Plant growth promoting bacteria as a tool to
mitigate salt stress in crops: A review

Bacterias promotoras de crecimiento vegetal como una herramienta
para mitigar el estrés salino en cultivos: una revision
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Salinity is a factor that negatively affects the physiology of
most plants, even placing food security at risk when it affects
plants grown for food. This review provides an overview of the
use of plant growth-promoting bacteria (PGPB) as a strategy
for enhancing crop growth under salt stress, aiming to provide
a sustainable solution for this environmental problem. Salinity
causes morphophysiological and biochemical alterations in
plants due to osmotic and ionic stress. Plants have different
response mechanisms that allow them to survive and, in some
cases, tolerate salinity. Various mitigation strategies have
been evaluated, such as the use of plant hormones, fertilizers,
nanofertilizers, silicon, antioxidants, tolerant genotypes, and
inoculation with microorganisms, among others. Among the
organisms used for inoculation, PGPB are of particular inter-
est. PGPB, with the capacity to tolerate salinity conditions,
can enhance germination, seedling vigor, root and shoot
growth, and chlorophyll content in plants, in addition to other
positive impacts. The mechanisms of action of PGPBs have
been extensively studied and used to improve the quality of
commercial crops and to produce bioinoculants. The study of
these microorganisms is ongoing; more knowledge is needed
on the mechanisms of action of the bacteria, the mechanisms
of colonization, and the genes involved in the mechanisms
of promotion and colonization. Additionally, it is necessary
to expand knowledge of the most efficient ways to use these
organisms in crops of commercial and environmental interest.
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La salinidad es un factor que afecta negativamente la fisiologia
de la mayoria de las plantas, llegando incluso a poner en riesgo
la seguridad alimentaria cuando afecta a las plantas cultivadas
para producir alimentos. Esta revision provee una descripcion
general del uso de las bacterias promotoras del crecimiento
vegetal (BPCV) como una estrategia para mitigar el estrés
salino en plantas, con una mirada para proveer una solucién
sustentable a este problema ambiental. La salinidad provoca
alteraciones morfofisiologicas y bioquimicas en plantas de-
bido al estrés osmotico e idnico. Las plantas tienen diferentes
mecanismos de respuesta que les permiten sobrevivir y en
algunos casos tolerar la salinidad. Se han evaluado diferentes
estrategias de mitigacion, como el uso de hormonas vegetales,
fertilizantes, nanofertilizantes, silicio, antioxidantes, genotipos
tolerantes e inoculacién con microorganismos, entre otros.
Entre los microorganismos utilizados para la inoculacion, son
de particular interés las BPCV. Las BPCV con capacidad de
tolerar condiciones de salinidad pueden mejorar los procesos de
germinacion, el vigor de las plantulas, el crecimiento de raices y
brotes y el contenido de clorofila en las plantas, ademas de otros
impactos positivos. Los mecanismos de accion de las BPCV
han sido ampliamente estudiados y utilizados para mejorar
la calidad de los cultivos comerciales y para la produccion de
bioinoculantes. El estudio de estos microorganismos estd en
curso. Se necesita mas conocimiento sobre los mecanismos de
accion de las bacterias, los mecanismos de colonizacién y los
genes involucrados en los mecanismos de promocién y coloni-
zacion. Ademas, es necesario ampliar el conocimiento sobre la
forma mds eficiente de utilizar estos organismos en cultivos de
interés comercial y ambiental.

Palabras clave: BPCV, inoculacidn, biofertilizantes, salinidad,
rizobacterias halotolerantes, estrés abidtico.
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Introduction

The decrease in crop yield and quality worldwide is due
to biotic and abiotic stress. Salinity is among the primary
factors that induce abiotic stress in plants. It is considered
one of the most significant environmental problems in the
world, posing a threat to food security (Ibrahimova et al.,
2021) and jeopardizing the achievement of the Sustainable
Development Goals. Statistics indicate that saline soils
represent more than 6% of the total land area and approxi-
mately 20% of the total cultivated area globally; the latter
percentage could increase to 50% by 2050 (Bullain Galardis
et al., 2022). With significant economic loss, Qadir et al.
(2014) estimated that salt-affected irrigated lands result in
annual income losses of approximately USD 27.3 billion
(adjusted for inflation) due to reductions in crop yields.

Salinity is considered an excess of soluble salts present in
the soil (Ansari et al., 2022). This excess is due to natu-
ral causes in areas with arid and semi-arid soils, as well
as anthropogenic factors (Bullain Galardis et al., 2022),
including poor irrigation practices in agricultural areas
and increased evaporation during drought due to climate
change (Van Zelm et al., 2020).

