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Abstract: Salinity impedes soil and crop productivity in over 900 million ha of arable lands worldwide
due to the excessive accumulation of salt (NaCl). To utilize saline soils in agriculture, halophytes
(salt-tolerant plants) are commonly cultivated. However, most food crops are glycophytes (salt-sensitive).
Thus, to enhance the productivity of saline soils, gypsum (CaSO4·2H2O) as well as bio-organic (combined
use of organic materials, such as compost and straw with the inoculation of beneficial microbes)
amendments have been continuously recognized to improve the biological, physical and chemical
properties of saline soils. CaSO4·2H2O regulates the exchange of sodium (Na+) for calcium (Ca2+) on
the clay surfaces, thereby increasing the Ca2+/Na+ ratio in the soil solution. Intracellularly, Ca2+ also
promotes a higher K+/Na+ ratio. Simultaneously, gypsum furnishes crops with sulfur (S) for enhanced
growth and yield through the increased production of phytohormones, amino acids, glutathione and
osmoprotectants, which are vital elicitors in plants’ responses to salinity stress. Likewise, bio-organic
amendments improve the organic matter and carbon content, nutrient cycling, porosity, water holding
capacity, soil enzyme activities and biodiversity in saline soils. Overall, the integrated application of
gypsum and bio-organic amendments in cultivating glycophytes and halophytes is a highly promising
strategy in enhancing the productivity of saline soils.

Keywords: salinity; gypsum; sulfur; halophytes; glycophytes; climate change; bio-organic amend-
ments; plant growth promoting microorganisms; compost; straw

1. Introduction

Recent and past data have shown that global agricultural production is continuously
being impeded by salinity [1–3]. Soil salinity, which arises as a result of excessive accumu-
lation of sodium chloride (NaCl), sodium sulfate (Na2SO4), sodium carbonate (Na2CO3),
calcium chloride (CaCl2) and magnesium chloride (MgCl2), is a major environmental
constrain hindering crop productivity and growth in the terrestrial ecosystem [4,5]. Salinity
degrades the soil vis-à-vis its physical, biological and chemical properties, thus, adversely
reduces soils capability in meeting the needs of the required increase in global food security.
Worldwide, over 900 million ha of arable lands and 6% of total land area are affected
by salinity [6–8]. Saline soils arising from natural and/or human-induced processes are
diverse in nature and widely distributed in all climatic conditions [1,9]. From the arid to
the humid regions of the world, all soil types could be impacted by salinity [10].

As increased global food security is a much-needed goal to feed the burgeoning popu-
lation of the world, it has become very pertinent to keep developing suitable and efficient
techniques to reclaim salt-affected soils [11]. One of the main strategies of sustaining
plant production on saline soil is the leaching of the soil with non-saline water to remove
excess salts from the soil surface. However, leaching and the development of efficient
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drainage systems are not feasible in places with low water supply, consume a lot of time,
expensive and improper disposal of drainage water may negatively affect the environment.
Another strategy for enhancing the productivity of saline soils is through the cultivation
of salt-tolerant (halophytes) species of plants. Halophytes, such as Salicornia europaea,
Thellungiella salsuginea (a typical halophyte) and Atriplex spp., produce their optimal yields
at high concentrations (up to 1000 mM L−1) of NaCl [12–14]. However, most food crops
are salt-sensitive (glycophytes) except for a few. Different studies have demonstrated that
food crops, such as tomato [15], rice [4], wheat [16], barley [17] and faba bean [18], are
susceptible to salt stress. Glycophytes growth is stunted or eradicated at low concentrations
(≤200 mM L−1) of NaCl [13]. Thus, it has become more pertinent to find ways of improving
the adaptability and yield of glycophytes in saline soil conditions.

Several studies aimed at the management of salinity have looked into enhancing
the capacity of food crops to maintain growth and productivity under soil salinity stress
conditions. Most of these efforts are targeted at maintaining optimal K+/Na+ ratios,
essential nutrient concentrations in the soil solution and soil organic matter as well as
increased antioxidants and amino acids production in plants [8,19]. In this regard, gypsum
has been reported several times to sustain optimal K+/Na+ and Ca2+/Na+ ratios, reduced
pH as well as furnish crops with the required S nutrition in saline soils [11,18,20,21].
Through the provision of S, gypsum increases plants’ tolerance and resistance to both
biotic and abiotic stress factors by aiding the synthesis of proteins, chlorophyll-containing
compounds as well as an increased uptake of P and N [21,22]. In addition, the combined use
of biological (beneficial microbes) and organic materials (e.g., compost and straw) as bio-
organic amendments with gypsum has a great potential in ameliorating saline soils. This
combination could improve the soil structure, increase the soil organic carbon, humus and
nutrient contents, which are the most growth-constraining factors in saline soils. In addition,
the use of bio-organic amendments in saline soils improves soil biodiversity to enhance
plants’ tolerance to salinity stress. In a recent global study, it has been concluded that among
all strategies deployed in managing soil salinity, the integrated use of soil amendments,
biological and organic materials are the most promising with significant impacts on food
security [23]. Thus, this review seeks to shed more light on the roles of gypsum and
bio-organic amendments in the amelioration of salinity stress at the plant-soil interface.

2. Effect of Salinity on Soil Properties and Productivity

Salinity causes a great decline in the capacity of soil use for agricultural productions.
In saline field conditions, the reactions at the soil–plant interface are complex and con-
trolled by soil water dynamics, pH in relation to the solubility of salts in the rhizosphere,
nutrient availability, soil structural stability, organic matter or humus content and redox
potential [10]. Soil salinity reduces the soil organic matter content, soil water-holding
capacity, water infiltration, weakens the soil structure and disrupts the soil aggregate stabil-
ity [24–26]. Other common negative impacts of salinity on soil properties include increased
soil pH, exchangeable sodium percentage (ESP) and sodium adsorption ratio (SAR), as
well as reduced cation exchange capacity (CEC) and soil microbial community [26–28].
Due to high Na+ concentrations in the soil solution or at the cations exchange site, saline-
sodic soil may arise, causing loss of inherent soil quality [27,29]. Saline-sodic soils are
negatively affected by high salt concentrations with an ESP and SAR of greater than 15%
and 13 mmolc kg−1, respectively.

