
Program. When the effect by the F test was significant, the factor ECsol was subjected to
linear and quadratic regression analysis to obtain the most adequate model representing
the data. The models of Maas and Hoffman [9] and Plateau followed by exponential decay
were also used. The Solver Microsoft Excel tool was used to analyze the parameters, aiming
to minimize the sum of square deviations.

3. Results

For the NL, linear reductions of 3.89 and 9.29% (dS m−1)−1 were observed at 10 and
30 DAT, respectively (Figure 1A,B). At 60 DAT, plants began to preserve their leaves up to
ECsol of 4.60 dS m−1, with a mean number of 1034.27 leaves per plant and a linear decrease
of 23.32% per unit increment of ECsol above the salinity threshold (Figure 1C).
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Figure 1. Mean number of leaves (NL) per plant at 10 (A), 30 (B), and 60 (C) days after transplanting
(DAT) of “Biquinho” pepper cultivated in the hydroponic system as a function of the electrical
conductivity of the nutrient solution salinity (ECsol).

At 10 DAT, mean PH and stem diameter were, respectively, 0.195 m and 7.85 mm for
all treatments, and only at 30 DAT were there significant differences due to ECsol, with
a linear reduction of 3.98 and 5.27% (dS m−1)−1, respectively (Figure 2A,C). At 60 DAT,
the variables PH and SD showed a plateau followed by a linear decrease, with salinity
thresholds of 5.18 and 5.01 dS m−1, and a relative decrease of 9.31 and 11.9% per unit
increase in ECsol above the threshold, respectively. The values of these variables up to the
salinity threshold were 0.87 m and 15.77 mm, respectively (Figure 2B,D).

 

Figure 2. Mean plant height (A,B) and stem diameter (C,D) at 30 and 60 days after transplanting
(DAT), respectively, and shoot dry mass per plant at 30 (E), 60 (F), 90 (G), and 120 DAT (H) of
“Biquinho” pepper cultivated in the hydroponic system as a function of the electrical conductivity of
the nutrient solution (ECsol).

The shoot dry mass (SHDM) accumulation of “Biquinho” pepper at 30 and 60 DAT
decreased linearly by 10.00 and 10.71% per unit increase in ECsol (Figure 2E,F), respec-
tively. Subsequently, at 90 and 120 DAT, the effect of ECsol on SHDM was represented by
a quadratic equation, with maximum values no longer observed in the to control treatment
(ECsol = 2.70 dS m−1), but to intermediate salinity treatments: ECsol of 4.42 and 5.02 dS m−1,
with SHDM estimated at 355.12 and 498.67 g plant−1, respectively (Figure 2G,H). Based on
the equation of Figure 2H, SHDM values of the same magnitude (316.72 and 315.76 g plant−1)
were verified between the control treatment (ECsol = 2.70 dS m−1) and ECsol of 7.34 dS m−1

at 120 DAT.

4. Discussion

The increase in salts in the NS reduced the growth variables NL, PH, SD, and SHDM.
In the literature, there are several studies with different crops, including bell pepper, in the
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hydroponic system under salt stress, with a reduction in these growth variables [5,6,10]
due to the reduction in water absorption, accumulation of toxic ions, and physiological
effects, such as reduction in photosynthesis and stomatal conductance [6,10].

For basil crops under similar treatments and experimental conditions, the PH was not
considered a good indicator of salinity effects compared to dry mass accumulation [11]. For
basil and pepper, both shrub plants, the reduction in height tends to be a little intense; after
a certain time, the plants start to mobilize more energy for the growth of the lateral branches,
to the detriment of vertical growth, which tends to result in plants with heights that vary
little, even under different levels of ECsol. These results corroborate results observed by
Furtado et al. [5] in hydroponic bell pepper plants (Capsicum annuum L. “All Big”) in which
the absolute growth rate decreased from 0.096 to 0.03346 cm day−1 with a unit increase
in salinity in the periods 60–75 and 75–90 DAT, respectively. According to Horticeres
Sementes [12], the cultivar “Biquinho” used in the present study produces very uniform
compact plants with a mean height of 0.60 m. Therefore, the plants of the present study
grown under hydroponic conditions, even with high-salinity NS (ECsol = 7.7 dS m−1),
reached this mean standard of height (Figure 2B).

5. Conclusions

“Biquinho” pepper plants subjected to salinity soon after transplanting had, as con-
sequences of the osmotic effect, restricted development of areal parts and the number of
leaves, especially in the first weeks. The results reveal that in hydroponic cultivation of
“Biquinho” pepper under salt stress, growth is attenuated in the reproductive phase.
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Abstract: The lack of precipitation influences the salinity of irrigation water. The experiment was
conducted in a plum orchard in the Rgueb region. Two water regimes were applied. Stressed
trees received 50% crop evapotranspiration (ETc) and the controls received 100% ETc. During the
experimentation period, the phenological stages, flowering period and some pomological criteria
were surveyed. The different parameters followed confirmed that the Black Star cultivar, with a
shorter cycle, was the most resistant to water deficits and salinity. According to this study, it will be
strategic to encourage the cultivation of the Black Star cultivar in the semi-arid region of Tunisia.

Keywords: Black Star; phonologic stage; plum fruit; salinity; water deficit

1. Introduction

In Tunisia, in arid and semi-arid areas (such as Regueb, Tunisia), low annual rainfall
and high evaporation rates affect the production of fruit trees, which require a water
supply for orchards. Moreover, the excessive exploitation of water resources for irrigation
accompanied by an uncontrolled use of fertilizers increases salinity. It is generally known
that moderate water stress is a method that increases a plant’s water use efficiency and
improves fruit quality without affecting size, weight and even yield [1]. However, previous
studies in mid-maturing Japanese plum have shown that water stress in a period close to
harvest reduces fruit size and vegetative vigor [2]. In this context, the aim of this work is to
evaluate the acclimatization of three plum cultivars (Black Diamond, Black Gold and Black
Star) introduced in the Regueb region. The impact of climate and especially water deficit
and high salinity on the development, production and quality of fruits is investigated.

2. Materials and Methods

2.1. Experimental Site and Plant Material

The orchard is located 4 km north of the town of Regueb. It covers an area of 4 ha
with a dispositive in crisscross. It was installed in 2006. It contains three plum cultivars:
Black Diamond (BD), Black Star (BS) and Black Gold (BG). The trees are irrigated by drip
irrigation (4 L/h) with salinity of around 2.4 g EC (dS/m). The farmer applies an identical
fertilization program for all the trees. These cultivars are characterized by the earliness of
ripening of their fruits.

2.2. Water Treatment of the Plum Tree

Two water regimes were applied. For each cultivar, the trees considered as controls
received between 12–30 L/d depending on seasons and phenological stages (100% ETc).

Environ. Sci. Proc. 2022, 16, 2. https://doi.org/10.3390/environsciproc2022016002 https://www.mdpi.com/journal/environsciproc
109



Environ. Sci. Proc. 2022, 16, 2 2 of 4

However, the treated trees received half of the irrigation water from the controls (50% ETc);
this treatment can be considered as a moderate water stress (MWS) during the months of
May–June–July.

2.3. Phenological Stages of Plum Trees

To define the phenological stage, we referred to the work published by [3] focusing on
plum tree phenology. Each phenological stage was designated by a letter. The phenological
stages of each cultivar were followed from budburst to fruiting.

2.4. Pomological Parameters of Plum Fruits

The fruits were harvested at the commercial ripening stage (full maturation stage). The
extraction of sugars was performed according to the method described by [4] with some
modifications. The carbohydrate content was determined according to [5]. Total acidity
(TA) was determined according to [6]. The concentration of total phenols was measured by
the method of [7]. Total flavonoids were measured according to [8].

2.5. Statistical Analysis

Statistical analysis (ANOVA and Duncan’s test) was performed using SPSS statistical
software (version 13 for Windows). For the comparison of the pomological parameters, the
variables were subjected to a multivariate analysis using a general linear model including
two fixed factors (cultivars and water treatment).

3. Results

3.1. Phenological Stages

The beginning of budburst takes place in February for BD and BG and March for BS
(Table 1). The end of flowering and the appearance of fruits take place in May for the three
varieties. The duration of the reproductive cycle from the bud swelling stage (B) to the
young fruit stage (J) differed between cultivars. It was 68 days for the BD and BG cultivars;
however, BS had the shortest development cycle (59 days). An intra-cyclic variability exists
between the durations of the stages. All cultivars reach the fall of petals stage (I) together.

Table 1. Phenological stages of three plum cultivars grown in the Regueb region.

Varieties Bud Swelling First Bloom Full Bloom Post Bloom Fruit Set Young Fruit

Black Diamond 02/03 15/03 21/03 30/03 05/04 08/05
Black Gold 02/03 20/03 24/03 05/04 18/04 08/05
Black Star 13/03 20/03 30/03 10/04 18/04 08/05

3.2. Effect of Water Stress in the Pomological Parameters of Plum Fruits

The result of the variation of total sugar in the three plum cultivars studied under
deficit irrigation strategy is shown in Table 2. We found that the level of total sugar contents
in the plum fruit varied between 26.23 and 40.63 g/100 g FW. In addition, our results show
that the sugar content in the stressed plum cultivars was higher than that in fruits harvested
from the control trees BD and BS (37.90 and 40.63 g/100 g FW, respectively). However,
deficit water irrigation did not affect the concentration of sugar in the fruits of Black Gold
(Table 2).

The results shown in Table 2 show that, at the ripening stage and under full irrigation
conditions, BS had the lowest level of acidity (3.65% malic acid), while BD fruits were the
most acidic (3.96 % malic acid). In addition, MWS has a negative impact on the total acidity
in all cultivars (Table 2). Our results show that the level of polyphenols in plum depends on
the cultivars. Indeed, BG plums contain the highest levels (369.84 mg/100 g FW), followed
by BS (263.52 mg/100 g FW). The lack of water leads to a slight improvement in the rate
of these compounds in both BD and BS fruits. Furthermore, the results show a significant
variation between the three cultivars concerning the level of flavonoids (Table 2). In
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fact, under control and deficit irrigation, BS plums were the richest in flavonoids with a
concentration that reached 26 mg/100 g FW. The fruits of BD had the lowest concentration
of flavonoids (did not exceed 16 mg/100 g FW).

Table 2. Variation of pomological parameters in the fruits of the three plum cultivars subjected
(stressed) or not (control) to moderate water stress.

Varieties
Total Sugar
(g/100 g FW)

Total Acidity
(% Malic Acid)

Total Polyphenols
(mg/100 g FW)

Flavonoids
(mg/100 g FW)

Control Stressed Control Stressed Control Stressed Control Stressed
Black Diamond 27.66 cB 37.90 bA 3.96 aA 3.75 aB 190.82 cB 219.96 cA 14.89 cB 16.01 cA

Black Gold 26.23 bA 27.10 cA 3.70 bA 3.54 bB 369.84 aB 375.57 aA 20.64 bA 21.71 bA

Black Star 30.53 aB 40.63 aA 3.65 cA 3.49 cB 263.52 bB 298.20 bA 26.23 aA 26.66 aA

Values are the means of three different samples (n = 3) ± standard deviation. The lowercase letters [a], [b] and [c]
indicate significant differences (p ≤ 0.05) among the three cultivars for each treatment separately. Capital letters
[A] and [B] indicate significant differences (p ≤ 0.05) for irrigation treatments.

4. Discussion

Phenology is one of the indicators used and accepted by many scientists to monitor
climate change; it is an ideal manner to demonstrate the effects of global warming on
the living world [9]. For all the cultivars studies, the flowering period extended from
mid-March to the second week of April. However, in a previous study carried out on
other plum cultivars grown in Romania, the flowering occurred from the end of March
to the beginning of May [10]. In addition, the analysis of phenological data showed that
the duration of flowering varied according to the variety, a characteristic that is influenced
by climatic and genetic factors. In fact, the BS cultivar showed the longest flowering
period (21 days). Moreover, according to [10], the longest flowering period is a positive
characteristic of a cultivar’s adaptation to unfavorable conditions. In addition to its impact
on plant phenology, climatic conditions and irrigation strategies have a significant influence
on fruit quality. In our study, the results show that the application of MWS can improve
plum fruit quality. In fact, we found that water stress increased the concentration of total
sugars, especially in BS fruit. According to [11], this increase is due to the overconcentration
of sugars following the reduction in fruit size. Our also results show a decrease in the
total acidity of plum fruit under MWS. Similar results were found for peach fruit [12]. In
fact, according to [13], the decrease in total acidity can be explained by the decrease in
malic and citric acid levels after their use in the processes of gluconeogenesis, fermentation
and amino acids. Phenolic compounds are also major constituents of plum fruits [14].
There is a strong correlation between the richness of fruits in phenolic compounds and
their antioxidant activity. Our study shows that moderate water stress increased the
concentration of flavonoids and total polyphenols in plum fruits in the three cultivars
studied. The same findings have been observed in other fruit species, such as the peach [15].
According to [16], the increase in these secondary metabolites is due, not only, to the
reduction in fruit size under restrictive water conditions, but also to the fact that water
stress stimulates the biosynthesis of phenolic compounds.

5. Conclusions

In conclusion, studies on the environmental factors’ impact on phenology in fruit-
tree species allow us to make decisions on suitable assortments for different culture zones,
depending on local ecological conditions. According to the results obtained in this study, we
found that the Black Star cultivar had the shortest phenological cycle, the longest flowering
period and its fruit was improved by moderate water stress (high sugar and phenolic
compound concentrations). Therefore, this cultivar may be appropriate for growing in the
Regueb region (with a semi-arid climate).
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Abstract: Salinity is a serious threat to agriculture, causing the inhibition of and alterations in
germination and plant growth and development. Durum wheat is highly sensitive to salinity.
Therefore, the main objective of this study was to establish a screening method of wheat genotypes,
under saline conditions, at the germination and plant growth stages. Our results show a very
significant effect of salt stress on the different parameters evaluated in durum wheat, for all treated
genotypes. The tolerance screening test during growth and development was more effective than the
germination test. The chlorophyll content allowed distinguishing tolerant from sensitive genotypes.

Keywords: salinity; Triticum durum; screening; tolerance; germination; growth stage; chlorophyll

1. Introduction

Salinity is a major abiotic stress that affects and inhibits soil fertility and cereal growth
and therefore reduces crop yield. The salt present in water irrigation or in the soil causes
enormous damages that are manifested at several levels, in morphological aspects, and in
physiological states [1]. Indeed, it causes a delay in germination and reduces the number of
seedlings as well as the duration of their emergence, vegetative growth, and plant density, in
addition to delaying the stages of growth and development (flowering, maturity, etc.). The
effects of salinity vary according to the species, the intensity of the stress, and the duration
of application [2]. Wheat is one of the most important cereal crops in the world, and it tends
to be called the king of the grains. Wheat occupies a very important place in the market,
whether at the international level, where the production reached almost 769.6 million tons
in 2021 [3], or at the national level, with a total wheat production of 7.54 million tons
(5.06 Mt of common wheat and 2.48 Mt of durum wheat) in 2020 [4]. However, wheat
consumption in Morocco is still dependent on importation. Wheat crops are considered to
be highly sensitive to salinity. It negatively affects the growth and development of this crop,
leading to diminished grain yield and quality [5]. To improve breeding techniques, there
is a need for an efficient screening method to select the correct and desired salt-tolerant
varieties. Therefore, the main objective of this study was to compare the behavior of
different durum wheat genotypes, under saline conditions, at both the germination and
growth stages following [6] protocol. To achieve this objective, we (1) identified the median
lethal concentration (LC50) of salt that can be effectively used to screen durum wheat plants
during seed germination; (2) identified durum wheat genotypes that are tolerant to salinity
during germination, growth, and development; and (3) evaluated the different biochemical
and morphological changes in plants subjected to different salinity concentrations.
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2. Materiel and Methods

2.1. Determination of the Median Lethal Salt Concentration (LC50) in Durum Wheat

To select an appropriate salt concentration for screening the tolerant genotypes of
durum wheat during germination, we first investigated the effects of salt concentrations on
germination rates. Nine saline solutions were created using 10 mL Hoagland solution in
Petri dishes containing 0, 15, 30, 45, 60, 75, 90, or 105 mmol·L−1 of NaCl. A germination
percentage was calculated using the following formula: GP= (x/y) × 100, where x = number
of seeds germinated after 7 days, and y = number of seeds per Petri dish (50).

2.2. Screen for Tolerance at the Growth and Development Stages

To assess salt tolerance in the growth and development stages, a total of 70 durum
wheat genotypes were used for this experiment. The 70 genotypes including Simeto as
a salt-tolerant genotype were planted separately in cone-tainers (Figure 1). When the third
leaf was fully developed, 40 L of salt solution was added to the bottom of the container
for the plants to take up. A total of 4 treatments with 3 replications were created including
3 treatments with 45, 90, and 135 mM of salt and 1 control without any salt. The plant
height, number of dried leaves, and chlorophyll content (Chla and Chlb) were noted at
the heading stage to determine the tolerant genotypes. The data from 70 durum wheat
genotypes were analyzed using a GGE biplot.

 

Figure 1. Cone-tainer system installed in a net house.

3. Results

3.1. Determination of the Median Lethal Salt Concentration (LC50)

The number of germinated seeds decreased as the salinity concentrations increased
(Table 1). For this reason, we used the concentrations at which 50% of seeds fail to germinate
(LC50) to screen the tolerant genotype at the germination stage. The average LC50 value
for the four genotypes was 45 mM (Figure 2). These results indicate that salt solutions
used for screening germination tolerance should have concentrations higher than 45 mM.
Furthermore, through this experiment, the screening of tolerant and sensitive genotypes
can be determined at the germination stage. As shown in Figure 3, the genotype Icamor
showed tolerance to salt at the germination stage. The germination percentage (GP) was
still high even at the highest salt concentration, with 0.4 at 105 mM of salt.

Table 1. GP for four durum wheat genotypes under different concentrations of salt.

Concentration (mmol·L−1) Karim Kyperonda Icamor Nax1 DW Mean

0 64.667 70.667 88.667 71.333 73.833
15 56.667 66.000 69.333 42.000 58.500
30 58.667 43.333 64.000 43.333 52.333
45 57.333 46.667 59.333 47.333 52.667
60 36.000 26.000 57.333 40.000 39.833
75 23.333 22.000 47.333 25.333 29.500
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Table 1. Cont.

Concentration (mmol·L−1) Karim Kyperonda Icamor Nax1 DW Mean

90 5.333 8.667 41.333 18.667 18.500
105 3.333 0.000 38.667 11.333 13.333
LSD 24.923 25.651 16.353 18.858 20.841

Figure 2. Regression analysis of the germination percentage for the four durum wheat genotypes
under different concentrations of salt.

Figure 3. Germinated seeds of Icamor (a) and Nax1 (b) under salt concentrations of 0, 60, and
105 mM.

3.2. Screen for Tolerance at the Growth and Development Stages

The plants behaved differently under different salt concentrations. When the salt
concentration was high, the leaf area was reduced, the number of yellow and dry leaves
increased, the plants shortened, and their density decreased (Figure 4a). The concentration
of 135 mM was the most discriminative salinity treatment. Therefore, the analysis was
conducted using the 135 mM data. Figure 4b shows the “Rank genotypes” view of the
biplot. The genotypes are ranked along the line with a single arrow. The tolerant geno-
types that had a high chlorophyll content value under 135 mM salt stress are placed near
“Chlorophyll”, indicating that genotypes 46, 113, 103, 33, and 32 exhibited high chlorophyll
content values with the lowest number of dried leaves. Similarly, for the dried leaves,
genotype 158 registered the highest number of dried leaves with the lowest chlorophyll
content value.
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Figure 4. (a) Plant height of two genotypes, tolerant (left) and sensitive (right), under 4 treatments.
Control (1), 45 mM (2), 90 mM (3), and 135 mM (4). (b) Ranking the 70 durum wheat genotypes in terms
of chlorophyll content, number of dried leaves, and plant height under a 135 mM salt concentration.

The multiple comparison test (Duncan test) of the chlorophyll rate averages obtained
by the plants developed under the 135 mM salt concentration revealed that among the
70 genotypes, 4 genotypes (46: Bidi-17; 103: Bidi-17-xSyrica; 113: Simeto; 32: Ajili) had
a significantly high average chlorophyll content, and it seemed that these genotypes showed
a tolerance to salinity (Table 2). Furthermore, our data reveal that the chlorophyll content in
tolerant genotypes was higher than that in sensitive genotypes. The genotype Simeto was
already reported by [7] as a tolerant genotype, which supports our results. This suggests
that the chlorophyll content could be considered as an effective physiological trait for salt
tolerance and could be used effectively in the breeding of tolerant durum wheat genotypes.
However, the same phenomenon was not observed for the number of dried leaves and
plant height.

Table 2. The highest chlorophyll content (Chla + b) at a 135 mM salt concentration using the Duncan test.

Genotype Chlorophyll Content

46 13.659 a

103 12.021 ba

113 11.325 ba

32 10.748 bac

Different superscript letters in the chlorophyll content column indicate a statistically significant difference (p < 0.05)
with n = 3.

4. Conclusions

Our results show a very significant effect of salt stress on the different parameters
evaluated in durum wheat, for all treated genotypes. Indeed, salinity caused a decrease in
germination, plant height, and chlorophyll content, and an increase in the number of dry
leaves. The tolerance screening test during growth and development was more effective
than the germination test. The chlorophyll content allowed distinguishing tolerant from
sensitive genotypes; this result could be useful for salt tolerance screening tests. The results
of this study would be a major asset in the selection and breeding improvement of durum
wheat varieties. As future perspectives, it is important to apply this study to several levels
of the wheat life cycle of stressed plants in the field, to use higher concentrations of salt,
and to test several large populations of genotypes.

Author Contributions: F.H. performed data statistical analysis and wrote the manuscript, S.U.
conceived, supervised the work, F.H. and K.S. carried out the experiments. All authors have read
and agreed to the published version of the manuscript.
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Abstract: Quinoa is a potential alternative crop for an adaptation strategy for salinization and climate
change effects in dryland. A sowing date of February practiced in the Rehamna region, Morocco,
resulted in stunted plants and low yields due to insufficient precipitations and high temperatures
around the flowering stage. For this reason, a field experiment was conducted to investigate the effect
of sowing date on quinoa water use efficiency, growth, and yield. The experiment was conducted
at the UM6P experimental farm to evaluate five sowing dates for two short cycle quinoa cultivars.
The results showed that the most early suitable sowing date of quinoa in the Rehamna region was
December. Late sowing dates resulted in a significant decrease in WUE, growth and yield. The
highest grain yield (0.84 t ha−1) was obtained by ICBA-Q5 sown in December.

Keywords: sowing date; precipitation; temperature; water use efficiency; supplemental irrigation

1. Introduction

Quinoa is used as alternative crop in the dryland of Morocco for soil salinity mitigation
and drought tolerance. It is important to evaluate its performance after moving its cropping
cycle backward. Planting date is one of the important agronomic practices for the success
of the crop, and the optimal date depends on rainfall and its distribution, soil humidity
and cultivar [1].

Rehamna is an arid region with annual precipitations rarely exceeding 170 mm. In
addition, irrigated agriculture is threatened by water salinization that could reduce yields
by up to 50% [2]. Quinoa tolerates better salinity and drought in comparison with cereals
(wheat and barley) and has high nutritional and economic value, which makes it a strategic
crop to increase farmers’ income and improve food security [3]. Quinoa planted in February
and March exhibited accelerated development and low yields due to high temperature
and evapotranspiration associated with dry spells. Therefore, early planting of quinoa
associated with supplemental irrigation, if needed, has increased rainwater use efficiency
(WUE) and alleviated heat stress. In addition, the use of supplemental irrigation was
reported to be a good strategy to secure and stabilize yield when rainfall is insufficient [4].

The only results published in Morocco so far are those carried out by [5] in Agadir,
where quinoa sown in November and early December gave the highest grain yields with
an average of 2.8 t ha−1. Most previous research on quinoa had focused on evaluating the
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sowing date of quinoa long cycle cultivars with full irrigation. However, sowing quinoa
short cycle cultivars with supplemental irrigation during sensitive stages was given little
attention and needs to be more explored, especially under the arid climate of Morocco.
Thus, the objective of the present study was to identify the most appropriate planting date
for two commonly used quinoa short cycle cultivars (ICBA-Q5 and Titicaca) in Rehamna
region, Morocco.

2. Material and Methods

A field experiment was carried out during the 2020–2021 cropping season at the
experimental farm of UM6P. The soil is a sandy clay loam, having 1.86% of OM and pH of
8.28. Water used for supplemental irrigation has an Ec = 3.3 mS/cm. Two cultivars, ICBA-
Q5 and Titicaca were used, and the planting dates were each month from 15 November to
15 March. The experimental design was a randomized complete blocks design with four
replications. Full irrigation was applied to fulfill the crop’s water requirement during the
plant establishment, flowering, and seed filling stages. The quantity of irrigation water
received by each treatment was around 140 mm and the quantity of rainfall received
differed according to cultivars and sowing dates (Table 1).

Table 1. Amount of water received by each sowing date and cultivar.

Rainfall (mm)+ Irrigation (mm) = Total Amount of Water Received (mm)

November December January February March

ICBA-Q5 77 + 140 = 217 108 + 142 = 250 76 + 139 = 215 65 + 144 = 209 8 + 148 = 156

Titicaca 119 + 142 = 261 108 + 141 = 249 78 + 140 = 218 65 + 142 = 207 9 + 145 = 154

Daily monitoring of plant development stages was carried out to determine the
number of days from sowing to six true leaves, panicle emergence, flowering, and maturity.
Before harvest, plant height was measured. At harvest, straw yield, grain yield, harvest
index (HI), the weight of a thousand grains, and WUE were measured.

3. Results

3.1. Development Stages Length

Quinoa development stage lengths were significantly different for both sowing dates
and cultivar (Table 2). Plant development was slow for the December planting date and
more time was taken by the crop to reach the six true leaves, panicle emergence, flowering,
and maturity, while late sowing (February and March) decreased this time significantly.

Table 2. Days from sowing to six true leaves, panicle emergence, flowering and maturity as affected
by sowing dates and quinoa cultivars (mean ± SD, n =16).

Days to Six True Leaves Days to Panicle Emergence Days to Flowering Days to Maturity

ICBA-Q5 Titicaca ICBA-Q5 Titicaca ICBA-Q5 Titicaca ICBA-Q5 Titicaca

November (21.44 ± 0.23)
d

(21.25 ± 0.2)
d

(50.63 ± 0.39)
e

(52.50 ± 0.30)
d

(72.63 ± 0.39)
c

(76.56 ± 0.31)
b 101 e 119 d

December (32.19 ± 0.22)
a

(32.38 ± 0.19)
a

(61.00 ± 0.28)
b

(70.38 ± 0.39)
a

(71.31 ± 0.40)
d

(78.63 ± 0.39)
a 112 b 125 a

January (25.25 ± 0.12)
c

(26.63 ± 0.13)
b

(52.00 ± 0.49)
d

(58.56 ± 0.42)
c

(68.44 ± 0.51)
e

(78.19 ± 0.44)
a 103 d 127 c

February (19.75 ± 0.18)
e

(21.00 ± 0.16)
d

(40.69 ± 0.49)
h

(49.50 ± 0.49)
f

(54.75 ± 0.53)
h

(64.50 ± 0.40)
f 98 h 111 f

March (15.25 ± 0.12)
g

(16.44 ± 0.16)
f

(34.06 ± 0.37)
i

(45.69 ± 0.49)
g

(47.56 ± 0.51)
i

(57.31 ± 0.40)
g 83 i 109 g

Means followed by the same small letters are not significantly different at p ≤ 0.05.
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3.2. Plant Height

There was significant effect of sowing date and cultivar on the quinoa final height
(Figure 1). However, no interaction between these two factors was recorded. Sowing in
December gave the highest plant height for both cultivars, whereas February planting
resulted in the lowest values.
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Figure 1. Final plant height of quinoa crop. For each cultivar, means followed by the same capital
letters are not significantly different at p ≤ 0.05. For each sowing date, means followed by the same
small letters are not significantly different at p ≤ 0.05.

3.3. Yield Components and WUE

December planting produced the highest grain yield (0.8 t ha−1) for both cultivars
(Table 3). Straw yield was significantly affected by both sowing date and cultivars. Planting
in December, January and February gave the highest values (Table 3). The harvest index
varied according to sowing dates and cultivars, and the highest values were recorded by
early sowing dates (Table 3). The ICBA-Q5 cultivar had a higher 1000 grain weight than
Titicaca cultivar.

Table 3. Yield components and panicle length of Titicaca and ICBA-Q5 for the different sowing date,
Ben Guerir, Morocco (mean ± SD, n = 40).

Grain Yield (t h−1) Straw Yield (t h−1) HI (%)
1000 Seed Weight

(g)
WUE

(kg mm−1 ha−1)

ICBA-
Q5

Titicaca
ICBA-

Q5
Titicaca

ICBA-
Q5

Titicaca
ICBA
-Q5

Titicaca
ICBA-

Q5
Titicaca

November (0.39 ±
0.05) c

(0.15 ±
0.01) d

(0.58 ±
0.07) d

(1.76 ±
0.08) b

(0.43 ±
0.04) a

(0.08 ±
0.01) d

(2.25 ±
0.04) b

(1.6 ±
0.05) e

(1.82 ±
0.23) c

(0.56 ±
0.06) d

December (0.84 ±
0.05) a

(0.8 ±
0.04) a

(2.19 ±
0.14) a

(2.08 ±
0.17) a

(0.29 ±
0.02) b

(0.33 ±
0.04) b

(2.44 ±
0.05) a

(1.99 ±
0.03) c

(3.35 ±
0.2) a

(3.2 ±
0.16) a

January (0.74 ±
0.05) a

(0.5 ±
0.05) b

(1.59 ±
0.12) b

(2.25 ±
0.12) a

(0.35 ±
0.03) b

(0.18 ±
0.02) c

(2.36 ±
0.04) ab

(1.76 ±
0.05) d

(3.42 ±
0.22) a

(2.34 ±
0.22) b

February (0.22 ±
0.04) d

(0.18 ±
0.02) d

(2.14 ±
0.13) a

(2.22 ±
0.1) a

(0.11 ±
0.02) d

(0.08 ±
0.01) d

(1.69 ±
0.04) de

(1.4 ±
0.05) f

(1.05 ±
0.18) d

(0.86 ±
0.08) d

March (0.08 ±
0.01) d

(0.09 ±
0.01) d

(0.96 ±
0.07) c

(0.77 ±
0.07) cd

(0.09 ±
0.01) d

(0.13 ±
0.01) cd

(1.28 ±
0.06) f

(1.04 ±
0.05) g

(0.53 ±
0.04) d

(0.61 ±
0.05) d

For each sowing date and cultivar combination, means followed by the same small letters are not significantly
different at p ≤ 0.05.
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4. Discussion

Early sowing of quinoa short-cycle cultivars is a good strategy to secure good veg-
etative development and displace the growing cycle of the crop in the rainy season. A
December planting date increased the number of days from sowing to maturity and en-
hanced plant height. However, late sowing decreased these parameters. Similar results
were found in central Italy by [6], where high levels of temperature and photoperiod of late
sowing decreased the number of days after emergence to panicle appearance and flowering.
In other studies, late sowing also decreased the vegetative development of quinoa and
resulted in stunted plants [5,7].

Sowing in December and January received the highest amount of rainwater and
recorded the highest WUE. Low temperatures and a short photoperiod of this period
decreased the evaporation, and the plant benefits better from water in the rainy season.
Late sowing in February and March was associated with high evaporation, the rainwater
was less effective for the plant use, and water losses were high. In addition, benefiting from
rainwater during the rainy season helped in reducing the amount of salts applied in the
irrigation water and thus contribute to mitigating the salinity effect in the arid and saline
regions of Morocco.

In the present study, early planting dates (November, December, and January) placed
the growing season of quinoa in the rainy season. However, it was observed that quinoa
planted in November suffered from continuous low temperature and radiation from veg-
etative development to seed filling. This resulted in low straw and grain yield. A cool
temperature is necessary to achieve good growth and a maximum yield of quinoa [8].
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Abstract: In this research, in vitro culture was applied to evaluate five alfalfa lines for salt tolerance
and to select and multiply the most resistant clones. The pregerminated seeds were tested on a
semisolid culture medium enriched with four different NaCl concentrations. Saline stress response
was estimated by evaluating the survival capacity, growth, sensitivity indexes and electrolyte leakage.
The most salt-tolerant plantlets for each line were multiplied to clone true-to-type plants. At the same
time, the selected clones were evaluated again in vitro on middle salt stress conditions to confirm
the salt tolerance. In conclusion, in vitro culture allowed the rapid selection of alfalfa genotypes to
develop salt-tolerant clones.

Keywords: salinity test; in vitro selection; NaCl; multiplied clones

1. Introduction

Alfalfa is an important forage crop that exhibits moderate sensitivity to salt levels
in irrigation water and soil. Since alfalfa is polyploid and highly heterozygous due to
cross-pollination, populations vary widely in their salt tolerance; furthermore, there is
enormous variability within populations. Therefore, this genetic variation can be exploited
through screening by allowing the selection of plants with superior performance when
exposed to such stress.

In vitro tissue culture can be applied to large and diverse populations for screening
vigorous salt-tolerant individuals, uncovering desired phenotypes in a short time, limited
space and low cost while other factors (nutrients, lighting, temperature) are kept constant
and optimally controlled [1,2].

The objective of this study was the evaluation of five alfalfa lines for salt tolerance and
the selection and multiplication of the most resistant clones.

2. Materials and Methods

2.1. In Vitro Screening Selection for Salt Tolerance of Five Alfalfa Lines

The experimental trials were carried out on five alfalfa lines (A, B, C, D, E) of the
Jouffray-Drillaud Company (now become Cérience)-RN 147-4 Av de la CEE-La cour
d’Hénon CISSE, FR 86170, thanks to a research agreement with the Department of Agricul-
tural and Environmental Science (DAES)-University of Bari Aldo Moro. The seeds were
surface sterilised (70% ethanol for 1 min followed by NaOCl (active chlorine 14–15%) for
20 min) two times and then rinsed with deionised and sterile water. Then they were placed
in sterile conditions on wet filter paper in Petri dishes and germinated for five days at 20 ◦C
in a growth chamber. Germinated seedlings of each line were transferred on a growth
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medium (basal medium- BM) [3] enriched with sucrose (20 g L−1) and different concentra-
tions of sodium chloride (0, 100, 150, 200 mM NaCl). The values corresponding to electrical
conductivity (EC) were about 6, 15, 20 and 25 mS respectively, measured by Model 120
Microprocessor Conductivity Meter. Seedlings were grown on the selective medium for ten
weeks in a growth chamber at 23 ◦C, with a photoperiod of 16 h and under a light intensity
of 50 μE s−1 m−2. Then on 20 samples per line and treatment survival capacity (%), shoot
and root length (g), shoot number node, fresh and dry weight of shoot and root system were
evaluated. The salt influence on the plant growth was expressed through sensitivity index
calculated for height, node number and fresh weight of shoots and length, number and
fresh weight of roots, according to the formula: IS = (Ps − Pt)/Pt × 100, in which Ps is the
value of each parameter of the salt-stressed plants and Pt is the value of the same parameter
in non-stressed plants [4]. Moreover, Electrolyte leakage was determined on the fresh
leaves according to Lutts et al. [5], using the formula: EL = (Lt/L0) × 100, where Lt and
L0 are the values of conductivity after and before the release of electrolytes in the solution,
respectively, measured by conductimeter WTW (LF330 model-Weilheim, Germany).

2.2. In Vitro Establishment of Clones from Salt Tolerant Genotype

The salt-tolerant selected genotypes were micropropagated using BM enriched with
sucrose (20 g L−1) and 6- Benzilaminopurine (BAP) 0.5 mg L−1 to induce shoot proliferation
and the same medium hormone free for the rooting. Each micropropagated clone, obtained
from the corresponding selected genotype, identified as being salt stress tolerant in in vitro
screening, was transferred in Jiffy pots of 8 cm2 containing a commercial peat mixture soil
(organic carbon 46%, organic nitrogen 1–2%, organic matter 80%) and mixed with perlite at
a 2:1 (v/v) ratio. Acclimatisation took place in a climatic greenhouse at 18–25 ◦C with mist,
reducing the humidity level from 85–90% to 50–60% over 20 days in natural daylight. After
four weeks, the plants were trimmed and managed in natural climatic conditions before
shipping to the Jouffray-Drillaud Company.

2.3. Evaluation of Salt Tolerance of Selected and Multiplied Clones

To evaluate the salt tolerance of selected and multiplied clones, plant samples were
grown for 30 days on BM added with 0.75 mM NaCl or on the salt-free control medium,
according to the method developed by Dziadczyk et al. [6]. The increase of shoot fresh
weight, expressed as relative growth rate [RGR: (ln Fwfinal − ln FWinitial) × 100/total
days of growth (where total days of growth are 30 and FW is the fresh weight of the plants)],
and proline content were measured in both experimental conditions. Proline content was
determined following the protocol described by Bates et al. [7].

3. Results and Discussion

3.1. Evaluation of the Response of Five Alfalfa Varieties to Salt Stress

Salt presence in the growth media interfered with both physiological and biochem-
ical processes even if a different establishment of the lines to the in vitro condition was
shown. Indeed, regarding the survival capacity of the in vitro seedlings measured after
10 weeks of growth on the salt media, LC and LD seemed the lines more sensitive about
survival, although they were also the same ones that showed a reduced survival on the
control medium (Figure 1). Instead, LB showed the best performance on the salt media.
Considering the total values, LB showed the highest survival (72.7%), while the others
raised values between 57.8 % (LD) and 47.37 % (LC).

The morphological parameters evaluated showed an obvious reduction of the growth
of the plantlets, depending from the salt stress. It is known that slower growth is an
adaptive feature for plant survival under stress. Because the behaviors are also linked to the
genotypes that had different responses in term of enhancement, for standardising the data,
IS was used to discuss the effect of salt stress on seedlings of five alfalfa lines. In Table 1
the indexes of salt sensitivity (IS) estimated, based on the total fresh biomass, are reported.
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These data showed LA and LD the most sensitive to salt stress at all the concentrations of
NaCl, while LB and LC were the less sensitive.
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Figure 1. Survival of alfalfa five lines measured after 10 weeks on culture medium enriched with 0,
100, 150 and 200 mM NaCl. The histograms represent the average of 20 replicates. The different letters
show the statistical differences among the varieties for each salt treatment. (Test SNK-p ≤ 0.01).

Table 1. Indexes of salt sensitivity (IS) estimated based on the total fresh biomass of five alfalfa lines
grown for 10 weeks on a basal medium enriched with different salt concentrations. Data represent
the average of 20 replicates.

NaCl (mM)
Alfalfa Lines

LA LB LC LD LE

200 −64.66 a −55.77 b −54.48 b −69.09 a −65.33 a

150 −52.12 b −36.54 c −33.29 c −61.82 a −38.49 c

100 −50.86 a −32.69 b −29.77 b −49.09 a −31.93 b
The different letters show the statistical differences among the varieties for each salt treatment. (Test SNK-p ≤ 0.01).

To better understand how the salt stress caused the growth reduction and the tissues
and organs more involved, IS of shoot height, node number and fresh weight and IS of
root length, number and fresh weight were compared among the lines. To simplify the
comparison, IS values were divided into three classes: 0 to −33% (low stress); >−33%
to −66% (moderate stress); >−66% to −100% (high stress) and represented respectively
with *; **; *** (Table 2). One of the strongest effect of salt stress on the growth of all five
lines was on the elongation of shoots and roots. At 200 and 150 mM NaCl concentrations,
only LC responded with moderate stress to the shoot height, while the other lines resulted
highly stressed. A comparison between the IS weight of shoots and roots showed a higher
sensitivity to salt stress of the roots than the shoots that showed IS representing moderate or
low classes of stress. Therefore, the most sensitive organ appeared to be the root. Moreover,
a simple consideration on the frequencies of the high class stress, for all the sensitive
indexes considered and independently from the concentration of NaCl, confirmed LA and
LD the most sensitive, followed by LE, LB and LC.

The effect of salt stress on membrane permeability, a physiological measurement often
used to differentiate the genotypes that can grow at different salinity levels, was estimated
according to the electrolyte leakage (EL). Figure 2 showed that the salt stress caused a high
increase of EL in all the tested lines. At severe stress, LB was the least affected (83.7%) and
LC and LD were more affected by this treatment (about 92%). The results of electrolyte
leakage confirmed the high sensitivity to salt stress of LA and LD lines, and indicated as
most tolerant LB, the line that already showed the best performance for the survival on the
salt media and for the low IS.
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Table 2. Effect of salt stress, expressed as classes of IS values, on the different morphological
parameters of five alfalfa lines grown for 10 weeks on a basal medium enriched with different
salt concentrations.

LA LB LC LD LE

200 150 100 200 150 100 200 150 100 200 150 100 200 150 100

Shoot

Height *** *** *** *** *** ** ** ** * *** *** ** *** *** **

Nodes ** ** * ** ** * ** ** * *** *** *** ** ** *

Fresh
weight * * * ** * * ** * * ** ** * ** * *

Root

Length *** *** *** *** ** * ** ** * *** *** *** *** ** **

Number *** *** ** * * * ** ** * ** * ** ** ** *

Fresh
weight *** *** *** *** ** ** ** ** ** *** *** *** *** *** *

*: 0 to −33% (low stress); **: >−33% to −66% (moderate stress); ***: >−66% to −100% (high stress).
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Figure 2. Electrolyte leakage of five alfalfa lines measured after 10 weeks on culture medium enriched
with 0, 100, 150 and 200 mM. The histograms represent the average of 20 replicates. The different
letters show the statistical differences among the varieties for each salt treatment. (Test SNK-p ≤ 0.01).

3.2. Micropropagation of the Salt Tolerant Plants

All the lines showed a good response to the micropropagation technique, obtaining
4/5 shoots for each subculture starting from each selected shoot. The clones raised a
high percentage of rooting. The rooted clones were transferred to acclimatisation in the
climatic greenhouse and then hardened in natural climate conditions before sending to
Jouffray-Drillaud Company.

3.3. Salt Tolerance of Selected Clones

The results of RGR showed an excellent capacity of the selected salt tolerant clones to
grow both on mild salt stress (75 mM NaCl) and on control (0 mM NaCl) (data not reported).
Taking into consideration that the rapid accumulation of proline in vegetal tissues as
response to salt stress has been associated with the ability of proline to act as an osmolyte
to adjust the plant under drought/saline condition, the greater proline accumulation in the
leaves of all alfalfa selected clones grown on mild salt stress in comparison of the control
proline content (Table 3), confirmed the effectiveness of this protocol.

Table 3. Proline content of salt tolerant selected clones of five alfalfa lines measured after 30 days
of growth on culture medium enriched with 0 and 75 mM NaCl. Data represent the average of
20 replicates.

NaCl (mM)
Proline Content (μmol g−1

FW)

LA LB LC LD LE

0 32.1 b 27.3 b 40.1 b 32.2 b 33.6 b

75 50.0 a 52.4 a 49.7 a 50.0 a 50.5 a
The different letters show the statistical differences among the salt treatments for each line. (Test SNK-p ≤ 0.01).
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Abstract: Rice is sensitive to salinity at both the seedling and reproductive stages, and it reduces the
grain yield from 50 to 100%. In this study, 27 SNP markers significantly associated with 15 QTLs
were identified. Three major QTLs were associated with shoot length (Sal_SL 7.1),shoot sodium
content (Sal_Na 1.1) and shoot magnesium content (Sal_Mg 2.1). Five QTLs for root length (Sal_RL
1.1, Sal_RL 3.1, Sal_RL 6.1 Sal_RL 8.1 and Sal_RL 12.1), shoot K+/Na+ homeostasis (Sal_K/Na 1.1,
Sal_K/Na 4.1, Sal_K/Na 5.1, Sal_K/Na 7.1 and Sal_K/Na 10.1) and single QTLs for shoot potassium
(Sal_K 6.1) and calcium content (Sal_Ca 5.1) were also detected. QTL Sal_K/Na 1.1 was found
responsible for the ionic ratio associated with the Saltol region, and Sal_K/Na 10.1 was associated
with the gene OSCA1;4,which is a hyperosmolality-gated calcium-permeable channel that acts as an
osmosensor under salt stress condition. A candidate gene haplotype analysis revealed ten significant
genes, LOC_Os06g03940, LOC_Os10g42820, LOC_Os07g36230, LOC_Os02g06410, LOC_Os06g48610,
LOC_Os12g12950, LOC_Os03g12050, LOC_Os08g02690, LOC_Os07g47560, and LOC_Os05g08840,
responsible for abiotic stress tolerance. The identified potential candidate genes can be used for
functional characterization to understand the complex mechanism of salinity tolerance in rice.

Keywords: rice; salinity; SNP; QTL; GWAS; haplotype; MAGIC; ion-homeostasis

1. Introduction

Rice is one of the most important cereal grains, which feed more than half of the
world population. However, it is under constant pressure due to biotic and abiotic stresses,
which seriously affect its production. Among these stresses, soil salinity is one major
constraint, which hinders rice production around the globe. The Global Map of Salt-
Affected Soils has estimated more than 833 million hectares of land as salt affected [1].
Salinity affects 50% of the world’s irrigated land, and it is estimated to be rising at a much
faster pace [2]. Under saline stress, rice seedlings accumulated high Na+, which interferes
with the cellular machinery of a plant cell. Furthermore, it disturbs the water potential of
the plant, which leads to low water uptake [3,4]. Seedling stage salinity tolerance is a crucial
stage in rice’s life cycle, as it helps the plant to survive the early adverse affects of salinity.
Moreover, seedling stage salinity facilitates early plant establishment, which ensures good
vegetative growth at the reproductive stage [5]. To identify the genes responsible for
salinity tolerance, several QTL mapping studies have been conducted in the past [6,7].
Major Saltol, QTL mapped on chromosome 1, was successfully transferred to a wide array
of high yielding genotypes through a series of marker-assisted breeding programs [8–10].
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In the present study, we employed 27,041 filtered SNPs for identification of novel QTLs for
two morphological and five physiological traits using MAGIC rice lines developed from
the inter-crossing of eight advanced founder lines.

2. Material and Methods

The plant material consisted of 391 rice MAGIC lines developed from the inter-crossing
of eight founder lines at the International Rice Research Institute in the Philippines [11].
These lines were evaluated in hydroponic condition at ICAR-CSSRI, Karnal, using Yoshida
nutrient solution. The EC of the solution was raised to ~10 dS/m after 14 DAS, and
the anticipated level of salinity was sustained for the next 14 days. Genotyping of the
founder and magic lines was done via genotyping by sequencing (GBS) using the Illu-
mina HiSeq method. To identify QTLs for morph-physiological traits, the R-based GAPIT
program was employed using the Bayesian-information and Linkage-disequilibrium It-
eratively Nested Keyway (BLINK) model. Finally, the marker-associated SNPs with an
LOD threshold > 4 were considered to be significant SNPs for traits of interest. Candidate
gene haplotype analysis for trait-associated QTLs was conducted using Candi-HAP V2,and
violin plots were visualized in ggplot2 program in R.

3. Results and Discussion

QTL mapping for salinity tolerance is an effective way to locate robust genomic regions
controlling complex traits. In the present study,15 QTLs were identified for salt tolerance
with LOD >4 for 7morph-physiological traits (Table 1).

A maximum of five QTLs were recorded for root length (Sal_RL 1.1, Sal_RL 3.1, Sal_RL
6.1 Sal_RL 8.1 and Sal_RL 12.1) and shoot K+/Na+ homeostasis (Sal_K/Na 1.1, Sal_K/Na
4.1, Sal_K/Na 5.1, Sal_K/Na 7.1 and Sal_K/Na 10.1). The major QTLs, Sal_Mg 2.1 for Mg2+

content, Sal_Na 1.1 for Na+ content and Sal_SL 7.1 for shoot length, were identified; these
explained about 23.74%, 14.14% and 9.43% of the phenotypic variation, respectively. A peak
marker at genomic location 11703845 of newly identified QTL Sal_K/Na 1.1was located in
previously reported Saltol QTL region [8]. Around 15 genes were found to overlap marker-
associated SNPs with diverse functions, such as transcription factor, kinase activity membrane
protein with regulatory role in enzyme activity and some other useful functions. The other
QTL Sal_Na 1.1 was also found near the Saltol QTL region; the peak of this QTL, lying in the
genomic region of LOC_Os01g02750, belongs to the LRR-kinase family protein, and it is a
putative candidate gene for cold tolerance [12].Candidate gene haplotype analysis revealed ten
significant genes, LOC_Os06g03940, LOC_Os10g42820, LOC_Os07g36230, LOC_Os02g06410,
LOC_Os06g48610, LOC_Os12g12950, LOC_Os03g12050, LOC_Os08g02690, LOC_Os07g47560
andLOC_Os05g08840, as having a key role in abiotic stress tolerance. From these, the genes
associated with physiological traits were presented in Figure 1. The peak SNP marker of
Sal_Mg 2.1 lay in the genomic region of the CBS domain-containing membrane protein
(CDCPs) gene (LOC_Os02g06410 (OsCBSX9)) and has a significant role in regulation of
the thioredoxin system and stress response/tolerance in rice [13]. The peak marker of
Sal_RL 6.1 contains the CCT family protein gene LOC_Os06g48610, which regulates salt
tolerance through the abscisic acid-dependent signalling pathway with pleiotropic effects
on morphological traits [14]. The peak SNP of Sal_RL_8.1 is associated with the MA3
domain-containing protein coding gene (LOC_Os08g02690). In Arabidopsis, the MA3
domain-containing protein (ECIP1) plays a key role in regulation of salt stress response
by interacting with the central membrane protein of ethylene signalling (EIN2) [15].A
single SNP peak for the K+ content was associated with the gene LOC_Os06g03940, which
encodes for the defence response spastin protein in rice under stress [16]. A group of SNPs
associated with the shoot Ca2+ content lay in the genomic region of the Hsp70 domain-
containing gene (LOC_Os05g08840) play important role in housekeeping functions under
heat stress [17,18]. A significant candidate gene haplotype for LOC_Os10g42820, found to
be associated with K+/Na+, belongs to the DUF221 domain-containing gene family [19].
Early-responsiveness to the dehydration protein gene LOC_Os10g42820 (OSCA1;4), re-
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sponsible for salt and drought tolerance, was detected on QTL Sal_K/Na 10.1. The gene
OSCA1;4 is a hyperosmolality-gated calcium-permeable channel that activates an inward
current after receiving an osmotic signal exerted by salt stress [20]. Further, a number of
uncharacterized genes exhibiting significant haplotypes associated with different traits
were also detected in our study. The identified QTLs and respective candidate genes can be
further investigated to confirm their role in salt tolerance in rice.

Table 1. Associated QTLs with SNP position and probable candidate genes for salinity tolerance in
MAGIC population.

Sr. No Trait QTL Chromosome Position p Value LOD Locus ID Gene Annotation

1 Shoot length Sal_SL 7.1 7 28443952 2.096 × 10−6 5.68 LOC_Os07g47560 Expressed protein

2

Root length

Sal_RL 1.1 1 32773208 2.647 × 10−6 5.58 LOC_Os01g56790 Expressed protein

3 Sal_RL 3.1 3 6323650 1.206 × 10−5 4.92 LOC_Os03g12050 Expressed protein

4 Sal_RL 6.1 6 29408939 8.851 × 10−8 7.05 LOC_Os06g48610 CCT motif protein

5 Sal_RL 8.1 8 1122340 6.223 × 10−5 4.21 LOC_Os08g02690 MA3 domain

6 Sal_RL 12.1 12 7176380 2.351 × 10−6 5.63 LOC_Os12g12950 Expressed protein

7 Na+ Sal_Na 1.1 1 954124 1.509 × 10−5 4.82 LOC_Os01g02750 LRk-type protein

8 K+ Sal_K 6.1 6 1590002 1.548 × 10−5 4.81 LOC_Os06g03940 Spastin, putative

9

Ca2+ Sal_Ca 5.1

5 4870881 9.084 × 10−5 4.04

10 5 4877897 9.084 × 10−5 4.04

LOC_Os05g08840 DnaK family protein
11 5 4878113 9.084 × 10−5 4.04

12 5 4878119 9.084 × 10−5 4.04

13 5 4878122 9.084 × 10−5 4.04

14 Mg2+ Sal_Mg 2.1 2 3204128 1.407 × 10−6 5.85 LOC_Os02g06410 CBS domain

15

K+/Na+

Sal_K/Na 1.1 1 11703845 2.617 × 10−6 5.58 LOC_Os01g20950 Sulfotransferase
domain

16

Sal_K/Na 4.1

4 24365577 9.658 × 10−5 4.02

17 4 24387802 9.658 × 10−5 4.02

18 4 24408803 9.658 × 10−5 4.02

19 4 24415765 4.248 × 10−5 4.37

20 4 24454895 8.873 × 10−5 4.05

21 4 24466526 8.873 × 10−5 4.05 LOC_Os04g41229 bHLH domain

22 4 24471326 8.873 × 10−5 4.05

23 4 24471339 8.873 × 10−5 4.05

24 4 24497553 8.873 × 10−5 4.05

25 Sal_K/Na5.1 5 1480306 4.36 × 10−6 5.36 LOC_Os05g03500 Expressed protein

26 Sal_K/Na 7.1 7 21655201 5.235 × 10−6 5.28 LOC_Os07g36230 BTB domain

27 Sal_K/Na 10.1 10 23089194 3.406 × 10−6 5.47 LOC_Os10g42820 Early-responsive
dehydration protein

Figure 1. Cont.
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Figure 1. Violin plots indicating the significant haplotypes of candidate genes for (a) K+ content,
(b) Ca2+ content, (c) Mg2+ content and (d) K+/Na+(x-axis=haplotypes; y-axis= trait value). Each
box plot with in the violin plot represents minimum, lower quartile, median, upper quartile, and
maximum values. Different letters above the violin plots indicate statistically significant differences
for the respective haplotypes, at a significance level of p < 0.05 (Duncan test).

4. Conclusions

In the present study, we identify three major QTLs associated with shoot length, shoot
sodium content and shoot magnesium content. The QTL for Sal_K/Na 1.1 for the ionic
ratio, lying within the Saltol region, and the osmosensor gene OSCA1;4, responsible for
hyperosmolality-gated calcium-permeable channel, were detected. In our study, we found
significant haplotypes for ten potential candidate genes that play key role in abiotic stress
tolerance. The identified SNP markers linked to salt tolerant QTLs and candidate genes
with significant allelic variation are potential prospects for marker-assisted breeding for
salinity tolerance in rice.
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Abstract: Among abiotic stresses, salt stress is the most complicated problem posing a major challenge
for maintaining world food supplies as well as food security as it covers 1125 m ha globally and
6.73 m ha in India. It is very essential to increase rice productivity in salt-affected soils for food
security and sustainability in salt-affected environments. The pass port data of 9000 rice Germplasm
has been established for 30 traits and a mini core of 1500 lines has been developed. Approximately
20,000 rice lines have been screened for salinity and sodicity for both seedling and reproductive stages.
The highly tolerant rice lines are being used in breeding programme to enhance the genetic diversity.
The six QTLs in chromosomes 1, 2, 8, 9, 10 has been identified for the Na/K ratio, spikelet fertility and
grain yield for the reproductive stage salt tolerance. The Saltol QTL has been transferred to Indian
mega rice varieties namely, Pusa44 and Sarjoo52, to improve the salinity tolerance at the seedling
stage. Similarly, the qSSISFHS8.1 (QTL for spikelet fertility) QTL is being transferred into mega rice
varieties namely, PR114, Pusa44 and Sarjoo52, to improve the salinity tolerance at the reproductive
stage. The marker assisted selection accelerates the breeding activities to develop the salt-tolerant
varieties as well as transfer the QTLs to HVYs through marker assisted back cross breeding. The
Central Soil Salinity Research Institute (CSSRI) has developed 13 salt-tolerant rice varieties, namely
CSR10, CSR13, CSR23, CSR27, Basmati CSR30, CSR36, CSR43, CSR46, CSR49, CSR52, CSR56, CSR60
and CSR76, through conventional breeding approaches to increase the productivity of salt-affected
soils for resource poor farmers. The popularity of these salt-tolerant rice varieties can be ascertained
from the facts that large quantity of breeder seeds (1056 quintals) and truthfully labelled seeds
(3126 quintals) has been produced and sold during last 22 years (2000–2021), more demand from
the farmers and large area app. One point two million hectares is covered by these salt-tolerant rice
varieties every year. Numerous salt-tolerant rice lines are being developed at CSSRI to cope with
salt-affected soils and enable sustainable agriculture under salt-affected soils.

Keywords: rice; salinity; sodicity

1. Introduction

Rice is one of the important staple food crops and is consumed by approximately 50%
of the global population as their main source of energy. The world population is increasing
and will reach 9.5 billion by year 2050 and world food production will need to increase by
70% [1]. Therefore, there is a need to increase the productivity of rice by overcoming the
lower crop productivity caused by various biotic and abiotic stresses. Among the abiotic
stresses, salinity and sodicty are the most important environmental factors hampering crop
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productivity as they cause ionic disequilibrium and disrupt the metabolic activities of the
plants [2]. Salinity and sodicity stress is highly influenced by environmental fluctuations
such as rising temperature and relative humidity [3]. Salt stress affects all the stages of in
plants, but early seedling and reproductive stages are the most sensitive in rice [4,5]. Salinity
stress reduces root length, shoot length at the seedling stage and tiller number, number of
spikes, panicle length and spikelet fertility at the reproductive stage [6,7]. Sodicity also
affects crop productivity. Many workers have reported the effect of sodic soils on growth
and development in rice [8–10]. Collection of the rice germplasm from salt-affected soils
and other locations and their evaluation is crucial in breeding programmes. After the
green revolution, breeding programs were adapted to develop saline tolerant genotypes
at IRRI [11]. Extensive research has been redirected towards the advancement of salt
resistance at the seedling stage of rice, but little effort has been made to recognize QTLs
related to the reproductive stage salinity [12–19]. QTL mapping is generally based solely
on the phenotypic performance under stress; therefore, the utilization of comparative
performance of various genotypes under stress and non-stress conditions will be useful in
identifying and mapping the QTLs for the development of stress-resistant varieties [20].
Introgression of QTLs into high-yielding mega varieties is an essential step in molecular
breeding programmes once the identification of QTLs and fine mapping is completed.
Conventional breeding has been very successful in developing salt-tolerant varieties of rice.
The dissemination of salt-tolerant rice varieties to farmer’s fields of salt-affected locations
is a crucial step to enhance the productivity of salt-affected soils.

2. Methods

Plant Materials

A total of 9000 rice Germplasms were collected and evaluated for 30 different qualita-
tive and quantitative traits and a mini core of 1500 lines was developed from the 9000 rice
Germplasm. Approximately 20,000 rice lines were screened for salinity and sodicity for
both seedling and reproductive stages during 2020–2022 [7,21,22] to identify salt-tolerant
lines. Different mapping populations, namely GWAS panel [18,23] Bi-parental mapping
populations of CSR11/MI48 and CSR11/MI48 [17]; CSR10/PS5 [16], CSR27/MI48 [24]; and
MAGIC population, were used to identify the QTLs governing salt tolerance. Different
segregating populations were evaluated in salt stress conditions to select good performing
recombinants. We developed and released the 13 salt-tolerant rice varieties for different
zones of the country after evaluation of AICRP rice. Breeder seed and truthfully label seed
of these salt-tolerant rice varieties were produced and sold to different seed producing
agencies and farmers.

