
����������
�������

Citation: Mokrani, S.; Nabti, E.-h.;

Cruz, C. Recent Trends in Microbial

Approaches for Soil Desalination.

Appl. Sci. 2022, 12, 3586. https://

doi.org/10.3390/app12073586

Academic Editors: Stefano

Castiglione, Francesco Guarino

and Mattia Terzaghi

Received: 7 February 2022

Accepted: 16 March 2022

Published: 1 April 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/).

applied  
sciences

Review

Recent Trends in Microbial Approaches for Soil Desalination
Slimane Mokrani 1,2, El-hafid Nabti 2,* and Cristina Cruz 3

1 Laboratory of Research on Biological Systems and Geomantic (L.R.S.B.G.), Department of Agronomy,
University of Mustapha Stambouli, P.O. Box 305, Mascara 29000, Algeria; distillateur@yahoo.fr

2 Laboratoire de Maitrise des Energies Renouvelables, Faculté des Sciences de la Nature et de la Vie,
Université de Bejaia, Bejaia 06000, Algeria

3 CE3C—Centre for Ecology, Evolution and Environmental Changes Faculdade de Ciências da Universidade de
Lisboa, Edifício C2, Piso 5, Sala 2.5.03 Campo Grande, 1749-016 Lisboa, Portugal; ccruz@fc.ul.pt

* Correspondence: nabtielhafid1977@yahoo.com

Abstract: Soil salinization has become a major problem for agriculture worldwide, especially because
this phenomenon is continuously expanding in different regions of the world. Salinity is a complex
mechanism, and in the soil ecosystem, it affects both microorganisms and plants, some of which
have developed efficient strategies to alleviate salt stress conditions. Currently, various methods
can be used to reduce the negative effects of this problem. However, the use of biological methods,
such as plant-growth-promoting bacteria (PGPB), phytoremediation, and amendment, seems to be
very advantageous and promising as a remedy for sustainable and ecological agriculture. Other
approaches aim to combine different techniques, as well as the utilization of genetic engineering
methods. These techniques alone or combined can effectively contribute to the development of
sustainable and eco-friendly agriculture.
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1. Introduction

Among the most important concerns regarding agriculture in the 21st century is soil
salinization [1]. According to some recent forecasts, environmental salinization mechanisms
will continue to be enhanced as a result of global climate change [2]. The latter is having
a significant impact on certain agricultural areas. Its consequences on soil salinity are
most severe in arid, semi-arid, and coastal agricultural regions [3]. Salt accumulation in
soil is a worldwide issue. Salt-affected soils occur as a result of a variety of processes
that can be very localized and complicated in nature. Indicators have been designed to
give insight into regions at risk of salinization on a global scale [4]. Increased salinity in
agricultural regions is a major environmental hazard that threatens food security [5]. Saline
soils are a serious problem for agriculture because they convert agronomically valuable
land into unproductive land. According to the United Nations Environment Program,
about 20% of agricultural land and 50% of farmland throughout the globe is salt stressed.
Soil salinization is limiting the amount of land that can be utilized for agriculture by 1–2%
every year, with arid and semi-arid zones being the worst impacted [6]. Soil salinization
is expected to damage 1–10 billion hectares globally, posing a danger to the agricultural
productivity needed to feed the world’s growing population [7], and that salinity stress
harms agricultural yield on more than 20% of irrigated land throughout the world [8].
According to assessments, salinity and related issues, such as sodicity, waterlogging, and
droughts, cause around 2000 hectares of land to yield reduced agricultural output every
day [9].

