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Abstract: Plant growth promoting bacteria (PGPB) have been the target of intensive research studies
toward their efficient use in the field as biofertilizers, biocontrol, and bioremediation agents among
numerous other applications. Recent trends in the field of PGPB research led to the development
of versatile multifaceted PGPB that can be used in different field conditions such as biocontrol of
plant pathogens in metal contaminated soils. Unfortunately, all these research efforts lead to the
development of PGPB that failed to perform in salty environments. Therefore, it is urgently needed
to address this drawback of these PGPB toward their efficient performance in salinity context. In
this paper we provide a review of state-of-the-art research in the field of PGPB and propose a road
map for the development of next generation versatile and multifaceted PGPB that can perform in
salinity. Beyond soil desalinization, our study paves the way towards the development of PGPB able
to provide services in diverse salty environments such as heavy metal contaminated, or pathogen
threatened. Smart development of salinity adapted next generation biofertilizers will inevitably allow
for mitigation and alleviation of biotic and abiotic threats to plant productivity in salty environments.

Keywords: salt stress; next generation PGPB; soil desalinization; bioformulation; endophytes;
rhizospheric microorganisms

1. Introduction

Plant growth is strongly influenced by many biotic and abiotic factors [1,2]. Salinity
is one of the major factors, limiting the productivity of plants and therefore agricultural
production. Globally, 380 million ha of agricultural land are affected by salinity [3]. This
salinization is especially encountered in arid and semi-arid areas. It leads to the depletion
of organic matter in soils and the accumulation of toxic ions [4]. As a result, productive
agricultural land has deteriorated. On the other hand, the increase in population has
increased the demand for agricultural products. This not only threatened the sufficiency
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of available food resources, but also necessitated the exploitation of marginal cultivated
land [5].

If crops on soils moderately affected by salinity could be improved, the productivi-
ties of these lands would be multiplied. In this case, there is an urgent need to develop
appropriate techniques for better crop production capacity in inefficiently cultivated or
non-cultivated places. Various research aimed at developing technological approaches,
consisting of modifying salty soil through reclamation measures or adopting biotic ap-
proaches through the use of salt-tolerant vegetable crops, is not an easy and economical
step for sustainable agriculture [5,6].

The use of microbial technologies in agriculture is spreading very quickly by the
identification of new bacterial strains effective in improving plant growth (PGPR, Plant
Growth Promoting Rhizobacteria). Rhizospheric microorganisms, in general, exert various
effects on plants, influencing their development [7–11]. They can also improve their
competitiveness and their responses to external stressors. Thus, inoculation of stressed
plants with PGPR strains attenuates salt stress [3]. As a result, the growth of halotolerant
microorganisms associated with plant roots can lead to better fertility of saline soils [12].
Microorganisms present in the saline zone or in the rhizosphere of halophytic plants can
be a valuable resource for improving the tolerance of crops to salinity [13]. PGPRs are a
promising alternative to chemical fertilizers and pesticides. However, the ability of these
bacteria to colonize the roots and survive in the soil is often limited. The selection and use
of PGPRs should take into account the adaptation of the inoculant to a particular plant
and ecosystem [14]. Developing effective measures for microbial inoculants remains a
major scientific challenge. The application of the formulation for the development of new
types of fertilizers is considered as one of the promising solutions to significantly boost
global agricultural production in order to meet the growing food needs of the population.
Encapsulation technology can be used as a versatile tool to protect these biofertilizers from
desiccation, improving their shelf life and dispersal in fertilizer formulation and enabling
the controlled release of microorganisms [15].

Moreover, the selection of an efficient PGPR strain is linked to the characterization
of its properties promoting plant growth, which are most often the fixation of nitrogen,
the production of phytohormones; the solubilization of minerals and the production of
siderophores, enzymes, and organic acids. Their biocontrol activities are attributed to the
production of antibiotics, iron chelation, cyanide production, induced resistance, synthesis
of extracellular enzymes, and intra-rhizosphere competition [16].

These particular biofertilizers are used not only to replace chemical fertilizers but, in
addition, to overcome any limits associated with the contamination of the environment by
toxic compounds generated by anthropogenic and industrial activities that have caused
considerable damage to aquatic and terrestrial ecosystems. In addition to salinity, pollution
has led to a significant loss of agricultural land [17]. Therefore, it is very important to
develop a reliable, simple, and practical strategy for the screening of effective inoculants,
and having broad-spectrum resistance against several environmental constraints. Stacking
multiple desirable traits in a single inoculant could, therefore, be used successfully in future
studies to mitigate the effects of various biotic and abiotic stresses on plant growth and
productivity [18]. It is expected that this strategy will provide a new generation of PGPRs
targeting highly stress resistant plants that thrive in harsh environments and will restore
degraded lands. This review is a synthesis of the beneficial effect of rhizobacteria improving
plant growth and the important role of halotolerant PGPRs in the desalination of degraded
soils, in improving plant productivity in extreme environments, and in the induction of
their resistance in the fight against various other stresses (salinity, aridity, temperature, and
pH extremes, pollutants, heavy metals, phytopathogens, etc.). The potential future uses
of these multitask PGPRs as an environmentally sustainable agricultural input and the
strategy for the isolation and selection of these bacteria in vitro have been screened.
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2. Plant Growth Promoting Microorganisms

The plant microbiome and knowledge about the dynamics and evolution of microbial
communities associated with plants are currently a growing field. Studies on the composi-
tion and diversity of the microbiota of several plants of economic interest have shown that
the association of bacteria with roots has important influences on plant health, productivity,
and soil quality [19]. Colonization of the roots by bacteria has long been known, but now its
importance for the growth and development of plants has become more attractive [20]. The
bacteria associated with the roots of plants are then defined as rhizobacteria. In this zone,
plants and microorganisms interact, where chemical communications and the exchange
of compounds and nutrients occur [19]. In general, highly competitive and promoter
bacteria are those that manage to survive and successfully colonize nutrient-rich roots.
Rhizobacteria are typical heterotrophs, so they require organic compounds as a source of
energy. Their needs are fully met within the rhizosphere itself. The abundance of bacteria
in the soil is explained by their rapid multiplication and their ability to use a wide variety
of substrates as sources of energy and nutrients [16]. These bacteria which, when applied to
seeds, plant surfaces or soil, colonize the rhizosphere or the interior of plants and promote
their growth. These PGPRs play a special role in increasing nutrient uptake, improving root
and shoot formation, improving seed germination, and disease prevention and resistance
of plants [20]. PGPRs can promote plant growth through various mechanisms (Table S1).

2.1. Bioavailability of Nutrients

PGPRs use different mechanisms to make certain nutrients available to plants. Nitrogen-
fixing bacteria generally classified as symbiotic bacteria of legumes (e.g., Rhizobium) and
non-legumes (e.g., Frankia), and non-symbiotic bacteria (free life, associative, and endo-
phytes) convert atmospheric N2 into assimilable ammonia by plants using a complex
enzyme system known as nitrogenase [21]. PGPRs also use mechanisms to solubilize
phosphate (P) complexes [22]. The main mechanism used by bacteria for the solubilization
of inorganic P is the production of mineral compounds such as hydroxyl ions, protons,
carbon dioxide (CO2) and organic acids (including gluconic acid, acid α-ketobutyric acid,
and 2-ketogluconic acid), which reduce the pH of the soil to release P. To mineralize
organic P, PGPRs producing phosphatases (e.g., phytase, phosphonoacetate hydrolase, D-
α-glycerophosphatase and C-P lyase) which stimulate the hydrolysis of phosphoric esters
and convert organic P into the form available to plants [23]. Among PGPRs, Pseudomonas,
Rhizobium, Enterobacter, Bacillus megaterium, B. circulans, B. subtilis, B. polymyxa, and Pantoea
are the most potent solubilizers [24]. PGPRs are also able to solubilize insoluble potassium
sources through the production and secretion of organic acids (oxalate, succinate, and
citrate) in the rhizosphere. Therefore, these bacteria improve soil fertility and the bioavail-
ability of potassium to plants [25]. Potassium solubilizing PGPRs such as Acidothiobacillus
ferrooxidans, B. edaphicus, B. mucilaginosus, Burkholderia, Paenibacillus sp., and Pseudomonas
have been reported [26].

Another important component, catalyzing many metabolic reactions in plants and
necessary for production of phytohormones is zinc (Zn). Therefore, Zn deficiency severely
affects various life processes in plants [23]. PGPRs solubilize Zn by producing different
organic acids such as 2-ketogluconic acid and 5-ketogluconic acid for the mobilization of Zn.
Other mechanisms possibly involved in the solubilization of zinc include the production of
siderophores and protons [27].

PGPRs can secrete low molecular weight metal chelating compounds with high affinity
called siderophore. The siderophore chelates iron and other metals from mineral phases
through the formation of soluble siderophore–metal complex, which then binds to specific
receptors on the bacterial cell surface for uptake an energy-dependent membrane transport
mechanism, and to make it available to plants [16] (Figure 1).
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Figure 1. Different strategies of Plant Growth Promoting Rhizobacteria (PGPRs) to enhance plant growth.

2.2. Modulation of Phytohormone Levels

Phytohormones and plant growth regulators such as gibberellins, cytokinins, and
auxins are organic substances, which, at low concentrations, promote plant growth and
development [28]. The production of these phytohormones can be induced by certain
PGPRs. Auxin is a phytohormone that directly or indirectly regulates most plant processes.
It triggers a number of cellular functions ranging from vascular tissue differentiation, lateral
root initiation, stimulation of cell division, stem and root elongation, and direction of stem
growth in response to light [28,29]. Indole-3-acetic acid (IAA) is a common phytohormone
belonging to the class of auxins and quantitatively the most produced by PGPRs. It plays an
important role in the growth and development of plants because it induces the elongation
and division of cells [30]. Cytokinin is a hormone derived from adenine involved in the
regulation of various plant development processes such as plant cell division, disruption of
dormant bud quiescence, activation of seed germination, growth roots, leaf expansion and
retardation of senescence of many PGPRs including Azotobacter, Azospirillum, Rhizobium,
Bacillus, and Pseudomonas spp. are producers of this hormone [31]. Gibberellins are a
group of hormones that perform various functions in the plant organism. Gibberellins are
the main regulators of the formation of reproductive organs and the ripening of viable
fruits and seeds. They are synthesized by rhizospheric bacteria, including the genera
Azospirillum, Bacillus, Pseudomonas, Rhizobium, Azotobacter, Arthrobacter, Agrobacterium,
Clostridium, Flavobacterium, and Xanthomonas [32].

2.3. Biocontrol Activities

The use of specific microbial antagonists further stimulates plant growth in degraded
ecosystems. PGPRs used as biological control agents against phytopathogens, synthesize a
variety of antibiotic and antifungal compounds including lytic enzymes, siderophores, and
hydrogen cyanide (HCN) [33].