3. Results and Discussion

3.1. Collection and Evaluation of Rice Germplasms

We collected the 9000 rice Germplasms from the National Bureau of Plant Genetic
Resources (NBPGR), New Delhi. We evaluated them for 30 qualitative and quantitative
traits. We developed a mini core collection of 1500 rice Germplasms and evaluated them
in salt stress conditions. We were able to identify 85 tolerant rice lines that are being used
in breeding programmes to enhance the salt tolerance. We also evaluated 7500 rice lines
from 2012–2021 for saline stress of EC ~ 10.00 dS/m at the seedling stage along with the
sensitivity check IR29 and tolerance check FL478. We identified 241 tolerant rice lines. We
are using these lines in our breeding programme to diversify the genetic base and enhance
salinity tolerance.

3.2. Identification and Introgression QTLs for Salt Tolerance

We evaluated 391 MAGIC lines in saline stress of EC ~ 10.00 dS/m and sodic stress of
pH of 9.7 at the seedling stage. We used GBS data of 391 MAGIC lines and identified QTLs
for salinity and sodicity tolerance. One QTL was identified on chromosome 1 that had
already been reported. Two novel QTLs tolerant to sodicity were mapped on chromosomes
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6 and 11. An aluminium activated malate gene transporter, which is related to sodic stress,
was localised on chromosome 6. Another gene, Os11g0565400 (Ring finger protein), was
found on chromosome 11. These two genes could be used for the enhancement of sodicity
tolerance in rice. We identified marker trait associations (MTA) for physiological traits
at the reproductive stage. We identified 28 marker trait associations (MTA) on different
chromosomes’ physiological traits. In another study, we also identified two significant
marker trait associations (MTA) on chromosome 1 for Na/K homeostasis. The biparental
mapping population (CSR11/MI48) was used to identify the QTLs for sodicity tolerance
at the reproductive stage. We phenotyped the CSR11/MI48 RIL population in normal
(pH ~7.5) and sodic (pH ~9.5) stress across three seasons for grain yield and its contributing
traits and genotyped using 50K SNP. We identified a major QTL qSSI6.2 on chromosome 6
for grain yield at sodic stress with a phenotypic variation of 32%. We introgressed Saltol
QTL into two mega rice varieties, namely Pusa44 and Sarjoo52, through marker-assisted
back crossbreeding. We used FL478 as donor parents and developed 10 near-isogenic lines
(NILs) in the background of pusa44 and 8 near-isogenic lines (NILs) in the background
of Sarjoo52. These NILs were tolerant up to a salinity of EC ~ 10.00 dS/m at the seedling
stage. A major QTL qSSISFH8.1 for spikelet fertility was identified and fine mapped for
salinity tolerance at the reproductive stage on chromosome 8 in CSR27. Introgressing of
qSSISFH 8.1 into three mega rice varieties namely, Pusa44, PR114 and Sarjoo52 through
marker-assisted back crossbreeding is underway. We developed BC3F2 populations in the
Pusa44, PR114 and Sarjoo52 background. We also followed the stringent phenotyping to
select the near isogenic lines (NILs).

3.3. Development of Salt-Tolerant Rice Varieties

Recently, we developed six salt-tolerant rice varieties namely, CSR46, CSR49, CSR52,
CSR56, CSR60 and CSR76, through conventional breeding approaches to increase the
productivity of salt-affected soils for resource poor farmers. Recently, we developed six
salt-tolerant rice varieties. CSR46 is recommended for sodic soils of Uttar Pradesh. CSR46 is
tolerant to a sodicity pH of 9.9 and salinity of EC ~ 8.00 dS/m. It is a medium duration rice
variety with long slender grain. It has a yield potential of 7.0 t/ha in normal and 4.0 t/ha
in salt stress situations. Rice variety CSR56 tolerates a sodicity pH of 9.9. It is a medium
duration rice variety with long bold grain. It has a yield potential of 7.5 t/ha in normal
and 4.1 t/ha in salt-stress situations. It is recommended for sodic soils of Uttar Pradesh
and Haryana. CSR60 is tolerant to a sodicity pH of 9.9. It is medium duration rice variety
with long slender grain. It has yield potentials of 7.5 t/ha in normal and 4.3 t/ha in salt
stress situation. It is recommended for sodic soils of Uttar Pradesh and Pondicherry. CSR76
is tolerant to a sodicity pH of 9.9. It is medium duration rice variety with long slender
grain. It has yield potentials of 7.5 t/ha in normal and 4.5 t/ha in salt stress situation. It is
recommended for sodic soils of Uttar Pradesh. Many salt-tolerant rice varieties have been
released for commercial cultivation in India. We have produced 1056 and 3126 quintals of
breeder and truthfully labelled seeds of salt-tolerant rice varieties, respectively, during last
22 years (2000–2021). These salt-tolerant rice varieties covered an area of approximately
1.02 m ha every year.

4. Conclusions

These salt tolerant rice varieties cover about 1.6 m ha of salt-affected land and are
estimated to earn USD 4732 million annually to the national exchequer. These salt tolerant
varieties have been adopted by land reclamation corporations, benefiting 430,000 famers.
With the introduction of these salt-tolerant varieties, about 0.6 million tons of gypsum has
been saved, which would have cost USD 250,000. The salt-tolerant rice varieties facilitated
the management of salt-affected soils and sustainable agriculture under salt-affected soils.

137



Environ. Sci. Proc. 2022, 13, 30 4 of 5

Author Contributions: Conceptualization, S.L.K. and P.C.S.; methodology, S.L.K., R.K.G. and R.K.S.;
software, B.M.L., S.R., S.Y. and A.S.W.; validation, S.L.K., P.C.S. and R.K.S.; formal analysis, B.M.L.,
S.R., S.Y. and A.S.W.; investigation, S.L.K., R.K.S., R.K.G. and P.C.S.; resources, S.L.K. and P.C.S.; data
curation, B.M.L. and S.Y.; writing—original draft preparation, S.L.K., B.M.L., S.R., A.S.W. and S.Y.;
writing—review and editing, S.L.K., B.M.L. and S.R.; visualization, B.M.L.; supervision, S.L.K. and
P.C.S.; project administration, S.L.K. and P.C.S. All authors have read and agreed to the published
version of the manuscript.

Funding: Authors thanks to Direct CSSRI, Karnal and DST for funding for the project code—
CRG/2020/003078. Authors thanks to ICAR for funding for the project Incentivizing in Agriculture
Research, From QTL to Variety” (Grant No. BT/PR/14544/AGR/02/745/2010) through Department
of Biotechnology, Government of India.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Authors thank to Director, CSSRI for support to carry out the experiments.

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

References

1. FAO; IFAD; WFP. The State of Food Insecurity in the World. In The Multiple Dimensions of Food Security; FAO: Rome, Italy, 2013.
2. Munns, R.; Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef] [PubMed]
3. Tack, J.; Singh, R.K.; Nalley, L.L.; Viraktamath, B.C.; Krishnamurthy, S.L.; Lyman, N.; Jagadish, K.S.V. High vapor pressure deficit

drives salt-stress induced rice yield losses in India. Glob. Change Biol. 2015, 21, 1668–1678. [CrossRef] [PubMed]
4. Singh, R.K.; Redoña, E.D.; Refuerzo, L. Varietal improvement for abiotic stress tolerance in crop plants: Special reference to

salinity in rice. In Abiotic Stress Adaptation in Plants: Physio-Logical, Molecular and Genomic Foundation; Pareek, A., Sopory, S.K.,
Bohnert, H.J., Eds.; Springer: New York, NY, USA, 2010; pp. 387–415.

5. Singh, R.; Flowers, T. Physiology and molecular biology of the effects of salinity on rice. In Handbook of Plant and Crop Stress;
Pessarakli, M., Ed.; CRC Press: Boca Raton, FL, USA, 2010; pp. 899–939.

6. Ali, S.; Gautam, R.K.; Mahajan, R.; Krishnamurthy, S.L.; Sharma, S.K.; Singh, R.K.; Ismail, A.M. Stress indices and selectable traits
in SALTOL QTL introgressed rice genotypes for reproductive stage tolerance to Sodicity and salinity stresses. Field Crops Res.
2013, 154, 65–73. [CrossRef]

7. Krishnamurthy, S.L.; Gautam, R.K.; Sharma, P.C.; Sharma, D.K. Effect of different salt stresses on agro-morphological traits and
utilization of salt stress indices for reproductive stage salt tolerance in rice. Field Crops Res. 2016, 190, 26–33. [CrossRef]

8. Krishnamurthy, S.L.; Sharma, S.K.; Kumar, V.; Tiwari, S.; Singh, N.K. Analysis of genomic region spanning Saltol using SSR
markers in rice genotypes showing differential seedlings stage salt tolerance. J. Plant Biochem. Biot. 2015, 25, 331–336. [CrossRef]

9. Singh, Y.P.; Singh, D.; Sharma, S.K.; Krishnamurthy, S.L. Evaluation of rice genotypes for yield, physiological and biological traits
in sodic soil. J. Soil Salin. Water Qual. 2013, 5, 40–49.

10. Krishnamurthy, S.L.; Sharma, S.K.; Gautam, R.K.; Kumar, V. Path and Association analysis and Stress indices for salinity tolerance
traits in promising rice (Oryza sativa L.) genotypes. Cereal Res. Commun. 2014, 42, 474–483. [CrossRef]

11. Gregorio, G.B. Tagging Salinity Tolerance Genes in Rice Using Amplified Fragment Length Polymorphism (AFLP). Ph.D. Thesis,
University of the Philippines, Los Baños, Philippines, 1997.

12. Zeng, L.; Shannon, M.C.; Grieve, C.M. Evaluation of salt tolerance in rice genotypes by multiple agronomic parameters. Euphytica
2002, 127, 235–245. [CrossRef]

13. Mohammadi, R.; Mendioro, M.S.; Diaz, G.Q.; Gregorio, G.B.; Singh, R.K. Mapping quantitative trait loci associated to yield
and yield components under reproductive stage salinity stress in rice (Oryza sativa L.). J. Genet. 2013, 92, 433–443. [CrossRef]
[PubMed]

14. Bimpong, I.K.; Manneh, B.; Diop, B.; Ghislain, K.; Sow, A.; Amoah, N.K.A.; Gregorio, G.B. New quantitative trait loci for
enhancing adaptation to salinity in rice from Hasawi, a Saudi landrace into three African cultivars at the reproductive stage.
Euphytica 2014, 200, 45–60. [CrossRef]

15. Hossain, H.; Rahman, M.A.; Alam, M.S.; Singh, R.K. Mapping of quantitative trait loci associated with reproductive- stage salt
tolerance in rice. J. Agron. Crop Sci. 2015, 201, 17–31. [CrossRef]

16. Pundir, P.; Devi, A.; Krishnamurthy, S.L.; Sharma, P.C.; Vinaykumar, N.M. QTLs in salt rice variety CSR10 reveals salinity
tolerance at reproductive stage. Acta Physiol. Plant. 2021, 43, 35. [CrossRef]

17. Tiwari, S.; Krishnamurthy, S.L.; Kumar, V.; Singh, B.; Rao, A.R.; Amitha Mithra, S.V.S.; Rai, V.; Singh, A.K.; Singh, N.K. Mapping
QTLs for salt tolerance in rice (Oryza sativa L.) by bulked segregant analysis of recombinant inbred lines using 50K SNP chip.
PLoS ONE. 2015, 11, e0153610. [CrossRef] [PubMed]

18. Kumar, V.; Singh, A.; Mithra, A.S.V.; Krishnamurthy, S.L.; Parida, S.K.; Jain, S.; Mohapatra, T. Genome-wide association mapping
of salinity tolerance in rice (Oryza sativa). DNA Res. 2015, 22, 133–145. [CrossRef] [PubMed]

138



Environ. Sci. Proc. 2022, 13, 30 5 of 5

19. Warraich, A.S.; Krishnamurthy, S.L.; Sooch, B.S.; Vinaykumar, N.M.; Dushyanthkumar, B.M.; Bose, J.; Sharma, P.C. Rice GWAS
reveals key genomic regions essential for salinity tolerance at reproductive stage. Acta Physiol. Plant. 2020, 42, 134. [CrossRef]

20. Raman, A.; Verulkar, S.; Mandal, N.; Variar, M.; Shukla, V.; Dwivedi, J.; Singh, B.; Singh, O.; Swain, P.; Mall, A.; et al. Drought
yield index to select high yielding rice lines under different drought stress severities. Rice 2012, 5, 31. [CrossRef] [PubMed]

21. Sharma, S.K.; Jogendra, S.; Chauhan, M.S.; Krishnamurthy, S.L. Multivariate Analysis of Phenotypic Diversity of Rice germplasm
in North-West India. Indian J. Agric. Sci. 2014, 84, 120–124.

22. Krishnamurthy, S.L.; Sharma, P.C.; Sharma, D.K.; Ravikiran, K.T.; Singh, Y.P.; Mishra, V.K.; Burman, D.; Maji, B.; Mandal, S.;
Sarangi, S.K.; et al. Identification of mega-environments and rice genotypes for general and specific adaptation to saline and
alkaline stresses in India. Sci. Rep. 2017, 7, 7968. [CrossRef] [PubMed]

23. Warraich, A.S.; Krishnamurthy, S.L.; Sooch, B.S.; Lokeshkumar, B.M.; Vinaykumar, N.M.; Dushyanthkumar, B.M.; Rai, V.;
Singh, N.K.; Sharma, P.C. Population structure and association studies for reproductive stage salinity tolerance in rice
(Oryza sativa L.). Indian J. Exp. Biol. 2021, 59, 328–338.

24. Pandit, A.; Rai, V.; Bal, S.; Sinha, S.; Kumar, V.; Chauhan, M.; Singh, N.K. Combining QTL mapping and transcriptome profiling
of bulked RILs for identification of functional polymorphism for salt tolerance genes in rice (Oryza sativa L.). Mol. Genet. Genom.
2010, 284, 121–136. [CrossRef] [PubMed]

139





Citation: Rathor, S.; Krishnamurthy,

S.L.; Lokeshkumar, B.M.; Warraich,

A.S.; Yadav, S.; Sharma, P.C.; Singh,

R.K. Dissection of Genomic Regions

for Ion Homeostasis under Sodic Salt

Stress in MAGIC Rice Population.

Environ. Sci. Proc. 2022, 16, 39.

https://doi.org/10.3390/

environsciproc2022016039

Academic Editor: Abdelaziz Hirich

Published: 16 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Proceeding Paper

Dissection of Genomic Regions for Ion Homeostasis under
Sodic Salt Stress in MAGIC Rice Population †

Suman Rathor 1, Saraswathipura L. Krishnamurthy 1,* , Bayragondlu M. Lokeshkumar 1, Arvinder S. Warraich 1,

Satyendra Yadav 1, Parbodh C. Sharma 1,* and Rakesh Kumar Singh 2

1 ICAR—Central Soil Salinity Research Institute, Karnal 132001, India; suman.rathore08@gmail.com (S.R.);
lokeshbm8050@gmail.com (B.M.L.); arvindersinghwarraich@gmail.com (A.S.W.);
ysatyendra791@gmail.com (S.Y.)

2 International Center for Biosaline Agriculture, Dubai 122002, United Arab Emirates; r.singh@biosaline.org.ae
* Correspondence: krishnagene@gmail.com (S.L.K.); pcsharma.knl@gmail.com (P.C.S.)
† Presented at the 2nd International Laayoune Forum on Biosaline Agriculture, 14–16 June 2022; Available

online: https://lafoba2.sciforum.net/.

Abstract: Salt tolerance mechanisms are regulated by balance in cell ionic concentrations such as K+,
Na+, H+, Ca2+, and Mg2+. In this study, we examined major QTLs for the traits K+/Na+ homeosta-
sis, shoot magnesium content (Mg2+), shoot calcium content (Ca2+), and shoot length. The QTLs
for K+/Na+ homeostasis Sod K/Na.1 are associated with three candidate genes: LOC_Os02g48290,
LOC_Os02g48340, and LOC_Os02g48350, and Sod_Ca.1 is associated with the gene LOC_Os08g15020.
Three significant candidate gene haplotypes for shoot length, Sod_SL.1 (LOC_Os10g36690), sodium
content Sod_Na.1 (LOC_Os01g41770), and magnesium content Sod_Mg.1 (LOC_Os10g31040) were
identified. The identified candidate genes encode dehydration response proteins, leucine rich repeat
proteins, citrate transporter proteins, and diacylglycerol O-acyltransferase (DGATs), and play a key
role in salt and abiotic stress tolerance. The identified novel QTLs and potential candidate genes
could be used for functional characterization to help further supplement our understanding of the
genetic makeup of sodicity stress tolerance in rice.

Keywords: GWAS; MAGIC; GBS; sodicity; rice; aluminium tolerance; QTL; salt stress

1. Introduction

Rice is an important staple food for more than 3.5 billion people in the world and
is cultivated in 114 countries [1]. Exploding population with urbanization are not only
threats to food security, but also affect global climate change by increasing temperature
and decreasing cultivable lands. The effect of climate change on the agriculture sector
is creating massive emerging problems such as biotic and abiotic stresses. Among the
abiotic stresses, salt stress (salinity and sodicity) is the most important environmental
factor hampering crop productivity. More than 6% of the world’s (900 Mha) soil is facing
intrusion by salt [1]. During salt stress, crops experience ion imbalances, ion toxicity, and
reduced water potential, which affects the normal plant metabolism and crop yield [2].
Many researchers have reported the effect of sodic soils on growth and development in
rice [3]. Excess Na+ accumulation creates ionic stress in the aerial parts of plants since
Na+ interferes with plant physiology, including imbalances in the homeostasis of other
ions such as K+, Ca2+, and Mg2+. Hence, high cytosolic K+/Na+ ratios become a key salt
tolerance trait. Several QTLs were identified for salinity tolerance in rice [4,5]. A major QTL,
Saltol, was mapped on chromosome 1 and was introgressed into mega rice varieties [6–8].
However, less information is available on the molecular basis for sodicity tolerance. In this
study, we intended to find the effect of sodicity on the indica MAGIC population and to
identify the novel QTLs for sodicity tolerance in rice at the seedling stage.
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2. Materials and Methods

The plant material consisted of 391 rice MAGIC lines developed from an intercrossing
of eight founder lines at the International Rice Research Institute, Philippines [9]. These
lines were evaluated under control and alkaline condition at ICAR-CSSRI, Karnal. The
seeds of rice lines were sown in soil contained within a tray. The desired pH of the soil
(pH ~9.7–9.8) was created on 14 DAS using sodium bicarbonate (NaHCO3) and sodium
carbonate (Na2CO3) solution. The data on the morphological traits, shoot length, and tissue
samples were taken to measure physiological parameters such as shoot Na+, K+, Ca2+, and
Mg2+ content (ppm) 14 days after stress, and the K+/Na+ ratio was calculated. Genotyping
of founder and MAGIC lines was done by sequencing using the Illumina Hi Seq method.
The processed credible 27,041 SNP sites were then used for marker-trait association studies
(MTA).

MTAs were identified using Bayesian-information and Linkage-disequilibrium Itera-
tively Nested Keyway (BLINK) implemented using the genomic association and prediction
integrated tool (GAPIT). The SNP positions of genes associated with traits of interest were
considered as candidate genes. The haplotype analyses for identified candidate genes
were conducted by CandiHap V2 (https://github.com/xukaili/CandiHap, accessed on 20
December 2020). Visualization of the violin plot was done using the ggplot2 package in R
programme.

3. Results and Discussion

Genotype by sequencing (GBS) data of 391 indica MAGIC rice lines were used for
association for morph-physiological traits such as shoot length, shoot Na+, K+ Ca2+, Mg2+,
and tissue K+/Na+ ratio. The eight QTLs distributed on chromosomes 1, 2, 4, 8, and 10 that
were responsible for sodicity tolerances at the seedling stage are presented in Table 1.

The QTL Sod_SL.1 was responsible for shoot length exhibiting 9.01% phenotypic vari-
ance. The peak SNP (Position—19621750 on Chromosome 10) of Sod_SL.1 QTL was lying
in the genic region of LOC_Os10g36690 and encoded a dehydration response protein to
have a significant role under salt stress [10]. The given gene is characterized as a member
of the dehydration responsive element-binding (DREB) super family of genes, and over
expression of the OsDREB1F gene is confirmed to enhance salt tolerance in rice [11]. Three
QTLs Sod_Na.1, Sod_Na.2, and Sod_Na.3 for shoot sodium content were displaying 3.46,
6.22, and 5.23% phenotypic variance, respectively. The peak SNPs position-23642384 on
Chromosome 1 was lying in the genic region of LOC_Os01g41770 encoding leucine-rich
repeat protein. The role of the leucine-rich repeat receptor-like kinases gene (OsSTLK) in
response to salt tolerance was reported in rice [11,12]. Over expression of OsSTLK exhibited
reduced malondialdehyde (MDA) content, electrolyte leakage, and reactive oxygen species
(ROS) under salt stress conditions. The only QTL (Sod_K.1) was detected with an LOD of
3.43 for shoot potassium content lying in the genic region of LOC_Os02g32814. The effects
of both sodicity and aluminium became evident at pH~9.0 and waning at pH > 9.2 [12,13].
Hence, the role of genes responsible for metal toxicity under sodic condition cannot be
ignored. QTLs for shoot calcium content (Sod_Ca.1) and magnesium content (Sod_Mg.1)
exhibited 9.8 and 20.65 phenotypic variance. The peak SNP responsible for calcium content
present on the gene LOC_Os08g15020 encoding the MYB family transcription factor plays
a key regulatory role under drought and salinity [14]. Further, an independent study
has also functionally characterized the positive role of the MYB gene under salt stress in
rice [15]. The gene in this QTL is a probable MYB, which has the capacity to stimulate
plant growth through calcium signaling under salt stress [16]. The peak SNP associated
with QTL Sod_Mg.1 was lying in the genic region of LOC_Os10g31040, responsible for
citrate transporter protein. In the QTL Sod_K/Na.1 responsible for K+/Na+ homeostasis, we
observed six peak SNP markers tracked between the 289 kb region from 29.313 to 29.602
Mb. The peak SNP positions in Sod_K/Na.1 were lying in the regions of LOC_Os02g48290,
LOC_Os02g48340, and LOC_Os02g48350 (OsDGAT), which encodes thioredoxin reductase,
RNA recognition motif containing (RRM) protein and diacylglycerol O-acyltransferase
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(DGATs), respectively. The role of thioredoxin reductase in seedling development, photo-
synthetic metabolism, and plant growth in response to varying light conditions and starch
degradation in guard and mesophyll cells under osmotic stress was reported earlier [17–19].
RNA binding proteins (RBP) are able to increase the yeast Na+-tolerance, Beta vulgaris.
Salt-tolerant (BvSATO) genes BvSATO1, BvSATO2, BvSATO4, and BvSATO6 were RRM
containing proteins involved in RNA metabolism, developmental processes, and played an
important role in salt tolerance [20]. The co-expression of OsTCP19 and LOC_Os02g48350
(OsDGAT) regulating the triacylglycerol biosynthesis by modulatingABI4-mediated path-
ways under salt and drought stress conditions was reported in rice [21]. The haplotype
analyses for candidate genes linked to seedling stage sodicity tolerance suggested that three
genes (LOC_Os10g36690, LOC_Os01g41770, and LOC_Os10g31040) show significant hap-
lotypes associated with QTLs Sod_SL.1, Sod_Na.1, and Sod_Mg.1, respectively (Figure 1).
Identified QTLs associated with sodicity tolerant and respective candidate genes responsi-
ble for abiotic stress can be further reinvestigated to confirm their role in salt tolerance in
rice.

Table 1. Associated QTLs with SNP position and probable candidate genes for sodicity tolerance in
MAGIC population.

Sl. No Trait QTL Chromosome Position p Value LOD Locus ID Gene Annotation

1 Shoot
length Sod_SL.1 10 19621750 1.50 × 10−5 4.82 LOC_Os10g36690

Dehydration
response related
protein, putative,

expressed

2
Na

Sod_Na.1 1 23642384 1.54 × 10−5 4.81 LOC_Os01g41770
Leucine rich repeat
protein, putative,

expressed
3 Sod_Na.2 4 11638572 7.35 × 10−5 4.13 LOC_Os04g20749 Expressed protein
4 Sod_Na.3 8 4773918 2.38 × 10−6 5.62

5 K Sod_K.1 2 19479355 0.000375 3.43 LOC_Os02g32814

Heavy
metal-associated

domain containing
protein, expressed

6 Ca Sod_Ca.1 8 9069848 1.11 × 10−5 4.95 LOC_Os08g15020
MYB family

transcription factor,
putative, expressed

7 Mg Sod_Mg.1 10 16228910 3.41 × 10−7 6.47 LOC_Os10g31040
Citrate transporter
protein, putative,

expressed

8

K/Na Sod_K/Na.1

2 29313685 1.60 × 10−8 7.80

9 2 29550035 2.60 × 10−5 4.58 LOC_Os02g48290
Thioredoxinreductase

2, putative,
expressed

10 2 29596887 1.22 × 10−5 4.91 LOC_Os02g48340

RNA recognition
motif containing
protein, putative,

expressed
11 2 29602570 1.22 × 10−5 4.91

LOC_Os02g48350
Diacylglycerol

O-acyltransferase,
putative, expressed

12 2 29602596 1.22 × 10−5 4.91
13 2 29602600 1.22 × 10−5 4.91
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Figure 1. Violin plot indicating the significant haplotypes for candidate genes associated with sodic
tolerance QTL; (a) shoot length; (b) shoot sodium content; (c) magnesium content among indica
MAGIC rice lines (X-axis = Haplotypes; Y-axis = Trait value). Each box plot with in the violin plot
represents minimum, lower quartile, median, upper quartile, and maximum values. Different letters
above the violin plots indicate statistically significant differences for the respective haplotypes, at a
significance level of p < 0.05 (Duncan test).

4. Conclusions

In the present study, we identified thirteen SNPs associated with eight QTL regions
responsible for sodicity tolerance. We detected major QTLs for the traits K+/Na+ homeosta-
sis, shoot magnesium content (Mg2+), shoot calcium (Ca2+), and shoot length, explaining
about 32.02%, 20.65%, 9.83%, and 9.01% phenotypic variance, respectively. We found
three significant candidate gene haplotypes associated with the QTLs for shoot length
(LOC_Os10g36690), shoot sodium content (LOC_Os01g41770), and shoot magnesium con-
tent Sod_Mg.1 (LOC_Os10g31040). The identified QTL regions and candidate genes play
significant roles in sodic stress tolerance, which can be further investigated.
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Abstract: Salt stress is the most widespread soil problem in rice-growing countries, and it causes
significant reductions in rice production worldwide. Identifying QTLs for sodicity tolerance at the
reproductive stage is crucial to enhance the grain yield in sodic stress ecology. From this perspective,
we developed recombinant inbred lines (RILs) from MTU 1001/Kalarata. A set of 176 recombinant
inbred lines (RILs) was evaluated, along with the tolerant parent Kalarata and the sensitive parent
MTU 1001, in a controlled microplot with a sodicity of pH ~ 9.5 at ICAR - Central Soil Salinity Research
Institute (CSSRI), Karnal. The lines RIL34 (13.1 g/plant), RIL83 (12.7 g/plant), RIL40 (11 g/plant),
RIL41 (10.2 g/plant), and RIL124 (10.1 g/plant) were top yielders. The yield-contributing traits,
namely, plant height (cm), panicle length (cm), total tiller, productive tiller, biological weight (g/plant),
and spikelet fertility (%), were highly affected in sodic stress conditions. The tolerant lines RIL34,
RIL83, RIL40, RIL41, and RIL124 could be used for breeding programs and further studies to dissect
the molecular and physiological mechanisms of reproductive stage sodic stress tolerance in rice.

Keywords: sodicity tolerance; RILs; rice; reproductive stage

1. Introduction

Rice is a diploid (2n = 2x = 24) cereal crop, which serves as a primary staple food for
more than 3.5 billion people in the world, and it is cultivated in more than 114 countries.
In developing countries, an exploding population with urbanization and a decrease in
cultivable lands are threatening food security. Therefore, achieving food security is of global
concern. To meet the food demand, we must increase global rice production by at least 70%
to feed the projected number of 9.6 billion people by 2050 [1]; however, at that time, India
will have a population size of around 162 million, which will require about 136 mt of rice [2].
Recently, the agricultural sector has been facing various emerging problems of biotic and
abiotic stresses. Abiotic stresses, such as drought, temperature, and salinity, seriously affect
rice yield to a great extent. Among these, salt stress (both salinity and alkalinity) is the
most predominant soil problem in rice-cultivating countries in the world, and it is a serious
threat to increasing rice production worldwide [3]. Salt-affected soil has been reported
in more than 100 countries, and it is estimated that, out of around one billion hectares
of land worldwide, around 580 mha is facing the problem of alkalinity [4]. In India, the
total salt-affected area has been estimated to be 6.73 million hectares, of which 2.97 million
hectares is saline, whereas 3.77 million hectares is affected by alkaline soils. Rice is a
salt-sensitive crop, and exposure to salt stress has serious negative effects on its vegetative
growth and grain yield. The effects of salt stress on the morphological, physiological, and

Environ. Sci. Proc. 2022, 16, 47. https://doi.org/10.3390/environsciproc2022016047 https://www.mdpi.com/journal/environsciproc
147



Environ. Sci. Proc. 2022, 16, 47 2 of 5

biochemical traits of rice have been reported. Salt stress has been found to significantly
reduce grain yield by affecting tillering, spikelet filling, plant height, biomass production,
and 1000 grain weight [5–7]. Therefore, the development of salt tolerance during the
reproductive stage is the only option left for the efficient management of salt-affected
soils. Alkalinity tolerance in rice is a complex trait that makes the screening of phenotypes
under field conditions very difficult. Furthermore, to improve alkalinity tolerance in rice, it
is very important to find sufficient genetic variation and to formulate suitable screening
techniques that are reliable and able to identify alkaline-tolerant genotypes [8]. Grain yield
is a complex trait, and it is influenced by various genetic and environmental factors. To
improve grain yield, an evaluation of breeding lines is the most important step to select
the superior genotype. From this perspective, the present investigation was carried out to
evaluate an RIL population and to study the association between grain yield and important
yield-contributing traits in rice under alkaline conditions.

2. Materials and Methods

A population of 176 recombinant inbred lines (RILs, F7 generation) derived from a
cross between MTU1001 (alkaline sensitive) and Kalarata (alkaline tolerant) was evaluated
for alkalinity tolerance at the reproductive stage in alkaline soil microplots (6 × 3 m) at a
facility at ICAR-CSSRI, Karnal. A complete set of the RIL population, along with parents,
was raised in normal field conditions in a nursery with the recommended package of
practices. Thirty-day-old seedlings were transplanted into alkaline microplots (pH ~ 9.5)
in a randomized complete block design with two replications. Before transplanting plant
material, pH2 of microplots was measured by dissolving one part of soil in two parts of
distilled water. Each genotype was planted in a single row of 3.0 m length following a row x
plant spacing of 20 × 15 cm. One month after transplanting, at the maximum tillering stage,
alkaline stress was imposed by irrigating alkaline water created using sodium bicarbonate.
Subsequently, the pH of the microplots was recorded weekly and maintained at around
pH~9.5 throughout the cropping season up to maturity. Morphological data were recorded
as per the standard evaluation system of rice [9]. The data were recorded from 5 randomly
labeled plants from each RIL, parent, and check. Morphological characteristics were days
to 50% flowering, salt injury score, plant height (cm), panicle length (cm), total tillers per
plant, productive tiller per plant, spikelet fertility (%), 1000 grain weight (g), biomass/plant
(g), grain yield/plant (g), and harvest index (%). The salt injury score was recorded based
on visual symptoms following the IRRI-modified standard evaluation system (SES) for rice,
with a score of “1” meaning highly tolerant and a score of “9” meaning highly sensitive [9].
The phenotypic data were used to estimate ANOVA, histograms, and correlations among
yield-contributing traits. All the analyses and diagrammatic visualization of data were
carried out using the variability package of R program.

3. Results and Discussion

Analysis of variance (ANOVA) was carried out for all morphological parameters, and
it was found that the genotypic mean sum of square was highly significant, indicating
variation within genotypes. There were prominent differences in the responses of rice
plants to alkaline stress at the reproductive stage. The alkaline injury score was recorded
after forty days of stress, and it was found that 67, 73, 30, and 12 genotypes exhibited
tolerant, moderate tolerant, sensitive, and highly sensitive reactions with salt injury scores
of 3, 5, 7, and 9, respectively, in response to stress (Figure 1). Sensitive RILs scoring 9 died
without producing any grain yield. The classification was carried out based on their
phenotypic performances in all measurements, including plant height, panicle length, tiller
number, and biological surveys, of which the alkaline injury score and survivability were
conclusive parameters. Grain yield per plant (g) was the trait most affected by alkalinity.
The reductions in plant growth, and grain yield and its contributing traits that take place
under alkaline stress occur through osmotic effects, which reduce a plant’s ability to absorb
water and cause reduced growth [10,11].
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Figure 1. Response of RIL population in alkaline stress conditions.

At the reproductive stage, RIL 19 (145.5 cm) had the highest plant height, and the
lowest value was found in RIL 165 (31.43 cm); the plant height ranged from 31.43 to
145.5 cm. The highest panicle length was recorded in RIL 32 (26.6 cm), while no panicle
was produced by highly sensitive RILs. The total number of tillers was recorded to be the
highest in RIL 170 (11) and the lowest in RIL 9 (2) however, the highest productive tillers
per plant was observed in RIL 170 (10), and no productive tillers were found in RIL 132, RIL
162, RIL 163, RIL164, RIL 165, or RIL 169. The highest spikelet fertility (%) was observed
in RIL 68 (95.57%), while the lowest spikelet fertility (%) was observed in RIL 161 (8.51).
The maximum biomass per plant (g) was observed in RIL 57 (34.5 g), while the minimum
biomass was observed in RIL 162 (3.33 g). The range of grain yield per plant (g/plant) was
0 in RILs with salt injury score 9 to 13.1 g for RIL 34 in alkaline stress. The lines RIL34
(13.1 g/plant), RIL83 (12.7 g/plant), RIL40 (11 g/plant), RIL41 (10.2 g/plant), and RIL124
(10.1 g/plant) showed the significantly highest grain yields amongst all the RILs evaluated
in alkaline stress conditions. The top yielding recombinant inbred lines showed the highest
biomass production, spikelet fertility, test weight, and productive tillers. The RILs recorded
with the highest performance under sodic stress are the most likely to perform well in
saline stress as reported by [7].

These results are in agreement with the findings of [10,12] in rice. Histograms of the
distribution of frequency of the most affected traits, i.e., spikelet fertility (%) and grain yield
per plant (g), are depicted in Figure 2.

Figure 2. Histograms of distribution of RIL population for grain yield per plant (g) and spikelet
fertility (%).

A positive correlation between two traits permits simultaneous improvement in both
the traits while confining selection to any one of the associated traits [10]. Grain yield per
plant showed a significant positive association with days to 50% flowering (0.24), plant
height (0.73), panicle length (0.64), total tillers per plant (0.36), productive tillers per plant
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(0.63), test weight (0.6), spikelet fertility (0.7), biological yield per plant (0.87), and harvest
index (0.75), while it showed a significant negative correlation with the alkaline injury score
(0.84) (Figure 3). Similar findings were previously reported by [10,13].

Figure 3. Correlations among morphological traits under alkaline conditions.

4. Conclusions

In this study, positive correlations were found between grain yield and its contributing
traits, which may be useful as selection criteria for the improvement of grain yield in
alkaline stress conditions. The tolerant lines RIL34, RIL83, RIL40, RIL41, and RIL124 could
be used for breeding programs and further studies of the molecular and physiological
mechanisms of sodic stress tolerance in rice at the reproductive stage. The findings of this
study may help to simplify the breeding of salinity tolerance in rice in order to adapt to
climate change.

Author Contributions: Conceptualization, S.L.K. and P.C.S.; methodology, A.N., S.L.K., B.M.L.
and A.S.W.; software, A.N. and A.S.W.; validation, S.L.K. and P.C.S..; formal analysis, S.L.K. and
B.M.L.; resources, P.C.S. and S.L.K.; data curation, A.N., S.L.K. and B.M.L.; writing—original draft
preparation, A.N.; writing—review and editing, S.L.K., P.C.S., B.M.L. and M.K.; visualization, S.L.K.,
B.M.L. and M.K.; supervision, S.L.K. and P.C.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors thank the Director of the Central Soil Salinity Research Institute for
completing the research work.

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

150



Environ. Sci. Proc. 2022, 16, 47 5 of 5

References

1. Godfray, H.C.; Beddington, J.R.; Crute, I.R.; Haddad, L.; Lawrence, D.; Muir, J.F.; Pretty, J.; Robinson, S.; Thomas, S.M.; Toulmin,
C. Food security: The challenge of feeding 9 billion people. Science 2010, 327, 812–818. [CrossRef] [PubMed]

2. IIRR, 2015; Vision 2050. ICAR-Indian Institute of Rice Research: Hyderabad, India, 2015; p. 2.
3. Hoang, T.; Tran, T.; Nguyen, T.; Williams, B.; Wurm, P.; Bellairs, S.; Mundree, S. Improvement of salinity stress tolerance in rice:

Challenges and opportunities. Agronomy 2016, 6, 54. [CrossRef]
4. FAO and ITPS. Status of the World’s Soil Resources (SWSR)—Main Report; Food and Agriculture Organization of the United Nations

and Intergovernmental Technical Panel on Soils: Rome, Italy, 2015.
5. Morales, S.G.; Trejo-Téllez, L.I.; Gómez Merino, F.C.; Caldana, C.; Espinosa-Victoria, D.; Herrera Cabrera, B.E. Growth, photosyn-

thetic activity, and potassium and sodium concentration in rice plants under salt stress. Acta Scientiarum. Agron. 2012, 34, 317–324.
[CrossRef]

6. De Leon, T.B.; Linscombe, S.; Gregorio, G.; Subudhi, P.K. Genetic variation in southern USA rice genotypes for seedling salinity
tolerance. Front. Plant Sci. 2015, 6, 374. [CrossRef]

7. Krishnamurthy, S.L.; Gautam, R.K.; Sharma, P.C.; Sharma, D.K. Effect of different salt stresses on agro-morphological traits and
utilisation of salt stress indices for reproductive stage salt tolerance in Rice. Field Crops Res. 2016, 190, 26–33. [CrossRef]

8. Kranto, S.; Chankaew, S.; Monkham, T. Theerakulpisut, P.; Sanitchon, J. Evaluation for salt tolerance in rice using multiple
screening methods. J. Agric. Sci. Technol. 2016, 18, 1921–1931.

9. IRRI (2014); Standard Evaluation System for Rice. 5th ed. International Rice Research Institute: Los Banos, The Philippines.
10. Krishnamurthy, S.L.; Sharma, S.K.; Gautam, R.K.; Kumar, V. Path and association analysis and stress indices for salinity tolerance

traits in promising rice (Oryza sativa L.) Genotypes. Cereal Res. Commun. 2014, 42, 474–483. [CrossRef]
11. Wang, H.; Wu, Z.; Chen, Y.; Yang, C.; Shi, D. Effects of salt and alkali stresses on growth and ion balance in rice (Oryza sativa L.).

Plant Soil Environ. 2011, 57, 286–294. [CrossRef]
12. Chakraborty, S.; Das, P.K.; Guha, B.; Sarmah, K.K.; Barman, B. Quantitative genetic analysis for yield and yield components in

Boro Rice (Oryza sativa L.). Not. Sci. Biol. 2010, 2, 117–120. [CrossRef]
13. Sanghera, G.S.; Kashyap, S.C. Genetic parameters and selection indices in F3 progenies of hill rice genotypes. Not. Sci. Biol. 2012,

4, 110–114. [CrossRef]

151





Citation: Goyal, A.; Sharma, P.C.;

Munjal, R.; Krishnamurthy, S.L.; Jat,

H.S.; Lokeshkumar, B.M.; Kumar, V.

Identifying Rice Genotypes Suitable

for Aerobic Direct-Seeded Conditions.

Environ. Sci. Proc. 2022, 16, 68.

https://doi.org/10.3390/

environsciproc2022016068

Academic Editor: Abdelaziz Hirich

Published: 1 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Proceeding Paper

Identifying Rice Genotypes Suitable for Aerobic
Direct-Seeded Conditions †

Alisha Goyal 1,2, Parbodh C. Sharma 1,* , Renu Munjal 2, Saraswathipura L. Krishnamurthy 1,* ,

Hanuman S. Jat 3 , Bayragondlu M. Lokeshkumar 1 and Virender Kumar 4

1 Divison of Crop Improvement, ICAR—Central Soil Salinity Research Institute, Karnal 132001, India;
alishagoel9222@gmail.com (A.G.); lokeshbm8050@gmail.com (B.M.L.)

2 Department of Botany and Plant Physiology, CCS Haryana Agricultural University, Hisar 125004, India;
munjalrenu66@gmail.com

3 Divison of Soil and Crop Management, ICAR—Central Soil Salinity Research Institute, Karnal 132001, India;
hsjat_agron@yahoo.com

4 Sustainable Impact Platform, IRRI, HQ, Los Baños 4030, Philippines; virender.kumar@irri.org
* Correspondence: pcsharma.knl@gmail.com (P.C.S.); krishnagene@gmail.com (S.L.K.)
† Presented at the 2nd International Laayoune Forum on Biosaline Agriculture, 14–16 June 2022;

Available online: https://lafoba2.sciforum.net/.

Abstract: Direct-seeded rice (DSR) requires less labor and less water. The low input cost of DSR
makes it a better alternative than the conventional transplanted system for rice. DSR helps to reduce
production risk, facilitates crop production, and limits irrigation water use. In the present study,
a total of 44 rice genotypes were evaluated in a randomized block design (RBD) with three replications
over two seasons (2020 and 2021) under DSR conditions at the Central Soil Salinity Research Institute
(CSSRI), Karnal. The average grain yield ranged from 1114 kg/ha (CSR 62) to 5198 kg/ha (CSR
MAGIC-167), biomass ranged from 6670 kg/ha (CSR 52) to 14,744 kg/ha (CSR MAGIC-117), plant
height ranged from 67 cm (CSR 52) to 113 cm (CSR 47), panicle length ranged from 19 cm (CSR 53)
to 30 cm (CSR 66), and total tillers ranged from to 7 (CSR MAGIC-117) to 13 (CSR 2748-4441-193).
Out of 44 genotypes, maximum grain yield was observed in genotype CSR MAGIC-167 (5198 kg/ha)
followed by CSR 58 (5117 kg/ha), CSR 49 (5014 kg/ha), and CSR RIL-06-178 (4904 kg/ha). The best
performing genotypes, namely CSR MAGIC-167, CSR 58, CSR 49, and CSR RIL-06-178, should be
further evaluated in larger and multilocation trails under DSR situations, and stably performing lines
could be released as commercial varieties of DSR.

Keywords: rice; DSR; aerobic; CSR

1. Introduction

Rice (Oryza sativa L.) is a major food crop that plays a crucial role in national food
security. It serves as a staple food for more than half of the world’s population [1]. Hence,
it is very important to increase rice production to meet the exorbitant growth in global
population [2,3]. In India, rice is grown in an area of 43.79 million hectares with a pro-
duction of 116.42 million tonnes [4]. Currently, the dominant method of rice planting is
manual transplanting cultivation. Transplanted rice (TPR) is a traditional method that
constitutes labor-intensive activities with low productivity [5] and the use of a vast quantity
of irrigation water [6]. A shortage in labor and water lead to delayed transplanting which
results in a reduction in rice yield and, due to this, a delay in wheat sowing occurs, which
also further reduces wheat yield [7].

Recently, many farmers in the tropical region have shifted their cropping method from
transplanting to direct-seeded rice (DSR). Direct-seeded rice is the most feasible alternative
rice production technique because it not only saves labor requirements but also preserves
natural resources, particularly underground water. It is a beneficial and profitable rice

Environ. Sci. Proc. 2022, 16, 68. https://doi.org/10.3390/environsciproc2022016068 https://www.mdpi.com/journal/environsciproc
153



Environ. Sci. Proc. 2022, 16, 68 2 of 4

production system for current as well as future agricultural scenarios [8]. In Asia, DSR
occupied a total of 21% of rice plantation areas at the beginning of the 21st century [9].
DSR refers to the process of establishing the crop from seeds sown directly in the field as
compared to transplanting seedlings from the nursery [10]. Many studies have shown that
25% of labor inputs could be saved in DSR compared to the transplanting method [11]. DSR
is endowed with multiple benefits, such as using water and labor more efficiently as well
as reducing production costs [11]. It is faster and easier to plant, provides higher economic
returns, and emits less methane than transplanting rice cultivation [12]. DSR also reduces
production risk, facilitates crop production, and shortens crop growth duration, i.e., early
maturity. Furthermore, weed infestations, which are a major constraint in DSR, can be
overcome through the use of smart agricultural practices and strategies [13]. Although,
DSR is very beneficial for cultivators, it still faces a lot of challenges, one of which is the
limited accessibility of suitable cultivars [12,14]. In DSR cultivation, only those cultivars
are used that have already been developed for transplanting rice. Consequently, this causes
variations in grain yield, poor crop establishment, and high weed infestation [15]. So, the
main objective of this study was to identify a suitable genotype for aerobic direct-seeded
rice based on growth and yield parameters.

2. Materials and Methods

A field experiment was conducted to evaluate the performance of different rice geno-
types in the DSR system in response to yield and yield-contributing parameters in an RBD
design. A total of 44 rice genotypes were screened by direct-seeded rice at the Central
Soil Salinity Research Institute (CSSRI), Karnal, during the two seasons of Kharif 2020 and
Kharif 2021, in reclaimed sodic soils. The machinery used for the DSR was a Turbo Happy
Seeder. Rice seeding depth ranged from 1 cm to 2 cm. Irrigation was given at intervals of 5
to 6 days depending on the rainfall during the crop growing period. Data were collected
at the time of maturity. Yield and yield attributes such as plant height (cm), total tillers,
panicle length (cm), yield (kg/ha), and biomass (Kg/ha) were recorded. The collected data
were statistically analyzed using analysis of variance by STAR software (STAR 2.0.1) and
correlation analysis was performed using the complot package in the R program.

3. Results and Discussion

Analysis of variance was performed for all characters concerning genotypes, year, and
year–cultivar interaction for the direct-seeded rice, and the results are given in Table 1.
Highly significant differences were observed among all parameters in the genotypes.
The growth and yield parameters of the direct-seeded rice varied significantly between
genotypes. Out of 44 genotypes, maximum grain yield was recorded in genotype CSR
MAGIC-167 (5198 kg/ha) with optimal biomass (11,758 kg/ha), plant height (91 cm),
panicle length (23 cm), and total tillers (9), while minimum grain yield was observed in
CSR 62 (1114 kg/ha) with smaller plant height (85 cm), panicle length (21 cm), total tillers
(9 No), and biomass (10,349 kg/ha).

Table 1. Analysis of variance for yield, biomass, plant height, tillers, and panicle length of rice
genotypes with the direct seeding method.

Source DF Yield Biomass Height Tillers Panicle Length

Genotype 43 8,124,772.54 ** 14,051,913.10 ** 670.98 ** 9.06 ** 29.85 **

Year 1 141,567.34 55,559,133.40 ** 491.90 ** 131.10 ** 7.51 *

Genotype: Year 43 951,238.66 * 6,190,075.88 ** 64.02 ** 7.30 ** 4.21 **

Pooled Error 132 597,957.95 2,153,000.63 18.29 3.87 1.45

*, ** = Significant at 5% and 1% level, respectively.
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Grain yield ranged from 1114 kg/ha to 5198 kg/ha (Figure 1). The highest grain yield
was observed in CSR MAGIC-167 (5198 kg/ha) followed by CSR 58 (5117 kg/ha) and
CSR 49 (5014 kg/ha), while the lowest grain yield was recorded in CSR 62 (1114 kg/ha)
followed by CSR27SM-132 (1174 kg/ha) and CSR 52 (1202 kg/ha). Maximum biomass was
observed in genotype YET 72 (13,386 kg/ha) followed by CSR 53 (13,702 kg/ha) and CSR
MAGIC-117 (14,744 kg/ha), while minimum biomass was observed in CSR 52 (6670 kg/ha)
followed by CSR-2748-4441-193 (7620 kg/ha) and CSR-2748-140 (7834 kg/ha). Biomass
was ranged from 6670 kg/ha to 13,386 kg/ha. These results conform with the findings
of [16], who evaluated different Indian rice varieties for grain yield and quality attributes
in direct-seeded and transplanted rice production systems.

Figure 1. Grain yield and Biomass of rice genotypes in direct seeding method.

A positive association of grain yield was observed with its component traits. Grain
yield showed a significant and positive correlation with tillers (0.51), biomass (0.22), plant
height (0.41), and panicle length (0.52). A negative but non-significant correlation was
observed between biomass and tillers (−0.06). Similar findings were reported by [17,18].

4. Conclusions

Based on the study findings, it is concluded that CSR MAGIC-167, CSR 58, CSR 49,
and CSR RIL-06-178 were best performing genotypes. These lines should be evaluated
in large trails in a farmer’s field with multiplication trails of AICRP to identify the real
potential of these genotypes. They could then be commercially released as optimal rice
varieties for DSR situations. These genotypes could be utilized in subsequent breeding
programs and could lay the foundation for genetic analysis.
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Abstract: Restoration programs face several challenges in degraded drylands and desert environ-
ments, such as high temperatures, soil salinity, water scarcity, loose soils with low water-holding
capacity, and poor fertility. Seed-enhancement technologies (SETs) are proposed to improve soil
physical and chemical properties, improve seed germination and seedling recruitment, and promote
plant growth. SETs improve seed, seedling, and adult plant growth through three main approaches:
adding materials to seed coats (seed coating), removing barriers of seed coats (seed scarification), and
physiologically altering metabolites through priming (seed priming). These three main approaches
(categories) are further divided into several other subcategories. This review aims to define the
general categorization of SETs, adopt the proper SETs for arid lands, and indicate the benefits of SETs
to overcome the biotic and abiotic barriers in agricultural systems and the ecological restoration of
degraded dryland ecosystems. In general, integrating different seed-enhancement technologies (SETs)
for rehabilitating degraded lands with a mixture of seeds from various species is recommended,
especially since some technologies tend to be species-specific.

Keywords: degraded dryland rehabilitation; seed-enhancement technologies; sustainable restoration;
seed coating; seed priming; seed scarification; biotic and abiotic stresses

1. Introduction

Seed-enhancement technologies (SETs) contribute to dryland restoration, specifically
by overcoming the biotic and abiotic barriers to efficient seed employment, promoting
precision agriculture practices, using cutting-edge technologies to succeed in planting
seeds, and facing degradation effects in arid land while minimizing inputs, mitigating
environmental impacts, and paving the path for more sustainable plant enhancement [1].

2. SET Categorization and Sub-Categorization

SETs introduce treatments that physically, biologically, and chemically manipulate and
apply materials to the seed to enhance germination and seedling emergence, alleviate the
effect of both abiotic and biotic stress, and accelerate early seedling growth. SETs’ capability
to promote direct seeding and alleviate biotic and abiotic challenges is achieved through
five different applications: (i) modify seed physical attributes that could break physical
seed dormancy and adjust seed size and shape for precise seed delivery; (ii) enhance
the seed’s physiological status and help to overcome stress tolerance during germination
and even later in seedling and adult plant growth; (iii) alleviate seed storability concerns
through the capability of storing seeds after treatment; (iv) offer seed protection against
pathogens, pests, and seed predators; and (v) improve the seed microenvironment by
promoting the seed’s zone via water retention, supporting the adsorption of nutrients and
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biomaterials, resolving physical and chemical soil inconveniences, and providing a proper
microhabitat for germination and enhance seedling establishment. Different SET categories
and subcategories are illustrated in Figure 1.

Figure 1. Three main concepts of seed-enhancement technologies (SET: removal, adding, and prim-
ing). Each concept is further divided into other SET categories. The main five enhancement applica-
tions are illustrated, and the roles of each of the three concepts in terms of seed-enhancement aspects
are shown.

2.1. Modifying Seed Coat (Seed Coating): The Addition Concept

The addition of exterior materials to the seed can modify seeds’ physical attributes and
facilitate their delivery process, enhance their physiological status and microenvironment,
protect seeds in soils, and prolong seed storability. This can be achieved with different
techniques and constituents under various subcategories that have been recognized, such
as seed encapsulation, seed pelleting, encrusting techniques, etc. [1].

2.2. Modifying Seed Coat (Seed Scarification): The Removal Concept

Scarification comprises the techniques that lead to eliminating the outer part of the seed
to achieve one (or more) enhancement applications to overcome degraded- and arid-land-
restoration barriers. Additionally, it enhances the physical attributes of seeds that affect the
delivery process and break seed dormancy. On the other hand, scarification SET shows an
effect on seed storability and seed dormancy [2]. Scarification can be recognized through
several approaches, including chemical, mechanical, heating, flaming, and flash flaming.

2.3. Modifying Seed Physiology: Seed Priming

Seed priming is a fast, cost-effective technology for treating seeds with mild doses
of natural and synthetic materials that allow partial seed imbibition to start the germina-
tion metabolic processes without actual germination. There are several subcategories of
seed priming, including (i) water (hydropriming); (ii) osmotic solution (osmopriming);
(iii) inorganic and organic chemicals (chemical priming) that include halo (salt), hormonal,
and biostimulants priming; (iv) beneficial microbes (biopriming); (v) nanoparticles (nano
priming); (vi) solid matrices (matrix priming); and (vii) physical priming, such as using
low or high temperatures (thermopriming) via radiation or a magnetic field.
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3. SETs for Overcoming Challenges Affecting Seeding Success

Direct seeding is the main technique used for large-scale restoration/rehabilitation of
degraded lands. This technique faces several challenges in dryland soils. SETs can enhance
the success of the seedling establishment and alleviate biotic and abiotic challenges by
affecting one or more of the main five applications illustrated in Figure 1;

(1) SETs can modify seeds’ physical attributes, such as seed size, shape, and flowability,
improving seed delivery. For example, in pelleting technique, outer materials are added to
the seed through coating [3], enhancing seeds’ shape, weight, and bulk density, enabling
more control over precision seeding, and eventually improving plant establishment [4]. Ad-
ditionally, with scarification, seeds become more homogeneous and easier to manipulate in
the restoration process, particularly by enhancing seeds’ sowing distribution requirements
(i.e., shape, weight, flowability, bulk density, etc.) [5].

(2) SETs enhance seed physiological status via breaking seed dormancy and enhancing
stress tolerance during germination and even later in seedling and adult plant growth.
These technologies can alter the physiological status of the seed through imbibition meth-
ods, including priming, coating with biomaterials and inoculants [5], and breaking seed
dormancy through processes such as chemical and mechanical scarification [4].

(3) SETs improve seed storability, which concerns the capability of storing seeds after
treatment. The advantage of priming over other SETs, such as seed encrusting and pelleting,
is the ability of the former to improve seed storability [6]. On the other hand, applying
scarification may indirectly reduce seed volume, representing significant savings in space
for banking more native seeds. Seeds can be stored under the appropriate conditions
(temperature, light, humidity) to optimize shelf life and seed storability [7].

(4) SETs can protect seeds against pathogens, pests, and seed predators through coating
as well as priming SETs by imbuing the seed with protection agents, including fungicides,
insecticides, and predator deterrents/repellents, to improve plant establishment [3].

(5) SETs also improve the seed microenvironment by promoting the seed’s zone via
(i) increasing water availability by water-retention materials and surfactants, (ii) nutrients,
(iii) microorganisms, (iv) hormones, and (v) beneficial biomolecules to seedlings, paving the
way for more sustainable and effective delivery of growth factors for seeds and seedlings [5].

4. Seed-Enhancement Technologies for Dryland Peculiarities

The success of SETs, specifically in drylands, is mainly correlated to their efficiency,
sustainability (long-term effect), and overall beneficial impact on enviro-socio-economic
aspects. More sustainable SETs mean longer-time enhancement throughout different plant-
growth stages. For example, SETs that increase soil microbial activity cause improvement
in rhizosphere conditions and/or enhance seedling survival, boosting the restoration of
non-fertile soils of the deserts. Moreover, SETs incorporating organic nutrient sources,
water-retention materials, biomaterials, and beneficial soil microorganisms support more
sustainable improvement in seed emergence and seedling survival under the harsh climatic
conditions of deserts [6].

SETs effectively help plants to overcome several abiotic and edaphic stresses in dry-
lands, particularly soil salinity, drought stress, soil alkalinity, and heat. For example,
several SETs, such as hydropriming, osmo-priming, halo-priming, chemo-priming, nano-
priming, radiation-priming (laser and UV), and magnet-priming, help plants overcome
salinity stress during germination and even later in seedling and adult plant growth [8].
Moreover, drought stress has been mitigated using hydro-priming, chemo-priming, and
nano-priming [9], while overcoming heat stress was achieved by thermo-priming.

The addition concept (coating) enhances the seed microenvironment. For instance, a
coating with water retention materials increases seeds’ water-holding capacity in dryland,
maximizing the benefits of precipitation in the root zone and mitigating drought stress. In
addition, adding materials such as salicylic acid helps in enhancing seedling growth and
survival under drought conditions [6].
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Abstract: Soilless culture is one of the alternative techniques to cope with saline soil. The objective of
this study is to identify a new local substrate based on cactus fiber. Three mixtures of cactus fiber and
coconut fiber substrates (M0, M1, M2, M3, and C) at a ratio of (1:0, 3:1, 1:1, 1:3, and 0:1), respectively,
were evaluated on round tomato cultivation under greenhouse. The mixtures had an organic matter
content that exceeded 82%, a C/N ratio between 41.3% and 46%. The mixtures did not cause any
phytotoxicity in lettuce and bean. The economic study showed that the use of M2 substrate was the
most profitable.

Keywords: cactus fiber; coconut fiber; salinity; soilless culture; substrate; tomato

1. Introduction

Global agriculture faces the challenge of ensuring optimal productivity while re-
specting the environment and preserving natural resources [1]. Soilless farming offers an
alternative to problems associated with agricultural intensification such as soil fatigue,
salinization, and soil diseases [2]. However, this cropping system requires a high level of
technical expertise and must be associated with high value-added crops in order to make
a return on an initial heavy investment. In Morocco, this production system is growing
rapidly, particularly in the Souss-Massa region, which faces water scarcity problems [3].
Imported organic substrates such as coconut fibers are expensive in terms of foreign ex-
change outflow, especially since the quantities imported in potting soil and the areas of
soilless crops are constantly increasing over the years [4]. On the other hand, mineral
substrates such as sand, despite its good stability of properties that offers the possibility of
use over several years [5], remain subject to problems such as low water retention capacity,
risks of contamination by pathogens or the presence of limestone that disrupts the pH,
and substrate compaction that leads to root asphyxia [6]. It is then necessary to look for
local substrates that can replace imported substrate and that have valid physicochemical,
mechanical, sanitary, and economic properties. In the present study, we will study the
evolution of physico-chemical parameters of substrate mixtures based on cactus fiber and
coconut fiber as well as their impact on the productivity and profitability of a round tomato
variety in the Souss-Massa region (Morocco).

2. Materials and Methods

2.1. Preparation of the Cactus Fiber Substrate

The dried cactus paddles were sorted, crushed, and then sieved in two times; the
first in a 10 mm × 10 mm sieve and then with another 2 mm × 2 mm sieve to have a
granulometry between 2 and 10 mm.
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2.2. Physico-Chemical Analysis of the Three Mixtures

The study consisted in determining the physical properties (water retention capacity,
apparent density (Da), real density, and porosity), chemical properties (organic matter
content (OM), pH, electrical conductivity (EC) at 20 ◦C, cation exchange capacity (C.E.C in
meq/100 g of dry matter), the ratio carbon/nitrogen: C/N, the mineral nitrogen NH4

+ and
NO3

−, and the assimilable phosphorus (H2PO4
−); the potassium K, calcium Ca, and the

trace elements in mg/liter (Fe, Zn, B and Mo)) and sanitary of the substrates.