Salinity is a major threat that reduces the capacity of all types of terrestrial ecosystems
to provide services by threatening biodiversity, lowering agriculture production, degrading
the environment, contaminating groundwater below standard levels, increasing flood
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risks, creating food security concerns, and limiting a community’s economic growth [10].
Furthermore, salinity is one of nature’s most powerful abiotic factors, and it harms both
plants and microbes [11]. It can be difficult to distinguish the effects of salinity from those
of other factors that may co-vary with salinity when studying the impacts of salinity on
soil microbial communities [12]. However, plant life is hampered by high saline levels
from germination to the final stage of the plant [13]. High salt intake impairs a variety of
physiological and metabolic processes in plants, potentially threatening their viability [14].
Thus, salinity is one of the abiotic factors that has an impact on plant yield; hence, efforts
are being undertaken to develop more resistant crops. It has become critical to devise
techniques to convert coastal zones and degraded land resources into cultivable land [15].
Various remediation approaches have been successfully implemented and are in use, but
there is still no one-size-fits-all technological solution for all circumstances [16]. Scraping,
flushing, leaching, and applying an amendment (e.g., gypsum and CaCl2) are common
procedures for reclaiming saline soil, although they have limited effectiveness and have
negative consequences for agro-ecosystems [14]. An innovative concept known as “bios-
aline agriculture” has been gaining traction over the last few decades. Different halophytes
(salt-tolerant plants) are produced as an alternative for conventional crop plants utilizing
saline/brackish water irrigation [17]. The sustainability of agriculture without a compro-
mise of environmental quality, agro-ecosystem functioning, and biodiversity protection
are all key challenges in today’s agriculture [18]. Thus, the capacity of halotolerant or
halophilic PGPB to grow in resistance to high salt levels through the use of osmoregu-
latory mechanisms to retain regular cell functioning has become crucial [13]. Moreover,
for the restoration of saline soils, phytoremediation may be a cost-effective solution [19].
Salt-affected soils can be restored [20] by increasing the nutritional content of the soil and
the quantity of soil organisms; an organic amendment to saline–alkali soil can boost the
development of salt-tolerant plants directly or indirectly [2]. The ability of biochar–manure
compost to relieve salt stress in soils has also been established [21].

Various breeding strategies and genetic engineering technologies are being used in
studies to enhance saline-resistant crops [22]. Genetic research might lead to the develop-
ment of salt-tolerant crops, which could boost agricultural productivity in saline areas and
allow agriculture to expand to previously unsuitable areas [23]. In addition, many innova-
tive strategies, such as blending treatment types, mixed plant cultures, and biostimulation,
are being employed to increase the efficiency and quality of the restoration of salt-affected
soils [16]. However, due to the long-term nature and high cost of such approaches, there
is a need to establish simple and low-cost biological solutions that may be applied on a
short-term basis [24]. This article deals with the different current aspects of agricultural
soil salinization, mainly exploring the different impacts and mechanisms related to this
phenomenon, as well as the biological methods used to remediate agricultural saline soils.

2. Soil Salinization

Salinization occurs when water soluble salts, such as sodium (Na+), chloride (Cl−),
potassium (K+), sulfate (SO4

2−), magnesium (Mg2+), carbonate (CO3
2−), bicarbonate

(HCO3
−), and calcium (Ca2+), accumulate in the soil [6]. The most common salt species in

saline soils is sodium chloride, which has a negative impact on plant production or causes
death. When the electrical conductivity (EC) of the saturation soil paste is 4 dS m−1 (about
40 mM NaCl), the soil is categorized as saline [25,26].

The entire amount of salt-affected land on the planet is estimated to be 900 million
hectares, or 6% of the total land mass [27]. Soil salinization is limiting the amount of land
that can be utilized for agriculture by 1–2% every year, with arid and semi-arid areas being
the worst impacted [6]. According to the Food and Agricultural Organization (FAO), the
salinization of arable land will lead to 30% land loss over the next 25 years and up to 50%
by 2050 if preventive measures are not adopted [28].

In particular, the majority of salt-affected areas are found in arid and semi-arid regions
of the globe. The majority of nations impacted by salinity are found in sub-Saharan Africa,
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and Central and Middle East Asia. Soil salinization is a major problem in developing
nations with dry climates (such as India, Bolivia, Pakistan, Egypt, Peru, Tunisia, and
Morocco); industrialized nations, however, are less affected by salt but are not insusceptible.
Salinization has already harmed crop output in 20–30% of irrigated farmland, with an
additional 1.5 million hectares being damaged each year [29].

Soil salinity is becoming more of a concern throughout the world, resulting in soil
deterioration and a global yearly agricultural production loss of more than USD 12 billion
owing to this phenomenon [30,31].

2.1. Effects of Salinity on Plants

Plant life is hampered by high saline levels from germination to the final stage of the
plant. Nutrient absorption, phytohormone production, root and shoot regulation, and the
replication of DNA are all hampered as a result [13]. The common consequences of salinity
include oxidative stress, which is characterized by the formation of reactive oxygen species
that can affect enzymes, bio-membranes, nucleic acids, and proteins [32].

In addition, premature senescence is caused by the toxic effects of Na+ concentration,
which results in a reduction in photosynthetic efficiency and reduced metabolic activi-
ties. In membrane transport and enzymatic processes, Na+ competes with K+, limiting
plant development. The majority of plant cells have strategies to prevent the negative
impacts of Na+ concentration by maintaining K+ and actively rejecting Na+ in roots and/or
redistributing Na+ in shoot vacuoles [25–33].