The production of one or more antibiotics is the most important mechanism of PG-
PRs, which facilitates antagonism against many phytopathogens There are several classes
of antibiotics produced by PGPRs and related to the control of root diseases: 2,4 Di-
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acetyl phloroglucinol, phenazine-1-carboxyclic acid, phenazine-1-carboxamide, pyolute-
orin, pyrrolnitrin, etc.). Bacilli are among the most predominant microorganisms in soil and
produce a significant number of different types of antibiotics [34–36]. PGPRs also produce
metabolites contributing to antibiosis and to the control of phytopathogenic agents, used
as defense systems involving the production of hydrolytic enzymes such as chitinases,
glucanases, proteases, lipases, and cellulases. These enzymes digest or deform the fungal
cell wall components of plant pathogens. In addition to enzymes, the siderophores pro-
duced by PGPRs are considered to be biological control agents since they prevent certain
phytopathogens from acquiring a sufficient quantity of iron, thus limiting their ability to
proliferate. Although, plant pathogenic fungi also synthesize siderophores, these generally
have a lower affinity for iron compared to those produced by PGPRs. This feature is benefi-
cial in the process of colonization and competition for the substrate in the rhizosphere [7,37].
HCN is a volatile antimicrobial compound produced by numerous species of rhizobacte-
ria involved in broad-spectrum biological control of root diseases since they prevent the
proliferation and development of pathogenic microorganisms [38]. Many bacterial genera
such as Rhizobium, Pseudomonas, Alcaligenes, Bacillus, and Aeromonas have been shown
to be producers of HCN. Volatile organic compounds (VOCs) are low molecular weight
gaseous metabolic compounds. They play a useful role in the control of plant pathogens by
inducing systemic resistance and stimulating plant growth [39]. Particular bacterial species
of various genera, Pseudomonas, Arthrobacter, Stenotrophomonas, Serratia, and Bacillus species
produce VOCs. PGPRs provide an alternative strategy to protect plants against disease via
induced systemic resistance (ISR) [22]. This strategy is generally defined as the activation
of latent defense mechanisms in plants prior to a pathogen attack. It is not specific against
a particular pathogen, but it helps the plant to control many diseases [40]. This “immunity”
is initiated as a result of the plant’s perception of so-called “elicitor” molecules produced
by PGPRs. Thus, the transmission of the signal emitted following the perception of the
infectious agent relies on different pathways in which salicylic acid, jasmonic acid, and
ethylene play a crucial role [41]. However, these pathways interpenetrate and act with
other mechanisms to form a modular regulatory network allowing the plant to initiate a
specific defensive response depending on the nature of the pathogen, be it virus, bacteria,
fungus, insect or nematode [38].

These beneficial effects of PGPRs are conditioned by their capacity for colonization
and survival, which appear to be well established under normal conditions, but what
about the application of these PGPRs under extreme conditions. The selection of PGPRs
having the capacity for tolerance, growth promotion and protection of plants requires
another selection strategy. In this case, the performance of these bacteria will be defined
first in relation to their ability to adapt to especially saline stresses. Therefore, the new
generation of PGPR should be sought in the rhizosphere of plants adapted to extreme
saline and arid conditions. The exploitation of the microbiota of saline and arid soils
will allow desalination and increase in cultivation on marginal surfaces thus meeting an
ultimate objective.

3. Plant Growth Promoting Microorganisms for Use in Soil Desalinization

Saline soils currently cover a large area of the earth. Salinization is a process of
increasing the total concentration of dissolved salts (sodium, potassium, magnesium,
calcium, chloride, sulfate, and carbonate) in water and soil. Soil is saline when it contains
an excess of soluble salts and when the electrical conductivity of the saturated soil extract
exceeds 4 dS/m. In addition, the soil has a pH of 8.5 or less and its salinity is greater than
0.2% [14].

Two types of salinization are known. Primary salinization occurs naturally in both
arid and temperate, maritime or continental climates induced by environmental factors,
salts are released following an alteration of certain sedimentary, volcanic and hydrothermal
rocks [7]. They can also be released from old salt accumulations [42]. The released salts are
transported by groundwater, which accumulates on the surface of low-lying areas where
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the rate of evapotranspiration is high and exceeds rainfall precipitation. [17]. Secondary
salinization caused by human interventions is the result of the accumulation of salts from
additional water induced by human activities. The worldwide development of irrigated
crops leads to a secondary extension of salty lands. Irrigation of cropland leads to the
salinization of many soils, especially those in arid and semi-arid regions [42]. The amounts
of water added over time cause an accumulated deposition of salt in the topsoil as the
water evaporates [14].

In desert or sub-desert countries, the chotts are salty lands or sometimes pastures
which surround a closed depression or ephemeral lake (Sebkha). The Sebkhas, are a flat-
bottomed depression, generally liable to flooding, where salty soils limit vegetation. The
water comes from runoff, but also from groundwater. All desert regions have Sebkhas. In
the far Sahara, groundwater is also very salty with more than 4 to 5 g/L of dry residue and
often much more. They cannot be used for irrigation. The evaporation of hydromorphic
soils causes a salinity, which only increases causing desertification by salt, due not to lack
of water but to its excess. The final stage of the process is a Sebkha whose sediments are
completely sterile, drowned by a few tens of centimeters of water in winter and covered
in summer with a white layer of crystallized salts. During the dry season, these areas are
subjected to wind erosion, which accentuates the basin topography [43]. In Algeria, as
elsewhere in the world, salty soils occupy large areas (3.2 million hectares of the total area).
Almost 10–15% of irrigated land is affected by these problems. The salinized lands will be
difficult to recover. Most of these soils is located in arid and semi-arid regions [44]. The
salty soils of Algeria are characterized, in general, by an electrical conductivity greater than
7 dS/m and a percentage of exchangeable sodium, which varies from 5 to 60% of the CEC.
The salinity is observed in the plains and valleys, around the Chotts and Sebkhas and in
the far South (Figure 2).

Figure 2. Different plains and valleys with their related plants.
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3.1. Effects of Salinity on Plants

Salinity affects the growth and yield of plants. Crops are sensitive to high concentra-
tions of salts dissolved in irrigation water or present in the soil. Osmotic stress induces a
decrease in cell growth, a reduction in leaf area and chlorophyll content with an acceleration
of senescence [3]. The photosynthetic capacity of the plant, being the main cause of plant
productivity, is greatly reduced under salt stress. The reduction in photosynthesis is linked
to the decrease in leaf water potential, which causes stomata to close, leading to a reduction
in stomatal conductance [3]. Salinity also disturbs the gas exchange parameters. The diffu-
sion of CO2 inside the stomata then becomes limited and its fixation in the chloroplasts
decreases. Closure of stomata in response to salinity stress usually occurs due to decreased
leaf turgor and atmospheric vapor pressure, as well as chemical signals generated by the
roots. Plants synthesize a stress hormone, abscisic acid (ABA), transported to the aerial
parts where it triggers the closure of the stomata [3,45], the ABA acts as the stress signal,
from the root to the leaf. The increased concentration of ABA in the xylem correlates
with reduced leaf conductance and general inhibition of leaf growth. The production of
ABA and the dehydration of membranes increase the resistance of the mesophyll to CO2
diffusion. A nutritional deficiency therefore accompanies the water deficit [45].

Plants subjected to salt stress showed a decrease in biometric parameters such as fresh
shoot weight, plant height, and number of leaves. When the concentration of salts in the
soil makes water unavailable, plants develop changes in root morphology to cope with it.
The root architecture is strongly affected, with a consequent reduction in the size of the
secondary roots [46]. Plants can also suffer from membrane destabilization and nutritional
imbalance, in response to increased absorption of Na+ ions or decreased absorption of Ca2+

and K+ ions [47]. An excess of Na+ and especially Cl− can affect plant enzymes and lead to
reduced energy production. In the event of excessive concentrations of Na+ and Cl− in the
rhizosphere, competitive interactions with other nutrient ions (K+, NO3

− and H2PO4
−) are

established with transport proteins at the root level [48]. The effects of salinity give rise to
many other effects such as oxidative stress, which is characterized by the accumulation of
reactive oxygen species (ROS), potentially dangerous for the membrane, proteins, enzymes,
and nucleic acids. Once the capacity of cells is depleted, salts accumulate in the intercellular
space leading to dehydration and cell death [7].

Faced with this danger, certain plants, called glycophytes, are not able to withstand
the presence of salt and are apparently devoid of the genetic basis for salt tolerance, they
include the majority of vegetable crops. When exposed to saline conditions, these plants
undergo nutritional disorders [49]. This sensitivity is due to their inability to effectively
remove Na+ ions from the cytoplasm [50]. Halophytes, on the contrary, are natural plants
in salty environments, they survive in the presence of high concentrations of electrolytes in
their environments [17] (Figure 2). Halophytes develop physiological responses to ensure
their water supply while preserving their metabolism. Different categories of halophytes
exist [49].

3.2. Strategies for Adapting Plants to Salinity

Plants respond to salt stress with numerous changes, revealing the multifactorial
nature of the mechanisms of tolerance and adaptation to abiotic stresses. Under stressful
conditions, plants can react by setting up physiological and biochemical mechanisms. Thus,
the synthesis of organic compounds, which act as osmoprotectors or osmotic regulators,
accumulate in the cytoplasm and replace water in chemical reactions. These compatible
solutes mainly include proline, glycine betaine, sugars and polyols [51]. Certain species,
both halophytes and glycophytes, use the mechanism of excluding excess salts [52] which
consists of excluding sodium from the cytoplasm outside the cell by limiting the entry
of saline elements and reject them in the apoplasmic compartment [42,53]. Vacuolar
compartmentalization is another mechanism that involves the removal of excess Na+ ions
from the cytoplasm into the vacuole in order to avoid their toxic and inhibitory effect
against enzymatic processes. Plants also defend themselves by inducing the activities of
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certain antioxidant enzymes such as catalase (CAT), glutathione S-transferase (GST), and
superoxide dismutase (SOD) which eliminate ROS. Plants have other adaptive mechanisms
to reduce oxidative damage resulting from salt stress. In response to this stress, the
biosynthetic pathway of phenylpropanoids is stimulated and results in the production
of various phenolic compounds which have strong antioxidant potential. In this case,
polyphenolic compounds such as phenolic acids, flavonoids, proanthocyanidins, and
anthocyanins play an important role in the fight against free radicals. The antioxidant
activity is mainly due to their redox properties, which allow them to act as reducing agents,
hydrogen donors and oxygen scavengers [54,55]. In addition, abiotic stress imposes a
series of adaptive changes on the plant cell to maintain growth, including upregulation or
downregulation of various genes. Under these conditions, regulatory proteins such as C2H2
zinc finger proteins directly target downstream stress-related genes to activate or inhibit
their expression [46]. These proteins directly target antioxidant genes associated with
scavenging reactive oxygen species (ROS) and may confer stress tolerance by increasing
the content of abscisic acid (ABA), proline, soluble sugars, or chlorophyll, and reducing the
rate of water loss [56].

In halophytes, the endodermis and exodermis form a tight hydrophobic barrier that
regulates and maintains the flow of solutes in the cytoplasm through the plasma membrane.
In addition, they have a thickened primary root which acts as a sink for the sequestration
of Na+ ions in order to prevent the accumulation of Na+ in the lateral roots and young
leaves, thus protecting the plants from salt stress [46]. However, it is quite complex to
describe a universal scenario of root responses to an external stimulus, as it varies from
species to species as well as between different stages of root development. In conclusion,
the pronounced ability of roots to adapt to various external stress conditions is a result of
their significant root plasticity [57,58] (Figure 3).