Plants under salinity conditions present morphophysi-
ological and biochemical alterations due to osmotic and
ionic stress (Safdar et al., 2019). The production of reactive
oxygen species causes membrane damage, a decrease in
photosynthesis, nutrient imbalance, changes in hormone
concentrations, enzyme inactivation, and metabolic dys-
function (Fu & Yang, 2023; Negrao et al., 2017) resulting
in decreased growth and crop production.

There are halophytic species that can tolerate high levels
of salinity. But most cultivable plants are glycophytes,
which are very sensitive to salt stress. These plants pres-
ent various mechanisms at the physiological, biochemical,
and molecular levels in response to stress (Acosta-Motos
etal., 2017; Ismail & Horie, 2017). However, in severe cases
of salinity stress, defense mechanisms are compromised,
and plants suffer the effects of stress (Nigam et al., 2022).
Nonetheless, several management strategies can help miti-
gate salinity damage, including genetic improvement, the
use of organic and inorganic amendments, fertilization
management, the presence of mycorrhizae, the application
of antioxidant substances, and growth regulators, among
others. Additionally, the use of plant growth-promoting
bacteria (PGPB) is a promising strategy.

PGPBs have been evaluated for mitigating different biotic
and abiotic stresses. The role of PGPB in inducing tolerance
to salt stress through the provision of various nutrients,
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conservation of a high K'/Na" ratio, increased osmolyte
accumulation, increased photosynthetic rates and biomass,
and the activity of antioxidant enzymes have been reported
in different crops (Bhise & Dandge, 2019; Kushwaha et al.,
2020; Nigam et al., 2022). These include leguminous (Khan
& Basha, 2015), lettuce (Fasciglione et al., 2015), wheat
(Ramadoss et al., 2013) among others. The issue of salt
stress in crops represents a significant challenge for global
agricultural production. Various approaches have been
explored to mitigate its effects, including the use of PGPB.
However, it is essential to establish a clear connection
between salt stress and the functionality of these bacteria,
allowing for a better understanding of their mechanisms
of action and their applicability in different agricultural
contexts. This review provides an overview of the use of
PGPB as an alleviation strategy for crop plants under salt
stress, deepening the understanding mechanism of the
mechanism at the molecular, biochemical, and physiologi-
cal levels to provide a sustainable and practical solution for
this environmental problem. Aspects related to the main
bacterial strains, inoculants, and biotechnology processes
are included.

Effects of salt stress on plant physiology

The adverse effects of salt stress in reducing plant growth
and productivity have two leading causes according to Is-
mail and Horie (2017). The first of these is osmotic stress,
which reduces water uptake by the roots, resulting in effects
similar to those caused by water deficit. The second cause
is the direct accumulation of salts, which leads to ionic
toxicity, resulting in a nutritional imbalance and decreased
transport. This, in turn, alters the metabolic processes,
primarily at the level of photosynthesis (Ismail & Horie,
2017; Munns & Tester, 2008).

Salinity affects leaf area expansion, photosynthetic machin-
ery, and related traits through stomatal closure, decreased
chlorophyll content, and altered chloroplast structure.
This, in turn, affects the light reactions, primarily the
quantum efficiency of photosystem IT and CO, assimilation
(Castillejo-Morales et al., 2021; Khalil et al., 2022; Pan et
al.,2021). Salinity is reported to induce the denaturation of
membrane proteins involved in photosynthesis (Bahmani
et al., 2015) and the degradation of chlorophyll molecules
through the elevation of enzyme activity related to chlo-
rophyll degradation.

Salt stress disrupts key physiological processes in plants,
impairing enzyme activity, increasing photorespiration,
and triggering the accumulation of reactive oxygen species
(ROS), which leads to oxidative stress (Fu & Yang, 2023).
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This oxidative damage manifests as lipid peroxidation,
membrane instability, and protein degradation (Bose et al.,
2014; Habib et al., 2016). Additionally, salt stress weakens
cellular integrity by reducing antioxidant defenses and
disrupting osmotic balance (Bose et al., 2014; Fu & Yang,
2023). It also interferes with nitrogen metabolism by in-
hibiting essential enzymes (Ashraf et al., 2018). It hampers
growth by reducing seed germination, root development,
and biomass accumulation (Zhang et al., 2019). Further-
more, salt stress alters hormonal balance, decreasing the
levels of auxins, cytokinins, and gibberellins while increas-
ing the levels of abscisic acid (ABA) (Zulfigar & Ashraf,
2021). Collectively, these effects significantly reduce crop
productivity (Ansari et al., 2022).