2.2. Impacts of Salinity on Soil Microorganisms

Microbial composition, diversity, numbers, and functions are all adversely affected by
salinity [33]. It is common to notice a decline in enzymatic activity or microbial biomass [34].
The susceptibility of soil enzyme functions to salt differs; salinity severely decreases the
functions of β-glucosidase, alkaline phosphatase, and urease [4]. The dose–response
connections between salinity and bacterial growth, as well as quantitative distributions of
the trait salt tolerance among populations, have been established. The relationship between
community salt tolerance and soil salinity was found to be substantial, suggesting that
salinity has a considerable filtering influence on microbial populations [19].

Actinobacteria prevailed in saline soil, whereas Proteobacteria predominated in non-
saline soil, according to a biodiversity study of soil microbiome utilizing pyrosequencing of
the 16S rRNA gene. Bacteriodetes, Thaumarchaeota, Firmicutes, and Acidobacteria were found
to be the most common phyla in both saline and non-saline soils, whereas Cyanobacteria,
Verrucomicrobia, and Gemmatimonadetes were the least common [12]. In fungi, a low osmolal-
ity reduces spore germination and hyphae development, and it affects the morphology [35]
and expression of genes [36].

Another negative impact of salt is the disruption of the symbiotic relationship among
plants and useful microbes. A disruption in plant–bacteria connections, for example, is
induced by changes in proteins implicated in the first adhesion phases (adsorption and
anchoring) of bacteria to plant roots in symbiotic relationships, as well as the suppression
of nitrogen fixation and nodulation functions [37].

Consequently, the impact is usually more prominent in the rhizosphere due to in-
creased water absorption by plants as a result of transpiration. The basic reason is that living
at high salt amounts has a substantial bio-energetic taxation because microbes must pre-
serve osmotic balance between the cytoplasm and the surrounding environment, excluding
sodium ions from within the cell. As a consequence, adequate energy for osmoadaptation
is necessary [38,39].

3. Impact of Global Climate Change on Soil Salinization

The combined impacts of severe weather events and salinization provide a serious
challenge [40]. However, it is difficult to determine the influence of climate change on
soil salinization growth [7]. Sea-level rise (SLR) and precipitation changes across wide
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swaths of coastal areas are both possible consequences of global climate change (GCC).
Soil salinization and agricultural productivity will be affected by SLR and precipitation
fluctuations. Low-lying coastal locations in South and Southeast Asia, as well as regions in
sub-Saharan Africa, are particularly more vulnerable [41]. The salinization of hydromorphic
soils will be enhanced by climatic change conditions caused by global warming and an
expansion in aridity [42]. Through the physical, chemical, and biological aspects of soil,
salinization has the capacity to affect soil health [43].

Because of increased temperature and variations in precipitation (amount and fre-
quency), climate change is projected to have a major effect on soils and ecosystems, chang-
ing biogeochemical and hydrological processes [44]. Apparently, increasing groundwater
pumping is required to fulfill the growing crop water needs as temperatures rise. Annual
precipitation levels in the eastern Mediterranean are expected to decrease by 20% by 2050,
increasing the danger of summer droughts [45]. Climate change is anticipated to accelerate
the pace of soil salinization over the world. This will result in the use of lower quality water,
elevated irrigation-induced salinization, the intensification of dryland salinization (due to
the expansion of arid and semi-arid regions and desertification), and sea-level rise, directly
contaminating nearby soils or indirectly affecting soils via saline intrusion in aquifers [40].

For example, in Australia, one of the countries most affected by both salinity and
climate change, there are an estimated 1.7 million hectares of salinization or at hazard of
salinization above the verified 1.047 million ha of salt-affected soils [46]. Thus, inventorying
and monitoring climate change impacts on salinity are critical to determine the scope of the
problem, identify trends, and develop irrigation and crop management measures that will
keep these areas’ agricultural production maintained [47].

4. Bio-Phytoremediation by Plants
4.1. Halophyte Plants

Phytodesalination is a plant-based method for removing excess salt from contaminated
areas and reclaiming land for farming [3]. It is a low-cost, environmentally friendly way
to clean salt-affected places utilizing a variety of plants, depending on the degree of the
pollution [16]. Halophytes are salt-loving plants with special traits that enable them to grow
in severe environments [15]. However, halophytes are a diverse group of plants that make
up just 1% of the world’s flora. They demonstrate habitat diversity, abiotic stress responses,
and dispersion across flowering plant groups [17]. According to Ismail [48], plants can be
classified as halophytes if they can complete their life cycle at 200 mM NaCl, and based on
this, 350 species are classified as halophytes, divided into 20 orders and 256 families [49].

