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ABSTRACT

Microbial exopolysaccharides (EPSs) serve multiple industrial and environmental purposes operating as complex biopolymers
produced by bacteria and fungus, as well as by yeast and microalgae. The structural diversity of microbial EPS enables the bi-
ofilm formation, the stress resistance and the nutrient storage, comprising homopolysaccharides and heteropolysaccharides.
Soil structure receives substantial improvement through EPS because the polymers help aggregate particles, retaining more
water and trapping heavy metals, that results in enhanced soil fertility useful in sustainable agricultural practices. Moreover,
through the presence of EPS-producing bacteria, plants can establish beneficial connections with microorganisms that improve
their tolerance to environmental factors, including salt exposure, drought conditions and extreme temperature changes. Such
polymers find applications in the bioremediation and pharmaceutical fields because they present significant pharmacological
properties, such as antibacterial, anti-inflammatory activities and antioxidant behaviour. Their biodegradable nature and eco-
friendly properties make it eligible as a sustainable choice to replace synthetic polymers. This paper broaches the multiple ways
how EPS improves plant wellness and enhances soil quality. Potential solutions emerge from microbial EPS research to address
global challenges in agricultural sectors, biotechnological fields, and environmental management domains.

1 | Introduction and organic and inorganic compounds (Addesso, Baldantoni,

et al. 2023; Nadzir et al. 2021). The special characteristics of

Microorganisms, including bacteria, fungus, yeast and mi-
croalgae, generate interesting biopolymer exopolysaccharides
(EPSs) (Kim et al. 2023). Microbial EPSs equip bacteria with
a diverse set of compounds for ecological functions, includ-
ing plant-microbial associations and soil cohesion as well as
plant resistance against stress (Wang et al. 2018a). In fact, the
complex sugar chains structure of these polymers can form
protective biofilms by binding with proteins and other ele-
ments, like lipids and metal ions, as well as extracellular DNA

natural polymers, including chitin and chitosan—that exist
in arthropod exoskeletons and specific fungal and yeast cell
walls—enable them to become prominent elements in natu-
ral polysaccharide research due to their biocompatibility and
biodegradability and fibre-formation abilities (Rinaudo 2006).
Chitin and chitosan mostly originate from ocean ecosystems
and find application in the biomedicine, food system, pharma-
ceutical and cosmetic industries, whereas EPSs derive from
microorganisms that manufacture these substances because
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of environmental stressors, such as temperature fluctuations,
salts and pH changes alongside chemical substances and
radiative conditions (Kumari et al. 2023). Therefore, EPSs
function depends mostly on the structural components they
contain, being influenced by the natural habitat of their host
microorganisms. They serve a dual purpose in cellular adhe-
sion and protective mechanisms by aiding survival and ad-
aptation in unfavourable growth environments, though their
shorter production duration than other life forms (Salimi and
Farrokh 2023). In fact, microorganisms generate EPSs for en-
vironmental adaptation, enabling them to survive across low
temperatures, high salt conditions, and temperature variations
from freezing to thawing (Osemwegie et al. 2020). Moreover,
they work as soluble or insoluble molecules that exhibit mul-
tiple properties unlike typical plant polysaccharides (Nadzir
et al. 2021), raising growing interest due to their potential use
in bioremediation systems, drug delivery methods and plant
resistance enhancement against environmental aggressors
(Netrusov et al. 2023).

Exopolysaccharides (EPS) are important in improving plant
health and sustainable agriculture through improving the
soil structure and nutrient cycling and resilience to stress.
Microorganisms produce these high molecular weight poly-
mers, which play a vital role in trauma generation and stabil-
ity of soil biofilms that are fundamentals to support soil health
and functionality (Zhang, Wang, et al. 2024; Zhang, Wu,
et al. 2024). Rhizobacteria exopolysaccharides stimulate plant
growth through triggering biofilm formation, host colonisation,
and stress resistance in the environment. They are essential in
sustainable agriculture because they enhance crop productivity
and soil fertility via processes such as phytoremediation and
stress alleviation (Bramhachari et al. 2018). EPS make nutri-
ents easy to trap and water more resistant to environmental
factors like water scarcity and salinity, which promotes the
growth of plants and their tolerance to environmental degrada-
tion (Bramhachari et al. 2018; Zhang, Wang, et al. 2024; Zhang,
Wu, et al. 2024). Moreover, EPS are also used in the process of
detoxifying the contamination of pollutants and pathogen nip-
ping of soil, which also stimulates crop yields further (Awasthi
et al. 2017). With the growth of populations and the demand of
agriculture practices, exploitation of EPS with microbial inter-
actions is one of the promising approaches to sustainable ag-
ricultural practices, where the health of the environment and
food security are guaranteed (Awasthi et al. 2017).