Plant salt-response mechanisms

The most important mechanisms that plants have for
enhancing their tolerance to salt stress are enzymatic and
non-enzymatic detoxification mechanisms, which effi-
ciently sweep up reactive oxygen species (ROS) and involve
changes in the cell wall (Mbarki et al., 2018). Enzymatic
mechanisms include superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), dehydroascorbate
reductase (DHAR), monodehydroascorbate reductase
(MDHAR), and glutathione reductase (GR) (Fu & Yang,
2023; Laus et al., 2021). The primary non-enzymatic water-
soluble antioxidants include ascorbate (AsA), reduced
glutathione (GSH), and phenols, as well as lipid-soluble
compounds such as tocopherols and carotenoids (Apel &
Hirt, 2004; Hasanuzzaman et al., 2021). An increase in the
antioxidant activity of the plants under salinity could be a
good indicator of salt tolerance (Abbas et al., 2022; Nigam
et al., 2022).

Another mechanism to cope with salinity stress is osmotic
regulation. Ibrahimova et al. (2021) mention that several
compounds called osmoprotectants are involved in the
osmotic regulation of plants, such as sucrose, sorbitol,
mannitol, glycerol, arabinitol, pinitol (carbohydrates),
proteins, glutamate, aspartate, glycine, proline (nitrogen
compounds), malate, and oxalate (organic compounds)
(Gupta & Huang, 2014). These compounds maintain a lower
water potential within the cells, preventing dehydration
and protecting cell structure and biomolecules. Nigam et
al. (2022) reported that the induction of osmoprotectants
is strongly related to improved salt tolerance.

The synthesis and accumulation of stress proteins are
another important mechanism for salt tolerance. Some
of these proteins include Ca-binding proteins of the
plasma membrane involved in signal transduction, such

as annexin (Parihar et al., 2015), cytochrome b6-f, ATP
synthase subunit ¢, germin-like proteins, S-adenosylmethi-
onine synthase protein (Kamal et al., 2012), and aquaporins.
Other essential proteins include the Heat Shock Proteins
(HSP) family, acting as a chaperon; jacalin lectin, which
is involved in protein-saccharide interactions and signal
transduction; and osmotic, one of the proteins associated
with osmotic stress (Ibrahimova et al., 2021).

At the molecular level, plants can respond to or toler-
ate salt stress by activating enzymes and transcription
factors. Kinases and phosphatases play a crucial role in
stress signal transduction, modifying proteins to trigger
adaptive responses. Among the most critical regulators
are Heat Shock Factors (HSFs), which activate heat shock
proteins (HSPs) that protect cellular structures, stabilize
enzymes, and prevent protein denaturation in response to
stress. Additionally, CBF/DREB (C-repeat-binding factor/
Dehydration-Responsive Element-Binding Protein). This
family of transcription factors binds to drought- and cold-
responsive elements in DNA, enhancing the expression of
genes that improve osmotic adjustment and antioxidant
defense; ABF/ABRE (ABA-Responsive Element Binding
Factor/ABA-Responsive Element, when abscisic acid,
(ABA) levels rise under stress, these factors bind to ABA-
responsive promoter elements, activating genes involved
in stomatal closure, ion homeostasis, and stress tolerance
(Bahmani et al., 2015; Zhang et al., 2013). The response also
includes osmo-sensors (such as ATHK1), phospholipid-
cleaving enzymes, and the critical secondary messengers
such as Ca*', PtdOH, ROS, metabolic phosphatases, Ca-de-
pendent protein kinases, serine/threonine protein kinase,
mitogen-activated protein kinase cascades, two-component
histidine kinases, and Ca/calmodulin-activated serine/
threonine-specific protein phosphatases (Bahmani et al.,
2015). As salinity tolerance is controlled by the interaction
of several genes, it encompasses numerous physiological
and biochemical processes that interact with one another to
resist salt stress at the molecular, cellular, and whole plant
levels (Acharya et al., 2022; Bahmani et al., 2015; Ismail et
al., 2007). The authors include an extracellular salt sensor,
monocation-induced [Ca®']. It increases 1 (MOCAL), as
well as Glycosyl inositol phosphorylceramide (GIPC), the
salt overly sensitive (SOS) pathway (Acharya et al., 2022;
Chen et al., 2025; Zhu, 2001).

NaCl is the most common salt causing soil salinity. In
this regard, essential mechanisms that have been reported
include membrane Na* transport systems functioning in
avoidance of Na* toxicity, Na* efflux from roots to the
rhizosphere, Na" sequestration in vacuoles, loading and
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unloading at the xylem, ROS signaling, essential Na*
transport systems for plant salt tolerance, channels for Na*
influx into roots, channels and transporters that affect K*
homeostasis and Cl transport and homeostasis (Ismail &
Horie, 2017). It is possible to increase gene expression of
NHXI (Na*/H" antiporter), which regulates Na" sequestra-
tion in vacuoles to maintain osmotic balance (Chen et al,,
2025; Zhu, 2001).