There have been various studies on salt-tolerant crops [1–10]. Halophytes have been
widely studied in order to obtain better knowledge of their salt adaptability from physio-
logical, morphological, and biochemical perspectives [40–50]. However, the management
and compartmentalization of ions, the manufacture of suitable solutes, the activation of an-
tioxidative enzymes, the stimulation of plant hormones, and alterations in photosynthetic
systems are all processes that most plants possess to mitigate the deleterious impacts of
salinity [51,52].

Numerous stress-related genes were discovered to be constitutively transcribed at
greater levels in T. halophila than in A. thaliana in a comparative transcriptome investigation
conducted by Taji et al. [51], in which they suggested an effective transcriptional regulatory
pathway for salt stress response in halophytes. In addition, halophytes have a multitude
of cis-regulatory components and stress-inducible motifs that were discovered in many
stress-sensitive genes [53].

4.2. Plants’ Mechanisms for Desalination

Salt resistance is a multifaceted characteristic with numerous interacting character-
istics, and little is understood about the regulatory networks that are implicated [54]. In
particular, plant response to salt stress comprises a number of physiological, metabolic,
and molecular pathways. Halophytes use a variety of physiological and molecular strate-
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gies, comprising variations in photosynthetic and transpiration rates, the sequestration of
Na+ to extracellular or vacuole, the control of stomata aperture and stomatal density, and
the concentration and production of phytohormones, as well as the relevant gene expres-
sion underpinning these physiological features, such as the transduction of stress signals,
transcription factor control, transporter gene stimulation and expression, and synthetase
inhibition or activation [55].

Certain plants, including halophytes and glycophytes, employ the process of salt exclu-
sion [56], which involves preventing sodium from entering the cytoplasm outside the cell by
restricting saline element admission and rejecting it in the apoplasmic component [57,58].
Furthermore, other processes, such as ion compartmentalization, osmoregulation by os-
molytes, succulence formation, selective ion absorption and transport, antioxidant re-
action, redox control, and energy status, all participate in salt adaptation strategies in
halophytes [59]. It has been demonstrated that mucilage synthesis in the halophyte Kostelet-
zkya virginica is positively connected with salt amounts, and polysaccharide content varies
among plant parts and treatments (Figure 1) [60].
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Some of these regulatory systems are also functional in non-halophytes, while others
are halophyte-specific attributes that have developed [61,62]. It is evident that various
species of halophytes use more than one of these regulatory systems. One set may be active
in one category while another set is prevalent in another, resulting in the categorization of
halophytes as salt excluders (e.g., Rhizophora mangle), salt includers (frequently possessing
mechanisms of salt recretion, e.g., species of genus Tamarix), and salt accumulators (some
species of genus Atriplex) [63].

4.3. Genetic Engineering for Biodesalination

Some well-proven, extensively utilized, and cost-effective conventional ameliorative
measures (e.g., conservation agriculture and use of ecological conditioners) aid in the
combat against salinity and other constraints, particularly in developing nations [64]. In
recent decades, biologically engineered plants that are completely resistant to saline–alkali
conditions have emerged as a new research focus both at home and abroad, with the
objective of increasing plant productivity in saline–alkali soil [65]. Breeding and genetic
concepts, such as the collection and incorporation of salt-tolerant genotype(s) through
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traditional breeding, marker-assisted screening, molecular and transgenic strategies, and
genome editing, have been in focus for a long time, and some remedies for the reduction of
salt stress in crops have been successfully implemented [64].

The usual engineering approach to the problem is no longer sufficient. Genetic tech-
nology allows for the development of salt-tolerant crops, and, when combined with envi-
ronmental modification, it might boost agricultural productivity in saline areas and expand
agriculture to previously unsuitable areas [66]. For instance, water channel proteins (aqua-
porins) are important for water uptake/transport, particularly under stress circumstances;
the overexpression of the wheat TaNIP aquaporin gene in recombinant Arabidopsis was
found to improve salt resistance relative to wild-type seedlings [11]; and the wheat TaAQP8
aquaporin gene was found to increase recombinant tobacco salt resistance [23].

The realistic or perceived danger of horizontal gene transfer to associated wild or
cultivated plants is a significant obstacle to the field implementation of transgenic plants
for bioremediation. As a result, the next generation of transgenic plants will very certainly
include methods that prohibit such a transmission, such as the incorporation of transgenes
into chloroplast DNA or the usage of conditioned lethality genes [67].