Figure 3. Strategies of plant growth promoting (PGP) bacteria for adapting plants to salinity.
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3.3. Microbiota Tolerance Strategies Associated with Halophytes

Microorganisms are said to be halotolerant when they able to grow without salts,
while tolerating varying concentrations of salts. On the contrary, they are halophilic when
they can only develop in the presence of salts. A basic property of halophiles is that
the cytoplasm of these microorganisms is iso-osmotic with the surrounding environment.
To maintain continual turgor, cells must maintain their intracellular osmotic pressure
higher than that of their environment. An organism’s ability to adapt to changes in
external osmotic pressure (osmoadaptation) and the development of mechanisms to achieve
this goal (osmoregulation) are essential to its survival [59]. Halophilic bacteria have
adapted during evolution (phenotypic and genotypic adaptation) to develop optimally in
hypersaline environments. To survive and multiply these bacteria adopt certain strategies.
Recognition of the osmotic imbalance by an osmosensor, which can be macromolecules
undergoing conformational transitions in response to changing extracellular activities of
water or resulting from changes in cell structure. This regulatory mechanism is made up of
two systems. It is a protein sensor, which detects the signal and a regulatory protein that
binds to deoxynucleic acid (DNA) and controls gene expression. The regulatory system of
components that respond to osmotic changes is the EnvZ/OmpR found in Eubacteria. EnvZ
is a transmembrane histidine kinase that monitors changes in osmolarity on both sides of
the cytoplasmic membrane via OmpR [60]. The accumulation of osmolytes or compatible
solutes in response to the pressure difference imposed, is carried out to achieve an osmotic
balance. Solutes can be accumulated at high concentrations, either by de novo synthesis or
by absorption from the medium without interfering with vital cellular processes. These
osmotically active molecules retain the positive turgor pressure necessary for cell division.
However, when the turgor becomes too high, the microorganisms must excrete these
solutes from their cytoplasm. Compatible solutes can be inorganic ions (intracellular
concentrations of inorganic cations: potassium K+, magnesium Mg2+, and sodium Na+)
and organic solutes (betaines, ectoines, and glycine). Thus, bacteria using the organic
solute strategy can tolerate fluctuations in ambient salinity much better than bacteria using
the salt strategy in the cytoplasm. However, the disadvantage of the synthesis of organic
solutes consumes more energy than the accumulation of K+ [61].

Changes in water activity can also have a profound effect on the stabilization of
macromolecules. Cells respond to changes in osmotic pressure with mechanisms designed
to promote the correct folding of proteins. Moderate halophilic bacteria increase the
number of negative charges on an increased salt concentration in their growth medium.
Halophilic bacteria have intracellular proteins with a higher proportion of acidic amino
acids, and a lower proportion of non-polar residues than usual proteins. On the contrary,
for halotolerant bacteria organic solutes act as osmoprotectants, these accumulated solutes
can have different effects on proteins, their structures and their activities. It is not necessary
to modify a large group of proteins when the salt concentration of the environment changes.
Therefore, halotolerant bacteria can tolerate fluctuations in ambient salinity much better
than halophilic bacteria.

In addition, all halophilic microorganisms contain powerful transport mechanisms,
usually based on Na+/H+ antiports, to expel sodium ions from inside the cell [62]. Majority
of functions responsible for the survival of halophilic and halotolerant bacteria in their
environment are encoded by megaplasmids [63].

3.4. Potential of HALOTOLERANT PGPRs in Desalinization

The potential to use salt tolerant species associated with halophytes would improve
agricultural production in arid and semi-arid regions of the world. The microflora associ-
ated with plants (phyllosphere, rhizosphere, and endophyte) is recognized for improving
the capacity of plants to resist environmental stresses [64,65]. Recently, numerous studies
have documented that the tolerance of plants to stress is attributed partially or totally to
their associated microbiota [64]. Due to their active role in regulating a wide variety of
plant physiological responses, bacteria associated with host plants from extreme environ-
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ments appear to be the most promising biological alternatives in the development and
improvement of plant production. [66,67]. This could be the consequence of the natural
adaptability of these bacteria in extreme environments, and also the selection pressure
of these types of ecosystems imposes specific biological responses during the interac-
tion plants–microorganisms [68]. Halophytes are a reservoir for isolating halotolerant
PGPRs [46].

Several studies exploring the diversity of salt tolerant bacteria found that most iso-
lates could tolerate a concentration of 1–15% NaCl [69]. The microbial composition in
the rhizosphere, due to the various plant–microorganism interactions, often differs con-
siderably from one plant species to another. Phylogenetic analysis of the salt tolerant
strains showed that they belong to the orders Bacillales, Actinomycetales, Rhizobiales, and
Oceanospirillales. Several bacterial genera, such as Streptomyces, Azospirillum, Alcaligenes,
Bacillus, Rhizobium, Pseudomonas, Serratia, and Klebsiella are recognized as PGPBs working
under saline conditions [70]. The genus Bacillus is widely distributed in different natural
habitats [65], suggesting a remarkable capacity for physiological and genetic adaptability
of this genus in nature. Salt-tolerant PGPR Bacillus licheniformis strain SA03 isolated in
saline–alkaline soil conferred increased salt tolerance [71]. Moreover, a study carried out
on halotolerant bacteria, Hallobacillus sp. and Bacillus halodenitrificans showed a signifi-
cant increase in root elongation and dry weight of wheat compared to the uninoculated
control in saline soil [72]. Various species as, Bacillus, Acinetobacter, Microbacterium, and
Arthrobacter, have also been isolated from saline soils and are currently used in highly
saline and degraded soils to support plant growth and development [73]. Salt tolerant
Rhizobium species have also been isolated from saline soils. These salt-resistant isolates by
intracellular accumulation of compatible solutes have shown their potential to improve salt
tolerance, growth and yield of plants under salt stress conditions. Other PGPRs, including,
Acetobacter and Flavobacterium and many strains of Azospirillum can maintain their PGP
capacity even under high salt conditions. The saline tolerant strain Azospirillum increased
shoot dry weight, grain yield and nitrogen concentration of wheat grown in saline soil [74].

These PGPBs originating from bacterial communities of the rhizosphere, the phyllo-
sphere, or endophytes of plants are defined as those capable of colonizing the tissues of a
wide variety of plant species. These bacteria, despite their ability to promote the growth of
host plants through their beneficial mechanisms, cope with stress by adopting other means
of responding to osmotic stress.

3.4.1. ACC (1-Aminocyclopropane-1-Carboxylate) Deaminase

In response to the constraints of salinity, PGPRs producing ACC deaminase stimu-
late plant growth by regulating the massive production of ethylene. The bacteria reduce
ethylene production in plants after exposure to increasing concentrations of salt. However,
the sodium content of the plant did not decrease while the absorption of phosphorus
and potassium was slightly increased, which partly contributed to the activation of the
processes involved in reducing the harmful salt effect. The bacteria also increased the
efficiency of water use in saline conditions and reduced the suppression of photosynthe-
sis. Recently, several studies have reported that P. fluorescens containing ACC deaminase
improves the resistance of plants to saline solutions and provides an increased yield com-
pared to those inoculated with strains of Pseudomonas lacking ACC deaminase [75]. The
decrease in high ethylene content can be achieved by degradation of its direct precursor,
1-Aminocyclopropane-1-carboxylic acid (ACC), using ACC-deaminase. This enzyme can
relieve stress caused by several stresses. This enzyme is expressed in several rhizobacteria
(ex: Alcaligenes spp., Bacillus pumilus, Burkholderia cepacia, Enterobacter cloacae, Methylobac-
terium fujisawaense, Ralstonia solanacearum, Pseudomonas spp., and Variovorax paradoxus).
These can degrade ACC in α-ketobutyrate and in ammonium. Other strains, such as R.
leguminosarum bv. viciae, R. hedysari, R. japonicum, R. gallicum, B. japonicum, B. elkani, M.
loti, and S. meliloti may also produce ACC deaminase. Inoculation of Rhizobium producing
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ACC deaminase reduces the level of ethylene in the soil. Inoculation with these bacteria
promotes root elongation, nodulation and mineral absorption [16,76].

3.4.2. Exopolysaccharides

Bacteria that produce exopolysaccharides (EPS) play a crucial role in plant growth
and agricultural production by maintaining water potential, aggregating soil particles,
ensuring contact between plant roots and rhizobacteria and protecting the host under
stressful conditions. EPS are a complex of high molecular weight polymers (MW ≥ 10,000)
secreted by bacteria in response to environmental stresses [77]. EPS-producing PGPRs can
improve soil structure by increasing the volume of rhizospheric soil macropores resulting
in high water retention and availability of nutrients to plants. EPS can also retain Na+ ions
by reducing its content absorbed by plants, and therefore attenuate the effect of salt stress.
The ability of EPS to bind cations is associated, mainly, with hydroxyl, sulfhydryl, carboxyl
and phosphoryl groups [70,77]. Bacterial EPS plays an important role in soil aggregation
and adhesion. PGPR EPS-producing strains induce tolerance to soil salinity, promote
plant growth and limit Na+ uptake by the roots [70]. Bacterial EPS would protect bacteria
from desiccation by modifying their microenvironment. Inoculation not only reduces the
concentration of Na+ and Cl− in the plant, but also induces a marked and gradual increase
in the concentration of N, P, and K under the stress of salinity. The concentrations of N, P,
and K in lettuce inoculated with Bacillus sp. under stressful conditions increase by about 5,
70, and 50%, respectively [78]. Certain rhizobacteria including Aeromonas hydrophila, Bacillus
sp., Planococcus rifietoensis, Halomonas variabilis, Burkholderia, Enterobacter, Microbacterium,
and Paenibacillus produce EPS and facilitate biofilm formation [79]. The EPS produced by
Pseudomonas putida GAP-P45 play a positive role in the regulation of water content and
the diffusion of the carbon source to plants in particular under fluctuating conditions of
stress [80].

3.4.3. Antioxidant Activity

Under saline conditions, ROS causes oxidative damage to biomolecules such as lipids
and proteins and ultimately leads to plant death [81]. Attenuation of oxidative degradation
by antioxidant enzymes mediated by ROS scavenging is an important mechanism in plants
for increasing tolerance to salinity stress. Bacteria moderate the redox state of salt-affected
plants by increasing antioxidants and polyamines, resulting in enhanced photosynthetic
efficiency [82]. PGPRs produce antioxidant enzymes such as superoxide dismutase (SOD),
peroxidase (POX), and catalase (CAT), and non-enzymatic antioxidants such as ascorbate,
glutathione, and α-tocopherol [83].