Van Zelm et al. (2020) report that ABA is the primary
plant regulator responsible for signaling salt and osmotic
stress in guard cells and root tissues, regulating the process
of growth and development. The same authors indicated
that, by targeting and phosphorylating downstream com-
ponents, both ABA-independent sucrose non-fermenting
1-related protein kinase 2 (SnRK 2) and ABA-dependent
SnRKs have essential roles in transcriptional regulation
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FIGURE 1. Effect of saline stress on the plant physiological processes.
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and post-transcriptional regulation during a salt stress
response. A graphical summary of saline stress in plant
physiology is shown in Figure 1.

Salt stress mitigation alternatives

Several strategies have been evaluated to mitigate salt stress,
some of which are summarized in Table 1. Various types of
nanoparticles and nanofertilizers have shown promising
results so far in managing salt stress; for more details, we
recommend consulting the review by Zulfiqar and Ashraf
(2021). Regarding mineral nutrition, the use of silicon has
garnered attention as a beneficial element that confers toler-
ance to different types of stress, including salinity stress,
mainly by increasing antioxidant capacity (El-Serafy et
al., 2021). The beneficial effect of potassium under salin-
ity stress is also promising, primarily because its ion plays
a crucial role in various processes, including enzymatic
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activation, protein synthesis, photosynthesis, stomatal
regulation, cation-anion balance, energy transmission, and
osmoregulation (Abbas et al., 2022).

Some studies have indicated that salt tolerance can be con-
ferred to various plant species with exogenous applications
of signaling molecules such as nitric oxide and hydrogen
peroxide, protectants such as glycine-betaine and proline,
and trace elements such as zinc and cobalt (Altaf et al., 2020;
Brengi et al., 2022; Negréo et al., 2017; Parihar et al., 2015).
Others have reported this effect through plant regulators,
mainly abscisic acid, jasmonic acid, brassinosteroids, sali-
cylic acid, and melatonin (Assaf et al., 2022; Brengi et al.,
2022). Through genetic improvement, it is also possible to
efficiently reduce the effects of salinity. For example, in po-
tato plants, the overexpression of the StCYSI gene results in
the accumulation of more proline and chlorophyll, thereby
enhancing the plant’s resistance to high salinity. The trans-
genic approach facilitates the overexpression of several
vital genes, including DREB, MYB, COMT, SOS, PKE,
and NHX, which confers salt stress tolerance (Ibrahimova
et al., 2021; Zhang et al., 2013). In alfalfa, overexpression
of an ABA-inducible homeodomain-leucine zipper I gene
MsHBY7 confers salt stress (Li et al., 2022).

TABLE 1. Some mitigation strategies for salt stress in plants.

Managing sustainable crop production under soil salinity
conditions will be a significant challenge in the coming
years (Nigam et al., 2022). The use of microorganisms is
a more sustainable alternative to address this challenge.
Recently, the role of PGPB in inducing salt stress tolerance
through various mechanisms has been reported, with aus-
picious results for agricultural production (Ali et al., 2022;
Kushwaha et al., 2020; Nigam et al., 2022; Sun et al., 2025).
In this regard, Bullain et al. (2022) report that the ECM
fungus Scleroderma bermudense improved salt tolerance in
seagrape seedlings. The inhibitory effect of NaCl stress on
maize seed germination and seedling growth was mitigated
by Bacillus subtilis HS5B5 (Bullain Galardis et al., 2022).
Sun et al. (2025) found that Glutamicibacter endophyticus
J2-5-19 resists salt stress by expelling sodium ions and tak-
ing up potassium ions through Na*/H" antiporters, and K*
uptake proteins while also accumulating compatible solutes
such as betaine, proline, and trehalose. Therefore, it has
the potential for the development of microbial inoculants.

Plant growth-promoting bacteria

Plant growth-promoting bacteria (PGPB) are defined as
free-living or endophytic bacteria that can directly or indi-
rectly affect optimal biotic conditions for plants or mitigate

Salt stress mitigation

alternative Crop

Response References

Nanoparticles Pea (Pisum saivum L.)

Silicon Sweet pea (Lathyrus odoratus)
Potassium Wheat (Triticum aestivum)
Melatonin Tomato (Solanum lycopersicum)

Melatonin and Cobalt Cucumber (Cucumis sativus L.)

Stimulated cyclic electron transport around photosystem |,

Improved photosynthetic pigments, antioxidant activity,

Improved stomatal conductance, photosynthetic pigments,

Improved redox homeostasis by the antioxidant system.