EPSs display many advantages as compared to synthetic poly-
mers together with their remarkable ability to thrive under
demanding environments. Seventy percent of EPSs and other
natural polymers recycle in the environment within months due
to their natural origin, so they are both biodegradable and envi-
ronmentally friendly (Angelin and Kavitha 2020). For this rea-
son, EPSs earn the status as sustainable alternatives for different
scientific and industrial operations. Moreover, EPSs helps in re-
ducing the effect of stress experienced by plants, from drought
to salinity and harsh temperatures, affecting their development
and agricultural yield (Pacholak et al. 2021). EPSs show prom-
ising potential in transformative scientific development because
they push advances in both industrial fields and create sustain-
able useful solutions.

2 | EPSs

The term exopolysaccharide was coined by Sutherland in 1972
and used for high-molecular-weight carbohydrate biopoly-
mers produced by microorganisms (Osemwegie et al. 2020).
Microbial EPSs have become the natural polymers that are vital
to industrial applications, health and environmental manage-
ment (Bhagat et al. 2021). They are created to exchange energy
in response to signals from the environment (Flemming and
Wingender 2001). Comprising many biomolecule kinds, they
include polysaccharides, sugars, structural proteins, enzymes,
amino, sugars, nucleic acids, lipids, pyruvates, glycoproteins,
lipids, extracellular DNA and some humic compounds (Mishra
and Jha 2013). Thanks to the differences in their architec-
ture and characteristics, they can work well in several fields.
Some of the EPS-producing bacteria belong to different Gram-
negative phylogenetic classes, including Alphaproteobacteria,
that include Acetobacter, Gluconobacter, Gluconacetobacter,
Komagataeibacter, = Kozakia,  Neoasaia, Agrobacterium,
Rhizobium and Zymomonas genera; Betaproteobacteria class
that include Gram-positive bacteria; Bacilli class, that in-
cludes Bacillus, Paenibacillus, Lactobacillus, Leuconostoc
and Streptococcus genera, Clostridia class, including Sarcina
sp., Actinomycetes including Bifidobacterium, Rhodococcus
genera and others (Diaz-Cornejo et al. 2023; Wiinsche and
Schmid 2023; Netrusov et al. 2023). The most frequently re-
ported EPSs are xanthan, that belongs to Xanthomonas, dex-
tran from Leuconostoc, Streptococcus, Lactobacillus, alginate
by Azotobacter and Pseudomonas, curdlan by Alcaligenes fae-
calis and Rhizobium, from class Alphaproteobacteria there are
Radiobacter and Agrobacterium sp., from Sphingomonas and
Pseudomonas the gellan, from Streptococcus sp., the hyaluronan,
from Bacillus sp., the levan, Paenibacillus sp. Halomonas sp.,
Zymomonas sp., bacterial cellulose from Komagataeibacter sp.
and so on (Netrusov et al. 2023). There are also known polysac-
charides, for instance, fucogel from Klebsiella pneumoniae, cla-
van from Clavibacter michiganensis, fucoPol from Enterobacter
sp., and kefiran from Lactobacillus kefiranofaciens (Barcelos
et al. 2019; Xiao et al. 2022). EPSs produced by bacteria are supe-
rior to those extracted from plants, animals and algae, including
cellulose, starch, pectin, glycogen, chitin, alginates, fucoidan,
carrageenan and agar (Netrusov et al. 2023; Grauso et al. 2023).
The significance of bacterial EPSs in a diversified range of bio-
logical and industrial applications is mainly attributed to struc-
tural variance and functional capability of these polymers. They
are essential in the development of biofilm, improving the tol-
erance of microbial community to stress and act as repositories
for nutrients (Jyoti et al. 2024). EPSs from both eukaryotic and
prokaryotic microorganisms are multitalented, find application
in various industries working in food, pharmaceuticals, and
environmental remediation sectors, primarily due to their bio-
degradable property and distinct physicochemical characteris-
tics (Mouro et al. 2024). Studies have shown that EPSs possess
interesting pharmacological properties such as antioxidants,
antimicrobial and anti-inflammatory properties, that could be
important in the therapeutic application, for instance, in inflam-
matory bowel disease. Additionally, the fermentation process in
EPS production by different techniques and environmental fac-
tors can improve yield and functional properties that make them
useful in sustainable biological processes in biotechnology.
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The EPSs produced by bacteria serve a vital function in plant-
microbe relationships, that specifically affect plant growth-
promoting rhizobacteria, that live close to or on the root of the
plants. EPSs assist these bacteria to adhere to the roots, form
protective biofilms and survive stressful situations such as
drought or diseases thereby enhancing the health of the plants,
uptake of nutrients and environmental stress resistance indi-
rectly (Morcillo and Manzanera 2021). Various Pseudomonas
and Azospirillum, as well as Azotobacter and Bacillus bacteria
species, among others promote plant development while tak-
ing nutrients and producing phytohormones and suppressing
diseases (Fan and Smith 2021). They work as plant-signalling
chemicals to activate defence mechanisms in plants as well
as activate systemic pathogen resistance responses. Moreover,
they help to enhance soil structure while increasing water re-
tention capacity, thus making nutrients and water more acces-
sible to plants during their growth cycle (Addesso, Sofo, and
Amato 2023; Massa et al. 2022).