Studies of the transcriptome profiles of tissues of Arabidopsis shoots affected by
salinity have shown, after inoculation with Bacillus amyloliquefaciens FZB42, a stimulation of
the upregulation of genes associated with photosynthesis, trapping of ROS, osmoprotectors
such as trehalose and proline, the translocation of Na+ as well as the signaling of jasmonic
acid, auxin and ethylene under conditions of salt stress [84]. The expression of the variance
of the antioxidant genes may possibly be involved in the regulation of the level of ROS in
plants inoculated with PGPR under salinity stress. This corresponds to previous studies
where PGPR treatment stimulated antioxidant defense mechanism, thus resulting in a
decrease in the concentration of ROS in plants exposed to salt stress.

4. Next Generation Plant Growth Promoting Microorganisms

Climate change and anthropogenic activities have created more stressful conditions
limiting crop production around the world [85]. Huge crop losses are likely to be over the
years. It has been estimated that around 30% of global agricultural production is lost due to
abiotic stresses [22], including drought, salinity, desertification, pollution, and erosion [86].
Among the abiotic stresses, salinity is a major stress affecting agricultural land. In addition,
and beyond the salinity, other stresses are not tolerable by plants. It is obvious that drought,
desertification, and extreme temperatures are phenomena associated with arid and saline
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regions. In addition, soils can be polluted by effluents from mining, tannery, textiles, and
petrochemical sectors. These effluents are rich in salts as well as in heavy metal ions. To
overcome all these constraints and restore environmental stability, great attention is being
paid to sustainable agriculture by inoculating the soil with beneficial bacteria [87]. There is
evidence that plant growth promoting bacteria (PGPB) can improve crop production under
stressful conditions [88,89]. Therefore, the current trend would be the choice and selection
of new PGPBs having the capacity to solve several problems at the same time. This new
generation of so-called multitask PGPBs (MT-PGPB) would be selected from halotolerant
bacteria. These bacteria are the best options for the bioremediation of degraded soils due to
their tolerance and ability to thrive under extreme conditions and their high sequestration
capacity. Inoculation with these MT-PGPBs improves the physico-chemical and biological
properties of the soil [90].

Salt-Tolerant-PGPB (ST-PGPB) Converted to MT-PGPB Mitigate More Stress

Numerous studies have revealed that the use of PGPBs possessing pollutant detox-
ification characteristics, combined with beneficial properties for plants, is a promising,
cost-effective, and ecological method [91]. Bacterial bioremediation makes it possible
to reduce/eliminate organic and metallic contaminants by several biotechnological pro-
cesses [92]. Many bacteria are capable of reducing heavy metals and potentially degrading
pesticides and hydrocarbons, using these pollutants as the sole source of carbon and energy.

Numerous studies have reported that PGPBs are potential agents tolerating heavy
metal stress [93]. These bacteria are exploited to improve plant growth as well as for the
bioremediation of contaminated sites by adopting various strategies [94].

Bacterial bio-sorption is a process primarily used for the removal of non-biodegradable
pollutants, such as heavy metals. It is an accumulation independent of metabolism, by
living or inactive biomass [95]. This process involves the sequestration of metals in different
cellular compartments. The cell wall of bacteria comes into contact with metal ions and
is responsible for the bio-sorption of metals by their chemical functional groups which
have an affinity for heavy metals [96]. In addition, the exopolysaccharides produced
by bacteria have a strong capacity for binding to heavy metals. They are able to absorb
heavy metals, due to their particular structure, their physicochemical properties and their
chemical stability, due to the presence of functional groups (hydroxyl, carboxyl, amino,
and phosphate groups) [97]. These groups react with oppositely charged metal ions to
form metal-EPS complexes [98].

Bioaccumulation is a complex process that involves the uptake of metals into bacterial
cells where the metal is sequestered. This requires active transport of metal ions to reduce
the availability of heavy metals [49]. Exposure of bacteria to toxic concentrations of heavy
metals induces the expression of peptides rich in cysteine (metallothioneins, glutathione,
or phytochelatin) [99] which have a high affinity for metals [95]. The metallothionein of
Synechococcus PCC7942, sequesters and detoxifies Cd2+. Through a phenomenon of bio-
assimilation, PGPBs are able to produce siderophores which chelate iron as well as other
heavy metals (cadmium, lead, nickel, arsenic, and cobalt, etc.) [100]. Many bacteria synthe-
size these substances to capture metal ions. Bioprecipitation is the most common method
for removing dissolved pollutants [101]. Bacteria produce and/or excrete substances which
react chemically with metallic species and produce insoluble metallic compounds; insol-
uble hydroxides, carbonates, phosphates, and sulfides [102]. PGPBs also produce low
molecular weight organic acids (e.g., gluconic, oxalic and citric acids, etc.), which play an
important role in the detoxification of polluted sites by the complexation of heavy metals
and by increasing their mobility and their absorption [49]. Biotransformation can alter the
chemical form of heavy metals by methylation/reduction, dealkylation/oxidation, altering
their mobility, toxicity, and bioavailability [91]. PGPBs have the potential to minimize
the deleterious effects of heavy metals through methylation [103]. The strain Bacillus sp.
CX-1 isolated from manure compost has a high capacity to methylate Arsenic (As). This bi-
ological transformation is catalyzed by the enzymes As (III) S-adenosylmethionine methyl-
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transferase [104]. According to Pires et al. [105], Bacillus, Pseudomonas, and Arthrobacter are
considered to be the predominant genera of the bacterial population in sites contaminated
by metals.

Pesticide toxicity or contamination can be reduced by the natural detoxifying ability
of PGPBs. Pesticides can be completely mineralized in water and carbon dioxide. Among
the various microbial communities, PGPRs such as the genera Alcaligenes, Arthrobacter,
Bacillus, Burkholderia, Pseudomonas, Rhodococcus, Serratia, Sphingomonas, Stenotrophomonas,
and Streptomyces, have potential applications in the bioremediation of pesticides by different
mechanisms [106]. Hydrolytic enzymes are most often used for reducing the toxicity of
pesticides as they disrupt major chemical bonds of toxic organic compounds such as esters,
peptide bonds, carbon-halide bonds, etc. Among these enzymes, the dehalogenase DhaA
from Pseudomonas pavonaceae 170 and LinB from Sphingomonas paucimobilis UT26 which
are the most studied haloalkane dehalogenases used for the degradation of pesticides [79].
The purified carbaryl hydrolase from Arthrobacter sp. hydrolyzes three insecticides N-
methylcarbamate: carbaryl, xylylcarb, and metolcarb [107].

Remediation of environments contaminated by hydrocarbons remains difficult due
to their low solubility, lack of polarity, and hydrophobic nature. The strategy of bacteria
in the degradation of hydrocarbons is generally based on the use of enzymes and biosur-
factants [108]. Enzymes play a major role in the biodegradation of hydrocarbons because
they convert them into harmless compounds (carbon dioxide and water). Oxygenases are
the main enzymes in the aerobic degradation of aromatic hydrocarbons [86]. P450 mono-
oxygenase isolated from Bacillus megaterium BM3 has the ability to degrade a variety of
substrates such as fatty acids and aromatic compounds, naphthalene dioxygenase isolated
from Pseudomonas putida involved in the degradation of naphthalene, toluene dioxygenase
produced by Pseudomonas putida F1 catalyzes the degradation of toluene [86]. In addition,
bacteria can come into contact with hydrocarbons by the production of biosurfactants allow-
ing them to form micelles which accumulate at the interphase between liquids of different
polarities such as water and oil, thus reducing surface tension and facilitating the absorp-
tion and emulsification of hydrocarbons [109]. Khan et al. [110] report the potential of four
bacterial strains Pseudomonas poae BA1, Acinetobacter bouvetii BP18, Bacillus thuringiensis
BG3, and Stenotrophomonas rhizophila BG32 for the degradation of hydrocarbons by biosur-
factants. Biosurfactants have been widely studied in the bioremediation of pollutants [111].
They are amphiphilic molecules containing polar (hydrophilic groups) and nonpolar (hy-
drophobic groups) groups and have surface or interface related properties [111]. They have
several advantages: biodegradability, low toxicity, high surface activity, and high yield
even under extreme environmental conditions [112]. They have been classified according
to their chemical composition and their microbial origin, into four groups: Glycolipids
(rhamnolipids produced by Pseudomonas aeruginosa and Pantoea sp.), Lipopolysaccharides
(emulsan produced by Acinetobacter), lipopeptides (surfactin produced by Bacillus subtilis),
and phospholipids (fatty acids, neutral lipids of Corynebacterium) [113].

Drought is also a stress that limits plant growth and soil fertility resulting in major
loss of productivity across the world. Drought disrupts the water potential of plants, by
lowering the water content and nutrients in the soils [114]. Microbial inoculants facilitate
the amelioration of drought stress through the production of cytokinin, antioxidants, ACC
deaminase, EPS, and other metabolites associated with growth. Cytokinins increase the
abscisic acid (ABA) content of plants, which further closes the stomata to reduce leaf water
loss [115].

The increase in temperature and decrease in precipitation, gave rise to the problem of
heat stress. Under these conditions, soils lose their water due to excessive evaporation and
are subject to erosion by wind and water. Plants under this stress show a reduced growth
due to decreased water and nutrient uptake, impaired photosynthesis, and increased leaf
senescence [114]. To promote plant growth and revive soil fertility, PGPBs have been a
sustainable solution configuring the mechanism of tolerance. They induce the production
of osmoregulators for osmotic balance preventing plasmolysis and increased synthesis of
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heat shock proteins (HSPs) which tolerate heat stress and regulate biological enzymatic
mechanisms. Both HSPs and chaperones instruct the correct folding of proteins ensuring
proper enzymatic functioning even under high temperature stress [116] another strategy for
protection from heat stress damage consists of an accumulation of trehalose which inhibits
protein denaturation and supports aggregation by maintaining the normal conformation of
proteins under stress conditions. Unlike heat stress, cold stress is also a climatic limit that
impairs plant growth. At low temperatures, the cellular metabolism of plants is disturbed.
Inoculation with cold tolerant bacteria stabilizes membrane fluidity and ensures proper
functioning of enzymatic processes. The tolerance mechanisms adopted by these cold
tolerant bacteria include an increased concentration of unsaturated fatty acids in the cell
membrane to improve fluidity [117], cold shock proteins (CSP) such as chaperones ensuring
correct protein folding, and accumulation of trehalose [118].

Another challenge that limits the productivity of agriculture is pH stress. Deviations
in pH lead to decreased plant growth due to loss of beneficial plant–microorganism in-
teractions, reduced chelation of nutrients, and loss of essential anions. The offset from
normal pH shows substantial changes in gene expression and cellular metabolism. Benefi-
cial bacteria initiate adaptive responses to support growth and maintain osmotic balance
and cellular vitality [119]. Under this type of stress, PGPBs produce enzymes that adapt
to pH changes to control their metabolic activities. Biofilm (composed of EPS) is also a
mechanism by which microorganisms form a local environment protecting against extreme
external pH.

Plants under stressful conditions become more vulnerable to diseases caused by phy-
topathogens. The use of specific microbial antagonists further stimulates plant growth
in degraded ecosystems [120]. PGPRs used as biological control agents against phy-
topathogens are beneficial, naturally occurring microorganisms which are environmentally
friendly and non-toxic compared to conventional chemical control compounds. They pos-
sess a diverse range of modes of action, including antibiosis, siderophore production, cell
wall degrading enzymes, bio-surfactants and volatiles, and also the induction of systemic
resistance to plants [7].