Both treatments increased protein content, essential nutrient content,

thus protecting its photochemical activity. (Mohamed et al,, 2017)

and phenolic compounds. (El-Serafy et al., 2021)

and antioxidant enzymes. (Abbas el al., 2022)

(Altaf et al,, 2020)

and catalase (CAT) activity. (Brengi et al., 2022)

Salicylic acid

Abscisic acid

Overexpression of
StCYST gene

Humic acid

Mycorrhizal

Salicylic acid and PGPB
(Stenotrophomonas sp.)

Barley (Hordeum vulgare)

Tomato (Solanum lycopersicum)

Potato (Solanum tuberosum L.) plant

Sorghum (Sorghum bicolor L.)

Seagrape (Coccoloba uvifera L.)

Spinach (Spinacia oleracea L.
and soybean (Glycine max)

Increased the content of calcium, iron, magnesium,
and potassium while lowering the concentrations of sodium
and malondialdehyde and electrolyte leakage.

Increased antioxidant capacity, proline content, and decreased
stomatal conductance, ROS, and MDA.

Transgenic plants accumulated more proline and chlorophyll,
significantly increasing their resistance to high salinity.

Improved water relations, stomatal conductance, and activation
of the antioxidant enzymes (CAT, POD, and SOD).

Beneficial effects on the photosynthetic and transpiration rates,
chlorophyll fluorescence and content, stomatal conductance,
and water status.

Improve plant growth and yield, enhanced relative water contents,

accumulated osmolytes, and increased enzymatic and non-enzymatic

antioxidants.

(El-Esawi et al., 2017)

(Huetal., 2021)

(Liu et al,, 2020)

(Alietal., 2019;
Hatami et al., 2018)

(Bullain Galardis
etal., 2022)

(Nigam et al., 2022)
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the effects of abiotic stress. These bacteria establish various
relationships with plants that can be beneficial or harmful.
These relationships can be symbiotic or non-symbiotic and
are useful when regulatory substances are produced that
enhance the plant’s growth but detrimental when they are
pathogenic (Di Benedetto et al., 2017). There are various
mechanisms by which these relationships can directly
affect the metabolism of plants, providing them substances
necessary for their growth. These include the following: (1)
nitrogen fixation, these bacteria are called diazotrophic
bacteria and can fix atmospheric nitrogen and convert it
to ammonium using a nitrogenase enzyme, a mechanism
known as biological nitrogen fixation (BNF) (Pankievicz et
al., 2021); (2) phosphate solubilization, bacteria solubilize
phosphorus through the production of organic acid that
reduce soil pH, converting them to more soluble forms that
can be absorbed by plants, with the most common soluble
form of P capable of absorption by plants being H,PO,
(Billah et al., 2019); and (3) production of plant hormones
(Bashan & de Bashan, 2005), bacteria produce molecules
that can affect plant development such auxins (indole-
3-acetic acid (IAA)), abscisic acid (ABA) (Cakmakgi et al.,
2020), gibberellins (Nett ef al., 2017), and cytokinins. On
the other hand, some mechanisms indirectly prevent the
effects of phytopathogenic microorganisms by producing
substances that inhibit microbial growth, alter the plant’s
metabolism, and increase resistance to infection (Bashan
& de Bashan, 2005).

PGPBs have been studied for their mechanisms of action
and potential applications. Most studies have focused
on their ability to enhance the growth and productivity
of commercial crops (Souza et al., 2015). Additionally,
PGPBs have been explored for their role in ecological res-
toration, particularly in reforestation and rehabilitation
of degraded soils (Bashan et al., 2012; Lopez et al., 2012).
Beyond agriculture, PGPBs have been utilized in environ-
mental biotechnology, such as wastewater treatment, when
combined with microalgae (Choix et al., 2014; Glick, 2012;
Palacios et al., 2014). They are also key components in the
development of biofertilizers and bioinoculants, offering
sustainable alternatives to chemical inputs.

Many bacteria have been identified and used commercially
as plant growth promoters, including the genera Bacillus,
Agrobacterium, Azotobacter, Azospirillum, Serratia, Strep-
tomyces, and Pseudomonas, among others.

At the molecular level, various studies have been conducted
to identify the genes that are involved in the mechanisms
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of action of PGPB and their interaction with plants. Jijon-
Moreno et al. (2015) investigated the ipdC, hisC1, and hisC2
genes, which are involved in the production of indole acetic
acid in Azospirillum brasilense. Wisniewski-Dye et al.
(2012) sequenced the complete genome of the A. brasilense
CBG497. Romero et al. (2014) performed pyro sequencing
of the 16S rRNA gene to identify the composition of endo-
phytic bacteria present in tomato leaves. Finally, Bruto et
al. (2014) studied 23 genes that provide 8 essential benefits
for plants, finding that they can be associated and selected
depending on the plant’s habitat. They suggest that the
PGPR condition is likely due to the accumulation of genes
that contribute to the beneficial functions of plants associ-
ated with the bacteria associated with the roots.