There is significant genetic variation between halophytic genotypes [68], and the geno-
types of some populations can function better in suboptimal environments [69]. Modern
genetic manipulation technologies are now being used as an attempt to increase the biomass
of salt-resistant plants [70]. The elaboration of expressed sequence tags (ESTs) and cDNA
libraries utilizing multiple genomic strategies, such as serial analysis of gene expression
(SAGE), suppressive subtractive hybridization (SSH), representational difference analysis
(RDA), and differential display reverse transcription-polymerase chain reaction (DDRT-
PCR) [71], has provided a massive database for the study of the genetic network involved
in halophytes’ abiotic stress resistance mechanisms [72,73].

Various genes involved in stress tolerance have been identified from halophytes and
cloned or overexpressed in bacterial systems, as well as sensitive glycophyte cultivars,
using this methodology to boost stress tolerance and agricultural productivity [74]. The
identification of genes operating in the network has relied heavily on the screening for
mutations that impact the plant’s response to stress. Designed screens include those
aiming to identify mutations that increase or reduce salt sensitivity. The adoption of DNA
microarray technology has also been useful, since it allows researchers to track changes
in gene expression in response to stress and to identify genes that are either activated or
repressed by the treatments [75].

Thus, the following techniques have been utilized to generate salt-tolerant crops
through genetic engineering: boosting the plant’s capacity to restrict salt ion intake from the
soil; raising the salt ion active extrusion rate; and improving salt ion compartmentalization
in the cell vacuole, where they have no effect on cellular processes. Osmoprotectant genes
have also been the subject of genetic modification investigations, although while over-
expression enhances salt tolerance in some circumstances, it also affects plant development
in the absence of stress, resulting in lower output, which is a highly undesirable feature for
farmers [25–76].

5. Bio-Phytoremediation by Microorganisms
5.1. Halophilic Microorganisms

Extremely saline settings are one-of-a-kind habitats for discovering new microbial
species. Salt-resistant microbiomes have been found in a variety of saline environments.
Proteobacteria, Bacteroidetes, Firmicutes, Actinobacteria, Euryarchaeota, and Spirochaetes were
among the microorganisms found in a variety of salt-resistant microorganisms (Table 1) [77].
In addition to their genetic and physiological adaptations to salt, halophytes’ salinity
tolerance is influenced by complicated ecological processes. As a result, prokaryotes and
fungi that live in the roots and leaves of plants could have a substantial impact on plant
development. Archaea and bacteria, as well as members of the fungal kingdom, are
designed to be able to acclimatize to a wide range of variations in external osmolarity [78].
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These germs also serve as ideal models for the determination of stress tolerance,
adaptability, and response mechanisms, which may then be incorporated into agricultural
plants to cope with climate change-related stresses [24]. Worldwide, salt-resistant plant
microbiomes (rhizospheric, endophytic, and epiphytic) have been identified and described for
their resistance to abiotic salt stress and other favorable characteristics [79].

The processes that allow microbes to grow and survive in salt environments are
essentially the same across groups. The main strategies comprise avoiding high salt concen-
trations through specialized membrane or cell wall structures, pumping ions out of the cell
via “salting-out” mechanisms or adapting their intracellular environment by accumulating
non-toxic organic osmolytes, and adapting proteins and enzymes to high levels of solute
ions [78]. Exopolysaccharides are excreted in large amounts by various rhizobacterial
species, which contribute to reduce salt stress through unknown mechanisms [80].

A microbe must be able to detect and respond to change in order to survive in a
changing environment. In saline conditions, Chryseobacterium balustinum, a PGP bacterium,
has been shown to improve root surface, total nitrogen composition, and biological nitrogen
fixation (BNF) in Lupinus albus seedlings [81]. The plant-associated microbiome has also
been shown to be an important component in understanding plant adaptability to a salty
environment [82]. Microbes associated with halophytes in the rhizosphere can withstand
salt levels of up to 30%, and this relationship among plants and microbes may help improve
soil fertility and quality [18].

Table 1. Halotolerant microorganisms and their beneficial effects on plant growth under
saline conditions.

Microorganisms Plants Benefecial Effects References

Pseudomonas plecoglossicida KM233646
Acinetobacter calcoaceticus KM233647

Bacillus flexus KM233648 Bacillus
safensis KM233652

Bacopa monnieri L. Improved growth
Enhanced shoot Na+:K+ ratio [20]

Pseudomonas putida Rs-198 Gossypium hirsutum L. Promoted cotton development and
seed germination [83]

Alcaligenes faecalis (SBN01 and SBN02) Triticum aestivum L.