PGPBs beneficial for improving agricultural production under conditions of envi-
ronmental stress adopt various strategies to counter the limitations of abiotic and biotic
stresses; although, these bacteria respond to each stress differently by adopting a specific
mechanism. However, some degree of overlap is observed in the responses of these PGPBs
to several stresses. PGPBs can cause “induced systemic tolerance” (IST), involving various
physiological and biochemical changes in plants that confer tolerance to biotic and abiotic
stresses [121]. The mechanisms include the production of VOCs which are low molecular
weight gaseous metabolic compounds that control phytopathogens and induce systemic
resistance [39] to various abiotic stressors such as than salinity, drought, high and low
temperatures, and heavy metals [122]. Antioxidants work by reducing the damaging effects
of ROS, thereby securing the cell, membranes, and biomolecules [123]. SPEs produced by
bacteria help maintain the hydrological balance of the soil through the aggregation of soil
particles trapping water molecules, thereby increasing nutrient uptake and sequestering
heavy metals [124]. PGPBs with ACC deaminase activity reduce the level of stress-induced
ethylene in host plants and stimulate plant growth. The effectiveness of this enzyme has
been reported to alleviate various environmental stressors such as salinity, flooding, heat,
drought, metal contamination, organic pollutants, injury, pathogens, and infections by
insects [125]. Finally, in the event of stress, the cells also call on compatible organic solutes
of low molecular weight. The accumulation of these solutes, within intrinsic limits, is a very
widespread response of bacteria and plants in response to these stresses [98]. In addition,
some PGPBs can also play a protective role against biotic stresses by triggering reactions
following the emission of signals or the production of pathogenesis-related proteins (PR)
which propagate systemically in the plant. In sum, the molecular mechanism behind
tolerance includes the upregulation of stress response marker genes [126].
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5. A Road Map for Tailoring Plant Growth Promoting Microorganisms as Versatile
Tools beyond Soil Desalinization

The microbiomes of plants native to extreme environments can be rich sources of
stress-relieving microorganisms. The phytomicrobiome plays an essential role in the
survival of the holobiont, especially for plants growing in extreme environments. In recent
years, much interest has been focused on the strategy of inoculating soil with beneficial
microorganisms known to promote plant growth under various stresses [87]. The use of
PGPBs as inoculants has been a technique known for a long time; the use of these inoculants
on legumes and cereals has existed since antiquity [127]. The development of new inocula
is based on laboratory screening tests. The selection of effective PGPB strains is linked to
the characterization of properties promoting plant growth. Therefore, this part aims at the
prospect of selecting the isolates with the highest PGP potential and their identification by
molecular approach.

For the development of a new inoculum, we target the rhizo-microbiome of halophytic
plants because in this area there is the greatest microbial diversity. The halotolerant bacteria
associated with the roots of the halophytes taken from various Sebkhas are isolated on cul-
ture media. In order to increase diversity and recover a large number of cultivable bacteria,
the isolation of rhizospheric and root endophytic bacteria is carried out on different media.
Generally, a rich medium trypticase soy agar (TSA) and a minimum medium allowing
the growth of bacteria that are not very demanding for the total flora is recommended.
For the search for specific flora, other media can be used such as ISP2 medium to isolate
Actinobacteria, King B medium for Pseudomonas or Yeast Extract Mannitol Agar (YMA)
allowing the growth of Rhizobia. Once the isolated strains are cultivated and purified, they
are screened for their ability to improve plant growth by analyzing direct PGP activities
(nitrogen fixation, phosphate solubilization, hormone production including IAA, produc-
tion of siderophores) and indirect (production of NH3 from HCN, antagonism towards
phytopathogens and production of lytic enzymes). The biosynthetic capacity of auxin can
be used as a tool for screening for effective PGPB strains [121]. Particularly, IAA production
appears to be a most prevalent plant growth promoting property among PGPBs.

However, given the large number of strains to be assessed at this stage, we must
accept this risk and consider reviewing the situation once the initial screening is complete.
These strains are then screened for their ability to tolerate stress. The easiest stress to
apply evenly is salt stress. Responses to salt stress are generally representative of expected
responses to other stresses. A first selection is made according to the best PGP activities
and the ability to tolerate salt stress. These bacteria are checked for their PGP potential
in a saline medium and then tested for their ability to induce stress tolerance by the
production of ACC deaminase, production of polysaccharides or the measurement of
antioxidant enzymes. Promising isolates can then be tested for their ability to tolerate
other stresses. Water stress is tested in vitro by measuring growth on culture medium
deficient in available water (e.g., added with polyethylene glycol). Growth is also measured
at pH and temperature extremes to assess the ability to tolerate these stresses. In order
to achieve the ultimate goal for the selection of MT-PGPBs, more stressful and complex
conditions are applied. To do this, the strains are appreciated for their ability to metabolize
pollutants (hydrocarbons, insecticides, etc.) and to sequester heavy metals by checking
their growth on culture media supplemented with these compounds used as the sole
carbon sources. In addition, the screening of strains performing in the protection against
phytopathogenic diseases is also carried out on a Petri plate of potato dextrose agar (PDA)
by testing the activity of the strains in the biological fight against pathogens. This activity
results in the determination of a zone of inhibition between the bacteria and the fungal
strain [12]. Germination of Arabidopsis or cultivated plants allows these promising bacteria
to accelerate the emergence and early growth of plants, under controlled environmental
conditions. Experimentation with germination and early growth of plants should be
carried out under optimal and stressful conditions. The results can be validated in planta,
under controlled conditions and possibly under field conditions. It is clear that some
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strains will be overlooked with this approach. In addition, there might be strains that do
not show promising results in the early stages (e.g., do not affect germination) but that
would improve subsequent growth [128,129]. At this stage, the strains are identified by a
molecular approach and their metabolites are characterized and identified.

The combination of bioremediation and the promotion of plant growth would be
a beneficial approach to solve this global agricultural problem. The most promising
and demanding PGPB in the field, will be the most efficient for commercialization after
bioformulation. In the case of consortia, the strains must be managed so that they are in
constant proportions in the final product. Combining strains around or at the end of their
growth cycles can give the most reliable results. However, consortia, due to interactions
between strains, may very well offer advantages over single-strain inoculum.

Stacking of several desirable traits in a single agent could, therefore, be generalized
for the selection of putative candidates and the application of these selected agents in plant
experiments. This pyramid strategy could be used successfully in future studies to mitigate
the effects of various biotic and abiotic stresses on plant growth and productivity. It is
anticipated that this strategy will provide a new generation of PGPBs targeting highly
resistant to biotic and abiotic stress plants that thrive in hostile environments.

Bacteria with multiple benefits can be beneficial in commercial agriculture and are
relevant to the bioeconomy. Many economically important plants require amendments
for optimal growth and yield as well as protection against pathogenic organisms [130].
Bioformulations of these PGPBs for promoting plant growth, soil fertility and suppressing
plant pathogens offer green alternatives to conventional agrochemicals [131] and can be
extremely effective in alleviating the effects of abiotic stress on a wide variety of crop
plants [124]. Assessment of possible combinations of strains and/or signals, product
delivery formulation, registration, and regulatory approval will lead to product availability
on the market.

6. Conclusions and Perspectives

The problems of desertification, the degradation of agricultural areas, and the loss of
soil fertility are an obstacle that affects most Mediterranean countries. The development
of suitable bio-fertilizers, based on bacterial strains isolated from the most arid areas and
resistant crops, could therefore have the potential to increase crop yields and resistance
to various stresses. They will have a positive influence on crop productivity and the
sustainability of agriculture. Their successful implementation in the agricultural system
has become a necessity. The research and development of effective PGPRs will become a
reality in their use and a fundamental process leading towards an ideal agricultural system
that maintains, and improves human health, benefits the environment, and produces
sufficient food for the growing world population.

However, despite extensive research already carried out in this area, there is a lack of
knowledge on some important aspects. Interactions between plants and microorganisms
are still limited. In addition, the mechanisms for promoting growth in the presence of
PGPBs under salinity stress should be described in more detail down to the gene level.
The development of efficient inocula with a high colonization rate in the rhizosphere is
a major challenge. The adaptation of the bacteria selected according to the type of soil
in the application area is also to be considered. PGPBs must be present on the roots in
sufficient numbers to have a beneficial effect and be able to compete for nutrients in the
rhizosphere. In addition to the intrinsic growth rate, the other properties enhancing the
colonizing potential of a strain are of prime importance (mobility, chemotaxis, and the
usability of compounds excreted by the roots as sources of carbon and nitrogen). To make
this approach practical, it is necessary to select or develop strains that can be applied
in low numbers but multiply rapidly following their release into the environment. In
addition, efficient colonization requires the development of inocula containing microbes
with long survival under field conditions, due to competition with resident soil micro- and
macro-fauna. The formulation of biofertilizers and the application in the field will verify
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the reliability of the proposed protocol, its proper functioning and the monitoring of its
stability. The viability and shelf life of the bacteria will be assessed after bioencapsulation,
as well as the survival rate is checked after inoculation. Future research should focus on
the evaluation and valuation of PGP bacteria in the field. The passage to the stage on
the ground requires the participation and the assistance of agronomic institutes which
guarantee the diffusion and the distribution of the products. There is a need to sensitize
farmers on the potential benefits that could be obtained by using these PGPBs and on
these cost-effective approaches based on the use of biofertilizers versus the use of chemical
fertilizers. On the other hand, although a number of rhizobacteria capable of tolerating
extreme climates have been identified, their potential synergistic effects on plants or their
antagonistic effects on pests and soil diseases should be considered. The combined use
of PGPBs from the rhizosphere and endophytic microbiomes can have a synergistic effect
to alleviate stress and to sustainably improve agricultural productivity in dry, saline, or
polluted environments for an extended period of time and under real natural conditions.
PGPBs have also been proven to be excellent model systems in the field of biotechnology
that can provide new genetic constituents and bioactive chemicals with various uses in
agriculture and environmental sustainability.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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Author Contributions: Conceived and designed the experiments: H.C.-S. and L.B. Performed
the experiments: L.L., H.C.-S., A.S., and L.B. Analyzed the data: H.C.-S., A.S., N.B., and A.C.B.
Contributed reagents/materials/analysis tools: H.C.-S., A.S., L.L., N.B., J.A.N., T.O., F.N.A. and
L.B. Wrote and enriched the literature: L.B., H.C.-S., A.S., and A.C.B. Edited the manuscript: L.B.,
H.C.-S., A.S., A.C.B., L.L., and N.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Algerian Ministry of Higher Education and Scientific Research.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Corresponding author would like to thank Zeinab Pourhassan (MSC in Ento-
mology, University of Tabriz) about drawing of Figure 1.

Conflicts of Interest: The authors declare that there is no conflict of interest.