One of the bacteria that has been most extensively studied
for its ability to promote plant growth is A. brasilense. This
was rediscovered by Débereiner et al. in the 1970s and has
since become a model bacterium for studying plant-growth
bacteria (PGPBs). We recommend the article written by
Cassan et al. (2020), which discusses the scientific impact
and agricultural applications of this bacterium, as comple-
mentary literature on the use of A. brasilense as a model.

PGBP alleviates salt stress

To improve plant growth under saline stress conditions
and achieve sustainable crop production, it is necessary to
enhance salt stress tolerance in crops. Rhizobacteria can
improve plant growth and crop productivity of the plants
they colonize. Bacillus strains induce plant resistance to salt
stress and produce various plant hormones that enhance
growth (Rajendran et al., 2008).

PGPR, with the capacity to tolerate salinity conditions, can
improve various processes in plants, enhancing germina-
tion, seedling vigor, root and shoot growth, and chlorophyll
content, among other aspects (Bal et al., 2013; Sarkar et
al., 2018). Ge and Zhang (2019) and Nigam et al. (2022)
reported increased growth under salt stress after applying
PGPB Rhodopseudomonas palustris and Stenotrophomonas
sp., respectively. Increases in biomass due to PGPB can
be attributed to the production and regulation of vari-
ous plant regulators, such as auxins, which control gene
expression by activating a family of transcription factors
that perform distinct regulatory functions in plant cells
(Numan et al., 2018).

PGPB (Stenotrophomonas sp.) evaluated in spinach and

soybean plants induced K" and Ca"* uptake and reduced
Na* uptake, even at a higher level compared to when
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salicylic acid was implicated. However, a higher Na*/K*
ratio under salt stress suggests that this defense mechanism
is not highly influenced by the exogenous application of
protectants (Nigam et al., 2022).

Some authors have suggested that PGPB is an effective
regulator of photosynthesis due to its favorable influence on
leaf structure, chloroplasts, and photosynthetic pigments
(Barickman et al., 2014; Khan & Singh, 2008; Nigam et
al., 2022; Salazar-Garcia et al., 2022). PGPB inoculation
appears to enhance photosynthetic pigment synthesis by
increasing the uptake of nitrogen, potassium, and phos-
phorus (Nigam et al., 2022).

Some PGPR produce antioxidant enzymes such as superox-
ide dismutase (SOD), peroxidase (POD), or catalase (CAT),
which detoxify reactive oxygen species (ROS) in plants
during salt stress (Han & Lee, 2005; Shultana et al., 2021).
Increased antioxidant enzyme activities and upregulation
of ROS pathway genes (CAT, APX, GR, and DHAR) were
observed in PGPR-inoculated okra plants under salinity
stress (Habib et al., 2016). However, PGPR can also produce
compatible solutes such as proline, an abundant osmolyte
in plants, which accumulates in response to osmotic stress
induced by factors like drought and salinity (Fazal & Bano,
2016; Galinski & Triiper, 1994; Landa-faz et al., 2021; Sun
et al., 2025). For this reason, PGPR can induce changes in
total protein, IA A concentration, total sugar, and ethylene
in plants, a process that may enhance tolerance to abiotic
stress (Sarkar et al., 2018; Upadhyay et al., 2011; Yang et
al., 2009) through induced systemic tolerance (Yang et
al., 2009). On the other hand, Enterobacter sp. P23 was
shown to promote rice seedling growth under salt stress
by decreasing reactive oxygen species (ROS) and stress-
induced ethylene; the latter process has been linked to
1-aminocyclopropane-1-carboxylate (ACC) deaminase
activity (Sarkar et al., 2018). ACC deaminase-containing
PGPR can enhance the stress tolerance of plants by syn-
thesizing plant hormones, facilitating mineral solubiliza-
tion, increasing nutrient uptake, increasing leaf area, and
improving chlorophyll and soluble protein content, as well
as antioxidant enzyme activities (Dobbelaere et al., 2003).
Saravanakumar and Samiyappan (2007) found that the
ACC deaminase-containing P. fluorescens strain TDK1
increased the vigor index of groundnut seedlings using
120 mM of salt stress.

Bacterial exopolysaccharide (EPS) can also help mitigate
salinity stress by reducing the content of Na* available for

plant uptake (Upadhyay et al., 2011). Bacterial polysac-
charides are macromolecules that include peptidoglycan,
lipopolysaccharides, and exopolysaccharides. These acid
water-soluble acids play a role in host-pathogen interactions
and serve as structural components of the cell wall, such as
peptidoglycan. These compounds function as biologically
active substances, promoting bacterial and plant growth
while facilitating surface adhesion and preventing desic-
cation (Shultana et al., 2022).