Maintained ionic imbalance by controling
Na+ and K+ ions

Elevated growth factors and
plant biomass

Diminished reactive oxygen species
Induced lipid peroxidation

Enhanced accumulation of osmolyte,
photosynthetic pigments, and improved

photosystem II

[84]

Stenotrophomonas maltophilia BJ01 Arachis hypogaea Enhanced growth hormone auxin and
total amino acid composition in plants [85]

Geobacillus sp. Zea mays Increased proline content and
photosynthetic characteristics [86]

Flavobacterium johnsoniae
Pseudomonas putida

Achromobacter xylosoxidans
Azotobacter chroococcum

Triticum turgidum L. Remarkable enhancement in
seed germination [87]

Bacillus licheniformis QA1 Chenopodium quinoa Willd
Stimulated leaf chlorophyll content index

Enhanced P and K+ uptake
Decreased plant Na+ uptake

[88]
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Table 1. Cont.

Microorganisms Plants Benefecial Effects References

Pseudomonas koreensis MU2 Glycine max L.

Strengthened antioxidant system
Reduced lipid peroxidation and proline

Enhanced the reduced
glutathione content

Promoted root and shoot length, plant
biomass, and chlorophyll content

[1]

Azospirillum brasilense Trifolium repens
Decreased malondialdehyde

composistion of leaves
Diminished shoot and root Na+ level

[89]

Trichoderma harzianum Brassica juncea L. Increased pigment and proline levels [8]

5.2. Microbia’s Mechanisms for Desalination

Microbes, such as fungi and prokaryotes, which belong to the domains bacteria and
Archaea, can adapt to a wide variety of changes in external osmolarity. Until recently,
it was believed that Archaea (Halobacteriacea’s family) were the only active aerobic het-
erotrophs at or near NaCl saturation [40]. In addition, the majority of halophyte studies
have mainly focused on the physiological and genetic control of salt tolerance [78]. In
particular, halophilic bacteria are acclimated to grow appropriately in hypersaline condi-
tions. Certain strategies are used by these bacteria in order to survive and grow. Osmotic
imbalance is recognized by an osmosensor, which could be macromolecules performing
structural alterations to adapt to the shifting extracellular functions of water or modifica-
tions in cell structure [90].

The first strategy is to accumulate potassium/chloride ions in order to maintain cell
intracellular osmotic equilibrium under high-salt environments [91]. This is a frequent
adaption in very anaerobic halophilic bacteria [92]. However, the majority of halotolerant
and moderately halophilic bacteria employ a second strategy: compatible solute condensa-
tion. These complicated solutes (which include sugars, polyols, amino acids, carbohydrates,
and their derivatives) may be acquired from the medium or produced by organisms [93].

Pumping ions out of the cell is another mechanism used to avoid excessive salt
amounts in the cytoplasm. Na+/H+ antiporters, such as NhaA, an antiporter found in
E. coli and other bacteria [94], help to pump out excess sodium ions [78]. Current analysis of
salt-induced alterations in proteome maps showed a greater complexity of microorganism
osmolyte-accumulating pathways. For example, under salt stress, Halomonas sp. AAD12
revealed substantial differences in the expression of proteins implicated in osmoregulation,
stress reaction, energy production, and transport [95].

To deal with internal high salt amounts, fungi also accumulate compatible solutes.
This has been studied in the salt-sensitive yeast S. cerevisiae and in several halotolerant
filamentous fungi; it was shown that the majority of glycerol is generated as salt amounts
increase [96]. Numerous H. werneckii genes that react to moderately and excessively high
salt quantities were found using subtractive hybridization [97]; 13 of them had no homology
to sequences in databases, demonstrating that the black yeast has extremely particular
adaptations to hypersalinity.

5.3. Halotolerant Microorganisms for Saline Soil-Based Agriculture

Microbes might play a key role in establishing environmentally friendly crop manage-
ment systems. However, in order to develop strategies for their effective use in agricultural
production, we must better leverage their special features of resistance to extremes, genetic
variety, and association with crop plants [24]. In particular, the use of plant-growth-
promoting rhizobacteria (PGPR) coupled with salt-tolerant plants (halophytes) as probiotics
for salty soil agriculture is a potential alternative to traditional methods [22].