2.3. Growth Attributes Assessment and Fruit Quality and Folaire Analysis

Plants growth was monitored by measuring: Root length, Stem height length, Leaf
area. Moreover, the mineral elements were analyzed from leaves. Total nitrogen was
analyzed by the Kjeldhal method, total phosphorus by colorimetry by complexing with
molybdate and ammonium vanadate, and organic carbon by the loss on ignition method
at 600 ◦C and K+, Na+, Mg++, and Ca++ ions by spectrophotometry. An analysis of fruit
quality was also made, i.e., firmness, acidity rate, ripeness index, and juice rate according
to the studied mixtures.

2.4. Phytotoxicity Study of the Different Mixtures Used

The test was carried out in vitro to analyze the effect of each aqueous extract of the
mixture of cactus fiber and coconut fiber (1:0; 3:1; 1:1; 1:3; 0:1) on the germination of the
seeds of the lettuce (Lactuca sativa) variety SUCRINE; distilled water was used as the control.
The experiment layout used is a completely randomized device with five replicates. Each
treatment consists of 20 seeds.

2.5. Economic Study of New Substrates Based on Cactus Fibers and Coconut Fibers for
Greenhouse Tomatoes

In order to demonstrate that the use of cactus fibers as a growing substrate for green-
house tomato can be advantageous on a commercial scale. The trial was conducted in
a Canary Islands-type greenhouse on an area of 80 m2. The containers filled with the
different substrate mixtures were 1 m long, 20 cm wide and 20 cm deep, offering a volume
of 13.33 L/plant. The planting density was 2 plants/m2 (i.e., 20,000 plants/ha). For the de-
termination of production costs, the fixed charges related to the structure were determined:
greenhouse and irrigation system. On the other hand, the variable charges related to the
consumption of water, fertilizers, and phytosanitary products were taken in account. On
the other side, the marketable yield after eliminating the sorting differences was calculated.

3. Results and Discussion

3.1. Physico-Chemical Characteristics of the Mixtures Based on Cactus and Coconut Fibers

The physico-chemical characteristics of the mixtures of substrate of cactus fiber and
coconut fiber for which its ratio are, respectively, (M0, M1, M2, M3, and C) at a rate of (1:0,
3:1, 1:1, 1:3, and 0:1) are represented in Table 1 below.

According to [7], the C.E.C of an ideal substrate is between 10 to 30 meq/100 g dry
weight, which coincides with the results of the analysis of the substrates studied and which
are between 13.33 and 26.9 meq/100 g. In terms of water retention, the results obtained
show that the addition of coconut fiber has generated an increase in water retention capacity.
Concerning total porosity, the substrates meet the considered standard of total porosity
of the culture substrates (Pt ≥ 50%). It should be remembered that in soilless culture, the
physical characteristics (granulometry and porosity) of the culture substrate are considered
among the decisive factors of the morphological quality of the plants. They act directly
on all the root functions of the plants, in particular on the absorption of water, mineral
elements, and respiration [8].
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Table 1. Physico-chemical characteristics of the substrates mixtures (M) and the Control (C).

M0 M1 M2 M3 C

% OM 82 85 90 92 96
Cation exchange capacity CEC

(meq/100 g of dry weight) 13.33 14.50 16.66 20.80 26.90

Water retention (mL/L) 225 240 260 330 350
Bulk density Da (g/cm3) 0.30 0.25 0.23 0.20 0.18
Real density Dr (g/cm3) 1.67 1.60 1.57 1.55 1.55

Total porosity in % of volume 82 84 85 87 90
pH at 23 ◦C 8.4 7.9 7.4 7.1 6.6
EC (mS/cm) 3.32 3.15 2.92 2.08 0.40

C/N 43.5 41.3 43.48 46.00 52.00

It is considered that ECs between 0.6 mS/cm and 1 mS/cm are suitable for most of the
plants. Between 1 and 4 mS/cm, most plants experience a significant decrease in growth
and development. Above 4 mS/cm, only halophytes can tolerate these conditions [9]. The
EC measurements of the different substrates, except for the control substrate, revealed
that the electrical conductivity of the substrates belong to a “saline” class. This salinity
higher than 2 mS/cm of the substrates is related to their high minerals content (Table 2). A
washing of these substrates before planting eliminates the excess of salts. A good fertilizing
irrigation management reduces the risks of this salinity.

Table 2. The content of mineral elements in the different substrates.

Substrat NH4
+ NO3

− Phosphorus Potassium Ca Mg Fe Mn Cu Zn

M0 12.60 42.00 710 180 0.19 0.007 0.071 0.004 0.0017 0.0013
M1 28.00 38.50 700 176 0.19 0.004 0.063 0.004 0.0017 0.0014
M2 57.75 38.75 340 80 0.15 0.004 0.042 0.003 0.0018 0.0013
M3 56.00 38.60 90 40 0.11 0.004 0.014 0.001 0.0018 0.0090
C 58.00 37.00 80 30 0.10 0.003 0.010 0.001 0.0015 0.0080

3.2. Evaluation of the Phyto-Toxic Power of the Different Mixtures Used

Statistical analysis showed that there was no significant difference between the ger-
mination rates by substrate. In 1987, Mustin reports that the germination rate for a non-
phyto-toxic substrate is higher than 50% [10]. The values obtained in this trial show that
our substrates are not toxic for the germination of lettuce seeds.

3.3. Economic Return of the Substrate Mixtures Based on Cactus Fiber and Coconut Fiber on the
Cultivation of Round Tomato under Greenhouse

After calculating the profitability in an open system, the use of the substrate (M2)
appeared to be more economical beneficial with a profit margin of 224,782.5 Dh/ha against
179,187.5 Dh/ha for substrate (M1), 223,180 Dh/ha for the control substrate (C), and
197,015 Dh/ha for substrate (M3). The conclusions will be different, however, if we place
the trial in the case of a closed-circuit soilless production system because the substrate (M1)
is less efficient in terms of water consumption.

4. Conclusions

Substrates (T) and (M2) offered the best commercial yields of 9.66 kg/m2 and 9.52 kg/m2

respectively. In terms of water and fertilizer consumption, substrates (T) and (M2) were
more efficient than (M3) and (M1). Concerning mineral nutrition and water consump-
tion/plant, the analysis showed that all substrates were within the standard norms except
for a slight water deficiency in the case of substrate (M1) due to its low water retention
capacity. Physiologically, there were not many differences between the treatments. Eco-
nomically, in the case of an open system that does not allow for recovery or recycling of
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drainage solutions, and under the conditions of the trial, the use of the substrate (M2) is
profitable since it provides profit margins of about 224,782.5 Dh/ha.
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Abstract: The use of magnetic technology in irrigation is increasing significantly in the world as it has
been established in several research studies that its application on irrigation water can improves crop
productivity and even alleviate plant salt stress. The aim of this study was to investigate the effect
of magnetic treatment of saline water on greenhouse tomatoes in Morocco. The preliminary results
showed significant decrease in soil conductivity measured at different depths. The soil irrigated with
magnetically treated water had a high-water retention capacity. A slight increase in the yield with
plants exhibiting an early flowering was recorded, and fruit quality was also improved in terms of
weight and juice content.

Keywords: irrigation water; magnetic treatment; water treatment; salinity; tomato; greenhouse

1. Introduction

Some studies report that magnetic treatment of water improves water quality by
breaking water clusters into smaller water clusters [1,2] and reducing the surface water
tension [3] that affects the water’s hydrophobicity, and some reports also mention reducing
water conductivity [3,4].

Also, it has been found that magnetic treated water had an impact on some properties
of the soil such as decrease of soil NaCl content, which causes salinity, in some case with
magnetic treated water irrigation [5,6]; increase in soil nutrient content and microbial
activity [7]. Some trials with saline water have given satisfactory results both on the
vegetative development of plant and on the yield [8–10].

The aim of this study is to determine the effects of magnetic treatment of saline
irrigation water on plants and soils in order to investigate the possibility of using saline
water for agriculture by magnetic treatment.

2. Materials & Methods

2.1. Experimental Site

The study was conducted at the ASNI domains (NL 30◦19′1′ ′; WL 9◦30′11′ ′) located
in the rural commune of Inchaden, circle of Belfaa, Province of Chtouka-Ait Baha (Souss-
Massa Region) from July to October 2021. The soil (loamy soil) and water mineral analysis
results are reported in the tables below (Tables 1 and 2).
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Table 1. Water irrigation analysis.

pH EC HCO3 Cl− SO4
2− NO3

− Ca2+ Mg2+ Na+ K+ B

dS/m 25◦ meq/L meq/L meq/L meq/L meq/L meq/L meq/L meq/L mg/L

7.35 2.02 3.80 11.7 1.07 0.38 3.95 5.53 9.44 0.07 0.21

Table 2. Soil mineral analysis.

pH EC H2PO4 Cl− SO4
2− NO3

− NH4
+ Ca2+ Mg2+ Na+ K+ B

dS/m 25◦ mg/L meq/L meq/L meq/L meq/L meq/L meq/L meq/L meq/L mg/L

6.47 4.52 27.9 10.8 11.5 9.26 0.22 10.2 7.70 16.3 5.34 0.97

2.2. Treatment Device

The magnetic treatment of water was done with magnet device Alva5 from the com-
pany AlvaTech Water Revolution. The Alva5 device is presented as an irrigation pipe
(50 cm diameter and 81 cm length) with a control box.

The irrigation water was magnetically treated by passing once through this device. In
the following document, the treated water with the Alvatech device will be noted T1

2.3. Experimental Design

The experimental setup chosen for this study is a complete randomized block design
consisting of 6 blocks of 5 m width (i.e., two ridges) and in each block there are two
replicates for the different treatments (T0: untreated water the control and T1) represented
by the experimental units. The experimental units are as wide as the blocks and 6m long.
In total we have 12 repetitions for each treatment.

2.4. Data Recorded

The data recorded during this study can be divided into three main groups. The first
is the parameters related to plant growth and development of the plant. The second is the
parameters related to yield and fruit quality, followed by soil parameters. The flowering
tomato plant index was calculated to estimate early plant maturity. The first metric is the
percentage of flowers opened through the truss and the second is the percentage of flowers
set through the truss.

2.5. Statistical Analysis

The data collection and organization were made with EXCEL spreadsheet. The analysis
of variance (ANOVA) was performed with the MINITAB 16 software. Tukey’s test was
adopted to compare the means between different treatments, at 5% significance level.

3. Results

3.1. Yield and Fruit Quality

In this part, three parameters were studied. The first is the earliness of the plants, it is
based essentially on the flowering and setting of the truss. Statistical tests of the calculated
values show that there is a highly significant difference between treatments for the %Open
flower Truss N◦1 and %Open flower Truss N◦2 index, but not for the two others Table 3
below summarizes the precocity index.

Table 3. Precocity index. The means followed by the same letter are not statistically different at
p < 5% according to the Tukey test.

%Open Flower
Truss N◦1

%Set Flower
Truss N◦1

%Open Flower
Truss N◦2

%Set Flower
Truss N◦2

T0 10.72 ± 8.23 (a) 88.53 ± 8.57 20.56 ± 9.00 (a) 28.21 ± 24.29

T1 3.54 ± 3.84 (b) 94.03 ± 7.39 31.59 ± 7.99 (b) 29.61 ± 10.11
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In the same perspective of evaluating earliness, the distances between trusses were
also measured, from the base to the fourth truss. However, the statistical analysis of these
data indicates that there is no significant difference between the two treatments. Same
results were obtained with the yield even if the treated plot produced 10% more than the
control. The statistical tests of the data of the analysis of the quality of the fruits obtained
indicate that there is a significant difference between the average weight of the fruits, the
firmness of the fruits and the juice content of the fruits.

3.2. Soil Parameters

The installation of capacitive sensors allowed us to monitor the soil moisture over
several depths. The measurements were taken every 15 min and stored in a cloud file
on the website http://cloud.yobeen.com/ (accessed on 1 August 2021). Thus, the graphs
above represent the evolution of soil moisture at 10 cm depth from 4–11 October 2021 and
from 11–19 October 2021. The Figure 1 shows clearly a difference between the evolution
of the moisture in the soil. The soil irrigated with treated water hold more water and the
decrease of the soil moisture is slower.
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Figure 1. Evolution of soil moisture at 10 cm depth (a) From 4 to 11 October.

The electric conductivity (EC1/5: (dS/m) and pH of the different layers were measured
from representative samples of the plots. The measured values show that at all horizons,
the electrical conductivities of the plot irrigated with magnetically treated water are lower
than those of the control, Table 4 bellow summarizes the variation of conductivity and pH.

Table 4. Soil Conductivity and pH.

Layer1 0–20 cm Layer2 20–40 cm Layer3 40–60 cm

EC (dS/m) pH EC (dS/m) pH EC (dS/m) pH

T0 5.5 7.94 4.1 7.84 4.5 7.89

T1 3.0 7.85 2.9 7.94 4.1 7.83

4. Discussion

The results obtained in soil conductivity are partly due to the leaching capacity of mag-
netically treated water. In addition, it prevents the build-up of soil salinity [6] because the
treated water has a greater affinity to bind with soil particles and therefore percolates with
more difficultly [3] solubilizing by the way more mineral elements. This same phenomenon
could also explain the evolution of moisture at the soil level.
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Since the plant has better water and mineral status, it’s more likely to produce more
with better quality fruit than stressed plant. Similar results as ours concerning yield and
fruit quality were obtained in other studies [7–10].

5. Conclusions

Magnet processing technology as a means to utilize resources affected by salinity for
production. As we demonstrated in our study, magnetically treated water was able to
reduce soil conductivity by nearly half and keep it within a range that is favorable for plant
development. On the other hand, irrigation with magnetically treated water improves the
moisture status of the soil by retaining more water. Under these conditions, even if the
irrigation water is salty, it creates an ideal environment for plants to grow.
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Abstract: Soil salinity and drought are the two major challenges agriculture is facing in marginal
environments, such as desert areas, which limit the growth and productivity of traditional cultivated
crop species. In the Sahara Desert of the southern region of Morocco, livestock is the major agricultural
activity, and forage supply is severely affecting livestock production. Blue panicum (Panicum antidotale
Retz.) is an alternative salt-tolerant crop recently introduced to Morocco’s Sahara to enhance forage
availability for livestock. The aim of this study was to increase the productivity and nutritional
quality of blue panicum through the use of integrated agronomic practices, such as planting methods
(bed or flat), crop establishment (direct seeding, transplantation, and rhizome propagation), organic
and/or mineral amendments, and grass–legumes intercropping. The preliminary results showed
that in the highly saline conditions, the combined application of organic amendments, seedling
transplanting, and bed planting method gave the highest production (56 t/ha/year) of fresh biomass,
which is higher than 50% compared to the control. This study suggests that in the southern region
of Morocco and the Sahara Desert, the adoption of the blue panicum with integrated agronomic
practices sustains livestock production.

Keywords: blue panicum; salinity; cropping practices; yield; quality

1. Introduction

Increasing soil salinity and declining irrigation quality are global challenges, especially
in semi-arid, arid, and desert climatic conditions. Worldwide, 37% of the salt-affected soils
are located in the arid and desert regions [1]. In Morocco, most of the southern and eastern
territories are salt affected, which covers approximately 67% of the total area of the country.
These regions are characterized by harsh environmental conditions manifested by water
scarcity, soil and groundwater salinity, high temperature variability, low or no rainfall, high
wind speed, poor soil quality, and low soil organic carbon content. The impact of climate
change has further worsened the situation, leading to an increased accumulation of salt in
the topsoil. All these factors are affecting forage productivity in the regions.

Morocco’s Sahara region is mainly used as rangeland for extensive livestock produc-
tion of dromedary (camel), goats, and sheep. In the past, a few rehabilitation initiatives
were launched to improve forage crop’s productivity, but they had little success due to
the vastness of the territory with major challenges [2]. To meet the increasing forage de-
mand, the introduction and adoption of alternative crops could be a judicious choice [3].
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Blue panicum (Panicum antidotale Retz.) is a newly introduced grass in the Sahara region,
and the initial results show promising performance in terms of productivity and quality
compared to traditional forage crops [4]. Additionally, earlier studies recommended the
application of organic amendments to improve agricultural production in salt-affected
lands [5]. This study aims at forage productivity enhancement of blue panicum through
the adoption of integrated agronomic practices in contrasting environments in the southern
region of Morocco.

2. Materials and Methods

2.1. Experimental Sites

On-farm experiments were conducted in five contrasting locations of the southern
region of Morocco (Table 1). The experimental sites had the maximum temperature ranging
from 30 to 40 ◦C, minimum temperature 8–11 ◦C, and annual rainfall of 26–53 mm.

Table 1. Climate and soil characteristics of the experimental sites/platform.

Site

Coordinates Climate Data Soil Characteristics

Longitude Latitude
Altitude

(m)
Tmax

(◦C)
Tmin

(◦C)
Rainfall

(mm)

Wind
Speed

(Km.h−1)
Texture

ECe
(dS/m)

pH

Tadkhast 13◦12′28” W 26◦58′34” N 76 34 9 31 19.1 Sandy
loam 0.60 8.56

Boujdour 14◦02′35” W 25◦36′37” N 168 36 10 27 18.9 Sand 0.40 9.04
Bir

Anzarane 14◦35′24” W 23◦57′40” N 204 40 8 26 15.5 Loamy
sand 1.35 9.03

Tarfaya 12◦51′30” W 27◦52′21” N 17 30 11 53 20.5 Sandy
loam 2.70 8.98

Es-smara 12◦07′22” W 26◦32′43” N 313 38 9 29 16.7 Sandy
loam 10.05 8.24

2.2. Crop Management and Experimental Design

Four agronomic practices were compared in this study: (a) planting methods (bed or
flat), (b) crop establishment (direct seeding, transplantation, and rhizome propagation),
(c) organic and/or mineral amendments, and (d) grass–legumes intercropping. Exper-
iments were conducted for the first year during 2020–2021 cropping season and imple-
mented in a randomized complete block design with four replications in each site/platform.
Plant material consisted of a public variety of blue panicum, while Siriver variety of alfalfa
(Medicago sativa) and ILRI 15077 sesbania (Sesbania sesban) accession were used for the
intercropping trial. Before plantation, the soil was plowed, and the crop was established.
Amendments were incorporated at a level of 30 and 5 t/ha for farmyard manure and
commercial compost, respectively, while NPK (10-30-10) fertilizer was applied at a rate of
100 kg/ha. Irrigation water was supplied using a drip irrigation system with 50 cm spacing.
A leaching fraction was considered regarding the site’s characteristics. Irrigation water
quality parameters for each site are shown in Table 2. Experimental units were harvested
manually at 40 days cutting intervals. The yield is for the cumulative harvest results for the
entire year.
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Table 2. Irrigation water quality in different platforms.

Site
EC

(dS/m)
pH

Cation’s Concentration (ppm) Anion’s Concentration (ppm)

Na+ K+ Mg2+ Ca2+ Cl− SO4
2− HCO3

−

Tadkhast 3.85 7.07 25.47 25.47 64.32 167.04 802.10 174.12 646.60
Boujdour 6.20 6.97 27.16 27.16 51.52 279.19 599.66 2373.54 122.00

Bir
Anzarane 6.64 6.94 1306.30 49.19 173.03 283.46 2655.46 360.12 212.28

Tarfaya 8.67 7.29 1306.30 49.19 173.03 283.46 2655.46 360.12 212.28
Es-smara 12.40 7.16 1163.33 32.64 242.15 421.70 2567.80 855.09 585.60

2.3. Plant and Soil Analysis

Several agro-morphological parameters were monitored during the crop growing
period and at harvest. The major parameters measured include plant height, number of
tillers, number of leaves, panicle length, plant fresh weight, and fresh biomass. Harvested
plants were oven dried at 60 ◦C for three days to determine the dry matter. Dry biomass
for each treatment was ground to investigate the nutritional quality of the forage. Fresh
leaves sampling was conducted to assess chlorophyll and proline content. Soil samples
were collected after harvest to monitor soil salinity and organic carbon stock.

3. Results

Figure 1 represents the effect of agronomic practices on yield under different salinity
levels. Preliminary results showed no significant difference between practices at a low
salinity level. However, the bed plantation improved the fresh biomass production by 90%
compared to the control (direct seeding or transplantation) under a medium salinity range.
The use of organic amendment doubled blue panicum’s annual fresh biomass production
at high salinity conditions to reach 62 T·ha−1.
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Figure 1. Annual fresh biomass of blue panicum regarding several cropping practices and salinity. (S:
Seeding/T: Transplantation/OA: Organic amendment/F: Fertilization/B: Bed plantation). Error bars
indicate the standard deviation. a and b present Tuckey’s test at p = 0.05.

Results of the intercropping trial indicate that the performance of blue panicum was
better under the intercropping system with legumes compared to sole crop. However,
annual fresh biomass production was increased by 46% (to reach 58 T·ha−1) with 4 alfalfa:1
blue panicum planting ratio. Furthermore, the land equivalent ratio was more than 3 in
combination with alfalfa and approximately two times better than in combination with
sesbania (Figure 2).
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Figure 2. Fresh biomass production and land equivalent ratio of blue panicum as affected by
intercropping combination. Error bars indicate the standard deviation.

4. Discussion

Preliminary results of the experiment indicate a significant positive effect of different
agronomic practices on the productivity of blue panicum except for low salinity conditions.
However, the combined effect of organic amendments, transplantation, and bed planting
method increased annual biomass production by more than 50% under high salinity and
drought conditions. Our result is consistent with the results by Cuevas et al. [5]. They also
found amendments and bed planting methods improved crop yield by 50% in saline soil
conditions. Similarly, consistent with Al-Shareef et al. [6], intercropping of blue panicum
with alfalfa has a significant advantage over sole cropping.
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Abstract: In salt affected soils, neither physical nor chemical remediation methods are cost-effective
for saline/sodic soil reclamation. Salt-affected lands are estimated at about 955 million ha worldwide,
afflicting over 6% of the world’s total arable land, of which sodic soils constitute 581 million ha.
Regaining the agricultural potential and enhancing the productivity and profitability of rice in sodic
soils, it necessitates the development of advanced technologies for the sustainable reclamation of
these soils, suitable salt tolerant varieties (STVs) through farmer’s participatory varietal selection
(FPVS) approaches and their matching management practices (Mmp).The results from the study
showed that combining Mmp with STV resulted in 35% higher yields over traditional variety (TV)
with farmer’s management practices and proved cost effective nutrient management approach to
maximize the productivity and profitability of rice in sodic soils.

Keywords: cost effective reclamation technologies; matching management practices; Oryza sativa;
farmer’s participatory varietal selection; salt tolerant varieties; crop productivity

1. Introduction

The presence of salts in the soil is an alarming threat to agricultural productivity
and sustainability. According to the FAO Land and Nutrition Management Service [1],
over 6% of the world’s land is affected by salinity, which accounts 955 million ha in 100
countries, of which sodic/solonetz soils constitute 581 million ha. Chemical amendments
like gypsum (CaSO4·2H2O) have been used most extensively for the reclamation of sodic
soils [2] but is a costly affair because of its requirement in large quantity (12–16 tha−1) and
high market price (USD 60 t−1). Therefore, it is imperative to develop cost effective farmers’
participatory sodic soil reclamation technologies.

Rice is an important crop grown in salt-affected soils, but its yield is much lower
because of its high sensitivity to salinity and sodicity at early seedling stage [3], high
mortality and poor crop establishment [4]. Increasing and sustaining yields in these soils
will require the development of high yielding STVs and their integration with cost effective
crop and nutrient management practices in farmers’ participatory mode. In this paper
we limit the discussion on developing advanced cost effective reclamation technologies,
the development of farmers’ preferred high yielding salt tolerant variety of rice through
the farmers’ participatory varietal selection (FPVS) approach and improved agronomic
management practices to ensure better crop establishment and higher productivity of STV
of rice.
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2. Materials and Methods

2.1. Development of Advanced Cost-Effective Reclamation Technologies

Four times replicated field experiments laid out in a split plot design with four gypsum
levels (control, 15% GR, 25% GR and 50% GR) and two varieties ‘CSR 13 (STV)’ and
‘Pant 4 (TV)’ were conducted for three years in highly sodic soil (pH 10.5, EC 1.43 dSm−1,
ESP 89) at the ICAR-Central Soil Salinity Research Institute (CSSRI), Regional Research
Station, Lucknow, Uttar Pradesh, India (26◦47′58′′ N and 80◦46′24′′ E). As per treatments,
gypsum was incorporated once throughout the study in surface soil (0–15 cm). Thirty day
old seedlings of both the varieties were transplanted at 20 × 15 cm row to row and plant
to plant spacing. After three years of study, soil samples were collected and analyzed to
monitor the improvement in soil properties. All the observation related to crop growth,
yield attributing characters and yields were recorded and analyzed statistically using the
statistical package MSTAT-C.

2.2. Development of High Yielding Salt Tolerant Variety through Farmer’s Participatory Varietal
Selection Approach

A set of 126 geographically and genetically diverse rice genotypes includes local
genotypes and advanced salt tolerant genotypes were screened through researchers’ man-
aged on-station and on-farm trials. Based on sodicity tolerance and high yield potential,
18 genotypes were selected for FPVS. After 3 years of FPVS studies, conducted at 17 sodic
environments, 6 genotypes were selected and further evaluated, taking into account traits
desired by men and women farmers. Preference scores for each genotype were calculated.
The genotype ‘CSR89IR-8’ consistently ranked first based on both farmers’ preference
ranking and grain yield and later released as variety ‘CSR 43’ (Table 1).

Table 1. Combined effect of gypsum levels and varieties on grain yield (t/ha−1) of rice.

Gypsum Levels (% G.R.) 1st Year 2nd Year 3rd Year

CSR 13 Pant 4 CSR 13 Pant 4 CSR 13 Pant 4

0 0.32 0.07 0.55 0.36 0.63 0.42

15 2.73 1.57 3.01 2.77 3.28 2.81

25 4.09 3.48 4.38 3.76 4.52 4.11

50 4.36 4.05 4.79 4.36 4.96 4.75

Sem (±) 0.09 0.03 0.08

CD (p = 0.05) 0.27 0.12 0.28

2.3. Development of Management Practices

2.3.1. Optimizing Number of Seedling/Hill−1 and Spacing

Field experiments with three replications consisted of two rates of seedlings/hill−1,
T1 (2 seedlings) and T2 (4 seedlings), and three spacing S1: 15 × 15 cm, S2: 15 × 20 cm,
S3: 20 × 20 cm was conducted at the experimental farm of ICAR-CSSRI, Regional Research
Station, Lucknow, Uttar Pradesh, India, on a sodic soil (pH 9.2, EC 0.61 dSm−1). Thirty-
day-old seedlings were transplanted with recommended doses of fertilizer.

2.3.2. Optimizing Nitrogen Requirement

A field experiment with three replicates and six N treatments ((N kgha−1) N1: 0, N2: 100,
N3: 125, N4: 150, N5: 175 and N6: 200) was conducted at ICAR-CSSRI, Research farm,
Shivri, Lucknow. Thirty-day-old seedlings were transplanted with 4 seedlings/hill−1 spaced
at 15 × 20 cm. Full P2O5, K2O and ZnSO4 (60–40–25 kg N–P2O5–K2O–ZnSO4·7H2O ha−1)
and half of N were applied as basal, and the remaining N was applied in equal splits
at 30 and 60 days after transplanting. All the relevant data were collected and analyzed
(ANOVA) using WINDOSTAT.
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3. Results and Discussion

3.1. Cost Effective Reclamation Technology

Salt tolerant variety ‘CSR 13’ significantly excelled ‘Pant 4’ in grain yield at gypsum
levels from 15 to 50% G.R. However, the magnitude of the combined effect of the reduced
dose of gypsum and salt tolerant variety of rice was reflected as 17% increase in grain
yield over the tradition variety. It indicated that the gypsum, at 25% G.R. with the sodicity-
tolerant variety, could save about 43% of the total initial expenditure for the reclamation of
sodic soils over the recommended dose of gypsum (50% G.R.) with non-sodicity tolerant
traditional high yielding varieties. These observations indicate the saving of gypsum to
the tune of 25% by using salt tolerant variety in sodic soils (Table 1). The application of
a reduced dose of gypsum and cultivating salt-tolerant varieties saved 50% of gypsum
without any significant yield loss [5].

3.2. Development of Salt Tolerant Variety through FPVS

After intensive evaluation and selection within the 126 genotypes, only 6 genotypes
were selected (Table 2). Farmers ranked CSR-89IR-8, CSR36 and NDR359 as their first,
second and third preferred genotypes, respectively, with positive correlations between pref-
erence scores of male and female farmers (r = 0.91**) and between farmers and researchers
(r = 0.74*). Genotype ‘CSR-89IR-8’ ranked first in all desired traits. Farmers selected CSR-
89IR-8 as their preferred genotype because of several traits, including its good taste, aroma,
color, non-cohesiveness when cooked and higher grain yield. The FPVS program conducted
in sodic soils [6] has confirmed the relevance and utility of participatory approaches in
these less favorable environments. The screening of a large number of genotypes helped to
narrow the number of genotypes suitable for sodic soils. Farmers’ preferences revealed that
they generally preferred high yielding, salt tolerant, short duration and lodging-resistant
varieties of rice. Based on farmers’ rankings, genotype ‘CSR-89IR-8’ fulfils all the preferred
traits. These attributes together culminated in the release of this genotype as CSR 43 [6].

Table 2. FPVS process for developing salt tolerant variety. The arrow sign is indicating that out of
three outstanding performing genotypes only one is selected to develop as a variety.

Year Process
Number of Genotypes
Planted in Sodic Soil

Number of Genotypes
Selected

Number of Trials Sites
in Sodic Soil

1st Screening of
Genotypes 126 18 2

2nd To conduct PVS 18 12 5

3rd To conduct PVS 12 9 6

4th To conduct PVS 9  6 6

5th Final selection 6 2 6

6th Up-scaling 2 + 1 (farmer variety)
1 selected and released

as variety “CSR43” 32

3.3. Improved Management Practices

3.3.1. Optimizing Number of Seedlings/Hill−1 and Spacing

Productive tillers/hill−1, grain and straw yields with four seedlings/hill−1 were, re-
spectively, 15.9%, 22.7% and 30.3% higher than those with two seedlings/hill−1. Spacing
had a significant (p < 0.05) effect on floret fertility and grain yield. Using 15 × 20 cm
spacing resulted in about 4–7% more spikeletspanicle−1 over both 15 × 15 and 20 × 20 cm
spacing though these differences were not significant. Using 15 × 20 cm spacing re-
sulted in 11% higher grain yield and 16% higher straw yield over the values obtained
with 20 × 20 cm spacing. Grain yield was significantly enhanced by the transplanting of
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four seedlings/hill−1 at a 15 × 20 cm spacing. Higher number of seedlings/hill−1 re-
sulted in significantly higher dry matter production and more productive tillers/hill−1,
whereas medium spacing enhanced floret fertility resulting in higher grain yield over other
treatments [7].

3.3.2. Optimizing Nitrogen Requirement for Salt Tolerant Variety

The application of 200 kg Nha−1 produced 70%, 53.8%, 21.5%, 9.7% and 3.5% more pro-
ductive tillers/hill−1 than the application of 0, 100, 125, 150 and 175 kg Nha−1, respectively.
Number of spikeletspanicle−1 and 1000 grain weight increased significantly by increasing
N to 200 and 175 kgha−1. Applying 100 kg Nha−1 resulted in 125% increase in grain yield
over control. Grain yield was statistically similar when 175, 200 and 150 kg Nha−1 were
used but these yields were significantly higher than when 0, 100 and 125 kg of N were
applied. A similar pattern was also observed for straw yield. Nitrogen application is
necessary to maintain plant growth and enhance grain yield. Similar beneficial effects of N
application in similar environments were reported by Singh et al. [7]. The grain yield of
STV responded positively to N application up to 169 kgha−1; however, gross margin and
BCR were highest with 150 kg Nha−1. This N rate can, therefore, be recommended for STV
in sodic soils.

4. Conclusions

The sodic soils treatment with a reduced dose of gypsum (25% G.R.) and growing a
salt-tolerant variety of rice can save 25% of gypsum and proved to be highly economical and
sustainable technology for increasing rice productivity. The salt-tolerant variety produced
about 0.5 tha−1 additional grain yields over farmers’ current varieties across locations.
Suggested recommendations include the transplanting of four seedlings/hill−1 at a spacing
of 15 × 20 cm and the use of 150–60–40–25 kg N–P2O5–K2O–ZnSO4·7H2O ha−1 in the field.
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Abstract: Soil salinity limits forage productivity in ~1125 million ha of particularly arid lands across
continents. Grass-legume mixtures are known to enhance soil nutrient cycling and forage productivity
in non-saline conditions. We tested if these benefits can be replicated in the saline soils (ECe > 14)
of Laayoune-Morocco during the year 2021, based on a randomized complete block design (RCBD)
experiment with 50–50 and 30–70% blue panicum grass (Panicum antidotales Reitz), alfalfa (Medicago
sativa L.) mixtures compared to their monocrops. There was no significant variation (p = 0.36) in
forage accumulation across treatment, but the blue panicum grass and alfalfa mixture had slightly
greater forage yield compared to each in monocrop (13% and 5% Mg ha−1). Blue panicum grass
proportionate dry matter exceeded alfalfa in mixtures (62 and 54%). During establishment, blue
panicum grass buffers against effects of high salinity on forage productivity in mixtures with alfalfa.

Keywords: alfalfa; blue panicum; crop mixture; forage productivity; soil salinity

1. Introduction

Soil salinity is a major problem limiting crop production in arid and semi-arid lands
across the globe including Morocco where, an estimated 3.6 million ha is affected [1]. This
problem is triggered by intrusion of saline water from the Atlantic Ocean and persistent
use of saline irrigation water, which deposits toxic sodium (Na+) ions in the soil. Therefore,
soil EC levels are moderate (4 ds m−1) to extreme (18 ds m−1), which adversely affects
forage crops. Recent reports indicate that alfalfa suffers yield losses of up to 26% due to
salt stress in Morocco [2,3]. Sodium toxicity suppresses seed germination [4] and impairs
plant osmotic potential, photosynthesis and cell elongation, ultimately suppressing forage
yields [5]. Salt tolerant crops, including blue panicum grass, can maintain net photosyn-
thesis, water potential and dry matter accumulation hence mitigate against increasing
salinity [6]. Nevertheless, ref [7] have found blue panicum grass yields to an average
maximum of 15 tons ha−1 in saline conditions of southern Morocco, compared to the
potential 60 Mg ha−1 [8]. This study explores measures to alleviate effects of soil salinity by
leveraging adaptive features of alfalfa and blue panicum grass in mixtures.

Perennial grass-legume mixtures are renowned for their complementarity in carbon (C)
sequestration, nitrogen (N) acquisition, weed suppression and overyielding monocrops [9–11].
In southern Morocco, where salinity compounds temporal variation of temperatures, yields
of alfalfa and blue panicum monocrops slump because of their C3 and C4 photosynthetic
mechanisms that cannot withstand extremely hot summers and cold winters, respectively.
Consequently, this research explores mechanisms of blue panicum grass-alfalfa mixtures
to stabilize yields across seasons, when persistently exposed to saline growing conditions.
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We sought to understand if a grass-legume mixture complementarity can buffer against
soil salinity and enhance forage productivity compared to monocrops. Hence the objective
of this study was to evaluate correlations between forage yield and soil salinity and to
test for species complementarity in overall forage productivity. We hypothesized that the
halophytic nature of blue panicum grass can alleviate salinity and complement alfalfa
growth and hence increase forage productivity of their mixtures unlike monocrops.

2. Materials and Methods

RCBD experiments were established in two sites in Foum El Oued-Laayoune with
moderate and high soil salinity in April 2021. The study had four treatments, including
blue panicum grass and alfalfa monocrops and their combination in 50–50 and 30–70%
seeding proportions in four replicates. Crops were established by adjusting seeding rates
up, to account for pure live seed estimates of germination and purity shortfalls from 100%.
Soil salinity regimes were maintained by irrigation using moderate and highly saline
water in drip irrigation according to crop evapotranspiration. Forage was harvested at
approximately 10% flowering stage of alfalfa and oven dried at 60 ◦C for 72 h to determine
forage productivity ha−1 along with soil EC. The standard deviation of forage dry matter
across different harvests of each treatment were divided by the corresponding means,
to determine temporal stability of forage production. Data were subjected to ANOVA
(stat package of R) to determine site × treatment, site or treatment effects on forage
productivity, temporal stability and soil salinity. Mean separation was conducted using
Fisher’s protected LSD.

3. Results

3.1. Initial Soil and Water Physical and Chemical Properties

Initial soil properties indicated that both sites had sandy loam soil texture, see Table 1.
There was greater dominance of sand in medium (68%) compared to highly saline soils
(60%) coinciding with soil ECe values of 7.9 and 52.5 dS m−1 and water EC of 8 and
17 dS m−1.

Table 1. Initial soil texture and soil and water salinity in sites of medium and high salinity in
Laayoune-Morocco during April 2021.

Soil Characteristic
Salinity

Medium High

Textural class Sandy loam Sandy loam
Ratio of sand, loam and clay (%) 68:20:12 60:26:14
Soil ECe (dS m−1) 7.8 52.5
Water EC (dS m−1) 8 17

3.2. Forage Acumulation

There was no significant (p = 0.3) site × treatment interaction, but each of these
factors singly (p < 0.05) influenced accumulated forage dry biomass. The 50–50 mixture of
blue panicum grass and alfalfa accumulated the greatest amount of forage (10.4 Mg ha−1),
slightly exceeding that of alfalfa monocrop (10.2 Mg ha−1) and the 30–70 m mixture
(9.6 Mg ha−1); however, it surpassed that of blue panicum grass monocrop (8.1 Mg ha−1)
based on averages across sites (Table 2). The cumulative forage biomass from medium
salinity (12.4 Mg ha−1) was almost double the mean yield from high salinity 6.7 Mg ha−1.
Cumulative forage dry biomass across treatments ranged between 10.2 and 13.6 Mg ha−1

in moderate salinity and 6 to 7.2 Mg ha−1 in high salinity.
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Table 2. Cumulative forage dry biomass of blue panicum (BP) and alfalfa (Alf) monocrops and their
50–50 and 30–70% mixtures in medium and high salinity from June to December 2021.

Treatment
Cumulative Forage Dry Matter

Medium Salinity High Salinity Mean

Mg ha−1

100BP 10.2a 6.0a 8.1b
100Alf 13.6a 6.8a 10.2a
50BP50Alf 13.6a 7.2a 10.4a
30BP70Alf 12.4a 6.8a 9.6ab
Mean 12.4A 6.7B

Value within column followed by similar letters in lower case and means across salinity followed by similar letters
in upper case are not significantly different (LSD, p > 0.05).

3.3. Temporal Stability

There was no significant (p = 0.3) site × treatment interaction, but their main effects
against dry matter temporal stability were significant (p < 0.05). Blue panicum had the
highest mean temporal stability across sites, comparable to alfalfa monocrop and the
50–50 mixture (0.36), but greater than that of the 30–70 blue panicum alfalfa mixture (0.34)
(Table 3). Crops had greater mean temporal stability in medium (0.44) compared to high
salinity (0.35). Blue panicum grass dry biomass dominated in mixtures established in high
soil salinity (62 and 54%). In medium salinity, blue panicum was more abundant (71%)
than alfalfa in the 50–50 mixture, unlike the 30–70 mixture where alfalfa dominated (61%).

Table 3. Temporal stability of 50–50 and 30–70% blue panicum grass (BP), alfalfa (Alf) mixtures and
monocrop dry matter in medium and high salinity from June to December 2021.

Treatment
Temporal Stability

Medium Salinity High Salinity Mean

100BP 0.60a 0.45a 0.53a
100Alf 0.37a 0.35a 0.36ab
50BP50Alf 0.35a 0.38a 0.36ab
30BP70Alf 0.45a 0.20a 0.34b
Mean 0.44A 0.35B

Value within column followed by similar letters in lower case and means across salinity followed by similar letters
in upper case are not significantly different (LSD, p > 0.05).

4. Discussion

The inability of blue panicum grass to alleviate soil salinity contrary to our hypothesis
might be explained by inadequate establishment of blue panicum grass roots to perform
phytoremediation. Grasses alleviate salinity through root mechanisms of degrading calcite
and releasing Ca2+ which replace Na+ from the soil solution [12] for exclusion into plant
roots and shoots. Across sites, the 50–50% blue panicum grass alfalfa mixture slightly
enhanced yields compared to monocrops. Substantial complementary advantages of mix-
tures usually manifest in years following establishment, particularly attributed to enhanced
deposit of crop residues and turnover of soil N and C [13]. Apparently, dominance and
stability of blue panicum grass shoot biomass might buffer the productivity of mixtures
despite persistently saline conditions. In non-saline and warm conditions, blue panicum
grass is expected to thrive via the C4 photosynthetic machinery compared to the C3 pho-
tosynthesis of alfalfa [14]. Temporal stability of biomass affirmed blue panicum grass
tolerance to salinity, usually associated with its ability to maintain favorable potassium
(K)/Na ratio, photosynthesis and proline mediated osmotic balance [15].

5. Conclusions

During establishment, blue panicum grass does not alleviate soil salinity, but its
biomass stability and dominance buffers productivity of its mixture with alfalfa. Apparently,
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complementary benefits of grass–legume mixtures to increase forage productivity might
extend to conditions of moderate to high soil salinity. Equitable blue panicum grass and
alfalfa forage biomass persistence against increasing salinity can help reduce the pitfalls in
forage yields due to salt injury and varying temperatures in arid conditions.
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Abstract: Today, irrigated agriculture is even more influenced by climate change with consequent
negative effects on food security. The Mediterranean area is most affected by climate change, leading
to greater exposure to uncertainty and production risks. In these environments, water stress, rainfall
variability, and soil salinization have been accentuated. Improving crop productivity by minimiz-
ing such effects is possible through intelligent climate farming practices (CSFP). Towards resilient
and sustainable integrated agro-ecosystems through appropriate climate-smart farming practices
(TRUSTFATM) is a project funded by the European Union’s Horizon 2020 research and innovation
program with the aim to design integrated agro-ecosystems by conserving natural resources and
using the principles of the circular economy for developing climate-resilient production systems
in Egypt, Morocco, Italy, France, and Senegal. The Department of Agricultural and Environmental
Science (DISAAT) of the University of Bari is responsible for coordinating the activities (starting
in 2022) related to the introduction of new crop varieties and management of water and efficient
irrigation systems, such as deficit irrigation, use of marginal quality (saline water) irrigation water,
and introduction of abiotic stress-tolerant crops.

Keywords: salinity; climate change; tolerant crops

1. Introduction

Globally, climate change is one of the biggest challenges. It is causing a significant
change in the average values of meteorological elements, such as precipitation and temper-
ature, and rainfall, while negatively affecting agriculture, such as causing biotic (increased
insect, pest, and disease populations, uplifting weed growth, declining beneficial soil mi-
crobes, and threatening pollinators) and abiotic stresses, occurrence of severe drought or
flood, extremes of temperature, salinity, and alkalinity, etc. [1]. The Mediterranean region is
most affected by the impact of climate change, leading to greater exposure to uncertainty
and production risks. In these environments, water stress, rainfall variability, and soil salin-
ization have been accentuated. Extreme climatic events enhance the risk of desertification
in Southern Italy, where extreme weather conditions are increasing tornadoes, and sudden
hailstorms, alternating with persistent drought periods. Southern Italy has recorded a
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decrease in rainfall of up to 20%, with an increase in the number of highly intensive pre-
cipitation events [2]. The reduction in rainfall and the increase in precipitation intensity
without a doubt affects the total availability of water resources in the soil and the extension
of agricultural areas, resulting in higher runoff, soil erosion, less accumulation of water in
the reservoirs, and reduced availability of water for irrigation purposes. Furthermore, a
warmer climate and drought lead to an increase in evapotranspiration demand from crops.

Under these conditions, it is urgent to improve the productivity of the agricultural
system through intelligent climate farming practices (CSFP) using the principle of soil and
water conservation when introducing new crops that tolerate drought and salinity stress
into these systems and managing them.

The adverse effect of climate change on crops could be mitigated, by the introduction
of adapted cultivars with adjusted planting date, and changing fertilizer and irrigation
practices [3,4]. It has been demonstrated that cultivar adaptation is the most effective,
followed by irrigation.

An increasing number of research projects have been funded in recent years, with the
aim to innovate traditional agricultural systems and to improve their resilience to climate
change. A recent one is the TRUSTFATM project “Towards resilient and sustainable inte-
grated agro-ecosystems through appropriate climate-smart farming practices”, developed
with the aim to design integrated agro-ecosystems by conserving natural resources and
using the principles of the circular economy in order to develop more climate-resilient
production systems in Egypt, Morocco, Italy, France, and Senegal. The project was funded
by the European Union’s Horizon 2020 research and innovation program. The main aim of
the TRUSTFARM project is to design integrated crop–livestock agro-ecosystems in order
to improve productivity and make production systems more resilient to climate change.
The project includes a series of activities aimed at the construction of resilient cropping
systems; in Italy, in particular, field trials will be carried out aimed at identifying new
varieties resistant to abiotic stresses and sustainable irrigation practices that will make high
yields even in changing climatic conditions.

2. Field Trials

Biannual experimental field trials starting from 2022 to evaluate the production per-
formance of climate-resilient crops and best irrigation practices will be carried out for the
Italian case study.

2.1. Evaluation of Climate Resilient Crops

The effect of environmental stresses on crop physiology is highly variable. The re-
sponse that each plant gives to single specific stress, such as drought, depends on numerous
variables (time of onset, severity, and duration). In addition, plants employ different en-
vironmental stress response strategies, such as avoidance of stress, stress tolerance, and
escape from stress [3].

Furthermore, the growing negative impact of climate change on a given environment
increases the probability of plants being exposed to several stresses simultaneously, such as
drought and salinity; in this case, the response of the plant to a combination of stress cannot
be explained by the sum of the single effects, but it is a unique and different response.

In marginal environments where the production of traditional crops is compromised,
attempts have been made in recent years to introduce new resistant crops. Extremophiles
have evolved and reproduced in very marginal habitats, such as highly saline environments,
which can also be prone to drought and heat, floods, sodium, and alkalinity [5].

There are several promising species that have interesting characteristics both from
the point of view of resistance to abiotic stress and from the point of view of the quality
characteristics of the seeds produced.

Examples are quinoa (Chenopodium quinoa Willd.) and grain amaranth (Amaranthus spp.)
(Figure 1), of which the cultivation in recent years has expanded to several countries out
of its area of origin due to increasing interest, market development, research, and promo-
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tion [6]. Thanks to their high-quality protein content, these crops are considered promising
candidates for enhancing high-quality plant protein food production in the world. Quinoa
and amaranth are important for the high tolerance to abiotic stresses and for their nutritious
characteristics [7].

 

Figure 1. Quinoa (a) and amaranth (b).

2.2. Deficit Irrigation Practices

Improvement of irrigation management is one of the main options in Mediterranean
cropping systems to increase the efficiency of water use [8]. Besides improving agricultural
practices under dryland farming, water saving is important to sustain high productivity
under more arid conditions in the future.

Many trials have been carried out in the past years aimed towards finding the best
solution to manage irrigation with saline water.

Sprinkler irrigation is not suitable because salts may cause injury to leave tissues, while
subsurface and drip irrigation appear to be ideal methods. In particular, drip irrigation
reduces the water use resulting in less salt deposited in the soil layers, avoiding leaf burn;
furthermore, in drip irrigation, the high frequency of irrigation interventions prevents the
soil from drying out, thus preventing the salts from concentrating in the soil and ensuring
their leaching below the root system [9].

Among the sustainable irrigation strategies, supplementary irrigation consists in the
application of small quantities of irrigation water to crops that are normally grown in dry
conditions [10]. A very interesting approach is related to deficit irrigation, which consists
of the use of irrigation volumes lower than the optimal ones with water savings of up to
50/70% of the quantity used for full irrigation and with the same levels of yields. Deficit
irrigation could also be applied only during drought-sensitive growth phases characteristic
of each plant species.
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Abstract: The desert truffle (Terfezia) and other truffles (Tuber) have a significant economic and
ecological value and are considered as important fungi in Morocco. Desert truffles are important to
combat desertification and enhance soil fertility. As these fungi form a mycorrhizal symbiosis with
several specific desert shrubs, it protects the soil from degradation and assists plant growth in the
semi- arid and desert areas. The aim of this short paper is to present the different species of desert
truffle that exist in Morocco and identify their macroscopic and microscopic characteristics and their
host plants as well as their areas of distribution. There are strong analogies between the species found
in Morocco with those previously discovered in other countries. Terfezia arenaria, T. leptoderma and
Delastria rosea were mainly available in Mamora forest and T. boudieri in Oualidia. Otherwise, the
species Picoa juniperi, Terfezia claveryi, Tirmania pinoyi and T. nivea were present in the Oriental regions
of Morocco.

Keywords: desert truffles; truffles; morphology; microscopy

1. Introduction

In Morocco, truffles and desert truffles (Terfess) are important fungi with economic
and ecological value. These are edible species and are considered important seasonal
and local trade in the country. Generally, Moroccan truffles grow in the sand and are
harvested in the vicinity of herbaceous plants such as Helianthemum, Cistus, or Pinus tree in
a mycorrhizal association [1–4]. The most common method of identification for harvesting
is by the “mark” produced by the fungi (the soil is often swollen and cracked on the surface
at the base of the host plant) [4].

Terfess has a considerable ecological interest, especially in arid and semi-arid areas.
Its cultivation using biotechnological methods, in particular the controlled mycorrhization
with their native host or non-host plants, would be interesting to utilize infertile lands, con-
serve these fungal species, and promote the social and economic activities in the region [5].
Moreover, the host plants of these fungi are xerothermophile species and their planting
can help to preserve the land against desertification and degradation. The fungi act as
extensions of the plant root and are capable of capturing water where the plant cannot.
The aim of the study was to characterize the different species of desert truffles “Terfess”
and other Moroccan truffles (Tuber), to identify the areas for harvest as well as areas of
their distribution.

2. Materials and Methods

A survey was carried out to collect truffles from several regions of Morocco, with
different climatic and edaphic conditions. The morphological observations of the collected
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samples were realized visually or using a stereomicroscope. The microscopic studies were
performed using crushed ascocarp fragments in water. The scanning electron microscopy
studies were preceded through two methods: progressive dehydration with acetone (25%,
50%, 75%, 95% and 100%) and acetolysis according to the Erdtman method [6].

3. Results

The distinction of truffle species was classically based on both the ascocarps mor-
phology and the ascosporal ornamentation. Eight desert-truffle species were identified.
Three species were collected from Mamora Forest, located in the Rabat region (34◦15′52′′ N,
6◦39′27′′ W). The first species was Delasria rosea (=Terfezia rosea), locally called ‘Bitter Terfess
of Taida’ and collected under the pine (Pinus pinaster var. atlantica and Pinus halepensis).
The ascocarps were sub-globose or turbinate, more or less bumpy, 3 to 5 cm in diame-
ter. The ascocarp color was white to pinkish or white blackened. Each elongated asci
(140–176 × 56–64 μm) contained two to four globose ascospores, orange to yellow and
ornamented with an alveoli network surmounted by short spines (Figure 1a). The second
species was Terfezia arenaria, the most popular edible mushroom in this region, commonly
called ‘Pink Terfess of Mamora’. It was harvested on acid soil, in a semi-arid climate.
Terfezia arenaria established mycorrhizal symbiosis with Helianthemum guttatum, and it
was detected by the ‘mark’ method. The ascocarps examined were from 2 to 10 cm in
diameter and weighed between 4 and 200 g with variable shape (sub-globose, cordiform,
bumpy). The asci were ovoid or sub-globose (80–96 × 71–79 μm). They contained eight
ascospores, spherical (22–26 μm diameter) and covered with truncated cylindrical warts
characteristic of the species (Figure 1b). Terfezia leptoderma was collected on acid soil under
Helianthemum guttatum. The ascocarps were 2 to 5 cm in diameter, generally globose ovoid
or pyriform and humped. Asci were octospores, globose, and sessile at maturity; they mea-
sured 54–70 × 62–80 μm. The ascospores were black at maturity, spherical and 20–24 μm
in diameter. They were covered with spines truncated at the ends (Figure 1c).

 

Figure 1. Ascocarps, asci and ascospores of Mamora truffles (Leg. Khabar). (a) Delasria rosea;
(b) Terfezia arenaria; (c) Terfezia leptoderma.

Another species, Terfezia boudieri, was collected from Had Hrara in the region of
Oualidia (32◦43’53′′ N, 9◦2’3′′ W), on limestone soil. The ascocarp weight was 30 to 100 g
and diameter size of 3 to 8 cm, sub-globose, turbinate or fusiform. The sub-globose asci
(66–80 × 56–60 μm) contained six globose ascospores 26 to 30 μm in diameter and yellow
to brown in color at maturity (Figure 2).
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Figure 2. Ascocarps, asci and ascospores of Terfezia boudieri (Leg. Khabar).

In the oriental region of Morocco, other promising species were detected, such as
Terfezia claveryi, Picoa juniperi, and Tirmania sp. Terfezia claveryi, which were collected close
to Helianthemum lippii in the Arfoud region (31◦26′20′′ N, 4◦14′37′′ W) in the southeast
of Morocco, called ‘Red Terfess of Tafilalt’. The examined ascocarps had various shapes
(cordate, ovoid, and rounded), measuring from 3 to 5 cm in diameter with a weight of 17 to
50 g. The asci were numerous and ovoid (64–68 × 72–84 μm). The ascospores were hyaline
to grayish with a spherical shape (18–21 μm in diameter) (Figure 3a). Picoa juniper is a
very rare species found in Ten Drara of Figuig province (33◦03′ N, 2◦00′ W). The ascocarps
were very light and characterized by a modest size (3 to 6 cm). The asci were sessile and
globose, 60 to 100 μm in diameter, containing eight smooth and slightly elliptical ascospores
(24–28 × 28–30 μm) (Figure 3b). Otherwise, Tirmania sp., locally known as ‘White Terfass
of Tafilalt’, was very abundant in the southeast, in arid and sub-Saharan climates. Tirmania
pinoyi was collected in Bni Guil whilst Tirmania nivea was located in Bouarfa, both under
Helianthemum hirtum.

 

Figure 3. Ascocarps, asci and ascospores of Morocco Oriental truffles (Leg. Khabar). (a) Terfezia
claveryi; (b) Picoa juniperi; (c) Tirmania pinoyi; (d) Tirmania nivea.
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The ascocarps size of Tirmania pinoyi was from 3 to 8.5 cm in diameter. The asci
were about 70–100 × 40–55 μm. The ascospores were globose and 16–24 μm in diameter
(Figure 3c). The ascocarp size of Tirmania nivea was 3–12 cm in diameter and the asci were
60–80 × 30–50 μm. The ascospores were elliptical and 60–20 × 12–15 μm (Figure 3d).

Regarding tuber species in Morocco, five truffles were identified including Tuber
uncinatum/aestivum, Tuber brumal, Tuber excavatum, Tuber rufum and Tuber melanosporum.
This species was particularly found in mountainous regions, with pedoclimatic conditions
similar to those of Europe. Tuber melanosporum (Figure 4) was found in the plateau of
Debdou and in Immozer of Moyen Atlas. Tuber uncinatum/aestivum, Tuber brumal, Tuber
excavatum and Tuber rufum (Figure 4) were collected in the middle Atlas under Quercus ilex
and Quercus faginea. Finally, two other species were collected in semi-arid climates and in
acidic sandy loam soil of Mamora forest, such as Tuber asa near Helianthemum guttatum and
Tuber oligospermum under Pinus pinaster and Pinus halepensis.

 

Figure 4. Ascocarps and asci of Tuber sp. (Leg. Khabar). (a) Tuber melanosporum; (b) Tuber uncina-
tum/aestivum; (c) Tuber rufum; (d) Tuber excavatum; (e) Tuber asa; (f) Tuber oligospermum.

4. Discussion

The species found in Morocco, such as Terfezia arenaria, Terfezia leptoderma and De-
lastria rosea, were also found in the south of Spain, the south of France and the south of
Italy [7], and these species were in all countries of North Africa [4]. On the other hand,
the species Picoa juniperi, Terfezia claveryi, T. boudieri, Tirmania pinoyi, and T. nivea collected
in the Oriental regions of Morocco were also discovered in the deserts of Algeria [8] and
Tunisia [9,10], whereas the black truffles collected in Moyen Atlas of Morocco were found
in similar conditions of Europe truffles [7].

5. Conclusions

There are strong analogies between the species found/available in the Mediterranean
countries. Still, the survey of Moroccan truffles is in progress, and further exploration will
be performed in the southern and Saharan region of Morocco. We propose to develop
methods of mycorrhization by several desert truffles to enhance the culture and rural
development. We thought that desert truffles with their host plants would be an excellent
alternative for recovering degraded soils.
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Abstract: Stevia (Stevia Rebauiana Bertoni) is one of the most renowned medicinal plants for its low
calorific value. Stevia’s active components are steviol glycosides (SGs), which include Rebaudioside
A, B, C, D, E, F, M, Stevioside, Steviolbioside, Dulcoside A, and Dulcoside C. These steviol glycosides
are 150–300 times sweeter than sugar. The sweetening molecules stevioside and rebaudioside A are
the most common. In this work, we performed a systematic review combined with a bibliometric
analysis of stevia farming techniques in the field. The study is based on published literature data
for the years 2000–2021. A sum of 54 articles was found, indicating that scientific study on stevia’s
agronomic techniques and productivity in the field is currently insufficient. Asia, Europe, and South
America were the major research production sites in this domain, accounting for more than 90% of
the research output. The number of articles dealing with density and planting that were examined
was quite restricted. The principal themes covered in the scientific literature were the effects of
“fertilization” and “irrigation”, followed by plant growth-promoting rhizobacteria “PGPR” and fungi
“PGPF”, “salinity”, and “harvest” on stevia yield and quality. The results of this research will allow us
to highlight insufficient available research works and knowledge gaps and the agronomic treatments
that had the greatest impact on productive response were fertilization, irrigation, and salinity.

Keywords: stevia; systematic review; bibliometric analysis; stevioside; rebaudioside-A; agronomic
techniques

1. Introduction

Stevia rebaudiana Bertoni is a sweet plant that belongs to the Asteraceae family and
is a natural non-calorie bio-sweetener that can help people with diabetes and obesity.
In the next years, global demand for high bio-sweeteners is likely to increase signifi-
cantly [1]. Stevia leaves contain approximately ten steviol glycosides, the most significant
of which are stevioside (3–10%), rebaudioside-A (13%), rebaudioside-B, rebaudioside-C,
and rebaudioside-D [2].

Before the beginning of the 21st century, most stevia research was detailed in the
so-called unpublished literature; numerous experimental trials were carried out in stevia’s
countries of origin, but not found in the worldwide database. Little research has been
undertaken on stevia’s performance and quality in field conditions when various agronomic
management systems were applied, despite its global relevance, resilience to unfavorable
environments, sweetening qualities, and pharmacological capabilities. To answer the
question, “What are the knowledge gaps in agronomic management and the performance
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of stevia under field conditions?” a systematic review incorporating bibliometric analysis is
required. In this study, a systematic review which is a high-level summary of fundamental
research with the goal of discovering, selecting, synthesizing, and evaluating all high-
quality data records was used [3]. The systematic review consisting of literature searching
was combined with a bibliometric analysis of stevia farming techniques in field conditions
as reflected in the worldwide database over the previous two decades (2000–2021).