Other types of soils that are associated with salinity include sodic soils with pH 6–8;
alkaline–saline, alkaline–sodic, alkaline saline–sodic soils with pH > 8; acidic–saline,
acidic–sodic and acidic saline–sodic soils with pH < 6 [10]. Another index of soil salinity
is electrical conductivity (EC) of ≥4 dS/m which is equivalent to 40 mM NaCl [5]. Thus,
soil salinity results in a toxic accumulation of Na+, which creates osmotic stress in plants,
eventually leading to cell death due to low water uptake [15]. This excessive accumulation
of Na+ thereby leads to plant wilting even under adequate soil moisture [18]. Salinity
also negatively impacts soil biological characteristics, such as soil enzyme activity, respira-
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tion, microbial population, diversity and biomass [28]. These impacts, in turn, affect soil
productivity through reduced nutrient cycling, carbon fixation, porosity and tolerance to
biotic stress factors (e.g., soil-borne diseases) in saline soils. Therefore, agricultural pro-
ductivity under salinity stress significantly declines by reductions in plant vigor, growth,
development and yield [30]. A general summary of the characteristics of salt-affected soils
is presented in Figure 1 below.

1 
 

 
 
 
 
 

 
 
 
 
 
 

Figure 1. A general summary of the characteristics of salt-affected soils.

Prominent causes of increasing global soil salinity are high surface evaporation,
low amount of rainfall, increased global temperature, movement of saline groundwa-
ter to the soil surface, salt deposition on soils from oceans and the accumulation of salt
minerals [5,10,31,32]. These causes extend over areas that are naturally or anthropogeni-
cally saline. Apart from the seashores, naturally saline soils (primary salinization) are
mostly found in the arid to semiarid regions of the world due to the characteristics of the
prevailing landscape and weather conditions, such as low rainfall, high temperature and
evaporation. Anthropogenically saline soils (secondary salinization) are mostly found in
the humid to sub-humid regions due to improper agricultural practices that degrade the
soil. Intensive agriculture, which exerts more pressure on arable lands to increase yield
per unit area through excessive or improper irrigation, fertilizer and pesticide applications,
also leads to soil salinization [33].

On a global estimate, agricultural production is reliant on irrigation over rainfall-
dependent agriculture because it sustains continuous crop production year-round [5].
However, the effect of salinity is more pronounced in irrigated agriculture as a large propor-
tion (20%) of the soils is salt-affected [5,34]. Of all anthropogenic causes of soil salinization,
excessive irrigation of crops with salt-ladened water, coupled with an inadequate drainage
system, ranks foremost as it raises the water table and leaves salts deposited on soils after
the evaporation of water [13,32]. Without proper monitoring, irrigation water often con-
tains a high concentration of salts, which increases the susceptibility of soils and crops to
salinity stress [35]. The excessive uptake of these salts leads to toxicity, which has negative
impacts on growth and productivity by reducing the availability and uptake of water and
essential nutrients, such as nitrogen (N) and phosphorus (P) [36–38].

Plants Response to Salinity Stress

Over time, plants have evolved several ways to mitigate salinity stress. Soil salinity
affects the biochemical, physiological and morphological processes of plants [39]. This
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effect is manifested at two different levels, namely the osmotic and ionic phases [12]. The
osmotic phase occurs immediately on the uptake of excess salt and causes a reduction
in plant water uptake, the water content of leaves, production of carotenoids and chloro-
phyll contents, as well as overall plant growth [4,12]. The ionic phase is characterized
by salinity-induced accumulation of Na+ and Cl-, which leads to ion imbalance (higher
Na+/K+ ratio), leaf necrosis and plant senescence earlier than the attainment of physiologi-
cal maturity [12,40,41]. It has been suggested that at a low level of EC (≤7.0 dS m−1), the
ionic phase predominates after about three weeks of plant growth, while the osmotic phase
predominates throughout the plant life cycle at a high level of EC (30 dS m−1) [10]. Mitigat-
ing Na+ uptake has been suggested to be the most important strategy in the resistance of
plants to salinity stress [42]. Na+ uptake via the root’s plasma membrane is facilitated by
the activities of high-affinity potassium transporters (HKTs), aquaporins and the nonse-
lective cation channels (NSCCs) [42–44]. In saline conditions, NSCCs do not differentiate
between Na+ and K+ due to their similar ionic radii, while class I HKTs are Na+-specific
transporters and Class II HKTs are co-transporters of Na+ and K+ [43,45]. Thus, NSCCs
tend to favor the higher uptake of Na+, leading to K+ deficiency and Na+ toxicity [43].
To adjust appropriately, the excess Na+ entering the cytoplasm must be removed, and
further influx through the roots must be regulated. For an increased understanding of
Na+ uptake and efflux by plants in saline conditions, more detailed studies would need
to unravel the several mechanisms involved in the reduction of Na+ influx into root cells,
selectivity for Na+ over K+ uptake, compartmentalization of Na+ into vacuoles by Na+/H+

antiporters, redistribution and utilization of Na+ within the plant and increased Na+ efflux
from root cells via the salt overly sensitive (SOS) pathway [42,43,46,47]. There are also
indications of the presence of putative P-type ATPases that could facilitate the efflux of Na+

from plants and needs to be extensively studied [43]. Several reviews [5,12,42,43,46–48]
could be consulted for a better understanding and the current state of knowledge on the
mechanisms and processes involved in Na+ uptake and efflux by plants.

