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Review Derleme

Prospects of Cropping with
Polysaccharides Producing Microbes
Under Drought Stress

Kuraklik Stresi Altinda Polisakkarit Ureten
Mikroorganizmalarla Ekim imkanlari

ABSTRACT

Drought and water stress are the major abiotic stresses that limit plant growth. Plant growth-
promoting rhizobacteria, well known for their growth-promoting attributes, produce extracellular
polysaccharides that form rhizosheath around the roots, thereby protecting them from desic-
cation for a longer duration. Arbuscular mycorrhizae, one of the key determinants of soil quality,
secrete glomalin protein, which shows soil aggregation properties and helps in increasing water
stability, thereby overcoming drought conditions. Increasing extracellular polysaccharide-produ
cing plant growth-promoting rhizobacteria and mycorrhizal fungi density in the rhizospheric soil
can be a means to improve the survival of plants during water stress periods. The present review
highlights the role of microbes producing extracellular polysaccharides in the maintenance of soil
health and plant growth under drought.
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Kuraklik/Su stresi, bitki blytmesini kisitlayan énemli bir abiyotik strestir. Blylimeyi tesvik edici
ozellikleriyleiyibilinen bitki bliylimesinitesvik eden rizobakteriler (PGPR), koklerin etrafinda kuraklik
sliresince onlari daha uzun stire kuraklda kargi koruyan hiicre digi polisakkaritler (EPS’ler) Uretirler.
Toprak kalitesinin temel belirleyicilerinden biri olan arbuskiler mikorizalar, topragin topaklanma
ozelliklerini gosteren ve su stabilitesinin arttirilmasina ve bdylece kuraklik kosullarinin asilmasina
yardimci olan glomalin proteinini salgilar; bu protein, toprak agregasyon ozelliklerini gdsterir ve
dolayisiyla kuraklik kosullarini agarak su stabilitesini artirmaya yardimci olur. Rhizosferik toprakta
EPS Ureten PGPR ve mikorizal mantar yogunlugunu artirmak, bitkilerin su stresi dénemlerinde
hayatta kalma sansini artirmak igin bir yol olabilir. Bu derleme, EPS lreten mikroorganizmalarin
kuraklik altinda toprak sagliginin ve bitki blylimesinin korunmasindaki roltind vurgulamaktadir.

Anahtar Kelimeler: PGPR, AMF,

mikroorganizmalar

Kuraklik stresi, ekstrasellller polisakkaritler, glomalin,

Introduction

Agriculture is the art of domesticating plants for food, fiber, biofuel, medicinal purposes, and other
products used to sustain and improve human life. Agriculture in the past century has seen large rises
in productivity due to innovative human ideas on mechanization, synthetic fertilizers, biofertilizers,
pesticides, and selective breeding. However, the world populace is thriving quickly and is relied upon
to achieve 10 billion by the year 2050. The increasing population has exerted serious pressure on the
existing agricultural land, demanding intensified crop production. Abiotic stresses like soil sodifica-
tion, soil salinization, soil pH, drought, and environmental temperature are adding further constraints.
Abiotic stress straightforwardly damages the farmable area, affecting the crop yield. Of all the 20th
century climate risks, water stress brought on the greatest negative impact, and decreased rainfall was
the major climatic factor affecting crop growth.

The natural soil microbial assembly dwelling in the rhizosphere and on the surface of the plant
roots, which execute beneficial effects on the overall welfare of the plants, is categorized as plant
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growth-promoting rhizobacteria (PGPR). Generally, about 2-5%
of rhizosphere bacteria are PGPR. Majority of credible groups of
PGPR belong to genera belonging to Agrobacterium, Acineto-
bacter, Azotobacter, Arthobacter, Azospirillum, Burkholderia,
Bradyrhizobium, Frankia, Serratia, Rhizobium, Thiobacillus, Pseu-
domonas, and Bacillus. Plant growth-promoting rhizobacte-
ria have mostly been studied for their abilities to improve plant
growth by direct mechanisms, like enhancing nutrient content
and phytohormone, extracellular polysaccharide (EPS) produc-
tion, or indirect mechanisms, like siderophore production and
protecting plants against pathogen attack by HCN production
(Hakim et al., 2021). Adopting PGPR’s can be an effective strategy
for cropping under drought stress, as the EPSs secreted by the
rhizobacteria in the soil along with the adjacent mineral particles
form a sheath around the plant roots, which protects them from
desiccation under the declining water conditions (Prasad et al.,
2022). Polysaccharide-producing PGPR have also been reported
to help in maintaining high water content in the rhizosphere in
sandy soils (Khan et al,, 2017; Zheng et al., 2018). They also help
in the formation of macroaggregates, which improve soil struc-
ture. Extracellular polysaccharides can have an imperative role in
ecosystem management as they exhibit multifaceted roles like
protection of plants from desiccation, microbial aggregation,
plant—-microbe interaction, surface attachment, and bioremedia-
tion, which can help in ecosystem establishment.