References
1. Lara, E.; Belbahri, L. SSU rRNA reveals major trends in oomycete evolution. Fungal Divers. 2011, 49, 93–100. [CrossRef]
2. Rekik, I.; Chaabane, Z.; Missaoui, A.; Chenari Bouket, A.; Luptakova, L.; Elleuch, A.; Belbahri, L. Effects of untreated and

treated wastewater at the morphological, physiological and biochemical levels on seed germination and development of sorghum
(Sorghum bicolor (L.) Moench), alfalfa (Medicago sativa L.) and fescue (Festuca arundinacea Schreb.). J. Hazard. Mater. 2017, 326,
165–176. [CrossRef] [PubMed]

3. Kumar, A.; Singh, S.; Gaurav, A.K.; Srivastava, S.; Verma, J.P. Plant growth-promoting bacteria: Biological tools for the mitigation
of salinity stress in plants. Front. Microbiol. 2020, 11, 1216. [CrossRef] [PubMed]

4. Bharti, N.; Barnawal, D. Amelioration of salinity stress by PGPR: ACC deaminase and ROS scavenging enzymes activity. In
PGPR Amelioration in Sustainable Agriculture Food Security and Environmental Sciences, 1st ed.; Singh, A.K., Kumar, A., Singh, P.K.,
Eds.; Woodhead Publishing: Cambridge, UK, 2019; pp. 85–106.

5. Ramakrishna, W.; Rathore, P.; Kumari, R.; Yadav, R. Brown gold of marginal soil: Plant growth promoting bacteria to overcome
plant abiotic stress for agriculture, biofuels and carbon sequestration. Sci. Total Environ. 2020, 711, 135062. [CrossRef]

6. Zhang, H.; Li, Y.; Zhu, J.K. Developing naturally stress resistant crops for a sustainable agriculture. Nat. Plants 2018, 4, 989–996.
[CrossRef]

7. Numan, M.; Bashir, S.; Khan, Y.; Mumtaz, R.; Shinwari, Z.K.; Khan, A.L.; Ahmed, A.H. Plant growth promoting bacteria as an
alternative strategy for salt tolerance in plants: A review. Microbiol. Res. 2018, 209, 21–32. [CrossRef]

8. Mefteh, F.B.; Daoud, A.; Chenari Bouket, A.; Alenezi, F.N.; Luptakova, L.; Rateb, M.E.; Kadri, A.; Gharsallah, N.; Belbahri, L.
Fungal root microbiome from healthy and brittle leaf diseased date palm trees (Phoenix dactylifera L.) reveals a hidden untapped
arsenal of antibacterial and broad spectrum antifungal secondary metabolites. Front. Microbiol. 2017, 8, 307. [CrossRef]

https://www.mdpi.com/article/10.3390/su13084422/s1
https://www.mdpi.com/article/10.3390/su13084422/s1
http://doi.org/10.1007/s13225-011-0098-9
http://doi.org/10.1016/j.jhazmat.2016.12.033
http://www.ncbi.nlm.nih.gov/pubmed/28013160
http://doi.org/10.3389/fmicb.2020.01216
http://www.ncbi.nlm.nih.gov/pubmed/32733391
http://doi.org/10.1016/j.scitotenv.2019.135062
http://doi.org/10.1038/s41477-018-0309-4
http://doi.org/10.1016/j.micres.2018.02.003
http://doi.org/10.3389/fmicb.2017.00307


Sustainability 2021, 13, 4422 18 of 22

9. Mefteh, F.B.; Daoud, A.; Chenari Bouket, A.; Thissera, B.; Kadri, Y.; Cherif-Silini, H.; Eshelli, M.; Alenezi, F.N.; Vallat, A.; Oszako,
T.; et al. Date palm trees root-derived endophytes as fungal cell factories for diverse bioactive metabolites. Int. J. Mol. Sci. 2018,
19, 1986. [CrossRef]

10. Mefteh, F.B.; Chenari Bouket, A.; Daoud, A.; Luptakova, L.; Alenezi, F.N.; Gharsallah, N.; Belbahri, L. Metagenomic insights
and genomic analysis of phosphogypsum and its associated plant endophytic microbiomes reveals valuable actors for waste
bioremediation. Microorganisms 2019, 7, 382. [CrossRef]

11. Mefteh, F.B.; Frikha, F.; Daoud, A.; Chenari Bouket, A.; Luptakova, L.; Alenezi, F.N.; Al-Anzi, B.S.; Oszako, T.; Gharsallah, N.;
Belbahri, L. Response surface methodology optimization of an acidic protease produced by Penicillium bilaiae isolate TDPEF30,
a newly recovered endophytic fungus from healthy roots of date palm trees (Phoenix dactylifera L.). Microorganisms 2019, 7, 74.
[CrossRef]

12. Ilangumaran, G.; Smith, D.L. Plant growth promoting rhizobacteria in amelioration of salinity stress: A systems biology
perspective. Front. Plant. Sci. 2017, 8, 1768. [CrossRef]

13. Vaishnav, A.; Shukla, A.K.; Sharma, A.; Kumar, R.; Choudhary, D.K. Endophytic Bacteria in Plant Salt Stress Tolerance: Current
and Future Prospects. J. Plant Growth Regul. 2019, 38, 650–668. [CrossRef]

14. Gamalero, E.; Bona, E.; Todeschini, V.; Lingua, G. Saline and arid soils: Impact on bacteria, plants, and their interaction. Biology
2020, 9, 116. [CrossRef]

15. Vejan, P.; Khadiran, T.; Abdullah, R.; Ismail, S.; Dadrasnia, A. Encapsulation of plant growth promoting Rhizobacteria—Prospects
and potential in agricultural sector: A review. J. Plant Nutr. 2019, 42, 2600–2623. [CrossRef]

16. Glick, B.R. Plant growth-promoting bacteria: Mechanisms and applications. Scientifica 2012, 2012, 1–15. [CrossRef]
17. Forni, C.; Duca, D.; Glick, B.R. Mechanisms of plant response to salt and drought stress and their alteration by rhizobacteria.

Plant Soil 2017, 410, 335–356. [CrossRef]
18. Slama, H.B.; Triki, M.A.; Chenari Bouket, A.; Mefteh, F.B.; Alenezi, F.N.; Luptakova, L.; Cherif-Silini, H.; Vallat, A.; Oszako, T.;

Gharsallah, N.; et al. Screening of the high-rhizosphere competent Limoniastrum monopetalum’ culturable endophyte microbiota
allows the recovery of multifaceted and versatile biocontrol agents. Microorganisms 2019, 7, 249. [CrossRef]

19. Vandenkoornhuyse, P.; Quaiser, A.; Duhamel, M.; Le Van, A.; Dufresne, A. The importance of the microbiome of the plant
holobiont. New Phytol. 2015, 206, 1196–1206. [CrossRef]

20. Timmusk, S.; Behers, L.; Muthoni, J.; Muraya, A.; Aronsson, A.C. Perspectives and challenges of microbial application for crop
improvement. Front. Plant Sci. 2017, 8, 49. [CrossRef]

21. Pii, Y.; Mimmo, T.; Tomasi, N.; Terzano, R.; Cesco, S.; Crecchio, C. Microbial interactions in the rhizosphere: Beneficial influences
of plant growth-promoting rhizobacteria on nutrient acquisition process. A review. Biol. Fertil. Soils 2015, 51, 403–415. [CrossRef]

22. Goswami, D.; Thakker, J.N.; Dhandhukia, P.C. Portraying mechanics of plant growth promoting rhizobacteria (PGPR): A review.
Cogent Food Agric. 2016, 2, 1127500. [CrossRef]

23. Ahmad, I.; Ahmad, M.; Hussain, A.; Jamil, M. Integrated use of phosphate-solubilizing Bacillus subtilis strain IA6 and zinc-
solubilizing Bacillus sp. strain IA16: A promising approach for improving cotton growth. Folia Microbiol. 2020. [CrossRef]

24. Alori, E.T.; Glick, B.R.; Babalola, O.O. Microbial phosphorus solubilization and its potential for use in sustainable agriculture.
Front. Microbiol. 2017, 8, 971. [CrossRef]

25. Figueiredo, M.V.B.; Bonifacio, A.; Rodrigues, A.C.; de Araujo, F.F. Plant growth-promoting rhizobacteria: Key mechanisms of
action. In Microbial-Mediated Induced Systemic Resistance in Plants; Choudhary, D., Varma, A., Eds.; Springer: Singapore, 2016.
[CrossRef]

26. Liu, D.; Lian, B.; Dong, H. Isolation of Paenibacillus sp. and assessment of its potential for enhancing mineral weathering.
Geomicrobiol. J. 2012, 29, 413–421. [CrossRef]

27. Kamran, S.; Shahid, I.; Baig, D.N.; Rizwan, M.; Malik, K.A.; Mehnaz, S. Contribution of zinc solubilizing bacteria in growth
promotion and zinc content of wheat. Front. Microbiol. 2017, 8. [CrossRef]

28. Etesami, H.; Mirseyed Hosseini, H.; Alikhani, H.A. Bacterial biosynthesis of 1-aminocyclopropane-1-caboxylate (ACC) deaminase,
a useful trait to elongation and endophytic colonization of the roots of rice under constant flooded conditions. Physiol. Mol. Biol.
Plants 2014, 20, 425–434. [CrossRef]

29. Chandra, D.; Srivastava, R.; Gupta, V.V.; Franco, C.M.; Sharma, A.K. Evaluation of ACC-deaminase-producing rhizobacteria to
alleviate water-stress impacts in wheat (Triticum aestivum L.) plants. Can. J. Microbiol. 2019, 65, 387–403. [CrossRef]

30. Vurukonda, S.S.K.P.; Giovanardi, D.; Stefani, E. Plant growth promoting and biocontrol activity of Streptomyces spp. as Endophytes.
Int. J. Mol. Sci. 2018, 19, 952. [CrossRef]

31. Miri, M.; Janakirama, P.; Held, M.; Ross, L.; Szczyglowski, K. Into the root: How cytokinin controls rhizobial infection. Trends
Plant Sci. 2016, 21, 178–186. [CrossRef] [PubMed]

32. Kong, Z.; Glick, B.R. The role of plant growth-promoting bacteria in metal phytoremediation. Adv. Microb. Physiol. 2017, 71,
97–132. [CrossRef] [PubMed]

33. Srivastava, R.; Singh, A. Plant growth promoting rhizobacteria (PGPR) for sustainable agriculture. Int. J. Agric. Sci. Res. 2017, 7,
505–510.