Many microbial EPSs are well known to be involved in plant-
microbe interactions contributing to overall plant health and
productivity in agriculture. Synthesised by several microor-
ganisms, they have a positive impact on soil properties be-
cause of the nutrients’ storage ability, improving microbial
communities that are crucial for plants to grow, especially
under conditions of abiotic stress (Akhtar et al. 2024). For ex-
ample, research has confirmed that EPSs enhance crop pro-
ductivity, with soybean and maize yields growing by 57.7%
and 44.8% when used in combination with nitrogen-fixing
bacteria (Chaudhary et al. 2024). Further, it is reported that
EPSs have multiple pharmacological activities such as an-
tioxidants and antimicrobial properties that enhance plant
resistance and vigour. Microbial taxa like Paraburkholderia
phytofirmans (PsJN) show that EPSs synthesis is essential for
efficient plants and stress adaptation as it relies on EPSs for ef-
fective colonisation of plant tissues, especially under drought
conditions (Fu and Yan 2023). Thus, EPSs are the direction for
the development of sustainable agriculture and improving the
stability of crops in unfavourable conditions.

EPSs exist in two separate forms after synthesis, capsular and
slime, performing distinct protective functions for the cells.
Capsular polysaccharides form a protective cell surface barrier
(Rawat et al. 2024). Free slime polysaccharides exhibit either
weak surface binding or exist as viscous or gelatinous substances
to perform multiple functions including adhesion, colonisation
and ecological stress defence (Angelin and Kavitha 2020).

Exopolysaccharides are multifaceted biomolecules that are made
up of carbohydrate polymers, which may be diverse in terms of
their structural composition and chemical constituents. The
biochemical composition of EPSs differs depending on their mi-
crobial origin (bacterial, fungal or algae). The biochemical com-
position of bacterial EPSs includes either homopolysaccharides
or heteropolysaccharides (Mouro et al. 2024). EPSs homopoly-
mers (Table 1), unbranched or branched, contain a single mono-
saccharide type linked by glycosidic bonds to form repeated
units primarily composed of glucose together with fructose units
(Diaz-Cornejo et al. 2023). The EPS family of a-D-glucans in-
cludes dextran and alternan together with reuteran;3-D-glucans
group contains bacterial cellulose and curdlan, while fructans