Arbuscular mycorrhizal fungi (AMF), the other microbial group
forming symbiotic association with the roots of higher plants,
have profound effects on host plant physiology, soil engineer-
ing, and ecological interactions. Arbuscular mycorrhizal fungi well
recognized for nutrient mobilization in plants (Miller & Jastrow,
2000) also help in encountering drought by secreting glomalin
protein which shows soil aggregation properties (Rillig, 2004)
thereby improving soil water stability. Understanding control
over glomalin production and its mechanism of production
can help maximize the contributions of arbuscular mycorrhi-
zal mycelium to soil aggregation and water stability. Arbuscular
mycorrhizal fungi colonization increases host growth rates dur-
ing droughts by increasing water use efficiency and affecting soil
enzymatic activity, which increases nutrient acquisition. Under-
standing the rhizospheric microbiome and maintaining the den-
sity of EPS-producing microbes can be helpful in overcoming the
water stress responses in plants.

Besides PGPR and AMF, several other EPS-producing bacteria,
algae, fungi, and yeasts are much worked upon for their industrial
exploitation and biofilm properties but less studied for their plant
growth-promoting attributes. Extracellular polysaccharides are
one of the principal components involved in the formation of the
extracellular biofilm matrix, which protects microorganisms from
the adversities of pH, temperature, antibiotics, host immune
defenses, and so on. The past decade has witnessed an increase
in exploring natural polymers in areas of chemistry, medicine, and
the food industry. Because of their unique structure and com-
position, they have an inherent ability to increase holding water,
which makes them widely used as viscous, stabilizing, and emul-
sifying agents in the food industry and to improve the rheological
properties, texture, and sensibility of bread and fermented milk
products such as yogurt and cheese. In addition, EPSs also have
potential health benefits such as antioxidant, anticancer, anti-
inflammatory, antiviral, and cholesterol-lowering effects (Nguyen
et al,, 2020). Among EPS-producing bacteria, lactic acid bacte-
ria (LAB) have captured much attention from researchers due to

their strong ability to produce EPS. Introducing EPS-producing
microbes in rhizosphere engineering can be helpful in improving
plant growth, disease, and stress resistance by artificially recon-
structing the plant-root microbiome and overcoming the barri-
ers to intensive cropping under adversity.

Drought Response in Plants

Stress in general limits the growth of plants for some period
of time until either the stress is removed or the plant is able
to adjust its metabolism to overcome the stress. Soil drought
often prompts an atmospheric drought, and if both combine, it
becomes disastrous. Plants struggle more against soil drought
than against atmospheric drought. A plant is stressed when
there is a reduction in some physiological rate (water or nutri-
ent absorption, photosynthesis, respiration, growth, develop-
ment, reproduction, or others) below the maximum possible
rate expressed under optimal conditions. Stress obstructs the
plants from attaining genotypic potential, which severely affects
productivity. In response to environmental stress, alterations in
the levels of several compatible solutes like proline, sugar, poly-
amines, polyhydric alcohols, betaines, amino acids, and quater-
nary ammonium compounds are observed. Antioxidants are the
principal defense system against oxidative damage in plants.
These antioxidants, comprising superoxide dismutase, peroxi-
dase, catalase, and many nonenzymatic compounds like carot-
enoids and ascorbate, get enhanced in response to water stress
(Nadeem et al., 2021; Prasad and Raghuwanshi, 2022).

Water performs the main role of absorbing nutrients from the soil
and transporting them to different parts of the plant. Morpho-
logically, drought injury is evident as stunted growth, a decrease
in the growth of the lateral root, and enhanced waxy deposition
of epidermal and cortical cells, thereby decreasing intercellular
space, which maximally affects growth, development, and plant
productivity. Physiological characterization of plants subjected
to drought reveals that the stress has several unique aspects,
including high respiration with low photosynthesis, closed sto-
mata, and high leaf temperature. Roots are the area where a plant
first faces water stress and likely responds to stress conditions.
Under limited water availability, the root-shoot ratio of plants
increases because roots are less sensitive than shoots to growth
inhibition by low water potential (Latif et al., 2022). Thus, to make
plants drought-tolerant, better rhizo-engineering is always
advisable. Microorganisms residing in the rhizosphere encode
more genes than the host plants and form a stable community
structure through collaboration and competition, which is cru-
cial for growth, development, and resistance against adversities
(Bai et al.,, 2022).