2. Material and Methods

We used an approach based on a literature search, inclusion and exclusion crite-
ria, bibliometric screening, and conceptual network analysis in this study, according to
Sellami et al. [4], and other researchers [5–7].

2.1. Literature Research

Literature searching linked to the agronomic techniques of stevia (Stevia rebaudiana bertoni)
production throughout the world was performed through a systematic review of two bibli-
ographic databases: Web of Science and Scopus. The findings were published in English-
language journals between 2000 and 2021. Academic database searches were carried out
on 20 October 2021. The following search terms were used in bibliographic databases to
search for “subject terms” coupled with Boolean operators: ((fertilization OR irrigation* OR
harvest* OR salinity* OR PGPR/PGPF* OR planting) AND (yield OR quality OR stevioside*
OR rebaudioside-A*) AND (stevia or (stevia and rebaudiana)). Any amount of characters
can be represented using the wildcards.

2.2. Inclusion and Exclusion Criteria

To synthesize evidence from a variety of sources, we employed a highly robust and
reasonable systematic review process. We limited the systematic review in this analysis by
specifying boundaries that included: (I) studies conducted solely in the field, excluding
glasshouse and pot studies; and (II) crop productivity studies, excluding forestry, fish-
eries, domestic animals, and other non-food farming. According to the systematic review
evaluation criteria, search keywords were based on four PICO components: population,
intervention, comparison, and outcome.

2.3. Bibliometric Screening

After deduplication, the data of the accepted articles were loaded into Endnote (online
bibliographic management software; Clarivate Analytics, London, UK). All references
were evaluated and were used to find and analyze all references based on the following
methodology: The title, abstract, and complete text of each item were pre-selected three
times each. At each level, files holding or possibly carrying critical information were
identified and sent to the next level.

2.4. Bibliometric Analysis and Concept Network Analysis

The year of publishing, the journal, and the frequency with which authors utilized
phrases and keywords were all evaluated in the systematic review meta-data. The box
plots were created with MS-Excel software.

3. Results

Overall Yield across Factors of Variation

Results were obtained by the above-mentioned literature research methods, and vari-
ance was analyzed by MS-Excel software. Owing to the Köppen–Geiger climatic zone [8],
the variance was extremely substantial, as shown in Figure 1a. The lowest yield response
was 0.79 g/plant in the dry-humid subtropical climate (Cwa), whereas the maximum yield
response was 142.8 g/plant in the warm-humid continental climate (Dfb). The highest yield
was recorded in the warm-humid continental climate (Dfb), whereas the lowest was re-
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ported in the hot semi-arid climate (Bsh) with 142.8 g/plant and 0.79 g/plant respectively.

 

(a) (b) 

Figure 1. Box plot showing yield (g/plant) trends for all articles (n = 54) across: (a) diverse cli-
matic zones; (b) diverse agronomic practice groups. X: the average’s representation. (-Köppen–
Geiger climate zone are: Af: Equatorial climate Aw: tropical wet-dry climate; BSh: hot semi-arid
climate; BWh: hot desert climate; BWk: cold desert climate; Cfa: humid subtropical; Cfb: maritime;
Cfc: oceanic climate; Csa: interior Mediterranean; Csb: coastal Mediterranean; Cwa: dry-humid
subtropical climate; Dsa: dry-hot continental climate; Dfa: hot-humid continental climate and
Dfb: warm-humid continental climate. PGPR: plant growth promoting rhizobacteria, PGPF: plant
growth promoting fungi-).

The yield variance between different agronomic management practices is shown in
Figure 1b. The highest yield value above 80 g/plant was attained by the fertilization
followed by the harvest with a yield value above 75 g/plant. The agronomic interventions
that had the most influence on productive response were irrigation and harvesting time;
PGPR/PGPF had less impact, with a yield value of 16.5 g/plant.

4. Discussion

The systematic review combined with the bibliometric analysis revealed that stevia
can grow and ensure a high yield of leaves under different climatic zones in the world.
Additionally, the reviewed studies have shown that climate zones like a warm-humid
continental climate (Dfb) and humid subtropical climate (Cfa) produce the highest yield.
However, a hot semi-arid climate (Bsh), dry-hot continental climate (Dsa), and hot-humid
continental climate are much less productive. According to Ramesh et al. [9], stevia can be
cultivated in a variety of climates, including semi-humid, subtropical, and temperate zones.
Therefore, stevia yield has increased in temperate zones of Central and South Europe [10].
According to research conducted in Egypt, meteorological parameters such as temperature,
as well as the length and intensity of the photoperiod, have a significant impact on stevia
production, as seen by the considerable increase in yield during the summer compared to
the winter [11].

The reviewed studies also have shown that agronomic methods like fertilization results
in the highest yield. In addition to fertilization, irrigation is also a critical element that
impacts stevia yield. Harvest and density are also important techniques to be considered.
Biofertilizers by PGPR/PGPF are unfortunately less efficient.

The determination of the optimal type of fertilizer and/or irrigation regime is critical
in the case of stevia introduction to new locations. Furthermore, in its native country
(Paraguay), stevia yield under unirrigated conditions is 1500–2500 kg/ha, whereas the
yield with irrigation is 4300 kg/ha [12]. According to Karimi et al. [13], the application rate
of nitrogen (N) was raised from 30 to 90 kg/ha to boost stevia yield.
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5. Conclusions

The investigation found an increased interest in research on fertilization, irrigation, and
optimal harvest periods as long-term strategies to assure high yields even in disadvantaged
locations like coastal and desert countries or those characterized by different biotic or
abiotic stress. According to the geographical dispersion of the study, a stevia crop can adapt
to a variety of climatic conditions. This systematic review may also be used by researchers
to discover weaknesses and the best methodologies in a research procedure, improve
cooperation, particularly among researchers from different countries, increase field studies,
and maximize the application of research results. It would contribute significantly to the
spread of stevia in many conditions all over the globe.
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Abstract: Stevia (Stevia rebaudiana) is a plant species belonging to the family Asteraceae. It contains
natural intense sweeteners while presenting low carbohydrate content. Its insignificant effect on blood
glucose makes its consumption possible for diabetic and hypoglycemic diets. Chemical fertilizers have
a negative impact on the stevia leaves quality. Organic farming has become essential in producing
medicinal plants such as Stevia to boost stevia growth with stevioside and rebaudioside-A content.
The purpose of this study was to evaluate the effect of four compost doses, i.e., 0, 10, 20, and 30 t/ha on
Stevia yield and soil fertility. This experiment was conducted in the Melk Zhar experimental domain,
Belfaa of the National Institute of Agronomic Research (INRA), Agadir, Morocco during the period
of February-June 2020. The obtained results revealed that increased compost doses significantly
increased yield and soil fertility i.e., phosphorus; P, potassium; K and organic matter; OM contents.
The highest yield (2.19 t/ha) was observed under treatment using 30 t/ha of compost followed by
20 t/ha (1.67 t/ha), and the lowest (1.50 t/ha) under control conditions. The highest OM content
(1.02%) was found under treatment with 30 t/ha of compost while the lowest (0.85%) was under
the control. The soil analysis also showed that the application of compost at 20 t/ha resulted in the
highest P (28.68 ppm) and K (125.5 ppm). In the light of finding, it is concluded that the application of
compost at 30 t/ha is the most effective recommended rate for improving Stevia yield and soil fertility.

Keywords: phosphorus; potassium; nutrients; organic matter; soil fertility; Stevia; yield

1. Introduction

Stevia (Stevia rebaudiana Bertoni) is native of South American (Paraguay and Brazil),
however, its cultivation as medicinal plant is spreading across the world. Worldwide, there
are more than 100 species of Stevia are available. It produces sweet molecules called steviol
glycosides (SG) [1]. The most important steviol glycosides in stevia leaf are stevioside
(5–10% of dry leaf weight), which is approximately 300 times sweeter than sugar, and
rebaudioside A (2–4%), which is better suitable for usage in food and beverage than
Stevioside owing to its pleasant flavor [2].

In conventional agriculture systems, the application of agrochemicals has increased,
which is resulting in increased residual content of those chemicals in therapeutic medicines.
There is an increased danger of health risks and environmental issue because of the indis-
criminate use of chemical fertilizers and pesticides. Compost and other organic fertilizers,
when applied, can increase nutrient availability of the crops and assist to improve soil
health. Organic fertilizers are good alternatives to inorganic fertilizers since they increase
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soil quality. One of the most recent breakthroughs is the adoption of organic fertilizers,
which delays nitrification for an extended period and boosts soil fertility. The use of organic
fertilizers in conjunction with integrated nutrition management has been shown to boost
Stevia output [3]. Further, the use of organic fertilizers such as compost is beneficial in
reducing environmental concerns caused by chemical fertilizers. Thus, the objective of this
study was carried to determine the effect of various levels of compost on Stevia yield and
soil fertility under arid climate of Souss Massa region in Morocco.

2. Material and Methods

2.1. Experimental Site and Design

This experiment was conducted in the Melk Zhar Experimental station, Belfaa of the
National Institute of Agronomic Research (INRA), Agadir, Morocco (30◦2′33” N; 9◦33′4” W)
The physico-chemical properties of the soil are presented in Table 1. The study focused on
the growth of Stevia under four different levels of compost (0, 10, 20, and 30 t/ha) during
the period of February–June 2020. These treatments were implemented in a randomized
complete block design containing 4 plots with an area for each of (62 m × 34 m = 2108 m2).
The planting density is approximately 80,000 plant/ha.

Table 1. Physic-chemical characteristics of the soil of the experimental plots at the Melk Zhar
experimental station.

Parameters 2020

Electric conductivity (dS/m) 0.10 ± 0.01
pH 8.24 ± 0.18

Clay (%) 8.80 ± 1.20
Fine silt (%) 4.73 ± 1.52

Coarse silt (%) 3.74 ± 1.75
Fine sand (%) 60.54 ± 1.65

Coarse sand (%) 22.45 ± 1.74
Organic matter (%) 0.86 ± 0.42
Potassium (ppm) 687.3 ± 765.25
Calcium (ppm) 23,548.5 ± 6258.25
Sodium (ppm) 1235.3 ± 525.68

2.2. Observations Recorded
2.2.1. Analytical Methods

Soil samples were collected from four plots at 25 cm deep using auger. The soil
samples were spread and air dried for 48 h in the laboratory. Then, it was passed through a
2 mm mesh sieve to remove the coarse materials and retained only the fine soil to analyze
available phosphorus (P), exchangeable potassium (K), and organic matter (OM). Table 2
shows the different methods used for the analysis of these elements.

Table 2. Methods used for soil fertility analyses.

Element Method

Phosphorus Olsen [4]
Potassium Flame spectrophotometer [5]

Organic matter Spectrometry [6]

2.2.2. Yield Parameters

To evaluate the effects of different doses of compost on yield (dry leaf yield), the
plants from each plot were manually harvested 10 cm above the base of the stem at the
end of the growth season (June 2020). Leaf samples were collected just before blooming
to analyze steviol glycoside concentrations in the leaves, at this stage steviol content are
at their highest [7]. Once cut, the fresh plants were dried immediately. The drying was
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carried out under natural conditions under the sun using a delta tunnel 9 for a period of 2
to 5 days depending on the climatic conditions.

3. Results

The analysis of variance statistical analysis showed a significant (<0.001) difference
among the four compost treatments in the yield and P content, while no differences among
the three doses and the control in OM and K levels were noted (p < 0.000). This indicates
that compost affected yield and P content and did not affect K and OM contents. The
results obtained (Figure 1a) showed that the highest yield (2.19 t/ha) was obtained after
treatment with a compost dose of 30 t/ha followed by 20 t/ha (1.67 t/ha), and the lowest
yield (1.50 t/ha) was observed under control conditions. Regarding soil fertility (Figure 1b),
the highest OM content (1.02%) was found with 30 t/ha of compost, and the application of
20 t/ha resulted in the highest values of the remaining nutrients in the soil after harvest,
equal to 28.68 and 125.5 ppm for P and K contents, respectively.

  

(a) (b) 

Figure 1. Impact of compost amendment on Stevia yield (a) and soil fertility (b). The average values
given by the same letters are not significantly different in ANOVA and the Tukey test (p < 0.05).
Lowercase letters (a, b, c and d) indicate significant differences between treatments.

4. Discussion

Chemical fertilizers increased food production while posing a cost to the climate.
Furthermore, Stevia produced through the application of chemical fertilizers has been
linked to health issues according to some customers. As a result, research communities are
searching for alternatives to agrochemicals [8]. Organic amendments such as composts, are
an effective alternative to inorganic fertilizers and improve the production and development
of Stevia in a sustainable way [9]. Compost enhanced the OM and nutritional content such
as P and K of the soil, which had a good influence on Stevia yield, as had been reported in
other crops [10]. Stevia has reduced nutritional requirements and can be easily adapted in
poor soil quality [11]. On the other hand, a nutrient deficit can be harmful [12]. The higher
yield of Stevia with compost might be due to better nutrient availability near the root
zone. In fact, it is well recognized that increased productivity due to compost application
helps to reduce the use of artificial fertilizers and hence boost the sustainability of stevia
production [13].

5. Conclusions

The impact of compost on a crop is observed in the medium term and thereafter,
concluding that recommendation of one of the three doses over the others is not supported
for this first year of testing. The finding indicates clearly that Stevia responded positively
to increased organic amendment dose and the optimal rate is 30 T/ha. As perspective,
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we recommend increasing further the amendment dose and minimizing the size of the
experimental plot around 2000 m2 and concentrate the factors studied while studying the
economic impact of the tested solutions and estimating their cost.
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Abstract: Desert truffles are edible mushrooms compulsorily living in symbiosis with plants’ roots.
They are rich in essential nutrients and secondary metabolites, conferring therapeutic properties. In
Morocco, around ten species can be found in semiarid and arid climate regions with low annual
rainfalls and high average temperatures. They can be associated with the Cistus and Pinus species and
some other species, but they are detected more often under the Helianthemum species. In this study,
we present a short review of the distribution of Moroccan desert truffles in the Great Sahara, along
with the progress achieved in their morphological and molecular identification and the evaluation of
their nutritional content.

Keywords: desert truffles; distribution; morphological traits; molecular identification; nutritional value

1. Introduction

Desert truffles or Terfess are mycorrhizal fungi classified into the Pezizales order
(previously known as Tuberales), belonging to the Pezizaceae family in the phylum of
Ascomycota, including the Terfezia, Tirmania, Delastria, Picoa, Balsamia, and Melanogaster
genera. They produce edible hypogeous fruiting bodies called ascocarps that grow around
the roots of some known desert plants as a result of the symbiotic association known as
mycorrhiza [1]. In Arab countries, they are commonly called” Kamé”, “Kholassi”, and
“Zoubaïdi” but also “truffles of sand” given that they are found in deserts’ sandy soils;
they are called “Criadilla de tierra” and “Criadilla vaquera” in Spain [2]. In Morocco, the
discovered desert truffles are Terfezia boudieri Chatin, T. leptoderma (Tul. & C. Tul), T. arenaria
(Moris) Trappe, and T. claveryi (Chatin) as well as Tirmani nivea (Desf.) Trappe and Ti.pinoyi
(Maire) Malençon, particularly found in the southeast of the country [2]. In addition to
Morocco, desert truffles can be found in all semi-arid and arid regions characterized by
warm climates. They are distributed in North Africa, Middle Eastern countries, and the
Mediterranean Basin [2]. The objective of this paper is to present a short review about the
distribution of desert truffles in the Great Sahara and to explore the species discovered in
Morocco along with their ecology, host plants, and the nutrient content of each species.
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2. Ecology of Desert Truffles

2.1. In the Great Sahara of Morocco

According to [2], desert truffles are located in calcareous, aerated, sandy soil, char-
acterized by a homogeneous texture and sometimes found in calcareous sandy loam soil
but rarely in acidic soil. For host plants, most species that belong to the Helianthemum
genus are able to grow in symbiosis with desert truffles, for example, Helianthemum lipii
Pers., H. ledifolium (L.) Mill., H. hirtum Mill., H. asperum Lag. Ex Dunal, etc. The content
of organic matter in the soils must be low, along with the fertility and exchange capacity.
Regarding minerals, desert truffles require the presence of nitrogen, phosphate, potassium,
calcium, and iron although it has been reported that a low content of phosphate and iron
increases the mycorrhization potential. Similar environmental conditions have also been
reported by [3] in Figuig regions. Concerning climatic conditions, the main limiting fac-
tor for desert truffles is rainfall, both the quantity and period of precipitation. For some
species, precipitation must be in autumn, but generally, it is more needed during winter
and spring. The bioclimatic stages where desert truffles may be found are diverse, from arid
and semi-arid to sub-Saharan and Saharan. According to recent research [3], desert truffles
are mostly found in the regions of Beni Guil and Abou Lakhal, characterized by moderate
rainfall all year despite the desertic climate. The average temperatures are 17.9 and 18.6 ◦C,
respectively. The annual rainfall in those regions is around 170 mm. These regions are also
characterized by heavy rain in the evenings and early mornings, dewfalls, thunder, and
lightning, which significantly contribute to truffles’ growth. Most of these parameters can
be found in the south regions of Morocco, including the Great Sahara.

2.2. In Other Countries

A study of desert truffle ecology in Saudi Arabia [4] also mentioned rainfall parameter
as the important factor for desert truffle growth. A lower rate of precipitation may affect
the physiology of the host plant and, consequently, decrease spore and further ascocarp
production. Other factors are physiochemical properties of soil, meteorology, and ambient
temperature. In basic soils, dominant host plants are H. ledifolium and H. salicifolium (L.)
Mill. The climate in the desert truffle regions in Saudi Arabia is also hyper-arid to Saharan,
with rainfall in October and December and a harvest period starting from the beginning
of December.

3. Distribution of Desert Truffles

3.1. In the Great Sahara of Morocco

As already mentioned, some species of desert truffles discovered in Morocco are found
in the south of the country. The first one is T.claveryi (T. hafizi Chat.), also called the “Red
Terfess of Tafilalet”. It is found in Aïn Beni Mather, Tendrara, Bouarfa, regions of Erfoud,
and near Ksar es-Souk, Bou Bernous, Boudenib, and Figuig (Bni Guil and Abou Lakhal
regions) [2,3]. It can be harvested after rainfall, from March to May, under the H. lipii as a
host plant. Furthermore, T.boudieri is found in Had Hrara, the region of Oualidia, and a few
kilometers to the east of Safi city in the Abda plains. It is also found in Aïn Beni Mather
along with regions in Erfoud. Most importantly, it can be detected in desertic plains where
it is harvested in March and April under the Helianthemum species H. lipii and H. ledifolium.
Other species belonging to the Tirmania genus have been identified, namely Ti. nivea and
Ti. pinoyi. They are distributed in the southeast, especially in regions of Aïn Beni Mather,
Tendrara, Bouarfa, Erfoud, Figuig, and Rissani. The harvest period is from early December
until March under the H. hirtum as a host plant.

3.2. In Other Countries

Desert truffles are distributed in Algeria, Tunisia, Libya, Egypt, Saudi Arabia, Iraq,
Iran, Kuwait, Syria, and Palestine. They are also spread in the Mediterranean Basin, in the
south of Italy, Spain, France, Portugal, and Greece [2]. T.claveryi is found in Algeria, Tunisia,
Egypt [2], and Libia [3] as well as in the European countries France and Spain (especially in
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semi-desertic areas in the south) [2]. T.boudieri is also found in Algeria and Tunisia under
the Helianthemum lipii and sometimes under the Rhatherium suaveolens Desf., particularly in
Libya and Egypt.

4. Characterization of Desert Truffles

4.1. Morphological Traits

In Morocco, the collected ascocarps of T.claveryi (Figure 1a) had different shapes
(cordiform, ovoid, and round) measuring 3 to 5 cm and fresh weights from 17 to 50 g. The
color of the peridium was pinkish-white at the beginning and converted to brownish-black
at maturity; there was a few millimeters of spotting to the gleba. The gleba was firm with a
little spongy consistency, and its nodules were round, fertile, and pinkish then light brown,
separated by pale veins. The asci were ovoid (64–68 × 72–84 μm) and contained hyaline,
grey, spheric ascospores (18–21 μm) with an alveolus network. For Tirmania sp. ascocarps,
the shapes and sizes changed (Figure 1b) from sub-globular and piriform to similar to
that of a turbine, with lobes or irregular shapes along with a protruding basis that was
easily detachable. The peridium was pale showing cracks and furrows, and the gleba was
whitish-yellow, pulpy, and firm or a little spongy. Inside the ascocarp, fertile nodules were
visible in labyrinth patterns, separated with sterile veins. The asci were round on the top
and elongated at the basis, containing eight claviform, globular, or elliptic ascospores, with
a double smooth membrane [2].

  

(a) (b) 

Figure 1. Desert truffles species: (a) Terfezia claveryi [5] and (b) Tirmania nivea [3].

4.2. Molecular Traits and Genetic Diversity

Morphological observations of desert truffles are very informative in the identification
of species although, sometimes, the morphology can vary. It depends on temperature,
moisture, and the physicochemical properties of the soil but also on intraspecific variations.
To face those challenges, the utilization of molecular approaches is useful in order to study
intraspecific variability identification more closely [4]. To study the genetic diversity of
Iraqi truffles, a team of researchers focused on a molecular study of the internal transcribed
spacer (ITS) regions of ribosomal DNA by amplification with specific primers: ITS1-F and
ITS4-R, followed by electrophoresis in BET-stained agarose gel, and, finally, observation
with a special UV camera [6]. They proceeded with a purification of the PCR products,
blasting on the NCBI GenBank database and comparing with other sequences of the same
species. Then, the sequences obtained from the collected sample were deposited in the
NCBI GenBank to obtain accession numbers. All accessions were studied for genetic
diversity by generating a phylogenetic tree using MEGA 6.06. Indeed, all sequences from
the collected samples were identified and belonged to two species, T.claveryi and Ti.pinoyi,
as presumed. However, in the phylogenetic analysis, they were separated into two main
groups, A and B, according to their rDNA ITS sequences of each species.

4.3. Chemical Composition

Although truffles are known to be rich in nutrients, the research in this field is scarce.
Among the research, [7] conducted a study concerning the phytochemical composition and
nutritional value of the Ti.pinoyi species in Morocco. After measuring different chemical
compounds and nutrients from fresh material, dried material, and material macerated to
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powder, the following results were discovered: 81.5% of moisture and 64.7%, 26.2% and
3.0% of carbohydrates, crude proteins and lipids, respectively. For minerals, Cu measured
about 65.3 mg/Kg, Zn about 38.1 mg/Kg, and Se about 35.3 mg/Kg; low quantities of Pb
and Cd were detected. In Saudi Arabia [4], it was reported that desert truffles are rich in
fibers and amino acids and have high quality proteins with a percentage between 16.3 and
18.5%. For other nutrients, lipid content is between 6.2 and 5.9%, and carbohydrates are
between 67.2 and 65%. In addition, alkaline phosphatase (ALP) activity has been reported
as a key indicator of metabolic activity of desert truffles as it is produced in drought condi-
tions at a higher rate. Other compounds such as phenolic acids, carotenoids, flavonoids,
antioxidants, and minerals can be found as well as different compounds conferring medical
and therapeutic activities. Another study conducted on Iraqi T.claveryi [8] reported that the
total proteins reached 17.6%, lipids arrived at 1.0%, twelve essential amino acids reached
1567.7 μg/g of dry weight, and carbohydrates arrived at 79.8%. The authors also obtained
a moisture value of 82.0%, ash value of 1.5%, and a total phenolic compound value of about
6479.0 μg/g, which mainly included the rutin.

5. Conclusions

Desert truffles are a widely spread mushroom with a high nutritional, medical, and
therapeutic value. In Morocco, their distribution is already known, but the characteriza-
tion of their species and the evaluation of their chemical composition is barely studied.
These aspects need to be explored further, given that the data available are not sufficient.
Therefore, it is considered a promising area of study, especially in the regions of the Great
Sahara, located in the south of the country, where optimal growth conditions of desert
truffles can be found. As a perspective, we aim to continue the progress achieved in this
field, focusing our work in south regions of Morocco. The study of growth conditions and
the characterization of desert truffle species to achieve its domestication in the Great Sahara
of Morocco represent a priority to preserve this desert diversity.
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Abstract: The utilization of saline soil and water resources by Saline Agriculture systems is an
economical and viable strategy for meeting the rising demand for global food. However, despite
vast experiences in research and commercial accomplishments, Saline Agriculture have still not
played a key role in the extension of sustainable agriculture in saline areas. This could be due
to an insufficient devotion to the holistic needs (food, water and energy) of local societies in salt-
affected regions. Consequently, Haloculture was developed as a new Saline Agriculture technology,
which is defined as the sustainable production of biological and non-biological products in saline
environments. The main objective of this paper is to describe and discuss Haloculture in the context
of the Water-Energy-Food Nexus (WEFN). This technology integrates engineering tools and sciences
referred to as Haloengineering with agricultural sciences to meet the holistic needs of human societies
in salt-affected areas. Haloengineering attempts to produce water and energy by exploitation the
inherent potentials of saline ecosystems. Haloculture tries to sustainably exploit the services and
potentials of saline environments for the production of food, water and energy. It conforms to the
contexts of WEFN, and promotes water and energy securities along with food security. Therefore,
Haloculture can be a viable strategy for sustainable rural development in saline regions.

Keywords: Biosaline agriculture; ecosystem services; Saline agriculture; sustainable agriculture

1. Introduction

The alarming rise in the world population has imposed excessive pressure on soil,
water and natural resources to provide the growing demands for food, water and energy.
However, most of the productive soils are already being cultivated for agronomic purposes.
In addition, the competition between agriculture and other economic sectors for water is
escalating due to limitations on available global freshwater resources. Consequently, using
salt-affected lands and saline waters for agricultural production through various Saline
Agriculture systems (such as Haloculture) is essential for achieving rising human needs in
the near future.

Saline Agriculture systems have adequate potentials for the development of sustain-
able agriculture in salt-affected ecosystems. However, despite rich research and commercial
experiences, they have not yet had a significant impact on strengthening the food security
in salt-affected regions, especially in less developed countries. This can be due to paying
more attention to production aspects and to not paying enough attention to the exten-
sion and institutionalizing phases. The holistic needs of human societies and potentials
of salt-affected ecosystems to meet those needs (water, energy and food), have not been
addressed properly. Suitable measures for the enactment of saline production systems like
Haloculture are necessary at regional and national levels. Haloculture is trying to follow
the goals and objectives of the Water-Energy-Food Nexus (WEFN) concept. For this pur-
pose, Haloengineering was proposed as a viable solution for the successful development
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and expansion of Haloculture in salt-affected regions [1]. Consequently, the objective of
this paper is to discuss Haloculture and Haloengineering in the context of WEFN for the
sustainable development of salt-affected areas.

2. Saline Agriculture Systems, Haloculture and Food Security

The common objective of Saline Agriculture systems is the utilization of saline re-
sources for the improvement of food security. However, with the advancement of the
technologies and experiences gained, some instructive differences between their concepts
and views have evolved. Haloculture is a production system with emphasis on environ-
mental stewardship and protection, as well as the sustainable and economic exploitation of
saline soil and water resources. It started with the successful completion of an international
Biosaline Agriculture project in several countries, including Iran [2]. After the end of the
project, by considering the strengths and limitations of Biosaline Agriculture and the local
and national capacities of the country, Haloculture was introduced [3].

Haloculture is the sustainable, economic production of agricultural (biologic) and
industrial (non-biologic) products in saline environments [4]. The cutting edge between
Haloculture and Biosaline agriculture is its emphasis on the holistic needs of human
societies (i.e., water, energy and food). Thus, Haloculture considers the whole salt-affected
ecosystem, rather than merely the saline soil and water resources, as a production resource.

Haloculture promotes integrated production systems (Figure 1). For example, saline
aquaculture wastewater can be used to irrigate halophyte forage farms. In turn, the
halophyte forages may be used as forages for animals such as cattle and sheep. The higher
salinity drainage waters from halophyte farms can be utilized for higher halo-tolerant
aquatics, such as microalga and Artemia. Therefore, both biologic (various halophytes
and animals), and non-biologic or industrial, products (salts and minerals, drinking water
and energy) are produced in the integrated system of Haloculture (Figure 1). Saline
environments, which possess various natural capacities, are considered as a medium of
production in Haloculture, which will be explained thoroughly later on. Haloculture
thereby puts an emphasis on covering the holistic needs of rural communities in salt-
affected environments (i.e., food, water and energy), which is more in agreement with the
WEFN concept.

 

Figure 1. Haloculture concept for the sustainable and integrated use of saline resources [1].

Saline Agriculture systems (Seawater Agriculture, Biosaline Agriculture and Halo-
culture) have over six decades of national and international research and commercial
experiences combined. It seems that research organizations have been fairly successful
in raising the awareness of scientists and, to some extent, farmers and decision makers
on the economic exploitation of saline soil and water resources. Private companies and
organizations have validated the viability and profitability of saline agro-complexes. It
seems that both research institutes and the private sector have not yet been successful
in the widespread expansion of Saline Agriculture and enhancement of food security in
arid, salt-affected regions [1]. Therefore, they have so far not played a significant role in
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the world food production, reduction of poverty and improvement of living conditions in
less developed countries. It is evident that Saline Agriculture systems need to adopt new
technical and/or social strategies to help more effectively in the actual implementation
of sustainable development in salt-affected areas. This will in turn contribute much more
effectively to global food security. Haloengineering is proposed as an effective contribution
of Haloculture to the sustainable rural development of saline ecosystems, especially in less
developed areas.

3. Haloengineering and Water-Energy-Food Nexus

Water, energy and food are essential needs for human health, poverty reduction and the
sustainable development of societies. Consequently, the Water-Energy-Food Nexus (WEFN)
has been presented as a framework for sustainable development [5]. The WEFN states that
water security, energy security and food security are intricately linked to each other and
that the actions taken in each one of them affect the other two [5,6]. According to WEFN,
the future growth in world population will increase the need for food, water and energy
simultaneously. Hence, systems that tackle these three basic human needs concurrently
would promote their sustainable security more efficiently. Considering the definition and
objectives of Haloculture, it is evident that Haloculture has tried to adhere to the views and
objectives of WEFN by addressing the three basic human needs simultaneously.

Saline soil and water resources are usually abundant in salt-affected regions. However,
a lack of vital infrastructures (such as road, electricity and drinking water), as well as
harsh environmental and climatic conditions (such as excessive heat and cold, sand storms,
windstorms and/or high humidity), are also apparent in such regions. These factors may
discourage the large-scale acceptance and application of Haloculture by local farmers.
Thus, along with the production of economic bio-products, the production of non-biologic
commodities (i.e., energy and drinking water) is also emphasized in Haloculture.

Salt-affected ecosystems, depending on their geographic location, possess diverse
capacities and features. These potentials may be managed for the production of water and
energy. For example, coastal ecosystems have the potential to exploit their high humidity for
freshwater harvesting. However, the appropriate technologies needed to achieve this goal
are made possible by engineers, not agriculturalists. Consequently, cooperation between
agriculturalists and engineering scientists is needed to fully utilize the natural capacities
of saline environments. The applications of engineering concepts and technologies in
Haloculture are called Haloengineering.

Haloengineering or Haloculture engineering is defined as the harmonic, interdisciplinary
application of concepts, methods and tools from the engineering sciences for the sustainable
development and enhancement of the living standards of mankind in salt-affected regions,
by using locally available basic resources for the cost-effective and efficient production
and management of energy and water [1]. Air, water, soil and biodiversity are the basic
resources. The concepts and sustainability objectives of Haloengineering are illustrated
in Figure 2. All saline ecosystems possess natural and inherent potentials and capabilities.
These ecosystem services may include soil and water resources of different quality and
quantity, genetic biodiversity, and climatic characteristics such as rainfall, sunshine hours,
wind frequency and speed, and humidity. The tools and technologies developed by
engineers may be used and/or developed specifically to exploit these inherent potentials,
in order to produce the much needed drinking water and energy for human societies in the
region (Figure 2). Thus, with the assistance of Haloengineering, Haloculture can contribute
much more effectively to sustainable development programs in salt-affected ecosystems.
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Figure 2. The principles of Haloengineering and Haloculture under the concept of WEFN.

4. Conclusions

Haloculture, and Haloengineering as its complementary component, were discussed
under the framework of WEFN. Haloculture, by adopting and applying the idea of Halo-
engineering, ensures the concurrent production of water, energy and food; therefore, it
may contribute much more proficiently to sustainable rural development in saline areas.
Hence, a more comprehensive definition of Haloculture is given as the sustainable use of
the potentials and capacities of salt-affected ecosystems for the production of biologic and
non-biologic products.

Through Haloculture, significant portions of saline lands and waters are capable of
having an economically viable food production. The production of all or some of the
needed water and energy can be achieved through Haloengineering as the complementary
component of Haloculture. These features of Haloculture are in accordance with the con-
cepts of WEFN. Haloengineering will play a dynamic role in the expansion of Haloculture
in saline regions.
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Abstract: The Ahémé Lake and its channels make up the saline area in Benin and do not facilitate the
breeding of freshwater fish. The cross between the parents of Oreochromis niloticus and Sarotherodon
melanatheron allowed us to obtain hybrids that grow in brackish water. It is a totally randomized
device with four treatments and two repetitions. The larvae were brought back and fed to satiety for
6 weeks. The growth rates of the OS hybrids were 0.38 g/day, while those of the SO hybrids were
0.33 g/day. OS hybrids are an excellent candidate for fish farming in a brackish environment.

Keywords: growth performance; survival rate; aquaculture; brackish environment

1. Introduction

Fishing is a socio-economic activity that plays an important role in human nutrition [1].
Fish, the main source of protein for populations in southern Benin, is provided by water
bodies [2]. However, ever-increasing demographic pressure, coupled with the erosion of
banks and poor fishing practices have led to a degradation of the aquatic ecosystem and
a drop in fish production [3]. Fish farming is, therefore, an essential alternative to meet
the dietary needs of populations in fish protein. However, in the area of Lake Ahémé and
its channels, the soils are salty for a good period of the year because of the connection of
the environment with the sea [4]. However, the fast-growing fish species that are currently
farmed in Benin are freshwater [5], which hinders the development of fish farming in
the study area. Faced with this situation, the solution found is to cross the parents of
a fast-growing freshwater species (Oreochromis niloticus) with the parents of a species
supporting brackish water and medium growth (Sarotherodon melanotheron), whose goal is
to obtain hybrids with rapid growth and supporting brackish water. However, what are the
standards of this crossing? How should the hybrid larvae obtained be followed? This is the
purpose of this article, which aims to improve fish production with hybrids resulting from
the crossing of S. melanotheron and O. niloticus in the Lake Ahémé area and its channels.
Specifically, it involves evaluating the optimal conditions for obtaining hybrids, to analyze
the growth parameters of the hybrid larvae obtained and to identify the population of
hybrids with the best zootechnical performance for a fish farm.
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2. Material and Method

2.1. Study Area

The study area includes Lake Ahémé, the Ahô channel, the coastal lagoon of Grand-
Popo, the coastal lagoon of Ouidah and the Tihimey channel. Lake Ahémé receives the
waters of the Couffo River and flows into the Ahô channel and the Tihimey channel. The
Ahô channel flows into the coastal lagoons of Grand-Popo and Ouidah [6]. The coastal
lagoon of Grand-Popo receives the waters of the Mono River and flows into the sea through
the mouth “Bocca Del Rio”. The coastal lagoon of Ouidah, for its part, takes its source
from the lagoon of Grand-Popo and the Ahô channel. The presence of the mouth makes
the study area a very diversified lagoon estuary environment. Rainfall varies from 800 to
1200 mm per year, characterized by the alternation of two rainy seasons (April–July and
October–November) and two dry seasons (December–March and August–September).

2.2. Biological Material

Table 1 summarizes the origins and number of broodstock used for the trial. The
S. melanotheron come from Lake Ahémé, while those of O. niloticus are purchased from a
fish farm located in the study area. They are divided by sex and quarantined for 15 days in
small tanks measuring 1 m × 1 m × 0.8 m and fed with 3 mm granulated feed from the “le
gouéssant” brand.

Table 1. Broodstock used and their origins.

Parents Origins Sex Numbers Average Weight (g)

Oreochromis
niloticus

Fish pond at the “La main
de Dieu” farm in Comê

Male 10 110

Female 21 150

Sarotherodon
melanotheron Ahémé Lake

Male 50 53.2

Female 22 45

2.3. Experimental Apparatus

Two basins 6 m long, 2 m wide with a depth of 1.5 m each were used. Four fish tanks
of 1.5 m width with a depth of 1.5 m each were installed in each basin. These tanks were
used to serve as protection for the various crossings. It is a totally randomized device with
4 treatments and 2 repetitions [7]. The fish were fed a diet composed of 9.00% fat, 32%
crude protein, 2.94% crude ash, 0.88% calcium, 0.91% total phosphate and 0.15% sodium.
The ration was 2.5%, served morning and evening. After obtaining the larvae, they were
monitored with the same device at a rate of 120 larvae per tank. These larvae were then fed
to satiety twice a day over a period of 6 weeks. The Kruskhal–Wallis test was used to verify
the degree of significance of the variations. The test is a trial conducted in 2020.

3. Results

3.1. Obtaining Hybrid Larvae

The first larvae obtained are those of the control crosses; O. niloticus after 7 days and
S. melanotheron, 15 days after crossing. As for the hybrid larvae, they are obtained 45 days
after crossing.

3.2. Growth Parameters

Table 2 presents the evolution curves of the average growth of the larvae harvested
after the various crosses carried out. We noticed:

• OO the fry from the control cross of the parents of O. niloticus.
• SS the fry from the control cross of the parents of S. melanotheron.
• OS the fry from the test cross “male S. melanotheron crossed by female O. niloticus”.
• SO the fry from the test cross “male O. niloticus crossed by female S. melanotheron”.
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Table 2. Results from analysis of average fry growth.

Variables Minimum Maximum Moy StDev Variance CoefVar

OO 9.50 29.00 22.83 7.29 53.17 31.93

SS 10.00 20.25 16.49 3.63 13.18 22.01

OS 9.90 24.75 18.54 5.29 27.93 28.50

SO 9.85 22.50 17.58 4.45 19.81 25.32
OO = larvae from the control cross O. niloticus; SS = larvae from the control cross S. melanotheron; OS = hybrids
from the OS test cross; SO = hybrids from the SO test cross; CoefVar = Coefficient of variation Avg. = Average;
StDev = Standard Deviation.

This table shows an almost similar upward evolution of the growth curves. Neverthe-
less, we found that the fry growth curve of O. niloticus (OO) is well above the other three. It
is followed by that of the hybrids from the test cross “male S. melanotheron crossed by female
O. niloticus” (OS) then by that of the hybrids resulting from the test cross “male O. niloticus
crossed by female S. melanotheron” (SO), and finally, that of the fry of S. melanotheron (SS).
The results given by the statistical analysis also showed that the average growth of the OO
fry (23.83 g) is higher than that of the other fry. That of OS fry (18.54 g) comes in second
position followed by that of SO fry (17.58 g), which is ahead of SS fry (16.49 g).

4. Discussion

Regarding reproduction, crosses took a long time to produce larvae (45 days). This
situation is due to S. melanotheron, which are found in a controlled environment. This time
is greater than that observed by Chowdhury [8] in pure breeding ponds for the species. The
survival rate of OS hybrid fry is higher than that of SO hybrid fry, which are 88.83% and
85%, respectively. These survival rates show us that the OS hybrid fry would have inherited
a better survival performance from their parents, the females of O. niloticus and the males of
S. melanotheron. In other hybrid growth monitoring studies, the survival rate of O. niloticus
fry is relatively lower than that of S. melanotheron fry and SO and OS hybrids [9]. This is
because the monitoring was carried out in the water of the lagoon in Côte d’Ivoire at a
salinity higher than that of fresh water (0 to 5 g/L). In this case, we can say that the hybrids
inherited the best adaptability from their S. melanotheron parents, which resist salinities
ranging from 5 to 110 g/L. The calculated growth parameters show that during the 42 days
of rearing, the fry of O. niloticus had a better average daily gain (0.46 g/d), the OS hybrids
followed with an average daily gain of 0, 38 g/d, then the SO hybrids (0.33 g/d), and finally,
the fry of S. melanotheron, with a daily weight gain of 0.29 g/d. Previous studies show
strong growth of O. niloticus in ponds with an average daily gain (ADG) of 0.70 g/d [10].
The growth of the hybrids was, on the other hand, stronger than that of S. melanotheron.
It was intermediate between those of O. niloticus and S. melanotheron, which confirms the
previous work of Amon [11]. This last result is also in line with that of Toguyéni [12], on
hybrids resulting from artificial insemination between O. niloticus and S. melanotheron.

5. Conclusions

The growth of Sarotherodon melanotheron (Rüppell, 1852) and Oreochromis niloticus
(Linnaeus, 1758) hybrids in the Lake Ahémé area and its channels shows that these species
manage to reproduce to provide hybrids that constitute a solution to the development
of aquaculture in salty areas in Benin. In terms of survival in a lagoon environment,
we can, therefore, conclude that the hybrids resulting from the crosses of O. niloticus and
S. melanotheron will have a better survival performance compared to their O. niloticus parents.
We can, therefore, affirm that the male hybrids result from the cross ♀O. niloticus × ♂S.

Author Contributions: Conceptualization, and methodology C.C.V.; software, and validation D.A.;
formal analysis, H.A.; investigation, H.H.; data collected, H.H.; writing—original draft preparation,
C.C.V.; visualization, M.N.G.; supervision, P.A.L.; funding acquisition, M.N.G. All authors have read
and agreed to the published version of the manuscript.
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Abstract: Abiotic stresses such as salt are typical negative factors that have a considerable impact
on agricultural output around the world. The goal of this study was to investigate the effect of
halotolerant plant-growth-promoting rhizobacteria (PGPR) on plant growth and soil function under
salinity stress. The consortium of four PGPR (Pseudomonas putida, Alcaligenes sp., Klebsiella sp., and
Pseudomonas cedrina) was tested for its effect on growth, chlorophyll content, oxidative stress, and
root arbuscular mycorrhizal (AM) colonization of Medicago sativa in pots experiment under salt stress.
The bacteria’s impact on soil enzyme activity was also investigated. Overall, in comparison to the
non-inoculated control, inoculating M. sativa plants with the bacterial consortium allowed us to
overcome the unfavorable effects of NaCl stress and enhanced plant growth, root AM colonization,
and leaf chlorophyll content. It also reduced the levels of oxidative damage indicators such as
malondialdehyde, hydrogen peroxide, and proline. Furthermore, the consortium had a beneficial
effect on the activities of soil phosphatase, β-galactosidase, and arylamidase. The bacterial consortium
has the potential to be employed as bio-inoculants for plants growing under salt stress.

Keywords: plant growth promoting rhizobacteria; salt stress; Medicago sativa; arbuscular mycorrhiza;
soil enzyme activities

1. Introduction

Salinity is a problem altering large land area and damages soils [1]. Salt stress re-
duces plant nutrient uptake, affect many morphological, physiological, and biochemical
parameters in different parts of plants [2].

Plant growth promoting rhizobacteria (PGPR) could be an important technology to
enhance plants tolerance against abiotic stresses including salinity [3]. Many studies show
that various genera of PGPR can promote plants growth and enhance crops productivity at
many plants species [4]. The cooperation between PGPRs and arbuscular mycorrhizal fungi
(AMF) in soil and plant tissues can be beneficial for plants through optimizing nutrition and
protection against biotic and abiotic stresses [5]. Positive interactions between PGPR and
AMF in stimulating plant growth and salinity tolerance are well improved [6]. Otherwise,
PGPRs can increase many enzymes activity of soil under saline conditions which promote
plants growth [7,8].

Thus, in this study we aimed to analyze the effect of the interaction of a consortium of
four potential PGPR with M. sativa to alleviate salt stress on plants growth and oxidative
stress, as well as on plant roots mycorrhizal colonization and soil enzyme activities.
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2. Material and Methods

The bacteria, Pseudomonas putida, Alcaligenes sp., Klebsiella sp., and Pseudomonas cedrina,
used in this study were previously isolated from southern Morocco and characterized for
their PGP traits and their resistance to salinity [9]. Pot experiments were designed in order
to study the effect of the bacterial consortium on M. sativa (Alfalfa) under salt exposure.
Experiments were conducted in plastic pots containing soil amended with 2% NaCl. AMF
inoculum was represented by the indigenous population of soil AMF.

The plantlets were inoculated with 2 mL of a suspension of the consortium of bacterial
culture (108 CFU mL−1). For uninoculated plants, 2 mL of saline solution were added. Pots
were placed in a greenhouse (about 16 h photoperiod, 26–30 ◦C day and 18–22 ◦C night)
and watered daily. Plants were harvested after 30 days, subdivided in roots and shoots and
washed with deionized water.

For plants morphological parameters, root and shoot dry weights were measured,
after oven dying at 65 ◦C for 72 h. Chlorophyll content was quantified according to [10].
The proline content of the leaves was determined according to [11]. Hydrogen peroxide
(H2O2) content of the leaves was determined according to [12]. The lipid peroxidation
(malondialdehyde (MDA) content) in plant leaves tissues was measured according to [13].

Detection of AM colonization of roots was performed according to [14]. Percentage
colonization of roots was recorded according to [15].

Determination of soil enzymes phosphatase (PHOS), β-galactosidase (GALA), ary-
lamidase (AMID) and arylsulfatase (SULF) activities in the rhizospheric soils of M. sativa
were performed, according to [16–19], respectively.

Data were submitted to ANOVA analysis for each data to determine significant differ-
ences between the means. A multiple range test at the 95% confidence level was performed
using Tukey’s method.

3. Results and Discussion

3.1. Effet of PGPR on Plant Tolerance and AM Colonization under NaCL Stress

Bacterial inoculation of M. sativa plants induced a positive impact on plant growth
(Table 1). These results are in line with many studies improving a positive effect of PGPR
inoculation in various plants cultures submitted to salt stress [4], and might be primarily
linked to the PGP traits of the bacteria.

Table 1. Effect of bacterial inoculation on plant growth and mycorrhizal colonization (mycorrhizal
frequency (F%), mycorrhizal intensity (M%) and richness of arbuscules (A%)) of M. sativa roots under
NaCl stress. Values with different letters are significantly different (p = 0.05). Means that do not share
a letter are significantly different.

Treatment
Plant Growth Mycorrhizal Colonization

Shoot Dry Weight (mg) Root Dry Weight (mg) F% M% A%

Control 17.315 b 15.11 b 64.19 b 21.45 b 13.76 b
Consortium 26.611 a 18.050 a 74.55 a 37.06 a 21.58 a

A significant (p < 0.05) increase of roots mycorrhizal colonization was recorded in
plants inoculated with the bacterial consortium (F%, M%, and A%) of salt stressed plants
(Table 1). This result suggests that these bacteria might act as mycorrhizal helper bacteria
(MHB). The ability of AMF to improve plants growth and support tolerance to biotic and
abiotic stresses is well documented in literature [20]. The positive impacts of bacteria on en-
hancing plants tolerance against salinity could also be due to their effect on mycorrhization.

The results show a significant (p < 0.05) increase of total chlorophyll content and a
significant reduction of the indicators of oxidative damage levels (malondialdehyde and
hydrogen peroxide), and proline content under salt stress, compared to non-inoculated
plants (Table 2). The reduction of MDA and H2O2 contents might be due to the activation of
the antioxidant enzyme defensive pathway [21]. On the other hand, proline is linked with
various functions (e.g., osmoregulation, scavenging free radicals, activation of detoxification
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pathways), and many plants accumulate this amino acid under stresses as a kind of
adaptation against this condition [2]. The increase of proline content in inoculated plants
might be due to high tolerance of inoculated M. sativa plant under salt stress.

Table 2. Effect of bacterial inoculation on chlorophyll, proline, MDA and H2O2 content of M. sativa
leaves under NaCl stress. Values with different letters are significantly different (p = 0.05). Means
that do not share a letter are significantly different.

Treatment Chlorophyll (mg/g) H2O2 (nmol/g) MDA (μmol/g) Proline (μmol/g)

Control 0.95 b 695.85 a 81.16 a 228.26 a
Consortium 1.32 a 499.60 b 61.55 b 109.21 b

3.2. Effet of PGPR on Soil Enzyme Activity

Enzymes activity of soil can be used as criteria to describe soil quality and fertility [22].
Our results showed that in NaCl treatment, the activities of phosphatase, galactosidase, and
arylamidase were significantly (p < 0.05) increased in soils inoculated with bacteria (Table 3).
This positive effect might be through direct enzymes production by the microbial biomass
of PGPRs or result indirectly from their interactions with rhizosphere microorganisms,
AMF in particular. Indeed, the ability of AMF to improve soil enzymatic activities is recently
documented in the meta-analysis of [23].

Table 3. Effect of bacterial inoculation on soil enzymatic activities: galactosidase (GALA), phosphatase
(PHOS), arylsulfatase (SULF) and arylamidase (AMID) of the rhizospheric soil of M. sativa plants
under NaCl stress. Values with different letters are significantly different (p = 0.05). Means that do
not share a letter are significantly different.

Treatment
Soil Enzyme Activities mU/g Dry Soil

GALA PHOS SULF AMID

Control 1.04 b 15.19 b 74.92 a 36.99 b
Consortium 1.800 a 20.33 a 73.43 a 47.04 a

4. Conclusions

The use of PGPRs, tolerant under against salt stress, with effective PGP traits, able to
cooperate positively with AM fungi, and to improve soil enzymes activities could optimize
our ability to cultivate crops in saline environments.

Author Contributions: N.T.: conceptualization, methodology, formal analysis, writing—original
draft, and visualization. M.F.: methodology, writing, and formal analysis. A.K.: methodology and
formal analysis. G.L.: review and editing. W.B.: methodology. N.E.G.: conceptualization, supervision,
review and editing, validation, resources, and funding acquisition. All authors have read and agreed
to the published version of the manuscript.

Funding: This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Ben Chikha, M.; Hessini, K.; Ourteni, R.N.; Ghorbel, A.; Zoghlami, N. Identification of barley landrace genotypes with contrasting
salinity tolerance at vegetative growth stage. Plant Biotechnol. 2016, 33, 287–295. [CrossRef] [PubMed]

2. Sallam, A.; Alqudah, A.M.; Dawood, M.F.; Baenziger, P.S.; Börner, A. Drought stress tolerance in wheat and barley: Advances in
physiology, breeding and genetics research. Int. J. Mol. Sci. 2019, 20, 3137. [CrossRef] [PubMed]

217



Environ. Sci. Proc. 2022, 16, 14 4 of 4

3. Sharma, S.; Kulkarni, J.; Jha, B. Halotolerant rhizobacteria promote growth and enhance salinity tolerance in peanut. Front.
Microbiol. 2016, 7, 1600. [CrossRef] [PubMed]

4. Egamberdieva, D.; Wirth, S.; Bellingrath-Kimura, S.D.; Mishra, J.; Arora, N.K. Salt-Tolerant Plant Growth Promoting Rhizobacteria
for Enhancing Crop Productivity of Saline Soils. Front. Microbiol. 2019, 10, 2791. [CrossRef]

5. Kapoor, R.; Evelin, H.; Devi, T.S.; Gupta, S. Mitigation of salinity stress in plants by arbuscular mycorrhizal symbiosis: Current
understanding and new challenges. Front. Plant Sci. 2019, 10, 470.

6. Krishnamoorthy, R.; Shagol, C.; Kim, K.; Lee, S.; Yoon, S.; Sa, T. Isolation of salt tolerant arbuscular mycorrhizal fungi (AMF) from
Saemangeum reclaimed soil and mass production in hairy roots. Kor. S. Fert. Soc. Acad. 2011, 10, 92–93.

7. Ren, H.; Lv, C.; Fernández-García, V.; Huang, B.; Yao, J.; Ding, W. Biochar and PGPR amendments influence soil enzyme activities
and nutrient concentrations in a eucalyptus seedling plantation. Biom. Conv. Bioref. 2019, 11, 1865–1874. [CrossRef]

8. Pan, J.; Huang, C.; Peng, F.; Zhang, W.; Luo, J.; Ma, S.; Xue, X. Effect of arbuscular mycorrhizal fungi (AMF) and plant
growth-promoting bacteria (PGPR) inoculations on ElaeagnusAngustifolia L. in saline soil. Appl. Sci. 2020, 10, 945.

9. Tirry, N.; Kouchou, A.; Laghmari, G.; Lemjereb, M.; Hnadi, H.; Amrani, K.; Bahafid, W.; El Ghachtouli, N. Improved salinity
tolerance of Medicago sativa and soil enzyme activities by PGPR. Biocatal. Agric. Biotechnol. 2021, 31, 101914. [CrossRef]

10. Moran, R.; Porath, D. Chlorophyll determination in intact tissues using N, N-dimethylformamide. Plant Physiol. 1980, 65, 478–479.
[CrossRef]

11. Bates, L.S.; Waldren, R.P.; Teare, L.D. Determination of proline for water-stress studies. Plant Soil. 1973, 39, 205–207. [CrossRef]
12. Jana, S.; Choudhuri, M.A. Glycolate metabolism of three submersed aquatic angiosperms: Effect of heavy metals. Aquat. Bot.

1981, 11, 67–77. [CrossRef]
13. Heath, R.L.; Packer, L. Photoperoxidation in isolated chloroplasts: I. Kinetics and stoichiometry of fatty acid peroxidation. Arch.

Biochem. Biophys. 2016, 125, 189–198. [CrossRef]
14. Phillips, J.M.; Hayman, D.S. Improved procedures for clearing roots and staining parasitic and vesicular-arbuscularmycorrhizal

fungi for rapid assessment of infection. Trans. Br. Mycol. Soc. 1970, 55, 158-IN18. [CrossRef]
15. Trouvelot, A.; Kough, J.L.; Gianinazzi-Pearson, V. Mesure du taux de mycorhization VA d’un système radiculaire. Recherche de

méthode d’estimation ayant une signification fonctionnelle. In Proceedings of the 1st European Symposium on Mycorrhizae,
Dijon, France, 1–5 July 1985; pp. 217–221.

16. Dick, R.P.; Breakwell, D.P.; Turco, R.F. Soil enzyme activities and biodiversity measurements as integrative microbiological
indicators. Methods Assess. Soil Qual. 1997, 49, 247–271.

17. Sinsabaugh, R.L.; Reynolds, H.; Long, T.M. Rapid assay for amidohydrolase (urease) activity in environmental samples. Soil Biol.
Biochem. 2000, 32, 2095–2097. [CrossRef]

18. Acosta-Martıìnez, V.; Tabatabai, M.A. Inhibition of arylamidase activity in soils by toluene. Soil Biol. Biochem. 2002, 34, 229–237.
[CrossRef]

19. Tabatabai, M.A.; Bremner, J.M. Arylsulfatase activity of soils. Soil Sci. Soc. Am. J. 1970, 34, 225–229. [CrossRef]
20. Gianinazzi, S.; Schüepp, H.; Barea, J.M.; Haselwandter, K. Mycorrhizal Technology in Agriculture: From Genes to Bioproducts;

Birkhäuser: Basel, Switzerland, 2012.
21. Habib, S.H.; Kausar, H.; Saud, H.M. Plant growth-promoting rhizobacteria enhance salinity stress tolerance in okra through

ROS-scavenging enzymes. BioMed Res. Int. 2016, 2016, 6284547. [CrossRef]
22. Sipahutar, M.K.; Piapukiew, J.; Vangnai, A.S. Efficiency of the formulated plant-growth promoting Pseudomonas fluorescens

MC46 inoculant on triclocarban treatment in soil and its effect on Vigna radiata growth and soil enzyme activities. J. Hazard. Mat.
2018, 344, 883–892. [CrossRef]

23. Qin, M.; Zhang, Q.; Pan, J.; Jiang, S.; Liu, Y.; Bahadur, A.; Peng, Z.; Yang, Y.; Feng, H. Effect of arbuscular mycorrhizal fungi on
soil enzyme activity is coupled with increased plant biomass. Eur. J. Soil Sci. 2020, 71, 84–92. [CrossRef]

218



Citation: Ait-El-Mokhtar, M.;

Ben-Laouane, R.; Boutasknit, A.;

Anli, M.; Fakhech, A.; Ait-Rahou, Y.;

Mitsui, T.; Wahbi, S.; Baslam, M.;

Meddich, A. Evaluation of Young

Date Palm Tolerance to Salinity Stress

under Arbuscular Mycorrhizal Fungi

and Compost Application. Environ.

Sci. Proc. 2022, 16, 15.

https://doi.org/10.3390/

environsciproc2022016015

Academic Editor: Abdelaziz Hirich

Published: 16 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Proceeding Paper

Evaluation of Young Date Palm Tolerance to Salinity Stress
under Arbuscular Mycorrhizal Fungi and Compost Application †

Mohamed Ait-El-Mokhtar 1,2,* , Raja Ben-Laouane 2, Abderrahim Boutasknit 2, Mohamed Anli 2,

Abdessamad Fakhech 2, Youssef Ait-Rahou 2, Toshiaki Mitsui 3 , Said Wahbi 2 , Marouane Baslam 3

and Abdelilah Meddich 2

1 Laboratory of Biochemistry, Environment and Agri-Food URAC 36 (LBEA), Faculty of Science and
Techniques—Mohammedia, Hassan II University of Casablanca, Casablanca 20000, Morocco

2 Laboratory of Agro-Food, Biotechnologies and Valorization of Plant Bioresources (AGROBIOVAL),
Faculty of Science Semlalia, Cadi Ayyad University, Marrakesh 40000, Morocco;
benlaouaneraja@gmail.com (R.B.-L.); abderrahim.boutasknit@gmail.com (A.B.);
moh1992ali@gmail.com (M.A.); abdessamad.fakhech@edu.uca.ma (A.F.);
youssefaitrahou41@gmail.com (Y.A.-R.); wahbi@ucam.ac.ma (S.W.); a.meddich@uca.ma (A.M.)

3 Laboratory of Biochemistry, Faculty of Agriculture, Niigata University, Niigata 1000, Japan;
t.mitsui@agr.niigata-u.ac.jp (T.M.); mbaslam@gs.niigata-u.ac.jp (M.B.)

* Correspondence: mohamed.aitelmokhtar@gmail.com; Tel.: +212-671-492-144
† Presented at the 2nd International Laayoune Forum on Biosaline Agriculture, 14–16 June 2022;

Available online: https://lafoba2.sciforum.net/.

Abstract: This study focused on the mitigation of the negative impact of salinity stress over time
on the growth and development of Phoenix dactylifera plants using compost and/or arbuscular
mycorrhizal fungi (AMF). The experiment had eight treatments in a randomized design. The
treatments consisted of a control, AMF (native consortium) and compost (produced from green
waste). The treatments were applied separately or in combination in the presence of 240 mM NaCl
(saline condition) or 0 mM NaCl (non-saline condition) after 10 and 14 months of cultivation. Our
results show that saline stress increased toxic ion (sodium and chlorine), proline, soluble sugars and
stress marker (H2O2 and MDA) contents. At the same time, it lowered growth traits, mycorrhizal
colonization, leaf water potential and nutrients (nitrogen (N), potassium (K), phosphorus (P), calcium
(Ca)) and photosynthetic pigment concentrations. The application of compost and AMF individually
or in combination alleviated salt-induced effects through mechanisms such as an increase in nutrient
absorption (P, N, K and Ca), photosynthetic pigment content, relative water content, stomatal opening,
leaf water potential, photosystem II efficiency, organic osmolyte content (proline and soluble sugars)
and antioxidant enzyme activities (SOD, APX, CAT and POD) and reduction in lipid peroxidation
and H2O2 content. Our results also show that the tolerance strategies of date palm to salinity were
progressively improved over time in treated plants and especially in date palms grown in the presence
of the two biofertilizers. Between 10 and 14 months of cultivation, growth parameters increased with
a significant improvement in nutrient contents, a reduction in the concentrations of toxic ions and
stress markers, and regulation of the antioxidant system (antioxidant enzyme activity and osmolyte
content) in both leaves and roots. In conclusion, this investigation highlights the effectiveness of dual
application of compost and native AMF in mitigating the deleterious effects of salinity on date palm
with an improvement in the tolerance over time.