Appl. Sci. 2022, 12, 3586 9 of 16

Several investigations have shown that salinity-tolerant PGPRs derived from the rhizo-
sphere soils of different halophytic species have the capability to be used as bioinoculants in
the growth of glycophytic salt-resistant crops in salt-dominated agricultural regions [5–98].
The utilization of microbial bioinoculants to promote plant health in salinized soils has the
potential to reduce salt stress and enhance plant development while also boosting disease
resistance (Figure 2) [99].
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Salicornia brachiata has yielded a number of salt-resistant bacteria in addition to the
wild rice type. Haererehalobacter, Zhihengliuella, Rhizobium radiobacter, and Brachybacterium
saurashtrense are among these bacteria. Plant-growth-promoting impacts on S. brachiata
have been well documented, including increased P. solubilization, IAA production, and
ACC deaminase biosynthesis under saline conditions. Moreover, under saline environ-
ments, inoculating Solanum lycopersicum with P. putida UW4 boosted shoot biomass [100].
Inoculating durum wheat (Triticum durum var. waha) with the rhizospheric bacteria Azospir-
illum brasilense NH, which was initially isolated from salt-affected soil in northern Algeria,
greatly improved growth under saline soil conditions [101]. Under saline environments,
multi-strain inoculation (PGPR) resulted in significant maize growth and yield improve-
ment. At 6 dSm−1, rhizobacterial strains (alone or in combination) increased 1000-grain
weight and fresh and dry plant biomass by 35%, 36%, and 48%, respectively. The dry matter
of the crop (40%) was unregistered with Rhizobium strain Mn2 [102].

5.4. Microbial Bioremediation under Abiotic Stress Conditions

It is important to understand the relationships in plant development that promote
rhizobacteria and abiotic and biotic factors in the mechanisms of bioremediation and energy
production [103]. Various pressures arise from diverse surrounding conditions, such as
heavy metals, drought, UV light, freezing, salinity, hypoxia, too-low and high temperatures,
and bright light [104,105]. There are few or no studies dedicated to the use of microorgan-
isms under various abiotic stresses, particularly in the case of uncontrolled bioremediation
techniques, such as in situ methods. Undoubtedly, bioremediation involving the utilization
of microorganisms and different abiotic stresses, as well as their effects on the latter, does
not act separately in nature.
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Microorganisms may be able to play a key role in this regard if we can take the use
of their unique features of extreme tolerance, ubiquity, genetic variety, and interaction
with crop plants, as well as develop ways for their successful deployment in agriculture
production [24]. Bacteria and Archaea, as well as members of the fungal kingdom, are
known to be able to adapt to a wide range of variations in external osmolarity. Increases in
soil salinity have been linked to changes in microbiota composition, and research into the
functional interactions between plants and microorganisms that contribute to salt stress
resistance is gaining traction [78]. A range of physiological, metabolic, and molecular
pathways are also involved in plant adaptation and resistance to salt stress [57].

The efficiency of bioremediation is determined by a number of factors, including
amendments, such as activated carbon and biochar [106], the type of organisms used, the
prevailing environmental parameters at the polluted site, and the level of contaminants
present. Temperature, low nutrient concentrations, and other conditions that are difficult to
manage can obstruct their use and the efficacy of the bioremediation process [107]. In the
ecosystem, representatives of the genera Pseudomonas, Flavobacterium, Bacillus, Azotobacter,
Microbacterium, Hydrogenomonas, Achromobacter, and Xanthomonas are the most common
co-metabolizers [108]. The incomparable metabolic power of such organisms highlights
the strong implementable ability of PGP members of such genera to alleviate crop stress
caused by contaminated soils, paving the way for bioremediation [109].

To deal with toxic solutes and survive under stressful conditions, microbes have
evolved a multitude of adaptive networks [110]. It has been shown that halophile-produced
enzymes can be important biological substances, such as phytohormones and exopolysac-
charides, which are important in plant–microbiome interactions [111]. These are also
beneficial for the bioremediation of pollutants in salty environments [112,113]. In a study,
the screening of microbial multi-abiotic stress tolerance led to the selection of the strain
Pseudomonas azotoformans BioRPaz-3: pH (6, 7, 8, and 10), temperature (20 ◦C, 30 ◦C, 40 ◦C,
and 45 ◦C), salinity up to 600 mM, drought up to 2.4 Mpa, Pb (100 µg/mL, 200 µg/mL,
and 500 µg/mL), and Cu (200 µg/mL, 500 µg/mL, and 1000 µg/mL). This strain can be
used efficiently for Pb and Cu bioremediation [114]. Different species of PGPB have been
identified, facilitating heavy metal remediation and crop performance under drought and
salinity stress [115].