Bacterial Extracellular Polysaccharides

Extracellular polysaccharides can be referred to as those
polysaccharides that are synthesized and then secreted in the
external environment. Many times EPSs are synthesized extra-
cellularly by the cell wall-anchored enzymes of bacteria and
archaea. The term exopolysaccharide was proposed by Suther-
land (Sutherland, 1977) for these EPS which is often used inter-
changeably. Extracellular polysaccharides is a heterogeneous
mixture of polysaccharides, proteins, nucleic acids, and lipids
in the form of long chain molecules, with a molecular weight of
10-30 kDa. Although bacteria synthesize only a few intracellu-
lar polymers, the range of extracellular polymers is vast (Rehm,
2010). Four major classes of polymers produced by bacteria are
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polysaccharides, polyesters, polyamides, and inorganic polyanhy-
drides such as polyphosphatases (Rehm, 2010).

The diverse bacterial polysaccharides are categorized based on
their chemical structure, functionality, molecular weight, and
linkage bonds. Based on the chemical composition, EPS that
is monomeric, i.e., only one type of monosaccharide, is classi-
fied as homopolysaccharide, while heteropolysaccharides have
a polymeric composition. Heteropolysaccharides can have
repeating units varying in size from disaccharides to hepta-
saccharides. Homopolysaccharides and heteropolysaccha-
rides also differ in their sites of synthesis and their synthetic
enzymes. The precursors of heteropolysaccharides are formed
intracellularly inside the bacterium, and isoprenoid glycosyl
carrier lipids then help in the translocation of the precursors
across the membrane for further polymerization extracellularly
(Nielsen & Jahn, 1999), whereas in the case of homopolysaccha-
rides, synthesis requires a specific substrate such as sucrose.
Mostly EPS are neutral, but they may also be polyionic due to
the presence of uronic acid (p-galacturonic acid, o-glucuronic
acid, and p-mannuronic acid), ketal-linked pyruvate groups or
inorganic parts like sulfate and phosphate, which may impart
the EPS a polyionic nature (Sutherland, 1977). Extracellular poly-
saccharides are water-soluble in nature. Sorptive EPSs involved
in cell-surface interactions are composed of charged polymers
whose function is sorption by other charged molecules. Exo-
polymers obtained from Streptococcus epidermidis strains
were polycationic in nature (Prajapati et al., 1998). Functional
groups like the hydroxyl group, carboxyl group, and phosphoric
acid make the EPSs an acidic polymer, thereby showing high
affinity toward metal ions (Concordio-Reis et al., 2020). Besides
affinities toward metal ions, the enzymatic activities of EPSs also
help in heavy metal transformation and degradation of organic
recalcitrant. In vitro studies have shown that the amounts of
EPS produced not only depend on the bacteria species but are
also affected by physicochemical factors like pH, temperature,
incubation period, and medium grown (Ercole et al., 2007). High
carbon and low nitrogen ratios favor the production of EPS by
bacteria (Kimmel & Roberts, 1998).

_
=
oy

Figure 1.

Multi-Faceted Role of Bacterial Exopolysaccharide During Plant Interaction.
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Extracellular polysaccharides are the important component of
the extracellular matrix and account for 40-95% of the bacterial
weight. Bacteria may produce EPS in either the slime EPS form or
the capsular EPS form. The EPSs serving architectural purposes
in the matrix formation facilitate water retention and cell protec-
tion. Surface active EPSs involved in biofilm comprise molecules
of amphiphilic nature having varied chemical structures and sur-
face properties. Bacterial EPSs have 97% water in their polymer
matrix, making them a suitable tool to provide protection against
desiccation. Numerous studies have also reported the unusual
antimicrobial activities of various EPS against a wide variety
of human pathogenic microbes (bacteria, viruses, and fungi)
(Abdalla et al.,, 2021). The various roles exhibited by bacterial EPS,
which help in ecosystem establishment and soil health manage-
ment under abiotic and biotic stress, are depicted in Figure 1.