include levan and inulin (Waoo et al. 2023). Complex structures,
along with levan and inulin, form part of the heteropolymer fam-
ily of EPSs (Gupta et al. 2019). The composition of heteropolysac-
charides takes on a complicated arrangement that unites various
monosaccharides such as glucose, fructose, galactose, mannose,
rhamnose, fucose, arabinose, xylose, N-acetylglucosamine and
uronic acids and multiple non-carbohydrate groups (Table 2)
(Netrusov et al. 2023; Kaur and Dey 2023; Xiao et al. 2022;
Nadzir et al. 2021). Various heteropolysaccharide molecules
comprise xanthan gum along with alginate, hyaluronic acid,
kefiran, gellan and additional types (Silva et al. 2009). The
fungal EPSs are usually rich in glucans and mannan and other
polysaccharides that have simpler or more repetitive structures
(Mahapatra and Banerjee 2013). These polymers primarily pro-
mote fungal growth and protection and are immunomodulatory
and antioxidant which can find applications in pharmaceutical
and nutraceutical applications. On the other hand, algal EPSs
are commonly sulphated polysaccharides such as carrageenan,
agar, alginates and fucoidan (Kraan 2012). They are designed
to gel, hydrate and protect under water conditions. The widely
used application of algal EPSs in food, cosmetic and pharmaceu-
tical industries is as a thickener, stabiliser and emulsifier.

Bacterial EPSs are biosynthesized by a set of enzymatic reac-
tions, which degrade simple sugar precursors into more complex
polysaccharides. It normally starts with the absorption of sugars
such as glucose or fructose, which undergo the phosphorylation
stage into sugar nucleotides (e.g., UDP-glucose). Such active
forms are subsequently polymerised by glycosyltransferases to
create replicating sugar units which are linked together to cre-
ate high-molecular-weight chains (Czaczyk and Myszka 2007).
Synthesis of EPS can also be through various pathways depend-
ing on the bacterial species, and this may be the Wzy-dependent
pathway, the ABC transporter-dependent pathway, or the
synthase-dependent pathway (Schmid 2018). These pathways
control the structure, branching, and functional characteristics
of EPSs that enable bacteria to respond to environmental cues
and stressors by changing the polymer composition.

3 | EPSsin Improving Soil Quality and Plant
Growth

Soil science focuses intensively on EPSs that are complex
carbohydrates produced by microorganisms because these
substances powerfully improve soil quality (Figure 1). Soil
health and fertility increase through the secretion of extra-
cellular polymeric substances by bacteria and fungi, that gen-
erate multiple advantages to modify both physical, chemical
and biological soil properties (Walshire et al. 2024). The main
role of EPSs in soil involves enhancing the soil aggregation
and structure. EPSs enhance soil structure in combination
with enhanced fertility by three key aspects that include im-
proving aggregation of soil components and nutrient access,
as well as altering microbial community actions (Figure 1)
(Chaudhary et al. 2024). The polysaccharides serve as a bind-
ing agent to connect soil particles, that produce a porous stable
soil structure. The better soil structure created by EPSs leads
to enhanced water infiltration and soil aeration and decreases
erosion risk, that is essential for agricultural system sustain-
ability (Regar 2023). EPSs act as a key component to develop
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FIGURE1 | Rhizobacterial exopolysaccharides for soil health improvement and plant growth augmentation.