Keywords: date palm; arbuscular mycorrhizal fungi; compost; salinity; tolerance

1. Introduction

Soil salinization is one of the most critical environmental issues that damages agricul-
tural land and leads to more than 20% decline in agricultural yield [1]. Increased soil salt
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concentrations induce osmotic, ionic and oxidative stress that generate deleterious effects
on plants.

Arbuscular mycorrhizal fungi (AMF) figure among the most promising alternatives
to enhance plant tolerance to salinity. AMF are telluric fungi that establish symbiotic
associations with the roots of terrestrial plants. This symbiosis is known to mitigate
the adverse effects of saline stress on plants, although it is itself affected by salinity [2].
Furthermore, the application of organic fertilizers to soils in arid and semi-arid areas is a
key environmental strategy for soil restoration [3,4]. It has been reported that the use of
compost was effective in the restoration of soils affected by salinity [5].

Heretofore, several scientific studies have investigated the responses of date palm
to saline stress [6–8] and a few research studies have been conducted on the effect of
AMF or compost application on mitigating the effects of saline stress in date palm. The
present study was carried out to investigate the effects of the application of these two
biofertilizers alone or combined on the growth, nutrient content, photosynthesis, water
status and biochemical characteristics of date palm seedlings under saline conditions and
the regulation of tolerance strategies between 10 and 14 months of cultivation.

2. Methods

2.1. Plant Material and Biological Treatments

Seeds of Boufeggous date palm cultivar were germinated and the seedlings were
transplanted to black plastic bags containing sterile sandy substrate. AMF inoculum
consists of the native Aoufous mycorrhizal consortium which was applied at a rate of 10 g
of multiplication soil per bag. The organic amendment was obtained from the composting
of quack grass waste and was applied to the corresponding bags at a rate of 5% (w/w).

2.2. Experimental Design and Growth Conditions

After germination, date palm transplants were regularly irrigated with distilled water
for 5 months under a water regime of 75% of field capacity, then two different salin-
ity concentrations were applied (0 and 240 mM NaCl) during the experiment period
(14 months). The experiment design consisted of eight treatments crossing two levels of
compost (−compost and +compost) and two levels of AMF inoculation (−AMF and +AMF)
with two levels of salinity (0 and 240 mM NaCl). The bags were randomly arranged, and
each treatment consisted of ten biological replicates for a total of 80 pots. The plants were
grown for 14 months in the greenhouse.

2.3. Measured Parameters and Statistical Analyses

Plants of date palm at the stage of 10 and 14 months of cultivation were harvested.
Growth, mycorrhization, physiological and water status parameters, mineral content, stress
markers, organic osmolytes and antioxidant enzyme activity were assessed.

3. Results and Discussion

3.1. Growth, Nutritional and Physiological Parameters

In the presence of salinity, the largest increase in the growth parameters between the
first and second harvest was recorded after the application of compost alone with a 76%
increase compared to the values recorded at the first harvest (Table 1). Under salt stress,
N levels showed the most important increase between 10 and 14 months of cultivation in
the plants grown in the presence of compost + AMF, while Na and Cl levels significantly
decreased in the treated plants (Table S1). The largest decline (17%) was recorded for Na
uptake in plants treated with AMF alone. Considering the values of physiological traits in
stressed plants between the two harvests, the chlorophyll b content recorded the greatest
improvement (56%) in compost + AMF-treated plants (Table S2 and Figure S1). Our results
show that the tolerance mechanism of date palm to salt stress was progressively improved
over time in treated plants as reported by our previous studies [6,8,9] and particularly
in compost + AMF-treated plants. Between 10 and 14 months of cultivation, growth
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parameters increased which could be explained by a significant improvement in nutrient
contents (P, N and K+) and a reduction in toxic ion concentrations (Na+ and Cl−) [5,10].

Table 1. Growth traits of date palm in the absence and presence of salinity with the application of
compost and AMF after 10 and 14 months of cultivation.

NaCl
Level

Treatments

10 Months of Cultivation 14 Months of Cultivation

Plant Height
(cm)

Leaf Area
(cm2)

Shoot Dry
Weight (g)

Root Dry
Weight (g)

Plant Height
(cm)

Leaf Area
(cm2)

Shoot Dry
Weight (g)

Root Dry
Weight (g)

0 mM Control 30.06 ± 0.39 gh 18.95 ± 0.68 i 1.55 ± 0.06 gh 1.11 ± 0.10 h 34.52 ± 0.88 ded 24.19 ± 0.85 g 2.82 ± 0.11 f 1.92 ± 0.18 ef

Compost 33.74 ± 0.43 ef 31.67 ± 0.27 d 3.59 ± 0.37 e 2.01 ± 0.10 e 38.76 ± 1.26 c 35.71 ± 1.05 c 6.65 ± 0.26 b 3.28 ± 0.36 b

AMF 35.66 ± 0.54 d 32.40 ± 0.65 d 4.99 ± 0.89 d 3.36 ± 0.53 b 42.54 ± 1.18 a 38.00 ± 0.31 b 6.32 ± 0.27 bc 4.13 ± 0.30 a

Compost +
AMF 33.12 ± 0.54 f 34.85 ± 1.45 c 5.06 ± 0.28 d 2.45 ± 0.52 cd 40.70 ± 1.06 b 40.29 ± 0.65 a 8.83 ± 0.44 a 4.06 ± 0.44 a

240 mM Control 27.32 ± 0.40 i 11.52 ± 1.20 l 1.09 ± 0.14 h 0.66 ± 0.09 i 29.62 ± 1.21 h 14.46 ± 0.39 k 1.85 ± 0.12 g 1.11 ± 0.06 h

Compost 30.10 ± 0.64 h 17.01 ± 0.55 j 2.57 ± 0.50 f 1.29 ± 0.29 gh 33.24 ± 1.33 f 21.21 ± 0.51 h 4.51 ± 0.58 d 2.00 ± 0.31 e

AMF 31.54 ± 0.34 h 20.62 ± 0.55 h 3.51 ± 0.47 e 1.68 ± 0.22 efg 34.76 ± 1.66 de 27.04 ± 0.50 f 4.63 ± 0.55 d 2.66 ± 0.33 c

Compost +
AMF 29.92 ± 0.80 h 23.31 ± 0.43 g 4.50 ± 0.27 d 1.53 ± 0.28 fg 33.96 ± 1.96 ef 27.97 ± 0.33 e 6.04 ± 0.74 c 2.09 ± 0.11 de

The values of each parameter labeled by different letters indicate significant differences assessed by Duncan’s test
after performing three-way ANOVA (p < 0.05).

3.2. Stress Markers and Organic Osmolytes Content, and Activity of Antioxidant Enzymes

Under salinity, the stress markers showed a significant reduction between 10 and
14 months of cultivation for most of the treated plants while the concentrations of proline
and soluble sugars showed significant differences in most treatments (Figure 1 and Table S3).
The root soluble sugar content showed the greatest evolution with an increase of 28% in
plants treated with compost alone. The activity of the antioxidant enzymes mainly de-
creased between 10 and 14 months of cultivation, in the presence of saline stress, where
the shoot SOD activity showed the greatest decline (25%) between the two harvests in
compost-treated plants (Figures S2 and S3). The significant increase in antioxidant enzyme
activity in treated plants in the presence of saline stress after 10 months of cultivation
probably led to a significant decrease in stress markers [11,12]. This decrease was more
significant after 14 months of cultivation. The low values obtained for the stress markers
could have a negative feedback effect on the activity of antioxidant enzymes by reducing
them after 14 months of cultivation and could also be the cause of the reduction in organic
osmolyte content.

Figure 1. Hydrogen peroxide (A) and MDA (B) content in the shoot and the root of date palm
in the absence and presence of salt stress with the application of compost and AMF after 10 and
14 months of cultivation. The bars labeled by different letters indicate significant differences assessed
by Duncan’s test after performing three-way ANOVA (p < 0.05).
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4. Conclusions

The tolerance of date palm to salinity evolves over time with a decrease in organic
osmolytes and antioxidant enzyme activity between 10 and 14 months of cultivation as a
response to the decrease in H2O2 and MDA concentrations, which means an improvement
in the plant’s adaptation to salt stress. The present study strongly suggests the use of
compost + AMF to mitigate the adverse impact of salt stress and to boost plant fitness in a
saline environment in arid and semi-arid zones, particularly in Moroccan oasis ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/environsciproc2022016015/s1, Figure S1. Photosynthetic pig-
ment content (chlorophyll a (A), chlorophyll b (B), carotenoids (C) and total chlorophyll (D)) of
mycorrhization of date palm plants grown in the absence (0 mM NaCl) and presence (240 mM
NaCl) of salt stress with the application of compost and AMF alone or in combination after 10 and
14 months of cultivation, Figure S2. SOD (A) and CAT (B) antioxidant enzyme activity in the shoot
and the root of mycorrhization of date palm plants grown in the absence (0 mM NaCl) and presence
(240 mM NaCl) of salt stress with the application of compost and AMF alone or in combination after
10 and 14 months of cultivation, Figure S3 APX (A) and POD (B) antioxidant enzyme activity in
the shoot and the root of mycorrhization of date palm plants grown in the absence (0 mM NaCl)
and presence (240 mM NaCl) of salt stress with the application of compost and AMF alone or in
combination after 10 and 14 months of cultivation, Table S1. Phosphorus (P), nitrogen (N), potassium
(K), calcium (Ca), sodium (Na) and chlorine (Cl) uptake of date palm plants grown in the absence
(0 mM NaCl) and presence (240 mM NaCl) of salt stress with the application of compost and AMF
alone or in combination after 10 and 14 months of cultivation, Table S2. Physiological and water
status of date palm plants grown in the absence (0 mM NaCl) and presence (240 mM NaCl) of salt
stress with the application of compost and AMF alone or in combination after 10 and 14 months
of cultivation, Table S3. Proline and soluble sugars content in shoot and root of date palm plants
grown in the absence and presence of salt stress with the application of compost and AMF alone or in
combination after 10 and 14 months of cultivation.
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Abstract: Salinity is one of the most severe abiotic stresses which causes significant losses to agri-
cultural production, especially in arid and semi-arid areas. In the present study, we conducted
a pots experiment to evaluate Phosphogypsum (PG) and Gypsum (G) as amendments and their
effect on faba bean shoot and grain yield under saline conditions (soil ECe = 11.17 mS/cm, water
EC = 1.5 mS/cm and water SAR = 4.2 meq/L). In addition, we investigated the safety of their appli-
cation based on heavy metals content in the harvested grain. Our findings demonstrate that the use
of PG as amendment for saline soil reclamation improved faba bean grain and biomass yield without
affecting grain quality regarding heavy metal content.

Keywords: salinity; phosphogypsum; yield parameters; heavy metals

1. Introduction

Salinity is one of the main challenges facing agricultural production systems in arid
and semi-arid regions. Currently, the total land area impacted by high salt levels is about
1 billion hectares, and the area of affected land is significantly increasing [1]. In Morocco,
the total soil affected by salinity is about 1.148 Mha [2].

Salt-affected soils usually generate physical and chemical disorders in soil–plant water
systems. The reclamation of salt-affected soils can be done using several amendments,
such as phosphogypsum, a byproduct of the phosphate industry. It was reported that PG
effectively mitigates soil salinity and enhances crop yields [3].

The phosphate industry in Morocco, a major phosphate-based fertilizer producer,
generates around 25 Mt of PG annually [4]. However, studies on the valorization of PG as
a soil amendment in salt-affected soils in Morocco are scarce. The objectives of this study
were to investigate the effect of the PG on faba bean shoot and grain yield and to investigate
the safety of its application based on heavy metals content in the harvested grain under
saline conditions.

2. Material and Methods

2.1. Soil Sampling and Analysis

Soil from the Sidi Elmokhtar region of Morocco was identified from a soil database
and then sampled, air-dried and ground to pass through a 2 mm mesh sieve. Soil pH was
measured in 1:5 soil:water extract. ECe is the electrical conductivity of saturated paste
which was prepared by hand mixing [5]. The available phosphorus was determined using
the Olsen method [6]. Spectrophotometry (Cary 60 UV–Vis, Agilent Technologies, Santa
Clara, CA, USA) was used to determine sulfate, ammonium, chlorine and nitrate contents.
The exchangeable sodium, potassium, calcium and magnesium were determined by atomic
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absorption spectroscopy (200 Series AA, Agilent Technologies, Santa Clara, CA, USA). The
soil is saline, Table 1 shows the chemical properties of the soil.

Table 1. Soil chemical properties.

Property/Element pH
Ece

(mS/cm)
P2O5

(mg/kg)
K2O

(mg/kg)
CaO

(mg/kg)
Na2O

(mg/kg)
MgO

(mg/kg)
SO4

(mg/kg)
NO3

(mg/kg)
NH4

(mg/kg)

Value 8.1 11.17 67 308 7984 759 1067 3211 40.2 6.05

2.2. Irrigation Water

pH and Ec were measured directly by a pH meter (InoLab pH 7310) and a conduc-
tometer (Mettler Toledo. SevenCompact). The sulfate, ammonium, chlorine and nitrate
contents were quantified by spectrophotometry (Agilent Technologies. Cary 60 UV–Vis).
The phosphorus, sodium, potassium, calcium and magnesium were determined by ICP
(Agilent Technologies. 5110 ICP-OES). The water had a moderate salinity (Table 2).

Table 2. Chemical properties of irrigation water.

Property/Element pH
Ec

(mS/cm)
SAR

(meq/l)
K

(mg/L)
Na

(mg/L)
Ca

(mg/L)
Mg

(mg/)
NH4

(mg/L)
Cl

(mg/L)
SO4

(mg/L)
NO3

(mg/L)
P2O5

(mg/L)

Value 7.8 1.5 4.2 28.6 214.6 84.9 66.8 0.04 252.2 64.0 24.8 0.05

2.3. PG and G Analysis and Pot Preparation

The experiment was conducted in pots in a greenhouse at Mohammed VI Polytechnic
University in Benguerir, Morocco. Each pot was filled with 10 kg of soil. The PG used is
that of Jorf Lasfar Phosphate, situated near the city of El Jadida. The second amendment
was natural gypsum for agricultural use. PG and G were incorporated with the top 9 cm.
The treatments consisted of: Control, 15 t/h of G, 15, 30 and 45 t/ha of PG. pH and EC were
measured in a ratio of 1:5 PG or G:water extract. The rest of the elements were quantified by
ICP-OES. PG is more acidic than G, and it is richer in nutrients (Ca, S and P). The chemical
compositions of PG and G are presented in Table 3.

Table 3. Chemical composition of PG and G.

Property/Element pH
EC

(mS/cm)
Ca
(%)

S
(%)

P
(%)

K
(ppm)

Mg
(ppm)

Cd
(ppm)

Zn
(ppm)

Cu
(ppm)

Fe
(ppm)

Ni
(ppm)

Pb
(ppm)

Phosphogypsum 5.8 2.4 26.0 23.7 0.8 869.0 259.0 4.7 8.5 2.6 126.7 1.8 1.9
Gypsum 8.12 2.3 22.8 13.1 0.02 969.0 7587.0 <0.003 9.9 2.4 2606.4 4.2 1.4

2.4. Statistical Analysis

Data were subjected to statistical analyses using IMB SPSS 20 software. One-way
ANOVA tests were performed to test the difference between treatments. When ANOVA
was significant, Tukey’s test was used to compare the means.

3. Results and Discussion

3.1. Yield Parameters

The amendments (G and PG) were associated with an increased number of grains
and shoot yield. In pots, compared to the control, 30 t/ha and 45 t/ha of PG increased
shoot dry matter by 52% and 54%, respectively (Table 4). Similar results were reported
by [7] in maize trials where 20 t/ha and 40 t/ha of PG increased dry matter by 45% and
69%, respectively. Fresh biomass, fresh grain and dry weight were improved only with
the highest rates of PG (30 and 45 t/ha) (Figure 1 and Table 4). The application of 30 and
45 t/ha increased grain dry weight by 52% and 62%, respectively, when compared to the
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control. In previous works, 10t/ha of G was enough to significantly increase faba bean
grain yield [8]. PG application increased the yield of spring chickpeas by 50% and lentils
by 27% [9]. The application of 30 and 45 t/ha also significantly increased thousand grain
weight. However, neither PG nor G had a significant effect on the harvest index (Table 4).

Table 4. Yield parameters of faba bean (mean ± standard deviation). Means followed by the same
letter within the same column are not significantly different.

Treatments
Number of
Grains (m2)

Plant Fresh
Weight (g/m2)

Plant Dry Weight
(g/m2)

Thousand Grain
Weight (g)

Harvest Index
(%)

Control 106 ± 7 c 464 ± 34 b 198 ± 14 c 1073 ± 71 b 37% ± 1% a

15 t/h of Gypsum 118 ± 7 bc 504 ± 23 b 227 ± 7 b 1070 ± 50 b 36% ± 2% a

15 t/h of Phosphogypsum 118 ± 7 bc 506 ± 13 b 225 ± 8 b 1152 ± 68 ab 38% ± 2% a

30 t/h of Phosphogypsum 140 ± 13 ab 628 ± 24 a 300 ± 11 a 1236 ± 38 a 37% ± 2% a

45 t/h of Phosphogypsum 153 ± 18 a 634 ± 14 a 305 ± 12 a 1215 ± 62 a 38% ± 1% a

Figure 1. Dry and fresh grain weight of faba bean (mean ± standard deviation). Same letters in a
column series indicate no significant differences among treatments.

Yield increases observed with PG compared to G may have been due to PG acidity and
its calcium, sulfur and phosphor contents. In addition, PG was reported to dissolve faster
and produce an acidic reaction in the rhizosphere, thus positively influencing nutrient
availability [10].

3.2. Heavy Metals Content

This study showed that the application of the PG did not affect the grain quality. The
grain heavy metals contents were below the recommended levels (Table 5) and were not
affected by the application of PG and G. This finding is in agreement with a previous
study where PG did not have an accumulative impact on plant heavy metal content [11].
This result can be explained by the alkaline soil pH as reported by [12] who indicated that
transfer of heavy metals from soil to plants was negatively correlated with soil pH.
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Table 5. Grain heavy metals content (mean ± standard deviation). Means followed by the same letter
within the same column are not significantly different.

Treatments
Cu Fe Zn Ni Pb Cd

ppm

Control 12.7 ± 1.5 a 62.7 ± 16.3 a 72.7 ± 12 a 3.4 ± 0.3 a <0.01 <0.003

15 t/h of Gypsum 11.2 ± 1.7 a 85.2 ± 19.9 a 67.2 ± 7.8 a 3.6 ± 0.9 a <0.01 <0.003

15 t/h of Phosphogypsum 11.3 ± 2.3 a 74.2 ± 28.8 a 69.2 ± 8.5 a 3.0 ± 0.3 a <0.01 <0.003

30 t/h of Phosphogypsum 12.0 ± 1.5 a 78.7 ± 26.0 a 82.2 ± 21.7 a 3.0 ± 0.3 a <0.01 <0.003

45 t/h of Phosphogypsum 11.2 ± 1.7 a 79.7 ± 20.8 a 70.2 ± 6.6 a 3.0 ± 0.2 a <0.01 <0.003

Recommended Limits [13] 73.3 425.5 99.4 67.9 0.3 0.2

4. Conclusions

Results from this study have shown that the effectiveness of the treatments, on shoot
and grain yield, was in the order of: 45 t/ha of PG > 30 t/ha of PG >15 t/ha of PG >15 t/ha
of G > control. The application of 30 and 45 t/ha of PG increased grain dry weight by 52%
and 62%, respectively, when compared to the control. Grain heavy metal contents were
below the recommended limits and similar across treatments. Our findings suggest that
the application of PG increased faba bean yield and can be considered as a safe amendment
for reclaiming salt-affected soils.
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Abstract: The adaptation of crops to saline stress conditions generated by changes in rainfall and
the current production systems is essential for maintaining many of them and minimizing possible
damage or reductions in their productivity. The use of microorganisms to improve the conditions of
plants from extreme environments, increasing their resilience, appears to be a possible alternative. In
this work, we isolated strains from samples obtained in extreme environments, such as the Atacama
Desert and Sahara Desert, and evaluated their capacity to promote the growth of plants directly and
under stress conditions. We studied their ability to grow under salinity, and we selected some of
these strains for their capacity to improve plant resilience.

Keywords: desert; soil; plant–bacteria interaction; climate change; microbiology; actinobacteria;
Micromonospora; taxonomy; biodiversity; resilience

1. Introduction

One major problem facing the world is climate change. The decrease in rainfall in some
areas and some of the agricultural practices developed for years are generating changes in
the land of many countries, increasing the areas affected by high salinity [1].

Soils, in general, and desert soils, in particular, harbor a wide bacterial diversity with an
immense potential for agriculture and biotechnology [2]. Soil microbes play essential roles
in maintaining soil fertility through recycling nutrients, improving soil structure, degrading
pollutants, and supporting healthy plant growth. Recent metagenomic and subsequent
culturing studies on one of the most extreme biomes on Earth, the Atacama Desert, have
revealed an abundant diversity of microbiological life harboring a remarkable potential
to improve plant growth [3,4]. In general, microorganisms from deserts have evolved
to develop a wide variety of strategies to survive under limiting conditions, including
high salt tolerance [5]. On the other hand, plants’ evolution and adaptation capacity are
slower, and it is possible that they rely on their microbiome to survive [6]. Therefore, the
application of microorganisms with different origins and capacities to determine their
effects on plants, both in generalized improvement of development [7] and in the increased
tolerance to limiting conditions [8], are nowadays of strong interest.

During this work, several soil and plant tissues’ isolates from desertic areas were
obtained, determining their capacity to grow under saline environments and their effect on
the growth of Medicago sativa plants in the presence and absence of salt stress.

2. Materials and Methods

2.1. Strains of the Work

Strains from Atacama Desert were obtained from the collection of the team obtained
in a previous work [9]. Other strains were recovered from nodules and roots of legumes
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recovered at the Sahara Desert. Those tissues were surface sterilized, as previously de-
scribed [10], and strains were isolated on YMA media and subcultured on GYM media
(M65 DSMZ medium).

2.2. Evaluation of In Vitro Salt Tolerance

Isolates were tested for their tolerance to grow over several NaCl (w/v) percentages
(1, 3, 5, 7, 9, 12, 15, 18, and 21%) using GYM as basal media. For inoculation, strains were
grown for 7 days at 28 ◦C and inocula were prepared in saline solutions with concentrations
of around 1 × 108 UFC/mL. Ten microliters were inoculated in triplicate for each strain
and kept at 28 ◦C for 1 month; we evaluated the capacity for growth weekly.

2.3. Plant Growth under Greenhouse Conditions

Medicago sativa seeds were germinated axenically, being sequentially immersed in 70%
(v/v) ethanol for 30 s and 2.5% HgCl2 (w/v) for 2 min, followed by several rinses with
sterile distilled water. The seeds were then transferred to tap-water agar plates in the dark.
After germination, the seedlings were placed on pots containing Rigaud and Puppo nutrient
agar [11]. Three conditions of saline stress were tested (0, 1, and 3% NaCl (w/v)). The seedlings
were kept in a plant growth chamber with fluorescent lighting with a photoperiod of 16 h
light/8 h dark, a constant temperature of 21 to 22 ◦C, and 70% relative humidity. Plants
were inoculated with the appropriate bacterial suspensions (1 × 108 CFU/mL), prepared as
described before, and sterile distilled water as control. Plants were grown for 40 days with
weekly evaluations of their development (stabilization, number of leaves, size) as well as a
final evaluation, including wet and dry weights.

2.4. DNA Extraction and Identification

Extraction of genomic DNA for 16S ribosomal RNA (rRNA) gene sequence identifica-
tion was carried out, as previously described [4]. A multiple sequence alignment of 16S
rRNA genes was performed using DNASTAR with default options, and the strains were
compared with type strains deposited in public databases using EzBioCloud. A phyloge-
netic tree was built using MEGA10. The 16S rRNA gene alignment was used to compute
the genetic distances between all pairs of isolates.

3. Results

3.1. Isolation and Identification of Bacterial Strains

Fifteen strains presenting an actinobacterial morphology were isolated from nodules
of autochthonous legumes growth in the Sahara Desert, while 17 strains were isolated
from roots of the same plants. Nine strains previously recovered from Atacama Desert
soils were also evaluated and analyzed. From them, a phylogenetic analysis of the 16S
rRNA gene sequences showed that all the isolates from the Atacama Desert belonged to the
Micromonospora genus, while, for the Sahara Desert, the strains belonged to several genera
including Micromonospora, Dermacoccus, Micrococcus, and Microbacterium (Table 1).

Table 1. Classification of the isolates obtained in the study, grouped by genera depending on the
origin of the samples.

Atacama Desert Soil Sahara Desert Nodules Sahara Desert Roots

Dermacoccus sp. - 3 -
Micromonospora sp. 9 9 -

Micrococcus sp. - 1 13
Microbacterium sp. - 1 2

3.2. Tolerance to Saline Stress

All the strains were able to tolerate a minimum of 1% NaCl (w/v). In general, Mi-
cromonospora strains showed a lower tolerance to salt, with a maximum of 5%, while some
strains of the genus Micrococcus reached 18%. Based on the results obtained here, six strains
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were selected for plant inoculation: three strains belonging to Micromonospora (S30, A3,
and A9) that tolerated until 3, 5, and 5%, respectively, and three strains belonging to the
Micrococcus genus (S27, S14, and SR36) that tolerated to 12, 15, and 18%, respectively.

3.3. Plant Growth Promotion Evaluation

Based on the data obtained, we were able to verify that some of the strains evaluated
exerted a promoting effect on plant growth regardless of the presence of salt, improving
and accelerating the development of plants (Figure 1), a result obtained mainly for the
strains from the Atacama Desert (A). In addition, an improvement in the development
of plants was observed in the presence of a moderate concentration of salinity of 1% in
several of the strains analyzed, highlighting, in this case, the results obtained for the Sahara
strain S14. On the other hand, it was observed that the negative effects of the high salt
concentration could not be mitigated by the presence of the inoculated bacteria or a very
slight mitigation was obtained.

Figure 1. Plant growth promotion effects under salt stress of strains isolated from desert samples.
(a) Comparison of the development of plants at 0, 1, and 3% of NaCl (w/v) in control vs. S14-
inoculated plants; (b) differences observed in dry weight for all the samples tested under several
saline concentrations.

4. Discussion

Our results showed the capacity of desertic strains to survive high concentrations of
salinity in the media, with percentages as high as 18% for a root endophytic actinobacteria.
In addition, we confirmed the strong relationship of actinobacteria with plants in desertic
environments and their implication in increasing plant tolerance to salinity to similar levels
as was described for the other type of bacteria: Halomonas and Bacillus [12]. Micromonospora,
Micrococcus, and Microbacterium were previously described as endophytes [13]; however,
this is the first time Dermacoccus strains were obtained from internal plant tissues. The study
of microorganisms from extreme environments, such as deserts, in which the knowledge of
their diversity is still very limited [3], is of special relevance, especially the determination
of those that have a direct relationship with the development of plants under limiting
conditions. The use of microorganisms to improve the development of plants and their
adaptation to new stressful situations appears as a possibility to fight climate change
consequences.

5. Conclusions

Our results show how several actinobacterial strains isolated from deserts present a
high capacity to tolerate salinity as well as improving the plant’s tolerance to this stress.
Based on the data presented here, we can say that, even if the Micromonospora isolates do not
have the highest tolerant to salinity, they present a high capacity to improve plant growth
and are also able to increase plant resilience to saline stress. The capacity of Micromonospora
and Micrococcus as plant growth promotors has been exposed in several works, showing
their capacity to produce IAA, chitinases, siderophores, or phosphatases as well as their
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ability to inhibit the growth of several pathogens; however, this is the first time that their
capacity to increase plant tolerance to saline stress is described.
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Abstract: Morocco has a very long mining tradition, and is threatened by ground salinization. The
objective of this study was to evaluate the salinity level in the mixture of phosphate mining by-
products and sludge prior to its use to reclaim a mine site or for soil remediation. The experiment
was conducted with Italian ryegrass in 4 months under greenhouse. The design was a randomized
complete block with 10 treatments and 4 replications. The results revealed that treatments containing
phosphogypsum helped to reduce the effect of sodicity on soil. Thus, phosphogypsum associated
with sludges can be used as an amendment to reclaim mine soil affected by sodicity.

Keywords: salinity; substrates; phosphate by-products; sludge

1. Introduction

Morocco, a Mediterranean country located in arid and semi-arid climate zones with a
very long mining tradition, is threatened by ground salinization. More than 5% of Moroccan
areas are already affected by salinity to various degrees [1]. Thus, on a global scale, after
erosion in Morocco, salinity is ranked as the second threat to crop production [2]. Faced
with the degradation and scarcity of land and the difficulties of management, it is becoming
urgent to implement cost-effective, efficient, and less expensive techniques through the
valorization of by-products of the phosphate industry and sewage sludge by revegetation
of mining sites. This new approach has been performed through the recent study [3]. These
studies showed that phosphate and sewage sludge by-products could be used as substrates
for mine site reclamation, but no study has evaluated the effect of phosphogypsum on the
mixture before large-scale application.

The objective of the study was to evaluate the sodicity level in the mixture of phosphate
mining by-products and sludge prior to its use to reclaim a mine site or for soil remediation.
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2. Materials and Methods

2.1. Substrates

The substrates used for this study constituted the by-products from phosphate mining
and wastewater treatment plants. The by-products from phosphate mining were topsoil
(TS) from the overburden, gathered and put aside prior to mining; phosphogypsum (PG);
ground phosphate waste rocks (PWR); and phosphate sludge (PS). The by-product from
wastewater treatment plants is sewage sludge (SS). The different substrates from phosphate
mining were from the complexes El Jadida and Youssoufia, whereas the substrate from
wastewater treatment plants was from Ben Guérir. Control (TS) used corresponds to topsoil.
Samples (PG, PWR and TS) were sieved through 2 mm mesh sieve before the experiment.

2.2. Pot Preparation and Experimental Layout

The experiment was conducted with Italian ryegrass (Lolium multiflorum) in 4 months
under greenhouse conditions at the Agriculture Innovation Transfer Technology Center-
Ben Guérir (AITTC) of the University Mohammed 6 polytechnic at Ben Guérir, Morocco.
The pots used for the experiment had a volume of 12 L. The experimental layout was
a randomized complete block design with 5 substrates defined in different proportions,
10 treatments and 4 replications. Fertilizers were applied in treatments not receiving sludge
as described by Guéablé et al., (2021) (Table 1). Water from the well of the experimental
farm of AITTC was used for irrigation, and the seedlings were watered daily.

Table 1. Treatments and substrate composition and additions.

Treatments PG PWR TS SS PS Texture Bulk Density (g/cm3)
EC

(dS/cm3)
SAR

(Cmol(+)/kg)

T1 - 100% - - - Sandy silt 1.20 ± 0.08 1.31 ± 0.03 0.23 ± 0.03
T2 - 100% - - Clay 1.38 ± 0.80 3.19 ± 0.04 0.33 ± 0.02
T3 65% 30% - 5%

Sandy silt
1.02 ± 0.22 3.36 ± 0.33 0.26 ± 0.03

T4 65% - 5% 30% 1.02 ± 0.06 3.36 ± 0.17 0.30 ± 0.02
T5 65% 35% - - 1.05 ± 0.08 3.12 ± 0.75 0.24 ± 0.04
T6 65% 35% - - - Sandy silt clay 1.01 ± 0.08 3.13 ± 0.47 0.20 ± 0.18
T7 65% * 35% * - - - Sandy silt 1.02 ± 0.82 3.13 ± 1.43 0.24 ± 0.02
T8 - 95% - 5% -

Sandy silt clay
1.22 ± 0.82 1.63 ± 0.09 0.24 ± 0.14

T9 - 65% 35% - - 1.26 ± 0.28 1.37 ± 0.09 0.21 ± 0.04
T10 - - - 5% 95% 1.22 ± 0.04 1.18 ± 0.55 0.45 ± 0.42

* Addition of phosphorus in DAP (Diammonium phosphate) form at a rate of 1.08 g/pot (50 ppm), and potassium
in the form of potassium sulphate at a rate of 8.3 g/pot (400 ppm). PG: phosphogypsum; PWR: phosphate waste
rock; TS: topsoil; SS: sewage sludge; PS: phosphate sludge.

2.3. Data Collection

The experiment was conducted under greenhouse at AITTC for 4 months using Ital-ian
ryegrass. Samples of the different substrate components and water irrigation were analyzed
at the soil, plant, and water laboratory of AITTC, and the data analyzed were obtained after
the experiment. Thus, pH measurements, the electrical conductivity (EC) and the cation
exchange capacity (CEC) were analyzed as described by [3].

2.4. Sodium Adsorption Ratio (SAR)

One of the criteria currently recognized in the scientific literature as indices of soil
and substrate sodicity is the Sodium Adsorption Ratio (SAR) with a reported threshold of
13 cmol(+)/kg. For irrigation water, SAR represent the hazard of soil sodicity following
the use of the water for irrigation. [4]. It is defined by Equation (1).

SAR = millimoles of Na+/[millimoles of 0.5(Ca2+ + Mg2+)/2]−1/2 (1)

where: SAR = Sodium adsorption ratio, (Cmol(+)/kg).
Na+, Ca2+, Mg2+ = Exchangeable cations (Cmol(+)/kg).
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2.5. Characteristics of the Water Irrigation

Water irrigation used in this study was from the experimental farm of AITTC (Table 2).
The irrigation rate used for each pot was 500 mL. According to [3], this water had moder-
ately saline water. Thus, this water could have negative effects on many crops, but it could
be utilized with careful management practices [4]. Furthermore, the mean value SAR value
of 3.63 cmol(+)/kg indicated a low risk of sodalisation with a sodicity class S1. A similar
result was obtained by [5], where SAR was 8.69 cmol(+)/kg.

Table 2. Characteristics of the water irrigation used.

Parameters Values

EC (dS/m) 2.58
pH 7.35

SAR (Cmol(+)/kg) 3.63

3. Results

The mean pH values of the different treatments varied between 7.77 and 8.20; therefore,
the pH was alkaline (Table 3). However, the lowest pH values were for treatments (T3, T4,
T5, T6 and T7) containing PG. Furthermore, the mean EC values of all treatments ranged
1.30 to 3.50 dS/m. Thus, these treatments were lower than 4 dS/m. In addition, the SAR
values of different treatments ranged from 0.21 to 1.51 cmol(+)/kg, and were less than
13 cmol(+)/kg. The SAR values containing PG (T3, T4, T5, T6 and T7 treatments) were
lowest, ranging from 0.21 to 0.29 cmol(+)/kg. However, for the treatments (T1, T2, T8, T9
and T10) without PG, the SAR values were greater, ranging from 0.95 to 1.51 cmol(+)/kg.

Table 3. Selected chemical properties of different treatments.

Treatments pH EC (dS/m) SAR (Cmol(+)/kg)

T1 8.2 ± 0.16 1.41 ± 0.44 1.17 ± 0.15
T2 7.77 ± 0.08 3.05 ± 0.82 1.51 ± 0.19
T3 7.46 ± 0.06 3.5 ± 0.58 0.29 ± 0.09
T4 7.46 ± 0.02 3.32 ± 0.69 0.28 ± 0.05
T5 7.06 ± 0.02 3.31 ± 0.55 0.23 ± 0.04
T6 7.37 ± 0.02 3.21 ± 0.60 0.21 ± 0.04
T7 7.47 ± 0.12 3.11 ± 0.42 0.23 ± 0.02
T8 7.88 ± 0.02 2.38 ± 0.41 1.39 ± 0.20
T9 7.94 ± 0.03 1.38 ± 0.09 0.95 ± 0.48

T10 7.96 ± 0.02 1.30 ± 0.47 1.06 ± 0.14

4. Discussion

The mean EC values of all treatments lower than 4 dS/m. In addition, the SAR values
of different treatments less than 13 cmol(+)/kg. According to [4,6], these treatments are
classified as sodics because their EC are lower than 4 dS/m and their SAR are less than
13 cmol(+)/kg. However, the treatments (T3, T4, T5, T6 and T7) containing PG had a very
low sodicity compared with the treatments (T1, T2, T8, T9 and T10) without PG. Thus,
PG associated with PS and/or SS helped to reduce the effect of sodicity in soil. PS and SS
can be considered as amendments, and according to several authors, PG associated with
amendments was more effective than that with simple gypsum [6,7]. This combination can
decrease the sodicity of the soils or substrates. Indeed, PG has a very variable composition
which depends to a large extent on the composition of the natural phosphates from which
it is obtained. However, it is mainly a source of calcium (CaO) and sulfur (S). PG, thanks to
the addition of calcium, allows to fight against the harmful effects of sodium on the soil
structure and infiltration capacity. The calcium (Ca2+) brought to the soil is then fixed on
the soil colloids, and each time a calcium ion is fixed, there is a sodium ion (Na+) which is
progressively evacuated from the soil into solution. This allows for the removal of sodium
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during drainage. The presence of significant amounts of calcium will allow the evacuation
of sodium ions to continue over time and restructure the soil [6]. However, in the absence
of drainage, sodium sulfate could cause a drop in pH. Therefore, water management is
essential in the reclamation of soils in order to maintain the soil pH in neutrality.

5. Conclusions

The results showed that the soils were sodics. However, the treatments containing
PG helped to reduce the effect of sodicity on soil. Thus, phosphogypsum associated with
sludges can be used as an amendment to reclaim mine soil affected by sodicity.
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Abstract: The objective of this study was to evaluate different rates of the liquid sewage sludge
fertilizer developed by a treatment plant in Skhirat, Rabat, Morocco on improving soil fertility
indicators. The results revealed that the application of liquid sludge on the soil increased soil pH
from 7.3 to 7.7, electrical conductivity from 227.1 to 416.21 μS.cm−1, and other nutrients such as
soil organic matter from 9.0 to 21.4%, Kjeldahl nitrogen (TKN) from 0.1 to 0.7%, and total organic
carbon (TOC) from 2.4 to 16.5%; the phosphorus ranged 79.1 to 127.8 mg.kg−1 in a dose-dependent
manner in amended soil compared to untreated controls. However, the results also showed increase
in heavy metal content in the following order: Zn > Cu > Pb > Ni > Cd, (Zn = 136.69 mg.kg−1,
Cu = 69.05 mg.kg−1, Pb = 17.91 mg.kg−1, Ni = 4.73 mg.kg−1, Cd = 0.03 mg.kg−1); nevertheless, we
noticed that their concentrations were lower than the critical values established by the European
Union for the agronomic use of the soil.

Keywords: soil; sludge; electrical conductivity; agriculture

1. Introduction

Management and disposal of sewage sludge from municipal wastewater treatment
plants is a growing concern, especially with the increase in the world’s population [1].
Sewage sludge is the waste product of wastewater treatment plants, produced by the
primary (physical and/or chemical), secondary (biological) and tertiary (complementary
to secondary) treatment of wastewater [2]. The amount of sludge generated and its com-
position depend on the properties of the influent and the wastewater treatment process
used [3], type of land where sewage sludge is used for soil amendment, and lead improve-
ment in soil structure, fertility, and soil porosity. It also provides an effective means of
recycling organic matter and other plant nutrients, including nitrogen and phosphorus [4].
The organic carbon (OC) content in soil amended with sludge can be higher than that of
soils amended by inorganic fertilizers [5], while the electrical conductivity (EC) of the soil
(with or without lime) increases due to the presence of higher levels of salts [6]. Despite
several benefits, sludge application could also increase the accumulation of toxic metals in
receiving soils [7]. Sludge may contains trace metals from domestic, commercial industrial,
and surface water runoff [8]. In areas of high urbanization and industrialization, sludge
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can contain high levels of potentially toxic metals, for example, Hg, Ni, Pb, Cd, Cr, Cu, and
Zn [9]. Trace metal content in sludge is one of the limiting factors for its application on
a bigger scale as a soil amendment. The soil threshold level (content) of metals such as
Hg, Ni, Pb, Cd, Cr, Cu, and Zn have been established by European legislation (European
Directive 86/278/EEC) to regulates the application, and maintaining these elements at
lower levels than the threshold when using sewage sludge for agricultural purposes [10].

The aim of this study was to investigate the liquid sludge sourced from the wastewater
treatment plant of the activated sludge lagoon type, located in the city of Skhirat, Rabat,
Morocco for its suitability to apply as an amendment for agriculture. It is believed that
soil application of liquid sludge can improve soil properties and enhance crop growth
and yield.

2. Materials and Methods

Experimental Design and Physico-Chemical Investigation

This experiment was designed to determine the effect of different proportions of liquid
sludge (generated by the WWTP Skhirat Morocco) mixed with the soil. Different mixtures
of sludge with clay soil were prepared in plastic pots and experimentally monitored for
two years. The physicochemical parameters of the sludge and the soil were analyzed
and compared with a control soil. The experiment was carried out in plastic pots with a
capacity of 5 L. Five treatments were evaluated in a randomized complete block design. The
treatments comprised: (1) 20% liquid sludge and 80% soil, (2) 40% liquid sludge and 60%
soil, (3) 60% liquid sludge and 40% soil, (4) 80% liquid sludge and 20% soil, (5) 100% soil
(control); the texture of soil was determined according to [11]. pH (1:2 w/v soil water) and
electrical conductivity (EC) (1:4 w/v soil water) were performed using a multiparameter
Type HACHLANG/Model: sensi ON + MM374. The chloride (Cl−) was determined by
titration with AgNO3 [12]. Available phosphorus (P) was measured by NaHCO3-ascorbic
acid method [13]. Total Khjeldal nitrogen (TKN) was determined using the Kjeldahl method
(Bremner 1996) [14] and total organic carbon (TOC) was determined using titration [15].
Heavy metals such as Cu, Ni, Zn, Pb, and Cd were extracted with acids and determined
using a microwave plasma atomic emission spectrometry: MP-AES 4210, at the National
Laboratory of Studies and Surveillance of Pollution Rabat Morocco.

3. Results and Discussion

The physicochemical properties and heavy metals of the soil after the experiments in
pots are presented in Table 1. Soil pH is one of the most important and widely measured
chemical properties of soil that directly influence plant growth. It is a major factor affecting
the availability of elements for plant uptake. In the present work, the pH of the liquid
sludge applied amended to the soil was within the threshold level for plant growth and
ranged from 7.32 to 7.75. Similar results were obtained by other researchers and they also
noticed an increase in soil pH after sludge application [16]. With regard to salinity, the
measured electrical conductivity (EC) (Table 1) showed that application of the liquid sludge,
did not lead to soil salinization, and EC values remained generally in the accepted range
of ≥4000 μS cm−1 according to Cantrell and Linderman, 2001 [17]. The concentrations of
macronutrients K, Na+, and P were increased with sludge treatments (20% liquid sludge
+80% soil) (Table 1). With the application of sludge, TOC increased from 0.64% (soil control)
to 25.34% in 80% liquid and sludge and 20% soil. TOC is directly related to soil fertility
and agricultural productivity potential [18]. Most of the sludge treatments decreased C/N
ratio, indicating favorable mineralization of sludge. The trace metal content in sludge is
one of the limiting factors for its use as a soil amendment. The threshold limits for Cd,
Cr, Cu, Hg, Ni, Pb, and Zn have been set by European legislation (European Directive
86/278/EEC). The liquid sludge added to the soil resulted in an increase in heavy metals
content in the receiving soil. However, this was mainly a dose-dependent increase (highest
increase in the highest proportion of sludge). For the heavy metal content from the 80%
sludge treatment, the average values recorded in the treatments was in the following order
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Zn > Cu > Pb > Ni > Cd (Table 1). Their concentration in all treatments with sludge was
not higher than the critical values defined by the European Union for agronomy.

Table 1. Physio-chemical properties of experimental soils and liquid sludge from the treatment plant
in Skhirat, Rabat, Morocco.

Parameter LS LS 1/S1 LS2/S2 LS3/S3 LS4/S4 CS
Limits of Heavy Metal
Concentrations in Soil

Clay % - - - - - 56.12
Sand % - - - - - 12.03
Silts % - - - - - 31.85
pH 7.86 7.32 7.58 7.69 7.75 7.24
EC (μS cm−1) 3091.08 227.1 249.84 294.15 416.21 213.52
Moisture (%) 95.14 16.24 38.64 48.98 69.78 14.98
OM (%) 83.78 9.03 16.78 19.10 21.43 0.71
TOC (%) 41.71 2.45 4.29 9.12 25.34 0.64
TKN (%) 1.23 0.19 0.31 0.49 0.73 0.082
C/N ratio 33.91 12.89 13.83 18.61 22.6 7.8
P Olsen (mg kg−1) 189.47 79,10 86.78 113.29 127.89 26.03
K+ (mg kg−1) 56.47 21,85 29.69 35.90 38.07 4.92
Na+ (mg kg−1) 46.09 13.56 19.37 24.83 27.17 2.4
Cl- (mg kg−1) 2149.16 143.71 194.26 234.51 678.47 8.13
Zn (mg kg−1) 289.84 19.04 26.75 37.11 136.69 7.71 150–300
Pb (mg kg−1) 59.03 9.58 11.14 14.98 17.91 4.11 750–1200
Ni (mg kg−1) 8.45 2.8 3.1 3.89 4.73 0.4 300–400
Cd (mg kg−1) <0.003 0.001 0.001 0.002 0.03 0.001 1–3
Cu (mg kg−1) 116.64 25.49 32.18 43.98 69.05 9.68 1000–1750

LS; liquid sludge, LS1/S1: 20% liquid sludge +80% soil, LS2/S2:40% liquid sludge +60% soil, LS3/S3: 60% liquid
sludge+40% soil, LS4/S4: 80% liquid sludge +20 soil, CS: control soil.

4. Conclusions

The potential use of liquid sludge as a soil amendment was evaluated by mixing in
different proportions with soil. The highest concentrations of organic matter and macro-
and micronutrients (NPK) in the treatments with sludge application indicate its potential
to replace mineral fertilizers. The nutrient and heavy metal parameters (trace metals)
determined are below the European limits, which indicates it is possible and suitable to
apply as a soil amendment. However, a future study on thorough microbial study is
suggested to prevent its possible negative effect on human and environmental health.
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Abstract: In this work, we will present a new protocol to identify solid matter quickly, and at low cost,
by physico-chemical analysis methods. The fast and less expensive methods for identification that
we investigate, using principal component analysis (ACP), are hydrogen potential (pH), electrical
conductivity, density and solubility.

Keywords: rapid identification; solid materials; the coefficient of variation; principal component
analysis (ACP)

1. Introduction

Principal component analysis (ACP) is one of the multivariate data analysis methods,
and is very useful when there are large amounts of quantitative data to process and inter-
pret. ACP is a tool, whereby it is possible to make correlations between different variables
by their projections in reduced spaces made up of axes designated as principal compo-
nents [1]. The methods for identifying solid compounds include Infrared Spectroscopy,
Scanning Electron Microscopy and X-ray Diffraction. However, these methods are very
expensive and difficult to handle. In this article we study and validate different rapid
techniques using ACP, that facilitate identification of solid compounds at low cost [2–4].
The identification methods which will be studied are solubility, hydrogen potential (pH),
electrical conductivity and density.

2. Materials and Methods

The study was carried out on four phosphate fertilizer materials purchased from
Sigma-Aldrich to test and validate the method for each material We prepared four series of
measurements under repeatability conditions. These four series corresponded, respectively,
to hydrogen potential (pH), electrical conductivity, density and solubility [5]. In order to
determine the solubility of the material, we prepared a saturated solution of the sample.
Then, the prepared solution was filtered under vacuum. The solid part of the extraction
was recovered and put in an oven to dry until solid. Finally, the solubility was the ratio of
the soluble mass to the volume [6]. To measure the pH and the electrical conductivity of
the samples, we measured the solubility pH and the conductivity of the filtra (saturated
solution), respectively, by making use of a pH-meter (PREMIUM) and a conductivity
meter [7,8]. The density was measured by filling a cylinder (test tube) with a determined
volume, having a determined mass, and calculating the density as mass over volume [9].

3. Results and Discussion

At the end of validating the identification, the solubility, the pH, the electrical conduc-
tivity and the volumetric mass, we calculated the coefficient of variation (CV (%)) and the
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lower and upper repeatability limits for each series of measurements, with a probability of
95% [10]. The results show that for the four phosphate fertilizers and for the four methods,
all the values did not exceed the lower and upper values of repeatability. Furthermore, the
relative error in all the cases was lower than 5%. Then, the repeatability of the four methods
was checked and validated. After checking the validation of the four methods, we applied
the ACP method using the results of measurements for the different materials, with the
aim of immersing two relevant pieces of information. For each material, ten measure-
ments were included in the analysis and were introduced without any specification of the
type considered. The samples were numbered from 1 to 40 and the matrix, thus formed.
contained 160 pieces of data to be processed.

Figure 1 presents the eigenvalues obtained in the data processing. The first two main
axes mainly carry the relevant information representing about 98% of the cumulative
variability [11]. In this case, the ACP application allowed us to project the 160 pieces of
data on a two-dimensional space.

Figure 1. Representation of the eigenvalues and the cumulative variability.

Figure 2 shows that the four variables are well represented in the space of the
two components F1 and F2. From this figure the representation of the samples shows
four distinct groups; each linked to the type of material considered. The possibility of
discriminating between the types of materials must be exploited in the attribution of any
type of sample analyzed.

 

Figure 2. Representation of variables and tests in the plane of the main component.
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4. Conclusions

In this work, the following physico-chemical parameters were measured for four types
of phosphate fertilizer materials, with the aim of being able to set up a rapid identification
method for these materials: solubility, pH, conductivity and density. Validity tests applied
to the results of these measurements validated the four methods. Data from repeatability
tests were processed using the Principal Component Analysis method. We noticed that
the tests of each type of material formed a group. Therefore, thanks to the analysis of the
principal components (PCA) we were able to discriminate any unknown analyzed sample
and were, therefore, able to recognize it and easily attribute it to the type of matching
material, quickly and unambiguously.
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Abstract: Insect frass is considered as a sustainable resource for plant nutrition. This new amendment
is characterized by a high salinity (EC) which constitutes an issue for its agronomic utilization. The
objective of this work is to evaluate the effect of four organic amendments with different EC: frass of
Hermetia illucens (15.19 mS/cm), frass of Tenebrio molitor (6.47 mS/cm), vermicompost (2.07 mS/cm),
and cattle manure (1.33 mS/cm), on zucchini crop. The results showed a great improvement of
the agronomic parameters of zucchini using frass of T. molitor insects. This study shows that insect
frass could be potential alternatives of conventional amendments and may have positive impact on
sustaining agricultural production.

Keywords: cattle manure; Cucurbita pepo L.; insect frass; plant nutrition; salinity; vermicompost

1. Introduction

Global population growth requires the development of new strategies for sustainable
food production [1]. Mass rearing of insects could be a sustainable and ecological alternative
for animal protein production [2]. However, the insect farming activity generates large
amounts of excreta called insect frass [3]. The use of these frass as biofertilizers could
represent an opportunity to decrease the use of chemical fertilizers and thus contribute to
the development of resilient and sustainable agriculture. Studies have highlighted the use
of insect frass as organic fertilizers, such as those of Tenebrio molitor [4] and the fly Hermetia
illucens [5]. These studies have shown that insects frass are rich in plant-available nutrients
and microorganisms and promote plant growth and natural defense. The salinity of these
new amendments poses a real problem in their use especially at high doses. In this context,
the present work consists in determining the effects of four organic amendments, namely:
vermicompost, cattle manure and the frass of Hermetia illucens and Tenebrio Molitor, on
growth and production of zucchini cultivated under greenhouse.

2. Materials & Method

2.1. Location of the Trial and Plant Material

This study was conducted between June and September 2021 at the experimental farm
of the Horticultural Complex of Agadir. The trial took place in a greenhouse type “multi
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Chapel” with an area of 48 m2. A hybrid F1 variety “Leen” of zucchini was used as plant
material of the study.

2.2. Preparation of the Culture Substrates

The four applied organic amendments are cattle manure, vermicompost and two
biofertilizers based on the frass of Tenebrio molitor and Hermetia illucens. Sand was used as a
control substrate. Four mixtures were prepared based on sand to which, one of the organic
amendments was added. The mixtures were made at a ratio of 1 (organic amendment): 20
(sand) in terms of volume [6]. A chemical analysis was made to investigate the effect of the
organic amendments on the physico-chemical characteristics of the mixtures, Table 1 below
summarizes the different chemical characteristics of the tested amendments.

Table 1. Chemical characteristics of the tested amendments.

Chemical
Characteristics

Composition

UnitHermetia illucins
Frass

Tenebrio molitor
Frass

Vermicompost Cattle Manure

OM 8.02 7.65 7.87 %
C/N 4.02 3.84 20.20 20.00 -
pH 7.05 5.97 8.60 8.13 -
EC 15.19 6.47 2.07 1.33 (mS/cm)
N 1.18 1.16 0.23 0.62 %
K 0.38 0.35 0.38 0.61 %
Ca 3.13 2.44 46.28 261.30 Meq/100 g
Mg 6.30 66.36 22.86 84.70 Meq/100 g
Na 60.23 11.92 7.52 - Meq/100 g
Zn 17.51 10.34 2.41 1.49 mg/Kg
Mn 1.87 1.87 1.87 2.68 mg/Kg
Fe 6.20 15.77 3.48 64.00 mg/Kg
Cu 0.92 1.05 0.16 0.20 mg/Kg

2.3. Experimental Design

The trial was conducted in a randomized complete block design with five replications.
Each block was composed of 20 zucchini plants, planted in 8-L containers. The experimental
unit corresponds to 4 plants with a spacing of 50 cm between the pots and 80 cm between
the blocks.

2.4. Statistical Analysis

The analysis of variance (ANOVA) was performed with the Minitab 16 (Minitab Inc.
State College, PA, USA). Tukey’s test was adopted to compare the means between different
treatments, at 5% significance level.

3. Results

Growth Attributes

Statistical analysis of data related to leaf area, leaf dry weight, number of fruits,
and average fruit weight per plant, fresh root weight and plant height revealed that the
differences among treatments were very highly significant. Comparison of the means
by Tukey’s test distinguished different groups. For leaf area Tenebrio molitor frass (FTM)
followed by Cattle manure (Cm) showed good vegetative growth. FTM and Vermicompost
(V) showed the best results for dry leaf biomass with means of 42.26 and 40.60 g/plant,
respectively, followed by Cm and Hermetia illucins frass (FBSF) which represented 36.79 and
36.48 g/plant respectively and finally, the control (T) with 30.94 g/plant. The number of
fruits per plant was maximum for the FTM treatment, followed by V, Cm, FBSF and T with
average values of 2.95, 2.65, 2.5, 2.45 and 2 fruits/plant respectively. For the fruits weight,
two homogeneous groups were observed, the FTM and V treatments were represented by
the first group and the Cm, FBSF and T treatments were included in the second group. The
FTM amendment resulted in the highest fresh weight of the zucchini plant roots, which
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was around 34.45 g. The V, Cm and FTM amendments resulted in average values of 33.95;
30.49; and 27.47 and 24.05 g/plant respectively. The highest value of final plant height of
zucchini was recorded in the plants amended by FTM followed by V, Cm, FBSF and finally
by T with values of 113.4, 111, 106.6, 102.6 and 98.4 cm respectively. Table 2 summarizes
the effect of the different organic amendments on different agronomic parameters.

Table 2. Effect of different organic amendments on growth attributes. The means followed by the
same letter are not statistically different at p < 5% according to the Tukey test.

Number of Fruits
per Plant

Plant Height (cm)
Dry Weight of

Leaves (g)
Leaf Area (cm2)

Fresh Root Weight
(g)

Average Fruit
Weight (g)

Control (T) 2.45 (b) 102.7 (e) 30.94 (c) 16,956.75 (d) 24.06 (d) 292.55 (b)
Cattle manure (Cm) 2.95 (a) 106.6 (c) 36.79 (b) 18,839.46 (b) 27.48 (c) 299.47 (b)
Vermicompost (V) 2.65 (ab) 111.0 (b) 40.61 (a) 19,541.45 (a) 33.95 (a) 320.42 (a)
Hermetia illucins
frass (FBSF) 2.50 (b) 106.1 (d) 36.48 (b) 18,049.94 (c) 30.50 (b) 298.42 (b)

Tenebrio molitor frass
(FTM) 2.00 (c) 114.4 (a) 42.26 (a) 19,905.52 (a) 34.45 (a) 323.42 (a)

4. Discussion

The obtained results show that the substrates amended by FTM recorded the highest
values in terms of plant height, leaf area and fresh and dry weight of the vegetative part.
This can be explained by the availability of mineral elements easily assimilated by the
plant in the substrates amended by the insect’s frass, as well as by the heterogeneity of the
quantities of fertilizing elements in the soil. This could also be explained by the rate of
absorption of mineral salts by the roots and by the quantities of nitrogen and phosphorus
consumed, which stimulate the synthesis of proteins and consequently the accumulation
of dry matter as observed under the insect’s frass and vermicompost treatments. While
for the control treatment (100% sand), the low values of the growth parameters recorded
could be explained by the use of plant assimilates in fruit enlargement rather than in
vegetative growth. Indeed, similar results to the effect of FTM were found by [5] who
revealed that FTM may have some success in improving lettuce yield. Fresh weight, length
of aerial part, basal stem width, and chlorophyll content of leaves all indicated significant
increases with Molitor’s tapeworm taper application compared to the negative control.
Also, Przemieniecki et al. [7] found that soil fertilization with meal from Tenebrio larvae
increased fresh and dry weight of biomass compared to mineral nitrogen fertilizer. It is
noted that excessive Na+ uptake can cause evident leaf damage, reduction in leaf number,
leaf area recession and reduction in fresh and dry weight [8], which may explain the
reduction in leaf number and fresh and dry weight of the black soldier treatment, since it
has a higher Na+ content. Graifenberg et al. [9] reported that in response to salinity there is
a reduction in dry weight mainly in the aerial part of the zucchini plant and that the ratio
of the dry weight of the aerial part to the dry weight of the root part decreases under salt
stress conditions, which means that the dry weight of the roots is less affected by salinity.
The positive results obtained by vermicompost amendment in terms of number of fruits
per plant and average fruit weight of zucchini are confirmed by [10] who showed that
vermicompost had significant effects on fruit weight.

5. Conclusions

Hermetia illucens frass is very saline due to the high content of mineral salts. This
negatively influenced the growth and development of zucchini plants with a low yield
compared to plants fertilized with Tenebrio molitor frass which recorded a high yield. The
two amendments that provided the best vegetative growth of the zucchini plants were the
Tenebrio molitor frass and vermicompost. These amendments showed adequate performance
in terms of veg-etative growth parameters and fruit size. The insect frass-based organic
amendments (e.g., Tenebrio molitor frass) improved the yield of zucchini plants by 62%
compared to control, suggesting that these products could be potential alternatives to
chemical fertilizers.
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Abstract: The aim of this search was to understand the effect of humic acid on soil properties and the
growth and salinity tolerance of maize irrigated with saline water. The experiment was conducted
in the Sabboura Research Station, Syria in 2019–2020. As treatments, humic acid was added to the
soil at concentrations of 0, 1, and 2 g/L·m2, and the crop was irrigated using saline water with 0.5, 2,
4, and 6 ds/m salinity, measured by electrical conductivity (EC). The results showed that treatment
with 2 ds/m irrigation water salinity and 2 g/L·m2 of humic acid achieved the highest fresh biomass
production and plant height compared to the control and other treatments, while 4 ds/m irrigation
water salinity and 0 g/L·m2 of humic acid gave the highest productivity measured by dry mass. In
addition, the pH value increased up to 9.15 for the treatment with 6 ds/m irrigation water salinity and
2 g/L·m2 of humic acid, while the EC values increased with an increase in salinity in the irrigation
water, and the highest value (2.59 ds/m) occurred in the treatment with 6 ds/m irrigation water
salinity and 2 g/L·m2 of humic acid. The use of highly saline irrigation water (6 ds/m) led to an
increase in EC and caused a noticeable decrease in plant height and fresh biomass accumulation in all
treatments, indicating that maize cannot tolerate more than 6 ds/m irrigation water salinity.