Multifaceted interactions of bacterial EPSs with plants are help-
ful in ecosystem establishment. Extracellular polysaccharides are
also found in the matrix of microalgal biofilms and share a lot of
similarities with bacterial ones with respect to the components
made up of proteins, phospholipids, polysaccharides, nucleic
acids, humic substances, uronic acids, and some functional
groups, such as phosphoric, carboxylic, hydroxyl, and amino
groups. Early colonization and replication of microalgal biofilms
are facilitated by the organic molecules present in the matrix. It
is interesting to note that the microalgal biofilms comprise of
90% EPS and only 10% algal cells. Extracellular polysaccharides
protect them from dehydration and reinforce the adhesion of the
cells to the surface (Schnurr & Allen, 2015).

Biofilm Formation over Plant Roots by Extracellular Polys
accharide-Producing Bacteria

Bacterial population in the rhizosphere of healthy soils are nor-
mally 100—-1000 times higherthan in the bulk soil, mostly because
bacteria possess metabolic versatility to adapt and utilize root
exudates proficiently. The microbial population also covers 15%
of the total root surface (Goswami et al., 2016). About 5-30% of
the plant photosynthetic product is secreted by roots as different
sugars, which in turn is utilized by microbial populations. The rhi-
zosphere harboring microbial communities are the perfect place
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for the formation of biofilms as they have adequate soil moisture
and nutrients, some of which are delivered by the plants, which
promotes biofilm formation (Rodriguez-Navarro et al., 2007). Bio-
film formation depends upon the bacterial density and diversity
that reside inside the polymeric matrix, i.e., EPSs formed by bac-
teria themselves.

Extracellular polysaccharide-producing bacteria initially attach
to the plant root as the first step in the process of biofilm for-
mation. This attachment of bacteria to plant roots, which is the
first phase, is reversible and involves an unspecific binding. In
this process, three components are involved: are lectin protein,
rhicadhesin (Ca12-binding protein), and bacterial polysaccha-
rides. Lectin proteins are present at the tip of legume root hairs
that recognize specific carbohydrates present on the bacterial
surface and bind to them (Isken & Bont, 1998). The second step
of attachment is irreversible in nature, in which the synthesis of
bacterial cellulose fibrils happens after 8-16 hours of bacterial
inoculation and is intervened by the surface polysaccharides of
bacteria. Among the diverse plant factors that mediate the pro-
cess of bacterial attachment, the most significant is plant lectin,
which functions as receptors for the bacterial EPS attachment
(Rodriguez-Navarro et al., 2007).

The EPSs produced by Planomicrobium chinense and Bacillus
cereus were shown to have profound effects on plant growth
and drought tolerance, as the rhizospheric soil moisture content
was improved following PGPR inoculation up to 77% over con-
trol (Khan & Bano, 2019). Plants inoculated with EPS-producing
bacteria showed a higher accumulation of proline, sugars, and
free amino acids under water deficit stress (Khan & Bano, 2019;
Naseem et al., 2018). Seed bacterization of maize with EPS-pro-
ducing bacterial strains improved soil moisture contents, plant
biomass, root and shoot length, leaf area, leaf protein, and sugar
contents under drought stress conditions (Naseem et al., 2014).
Khan et al.,, (2019) reported similar results in wheat plants grown
under rainfed conditions. A novel bacterial surface polysaccharide
isolated from R. 1. bv. viciae RBL5523 (Laus et al., 2006), mainly
composed of glucose and mannose, galactose, and rhamnose,
showed high binding affinity to the lectins of Pisum sativum and
Vicia sativa. Some surface polysaccharides produced by bacte-
rial strain R. 1. bv. viciae RBL5523 (Laus et al., 2006) have been
shown to contain lipopolysaccharides, EPSs, cyclic glucans, and
capsular polysaccharides. More research on bacterial attachment
and factors affecting biofilm formation can be helpful in extend-
ing the applications of EPS-producing bacteria in agriculture and
beyond.

Survival Mechanism of Extracellular Polysaccharide-
Producing Bacteria Under Drought Stress

Bacterial response to drought stress depends upon stress
intensity, bacterial species and their growth stages, and the
duration of stress exposure. Physiological changes accounting
for microbial survival under abiotic stress conditions include
the formation of cysts, flock formation, melanin production,
synthesis of poly-p-hydroxybutyrate, synthesis of EPS, and pro-
tection by ectomycorrhizal spore caps. Polysaccharides, being
hygroscopic, uphold a higher water content compared to bulk
soil, which ensures bacterial survival in their microenviron-
ment under the decreasing water potential scenario. Rhizobac-
teria are reported to show enhanced EPS production with an
increase in drought stress conditions compared to normal con-
ditions indicating a response to be triggered by drought stress