34. Belbahri, L.; Chenari Bouket, A.; Rekik, I.; Alenezi, F.N.; Vallat, A.; Luptakova, L.; Petrovova, E.; Oszako, T.; Cherrad, S.; Vacher,
S.; et al. Comparative genomics of Bacillus amyloliquefaciens strains reveals a core genome with traits for habitat adaptation and a
secondary metabolites rich accessory genome. Front. Microbiol. 2017, 8, 1438. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms19071986
http://doi.org/10.3390/microorganisms7100382
http://doi.org/10.3390/microorganisms7030074
http://doi.org/10.3389/fpls.2017.01768
http://doi.org/10.1007/s00344-018-9880-1
http://doi.org/10.3390/biology9060116
http://doi.org/10.1080/01904167.2019.1659330
http://doi.org/10.6064/2012/963401
http://doi.org/10.1007/s11104-016-3007-x
http://doi.org/10.3390/microorganisms7080249
http://doi.org/10.1111/nph.13312
http://doi.org/10.3389/fpls.2017.00049
http://doi.org/10.1007/s00374-015-0996-1
http://doi.org/10.1080/23311932.2015.1127500
http://doi.org/10.1007/s12223-020-00831-3
http://doi.org/10.3389/fmicb.2017.00971
http://doi.org/10.1007/978-981-10-0388-2_3
http://doi.org/10.1080/01490451.2011.576602
http://doi.org/10.3389/fmicb.2017.02593
http://doi.org/10.1007/s12298-014-0251-5
http://doi.org/10.1139/cjm-2018-0636
http://doi.org/10.3390/ijms19040952
http://doi.org/10.1016/j.tplants.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26459665
http://doi.org/10.1016/bs.ampbs.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28760324
http://doi.org/10.3389/fmicb.2017.01438
http://www.ncbi.nlm.nih.gov/pubmed/28824571


Sustainability 2021, 13, 4422 19 of 22

35. Pathak, R.; Shrestha, A.; Lamichhane, J.; Gauchan, D.P. PGPR in bio-control: Mechanisms and roles in disease suppression. Int. J.
Agron. Agric. Res. 2017, 11, 69–80.

36. Cheffi, M.; Chenari Bouket, A.; Alenezi, F.N.; Luptakova, L.; Belka, M.; Vallat, A.; Rateb, M.E.; Tounsi, S.; Triki, M.A.; Belbahri, L.
Olea europaea L. root endophyte Bacillus velezensis OEE1 counteracts oomycete and fungal harmful pathogens and harbours a
large repertoire of secreted and volatile metabolites and beneficial functional genes. Microorganisms 2019, 7, 314. [CrossRef]

37. Gupta, S.; Pandey, S. ACC Deaminase producing bacteria with multifarious plant growth promoting traits alleviates salinity
stress in French bean (Phaseolus vulgaris) Plants. Front. Microbiol. 2019, 10, 1506. [CrossRef]

38. Ali, S.; Hameed, S.; Shahid, M.; Iqbal, M.; Lazarovits, G.; Imran, A. Functional characterization of potential PGPR exhibiting
broad-spectrum antifungal activity. Microbiol. Res. 2020, 232, 126389. [CrossRef]

39. Tahir, H.A.S.; Gu, Q.; Wu, H.; Raza, W.; Safdar, A.; Huang, Z.; Rajer, F.U.; Gao, X. Effect of volatile compounds produced by
Ralstonia solanacearum on plant growth promoting and systemic resistance inducing potential of Bacillus volatiles. BMC Plant Biol.
2017, 17, 133. [CrossRef]

40. Gouda, S.; Kerry, R.G.; Das, G.; Paramithiotis, S.; Shin, H.-S.; Patra, J.K. Revitalization of plant growth promoting rhizobacteria
for sustainable development in agriculture. Microbiol. Res. 2018, 206, 131–140. [CrossRef]

41. Glazebrook, J.; Chen, W.; Estes, B.; Chang, H.-S.; Nawrath, C.; Metraux, J.-P.; Zhu, T.; Katagiri, F. Topology of the network
integrating salicylate and jasmonate signal transduction derived from global expression phenotyping. Plant J. 2003, 34, 217–228.
[CrossRef]

42. Munns, R. Strategies for Crop Improvement in Saline Soils. In Salinity and Water Stress. Tasks for Vegetation Sciences; Ashraf, M.,
Ozturk, M., Athar, H., Eds.; Springer: Dordrecht, The Netherlands, 2009; Volume 44. [CrossRef]

43. Medjani, F.; Hamdaoui, O.; Djidel, M.; Ducrot, D. Diachronic evolution of wetlands in a desert arid climate of the basin of Ouargla
(southeastern Algeria) between 1987 and 2009 by remote sensing. Arab. J. Geosci. 2015, 8, 10181–10192. [CrossRef]

44. Ghomari, M.S.; Amat, F.; Hontoria, F.; Selselet, G.S. Artemia biodiversity in Algerian Sebkhas. Crustaceana 2011, 84, 1025–1039.
[CrossRef]

45. Hnilickova, H.; Hnilicka, F.; Martinkova, J.; Kraus, K. Effects of salt stress on waterstatus, photosynthesis and chlorophyll
fluorescence of rocket. Plant Soil Environ. 2017, 63, 362–367. [CrossRef]

46. Campobenedetto, C.; Mannino, G.; Beekwilder, J.; Contartese, V.; Karlova, R.; Bertea, C.M. The application of a biostimulant
based on tannins affects root architecture and improves tolerance to salinity in tomato plants. Sci. Rep. 2021, 11, 354. [CrossRef]

47. Manishankar, P.; Wang, N.; Köster, P.; Alatar, A.A.; Kudla, J. Calcium signaling during salt stress and in the regulation of ion
homeostasis. J. Exp. Bot. 2018, 69, 4215–4226. [CrossRef]

48. Tester, M.; Davenport, R.J. Na+ tolerance and Na+ transport in higher plants. Ann. Bot. 2003, 91, 503–527. [CrossRef]
49. Etesami, H.; Maheshwari, D.K. Use of plant growth promoting rhizobacteria (PGPRs) with multiple plant growth promoting

traits in stress agriculture: Action mechanisms and future prospects. Ecotoxicol. Environ. Saf. 2018, 156, 225–246. [CrossRef]
50. Park, J.; Lee, Y.; Martinoia, E.; Geisler, M. Plant hormone transporters: What we know and what we would like to know. BMC

Biol. 2017, 15, 93. [CrossRef]
51. Parida, A.K.; Das, A.B. Salt tolerance and salinity effects on plants: A review. Ecotoxicol. Environ. Saf. 2005, 60, 324–349. [CrossRef]
52. Alem, C.; Amri, A. Importance de la stabilité des membranes cellulaires dans la tolérance à la salinité chez l’orge. Rev. Biol.

Biotechnol. 2005, 4, 20–31.
53. Castiglione, S.; Oliva, G.; Vigliotta, G.; Novello, G.; Gamalero, E.; Lingua, G.; Cicatelli, A.; Guarino, F. Effects of compost

amendment on glycophyte and halophyte crops grown on saline soils: Isolation and characterization of rhizobacteria with plant
growth promoting features and high salt resistance. Appl. Sci. 2021, 11, 2125. [CrossRef]

54. Ben Abdallah, S.; Aung, B.; Amyot, L.; Lalin, I.; Lachâal, M.; Karray-Bouraoui, N.; Hannoufa, A. Salt stress (NaCl) affects plant
growth and branch pathways of carotenoid and flavonoid biosyntheses in Solanum nigrum. Acta Physiol. Plant. 2016, 38, 72.
[CrossRef]

55. Mannino, G.; Nerva, L.; Gritli, T.; Novero, M.; Fiorilli, V.; Bacem, M.; Bertea, C.M.; Lumini, E.; Chitarra, W.; Balestrini, R. Effects of
different microbial inocula on tomato tolerance to water deficit. Agronomy 2020, 10, 170. [CrossRef]

56. Han, G.; Lu, C.; Guo, J.; Qiao, Z.; Sui, N.; Qiu, N.; Wang, B. C2H2 zinc finger proteins: Master regulators of abiotic stress responses
in plants. Front. Plant Sci. 2020, 11, 115. [CrossRef]

57. Riedelsberger, J.; Blatt, M.R. Editorial: Roots—The Hidden Provider. Front. Plant Sci. 2017, 8, 1021. [CrossRef]
58. Suralta, R.R.; Kano-Nakata, M.; Niones, J.M.; Inukai, Y.; Kameoka, E.; Tran, T.T.; Menge, D.; Mitsuya, S.; Yamauchi, A. Root

plasticity for maintenance of productivity under abiotic stressed soil environments in rice: Progress and prospects. Field Crops
Res. 2018, 220, 57–66. [CrossRef]

59. Ahmed, V.; Verma, M.K.; Gupta, S.; Mandhan, V.; Chauhan, N.S. Metagenomic profiling of soil microbes to mine salt stress
tolerance genes. Front. Microbiol. 2018, 9, 159. [CrossRef]

60. Li, S.; Liang, H.; Wei, Z.; Bai, H.; Li, M.; Li, Q.; Qu, M.; Shen, X.; Wang, Y.; Zhang, L. An osmoregulatory mechanism operating
through OmpR and LrhA controls the motile-sessile switch in the plant growth-promoting bacterium Pantoea alhagi. Appl. Environ.
Microbiol. 2019, 85, e00077-19. [CrossRef]

61. Roberts, M.F. Organic compatible solutes of halotolerant and halophilic microorganisms. Aquat. Biosyst. 2005, 1, 5. [CrossRef]
62. Tsujii, M.; Tanudjaja, E.; Uozumi, N. Diverse physiological functions of cation proton antiporters across bacteria and plant cells.

Int. J. Mol. Sci. 2020, 21, 4566. [CrossRef]

http://doi.org/10.3390/microorganisms7090314
http://doi.org/10.3389/fmicb.2019.01506
http://doi.org/10.1016/j.micres.2019.126389
http://doi.org/10.1186/s12870-017-1083-6
http://doi.org/10.1016/j.micres.2017.08.016
http://doi.org/10.1046/j.1365-313X.2003.01717.x
http://doi.org/10.1007/978-1-4020-9065-3_11
http://doi.org/10.1007/s12517-015-1958-5
http://doi.org/10.1163/001121611x586729
http://doi.org/10.17221/398/2017-pse
http://doi.org/10.1038/s41598-020-79770-5
http://doi.org/10.1093/jxb/ery201
http://doi.org/10.1093/aob/mcg058
http://doi.org/10.1016/j.ecoenv.2018.03.013
http://doi.org/10.1186/s12915-017-0443-x
http://doi.org/10.1016/j.ecoenv.2004.06.010
http://doi.org/10.3390/app11052125
http://doi.org/10.1007/s11738-016-2096-8
http://doi.org/10.3390/agronomy10020170
http://doi.org/10.3389/fpls.2020.00115
http://doi.org/10.3389/fpls.2017.01021
http://doi.org/10.1016/j.fcr.2016.06.023
http://doi.org/10.3389/fmicb.2018.00159
http://doi.org/10.1128/AEM.00077-19
http://doi.org/10.1186/1746-1448-1-5
http://doi.org/10.3390/ijms21124566


Sustainability 2021, 13, 4422 20 of 22

63. Argandona, M.; Martinez-Checa, F.; Llamas, I.; Quesada, E.; del Moral, A. Megaplasmids in Gram-negative, moderately halophilic
bacteria. FEMS Microbiol. Lett. 2003, 227, 81–86. [CrossRef]