and preserve soil aggregates, that serve as basic elements for
sustaining fertile soil to establish an environment suitable for
microscopic organisms that create diverse microbial commu-
nities. Additionally, they improve soil structure by establish-
ing a cyclic positive loop, hence showing great potential in
enhancing soil water-holding properties as one of their main
contributions to soil quality (Carezzano et al. 2023). The EPSs
produced by bacterial strains Bacillus sp. and Rhizobium con-
tribute to microaggregates formation in soil enhancing its sta-
bility along with improving water retention capacity (Walshire
et al. 2024). EPSs act as important heavy metal immobilisers
that reduce their availability and toxicity to plants based on
the observed lead and cadmium uptake decrease in lettuce and
pakchoi crops (Liu et al. 2024). Through their ability to form
stable metal complexes, Bacillus strains Z23 and Z39 reduced
cadmium and lead uptake in lettuce to 88.6% and 93.2%, re-
spectively (Zhang, Wang, et al. 2024; Zhang, Wu, et al. 2024).
The EPSs of microbial origin show a different repertoire of
properties for boosting soil quality, especially during heavy
metal cleaning operations and soil structure reinforcement ef-
forts. Soil contaminated with lead received exceptional treat-
ment from the marine bacterium Micrococcus antarcticus HZ
because it removed from 43.3% to 63.5% of lead, while boosting
the growth of pakchoi plants (Liu et al. 2024). Soil health en-
hances through EPSs application because the method boosts
both soil enzyme functioning and nitrogen availability, en-
abling increased populations of beneficial microorganisms
responsible for nutrient cycling (Chaudhary et al. 2024). The
multiple actions provided by EPSs establish their potential as
a sustainable strategy for improving soil health in crop pro-
duction rates, particularly in polluted environments and de-
graded lands (Niranjani et al. 2023). The inactive metabolites
produced by different microorganisms strengthen both soil
aggregation and water retention capabilities that sustain agri-
culture notably in dry conditions (Niranjani et al. 2023). The
distinctive traits of EPS synthesis from microbial strains have
a fundamental impact on enhancing soil health alongside plant
growth effectiveness across different environmental demands.

4 | Role of EPSs in Plant Tolerance to
Environmental Stresses

Plants develop increased tolerance against environmental stress
through the application of microbial EPSs (Figure 2). EPSs syn-
thesis occurs primarily during the late exponential or stationary
phase of microbial growth in response to multiple environmental
stress conditions (Figure 2) made up of extreme temperature, salin-
ity, unfavourable pH levels, osmotic stress, exposure to radiation,
chemical agents, antibiotics, heavy metals and oxidants (Table 3)
(Mouro et al. 2024). The diverse microorganisms present in soil
need EPSs to thrive in adverse conditions, particularly antibiotic
exposure and variations in pH levels along with osmotic stress and
immune system defence mechanisms of the host (Fan et al. 2019).
The EPSs layers produced by these polymeric substances show
high viscosity and behave as hygroscopic and aerophytic materials
that hold more water than their environment. Through this prop-
erty, these substances maintain effective control over the micro-
environment while offering protection to microbial cells against
diverse stressors (Rana and Upadhyay 2020).

The EPSs that plants acquire from their root-associated mi-
crobes generate protective layers by encasing plant cells en-
abling them to manage unfavourable growth conditions.
Scientific evidence demonstrates that EPSs successfully re-
duce salt stress effects on plants during their developmental
period (Labella et al. 2024; Rana and Upadhyay 2020). Plants
become more resilient to dry conditions through EPSs pro-
duction because these substances boost water retention while
decreasing moisture loss (Fan et al. 2019). EPSs work as vital
agents to reduce the negative effects extreme temperatures
have on plants. The plant can maintain survival throughout
freezing environments and resist cold stress by employing
exopolysaccharide molecules that regulate membrane lipids
and establish balanced ion levels (Rana and Upadhyay 2020).
Using EPSs enables plants to deal with nutrient deficiencies
because they improve nutrient availability and promote better
nutritional absorption. The application of EPSs enables plants
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FIGURE2 | Rhizobacterial EPSs mediated abiotic/biotic stress tolerance.

to gain enhanced resistance toward biotic threats because
these compounds shift the root microbiome and kill harmful
disease-producing organisms (Dimkpa et al. 2009). EPSs cre-
ate supplementary plant stress tolerance through their ability
to modify the composition and activity dynamics of the root
microbiome. Pseudoalteromonas (SM20310) produces bacte-
rial EPSs, that protect the host strain to survive at low tem-
peratures and in high salt situations and during freeze-thaws
(Liu et al. 2013). The environmental stress tolerance of plants
seems to benefit substantially through the EPS secretions re-
leased by soil microbes (Wang et al. 2018). Paraburkholderia
phytofirmans (PsJN) depends on EPSs for its ability to boost
pea plant resistance against drought stress through establish-
ment of successful plant colonisation and improved seed ger-
mination and seedling development (Prihatna and Yan 2024).