(Roberson & Firestone, 1992). Under water stress conditions,
amount and composition of EPSs are reported to change as
capsular polysaccharides of Azospirillum brasilense sp245 con-
tained high-molecular weight carbohydrates, lipopolysacchar
ide-protein, and polysaccharide-lipid complexes that showed
protection against extreme drought. Extracellular polysaccha
ride-producing bacteria ensure their survival under drought
stress not only by producing exopolysaccharides (Sandhya
et al,, 2009), which protect them from desiccation, but also by
regulating the diffusion of organic carbon under drought stress
(Latif et al., 2022). Studies have shown that, besides EPS, the
greater release of soluble carbohydrates by PGPR into the plant
rhizospheric soil improves the survival efficiency of microor-
ganisms under water-deficit conditions. Soil bacteria adopt dif-
ferent strategies to overcome soil desiccation, like they modify
the structure of their membrane or synthesize EPS in order to
ensure their existence during the conditions of low external
water potential.

In a study done by llyas et al. (2020), 24 bacterial strains were
tested, out of which Bacillus subtilis and A. brasilense produc-
ing good amounts of EPSs and osmolytes improved drought
tolerance in wheat by retaining 97% water in the matrix, which
protected the bacteria as well as plants from desiccation. Colo-
nization of EPS-producing bacteria like Azospirillum and Pseu-
domonas has shown a growth promotion effect on wheat and
maize seedlings and other plants under low soil water content
(Alvarez et al., 2008; Sandhya et al., 2009). Pseudomonas putida
strain GAP-P45, an EPS-producing bacteria, is reported to form
biofilm on sunflower root surfaces and confer drought tolerance.
P. putida strain GAP-P45 showed extensive soil aggregation, and
such plants whose root adhered soil had high relative water con-
tentin leaves (Sandhya et al., 2009). Few studies done on cowpea
plants inoculated with Bradyrhizobium strain under drought con-
ditions have correlated the amounts of EPS produced to the level
of tolerance observed under drought conditions (Skvortsov &
Ignatov, 1998).

Many microbes and plants survive up to 99% water loss during
long durations of desiccation (Welsh, 2000), as these microbes
form nodules under desert conditions. Literature is well docu-
mented with free-living rhizobia (saprophytes) capable of surviv-
ing under low water potential (Vardharajula et al., 2011). Most of
the drought-resistant plants have shown deeper root penetra-
tion, heavier roots, and numerous primary and secondary roots,
which indicate a greater rhizosphere volume that can hold a
higher microbial population enduring drought tolerance. The
ratio of root/shoot increases under drought conditions as roots
are less vulnerable to water deficiency than shoots (Wu & Xia,
20086). Extracellular polysaccharides-producing microbes can be
exploited to increase the drought tolerance capacity of plants by
increasing their population density in the rhizospheric zone of
plants.

Drought stress is generally accompanied by salinity and nutri-
ent imbalance, thereby adversely affecting plant growth and
crop production in cultivated areas worldwide. Plant productiv-
ity under such conditions is considerably reduced due to osmotic
stress, membrane destabilization, and the partial closure of sto-
mata. Soil salinity and drought together considerably reduce
plant growth, photosynthetic capacity, protein synthesis, energy
and lipid metabolism, and the total nitrogen contents (Upadhyay
etal, 2011).
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Extracellular polysaccharides-producing plant growth-promoting
rhizobacteria can significantly enhance the volume of soil mac-
ropores and rhizosphere soil aggregation, resulting in increased
water and fertilizer availability to inoculated plants. Extracellular
polysaccharides producing PGPR also bind cations, including Na*.
Therefore, an increase in the population density of EPS-producing
bacteria in the root zone is advantageous as it reduces the con-
tent of available Na*for plant uptake and in so doing alleviates salt
stress in plants growing in saline environments (Upadhyay, 2011).

Mechanisms of Microbial Extracellular Polysaccharides on Soil
Restructuring and Drought Tolerance