Inoculants

The term “inoculant” can refer to a bioformulation or
biofertilizer and is defined as a matrix that contains one
or more microorganisms, is easy to use, can improve the
growth of plants (Arora et al., 2010), and acts as a system
to control pests and diseases (Preininger et al., 2018). The
oldest microorganism used as an inoculant is rhizobia,
which can colonize the roots of plants and form nodules
(Santos et al., 2019). The commercialization of inoculants
began at the end of the seventies in India, where it is pro-
duced at a large scale today (Yadav & Chandra, 2014). The
first patent of inoculant was registered in the USA in 1896
(Santos et al., 2019). The use of bacterial inoculants has
been widely studied and is gaining strength over time in
many developed countries (Glick, 2012).

The use of PGPBs in agriculture and soil restoration sug-
gests that alternatives should be sought that allow the in-
oculation of the bacteria in plants and, above all, guarantee
the effectiveness of the inoculum at the time of application,
limit the effect of endogenous bacteria that can compete
with the inoculant and determine the consortia that can be
used (Bashan et al., 2002). On the other hand, the physical
characteristics of the inoculant must be considered, such as
whether it is liquid or dry and whether the organisms used
are latent or not, as well as the timing of when the bacteria
are released from the inoculant. In this regard, several
methods are available for performing the inoculation. In
direct methods, bacteria are incorporated directly into the
plants, either physically or through application to the root
or the leaves. Meanwhile, indirect methods involve a matrix
in which the bacteria are embedded in various inner matri-
ces, allowing them to be released gradually over time. This
serves as a protection system against endogenous bacteria,
allowing the number of bacteria added to the plant or the
ground to be controlled. We suggest reading the review by
Bashan et al. (2014), which discusses technological perspec-
tives and inoculant formulations. Here, we present various
methods for applying inoculants (Fig. 2).
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FIGURE 2. Forms of applications of the inoculant in plants.

Recent studies into PGPB have made significant progress,
opening new opportunities for the formulation and cre-
ation of new inoculants or biofertilizers. These can be used
not only for agricultural production but also to mitigate
the effects of climate change through forest recovery of
different ecosystems (Jack et al., 2021). However, despite
the advances made in PGPB, the application of these micro-
organisms for crop improvement continues to be delayed
and not widely explored (Baez-Rogelio et al., 2017).

To produce inoculants, several factors must be considered.
First, the effectiveness of the bacteria and the type of tech-
nology to be used in making the inoculant must be known.
Secondly, the type of application that will be made to the
crop must be identified. Inoculants can be liquid or dry.
Liquid inoculants are efficient in some respects; however,
their shelf life is very short, and it is generally challenging
to control the population of microorganisms. These inocu-
lants are used in the rhizosphere, where they are added to
the soil, allowing the roots to interact with the inoculant
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and then sowing the plant. Alternatively, the seed can even
be inoculated by including it in the inoculant, through pres-
sure changes to ensure that the bacteria enter the seed or by
spraying in the foliar zone (Bashan et al., 2014; Preininger
et al., 2018). Dry inoculants are typically produced within
an inert matrix, which provides them some advantages
over liquid inoculants. In general, matrices are used that
provide the controlled release of microorganisms, guaran-
teeing their viability (Albareda et al., 2008; Covarrubias
et al., 2012) and enabling the inclusion of one or more
organisms without producing secondary effects on plants
or the environment. Several commercial products available
on the market vary in shape, composition, and applica-
tion methods. They can be found in powder, liquid, and
granular form. Most commercial inoculant products are
peat-based because of their ease of use and their success in
supporting rhizobium growth (Buntic et al., 2019). Several
studies have been conducted to compare the efficiency of
liquid inoculants and solid inoculants. Some of the results
are presented in Table 2.
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TABLE 2. Different types of inoculants and microorganism tests.