Keywords: salinity; humic acid; maize; saline water; Sabboura

1. Introduction

The use of irrigation water with salinity below a threshold value is the key to meeting
agricultural needs with economic and environmental sustainability [1]. Especially in
the context of climate change, leading to increasing water demand for several purposes,
freshwater needs to be used judiciously to preserve the soil, water, and climate [2–5]. At
the same time, soil health is a key issue to consider for the long-term sustainability of
crop production, especially in arid and saline drylands. The addition of organic matter
or its extracts to the soil has a very important effect on the various physical, chemical,
and biological properties of the soil, as it is an important source of many nutrients and
an essential source of energy for soil organisms [5–9]. Some organic extracts (chelates)
such as humic acid have a significant role in improving plant growth and increasing the
efficiency of roots in absorbing water and dissolved nutrients, increasing the plant’s ability
to tolerate salt stress, and improving various physical, chemical, and biological properties
of the soil. Thus, this experiment was conducted to study the effect of humic acid with
saline irrigation water application on soil properties, to determine their effect on the growth
and productivity of maize, and to understand the maize plant’s tolerance for salinity.

2. Materials and Methods

The experiment was carried out in pots at ACSAD Research Center in Al-Saboura,
Syria using a factorial randomized complete block design. Two factors, i.e., three levels of
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irrigation water salinities, A0 = 0.5 ds/m, A1 = 2 ds/m, A2 = 4 ds/m, and A3 = 6 ds/m, and
three rates of humic acid, B0 = 0 g/L·m2, B1 = 1 g/L·m2, and B2 = 2 g/L·m2 were applied as
treatments. The data were analyzed as a factorial experiment and the significant differences
were estimated using the F-test. The treatments’ mean separation was determined using
the LSD test at the 5% level of significance for both main and interaction (A*B) effects.

3. Results and Discussion

Table 1 shows the measured results for the fresh weight, dry weight, and plant height.
We found the superiority of all treatments with humic acid over the control treatment (No. 1)
in producing fresh weight, whereas treatment No. 6 resulted in the highest production of
vegetative mass.

Table 1. Fresh and dry weight and plant height as affected by the application at different rates.

Treatment
No.

Irrigation
Water

Salinity
(ds/m)

Humic
Acid
Rates

(g/L·m2)

Fresh Weight
(g)

Increase
Over

Control
%

Dry Weight
(g)

Increase
Over

Control
%

Plant Height
(cm)

Increase
Over

Control
%

1 0.5 0 184 100 43.18 100 42.25 100

2 0.5 1 305.66 166. 77.29 178.99 70.5 166.86

3 0.5 2 269.33 146.37 74.43 172.37 63.16 149.49

4 2 0 308. 167.88 98.36 227.79 65.75 155.62

5 2 1 314.33 170.8 86.84 201.11 67.5 159.76

6 2 2 335.6 182.42 98.24 227.51 74 175.14

7 4 0 296.6 161.2 111.77 258.84 62 146.74

8 4 1 251 136.41 68.74 159.19 58.75 139.05

9 4 2 232. 126.3 57.7 133.76 49 115.97

10 6 0 240 130.43 49.89 115.53 60.75 143.78

11 6 1 275. 149.45 105.88 245.20 43.25 102.36

12 6 2 201 109.23 41.40 95.87 42.55 100.7

LSD (5%) (A × B) 12.3 4.5 3.6

This was followed by the two treatments No. 5 and No. 4. Regarding the dry weights
of plants, we note that the highest dry weight was recorded for plants with treatment
No. 7, which amounted to 111.77 g per pot, compared to the control whose average dry
weight did not exceed 43.18 g. Likewise, with regard to the average plant height, we find
that treatment No. 6 resulted in the highest average height of plants (74 cm), with an
increase over the height of the control plants of 75.14%. Humic acid has an important role
in improving the physical, chemical, and biological properties of the soil as a store for many
necessary nutrients for plant growth and has a role in maintaining the buffering capacity
and improving the strength of plant growth [2,5,10,11].

In general, the differences were very significant between most of the treatments and the
control, while we note that the use of water with high salinity (6 ds/m) led to a significant
decrease in both the wet weight of the product and the height of the plant. The reason
for this decrease is the negative impact of salts on plant growth, as well as the shortage of
water absorbed as a result of osmotic stress [8–12].

Table 2 shows a decrease in the value of electrical conductivity with the use of non-
saline water (0.5 ds/m) and an increase for the two treatments, i.e., 4 and 6 ds/m. The
maximum value reached was in treatment No. 11, with a score of 2.597, compared to
the control with a score of 0.255. Here, we note that in the treatment irrigated by water
(0.5 ds/m), the value of the electrical conductivity decreased with an increase in the amount
of humic acid used, with a value of 0.199 for treatment No. 3, compared to a value of
0.255 for treatment No. 1. The decreasing EC values are suspected to occur because humic
acid exchanges H+ ions with soil Na+, so that the Na+ content decreases and the H+ levels
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increase, causing the soil EC to decrease [2,5,10]. From the table, we also note fluctuations
in the values of organic matter, which decreased significantly in the humic acid treatments,
regardless of the saline concentration of the irrigation water. [5–8]. We can also see that in
the treatment irrigated by water (6 ds/m), the amount of organic matter remained close to
the control in treatment No. 1, which is evidence of the effect of a high salt concentration
on the activity of microorganisms, slowing down the decomposition of the organic matter.
Regarding the changes in the concentration of elements N, P, and K, they were limited and
to some extent correlated with the rate of organic decomposition and plant production.

Table 2. Soil chemical properties as affected by the application of different rates of humic acid and
irrigation water salinity.

Treatment
No

Irrigation
Water

Salinity
(ds/m)

Humic
Acid
Rates

(g/L·m2)

pH (kcl)
(1/5)

EC
(ds/m)
(1/5)

C-org
(%)

OM (%)
N-No3

(mg/kg)
N (%)
Total

P
(mg/kg)

K
(mg/kg)

1 0.5 0 8.50 0.255 0.508 0.876 11.50 0.057 7.85 314

2 0.5 1 8.59 0.214 0.536 0.924 5.13 0.082 7.60 312

3 0.5 2 8.37 0.199 0.438 0.755 5.70 0.053 6.03 308

4 2 0 8.80 0.537 0.464 0.800 3.26 0.055 7.73 297

5 2 1 8.76 0.675 0.431 0.743 5.03 0.063 5.90 288

6 2 2 8.83 0.858 0.417 0.719 5.13 0.068 5.90 306

7 4 0 8.78 1.597 0.483 0.833 5.96 0.059 5.56 285

8 4 1 8.88 1.861 0.457 0.788 7.10 0.083 6.40 311

9 4 2 8.95 1.258 0.411 0.709 14.7 0.069 5.90 322

10 6 0 9.04 1.989 0.588 1.014 14.8 0.070 7.80 355

11 6 1 8.94 2.597 0.582 1.003 13.4 0.074 7.80 386

12 6 2 9.15 1.758 0.598 1.031 11.35 0.075 6.40 387

LSD (5%) (A × B) 0.23 0.23 n.s. 0.2 1.6 n.s. 0.3 6.5

4. Conclusions

In conclusion, the results indicate that humic acid applications can improve growth,
fresh and dry biomass accumulation, and plant height. A slight decrease in the EC value
with an increase in the amount of humic acid was recorded. The amount of soil organic
matter remained close to the control in treatments irrigated with highly saline water. This
experiment shows the importance of using organic fertilizers in improving soil properties
and increasing the tolerance of maize to salt stress when saline water is used for irrigation.
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Abstract: Incubation and germination experiments were carried out to evaluate spent grain, cheese
whey, gypsum, and compost for reclamation of sodic soils and enhancing corn (Zea mays L.) ger-
mination. Results indicated that all organic amendments effectively reduced exchangeable sodium
percent (ESP), sodium adsorption ratio (SAR), and soil pH, while they enhanced soil organic matter,
macronutrients, and corn germination percentages compared with gypsum and control. The positive
impacts of all amendments followed the arrangement: spent grain > cheese whey > compost >
gypsum > control. Moreover, one-month incubation was enough time for amendments to mitigate
soil sodicity before crop plantation.

Keywords: sodic soils; industrial by-products; cheese whey; organic amendments; Zea mays L.

1. Introduction

Globally, more than 60% of salt-affected soils are classified as sodic soils [1]. Sodic
soils reclamation is generally more expensive compared with saline–sodic or saline soils [2].
However, sodic soil could be remediated by incorporation of organic matter or chemical
amendments. Because of the lack of organic farm waste in many regions around the
world, industrial organic by-products, such as brewer’s spent grain (SG) and cheese whey,
could be used as alternatives to conventional organic fertilizers. SG is a byproduct of beer
production, constituting almost 85% of the total byproducts produced matters [3]. Cheese
whey is a liquid byproduct of cheese and cottage cheese manufacture. For each kg of cheese
produced, 9 kg of cheese whey is generated [4].

Spent grain and cheese whey disposal are often environmental issues. The properties
of SG and cheese whey make them ideal candidates for recycle in agriculture. Developing
this practice may mitigate the economic and environmental issues of degraded soil and
excess wastes. The specific objectives of this research were to assess the capacity of SG,
cheese whey, compost, and gypsum to reduce soil sodicity, improve soil sequestration of
macronutrients, and enhance maize growth on sodic soils.

2. Materials and Methods

Sodic soils used for the experiment (Typic Torrifluvents) with clay loam texture were
collected from the region of Abees, Alexandria, Egypt. Four types of amendments were
applied in this study and included spent grain, cheese whey, compost, and gypsum. The
characterizations of the SG, cheese whey and compost were calculated using methods
outlined in ref. [5]. The amendments characterizations are shown in Table 1.

Environ. Sci. Proc. 2022, 16, 36. https://doi.org/10.3390/environsciproc2022016036 https://www.mdpi.com/journal/environsciproc
255



Environ. Sci. Proc. 2022, 16, 36 2 of 4

Table 1. Characterization of organic amendments used in this study (oven dry weight basis).

Analyte Compost Spent Grain Cheese Whey

pH (1:5 w:w) 6.95 4.16 3.82
EC (dS m−1, 1:5 w:w) 5.91 1.45 5.12

Organic Matter (%) 42.5 75 3.15
Total N (%) 2.26 6.12 2.63
Total P (%) 1.13 1.86 0.14
Total K (%) 0.59 2.74 0.33

Organic carbon (%) 24.65 43.5 1.83
C:N ratio 10.91 7.1 0.69

Moisture (%) 23 75 96
Fe (mg kg−1) 930 1130 nd 1

Zn (mg kg−1) 215 368 nd
Mn (mg kg−1) 98 210 nd
Cu (mg kg−1) 67 98 nd
B (mg kg−1) 23 39 nd

1 Not determined.

2.1. Incubation Experiment

Seven treatments were applied in this research and included 2 levels of cheese whey
(W1 and W2), 2 levels of compost (C1 and C2), gypsum (G), spent grain (SG), and control
(Ctrl). The application rates of cheese whey were 1% and 2% dry matter content. The base
level of spent grain (SG) and compost (C1) was the quantity of spent grain or compost
required to increase soil organic matter (SOM) by 1%. Compost was also added twice
the base level (C2). Gypsum was added at equivalent rate of gypsum requirement to
reduce ESP to 10%. Amendments were incorporated with 5 kg of sodic soil and packed
in polyethylene pots. All pot treatments were incubated under natural field conditions,
without plants, for a month. After incubation, sub-samples were analyzed for selected
chemical properties (Table 2).

Table 2. Change in ECe (ds m−1), soil pH, SAR, ESP (%), OM (%), soil available N, P, K (mg kg−1),
and biomass (g pot−1) after soil incubation with various treatments. Same letters within columns
indicate no significant differences (p < 0.05, Tukey’s test).

ECe pH SAR ESP OM N P K Biomass

Initial 3.91 8.75 26.9 31.0 1.66 78.5 4.45 352 -
Ctrl 3.55a 8.60a 20.1a 23.7a 1.57d 75.8c 4.62e 341c 2.25d
W1 3.28ab 7.86de 9.2b 11.0b 1.90cd 115.7c 5.33de 426bc 5.09b
W2 3.23b 7.71e 8.2b 9.5b 2.32abc 125.0bc 5.96cd 554ab 4.81bc
C1 2.48c 8.07c 11.0b 12.3b 1.98bcd 183.2d 6.64c 415bc 2.92d
C2 2.41c 7.92cd 10.3b 11.9b 2.52ad 288.3a 8.80b 484bc 3.32cd
G 2.59c 8.32b 11.0b 12.4b 1.47d 87.7c 4.85de 369c 2.28d

SG 2.70bc 7.48f 9.1b 10.9b 2.80a 325.0a 10.85a 669a 7.03a

2.2. Germination Experiment

After incubation, the pots were sown with 4 corn seeds (Zea mays L.). The germina-
tion experiment continued for 15 days. At the end of the germination experiment, the
germination percentage was determined, and then dry weight was recorded.

3. Results and Discussion

3.1. Incubation Experiment

All treatments produced significant decreases in soil ECe compared with the respective
initial values (Table 2). This reduction of salt concentration is attributed to the high
leaching of solute in the treated soil. These reductions in soil ECe can be illustrated by
the mobilization of Ca via increasing the dissolution of soil calcite, which exchanges Na
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at cation exchange complex and forms Na2SO4, MgSO4, and other high solubility salts.
Moreover, these reactions promote water infiltration, soil flocculation, and stability [6]. As
a result, the majority of these soluble salts leached with the drainage water. Post incubation
soil analysis showed that soil pH was significantly decreased in all treatments compared
with control (Table 2). Soil pH reduced to less than 8.5, the critical value of pH for salt-
affected soil. Spent grain and cheese whey are acidic. Thus, they might be preferably used
than compost as organic amendments for decreasing soil pH and reclamation of sodic soils.
It is likely that incubation of organic treatments probably enhanced the partial pressure of
CO2 because of increases of the microbial activity. This possibly caused by the formation
of organic and inorganic acids, which lead to decreasing pH in organic treated soils [7].
Furthermore, solubilization of minerals such as Ca and Mg [8] because of microbial activity
assists the decrease of pH in sodic soils by exchanging with Na from the cation exchange
complex [9].

The SAR levels reduced by 25.3%, 65.7%, 69.4%, 59.2%, 61.5%, 59.0%, and 66.1% for
Ctrl, W1, W2, C1, C2, G, and SG, respectively. The releasing of Ca and Mg by organic
treatments increased their contents in soil solution and facilitated the exchange with
exchangeable Na on the cation exchange complex and release Na to soil solution. Thus, it
helped Na loss by leaching. As a result, soil SAR reduced. Furthermore, extra Ca release
from gypsum promoted the exchangeable Na release to soil solution, and consequently
enhanced additional decreases of soil SAR [10]. All treatments, except for control, were
effective in decreasing the soil ESP to less than 15% (Table 2). The significant decrease
in the exchangeable Na levels led to the reduction in the soil ESP. Organic amendments
and gypsum were statistically equally successful in decreasing the soil ESP. This reduction
could be attributed to the releasing of Ca from gypsum, organic amendments, and the
solubilization of soil calcite by organic amendments that probably promote the Na–Ca
exchange rate among the cation exchange complex and soil solution.

All organic treatments produced significant increases in SOM. The greatest increases
were recorded with the SG and C2 treatments compared with control (Table 2). It is noted
that SOM in gypsum treated soil decreased by 6.6%. The size of the increase in SOM tends
to correlate with the quantities of organic matter applied by each amendment. Comparable
results were observed by ref. [11] who reported a significant level of SOM in calcareous soil
treated with SG or compost compared with the untreated ones. Similarly, ref. [12] stated
that increasing application rate of mozzarella cheese whey led to increasing SOM in both
clay and calcareous soil. Soil-available N, P, and K concentration were increased using
all amendments compared with the Ctrl. Therefore, all of amendments were efficient at
contributing soil available N, P, and K to sodic soil (Table 2). The SG significantly produced
larger levels of N, P, and K compared with other organic amendments. Mineralization of
organic materials present in the added organic treatments leads to increases in the soil
available N, P, and K. Furthermore, organic amendments could be added before sowing to
have enough time for the mineralization processes of organic compounds, thus increasing
the availability of plant nutrients. Comparable conclusions were reported by ref. [12].

3.2. Germination Experiment

No significant differences in the final germination percent (FGP) were found between
treatments in sodic soil. However, there were significant differences in biomass yield
among the treatments (Table 2). Spent grain (SG) was the most effective one in enhancing
seed germination in sodic soil. The biomass yield of SG significantly increased to 312%
in comparison with untreated soil (Ctrl). This was due to the superior effect of the spent
grain (SG) in ameliorating soil sodicity by decreasing soil pH, exchangeable Na, soluble
Na, ESP, and SAR, and increasing N, P, and K. Gypsum treated soil was a less effective
amendment and produced poor seed germination as control. This may be due to the fact
that the gypsum was a less effective treatment in decreasing soil pH. Moreover, it does
not support sodic soil with any remarkable amount of OM, N, P, or K, compared with
organic treatments.
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4. Conclusions

All organic amendments examined in the present study were efficient at remediating
sodic soil properties and improving corn seed germination. The commonly used amend-
ment gypsum was less effective than organic amendments in ameliorating sodicity and
improved corn seed germination in sodic soils. Hence, use of such industrial organic wastes
as spent grain and cheese whey in sodic soil reclamation provides an environmentally
friendly and economic practice of disposal and consequently enhancing soil quality and
crop yield. The addition of spent grain or cheese whey to sodic soil was confirmed to be
a very efficient method of decreasing pH, ESP, and SAR and increasing organic matter,
nitrogen, phosphorous, potassium, and corn yield. Increasing the application rates of
cheese whey and compost did not significantly enhance biomass yield or reduce sodicity
compared to lower application rates. The economics of sodic soil reclamation require a
low-cost method for successful implementation. Spent grain and cheese whey avoid the
cost of composting. Thus, they are more economical amendments than compost.
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Abstract: An adapted sustainable management program was used to evaluate lettuce tolerance to
salt stress using autochthonous biostimulants (arbuscular mycorrhizal fungi (AMF), plant growth-
promoting rhizobacteria (PGPR), and compost). Salinity harmed plant growth, root colonization, and
physiology. However, biostimulants application, especially AMF and PGPR treatments, significantly
improved lettuce growth and salinity tolerance (120% and 50%, respectively, for biomass; 60%
and 20%, respectively, for stomatal conductance; and 1.5% and 1.3%, respectively, for chlorophyll
fluorescence) compared to non-inoculated and compost-free controls under stressed conditions.

Keywords: salt stress; endogenous mycorrhiza; PGPR; compost; stress tolerance

1. Introduction

Salt-affected soils are constantly increasing worldwide, especially in arid and semi-
arid areas. Salinity-related impacts include low agricultural productivity, low economic
returns, and soil erosion; these threaten global food productivity and challenge the sus-
tainability of cultivating crops under saline conditions. New directions towards natural
biological resources (e.g., AMF, PGPR, and organic amendments) are promising and envi-
ronmentally friendly strategies to improve the growth and development of plants under
abiotic stress. Our objectives are the following: (1) mitigate the harmful effects of salinity
by using biostimulants with indigenous plant-associated microbiomes and compost; and
(2) understand the mechanisms underlying plant-microbe-compost interactions that confer
salt stress tolerance.

2. Materials and Methods

2.1. Biological Materials and Cultivation Conditions

Four bacterial strains (Z1, Z2, Z4, and ER21) were used in this experiment, which were
isolated from arid and semi-arid regions of southeast Marrakesh, Morocco. The bacterial
suspension inoculation was carried out near the lettuce (lactuca sativa L.) roots. Similarly, the
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native fungal complex of AMF was isolated from the same region. This AMF consortium is
based on a mixture of native species [1]. Inoculation of lettuce plants was performed by
adding a quantity of the inoculum next to the root system of lettuce seedlings. The compost
used underwent composting processes for 3 months, of which no other inorganic products
were added. At the three leaves stage, lettuce seedlings were transplanted into plastic
bags filled with sterilized soil. Plants were grown in a controlled greenhouse at 25.5 C
(16/8 h light/dark) with supplemented light and average relative humidity of 68.5%.

2.2. Treatments and Study Design

The experimental design consisted of 12 treatments (10 replicates each): control,
seedlings treated with AMF (M), PGPR (R), or compost (C) grown under 0, 50, and 100 mM
NaCl. The salt stress was applied 15 days after transplantation. In order to avoid osmotic
shock to the plant, NaCl doses were applied progressively.

2.3. Mycorrhization Parameters

After harvesting, root samples were washed with distilled water and treated according
to the Phillips and Hayman method [2]. Mycorrhizal structures’ rate of root infection was
assessed by microscopic observation (ZEISS, Model Axioskop 40) according to the technique
described by Trouvelot et al. [3]. The mycorrhization frequency (MF) and intensity (MI)
were calculated using the following equations:

Mycorhization Frequency MF (%) =

(
Infected root segments

Total root segments

)
× 100

Mycorhization Intensity MI (%) =
(95n5 + 70n4 + 30n3 + n1)

Total root segments

2.4. Growth Assessment

The growth performance of lettuce plants was assessed by measuring the total dry matter
(TDM; obtained after drying the samples at 80 ◦C until the weight remained constant).

2.5. Photosynthetic Efficiency and Gas Exchanges

Chlorophyll fluorescence was measured by a fluorometer (OPTISCIENCE, OS30p).
Dark adaptation was made on the upper side of the leaf by obscuring for 30 min. This
parameter was measured by transmission at 650 nm on a leaf area of 12.5 mm2. The
fluorescence signal was recorded at an acquisition speed of 10 ms for a second. Stom-
atal conductance (gs) was measured using a porometer system (Leaf Porometer LP1989,
Decagon Device, Inc., Washington, DC, USA).

3. Results

3.1. Mycorrhizal Symbiosis

Our results showed that no mycorrhizal structure was observed in the roots of non-
treatment controls nor PGPR- and compost-treated plants. AMF infection frequency de-
creased significantly under 100 mM NaCl (Figure 1A). Mycorrhizal lettuce roots showed
the lowest root colonization intensity under salt stress conditions (Figure 1B).

3.2. Growth Assessment, Photosynthetic Efficiency and Gas Exchanges

The application of biostimulants improved TDW compared to untreated control,
independently of salt levels (Figure 2A). Total biomass was significantly affected by salt
stress. The 100-millimolar NaCl treatment reduced this parameter substantially. R and M
treatments improved the biomass under moderate salt stress (50 mM NaCl), while only M
enhanced this trait under 100 mM NaCl compared to the control plants.
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Figure 1. Influence of salinity levels (0, 50, and 100 mM NaCl) on (A) mycorrhization frequency and
(B) intensity in lettuce control plants (non-amended, non-inoculated), and plants inoculated with
plant growth promoting rhizobacteria (R), or arbuscular mycorrhizal fungi (M), or amended with
composts (C). Data are mean ± SE of 10 biological replicates. Means followed by the same letters are
not significantly different at p < 0.05 (Tukey’s HSD).

Figure 2. (A) total dry weight, (B) stomatal conductance and (C) chlorophyll fluorescence of lettuce
plants grown without (0 mM NaCl) or with (50 and 100 mM NaCl) salt stress, and subjected to different
biostimulant treatments. Control: untreated plants, R: inoculated with PGPR, M: inoculated with
arbuscular mycorrhizal fungi, C: amended with compost. Data are mean ± SE of 10 biological replicates.
Means followed by the same letters are not significantly different at p < 0.05 (Tukey’s HSD).

The overall results revealed that salinity caused a significant decline in stomatal
conductance (gs) in all treatments and chlorophyll fluorescence (Fv/Fm), both in controls
and compost-treated plants under 100 mM NaCl. Application of biostimulants, especially
M and R, significantly improved gs, independently of the salinity (Figure 2B). Under
100 mM NaCl, plants inoculated with R or M yielded an improvement in Fv/Fm compared
to untreated plants (Figure 2C).

4. Discussion

The ability of plants to tolerate salinity stress is usually evaluated in terms of biomass
produced, and several studies have highlighted that biofertilizers impart salinity tolerance
in host plants by virtue of higher biomass compared to untreated plants. Our results
showed that M and R were more effective, under both normal and salt stress conditions,
despite the reduction of AMF root colonization (Figure 1). This reduction might be due
to the adverse effects of salinity on both the host plant and fungal growth, and/or on
establishing arbuscular mycorrhiza. Our results align with the study of Santander et al. [4],
which showed that mycorrhizal infection and intensity decrease when host plants are
exposed to salt stress.

Native AMF or PGPR strains were very effective in helping lettuce attenuate salt
stress’ detrimental effects on growth and photosynthetic machinery. In the absence of
biofertilizers, lettuce biomass production was negatively affected by increasing NaCl stress
levels (Figure 2). This reduction in untreated plants is a result of both the osmotic phase
during which growth inhibition is caused by the difficulty for the plant to absorb water, and
an ionic phase due to the toxic effect of the salt within the plant, observed with the higher
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Na+ and Cl-. Interestingly, we found that AMF, or PGPR, or organic amendments signifi-
cantly promoted lettuce biomass under both control and saline conditions as compared
to the untreated controls. This could be justified by the stimulation of phytohormones
that accelerate cell division processes [5], improving nutrient acquisition (especially P)
and ionic homeostasis, plant growth, photosynthesis machinery, osmoregulation, water
status, alteration in root architecture, and/or protection against ROS-induced oxidative
stress [6]. Salt-treated plants’ lowered leaf area, coupled with a decrease in stomatal and
mesophyll conductance, limits CO2 availability and assimilation, which results ultimately
in decreased CO2 supply to RuBisCO, and/or accumulation of excess energy; this in turn
leads to increased accumulation of electrons in the thylakoid membranes. Our data showed
that AMF and PGPR bolster these mechanisms and alleviate the negative effects of salinity
on plant photosynthetic capacity by increasing the gs and net photosynthetic rate, resulting
in more quantum yield (Fv/Fm) compared to untreated control plants.

5. Conclusions

Inoculation with selected AMF and PGPR, or amendment with organic compost, can
improve the performance of lettuce under salt stress conditions. Data imply that AMF,
PGPR, or compost deploy an array of biochemical and physiological mechanisms that act
in a concerted manner to provide more salinity tolerance to the host plant. Altogether,
the use of biostimulants is considered to be an efficient approach for bio-amelioration of
salinity stress.
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Abstract: An innovative air-permeable watertight material (hereinafter “Breathable Sand”) was
invented and has been used in various agricultural applications. Proprietary coating and surface
modification processes are applied on desert sand particles, and thus the air permeability can be
retained, while the material is watertight due to its water repellency properties. Breathable Sand
has been used as a liner in salt-affected fields in Inner Mongolia and Tianjin in China. After years
of its initial application, no salt intrusion in the root zone was observed. In addition, studies in
Zhejiang Province showed that about a 30% water saving can be achieved with 3 cm of Breathable
Sand applied below the roots in rice fields, compared to conventional rice fields. Roots were stronger
and the average leaf count, grain weight, grain per ear, matured grain count, and grain maturity rates
were also higher.

Keywords: breathable sand; water conservation; saline/sodic soil; coated sand

1. Introduction

Worldwide, over 1100 million hectares of soils are affected by salinity and sodicity,
including saline, sodic, and saline-sodic affected lands [1]. In China, according to the results
of the Second National Soil Survey, there are more than 33 million hectares of salt-affected
land, of which about 13 million hectares have the potential for agricultural development [2].

Modern coated sand has been studied and used in various fields, including some
agricultural applications. Some studies showed that specially coated sand with surface
modifications, when applied under plant root zones, can significantly reduce water con-
sumption in arid land [3]. However, applications are sporadic.

In this study, aeolian sand was treated and a new engineered sand material was in-
vented and developed. State-of-the-art treatment processes were developed, which allowed
sand from the desert to meet various engineering needs. Thanks to the coating, surface
roughening, and surface modification processes, a new air-permeable watertight sand
material (hereinafter “Breathable Sand”) was invented by Rechsand Science & Technology
Group (hereinafter “Rechsand”) [4]. It has been used in stormwater harvesting, building
construction, agricultural soil modification, water treatment, and reverse desertification
projects in China, including salt-affected soil management sites in Dengkou City, Inner
Mongolia, and Tianjin City.

2. Materials

Aeolian sand (typical particle size D50 = 65–149 microns) was used as the core material,
and a series of proprietary pre-treatments and surface modification processes were used to
form at least two nanoscale layers on individual sand particles (Figure 1).
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                        (a)                                     (b) 

Figure 1. Breathable Sand: (a) conceptual illustration of the coating, surface roughening, and surface
modification processes; (b) Breathable Sand product.

3. Methodology

3.1. Use Breathable Sand as a Liner—Agricultural Applications

Breathable Sand has been used in agricultural and afforestation applications under
different climate and soil conditions in China, such as Inner Mongolia, Ningxia, Gansu,
Xinjiang, Beijing, Zhejiang, etc. A typical sequence of agricultural land preparation is
shown in Figure 2.

 

Figure 2. A typical sequence of agricultural land preparation: excavation, Breathable Sand layer
preparation, backfilling, and planting.

In this study, water usage and plant growth were monitored to evaluate the effects
of utilizing Breathable Sand as a liner. Hybrid late rice in three adjacent lots (one con-
trol/without a liner, one with a geotextile liner, and one with approximately 3 cm of
Breathable Sand liner) in a demonstration farm in Zhejiang Province was monitored in the
summer of 2019. Irrigation water use, root and leaf development, and rice quality and yield
from the three lots were monitored and compared.

3.2. Case Studies of Salt-Affected Soil Management

Salt-affected soil applications with Breathable Sand are similar to regular agricul-
tural land applications, but ex situ cultivatable soil is typically needed during backfills.
Salt-affected soil management projects have been conducted in Dengkou City, Inner Mon-
golia, and Tianjin City in China since 2017, which are introduced in this paper.

4. Results

4.1. Breathable Sand Properties

The finished Breathable Sand retains its air permeability feature due to its unchanged
porous nature from untreated sand, while can withstand certain water pressure without

264



Environ. Sci. Proc. 2022, 16, 49 3 of 4

becoming wet due to its water repellency properties. Tests were conducted and the results
are summarized in Table 1. These features also allow Breathable Sand to be applied in
salt-affected lands as a barrier to prevent salts in the deeper sodic soils from reaching the
plant root zone.

Table 1. Water pressure resistance and air permeability of Breathable Sand.

Results Results in Other Units Remarks

Static water pressure resistance 0.1 Mpa 1 10.2 m of H2O or 1ATM No leakage observed
Air permeability 1934 mL/20 s 96.8 mL/s or 1.23 cm/s At 0.05 Mpa

1 Per Chinese standard DL/T 5150-2001. Specimens in a column (ϕ100 mm × 60 mm) were used.

4.2. Breathable Sand in Agricultural Applications

The Breathable Sand liner has a positive impact on the plant’s root and leaf develop-
ment during the growing season, indicating that the air-permeable feature may potentially
enhance nutrient uptake and plant growth. The quality and quantity of rice yield with
Breathable Sand also exceeded those without a liner. The average root weight, leaf count,
grain weight, grain per ear, matured grain count, and grain maturity rates were 1.0%,
5.5%, 0.6%, 1.3%, 4.8%, and 3.3% higher than those without a liner, respectively (See
Table 2). Moreover, monitored water use showed that 29% water saving was achieved with
Breathable Sand, compared to that without a liner, which is close to that achieved with a
geomembrane liner.

Table 2. Rice leaf and root development, yield, and water use comparison.

Root
Weight (g)

Average Leaf
Count per Plant

Grain Weight
(g/1000
Grains)

Grain
per Ear

Matured
Grain Count

Grain
Maturity
Rates (%)

Water Use July
to September

(mm)

Conventional/
No Liner 58.2 16.3 23.12 530.6 369.0 69.8 536

w/Breathable Sand 58.8 17.2 23.26 537.4 386.8 72.1 382

Change 1.0% 5.5% 0.6% 1.3% 4.8% 3.3% −29%

4.3. Breathable Sand Applications—Salt-Affected Soil Management Results

Breathable Sand has been used as a liner in a salt-affected field in Dengkou, Inner
Mongolia since 2017. Both desert sand and clean ex situ sandy soil from adjacent land were
used in the backfill. Hybrid rice, as well as local grass, was used in the demonstration.
The before-and-after photos are shown in Figure 3.

  

Figure 3. Salt-affected land, rice field site before and after Breathable Sand treatment (Inner
Mongolia, China).

After four years of the initial application, there are no visual signs of plant depression
or salt intrusion observed. Similar results were also achieved in Tianjin City, as shown in
Figure 4.
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Figure 4. Salt-affected land, during and after the Breathable Sand treatment (Tianjin, China).

5. Conclusions

A coated sand-based material with surface modifications, called Breathable Sand,
was invented. The material is watertight yet air-permeable. These features allow it to be
used as a liner in many agricultural projects, including salt-affected land management in
Inner Mongolia and Tianjin in China, which are introduced in this study. Breathable Sand
installed under the plant root zone can significantly reduce water infiltration, and avoid salt
intrusion from the subsoil. Field studies also showed that 29% of water-saving, stronger
root and leaf development, and higher crop quantity and quality were achieved from rice
fields with 3 cm of Breathable Sand liner, compared to those from conventional fields.
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Abstract: The experiment on effect of organic amendment and NPK fertilizer of forage yield of
cereals using saline water irrigation (12.4 dS/m) was conducted in Es-Smara province in the South
of Morocco during 2020–2021. We found that organic amendments have a great positive impact
on increasing forage yield of selected cereals grown under salinity conditions. Compared to the
control, the application of amendments improved dry biomass yield by 55, 101, 126%, through the
application of compost, sheep manure, and NPK, respectively. The highest increment in dry matter
productivity was through the combined application of organic amendment and NPK fertilization:
clearly showed that a judicious combined application could improve forage supply in the salt-affected
irrigated drylands.

Keywords: salinity; aridity; amendments; cereals; forage

1. Introduction

The Southern region of Morocco is mostly the Desert which covers more than 317,000 km2

area. Water scarcity, drought, high temperatures, poor soil health are significantly affecting
the region and causing land degradation and desertification [1]. Moreover, with a ground-
water salinity exceeding 2 g/L [2] combined with poor irrigation water quality leading
to an increase of salts accumulation in the surface horizons, and therefore, a decrease
in agricultural production. In the Sahara region of Morocco forage production is highly
insufficient and most of the supply meets through transport (>1500 km) from the North
at a very high price. Low production, high cost of transport, and poor supply are putting
significant pressure to increase the supply through improving local production.

In the Sahara region, cereals are an essential source of energy for animal diets and
have been used as grain, hay, silage, or for grazing. In the region, opportunity to increase
forage production from cereal crops such as wheat, barley, triticale exists and several
agronomic practices have been recommended to improve the production of those crops in
salt-affected, saline, and low fertile lands. Among them, application of organic amendments
could be a key factor in long-term for improving forage supply alleviating the problem
of soil salinization through improving physical, chemical, and biological properties of
soils [3]. Thus, the objective of this study was to investigate the effect of different organic
amendments and mineral fertilizers to find out the best combination for improving forage
supply with improving soil quality (reducing soil salinity and improving fertility) in the
Southern region of Morocco.
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2. Materials and Methods

2.1. Site Characteristics

On-farm experiment was conducted in Es-smara province, Morocco (Longitude = 12◦07′22′ ′ W;
Latitude = 26◦32′43′ ′ N; Altitude = 313 m) during 2020–2021. The soil of the experimental
site was a sandy loam with an electrical conductivity (ECe) of >10 dS/m. Soil analysis
showed that the contents of major elements are 0.03% for total nitrogen and 28, and 408 ppm
for P2O5 and K2O, respectively.

2.2. Experimental Design, Crop Management and Measurement

The experiment was implemented from November 2020 to July 2021. Six major
cereal species viz., Barley (Hordeum vulgare L.), triticale (x Triticosecale Wittmack), oat
(Avena sativa L.), forage corn (Zea mays L.), pearl millet (Pennisetum glaucum L.), and
sorghum (Sorghum bicolor L.) were evaluated under three organic and mineral amend-
ments. The evaluated organic and mineral amendments were sheep manure (30 t·ha−1),
compost (5 t·ha−1), and 10-30-10 NPK fertilizer (100 kg·ha−1). During the autumn season,
the experiment was conducted using a latin square design with four replications for the
three cereals (barley, triticale, and oat). During the spring season, the experiment was
conducted with a randomized complete block design with four replications for forage corn,
pearl millet, and sorghum. The crops were sown in November 2020 (autumn planting) and
March 2021 (spring planting). The trials were irrigated using a drip irrigation system with
50 cm row-to-row and 20 cm dripper spacing. The irrigation water (groundwater) used for
irrigation was highly saline (EC = 12.4 dS/m). The recorded amount of irrigation (based
on spacing of the dripper and the discharge rate), autumn crops received an amount of
840 mm and spring crops 390 mm irrigation water. Biomass of barley, triticale, and oat
was harvested twice, i.e., at flowering and maturity stages, while forage corn, pearl millet,
and sorghum were harvested once at maturity (in July 2021). Several agro-morphological
parameters were monitored during the crop growing period and at harvest. The measured
parameters include plant height, number of tillers, number of leaves, root length, plant
fresh weight, and fresh biomass. For the determination of the dry biomass, harvested
plants were oven-dried at 60 ◦C for 72 h. Fresh leaves sampling was carried out to assess
chlorophyll and proline content.

2.3. Statistical Analysis

Statistical analysis was performed using R 4.0.5 software. A one-way analysis of
variance (ANOVA) was used to assess the effects of amendments on different crop species.
The level of significance was set to p ≤ 0.05. For each crop, when the p-value in ANOVA
was significant (<0.05), mean differences between treatments were identified using Tukey’s
pairwise comparisons test (p ≤ 0.05).

3. Results

Table 1 shows the effect of organic amendments on different parameters on different
crop species during autumn and spring season. Organic amendment had a significant
effect on plant height and root length for all crops studied except for sorghum. Plant height
was heights under manure combined with NPK fertilizer application for autumn cereals,
while effect of different organic amendments was not significant for the height of pearl
millet and forage corn. Root length was significantly affected due to the application of
organic amendments, where it was longest under manure combined with NPK. In addition,
a significant effect of amendments on irrigation water productivity was documented for all
evaluated cereal species.
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Table 1. Effect of organic amendments and NPK fertilizers on plant height, root length, and irrigation
water productivity (IWP) of different crops planted during autumn and spring seasons. Results
presented are means ± standard deviation. Means sharing same letters do not differ significantly at
p = 0.05.

Autumn Spring

Traits Treatment Barley Oat Triticale Barley Oat Triticale Maize
Pearl
Millet

Sorghum

Plant height
(cm)

Control 49.4 ± 11.5 c 24.5 ± 0.5 b 62.8 ± 14 b 39.25 ± 8.17 b 20.5 ± 0.9 c 54.5 ± 10.64 a 88.3 ± 4.9 b 48.5 ± 5.5 b 81 ± 0.8 a
Manure 70.5 ± 12.9 a 54 ± 9 a 83.9 ± 9.3 a 45.25 ± 3.9 ab 51 ± 4 ab 59.5 ± 5.02 a 107.7 ± 6.2 a 114 ± 9 a 89 ± 5.7 a

NPK 63.6 ± 11 b 52.3 ± 5.7 a 79.3 ± 13.8 a 49.25 ± 6.76 a 50.33 ± 6.7 ab 58.5 ± 9.71 a 99.5 ± 1.5 ab 111 ± 10 a 95 ± 5.7 a
Manure × NPK 71.2 ± 8.3 a 57 ± 2.2 a 86.3 ± 14.1 a 50 ± 3.54 a 51 ± 2.6 a 60 ± 4.64 a 107 ± 5.7 a 106 ± 11 a 92.3 ± 12.7 a

Compost - - - 41.5 ± 4.09 ab 38.33 ± 2.3 bc 53.75 ± 7.98 a 105.7 ± 5.3 a 102 ± 6.5 a 84.3 ± 9.7 a
Compost × NPK - - - 45.25 ± 1.92 ab 49.33 ± 1.7 ab 65.5 ± 9.21 a 104.7 ± 3.9 ab 122.7 ± 3.4 a 85 ± 7.9 a

Root length
(cm)

Control 9.9 ± 2.5 ab 4 ± 0 c 8.2 ± 1.8 b 7.25 ± 3.27 a 4.2 ± 0.18 a 5.75 ± 1.64 a 31.3 ± 1.7 ab 12.0 ± 1.0 b 23.7 ± 1.3 a
Manure 11 ± 3 a 6.5 ± 0.5 b 10.2 ± 2.7 ab 6.5 ± 1.5 a 5.3 ± 0.4 a 5 ± 1.87 a 26.3 ± 1.9 ab 25.0 ± 3.0 a 25.3 ± 4.1 a

NPK 8.3 ± 1.9 c 7.3 ± 0.5 ab 10.8 ± 4 a 6 ± 1.22 a 6.81 ± 0.53 a 6.25 ± 1.79 a 19.5 ± 4.5 b 27.0 ± 3.0 a 29 ± 8 a
Manure × NPK 9.7 ± 2.7 bc 8.7 ± 0.5 a 10.4 ± 2.1 ab 7.25 ± 2.49 a 7.5 ± 0.71 a 6.75 ± 2.86 a 34 ± 3.7 a 23.0 ± 1.0 a 24 ± 12.1 a

Compost - - - 7 ± 2.12 a 7 ± 2.45 a 7 ± 1.58 a 35.3 ± 2.1 a 22.0 ± 1.6 a 20 ± 2.9 a
Compost × NPK - - - 6.25 ± 3.11 a 7.33 ± 1.25 a 5.25 ± 1.79 a 25.7 ± 4.5 ab 26.0 ± 2.5 a 19.7 ± 2.4 a

IWP (Kg/m3)

Control 0.9 ± 0.33 c 0.56 ± 0.1 ab 0.42 ± 0.16 b 0.67 ± 0.18 b 0.24 ± 0.08 b 0.35 ± 0.24 b 0.7 ± 0.17 d 0.99 ± 0.65 b 0.81 ± 0.73 b
Manure 1.55 ± 0.34 b 0.51 ± 0.15 b 0.95 ± 0.45 a 1.11 ± 0.03 ab 0.5 ± 0.09 b 0.62 ± 0.14 b 1.62 ± 0.46 cd 2.22 ± 0.9 ab 2.71 ± 0.1 a

NPK 1.63 ± 0.33 ab 1.3 ± 0.29 a 1.33 ± 0.43 a 1.19 ± 0.47 ab 0.56 ± 0.14 b 0.87 ± 0.39 b 2.96 ± 0.01 ab 4.41 ± 0.46 a 1.57 ± 0.44 ab
Manure × NPK 1.92 ± 0.33 a 0.93 ± 0.3 ab 1.35 ± 0.35 a 1.43 ± 0.27 ab 0.94 ± 0.22 a 1.23 ± 0.28 a 2.17 ± 0.17 bc 3.48 ± 0.5 ab 2.73 ± 0.76 a

Compost - - - 1.12 ± 0.4 ab 0.24 ± 0.07 b 0.2 ± 0.02 b 1.78 ± 0.09 cd 2.31 ± 0.4 ab 1.8 ± 0.33 ab
Compost × NPK - - - 1.6 ± 0.15 a 0.58 ± 0.1 ab 1.13 ± 0.2 ab 3.27 ± 0.39 a 3.63 ± 0.1 ab 2 ± 0.19 ab

4. Discussion

Results indicate that organic amendments had a great positive impact on growth and
productivity of cereals grown under salinity conditions (Figure 1). Barley and pearl millet
performed better compared to other cereals. The combined application of sheep manure
and NPK fertilizer doubled the dry biomass yield of barley to reach 16 T/ha, while the use
of deep fertilization on pearl millet increased the production 4 times (17 t/ha) compared to
the control.
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Figure 1. Total dry matter yield of different cereals as affected by different organic and inorganic
amendments. Means sharing same letters do not differ significantly at p = 0.05. Vertical lines indicate
the standard deviation.

Our results are consistent with the results of Saudi et al. [4] who found improved
height and dry biomass through the application of organic amendment on barley in salt-
affected drylands. Combined application might be preferred over sole application of
organic amendment. Inorganic N fertilizer, enhances the forage production of pearl millet
by 43% [5]. The high negative charge in animal manure increases the organic carbon content
which is associated with a greater cation exchange capacity and, therefore, decrease the loss
of nutrients. This is important to enhance organic carbon content, available phosphorus,
extractable potassium, and make them available for plants [3].
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5. Conclusions

Results of the experiments carried out in Es-smara province indicate that the use
of sustainable cropping practices, such as the use of farmyard manure combined with
mineral fertilizer, could be a key-element to ensure forage availability in salt-affected
lands. There is an immense scope of improving forage productivity and forage supply
in such region (Sahara) through improving soil quality especially by the application of
organic amendments.
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Abstract: Excessive amounts of Na+ and soluble salts are characteristics of saline-sodic soils. Loss
of soil structure and osmotic stress in plants are negative effects of salinity-sodicity. This study
evaluated the effect of cattle manure, biochar and tropical peat at 1 and 2% (w/w) with leaching, on
the exchangeable sodium percentage (ESP), electrical conductivity (ECe) and pH of a saline-sodic
soil from the High Valley of Cochabamba (Bolivia). The soil was placed in simulated soil columns
and two lixiviations were applied. The initial values of soil were as follows: ESP of 66.6%, ECe

of 20.5 dS m−1, and pH of 8.55. Results after leaching differed significantly (p = 0.05) among the
interactions. Cattle manure at 2% was the most effective in reducing soil ESP to 27.6%, followed by
the rest of the treatments. The three amendments at any level were efficient in lowering ECe below
4 dS m−1. Peat at 2% decreased the soil pH to 7.76. The superiority of cattle manure can be explained
by the improvement of soil aggregation and leaching efficiency, through its OM and Ca2+ + Mg2+

contribution. Overall, cattle manure was superior in reclaiming the soil salinity-sodicity, and only
the ECe threshold value from the US Salinity Lab classification was reached by any amendment,
indicating that cattle manure, biochar or tropical peat with leaching, can be used to reclaim some
saline-sodic soils.

Keywords: saline-sodic soil; soil remediation; manure; biochar; peat

1. Introduction

As a category of salt-affected soils, saline-sodic soils are characterized by an excessive
amount of soluble salts, and sodium (Na+) in the soil solution and cation exchange complex.
Loss of soil structure and osmotic stress in plants are some of the negative effects of salinity-
sodicity. Soil salinity can be measured through electrical conductivity (EC), and sodicity by
the exchangeable sodium percentage (ESP) or the sodium adsorption ratio (SAR). Saline-
sodic soils can be classified using the threshold values from the US Salinity Lab (USSL)
classification [1], as follows: ESP > 15%, ECe > 4 dS m−1 and pH < 8.5. Saline-sodic soils can
be reclaimed by leaching with non-saline water and adding chemical/organic amendments.

The addition of organic amendments in sodic soils binds the small soil particles to-
gether into large water-stable aggregates, increases porosity and thus improves the soil
physical properties [2]. Using organic amendments instead of inorganic amendments
can reduce input cost savings as a sustainable and efficient management method to re-
claim salt-affected soils [3], besides the beneficial impacts on nutritional and biological
soil properties.

A soil-column experiment was carried out to evaluate the reclamation effect of cattle
manure, biochar and tropical peat at two rates with leaching, on the ESP, ECe and pH of a
saline-sodic soil.
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2. Materials and Methods

The soil (Table 1) was collected from the High Valley of Cochabamba (Bolivia) at a
depth of 25 cm. It should be noted that the soil pH is slightly higher than the threshold
value of the USSL classification. The organic amendments (Table 2) used to reclaim the
soil were: cattle manure (CM) collected locally, tropical peat (PE) as tree fern fiber from the
tropical area, and biochar (BI) branded by Greenpoch SA (Belgium).

Table 1. Chemical and physical parameters of the saline-sodic soil, before reclamation.

Property Value Property Value Property Value

TOC (%) 0.3 ECe (dS m−1) 20.5 K+ (mmolc L−1) 1.5
Clay (%) 18.2 ESP (%) 66.6 HCO3

− (mmolc L−1) 40.3
Silt (%) 52.1 Na+ (mmolc L−1) 339.2 CO3

2− (mmolc L−1) 20.0
CEC (cmol kg−1) 5.0 Ca2+ (mmolc L−1) 0.5 Cl− (mmolc L−1) 185.0

pH 8.55 Mg2+ (mmolc L−1) 0.7 SO4
2− (mmolc L−1) 71.1

TOC: total organic carbon, CEC: cation exchange capacity, ECe: electrical conductivity (paste extract).

Table 2. Some chemical properties and TOC of the organic amendments.

Property Cattle Manure Biochar Tropical Peat

Na+ (mmol kg−1) 1.4 0.1 0.0
Ca2+ (mmol kg−1) 46.7 5.1 15.5
Mg2+ (mmol kg−1) 77.4 4.0 30.9

EC (d Sm−1) 3.7 0.3 0.7
pH 8.5 9.7 3.6

TOC (%) 23.7 33.0 22.5

Following the protocol of [4], simulated soil columns were assembled with PVC tubes
(Ø of 15 cm), and each was filled with 6.7 kg of soil sieved at 4 mm, and then the upper
layer was mixed with the respective amendment. The dose of amendments was calculated
on a dry weight basis to reach 1 and 2% of organic matter (OM). To simulate the water
from the rain, distilled water was used for the leaching process. The volume of water
was calculated as a pore volume (PV) using the formula provided by Kahlon et al. [5] and
Ahmad et al. [4]. After an initial soil saturation with 3/4 PV, two lixiviations were applied,
each with one PV for two to four weeks. Response parameters were soil ESP, ECe, and pH.
The ESP was calculated using Equation 3 in Qadir et al. [6]. The design was completely
randomized and the treatments were: CM-1%, CM-2%, BI-1%, BI-2%, PE-1%, PE-2% and
control (only leaching). The results were evaluated using LSM-Tukey adjustment.

3. Results and Discussion

The results after leaching showed that soil ESP, ECe and pH, differed significantly
(p < 0.05) among the interactions. CM-2% was the best treatment for reducing the initial
soil ESP by 39%, followed by CM-1% (by 31.5%), and lastly the rest of the treatments with
a similar effect (Figure 1a). CM-1% and CM-2% were as effective as BI-2% and PE-2% for
lowering ECe by over 16 dS m−1 concerning the initial soil, while BI-1% and PE-1% showed
a lower efficiency but higher than that of the control (Figure 1b). PE-2% decreased the
initial pH to 7.76, followed by CM-1%, CM-2% and PE-1% in equal magnitude; in contrast,
BI maintained a pH around the initial value (Figure 1c). Although organic amendments
were effective in reclaiming this saline-sodic soil, the ESP and pH threshold values from
the USSL classification were not reached. It should be pointed out that the percolation time
of PE and BI was double that of CM.
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Figure 1. Soil ESP (a), ECe (b) and pH (c), for the interactions between organic amendments and
doses. Means sharing a letter are not significantly different according to pairwise comparisons of
LSM with Tukey adjustment (p < 0.05). The bars indicate the standard error.

The superiority of CM in decreasing ESP and ECe can be partly attributed to its
initial amounts of TOC, Ca2+ and Mg2+, contributing to the improvement of soil structure
and infiltration, thus displacing Na+ from the soil. The lower effectiveness of PE in
reducing ESP was likely due to its swelling capacity which interacted with soil dispersion
leading to a slowdown of the leaching process. In this regard, [7] reported that reclaimed
soil with bentonite showed a lower decrease in salinity and sodicity levels and a higher
percolation time due to the swelling capacity. The BI also showed a weak effect on sodicity
potentially due to its insufficient ability to influence soil structure, and since, as [8] indicated,
the mode of action of BI is physiochemical while composts provide a comprehensive
reclamation when biological and physiochemical factors act together. In contrast to BI, the
PE significantly reduced the soil pH due to its very low pH, causing an acidic counteracting
effect, as [3] found that composts significantly improved soil CEC and pH values but the
BI did not.

Water by itself was less effective in decreasing Na+, but lowered ECe to 4.2 dS m−1,
coinciding with [9], which found that EC decreased significantly even for the unamended
soil possibly caused by solute leaching; moreover, [10] stated that flushing water reduced
salinity with and without the application of manure.

Overall, the results suggest that CM, BI and PE enhanced the reclamation effect of
leaching in remediating soil salinity and/or sodicity, through the positive impact of their
OM on soil structure and infiltration, thus improving Na+ displacement, agreeing with
the following findings: organic amendments significantly lowered the level of soil ECe,
ESP and SAR compared to the control soils, improved soil structure, aggregate stability
and saturated hydraulic conductivity, even more in compost treated soils [3]. The physical
properties of the salinized soil, such as structural stability, infiltration rate, water-holding
capacity and washing capacity were considerably improved by OM from the solid waste
application [11]. Water hyacinth and rice straw compost singly or combined showed a
pronounced decrease in EC, pH, SAR, and ESP compared with control [12].
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4. Conclusions

Cattle manure at 2% was the best treatment for decreasing soil ESP to 27.6%, and any
treatment was more effective than control in lowering ECe below 4 dS m−1. Peat at 2%
showed a higher reduction in the soil pH (to 7.76). The superiority of cattle manure in
reducing ESP and ECe may be due to the improvement of the soil structure and infiltration
through its OM and divalent cations contribution, whereas peat and biochar were less
effective possibly due to the swelling capacity and insufficient rate, respectively, which
in addition to the soil dispersion led to a slowdown of leaching. Overall, cattle manure
with leaching was more efficient in ameliorating soil salinity-sodicity, and any amendment
was effective in lowering salts. However, the ESP and pH threshold values from the USSL
classification were not reached. This study suggests that some saline-sodic soils can be
reclaimed by adding cattle manure, biochar or tropical peat, with leaching.
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Abstract: In the present research, an alternative eco-efficient biotechnology system, both selective and
environmentally viable, is proposed and compared to a conventional scheme. The results showed
an optimal process function and a significant difference (p < 0.001) in wastewater measured quality
parameters compared to the conventional scheme. Indeed, the treated wastewater from the eco-
efficient process revealed significant concentrations of organic matter and nutrients. Accordingly,
there was an improvement in soil and plant quality parameters as a result of irrigation with raw
urban wastewater and treated wastewater from the eco-efficient system compared to ground water.

Keywords: urban wastewater; activated sludge; fertigation; organic matter; sustainable irrigation

1. Introduction

In arid and semi-arid regions, the demand for clean water is continuously increasing.
Therefore, wastewater is considered a valuable and attractive source of irrigation water
and a fertilizing material for these regions [1,2]. Although wastewater reuse in irrigation
is a common practice in these regions, there is a widespread and growing concern about
its opposing impact on the environment and health [3]. Thus, inappropriate handling and
management of wastewater reuse for irrigation can create serious environmental and health
risks [4].

The application of advanced technologies in wastewater treatment, including several
physical, chemical and biological methods as well as various combinations of them, lead to
efficient process performances [5]. Therefore, regarding the high concentration of organic
matter and nutrients content in raw wastewater, this wastewater constitutes a significant
source of beneficial compounds for agriculture [6,7]. However, advanced abetment of
organic matter and nutrients is not frequently suitable from wastewater, particularly if the
objective is reuse in agriculture. Thus, the removal of sanitary risks simultaneously and
the conservation of specific nutrients such as nitrogen and phosphorus during wastewater
treatment could be interesting and beneficial for both soil and plant. However, most existing
wastewater treatment approaches are not selective in terms of organic matter and nutrient
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abatement, and it is crucial to explore alternative selective approaches and environmentally
viable options.

In this optic, we investigated an innovative and sustainable alternative methodology
for wastewater treatment and valorization in agriculture. To this end, physicochemical and
bacteriological parameters of raw and treated urban wastewater from both systems were
investigated. Thereby, we evaluated the fertigation effect of irrigation with raw and treated
wastewaters on soil and plants.

2. Materials and Methods

2.1. Experimental Setup and Procedure

Two experimental systems were assessed during the operation of this experiment
(Figure 1). (a) A conventional activated sludge system composed of an anoxic basin,
aeration tank and a settling tank. (b) An eco-efficient system in which total flow rate was
split into two portions, the first portion collected from the anoxic basin (Split 1) and the
second collected from the aerobic basin (Split 2). After that, effluent was sent to a secondary
settling tank, filtered through a send filter (SF), and finally disinfected in a disinfection tank
using PAA.

Figure 1. Schematic diagram of the conventional and eco-efficient schemes. (a) Conventional
activated sludge system; (b) eco-efficient activated sludge system.

2.2. Raw and Treated Urban Wastewaters Characteristics

Physicochemical characteristics of raw and treated wastewaters as well as groundwater
were determined according to standard methods [8–10]. The monitored parameters were
the electrical conductivity (EC), total suspended solids (TSS), chemical oxygen demand
(COD), five-day biological oxygen demand (BOD5), nitrogen (TKN and NH4), phosphorus
(TP and PO4

3−), chloride (Cl−), sodium (Na+) and calcium (Ca2+).
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2.3. Soil and Plant Sampling and Analytical Methods

Soil and plant quality parameters were performed according to standards methods [11–13].
The monitored parameters were pH, EC, TKN Phosphorus, Total organic carbon (TOC),
Macro-elements and microelements, and were analyzed by X-ray fluorescence spectrometry
and flame photometry.

2.4. Statistical Analysis

One-way ANOVA was used to evaluate the effects of water irrigation on the assessed
parameters in soil and plants. All differences were considered significant at 5% (p < 0.05).
Principal component analysis (PCA) was performed to obtain data using R program.

3. Results

Figure 2 shows the Organic matter (COD, BOD5) and nitrogen (NTK and NH+
4 ) in

two systems during the experimental period.

(a) (b) 

Figure 2. Organic matter and nutrient load evaluation from both systems: (a) BOD5 and COD
evolution in conventional and eco-efficient systems; (b) TN and NH+

4 evolution in both systems
during this experiment.

4. Discussions

The obtained results from this research study suggest that the eco-efficient process
allows for partial abatement of organic matter (BOD5 and COD) and nutrients (nitrogen
and phosphorous). This propose that the eco-efficient process is the optimal choice regard-
ing agriculture reuse. Indeed, this process provides hygienic effluent with high organic
matter and nutrient content. If the goal is to discharge into receiving environmental sys-
tems, the convention process is the best choice by ensuring significant abetment of organic
load. Hence, COD and BOD5 abatement levels were around 55% and 66% on average,
respectively, and thus lower than the conventional system, at 94% and 97%, respectively
(Figure 2a). Concerning nutrients, such as nitrogen, the eco-efficient scheme leads to a
partial removal of nitrogen (41% of TKN and 40% NH4). By contrast, the conventional
system provides high nitrogen-removal efficiency of about 85% and 86% for TKN and
NH4, respectively (Figure 2b). In addition, the output effluent concentrations from conven-
tional process were in accordance with the Moroccan applied discharges standards [14].
Assessment of the fertigation effect of irrigation water quality on soil and plants from both
process shows a significant correlation between irrigation water and quality parameters
of plants and soil (Figure 3). Indeed, soil and plants irrigated with eco-efficient-treated
wastewaters showed an improvement in their proprieties compared to control soil and
ground water. There was a significant impact (p < 0.05) on soil-fertility-indicating parame-
ters OM, TKN, TP, and micro- and macro-nutrients. Compared to control soil, Na and EC
concentrations in soil irrigated with raw and different treated wastewaters were significant.
Consequently, amplified salinity in soils could decrease the potential for soil dispersion
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due to enhanced Na concentration [15]. This result was sustained with PCA analysis, as
presented in Figure 3.