The tripartite interactions among the soil, plant roots, and bac-
teria in the rhizosphere lead to changes in soil physicochemical
and structural properties (Berg & Smalla, 2009). Extracellu-
lar polysaccharide-producing microorganisms residing in soil
contribute immensely in maintaining soil health and quality,
as these polysaccharides attach to the particles of soil, form-
ing macroaggregates of diameter >250 um and micro aggre-
gates of <250 um (Oades, 1993). Bacterial EPSs have been
studied extensively in the rhizosphere for their function in mois-
ture retention. Slime materials and capsular EPSs released by
microbes in soil may be adsorbed through the clay surfaces
via cation bridges, the van der Waal’s force, hydrogen bonding,
and the anion absorption process, thereby providing a protec-
tive barrier surrounding soil aggregates. Furthermore alginate,
a tiny polysaccharide existing as a biofilm, helps to maintain a
hydrated microenvironment by water retention and drying at a
slower pace than the surrounding environment, thus protect-
ing plant roots and microorganisms from desiccation (Fadiji
et al., 2022). Crops primed with bacteria capable of producing
EPSs show enhanced resilience to moisture stress (Ojuederie
et al,, 2019). Treatment of the bacteria strain B. subtilis strain
UD1022 increased soil water retention and reduced unsaturated
hydraulic conductivity and evaporation, as measured through
the HYPROP measurements and neutron radiography imaging.
Scanning electron microscope and light microscope imaging of
the control sand particles showed clean surfaces, whereas rod-
shaped bacteria cells were found distributed in a continuous and
thick layer of dried biofilm covering UD1022-treated sand parti-
cles. Bridier et al., (2013) observed in SEM images that bacterial
cells of B. subtilis were embedded in mucoid-like structures in a
hydrated matrix, and upon gradual dehydration, the cells were
connected by a dense and oriented network of fibers. The mucus
material and the fibrous skeleton under dehydrated conditions
were identified as EPS (Branda et al.,, 2006; Kumar et al., 2012).
Volk et al. (2016) also reported a reduction in both saturated and
unsaturated hydraulic conductivity in soil samples after incu-
bation with Pseudomonas. Mathematical models have been
developed to take into account the effects of EPS or mucilage
on soil water retention and hydraulic conductivity. In a compos-
ite model treating soil phase and EPS as separate media, the
water content or hydraulic conductivity at any given potential
was found as a linear superposition of that in each phase (Rock-
hold et al., 2002). Rosenzweig et al., (2012) found that the domi-
nant mechanism for increased water retention was EPS' distinct
water holding capacity. Kroener et al. (2018) observed that muci-
lage occupies small pores and creates additional potential dur-
ing drying, so that water retention increases, especially under
dry conditions. Carles Brangari et al. (2017), in a more complex
model, found that the swelling properties of EPSs lead to soil
pore size change. All these modeling results indicate that small
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amounts of EPS or mucilage could lead to significant changes in
water retention and hydraulic properties. The cross-linked and
compact EPS matrix behaves like a sponge and is capable of
absorbing water at an amount of tens (xanthan or pure bacterial
EPS) or hundreds (root mucilage of maize) of times its dry weight
(Zheng et al., 2018). Pure xanthan can hold 50-70 g of water per
gram of xanthan while maintaining structural coherence (Chenu
& Roberson, 1996). Flemming and Wingender (2010) reported
that EPSs are hygroscopic and can retain water entropically
rather than through specific water-binding mechanisms. Soils
with different textures responded to bacterial EPSs or mucilage
treatment differently, indicating that other mechanisms might
have also played a role in increasing soil water retention (Benard
et al, 2019). Filament networks formed by EPSs in between
soil particles not only creates additional surface area but also
increases the surface roughness, and it is important to note
that surface roughness increases water film thickness. As EPSs
are generally composed of polymeric substances, they exhibit a
larger viscosity compared to water, thus increasing flow resis-
tance. The viscous biofilm produced by Strain 3610 B. subtilis
cells measured at an air-liquid interface was 200 times higher
than pure water (Angelini et al., 2009). Overall, it has been esti-
mated that the effect of EPSs on water retention and hydrau-
lic conductivity is twofold, as the retained water is less mobile
due to higherviscosity, and as a result, there are more saturated
soil pores at the same potential due to reduced surface ten-
sion (Zheng et al., 2018). Network bridging of the soil pore space
through EPSs is a universal strategy for plants and bacteria to
engineer their own soil micro-hydrological niches where stable
conditions for life can be preserved under drought (Benard et al.,
2019).

Biofilm formation involving the transportation of EPS com-
ponents from the microbial cell to the surface is regulated by
quorum sensing. Quorum sensing process regulates cell-cell
communication through specific gene expression in a cell den-
sity-dependent manner (Dutta et al., 2022). The process may,
however, differ in the diverse bacterial forms. Maintenance of
adequate soil structure and porosity is important as it aids in
root growth, helping the plant explore a greater soil volume for
nutrients and water. The EPSs produced by the rhizobacteria help
in the formation of biofilm or sheath around the roots, which not
only helps in holding the soil but also provides an active site for
microbial interactions leading to nutrient recycling and its avail-
ability along with the flow of water to the plants (Kohler et al.,
2008). Soil water potential acts as a key parameter in deter-
mining the availability of water, oxygen, and soil nutrients to the
plants as well as microorganisms residing in the soil. Relative
water content (RWC) in leaves is a measure of plant water status.
Decreased RWC causes closure of stomata, leading to decreased
CO,assimilation in plants, resulting in poor growth. While ample
literature is focused on plants’ physiological and yield parameters
affected by EPS, studies lag on quantifying the effects of micro-
bial EPSs on the RWC of leaves.