In response to higher concentrations of NaCl in the soil, Na uptake by the roots
is increased while P, N, Ca, Mg, and K uptake is lowered significantly, leading to the
disruption of the intracellular ionic balance [49]. Furthermore, excessive uptake of Na+

and Cl− causes hyperosmotic stress, resulting in decreased water potential, which limits
water uptake by plant roots [47]. In a wheat crop grown on saline soil, the reduction
in water uptake is heightened during the flowering and grain filling period and thus
having a great adverse effect on the final yield [10]. In adaptation to reduced water uptake,
plants reduce their leaf area and stomatal conductance to prevent water loss through
transpiration. Leaves become small with thicker cuticles due to the reduction in cell
division and elongation imparted by osmotic stress [12]. Thus, salinity negatively impacts
photosynthesis by lowering carbon (C) assimilation and crops water use efficiency, thereby
leading to physiological drought and ion toxicity in plants [3,5,50].

K+ maintains the integrity of the cell and its membrane, and it is the most abundant
cation in the plant cell [13]. Due to the ionic similarity of Na+ and K+, salinity stress
causes Na+ to replace K+ in the cells, thereby disrupting key metabolic processes and
enzymatic activities regulated by K+ [5,51]. For example, Na+ replaces K+ in the ribosome,
thereby affecting protein production [12]. Despite the ability of halophytes to withstand the
accumulation of Na+, their cytosolic enzymes are as sensitive to Na+ as glycophytes [13].
To maintain growth with a high concentration of Na+ intracellularly, halophytes channel
excess Na+ ions in the cytoplasm to the vacuole, where they are rendered redundant and
unharmful [41]. Other mechanisms of sustaining growth under salinity stress include the
accretion of low molecular weight organic compounds and/or solutes, such as osmolytes
(e.g., polyols, betaines and amino acids), to enhance sufficient water uptake and increased
production of antioxidants [13,15,38,41,52]. The organic solutes also counteract the effect
of inorganic solutes, such as Na and Cl ions in the cells [13]. Additionally, salt-tolerant
plants detect salinity stress at an early stage and can evolve appropriate responses, such
as changes in signal transductions and metabolism, to cope with the abiotic stress, unlike
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glycophytes [18,53]. For instance, Na+ transporters in halophytes regulate the amount of Na
ion entering the xylem particularly before getting to the shoots, where most photosynthetic
apparatus are situated [5].

In response to salinity and the consequent osmotic-induced stress, plants produce
osmoprotectants, hormones, proteins and antioxidants that scavenge oxygen-free radicals
to enhance tolerance and survival [13,15,48]. Likewise, the reception of salinity stress stim-
ulus in plants results in a reduced stomatal conductance regulated by increased synthesis
of abscisic acid [41]. The production of phytohormones is one of the key strategies with
which plants regulate their responses to salinity stress. Phytohormones confer salt toler-
ance to plants by modulating the uptake of excessive salt, increasing carbon dioxide (CO2)
fixation, promoting plant growth and regulating the efficient distribution of absorbed salts
for improved plant growth [16,54]. For a detailed account of the molecular, biochemical
and physiological tolerance mechanisms regulating salinity stress in plants, the studies of
Almeida et al. [5], Flowers and Colmer [55] and Zhu [13] could be consulted. A close study
of the mechanisms of salt tolerance in halophytes could give insights into enhancing salin-
ity tolerance in glycophytes. Salt tolerance mechanisms could be modeled in halophytes
through molecular crop breeding and genome editing. Conventional breeding could also
be used in the selection of crop genotypes with high potential for salinity tolerance. The
provision of a soil condition where the uptake of essential nutrients (N, P and K) could
be favored against the uptake of Na would also go a long way in enhancing glycophytes
growth and yield in saline soils.

3. Importance of Gypsum in Saline Soils

Saline soils are diverse in nature and require specific strategies, such as the appli-
cation of sulfur-containing compounds such as gypsum, to aid their management and
reclamation for long-term productivity [22,56]. Gypsum application is foremost among the
widely known methods of reclaiming salt-affected soils; other related amendments include
elemental S, sulfuric acid (H2SO4), polysulfides of sulfur and hydrogen sulfite [18,39,57].
A field study investigating the efficacy of CaSO4·2H2O and polysulfides on a saline soil
has shown that gypsum is the most effective amendment in soil reclamation [39]. When
applied to saline soils, gypsum can improve the soil’s physical (bulk density, aggregate
stability and water infiltration) and chemical (pH, SAR, ESP, CEC, EC, nutrients availability
and organic carbon) characteristics, as well as biomass and crops production [39,58–60].
Gypsum application increases the availability of several nutrients, such as P, and promotes
a balanced concentration of electrolytes in the soil solution [59,60]. Besides the physical
and chemical properties of soil, gypsum application also stimulates increased soil microbial
activity, biomass and respiration [60].

3.1. Mechanisms of Gypsum Efficacy in Saline Soils

One of the most important factors of gypsum in the amelioration of soil salinity is
that it is cheap and easy to use [24,39]. Gypsum can be mined from sedimentary rocks
that have formed in the marine environment with high S and Ca deposits. Gypsum can
also be formed as a by-product in the industrial production of sulfuric and phosphoric
(phosphogypsum) acids and in flue gas desulfurization [61]. In calcareous soils, which
contain an adequate amount of calcium carbonate (CaCO3), gypsum could easily be formed
by the addition of elemental S [62]. The application of S reduces a plant’s uptake of toxic
elements and improves salt-affected soils’ productivity [11]. Since soil salinity increases the
soil pH, the use of chemical amendments to lower the soil pH would be highly desirable
in reclaiming such soils. In line with this, S contained in gypsum is an acid former that
allows decreasing the pH and electrical conductivity (EC) of the soil in a fast way under
humidity conditions and favorable temperatures [63]. Thus, the major effects of gypsum
on high pH, calcareous saline soils are enhanced through the presence of S, which rapidly
acidifies the soil as it oxidizes to a strong acid (e.g., H2SO4) that does lower the soil pH [22].
However, if S is applied as elemental S instead of gypsum, the newly formed H2SO4 may
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further react with carbonates and bicarbonates in the soil to become leachable Na2SO4 [64].
In the elemental form, an excess amount of S goes into the reaction in the soil water and
may be easily lost from the rhizosphere. However, in the form of gypsum, the amount
of S that goes into the reaction is regulated by the bonds between Ca and S amidst the
water molecules. More discussions on the importance and regulatory roles of S in plants’
response to salinity stress is provided in Section 3.2 below.