Type of Inoculant Microorganisms

Crops

Effects References

Encapsulation in alginate,

skimmed milk for release Azospirilum brasilense

Sinorhizobium (Ensifer) fredii SMH12

Wheat and
tomato plants

The dry weight of leaves and roots of wheat
and tomato seedlings after 21 d was higher for
those grown with the inoculant than without

(Bashan et al., 2002)

Both types of inoculants used presented a (Albareda et al.,

Liquidand peats of Bradyrhizobium japonicum USDAT10  ©%YPean similar seed yield 2008)
Liquid and zeolite Bacillus subtilis, B. megaterium, All bacteria growth after 28 d of preparation of (Hindersah et al.,
a A. chroococcum, and A. vinelandii the inoculants 2021)
Liquid supplemented with agar, Bacteria can grow in liquid with supplements
alginate, calcium chloride, Sinorhizobium meliloti L3Si Alfalfa seed g quid with supp " (Buntic et al., 2019)
: . Alfalfa can grow with the inoculant
glycerol, and ferric chloride
Bradyrhizobium elkanii, B. japonicum, Cowpea and Exopolysaccharides increase the viability of
Liquid with exopolysaccharides  Bradyrhizobium viridifuturi symbiovar sopbean Bradyrhizobium, enhancing both plant growth ~ (Farias et al., 2022)
tropici y and the viability of all inoculants
Liquid Enterobacter cloacae Zea mays Enhancing maize growth and biomass (Aliet al., 2022)
Conclusions plant growth and development, even under saline con-

Saline stress is one of the significant challenges in agri-
cultural production. This is due to the intensive use of
chemical fertilizers, the overexploitation of soils, mono-
culture practices, and the water contamination by urban
settlements, which continue to grow. Saline stress affects
physiological processes in plants, including the photosyn-
thetic machinery, and decreases the closing capacity of
stomata, as well as the assimilation of CO,.

However, plants have enzymatic and non-enzymatic
mechanisms to control the effects of salinity. One of these is
osmoregulation or the accumulation of proteins. However,
the plant efforts to mitigate the impact of salt are very low
due to its excess in the soil, so they are unable to balance
the input of salt. In this regard, an alternative that has
gained importance is the use of PGPBs. These halotolerant
microorganisms can promote, stimulate, and protect plant
growth. The use of these microorganisms as a fertilization
system will allow crops to increase their production and
reduce the use of chemical fertilizers, which contaminate
soils and bodies of water. They will also be efficient tools
for the conservation and restoration of forest areas, con-
tributing to the preservation of biodiversity and adaptation
to climate change.

PGPB has emerged as a valuable tool for the mitigation
of salt stress in plants, particularly in crop production
systems. Several studies have demonstrated the beneficial
effects of PGPB in enhancing plant growth and tolerance
to salinity stress. On the other hand, PGPB can enhance

ditions. They promote root and shoot growth, increase
chlorophyll content, and enhance nutrient uptake, lead-
ing to improved crop productivity. PGPB can enhance
the salt tolerance of crops through various mechanisms,
producing and releasing plant hormones (such as auxins,
cytokinins, and gibberellins) that stimulate plant growth
and aid in mitigating salt stress mitigation. PGPB also
produces organic acids and enzymes that improve nutri-
ent availability and ion uptake, thereby reducing the toxic
effects of salt.

Salt stress disrupts osmotic balance and ion homeostasis
in plants. However, the use of PGPB can help in osmotic
adjustment by synthesizing osmoprotectants (e.g., proline)
that maintain cellular water potential. They also facilitate
the uptake of essentialions (e.g., potassium) while exclud-
ing or reducing the uptake of toxic ions (e.g, sodium), thus
maintaining ion balance within the plant.

PGPB induces systemic resistance in plants, making them
more resistant to salt stress and other biotic stresses. They
activate the production of defense-related compounds, such
as phytohormones, enzymes, and secondary metabolites,
which help plants defend against pathogens and other
stressors.

PGPB forms biofilms on the root surface and establishes a
strong rhizosphere competence. This enables them to colo-
nize the plant roots effectively, compete with pathogens,
and provide a continuous supply of growth-promoting
substances to the plants.
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The effectiveness of PGPB in mitigating salt stress may
vary among different crop species. Some crops exhibit
a higher degree of response to PGPB inoculation, while
others may show more modest effects. It is crucial to select
PGPB strains that are well-adapted to the target crop and
its specific environmental conditions.

The use of PGPB as a tool to mitigate salt stress aligns
with sustainable agricultural practices. PGPB can reduce
the need for chemical fertilizers and pesticides, thereby
minimizing environmental pollution. They also contribute
to the overall health and biodiversity of the soil ecosystem.

Given the above, PGPB offers excellent potential as a tool
to mitigate salt stress in crops. Their ability to enhance
plant growth, improve salt tolerance, and induce systemic
resistance makes them valuable allies in sustainable crop
production systems, especially in saline environments.
Further research is needed to explore the specific mecha-
nisms of PGPB action and optimize their application for
different crops and agroecosystems.

The review highlights the potential of plant growth-
promoting bacteria as a biotechnological tool to mitigate
salt stress in crops. However, it is necessary to strengthen
research in aspects such as the selection of specific strains,
compatibility with different agricultural systems, and the
assessment of their long-term impact. This will enable their
practical implementation in crop improvement programs
and environmental sustainability initiatives.
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