6. Soil Desalination Combined Methods

For more than three decades, scientists and policymakers throughout the world ex-
plored long-term strategies, such as physicochemical, conventional breeding, and ge-
netic engineering, using state-of-the-art molecular techniques to manage soil salinity.
Nonetheless, they failed due to non-technical feasibility assessments, durability and af-
fordability concerns, and field-level sustainability limits [102]. Thus, the combination
of different desalination methods seems to be a very promising approach in order to re-
mediate the global problem of agricultural soil salinization. In the study conducted by
Lastiri-Hernández et al. [116], S. verrucosum was shown to enhance the physicochemical
qualities of a moderately salty and clay-textured soil, mostly at depths ranging from 0
to 30 cm. When S. verrucosum is combined with two inorganic amendments (CaSO4•2
H2O and Polisul-C), its phytodesalination ability increases. Moreover, the introduction of
organic amendments (vermicompost and cattle dung) may alter soil organism richness in
saline–alkali soil [10].

Biochar, in association with manure compost and pyroligneous solution, was found
to increase maize production and contribute to the management of salt stress in saline
areas [117]. It is a recalcitrant supply of soil organic carbon that is combusted at relatively
high temperatures under low oxygen conditions. Carbon (C) sequestration, bioenergy
generation, soil conditioner, and biomass waste management are all benefits of pyrolyzing
biomass [2]. In maize, biochar and Pseudomonas sp. were found to reduce sodium by
24% and 50%, respectively, while increasing proline, soil moisture level, and peroxidase
(POD) activity. The use of fertilizer enhanced electrolyte leakage by 73%. In a combination
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treatment with biochar and Pseudomonas, the impact of fertilizer was 3–4 fold greater for
proline and POD activity. To reduce salt stress, Pseudomonas sp. and biochar can be used in
addition to fertilizer [21].

7. Soil Desalination Perspectives

Agro-ecosystems are extremely vulnerable to salinization. Furthermore, salinity is
frequently associated with a variety of other environmental constraints, such as drought,
waterlogging, acidity, pollution, and nutrient insufficiency [66]. Thus, the combination
of bioremediation and plant growth stimulation might be a helpful strategy to solve this
global agricultural challenge. After bio-formulation, the most attractive and required PGPB
in the sector will be the most productive for commercialization. In the case of consortia, the
strains must be regulated such that their ratios in the final product remain stable. Mixing
strains at or at the ending of their development cycles may produce the most consistent
results. However, consortia, may give advantages over single-strain inoculum due to strain
relationships [92].

The complexities and other processes implicated in desalination remain unknown.
For example, it has been illustrated that some halophytes use excretion mechanisms to
eliminate excess salt ions from their sensitive tissues; that, in some cases, these glandular
configurations are not always particular to Na+ and Cl−; and that other toxic components,
such as cadmium, zinc, lead, and copper, are concentrated and excreted by salt glands
or trichomes on the surfaces of leaves—a new phytoremediation process that is termed
“phytoexcretion” [118].

Exogenous utilization of phytohormones has also been demonstrated to be a highly
attractive and useful technique to combat environmental challenges, such as salt stress [119].
Similarly, exogenous jasmonic acid treatment seems to have the capacity to ameliorate
salt-induced negative effects in plants through the enhancement of physiological char-
acteristics [120], as phytohormonal imbalance is a common salt-induced plant reaction.
Phytohormones are a diverse group of natural organics (for example, gibberellins, cytokinins
ethylene, auxin, brassinosteroids, and strigolactones, and jasmonic, abscisic, and salicylic acids)
that control growth and development under normal conditions, and they are essential in
signaling transduction pathways during different environmental stresses [121,122].

Biomimicry for desalination entails the development of novel technologies based
on biological systems or their components as prototypes [123]. Moreover, continued
improvement in biotechnology and ecoengineering provides some of the most effective and
innovative solutions against salinity (e.g., genome editing, nanomaterials, marker-assisted
breeding, and plant–microbial associations), though many knowledge gaps and ethical
frontiers must be overcome before these suggested solutions can be successfully transferred
to industrial-scale food production [66].

8. Conclusions

It seems that soil salinization will be a real challenge in the coming years, especially
because of its interdependence with other growing natural phenomena, such as water
stress and climate change. Microorganisms and plants provide a very promising cost and
eco-friendly alternative to solve these problems. The development of this approach through
other disciplines, such as genomics and genetic engineering (genetically improved plants
and microorganisms used for desalination), can effectively contribute to an improvement
in the yield of expected desalination.

Other techniques of soil biodesalination are very promising for alleviating the effects
of affected lands. Nanotechnology is one method of choice, as it currently finds different
applications in the agronomic field. The combination of various methods seems to be
more effective. The great variability, sustainability, and interdependence of the parameters
affecting soil biodesalination-related processes can be described as major disadvantages
that require good control in in situ and ex situ assays.
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