The application of bacterial EPSs binds NaCl and creates benefits
for plant tolerance to stress conditions through improved mem-
brane stability and reduced electrolyte leakage plus enhanced
chlorophyll content that results in boosted growth in Triticum
aestivum after bacterial consortium inoculation (Thakur and
Yadav 2024). They promote growth alongside chlorophyll con-
tent elevation and enhanced antioxidant enzyme function. EPSs
reduce detrimental substances while controlling phytohor-
mones to improve salt stress tolerance when applied to tomatoes
under salt stress conditions (Chen et al. 2023). The protective
action of bacterial EPSs toward microbial cells boosts plant
development and adaptability. Few plant growth-promoting
rizhobacteria (PGPR) strains release antimicrobial agents that
enhance plant systemic defence responses and produce phy-
tohormones that modify plant structural development and de-
fensive and hormonal processes. PGPR enhances plant fitness
by helping the plant access fundamental resources when they
dissolve mineral phosphates and other vital nutrients (Xiong
et al. 2023). Bacterial bioemulsifiers and biosurfactants when

used on soil lead to better water retention capability and reduced
water repellence of soil in dry areas where organic matter and
water remain scarce (Addesso, Sofo, and Amato 2023; Raddadi
et al. 2018). Plant-derived molecules in combination with exu-
dates trigger structural changes in the root microbiome, so it
attracts EPS-producing microbial species that strengthen plant
resistance to environmental stress factors (Pascale et al. 2020).

5 | Limitations and Future Aspects

The agricultural prospects of exopolysaccharides (EPSs) for
plant-microbe interaction enhancement exist with many re-
search boundaries and promising future investigation direc-
tions. Under the production of microorganisms, including
Paenibacillus polymyxa, EPSs show essential plant-promoting
properties by boosting root mineral acquisition and generat-
ing a protective bacterial habitat around plant roots (Huang
et al. 2024). EPSs implementation exists as limited because their
structures are complicated, and their production outcomes fluc-
tuate according to environmental situations. EPSs remain un-
derutilised due to issues involving their high production costs,
along with a technical complexity of industrial-scale manu-
facturing and purification processes (Mouro et al. 2024). The
complexity of the isolation and purification process is one of
the major constraints. EPS is extracted in several steps such as
cell removal, solvent or salt precipitation, dialysis, chromatog-
raphy or enzyme treatment and final storage or use in drying
process. These processes could be costly, laborious and time-
consuming, especially where highly pure products are needed
in sensitive usage. Moreover, the EPS recovery methods must
be modified depending on the microbial strain, level of purity
required and intended use. It is not easily produced and im-
plemented in industries on a large scale due to this variability.
EPSs present extraordinary scope in sustainable agriculture
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TABLE 3 | Role of bacterial EPS in plant tolerance to various stresses.

SIL.
No. Stress

Role of bacterial EPS in plant
tolerance to various stresses

References

1 Drought stress

2 Salinity stress

3 Temperature
stress

4 Heavy metal
stress

5 Nutrient
deficiency

6 Biotic stress

Bacterial EPSs assists plants to withstand droughts
through the enhancement of water retention in
the soil. They can hold moisture because they are
hygroscopic, and this minimises the loss of water
around the roots. EPSs also enhance soil aggregation,
therefore, allowing plants to be able to access water
easily. They also help to establish biofilms on root
surfaces which maintain the attachment of beneficial
microbes and aid in the growth of plants in dry soils.

EPSs assist plants to control salt stress by binding
the sodium ions and other salts, and thereby they
do not accumulate in the tissues of the plants. This
lessens the toxicity of salinity. They also stabilise
cell membranes of plants stopping the leakage
of electrolytes. Additionally, nutrient uptake is
enhanced through EPSs which adjusts the root
environment that enables plants to absorb vital
nutrients even when subjected to saline conditions.