Another importance of gypsum application in saline soils is its provision of Ca. In
saline soils, a substantial percentage of the exchangeable Na+ needs to be removed by Ca2+,
and this reaction can be rapidly accomplished using CaSO4·2H2O. Scientific investigations
have demonstrated that the use of CaSO4·2H2O reduces Na+ from the cations exchange
sites, thereby reducing its uptake by plants [24,65]. This exchange of Ca2+ for Na+ in the
soil colloids improves soil stabilization and permeability (Equation (1)). However, upon
the application of gypsum, it must be well-mixed with the soil followed by adequate water
application to take out the displaced Na+ from the rhizosphere. An increase in Ca2+-to-Na+

ratios on clay surfaces prevent soil dispersion and promote a stable soil structure, as well
as an increased clay flocculation [66]. This also makes more Ca+ available for plant uptake
(Figure 2). On uptake at moderate levels, Ca supplementation promotes crops tolerance to
salinity stress by increasing the hydraulic conductivity and leaf surface area [67]. Intracel-
lularly, Ca2+ helps the activation of salt signaling pathways, such as the SOS pathway that
allows plants to evolve a quick response against salt stress [12,13]. An adequate nourish-
ment of Ca2+ helps maintain cell membrane integrity and selectivity, thereby preventing
excessive accumulation of Na+ and Cl− [68]. Importantly, Ca2+ modulation of the pro-
teins involved in K+ and Na+ transport favors the mobilization of K+ against the influx of
Na+, thereby increasing the K+/Na+ ratio in salinity-stressed plants [13]. Provision of Ca
through gypsum application can also help with reversing the negative impact of salinity
on P uptake [23].

Soil colloids−Na+ + CaSO4.2H2O = Soil colloids−Ca2+ + Na2SO4 + 2H2O (1)

Apart from the cost and management problems associated with the use of leaching
in managing saline soils, its effectiveness is also hindered by poor soil structure in sodic,
saline-, alkaline- and acidic-sodic soils [10]. However, the application of gypsum to improve
the soil structure before leaching is more effective in the management of saline soils for
glycophytes production [10]. In addition to leaching with a non-saline water, gypsum
application acidifies salt-affected soils to promote higher water uptake and improved soil
physicochemical properties [18]. The application of CaSO4·2H2O reduced the soil pH from
8.18 to 7.64, soil EC from 6.21 to 2.39 dS m−1, SAR from 42.39 to 9.39 (mmolcL−1)1/2 and
ESP from 39.54% to 10.56% [39]. Other studies have also reported similar results using
gypsum [11,18,20,24,60]. Gypsum reportedly reduced both SAR and ESP by 11-folds each
compared to control treatments that had no gypsum application [60]. In saline sodic soils,
gypsum reduces soil crusting, thereby enhancing water infiltration and deep rooting of
crops in the soil [61]. After three years of gypsum application (5 t ha−1), the EC of a saline-
sodic soil was reduced by 9%, 46.5%, 91.3%, 123% and 174% at soil depths of 0–20 cm,
20–40 cm, 40–60 cm, 60–80 cm and 80–100 cm, respectively, compared to plots that had no
gypsum application [69]. Similarly, a field study has demonstrated that gypsum application
on a sodic soil helped in the reclamation of the soil by reducing spontaneous dispersion
and the ESP by 26% up to a depth of 0.5 m over a period of about 3.5 years [70].
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Due to the foregoing attributes of gypsum, different studies have demonstrated the
potential of gypsum and associated S-containing compounds to improve the growth of
many crops, including cabbage [71], barley [17], maize [72] and tomato [73] grown under
salinity stress conditions (Table 1). Nevertheless, gypsum needs to be applied in large
quantities to be highly effective in reclaiming saline soils [56,74]. The actual amount of
the gypsum required to reclaim a particular saline soil can be calculated using the soil
gypsum requirement (Alcívar et al., 2018). The gypsum requirement can be calculated as
shown in Equation (2) below. Gypsum also has a low solubility (2.1 kg m−3 or 2 g L−1) and
requires adequate water to dissolve its chemical components into Ca and SO4 to enhance
its effectiveness in reclaiming saline soils [10,75].

Gypsum requirement =
ESPini− ESPdes

100
∗CEC ∗ 1.72 ton (2)

where ESPini is the initial ESP (%) of the soil to be amended; ESPdes is the desired ESP (%);
CEC is the cation exchange capacity of the soil in meq100 g−1 soil; 1.72 ton is the amount of
CaSO4·2H2O required to reduce Na+ content of the soil by one unit (1 meq Na 100 g−1 soil)

3.2. Regulatory Roles of Sulfur in Plants under Salinity Stress

On the terrestrial biosphere, S is found as sulfide (S−2) minerals, such as pyrite, or
sulfate minerals, such as gypsum [76]. Sulfur is the fourth most essential macronutrient
for plant growth and development after N, P and K, but it is commonly deficient on
agricultural fields [77]. One of the remarkable impacts of S in the mineral nutrition of
plants is its importance in the adaptation of plants to salinity stress conditions [71,78].
Sulfur serves regulatory and catalytic functions in the plant cells, and it is taken up in
its inorganic form as sulfate—SO4

2− [79,80]. Sulfate can be absorbed from the soil and
translocated within the plants through the activity of sulfate transporters (SULTRs) in the
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root or directly assimilated from the shoots and leaves if naturally or anthropogenically
available sulfur dioxide (SO2) or hydrogen sulfide (H2S) are in the atmosphere [21,81,82].