Figure 3. Scatter plot based on principal component analysis (PCA): (a) Cos2 of variables’ contribution;
(b) PCA of treated wastewater from both systems; (c) PCA analysis using all using all the measured
soil parameters.

5. Conclusions

The results reported in this experiment suggest that the developed innovative schemes
provide a partial elimination of organic matter and nutrients. Indeed, the results showed a
great positive impact of treated urban wastewaters from the eco-efficient activated sludge
process on plant productivity and soil proprieties.
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Abstract: Desert regions occupy 33% of the Earth’s land surface. Despite the harsh climatic conditions,
different types of plants and microorganisms have adapted to survive and proliferate in these arid
extreme conditions and developed associations. Prosopis cineraria is able to flourish in spite of the
harsh climatic conditions of high salinity in the desert soils of the United Arab Emirates (U.A.E.), the
present study therefore aimed at isolating, screening and understanding the diversity of microflora
associated with the rhizosphere region of Prosopis cineraria grown at 15 ds/m salinity. Eleven
morphologically distinct purified isolates from rhizosphere soil were screened for IAA production,
phosphate solubilization, antibacterial activity and nitrogen-fixing activity. Four of the isolates
exhibited nitrogen-fixing activity, two antibacterial activity and five phosphate-solubilizing activity.
The plant-growth-promoting bacterial (PGPB) isolates can be used as appropriate bioinoculants
which can then in turn be used for cultivation of other plants in the region.

Keywords: PGPB; salinity; rhizosphere; Prosopis cineraria; IAA

1. Introduction

Desert regions represent one of the harshest ecosystems and are characterized by
arid climate conditions with extreme temperatures, low rainfall and high solar radiation.
At the same time, the desert soils are also sandy in nature, with poor water retention
capacities, low fertility and high salinity [1,2]. Due to such adverse climatic conditions
and poor soil characteristics, desert regions do not support agriculture. Several studies
have reported the role of bacteria that are able to survive, proliferate and play a role in
promoting plant growth by enhancing the availability of nutrients by fixing atmospheric
nitrogen, solubilizing inorganic phosphate and modulating the plant hormones. Plant-
growth-promoting bacteria (PGPB) also indirectly prevent the attack of fungal pathogens
by synthesizing antibiotics and antifungal compounds [3]. Rhizosphere haloarchaea have
helped the desert plants in conferring tolerance to high temperatures, salt stress, pH and
water stress [4].

Prosopis cineraria is native to the desert ecosystem of the U.A.E., able to stand tall in
the harsh climatic conditions and in the loose sandy saline soil of this region. Not much
research has been carried out on the plant–microbe association of Prosopis. Discovering their
soil microbiota under salinity stress and the PGPB involved would be of great importance,
which could then be further used for various applications. Identification of such PGPB
could pave a new way and help improve cultivation of various crops that is limited because
of the current environmental abiotic conditions. Keeping this in mind, the following study
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aimed to isolate the PGPB from the rhizosphere area of salinity stress of P. cineraria to
explore their possible applications in desert soil for sustainable agriculture production.

2. Materials and Method

2.1. Rhizospheric Soil Sampling

Rhizospheric soil sample of Prosopis cineraria tree located at 25◦05′59′′ N and 55◦23′42′′
E was collected from the International Center for Biosaline Agriculture, Dubai, U.A.E.,
during the month of February. Around 20 g rhizosphere soil was collected near the root
system at about 30 cm depth. The soil sample was stored in sterile, zip-lock bags and
immediately brought back to the laboratory. The electrical conductivity of the soil sample
was determined using the saturated paste method [5].

2.2. Sample Processing for Isolation of Bacterial Communities

Soil sample was suspended in standard phosphate-buffered saline and vortexed. The
soil suspension was serially diluted six times (10−1, 10−2, 10−3, 10−4, 10−5 and 10−6), and
0.1 mL of each dilution was spread-plated on nutrient agar plates and incubated at 28 ◦C
for 24 to 48 h. For screening of Azotobacter, two rounds of soil enrichments were carried
out in Ashby’s mannitol nitrogen-free media supplemented with 2% NaCl for 7 days at
room temperature. The enriched culture was then spread-plated on Ashby agar plates and
incubated for a week at 25 ◦C.

2.3. Morphological and Biochemical Characterization of Bacterial Isolates

Morphologically distinct colonies obtained on the spread plates were counted and
assigned numbers. The colony characteristics of each isolated colony were identified
in accordance with Bergey’s manual. All the isolated colonies were studied for Gram
staining [6].

2.4. Screening of Phosphate Solubilizers

Pikovskaya’s Agar was used for the screening of phosphate solubilizers. All eleven
purified isolates were spot-inoculated on the Pikovskaya’s agar plates and incubated at
30 ◦C overnight. Plates were observed for bacterial growth and development of a zone of
clearance [7].

2.5. Indole Acetic Acid Production Test

The Indole Acetic Acid test was performed by culturing the isolates on nutrient media
supplemented with 2% NaCl and 100 mg/L tryptophan and incubating at 28 ◦C for 3 days
on a shaking incubator. The bacterial cultures were centrifuged and tested for production of
IAA using Salkowski’s reagent. The tube was observed for the development of pink color
in the dark, which would indicate the sample was positive for the production of IAA [8].

2.6. Screening for Antibiotic Production

The bacterial isolates were spot-inoculated on LB agar plates and incubated at room
temperature for 24 h. Soft agar seeded with test pathogens, namely E. coli and S. aureus,
was overlayered on the grown culture, and further incubated at room temperature for 24 h.
A zone of clearance around the isolate indicated the production of the antibiotic.

3. Results

Eleven morphologically distinct colonies were isolated on nutrient agar (PR(HS)-5, 6,
7, 8, 10, 11 and 12), and four isolates (AZ-1, 2, 3 and 4) were able to grow on the Ashby
mannitol agar plates (Figure 1), exhibiting nitrogen-fixing activity.
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Figure 1. Pure colony of bacteria isolated on Ashby agar plates (AZ-1, 2, 3 and 4), and nutrient agar
plates (PR-HS-5, 6, 7, 8, 10, 11 and 12).

The colony morphology studied is represented in Table 1. The Gram staining in-
dicates that the isolates (PR(HS)-5, 6, 7, 8, 10, 11 and 12) were Gram-positive while the
four N2-fixer isolates were found to be Gram-negative (Figure 2a). Two isolates exhib-
ited antibacterial activity (isolate PR(HS)5 against E. coli and isolate PR(HS)-6 exhibited
activity against S. aureusI. The isolates PR(HS)-3, 4, 6, 8 and 9 were able to form a clear
halo zone on Pikovskaya’s agar indicating they were positive for phosphate-solubilizing
activity (Figure 2b). The qualitative IAA test results carried out on the isolates cultured
in salt medium, however, showed they failed to produce a pink color upon addition of
Salkowski’s reagent.

Figure 2. (a) Microscopic images of Gram-stained bacterial isolates (1st row (left to right)—Ashby
isolates, AZ-1, 2, 3, 4 with negative Gram character. Second and third row—PGPR isolates, PR(HS)-5,
6, 7, 7, 10, 11 and 12 with positive Gram character). (b) Phosphate solubilization test for isolates
PR(HS)-1, 2, 3, 4, 5, 6, 7, 8, 10,11 and 12. Clear halo zones around the isolates PR(HS)-3, 4, 6, 8 and 10.
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4. Discussion

Soil salinity has been a major concern in arid and semi-arid regions, which in turn
limits the cultivation and agricultural productivity. Soil also has a large diversity of microor-
ganisms, ranging from bacteria to archaea to fungi, which are known to have a significant
impact on the plant growth and proliferation under a variety of abiotic stresses [9]. In the
present study, the preliminary experimental results from the colony morphology and Gram
staining show that the purified isolates are morphologically distinct, Gram-positive bacilli
and Gram-negative azotobacter spp. Some of the isolates have been shown to solubilize
and exhibit their potential as phosphate solubilizers in the salinity-stressed desert soils.
Bacillus megaterium has been reported to ameliorate saline conditions in tomatoes with
the help of phosphate solubilization and bears the potential for use as a biofertilizer in
arid and salinity-affected areas [10]. Azotobacter spp. also act as an excellent candidate of
PGPR-related activities via acceleration of IAA production, nitrogen fixation and heavy
metal metabolization and thereby finds use in reclamation of soil [11]. Co-inoculation of
Azotobacter chroococcum and Alcaligenes faecalis in canola plants augmented the production
of antioxidant enzymes, carotenoids, soluble sugars and protein contents under salinity
stress conditions [12]. Though the isolates (AZ-1, 2, 3, 4) were able to grow on Ashby’s
mannitol agar, the production was not detected, probably due to low production. Hence,
these need to be further tested as bioinoculants for their potential to support plant growth
in saline soils. These studies therefore highlight the role of rhizosphere bacteria as a potent
biofertilizer, especially under salinity stress conditions.

5. Conclusions

In the present study, screened bacterial isolates from rhizosphere soil of Prosopis
cinreria were found to be both Gram-positive and Gram-negative PGPB with nitrogen-
fixing (AZ-1,2,3 and 4) and phosphate-solubilizing activity. This association might be
helping the plants to have better nutrient availability and salt tolerance. Several studies
have reported the role of Bacillus spp. and other PGBP as plant-growth-promoting bacteria
and their use as bioinoculants. This is a preliminary study, and further studies may lead to
these isolates becoming promising biofertilizers, biostimulants and growth promoters for
other plants/crops in the region, contributing to sustainable agriculture in the U.A.E.
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Abstract: In many parts of the world, the impact of open landfills on soils, the biosphere, and
groundwater has become a major concern. This study was carried out on an uncontrolled landfill in
the Tadla plain, Morocco’s main agricultural region. The study of physicochemical parameters of
water resources sample suggests that the evaluation of water quality parameters as well as water
quality management practices should be carried out periodically to protect water resources and,
on the other hand, to confirm groundwater pollution due to a pollution plume. Physicochemical
analyses of leachate were thus carried out in order to determine the leachate nature of the landfill

Keywords: physicochemical parameters; landfill; water

1. Introduction

Open dumps have been identified as one of the main threats to groundwater sources [1].
The open waste disposal system is the most common disposal method in Morocco [2] and
specifically in the Tadla region. The Tadla region represents a pilot region in agriculture,
but there are several problems that threaten the sustainability of agriculture in this region,
such as salinity [3] and an open dumpsite. It is a kind of system where waste is disposed of
by backfilling depressions on land that may include valleys and excavations, regardless
of the composition of the waste [4]. Waste disposed of in an open landfill can be subject
to precipitation infiltration. As water seeps into the waste, it absorbs a variety of organic
and inorganic compounds that drain from the waste and accumulate at the bottom of
the landfill [5]. The resulting contaminated leachate can migrate to soil and contaminate
groundwater if not managed properly [6]. Such contamination of groundwater resources
can pose significant health risks, including waterborne diseases, such as typhoid, cholera,
and infectious dysentery, to local groundwater users.

Monitoring the physicochemical quality of the surrounding waters is therefore es-
sential in order to determine the impact of these discharges on the waters, and thus good
management of water resources.
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2. Materiels and Methods

2.1. Study Area

Souk Sebt Ouled Nemma is a small town that is becoming very populated, located
in the plain of Tadla in Morocco, the main region of agricultural production, with a dense
population and fast. These changes have often been made at the expense of environmental
balances. Among these balances is the abundance of wild landfills [7]. The city of Souk
Sebt Ouled Nemma, like most other towns in the region, relies on agriculture.

On a regional scale, the Tadla plain is characterized by an arid to semi-arid climate;
the amount of precipitation varies between 300 and 750 mm depending on the year [7]. The
summer is very hot because of the hot winds of the southwest–east, known as ‘chergui’.
Water from the mountains is fed from the Atlas to the south. In addition to this natural
supply, there is a powerful irrigation system from the Bin El Ouidane Dam, located about
100 km upstream of the region.

The Tadla plain, a syncline gutter, is filled with mio-plio-quaternary deposits consisting
of alternating conglomerates, sandstone, and marls and ending in lacustrine deposits [8].

The plain is drained by the river Oum Er Rbia, which crosses it in its center from
east to west (Figure 1). The study site is on the left bank, and the water table, at a depth
of 5 to 6 m under an indurated limestone crust, flows regionally to the north–northwest.
Regionally, it fluctuates due to recharge during irrigation periods. On the surface, the soils
have a fine texture and moderate permeability. Land use is intense, and the population in
the scattered colonies also uses well water for washing, drinking, and cooking. There are
many unauthorized landfills, and poor soil and groundwater quality can affect agricultural
production in the region and irrigation water quality [9]. Water quality monitoring and
study are important.

Figure 1. Geographical framework and location of the Souk Sebt landfill in the Tadla plain. UTM
coordinates in meters using Lambert conical conformal projection (Morocco zone 1).

2.2. Sampling Methodology

During the first campaign (June 2019 and September 2019), a sampling network was
selected and consisted of 6 wells and boreholes symbolized by W and L (Leacheat Sample),
respectively, and spread across the entire study area, around the wild landfill, and along
the direction of groundwater flow. These well samples were selected according to their
availability, proximity, and their distribution upstream and downstream of the landfill. This
choice allowed for a general, credible characterization of pollutants and an identification of
the sectors where water quality is the most problematic, as well as high representativeness
of the results in addition to landfill leachate samples.
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For the second sampling companion, we collected samples in February 2020 to cover
the dry and rainy seasons of the leachate symbolized by L’ and surrounding surface water
(irrigation canal and collector drain water), symbolized by SW. In situ parameters (T, Eh,
pH) were measured during the first measurement.

Groundwater samples were also collected from surrounding boreholes. Leachate
samples were taken at the bottom of the landfill. Plastic containers of 100 cl and 50 cl were
used to collect groundwater and leachate samples, respectively. Before the samples were
taken, the containers were washed with acid water to sterilize them, and then they were
rinsed thoroughly with distilled water. The samples collected were sealed and properly
labeled. The samples were stored at 4 °C and then taken to the laboratory for analysis. All
samples were analyzed for physicochemical parameters and heavy metals.

3. Results and Discussion

3.1. Leachate Characterisation

Table 1 shows the results of physicochemical analyses (mg/L) of the leachate samples.

Table 1. Physicochemical characterization of leacheate in Souk Sebt landfill (in summer period, July
2019, and winter period, February 2021).

Parametrs pH
EC

(ms/cm)
HCO3− F− Cl− PO4− SO4− Na+ NH4+ K+ Mg++ Ca++ TOC SiO2 COD NO2− ,

NO3−

July 2019 7.5 42.5 - - 2178 78.42 - 1083 677.9 1181 64.13 113.3 - - 31,929 0.02
February 2021 7 33.3 7110 395 3268 102 0.02 1741 696 1838 315 593 441 348 - 0.02

The leachate of Souk Sebt has a brownish-black color, and the strong smell of the land-
fill leachate may present the first pollution indicator, accompanied by strong mineralization
by chemical elements (Table 1). The characterization of the leachate has shown the presence
of mature leachates with high mineral and organic loads. Organic load is translated by the
high values of COD and TOC. On the other hand, the mineral pollution is shown by the
high values of NH4+ (mg/L), NO3− (mg/L), and PO4− (mg/L).

3.2. Groundwater and Surface Water

The relatively high value of EC and dissolved solids in the samples indicated the
presence of inorganic material in both seasons. Higher concentrations of chlorides were
observed in wells close to the dumping site. The highest value was recorded in well located
downstream hydrogeologically, which is 106 m away from the site. Pollution sources, such
as domestic effluents and fertilizers, as well as natural sources, such as rainfall, can lead to
high Cl (Figure 2).

Figure 2. Sodium, Chloride, calcium and total phosphorus of groundwater samples in Souk-Sebt.

Nitrogen is mainly present in water as nitrate (NO3
−), but under reducing conditions,

it can be present as ammonium (NH4+). Phosphorus is also present in water as a phosphate
ion (PO4−). Both nitrate and phosphate are an environmental concern as they are potential
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sources of nutrient enrichment in rivers, lakes, and wetlands (Figure 2). The presence of
nitrates (0.0–3.17 mg L−1), ammonia (0–0.6 mg L−1), and phosphates (0.65–9.9 mg L−1)
in groundwater are related to contamination by anthropogenic activities or infiltration
of residual water [10,11]. These results can be confirmed by the delineation study of the
pollution plume at the landfill level at Souk Sebt, which shows the geometry of the pollution
plume in a north–north–west direction [12].
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Abstract: In Tunisia, the phenomenon of abandonment of agricultural fields due to soil salinization
is becoming common in oasis systems. However, little is known about the salinity level and the
geochemical composition of abandoned oasis soils. A total of 156 soil samples were collected
from abandoned plots in the Metouia Oasis, south-east of Tunisia, and characterized for electrical
conductivity and cation and anion composition. In addition, a spatial analysis using spatial data and
field verification was carried out. The results can be used to establish a management plan to address
the problem of farmland abandonment associated with soil salinization and ensure the viability and
sustainability of oasis systems.

Keywords: soil salinity; farmland abandonment; spatial analysis; anions; cations; oasis system

1. Introduction

In recent years, agricultural land abandonment has become a serious problem in many
countries worldwide. Land abandonment due to soil salinization has been reported in
China [1], Saudi Arabia [2], and most European countries [3]. This phenomenon is leading
to the loss of agricultural soils and threatening food security and local livelihoods. In
Tunisia, the phenomenon of abandonment of agricultural fields is becoming a common
occurrence in oasis systems where it is usually associated with soil salinization. However,
little is known about the salinity level and the geochemical composition of abandoned
oasis soils. Such information would enable a better understanding of salinization sources,
which is crucial for amelioration and for the development of sustainable management of
salt-affected soils. Therefore, the objectives of our study were: (1) to assess the salinity of
abandoned soils in a coastal oasis of south Tunisia, (2) to characterize the salt profiles of the
abandoned soils.

2. Materials and Methods

The Metouia Oasis is part of the coastal oases located in the south-east of Tunisia. It
covers an area of about 270 ha divided into 2132 plots distributed among 1450 farmers.
The average sized are 0.1862 ha/owner and 0.1266 ha/plot. The oasis of Metouia is
characterized by an arid climate where precipitation is rare (164.86 mm/year on average
over the 10-year period) and irregular. The maximum annual average temperature is
31.5 ◦C, while the minimum annual average temperature is 11.23 ◦C. The average monthly
evaporation varies from 62.65 mm in January to 210.45 mm in August, which shows a water
deficit over the whole year of about 1000 mm, given an average rainfall of 164.86 mm.

In order to characterize soil salinity in the abandoned farmlands, soil samples were
collected from 26 locations from six depths. A total of 156 soil samples were collected
from abandoned plots. The electrical conductivity (EC) of the soil extracts was determined
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using a conductivity meter. The cations (Ca2+, Mg2+, Na+, K+) and anions (Cl−, SO4
2−,

NO3
−, Br−) were determined by the simultaneous determination of anions and cations

using ion chromatography [4]. In order to characterize the chemical properties of the
saturated paste extracts of the abandoned soils, a Piper diagram was used for presenting
their anionic and cationic compositions. Additionally, spatial analysis using spatial data
and field investigation was carried out to identify and characterize abandoned farmlands
in the Metouia Oasis. In this study, high resolution Google Earth satellite images of the year
2020 covering the study area were utilized to identify the abandoned farmlands through
onscreen digitizing, using ArcGIS software. The outcomes of this image-based identification
were then verified and corrected through several field visits. The plot boundaries were set
based on the plot map of the Metouia Oasis.

3. Results

3.1. Salinity Status of Abandoned Soils

The soil surface salinity of the abandoned plots showed a very high salinity value,
exceeding 60 dS m−1 in all sampled soils. The mean EC values of abandoned soils varied
between a maximum of 76 dS m−1 at the soil surface (0–20 cm) to a minimum of 27 dS m−1

in the bottom layer (100–120 cm). In most of the locations, the EC values showed a
decreasing trend from the surface to the bottom of the soil profile (Figure 1). Additionally,
the correlation analysis showed high and positive correlation coefficients of soil salinity
between all soil layers (p < 0.05).

Figure 1. Soil salinity profile at abandoned farmlands in Metouia Oasis.

3.2. Chemical Properties of Abandoned Soils

At the surface layer, cation concentrations were in the order Na+> Mg2+> Ca2+> K+

while anions were in the order Cl−>SO4
2−> NO3

−> Br−. At the deepest sampled layer
(100–120 cm) cation concentrations were in the decreasing order of Na+> Ca2+> Mg2+>K+

and anions had similar patterns as the surface layer. From a cationic point of view, satura-
tion extracts have dominant sodium content at the surface and bottom layers. As for the
anionic composition, in most of the studied profiles, the saturation extracts were chlorine
dominant (Figure 2).
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Figure 2. Piper diagram presenting anionic and cationic compositions of the saturated paste extracts
of abandoned soils.

3.3. Spatial Distribution of Abandoned Farmlands

The spatial distribution of abandoned farmlands in Metouia Oasis is shown in Figure 3.
We found that there are more abandoned farmlands throughout the oasis area. In total,
there are 312 abandoned farmlands occupying 66 ha, which represent 24% of the total
oasis area.

Figure 3. Spatial distribution of abandoned farmlands in Metouia Oasis.

4. Discussion

The EC data showed that soils of abandoned plots in the Metouia Oasis were char-
acterized as highly saline. Our results are consistent with those of Costa et al. [5], who
reported extremely high values of salinity in abandoned soils of the oasis of Masafi in the
United Arab Emirates. Gopalakrishnan and Kumar [6] also reported extremely saline soils
in permanently abandoned paddy lands in the semi-arid region of the Jaffna Peninsula,
Sri Lanka. In our study area, it was observed that soil salinity gradually decreased with
increasing depth. This pattern of salt profiles in the abandoned plots can be attributed to
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the effect of evaporation, leading to continuous and significant salt accumulation in the soil
surface layer [7]. In our study site, the aridity of the climate and the absence of leaching of
salts have favored the existence of this upward salinity gradient of the abandoned soils.
Previous studies carried out by Ibrahimi et al. [8] in the Metouia Oasis showed that ground-
water depth and salinity are the major factors affecting soil salinization. Considering the
soil profile, the adjacent layers were better correlated in terms of EC levels than distant ones,
suggesting the more pronounced mutual effect of soil salinity between soil layers which
are close to each other. Similarly, Wang et al. [9] reported higher correlation coefficients of
soil salinity between two adjacent soil layers than between non-adjacent ones. Moreover, in
our study area, geochemical analysis showed that abandoned soils appear enriched in Na
and Cl, suggesting that the main sources of soil salinity in the abandoned plots of Metouia
Oasis were sodium and chloride.

5. Conclusions

Abandoned farmlands are spread throughout Metouia Oasis. Soils at these plots
were characterized by very high salinity rates. The salt profiles in these soils showed salt
accumulation at the surface layer with an upward gradient of salinity. Saturation extracts of
abandoned soils showed dominant sodium and chloride ions at surface and bottom layers
of the soil profile. The results of this study can be used to establish a management plan to
address the problem of farmland abandonment and associated soil salinization in order to
ensure the viability and the sustainability of oasis systems.
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Abstract: The control of soil salinity and the achievement of sustainable agricultural development
goals require knowledge of the soil salinity spatial distribution and its temporal evolution. The
objective of this study was to understand the spatial variations of soil salinity in the geomorphologic
zone in Beni Amir, Tadla region of Morocco. Electromagnetic induction was used to measure
the apparent electrical conductivity (ECa) of the soil. The results showed that the distribution of
ECa varies across the distance from the drain, and suggests the movement of salts from upstream
to downstream. The vertical-horizontal electromagnetic readings show that the saline profile is
descending. This study shows that the spatial variability of salinity in a geomorphological site is
related to the position in the landscape

Keywords: salinization; geomorphology; irrigation; electromagnetic induction

1. Introduction

The irrigated perimeter of Tadla, located in the center of Morocco, is among the oldest
and most important agricultural production regions in the country. The region includes a
300,000-ha agricultural area of which 124,600 ha is irrigated [1,2]. The study region Beni
Amir is an irrigated sub-perimeter of Tadla. It irrigates with the waters from Oued Oum Er
Rbia, which contains 1 g/L of salt in the groundwater. The practice of irrigation using poor-
quality (high-salinity) water coupled with non-maintenance of drainage canals leads to
the deterioration of soil and groundwater salinization [3,4]. These unsustainable practices
impact agricultural productivity and hence lead to land abandonment and desertification.

Several studies have been conducted to minimize soil salinization in the irrigated
perimeter of Tadla. Some have improved knowledge of the nature of degradation mech-
anisms [3]. Previously, a few soil salinity mapping works have been conducted. Some
of them used many measurements, but on a small area; others tried to draw a salinity
map of Tadla [5,6], but with a number of weak measures. The aim of this study was to
understand the mechanisms for spatial variations of soil salinity in natural areas as affected
by geomorphology via the use of a geophysical method.
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2. Materials and Methods

2.1. Study Site

The study region Beni Amir lies under the irrigated perimeter of the Tadla plain
(Figure 1). It irrigates using the saline waters from Oum Er Rbia River, which contains
salinity of 2.25 dS/m. The overall salinity of the soil in the study region varies between
0.35 and 13 dS/m [4].

Figure 1. Study area under the irrigated perimeter of Tadla, Morocco.

The study region has regular topography with an altitude of 400 m. Its latitude ranges
from 32.06 to 32.56 and its longitude ranges from −7.09 to −6.24. The climate of the study
site is Mediterranean type arid to semi-arid with a continental character marked by a
cold and humid winter and a hot and dry summer and annual precipitation of 350 mm,
irregularly distributed. The summer season is characterized by the absence of precipitation
with the exception of rare brutal showers. Temperatures vary greatly seasonally. Winter
minimum temperature ranges from 0 ◦C to 5 ◦C, while the summer maximums range from
38 ◦C to 42 ◦C. The average annual evaporation is 1796 mm and varies between 1500 mm
and 2000 mm.

2.2. Data Collection

The Geonic EM-38RT Instrument was used to map and diagnose highly conductive
soil such as salt soils [7]. Its easy and fast implementation allows for the collection of a large
amount of data. The field measurement was carried out over two periods. In the first mea-
surement period of July 2019, a total of 320 measurements of electromagnetic conductivity
were carried out in half a day and detected by the GPS survey. The second measurement
period was in the month of July 2021; during this period, a total of 365 measurements of
electromagnetic conductivity were detected by the GPS survey. For both campaigns, a
calibration data set corresponded to five measurement points selected from the measure-
ment points mentioned above so as to spatially represent the entire study area. For each
point, the GPS position, the deep conductivity VD (0–0.80 m), and surface conductivity HD
(0–0.40 m) were measured. Upstream, the measurements were carried out along paths that
intersect the valleys with a distance of about 7 m between the measurements, intensifying
the measurements closer to the downstream.

3. Results and Discussion

3.1. Calibration of Electromagnetic Response

In order to be able to express the electromagnetic measurements (ECa) in terms of the
soil salinity of the root zone, sampling was carried out for calibration of the electromagnetic
conductivity measurements using data from five points scanning the entire range of salinity.
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A linear relation was established between ECaH obtained in the field and ECe measured
on the saturated extracts, with a correlation coefficient (r2) of 0.94.

3.2. Apparent Electromagnetic Conductivity

The ECaV and ECaH salinity maps of the two components (Figures 2 and 3) show a
certain salinity gradient oriented from north-west to south-east where (1) non-saline soils
(less than mS/m) occupy most of the Talweg head area (northwest part); (2) the slightly
saline soils (between 2 mS/m and 4 mS/m) occupy a large part mainly in cultivated plots
(between the Talweg head and Oued Oum Er Rbia = terrace); (3) saline soils (above 4 mS/m)
occupy a large part along the Oued Oum Er Rbia. The distribution of salinity is a function of
the distance from the drains, suggesting the existence of movement of salts from upstream
to downstream.

  
(a) 

 
(b) 

Figure 2. Distribution of ECaV (a) and ECaH (b) in July 2019.

 
(a) 

 
(b) 

Figure 3. Distribution of ECaV (a) and ECaH (b) in July 2021.

Salt distribution showed a systematic increase in ECa from the watershed to the valley,
with salinity increasing downstream of geological structures. Salt distribution has been
controlled by the geomorphologic properties of the basin, which control hydrological and
hydrogeological processes, and by the recharge discharge mechanisms that influence salt
mobilization and accumulation.
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3.3. A Negative Hydrogeological Balance and Increasing Groundwater Salinity

In our study area, the depth of the water table has been increasing over the last
24 years. This trend is in agreement with the observations of farmers who mention episodes
wells drying up in recent years. This result highlights the effect of water withdrawal from
wells on the local hydrogeological balance as observed in many irrigated plains in arid
regions [2–8].

4. Conclusions

Groundwater dynamics and management are essential determinants of salinity. In
the absence of a functional drainage system or in the case of excessive irrigation using
poor-quality water, the downstream areas are subjected to congestion and the process of
salt concentration, which is enhanced due to evaporation. Conversely, when drainage is
efficient, large quantities of salts can then be exported.
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Abstract: The arid climate of the Saharan regions is accentuated even more by the consequences of
climate change and environmental threats, thus affecting normal plant development. The salinization
of soils is one of the major stresses in the Moroccan Sahara Desert that strongly penalizes the
production. In this sense, it would be interesting to explore the native flora of the target regions, and
using it remains the best option to provide sustainable agriculture. The present study is part of a
collaborative project with the aim of exploring desert plant species. Different parameters were taken
for each species, including soil salinity and density. Two zones showed the highest levels of salinity,
Daoura and Akhfennir, both in the Tarfaya province with 19.38 and 24.33 mS/cm, respectively.
Although, several species were highly tolerant to salinity and were present at moderate to high
densities. Among them, one can cite Aeluropus littoralis (Gouan) Parl., Halocnemum strobilaceum (Pall.)
M. Bieb. and Suaeda ifniensis Caball. ex Maire.

Keywords: spatial distribution; soil salinity; desert plant; Sahara Desert; Morocco

1. Introduction

With each passing year, climate change is becoming more intense, especially in desert
ecosystems, which strongly impacts major crops. Native desert plant species seem an
interesting alternative, as they may play an important role in sustainable development
thanks to their environmental and economical values. In addition, they will allow for
the exploitation of the existing biodiversity. The target Sahara Desert covers an area of
about 270 km2. The lasted botanical expeditions held in this area in 2021 revealed that
it shelters around 360 species of which 328 are entirely identified. Those species belong
to 29 orders, 58 families, and 207 genera. The most common families include Asteraceae,
Poaceae, Leguminosae, Amaranthaceae, and Brassicaceae and their prevalence is mainly due
to the adaptability to desert conditions. Native species have the ability to survive in areas
with harsh conditions: irregular rainfall, high temperatures, saline soils, and scarce water
resources. Unfortunately, the large majority of these species are underused or not even
known by the inhabitants of the regions.

Salinity is among the major threats in desert areas. Based on soil salinity classes defined
by the Food and Agriculture Organization (FAO) [1], 14% of the soils in our study area are
very strongly saline. They are mainly concentrated in the coastal zones and the Sabkhas.
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With the aim of preserving the rich floral diversity, but also valorizing many species,
identification and characterization are deemed to be advantageous. A collaborative project
was launched to elaborate an atlas book containing relevant information related to the
characteristics, virtues, and indigenous knowledge of native plants. Botanical expeditions
were carried out in 2021 and targeted 120 sites in the Sahara Desert.

2. Material and Methods

2.1. Ethnobotanical Field Trips

The ethnobotanical field trips covered 120 sites in the two regions of Laayoune Sakia
El Hamra and Dakhla Oued Dahab (Figure 1) which span an area of 270 km2. They are
bordered on the north by the Guelmim Oued Noun region and on the south by Mauritania.
The itinerary was set up in advance on the basis of remote sensing and with the help of
guides who knew the area very well. Whenever a remarkable site was reached, samples of
the species and the soil were taken in addition to other crucial parameters for identification:
plant density, geographic coordinates, etc.

 

Figure 1. Geographic distribution of the visited sites on the map of Morocco.

2.2. Climate

Based on Köppen climate classification [2], the climate in the study area is considered
arid. It is characterized by cold winters and dry and very hot summers. On the coastal
strip, the temperature tends to be moderate due to the proximity to the Atlantic Ocean. As
we move inside the land to the east, the climate becomes drier. As for daylight, it is almost
permanent. In terms of rainfall, it is irregular and scarce. The average annual precipitation
is around 60 mm [3,4].

2.3. Measured Parameters
2.3.1. Soil Salinity Estimation

Soil samples were taken along the route. Salinity was determined by the electrical
conductivity (EC) according to the international standard ISO 11265 [5]. This method
consists of using a soil:water ratio of 1:5. The sample was mixed to allow the dissolution
of electrolytes, then sieved. The EC was measured using a multiparameter meter (Mettler
Toledo, Columbus, OH, USA). The results were displayed in millisiemens per centimeter
(mS/cm).

2.3.2. Density

The density of vegetation was represented by a 1–5 scale: 1 being very low density
and 5 being very high.
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3. Results & Discussion

Soil salinity varied greatly between locations. Figure 2 shows the distribution of the
soils by salinity classes according to FAO [1]. Over one-half of the Sahara Desert soils are
non-saline whereas moderately saline and very strongly saline soils represent 17% and
14%, respectively.
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Figure 2. Distribution of soil samples according to salinity class.

Two zones of the Tarfaya province displayed the highest levels of salinity, Daoura
with 19.38 and Akhfennir with 24.33 mS/cm. Still, certain species have shown a high
tolerance and were present at moderate to high densities. The distribution of the species
by salinity classes is displayed in Figure 3. Around 70% of the species are growing in
non-saline soils, while only 15 species are found in strongly saline and very strongly
saline soils. They include among others, Aeluropus littoralis (Gouan) Parl., Halocnemum
strobilaceum (Pall.) M. Bieb. and the genus Suaeda which can be considered halophytes
based on their salt-tolerating capacity and as mentioned in the literature [6–8]. Acacia tortilis
(Forssk.) Hayne subsp. Tortilis for example, was present in a highly saline location but is not
considered a halophyte according to others’ research studies [9,10]. Conversely, the species
belonging to the genus Salsola are considered halophytes [11], but none of Salsola longifolia
and S. gymnomaschala were encountered in a saline area.
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Figure 3. Distribution of the desert plant species according to salinity class.

4. Conclusions

The present study has enabled us to identify a wide array of species. A selection of
them displayed a wide tolerance to high salinity levels. It would be interesting to set up and
extend trials to many localities while increasing the number of repetitions to guarantee the
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durability of performances. Several native desert species were selected as results of several
botanical expeditions conducted in 2020–2021 and will be subjected to the domestication
process for valorization purposes as feed cosmetic or medicinal plants.
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Abstract: This study analyzes map irrigation water quality in the region of Skhirat, Morocco. This
study involves the evaluation of the physico-chemical quality of the irrigation water using Piper and
ULSS diagrams and spatial mapping using GIS. The results showed significant salinization power,
and demonstrated that the salinity and alkalinity classes of irrigation water dominating in the region
are C3-S1 (i.e., average to poor quality; ‘use with caution’), C4-S1 (i.e., poor quality; ‘exclude sensitive
plants and heavy soils’), and C4-S2 (i.e., poor quality; ‘to be used with great care, only in light
soils’). The evaluation of the Piper diagram determines two hydrochemical facies. The bathymetric
map indicates a shallow level downstream and South-West. The salinity map shows high salinity
downstream and upstream. In conclusion, a very alarming degradation of water in terms of salinity
is noted in the region.

Keywords: Skhirat area; mapping; water quality; salinity; hydrochemistry

1. Introduction

Morocco is essentially a semi-arid country with limited rainfall (rainfed system), which
reduces opportunities for agriculture. To feed the ever-growing population, irrigation is
necessary. Groundwater is the major source of irrigation. However, the long-term use
of groundwater would have negative impacts on soil quality and the sustainability of
agricultural production [1].

Groundwater is the main source of drinking, agricultural, and industrial water. The in-
crease in the exploitation of groundwater and increasingly unfavorable climatic conditions
(especially the rainfall variability) have led to the reduction of the aquifer reserves and
deteriorate groundwater quality [2]. These pose a danger to the sustainability of the land-
use system. The most notable degradation process is the salinization of groundwater [3].
Therefore, the aim of this study was to identify the problem of water salinity, identify areas
at risk, and find solutions for the management of these resources. This study consists of
mapping and analyzing the quality of groundwater used for irrigation in the coastal region
of Skhirat, Morocco, which is one of the most important market gardening areas in the
Rabat-Salé region. This study assesses the degree of degradation and provides support for
developing decision-making tools.
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2. Material and Methods

2.1. Study Area

This study was carried out in the perimeter of Skhirat (270 km2), located in the Rabat-
Salé-Kenitra region. The study region lies between Wadi Ykem and Wadi Cherrat rivers
and is part of the coastal Meseta. It is one of the agricultural regions with strong market
gardening activities and farming based on irrigation water using groundwater. The climate
of the region is dry in summer and semi-humid in winter. In the region, the average annual
rainfall is 580 mm and averaged temperature around 17.5 ◦C. The geology of the region
shows impermeable to slightly permeable primary formations of the schistose, sandstone,
quartzitic, and limestone and permeable Mio-Plio-Quaternary formations. The Miocene
presented by marls and limestones and the Plio-Quaternary consists of sands, gravel, and
marine detrital limestone.

2.2. Water Sampling and Laboratory Analysis

In order to assess the state of the hydrochemical quality of irrigation water, a water
monitoring campaign was carried out in the area. Water samples were collected from
a network of 77 water points in hermetically sealed plastic bottles bearing the site code
(Px), with P referring to the well and x the site number, and Lambert coordinates (X, Y)
were taken using a GPS (Figure 1). The groundwater level is measured in situ using a
piezometric probe. The water samples were then taken to the water analysis laboratory of
the Research Unit on the Environment and the Conservation of Natural Resources—INRA-
Rabat. Various physicochemical analyzes of the water (electrical conductivity, pH, and ion
balance) were carried out.

 

Figure 1. Location of water samples.

2.3. Mapping

The thematic maps were elaborated using spatial interpolation within Geographic
Information System (GIS). We used the Geostatistical Analysis extension of the ArcGis 10 ©
software. The interpolation algorithm was the Inverse Distance Weighting (IDW).

3. Results and Discussion

3.1. Groundwater Depth

The bathymetric map shows that the depth of the water table oscillates between 2 and
45 m with an average of 16.5 m. The aquifer is closer to the surface in the downstream
areas of the region, and to the South-West; this is due to the infiltration of water from the
rivers and the sea. At the central and South-East parts, the aquifer is deeper, reaching 45 m
(Figure 2).
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Figure 2. Spatial distribution of the water table depth.

3.2. Chemical Facies of Waters

The representation of the chemical results of the waters on the Piper diagram (Figure 3)
made it possible to distinguish two types of facies that characterize the waters of Skhirat
(sodium chloride facies in particular in the downstream and central zones and calcium
chloride facies in the upstream zone).

Figure 3. Piper diagram for waters downstream (left) and upstream (right).

3.3. Water Salinity and Alkalinity

The classification of waters, according to the American classification diagram proposed
by USSL Riverside (Richards, 1954) (Figure 4), shows that the dominant classes are C3-S1
and C4-S2 (Table 1). These waters are very strongly to extremely saline and therefore have
a very strong salinizing power on the soil (which can cause a reduction in the yields of
sensitive crops). A total of 80% of the irrigation waters have a SAR of less than 8, and
therefore these waters present a relatively low risk of alkalinization.

Figure 4. Classification of irrigation water (Richards, 1954).
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Table 1. Classification of irrigation water according to salinity (Richards, 1954).

Salinity and Alkalinity Class Interpretation % of Wells

C3-S1 Average to poor quality. Use
with caution. 39

C4-S1 Poor quality. Exclude sensitive
plants and heavy soils. 16

C4-S2 Poor quality. To be used, with
great care, only in light soils. 29

C5-S2 Very poor quality. To be used only
in exceptional circumstances. 1.5

C5-S3 Very poor quality. To be used only
in exceptional circumstances. 13

C5-S4 Very poor quality. To be used only
in exceptional circumstances. 1.5

3.4. Water Salinity Mapping

The results found that the water salinity varies in a wide range from 0.9 to 8.1 dS/m
with an average of 3.2 dS/m (Table 2). The map of the spatial distribution of water salinity
shows that the majority of wells located in the downstream (coastal) and upstream parts of
the region have high salinity. Those belonging to the middle part are relatively less saline.
This can be explained by the effect of marine intrusion and the low-level depth of the water
table in the littoral zone. In the upstream zone, water salinity may be due to the interaction
of water with the geological formation of the shale aquifer, characterized by poor quality
water. As for the middle part, the waters have a low salinity which can be attributed to the
high permeability of the limestone formations of the aquifer (Figure 5).

Table 2. Classification of irrigation water based on electrical conductivity.

Salinity Class Symbol EC (dS/m) Number of Wells % of Wells

No saline C1 <0.25 0 0

Moderately saline C2 0.25–0.75 0 0

Strongly saline C3 0.75–2.25 31 40

Very strongly saline C4 2.25–5 32 42

Extremely saline C5 >5 14 18

Figure 5. Groundwater salinity map from the Skhirat region.
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4. Conclusions

The study analyzed and mapped the irrigation water quality (and in particular the
salinity) in the Skhirat area of Morocco to assess its potential for degradation. This study
showed a significant salinization power of these waters, especially in the upstream and
downstream parts of the region, with relatively low risk of alkalinization. The salinity and
alkalinity classes of irrigation water dominant in the region are C3-S1, C4-S2, and C4-S1.
The dominant chemical facies are chloruro-sodium type in the downstream and central
zones and chloruro-calcic in the upstream zone. The spatial mapping of the salinity and the
depth of the water table made it possible to locate the sensitive zones of the region. Thus,
the coastal and upstream areas of the region may have soil salinity problems in the future
due to the high salinity of the waters in these areas.
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Abstract: Soil salinity is a worldwide problem that negatively affects soil quality and persistently
spreading, especially in arid and semi-arid climate. The present study focuses on the mapping of
soil salinity risk in Tadla Plain. To achieve this goal, the approach of Soil Salinity Risk Index (SSRI)
has been adopted. The use of SSRI based approach reveals the occurrence of three risk classes: low,
moderate and severe. The moderate risk class dominates with a coverage representing 80% of the
total area. The results achieved showed the prospect of this approach to delineate areas of soils prone
to salinization risk.

Keywords: salinization; soil salinity; risk index; Tadla plain; Morocco

1. Introduction

Salinization is a serious challenge for the development of modern agriculture and
the preservation of environment. Globally, over one fifth of the total irrigated land is
salt-effected [1]. This area could increase to above 50% in the next 30 years [2]. Human
induced or secondary salinization, such as the use of water with high salt content, super-
irrigation and/or lack of drainage systems, in addition to excess fertilizer [3,4], instigates
the accumulation of soluble salts.

In Morocco, about 16% of irrigated lands are affected by secondary salinization [5].
In order to analyze the state of soil degradation due to salinity and evaluate the risk of
its extension and aggravation, several spatio-temporal monitoring approaches have been
developed and applied worldwide. The use of models allows the control of salinity by
knowing its spatial distribution and its evolution over time [6,7]. However, monitoring the
process and mapping the soil salinity are not carried out with sufficient reliability without
the integration of several factors [8]. Given the complexity of the mechanism controlling
soil salinity, the use of a multicriteria approach makes it possible to identify areas at high
risk of salinity and ensure the spatiotemporal monitoring of chemical soil degradation [9].
In this context the Soil Salinity Risk Index (SSRI), which uses several factors (soil type and
bedrock, climate and water table level) has been adopted for mapping soil salinity risk.
This approach allows the development of a soil salinity risk map that can be used as a tool
for decision-making to manage soil quality.

2. Material and Methods

2.1. Study Area

This study has been carried out in the irrigated perimeter of Tadla in central Morocco as
presented in Figure 1. Geologically, the Tadla perimeter is characterized by a vast synclinal
depression filled with Neogene (Miocene and Pliocene) and Quaternary deposits [10]. Soils
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studies carried out in thise area show the predominance of chromic Kastanozems soils [11].
The climate is arid to semi-arid with average annual temperature of about 17 ◦C. Mean
annual rainfall varies from 200 to 600 mm during 2001–2014 [12].

 
Figure 1. Location of the study area.

2.2. Soil Salinization Risk Index (SSRI)

The SSRI is an additive method [12,13], which includes 9 factors; surface water and
groundwater quality, depth of groundwater, climate, aridity index, slope, texture, soil elec-
trical conductivity and geological efficiency. The SSRI calculation is based on a 5 × 9 matrix
with 2 weights (1 and 2). The computation of SSRI is based on the following equation:

SSRI = (Status of soil salinity × 2) + 1 × (Quality of surface water +
Depth of water table + Ground water quality + Soil texture + Climate +
Dry index + Slope + Efficacy of surface geology)

The risk class index for each factor is multiplied by its respective weight. The weighted
values for each factor are added together to estimate SSRI, which ranges from 10 “very low”
to 50 “very high” depending on the risk class as shown in Table 1.

Table 1. Severity classes of salinity risk.

Class None Slight Moderate Severe Very Severe

Risk score 10–15 16–25 26–35 36–45 46–50

2.3. Data Processing

The data used in this study come from soil and water quality monitoring net-works,
established by the Tadla Agricultural Development Office. The IDW (Inverse Distance
Weighting) module was used to interpolate the data from 2015–2016 growing season, includ-
ing water table depth, electrical conductivity of groundwater and electrical conductivity of
soil. The digital Elevation Model (DEM) has been generated from digitized contour lines of
the Tadla topographic map (1/50,000).
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3. Results and Discussion

The soil salinization risk map depicted in Figure 2a illustrates the spatial dis-tribution
of salinity risk in the Tadla plain using SSRI. This approach allowed us to identify different
various levels of current and potential risks by integrating the key factors influ-encing
the salts accumulation process in the study area. The results showed on one hand the
predominance of moderate potential risk class with an extent of 80%. This area includes
soils that are very sensitive to salinity. On the other hand, area with severe risk class
represents only 0.1% of the total surface of the irrigated perimeter of Tadla as shown in
Figure 2b.

 

(a) (b) 

Figure 2. Soil salinization risk map (a) and Areas of risk classes (b).

The Tadla plain is divided into two sub-perimeters, Béni Amir and Béni Moussa,
with different hydraulic characteristics. The Béni Amir sub-perimeter is irrigated with
Oued Oum Er Rbia River, classified as saline waters, while the Béni Moussa is irrigated
by the non-saline waters of Bin El Ouidane dam. Furthermore, the groundwater of Béni
Amir is more saline than that of Béni Moussa. Moreover, Beni Amir is characterized by an
agricultural intensification accompanied by an overuse of groundwater. In addition, the
use of a gravity-fed irrigation system and the absence of drainage favor the process of soil
salinity. In the Béni Moussa perimeter, the installation of drip system and the irrigation
with non-saline water decrease salt accumulation.

The analysis of the results shows that the soils in Béni Amir sub-perimeter are the
most affected by salinity. Indeed, the downstream part of this sub-perimeter shows more
concentrations of salts in soils. The spatial variability of salinity risk is linked with sev-
eral factors; topography, the quality of irrigation water (surface and groundwater), the
agricultural intensification, and the irrigation system.

Soil salinity is a complex process because of the spatial variability of the factors that
control it. In addition, it is interesting to consider land cover as a dynamic factor as it
influences soil water status.

4. Conclusions

In view of these results, we have been able to demonstrate the interest of using the
SSRI approach and the integration of multisource data for the characterization of soil
degradation risk by salinity in the irrigated perimeter of Tadla. The identification of current
and potential risk areas allows managers to direct agricultural practices in Tadla and to
alleviate salinization. The use of salinity tolerant crops, the adoption of intercropping
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system and the installation of a drainage system on areas at severe risk constitute some of
the techniques to lessen soil degradation by salinity.

Monitoring the spatio-temporal dynamics of soil salinity is the key to understand
the impact of rainfall, irrigation and agricultural practices on the evolution of soil salinity.
As a consequence, agricultural land users and managers using the SSRI, can benefit from
key intervention tools to mitigate the long-term effects of soil salinization on agricultural
production.
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Abstract: Food security is a crucial issue in Cameroon. The Ministry of Agriculture and Rural
Development, with the help of the University of Yaoundé 1 and the National Institute of Cartography,
aims to produce an agronomic aptitude map of the country. The pilot site of Bokito was selected. The
formula used is as follows: AA = pH × RU × K × CEC. The objective is to propose a simple, quick and
inexpensive method of land evaluation that can boost the transition to second-generation agriculture.
The results show that the yellowish ferrallitic soils of Bokito have good agronomic suitability.

Keywords: soils; agriculture; agronomic suitability

1. Introduction

Cameroon is an agricultural country [1] and food security is a fundamental compo-
nent of the sustainable development process. Numerous studies have demonstrated the
importance of a soil-suitability map for the development of agriculture [2]. The “Office of
Scientific and Technical Research Overseas (ORSTOM)” has previously mapped the suitabil-
ity of soils in certain areas of Cameroon, but these maps are old and do not cover large areas.
Cameroon aims to transition to second-generation agriculture, which requires an accurate
estimate of the spatial variability in soil components. The Ministry of Agriculture and Rural
Development, with the help of the University of Yaoundé 1 and the National Institute of
Cartography, aims to produce a map of agronomic suitability. Its implementation requires
a reliable and low-cost approach. The objective of this study is, therefore, to present and
discuss a means of calculating the agronomic suitability of tropical soils, which are simple,
relevant and light, and can easily be implemented in a larger territory. It aims to quantify
the relationships between soil variables to map agronomic suitability using a geographic
information system [3].

2. Materials and Methods

The study area was located in the Bokito district, Center region of Cameroon, with
latitudes between 4◦20′ and 4◦40′ N and longitudes between 11◦00′ and 11◦20′ E (Figure 1).
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Figure 1. Location of the study area.

To map agronomic suitability, soil samples were collected from a pit ranging from
1.50 to 2.0 m deep, and laboratory analysis was carried out. The particle size and pH were
determined in the soil laboratory of the Department of Soil Sciences of the University of
Yaoundé 1. Organic carbon (OC) and total nitrogen content were carried out in the soil
laboratory of the International Institute of Tropical Agriculture (IITA) in Yaoundé. The
agronomic suitability map of the soils was produced using the following formula: AA
= pH × RU × K × CEC where, AA: agronomic suitability; pH: hydrogen potential; RU:
useful water reserve; K: erodibility factor; CEC: cation exchange capacity. Soil pH was
spatialized using kriging. Useful soil water reserve (RU) was computed using the equation
in Remy [4]: RU = H × TE × (1 − (EG/100)), where RU: useful reserve water express in
millimeters; H: thickness expressed in centimeters; TE: textural index determined from
the texture class; EG: coarse elements expressed as a percentage. The soil thickness (H)
was measured along the profile using a tape. The texture classes were determined with
the USDA texture diagram. The texture index (TE) was classified using the methodology
proposed by Jamagne [5]. The quantity of coarse elements was determined using the
methodology proposed by Bouma and Van Lanen [6].

Soil erodibility factor (K) was calculated according to the formula provided by Wis-
chmeier and Smith [7]: 1000 K = 2.8 × 10−4 (12-%MO) × M1.4 + 3.25 (S-2) + 2.5 (P-3) where,
MO: organic matter in percentage; M = (% sands + % silt) × (100 − % clay); S: code on the
soil structure; P: infiltration capacity. Soil structure (S) was determined using the texture
diagram [6]. The obtained texture classes were then transferred to the correspondence table
of [7] to obtain the numerical value of the structure code S (Table 1).

Table 1. Meaning of codes on soil structure.

Code Soil Structure (S)

1 Very fine

2 Fine

3 Medium

4 Very coarse

314



Environ. Sci. Proc. 2022, 16, 38 3 of 5

Soil permeability (P) was determined using the USDA diagram (Figure 2) and the
correspondence was established in the table below [8] (Table 2).

Figure 2. USDA textural diagram.

Table 2. Meaning of permeability (P) codes.

Code Textural Class Permeability (p)

1 Clay < 18% and Sand > 65 Fast

2
18% < Clay < 35% and Sand >
15% or 15% < Sand < 65% and

Clay < 18%
Medium to fast

3 Clay < 35% and Sand < 15% Average

4 35% < Clay < 60% Slow to average

5 Clay > 60% Slow

The CEC factor was calculated in the laboratory.

3. Results

Results showed that the Bokito soils range from sandy loam to sandy clay loam
(Figure 2), which is dominated by coarse material (Figure 3). The yellow ferrallitic soils are
moderately acidic (Figure 4A) with a good useful water reserve (Figure 4B). The CEC is
maximum (Figure 4C) and the erodibility rate is high (Figure 4D). These soils have a very
good agronomic suitability (Figure 4E).
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Figure 3. Textural diagram of Jamagne.

Figure 4. Agricultural suitability map.
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4. Discussion

The yellow ferrallitic soils of Bokito have a very good agronomic aptitude. Their
pH varies between 6 and 6.22. These thresholds are favorable for fertilizing elements
and soil microorganisms’ activity [9,10]. At a depth of 30 cm, the useful water reserve
is at its maximum (0.229 mm) due to their high silt content [11,12]. The CEC reaches
6.65 meq/100 g soil. The very high erodibility in these soils is characteristic of humid
tropical environments [13]. A field trip allowed for us to verify the obtained results. Indeed,
agricultural yields are high in the yellow ferrallitic soils of Boganda village. This could
support the choice of input parameters for the model.

5. Conclusions

Cameroon has agronomically suitable land that needs to be located and characterized.
Their development could contribute to food security and environmental preservation. The
proposed methodological approach allows for large-area mapping over a short period of
time and could accelerate Cameroon’s transition to second-generation agriculture.
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Abstract: Soil salinity is a significant threat to crop sustainability and food security. This review aims
to provide the basis for effective soil salinity management by examining the different solutions to
develop scientifically sound guidelines for farmers, maintain profitable agricultural production in
saline farmland irrigated possibly with saline groundwater, and alleviate agricultural land degrada-
tion. A lesson learned from the Moroccan experience in tackling salinity is needed for integrating soil
and water management and appropriate salt-tolerant crops with innovative agricultural practices as
a package of saline agriculture. Moreover, regional and global cooperation to exchange emerging
challenges, successful rehabilitation studies, and innovative solutions should be considered. This
review concludes that no single parameter could be suggested as the only possible way for soil
salinity rehabilitation.
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1. Introduction

Under the pressure of global climate change and anthropogenic activity, salinization
has been a worldwide issue that reduce severely soil quality and crop productivity and
gradually reducing the cultivated area. Additionally, the salt-affected area is increasing at
a rate of 10% yearly because of high evaporation, low rainfall, inadequate irrigation, and
other irrational anthropogenic activities [1]. By 2050, the salinized area will exceed 50%
of global arable land [2]. Researchers have identified several plant responses due to soil
salinity and recommended different approaches to address the problem. However, there is
a lack of coordination between the plants’ physiological and biochemical responses and
possible management strategies. This paper aims to provide the basis for effective soil
salinity management by examining the different solutions to develop scientifically sound
guidelines for farmers, maintain profitable agricultural production in saline farmland
irrigated possibly with saline groundwater, and combat agricultural land degradation.

2. Material and methods

2.1. Soil Salinity Situation in Morocco

Morocco is a semi-arid Mediterranean country with scarce and irregular precipitation.
Most soil and groundwater salinity problems in irrigated areas result directly from poor
drainage, the rise of the saline water table, high evapotranspiration, and irrigation with
water with increased risk of salinization and sodification [3]. In coastal areas, groundwater
alteration is due to seawater intrusion because of over-pumping and pollution by the
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irrational use of fertilizers and pesticides in agriculture [4]. The areas most affected by
salinity are located in the irrigated areas of Ouarzazate, Tafilalet, Haouz, Basse Moulouya,
Tadla, Souss-Massa, and Gharb (Figure 1).

Figure 1. Spatial distribution of saline soil, aquifers and rivers in Morocco, modified from [4].

2.2. Study Approach

Many published works (n = 300) covering salt-affected soils and related salinity issues
were collected to make an initial assessment. After a systematic literature review and
content analysis (Figure 2), we identified the key management strategies and practices.

Figure 2. Methodology scheme.

3. Results and Discussion

3.1. Findings on Soil Salinity Rehabilitation in Morocco

The analysis of Moroccan regulations has shown that several actions aimed at pro-
tecting soils and combating land degradation are based on three components: (1) a better
knowledge of Moroccan soils; (2) a better exploitation of soils; (3) the fight against soil
degradation. In addition, the Green Generation strategy, launched in February 2020, aims
to consolidate the achievements of the Green Morocco Plan, in particular through the
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continuation of programs to control and enhance water use and availability, which go
hand-in-hand with soil preservation. This orientation would make it possible to develop
and adopt a Code of Sustainable Land Management (according to the vocation), which sets
the regulatory aspects, the standards, and the good practices of management, exploitation
of soils, and adaptation to climate change.

Several options for managing salt-affected catchments are available. Table 1 provides
a non-exhaustive list of selected examples from genetic improvement for salt-tolerance,
agronomic practices and irrigation management.

Table 1. Practices and strategies adopted at the farm and territorial levels to tackle soil salinization
in Morocco.

Strategies or Management Practice
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Inorganic amendment (gypsum, phosphogypsum) S C R F D

Organic amendment (Compost, humic acids, etc.) S B R F I

Development and use of salt-tolerant cultivar C B A C D

Introduction of alternative crops (e.g., Quinoa, Blue panicum, etc.) CSW B A F I

Use of plant growth-promoting bacteria (PGPB) (e.g., Robinia pseudoacacia,
Phaseolus vulgaris L., etc.) S B A F D

Remote sensing and GIS in salinity mapping S P R C D

Electromagnetic and tomographic technique in soil salinity S P A C I

Genetic engineering (e.g., Exogenous application of compatible solutes
such as proline) C B A C I

Leaching, implementation of subsurface drainage Systems W P PAR F D

Use of brackish water W P A C D

Mixing saline and freshwater W C A C D

Alternative water sources, e.g., Seawater desalination, Desalination of
Irrigation water W C A C D

Plant halophytes in high salinity areas C B R C D

Inoculation with mycorrhizal associations C B A F I

Incorporate agroforestry into management S B A C D

Apply biological agents to increase crop resistance to salinity or plant
growth under saline conditions (Example: Ulva lactuca extract) C B A F I

Use halophilic green algaeto counter salinisation effects on the crop (e.g.,
Dunaliella salina) C B A F I

Intervention in the nutrition of plants (e.g., Phosphorus fertilization) S C A F I
1 W: Water-based practice; C: crop-based practice; S: soil-based practice. 2 C: Chemical approach; P: physical
practice; B: biological practice. 3 P: Preventive resolution; A: adaptation resolution; R: remediation resolution.
4 F: farm level; C: catchment level. 5 D: direct coast; I: indirect coast.

Under water scarcity conditions, a trade-off exists between allocating water for salinity
management and production [5]. Thus, leaching practices are not relevant option in arid
and semi-arid areas. El Hasini et al. [6] recommended the compost application as an
amendment to alleviate soil salinity. However, compost quality needs to be very carefully
checked to prevent pathogenic organisms or pollutants. Gypsum application, the most
recommended amendment for alleviating sodicity stress, is available in a finite amount. In
recent decades, constraints such as decreased availability of mined gypsum, deterioration
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in product quality, and high market prices have increasingly made gypsum use a costly
and less efficient proposition in sodic land reclamation.