EPSs also safeguard plants in cold conditions
because they keep the plants hydrated and do not
allow the formation of ice crystals in the interior
cells, which may damage the plant. During heat
stress, EPSs stabilise the cell membranes and
proteins which enable the plants to endure high
temperatures and also oxidative stress. Biofilms
which EPSs create are used to resist temperature
changes and protect roots and microorganisms.

EPSs contain cadmium and lead which are very
toxic to plants by attaching itself to such toxic
metals and making them less available. This
will avoid the occurrence of harmful metals that
may interfere with the metabolism of plants. The
complexes of metal and EPS immobilise toxins,
which protect the root tissues and enhance the
development of plants in the contaminated soils.

EPSs make major nutrients such as phosphates
and iron more accessible through attachment to
them or change of soil pH. They also promote the
development of useful microbes which help in cycling
of the nutrients to make sure that plants access the
necessary elements even in nutrient depleted soils.

EPS forms a protective biofilm over roots of the
plant that makes a physical barrier between the
entry of pathogens into plant tissues. They also
initiate the immune response in plants, which is
the activation of the defences by plants against
infections. Also, EPSs give nourishment to beneficial
microorganisms that outcompete the harmful
pathogens thereby lowering chances of disease.

(Fan et al. 2019; Prihatna and Yan 2024)

(Labella et al. 2024; Rana
and Upadhyay 2020)

(Rana and Upadhyay 2020)

(Bhagat et al. 2021)

(Naseem et al. 2018)

(Dimkpa et al. 2009)

since they represent environmentally friendly alternatives
to synthetic polymers despite facing some production obsta-
cles (Netrusov et al. 2023). The next stage of research should

concentrate on process optimization and genetic and metabolic
EPS biosynthesis pathway examination together with discover-
ing new EPS-producing microorganisms, especially those found
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in extreme environments that display rare protective biological
features (Huang et al. 2024). Application of EPSs in sustainable
agricultural practices can be improved through studies of their
interactions with plant-associated microbiomes for biocontrol
objectives and stress reduction and nutrient delivery functions
(Kaur and Saxena 2024). The advancement of EPSs in agricul-
tural applications depends on the solution of existing obstacles
and knowledge expansion in upcoming areas.

6 | Conclusions

Exopolysaccharides (EPSs) produced by various microorgan-
isms possess complex structural arrangements and multiple
functions leading to their extensive industrial, medical and
agricultural worth. The biochemical structure of EPSs, either
as homopolysaccharides or heteropolysaccharides, enables
them to perform biofilm formation with stress tolerance func-
tions and nutrient storage capabilities. Limited concentra-
tions of EPSs contribute positively to both the development of
plant-microbe bonds and the improvement of soil texture, and
the enhancement of plant health and stress tolerance. EPSs
demonstrate therapeutic utility in medical and pharmaceutical
applications because they contain antioxidant, antimicrobial
and anti-inflammatory properties. Continued research into
microbial EPSs expands opportunities to use this discovery
in sustainable agriculture and environmental protection. The
importance of microbial EPSs extends to both plant protection
against stress and the enhancement of soil conditions, and the
provision of eco-friendly technological solutions for industries.
The biopolymer compounds produced by bacteria, fungi and
microalgae show exceptional structural complexity and per-
formance abilities that work as protective components in envi-
ronments with high salinity and dryness conditions, together
with heavy metal contamination. Soil fertility under abiotic
stress conditions improves, and plant development strengthens
because of EPSs, which enhance soil aggregate stability, save
water, and deliver nutrients effectively. EPS-producing bac-
teria strengthen plant stress survival by simultaneously colo-
nising roots while improving nutrient uptake, which leads to
better crop growth together with stable ecological conditions.
The bioactive aspects of EPS show value in pharmaceutical
development because they possess antimicrobial and anti-
inflammatory abilities and antioxidant activity for bioreme-
diation applications. As natural, biodegradable alternatives
to synthetic polymers, microbial EPSs present promising op-
portunities for sustainable agricultural practices, environmen-
tal management, and therapeutic applications. Researchers
should intensify their EPSs investigation because it enables
them to harness this valuable material for resolving worldwide
issues concerning food supply stability and ecological sustain-
ability alongside climate tolerance.
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