Stress regulatory mechanisms in plants are structured to utilize S in the alleviation
of plant stress [21,83]. S is an integral part of the thioredoxin system, which regulates
physiological processes and raises salt tolerance [84]. A critical concentration of S in plant
tissues regulates chlorophyll content, C/N metabolism, activity of photosynthetic enzymes,
protein synthesis and the electron transport system [21,51,85]. Plant photosynthesis in
salt-stressed conditions is potentially regulated by the availability of S, which counters
salt-induced oxidative stress [86,87]. This is achieved by being a major component of the
ferredoxin (Fe-S protein) complex that transports free electron in the cells [88]. Sulfur and
its derivatives (e.g., glutathione) improve the antioxidant-defense pathway by maintaining
a reduced cellular-redox condition and scavenging excessive reactive oxygen species (ROS)
under different abiotic stresses, especially, salinity [77,89,90]. ROS, including hydrogen
peroxide, hydroxyl and superoxide radicals, impose oxidative stress, membrane instability
and unbalanced nutrient homeostasis on plants [91]. Thus, sulfate deficiency in plants
often results in reduced plant resistance and vigor against biotic and abiotic stresses, as
well as stunted plant growth and development [76,92].

Sulfate is utilized by plants for the biosynthesis of different metabolites, such as me-
thionine and cystein [21,93]. Cysteine, a major part of plants thiol-peptide responsible for
the primary metabolism, mediates the secretion of thionins, elemental S, phytochelatins, sul-
folipids, S-rich proteins, coenzyme A, metallothioneins, H2S and glutathione in response to
environmental cues, such as salinity stress and S deficiency [21,51,80,93]. Therefore, plants
with low ATP-sulfurylase (adenosine5′-triphosphate sulfurylase), the enzyme catalyzing
the reduction of SO4

2− to S2 in the cells before incorporation into cysteine, activity are
mostly salt-sensitive [21,78,93,94]. Sulfur interacts with different phytohormones, including
auxin, gibberellin, cytokinin, abscisic acid, ethylene, jasmonic acid (JA) and salicylic acid
(SA), under an abiotic stress condition to promote plant growth [84]. The assimilation of
SO4

2− during salt stress revealed that adenosine 5′-phosphosulfate (APS) reductase activity
is up-regulated by the exogenous application of ethylene precursor 1-aminocyclopropane
carboxylate (ACC), which confers tolerance to salinity in Arabidopsis [95]. Transgenic
approaches have been employed successfully to increase the capacity of salt tolerance in
plants by manipulating S assimilation and metabolism pathways [79].

The application of S containing compounds increases the uptake and concentration
of Ca2+ in the plant tissues with a decreasing Na+ uptake [20,39,60], as shown in Table 1.
It has been demonstrated that S applied as H2S increases the growth of crops under salt
stress by maintaining physiological processes, such as ion homeostasis [17]. Further studies
have also shown that S supplementation improved the photosynthetic efficiency of plants
under salt stress via increased glutathione production and enzymes activity [86,96]. Foliar
application of S-containing compounds, such as FeSO4, thiourea and LiSO4, have also been
reported to aid the tolerance of glycophytes, such as maize [97] and canola [98], to salt
stress. However, despite the importance of S, it is worthy to note that an excess amount of S
compounds (SO4

2−, H2S, SO2, and SO3
2−–sulfite) in the biosphere could be detrimental to

plants, animals, humans and the environment in totality [99]. Additionally, the application
of S in excessive amounts beyond crop needs could result in increased soil salinity [22].
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Table 1. The effects and rates of S-containing compounds in the amelioration of salinity stress on crops.

S-Containing Compound Optimal Application Rate Crop Impact on Soil and Crop Productivity Reference

Elemental S 700 kg S ha−1 Red Cabbage (Brassica
oleracea var. capitata L.)

Increased head weight and total yield;
Increased S, P, N and K uptake;

Reduced leaf Na+ content
[71]

Elemental S 1120 kg S ha−1 Sugarcane (Saccharum sp.
var. CP87-3388)

Increased available soil P and S;
Increased leaf area index [22]

Elemental S 500 kg S ha−1 Pea (Pisum sativum L.)
Increased growth and yield; Increased

uptake of N, P and K; Reduced leaf
Na+ content

[100]

Agricultural sulfur (98% S) 600 kg S ha−1 Rice (Oryza sativa L. cv.
Sakha 106)

Decreased soil pH, EC and bulk
density; Increased growth and yield [101]

Gypsum 5 t ha−1 Berseem clover (Trifolium
alexandrinum L. cv. Helaly)

Decreased soil pH and EC; Increased
soil available K; Increased growth,

herbage production and forage quality
[102]

Gypsum 10.52 t ha−1 Fodder beet (Beta vulgaris
cv. Kawai terma)

Decreased soil pH, SAR, EC and bulk
density; increased root and shoot

biomass production
[103]

Gypsum 4 t ha−1 Onion (Allium cepa L. cv.
Adama red)

Decreased soil EC and ESP; increased
exchangeable Ca2+ and onion yield [104]

Gypsum 12 t ha−1 Grapevine (Vitis vinifera)
Decreased soil ESP, improved root

growth, water penetration and fruit
yield.