Mycorrhizal Interactions with Plants and Its Significance

Arbuscular mycorrhizal fungi forming symbiotic association with
the root systems of 80% of terrestrial plants belong to the phylum
Glomeromycota. Several mechanisms are involved in this symbi-
otic association that helps plant to survive even under stressful
conditions, like enhanced growth through nutrient uptake, pre-
vention of oxidative damage, reduced ion toxicity, and improv-
ing photosynthesis through osmotic adjustments. Arbuscular
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mycorrhizal fungi are key determinants of soil quality and are
well recognized in processes of nutrient cycling and soil aggre-
gation (Miller & Jastrow, 2000). The commonly occurring genera
of AMF are Glomus, Gigaspora, Scutellospora, Acaulospora, and
Entrophospora. Arbuscular mycorrhizal fungi inside the root form
the intraradical mycelium, consisting of hyphae and other fun-
gal structures, such as arbuscules, which are the sites of nutri-
ent and carbon exchange between the symbionts, and vesicles,
which help in fungal lipid storage. This intraradical mycelium is
well extended outside the root, as is the extraradical mycelium
in the soil, where it forms spores. The intraradical mycelium of
soil mycorrhizal fungi inserted into the root cortex of the host
plants assists in improving water relations, photosynthesis rates,
and drought responses. It is the extraradical mycelium that plays
a central role in contributing to soil quality. Arbuscular mycor-
rhiza formation results in an ecological niche for roots to be more
accessible to water resources, as the fungal hyphae can penetrate
soil pores inaccessible to the root hairs. They result in altering the
root architecture, resulting in increased water uptake even at low
soil moisture levels. The extraradical fungal hyphae is also capa-
ble of exploring water and nutrients beyond the depletion zone,
as depicted in Figure 2.

Arbuscular mycorrhiza symbiosis not only enhances the acqui-
sition of major plant nutrients like phosphate, nitrogen, and
sulfur but even trace elements like zinc and copper. Arbuscular
mycorrhiza colonization is also corelated with an increase in
the activities of certain enzymes that help in the hydrolysis and
mobilization of nutrients. In alkaline soils, phosphorus (P) often
forms complexes with Ca and Mg, rendering P unavailable for
uptake by plants. Higher acid phosphatase in the mycorrhi-
zosphere as compared to the rhizosphere of non-arbuscular
mycorrhiza plants enables the hydrolysis and mobilization of P,
which is easily taken up by the plants. Higher soil acid phospha-
tase activities in the mycorrhizosphere were also observed to
be positively correlated to soil water content. Thus, an increase
in soil acid phosphatase activity due to mycorrhiza partially

alleviates plant drought stress in plants (Wu et al., 2006).
Arbuscular mycorrhiza symbiosis increases the units of photo-
synthesis, increasing the rates of photosynthetic storage and
export in the plants. After infection in host plants, arbuscular
mycorrhiza symbiosis incites a more powerful ROS scavenging
system, which reduces the destruction of biomolecules at the
cellular level under water stress conditions. Arbuscular mycor-
rhiza symbiotic plants exposed to water stress have been
reported to show lower lipid peroxidation than nonmycorrhi-
zal plants. Arbuscular mycorrhizal fungi protect host plants
against oxidative damage through increase in enzymatic and
nonenzymatic antioxidants. Increased enzymatic antioxidants,
i.e., peroxidase and catalase, and alleviating ROS breakage are
some of the methods of protecting arbuscular mycorrhiza
plant organisms from oxidative bursts under water stress
(Lietal, 2019).