64. Slama, H.B.; Cherif-Silini, H.; Chenari Bouket, A.; Qader, M.; Silini, A.; Yahiaoui, B.; Alenezi, F.N.; Luptakova, L.; Triki, M.A.;
Vallat, A.; et al. Screening for Fusarium antagonistic bacteria from contrasting niches designated the endophyte Bacillus halotolerans
as plant warden against Fusarium. Front. Microbiol. 2019, 9, 3236. [CrossRef] [PubMed]

65. Cherif-Silini, H.; Thissera, B.; Chenari Bouket, A.; Saadaoui, N.; Silini, A.; Eshelli, M.; Alenezi, F.N.; Vallat, A.; Luptakova, L.;
Yahiaoui, B.; et al. Durum wheat stress tolerance induced by endophyte Pantoea agglomerans with genes contributing to plant
functions and secondary metabolite arsenal. Int. J. Mol. Sci. 2019, 20, 3989. [CrossRef] [PubMed]

66. Molina-Montenegro, M.A.; Oses, R.; Torres-Díaz, C.; Atala, C.; Zurita-Silva, A.; Ruiz-Lara, S. Root-endophytes improve the
ecophysiological performance and production of an agricultural species under drought condition. AoB Plants 2016, 8, plw062.
[CrossRef] [PubMed]

67. Orhan, F.; Demirci, A. Salt stress mitigating potential of halotolerant/halophilic plant growth promoting. Geomicrobiol. J. 2020, 37,
1–7. [CrossRef]

68. Grover, M.; Ali, S.Z.; Sandhya, V.; Rasul, A.; Venkateswarlu, B. Role of microorganisms in adaptation of agriculture crops to
abiotic stresses. World J. Microbiol. Biotechnol. 2011, 27, 1231–1240. [CrossRef]

69. Upadhyay, S.K.; Singh, D.P.; Saikia, R. Genetic diversity of plant growth promoting rhizobacteria isolated from rhizospheric soil
of wheat under saline condition. Curr. Microbiol. 2009, 59, 489–496. [CrossRef]

70. Ashraf, M.; McNeilly, T. Salinity tolerance in Brassica oilseeds. Crit. Rev. Plant Sci. 2004, 23, 157–174. [CrossRef]
71. Zhou, C.; Zhu, L.; Xie, Y.; Li, F.; Xiao, X.; Ma, Z.; Wang, J. Bacillus licheniformis SA03 confers increased saline–alkaline tolerance in

Chrysanthemum plants by induction of abscisic acid accumulation. Front. Plant Sci. 2017, 8, 1143. [CrossRef]
72. Shrivastava, P.; Kumar, R. Soil salinity: A serious environmental issue and plant growth promoting bacteria as one of the tools for

its alleviation. Saudi J. Biol. Sci. 2015, 22, 123–131. [CrossRef]
73. Egamberdiyeva, D.; Hoflich, G. Influence of growth promoting bacteria on the growth of wheat in different soils and temperatures.

Soil Biol. Biochem. 2003, 35, 973–978. [CrossRef]
74. Nia, S.H.; Zarea, M.J.; Rejali, F.; Varma, A. Yield and yield components of wheat as affected by salinity and inoculation with

Azospirillum strains from saline or non-saline soil. J. Saudi Soc. Agric. Sci. 2012, 11, 113–121. [CrossRef]
75. Cheng, Z.; Park, E.; Glick, B.R. 1-Aminocyclopropane-1-carboxylate deaminase from Pseudomonas putida UW4 facilitates the

growth of canola in the presence of salt. Can. J. Microbiol. 2007, 53, 912–918. [CrossRef]
76. Gopalakrishnan, S.; Sathya, A.; Vijayabharathi, R.; Varshney, R.K.; Gowda, C.L.L.; Krishnamurthy, L. Plant growth promoting

rhizobia: Challenges and opportunities. 3 Biotech 2015, 5, 355–377. [CrossRef]
77. Nunkaew, T.; Kantachote, D.; Nitoda, T.; Kanzaki, H.; Ritchie, R.J. Characterization of exopolymeric substances from selected

Rhodopseudomonas palustris strains and their ability to adsorb sodium ions. Carbohydr. Polym. 2015, 115, 334–341. [CrossRef]
78. Vivas, A.; Vörös, A.; Biró, B.; Barea, J.; Ruiz-Lozano, J.; Azcón, R. Beneficial effects of indigenous Cd-tolerant and Cd-sensitive

Glomus mosseae associated with a Cd-adapted strain of Brevibacillus sp. in improving plant tolerance to Cd contamination. Appl.
Soil Ecol. 2003, 24, 177–186. [CrossRef]

79. Sáenz-Mata, J.; Palacio-Rodríguez, R.; Sánchez-Galván, H.; Balagurusamy, N. Plant growth promoting rhizobacteria associated to
halophytes: Potential applications in agriculture. In Sabkha Ecosystems. Tasks for Vegetation Science; Khan, M., Boër, B., Özturk, M.,
Clüsener-Godt, M., Gul, B., Breckle, S.W., Eds.; Springer: Cham, Switzerland, 2016; Volume 48. [CrossRef]

80. Sandhya, V.; Ali, S.Z.; Grover, M.; Reddy, G.; Venkateswarlu, B. Effect of plant growth promoting Pseudomonas spp. on compatible
solutes, antioxidant status and plant growth of maize under drought stress. Plant Growth Regul. 2010, 62, 21–30. [CrossRef]

81. Del Río, L.A.; Corpas, F.J.; Sandalio, L.M.; Palma, J.M.; Barroso, J.B. Plant peroxisomes, reactive oxygen metabolism and nitric
oxide. IUBMB Life 2008, 55, 71–81. [CrossRef]

82. Radhakrishnan, R.; Baek, K.H. Physiological and biochemical perspectives of non-salt tolerant plants during bacterial interaction
against soil salinity. Plant Physiol. Biochem. 2017, 116, 116–126. [CrossRef]

83. Han, H.S.; Lee, K.D. Plant growth promoting rhizobacteria effect on antioxidant status, photosynthesis, mineral uptake and
growth of Lettuce under soil salinity. Res. J. Agric. Biol. Sci. 2005, 1 (Suppl. S3), 210–215.

84. Liu, J.; Moore, S.; Chen, C.; Lindsey, K. Crosstalk complexities between auxin, cytokinin, and ethylene in Arabidopsis root
development: From experiments to systems modeling, and back again. Mol. Plant 2017, 10, 1480–1496. [CrossRef]

85. Pachauri, R.K.; Allen, M.R.; Barros, V.R.; Broome, J.; Cramer, W.; Christ, R.; Church, J.A.; Clarke, L.; Dahe, Q.; Dasgupta, P.; et al.
IPCC, 2014: Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; IPCC: Geneva, Switzerland, 2014; p. 151.

86. Sharma, B.; Dangi, A.K.; Shukla, P. Contemporary enzyme-based technologies for bioremediation: A review. J. Environ. Manag.
2018, 210, 10–22. [CrossRef]

87. Kumar, A.; Verma, J.P. Does plant–Microbe interaction confer stress tolerance in plants: A review? Microbiol. Res. 2018, 207, 41–52.
[CrossRef]

88. Bashan, Y.; de-Bashan, L.E. How the plant growth-promoting bacterium Azospirillum promotes plant growth—A critical assess-
ment. Adv. Agron. 2010, 108, 77–136. [CrossRef]

89. Cerezini, P.; Kuwano, B.H.; dos Santos, M.B.; Terassi, F.; Hungria, M.; Nogueira, M.A. Strategies to promote early nodulation in
soybean under drought. Field Crops Res. 2016, 196, 160–167. [CrossRef]

http://doi.org/10.1016/S0378-1097(03)00651-7
http://doi.org/10.3389/fmicb.2018.03236
http://www.ncbi.nlm.nih.gov/pubmed/30687252
http://doi.org/10.3390/ijms20163989
http://www.ncbi.nlm.nih.gov/pubmed/31426312
http://doi.org/10.1093/aobpla/plw062
http://www.ncbi.nlm.nih.gov/pubmed/27613875
http://doi.org/10.1080/01490451.2020.1761911
http://doi.org/10.1007/s11274-010-0572-7
http://doi.org/10.1007/s00284-009-9464-1
http://doi.org/10.1080/07352680490433286
http://doi.org/10.3389/fpls.2017.01143
http://doi.org/10.1016/j.sjbs.2014.12.001
http://doi.org/10.1016/S0038-0717(03)00158-5
http://doi.org/10.1016/j.jssas.2012.02.001
http://doi.org/10.1139/W07-050
http://doi.org/10.1007/s13205-014-0241-x
http://doi.org/10.1016/j.carbpol.2014.08.099
http://doi.org/10.1016/S0929-1393(03)00088-X
http://doi.org/10.1007/978-3-319-27093-7_24
http://doi.org/10.1007/s10725-010-9479-4
http://doi.org/10.1002/tbmb.718540875
http://doi.org/10.1016/j.plaphy.2017.05.009
http://doi.org/10.1016/j.molp.2017.11.002
http://doi.org/10.1016/j.jenvman.2017.12.075
http://doi.org/10.1016/j.micres.2017.11.004
http://doi.org/10.1016/s0065-2113(10)08002-8
http://doi.org/10.1016/j.fcr.2016.06.017


Sustainability 2021, 13, 4422 21 of 22

90. Gu, Y.; Wang, J.; Xia, Z.; Wei, H.L. Characterization of a versatile plant growth-promoting rhizobacterium Pseudomonas mediterranea
strain S58. Microorganisms 2020, 8, 334. [CrossRef]

91. Peng, T.; Kellens, K.; Tang, R.; Chen, C.; Chen, G. Sustainability of additive manufacturing: An overview on its energy demand
and environmental impact. Addit. Manuf. 2018, 21, 694–704. [CrossRef]

92. De Alencar, F.L.S.; Navoni, J.A.; do Amaral, V.S. The use of bacterial bioremediation of metals in aquatic environments in the
twenty-first century: A systematic review. Environ. Sci. Pollut. Res. 2017, 24, 16545–16559. [CrossRef]

93. Tiwari, S.; Lata, C. Heavy metal stress, signaling, and tolerance due to plant-associated microbes: An overview. Front. Plant Sci.
2018, 9, 452. [CrossRef]

94. Mitra, S.; Pramanik, K.; Sarkar, A.; Ghosh, P.K.; Soren, T.; Maiti, T.K. Bioaccumulation of cadmium by Enterobacter sp. and
enhancement of rice seedling growth under cadmium stress. Ecotoxicol. Environ. Saf. 2018, 156, 183–196. [CrossRef]

95. Mishra, J.; Singh, R.; Arora, N.K. Alleviation of heavy metal stress in plants and remediation of soil by rhizosphere microorganisms.
Front. Microbiol. 2017, 8, 1706. [CrossRef]

96. Kumar, S.S.; Kadier, A.; Malyan, S.K.; Ahmad, A.; Bishnoi, N.R. Phytoremediation and Rhizoremediation: Uptake, Mobilization
and Sequestration of Heavy Metals by Plants. In Plant Microbe Interactions in Agro-Ecological Perspectives; Singh, D., Singh, H.,
Prabha, R., Eds.; Springer: Singapore, 2017. [CrossRef]
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