[70]

Gypsum 9.2 t ha−1 Wheat (Triticum aestivum L.
cv. Gemmeiza 11)

Increased grain yield and reduced soil
and irrigation water salinity [66]

4. Emerging Perspectives in the Amelioration of Salt-Affected Soils

Apart from the use of soil amendments in saline soils reclamation, the choice of
crop to be cultivated is also very important. Several studies have proven that the use of
halophyte species in agriculture may facilitate crop adaptation to increased salinization
while contributing to the improvement of soil quality and food security [10,105]. Some
economically important halophytes are sorghum, rye, date palm, grape, guava, mango,
olive, oilseed rape, guar, cotton, artichoke, kenaf, mustard and some varieties of wheat and
barley [6,50,86,106–109]. Other species of halophytes, including quinoa, seaside purslane,
pearl millet, saltwort, eelgrass and sea fennel, have been identified for their use as veg-
etables and traditional foods in different parts of the world [110]. Since halophytes can
remove a lot of salt from the environment, it makes it possible for the cultivation of gly-
cophytes in the same soil after few seasons of halophytes cultivation. Furthermore, the
cultivation of halophytes with gypsum application is a viable practice to improve plant
growth and production on salt-affected soils. Gypsum applied, along with the planting
of Atriplex amnicola, Atriplex halimus and Atriplex lentiformis, has been shown to greatly
reduce the soil salinity level, ESP and SAR of a saline-sodic soil [20]. Chlorosis guayana and
Cynodon dactylon cultivation with gypsum application in a saline-sodic soil improved the
soil pH, SAR, ESP, EC and water infiltration [111]. Likewise, the application of gypsum
resulted in higher biomass yield and the accumulation of Na+ in the aerial parts of Sesuvium
verrucosum due to the soil improved physicochemical properties [39].

Another viable practice in the management of saline soils is the integrated application
of gypsum and elemental S. The combined application of gypsum and elemental S increases
the efficacy of gypsum in the amelioration of saline soils, especially in saline-sodic soils. In
saline-sodic soils, the sole application of CaSO4·2H2O may result in the precipitation of
CaCO3 due to a high level of alkalinity (pH) [74]. If CaCO3 precipitates, Ca2+ availability
on the exchange sites or soil solution and uptake by plants would be constrained. In this
case, the addition of elemental S neutralizes the alkalinity and solubilizes CaCO3 to release
Ca2+ through its oxidation to sulfuric acid. Hence, it has been shown that the mixture of
gypsum and elemental S reduces the precipitation of CaCO3, SAR and soil pH to cause
an improved plant growth and yield on a saline-sodic soil [74]. Furthermore, it has been
demonstrated that the integrated use of gypsum, elemental S and compost improved the
quality and productivity of berseem clover cultivated on a saline soil by ameliorating
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salt-induced stress through changes in the soil properties [102]. Thus, there is a need
for more investigations on other inputs that could increase the efficiency of gypsum in
ameliorating saline soils.

4.1. Effects of Bio-Organic Amendments on Saline Soils

The amelioration of salt-affected soils is dependent on the type of salinity and availabil-
ity of soil amendments that could counter the effect of salinity on soils. CaSO4·2H2O and
bio-organic amendments are among soil inputs that have been continuously recognized
to improve the biological, physical and chemical properties of saline soils for increased
food production. Bio-organic amendment is a term used to indicate the integrated use
of beneficial microbes and organic sources of nutrients in the cultivation of crops for an
increased yield. Bio-organic amendments have a high potential to improve both soil and
crop productivity through increased soil organic matter, essential nutrients (especially, N
and P) and water availability, stable soil structure and increased microbial activity [112].
The beneficial microbes may include plant growth-promoting (PGP) microorganisms, ar-
buscular mycorrhizal fungi (AMF), cellulose-decomposing bacteria, P-solubilizing bacteria
and N-fixing bacteria. The use of beneficial microbes or plant growth-promoting microor-
ganisms or biofertilizers is an important strategy that improves the tolerance of crops to
saline soil conditions [6,31,113]. It has been suggested that the exploitation of microbes
ecological survival characteristics, such as salinity tolerance through the synthesis of plant
growth promoting hormones, compatible solutes (e.g., glycine betaine) that counteract the
effect of salts and their inherent genetic diversity, could help in improving crops tolerance
to salinity stress [31]. Generally, plant root-colonizing microorganisms (e.g., fungi and
bacteria) form symbiotic associations with plants to confer tolerance under different stress
conditions, such as salinity. This is achieved by improving the root system development
for an increased uptake of water, essential nutrients and other organic compounds to
counteract the negative impact of Na+ in the rhizosphere. The dual inoculation of AMF
(Rhizophagus intraradices) and PGP bacteria (Massilia sp. RK4) has been demonstrated to
promote salt tolerance in maize by increasing nutrient accumulation, AMF colonization
and leaf proline production [114].

Soil microbes play a significant role in nutrient cycling through mineralization and
immobilization and thus have positive effects on soil nutrient availability, aeration and
organic matter [115]. Investigations on Pseudomonas stutzeri and Trichoderma harzianum
have shown their potential for enhancing glycophytes tolerance to salinity stress [113,116].
For instance, it has been demonstrated that Trichoderma harzianum potentially improves
the yield of tomato, as well as soil fertility and biodiversity under salinity stress condi-
tions [117]. Trichoderma harzianum inoculation reduces SAR and increases tomato fruit yield
and the available soil P level in a saline soil condition [118]. In a saline water irrigation
(3000 ppm) imposed salinity experiment, the individual application of Azospirillum, peanut
compost and their combination (Azospirillum–compost) caused a significant increase in
germanium plant growth and biomass yield with reduced Na+ accumulation [119]. The
inoculation of Bacillus pumilus and Pseudomonas pseudoalcaligenes improves rice (GJ17, a salt-
sensitive cultivar) tolerance to salinity stress by enhancing a reduction in the toxicity of ROS,
superoxide dismutase activity and lipid peroxidation [120]. Other microbial mechanisms
that enhance crop tolerance to salinity stress include increased 1-aminocyclopropane-1-
carboxylate deaminase, nitrate reductase and nitrogenase activities, the regulation of leave
water content, phosphate solubilization, higher K+/Na+ ratio, improved germination and
growth, indole acetic acid and exopolysaccharide production, as well as the regulation of
Na+ transporter (HKT1) and reduced production of ethylene [31].