3.2. How to Go Forward

Tackling salinity requires a more scientific approach to integrate soil and water man-
agement and appropriate crop tolerance to salinity with new agricultural practices as a
package of ‘saline agriculture.’ In addition, regional and global cooperation is of utmost
importance to exchange emerging new challenges and innovative solutions.

Three considerations are necessary to improve existing farming practices and provide a
solid foundation for the successful implementation of sustainable crop production intensifi-
cation: (1) rational use of salt-affected soils, (2) innovative methods and technologies for the
amelioration of salt-affected soils, (3) cost-effectiveness of combined measures. Combined
measures for managing saline soils may be based on the following principles: (1) selection
of salt-tolerant crops, (2) dilution of salts in the root zone, (3) improving soil structure
with organic and biological amendments, (4) improving leaching of salts by irrigation and
drainage, (5) reducing surface evaporation with mulch and/or cover crops, (6) maintaining
the groundwater table at a safe depth below the root zone and (7) maintaining the crop
while reclamation is underway.

4. Conclusions and Perspectives

Morocco faces enormous challenges related to the extent of salt-induced land and
water degradation. Despite concerted efforts made to combat soil and water salinity, the
problem persist and remains unresolved. Concepts related to the management of soils
affected by salinity must be at the heart of water-saving strategies. Therefore, we suggest
that all researchers and managers adopt multidisciplinary and integrated approaches
to deal with the problem of soil and water salinity. These research approaches must
be cost-effective and acceptable to farmers. We recommend through this attempt the
creation of national regulations that would govern sustainable agriculture and encourage
farmers to adopt sustainable systems based on soil health as well as capacity building to
allow decision makers to explore new approaches. The Moroccan experience with salinity
highlights the critical importance of high-quality scientific information to guide policy
design. It also reinforces the importance of bringing together the perspectives of different
disciplines to adequately address such a complex and multifaceted problem. This will
require gouvernment support, particularly programs for introducing modern technologies
to protect the agriculture sector, restore saline soils, and increase their fertility.
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Abstract: Across several coastal areas in Morocco, groundwater is the strategic source of irrigation.
In this work, a database of thirteen Moroccan coastal aquifers was used to assess groundwater for
agriculture purposes, as well as to highlight the process responsible of the degradation of groundwater
resource quality in Moroccan coastal areas. According to electrical conductivity parameter, the results
show that 92% of the collected samples were not suitable for irrigation uses. This situation is due to
seawater intrusion and water–rock interaction processes, in addition to intensive agriculture activities
and the introduction of domestic and industrial wastewater without any treatment. In order to
control the impact of groundwater salinity on agriculture, management plans are proposed.

Keywords: salinity; aquifer; water–rock interaction; seawater intrusion; agriculture; pollution

1. Introduction

Being a precious water resource in coastal areas, coastal aquifers are undergoing
significant degradation due to overexploitation, climate change, and the implementation
of several socio-economic projects in different sectors, such as tourism, industry, and
agriculture [1]. Agriculture represents the main factor that requires water resources in
terms of quantity and quality. Salinity risk is the main problem that threatens most of
the coastal aquifers in Morocco [2]. The chemical composition of irrigation water has a
direct impact on plants and agricultural soil, potentially resulting in lower productivity [3].
To ensure good agriculture performance, monitoring and assessment of water quality is
needed. The main focus of this study is to assess the groundwater suitability of Moroccan
coastal aquifers for irrigation purposes. Moreover, in this study, some alternative solutions
are suggested in order to preserve groundwater resources against pollution and to ensure
the sustainability of soil and water.

2. Materials and Methods

Chemical analyses of groundwater samples were performed in order to determine the
suitability for agricultural use. A series of irrigation water indices were used: electrical con-
ductivity (EC), sodium absorption ratio (SAR), sodium percentage (Na%), magnesium ratio
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(MR), total hardness (TH), permeability index (PI), residual sodium bicarbonate (RSBC),
and Kelly’s ratio (KR). A database (Table 1) of 542 samples collected from thirteen Moroc-
can coastal aquifers [2] (Figure 1) was used. The following equations (Equations (1)–(7))
(Table 2) were used to calculate the indices. All of the ion concentrations used were con-
verted to meq/L. TH was expressed as ppm.

Table 1. Summary of groundwater physico-chemical parameters of Moroccan coastal aquifers (SD:
standard deviation).

Parameters
EC Ca2+ Mg2+ Na+ K+ HCO3

− Cl− SO4
2− NO3

−

(μS/cm) (mg/L)

Max 21,000 37.1 65.6 200.0 6.4 21.0 220.0 46.3 521.1
Min 190 0.4 0.2 0.5 0.0 0.1 0.4 0.0 0.0

Mean 3243 7.7 8.4 17.8 0.3 5.0 21.3 7.4 64.8
SD 2600 5.8 7.6 20.9 0.6 2.6 26.1 7.6 66.2

 

Figure 1. Location of Moroccan coastal aquifers.

Table 2. List of irrigation water indices and their equations used in this study.

Index Index Formula Equation Number Source

Sodium Absorption Ratio SAR = Na+/
√
((Ca2+ + Mg2+)/2) (1) [4]

Sodium Percentage Na+% = ((Na+ + K+) ∗ 100/(Ca2+ + Mg2+ + Na+ + K+)) (2) [5]
Magnesium Ratio MR = (Mg2+ ∗ 100/(Ca2+ + Mg2+)) (3) [6]

Total Hardness TH = (2.497 Ca2+ + 4.11 Mg2+) (4) [7]
Permeability Index PI = (Na+ +

√
HCO3

−) ∗ 100/Ca2+ + Mg2+ + Na+ (5) [8]
Residual Sodium Bicarbonate RSBC = (HCO3

− − Ca2+) (6) [9]
Kelly’s Ratio KR = (Na+/(Ca2+ + Mg2+)) (7) [10]

3. Results and Discussion

Results of all indices are summarized in Table 3.
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Table 3. Statistical summary of irrigation water indices used in this study.

Index Min Max Mean SD

SAR 0.2 45.2 6.1 6.3
Na% 5.5 94.9 45.8 17.9
MR 4.2 93.3 49.3 13.7
TH 74.1 4316.4 808.2 637.6

RSBC −33.2 15.9 −2.7 6.1
KR 0.1 18.1 1.2 1.6
PI 10.8 101.8 57.0 15.8

The results show high values of EC reaching 21000 μS/cm (Table 1). Comparing all
values with the classification adopted by [4], the results show that 8% of samples fall in
the excellent class to good class. However, 92% samples fall into other classes not suitable
for irrigation (permissible, doubtful, and unsuitable). This situation is explained by high
concentrations of major elements in the groundwater. The SAR index shows values ranging
from 0.2 to 45.2, with an average 6.1 (Table 3). According to the classification of [4], 95% of
samples fall in the excellent and good classes. However, 3% and 2% of samples fall into
the doubtful and unsuitable class, respectively. Concerning Na%, the results illustrate that
223 samples are within the excellent to good classes. However, 195, 101, and 23 samples
fall within the permissible, doubtful, and unsuitable classes, respectively (Supplemental
Table S1). Thus, 41% of the groundwater samples are suitable and 59% are unsuitable
according to classification scheme of [5]. This situation reflects the abundance of Na+ in
coastal aquifers due to seawater intrusion and water–rock interaction processes (dissolution
of halite rock) [2]. The MR values are between 4.2 to 93.3, with an average value of 49.3
(Table 3). Comparing these results with the classification adopted by [6], 48% of the samples
have MR values <50, falling into the suitable class. However, 52% of the samples have MR
values >50, falling into the unsuitable class. The TH index of groundwater samples ranged
from 74.1 to 4316.4 mg/L, with an average of 808.2 mg/L (Table 3). Most of the water
samples are classified as not suitable (hard and very hard). Both classes account for 97% of
the samples of the study area. The results for PI show that values range from 10.8 to 101.8,
with an average of 57.0 (Table 3). Nearly 14% of the samples fall into the class I category,
which is considered to be the best for irrigation water. However, 85% of the samples fall
into the class II category (acceptable for irrigation water), while the remaining 1% fall into
the class III category, which is considered to be unacceptable for irrigation water. The RSBC
index ranges from −33.2 to 15.9, with an average of −2.7 (Table 3). Moreover, 95% of the
samples fall into the safe category, 4.6% of the samples fall into the marginal category, and
0.4% are in the unsatisfactory category. Results in Table 3 show that the values of KR range
from 0.1 to 18.1, with an average of 1.2 (Table 3). The samples with values >1 indicate
high values of sodium, and others with values < 1 are characterized by low concentrations
of sodium [10]. In this study, 66% of the groundwater samples are suitable for irrigation.
Nonetheless, 34% of the samples are unsuitable for irrigation purposes. These results show
that the groundwater is considerably polluted and is under continued degradation. This
situation is explained by over pumping in coastal areas and the occurrence of some hydro-
geochemical processes that are dominant in coastal aquifers, such as evaporation, seawater
intrusion, human activities (wastewater, agriculture), and water–rock interactions [2]. These
processes increase the concentration of chemical elements within the water table, may result
in the salinization of water, and can impact farmer activities. In addition, the return of
irrigation water towards the water table and nitrate pollution represent another threat
to groundwater in Morocco coastal aquifers [11,12]. In this study, the nitrate values are
very high, exceeding 521.1 mg/L (Table 1). This situation is mainly due to agricultural
activities (e.g., fertilizers) and anthropogenic activities (e.g., manure and septic effluents) in
the coastal area. However, solutions are needed to preserve coastal aquifers against salinity
risk. Pumping control, monitoring of seawater intrusion, desalination projects, bio-saline
agriculture adoption, treated wastewater reuse, artificial recharge, and sustainable drip
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irrigation and subsurface drip irrigation can implemented as sustainable management
plans to preserve groundwater resources, to ensure good water for irrigation purposes,
and to increase agriculture production. The promotion of scientific research projects that
bring innovative solutions for the treatment of high salinity of irrigation water is also
strongly required.

4. Conclusions

The assessment of groundwater samples for irrigation uses in coastal aquifers showed
that some samples were within the permissible limit and can be used with caution, for
example 8% and 41% for EC and Na%, respectively. However, several water samples
were observed to be inadequate for irrigation purposes. This situation is due to salinity
risk (e.g., seawater), which can degrade groundwater resources in coastal environments.
Some management plans have been presented in order to reduce the salinity impact on
groundwater and soil resources. These proposals will serve as a reference for future water-
and agriculture-related initiatives.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/environsciproc2022016048/s1, Table S1: Classification of ground-
water samples of Moroccan coastal aquifers for suitability in irrigation.
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Abstract: The agriculture sector in Morocco contributes significantly to the economic development
of the country; however, this sector faces several challenges. One of these important challenges
is the increasing level of salinization in soils and groundwater. This has a strong impact on food
security by reducing agricultural yield. The origin of salinization is usually due to marine intrusion
in coastal areas, dissolution of saline aquifer rocks and infiltration of poor-quality irrigation water
in the case of groundwater. In the case of soils, it is caused by irrigation with poor-quality water in
poorly drained soils, and by evaporation of the water of shallow groundwater, which leads to a saline
concentration in the surface layers of soils, as well as ‘other’ origins. Thus, many regions of Morocco
are affected by this phenomenon, especially arid and semi regions with a low rainfall rate. Among
the existing alternatives to contain this challenge in Morocco and in the arid and semi-arid regions
in particular is the use desalination of sea water and biosaline agriculture. The adoption of the first
option aims at the preservation of local production and adaptation in the context of scarcity of water
resources and low quality of water for the second. The goal of this review is to present an update of
the state of the salinization of Moroccan soils and aquifers and the potential alternatives to respond
to these challenges.

Keywords: salinization; aquifers; soil; biosaline agriculture; water desalination

1. Introduction

The degradation of groundwater and soil quality as a result of salinization is an
increasingly worrying concern. Today, on a planetary scale, the world is losing about
10 ha/min of agricultural land and salinization accounts for 30% [1], which is 1 to 2% of
irrigated land per year [2]. This is especially observed in semi and arid regions [3], where
the intensive use of water resources leads to strong evaporation causing salinization of soils
and groundwater [4].

This problem is also observed in Morocco, a country heavily dependent on agriculture,
as it represents 19% of GDP [5], and accounts for 1/3 of national employment [6], and
where the groundwater quality is very deteriorated (more than 44% is of poor quality) [7].
It is estimated that about 0.5 million ha of agricultural area is affected by salinization [8],
which is 160,000 ha of irrigated areas [9]. The causes of salinization are varied: marine
intrusion in coastal areas as a response to overexploitation of groundwater [4], dissolution
of aquifer rocks through which water flows, or anthropogenic contamination of agricultural
origin [10]. For soils, the use of saline water for irrigation is one of the main causes of
salinization. In regions where the aquifers are shallow and where the waters are salinized,
the rising water from the aquifers also causes soil salinization [1]. Soil salinization has
been a problem of study for several years, because it is known to affect the yield of the
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production of different types of crops [1]. In response to the problems of salinization
of water, of soil and water stress, in semi and arid regions, such as Morocco, it resorts
to biosaline agriculture and water desalination (sea water or brackish) [11]. These fall
within the scope of Moroccan Water Supply Management Strategies and Water Demand
Management Strategies, to adapt to environmental constraints, such as the salinization of
aquifers and soils, water scarcity and the increasing water demand.

The methodology consists of reviewing the studies carried out at the spatial scale on
the salinization of aquifers and soils in Morocco, determining the causes of salinization,
presenting the solutions of responses to these problems as well as the possible impacts that
generate these solutions.

2. Salinization of Aquifers in Morocco

The salinization of aquifers can be of natural (geological) origin, by water-rock in-
teraction, or artificial as seen in irrigation areas. It can also be of mixed origin (natural
and anthropogenic) in coastal areas where overexploitation of groundwater causes marine
intrusion [3]. In Morocco, in the continental zone, most aquifers are naturally salinized
(by aquifer rocks) [12]. In the coastal zone, the Moroccan coastal aquifers are among the
aquifers that have experienced very high salinization by marine intrusion following the
overexploitation of groundwater [10]. Two regions affected by salinization are presented:
Triffa (eastern Morocco) and Foum El Oued (southern Morocco).

Case of the Triffa aquifer (eastern Morocco) [13]: the Triffa plain represents the largest
irrigated perimeter of the Moulaya’s basin and where the main crops grown are citrus
fruits [14]. The use of the region’s underground water resource is dedicated to irrigation and
drinking water supply. With the expansion of the irrigated perimeter for large hydraulics,
groundwater in the region has been greatly exploited. This leaded to a deficit in the water
balance (−32.3 Mm3/year) in 2010 [15]. The plain has also experienced, in the past, periods
of drought which have caused a strong exploitation of groundwater, and which have caused
the deterioration of water quality. A study of the expansion of salinization in the aquifers
of this plain showed that a good part of the aquifer is salinized following the dissolution
of the aquifer rock, and where salinity values of 6g/L and 10,000 μs/cm of conductivity
were observed.

Case of the Foum EL Oued aquifer (southern Morocco) [16]: this is one of a case of
salinization of coastal aquifers in Morocco. It is located in limestone formations from the
Cenonian and detrital from the Plio-Quaternary. The water from this aquifer is the main
hydrogeological source which ensures the various supplies (agricultural, industrial and
drinking water supply) of the Laayoune region. Population growths, strong agricultural
activity, the nature of the Saharan-type climate increase the demand for water and lead
to the overexploitation of the aquifer. Following overexploitation of the aquifer, the bevel
(freshwater and saltwater interface) leans towards fresh water which therefore implies the
intrusion of sea water into the aquifer. The dissolution of the aquifer rock was also a cause
of salinization. The conductivity measurement shows an increasingly significant gradient
towards the coastal study area.

Many studies have been made on the salinization of continental (Tafilalet [17], plain
of Bahira [10], etc.)and coastal (coastal chaouia [18], Doukkala [19], Chtouka-Massa [20],
Mnasra [21], Essaouira plain [22], etc.) aquifers of Morocco. All of these studies conclude
that the salinization is due, in the coastal areas, tomarine intrusion, natural salinization in
the continental areas and human participation in irrigated areas.

3. Soils Salinization in Morocco

Soil is an interface in the environment and also a fundamental natural resource for
development [23]. It forms very slowly from the geological materials of the earth and is
the loose part of the lithosphere. On the other hand, it degrades very easily in the event of
indiscreet and unreserved use. It provides several fundamental functions, such as the food
function, the filter function and the biological function.
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Today, with population growth, the soil is subject to inappropriate use and intensive
exploitation for increased agricultural production. This aggravates, modifies and dete-
riorates the natural state of the soil, and therefore the fertility. Salinization is one of the
forms of soil degradation. It consists of a high accumulation of salt in the soils which
impact negatively the agricultural productivity of the soils [24]. A soil is said to be saline
when its electrical conductivity is under normal conditions exceeds 4Ds/m or 2g/L [25]. In
Morocco, it is observed in almost all the irrigated perimeters of hydraulic basins (Table 1);
and it affects more than half of the perimeters in certain basins (Tafilalet, Ouarzazate). It
is favored by the arid climate, agricultural intensification and excessive use of chemicals
(fertilizers) [7].

Table 1. Salinization in irrigated perimeters in Morocco [8].

Irrigated Area
Area Affected by Salinity,

(×1000 ha)
Percentage of Irrigated Area

Gharb 15.0 12.5
Low Moulouya 30.2 27.7

Haouz of Marrakech 24.6 29.9

Tafilalet 20.9 70.4

Ouarzazate 14.5 65.9

Tadla 19.3 24.5

Doukkala 0.6 1.0

Souss Massa 9.8 28.8

Loukkos 2.8 14.5

Bahira 21.0 22.8

Total 158.7

4. Possible Alternatives of Response to the Aquifers and Soils Salinization

Several alternatives are recommended depending on the hydrodynamical conditions
of the regions to mitigate and to overcome the problems of soil and aquifer salinization. For
aquifers, M. S. Hussain, and al. gathered several of them [26] such as artificial recharge from
surface water or treated wastewater, the reduction of water pumping, the establishment of
physical barriers in the coasts (underground as an underground embankment, surface as
the extension of the continent towards the coast), abstraction of brackish water, monitoring
of marine intrusion, combined techniques, etc. For soils, we have drainage, leaching, the
development of saline or salinity-tolerant crops, etc. [27]. However, the problem for this
is, in arid and semi-arid regions (such as southern Morocco) where water resources are
increasingly scarce and the soils threatened by desertification, some of these alternatives
are difficult to employ. For example, artificial recharge cannot take place due to water
scarcity (average rainfall of 200 mm/year [12]) and high demand; reduction of pumping
without an additional water source; physical barriers are very expensive; leaching and
drainage cannot take place without enough quantity of water; etc. In Morocco, two of
these alternatives are now expanding: biosaline agriculture (BA) and seawater desalination
(DS). (BA): Due to the impact of salinization leaving soils unvegetated or poorly covered,
BA has therefore emerged as an alternative option [4]. It was introduced in 1997 by the
IAEA (International Atomic Energy Agency) via a project in collaboration with INRA
(National Institute of Agronomic Research) and ORMVA (Regional Office for Agricultural
Development) of Tafilalet [28]. This first test study was carried out in Aïn El Atti, where
11 species of trees and shrubs, notably Ecalyptus camaldulensis and Atriplex lentiformis,
were irrigated with highly salinized water (10 g/L). The results showed good salinity
tolerance and good crop growth [29]. Other studies were conducted in other regions
impacted by salinization. For example, the case of Foum El Oued where soil and water
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are salinized, alternative species are tested, such as Quinoa, Pearl millet, barley, Panicum
Blue, etc., and have shown very high tolerance to salinity [28]. DS: Water salinization
is observed in most hydraulic basins of Morocco. However, it is more observed in the
southern regions (Souss Massa, Draa-Tafilalet, Oued Ed-Dahab-Lagouira, Laâyoune-Sakia
El Hamra), which are arid with important agriculture activities. The region of Souss
Massa alone provide 90% of the national export of fruits and vegetables [30]. Thus, the
groundwater in this region is excessively exploited to respond to the high agriculture
demand and lead to salinization by marine intrusion in the coastal zone [31]. DS for
irrigation (of approximately 15,000 ha) of crops with high added value, although expensive,
was the alternative chosen by the state and in agreement with the farmers, to deal with the
scarcity of water, to preserve it and to ensure the agricultural productivity of the region. The
use of seawater here explains the precariousness of freshwater resources (even brackish)
in this region. Otherwise, desalination of groundwater and brackish surface water is
more advantageous than desalination of seawater. The disadvantage of desalination is the
costs (energy and maintenance) it generates. This can be offset by good irrigation practice
(localized irrigation), by PV supply which is very competitive and also desalinated water
can be mixed with marginal water before irrigation.

With these alternatives, salinized soils and waters are therefore exploited and not
abandoned, to maintain productivity and the local economy satisfy water demand and
preserve aquifers. The expansion of these alternatives could even have a great impact
on the economy of the country. Nevertheless, a combination with other alternatives will
contribute more. Among the combinations we have the one proposed by Hussain et al. [32]
which is the abstraction of brackish water, its desalination, its use (potable water or in
irrigation) and the treatment of wastewater for the recharge of aquifers. The advantage of
this is that it allows not only to ensure a hydraulic gradient towards the sea and to preserve
the aquifers, but it allows increasing the piezometric level of the aquifers.

5. Conclusions

Morocco as an arid and semi-arid country, the deterioration of the quality of its soils
and aquifers following salinization continue to be a very worrying problem. Freshwater
resources being scarce, the demand being increasing especially for agriculture, the adequate
alternative is to use saline water either by using it directly for salinity-tolerant crops, or
by proceeding on desalination and maintaining the production of traditional crops. This
was therefore the case of many successful projects in Morocco. Biosaline Agriculture is
important because it allows the use of water resources with lower quality, to adapt to local
climatic conditions, to use salinized soils for the development of halophyte crops (local and
introduced species) and to preserve the groundwater resource against overexploitation. In
fact, it contributes significantly to food security and in insuring income for rural in arid and
semi-arid regions. However, there is a need to encourage research and extension programs
concerning new/local crops that showed a higher potential of productivity under salinity
and water scarcity conditions. The desalination of water for irrigation, combined with a
sustainable irrigation strategy (such as drip irrigation), allows preserving the know-how
and the local economy. The extension of these solutions could have a great impact on the
problems of water stress, demand management, desertification, maintaining agricultural
productivity (with high added value), maintaining employment and other environmental
constraints. It can be also a progress for the framework of the 2030 SDG agenda. However,
a combination with other alternatives will have more impact to these challenges.
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Abstract: This study was conducted to assess the effect of seed pre-treatment “priming” with
zinc sulfate (ZnSO4) on the improvement in germination in three quinoa genotypes, “ICBA-Q5”,
“Puno” and “Titicaca”, under different salinity levels and to characterize some physiological traits
of seed tolerance to salinity. The germination tests were conducted to assess the priming effect on
germination. Samples of 50 quinoa seeds of the 3 genotypes were soaked in 1 g/L of ZnSO4 solution
for 8 h and then were dried under ambient temperature. Then, each seed sample was placed in a
Petri dish containing filter paper imbibed with a salt solution of 300, 400 and 500 mM NaCl. The
numbers of germinated seeds were noted every 24 h and seed samples were collected for reserve
mobilization analysis. The results showed that, under control conditions, ICBCA-Q5 showed the
highest germination percentage, followed by Puno and then Titicaca. The salinity level of 300
and 400 mM NaCl severely inhibited the seed germination in all of the tested genotypes and the
concentration of 400 mM NaCl was considered the highest threshold for germination in the quinoa
genotypes tested. The priming treatment improved the germination parameters and the improvement
was more evident for germination speed and the final germination percentages that were generally
increased by ZnSO4 priming by more than 100% for all of the genotypes.

Keywords: priming; quinoa; salinity; germination; zinc sulfate

1. Introduction

Salinity is among the most harmful abiotic stresses that causes many disruptions to
crop productivity [1–3] consequently affecting plant growth and water accessibility, due to
the osmotic stress, the ion toxicity, the oxidative stress and a critical K+ deficiency [2].

Generally, plant tolerance to such abiotic stresses involves responses at the cellular
level until the entire plant levels throughout at the phenological stage, the physiological
interactions that occur between plant processes, plant organs and plants and their envi-
ronment, resulting in the alleviation of the adverse stress and then improvement of crop
production [4]. Germination is a crucial stage for crop establishment, and it is very sensitive
to any variation in the necessary environmental conditions allowing embryo-development
and seedling emergence. For many crops, ranked as tolerant to salt salinity, their seeds
were revealed to be sensitive to this constraint at germination. For quinoa, in spite of its
tolerance to salinity, its seed germination was severely inhibited particularly with high
salinity levels [3]. To ensure high crop establishment under salinity, seed germination needs
to be enhanced by some efficient and easily applied pretreatments [5].

Seed priming is a physiological technology that provides an advantage by improving
the speed of seed germination, even under abiotic stresses, such as salinity, drought, very
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high and very low temperatures, etc. [6]. Priming is also considered as a pre- germinating
stress exposure that will create a stress memory as information that improves the plant’s
physiological processes [2]. Priming is also known as seed preconditioning that has the
capacity to modulate the effects of abiotic stresses on crop plants [4].

Our present work aims for the improvement of seeds germination under high salinity levels
by some pre-germinative treatments in three genotypes of quinoa (Chenopodium quinoa Willd).

2. Materials and Methods

2.1. Plant Material

In this present experiment, the seeds of three quinoa genotypes “Puno”, “Titicaca”,
and “Q5” were used in this study to test the priming effect on the improvement of seed
germination using filter paper in Petri dishes.

2.2. Priming Tests and the Germination under Salinity Stress
2.2.1. Determination of Accurate Priming Duration and Zinc Sulfate Concentration

This test was carried out on the genotype with the highest germination percentage in
distilled water, in order to determine the efficient concentration of the priming chemical
“zinc sulfate” and the optimal time of treatment. Thus, the seeds were soaked in 3 different
concentrations (0.1, 0.5 and 1 g/L of zinc sulfate) at 4 durations (4, 6, 8 and 12 h). The
germination test was carried out in 9 cm Petri dishes containing filter paper at a density
of 50 seeds per dish. The seeds and filter paper were imbibed with 1 mL of 200 mM NaCl
solution to ensure the differences between ZnSO4 concentrations can be easily observed.
Additionally, a negative control with no priming treatment and a positive control consisting
of germination in distilled water were included.

2.2.2. Effect of Priming with Zinc Sulfate on the Improvement of Germination under Salinity

The experiments were conducted in the laboratory and carried out on three genotypes
with the selected concentration of ZnSO4 (1 g/L) and the treatment time retained from
the first test (8 h). The germination process was carried out in 9 cm Petri dishes, as
described above. Samples of 50 seeds were placed on each dish, and the filter papers
were imbibed with 1 mL of saline solutions consisting of 300, 400 and 500 mM of NaCl.
Simultaneously, the negative control (without priming) was prepared for each genotype
and saline concentration. Each treatment was repeated three times and the number of
germinated seeds was noted each day (24 h).

Some germination parameters as the mean germination time (MGT) and final germi-
nation percentage (FGP) were calculated, as described by [7].

MGT = ∑(NiTi)/ ∑ Ni

where N is the number of seeds germinated at time i, and Ti is the time (day) from sowing.
The value of MGT is inversely proportional to the germination speed.

FGP = (Finalnumberofgerminatedseeds/Totalnumberofseedssown)× 100

2.3. Statistical Analysis

The statistical analysis was performed using “SPSS” program version 25. All means
values and standard deviations (SD) were obtained from 3 replicates. p values of <0.05
were considered statistically significant according to the Tukey HSD test.

3. Results and Discussion

3.1. Effect of the Duration and the Concentration of Zinc Sulfate Priming on Quinoa “Q5”
Germination under Salt Stress

The results showed that salinity treatment (200 mM) severely affected seed germination
in the ICBA-Q5 genotype mainly after 48 h of germination. The concentrations of 1 g/L of
ZnSO4 presented the highest improvement in germination compared to the negative control
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(unprimed). We noticed that there was no significant difference between the durations of 6,
8 and 12 h of treatment. Based on these results, we retained the ZnSO4 concentration of
1 g/L with 8 h as the treatment duration.

3.2. Effect of the Duration and the Concentration of Zinc Sulfate Priming on Quinoa “Q5”
Germination under Salt Stress

The results from the second experiment confirmed that, under the priming condition,
Puno and ICBA-Q5 presented the highest-rated results on the FGP and the variety Titicaca
had the lowest rate. On the other hand, this parameter was significantly improved by the
zinc sulfate priming, but only under 300 mM of NaCl for all the genotypes.

3.3. Effect of Priming with Zinc Sulfate on Germination in Three Quinoa Genotypes

The results illustrated in this part of the experiment proved that the applied salinity
levels 300 and 400 mM NaCl drastically reduced the FGP in all of the tested varieties, with a
variation between them (Figure 1 A). Indeed, under 300 mM NaCl, the variety Puno was the
least affected, followed by ICBA-Q5 and then Titicaca. The salinity level of 500 mM NaCl
was too high to completely inhibit seed germination in the tested genotypes, especially
in ICBA-Q5 and Titicaca. The zinc sulfate priming treatment improved the germination
in the three genotypes. This effect was evident mainly for 300 mM NaCl and was more
pronounced for the Titicaca variety for which the induced increase in FGP was more than
100%. Under 400 mM NaCl, the positive effect of priming induced increases in FGP of
around 100% for all of the tested varieties. The results of Figure 1B showed that salinity
stress increased the MGT in all of the tested varieties but the priming treatment with zinc
sulfate reduced this parameter compared to the unprimed seeds.

 
C(+) P300 P400 P500 C(-)500 C(-)400 C(-)300 C(+) P300 P400 P500 C(-)500 C(-)400 C(-)300 

Figure 1. Effect of zinc sulfate priming on the final germination percentage (FGP) (A) and the mean
germination time (MGT) (B) in three quinoa varieties, “Puno, Q5 and Titicaca”, positive control “C(+)”
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refers to unprimed and non-stressed seeds; negative control “C(-)300; C(-)400; C(-)500” refers to
unprimed seeds germinated in 300, 400 and 500 Mm NaCl, respectively; “P300; P400; P500” refers to
the primed seeds germinated in 300, 400 and 500 Mm NaCl, respectively. Results were means ± SD
of the three replicates.

Under 400 mM NaCl salinity, seed germination was very low in all the tested genotypes
and we can state that this NaCl concentration is the salinity threshold for germination for
the studied quinoa varieties.

These results are in agreement with those reported by [6], stating that the priming
of zinc sulfate had a strong positive effect on the speed and emergence percentage of
wheat seeds grown under rainfed conditions. In addition, [8] reported an enhancement of
biochemical parameters and seed germination of chickpeas by zinc sulfate priming.

4. Conclusions

These preliminary results allowed us to conclude that the studied quinoa genotypes
presented varied seed germination capacities under high salinity levels, as for 300 and
400 mM NaCl, the Puno variety was the most tolerant as compared to ICBA-Q5 and Titi-
caca. The priming treatment based on soaking seeds for 8 h in 1 g/L solution of zinc sulfate is
efficient for improving the germination percentage by more than 100% under salinity levels of
300 and 400 mM NaCl. The concentration of 400 mM NaCl was considered as the germination
threshold for the tested quinoa genotypes, especially for ICBA-Q5 and Titicaca.
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Abstract: Salinization is one of the main challenges of contemporary agriculture affecting food
security and sustainability. Climate change with more persistent droughts, floods and sea-level rise is
expected to increase this challenge, making it one of the most common land degradation processes.
At the same time, an increasingly complex institutional landscape has emerged across multiple issue
areas of global environmental governance related to salinization. This can be seen in a myriad of
public, private, and hybrid actors coming together by creating initiatives to address the issue of
growing salinization through saline agriculture. Therefore, the aim of this paper is to characterize the
development of a governance landscape of cooperative initiatives for saline agriculture in Europe,
North Africa, and the Middle East, and to discuss how to harness their potential and orchestrate their
efforts. The preliminary findings suggest that the fragmented landscape of initiatives is predominated
by public actors and research institutions. This potentially hampers benefit sharing and upscaling
efforts. Operational activities are most frequently the governance function, followed by information
and networking efforts thereafter. Thematically, initiatives focus on the development of new crop
varieties and water and soil management practices. Linkages to the Sustainable Development Goals
suggest saline agriculture is connected to policy debates on sustainable food systems, climate change,
water security, and land degradation.

Keywords: salinization; governance; international cooperative initiatives; policy; saline agriculture

1. Introduction

Salinization of water and soil resources is a substantial driver of land degradation and
stresses freshwater provisions, particularly in arid and semi-arid regions [1]. It depletes
the soil of pivotal nutrients, decreases the water quality and is a significant constituent of
desertification processes [2,3]. This potentially threatens global food security and nutrition
needs [4]. Moreover, it can trigger the collapse of local fishery industries, reduce biodiver-
sity, and change local climatic conditions [3]. Salinization thus poses a significant barrier
to ensure food security under the pressures of population growth and climate change [5].
Anthropogenic salinization has occasionally contributed to the destruction of formerly
successful agrarian societies, such as ancient Mesopotamia and the Tigris–Euphrates val-
ley [6]. Effective management can mitigate factors accounted both to high environmental
and social costs [3].

The extent of salinized land is difficult to determine accurately. One billion hectares of
land, divided over more than 100 countries, can be classified as salt-affected [7]. Around
10% of the global arable land [8] and 20% of irrigated lands [9] are salt-affected. However,
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estimates vary widely among different countries. In some countries, up to 50% of irrigated
land is salt-affected as mapped through remote sensing [10].

Current academic research focuses on the identification and exploration of strategies
that mitigate or adapt to salinization. Saline agriculture often translates to mitigation
techniques that aim to either move soluble salts to lower soil depths through leaching,
natural or artificial drainage systems, or by removing salt through mechanical or biological
means [11]. Moreover, halophytic plants with desalinizing properties have been utilized
successfully for soil reclamation [12]. Furthermore, humic substances [13] and microorgan-
isms [14] may also mitigate salinity stress. Next to saline mitigation techniques, there is a
growing field of knowledge and practice on saline adaptation. Saline agriculture seems
feasible for crops that can withstand relatively large amounts of salts that have been built
up in root zones [15]. This could be achieved by using salt resistant rootstocks, either by
genetic modification or classical breeding [15].

In order to mitigate salinization and freshwater shortage, a sustainable transition needs
to occur in the environmental policy landscape. A sustainable transition can be set in motion
by a collective effort of experimental niche initiatives [16]. Transitions require system
innovations that transcend individual actors and construct relationships between private
and public entities [17]. Sustainable development can occur in innovative environments
through these initiatives. One of the earliest examples of an initiative investigating the
potential of saline agriculture dates back to 1954, when the U.S. Salinity laboratory was
launched. The number of initiatives exploring saline agriculture has exponentially increased
over the past two decades, highlighted by examples such as the International Centre for
Biosaline Agriculture (ICBA), founded in 2000 in the United Arab Emirates.

Salinization on a global scale is a problem positioned in a complex and fragmented
institutional landscape [18]. No clear pathway or solution can solve the issues caused by
salinity, threatening global food and water security. Many stakeholders are involved, with
volatile perceptions regarding associated problems and solutions. These characteristics
make this a vital problem [19] which must be resolved by incorporating design thinking in
the process [20]. To achieve this, a systematic, structured, and interdisciplinary approach
must be taken. This short paper aims to structure and explore the field of saline agriculture
by mapping and analyzing suitable initiatives in a comprehensive way. At the time of
writing, this approach has never been adopted with regard to saline agriculture.

2. Materials and Methods

Using a systematic approach, we created a database of cooperative initiatives for
saline agriculture by internet snowballing and expert interviews. Further, we applied a
semi-automated content analysis to the mission and vision statements and about sections
of initiatives websites in order to validate their link with saline agriculture.

To describe the evolving institutional landscape and make policy recommendations,
we code characteristics of each initiative including inter alia, their members, governance
functions, goals, and geographic coverage. We analyzed the characteristics of these initia-
tives using descriptive statistics to illustrate the patterns across the sample. The data were
collected from publicly available online data sources.

3. Preliminary Results

The preliminary results show a few overarching trends in the sample of ca. 100 ini-
tiatives selected for the analysis. There is an increasing number of cooperative initiatives
focusing on saline agriculture over time, particularly in years 2019–2020. The majority
of initiatives lasted for a finite period of time, with an average duration of 3 years. The
initiatives are often led by diversified sets of actors, but the public actors are predomi-
nant. A significant number of initiatives are related to research institutions. Their main
governance functions focus on operational activities followed by information sharing and
networking. The main themes for the initiatives are cultivation of conventional crops under
saline conditions and water management practices. Around 20% of the initiatives incorpo-
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rate halophytic plants for saline mitigation within their operations. The key sustainable
development goals (SDGs), i.e., global goals for sustainable development constructed by
the United Nations [21], addressed are SDG2 “Zero hunger”, SDG13 “Climate action”,
SDG6 “Clean water and sanitation”, and SDG8 “Decent work and economic growth”. Our
preliminary results indicate that most of the initiatives do not report publicly, but those
with reports exhibit high verification rates.

4. Discussion and Conclusions

Our findings suggest that the governance landscape for saline agriculture is dom-
inated by public and research initiatives. This may indicate a high interest of national
government and international organizations, as well as good access to the public funding.
This could indicate a low involvement of other stakeholders such as farmers, distributors,
or environmental associations can influence access and benefit sharing and potentially
hamper upscaling efforts. Further research in a form of network analysis could help in
understanding connections between main actors.

The main governance functions of saline agriculture initiatives indicate high interest
in practical application, field trials, and experiments. This is consistent with the main
themes discussed in the literature on saline agriculture, which focuses on the development
of new crop varieties and soil and water management practices [22,23]. Although of
great importance in the field of saline agriculture, and often tackled with a scenario-based
approach [24], the analysis of salinity parameters within the governance landscape falls
outside the scope of our contribution. The second most common function, information
sharing and networking, points to an increased interest in building a saline agriculture
community [25], which is also reflected in a rising number of initiatives in recent years.

The key SDGs partially correspond with previous research [26]. However, climate
change adaptation is found to have a more prominent role in our analysis of initiatives.
This could serve as a link to increase the presence of saline agriculture as a point on the
policy agenda. As a multifaceted topic, saline agriculture is connected to policy debates
on climate change, sustainable food systems, water security, and land degradation. Inte-
gration of saline agriculture in these policy domains can contribute to addressing multiple
SDGs through synergistic actions and instruments. Furthermore, the orchestration of this
fragmented landscape potentially led by international organizations, such as FAO, could
provide a pathway to harness the potential of international initiatives for saline agriculture
for addressing climate change, water, and food security.
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Abstract: With sea levels rising due to climate change, salinity intrusion will increase and new
crops, specifically appropriate to such particular ecological conditions, are needed. In the project
“SALAD—Saline Agriculture as a Strategy to Adapt to Climate Change”, the possibility of growing
tomato (Solanum lycopersicum), potato (Solanum tuberosum), quinoa (Chenopodium quinoa), and New
Zealand spinach (Tetragonia tetragonioides) in saline conditions is explored, together with their market
upscaling opportunity. The crops are described in terms of their origin and distribution, botanical
description and edible use. Moreover, the state of the art of the four crops’ response under saline
conditions is reviewed.

Keywords: saline agriculture; salt-tolerant crops; tomato; potato; quinoa; New Zealand spinach;
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1. Introduction

The current food system feeds the great majority of the world population and sup-
ports the livelihoods of over one billion people. Yet, it is both a major driver of climate
change and increasingly vulnerable to it because of its intrinsic dependency on natural
resources. With sea levels rising due to climate change, salinity intrusion will increase
and not only affect agricultural production, but also the living conditions of farmers, the
quality of natural resources and whole ecosystems. In salt-affected areas, the world’s
major crops are not adequate to supply the calories, proteins, fats, and nutrients people
need. New crops are needed that are specifically appropriate to such particular ecological
conditions. In the recent funded project “SALAD—Saline Agriculture as a Strategy to
Adapt to Climate Change”, the possibility of growing four crops in saline conditions is
explored, together with their market upscaling opportunity. The main objective of the
SALAD project is to improve the climate resilience of agricultural production in the current
and potential salt-affected areas and promote the use of innovative salt-tolerant crops and
cultivation techniques to improve food security and sustainability in the context of climatic
changes, by boosting transnational cooperation between knowledge institutes, farmers,
and entrepreneurs, consumers, and the public sector, around and beyond partner regions.
The case study species to be studied in the project are tomato (Solanum lycopersicum), potato
(Solanum tuberosum), quinoa (Chenopodium quinoa), and New Zealand spinach (Tetragonia
tetragonioides). The four crops are currently not at the same stage of development and
awareness among the general public, with quinoa and potato crops already extensively
screened for their performance in saline conditions, tomato showing very promising quality
improvements of the fruits under saline conditions, and New Zealand spinach is still at an
early stage of research. Regarding the salt tolerance of the four species, potato and tomato
crops are glycophytes, characterized by a high difference among varieties, whereas quinoa
and New Zealand spinach are halophytes, or “salt-loving” species. The four crops are

Environ. Sci. Proc. 2022, 16, 54. https://doi.org/10.3390/environsciproc2022016054 https://www.mdpi.com/journal/environsciproc
345



Environ. Sci. Proc. 2022, 16, 54 2 of 4

here introduced in terms of their origin and distribution, their botanical description, and
edible use. Moreover, the state of the art of the four crops’ response under saline conditions
is reviewed.

2. Tomato Crop

2.1. Origin, Distribution, and Botanical Description

Tomato (Solanum lycopersicum L.) is an important food and industrial crop, cultivated
all over the world. The species originated in western South America and Central America
and numerous varieties of the tomato plant are widely grown in temperate climates across
the world, with greenhouses allowing for their production during all seasons of the year.
Tomatoes are fruits, botanically classified as berries. They are commonly used culinarily as
a vegetable ingredient.

2.2. Tomato Response to Salinity

This species is classified as a moderate-salinity-tolerant species [1], and its salt toler-
ance has been studied since the 1970s [2]. Salt-sensitive and salt-tolerant genotypes (i.e.,
ecotypes from the Galapagos Islands) were investigated by [3] assessing a far stronger salt
resistance in the Galapagos ecotypes, which were surviving in a full-strength seawater
nutrient solution, EC roughly corresponding to 50 dS m−1. The salt-resistant genotypes
were firstly used in breeding programs with the aim of transferring genetic information to
cultivated tomato, but the process did not give the expected results and, to date, creating
new salt-tolerant tomato cultivars with breeding programs faces many obstacles, mainly
because traits related to salt tolerance are not combined in a single donor genotype [4].
Several trials were also performed to determine the seawater tolerance of cultivated tomato,
assessing, in the meantime, the characteristics of fruits; even if seawater irrigation generally
reduced the crop yield, according to the tested variety, in particular, 10 to 20% seawater
(roughly EC of 8 dSm−1 to 14 dS m−1) increased the nutritional value of the product. In
particular, fruit dry matter and total soluble solids were reported by several authors to
increase with the use of seawater concentrations of 10–12% compared to control. In addition
to that, the concentration of reducing sugars (RS) and titratable acidity (TA) also increased
in the berries exposed to seawater irrigation, resulting in tastier fruits than control ones [5].
Similarly, glucose, fructose, and citric and ascorbic acid increased proportionally to salinity,
with glucose concentrations up to 139% and fructose up to 101% higher compared to the
control treatment [6].

3. Potato Crop

3.1. Origin and Distribution, and Botanical Description

The potato is a starchy tuber used as a root vegetable, native to the Americas. The
plant was introduced to Europe in the 16th century by the Spanish and today, potatoes
are a staple food in many parts of the world and an integral part of much of the world’s
food supply, being a rich source of carbohydrates, proteins, dietary fiber, ascorbic acid,
riboflavin, and minerals [7]. Following millennia of selective breeding, there are now over
5000 different types of potatoes.

3.2. Potato Response to Salinity

The potato crop is classified as a moderately salt-sensitive crop since the threshold
value of soil salinity of saturated soil extract (ECe) is 1.7 dS m−1 and irrigation water salinity
(ECw) is 1.1 dS m−1 [7]. Yet, the results of field experiments suggest that there is more
potential for conventional crop production under “moderate saline” conditions than is
generally assumed, with numerous cultivars (i.e., ‘Miss Mignonne’, ‘Achilles’, ‘Foc’, ‘Met’,
and ‘927’) not showing yield losses at EC up to 4.1 dS m−1 [8], with some varieties showing
greater levels of salt tolerance compared to others. Moreover, ‘Désirée’ was irrigated
with saline water (EC 6.6 dS m−1) in the Negev Desert without loss of yield [9], even if
the combination of salinity and heat instead led to a reduced tuber yield. Under saline
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conditions, leaf water and osmotic potentials were observed to decline significantly, even if
a positive turgor was maintained by plants throughout the entire growth period, thanks to
the fact that plants mainly adjusted osmotically due to chloride and proline [10]. Potato
leaves are very sensitive (especially to salt applied at the beginning of tuber formation) and
are severely damaged by overhead irrigation with saline water that may induce toxicity,
exhibited as leaf burn along the margins [9]. Especially on tubers, high salinity levels (EC
greater than 10 dS m−1 in the root zone) may cause coarse russeting and furrowing of the
tubers, accompanied by severe browning of the surface [9].

4. Quinoa Crop

4.1. Origin and Distribution, and Botanical Description

The species originated in the Andean region of northwestern South America. Today,
its cultivation has spread to more than 70 countries, including Kenya, India, the United
States, and several European countries. It is an herbaceous annual and it is grown as a
crop primarily for its edible seeds, which are rich in protein, dietary fiber, B vitamins, and
dietary minerals.

4.2. Quinoa Response to Salinity

Quinoa is a facultative halophytic plant species with the most tolerant varieties being
able to cope with salinity levels as high as those present in seawater [11]. Of the almost
2500 existing quinoa accessions, more than 200 have been tested under saline conditions,
and shown to differ in their response to salinity [11]. The natural variability in a number of
traits (i.e., inflorescence type, seed color, seed size, life-cycle duration, salinity tolerance,
saponin content, and nutritional value) allows quinoa to adapt to diverse environments [12].
Generally, optimal plant growth has been observed at NaCl concentrations of 100–200 mM
(~10–20 dS m−1) and biomass production, seed yield, and harvest index were proved
to be higher under moderately saline conditions (10–20 dS m−1) than under non-saline
conditions [13,14]. Several studies to identify mechanisms of salt tolerance in quinoa
have been conducted over the last few years, identifying many factors, among which
are the efficient control of Na+ sequestration in leaf vacuoles, a higher ROS tolerance, a
better K+ retention, and the accumulation of compatible solutes, such as proline and total
phenolics [12].

5. New Zealand Spinach Crop

5.1. Origin and Distribution, and Botanical Description

Tetragonia, or New Zealand spinach, is a widespread species native to eastern Asia,
Australia, and New Zealand that has been introduced in many parts of Africa, Europe,
North America, and South America. Sandy shorelines represent its natural habitat. It is a
halophyte that grows well in saline ground and it is often cultivated as a leafy vegetable.

5.2. New Zealand Spinach Response to Salinity

Several trials have shown that Tetragonia may withstand an EC of the growing
medium of 10 dS m−1 [15,16]. Other studies identified a salt-induced growth response at
salinity levels of 50–100 mM NaCl (EC 5–10 dS m−1) [17,18] and even higher salinity thresh-
olds (i.e., 18 dS m−1) have been assessed in hydroponic conditions [18], regardless of the
type of salinity tested (i.e., NaCl solution vs seawater at comparable EC) [19]. Salinity was
also correlated to an increased nutritional value of the edible leaves due to the enhanced
accumulation of mineral elements and a decrease in nitrates in saline conditions compared
to control ones [18].
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Abstract: Nowadays, salinization is becoming a serious problem affecting several agricultural areas,
especially irrigated ones. A field experiment was conducted in Foum El Oued, south of Morocco,
testing quinoa responses to three irrigation-water salinities (4, 12, and 20 dS/m) combined with
nine organic amendments. The obtained results indicate that most of the growth and productivity
parameters were negatively affected by salinity, while the effect of organic amendment varied from
one salinity level to another. Under high salinity, sheep manure, compost, and insects improved
quinoa seed yield by 157, 110, and 83%, respectively, compared to the control. The findings of this
study recommend that organic amendment could be a judicious practice to improve quinoa yield
under saline conditions.

Keywords: compost; manure; biomass; seed yield; irrigation

1. Introduction

Agriculture in Morocco is facing several challenges, such as climate change, deser-
tification, water scarcity and salinity, that limit its productivity. Nowadays, salinization
is becoming a serious problem affecting several agricultural areas, especially irrigated
ones. It is estimated that more than 50% of groundwater in Morocco has an EC value
greater than 3 dS/m, causing a decline in crop production; thus, several agricultural areas
have already been abandoned due to the salinity problem. Biosaline agriculture can be a
judicious solution to bring salt-affected land back to production through the introduction
of salt-tolerant and halophytic crops. Crops such as blue panicum, halophytic grasses,
quinoa, sesbania, and barley showed great performance, and have already been adopted
by farmers [1]. The application of organic amendments is one of the best practices used
to cope with salinity and water stress [2]. The objective of this study was to evaluate the
impacts of organic amendments and salinity on quinoa growth and productivity.

2. Materials and Methods

This research was conducted on the experimental farm at the National Institute of
Agricultural Research in the Foum El Oued area, Laayoune, south of Morocco (latitude:
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27.176◦; longitude: −13.349◦; Z = 37 m). The soil at the experimental site was sandy loam
(61% sand, 18% silt, and 18% clay), and was moderately saline and poor in organic matter
and nutrients.

Quinoa (Chenopodium quinoa Willd.) of the variety ICBA-Q5 was used in this experi-
ment. The area of each plot was 7.5 m2 and each consisted of five rows with 50 cm between
them. The crop was sown manually on 13 April 2021. Crop spacing was kept at 50 cm
row-to-row. Irrigation was applied twice a week with an amount of 8.33 mm per irrigation.
The irrigation system consisted of drip irrigation with a flow rate of 2 L/h, and the distance
between drippers was equal to 20 cm. Three levels of irrigation-water salinity, including 4,
12 and, 20 dS/m, were applied. The low salinity level (4 dS/m) corresponded to the lowest
groundwater salinity level in the region. The salinity level of 12 dS/m corresponded to the
groundwater salinity level at the experimental site; and 20 dS/m was reached by adding
NaCl to low-saline groundwater (4 dS/m).

Nine different organic amendments in addition to a non-treated control were
tested, including:

• Cow manure, 30 T/ha;
• Sheep manure, 30 T/ha;
• Goat manure, 30 T/ha;
• Chicken manure, 30 T/ha;
• Compost, 5 T/ha;
• Biochar, 5 T/ha;
• Lombricompost, 5 T/ha;
• Insect frass of Tenebrio molitor (mealworm), 5 T/ha; and
• Insect frass of Hermetia illucens (black soldier fly), 5 T/ha.

The adopted experimental design was a split-plot design whereby we had two levels
of factors; the first level, representing salinity level, was applied in the large plot, and the
second level, representing soil amendments, was applied in the sub-plots.

3. Results

3.1. Biomass Accumulation

The effects of irrigation-water salinity and organic amendments on the final fresh and
dry biomass are presented in Figure 1. The presented data clearly indicate that biomass
was greatly affected by increased salinity. Under high-salinity conditions (20 dS/m) both
sheep manure and black soldier fly had the highest biomass accumulation.

3.2. Seed Yield

Figure 2 presents the seed yield variation in quinoa subjected to both salinity and
organic amendment effects. It is obvious from the presented data that seed yield decreased
with increased salinity. Under high salinity levels (20 dS/m), sheep manure, compost
and the insect frass of Hermetia illucens showed the highest performances, and improved
quinoa seed yield by 157, 110, and 83%, respectively, compared to the control. Under
medium salinity levels (12 dS/m), cow manure, the insect frass of Tenebrio monitor, and
biochar resulted in the highest productivity, and improved seed yield by 44, 38, and 20%,
respectively, compared to the control. Under low salinity levels (4 dS/m), the insect frass
of Tenebrio molitor, chicken, and the insect frass of Hermetia illucens showed the highest
performance, and increased seed yield by 47, 35, and 31%, respectively, compared to the
control. The harvest index was stable under all tested salinity levels, as both biomass and
seed yield responded in the same way to both salinity and organic amendment.
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Figure 1. Variation in final fresh and dry biomass as response to irrigation-water salinity and organic
amendments. Error bars indicate the standard deviation. a, b, c, and d present Tuckey’s test at
p = 0.05.
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Figure 2. Variation in seed yield as response to irrigation-water salinity and organic amendments.
Error bars indicate the standard deviation. a, b, and c present Tuckey’s test at p = 0.05.

4. Discussion

It is well known that organic amendments can have an important role in alleviating
the adverse effects of salinity and drought by improving organic matter content, nutrient
availability, water-holding capacity, soil porosity, etc. [3], thus increasing crop productivity.
In a similar study testing other types of organic amendment, Alcívar et al. [4] showed that
quinoa seed yield in the AZ-51 genotype presented significant increases of 116 and 85% for
gypsum and humic substances with gypsum treatments, while biochar had no significant
effect on seed yield under saline conditions; this is in agreement with our findings. Similarly,
Yang et al. [5] found that the seed yield of quinoa subjected to full irrigation under saline
conditions was not affected by biochar amendment, while the latter had a significant effect
under deficit irrigation and alternate root-zone-drying irrigation regimes.
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5. Conclusions

The findings of this study recommend that organic amendment could be a judicious
practice to improve quinoa yield under saline conditions. Furthermore, new organic
amendments such as insect frass showed great potential compared to traditional manure.
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Abstract: For better soil management in terms of salinization to ensure sustainable agriculture, a soil
salinity mapping and prediction study based on the measurement of apparent electrical conductivity
using an electromagnetic instrument (EM38) combined with geostatistical interpolation (kriging) is
proposed herein for the soil of the semi-arid region of Beni Amir (2060 ha), Tadla, Morocco. This
solution is efficient and quick to use, with the ability to provide reliable information for assessing
the spatial distribution of soil salinity. The results of measurements through a spatial analysis
offered us the possibility of identifying several classes of salinity that can be used for the sustainable
management of land and water.

Keywords: digital soil mapping; electromagnetic induction; geostatistics; irrigated perimeter; salinity

1. Introduction

Intensive agricultural development under irrigation in arid areas has improved agri-
cultural production, but has led to degradation of soil quality, which poses a serious danger
to the sustainability of the land use system [1,2]. In the Beni Amir irrigated sub-perimeter
of Tadla (Morocco), where our study area is located, land irrigated with salt water from
the Oum Er Rbia River is affected by salinization. The overall soil salinity varies between
0.35 and 13 dS/m. It is important to characterize the saline state of the land before any
exploitation as well as a regular monitoring of its evolution, in order to arrive at strate-
gies for its use. This study was carried out in agricultural soil, located upstream of the
irrigated perimeter of Beni Amir. It consists of the prediction and mapping of soil salinity
by implementing rapid, efficient, and economical methods; in particular, the technique of
electromagnetic induction combined with spatial interpolation methods of soil properties
allowed us to draw reliable maps for diverse soil types [3].

2. Material and Methods

2.1. Study Area

The study area is located upstream of the irrigated perimeter of Beni Amir, on the
right bank of the irrigated perimeter of Tadla (Figure 1). It is 12 km far from Fkih Ben
Salah. The irrigated area is 2060 ha. The topography is generally regular, with an altitude
of 400 m. The climate is of the arid to semi-arid Mediterranean type, with an annual rainfall
of 350 mm.

Environ. Sci. Proc. 2023, 16, 76. https://doi.org/10.3390/environsciproc2022016076 https://www.mdpi.com/journal/environsciproc
353



Environ. Sci. Proc. 2023, 16, 76 2 of 4

Figure 1. Study area.

2.2. Soil Sampling and Laboratory Analysis

A dataset to be calibrated, made up of measurements of the apparent electrical conduc-
tivity (ECa) at 91 sites, was created using the EM38 electromagnetic induction technique in
the vertical position [4] (Figure 2). The calibration dataset corresponds to 12 sites, chosen
from among the 91 sites intended for the measurement of ECa. The points were taken with
a manual auger at a depth of 90 cm for three horizons (0–30, 30–60, and 60–90 cm). At
these 12 sites, electrical conductivity of the saturated past extract (ECe) was evaluated in
the laboratory of the Environment and Natural Resources Unit (INRA, Rabat). The average
ECe over the 3 depths is used in this study.

Figure 2. Network of soil measurement points by EM38.

2.3. Calibration and Mapping

Soil apparent electrical conductivity (ECa) was converted to electrical conductivity of
soil paste extract (ECe) using the calibration equation based on a simple linear regression.
Afterwards, estimated soil salinity data were interpolated using a geostatistical method [5]
to identify the spatial variations of the salts using the variogram and to map the different
levels of soil salinity using kriging.

3. Results and Discussion

ECe and ECa are strongly correlated, as confirmed by the Pearson coefficient of
determination, which is 0.88 with the equation of calibration as ECe = 0.58 + 4.22 * ECa.
The histogram and some statistics about ECe are given in Figure 3.

The data generally follows a normal distribution, with a few large values. The average
value is 1.92 dS/m and values range between 0.8 and 4.38 dS/m, with a coefficient of
variation of 39%.
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Figure 3. Histogram and some descriptive statistics for ECe.

The variogram of ECe is given in Figure 4 and its corresponding parameters are
reported in Table 1. A spherical model was fitted to the experimental variogram with the
following equation: γ(h) = Sph(h/a) = c0 + c1[(3/2) (h/a) − (1/2)(h/a)3], where h is spatial
lag (separation distance), c0 is the variance of the nugget effect, c1 is the partial sill variance,
and a is the range.

Figure 4. Experimental (dots) and fitted (curve) variograms for ECe.

Table 1. Parameters of the fitted model for the experimental variogram of ECe.

Nugget Effect (dS/m)2 Range (m) Partial Sill (dS/m)2 Relative Nugget Effect (%)

0.312 1030 0.264 54

The range of the spatial dependence of ECe is 1030 m, with a relative nugget effect of
54%, meaning that more than half of the variation in ECe is not spatially structured, i.e., it
is random.

Soil salinity (ECe) was predicted by kriging (Figure 5 left) using a regular 30 m × 30 m
grid. The predicted values are between 1 and 3 dS/m. Compared to the observed values,
the predicted minimum value is higher (0.8 dS/m) and the predicted maximum value is
lower (4.38 dS/m); this property is known as the kriging smoothing effect. The map reflects
the spatial distribution of ECe in the same way as the observed values (Figure 5). However,
there is a complete spatial coverage of the study area, whereas the observed sampling was
limited to only 91 locations.

Kriging prediction errors for soil salinity (ECe) are given in Figure 5 (right). This
map has a model that is a function of sampling intensity. Normally, at sampled locations,
these errors should be zero and will increase as we move further away from these sampled
locations. On this map, the errors are between 0.6 and 0.8 dS/m, which means that,
depending on the choice of the interpolation grid, none of the predicted locations coincided
with the sampled ones.
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Figure 5. Spatial interpolation (left) and prediction errors (right) of soil salinity (ECe).

4. Conclusions

Apparent electrical conductivity (ECa) measured in the field using electromagnetic
induction appears to be a fast and reliable method to assess soil salinity efficiently and
cost-effectively. Additionally, spatial interpolation by kriging contributes to the description
and modeling of soil salinity to spatially predict at unsampled locations. This will map the
entire study area. This work has shown the usefulness of using indirect and inexpensive
measurements of soil salinity for more reliable mapping than conventional laboratory
measurements which are laborious and expensive.
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