Mycorrhizal Glomalin in Shaping Soil Structure

The soil structure reflects the soil biota to a large extent. Soil
structure and biota are important aspects of the biogeochemi-
cal cycling process, even offering resistance to soil erosion. Soil
aggregation is a complex process in which numerous microor-
ganisms secreting various binding agents play a vital role (Miller &
Jastrow, 2000). Arbuscular mycorrhizal fungi are ubiquitous soil
organisms, and their relatively persistent hyphae and their prod-
ucts make AMF important contributors as longer-term aggre-
gate stabilizers (Miller & Jastrow, 2000). Among all soil factors,
AMF hyphae have a direct effect on soil aggregation through
the production of glomalin protein, which helps in soil binding.
The role of AMF in soil engineering has mostly been studied with
respect to soil aggregation, as these aggregates physically pro-
tect the carbon inside and contribute to the soil carbon pool. Soil
organic matter, which is related to carbon content, has a multi-
farious influence on soil quality, including water-holding capacity
and nutrient storage capacity. The various roles of AMF in plant
well-being, soil engineering, and ecosystem establishment is
depicted in Figure 3.
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Role of Arbuscular Mycorrhizal Fungi in Soil Engineering and Ecosystem Establishment.

Concentration of glomalin-related soil protein (GRSP) in soil has
been positively correlated with aggregate water stability (Rillig,
2004). As GRSP has a slow turnover rate, it immensely contrib-
utes to soil aggregation in the long term. However, few stud-
ies done through conventional disintegrating forces show that
GRSP concentration is positively correlated with soil aggregate
water stability only to an extent and beyond a certain satura-
tion level; additional deposition of GRSP does not remarkably
increase the soil aggregate water stability (Kemper & Rosenau,
1986). Further, when talking of large-scale managed agroecosys-
tems where water stability is quite low, the addition of low levels
of GRSP shows a linear relationship to water stability (Wright &
Upadhyaya, 1998). A path analysis experiment done in California
grassland showed AMF hyphae and its products, i.e., glomalin, as
significant contributors to soil aggregate water stability (Rillig,
2004). Of the soil protein pool, GRSP shows a slow turnover
time, which makes it an important compound in soil aggrega-
tion. Few data suggest that glomalin is retained in the hyphal
or spore wall instead of being secreted in the soil (Driver et al.,
2005). It is only after the hyphal turnover that it gets deposited
into the soil. Glomalin-related soil protein remained after >400
days in soil under lab incubation conditions in an experiment
conducted on Ohio, USA, soils. A study conducted in western
Montana grassland on seasonal variation in GRSP concentra-
tions exhibited minor temporal coefficient variations, but some
GRSP fractions showed statistically significant changes (Lutgen
et al, 2003). Revealing the molecular biology of glomalin can
be of great help in tracing the trajectory of this important soil-
binding protein. Many studies have reported AMF as a deter-
mining factor in plant species diversity (van der Heijden et al,
1998) at the ecosystem level. In agroecosystems AMF diversity
and performance are greatly influenced by tillage, application of
biocides, cropping sequences (nonmycorrhizal hosts), fertiliza-
tion, and genotype. It has been clearly demonstrated that the
soil GRSP pools are negatively affected by agricultural practices
like crop rotation and tillage (Wang et al., 2011). Glomalin-related
soil protein pools are also sensitive to environmental factors like
elevated atmospheric CO, concentration which increases the
level of GRSP, or warming, which brings down the GRSP concen-
tration in the soil (Rillig, 2004). A recent critical review on the
occurrence and functioning of AMF in agroecosystems (Ryan &
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Graham, 2002) has concluded the negative influence of modern
agroecosystem management practices on diversity and func-
tional aspects of AMF. More research done on the role of GRSP
in soil aggregation beyond the 1- to 2-mm size class can help in
better understanding.

Managing GRSP concentration in soil can be a promising
approach to improve soil structure and quality, not only in agricul-
tural soil but also in degraded ecosystems. Preliminary research
indicates that glomalin amounts in soils can be manipulated by
changing the composition of the arbuscular mycorrhiza com-
munity or altering the arbuscular mycorrhiza physiology, which is
well correlated with the physiological status of the host species
(Rillig, 2004). Arbuscular mycorrhizal fungi clearly differs in many
of their life history traits, and it has been observed that different
AMF species produce varying amounts of GRSP, a character that
can be explored to increase the utility of marginal lands and bring
them under agricultural purpose by inhabiting AMF species with
a high GRSP production rate.

Conclusion

Plants can be made more tolerant to drought stress by increas-
ing EPSs and producing microbial population density in the
root zone. Extracellular polysaccharide-producing PGPR and
AMF are important biotic factors that influence soil quality and
plant growth through their direct effects on soil structure and
indirectly through their effects on host physiology and ecologi-
cal interactions. Glomalin, a hyphal product, contributes to soil
aggregation and water stability across different types of soils, and
thus the AMF community is an important regulator helpful in soil
engineering. Managing an appropriate microbial consortium in
soil can be promising in overcoming the adverse effects of deficit
irrigation in cropping.
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