Organic materials may include compost, straw, organic manure, green manure, hu-
mic substances and biochar. The addition of these organic materials to saline soils may
improve soil quality and health for increased crop production. The breakdown of organic
amendments in the soil gives off CO2 and hydrogen ion (H+), as well as organic acids [104].
The CO2 is incorporated into the soil as soil organic carbon (C) during the decomposi-



Agronomy 2021, 11, 1735 11 of 18

tion of added organic materials by soil microbes [121,122]. CO2 fixation by plants during
photosynthesis also adds to the pool of soil organic carbon after plant leaves and roots
decompose in the rhizosphere [122]. The released H+ from the breakdown of organic
materials goes off into reaction with the salts and carbonates to solubilize them into their
component parts. For example, CaCO3 in calcareous soils is solubilized to release Ca
for plant uptake and CO2 for further incorporation as soil organic carbon. The released
organic acids also aid the mineralization of more organic mineral component of the soil.
In a saline soil (10.6 dS m−1) irrigated with a slightly saline water (4.28 dS m−1), organic
amendments, including vermicompost and cow dung, were found to improve the soil EC
(3.37 dS m−1) and pH, thus increasing maize growth compared to untreated control [123].
The application of organic materials in the topsoil of saline soils help in reducing soil
evaporation, salt water movement and salt accumulation by regulating the distribution
of salt in the rhizosphere [23]. In terms of plant responses to the salinity stress condition,
the addition of organic matter potentially reduces the uptake of Na+ with the consequent
increase in essential nutrients uptake to enhance improved growth. The use of organic
amendments on saline soils also improves porosity, hydraulic conductivity, soil aggregate
stability and permeability [124]. Organic matter acts as chelates for basic cations, such
as Ca2+ and Mg2+, in the soil solution and thus promotes their uptake compared to Na+

and also reduces SAR. Similar to gypsum application, wheat straw application containing
approximately 0.75 t ha−1 of each of Ca2+ and Mg2+ contributed an adequate amount of
these cations in the soil solution and thus makes them available for plant uptake [70]. In
addition, organic manure incorporation into saline-water-irrigated soil improves the soil
available N and K and their consequent uptake by tomato plants [125].

4.2. Complementary Use of Gypsum and Bio-Organic Amendments in the Management of
Saline Soils

Due to the great impact of beneficial microbes and organic materials in soil fertility
improvement, their integration with gypsum application has the potential to have a re-
markable effect on the amelioration of saline soils (Figure 3). In a soil column investigation,
gypsum application in conjunction with compost (rice straw and hyacinth) reportedly
reduced the salinity and sodicity levels of a saline-sodic soil more efficiently than the
control or the use of either gypsum or the composts alone [126]. The integrated application
of gypsum with compost has been reported to produce the highest yield of onion in a
saline-sodic soil by causing a reduction in EC, ESP, pH and SAR [104]. The addition of
compost improves the soil organic carbon sequestration potential, CEC and availability of
nutrients, which are mostly deficient in saline soils, and thus enhances the effectiveness of
gypsum to reduce the soil EC, SAR, ESP and pH. Gypsum application, along with humic
acid and organic manure, in a saline-sodic soil has been demonstrated to improve soil
pH, SAR, EC (2.65 dS m−1 from 6.35 dS m−1) and, consequently, the root growth and
yield of rice [127]. Another investigation has demonstrated that three years after organic
matter addition with gypsum application, there was a reduction in clay dispersion and an
increase in exchangeable Ca2+ in the subsoil [128]. Similarly, the application of gypsum and
farmyard manure have been reported to have improved soil properties, including pH, bulk
density, EC, organic matter, hydraulic conductivity and SAR, after 3 years of application
on a saline-sodic soil field condition [103].
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The inoculation of beneficial microbes in conjunction with gypsum application has
been demonstrated to improve the solubility of gypsum for higher efficiency in ame-
liorating saline soils [129]. It has been reported that the combination of gypsum with
Acidithiobacillus thiooxidans and Bradyrhizobium spp inoculation improved the growth of
cowpea by making more nutrients (P and K) available for uptake on a saline-sodic soil [56].
Likewise, a saline-sodic soil ameliorated with gypsum in conjunction with two bacte-
rial (Bacillus megaterium and Bacillus subtilis) and two fungal species (Alternaria spp. and
Aspergillus spp.) was found to have improved soil saturated hydraulic conductivity, which
causes easy water movement for plant use [129]. Furthermore, S-incorporated citrus wood
biochar, in combination with a consortium of plant growth-promoting microorganisms,
was found to improve the growth, quality and yield of Capsicum annum (pepper) on saline
soil through reduced Na uptake and increased N, P, K, Ca, Fe and Mn uptake [91]. The con-
sortium of the beneficial microorganisms included Streptomyces griseus, Streptomyces albus,
Candida utilis, Saccharomyces cerevisiae, Streptoccus lactis, Lactobacillus plantarum, Rhodobacter
spaeroides, Rhodopseudomonas palustrus, Mucor hiemalis, Aspergillus oryzae and Penicillium
sp. [91]. Furthermore, gypsum application, in conjunction with biochar and compost tea
(containing organic matter and beneficial microbes), has also been shown to ameliorate the
effect of soil salinity on wheat production by reducing the SAR, EC and ESP [130]. Despite
the potential importance of the integrated use of gypsum and bio-organic amendments
in the reclamation of salt-affected soils, only a few standard studies have been conducted
in this regard at the field level (Supplementary Table S1). More studies exploring the inte-
grated use of gypsum, organic matter and beneficial plant growth-promoting microbes in
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alleviating soil salinity stress on agricultural productions would be beneficial for improving
the global food security.

5. Conclusions

Globally, a substantial percentage of soils that are cultivated for agricultural produc-
tion are constrained by salinity and are more prevalent in the arid to the semiarid regions
compared to the humid and temperate regions of the world. Notwithstanding, this per-
centage is a small fraction of the total global land area that are salt-affected and could be
potentially reclaimed for agricultural productions. Thus, the attainment of an increased
global food security calls for continued research efforts aimed at alleviating salt stress on
crops in saline soils. In this regard, the use of gypsum and bio-organic amendments in
salt-affected soils has been identified among sustainable means for alleviating the effect
of salt stress on soil quality and productivity, as well as optimal crop growth and yields.
Gypsum and bio-organic amendments nourish crops with the required essential nutrients
(N, P, K, Ca, Mg and S) and improves the overall physical, chemical and biological prop-
erties of saline soils, including pH, EC, SAR, EC, CEC, organic matter, nutrient cycling,
porosity, water-holding capacity, enzyme activities, microbial biomass and biodiversity.
Particularly, the provision of S through the gypsum application increases crops’ tolerance
to salinity stress by regulating various biochemical and physiological processes, such as
the Na+ balance, water status, reactive oxygen species, photosynthesis and phytohormone
levels. Sulfur also stimulates a crop’s response to salt stress by inducing the biosynthesis,
transport and secretion of proteins, antioxidants and polyamines, as well as up-regulating
genes that are highly functional in alleviating various abiotic stresses. Ca provision through
gypsum application is also very important at the soil-plant interface to aid crops tolerance
to salinity stress as it prevents the uptake Na+ from the soil solution.

For gypsum to be highly effective in saline soil amelioration, adequate water must be
available to irrigate the soil after gypsum application to enhance the quick leaching out
of displaced Na+ from the rhizosphere. Additionally, in addressing soil salinity problems
either with the individual or combined use of gypsum and bio-organic amendments,
adequate attention should be paid to the quality of water used in irrigating crops to ensure
that they do not contain ions that could aggravate soil salinity. In addition, it is noteworthy
to mention that, despite the efficiency of gypsum in reclaiming salt-affected soils, its efficacy
on a field-scale may not be obvious or optimally available in the first year of application
but rather not until an average of three years after application. Thus, it is hypothesized
that the use of bio-organic amendments, which improve the soil organic matter, microbial
population and activities, in conjunction with gypsum could potentially help in attaining an
appreciable result in the first year of application and beyond. Likewise, chemical fertilizer
and pesticide applications should be substituted or complemented with bio-organic inputs
to reduce the increasing salinization of arable lands. Finally, the reclamation of saline
soils using gypsum and bio-organic amendments to sequester C into the soil as organic C
would add to the pool of efforts aimed at mitigating global climate changes by reducing the
amount of CO2 in the atmosphere while increasing global food security. Thus, this review
recommends that more scientific investigations at field, greenhouse and laboratory levels
should be conducted to explore the use of integrated gypsum and bio-organic amendments
in the reclamation of saline soils.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11091735/s1, Table S1: A list of studies that used combined gypsum and bio- and/or
organic amendments in mitigating salinity stress.
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129. Sahin, U.; Eroğlu, S.; Sahin, F. Microbial application with gypsum increases the saturated hydraulic conductivity of saline–sodic

soils. Appl. Soil Ecol. 2011, 48, 247–250. [CrossRef]
130. Bayoumy, M.; Khalifa, T.; Aboelsoud, H. Impact of some organic and inorganic amendments on some soil properties and wheat

production under saline-sodic soil. J. Soil Sci. Agric. Eng. 2019, 10, 307–313. [CrossRef]

http://doi.org/10.1080/23311932.2020.1859847
http://doi.org/10.1080/01904167.2020.1849295
http://doi.org/10.1002/ldr.2554
http://doi.org/10.1016/j.agee.2016.05.037
http://doi.org/10.1007/s11368-015-1269-1
http://doi.org/10.1016/j.apsoil.2016.04.012
http://doi.org/10.1016/j.catena.2018.12.009
http://doi.org/10.1007/s12298-014-0224-8
http://www.ncbi.nlm.nih.gov/pubmed/24757324
http://doi.org/10.1080/10256010412331314265
http://www.ncbi.nlm.nih.gov/pubmed/16191765
https://www.nature.com/scitable/knowledge/library/soil-carbon-storage-84223790/
https://www.nature.com/scitable/knowledge/library/soil-carbon-storage-84223790/
http://doi.org/10.14719/pst.2019.6.2.491
http://www.ncbi.nlm.nih.gov/pubmed/33254867
http://doi.org/10.1002/jsfa.2740590410
http://doi.org/10.9790/2380-0133038
http://doi.org/10.17221/881/2012-PSE
http://doi.org/10.1071/EA97102
http://doi.org/10.1016/j.apsoil.2011.04.001
http://doi.org/10.21608/jssae.2019.43221

	Introduction 
	Effect of Salinity on Soil Properties and Productivity 
	Importance of Gypsum in Saline Soils 
	Mechanisms of Gypsum Efficacy in Saline Soils 
	Regulatory Roles of Sulfur in Plants under Salinity Stress 

	Emerging Perspectives in the Amelioration of Salt-Affected Soils 
	Effects of Bio-Organic Amendments on Saline Soils 
	Complementary Use of Gypsum and Bio-Organic Amendments in the Management of Saline Soils 

	Conclusions 
	References

